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B e f o r e y o u o r d e r c h e m i c a l s a g a i n ,

s t o p a n d t h i n k .

I f you've been ordering from the same chemical
suppliers for years, stop and think about it. You could
be getting better quality and much more reliable
service at a better price.

Carolina has been supplying chemicals to the
scientific community for over 30 years. We keep
thousands of chemical products in stock year-round,
so you're assured of getting what you need, and at
competitive prices. And our professional staff has the
experience and dedication to make sure you get what
you need when you need it—our service is
unsurpassed.

We carry over 25,000 catalog items In addition to
chemicals, so we're aiso your best "one-stop" source
for other science teaching products as well. So when
you put together your next chemical order, start a new
habit—the Carolina habit.

Want more information? Write us or call our Customer
Service Department at 919 584-0381.

G e t t h e C a r o l i n a h a b i t .

Carolina Biological Supply company
2700 York Road
Burlington, North Carolina 27215
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Today's academic laboratory is a modern
facility tha t trains students
for careers in the high tech-
nology job market . Such a
laboratory needs equipment
and supplies tha t a re as
sophisticated as the laboratories that
will one day employ these students. Matheson
has a complete selection of gases and equipment
for the modern laboratory. W e have more than
80 different gases and prepare gas mixtures to
your specifications. No mat te r which gas or
mixture you use, Matheson has regulators,

W h o

S a y s I t ' s a n

I v o r y T o w e r ?

flowmeters, and other equipment
to control them properly.
Safety in the laboratory is

important . To aid you in the
safe handling and storage

of gases, we have flash
arresters , toxic gas detector systems, hand
trucks and cylinder stands. W e also have a
system for buying back empty lecture bottles
so tha t you won't be stuck with a disposal
problem. Keep your students in the forefront
of technology. Send for a catalog describing
our products, prices and specifications. .

Matheson belongs in the modern laboratory .

fcgflatheson
• • G a s Products
World Leader rn Specialty Oases S. Equipment30 Seaview Drive, Secaucus, K J 07094
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YOUR ACCESS TO EXCELLENCE BEGINS HERE.

The H P 8450A is particularly well
suited to multi-kinetics, differential
measurements and similar applica-
tions where time-stability and
dual beam capabilities are crucial to
successful analysis. Price: 527,500.*

HP's advanced diode array tech-
nology offers scan speeds as brief
as 0.1 sec from 190 to 820 nm.

Resolution ranges from 1 to 2 nm
depending on the system.

Muiticomponent analysis of up to
12 components is possible with
both systems.

For added cost-effectiveness both
systems can be used as LC detectors.
And, the HP 8451A can also be used
as a stand-alone desk-top computer.

The HP8451A provides a quality of
results comparable with Ihe HP8450A
but features a single beam mode and
operating parameters that adapt it well
to quality control, educational and other
analysis situations in which many samples
must be processed. Price: $14,200."

O n l y H P U V / V I S

s p e c t r o p h o t o m e t e r s

g i v e y o u a c h o i c e o f w a y s

t o e a s i l y d o t h e o n c e - i m p o s s i b l e .

T h e h i g h s p e e d a n d m u l t i - c o m p o -

n e n t Capab i l i t y of H e w l e t t - P a c k a r d ' s

d i o d e a r r a y s p e c t r o p h o t o m e t e r s

r e m a i n u n c h a l l e n g e d . N o o t h e s

U V / V 1 S h a s t h e w a v e l e n g t h r e p r o -

d u c i b i l i t y , d i o d e a r r a y d e t e c t o r ,

a n d m a x i m u m l i k e l i h o o d s t a t i s t i c s

t o p r o v i d e a c o m p a r a b l e level of

p r e c i s i o n a n d a c c u r a c y . N o o t h e r

a p p r o a c h a l l o w s y o u t h e flexi-

b i l i t y of r e a l - t i m e m u i t i c o m p o n e n t

a n a l y s i s , A n d , o n l y H P of fe r s

t h i s s o p h i s t i c a t e d t e c h n o l o g y i n

t w o v e r s i o n s , o n e j u s t r i g h t f o r

. y o u r l a b o r a t o r y .

U.S, Domestic prices only.

T h e H P 8 4 5 0 A is a p o w e r f u l d u a l

b e a m d i o d e a r r a y s p e c t r o p h o t o -

m e t e r t h a t w i l l s a t i s f y y o u r m o s t

r i g o r o u s r e s e a r c h r e q u i r e m e n t s .

T h e H P 8 4 5 1 A is a n e x t r e m e l y c o s t -

e f fec t ive s i n g l e b e a m s y s t e m d e -

s i g n e d t o m e e t t h e d a y - i n , d a y - o u t

d e m a n d s o n y o u r l a b o r a t o r y

fac i l i t i e s . O v e r i a p p i n g c a p a b i l i t i e s

a n d e q u a l l y r i g o r o u s p e r f o r m a n c e

p a r a m e t e r s a l l o w y o u t o se l ec t

y o u r s y s t e m t o d a y w i t h a n e y e

t o b u d g e t c o n s t r a i n t s , p o s s i b l e

m u l t i p l e a p p l i c a t i o n s , a n d p o t e n t i a l

f u t u r e u s e s .
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C a p t u r e a

T e a c h e r

a n d y o u

c a p t u r e a

G e n e r a t i o n

The haif-billion dollar academ-
ic market for scientific products
is composed of professors who
teach, who buy in volume, and who
read...

S e l l T o d a y /

I n s u r e T o m o r r o w

In addition to constituting a
huge market themselves, the pro-
fessors who read the Journal of
Chemical Education help to mold
the brand preferences of succeed-
ing generations of scientists.

In a major study recently con-
ducted for the Scientific Appa-
ratus Makers Association by •
Copeiand Economics Group, Inc.,
they state".., CEG has found that
the equipment and apparatus a
scientist uses in the training pro-
cess tend to be the types and
brand names that he seeks when
he assumes a research position in
industry or government."

C a l l 2 1 5 - 6 6 7 - 9 6 6 6
. . . and get the full story on

the huge academic marketplace
for scientific products. Ask for
Jim Byrne, Advertising Sales
Manager, Chemical Education.
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H o w m u c h c o m p u t i n g p o w e r

w i l l a p e n n y b u y t h e s e d a y s ?

You can ge t e n o u g h t o
d iagonal ize a 1 0 0 x 1 0 0
Hamil tonian i n 1.8 s e c o n d s .

You can aiso compute a million spin
updates in a second on a 3-D Ising
model or solve a tridiagonal system of
300,000 equations in one second.

The FPS-164 Scientific Computer
from Floating Point Systems gives you
that kind of computing power for a
fraction of the cost of a large main-
frame or supercomputer, Its 64-bit,
parallel, pipelined architecture, 58
megabytes of memory and speeds of
up to 12-mi!lion floating-point opera-
tions per second gives you the
capability needed for solving very
large problems.

FORTRAN m a d e
easy.

You can take full
advantage of the archi-
tecture of the FPS-164
with the powerful soft-
ware available for it.

Tbpping the list is the
FORTRAN 77 Optimiz-
ing Comptier. it lets you
write code that reflects
the way you understand
the problem. You don't
have to understand
the architecture of the
FPS-164. The compiler
adapts the code to
(he parallel, pipelined
architecture to give you
performance from 5 to
30 times faster than a
super minicomputer.

The portability of
ANSI standard FOR
TRAN code to the
FPS-164 also eliminates
the need for complex
program conversion.

The new FORTRAN-
callable FMSLIB (Fast
Matrix Solution Library)
is ideai for solving large

linear systems of equations. Sparse,
disk-resident matrices with up to
several billion non-zero entries can be
factored at speeds of over 10-million
floating-point operations per second.
A 2,000 x 2,000 symmetric matrix can
be factored in iess than 11 seconds.

A math library with more than 400
highly-optimized subroutines for basic
and advanced mathematical opera-
tions is also available.

Proven Reliability a n d
Support .

Floating Point Systems has estab-
lished an impressive record for prod-
uct reliabiiity and service. Customers
can use service facilities located at key

locations throughout the world and
take advantage of remote diagnostic
capabilities, comprehensive docu-
mentation and software support.

To learn m o r e .
Call us, or write to find out how

cost-effective scientific computing is
on an FPS-164. Our toll free number
is(800) 547-1445.

FLOATING POINT
SYSTEMS, INC.

P.O. Box 23489
Portland, OR 97223
(5031641-3151
TLX: 360470 FLOATPOiN BEAV

H>S SctiM and Service World-
wide. US.: CAtogunaHfa
Las Angeles, Mountain VIBVII
CO Lakewood, CTSmsbury
FL Winter tak, GA Atlanta I
Schoumtmrg. IA New Otteans,
MD RociftiHe, MA Dedham.
NJ Red Bank, NM Corraies,
IW Devon, TX Grand
Prairie. Houston, WK Bellevue.
tNTEHKAHONAt: Canada
Calgary Montreal Ottawa;
England, fcadmell, Berkshire;
France. Rungs; Japan, Tokyo;
Netherlands, Gouda; West
Gemany, Hoar,

WSTRIBU1ORS: Argentina.
Buenos Aires (Coasin com-
putaclon, S. A.): Australia and
New Zealand, Mlisons Potnt-
N5.W. Melbourne-Victoria,
Canberra-Ad (Techway By,
Ltd.); Austria, Vienna (Othmar
Laclmer Bektrortsche
Boueiemente Und Gerffle):
Denmark, Copenhagen p i
Ageniurer AfSJ; Finland,
Helsinki (OY EmmettAB); India
Bombay (HndHron
Computers fv t , Ltd.); torael, Tel
A * (Eastranlcs, Ltd]; tonw.
Seoul (Wortd Business
Machine, inc.); Singapore
(Hong Kong, Brunei,
fndonesla a i d Malaysia],

Engineering Co.): Southern
Aftfca, Johannesburg S'wter
Data Systems); Sweden and
Norway, \taKolm (Tre
Kbnsulter AB); TWwan, Taipei
{ S l t k C t l )
United Arab Emirates,
Rashldya, Dubai (fo
[AL) to»blp
©Floating Point Systems, Inc.
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NEW FROM

MACMILLAN
CHEMISTRY FOR

ALLIED HEALTH STUDENTS

INTRODUCTORY CHEMISTRY
FOR HEALTH PROFESSIONALS

KEN L1SKA, Mesa College and LUCY T. PRYDE, Southwestern College
This text relates chemistry to the career goats of students by including many clinica!
applications and discussing topics of current interest such as recombinant DNA, the uses of
interferon, and hemodiaiysis—-presented at a very basic level.

WITH: Laboratory Manual, Student Study Guide, Instructor's Manuals, and Microchem II.

INTRODUCTION TO
GENERAL, ORGANIC, AND BIOLOGICAL CHEMISTRY

ROBERT J.OUELLETTE, Ohio State University
Featuring an eariy presentation of the mole concept, stoichiometry, and equations; the unifying
theme of this text is the human body with references to the chemistry of life throughout.

WITH: Laboratory Manual, Student Study Guide, Instructor's Manuals, and Microchem II.

EXPERIMENTAL ORGANIC CHEMISTRY
Theory and Practice

CHARLES F. WILCOX, Jr., Cornell University
Based on the popular Laboratory Experiments in Organic Chemistry, Seventh Edition whose
outstanding feature—the experiments work in the hands of beginning students—is retained in
this new text which emphasizes safety, expands on the discussion of modern instrumental
techniques, and includes biologically-oriented experiments.

WiTH: Instructor's Manual

MICROCOMPUTER SOFTWARE FOR CHEMISTRY

MICROCHEM (1983)
—50 programs prepared by Robert J. Oueiiette for Genera! Chemistry.

MICROCHEM II (1984)
—45 programs prepared by Robert J. Oueifette for General, Organic, and

Biological Chemistry.



MACMILLAN
GENERAL CHEMISTRY

GENERAL CHEMISTRY
WITH QUALITATIVE ANALYSIS (1983)
RALPH PETRUCCi, California State College at San Bernadino

and ROBERT WISMER, Millersville State University

WITH: Student Solutions Supplement, Test Bank, Instructor's Manual,
and the rest of the General Chemistry Package.

GENERAL CHEMISTRY
Principles and Applications, 3 e (1932)

RALPH PETRUCCI, California State College at San Bernadino

WiTH: Student Solutions Supplement, Student Study Guide, Laboratory Manual,
56 Transparencies, 82 Slides, Test Bank, Instructor's Manuals, tor the Text and

Laboratory Manual, and Microchem.

INTRODUCTION TO CHEMISTRY

INTRODUCTION TO CHEMICAL PRINCIPLES (1933)
H. STEPHEN STOKER, Weber State College

WITH: Instructor's Manual, Laboratory Manual, Lab Man I.M., and Study Guide

BASIC/BRIEF ORGANIC CHEMISTRY

ELEMENTS OF ORGANIC CHEMISTRY, 2/e (1983)
\SAAKZMMERMAN, Herbert Lehman College, City University of New Vbrk, and

HENRYZIMMERMAN, Newark City Technical College ofthe City University of New York

WITH: Student Solutions Supplement and Instructor's Manual

VISIT US AT BOOTHS 931-933

For more information call the Macmillan Mainline toll-free at 1-800-223-3215, or write:

A C M I L L A

COLLEGE MARKETING • 866 THIRD AVENUE • NEW YORK, N.Y. 10022
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Advertising in this issue
The companies listed below
evidence their interest In chemical education by their presence as advertisers.
This advertising brings to oir subscribers information about new books, new
and established laboratory equipment, and apparatus and instruments for
both teaching and research. Get acquainted with the advertisers in your
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of Chemical Education.
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A way to bore a smooth, uniform, straight, properly
sized hole in a rubber stopper —quickly, easily, safely

and with any desired orientation.

Required are (1) a
novei cutter grooved to
bring fresh lubricant to
the cutting edge and
other areas of the cutter:
stopper interface con-
tinuously during the
boring operation and (2)
a modified dril! press
which drives the cutter
and sets its orientation to
the stopper.

Put these two together
and you have our Power
Boring Machine —a real
skin and temper saver
which belongs in any
laboratory doing even a
moderate volume of cus-
tom boring of stoppers.

We have literature on the
Sargent-Welcri Power Borer For
your copy, phone, write or circle
the reader service number.

Anyone who has bored
a rubber stopper by hand
knows that it is a case of
trading hard work for
poor results. At best, the
hoje is ragged, non-
uniform and frequently
crooked.

Custom boring need
not be so frustrating an
experience. With our
Power Boring Machine
stoppers (and corks) are
bored perfectly —with a
straight, smooth, uniform
bore—quickly, safely and

w.™ij(v,.3rcut bore
, cormgsts with ofte bored
mandaFly

effortlessly— and even
off-center or at an angle,
as desired.

A iarge selection of
interchangeable cutters
provides the exact bore
size for every application
and corks and rubber
stoppers of any size can
be accommodated. Hoie
sizes start at 3 mm and
range to 22 and 32 mm
for stoppers and corks,
respectively.

The Power Boring
Machine includes six
commonly used cutters,
three holders for small
stoppers, a bottle of
lubricant, an ejecting rod,
a cutter sharpener and a
3-wire cord and plug.

S-23207 POWER BORING
MACHINE—Portable, Electric,
Sargent-Welch. For 115 volt,
60 Hz A.C 675.00

SARGENT-WELCH SCIENTIFIC COMPANY
7300 NORTH LINDER AVENUE • SKOKIE, ILLINOIS 60077 • (312) 677-0600

Anahelm/Birmingham/Chlcago/Cievetand/Dallas/Denvef/DetroH/SiKlngtield, N.J./Toronto/Montreal
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CONTROLLED DRUG
BIOAVAILABILITY
Vol. 1: Drug Product Design
and Performance
Edited by Victor f.Smoten&
LuAnn Sal!
The first volume of a continuing series of mon-
ographs covering drug delivery systems
designed to provide maximum therapeutic
benefits. Provides state-of-the-art guidance in
the development of these delivery systems.

376 pp. March 1984
(1-05732-0)' $65.00

S A F E S T O R A G E O F
L A B O R A T O R Y C H E M I C A L S
Edited by DavW A. Pipitone
A comprehensive, singSe-source guide for
e nsuring the safe handling and storage of Sab-
oratory chemicals. Here are detailed, fteld-
provenguidelines-—geared specifically (or col-
lege and smali industrialized lab require-
ments—plus actual case histories illustrating
the principles and practice of safe storage.

approx. 288 pp. February 1964
(1-89610-1) $55.00

D E T E R M I N A T I O N O F
O R G A N I C R E A C T I O N
M E C H A N I S M S
Barry K. Carpenter
This practical handbook describes concisely
the most common experimental techniques
for studying reaction mechanisms in organic
chemistry. All necessary theoretical back-
ground is covered for each technique, and at
least one example of its application—taken
from the research literature-—is described
in detail.

approx. 325 pp. March 1984
(1-89369-2) $34.95

O P E N T U B U L A R C O L U M N
G A S C H R O M A T O G R A P H Y
T h e o r y a n d P r a c t i c e
Milton L Lee, Frank J. Vang &
Keith D. Battle
A state-of-the-art treatment of one of the most
wideiy applied methods in analytical chemis-
try. Provides an integrated, in-depth view of
modern practice, summarizes the theory
underlying this powerful technique, and ana-
lyzes the relationship between theory and
applications.
445 pp. February 1984
(1-88024-8) $48.00

G U I D E T O T H E C H E M I C A L
I N D U S T R Y
Products, R + D, Marketing
and Employment
William S. Emerson
A comprehensive review of f he total industrial
chemical picture, helping students prepare for
the transition from the academic to the indus-
trial world. Contains scientific, managerial,
and economic material, examining the inter-
play of all these components in the operation
of the chemical industry.
352 pp. 1983
(1-89040-5) S35.00

HANDBOOK OF U.S.
COLORANTS FOR FOODS,
DRUGS AND COSMETICS,
2nd Ed.
Daniel M. Marmion
This convenient single-source reference
describes the manufacture, specifications,
properties, and uses of color additives, and
discusses methods of analyzing them as is, in
admixture with other additives, and in product
matrices. Revisions iri the new edition reflect
changes in U.S. law and advances in analyti-
cal technology,
approx. 400 pp. March 1984
(1-09312-2) $50.00

P R I N C I P L E S O F
P O L Y M E R I Z A T I O N
E N G I N E E R I N G
Joseph A. Biesenberger &
Donald K. Sebastian
An in-depth analysis of model systems that
are useful in the design, scaling, and modifica-
tion of polymerization processes. Discusses
phenomena inherent in polymerization reac-
tions, the physical factors that affect or are
affected by polymerizations on an engineer-
ing scale, and post-reactor separation of
unreacted monomer or diluents.
744 pp. 1983
(1-0861&9) $54,50

E L E C T R O A N A L Y T I C A L
C H E M I S T R Y
Basil H. \fassos & Galen W. Ewing
This practical volume presents the electro-
chemical techniques that are useful in chemi-
cal analysis. Treats potentkjmetric, galyano-
static, potentiostatic experiments and includes
material on electrode double layer techniques,
rates of processes, first-order reactions, cata-
lytic processes, dimerization complexes, polar-
ography adsorption, cyclic methods, kinetic
processes, and depolarizer transport.

255 pp. 1983
(1-09028-X) $45.00

F I E S E R A N D F I E S E R ' S
R E A G E N T S F O R O R G A N I C
SYNTHESIS, Vol. 11
Edited by Mary Fieser
Covers reagent literature published between
July 1981 and December 1982, citing new
reagents introduced during this period as well
as recent references to reagents included in
previous volumes. The focus is on those
reagents leading to important new synthetic
pathways.

approx. 864 pp. June 1984
(1-88628-9) in Press

A D V A N C E D I N O R G A N I C !
C H E M I S T R Y : A C o m p r e h e n s i v e
T e x t , 4 t h E d .
R Albert Cotton & Geoffrey Wilkinson
Chemistry and Industry called the previous
editions,". ..the best available..." and with its
thorough revision this fourth edition will prove
equally valuable.

This latest version of this highly popular
manual retains the same comprehensive yet
balanced treatment of inorganic chemistry
while bringing you developments since 1966 of
physical methods and concepts.

1,396pp. 1980
(1-02775-8) $37.50

S O L U T I O N S M A N U A L F O R
S T A T I S T I C S O F R E S E A R C H
Shirley Dowdy & Stanley Wearden

170 pp. 1983
(1-88394-8) $6.95

I N O R G A N I C C H E M I S T R Y
A M o d e r n I n t r o d u c t i o n
Therald Moeller
Here is a presentation of the entire inorganic
field as a logical development of ideas based
upon significant early contributions, the incor-
poration of progressively more detailed inter-
pretations of factual data, and the resulting
modem ideas involving the scope and signifi-
cance of inorganic chemistry. After providing
an overview, Moeiler proceeds from the origins
of the elements through atomic structure,
molecular structure, Winding and properties
relating to bonding, and reactions considered
by types, conditions, and mechanisms.

846 pp. 1982
(1-61230-8) $39.95

A Q U A T I C C H E M I S T R Y
A n I n t r o d u c t i o n E m p h a s i z i n g
C h e m i c a l E q u i l i b r i a i n N a t u r a l
W a t e r s , 2 n d E d .
Werner S t u m m & J a m e s J. Morgan
This timely new edition of the recognized clas-
sic unites concepts, applications, and tech-
niques with the growing body of data in the
field. Features new material on organic com-
pounds, use of stable and radioactive iso-
topes, advances in marine chemistry, and
expanded thermodynamic data.

780 pp. 1981
(1-04831-3) $64.95 Cioth
(1-09173-1) $37.50 Paper

I N T R O D U C T I O N T O P O L Y M E R
V I S C O E L A S T I C I T Y , 2 n d E d .
J o h n J. Aklonis & William J. MacKnight
A molecular approach to the fundamentals
of viscoelastic behavior in polymers, bridging
the gap between introductory accounts and
advanced research-level monographs. This
updated edition includes new coverage of the
theory of reptation, the kinetic theory of rubber
ejasticity, and an entirely new chapter on
dielectric relaxation. Presents all derivations
in detail, and treats concepts and models,
paying special attention to assumptions,
simplifications, and limitations.

295 pp. 1983
(1-86729-2) $39.95

P H Y S I C A L C H E M I S T R Y O F
S U R F A C E S , 4 t h E d .
Arthur W. A d a m s o n
Revised and completely updated editbn of the
classic text in the field for more than 20 years.
Covers surface chemistry from the physical
chemist's point of view, dealing with basic the-
ories and models, with many illustrations from
current literature. Features about 20% new
material, including updated chapters on mono-
molecular films and on high-vacuum or "dry"
surface chemistry.

664 pp. 1982
(1-07877-8) $42.95
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TEXTBOOK OF POLYMER
SCIENCE, 3rd Ed.
Fred W. Billmeyer, Jr.
An updated revision of the classic, besl-selting
polynw science textbook. Surveys theory and
practice in a!! major phases o! polymer set-
erics, engineering, and technology, including
polymerization, solution theory, fractionaiion
and molecular-weight measurement, solid-
slate properties, structure-property relation-
ships, and the preparation, fabrication and
properties of commercially important plastics,
fibers, and elastomers,
approx. 550 pp. March 1984
(1-03196-8) $34.95

I N T R O D U C T I O N T O S A F E T Y
E N G I N E E R I N G
David S. Gloss & Miriam Gayte Wardie
An overview of safety engineering, examining
the broad range of areas and problems thai
confront engineers and other health and
safety professionals. Discusses accident
conditions and control, toss control, human
resource development, management and
training, design assurance, health care, and
occupational design,
approx. 532 pp. February 1984
(1-87667-4) $50.00

D E S I G N A N D A P P L I C A T I O N
O F P R O C E S S A N A L Y Z E R
S Y S T E M S
Paul E. Mix
A comprehensive compilation in handbook
style of in-line analyzer systems. This "hands-
on" approach is the first to combine these ana-
lyzers and their respective sample systems in
one text. Treats sample system design, types
of continuous in-line analyzers and their
theory of operation, and design features and
applications.
approx. 250 pp. May 1984
(1-86518-4) $45.00

D A I R Y C H E M I S T R Y A N D
P H Y S I C S
Robert Jenness & Pieter Walstra
Written by t\ro internationally known experts,
this authoritative treatise describes the chemi-
cal composition and[properties of milk and its
physical structures. Examines the biosynthe-
sis and secretion of miik, the components of
milk including carbohydrates, salt, lipids, fats,
and proteins, and methods for analyzing
these components. Tables and graphs used
extensively.
approx. 500 pp. March 1984
(1-09779-9) $59.95

Save 10% over individual volume
prices:

COMPENDIUM OF ORGANIC
SYNTHETIC METHODS:
5 Vol. Set
Edited by I.T. Harrison and S, Harrison
volume 1, I.T. Harrison & S. Harrison

529 pp. 1971 (1-35550-X) $36.95
\felume 2, I.T. Harrison & S. Harrison

437pp. 1974 (1-35551-8) $31.95
\feiume 3, L.S. Hegedus and t.G. Wade

495pp. 1977 (1-36752-4) $31.95
V3lume4, LG. Wade

497 pp. 1980 (1-04923-9) $32.50
* iume5, LG.Wade

552 pp. 1984 (1-86728-4) $37.50

Complete 5-VblumeSe! (1-80966-7).. .$155.00

R E A C T I V E M O L E C U L E S
T h e N e u t r a l R e a c t i v e
I n t e r m e d i a t e s i n O r g a n i c
C h e m i s t r y
Curt Wtentrup
A unique, pedagoqicaily sound text and mono-
graph describing tne formation, detection, and
chemistry of neutral reactive intermediates
(free radicals, dtradtcals, carbenes, nitrenes,
slrained rings, and anttaromatics). Starting
from first principles, it brings the reader up-to-
date on the current state of research en these
intermediates.
325 pp. March 1984
(1-87639-9) $34.95

H E A D S P A C E A N A L Y S I S A N D
R E L A T E D M E T H O D S I N G A S
C H R O M A T O G R A P H Y
av . loffe & A.G. VHenberg
Treats the new and rapidly developing inde-
pendent field in gas chromatographic analysis
based on the use of "out of column" phase
equilibria and partition coefficients in gas-liq-
uid systems. Describes new methods of head
space anaiysis for the first time, plus related
methods based on the equilibrium between
liquid and gas states. Describes prtystco-
cKemicai applications of this new method,
approx. 212 pp. February 1984
(1-06507-2) $60.00

A P I C T O R I A L A P P R O A C H T O
M O L E C U L A R S T R U C T U R E
A N D R E A C T I V I T Y
Robert F. Hout, Jr., Warren J. Hehre &
William J. Ptetro
A presentation of the valence molecular orbit
ais of organic, inorganic, and organometailic
compounds, illustrating how they may be used
to approach problems of chemical structure,
stability, and reactivity. Broad in scope, the
material is fundamental to an understanding of
modern chemical structure theory. Includes
over 300 pages of computer generated
images.

approx. 448 pp. February 1984
(1-89703-5) In Press

C O M P E N D I U M O F O R G A N I C
S Y N T H E T I C M E T H O D S , V o l . 5
Leroy G. Wade, Jr.
Presents the new synthetic methods for prepa-
ration of monofunctionaf compounds for 1980,
1981, and 1982. As in previous volumes, sec-
tions correspond to most of the possible inter-
converslons between the major functional
groups. In addition, Hits volume contains
examples of new methods ol preparation of
difunctional compounds formed into pairs of
the major functional groups.
552 pp. January 1984
(1-8672&4) $37.50

C H E M I S T R Y A N D
E C O T O X I C O L O G Y O F
P O L L U T I O N
D.W. Cormeil & Gregory J. Miller
Describes and analyzes the distribution and
mechanisms of chemical pollution and its
effects on aquatic and terrestrial environ-
ments. Includes chemical physical process of
pollution, deoxygenation, and eutrophication,
thermal pollution, and pollution monitoring.

approx. 400 pp. February 1984
(1-86249-5) $40.00

T H E I N T E R P R E T A T I O N O F
A N A L Y T I C A L C H E M I C A L
DATA B Y T H E U S E O F
C L U S T E R A N A L Y S I S
D. Luc Massart & Leonard Kaufman
A user-oriented introduction to clustering
methods, including both hierarchical and non-
hierarchical methods. The text shows how
clustering can be used to interpret targe quan-
tities of analytical data, and discusses the rela-
tion of clustering to other pattern recognition
techniques.
237 pp. 1983
11-07861-1) $49.00

H A N D B O O K O F A I R
P O L L U T I O N T E C H N O L O G Y
Edited by Seymour Calvert &
Harold M. Ertglund
A practical, uj>to-da!e handbook presenting
essential principles, design methods, exam-
pies, useful data, and reference information on
air pollution and its control. Comprehensive in
scope, it offers the best available source of
guidance for the design of cost-effective air
pollution control systems,
approx. 1,200 pp. March 1984
(1-08263-5) $74,95

I N T R O D U C T I O N T O
P H O T O E L E C T R O N
S P E C T R O S C O P Y
Pradip K. Ghosh
A comprehensive, highly lucid survey of photo-
electron speciroscopy. Discusses applications
that include the direct determination of atomic
and molecular energy levels and structures,
and the study of solids and surfaces.

377 pp. 1983
(1-06427-0) $55.00

V i s i t t h e W i l e y E x h i b i t a t t h e

A C S N a t i o n a l M e e t i n g i n

S t . L o u i s - B o o t h s 9 2 1 - 9 2 9 .

Order through your bookstore or
write to Nat Bodian, Dept. 4-1744

FOR BOOK ORDERS ONLY
CALL TOLL FREE

1 ( 8 0 0 ) 5 2 6 - 5 3 6 8 .
In New Jersey, call collect
(201) 342-6707 order code #4-1744

WILEY-INTERSCIENCE
a division of John Wiley & Sons, Inc.
605 Third Avenue, New York, N.Y 10158
In Canada: 22 Worcester Road
Rexdale, Ontario M9W1L1
Prices subject Io change and Higher in CanatJa.

092-4-1744
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The New Mettler AE100. Just the
capacity I need at what I can afford.
Now there's a Mettler electronic analyti-
cal balance for weighing 100 grams or
less. The new AE100 joins the higher
capacity AE163 and AE160 analytical
introduced last year. It has the same
big features of the other Mettler AE's,
And at a smaller price, jyst $1995.

Greater productivity with less effort.

The AE's foolproof single control bar
design makes it easy to operate. A sim-
ple touch on the bar does most of the
work for you. From locking in tare to cal-
ibration. And the exclusive DeltaDisplay *
automatically adjusts itself to your

pouring speed until the target weight
is reached.

Because it's so easy to use, weighing
on an AE goes three or four times faster
than on a mechanical balance. And
with much more accuracy. It even
adjusts itself to environmental changes
that would throw off other balances.

Data processing. Another
big advantage.
The AE has another great advantage
over mechanicals. The ability to inter-
face with computers and other peri-
pherals. Just snap on a Mettler data

Circle No. 30 on Heade'S' Inouiiy Card

20 rnA currtinl I<x3;j. RS222C or BCD pEi'allnl flan<;s]f<3&

output option and your AE is ready to
transfer information.

Scaled down price.
Like other AE balances, the AE100 is
designed with a simplicity of circuitry
that keeps the price down. About as
affordable as a mechanical, For more
information write to Mettler Instrument
Corporation, Box 71, Hightstown, NJ
08520. Phone (609) 448-3000.
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University of Idaho
Moscow, Idaho 83843

Experiments Integrating Evaluation of Chemical Hazards
into the Chemistry Curriculum
J. T. Pierce, S. M. McDonald, and M. S. Scogin
University of North Alabama, Florence, AL 35632

One way of making students aware of the
need for regular monitoring of laboratories is
to offer an introduction to the science of in-
dustrial hygiene as part of the chemistry
curriculum. Although laboratory safety and
industrial hygiene may be discussed in a va-
riety of laboratory settings, opportunities for
students actually to sample and analyze
contaminants are rare. We propose the use of
two experiments tJiat demonstrate important
points concerning the desirability and the
mea»s of regular iaboraUiry monitoring.

During the past year we have undertaken
to monitor our own laboratories and have
sponsored senior industrial hygiene projects
directed to that end- We feel that these ex-
periments have broader applicability and
may be used as "whole class" experiments.
Two promising areas for monitoring ap-
peared to be the estimation of hydrogen sul-
fide levels in the general chemistry laboratory
during qualitative analysis and the determi-
nation of the concentration of organic vapors
associated with organic chemistry laborato-
ries.

One of the problems that besets those
charged with laboratory monitoring is the
"selection" of suitable analytes given the
large number of candidate materials. Given
limited time and resources it may be desir-
able simply to select a few representative
contaminants during preliminary atages.
With the advent of microprocessor-controlled
gas chromatography the ability to monitor
large numbers of gases and vapots is en-
hanced. The methods we have selected allow
the students to perform the sampling and
analysis themselves relatively inexpensively.

J. T. Pierce is an associate professor of in-
Oustria! hygiene ai the University of North
Alabama, and S. M. McDonald and M. S.
Scogin are senior Industriai hygiene stu-
dents.

As m u c h as possible we use expe r imen t s t h a t
have been evaluated by t h e Nat ional Ins t i tu te
for O c c u p a t i o n a l Sa fe ty a n d H e a l t h
( N I O S H ) . T h e m e t h o d s descr ibed h e r e a r e
des igna ted by N I O S H as P & C A M 127 {or-
ganic solvents) a n d S4 (hydrogen sulfide).

References from N I O S H out l ine t h e p ro -
cedures for b o t h sampl ing a n d analys is of
hydrogen sulf ide a n d o rgan ic so lvent vapor s
in air, a s well as m a n y o ther substances {1-3).
V e n d o r s ' informat ion m a y also be useful,
pa r t i cu la r ly t echn ica l bul le t ins {4). S h o u l d
difficulties arise concerning t h e avai labi l i ty
of e q u i p m e n t or t h e i n t e rp r e t a t i on of refer-
ences i t is likely t h a t a n indus t r i a l hygienis t
in t h e a rea wiil be able to assist. Organizations
t h a t can provide t h e names of local industr ial
hygienis ts include t h e American Academy of
I n d u s t r i a l Hyg iene (certified indus t r ia l hy -

(b)

Personal
Somptins
Pomp

Figure 1. Calibration of impingsr (a) and adsorbent
tube (b).

gienists) a n d t h e American Indus t r i a l H y -
giene Associat ion (bo th a t 475 Wolf Ledges
Pa rkway , A i r o n , O H ) a n d t h e Amer ican
Conference of G o v e r n m e n t a l I n d u s t r i a l H y -
gienis ts (6500 Glenway Ave. , C inc inna t i ,
O H ) .

T r a d i t i o n a l indus t r i a l hygiene s a m p l i n g
h a s relied u p o n t h e use of smal l s a m p l i n g
p u m p s t h a t could e i t he r b e a t t a c h e d t o a
worker or p laced in an a rea of in te res t . S u c h
p u m p s individual ly cost several h u n d r e d
dollars b u t are some t imes avai lable on loan
from a local i ndus t ry . T h o s e p u m p s selected
should b e capab le of del iver ing air f lowrates
as ind ica ted in references (1-3). In th i s work
we used D u P o n t Model P - 3 0 Cons t an t Flow
Sample r s . P u m p ca l ibra t ion is easily ac-
compl i shed us ing a n inve r t ed b u r e t in t h e
fo rm of a " s o a p b u b b l e " ca l ibra tor in l ine as
shown in F igure 1. F u r t h e r in format ion on
flow ca l ibra t ion is s innmar ized in c o m m o n
references (5 , 6 ) . i n our work t h e hydrogen
suifide was collected as c a d m i u m sulf ide
w h e n l abora to ry a i r was impinged in a cad-
m i u m sulf ide so lu t ion . A r a b i n o g a l a c t i n
(Sigma Chemica l Co., S t . Louis , MO) was
a d d e d t o t h e impinger solution to prevent t h e
decompos i t ion of t h e c a d m i u m sulfide col-
lected. I t m a y b e possible to use inexpensive
plas t ic imp inge r s for th i s app l ica t ion (Cole-
P a r m e r Co., Chicago, IL) . T h e collected sul -
fide was spect rophotometr ica l ly d e t e r m i n e d
using a m e t h y l e n e -blue- t y p e reac t ion (N,
N - d i m e t h y l - p -pheny iened i amine a n d ferric
chlor ide so lu t ions) .

Act ivated-charcoal- f i l led t u b e s were u sed
for t h e collection of organic solvents . Care
should b e t a k e n to insure t h e a i r m a k e s con-
t a c t first w i th t h e larger of t h e t w o charcoa l
sec t ions of t h e s e a d s o r b e n t t u b e s . After
sampl ing these t u b e s were opened , a n d t h e
first charcoa l layer was deaorbed a n d a n a -
lyzed, A gas c h r o m a t o g r a p h e q u i p p e d wi th
flame ionizat ion was employed . A var ie ty of
c o l u m n s su i t ab le for c o m m o n organic m a t e -
rials may b e used and an electronic integrator
a ids t h e analysis . Since t h i s was a q u a n t i t a -
t ive form of gas c h r o m a t o g r a p h y t h e solvent
Hush t e c h n i q u e was emp loyed as shown in
Figure 2. T h e laboratory's ability t o carry ou t
such analyses proficiently may be checked by
a proficiency analyt ical tes t ing p rogram such
a s t h e o n e c u r r e n t l y ca r r ied o u t b y N I O S H ;
samples a r e s e n t qua r t e r ly a n d resu l t s m u s t

(Continued on page AS5)
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pH ELECTRODE

S T U D E N T P R O O F ?

. . . W E L L , A L M O S T !

• ITS pH RESPONSIVE GLASS
BULB IS RECESSED INTO
ITS 1/16" THICK EPOXY
BODY SO BREAKAGE IS
MINIMIZED.

ITS SEALED, GEL-FILLED
REFERENCE NEVER
NEEDS REFILLING.

NO PERFORMANCE
SACRIFICE; FAST
FULL RANGE
NERSTIAN
RESPONSE

/'i "
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S 2 0 0 C

COMBINATION
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150mtn LONG

$40
When orderingspecify Type ofconnector ormake and mode]of pH meter
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OF SAFETY
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The nation's most complete
source of safety equipment and
supplies for the protection of
people, facilities and the
environment. Let our experts
help you select the products to
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regulatory requirements.

To BB' your >rBB c°py.
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M a n d e l k e r n ' s A n I n t r o d u c t i o n t o M a c r o m o l e c u l e s i s n o w

b e t t e r t h a n e v e r .

A N I N T R O D U C T I O N T O

M A C R O M O L E C U L E S

S e c o n d E d i t i o n

L e o M a n d e l k e r n , F l o r i d a S t a t e U n i v e r s i t y ,

T a l l a h a s s e e

F r o m r e v i e w s o f t h e first e d i t i o n :

" T h e o v e r r i d i n g q u a l i t y o f t h i s b o o k . . . i s t h e c o m -

b i n a t i o n o f c o n c i s e t r e a t m e n t a n d l u c i d i t y o f

e x p o s i t i o n . . . ( I t i s ) e x c e p t i o n a l l y g o o d reading..."

—Journal of Chemical Education

" A t h o r o u g h d e l i g h t . . . " — A S M News

O n c e a g a i n , P r o f e s s o r M a n d e l k e r n p r o v i d e s s t u d e n t s

w i t h a n e x c e l l e n t i n t r o d u c t i o n t o t h e p r o p e r t i e s a n d

f u n c t i o n s o f a l l c l a s s e s o f b i o l o g i c a l a n d s y n t h e t i c

m a c r o m o l e c u l e s .

A n I n t r o d u c t i o n t o M a c r o m o i e c u l e s o f f e r s u p - t o - d a t e

k n o w l e d g e o n t h e b a s i c s o f p o l y m e r s , k n o w l e d g e

r e l e v a n t t o m a n y a r e a s o f s c i e n c e , t e c h n o l o g y , a n d

i n d u s t r y — a n d e v e r y d a y l i fe .

P r o f e s s o r M a n d e i k e r n ' s A n I n t r o d u c t i o n t o

M a c r o m o i e c u l e s c a n h e l p m a k e t e a c h i n g t h a t

i n t r o d u c t o r y c o u r s e e a s i e r , a n d m o r e i n t e r e s t i n g f o r

b o t h y o u a n d y o u r s t u d e n t s . . . . W e ' d l i k e y o u t o

c o n s i d e r it f o r c l a s s a d o p t i o n . Y o u r r e q u e s t s h o u l d

b e o n d e p a r t m e n t l e t t e r h e a d , a n d s h o u l d c o n t a i n

c o u r s e t i t l e , e n r o l l m e n t , c u r r e n t t e x t , a n d t h e d a t e b y

w h i c h y o u m u s t m a k e y o u r t e x t d e c i s i o n .

O r d e r y o u r e x a m i n a t i o n c o p y n o w .

1 9 8 3 / 1 6 1 p p . / ! 16 i l l u s . / p a p e r $ 1 6 . 9 5
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S p r i n g e r - V e r l a g ]
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/ofety

CSB flush air

Figure 2. Solvent flush technique.

b e r e t u r n e d w i th in fifteen working days .
Selec ted resu l t s from o u r work a r e shown

in t h e t ab l e . T h e s e resu l t s , except ing t h e

values for hydrogen sulfide1 , d o n o t ind ica te
overexposures , a n d , a l t hough o the r s tud ies
of academic labora tor ies have shown s imilar
resu l t s (7) , i n t e r - l abora to ry var ia t ion p re -
ven t s meaningfu l geaera i iza t ion .

O u r labora tor ies were equ ipped wi th t w o
6-ft fume hoods which were no t u sed d u r i n g
th is work. We have s ince instal led individual
work s ta t ion exhaus te r s ao t h a t each s t u d e n t
has access to vent i la t ion .

Al though t h e special ised n a t u r e of l abo-
r a t o r y e n v i r o n m e n t s m a k e s t h e app l ica t ion
of Occupa t iona l Safe ty a n d H e a l t h A d m i n -
is t ra t ion s t a n d a r d s awkward , i t is sti l l in-
c u m b e n t u p o n l abora to ry m a n a g e r s a n d ed-
uca to r s to p rov ide a heal thful e n v i r o n m e n t
for learning. T h e e x p e r i m e n t s we h a v e d i s -
cussed n o t only p rov ide useful d a t a for a s -
s e s smen t of r i sk b u t m a y also insti l l an a p -
preciat ion of the possible presence of a i rborne
c o n t a m i n a n t s .

Literature Cited
(1) "N1OSH Mama! of Analytical Methods," Vol. I, 2nd

ed., 1977.
(2) "NIOSH Manual of Analytical Methods," Vol 2, 2nd

ed, 1977.
(3) "NIOSH Manual of Sampling Data Sheets," 1977.
(4) Vendors' information; Du Pont Occupational and En-

vironmental Health Products, Wilmington, DE; Su-
pelco, Inc., Bellefonte, PA.

(5) Brief, R. S,, "Basic Industrial Hygiene," Exson Corp.,
New York, 1975.

(6> "The Industrial Environment—its Evaluation and
Conteol," National Institute for Occupations! Safety and
Health, 1973.

{7) HerUein, HI, F,, in "Analytical Techniques in Occupa-
tional Chvmistiy," Anieitcan Chemical Society, Wash-

1 Editor's note: this high concentration of
H2S demonstrates the need for caution when
using thioacetamide outside of a fume hood,
(M.M.E.)

Resulls of Monitoring Contaminants in Academic Laboratories

Type

Personal
Aiea

Area

Area

Conditions

Benzocaine preparation
Papsf chromatography

Distillation of benzene/
toluene mix

Thloacelamlde generation
ofH?S

Location

Organic teaching lab
General chemistry

teaching lab
Organic teaching lab

General chemistry
teaching lab

Time (m)

180
1SS

160

15

Volume (m3)

0.024
0.015

0.016

0.001

Weight (mg)

<0,126
3.99

0.576
Q.SB2
5.13

TWA"

<S.25
259,7

36-41
36.04

2465

Contaminant

Dleihyt ether
Methyl ethyl ketone

Benzene
Toiuene
H5S

T L V O B

1200
590

30
375
21

(short-term
exposure limit)

' Vaaws measurBd suprassetl as Hme-ivBiBfttBd averages (mg/rrr5).
B Threshold Limit Value* expressed as ttme-wetghted averagea (mg/m3) (TLVH

S ifcreshoSd Umit Values for Chemical SulstHnces and Physlca! Agenfs In ths W o * Environment (or 1983-84,
Amarican CojifBtenoa of GovammBntal industrial Hyaienteis).
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liquid level
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with air sensitive materials

and a
variety of

LAB-GUARD
Safety Shields

Getyour |
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I ORGANIZATION-

ADDRESS .„
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I

I

I

I

I

I

108 FRANKLIN kVENBE f PHONE
CHEtTB(H*lt.P*.tSO!! I {215)379-3333Instruments for Research and Industry
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S A C J N D E R S

H A S T H E

F O R M U L A

F O R

S U C C E S S F U L

C H E M I S T R Y

A n n o u n c i n g t h e R e v i s i o n of a B e s t Sef ler!

GENERAL CHEMISTRY, Second Edition
and
GENERAL CHEMISTRY WITH QUALITATIVE
ANALYSIS, Second Edition
By Kenneth W. Whitten and Kenneth D. Gailey, both of
The University of Georgia, Athens

This best-selling text (used by over 100,000 students
nationwide) for engineering and science majors is again
available in two versions. General Chemistry, Second
Edition, provides balanced coverage of descriptive
chemistry and principles, with an emphasis on descrip-
tive material. The Qualitative Analysis version offers
clear descriptions of procedures, reactions, and equilibria
for the qualitative analysis laboratory.

Standard Version — Available 1984, 880 pages {approx.),
hardcover. ISBN 0-03-063567-5
Qualitative Version — Available 1984, 992 pages {approx.!.
hardcover. ISBN 003063827-5

I n t r o d u c i n g a N E W

P r i n c i p l e s - O r i e n t e d T e x t b y a H i g h l y

S u c c e s s f u l W r i t i n g T e a m . . .

PRfNCIPLES OF CHEMISTRY
By Raymond E. Davis, University of Texas, Austin,
Kenneth D, Gaiiey, and Kenneth W. Whitten, both of
The University of Georgia, Athens

This principles-oriented general chemistry text for
engineering and science majors offers lucid, detailed
explanations of basic concepts , abundant illustrative
examples that are-solved and explained in detail, and a
wide selection of carefuily graded end-of-chapter exer-
cises. Descn'ptive chemistry is introduced early and
integrated with principles throughout,

Available 1984. 928 pages (approx..), hardcover.
ISBN 0-03-060458-3

A n all n e w L a b o r a t o r y M a n u a l . . .

EXPERIMENTAL GENERAL CHEMISTRY
By W.T. Lippincott, University of Arizona, Devon W.
Meek, The Ohio State University, Kenneth D. Gailey, and
Kenneth W. Whitten

This comprehensive laboratory manual contains
thorough descriptions of underlying concepts plus an
excellent balance of 3 6 principles-oriented and descrip-
tive experiments, The book c o m e s with its own Instruc-
tor's Manual and can be used with any chemistry text.

Available 1984, 416 pages {approx.). hardcover,
ISBN 0-03-060463X
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O T H E R

Q U A L I T Y

T E X T S

F R O M

S A U N D E R S

1NTRO1XICTION TO CHEMISTRY
By William L. Masterton, University of Connecticut, and
Stanley M. Cherim, Delaware County College

This book is written for the student taking a one-
semester or one-term course in preparation for the year
course in general chemistry. Assuming little or no pre-
vious background in chemistry, it combines a clear,
lively presentation with a wealth of illustrative learning
aids. The authors emphasize systematic methods of
problem solving by including practice exercises, sample
problems and worked-out examples in every chapter.

Available 1984. 480 pages (approx.). hardcover,
ISBN 0-03-069458-2

INTRODUCTION TO GENERAL,
ORGANIC AND BIOCHEMISTRY
By Frederick A. Bettelheim and Jerry March, both of
Adelphi University

This new text teaches principles of general, organic
and biochemistry in a manner easily accessible to non-
majors — especially students of health science. A dear,
concise presentation examines the chemistry of the
human body. Numerous problems at the end of each
chapter and worked-out examples in the text enhance
the Seaming process. More than 150 boxes supplement
the theoretical material to show students how chemistry
affects health care.

Available 1984. 73b pages (apprax.), hardcover.
ISBN 0 03 061548-8

ENVIRONMENTAL SCIENCE, Third Edition
By Jonathan Turk, Dillingham, Alaska, Amos Turk,
City College of the City University of New York, with
contributions by Karen Arms, Cornell University

This generously illustrated and highiy readable text
presents a clear, comprehensive introduction to environ-
mental science. Throughout, the authors marshal data
that engagingly illustrates, for science and non-science

majors alike, the principles of physics, biology, and
chemistry that underlie environmental phenomena.
Drawing on the comments of users and reviewers, the
authors have rewritten three-quarters of the text and
reorganized its content, expanding the book by six
chapters.

Available 1984. 560 pages fapprox.). hardcover.
ISBN 0-03-069482-5

CHEMICAL PRINCIPLES, Alternate Edition
By William L. Masterton, University of Connecticut,
Emil Slowinski, Macalester College, and Conrad L.
Stanitski, Randolph-Macon College

Maintaining a slightly higher level of presentation than
the standard Fifth Edition, the Alternate Edition presents
a steady flow of chemical principles with an emphasis on
theory. The text is clear, concise, and logical allowing
students to read and understand the material. Features
include approximately 1,300 end-of-chapter problems
emphasizing real-life applications of chemical principles,
and worked-out examples, each one immediately fol-
lowed by a parallel exercise. The text also features an
optional section on descriptive chemistry presented
within the context of qualitative analysis.
1983, 791 pages, hardcover, ISBN 0-03-062726-5

CHEMISTRY, MAN AND SOCIETY, Fourth Edition
By Mark M. Jones, Vanderbilt University, David O.
Johnston, David Lipscomb College, John T. Netterville,
Williamson County Schools, and James L Wood,
Resource Consultants Inc.

A comprehensive, up-to-date text that demonstrates
the importance of chemistry in students' daily lives, while
developing the science of chemistry and its applications
on a non-mathematical basis. The text features ample
illustrations, seif-tests, marginal notes throughout, end-of-
chapter questions, and end sheets that give the 25 most
used chemicals and the periodic table, with atomic
weights and numbers.
1983, 600pages, hardcover, ISBN 0-03-062716-8

HOW TO ORDER:
For examination copies, please contact your local Saundef s College
Publishing sales representative or write on your college letterhead to:
Karen S. Miaier, Dept SI

• SAUNDERS COLLEGE PUBLISHING£>O. Box 36, Lavaltette, Hew Jersey 08735Include your course title, enrollment, and text currently in use. Toexpedite shipping, please include the ISBN (International StandardBook Number) for each item requested.Si-8/83
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YOU CHALLENGED US TO
MAKE A BETTER TEXTBOOK.

WE MET THE
CHALLENGE.
Brady & Hoiums FUNDAMENTALS OF CHEMiSTRY is
"one of the most improved Second Editions I've seen
during 20 years of reviewing first-year chemistry text-
books...a remarkable effort that has resulted in an
interesting text with a mainstream content."

—John DeKorte
North Arizona University

Brady & Holum's FUNDAMENTALS OF CHEMISTRY,
Second Edition provides a more thorough, challenging
and stimulating approach to general chemistry for
science majors than ever before. Yet it's as readable
and accessible as ever.

A Better Now of Topits
Two new, logically developed chapters on chemical
reactions—the first, on ionic reactions in aqueous solu-
tion; the second, on redox reactions of various kinds

• Former Chapter 2 on gases has now been moved back
to Chapter 9

• The new sequence of thermodynamics, kinetics and
equilibrium allows for more logical thematic develop-
ment and permits the linkage of equilibrium to A G in
Chapter 16 on equiSibrium

A More Challenging level of Material
• More quantitative material, including bond energies and

heats of reaction, integrated rate taws for first and sec-
ond order reactions, temperature dependence of rate
constants, calculating activation energies, ionization of
polyprotic acids, determination of ion concentrations
from cell potential measurements, and more

• New and more challenging in-chapter worked examples,
practice exercises following the examples, and end-of-
chapter review exercises

Two New PedagogUal Approaches
• A progressive approach toward problem solving mat

features five strategically placed sets of review exer-
cises, entitled Integration of Concepts, which tie
together concepts discussed in groups of reiated
chapters

• Chemicals in Use—An innovative addition to topics in
descriptive chemistry, featuring 19 two-page discus-
sions of major chemicals and chemical processes
located between chapters

A Complete Learning Patkage
• Teacher's Manual, Solution Manual, Student Study

Guide, Laboratory Manual, Teachers Laboratory Manual,
Transparency Masters, plus an all-new Microcomputer-
\zed Test Generator for the Apple il Plus/lie and IBM PC,
which offers 500 multiple-choice questions

• Valuable computer-aided supplements designed to help
students review chemical concepts and hone their
problem solving skills: Computer-Aided Instruction for
General Chemistry by Wiliiam Butler & Raymond
Hough (both of the University of Michigan) and The
Chemistry Tutor Balancing Equations and Stoi-
chiometry by Frank R Rinehart (College of the Virgin
Islands)

{0 471-87548-1) 1984 960 pp.

To be considered for complimentary copies, write Lisa Berger,
Depl, 4-1651, or contact your local Wiley representative. For
CAi Information, write to Bill Rosen, Dept. 4-1651. Please
include address, course title, present enrollment, and current
text and supplements.

JOHN WILEY & SONS, Inc.
605 Third Avenue. New York, N.Y. 10158
!n Canada- 22 Woreliester Road
Rexflale, Ontario M9W 1L1

4-1651
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topic/ in
chemical in/trumentotion

edited by
FRANK A. SETTLE, JR.

Virginia Military Institute
Lexington. VA 24450

Choosing the Right Instrument: The Modular Approach
Part II

Howard A. Strobel
Duke University, Durham NC 27706

Instrument Specifications:
Which Modules Determine What?

In Part I (which appeared on page A53 of
the February issue) the rooduiar approach to
instrumentation was described as an effective
way to ease the process of selecting an ap-
propriate instrument for a particular mea-
surement as well as to develop an under-
standing of an instrument's behavior that
would lead to its more effective use. Further,
attention was directed to the characteristic
cluster of modules at the "front end" of an
instrument as those to study in reaching a
decision about which instrument to buy or
use for a determination. How well can we re-
late instrument specifications, which repre-
sent a major part of the data furnished for
review by a prospective user or purchaser, to
the behavior of modules? Or to put the
question more sharply, how often is a speci-
fication fixed by a single module? Since we
shall now look critically at these matters, in

Table 2. Modular Clusters In Representative Instruments

Cluster of
Characteristic
Modules

Cluster ot
Processing
Modules

Modules in
Generalized
Instrument

Signal
source

Sample
module

Detector

Amplifier \

ISignal processing >
modules 1
Readout /

Modules In
UV-VIS Modules in

Speclrophotometer pH Meter

(Continuous source)
iMonochromator I

Sample eel!

Photornultlpller
tube
Amplifier

Processing
modules

. Readout

pH eeli with
reference and giass
electrodes

{self-source.
sample celt.

and
detector)

/ Amplif ler

{ Processing
I modules
V Readout

C o n t i n u o u s
s o u r c e M o n o c h r o m a t o r

R e a d o u t

C h o p p e r
a n d b e a m
s p l i t t e r

C o m p u t a t i o n
m o d u l e

^

R e f e r e n c e

^

Figure 4. Line diagram of modules of a double-channel spectropholometer.

Sample

Photometric
(ratioing)

module

Detector-
transducer

C h a r a c t e r -
i s t i c
c l u s t e r

T a b l e 2 t h e t e rms characteristic cluster a n d
processing cluster a re defined a n d i l lustrated
by app l ica t ion to a spect re-photometer a n d
p H meter , A de ta i led analys is of t h e cha rac -
t e r i s t i c m o d u l e s of e a c h will b e g iven
below.

T o tackle t h e quer ies a b o u t specif icat ions
effectively, we need t o insure t h a t complex-
i t ies of des ign which are beyond t h e scope of
tills presentat ion can be ignored. For tunate ly ,
most ins t ruments , like t h e one in Figure l . a r e
of s ingle-channel design. F o r these i n s t ru -
m e n t s we shall a s s u m e t h a t m a n u f a c t u r e r s
are employ ing m o d u l e s of equa l qua l i ty for

their ins t ruments so t ha t n o module will l imit
pe r fo rmance as t h e " w e a k e s t l ink in t h e
c h a i n . "

Even where t h e design d e p a r t s from t h e
single-channel p a t t e r n , as in double-channel
i n s t r u m e n t s , t h e modif icat ion is usual ly a
min ima l change . For i n s t ance , t o c o n s t r u c t
m o s t doub l e - channe l layouts , a s i i ^ l e - c h a n -
nel i n s t r u m e n t is o p e n e d u p a t t h e s a m p l e
modu le . Usually a chopper which a l te rna te ly
d i rec t s t h e " s i g n a l " from t h e preced ing
modu le t o a reference-cell c h a n n e l a n d s a m -
fjJe-cell channe l per forms t h e funct ion. Im-
media te ly b e y o n d t h e reference a n d s a m p l e

modules , t h e s e p a r a t e channe l s are a p p r o -
pr ia te ly rejoined. O n e s u c h a r r a n g e m e n t is
shown schemat ica l ly in F igure 4. T h e t w o
different s ignals failing on t h e de tec to r a r e
" so r t ed o u t " in t h e process ing m o d u l e s a n d
c o m p a r e d . As is ev iden t from F igure 4, t h e
characterist ic cluster of modules is essentially
unchanged. T h e chopper becomes p a r t of t h e
process ing se t of modules .

M o s t o t h e r changes in design have t o d o
wi th impos i t ions of a u t o m a t i c cont ro l . F o r

(Continued on page A90)
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example, a feedback or control loop way beadded to stabilize the output of an opticalsource. The general characteristics of themodule are uisaffeeted; the feedback loopinsures that fluctuations in output are mini-mized. A similar result is secured with com-puter control as will be discussed later.
To examine the degree to which instru-ment specifications derive from specificationsof individual modules we can consider insome detail the part played by modules in thetwo instruments detailed in Table 2. For theUV-VIS spectre-photometer, a long list ofspecifications will be of interest. The most

important of these are likely to be wavelengthrange, precision of wavelength setting, spec-tral slit width (resolution), precision in %T orabsorbance, stray light, and scanning speed.What connections can we make betweenthese instrument specifications and those forconstituent modules? Other performancecriteria seem to fall in the processing cate-gory: they are factors such as scale expansion,readout in absorbance, %T, or concentrationof analyte, and availability of first and secondderivatives.
Let us take the characteristic modules inturn. The first is the continuous source.Clearly, the more intense and the more con-stant its output, the greater the signai/noise(S/N) ratio of the spectrophotometer: pre-cision in %T or absorbance will be enhanced.

See these and other titles at Booth 836
during the ACS convention!
NEW!
Introduction to Chemistry£ Russdi Hardwick, UCLA. Emphasizing a problem solving approach, this thorough text givesa detailed introduction to the fundaments) concepts and theories of beginning chemisby. Exam-pies, exercises and problems are used to help students understand the basic concepts and howthey can be applied to the chemical world. Separate chapters on organic chemistry, biochemls-By, and nuclear chemistry are Included. January 1984,668 pages, iHua, cloth. Supplementalmaterials: Insbuctor's Guide, Student Study Guide, Transparency Masters.
Fourth Edition
Chemistry for Changing TimesJohn W. Hill, University of Wisconsin • River Falls. This successful text covers the principles ofchemisay, and applies them to everyday fife. H's written in a relaxed, conversational style with aminimum of technical jargon. New material on lisks and benefits of science and technology,chemical wastes, the use of the mole In chemical calculations, arid a new chapter on "Sports:The Chemical Connection." Fourth Edition January 1984,576 pages, illus., cloth. SupplementalMaterials.* instructor's Guide; Student Study Guide; Laboratory manual - Chemical Investigationsfor Changing Time9, Fourth Edition, by Lawrence W. Scott, John W. Hill, and Peter Muto; TestBank - a set of 450 multiple choice Items; new Transparency Masters - a set of 200master sheets.
General, Organic, and Biological Chemistry: Foundations of Life
DM Felgl, SL Mary's College, ffofre Dame, Indiana. J.W. Hill, University ofWisconsin - RioerFails. Written for the 'short' Introductory course for nursing and health science majors, this textpresents the basics of chemistry in an integrated, coherent manner, i 983, 384 pages, iBus.,doth. Student Study Guide and Instructor's Guide available,
Chemistiy and Life: An Introduction to Genera!, Organic, and Bio-logical Chemistiy
J.W. Hill. DM Feigi Appropriate for a fulhyear chemisby majors course, this text gives a bal-anced and integrated presentation of general, organic, and biological chemistry. The second edi-tion offers medical and biological applications, and study aids. Second Edition 1983,773 pages,Sllus., cloth. Student Study Guide and Instructor's Guide available.
Second EditionChemistiy and life in the Laboratoiy: Experiments in General,Organic, and Biological Chemistiy
V.L Heasley and VJ. Chiistensen, both of Point Lama College. Q£. Heasley, BethanyNazaivne College. The 33 experiments in this manual are designed to relate to students' inter-ests and careers In nursing, and health and life sciences. Second Edition 1963, 264 pages, illus.,paper. Instructor's Guide available.
Laboratory Methods in Organic ChemistryS. Marmor, California Slate (Jm'uersflij - Dominguez Hills. This text offers a class-tested, flexiblelaboratoiy program. The first experiments are presented with detailed step by step instructions.Gradually studenis are required to design more of the steps in the experimental procedures.1961,567 pages, illus., doth. Instructor's Guide available.
To order your complimentary copy- ptease contact:
f~ir\ Burgess Publishing Company
t D ) 7108 Ohms Lane, Minneapolis, MN 55435
L V (612)831-1344

The spectral range of the source will also es-tablish the maximum wavelength range of theinstrument. Where higher intensity in partof the range or a still greater range is desired,additional sources will be requited. Whateverchoice is made, the output of the source mustbe focused on the entrance slit of the mono-chromator for good coupling.
The monochromator is next. The wider itsentrance and exit slits (widths are usuallyequal), the greater the S/N ratio and' theprecision in %T. As is well known, in amonoehromator a better S/N ratio is gainedat the expense of resolution. The wider itsslits, the greater also is its spectral slit widthand thus the poorer its resolution. Thequality and size of the monochromator dis-persing element (usually a grating) and opticswill also directly enhance resolution and ef-ficiency and reduce the level of stray light (atthe exit slit). In essence, the monochromatorwill fix the resolution, S/N ratio, and level ofstray light. It may also reduce the full spectralrange provided by the source and thus fix therange practically available.
What of the other characteristic modules,the sampling module and detector? In thesimplest case the sampling module will be acuvette or cell. Cells that hold sample andreference should be matched in path lengthand transmission characteristics. As Fait Ireminded us, coupling between modulesshould facilitate the passage of signal. Sincethe output of the detector goes to the train ofprocessing modules, the detector must notonly respond to the intensity of the signalfrom the sample but also transduce it to anelectrical output. Some other desired char-acteristics of detectors are high sensitivity,low noise, and a short response time.
Before considering how weil the photo-multiplier tube used in the spectrophotom-eter of Table 2 meets these requirements, letus look at it as an optical detector. Its re-sponse to light as a function of wavelengthwill be multiplied by (convoluted with) theintensity versus wavlength function availablefrom the source-monociironiator-sample cellcombination. By choosing a photomuitipliertube with the broadest spectral responseavailable, good sensitivity of detection is in-sured from 190 nm to beyond 800 nm. Thehigher its gain and the lower its noise, thebetter the possibility of working at traceconcentration levels. The detector has thestrongest influence on the limit of detectionof measurement. Dynamic aspects of mea-surements will also depend strongly on thedetector. If the spectrophotometer must scanrapidly, the detector must have a fast re-sponse.
What is gained from the brief analysis is aclear picture that the main optical specifi-cations of the UV-VIS spectrophotometer infact result from the performance "built into"it by its characteristic modules. Only if thesubsequent modules cause deterioration inperformance will the instrument as a wholefail to live up to this "advance billing."Toward the end of the section, its processmodules will also be examined.
The modular diagram of the pH meter issurprisingly simple as shows in Table 2. In-spection of the tabie and its performance alsoyields the result that its characteristic mod-ules determine the specifications of theoverall instrument The ceil is simultaneously

(Continued on page A92)
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a sampling module, a "self-source" (i.e.,generates its own signal), and the detector!Such a "pile-up" of functions is common withelectrochemical instruments.The voltage of the glass-membrane pHelectrode relative to the reference electrodeof the cell is thedeaired measure of hydro-gen-ion activity in the cell solution. Thequality of the glass electrode must be high fora stable measurement and adequate shieldingmust protect its lead to the amplifier frornpickup of stray currents. At low pH f below 1)and high pH (above 12) interferences causeerrors. For this instrument a consideration ofcharacteristic modules is brief indeed.Though not explicitly examined, specifica-tions of the electrochemical cell determinethose of the resulting pH meter. For electro-chemical instruments a modular approachyields much less insight than for most otherinstruments.
It is important now to look at processingclusters of modules. Whatever signal ampli-tude may have been produced by a detectorwill nearly always need to be further boostedin the signal processing clusters by an am-plifier. In designing such a cluster, after am-plification there ia a decision to be madeabout whether to carry out processing withthe signa! still in analog form (a signal ofvarying amplitude) or to convert it to digitalform (a series of pulses whose number indi-cates the signal amplitude) by use of an ana-log-to-digital converter (A/D converter). This

conversion (often termed a change in domain)ordinarily insures higher precision and ac-commodates use of a microprocessor OPcomputer for processing steps and instru-ment control as will be discussed below. Theprocessing modules will also provide that thesignal from the sample channel is ratioed toor corrected by the signal from a referencechannel. For example, in the double-channelspectrophotometer shown in modular formin Figure 4, the ratio of power P transmittedby the sample to power Po transmitted by thereference must be taken to give P/PQ and %T,If a computation module is incorporated, thenegative logarithm of the ratio can be de-duced to give the familiar Beer's law result:A = -log P/PB = -log T. The form of leadoutby the last module may be a needle deflectionon a meter, a curve plotted by a recorder, ora digitally indicated value.
What conclusion can we draw about pto~cessbg modules? Since they help amplify thesignal, reject noise and background, andmake calculations from data, they are indis-pensible. Yet the signal containing the de-sired information about the chemical sampleoriginated in the characteristic modules andit is that they have set the instrument speci-fications critical to the particular measure-ment technique.

Automatic Operation and
Computer Control

How is the modular approach affected by
the introduction of microprocessors? Further,
how useful is this mode of analysis for com-
plex new types of instruments? Let us con-
sider the impact of microprocessors first.
Then in the next section the modular ap-
proach will be applied to the new category of

"hyphenated" instruments tike GC-IR,
IX-MS, and MS-MS.

Three general degrees of control in in-
struments can be identified. They are:

1) Manual Operation. The operator is
furnished sufficient information to per-
mit him to operate the instrument. Either
the user or the manufacturer (especially
for simple instruments) sets the operat-
ing conditions for modules. For example,
to operate a spectrophotometer values
must be set for source intensity, mono-
chromator slit width, scanning speed and
range, amplifier gain, and system time
constant, among others, and start and
stop commands must he given. If perfor-
mance varies, the operator must attempt
to reset values appropriately.

2) Automatic Operation. In automatic
operation the operator selects the mode
of operation and starts the device. Stable
operating conditions and an appropriate
S/N ratio are provided even though con-
ditions may change during a measure-
ment or from sample to sample by incor-
poration of feedback loops with selected
modules. These loops incorporate servo-
motors or electronic circuits to insure
that modules are self-standardizing and/
or operate automatically. For example, in
an 1R spectrophotometer, monochroma-
tor slit widths can be set by a cam that
turns as a wavelength scan is made. If the
cam is shaped to reflect the relative
source emission intensity as a function of
wavelength, the width of the slit can be
varied during a wavelength scan in such a

(Continued on page A94)
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way that the S/N of the beam falling onsample and reference calls is constantwith wavelength. By such means auto-matic completion of a measurement is or-dinarily assured during unattended oper-ation.
3) Computer Operation and Control.' For nearly complete control and automa-tion one or more microprocessors {micro-computers) is wired into an instrument(or connections are made to a minicom-puter). Nearly always programs for oper-ation are entered by the manufacturerinto the read-only memory associatedwith the computer. The programs includeprovision for the user to interact will) thecomputer. According to the programcalled up, a microcomputer prompts theuser to supply information about the kindof measurements to tie made and thesamples. The program indicated by thesedata provides for appropriate operationof modules and data acquisition. Subse-quently the user, or more commonly, asecond built-in microcomputer or a labo-ratory computer processes the data andextracts desired enejnical information.
Some redesign of an instrument will, ofcourse be required to effect computer control.Sensing devices such as position encodersmust be inserted to furnish data to the com-puter. Devices that the computer can actuatesuch as stepping motors must also be added

Controlled sourceof carrier gas

of individual modules even in sophisticatedinstruments.The gains in having a microcomputer in aninstrument are those already suggested andare well known to readers: greater ease, pre-cision, and flexibility in use of an instrumentand improved efficiency of data collectionand processing. We will want also to considerthese gains when reaching decisions about useand purchase of instruments.
The New Hyphenated Instruments

Is the modular approach applicable when
an instrument has a plethora of modules? In
the past few years increasing numbers of
coupled, or as Hirschfeld has termed them,
"hyphenated" instruments (7), with almost
twice the usual numbers of modules have
appeared. The first widely used hyphenated
instrument may have been a gas chromato-
graph-mass spectrometric {GC-MS) device,
but MS-MS, LC-MS and many other coupled
instruments have since been developed.
Consideration of one of these apparently
complex instruments seems worthwhile to
demonstrate the- general validity of the
modular approach.

It proves helpful to begin by asking where
the instruments are joined. Take the GC-MS
as a representative example. Its layout is
sketched in line-modular form in Figure 5.
Note that the output of the GC is the input of
the MS. We can conclude that the GC re-
solves samples into their components and
that the MS produces the spectrum of each
of these in turn. Since the ability of the
chromatograph to separate components is
clearly being exploited, is it not reasonable to
suggest that it is functioning here as a state-
of-the-art sample module for the mass spec-
trometer? Perhaps "sampling module" would

Readout
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analyzer

i
i

i n t e r f e r e n c e s r e d u c e t h e a b i l i t y o f a n i n s t r u -

m e n t t o r e s o l v e s i g n a l s f r o m s u b s t a n c e o f

i n t e r e s t , o r w h e n e v e r t h e n u m b e r o f s p e c i e s

i n s a m p l e s i n c r e a s e s , u p g r a d i n g t h e s a m p l i n g

m o d u l e i n s o m e w a y wi l l b e n e c e s s a r y . R e c a l l

t h a t w h a t m a y b e t e r m e d e x t r a - i n s t r u m e n t

m e t h o d s s u c h a s e x t r a c t i o n o f a s u b s t a n c e o f

i n t e r e s t i n t o a f a v o r a b l e e o f v e n t h a v e l o n g

b e e n e m p l o y e d a n d a r e s t i l l a v a i l a b l e f o r

s a m p l e p r e p a r a t i o n . W h e r e a n i n s t r u m e n t a l

s o l u t i o n i s d e s i r e d , c h r o m a t o g r a p h i c s y s t e m s

a n d d e v i c e s s u c h a s m a s s s p e c t r o m e t e r s n o w

o f f e r t h e i r v e r s a t i l i t y , e a s e o f u s e , a n d e f f i -

c i e n c y f o r " s a m p l i n g . " I t is c l e a r t h a t t h i s

a n s w e r i s a t t r a c t i v e s i n c e h y p h e n a t e d i n -

s t r u m e n t s a r e a p p e a r i n g i n i n c r e a s i n g n u m -

b e r s i n r e s e a r c h a n d o t h e r l a b o r a t o r y s e t -

t i n g s .

B y a p p l i c a t i o n o f i n s i g h t s f r o m a m o d u l a r

a n a l y s i s w e s e e c l e a r l y h o w g r e a t i s t h e con<-

t r i b u t i o n o f t h i s n e w c l a s s o f h y p h e n a t e d i n -

s t e u m e n t s i n e n h a n c i n g a n a l y t i c a l p o w e r . F o r

a m o r e c o m p l e t e d i s c u s s i o n o f t h e s e d e v i c e s

t h e r e a d e r i s r e f e r r e d t o H i r s c h f e l d ' s p a p e r

( 7 ) .

C o n c l u s i o n s

T o u n d e r s t a n d t h e r e l a t i v e a d v a n t a g e s o f

d i f f e r e n t i n s t r u m e n t s i t i s v a l u a b l e t o b e a b l e

t o v i e w t h e m a s m o d u l a r s y s t e m s . S u c h a v i e w

c a l l s f o r a q u a l i t a t i v e k n o w l e d g e o f ( 1 ) t h e

t y p e s o f m o d u l e s t h a t c o m p r i s e roost i n s t r u -

m e n t s , (2) t h e p e r f o r m a n c e c h a r a c t e r i s t i c s o f

r e p r e s e n t a t i v e m o d u l e s , a n d ( 3 ) t h e c l o s e

c o r r e l a t i o n b e t w e e n t h e s p e c i f i c a t i o n s f o r

m o d u l e s i n t h e c h a r a c t e r i s t i c c l u s t e r o f i n -

s t r u m e n t s a n d t h o s e o f t h e r e s u l t i n g i n s t r u -

m e n t s . W i t h t h i s b a c k g r o u n d , u s e r s o f

c h e m i c a l i n s t r u m e n t a t i o n c a n a s k a p p r o p r i -

a t e q u e s t i o n s t h a t w i l l h e l p t h e m r e a c h d e -

C a r r i e r g a s :

d i v e r t e r ~\

V a c u u m

s y s t e m

l o n i z a t i o n

s o u r c e

i
i

Figure 5. Line diagram o! modules ot a GC-MS hyphenated instrument.

to allow program control of scanning and
other operations. A good account of the de-
velopment of a sophisticated instrument with
program control was given by Barnard (6).

We return to the query: How does the ad-
dition of microcomputers affect instrument
performance? For an answer let us look both
at the characteristic and processing clusters
of modules. In the characteristic cluster
currents, slit widths, etc. will now be set by a
computer program instead of the user or
manufacturer. In the processing cluster the
microcomputer will take the place of several
modules. Important gains in processing per-
formance will result (in signal massaging,
data collection, and computation). Even in
Fourier transform spectrometers a computer
provides processing by shifting the domain
of signals encoded with analytical informa-
tion (from the interferometer in the IR
spectrometer and from the detector in the
NMR spectrometer). Recall that a shift of
domain, from analog to digital, was already
provided to accommodate the digital micro-
computer. Yet every module will still interact
with signals through its transfer function and
input and output characteristics. Thus, we
can conclude that instrument specifications
always depend ultimately upon performance

be a name more descriptive of its role in this
example. Can we describe the role of a sam-
pling module? For a UV-V1S spectropho-
tometer, for example, we begin by stating that
the sampling module holds the sample solu-
tion. But even the dissolving process can
usefully-be regarded as "part" of the module.
Indeed it will need to be so considered
whenever dissolving or diluting is mecha-
nized, which is likely to be increasingly the
case with sophisticated and sensitive instru-
mentation. The trend is certainly toward
performing a greater number of operations on
samples in instruments themselves.

Yet a still sharper focus on the role of the
sampling module is warranted. Consider the
characteristics of an ideal sample. For most
measurements it would be ideal to have all
"molecules" in the sample well separated to
insure their separate reaction witli "signal."
Further, interfering substances should be
masked or reduced to minimal concentrations
to reduce spectral interferences and the kinds
of chemical interferences often termed a
matrix effect.

When will a regular sampling module meet
these goals and when will we be well advised
to select a hyphenated instrument with its
state-of-the-art sampling module? Whenever

cisions as to which instruments to use, buy,
or lease for particular measurements.

The range of instruments examined
should, of course, reflect kinds and number
of measurements to be made, the types of
systems to be examined, and the level of ex-
perience of persons who will use the instru-
ments. Vet within that range the simplest
instruments that have the desired sensitivity,
accuracy, and operating features will be the
best choice. There will be fewer parts to give
trouble, spurious instrument responses will
be more easily noted and traced to their
source with greater ease, and maintenance
will be simpler and less expensive. UsuaEy
the initial cost will be lower also.

To assist in the decision-making process,
we also gain much by developing a working
knowledge of widely used detector-trans-
ducer modules, signal-generator modules,
and sampling modules. It is these types of
modules that serve in the clusters of charac-
teristic modules and that largely determine
instrument specifications.
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The more Solomons changes,
the more it stays the same.
When you asked us to make some changesin the #1 selling organic chemistry text, welistened. So, in the Third Edition weexpanded our coverage of carbon-13 spec-troscopy and other areas, we split thechapter on aldehydes and ketones in two,and we added 200 new problems andtwo full sets of review problems. TheStudy Guide? Expanded. The CardFile? Updated and expanded. We'veeven put in something you didn't askfor (but your students would've):Sample Problems with DetailedAnswers—a new pedagogical aidthat'll help students through thoseinevitable trouble spots.

What we won't change...
Already more than a half million students in over 500 schools have taken advantage ofSolomons' familiar clarity of style, functional group approach, emphasis on bio-organicchemistry, peerless spectroscopy coverage, and great two-color graphics. Those featureshaven't changed. Neither has Soiomons' position in American classrooms.
We're still the clear leader.

And take a look at these
innovative supplements...

ORGANIC CHEMISTRY, 3rd EditionT.W. Graham Solomons, University of South Florida(1-87032-3) 1984 1.097 pp.

SPECTRAL INTERPRETATION
A Software Series in Organic
Spectra! Analysis
Fred Clough,
University of Wisconsin—Parkside
Part I: IR Spectroscopy
Part H: Proton NMR Spectroscopy
For the Apple 11+ /lie. Sample Disk
(1-80247-6) $4.00

THETA MOLECULAR MODEL SET FOR
ORGANIC CHEMISTRY
Developed by Ronald Starkey,
University of Wisconsin—Green Bay
(047186604-0) 1982

ORGANIC CHEMISTRY LABORATORY
SURVIVAL MANUAL
A Student's Guide to Techniques
James W. Zubrick,
Rensselaer Polytechnic Institute
(0 47187131-1) approx. 208 pp. 1984

To be considered for complimentary copies,
contact your Wiley college representative or
write Lisa Berger, Dept. 4-1651. For
sample disks, contact Biil Rosen, Dept.
4-1651. Please include your address, course
name and enrollment, and the title of your
present text and supplements.

JOHN WILEY & SONS, Inc.
605 Third Avenue, New York, N.Y 10158
In Canada: 22 Worcester Koad. Rtxdate, Onario M9W 1LT 4-1651

Circle No. 26 on Readers' Inquiry Card
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T h e c h e m i s t r y

i s r i g h t

For adop t ion cons idera t ion , reques t
a n e x a m i n a t i o n package f rom your
regional H o u g h t o n Mifflin office.
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C h e m i s t r y

D a r r e l l D . M a r k S .

W r i g h t o n

W a y n e S ta te U n i v e r s i t y C o n s u l t i n g Ed i to r

M a s s a c h u s e t t s
I n s t i t u t e of
Techno logy

A b o u t 928 pages
S tudy G u i d e
Labora to ry M a n u a l
So lu t ions M a n u a l
Ins t ruc tor ' s M a n u a l
Transpa renc i e s
C o m p u t e r - A s s i s t e d
Blackboard©
Jus t pub l i shed

Houghton MifflinI340O Midway Roiiif, Dallas, Texas 75234 Penniin;lnn-H(ipewcl] Road, If opcwell, New Jersey 085251900 Soiilh Haiavia Avenue, Geneva, Illinois 60114 777 California Avenue, Pali) Alto, California 94304
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Academic Press offers experience
in chemistry.

NEW! CHEMISTRY, Second Edition
Bailar, Moeller, Kleinberg, Guss, Casteliion,
and Metz

This new edition emphasizes descriptive
chemistry without sacrificing basic principles.
Chemistry, Second Edition, correlates chemical
concepts with descriptive chemistry, stresses
patterns of chemical reactions, and shows
students how to analyze problems with a
heuristic method that uses dimensional
analysis as a guidepost.
Chemistry with Inorganic Qualitative Analysis,
Second Edition, by Moelter et al., is also
available.

NEW! ORGANIC CHEMISTRY
Stephen J. Weininger and Frank R. Stermitz

Organic Chemistry features an early
introduction of molecular structure and its
representations. Spectroscopic methods,
including 13C nmr, and bio-organic examples,
treated at the molecular level, are used
throughout the text.

NEW! STUDENT ORGANIC MOLECULAR
MODELS

Academic Press introduces two sets of
molecular models: framework convertible to ball
and stick, and framework convertible to space-
filling. Both sets feature coior-coded framework
atoms, coSor-coded plastic rods for terminal
atoms cut to the appropriate length, connectors
that ailow or prevent rotation, and p!ug-on,
coior-coded, space-filling units of exact scale.

BIOPOLYMER MOLECULAR MODELS

Write for our free catalog of molecular models
of nucleic acids, proteins, and carbohydrates.

For more information or examination
copies, write to Academic Press, College
Division, Orlando, FL 32887 or cat! collect
(305) 345-2466.

MEZLrTEIMR®
The Best Melting Point
Apparatus for Less
MEL-TEMP" is an integrated capillary
melting point apparatus with heating
rale continuously controlled by vari-
able transformer. Excellent viewing
provided by built-in light and 6-power
tens. Attractive sllvertone base is
4"x 5" and includes 6-foot grounded
power cord.

Heats to 500°C. • Accepts
One to Three Samples • Rapid
Heating and Cooling • No
Heat Transfer Fluids

only* l W J P
Does not Include m.p.
capillaries or Iriermometer

ACCESSORIES
D-SIXfC thermometer in !°C
graduations. 76mm. imm. $!2.00

graduations, borosfcate glass,
nitrogen filled, 76mm. imm $15.00
Vial of 100 txwosiNcate gtess
(ii.9- capiMras 100mm lone,
ssatefi one end S3.00

Write tor bulletin 8OA

LABORATORY DEVICES
P, O. Box 68, Cambridge, MA 02139

Circle No. is on fteadars'

ARE YOUR STUDENT ORGANIC LABS FLAMELESS?

THERMOWELL - POWERMITE

NEW . . .
Powermite heat control

models SS-4F (top) and EB-1F
are designed for recessed
(flush) installations in wall
panels 0.5 to 1.2" thick. Use in
new fab construction or in re-
modelling old iabs for a neat,
unobtrusive power source.
SS-4F (600 w) Is solid state,
EB-1F (1000 w) is an on-off pro-
portional control. Base plate is
satin stainless steel. Both are
priced at S47 each. Write for
details.

Thermowell flask heaters
and Powermite heal controls
are preferred for use in college
tabs because of per lor ma nee,
durability and increased safety.
Our equipment now serves
over 1000 colleges and uni-
versities.
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JAMES A. GOLDMAN

New Apparatus ami Equipment
Meter Spectropholometer

A low cost, compact spectrophotometer thai
features 8 nm bandwidth, solid state detector
and electronics, and a diffraction grating
monochromator has been introduced by Se-
quoia-Turner Corp. The Model 320 Spectre-
photometer has a continuous wavelength
range of 330 nm to 1000 nm to cover all rou-
tine UV and colorimetric tests. This range can
be extended to 210 nm with an easily instaiied
Far UV accessory. This wide range is achieved
by a monochromator having a plane diffraction
grating in.an f7 Ebert mounting. The mono-
chromator utilizes a single casting to maintain
alignment of the optics, sample, and solid state
detector. Two controls simplify operation and
a large analog meter provides easy readability
in Absorbance and Percent Transmlttance.

Circle #41 on Readers' Inquiry Card

Continuously Variable HPLC Detector

Knauer introduces an inexpensive, fuiMeatured
spectra] detector for HPLC. Servo selection
enables wavelength to be digitally set from
190-600 nm in 1-nm steps. Perfect for ana-
lytical and preparative applications, this unit
offers a compfementally wide range of cells
from micro to prep. Key front panel features
include event mark, auto and manual zero
offset, and eleven measuring ranges (from
2.56 to .0025 A.U. in binary steps). The
87.00's design Incorporates a high pressure
flow cell that is quickly and easily exchanged
and cleaned, making occasional cell inspec-
tion quite simple. For automated systems all
front panel features in the standard unit can be

externally controlled by computers and other
devices. A microprocessor spectra controller
which can change wavelength and range at
preset times, as well as store scanned spectra,
is available. It allows base-line correction,
wavelength switching, spectrum subtraction,
and plotting after Ihe chromatogram is com-
pleted.

Circle #42 on Readers' Inquiry Card

Chromatography Integrator

Perfcin-Elmer's Model LCI-100 Laboratory
Computing Integrator is a low cost chroma-
tography data handling device. A simple, sin-
gle-channel chromatography integrator, the
LCI-100 offers flexibility in handling reporting
functions and can teplot and reintegrate
chromatograms. It Is preprogrammed for high
high speed data acquisition, reduction and
reporting. Key features of the LCM00 include:
ail standard chromatogjaphy calculations (area
percent, area normalization, external and in-
ternal standardization), multi-method/multi-
peak file storage with 128K bytes RAM, a
choice of reporting peak height or peak area,
run-timed events to customize data handling,
a full alphanumeric keyboard, an interactive
Liquid Crystal Display, and a full size printer/
plotter.

Circle #43 on Readers' Inquiry Card

Microstructure Instrumentation

Erba Instruments, the U.S. sales and service
organization of Carlo Erba, manufacturer of
elemental analyzers, microstructure instru-
ments and gas chromatographs, released a
brochure highlighting the newest member In
a family of specific surface area analyzers.
The 6-page publication illustrates how the
classical SET method can be automatically
applied for surface area determinations in &
multitude of industries. Described are the

working principles, specific features and
technical specifications of the SORPTY 1750.
The Instrument provides gas adsorption
measurements and specific surface area
analysis. The SORPTY 1750 is the only true
single-point BET instrument designed for rou-
tine applications where results of surface area,
density and cheml-sorption measurements are
required within minutes.

Circle #44 on Readers' Inquiry Card

Gas Chromatogr aph

Perkin-Bmer's new Model 8300 Gas Chro-
matograpfi Is a compact, moderately priced
instrument ideal for routine or process labo-
ratories. The system incorporates built-in data
handling with 12-ln. video screen display and
post run manipulation of data. Easy inter-
change between injector and detector types
facilitates the analysis of a wide range of
samples. The Model 8300 is available in two
versions; the 8310 for packed column opera-
tion; and the 8320 for dedicated capillary
systems. The Model 8300 provides enhanced
performance through such features as auto-
mated bleed compensation: real time display
of a chromatograph; and integral data handling
facilities. The system is controlled by an ad-
vanced microprocessor, with user-interaction
through the video display unit and simple
keyboard with eight "soft keys." Screen
graphics and integral data handling options
ailow the Model 8300 to be developed into a
complete chromatography and data process-
Ing system. The screen graphics permit a
chromatogram to be displayed in real time on
the screen and replotted at the end of the run
using variable screen widths and attenuations.
Hard copy printouts can be obtained by con-
necting the Model 8300 to any coventionai pen
recorder or to a printer/plotter. At the end of
an analysis, the built-in data handling system
can take over to display results in the form of

{Cuntinued on page A102)
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a peak table and allows post-run manipulation
o! the data.

Circle #45 on Readers' Inquiry Card

Light Element Detector
A light-element detecting unit for energy dis-
persive X-ray analysis, called Econ III, Is
available from Edax International, Inc. Chief
features of the new Econ III are: its ability to
detect Boron (Atomic No. 5); remote window
change lor standand and light element ranges;
and motorized controls with built-in protection
against accidental vacuum loss, failure, or
contamination. Design features of the new
Econ III, based on Edax's seven years of ex-
perience with Econ ii (the first successful
"windowiess" detecting system for EDS) in-
clude smaller probe dimension for close dis-
tances to the specimen (lor tighter X-ray ge-
ometry) and an improved election trapping
design for better noise ratios (for improved
sensitivity). Motorized controls improve op-
erator convenience and reduce Hkefihood of
error during anaiysis.

Circle #46 on Readers' Inquiry Card

User Designed Chromatography
Recorder

Linear Instruments has announced the Model
1210 simplified, low cost recorder dedicated
for use in liquid or gas cfiromatography. Nearly
3000 chromatographers were surveyed to
learn those features which they wanted most,
and least, in a recorder. The results were
tabulated and the Modei 1210 was built ac-
cordingly. Strikingly simple for high reliability
and low price, the Model 1210 Chromato-
graphic Recorder features a recessed zero
adjustment and front mounted, push button
control of power, chart drive and full scale
spans. A convenient manual advance/rewind
knob permits accurate chart positioning for
parallel or overlay runs. Chart drive speed is
1 cm/mln, but speeds of .25, .5, 2, or 4 cm/
mln speeds are available through quick and
simple gear changes. The 1210 Is a flatbed
model using 200 mm width paper, but can be

wait mounted for space savings and accom-
modate fan-fold paper.

Circle #47 on Readers' Inquiry Card

Micro Gradient HPLC System

mesa GXADISST W>J!_SVSTEM

In response to the growing interest in narrow
bore chromatography, Beckman Instruments,
Inc. has introduced the Model 344M Micro
Gradient System. This system is designed to
provide optimal performance when working
with 2 mm HPLC columns. At the center of this
system is the new Model 114M pump featuring
user-seiectable Mow ranges of 0.001 to 1.00
mL/min or 0.01 to 9.99 mL/mln, resulting in
excellent reprodgcibility at tow flow rates
without sacrificing performance at high flows
when they are required. A system organizer
incorporates a iow column dynamic mixer
which is designed to blend and mix difficult
solvent combinations effectively at low flow
rates. The Beckrnan range of UV/Visible and
fluorescence detectors Is available with micro
flow cells for optimal efficiency when used
with this system. To complete the package, a
range of 2 mm I.D. Uitrasphere columns is now
available.

Circle #4B on Readers' Inquiry Card

pH Electrodes

Curtm Matheson Scientific, Inc., has introduced
a fine of pH electrodes. These products, named
Silver Label pH Electrodes, provide these
unique features: Porous Teflon tiquid junction,
which controis flow rate, resists clogs, inhibits
"poison ion" penetration, and eliminates
streaming potential; Stainless stee) caps;
Low-noise cable; Speciai low-impedence
full-span glass formula; and Patented tech-
nology. Manufactured in the United States,
Silver Label pH Electrodes are available for

every application in the lab or in the field where
reference, standard or combination electrodes
are needed.

Circle #49 on Readers' Inquiry Card

X-Y Recorder

ft

Introduced by Houston Instrument, the Series
200 X-Y Recorder provides users with both
performance and reliability in a rugged and
handsomely styled low-profile Instrument.
Designed for the working laboratory, the Series
200 meets the needs of both educational and
industrial users. Reliability is enhanced by
Houston Instrument's proven and patented
capactive rebalance position transducer. This
innovation eliminates the wear and electrical
noise associated with slide-wire potentiome-
ters. The Series 2000 X-Y Recorder has 11
switch-selected input ranges starting at 1/
mV/ln., and S timebasa ranges to drive the pen
beam at speeds from 200 seconds/in, to 1
second/in. A slew rate exceeding 30 in./sec-
ond assures accurate data representation.

Circle #50 on Readers' Inquiry Card

Three Channel Flatbed Recorder

The Linear Model 595 Flatbed Recorder fea-
tures three channel recording convenience and
a large number of standard features. The
Model 595 has 22 chart speeds, 10-in. {250
mm) chart width, 100% zero suppression, and
12 input ranges from 1 mV to 5 V. According
to the manufacturer, this full size, sturdy re-
corder also features a remote programmable
chart drive and an override event marker as
standard. Other options are available.

Circle #51 on Readers' Inquiry Card

Karl Fischer Tltrator
A microprocessor-controlled, precision in-
strument for water content determinations,
capable of analysing the moisture range from
one part per million to 100 percent, Is an-
nounced by Mettler Instrument Corp. The
Mettier DL18 Karl Fischer Tltrator provides
precise water content results with speed and
extreme accuracy. The DL13 covers the full
determination range which, until now, could
only be done on two different instruments:
coulometers for trace anaiysis, and volumetric
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titrators tor high water content. Operation of
the DL18 is quite easy; it is carried out via a
"pushbutton dialogue" with the operator.
Solvent dosing and evacuation of effluent are
activated simply with a posh of a button. The
result is determined automatically In percent,
ppm, or mg of water. Many extras such as * i f t
compensation, freely selectable stirring time
and blank value correction are all standard.
The same precision burette that is well-proven
with Mettler's DL40RC MemoTitrator is also
standard. By connecting the DL18 to a Mettler
analytical balance and GA44 printer, conve-
nience and reliability can also be increased.
Sample weight may be accepted automatically
and used for final calculation purposes. The
printer will provide a complete record of re-
suits including date and sample number. The
Karl Fischer method of determining water
content Is a procedure that has a permanent
place in today's laboratories. Food, chemical
and pharmaceutical manufacturers all need
precise information about the water content
of their products. And so do those in the pe-
troleum and plastics industries. The Mettler
DL18 Karl Fischer Titrator is a cost-effective
tool to provide this information.

Circle #52 on Readers' Inquiry Card

Controlled Heating/Cooling

FTS Ko-Cooi Controlled Rate Freezers provide
a reliable and convenient means of obtaining
precisely controlled cooling and heating rales
for a variety of applications. Because the
Sio-Cooi is mechanically refrigerated, no liquid
nitrogen is required for operation—only
standard electrical current and a heat transfer
medium such as methanol. Temperature
Ranges to -45°C, -70°Cand -120°Care

available to satisfy virtually any production or
laboratory requirements. All FTS Bio-Cools
feature continuous digital temperature display.
Three programmer models are available: a
single-segment three-function, a fcxr-segmeftt
three-function, and a sixteen-segmeni three
function. The operator can select one digitally
setable temperature, on ramp rate and one
hold time per segment. The single-segment
programmer offers as a standard an audible
alarm which sounds when hold temperature
has been attained. The four and sixteen seg-
ment programmers feature a non-volatile
memory which win store a program for up to
six months without electrical power. Ail pro-

1 grammers include an analog voltage output to
facilitate future connection of the Bio-Coo! lo
a temperature recorder, FTS supplied or other.
The FTS line of Bio-Coo! Controlled Rate
Freezers can do it aft: from the most basic
on-site regimen to the most stringent labora-
tory protocol. All have the convenience, reli-
ablity and low-cost that only FTS can offer.

Circle #53 on Readers' Inquiry Card

Laboratory Balances

Four precision laboratory balances, two of
which are equipped with exclusive Mettter
DeltaRange are announced. These are desig-
nated Mettler models PE380, PE600, PE360Q
and PE6000. These units, plus models PE160
and PE1600 introduced earlier, are designed
to accept LabPac, Mettler pfug-in software.
LabPac dedicates the balance to laboratory
routines such as net lotai weighing, percentage
determinations, animal weighing, mean value
(x), and standard deviation. Models PE360 and
PE3600 feature DeltaRange, a fine weighing
range that can be recalled at the touch of a
button for weigh! determinations with a 10-
times better resolution. This makes it possible
to accurately weigh very light components into
heavy containers on one and the same bal-
ance. Model PE360 has a 0-360 g weighing
range and reads to 0.01 g. Its DeltaRange
weighing range is 60 g, reading to 0.001 g. For
the PE3600, the ranges are 0-3600 g and 600
g; the readabilities are 0.1 g and 0.01 g. Models
PE600 and PE6000 have capacities of 610 g
and 6100 g, respectively with readabilities of
0.01 and 0.1 g respectively. Compared to
previous models, the new PE balances show
a number of interesting technological inno-
vations. For example, a standby circuit makes
sure that the balance is ready to operate as

soon as it is switched on. In this way, the
warm-up time is eliminated. Automatic cali-
bration Is standard. And, in addition to obtaining
weight indications in grams, the balance wili
convert them automaticairy to such nonmetric
units as Ib, oz, ozt, dwt, ON and ct on demand.
The selected unit of weight lights up in the
display and the results appear In large seven-
segment numbers. Still another feature is the
optimized integration of measurement values.
This means that the balance always adapts
itself to its environment and automatically
calculates the optimum integration time.

Circle #54 on Readers' Inquiry Card

HPTLC/TLC Developing Chamber

An advanced-design Developing Chamber for
high performance thin layer chromatography
(HPTLC) and conventional TLC plates has been
announced by Advanced Separation Tech-
nologies Inc. (Astec}. Designated Vega-T 10X
Developing Chamber, the unit is precision
manufactured of white FIFE with a laboratory
glass cover. Adjustable leveling legs and an
Astec ACCUFLAT levei ensure linear solvent
fronts. HPTLC and TLC plates developed in the
Vega-T10X Chamber have exhibited excellent
Rf reproducibility in tests at a leading university
and in the field. Uniquely, the Vega-TlOX
Chamber has two solvent compartments, one
at either end, each of 5.0 ml capacity. This
permits simultaneous development from either
end of the TLC plate or sequential develop-
ment. Further, mobile phases can be different
in each solvent compartment or the same in
both, greatly extending the number of samples
under development, when mobile phases are
the same or allowing differing mobile phases
to be used in, e.g., optimization procedures.
A feature of the Vega-T10X Chamber is the
unit's versatility. It can accommodate one 10
X 10 cm TLC plate, up to two 5 X 10 cm
plates simuitaneouly or up to four 2.5 X 10 cm
plate simultaneousiy. in operation the mobile
phase(s) is "wicked up" from either (or both)
of the solvent compartments to contact the
TLC plate sorbent. Capillary action ensures an
even, constant mobile phase supply and, as
one result, separations exhibit excellent lin-
earity. Vega-T10X TLC Developing Chambers
are supplied with wicks (package of 25) and an
ACCUFLAT. Replacement wicks, cover
glasses and saturation sheets {used when
saturated-chamber development is required)
are ail readily available from Astec and from
selected laboratory supply dealers.

Circle #55 on Readers' inquiry Card

HPLC Contamination Protection
Two types of guard columns to prevent fiqitid
chromatography samples with non-eluting

IContinued on page A1Q4)
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materials trom contaminating HPtC coloms
have been Introduced by IBM Instruments, Inc.
The guard columns are compatible with HPLC
instrumentation and cost less than standard
HPLC versions. The new columns are designed
to prolong the life of analytical coiumns without
degrading chromatography, reducing the cost
per sample analyzed. Two types of guard
columns are available, with norma! (silica) or
reversed-phase (octadecyl) pellicutar pack-
ings. Each guard column kit contains 4.5 mm
X 50 mm repaokable hardware and 6 g of
packing material. Replacement packing is
available in 10 g units.

Circle #SS on Readers' Inquiry Card

3A Sanitary Metering Pump

FMIRP-SAN pumps conform to the 3A Sani-
tary Code of the U.S. Pubiic Health Service.
Designed for high accuracy and dependabiiity,
the pumps provide long trouble-free service
In food, dairy, drug, and pharmaceutical ap-
plications. Because of Its high reliability and
accuracy. Model RP-SAN is an excellent tool
for pumping expensive substances such as
concentrated vitamins, flavors, odorants,
colorants and other additives commonly used
in the dairy, food, and drug industries. The
pumps have only one moving part (the piston)
and do not rely on valves that can clog or
stick—the piston does the vaivlng. The cost
effectiveness realized from 1 % or better re-
peat accuracy makes the RP-SAN an excellent
pump for critical metering needs. Standard
units are available for flows to 1 liter per min-
ute and pressures to 100 pslg.

Circle #57 on Readers' Inquiry Cartf

Autosampler Vials
Phase Sep announces a complete selection
of borosilicafe glass vials for LC, GC, AA and
other autosamplers. Original equipment
equivalent replacements are available for all
commercially available autosamplers, ac-
cording to company. A variety of vial size and
types are offered, compatible with original
manufacturer specifications. Screw or crimp
type closures are available with a broad range
of seal and septa materials to ensure com-
patibility with application and auto sampler
type. Vials are made of borosilicate glass to
prevent sample contamination from glass

Impurities, and to permit autoolavlng and re-
use. Vial closures and seals are sold sepa-
rately to accommodate vial re-use. Vials are
sold In quantities of 100 with discounts allowed
on volume orders. Crimpers, decappers and
other accessories are also available. All items

. are sold from stock for prompt availability.
Prices, say the company, are tower than those
from other suppliers.

arete #58 on Readers' Inquiry Card

Non-slick Valves

Sew " n o n - s t i c k " v a l v e f rom
3SG I n d u s t r i e s

MQ Scientific Gases, a division of MG Indus-
tries, announces a unique diaphragm valve for
cylinders used for high purity, rare gases and
gas mixtures. According to Rudi Endrea,
General Manager, "The newly designed valves
incorporate an easy-to-use, energy efficient
handwheel that eliminates the traditional
problems of freezing and sticking. We have
Incorporated CGA & DIN type threads for do-
mestic as well as International applications.
Tests show that the valves have proven to be
extremely effective with reactive as well as
nonreactive gases. In our opinion, this will
eliminate a big headache for many users."
Features of the V6 diaphragm-type valve in-
clude smooth operation, superior airtlghtness,

• significantly lower gas losses, high gas tight-
ness and a long service life. The soft-to-the-
touch handwheel provides a positive grip and
is resistent to thermal and mechanical stress.
MG valves are stocked and distributed from
over 50 locations throughout the U.S.

Circle #59 on Readers' Inquiry Card

Blood Plasma Storage Freezers
The Jewett Refrigerator Co., Inc. has intro-
duced three models of blood plasma storage
freezers equipped with constant security and
surveillance system modules. Each meets or
exceeds the strict temperature standard re-
quirements set by The American Association

of Blood Banks, The American Red Cross and
The Federal Food and Drug Administration. A
mobile single door unit (model BPL 13) has
capacity for 284 of the standard 400 mi ca-
pacity packs, double-door units (BPL 21) with
462 pack capacity and four-door models (BPL
41) hofdlng 768 plasma packs all have tem-
perature monitoring safety alarm systems
featuring the built-in surveillance module
guaranteeing safe storage. Module design in-
cludes: a constant LED digital display of interior
temperature in tenths of degrees Celsius, a
monitor light and audible signal Indicating safe
operation, or warning alarm when temperature
gets too high, door—ajar warning signal and
a battery operated power failure alarm, A
seven-day temperature recording thermometer
is standard. Durable stainless steel Interior
construction with removable drawers and four
inch Siick polyurethane vapor sealed insulation
Insures many years of energy-saving, trouble
free operalion. Uniform cabinet temperatures
of —35°C are maintained by a rapid recovery
fan circulation system. Jewett blood plasma
storage freezers are equipped with safe au-
tomatic defrost, condensate evaporators and
door fasteners with cylinder locks for secu-
rity.

Circle #60 on Readers' Inquiry Card

Strip and Platen Heater

Watlow Eiectric Manufacturing Co. has intro-
duced the Thincast Strip and Platen Heater, a
cast-In aluminum heater, designed to produce
efficient, uniform heat up to 800 degrees F.
The heater is just 1/2-in. thick, yet provides the
exceptionally long life for which cast-In heaters
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are known. Ideal for extruder die heads, heat
sealing machines and heating and cooking
surfaces, Watlow's new Thincast Heater is
available in widths of 1.5 to 6 in. and lengths
from 8 to 22 In. It is available with welded stud
terminals or flexible lead wires. Ceramic ter-
minal covers are available and standard lead
length is 10 in.

Circle #61 on Readers' Inquiry Card

Lauda Circulators

Brinkmann Instruments Co., Division of Sybron
Corp., announces the line of Lauda constant
temperature circulators, including immersion,
heating and refrigerating models, most with
digital temperature readout, Additional features
includes a variable over-temperature safety
shut-off which can be set to any temperture
within the operating range of trie circulator,
independent of the set point temperature. If
overheating occurs, an aSarm sounds and
power to the circulator is cut off. Several
models also feature protection against low
liquid level operation and duplex pumps for
circulation to open external systems. Heater
wattage automatically adjusts to maintain the
set temperature with an accuracy of up to
±0.01°C, regardless of load. Zero cross-over
swItching/HFI suppression eliminates the
possibility of electrical interference with other
sensitive laboratory instrumentation. Energy-
efficient refrigerating models offer up to 75 %
savings in power consumption compared to
conventional cooling systems. A micropro-
cessor-based programmer accessory is
available for heating and refrigerating
models.

Circle #82 on Readers' Inquiry Card

Temperature Monitoring Systems
The Jewett Refrigerator Co., Inc. has intro-
duced a line of 15 Temperature Monitoring and
Temperature Power Monitor systems. Not only
does the TPM system monitor temperature and
power failure condition, but in the event of
power toss, it continues to watch temperatures
while signaling the source of the problem. A
steady or flashing red light along with preset
audible alarm signals, Indicate varied alarm
conditions with particular frequency pitches;
the factory set units insure accuracy within
±.2° centigrade. Designed for Blood Bank
Refrigerators and Plasma Freezers, the TPM
unit is easily adaptable for continuous moni-

toring of any liquid or other environment re-
quiring controlled temperatures. The units are
equipped with rechargeable nicad batteries
that are maintained at full capacity through a
trickle charge system. These batteries take
over in the event of power failuure to signal the
problem and continuously survey tempera-
tures. An included hermetically sealed relay
aiiows simple connection to a master remote
station as an alternate mode of Installation, or
the TPM may be paired with Hie TPMR remote
monitor up to \ mile away.

Circle #63 on Readers' Inquiry Card

Rotary Mechanical Homogenlzer

Heat Systems-Ultrasonics announces a com-
plete line of rotary mechanical homogenizers
and accessories. The Astramixer units mix,
emulsify, disperse arid homogenize by high
intensity or mechanical and hydraulic shearing
action. Included in the line are two laboratory
size units. The micro mixer is available with
three different rotor/stator sets; 7 mm, 12 mm
and 21 mm, allowing processing of samples
from 250 microliters to 1 liter. The standard
faboratory unit is available with 35 mm and 45
mm rotor/stator sets for processing 100 ml
through 20 liter batches. An In-line attachment
allows processing up to 5 gallons per minute
on a flow thru basis. Also available are indus-
trial scale units capable of 6000 gallons on a
batch basis and 1785 gpm on a flow thru basis.

The manufacturer offers technical assistance
on its toll free applications line.

Circle #64 on Readers' Inquiry Card

Refrigerated Composite Sampler

American Sigma recently announced the in-
troduction of the 6300 Refrigerated Composite
Sampler. The semi-permanent 6300 utiijzes
a high speed peristaltic pump for sample col'
lection. The %-in. ID intake lines are cleared
before and after every sample . . . the post-
sample purge is adjustable in duration from
10-90 seconds. Liquid Is discharged under
pressure to the 5 gallon polyethylene com-
posite container. The sampler may be oper-
ated on a timed-cycle basis or in proportion to
the flow rate. The sample liquid Is held during
the collection period in a refrigerated com-
partment maintaining a 4-1CC range. For
outdoor use, the 6300 is available with a
weatherproof fiberglass enclosure which may
be optionally equipped with insulation and 500
watt heater.

Circle #65 on Readers' Inquiry Cant

Mercury Collector

Chemtrix, Inc., announces a unique item that
no laboratory which is concerned about safety
should be without, the Mercury Collector.
When a mercury spill occurs, the foam-lined
lid is placed on top of the mercury and pressed
f irmiy. The special foam holds the droplets until
the lid is screwed onto the plastic collector;
whereby, the mercury Is released to the bot-
tom of the collector for safe disposal.

Circle §66 on Readers' inquiry Card

(Continued on page A106)
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OH McLeod Gage, Titling Type

A mercury-free, oil MoLeod gage, tilting type
has been added to the Gilmont tine of labora-
tory instruments. The degassing design is
similar to the earlier patented design break-
through of the oil swivel type. A high diffusion
pump oil takes the place of the conventional
mercury and Its attendant toxicity. At the same
time, the sensitivity ol measurement Is im-
proved. Principal design features of the gage
are: Teflon valve on closed end simplifies
filling and cleaning, Additional teflon valve
Isolates gage from system. Sensitivity range
from 1 miHitorr to 2 torr, Accuracy: ± 2 % of
reading or £1 mm of scale, whichever Is
larger. Accuracy achieved with larger preci-
sion bore capillaries and adjustment of bulb
volume to ± 1 %, Buift-in rotary check vafve for
personnel/gage safety. Corrosion resistant
plastic for long life, High vacuum Viton O-rings
for all seals, Requires only 10 ml of diffusion
oli, and Cicumfereotial acryilc housing for gage
protection.

Qrcte #67 on Readers' Inquiry Card

Ultrasonic Cleaners

Chemtrix, Inc., Introduces a complete line of
industrial ultrasonic cleaners which can re-
move oil, tar, agar, food, rust, ink, blood, etc.
from giassware, laboratory equipment, surgi-
cal and dental instruments, electronic com-
ponents, precision parts and many other items

thai are hard to clean by conventional meth-
ods. Made of stainless steel, the tanks of the
cleaners have capacities ranging from one pint
to two gallons with 40 walls to 200 watts of
cleaning power. Larger models have bottom-
mounted drains and are available with
heaters/timers.

Circle #68 on Readers' Inquiry Card

Ultrasonic Homogenlzer/Cell Disrupter

B. Braun •r.strur'ients announces the Braurt-
Somc 2000, a high energy, ultrasonic ho-
mogenizer and cell disrupter. Consisting of a
generator, transducer and a wide selection of
probe tips, the main unit occupies 70 space-
saving square In. of bench space. Modulation
of the voltage waveform is a unique feature of
the instrument. The acoustic wave from the
probe tip is a function of the voltage waveform
energizing the four piezoelectric elements of
the transducer. The result is less generated
heat and longer running periods. . . . up to a
continuous half hour.

Circle #69 on Headers' Inquiry Card

Ultra Low Volume Cell

Ultra low volume flow-thru capillary cells are
now available from Harrick Scientific Corp. for
liquid and gas chromatography studies. These
cells have a gold-plated 3 mm bore and lengths
of 5 or 10 cm, with volumes of 0.35 and 0.7 cc,
respectively (other lengths can be specially
made). Windows are removeable and sealed
to ttie tubulatlon via miniature O-rings. Con-
struction Is such that there is no dead volume.
These light pipe celis can be used in most
spectrophotometers with appropriate 4X
beam condensers.

Circle #70 on Readers' inquiry Card

Plastic Column
Valves, needles, etc. with iuer fittings wlft snap
srtugfy In place on the specially designed tip

of the Isolab Ouik-Sep iuer-tipped polystyrene
column. Column volume is 6.S mL (total), with
6.0 cm barrel height, interior diameter is 8.0
mm. The bottom of the column barret is flat,
not tapered, providing less opportunity for
mixing in the tip. Available empty, with plastic
filter disc (average pore size 50 jum), or glass
microtiber fitter disc (S8S no. 24). For use with
aqueous systems only.

Circle #71 on Headers' Inquiry Card

Tissue Holder
Ever reach for tissues Just to find that they're
either out of reach or buried underneath
something? Not any morel The handy Isolab
Kimwlpe Holder, wall or cabinet mounted,
provides ready access to the standard size
(5%-in. X 3-ln. X 43/4-in.) Kimwipe box.

Circle #72 on Readers' Inquiry Card

Liquid Dispensing
The Micro-Pipex Is a light, hand-held instru-
ment for conveniently dispensing liquids from
glass capiiiary rnlcroplpets without using a
mouth tube. Liquid is drawn into or dispensed
from the pipet by rotating a thumbwheel. A
fast-release button ailows suction by capillary
action alone or quick delivery of pipet con-
tents. The Isolab Micrc-^ipex gives smooth and
precise control over what has been a tedious
procedure.

Circle #73 on Readers' Inquiry Card

New Literature
Hazardous Waste Chart

Anyone who collects, stores or transports
chemical waste must determine if the waste
is considered hazardous under the provision
of the Resource Conservation and Recovery
Act, and if the waste Is considered hazardous,
it must be identified with a RCRA number. This
Information can be found in the Federal Reg-
ister but only with difficulty. To make It easier
to obtain this information. Lab Safety Supply
Co. has published a chart that makes this in-
formation more readily available. This 17-in.
X 22-ln. chart aids in identifying the classes
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of chemicals that are considered hazardous,
and provides the actual hazardous waste
number for over 650 chemicals. This chart
helps in the identification of hazardous wastes
and speeds op paperwork procedures requited
under RCRA.

Circle #74 on Readers' Inquiry Card

Split-Beam Spectrophotometer

A full-cofor 8-page brochure detailing the
Spectronlc 1001 split-beam spectrophoiom-
eter is available from Bausch & Lomb. in the
split-beam optical system of the 1001, a small
fraction of the abundant energy is split off and
used as a reference beam to give the instru-
ment a level of stability previously associated
only with double-beam spectrophotometers.
High energy thai begins with high-intensity
source (amps is conveyed to each sample wiln
minimum loss by way of silica-coated toroidal
mirrors and a Bausch & Lomb holographic
grating. As a result, the 1001 provides stable
readings throughout the wide 190-950 nm
wavelength range, and accurate measurement
of samples from near 0A to beyond 3A with no
dilution. A high-resolution 2 nm spectral
bandwidth and low stray radiant energy con-
tribute accuracy and fine-structure definition.
The brochure discusses typical communica-
tions with the 1001 with graphic iilustrations.
The user-friendly, duai function membrane
keyboard allows alphanumeric entries to be
made easily. The "keys" have been carefully
organized so that any user will be commanding
the instrument comfortably and confidently
within a short period of time. The 1001 can be
preprogrammed for various test types and
operations. The internal RS-232-C computer
interface accessory further expands the
capabilities of the 1001 by permitting two-way
communication between the instrument and
virtually any computer. This brochure on the
Spectronic 1001 spectrophotometer provides
technical data; discusses product features and
routine test procedures; describes the indi-
vidual keyboard functions; lists custom sam-
pling accessories, test types, and operations;
and provides samples of the display prompts
for a specific test program format.

Circle #75 on Headers' Inquiry Card

Common Organic Solvents !R
The Infrared Spectra Handbook of Common
Organic Solvents is a compilation of the in-
frared spectra, physical constants and other

supporting data of the 400 most commonly
used solvents. It is the most comprehensive
book available on organic solvents and serves
as a convenient and practical desk reference
which Is invaluable to chemists in solvent
Identif ication and analysis. Information for each
solvent is arranged on two pages in a large,
easy-to-read format with the Infrared spectrum
appearing on the page directly opposite the
supporting chemical data. The spectra are
presented in a transmittance vs. wavenumber
format over the spectral region 4000 to 400
cm"1 , and all are clearly labeled with the
source of sample and the sample preparation
technique used. Ail spectra are prepared in
Sadtler's own laboratories, under the direction
of Sadtfer's spectroscopists, using standard
preparation and evaluation techniques which
insure that these reference spectra are of the
best possible quality. Each compound Is listed
by its Chemical Abstracts name or its most
readily recognizable name, together with fre-
quently used synonyms. In addition, the CAS
Registry Number and the NIOSH Number are
given when available. Also, Hie data page
provides the molecular formula and literature
values of physical properties such as melting
point, boiling point, flash point, density and
refractive Index. Additional information re-
garding use, solubility, f tammability and toxiclty
appears for most compounds, and nearly ail
of the solvents are depicted by a conventional
drawn structure and by the Wlswesser Line
Notation. The compounds in The Infrared
Spectra Handbook of Common Organic Sol-
vents are indexed both alphabetically and by
molecular formula, allowing for the rapid lo-
cation of any spectrum. In addition, the sol-
vents in the Handbook are classified Into four
main groups; hydrocarbons, compounds hav-
ing only one type of characteristic atom or
functional group, compounds having more than
one type of characteristic atom or functional
group and deuterated compounds.

Circle #76 on Readers' Inquiry Card

Scientific Spectroscopy
The Harrick Scientific Catalog of 1R-VIS-UV
Accessories presents a complete line of
spectroscoplc products. Crystals, polarizers,
solid/liquid-gas sampling and other transmis-
sion accessories, specular external and in-
ternal reflection as wed as diffuse reflection
attachments, vacuum chambers, beam con-
densers, and skin analyzers, for both disper-
sive and Fourier Transform UV-vislble and
infrared spectrophotometers. Other products
include plasma cleaners, pyrolysis chambers,
spectrometer systems and much more. Many
products are new and listed for the first time.
Harrick Scientific also specializes In custom
instrumentation—designs to fit any spec-
trometer and meet all custom needs.

Circle #77 on Readers' Inquiry Card

HPLC
A HPLC Brochure featuring mlcrobore tech-
nology and custom synthesized HPLC phases
and packings is available from ES Industries.
Included in this latest company literature is a
complete line of Chromega HPLC Columns,
Packings and Accessories for a wide range of
preparative, analytical, and micro analytical
applications. In addition, the brochure intro-
duced a line of Microbore HPLC Columns and
a service for custom packings. This new ser-
vice makes It possible to specify particle size,

Macro lo Micro
h HPLC Columns
H
i-f Featuring:
m Custom Phases

shape, and pore diameter and to define and
select by structure the desired stationary
phase. The fi Chromega Microbore HPL Col-
umns are available in most Chromegabond
packings and come In standard lengths of 30
cm, 50 cm, and 1 meter.

Circle #76 on Readers' Inquiry Card

HPLC Siomedlcal Applications
An exciting set of applications is available from
KBL Instruments, Inc., describing their line of
Ion Exchange and Gel Filtration Columns.
Chromatograms are optimized for high reso-
lution, rapid analysis, linearity, and selectivity.
Compounds separated are proteins, peptides,
and amlno acids on a preparative and analyt-
ical scale. The instrumentation required to
optimize results is discussed and ranges from
state-of-the-art pulse-fee solvent delivery
systems to LKB's "intelligent fraction collector.
Complete systems can be operated automat-
ically using the HPLC controller and new au-
Ioin|ector.

Circle #79 on Readers' Inquiry Card

Gas Chromatographs
A 16-page four-color brochure describes
Varian's Vista 6000/6500 Gas Chromato-
graphs. Key features of both the 6000, with its
powerful built-in microcomputers, and the
dual-column 6500 Satellite Chromatograph are
covered in photographs and Illustrations that
complement the informative text. Expansion
capabilities, modular construction, unique CRT
and keyboard features, and convenience-
designed, large column oven, separate pneu-
matics compartment and universal injector and
detector bases are described in detail. Six
detector choices, a versatile injector system,
and advanced capillary systems also are de-
lineated, as is the optional 18080 AutoSampter
that provides total automation.

Circle #80 on Readers' Inquiry Card

Refractometers
Sixteen-page, fully Illustrated catalog of
complete line of refractometers, including
hand-held, Abbe, and digital Instruments, Is
announced by NSG Precision Cells, Inc. The

{Continued on page A108)

Volume 61 Number 3 March 1984 A107



out of the
editorjr bo/ket

refractometers are used for measuring the
sugar content of all types of food products.
Also included are a series of clinical refrac-
tometers for determining serum protein and
urine specific gravity. Separate tables list the
Brlx and refractive Index and provide a guide
for selecting the correct instrument.

Circle #81 on Readers' Inquiry Card

IR/FTtR Accessories

E x t e n d i n g

C a p a b i l i t i e s

Barnes Analyticai/Spectra-Tech has published
a 16-page 1984 Catalog titled Extending IfV
FTIR Capabilities. The Catalog, which de-
scribes more than 1,000 IFt and FTiR ac-
cessories, is reported to be one of the most
comprehensive laboratory purchasing guides
of its kind ever produced. For the sake of
troubie-fee reference, the Catalog Is divided
into eight main sections, according to Spec-
tra-Tech, The sections are internal Reflec-
tance; External Reflectance; Micro Sampling;
Temperature/Pyrolysis; Solid Sampling; Liquid
Sampling; Gas Sampling; & Crystals & Prisms.
Information in the Spectra-Tech Catalog in-
cludes guidelines on accessory use, prices and
other facts "designed to make selection as
easy as possible," the company stated. Spe-
cial pages feature detailed reports on two of
Spectra-Tech's newest developments: the
CIRCLE for FTIR work with aqueous solutions;
and the Collector for research with DRIFTS
(Diffuse Reflection Infrared Fourier Transform
Spectroscopy).

Circle §82 on Readers' Inquiry Card

AA Spectrophotometers Accessories

Varian Associates' complete line of ac-
cessories and supplies for its atomic absorp-
tion spectrophotometers is deiineated in an
18-page color catalog. Photographs and de-
scriptions of the AA support materials are
accompanied by ordering information, and
listings on replacement parts, and spare board
kits and cables, information aiso is included on
available audio-visuai training programs,

technical manuals, and other reference and
training materials.

Circle #83 on Readers' Inquiry Cant

Recorder
A four-coior brochure from Houston instrument
describes the extensive built-in intelligence,
touch-panel controls and dependable me-
chanical features of the 4500 Microseribe.
Photos and accurate descriptions define Hie
features which give the 4500 Microscribe
enhanced capability at a lower cost than a
basic strip-chart recorder. Microprocessor
control joins Hi's patented capacitance servo
rebafance system to assure flexibility and re-
liability unprecedented In strip-chart recorders.
In addition, an automatic self test function and
dayiight-readabie liquid crystal display (LCD)
continuously Inform the operator of recorder
parameters and status. The brochure contains
thorough performance specifications, as well
as details o! genera! features and accesso-
ries.

Circle #B4 on Readers' Inquiry Card

Calibration Devices for
Instrumentation
Tracer Atlas, Inc., specialists in H;S mea-
surement and instrumentation, has recently
compiled and published a catalog revealing
their line of calibration equipment. This catalog
offers an overview of the devices including
principles of operation and typical applications
for each instrument. Technical fiefd services
offered by the company are also mentioned.
This easy to read, informative catalog pictures
each device clearly. The products In the cat-
alog include: kits for liquid and gas sample
preparation; a pocket size generator for HES
sampies; a standard reference gas generator;
a gas calibration cylinder; and a linear motion
syringe-drive for injecting gas, liquid or solid
sampies. A Spanish edition is aiso avail-
able.

Circle #85 on Readers' Inquiry Card

Ultramlcrobaiance
A six-page brochure from Perkin-Elmer de-
scribes the ultramicrobalance, the AD-6 Au-
tobalance, highlighting instrument features and
benefits that simplify micro-weighing tasks
now more than ever before. The AD-6 offers
0.1 microgram sensitivity with 5 gram ca-
pacity, and nonvolatile memory for up to 899
sampies. All operations are microprocessor
controlled through simple keyboard com-
mands, which means weights can be stored,
recalled, factored and statistically analyzed
faster and easier.

Circle #86 on Readers' Inquiry Cam

Laboratory Water Systems
A catalog on laboratory water purification
systems Is available from Millipore/Continentai
Water Systems. The catalog (CG150) includes
a review of current standards for laboratory
reagent grade water, as well as descriptions
of the company's complete line of products
and services for the laboratory. Included are
water systems specifically designed for ap-
plications requiring organic-free (less than 50
ppb) water for such applications as critical
HPLC, and ultrapure, pyrogen-free water for
use in sensitive biological areas.

Circle #87 on Readers' Inquiry Card

Wafer Analysis
Thomas Scientific announces their 1984/85
Water Analysis Catalog. The catalog contains
248 pages and Is the most comprehensive
water testing catalog available. It is arranged
alprianumerically for easy reference, and
contains over 2,500 items and over 600 pho-
tographs and illustrations. Featured In the
catalog are LaMotte water testing kits, instru-
ments, and associated apparatus, individual
test kits, multlparameter kits, portable meters,
and reagent systems are offered for more than
60 chemical parameters. The catalog also
contains a listing of virtually any piece of lab-
oratory apparatus or reagent, representing
over 135 different manufacturers, needed in
the water/wastewater testing field. As a new
feature, all prices in this catalog will be held
firm by Thomas Scientific until January 1,
1985.

Circle #86 on Readers' Inquiry Card

Viscometers and Rheometers

A 24-page, fuff-color catalog details the Fann
Instruments product line of viscometers,
consistometers and related rheological In-
strumentation for industrial, commercial, sci-
entific and academic applications, tn addition
to direct-indicating viscometers, recording and
high-temperature rheometers, consistometers
and accessories, the new Fann catalog in-
cludes frequently needed viscosity computa-
tions and conversion factors.

Circle #89 on Readers' Inquiry Card

Minimize Gas Stream Contaminants
Scott's comparative study determines that
regulators with stainless steel diaphragms
minimize gas stream contaminants. Laboratory
Report E-R83-1 gives details of the study
where three two-stage regulators were tested,
including Scott's Model 18 high purity regu-
lator.

Circle #90 on Readers' Inquiry Card

Miscellany
Six Millionth Substance in CA
Chemical Abstracts Service has recorded the
six millionth chemical substance In the files of
its Chemical Registry System. The total In-
ciudes al! unique chemical substances Indexed
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in Chemical Abstracts since January 1965,
when the Registry began operating as an ad-
junct to Indexing operations at CAS. The six
millionth substance to be registered, 2-cy-
ciohexyl-3-methyl-4-(pentylamino)-E!-cyclo-
penten-1-one, was disclosed in a West Ger-
man patent application filed by Masayoshi
Mlnai and Tadashi Katsura of Sumitomo
Chemical Company, Ltd., of Japan. It was one
of 360,000 new substances added to the
Registry file in the past year. The patent ap-
plication also describes 66 other cyclopen-
tenone derivatives synthesized by the inven-
tors. Including reactants involved in the syn-
theses, CAS Indexed 137 substances from the
patent document.

CAS developed the Chemical Registry
System in the early 1960'a to provide a means
for determining whether a chemical substance
reported in the scientific literature had been
indexed previously In Chemical Abstracts and
retrieving ihe previously assigned index name
if i! had. The system now performs about 6000
substance identifications each working day in
support of Indexing operations at CAS. The
Registry also is the basis for the CAS ONLINE
search service, which makes It possible to
search the file of 6 million substances by name
or structural characteristics to retrieve struc-
ture diagrams, names and bibliographic cita-
tions for substances of interest.

Circle #91 on Headers' Inquiry Card

Software Programs
UV Software Notes, written by Perkin-Elmer
personnel and users of Perkin-Elmer instru-
ments, computers, and software are available.
The typical UV Software Note describes a
specific application, usually quite small and not
covered by Perkln-Eimer price listed software,
and includes simple instructions on how to run
the program. Programs are formatted for the
Perkin-Elmer model 3600 Data Station and are
written in either the BASIC or OBEY language
of the Perkin-Eimer Computerized UV (PECUV)
application software. Current programs in-
clude: 1) A program for Hard Copy Printout on
the PR-100 Printer, 2) A program to Labei a
Spectrum, 3) Wavelength Programming for
Lambda 3, 4) User Programming with Lambda
5, and 5) First Order Kinetics.

Circle #92 on Readers' Inquiry Card

Ion Chromatography Software
A dedicated software package developed for
Ion chromatography applications has been
introduced by Kelson Analytical. Inc. This
software is offered as part of the standard
chromatography software package for Nelson
Analytical^ 4400 series multi-instrument data
systems, which are based on the HP 200 se-
ries desktop computers. Data from up to 10 ion
chromatographs (20 detectors), or conven-
tional gas and liquid chromatographs can be
processed on the same system simulta-
neously. Each ion chromatograph is connected
to the Model 4416 data system through a
Neison Analytical intelligent Interlace—a
20-bit precision analog-to-digita! converter.
This interface collects the analog signal from
the chromatograph and stores it in digitized
form. Data sampling rates for this system
range from one point per 10 seconds to 100
points per second. With the chromatography
software installed, the Mode! 4416 system lets
the operator construct ion chromatography
methods for the specific application required.

These Include: peak detection algorithms in the
software for negative peaks; changing the
baseline treatments; and altering bunching
factors within a specific run.

A routine customized for ion chromatogra-
phy allows the operator to designate the
baseline so that negative excursions In the
chromatogram—typical in ion chromatogra-
phy—do not affect the baseline and peak-
detection treatments. Quantltatlons by internal
or external standards are possible, and final
results displaying area percent reports, re-
plotted chromatograms with baselines and
peak names are included in the software. A!)
raw data is stored on disk for easy recall of
stored runs, or alteration of baselines for new
calculations, in addition, the chromatograms
can be recalculated with different Integration
parameters and calibration curves. Special
routines in the software allow the user to recall
and graphically compare stored ion chro-
matograms, subtract chromatograms and
perform ratio calculations. The rOelson Ana-
lytical Model 4416 data system includes
hardware, A/D interface, and software for ion
chromatography.

Circle #93 on Readers' Inquiry Card

General Chemistry Software
A software program for high school, college
and university students named "Introduction
to General Chemistry" has been given a 1983
Learning Computer Software award. The
COMPress program is designed as a supple-
ment to an introductory course in General
Chemistry for students with no previous
Chemistry background. By simulating Chem-
istry experiments on the computer, students
are exposed to realistic laboratory situations
whldi saves time and the cost of actual ex-
periments. Additionally, the program allows
students to gain experience in collecting and
interpreting data. Extensive use of color ani-
mations tn an interactive format keeps student
interest high. "Introduction to General Chem-
istry" is presently a seven-disk series. "We
plan to add six disks to the series in 1984,"
said Thomas L. Sears, General Manager of
COMPress. "We are proud of the industry
recognition for this program and the program
authors, Professor Stanley Smith, University
of Illinois, Dr. Ruth Chabay, and Dr. Elizabeth
Kean." All entries for Learning Computer
Software Awards are judged by a committee
of teachers, subject specialists, computer
educators and instructional media devel-
opers.

Circle #94 on Readers' Inquiry Card

Educational Computer Labs
Fisher Scientific Company, Educational Ma-
terials Division, located In Chicago, Illinois, has
installed fifty-two Commodore 64 Computer
Laboratories in selected elementary, junior
high, and senior high schools in the District of
Columbia Public Schools. These laboratories
will be used for teacher training and computer
literacy instruction for students. Thirteen !abs
were in use this summar for a Summer Com-
puter Camp Program. Each laboratory consists
of ten Commodore 64 computers and monitors
which are networked to a common disk drive
via the MUPET networking system that allows
students to share a common disk drive and
printer. AM computers are individually housed
and secured to computer furniture.

Circle #95 on Readers' Inquiry Card

U n i v e r s i t y M i c r o f i l m s
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Publications of the DIVISION OF CHEMICAL EDUCATION, A.C.S.
SAFETY IN THE CHEMICAL LABORATORY
Vol. 1—Edited by N. V. Steere
This paperback report contains alS of the contributions to the monthly
feature, "Safety in the Chemical Laboratory" which have appeared
in J. Chem. Ed. from January 1964 through January 1967. Paperback,
132 pp., US $10.35, Foreign $11.25- (Postpaid)

Vol. 2—Edited by N. V. Steere
Contains ail of the articles from the "Safety in the Chemical Labo-
ratory" column which have appeared from February 1967 through
January 1970.1971 Paperback, 132 pp., US $10.35, Foreign $11.25.
(Postpaid)

Vol. 3—Edited by N. V. Steere
Contains at! of the articles from the "Safety in the Chemical Labo-
ratory" column which have appeared from February 1970 through
January 1974.1974 Paperback, 157 pp., US $10.35, Foreign $11.25.
(Postpaid)

Vol. 4—Edited by M. M. Renfrew
Contains all articles from the "Safety in the Chemical Laboratory"
column from January 1974 to January 1980, and, in addition, all other
relevant material on safety published in the J, Chem, Ed. during ihe
same period including special articles, notes, letters, and book reviews.
The papers have been grouped by subject area and an extensive index
prepared. Updated material provided by original authors. 1981 Pa-
perback, 150 pp., US $11.60, Foreign $12.50. (Postpaid)

ITERATIONS: Computing in the Journal of
Chemical Education—Edited by J. W. Moore
The first 16 articles from the Computer Series together with a dozen
more full-length descriptions of computer applications from the 1979
through April 1981 issues of J. Chem, Ed. are contained in this vol-
ume. It covers all aspects of computer and calculator applications in
classrooms and laboratory from introductory to advanced level. There
is a wide variety of short descriptions of specific computer programs,
and a bibliography that lists all computer-related articles that have
appeared from 1959 through 1980. 1981 Paperback, 144 pp., US
$11,60, Foreign $12.50. (Postpaid)

J. CHEM. ED. CUMULATIVE INDEXES
Vols. 1-25 (1925-1949) 25-ye»r
Vola.2&-35 (1949-1958) 10-year
Vols. 36-45 (1958-1968) 10-year

US $9.50, For. $9.90
USS9.50,For.$9.90
US $9.50, For. (9.90

HANDBOOK FOR TEACHING ASSISTANTS
This pocket-steed booklet is designed for new teaching assistants. It
gives information on various aspects of the assistant's work, including
how to conduct a recitation class, how to conduct a laboratory, how
to grade, how i» prepare for recitations and laboratories. 1983 Pa-
perback, lots of 10 copies only, US $12.60, Foreign $13.50. (Post-
paid)

COLLECTED READINGS IN INORGANIC
CHEMISTRY VOL. 2—Edited by G. Galloway
This newest reprint collection contains papers selected from among
those which have appeared in the J- Chem. Ed, between 1962 ana
1971. Topics included are bonding, periodicity, chemical dynamics,
energy relationships, descriptive and practical, physical and inorganic
chemistry, atomic and molecular. Paperback, US $9.10, Foreign
$10.00. (Postpaid)

MODERN EXPERIMENTS FOR INTRODUCTORY
COLLEGE CHEMISTRY—Complied by H. A.
Neidig, W. F. Keiffer
Seventy-one articles from the J. Chem. Ed. have been reprinted in
this one volume. These experiments were selected because they reflect
the exciting changes that are possible in the laboratory work in in-
troductory, college chemistry. The articles are written for professors
to use, not as prestyied specific directions, but to be adopted and
adapted to their own courses. Paperback, 150 pp., US $8.35, Foreign
$9.25. (Postpaid)

TESTED DEMONSTRATIONS IN CHEMISTRY
This 6th edition contains all the "Tested Demonstrations in General
Chemistry"by H. N.Alyea, which appeared in J.Chem. Ed. in 1955
and 1956; "Demonstration Abstracts" compiled by Professor Alyea
from all the demonstrations which appeared in J, Chem. Ed. from
1924 through 1959; 168 "Chem. Ed. Tested Demonstrations" edited
by F. B, Dutton, and a complete index of all the contents. Paperback,
236 pp., US $10.35, Foreign $11.25. (Postpaid)

TOPS IN GENERAL CHEMISTRY—3rd Ed.
(Tested Overhead Projection Series)—H. N.
Alyea
This reprint contains all the installments published in the J. Chem.
Ed. from January 1962 through June 1967. Included are articles on
the construction of inexpensive overhead projectors and the basic kit
of simplified TOPS devices. Paperback, 144 pp., US $8.35, Foreign
$9.25. (Postpaid)

CHEMISTRY OF ART (Offprint)
A series_ of articles published in the 1980 April issue of the J. Chem.
Ed. designed to increase teachers' knowledge of the chemistry of art.
The papers include the topics color, light, ceramics, safety and metal
artifacts. Paperback, 28 pp., US $3.50, Foreign $3.90. (Postpaid)

CHEMISTRY OF ART—A SEQUEL (Offprint)
Contains twelve articles which appeared in the April 1981 issue of the
J. Chem. Ed. In general, these articles contain more descriptive
chemistry and are more technologically oriented than Chemistry of
Art described above and will function well as a complementary set
of teaching materials. 1981 Paperback, 44 pp., US $5.00, Foreign $5.40.
(Postpaid)

STATE OF THE ART SYMPOSIA OFFPRINTS
Since 1980 the Division of Chemical Education has been presenting
a series of symposia at ACS national meetings on selected rapidly
developing areas of chemistry. The symposia are designed to bring
critical information and ideas to a state where it may be used by
teachers immediately. All symposia have a strong pedagogical em-
phasis with an introductory focus on background material so that a
teacher familiar with mainstream chemistry will be able to understand
and use the information presented. Later papers build on the foun-
dations laid in the first papers.

The published proceedings in J. Chem. Ed. of these State of the
Art Symposia are available as offprints. Classroom quantities (10 or
more of each offprint) may be purchased at-a 20% discount from the
single copy price.

SOLID STATE CHEMISTRY
1980 Paperback, 61 pp., US $5.50, Foreign 55.90. (Postpaid)

RADIATION CHEMISTRY
1981 Paperback, 96 pp., US $6.50, Foreign $6.90. (Postpaid)

POLYMER CHEMISTRY
1981 Paperback, 120 pp., US $7.50, Foreign $7.90. (Postpaid)

LASERS FROM THE GROUND UP
1982 Paperback, 6* pp., US $5.50, Foreign $5.90. (Postpaid)

COUNTING MOLECULES—Approaching the
Limits of Chemical Analysis
1983 Paperback, 48 pp., US $5.00, Foreign $5.40. (Postpaid)

ELECTROCHEMISTRY
1983 Paperback, 84 pp., US $6.50, Foreign $6.90. (Postpaid)
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SUBSCRIPTION AND BOOK ORDER DEPT.
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editorially /peaking

The Subjective Nature of Science
The importance of science as a component in the existenceof most contemporary societies cannot be seriously debated.There is, however, considerable disagreement among highlyrespected individuals who have thought deeply about thequestions that arise when the demands of scientific objectivityclash with the obligation to pursue societal goals. For well-trained scientists, objectivity becomes as natural as breathing,yet the character of many societal issues, which ranges fromrather explicit questions of ethics to less well-defined ques-tions that appear U) have their solutions in economic consid-erations and/or politics, generally does not seem amenable tosolution by those trained as scientists. A clear code of behaviorhas evolved over the iast few centuries to guide the process ofscience. The ethos of science involves the acceptance or re-jection of the reported findings of others on pre-establishedimpersonal criteria, as well as the public presentation of sci-entific findings so that they are available to the entire scien-tific community. The latter is usually, and preferably, doneafter critical review by those knowledgeable in the field—-referees, symposium chairmen, and editors. A part of the ethosinvolves organized skepticism that subjects reported findingsto continuing critical review with no assurance of finality.Scientists are expected to point out the limitations and/orlevels of uncertainty in their findings and in the inferencesthey draw. They are also expected to acknowledge their in-debtedness to others whose work—whether published orunpublished—has contributed to their accomplishments.Science is, thus, a communal enterprise in which every con-tribution builds upon the work of others.These characteristics of science are the basis for the widelyheld opinion that "science is objective" yet a point also canbe made for a fundamental subjectivity in science. Some have

argued that science is subjective because its progress is drivenby choice. Scientists choose the areas of knowledge they wishto develop as well as the methods by which that knowledge willbe sought. Thus, in the final analysis, science can be seen asa subset—a possibly minor one—of the human condition.Although many scientists have acquired some very powerfultools of logic within the context of their profession, they arenot necessarily well-equipped by their training to deal withthe subjective aspects of perceived probiems that face so-ciety-The consummate scientist will refuse to move beyond his/her technical competence when faced with questions requiringinformation that is either unavailable or exceeds the level ofmaturity of the science. Yet, these are the very situations whenthe public turns to science—rightly or wrongly—for informedjudgment. Thus, even when a scientist's training dictates thata scientifically acceptable comment cannot be made withprecision, that same training should produce an appraisal ofthe limits of uncertainty of any responses and/or the infer-ences drawn.The training of scientists is not totally devoid of skills thatmight well be useful in addressing societal issues. For example,a sense of responsibility is among the highly desirable traitsthat are honed to a fine edge in the training of scientists. Theessence of scientific responsibility derives from an inner needto get to the bottom of things. Scientists tend to persist untilthey understand the true nature of the problem before them.Furthermore, scientists are supposed to be able to expresstheir reservations fully and honestly, and to be prepared toadmit error. That's not a bad list of traits to be able to bringto bear on societal problems. JJL
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In thf/ Ixrue

G. N, Lewis Symposium
The last four papers of the proceedings of the G. N. Lewis

Symposium appear in this issue. The papers by Stranges
(page 185J, Jensen (page 191), and Pauling (page 201) each
treat a different aspect of the development and acceptance
of the Lewis theory of bonding, The fourth paper, by Kasha
(page 204), relates the details of Lewis' last major investigative
work—research with Kasha to confirm their ideas on the
triplet states of molecules.

All of the papers in the G. N. Lewis Symposium in the last
three issues have been designated by a drawing of Lewis that
is adapted from an original that appeared in CHEMTECH.
We wish to thank the artist, Alan Kahan, and CHEMTECH
for ailowing us to use this drawing as our Symposium logo.

Solar Energy
Solar energy has captured the imagination of a large aeg-

ment of the population which is interested in alternatives to
fossil fuel resources. The existence of a "free" source of energy
is very seductive, particularly to those who perceive oar cur-
rent energy sources as either an environmental or economic
threat. The heat generated by these latter perceptions con-
stitutes a secondary energy source in itself; however, the
teacher of chemistry can exploit this intense interest to shed
some light on difficult concepts involving semiconductors and
thermodynamics as well as on the limits of science to solve
social problems. Three articles in this issue focus on one of the
technical aspects of solar energy utilization and include dis-
cussion of practical applications and limitations.

There are two modes of solar energy use which are of current
interest: the direct storage and use of heat energy from in-
frared solar radiation and the conversion of light to electrical
or chemical energy. McDevitt (page 217) in his article
"Photoeiectrochemical Solar Cells" explores the latter mode,
explaining the role of semiconductors in effecting the energy
conversion and the problems involved in finding processes
which efficiently utilize the solar spectrum. He also gives di-
rections for preparing a workable photoelectrochemical cell
which demonstrates many of the principles involved in this
complex problem.

Adamson, Namnath, Shastry. and Slaw son (page 221)
take a more basic approach to solar energy by deriving the
theoretical limitations to the efficiency with which light energy
can be converted to work. They show how application of
Einstein's law of photochemical equivalence places a limita-
tion on how much of the available spectrum can be used for
a particular conversion process and how the application of the
laws of thermodynamics produces yet another limit on the
conversion's theoretical efficiency. They conclude that solar
energy is more efficiently utilized when it is absorbed directly
for heating purposes. Their approach, which includes chemical
examples, would make a useful classroom presentation since
it points out clearly that not all of that "free" energy is just
laying around waiting to be turned into electricity as some in
the popular press would have us believe.

Even the direct use of solar energy in the form of heat en-
ergy has its technical problems, particularly in those areas
where fairly large amounts of heat energy have to be stored
to compensate for the unpredictabilty of the energy source,
Spears and Spears (page 252) recycle an old favorite, the
demonstration which uses C0CI2 to illustrate the facile change
in coordination number by some transition metals, and use
its endothermie reaction as a heat storage device in an ex-
periment that can be performed at the advanced high school
or first-year college level.

Organic Chemistry
Organic chemistry covers such a wide range of compounds

and, by extension, theoretical and experimental approaches
that it is one of the key building blocks of the undergraduate
curriculum. It appears in many guises, from theoretical
treatments involving thermodynamics to practical applica-
tions of natural products that are intimate parts of our daily
lives. Several articles in this issue are about one of these many
aspects of organic chemistry.

Before it is decided whether a particular reaction or theory
is appropriate for the organic course, it is necessary to examine
what the objectives of the organic course as a whole should be.
In this month's Goals feature (page 239), two authors, Clapp
and Johnson, from a university and a high school, respec-
tively, give their views on the values as well as the contents of
the organic course at each of their institutions.

The recognition of the bond resonance, in benzene is the very
heart of much of the bonding theory of organic chemistry.
George, Bock, and Trachtman (page 225) evaluate the
empirically derived resonance energies as thermodynamic
reaction energies. Another application of resonance theory has
been in explaining the anti-Markovnikov addition, In this
month's Textbook Forum, Tedder (page 237) points out that
the explanations of free radical addition to alkenes given in
most texts are often misleading and sometimes wrong, partly
due to the reluctance of authors to develop the more compli-
cated, but accurate, picture.

Teachers looking for some interesting history as well as
some practical applications of organic chemistry will find
Cummings' Profiles in Chemistry on Wallace Hume Car-
others both informative and useful. Another article with a
"real world" biochemistry application is this month's
Thumbnail Sketches feature in which Fernelius answers the
question: "Is Sugar from Sugar Beets the Same as Sugar from
Sugar Cane?"

An experiment which teaches the theory and application
of HPLC by expanding the traditional organic exercise on the
separation of a carotenoid from the chlorophylls of a vegetable
is provided by Silveira, Koehlor, Beadel, and Monroe (page
264). Another aspect of the organic laboratory, the dangers
involved in unsuspected peroxide formation is aging solvents,
is discussed by Nagel (page 250} in this month's Safety Tips
feature.
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Reflections on the Electron Theory
of the Chemical Bond: 1900-1925
Anthony N. Stranges
Department of History, Texas A&M University, College Station, TX 77843

Science has so deeply influenced our lives that we some-
times tend to see scientific ideas as something final, something
eternal and static. In reality, scientific ideas are human cre-
ations with their own history, and their historical study often
contributes to a more complete understanding of modern
science. The electron theory of the chemical bond is one of the
many important ideas that became a part of modern science.
This essay will examine its history (1).

The first electrical theories of the chemical bond accounted
successfully for the large number of inorganic compounds that
chemists and physicists knew were clearly electrical in be-
havior. When applied to the much larger number of organic
compounds, they proved inadequate. The bond in organic
compounds did not receive a successful interpretation until
1916 when G. N. Lewis (1875-1946) at the University of Cal-
ifornia, Berkeley, announced his theory of the shared electron
pair. Lewis showed further that the formation of electrical
compounds was only a special case of hia more general theory.
His theory remains to this day the foundation of modern
chemical bond theory.

Nineteenth Century Ideas on Electrical Combination
Quite early in the 19th century, natural philosophers, the

chemists and physicists of that time, had agreed that all
bodies—solid, liquid, and gaseous—consisted of atoms. They
cailed a body that contained atoms of one kind, an element;
a body composed of two or more different kinds of atoms was
a compound. Natural philosophers also recognized at this time
that an electrical force held the atoms together. Construction
of the first electrical battery and the discovery of the electric
current by the Italian Alessandro Volta (1745-1827} in 1800
established that a chemical reaction between different kinds
of atoms produced an electric current (2). A demonstration
of the opposite effect followed almost immediately. William
Nicholson (1753-1815) and Anthony Carlisle (1768-1840) in
London showed that an electric current could separate a
compound into its atoms. They found that the compound,
water, consisted of two gases: hydrogen and oxygen (3). After
other investigators, chiefly Humphry Davy (1778-1829) at the
Royal Institution in London and J. J. Berzelius (1779-1848)
in Sweden, succeeded in decomposing numerous chemical
compounds with an electric current, the identity of the at-
tractive force as electrical seemed complete. An electric cur-
rent separated a chemical compound into its elementary
constituents; an electric cell produced its electricity only with
an accompanying chemical change.

The model which illustrated most clearly an atom's elec-
trical behavior assumed that certain atoms were naturally
electropositive, others electronegative, and that the attraction
between them explained the well-known attraction of unlike
charges in large bodies. Berzelius in 1811 developed a much
more elaborate electrical theory of attraction. He imagined
each atom to consist of one or more electric poles; the positive
and negative electrical charges resided in opposite parts of his
atom like the poles of a magnet Attraction between atoms
resulted from neutralization of the opposite electrical charges
at the poles (4).

Electricity was the rage of the early 19th century, and the-

ories that supported an electrical attraction between atoms
dominated the physical sciences. But near the middle of the
century these theories began to dimmish in popularity among
chemists. The reasons for their fall are several, but the one of
most importance was the rise of organic chemistry. Chemists
increasingly studied substances of vegetable and animal origin
and were content only to analyze the number, kind, and ar-
rangement of the atoms, usually carbon, hydrogen, and oxy-
gen, in those substances. They paid no attention to the force
holding these atoms together.

The rapid rise of the chemical industry, particularly in
Germany in the second half of the 19th century, made evident
organic chemistry's newly acquired prominence. German
chemists carried out analyses and syntheses of dyes, drugs,
and petrochemicals, all organic substances, without assuming
any electrical theory of attraction. A simple line represented
the bond uniting atoms in these compounds. The British
chemist, William Tilden (1842-1926), pointed out this 19th
century development much later in a lecture before the Lon-
don Chemical Society (5)

We have a universally acknowledged system of combination ex-
hibited by atoms without necessarily forming any hypothesis on
the nature of their attractive force.

Organic chemistry had diverted the attention of chemists
from any theoretical explanation of the bond between atoms.
The excitement of discovering new compounds was, appar-
ently, sufficient justification for not considering such a spec-
ulative problem. At the same time, organic chemists revealed
the fundamental weakness of the electrical theory of attrac-
tion. They showed that in organic compounds, the most
prevalent bond was the bond between two carbon atoms. But
carbon atoms were all alike, and, therefore, they should not
have the opposite charges required to attract and bind one to
another.

The physicists, unlike most chemists, never abandoned
their belief in the electrical properties of atoms. But their
investigations centered mainly on the atom's kinetics, the
fields of force around an atom, and the question of whether
the atom had an internal structure, as spectroscopy seemed
to suggest.

Of course, the increasingly empirical direction which
chemistry had taken in the last half of the 19th century
troubled both physicists and chemists. In 1881, Hermann von
Helmholtz (1821-94), in a well-received annual Faraday Ad-
dress before the London Chemical Society called for a return
to the earJier electrochemical ideas of Berzelius which sug-
gested the identity of the attractive force and electricity. "I
think the facts leave no doubt," Helmholtz said, "that the very
mightiest among the chemical forces are of electric origin. The
atoms cling to their electric charges, and opposite electric
charges cling to each other" (6).

The Swedish chemist and later Nobel Laureate, Svante
Arrhenius (1859-1927) in 1887 argued that his electrolytic
experiments with aqueous soJutions also indicated that the
atom's attractive force was electrical (7). Arrhenius showed
that, in solution, electrically active molecules were identical
with chemically active molecules. He had reduced chemical
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and electrical activity to the same cause—the presence of
charged atoms. But in spite of the reasonable arguments of
Arrhenius and Heimholtz, conclusive evidence on the role
played by electric charges in the union of atoms was still
lacking. Indeed, the evidence did not appear until 10 years
later.

In that year, 1897, J. J. Thomson (1856-1940), the physicist
who directed the Cavendish Laboratory at Cambridge Uni-
versity, England, demonstrated in his research on the elec-
trical conductivity of rarefied gases that atoms were not, as
previously believed, indivisible. Instead, they contained ex-
ceedingly light particles of electricity (8). These sub-atomic
particles, later called electrons, were removable and carried
a negative charge (9). As the 20th century dawned, it became
increasingly clear that all atoms contained one or more iden-
tical, negatively-charged electrons and that the electron, be-
cause of its small mass, rather easily moved from one kind of
atom to another.

Early Twentieth Century Theories of Electrical Attraction
J. J. Thomson lost little time in pointing out that the elec-

tron was responsible for an atom's electrical attraction. He
proposed his theory in papers published in the Philosophical
Magazine (10) and in the Silliman lectures which he gave
while visiting Yale University in May of 1903 (11). An at-
traction between two atoms, Thomson said, resulted whenever
one of the atoms donated an electron to the second atom. As
one of the atoms now contained an extra electron, it was
negatively charged; the other atom, having lost the electron,
carried a positive charge; and the two oppositely charged
atoms then attracted one another. Thomson's theory of at-
traction was, of course, similar, though on a sub-atomic level,
to the long-established law of attraction that governed the
macroscopic behavior of bodies.

Other physicists, among them Oliver Lodge 0851-1940)
in Britain and Johannes Stark (1874-1957) in Gottingen,
discussed the electrical structure and attraction of atoms in
their publications. Lodge wrote in his monograph, "Modern
Views on Matter" (12):

. . . it becomes a reasonable hypothesis to surmise that the whole
of the atom may be built up of positive and negative electrons in-
terleaved together, and of nothing else; an active or charged ion
having one negative electron in excess or defect, but the neutral
atom having an exact number of pairs. The oppositely charged
electrons are to be thought of on this hypothesis as flying about
inside the atom, as a few thousand specks.

In his 1903 publication, "Dissoziierung und Umwandlung
ehemischer Atome," Stark suggested that chemical union
resulted from the sharing of an electron by a pair of atoms in
a molecule. He represented the sharing with electrical b'nes
of force that ran from the electron to each of the bonded
atoms. The electron attached itself with a larger number of
lines to the more negative atom and with a smaller number to
the more positive atom (13).

Chemists who belonged to the new school of physical
chemistry also examined the atom's electrical behavior. These
chemists believed that their science required more than pre-
paring new compounds and cataloguing their behavior. Like
the physicists, they placed before themselves the much higher
ideal of gaining a clear insight into the electrical atom and the
forces acting within it.

Wiliiam A. Noyes (1857-1941) then at the Bureau of
Standards, expressed the physical chemists' conviction in an
address he delivered to the International Congress of Arts and
Sciences in St. Louis in 1904 (14)

Chemists should not be content with rounding out organic chem-
istry as a descriptive science nor even with adding to the numbeT
of empirical rules which enable us to predict certain classes of
phenomena. We must instead, place before ourse!ves the much
higher ideai of gaining a clear insight into the nature of atoms and
molecules and of the forces or motions which are the real reason
for the phenomena which we study.

In Germany, the chemist Richard Abegg (1869-1910) by
1904 had already developed an electrostatic theory of atomic
bonding that was identical to Thomson's (15). His "rule of
eight" gave some indication of the maximum number of
electrons involved in atomic union (15). Abegg observed that
the same atom in its different compounds had either a positive
or. a negative charge and that the sum of the two was often
eight. Chlorine had a - 1 charge in sodium chloride (NaCl) and
a +7 charge in perchloric acid (HC1O4); nitrogen's charge was
- 3 in ammonia {NH3) but +5 in nitric acid (HN03) . Accord-
ing to Abegg, most atoms thus had available for bonding
anywhere from one to eight electrons. Abe'gg's rule was the
first publication dealing with the number of bonding electrons
(valence electrons) an atom contained and enjoyed great
popularity among physical chemists.

Indeed, the efforts of Noyes, Abegg, and other physical
chemists to move chemistry away from its empirical and de-
scriptive state generally received a warm reception although
G. N. Lewis in describing the origin of his electrical theory of
the atom wrote (16)

I went from the Middle-west to study at Harvard, believing that
at that time it represented the highest scientific ideals. But now I
very much doubt whether either the physics or the chemistry de-
partment of that university furnished real incentive to re-
search A few years later J1902], I had very much the same
ideas of atomic and molecular structure as I now hold, and I had
a much greater desire to expound them, but I could not find a soul
sufficiently interested to hear the theory. There was a great deal
of research work being done at the university, but, as I see it now,
the spirit of research was dead.

The opponents of the new theoretical or physical chemis-
try were clearly a minority, however. Their opposition was also
short-lived. Lord Kelvin (1824-1907) refused to accept that
interactions between atoms were electrical. He was an avowed
opponent of the electrical theory of matter applied to chem-
istry and believed in a Boscovichian law of force as the ulti-
mate explanation of the behavior of chemical atoms. Kelvin
agreed with Roger Boscovich (1711-87) that atoms were really
points or identical centers that reacted according to an oscil-
latory law in which the force between atoms varied (with
distance) from an attractive to a repulsive force (17)

We might be tempted to assume that all chemical action is elec-
tric, and that all varieties of chemical substance are to be ex-
plained by the numbers of eiectrions required to neutralize an
atom or a set of atoms; but we can feel no satisfaction in this idea
when we consider that great and wild variety of quality and af-
finities manifested by the different substances or the different
'chemical elements;' and as we are assuming the eiectrions to be
all alike, we must fall back on Father Boscovich, and require him
to explain the difference of quality of different chemica] sub-
stances by different laws of force between the different atoms.

In the United States, the well-known chemist Edgar Fahs
Smith (1856-1928) at the University of Pennsylvania looked
upon physical chemistry as something that chemists should
acknowledge rather than believe in (18). Louis Kahlenberg
(1870-1941) at the University of Wisconsin remained skeptical
of electronic theories (19)

The eiectron theory considers electricity itself to be material in
character and to consist of corpuscles or electrons that weigh
about 0.0005 as much as a hydrogen atom. This theory has devel-
oped from a study of radium rays and the discharge of electricity
through rarefied gases. The electrons are considered to be nega-
tive electricity itself. Positive electrons appear to be much more
difficult to isolate. J. J. Thomson has recently attempted to con-
struct a theory that the atoms of the various elements are com-
posed entirely of electrons, and has shown that, on the basis of
such an assumption, the properties of the elements would exhibit
periodicity aa indicated by the periodic system. The electron
theory has not yet been tested as to its vaiue in the study of chem-
ical changes.

Thus, by the close of the first decade of this century.
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mainly through the efforts of J. J. Thomson in England,
Richard Abegg in Germany, and an outstanding group of
physical chemists at the Massachusetts Institute of Tech-
nology which included G. N. Lewis, chemists and physicists
had arrived at the following picture of the structure of
matter:

1) matter consisted of divisible atoms,
2} every atom contained one or more nearly weightless, negatively

charged particles called electrons,
3) every atom contained a second kind of particle, considerably

heavier than the electron, that accounted for most of the atom's
mass and had sufficient positive charge to balance the electron's
negative charge.

4) the transfer of electrons produced the attractive force holding
atoms together.

The use of the electron to account for the bond between
atoms gave rise at this time to considerable debate between
physicists and chemists. The issue was whether an atom's
electrons were stationary or in motion; in other words, was the
atom's electronic structure static or dynamic? Certain physical
problems, those relating to atomic spectra, as well as the
physicists' fundamental problem of accounting for the atom's
stability clearly dictated a dynamic atom. The planetary atom
that Niels Bohr (1885-1962) proposed in 1913 dealt essentially
with these problems (20), As it happened, the chemists' major
goal, to explain the union of atoms, received from G. N. Lewis
in 1916 a clever and resourceful, but expedient, solution which
did not question the atom's structure and thus the ultimate
structure of the chemical bond.

When J. J. Thomson put forward his theory that a bond
between two atoms occurred when one of the atoms donated
an electron to the second atom, chemists in the United States
and abroad gave it a favorable reception. Among his earliest
American supporters were K. George Falk (1880-1953) and
his school at Columbia University, William A. Noyes at the
University of Illinois, Harry S, Fry (1878-1949) at the Uni-
versity of Cincinnati, and Julius Stieglitz (1867-1937) at the
University of Chicago. In numerous papers published mainly
in the Journal of the American Chemical Society from 1909
to 1917, they carried out a systematic application of Thom-
son's theory to numerous chemical compounds (21).

The theory was often called the positive-negative theory
because, as a result of combination, each of the atoms in a
compound always contained either a positive or a negative
charge. It worked exceptionally well for polar or inorganic
compounds, those resulting from the union of a metai with a
nonmetal. In forming the compound, sodium chloride, for
example, the metal, sodium, transferred one of its electrons
to nonmetallic chlorine. The sodium was now positive, Na+,
the chlorine negative, Cl~, and the resulting attraction of two
oppositely charged atoms held the compound together,
Na+—~C1. Since chemists could demonstrate experimentally
with electrolysis the actual presence of positive sodium and
negative chlorine atoms in sodium chloride, the theory's
fundamental postulate seemed verified.

IT—"Cl

iiydrogen chloride

I T - X : - - H

methane

c r -

carbon

— i c v - - c iI
- a

tefcraehloride

Examples of Electron Structures According to the
Positive-Negative Theory

It was the application of the positive-negative theory to the
compounds of organic chemistry or to nonpolaT compounds
that led to serious difficulties. Atoms with positive and neg-
ative charges should have existed in those compounds also,
but every attempt to establish their presence proved a failure.
William A. Noyes tried for 20 years to isolate these atoms

before abandoning his search in 1921 (22). Harry Fry invented
new types of electrical compounds called electromers which
he claimed proved the existence of charged atoms in organic
compounds. According to Fry, electromers were compounds
whose atoms had the same arrangement, but opposite elec-
trical charges (23);

H*—-Cl

"Cl

cr—-NV--C1

H —*C1

Cl'

cr—-N:—*ci

electromers of hydrogen chloride and nitrogen trichloride

Julius Stieglitz argued that the elusive charged atoms of or-
ganic compounds were different from those of inorganic
compounds and incapable of isolation (24).

Tne evidence was, however, overwhelmingly against the
positive-negative theory when applied to organic compounds
(and to certain inorganic compounds which chemists and
physicists had shown not to consist of charged atoms). Stuart
Bates (1887-1961) at Illinois (25), Roger Brunei (1881-1924)
at Bryn Mawr College (26), and G. N. Lewis, by then at
Berkeley (27) summarized the evidence in their papers on the
chemical bond. They pointed out that polar compounds
generally liberated their charged atoms in solution and were
electrolytes, while nonpoiar compounds were not. Polar
compounds, when compared to nonpoiar compounds, usually
had higher dielectric constants, larger dipole moments, and
greater specific inductive capacities. They argued that the two
classes differed so significantly in their physical and chemical
behavior that one could not possibly claim any similarity in
their electrical structures. But Lewis alone in 1916 proposed
the first successful alternative theory of the electron's role in
nonpoiar bond formation (28).

The Contribution of 6 . N. Lewis: The Shared Electron Pair
In his theory of bond formation, Lewis assumed that instead

of the electron's complete transfer from one atom to another,
as in the positive-negative theory, only a partial or incomplete
transfer of two electrons, one from each of the combining
atoms, occurred. The two atoms shared a pair of electrons
between them. The electron pair attracted and held to it the
resulting positive cores of the combining atoms but belonged
to neither. This eliminated the formation of oppositely
charged atoms in compounds whose physical and chemical
properties gave no indication that they contained charged
atoms. With his theory of electron sharing, Lewis had over-
come the major shortcoming of the positive-negative theory
when applied to nonpoiar compounds.

H+—-Cl H:C1
(A) (B)

electron structures of hydrogen chloride
(A) according to the positive-negative theory
(B) according to Lewis, where each dot represents a shared elec-

tron

Lewis also pointed out that his theory could account just
as well for the formation of polar compounds, those known to
contain oppositely charged atoms. For each bond formed
between two atoms in a polar compound, one of the atoms
always had a much stronger attraction for electrons than the
other, and according to Lewis, a much greater share of the
electron pair. Indeed, in the extreme case the electron pair
belonged to it completely. This atom, therefore, appeared
negative, the other, positive. The positive-negative theory of
combination was then only a special case of Lewis' more
general theory.
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The reason why the Lewis theory required two electrons in
forming a chemical bond and not some other number was a
direct consequence of the static atomic model Lewis had
adopted. By 1916 chemists recognized that moat chemical
compounds contained an even number of outer or valence
electrons

Number of Valence
Electrons in Atom

H - I
C = 4
H = l

0 = 6

Cl = 7

fotai Number of Valence
Electrons in Molecule

NH3= 8

S03 = 24

CC1, = 32

Lewis showed that he could easily account for their structures
if each of the combining atoms shared two electrons each time
it formed a chemical bond with another atom. His theory thus
provided a satisfying picture of the electronic arrangements
in numerous compounds. The Lewis theory also solved several
other long-standing structural problems that had proved
embarrassing to chemists, those of ammonium chloride and
the oxyacids, and predicted correctly the structures of a re-
cently discovered class of compounds, the metallic hy-
drides.

To express conveniently and clearly his theory of the shared
electron pair bond, Lewis proposed a new electronic symbol-
ism now known as electron dot or Lewis formulas. Each pair
of dots or colon placed beside a chemical element's symbol
represented the pair of electrons that constituted the bond
{28}. In short, the theory's great serviceability accounted for
its success, for within 10 years of its introduction in 1916,
chemists had universally accepted the Lewis theory.

In 1918 F. Russell von Biehowaky (1889-1951) who had
studied under Lewis at Berkeley devised a theory of color for
inorganic compounds based on the Lewis valence theory. He
was also the first after Lewis to use the dot notation to rep-
resent the chemical bonds in a molecule (29). The following
year Joel HOdebrand (1881-1983), Lewis' longtime colleague
at Berkeley, adopted the Lewis theory and electron dot
notation in his textbook, "Principles of Chemistry" {30). In
1920 two other Berkeley colleagues, Wendell Latimer
(1893-1955) and Worth Rodebush (1887-1959), used Lewis'
theory when they introduced the idea of a hydrogen bond in
their discussion on the association of liquids (31); while Robert
N. Pease (1895-1964) at Princeton analyzed in a 1921 publi-
cation the molecular volume of water, ammonia and methane
according to the Lewis valence theory (32).

Other chemists in the United States, among them another
Berkeley graduate Ermon D. Eastman (1891-1945), Ernest
C. Crocker (1888-1964), Wallace H. Carothers (1896-1937),
James B. Conant (1893-1978), and Howard J. Lucas (1885-
1963), began applying the Lewis theory to the reactions of
organic compounds in the 1920's. Some of the investigations
they carried out were the study of the electronic structures of
double- and triple-bonded molecules, the addition reactions
of the double bond, the addition compounds of ketones and
the structures of aromatic molecules (33). Indeed, Lucas and
Archibald Y. Jameson (1902-1935) at the California Institute
of Technology demonstrated convincingly in 1924 that the
electron pair theory was far superior to the positive -negative
polar theory in accounting for the addition and rearrangement
reactions of organic molecules (34). In the period 1924-26
Lucas and his collaborators provided the evidence that led to
the extensive development and firm establishment of the
electron pair displacement theory (33).

British chemists and physicists, among them Nevil Sidg-

wick (1873-1952), Ralph H. Fowler (1889-1944), and Thomas
Lowry (1874-1936), gave a favorable reception to the shared
electron pair (3.5). Sidgwick applied the theory successfully
to a previously troublesome class of chemical compounds
called coordination compounds and wrote a well-known
monograph that contained a masterly presentation of Lewis'
ideas (36).

But the greatest exponent of the Lewis theory was Irving
Langmuir (1881-1967), a research chemist at the General
Electric Company in Schenectady, New York. In the two-year
period, 1919-1921, Langmuir wrote extensively and lectured
widely on the Lewis theory in the United States and abroad
(37). His interesting and convincing personality and his ad-
mirable methods of presentation clearly aided the theory's
acceptance. Indeed, following Langmuir's popularization of
the Lewis theory, chemists sometimes called it Langmuir's
theory, or the Lewts-Langmuir theory of valence (38).l This
obvious neglect of Lewis, the author of the shared electron pair
theory, resulted in a long-lasting grudge between the two men.
Lewis believed that Langmuir had never observed the estab-
lished rules of priority regarding the origin of the theory (40).2

In a letter to Langmuir in 1919, Lewis wrote (43)

. . . to be perfectly candid I think there is a chance that the casual
reader may make a mistake which 1 am sure you would be the last
to encourage. He might think that you were proposing a theory
which In some essential respects differed from my own, or one
which was based upon some vague suggestions of mine which had
not been carefully thought out It seems to me that the views
which I presented were about as definite and concrete as was pos-
sible considering the condensed form of publication. I thick if
any confusion should arise it would be due to points of nomencla-
ture. For example, while I apeak of a group of eight, you speak of
an octet.
The dispute with Langmuir had one favorable conse-

quence; Lewis recognized that chemists had forgotten who had
originated the theory. Langmuir had almost completely
overshadowed Lewis. This turn of events more than anything
else led Lewis in 1923 to publish his classic monograph on the
theory of the shared electron pair bond.8 Entitled "Valence
and the Structure of Atoms and Molecules" (45), Lewis' lucid
and concisely written book was required reading for chemists
in its day. A monograph which Lewis claimed in the preface
would soon belong "to the ephemeral literature of science,"
became instead a classic in the history of chemistry. "Valence"
contained not only all of the ideas Lewis presented in his 1916
paper but also those which very likely would have appeared
before 1923 had World War I not occurred. Its contents in-
cluded the Lewis theory of acids and bases (the electron pair
acceptor, electron pair donor theory), an examination of
double and triple bonds in molecules, and a discussion on the
source of chemical affinity which Lewis still believed to be
magnetic in origin. Even today the fundamental ideas Lewis
presented in his monograph remain correct.

' In this regard see Joel Hiidebrartd's comparison of Lewis and
Langmuir (39). "Lewis was an Indoor man, an omnivorous reader, much
given to reflection, a scientific philosopher. Langmuir frequented the
out-of-doors; he observed natural phenomena with a keen eye. In his
Hitchcock lectures he told about lying on the ice of Lake George studying
with a magnifying giass a curious pattern of bubbles he had noticed In
the ice. I could not imagine Lewis doing anything of the k ind . . . .
Langmuir's mind was the more inductive; that of Lewis was more de-
ductive."

2 Langmuir seemed to give Lewis some priority when he wrote in
1919(47): 'This theory, which assumes an atom of the Rutherford type,
and is essentially an extension of Lewis' theory of the 'cubical
atom' " Again, in 1920 Langmuir wrote (43): "This work of Lewis
has been the basis and the inspiration of my work on valence and atomic
structure."

3 Lewis was at first somewhat reluctant to write his monograph on
"Valence" as he was already committed to writing his textbook on
"Thermodynamics" {44).
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There is little doubt that by 1932 Lewis' publications on the
electronic structures of atoms and molecules and their
chemical reactions did much to convince the chemical com-
munity to acknowledge the superiority of his valence theory.
William A. Noyes, a leading advocate of the polar or electro-
static valence theory, accepted the Lewis theory in 1921 (46).
In 1920 and 1921, K. George Falk published two monographs,
"Chemical Reactions: Their Theory and Mechanisms" and
"The Chemistry of Enzyme Actions," in which he still adhered
to a polar theory of valence (47). But by 1924, in the intro-
duction to the second edition of "The Chemistry of Enzyme
Actions," Palk had also accepted the Lewis theory. The Lewis
electron pair theory, he wrote, was proving extremely useful
as a classifying principle for chemical reactions and in devel-
oping new lines of research (48).

Conclusion

By the mid-'twenties, Lewis had placed the electron pair
theory of the chemical bond on a firm qualitative basis. But
his idea had no theoretical basis until quantum mechanics
established its correctness mathematically.

In 1925 Wolfgang Pauli (1900-58) in Hamburg enunciated
his famous exclusion principle (49). According to this prin-
ciple, no two electrons in an atom could have the same nu-
merical vsiue for each of the four quantum numbers used to
describe an electron's energy siate. A pair of electrons having
identical values for the n, I, and m quantum numbers, had to
have their spin axis, designated by the s quantum number,
oriented in opposite directions to one another, In other words,
the two electrons were paired. Pauli's principle therefore
limited the total number of electrons possible in an atom and
permitted their correct distribution within each atom. Applied
to the hypothesis of electron pairing in the chemical bond, it
appeared equivalent to what Lewis had suggested in 1924. If.
the electrons in a nonbonded atom were paired, Lewis wrote,
then a pairing also occurred between two electrons in different
atoms upon forming a oonpolar bond (50)< Indeed, Lewis'
shared electron pair consisted of two electrons in identical
energy states except for their opposing or paired spins (51).
Thus its saturation followed directly from Pauli's principle.

Lewis believed that the electron interactions and the source
of the bond energy were magnetic. But Werner Heisenberg
(1901-76) in Copenhagen and Paul Dirac (b, 1902) at Cam-
bridge using the new quantum mechanics showed indepen-
dently in 1926 that the electron interactions within a molecule
actually resulted from a resonance or exchange effect (52). The
following year, Waither Heitier (b. 1904) and Fritz London
(1900-54) in Zurich applied the conception of resonance or
exchange energy to account for the energy of the electron pair
bond in the hydrogen molecule (53).

By 1928 the quantum mechanical treatment of the electron
pair bond in the hydrogen molecule seemed beyond doubt. In
that same year, London suggested that the resonance or ex-
change energy of two electrons, one from each of the atoms
undergoing combination, was in every case the energy of the
nonpolar bond. The two electrons forming the bond had
paired their spins and were, therefore, incapable o£ further
combination {54). Linus Pauling (b. 1901) at the California
Institute of Technology agreed that London's theory was in
simple cases entirely equivalent to the Lewis theory. Quantum
mechanics, he added, provided a theoretical justification for
the rule of eight, or octet theory, at least for the first row ele-
ments {55):

The shared electron structures assigned by Lewis to molecules
such as H2, F3, Ci3, CH4, etc., are also found for them by London.
The quantum mechanics explanation of valence is, moreover,
more detailed and correspondingly more powerful than the old
picture. For example, it leads to the result that the number of
shared bonds possible for an atom of the first row is not greater
than four, and for hydrogen not greater than one, for, neglecting
spin, there are only four quantum states in the L-shell and one in
the K-shell.

Within a few years, in 1931, Pauling gave a formal quan-
tum mechanical proof to the Lewis idea that a pair of electrons
constituted the nonpoSar bond (56). Quantum mechanics has
subsumed the Lewis electron pair bond; but because of
quantum mechanics' mathematical complexity, chemists still
use the Lewis theory on a working level. It remains today the
foundation of modern valence theory.
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The Amazing Periodic Table
The study of the periodic table is a vital part of any chemistry curriculum. It m surely the single most important tool

available to organize the vast amount of chemicaHnformation known today. The typical introductory textbook describes
the periodic table in great detail, but iittle or no attempt is made to point out how amazing it is that such a simple pattern
exists in the first place. Students, and instructors, should realize that the relationships portrayed in tJie periodic table represent
an incredible degree of order almost without equai in nature. I have developed a useful exercise to dramatize this point for
my beginning students.

I ask a dozen boys to fine up in front of the class in order of increasing height. The rest of the class is then told to look
for patterns. For example, usuaily several boys are wearing glasses, and attention is focused on the students just to the right
of each boy with glasses. Careful scrutiny does not reveal any consistent pattern of similarities among this group. After a
few more attempts at pattern finding the boys are sent back to their seats with thanks.

I then turn to the blackboard and list tic first 20 elements in order of increasing atomic number. The similarities of
He, Ne, and Ar are noted. Then the elements just to the right of each of these elements are found to resemble one another,
but with very different properties than the noble gases. Next the elements to the left of each of the inert gases are examined,
and again they are found to have similar chemical properties. At this point I usually rewrite the list of elements in the usual
periodic table format and continue to check for the presence of additional chemical families.

At the end of this session students have a good idea of the experimental basis for tile periodic table, and an appreciation
of how astounding it is that such unexpected order exists in the world.

James Finholt
Carlton Coilege

Northflekt, MN 5S057
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Abegg, Lewis, Langmuir,
and the Octet Rule
William B. Jensen
Rochester insiitute of Technology, Rochester, NY 14623

Contrary to the virtually universal opinion of introductory
chemistry textbook authors, the octet rule was not invented
by G. N. Lewis.1 Without a doubt Lewis' concept of the shared
electron pair bond played a key role in giving the octet rule its
present form. However, Lewis himself remained curiously
ambivalent about the importance of the rule, and the recog-
nition of the significance of the number eight in valence re-
lationships actually has a long history that extends back to the
last quarter of the 19th century and the work of Mendeleev
on the periodic table. Though at first glance such ancient or-
igins might seem surprising, a moment's reflection on the
necessary relation between valence and chemical periodicity
makes this connection quite reasonable.

Early History of the Octet Rule
In 3871 Mendeleev {Fig. 1) published an extended review

on the chemical and physical periodicity of the elements,
which, in revised form, served as the core for the chapter on
the periodic table in his classic textbook "The Principles of
Chemistry" (1,2). Among the properties discussed was, quite
naturally, the topic of valencei and Mendeleev enunciated two
rules relating periodicity and valence in which the number
eight played a key role. The first of these limited the maximum
valence displayed by a given element to one of eight possible
valence types, RXn (where R is the element in question and
X a univalent ligand or test element) and, by implication,
asserted that the maximum possible valence of any element
in the periodic table could never exceed eight. Although
Mendeleev was unable to illustrate the entire series of maxi-
mum valence types using a single univalent test element

1 A review of 20 recently published introductory cojlege-level
chemistry texts showed that all of them explicitly or implicitly attributeci
the octet rtiie to Lewis.

( T a b l e 1, r o w 1), h e w a s a b l e t o i l l u s t r a t e t h e e n t i r e s e r i e s u s i n g
b i v a l e n t o x y g e n a s t h e t e s t e l e m e n t ( T a b l e 1, r o w s 2 a n d 3 ) ,
w h e r e t h e e x a m p l e s for t h e R.O4 ( s s f tXg) c l a s s w e r e t a k e n f r o m
t h e t r i a d o f e l e m e n t s h e a d e d b y i r o n , c o b a l t , a n d n i c k e l a n d
b e l o n g i n g t o w h a t i s today c a l l e d g r o u p V I I I .

M e n d e l e e v ' s s e c o n d r u l e e s t a b l i s h e d a r e l a t i o n s h i p b e t w e e n
a n e l e m e n t ' s m a x i m u m v a l e n c e a s m e a s u r e d r e l a t i v e t o h y -
d r o g e n a n d i t s m a x i m u m v a l e n c e a s m e a s u r e d r e l a t i v e t o
o x y g e n , a s s e r t i n g t h a t t h e i r s u m w a s n e v e r g r e a t e r t h a n e i g h t
a n d t h a t , i n d e e d , fo r e l e m e n t s i n g r o u p s I V t h r o u g h V I I ( s o -
c a l l e d h i g h e r t y p e s ) i t w a s i n f a c t e q u a l to e i g h t , I n o t h e r
w o r d s , if a g i v e n e l e m e n t o f h i g h e r t y p e b a d a h y d r i d e o f t h e
f o r m R H , i , i t s h i g h e s t o x i d e n e c e s s a r i l y h a d a f o r m u l a of t h e
f o r m R g O e - i t ( T a b l e 2 ) .

T h o u g h r e c e i v i n g w i d e c i r c u l a t i o n t h r o u g h t h e m e d i u m o f
h i s e x t r e m e l y p o p u l a r textbook, M e n d e l e e v ' s i n i t i a l o b s e r -

Table 1. Mendeleev's First Rule

Univalent:
Divalent:
Example:

DV DV

RsO RO
K2O CaO

Table 2.

Hydritfe RHn

CK,

SHj

CIH
none

DV DV DV DV DV DVHA3 TiAj ri^5 HAg riA? rlAfl

RjO3 ROj R2O6 ROa R?07 RO4
B^Oa SIOj P2O5 SO3 ClgO7 OsO^

Mendeleev's Second Ride

Oxide RjOe-,1

C?04 ^ CO2

S2O6 3 S0 3

CfeO,
OsO,

Figure. 1. D. MenOsleev. Figure 2. R. kbegg.
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vations on the role of the number eight in valence relations did
not receive further elaboration until 1902, when they came to
the attention of a 33-year-old professor of chemistry at the
University of Breslau named Richard Abegg (Fig. 2). Abegg
was originally trained as an organic chemist, taking a PhD
under A. W. Hofmann in 1891 for a dissertation on amido-
chrysene. However, shortly after graduation Abegg shifted to
the field of physical inorganic chemistry, doing post-doctoral
work under Ostwald, Arrhenius, and Nernst, and eventually
becoming Nernst's assistant at Gottingen. There he special-
ized in the electrochemistry of both simple and complex ions
and was naturally led to a study of those factors determining
the ability of an ion to form complexes and to speculation on
the possible electrical origin of chemical valence (3).

In 1899 Abegg published a joint paper with Guido Bod-
lander attempting to correlate the stability of complexes with
the "electroaffinities" of the constituent ions and these, in
turn, with the ions' redox potentials (4). In 1902, in the course
of a lecture at the University of Christiania, Abegg extended
this work to the more genera! problem of the origin and peri-
odicity of chemical valence and postulated his at-one-time-
famous rule of normal and contravalence (5).

Reviving the earlier electrochemical dualism of Berzeiius
and Davy, Abegg postulated that all elements were capable
of exhibiting both a maximum electropositive valence and a
maximum electronegative valence and that the sum of the two
was always equal to eight (Table 3). The maximum positive
valence of an element was identical to its group number N and
its negative valence to 8 — N. Whichever of the two valences
was iess than 4 corresponded to the element's normal valence
(as exhibited in the vast majority of its stable compounds),
whereas the complementary valence corresponded to ita
contravalence (as exhibited in less stable, rarer combinations).
For elements in group IV (e.g., silicon and carbon) there was
no natural preference for either of the two valence types and
such elements tended to be amphoteric {a term introduced by
Abegg). Abegg was, of course, aware that in practice many
elements failed to exhibit the full range of their potential
valences. Indeed, he noted that elements in groups t—III never
exhibited their contravalences (thus in effect restricting his
law to Mendeleev's higher types) and that in the other groups
the tendency to do so generally increased as one moved down
the group (compare, for example, fluorine, with just HF, to
iodine, with both HI and IF?).2

Mendeleev's original formulation of his hydrogen-oxygen
rule was without electrochemical implications. His maximum
valence was strictly a stoichiometric valence derived from the
classic relation

valence =
atomic weight

equivalent weight
Within the context of Ahegg's theory, however, hydrogen
became a test element for establishing an element's negative
vaience, oxygen a test element for establishing an element's
positive valence, and their sum a reflection of Abegg's rule of

• normal and contravalences.
Abegg's views were elaborated in greater detail in a long (50

pages) paper published in 1904 (6). Most of this paper dealt

2 in a short note published in 1902 (Chem, News, 64 (August 8,1902))
the British chemist Geoffrey Martin suggested thai Ihe recent discovery
of various intermetaliic compounds by Kurnakov had finally revealed
species in which BIB elements of groups l-lll displayed their maximum
vaience (or contravalence in Abegg's terminology). Quite independently
of Abegg, Martin generalized Mendeleev's earlier observations with
the equation and statement: "Hence, V-, + V2 = 8, i.e., the sum of the
highest and lowest degrees of valence with which an element acts
towards other elements ts a constant whose value Is 8." Martin also
noted that "An element tends to act toward radicals of like electrical
sign with its highest vafence, but toward radicals of opposite electrical
sign with its lowest valence," thus placing an electrochemical inter-
pretation on Mendeieev's rule equivalent to that of Abegg.

with various experimental criteria for establishing the relative
polar i ty of an e lement ' s valence in a given compound . How-
ever, nea r t he end of t he pape r Abegg ven tu red some specu-
lat ions on t h e possible origins of polar valence. Though no t
adverse to the concept of bo th positive and negative electrons,
he t ended to favor a u n i t a r y theory in which posi t ive charge
was d u e t o e lectron deficiency, and wi thin t h i s contex t gave
a s imple a n d p rophe t i c in te rp re ta t ion of his rule (6):

The sum 8 of our normal and contravalences possesses therefore
simple significance as the number which for all atoms represents
the points of attack of electrons, and the group-number or posi-
tive vaience indicates how many of these 8 points of attack must
hold electrons in order to make the element electrically neutral.

Unl ike mos t o ther chemis ts and physicis ts encoun te red in
the history of t he octet rule , Abegg is now virtually forgotten,
though the re can be no d o u b t t h a t h is rule formed a key s t e p
in t h e deve lopmen t of b o t h t h e oc te t rule and t h e e lectronic
theory of valence (7). T h e rule was explicitly referred t o by all
of t he p ioneers in t he field who followed Abegg and , indeed,
served as t he "chemical law of va lence" against which they
tested their own theories of valence and atomic structure. T h e
most likely reason for Abegg's eclipse was his p remature dea th
a t age 42 in a bal looning accident , and it is t e m p t i n g to spec-
u la te on how the his tory of t he electronic theory of valence
migh t differ h a d he lived, especially if he had been able to
modify his initial commi tmen t to an ex t reme dualism (which,
given his t r a in ing as a n organic chemist , is no t improbable ) .
Interest ingly, a t t he t ime of his d e a t h , Abegg was, in t r u e
Germanic fashion, in t he process of edi t ing an enormous
mult ivolume " H a n d h u c h der Anorganische Chemie" in which
he was a t t e m p t i n g to use his rule as a unifying t h e m e t o or-
ganize t he descr ipt ive chemis t ry of t h e e lements (8).

Abegg's rule established an explicit connection between the
numer ica l l imits of valence and t h e e lectronic theory of ma t -
ter, then in its infancy. However, it did no t a t t e m p t to provide
an explicit model of a tomic structure, contenting itself instead

Table 3. A

Noimalvalenzen
Kontravatenzen

begg's

1

+1
(-7)

Rule of

2

+2
<-6)

Normal and Contravalence (6)

Gruppe:
3 4

+ 3 ±4
<-5>

E 6

- 3 -2
+5 +6

7

- 1
+7

Figure 3. J. J. Thomson.
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with the vague concept of "points of attack." This deficiency
was made up in large part by the work of the English physicist
J. J. Thomson (Fig. 3). Ever since his discovery of the electron
in 1897 (which for some peculiarly British reason he persisted
in calling a negative corpuscle—a term more appropriate to
Boyle and the 17th century than to 20th century physics),
Thomson had doggedly pursued a workable electronic model
of the atom. By 1907 his search had given birth to the famous
ptum-pudding model and to at least four valuable concepts
which, though no longer used in the explicit forms given them
by Thomson, are nevertheless an implicit part of all currently
accepted electronic theories of valence: 1) the concept of an
electronic shell structure for the atom; 2) the concept that
chemical valence is largely a function of only the outermost
electronic shell; 3) the concept that chemical periodicity
implies a periodic repetition of the outer electronic shell
structure; and 4) the concept that the stability of the rare gases
is connected with shell completion and that the valence of
other atoms can be correlated with an attempt to attain similar
closed-shell structures via electron transfer (9).

In a manner unusual for a physicist, Thomson was quick to
point out the chemical implications of his model, explicitly
connecting it with Abegg's rule and in the process enshrining
the number eight as the central numerical deity of chemica!
valence (JO). Summarizing his views in 1914, he also added
what would, with the gift of historical hindsight, prove to be
an interesting caveat {11).

We regard the negatively electrified corpuscles in a atom as ar-
ranged in a series of layers, those in the inner layers we suppose
are so firmly fined that they do not adjust themselves so as to
cause the atom to attract other atoms in its neighbourhood.
There may, however, be a ring of corpuscles near the surface of
the atom which are mobile and which have to be fixed if the atom
is to be saturated. We suppose, moreover, that the number of cor-
puscles of this kind may be anything from 0 to 8, but that when
the number reaches 8 the ring is so stable that the corpuscles are
no longer mobile and the atom is, so to speak, self-saturated. The
number of these mobile corpuscles isi an atom of an
element is equa! to the number of the group in
which the element is placed on Mendeleev's ar-
rangement.

. . . Thus we see that an atom may exert an electro-
positive vaience equal to the number of mobile cor-
puscles in the atom, or an electronegative valence
equal to the difference between eight and this num-
ber. Each atom can, in fact, exert either an electro-
positive or electronegative valency, aad the sum of
these two valencies is equal to eight. In this respect
the theory agrees with Abegg's theory of positive
and negative valency. . . . It is possible that the
number of corpuscles which form a rigid ring may
depend to some extent on the number in the inner
rings, i.e. on the atomic weights of the elements, and
that for elements with atomic weights greater than
forty (i.e., Ar) this number may not be eight. If this
should prove to be the case, the sum of the positive
and negative valencies for such elements would not
be equal to eight.

Kossel and Lewis

The year 1916 saw the publication of two ex-
tremely important papers on the electronic theory
of valence. The first, published in the March issue
of the Annalen der Physik, was by a 28-year-old
physicist at the University of Munich named
Walter Kossel (Fig. 4). Kossel's paper, or rather
his monograph (133 pages!), was an explicit at-
tempt to deveiop and extend Abegg's valence
views for relatively polar inorganic compounds
using the electron transfer model briefly hinted
at by Abegg near the close of his 1904 paper (in-
deed Abegg is explicitly cited by Kossel no less
than 20 times (12). In keeping with this goal,
Kossel was less interested in an explicit atomic

Figure 4. W. Kossel.

m o d e l ( t h o u g h h e w a s fu l l y a w a r e o f t h e B o h r - R u t h e r f o r d
m o d e l ) t h a n i n a c c u r a t e e x p e r i m e n t a l c o u n t s o f t h e t o t a l
n u m b e r o f e l e c t r o n s p e r a t o m , d a t a n o t a v a i l a b l e t o T h o m s o n
i n 1 9 0 7 . T h e s e h e o b t a i n e d f r o m t h e w o r k o f t h e p h y s i c i s t A .
v a n d e n B r o e k a n d u s e d t o c o n s t r u c t h i s n o w f a m o u s p l o t of
m a x i m u m p o s i t i v e a n d n e g a t i v e o x i d a t i o n s t a t e s f o r t h e f i r s t
5 7 e l e m e n t s (F ig . 5 ) . T h i s w a s a p l o t o f t h e t o t a l e l e c t r o n c o u n t
p e r a t o m o r i o n v e r s u s i t s a t o m i c n u m b e r , w i t h t h e v a l u e s fo r
t h e n e u t r a l e l e m e n t s t h e m s e l v e s a p p e a r i n g a l o n g t h e d i a g o n a l ,
t h o s e fo r t h e e l e m e n t s i n t h e i r m a x i m u m p o s i t i v e o x i d a t i o n
s t a t e s a p p e a r i n g a s e x t e n s i o n s b e l o w t h e d i a g o n a l , a n d t h o s e
f o r t h e i r m a x i m u m n e g a t i v e o x i d a t i o n s t a t e s a s e x t e n s i o n s
a b o v e t h e d i a g o n a l .
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Figure 5. Kossel's plot o' maximum positive and negative oxidation states (13).
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This plot allowed Kossel to assess in one stroke the validity
of both Abegg's rule and Thomson's suggestion that electron
transfer was associated with attempts to attain a closed-shell,
rare gas structure. As can be seen from the figure, both
Thomson's postulate and AbBgg's rule held fairly well for the
s- and p-block elements (using modern terminology) as in-
dicated by the dumping of the oxidation states about the rare
gas counts, and the symmetrical disposition of oxidation states
on either side of the diagonal for elements in groups IV
through VII. However, problems were readily apparent for the
d-bloek elements. Although the elements up to group VIII
appeared to attain a maximum positive oxidation state cor-
responding to a rare gas electron count, in the case of groups
IVA-VIIA (e.g., Ti~-Mn) they failed, in violation of Abegg's
rule, to attain the corresponding negative states of their group
B analogs3 (e.g., Si~Cl), a fact which Kossel felt to be of a great
significance in differentiating the two classes of elements.

Beginning with group VIII there was an erratic variation
in the maximum oxidation state, culminating in a second
asymmetrical clumping of positive oxidation states about the
counts for the last members of the group VIII triads (e.g., Ni
and Pd). Today we associate these dumpings with the at-
tainment of a pseudo-rare gas (n - l)d10 configuration.
However, since Kossel was using total electron counts, rather
than configurations, the 10-valence electron count became
associated with Ni and Pd instead. This led Kossel to postu-
late that these elements represented a kind of imperfect or
weakened analog of the rare gases as, like the rare gases
themselves, they bridged the gap between one cycle of re-
peating maximum oxidation states (e.g., K{I]-Mn[VIII]) and
another (Cu[Ij~Br[VH]). The striving for a maximum positive
oxidation state correspond ing to either a rare gas or pseudo-
rare gas electron count was virtually universal. The striving
for a maximum negative oxidation state corresponding to a
rare gas electron count, however, fel! off rapidly as one moved
to the left of the rare gases and was nonexistent in the case of
pseudo-rare gas counts, thus accounting for the asymmetry
in the behavior of the group A d-block elements. In no case did
the maximum oxidation state of an element exceed eight.

The rest of Kossei's paper was essentially an application of
the resulting ionic bonding model to the problems of coordi-
nation chemistry, the autoionization of protonic solvents, and
the relative acidity and basicity of oxides. Also included were
some simple calculations using Coulomb's law and an attempt
to visualize the resulting bonds in terms of Bohr's atomic
model. When combined with Fajans' later work on ionic po-

larization, Kossei's treatment of coordination compounds
proved quite useful and was popular among European
chemists up until the Second World War, though it never at-
tained a similar popularity among American and British
chemists (13).

The second 1916 paper, published one month after Kossei's
in the Journal of the American Chemical Society, was by a
40-year-old, chemist at the University of Berkeley named G.
N, Lewis (Pig. 6) and, in contrast to Kossel's epic, was quite
terse (22 pages) (14). Lewis had actually begun speculating
on the electronic theory of valence as early as 1902 (about the
year of Abegg's lecture at Christiania) and had independently
arrived at a dualistic electron-transfer model similar to
Abegg's. However, like Thomson, Lewis had also proceeded
to develop a specific static model of the atom, which he called
the cubical atom, and had thus apparently also independently
arrived at the concept of periodically repeating electronic
shells and the concept of the relative stability of rare gas
structures (Fig. 7).

Fortunately Lewis became increasingly skeptical about the
ability of the electron-transfer model to account for the rela-
tively nonpokr compounds of organic chemistry and by 1913
was willing to publish a paper stating his belief that two rad-
ically distinct kinds of bonds were required in chemistry, the
polar electron-transfer bond of typical ionic salts and some
kind of nonpolar bond to represent the valence stroke of
structural organic chemistry (15). Largely for this reason,
apparently, Lewis was unwilling to publish his cubical atom
model.

However, some time between 1913 and 1916 Lewis was able
to resolve his dilemma by using the cubical atom to arrive at
the concept of the shared electron pair bond (Fig. 8). The re-
sulting "simple assumption that the chemical bond is at all
times and in all molecules merely a pair of electrons jointly
held by two atoms" not only provided the missing bond
mechanism for the nonpolar valence stroke, but also allowed
Lewis to resolve the dichotomy of two distinct bond types "so
repugnant to that chemical instinct which leads so irresistibly
to the belief that all types of chemical union are essentially one
and the same," through his realization that the progressively
uneven sharing of the electron pair between atoms of in-

3 According to IUPAC notation.

Li Be B C

Figure 7. Lewis' cubical atom (14).

Figure 6. G. N. Lewis.
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Figure 8. Single and double electron pair bonds viewed using the cubical atom
(14,.



ereasingly different electronegativities could yield the ionic
electron-transfer bond as a limiting case.

The idea that a chemical bond could result from the sharing
as well as from the transfer of electrons was not unique with
Lewie. The chemists A. L. Parson (16), W. C. Arsem (17) and
H. Kauffmann (18), as well as the physicists J. Stark (IS) and
J. J. Thomson himself (I 1), had suggested similar ideas. The
difficulty with all of these proposals, however, was that no
reasonable restraints had been placed on either the total
number of electrons per bond or on the number of atoms that
could share a common electron. As a consequence the resulting
models were too open-ended to be operationally useful. Lewis,
by restricting both the number of electrons per bond and the
number of atoms so bonded to two, provided the necessary
restraints to give a workable theory. Robert Kohler, who has
studied the origins of the shared electron pair bond, has sug-
gested that the concept resulted from Lewis' attempts to ac-
commodate the electron-sharing concepts of Parson and
Thomson within the context of his own dualistic cubical atom
model, and that the restraints so necessary to its success were
a natural consequence of the geometrical restraints imposed
by the cubical atom itself (20).

It is worth pointing out that Kosse! had also recognized the
necessity of a nonpolar bond for organic compounds as well
as the concept of a progressive change in bond type. Early in
his paper Kossel had noted that the electron-transfer model
was unsuitable for nonpolar organic compounds and that an
electron-sharing model similar to Stark's would probably be
required. Near the end of the paper Kossel proposed some
specific models using two-dimensional Bohr-Rutherford ring
atoms in which all of the valence electrons (e.g., 10 in the case
of N2) were held on a common ring placed symmetrically be-
tween the two bonded atoms (Pig. 9). As the polarity of the
bond increased, this ring was progressively displaced toward
the more electronegative atom, and in the ionic limit became
its sole property.

Ar

W HCI

f

V

CaO

* 8N

A
s*©-

y -

Figure 9. The progressive change from ionic to covalent bonding in terms of
Kossel's ring atom model ()2J.

L i k e h i s p r e d e c e s s o r s , L e w i s h a d r e c o g n i z e d b o t h t h e i m -
p o r t a n c e o f t h e n u m b e r e i g h t i n v a l e n c e r e l a t i o n s h i p s ( w h i c h
h e c a l l e d t h e r u l e of e i g h t ) a n d i t s c o r r e l a t i o n w i t h t h e a t -
t a i n m e n t o f r a r e g a s s t r u c t u r e s . H o w e v e r , w i t h i n t h e c o n t e x t
o f t h e i o n i c m o d e l , a s f o r m u l a t e d b y K o s s e l , t h i s c o r r e l a t i o n
w a s o n l y p o s s i b l e i n t h e c a s e o f m a x i m u m o x i d a t i o n s t a t e s
(e .g . , P 5 + a n d C l ~ i n P C 1 S ) . A t t e m p t s to c o n s t r u c t i o n i c fo r -
m u l a s fo r l o w e r o x i d a t i o n s t a t e c o m p o u n d s f a i l ed to g i v e i o n s
h a v i n g e i t h e r r a r e g a s o r p s e u d o - r a r e g a s e l e c t r o n c o u n t s (e .g . ,
P 3 + i n P C I 3 ) . T h e i m p o r t a n c e o f t h e s h a r e d e l e c t i o n p a i r b o n d
for t h e o c t e t r u l e w a s t h a t i t a l l o w e d t h e e x t e n s i o n of t h e r u l e
t o t h e s e l o w e r o x i d a t i o n s t a t e s p e c i e s a s w e l l a s t o p u r e l y h o -
m o n u c l e a r s p e c i e s s u c h a s CI2 a n d N a . I n c o n t r a s t , K o s s e l ' s
f o r m u l a t i o n of h o m o n u c l e a r s p e c i e s p r e c l u d e d t h e i r o b e y i n g
t h e o c t e t r u l e (e .g . , N 2 ) a n d , i n d e e d , K o s s e l w e n t s o f a r a s to
s u g g e s t t h a t t h e r u l e w a s l i m i t e d o n l y to p o l a r c o m p o u n d s .
T h o u g h L e w i s w a s w e l l a w a r e o f t h e i m p l i c a t i o n s o f t h e e l e c -
t r o n p a i r b o n d for t h e o c t e t r u l e , t h e i r fu l l e x p l o i t a t i o n w a s t o
b e l a r g e l y t h e w o r k o f I r v i n g L a n g m u i r .

Irving Langmuir
Irving Langmuir (Pig. 10) was a 38-year-old research

chemist at General Electric when he first began to write on the
subject of Lewis' electron pair bond in 1919 {21). In the course
of three short years he managed, in addition to numerous
popular lectures, to publish more than 12 articles, extending,
refining, and popularizing Lewis' work. Lewis had originally
restricted his discussion of the cubical atom and chemical
bonding to the s- and p-block elements, feeling that the am-
biguities then present in the chemistry and electronic struc-
tures of the d-block elements made attempts to extend the
model too speculative. Langmuir, in his first and most ambi-
tious paper (66 pages), published in the June 1919 issue of the
Journal of the American Chemical Society, attempted to
remedy this defect (22), Through the use of 11 bask postulates
covering the arrangement of the electrons in isolated atoms
and their preferential sharing in compounds, Langmuir un-
dertook to deduce the entire structure of theoretical and de-
scriptive chemistry. The full extent of his ambition is revealed
in a popular lecture published in 1921 {23). Langmuir
wrote

Figure 10.1. Langmuir.
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These things mark the beginning, I believe, of a new chemistry, a
deductive chemistry, one in which we can reason out chemical re-
lationships without falling hack on chemical intuition I think
that within a few years we will be able to deduce 90 percent of ev-
erything that is in every textbook on chemistry, deduce it as you
need it, from simple ordinary principles, knowing definite facts in
regard to the structure of the atom.

Despite his enthusiasm, Langmuir's extension of the stat-
ic atom (Fig. 11) proved to be short-lived. By 1921 Bohr, on
the basis of spectral evidence (24) and Bury, on the basis of
chemical evidence (25), had shown that Langmuir's postulated
shell sequence of 2,8,8,18,18, and 32 electrons was wrong as
was his postulate that a new electron shell could be started
only if the preceding shells were completely filled. In addition,
most theoretical physicists, who by this time were firmly
committed to a dynamic atom model, were less than impressed
by Langmuir's extended static model. The German physicist
Sommerfeld characterized Langmuir's 11-postulate deductive
chemistry as "somewhat cabalistic" (26), and the English
physicist E. N. Andrade was even more blunt (26),

It is scarcely necessary to insist on the artificality of this picture
The electrons in Langmuir's atom have, in fact, so few of the

known properties of electrons that it is not immediately clear why
they are called electrons at all.

Thus, in actual practice, Langmuir's development of Lewis'
model was restricted to the same atoms as Lewis had originaily
discussed. Nevertheless, a number of valuable concepts did
evolve out of Langmuir's refinements, including the electro-
neutrality principle and the isoelectronic (isosteric) principle
(27), the last of which has been characterized by Kober, in a
recent article, as the "last important nonquantum mechanical
bonding principle" (28),

Even more important to the present discussion was Lang-
muir's use of his postulates to deduce a general mathematica!
expression for the "octet" rule (a term introduced by Lang-

Table 4. Examples ot Ungmulr's Octal Equation

Species

NHa

CO

H2CO

NaCI

CS2

2 *

8

10

12

8

16

n

1

2

2

1

3

H

3

0

^

0

0

i/= ya(8n-2»)+ H

3

3

4

0

4

Structure

Nt

Na+|ICll]-

muir to replace Lewis' more cumbersome "rule of eight")

Se = 2s - 25 (2)

where 2 e is t he to ta l s u m of available valence electrons in a
species, S s is t he sum of t h e valence e iect rons requ i red for
comple te shell format ion for each of the heavier a toms (i.e.,
excluding hydrogen) , a n d B is t h e n u m b e r of covaient bonds
between the heavier a toms. Restr ict ion of t he heavy a toms to
those lying below Ar converts eqn. (2) in to t he major equat ion
of L a n g m u i r ' s "oc te t t h e o r y "

(3)Ze = 8n - 2B

when n is t he n u m b e r of heavy a toms requ i t ing octe t com-
plet ion. Addi t ion of t h e covalent bonds , H , t o any p ro tons
presen t gives t h e final to ta l n u m b e r of covalent bonds in a
species

H + B = H + -<8» - 2 e ) (4)

S o m e example appl ica t ions of eqn . (4) a r e shown in T a b l e 4

CHJI-T 1,- Stliutt*tiaB Iht I*KiLj*afiu4r Thorny at AT-JEnfe Hiiueture.
Figure 11. Langmuir's sxlentted cubical atom models (from Washburn, E. w., "Introduction !o Hie Principles of Physical Chemistry," aid sd., McGraw-Hill. New York,

1921, p. 470.)
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and some examples of Langmuir's original structures in Figure
12.

In 1921, in what was essentially his last major paper on the
octet theory, Langmuir gave a comprehensive survey of the
limitations of eqn. (4) (29). By this time he had succeeded in
reducing his original 11 postulates to three, the third of which
represented the first explicit statement of the electroneutrality
principle

1) The electrons in atoros tend to surround the nucleus in succes-
sive layers containing 2, 8, 8, 18, 18, and 32 electrons respec-
tively.

2) Two atoms may be coupied together by one or more duplets held
in common by the completed sheaths of the atoms.

3) The residual charge on each atom or group of atoms tends to a
minimum.

Shell completion was desirable because it resulted in a
spherically symmetrical electron distribution which tended
to minimize external electrical fields about the atom. Mini-
mization of the residual charges was also desirable because it
minimized the coulonibic energy required to maintain charge
separation on adjacent atoms,

Langmuir pointed out that the requirements of postulates
1 and 3 were frequently in conflict and used this conflict to
rationalize the limitations of his octet equation. His resulting
classification of chemical compounds is shown in Table 5.
Species obeying postulate 1 were termed "complete com-
pounds" and tended to obey the octet rule either through the
formation of ionic compounds {Class IA) or through the for-
mation of "covalent" compounds (Class IB)—another term

introduced by Langmuir. In the latter case, Langmuir further
distinguished between those species obeying the octet rule
proper (i.e., 2s = 8n) and those obeying an extended rare gas
rule (i.e., s = 18), the former being restricted to combinations
among elements corresponding to Mendeleev's higher types
and the latter being the first explicit statement of the 18-
efectron rule much beloved of the organometallic chemist.

On the other hand, the "incomplete compounds" of Class
II failed to obey postulate I and thus the octet rule. In Lang-
muir's opinion this was because shell completion in these
species required, in violation of postulate 3, the buildup of
prohibitively large net ionic charges (and here Langmuir was
generous in allowing charges as high as 6+ and 4— in contrast
to Pauling's later restriction of 2± or lower). Finally, Langmuir
included a class of "exceptional cases" whose bonding ap-
parently required a special kind of electron-sharing beyond
that proposed in postulate 2.

The Debate
Lewis' opportunity to comment on Langmuir's work came

in 1923 with the publication of his classic monograph, "Va-
lence and Structure of Atoms and Molecules" (30), With the
exception of a short retrospective essay written in 1933 (31),
this was essentially Lewis' last major contribution to the
electronic theory of valence and represented his matured views
on the nature of the electron-pair bond.

Already in his 1916 paper, Lewis, faced with the inability
of the cubical atom to represent a triple bond and the over-
whelming evidence of organic chemistry that the valences of
carbon were tetrahedrally directed, had speculated that the
electrons of the cubical atom were drawn together to form a
tetrahedron of electron pairs (Fig. 13). By 1923 Lewis had also
abandoned his earlier defense of the static atom (32) and was
willing to compromise with the dynamical atom models fa-
vored by the physicists, suggesting a mode! in which the
electrons of the static atom corresponded to the average po-
sitions of electrons moving in small directional orbits. In
keeping with these views, the cubical atom was presented only
in an historical context in the 1923 monograph. Cubical

0 c 0

Figure 13. Lewis' tetrahedrai atom with close-paired electrons (14).

N 0

Figure 12, Some of the "cubical atom" molecular structures which Langmuir
deduced using his octet equation (27).

Table 5. Langmuir's Classification of Compounds via the Octet
Rule

I. Complete Compounds
A) Compounds Without Covalence \B = 0)

1) Electropositive main group elements (W < 3) pius electronegative
elements (N £ 4|, e.g., NaCf, NB, AljQ)

2) Eariy transition elements in their maximum oxidation state plus
electronegative elements, e.g.. ScCI3, TaBrs, CrFe

3| Certain halides ol the electronegative elements in their higher
oxidation states, e.g., PCI6. SF6

B) Covalent Compounds
1) Armngtheeiectranegatfveelements, where s = B, ( « > 4), e.g..

C, N, O, F, Si, P. Cl
2) Among the transition elements, where s « 18. e.g.,

Fe<C0)5 and nl(CO),
II, incomplete Compounds

A) Intermetallics
B) Salts o l the later transition elements, e.g., CrCi3, CuClj, ZnO

III, Exceptional Cases
A) Triply bonded species, e.g., Hi, CO, CN~
8) Hydrogen-bonded species, e.g., HFj~
C) Boranes
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Table 6. Lewis' Examples o( Species Violating the Octet Rule

1) Odd Molecules: NO,CISO
2) Electron Deficient: NaCH3, BR3, BF3, SOa, HPO3, COa3", NOa",

possibly even MaCi(g)

3) Electron Rich: F>CIS, SF6 . UF6 , S I F e
? - , F tC l 6

2 -

Figure 14. Langmuir's cubteal structure for N2, CO, and CN [27).

m o d e l s o f m o l e c u l e s , s u c h a s t h o s e u s e d b y L a n g m u i r ( r e c a l l
P i g . 1 2 ) , w e r e u s e d n o w h e r e i n t h e b o o k , e x t e n s i v e u s e b e i n g
m a d e i n s t e a d o f t h e l e s s s t r u c t u r a l l y e x p l i c i t e l e c t r o n d o t
f o r m u l a s , t h o u g h i n s e v e r a l p l a c e s t e t r a h e d r a l a t o m m o d e l s
w e r e a l s o u s e d .

L a n g m u i r ' s f a i l u r e t o a b a n d o n t h e c u b i c a l a t o m a c c o u n t e d
for h i s c l a s s i f i c a t i o n o f N 3 , C O , a n d C N ~ a s " e x c e p t i o n a l
c a s e s . " L a c k i n g a t r i p l e b o n d , h e w a s f o r c e d t o p o s t u l a t e a
s p e c i a l e l e c t r o n i c s t r u c t u r e fo r t h e s e s p e c i e s i n w h i c h b o t h
k e r n e l s w e r e s i m u l t a n e o u s l y e n c l o s e d w i t h i n a s i n g l e c u b e o f
e l e c t r o n s , t h e r e m a i n i n g t w o e l e c t r o n s b e i n g s h a r e d a s a n o r -
m a l d u p i e t b e t w e e n t h e k e r n e l s ( F i g . 1 4 ) , a p r o p o s i t i o n w h i c h
L e w i s w a s t o l a t e r c h a r a c t e r i z e a s " a d h o c " ( 3 0 ) .

T h o u g h , a s K o h l e r h a s s u g g e s t e d , t h e c u b i c a l a t o m p r o b a b l y
p l a y e d a c e n t r a l r o l e i n t h e in i t i a l i n c e p t i o n o f t h e e l e c t r o n p a i r
b o n d , L e w i s w a s q u i c k t o o b t a i n a n e m p i r i c a l b a s e of s u p p o r t
for t h e b o n d , t h e m o s t i m p r e s s i v e e v i d e n c e b e i n g t h e o b s e r -
v a t i o n t h a t v i r t u a l l y a l l s t a b l e c h e m i c a l s p e c i e s c o n t a i n e d a n
e v e n n u m b e r of e l e c t r o n s . I n d e e d , t h e f ew " o d d m o l e c u l e "
e x c e p t i o n s t o t h i s r u l e t e n d e d t o b e h i g h l y r e a c t i v e a r i d f r e -
q u e n t l y u n d e r w e n t d i m e r i z a t i o n r e a c t i o n s t o g i v e p r o d u c t s
w i t h e v e n e l e c t r o n c o u n t s , L e w i s a l s o b e c a m e i n c r e a s i n g l y
c o n v i n c e d , i n l a r g e p a r t t h r o u g h t h e i n f l u e n c e of A . L . P a r s o n ' s
m a g n e t o n m o d e l o f t h e a t o m , t h a t m a g n e t i c i n t e r a c t i o n s b e -
t w e e n e l e c t r o n s w e r e r e s p o n s i b l e fo r t h e f o r m a t i o n o f e l e c t r o n
p a i r s , a t h e s i s d i s c u s s e d a t l e n g t h i n a s e p a r a t e c h a p t e r o f t h e
1 9 2 3 m o n o g r a p h a n d i n a r e v i e w p u b l i s h e d t h e n e x t y e a r ( 5 9 ) .
T h e s e c o n s i d e r a t i o n s l e d L e w i s to p o s t u l a t e t h a t t h e f o r m a t i o n
of e l e c t r o n p a i r s o r t h e " r u l e o f t w o , " a s h e c a l l e d i t , w a s a
m u c h m o r e i m p o r t a n t b o n d i n g p r i n c i p l e t h a n t h e r u l e of e i g h t
a n d a c c o u n t , i n p a r t , fo r h i s e v a l u a t i o n o f L a n g m u i r ' s o c t e t
e q u a t i o n . L e w i s w r o t e (30)

T h e s t r ik ing preva lence of molecules in which each a t o m has i t s
full q u o t a of four e lect ron pa i r s in t h e o u t e r m o s t shell has led
L a n g m u i r t o a t t e m p t to m a k e t h e octe t ru le abso lu te , a n d he even
proposes an a r i t h m e t i c a l equa t ion to d e t e r m i n e , in accordance
with t h i s rule, w h e t h e r a given formula r e p r e s e n t s a possible
chemica l subs t ance . I bel ieve t h a t in his e n t h u s i a s m for t h i s idea
h e has been led in to e r ror , a n d t h a t in call ing the n e w theory t h e
"oc t e t t h e o r y " h e overemphas izes w h a t is after all b u t one fea ture
of t h e new theo ry of va lence . T h e rule of eight, in sp i t e of its grea t
i mp o r t ance , is less f undamen ta i t b a n t h e ru le of two , which calls
a t t e n t i o n to t h e t e n d e n c y of e lec t rons to form pa i r s .

L a n g m u i r , o n t h e o t h e r h a n d , f e l t t h a t L e w i s ' n e g l e c t o f
t r a n s i t i o n m e t a l c h e m i s t r y h a d m i s l e d h i m c o n c e r n i n g t h e
n e c e s s a r y i n s t a b i l i t y of " o d d m o l e c u l e s , " a n d t h a t t h e i r r e l a -
t i v e s c a r c i t y w a s d u e l e s s t o a n i n h e r e n t i n s t a b i l i t y r e s u l t i n g
f r o m t h e i r u n p a i r e d e l e c t r o n s t h a n t o t h e r e l a t i v e a b u n d a n c e
o f c l o s e d - s h e l l s p e c i e s , o r i n L a n g m u i r ' s o w n w o r d s ( 2 9 )

. . . t h e r e m a r k a b l e t e n d e n c y , po in ted ou t by Lewis , for roost com-
p o u n d s to conta in a n even n u m b e r of e lec t rons is d u e mere ly to
t h e rela t ive a b u n d a n c e of comple te c o m p o u n d s compared to in-
comple te ones . In o the r words , t h e even n u m b e r of e lec t rons in
m o s t c o m p o u n d s resu l t s from t h e t e n d e n c y of P o s t u l a t e 1 [i.e.
c losed-shei i fo rmat ion! r a the r t h a n from any m o r e general ten-
d e n c y for e lec t rons t o fo rm pairs .

T h u s L a n g m u i r v i e w e d t h e p r e v a l e n c e o f e v e n - e l e c t r o n -

c o u n t s p e c i e s a s a c o n s e q u e n c e oi1 c o m p l e t e s h e l l f o r m a t i o n

a n d a s a r e f l e c t i o n o f t h e o c t e t r u l e fo r e l e m e n t s l y i n g b e l o w

A r , w h e r e a s L e w i s v i e w e d i t ( a n d t h e o c t e t r u l e i t s e l f ) a s a

c o n s e q u e n c e o f t h e " r u l e o f t w o . "

L e w i s e v e n i n c l u d e d a c h a p t e r i n h i s m o n o g r a p h d e a l i n g
w i t h " E x c e p t i o n s t o t h e R u l e o f E i g h t " i n w h i c h h e d i s c u s s e d
t h e e x a m p l e s s u m m a r i z e d i n T a b l e 6 . I n v i e w i n g t h i s l i s t o n e
is s t r u c k b y t h e f a c t t h a t L a n g m u i r ' s o w n d i s c u s s i o n o f t h i s
s u b j e c t w a s i n s o m e w a y s m o r e t h o r o u g h . A l t h o u g h t h e o d d
m o l e c u l e s i n C l a s s 1 c e r t a i n l y v i o l a t e t h e o c t e t r u l e , t h e i r
s u p p o s e d s c a r c i t y a n d h i g h r e a c t i v i t y c o u l d b e u s e d to s u p p o r t
t h e s t a b i l i t y o f t h e o c t e t j u s t a s w e l l a s t h e s t a b i l i t y o f t h e
e l e c t r o n p a i r . O n t h e o t h e r h a n d , a l l o f L e w i s ' e l e c t r o n - d e f i -
c i e n t e x a m p l e s a n d m o s t o f h i s e l e c t r o n - r i c h e x a m p l e s c o u l d
b e ( a n d w e r e ) a c c o m m o d a t e d b y L a n g m u i r ' s o c t e t e q u a t i o n
b y u s i n g a n i o n i c f o r m u l a t i o n . F i n a l l y , s e v e r a l o f t h e e l e c -
t c o n - r i c h e x a m p l e s w e r e n o t fa i r g a m e (e .g . , P t C l g 2 " , U F e , a n d
M o ( C N ) a 4 ~ ) a s L a n g m u i r h a d n e v e r c l a i m e d t h a t t h e o c t e t '
r u l e w a s v a l i d f o r e l e m e n t s a b o v e A T .

L e w i s ' p u r p o s e w a s , o f c o u r s e , l e s s t o f i n d e x a m p l e s w h i c h
c o u l d n o t b e f i t t e d b y L a n g m u i r ' s e q u a t i o n t h a n t o f i n d e x -
a m p l e s w h i c h c o u l d b e f i t t e d o n l y b y p o s t u l a t i n g s t r u c t u r e s
( u s u a l l y i o n i c ) w h i c h w e r e a t v a r i a n c e w i t h t h e i r k n o w n
p h y s i c o - c h e m i c a l p r o p e r t i e s . I n d e e d , i n l o o k i n g a t t h e p o s i -
t i o n s t a k e n b y L a r i g m u i r a n d L e w i s r e g a r d i n g t h e o c t e t r u l e ,
o n e r e c e i v e s t h e i m p r e s s i o n t h a t L a n g m u i r , i n h i s d e s i r e t o
e m u l a t e t h e r i g o r o f p h y s i c s , w i s h e d t o b e g u i d e d b y t h e d e -
d u c t i o n s o f h i s p o s t u l a t e s , w h e r e a s L e w i s , m o r e o p e n t o t h e
e x p e r i m e n t a l d a t a b a s e o f c h e m i s t r y , w a s m o r e w i l l i n g t o b e
g u i d e d b y t h e e m p i r i c a l e v i d e n c e .

T h e r e is l i t t l e d o u b t t h a t t h e p e r s o n a l i n t e r a c t i o n b e t w e e n
L e w i s a n d L a n g m u i r a l s o t e n d e d t o c o l o r t h e p o s i t i o n s t h e y
t o o k r e g a r d i n g t h e o c t e t r u l e . L a n g m u i r w a s a p o p u l a r a n d
d y n a m i c l e c t u r e r a n d W i l d e r D . B a n c r o f t h a s l e f t u s w i t h a n
a m u s i n g p i c t u r e o f w h a t i t w a s l i k e t o b e a m e m b e r o f o n e o f
L a n g m u i r ' s a u d i e n c e s {33) .

L a n g m u i r is t h e mos t convincing l ec tu re r I ' h a v e ever heard . I
have h e a r d h im t a lk to an a u d i e n c e of chemis t s w h e n I knew they
did no t u n d e r s t a n d one- th i rd of w h a t h e was saying; b u t t h o u g h t
they d id . I t ' s very easy to be swep t off one ' s feet by L a n g m u i r .
You r e m e m b e r in Kipl ing 's novel Kim t h a t t h e water- jug was
broken a n d L u r g a n S a h i b was t ry ing t o hypno t i ze Kim in to
seeing i t whole again. K i m saved himsel f b y say ing t h e mul t ip l i -
cat ion t ab l e . . . [so] . . . I have h e a r d L a n g m u i r lec ture when 1
knew h e was wrong, b u t I h a d t o r e p e a t t o myself " H e is wrong, I
know he is wrong, h e is w r o n g " or I shou ld have bel ieved like t h e
o the r s .

N a t u r a l l y L e w i s w a s i n i t i a l l y q u i t e p l e a s e d w i t h t h e p u b -
l i c i t y g i v e n h i s t h e o r y a s a r e s u l t of L a n g m u i r ' s l e c t u r e s a n d
p a p e r s . H o w e v e r , a s t i m e p a s s e d a n d m o r e a n d m o r e of t h e
p u b l i c i t y a c c r u e d t o L a n g m u i r i n s t e a d o f L e w i s , L e w i s b e c a m e
i n c r e a s i n g l y u p s e t , e x p r e s s i n g h i s t r u e f e e l i n g s i n a l e t t e r
w r i t t e n t o W . A . N o y e s i n 1 9 2 6 (34).

P e r h a p s I a m inclined t o b e too caus t ic in th i s m a t t e r , b u t I real ly
d o feel t h a t while peop le were just i f ied in be ing car r ied a w a y a b i t
by L a n g m u i r ' s p e r s o n a ! c h a r m a n d e n t h u s i a s m s o m e y e a r s ago , t o
pers is t , especially a s t h e y d o in E n g l a n d , in speak ing of t h e Lang-
m u i r theory of valence is inexcusable .

A n o t h e r of L a n g m u i r ' s t a l e n t s w a s t h e a b i l i t y t o c o i n
c a t c h y t e r m i n o l o g y , s u c h a s d u p i e t , i s o s t e r e , o c t e t r u l e , a n d
c o v a l e n t b o n d , a n d i t i s n o t w i t h o u t n o t e t h a t t h e first t w o
t e r m s d o n o t a p p e a r i n t h e i n d e x of L e w i s ' m o n o g r a p h a n d
t h a t t h e t e r m s o c t e t t h e o r y a n d c o v a l e n c e a p p e a r o n l y o n c e .
I n f a c t I^ewis r e c o m m e n d e d t h a t t h e t e r m c o v a l e n t b e d r o p p e d
b e c a u s e L a n g m u i r h a d " a s s o c i a t e d t h i s t e r m w i t h a n a r i t h -
roetrieal e q u a t i o n b y w h i c h h e a t t e m p t s t o p r e d i c t t h e e x i s -
tence o r n o n e x i s t e n c e of c h e m i c a l c o m p o u n d s " ( 3 0 ) . I n p r i v a t e
L e w i s r a t h e r h u m o r o u s l y e x p r e s s e d h i s r e s e n t m e n t o v e r t h e
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manner in which Langmuir had ignored Lewis' own termi-
nology (34),

... sometimes parents show a singular infelicity in naming their
children, but on the whole they seem to enjoy having the privi-
lege.

In public Lewis was, of course, less outspoken and in his
1923 monograph gave an evaluation of Langmuir's contribu-
tions which can only be viewed as a masterpiece of diplomatic
understatement {30).

it is a cause of much satisfaction to me to find that in the course
of this series of applications of the new theory, conducted with
ttie greatest acumen, Dr. Langmuir has not been obliged to
change the theory which I advanced. Hete and there he has been
tempted to regard certain rules or tendencies as more universal in
their scope than i considered them in my paper, or than I now
consider them, but these are questions we shall have a later oppo-
runity to discuss. The theory has been designated in some quar-
ters as the Lewis -Langmuir theory, which would imply some sort
of collaboration. As a matter of fact Dr. Langmuir's work has
been entirely independent, and such additions as he has made to
what was stated or implied in my paper should be credited to him
alone.

In the final analysis there can be little doubt that Lang-
muir played a key role in accelerating the acceptance of Lewis'
electron-pair bond. Robert Kohler, who has studied the in-
teraction between Lewis and Langmuir in some detail, has
concluded that by 1920 the chemical community was still, by
and large, content to use the ionic electron-transfer bond and
that no crisis in chemical bonding was evident which might
draw chemists to a model similar to Lewis' electron-pair bond.
The widespread and rapid acceptance of the electron-pair
bond was rather a consequence of Langmuir's dynamic per-
sonality and the unique manner in which he spanned both the
industrial and university chemical communities. As Kohler
has written (21)

What made the difference was, of course, Langmuir himself and
his personal reputation. The new theory was well received be-
cause it was "Langmuir's theory" and not because of its intrinsic
intellectual worth. Once received, of course, its worth become evi-
dent. What I wish to stress is that the advantages of the new theo-
ry were not immediately obvious and that had it not been "Lang-
muir's theory," the rediscovery and adoption of Lewis' theory
might well have awaited a real crisis in the theory of bonding.

Summary, Conclusions, and Prospects

The major events in the development of the octet rule are
summarized in Table 7, though obviously many additional
contributions were made by lesser-known chemists which
couid not be touched upon for lack of space.4 These events
allow one to draw at least three major conclusions about the
origins and development of the octet ruie:

1) Within the context of the dualistic or electrovalent model the
octet rule essentially corresponded to a maximum valence rule
only. While the striving for a rare gas structure determined bodi
which elements could exhibit negative valences and the value
of these valences, in Vac case of the positive valence it merely
determined the maximum value, placing no necessary restric-
tions on the lower values.

2) The covaient model, by providing a means, via election sharing,
of rationalizing both the lower positive oxidation states and
homonuclesr species in terms of rare gas structures, substan-
tially strengthened the identification of the octet rtiie with the
formation of rare gas structures.

3) At no time, within the context of either the electrovalent or
covaient model, was it claimed that the octet/rare gas structure
relation was generally valid for elements beyond Ar.

4 Some minor contrRwtians, thouc/i hardly tiy tesser-known chemists,
include Die work of Ramsay and Nernst. Ramsay was one of the first
to apply Abegg's rule of eight, and Nernst expressed some suggestive
views on the saturation of ions. For a discussion, see Stranges {7).

7. Summary of Major Events In Development ot the Octet
Rule

Mendeleev: 1871
Eight as a maximum valence rule and the sum of the hydrogen and oxygen
valences for higher types.

Abegg; 1304
Electrochemical Interpretation of Mendeleev's rule of eight In terms of electron
gain and loss.

Thomson: 1904, 1907
Concept ot chemical periodicity In terms ot recurring outer electron config-
urations. Rule of eight as striving for completion of stable rare gas shells.

Kossel: 1916
Extension of Ionic model. Eight as a maximum valence rule (or pofar com-
pounds only.

Lewis.- 1916
Continuity of bond type and electron pair bonding mechanism tor octet
completion.

Langmuir 1919-1921
Elaboration and popularization of Hie Lewis model. Mathematical formulation
ot the octet rule.

T h e d e b a t e over t he validity of t h e oc te t rule did not , of
course, end with Lewis and Langmuir . Between the 1920'a and
the 1940's a n u m b e r of vigorous discussions took place in
which no t only t he val idi ty of t he oc te t rule was ques t ioned
b u t t he val idi ty of t he electron-pair bond itself (35-37), and
aspects of th i s deba te are still With us {38,39) . M o r e recen t
q u a n t u m mechanica l calculat ions, however, have t e n d e d to
discoun t t h e impor t ance of oc te t expans ion and have rein-
s t a t ed t he general validity of t he octe t rule for t h e p-b lock
e lements (40). In keeping wi th th i s conclusion, m o d e r n
bonding theory has also provided a sat isfactory resolut ion of
the problems associated with b o t h electron-deficient and
electron-rich species and has done so in a manner which shows
t h a t ne i ther Lewis nor L a n g m u i r was total ly correct in t he
posi t ions they took. Langmuir , in his desire to ma in ta in t he
oc te t rule, was willing, in sp i te of t h e physico-chemical evi-
dence, to postula te ionic s t ruc tures for m a n y of these species,
whereas Lewis, in his desire t o ma in ta in t he supremacy of t h e
2c-2e covaient bond , was willing to propose b o t h hex te t and
expanded octe t s t ructures . T h e cur ren t consensus main ta ins
b o t h t he octe t ruSe, on the one h a n d , a n d t h e presence of eo-
va len t bonding , on t he other , by abandon ing t he explicit as-
sumpt ion of both Langmuir and I-ewis t h a t the covaient bond
m u s t a t all t imes be a localized two-centered bond . T h u s
electron deficient species have been accommoda ted via t he
closed 3c-2e bond popular ized by L ipscomb for t he boron
hydrides (41) or via t he use of delocalized x-elect ron systems
(e.g., BF3, CO32"", e tc .) , whereas electron-r ich species (e.g.,
PCI5, X e F J have been accommodated via t he open 3c~4e bond
popular ized b y R u n d l e (42), P i m e n t e l (43), a n d o t h e r s (44,
45).

T h e case of t he d-block e lements is more ambiguous . T h e
generalized fare gas ruie first h in t ed a t by Langmui r was in-
dependen t ly formula ted by the Engl ish chemis t N . V. Sidg-
wick in 1923 (46). Sidgwick, however, preferred t o use to ta l
electron coun t s ra ther t h a n valence electron counts a n d con-
sequen t ly called his t echn ique t he effective a tomic n u m b e r
rule (EAN) . N o t unt i l 1934 d id Sidgwick explicitly connec t
his E A N rule with Langmui r ' s earlier 18-electron rule and
derive an equa t ion , re la ted to Langmui r ' s ( though based on
tota l electron counts ) , for predic t ing t he s t ruc tu res of poly-
nuclear me ta l carbonyls a n d nitrosyls (47). Ex tens ive appl i -
ca t ions of t he E A N rule to t he s t ruc tu res of meta l carbonyls
were made by Blanchard in t he 1940's (48) and the importance
of t he rule exploded along wi th t he field of organometal l ic
chemis t ry in t he late 1950's and 1960's, desp i te its m a n y vio-
lat ions. More recent theoret ica l work has provided b o t h
quan t i t a t i ve {49) and qual i ta t ive (50) ra t ionales for why t h e
18-electron rule is weaker t h a n t he octe t rule.

Even Langmui r ' s a r i thmet ica l equa t ion is still wi th us a n d
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in modified form is used extensively in the field of solid-state
chemistry. If one applies eqn. (3) to only the more electro-
negative or anionit components of a solid-state compound,
one obtains

Table 8. Examples of the Generalized 8 - N Rule

- 26. (5)

where 2e f l includes not only the valence electrons from the
anionic components but any electrons transferred from the
cationic components, nB is the number of anionic components
per unit formula, and 2Ba the number of anion-anion bonding
electrons. In general the anionic components are restricted
to elements lying to the right of the Zinti line in the periodic
table (i.e., groups IV-VII, again shades of Mendeleev's higher
types). Rearrangement of the equation and redefinition of 2Ba

= 6H, gives

This is called the generalized 8 — N rule and is the subject of
an extensive literature (51-56). The equation can also be
applied to the structures of pure elements lying to the right
of the Zintl line, Some example applications are shown in
TableS.

Extended versions of Langmuir's original equation have
also appeared in the literature which incorporate the possi-
bility of the multicentered bonds required for the description
of both electron-deficient (57) and electron-rich (58)
species.
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Chemistry Olympiad Mentor Applications Invited
Applications are invited from chemistry teachers interested in serving as mentors for a group of American high school studeets

entering the International Chemistry Olympiad (ICO) in Frankfurt, Germany, this summer. Duties involve helping plan and conduct
a special study camp for student finalists to be held at a U.S. site in June, accompanying four student participants to the 30 June-9

. July ICO competition in Germany, and serving there as a member of the ICO jury.
Applications aie invited from both experienced high school and university teachers of chemistry possessing strong background

in the teaching of general chemistry and a broad, working knowledge of both theoretical and descriptive chemistry; experience
in organic and analytical chemistry is also sought. Applicants must be prepared to commit full time to ICO activities from mid-June
to mid-July this year, as well as a eomparabje time period in 1985. All mentor expenses and travel coats will be covered an4 an ho-
norarium paid for the provision of ihe services described above. Interested individuals should apply by mailing a letter of application,
resume, summary of relevant experiences, and the names and addresses of three references to Prof. Marjorie Gardner, Department
of Chemistry, University of Maryland, College Park, MD 20742, (301) 454-3307. To guarantee consideration, applications should
be received by April 30.
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G. N. Lewis and the Chemical Bond
Linus Pauling
Linus Pauling Institute of Science and Medicine
440 Page Mill Road, Palo Alto, CA 94306

>

S-.V
My first knowledge of Gilbert Newton Lewis came from

reading his paper on "The Atom and the Molecule," published
in 1916 in the Journal of the American Chemical Society (1).
During the year 1919-201 had a full-time job as instructor in
quantitative analysis in the Oregon Agricultural College. At
the beginning of 19191 had not returned to the college, be-
cause of lack of money, and I was pleased when I had the op-
portunity to teach the courses in quantitative analysis. My
office was in the chemistry library, where copies of the Journal
of the American Chemical Society and of other journals were
available. My teaching load was very heavy, but I had some
spare time to read tne journals, and when I ran across the 1919
papers by Irving Langmuir (2) I read them with great interest,
and also read G. N. Lewis' paper. I spoke on the subject of the
electronic theory of valence in the chemistry seminar that
year—chemistry seminars were rare, only about one each year.
In 1922, when I received my degree of Bachelor of Science in
Chemical Engineering, I was offered and accepted an ap-
pointment as teaching fellowin the California Institute of
Technology. In September of that year, in the middle of the
train ride from Oregon to Pasadena, there was a stopover of
a few hours in the Bay area. I went to the chemistry building,
Gilman Hall, and found a young chemist, Roy Newton, at
work in a laboratory on the first floor. He was good enough to
talk to me for about half an hour about the work that he was
doing and about the nature of graduate work in chemistry. I
did not see I^ewis at that time, nor did I see any other person
in the building—perhaps it was Saturday.

I first met Lewis in 1924, when my wife and I went to
Berkeley to see my old friend Lloyd Alexander Jeffress, who
had got me interested in chemistry when we were both 13
years old. It is my recollection that I talked with Lewis about
the work that I was doing on the determination of the struc-
ture of crystals by the X-ray diffraction method, and that I
got his permission to say in my application to the National
Research Council for a fellowship to begin in July of 1925 that
I would do the work in Berkeley. It turned out, however, that
I did not go to Berkeley; instead I resigned the fellowship in
the middle of the 1925-26 year, after having spent.the first few
months in Pasadena, in order that I might go immediately to
Europe on a Guggenheim fellowship.

In 1928 Lewis spent a day or two in Pasadena. I learned
about 50 years later that he had come to offer me a job, but
that Arthur A. Noyes, the Chairman of the Division of
Chemistry and Chemical Engineering in the California In-
stitute of Technology, had persuaded him not to do so.

For five years, beginning in the spring of 1929,1 spent one
or two months each year in Berkeley as visiting lecturer in
physics and chemistry. During these extended visits to
Berkeley I had the pleasure of talking with Lewis for many
hours, in his office, his home, and his Marin County country
place. My lectures were largely on new ideas about the
chemical bond and molecular structure based in part on the
theory of quantum mechanics and in part on the empirical
analysis of the properties of substances. Lewis was, of course,
intensely interested in the work. I am now, in retrospect,
rather surprised that he and I did not write a paper together.
So far as I can remember, our discussions led to some clarifi-

cation of the new ideas, but not to the discovery of anything
significant.

G. N. Lewis' 1916 paper introduced the theory of the shared
electron pair chemical bond and revolutionized chemistry.
Comparison is often made of G, N. Lewis' paper and the paper
by W. Kossel (3) that was published in the same year. Kossel's
paper (133 pages) was much longer than Lewis' (22 pages).
Even so, I think that Kossel's paper represented no significant
contribution. Much of it is nonsense. He gave a long discussion
of electrostatic valence, but nothing about covalence, although
he suggested electronic structures for some molecules in which
the electrons were related to two nuclei. He mentioned the
suggestion by Niels Bohr that in the hydrogen molecule two
electrons occupy the same circular orbit in a plane perpen-
dicular to the roidline between the two nuclei, and he sug-
gested that in the nitrogen molecule the two nuclei, each with
a pair of K electrons, are held together by 10 electrons moving
in the same circular orbit in the plane midway between the
nuclei and in the plane perpendicular to the internuclear line.
On the other hand, the two papers that Irving Langmuir
published in the Journal of the American Chemical Society
in 1919, comprising 84 pages, contained many significant
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contributions and additions to the theory of the shared elec-
tron pair chemical bond. For some reason Lewis was an-
tagonistic to Langmuir, and in my opinion did not give him
proper credit In his 1923 book "Valence and the Structure of
Atoms and Molecules" (4), Lewis mentions that after pub-
lishing his 1916 paper he had intended at a later time to
present in a more detailed manner the various facts of chem-
istry that made necessary his radical departures from the older
valence theory. He then continued (5)

This plan, however, was interrupted by the exigencies of war,
and in the meantime the task was performed, with far greater
success than I could have achieved, by Dr. irviog Langmuir in a
brilliant series of some twelve articles, and in a large number of
lectures given in this country and abroad. It is largely through
these papers and addresses that the theory has received the wide
attention of scientists.

It has been a cause of much satisfaction to me that in the course
of this series of applications of the new theory, conducted with
the greatest acumen, Dr. Langmuir has not been obliged to
change the theory which I advanced. Here and there he has been
tempted to regard certain rules or tendencies as more universal in
their scope than I considered them in my paper, or than I now
consider them, but these questions we shall have a later opportu-
nity to discuss. The theory has been designated in some quarters
as the Lewis-Langmuir theory, which would imply some sort of
collaboration. As a matter of fact Dr. Laiigmuir's work has been
entirely independent, and such additions as he has made to what
was stated or implied in my paper should be credited to him
alone.

G. N, Lewis' main contribution to chemistry was the idea
that the chemical bond (named the covalent bond by Lang-
muir) is at all times a pair of electrons held jointly between two
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atoms. Lewis also, after having placed the eight electrons of
what Langmuir called the octet (s2pe) at the comers of a cube,
suggested that the electrons are in pairs at the corners of a
tetrahedron. In this way he could ascribe to the acetylene
molecule a structure with a triple bond, three shared electron
pairs lying at the corners of the common face of the two carbon
tetrahedra. Lewis discussed the partial ionic character of co-
valent bonds by writing that the electron pair is midway be-
tween two identical atoms but may be shifted toward one or
another of a pair of non-identical atoms.

Langmuir (6) contributed the important idea of the elec-
troneutrality principle—that atoms in a molecule hold elec-
trons to such an extent as to keep the electric charge of each
atom close to zero. In applying the electroneutrality principle
be did not, however, make any correction for the shift of
electric charge resulting from partial ionic character. He
showed, using the electroneutrality principle, that a transition
metal may have high covalence, such as 8 for nickel in nickel
tetracarbonyl, to which he assigned a structure with a double
bond between the nickel atom and each of the carbon atoms
of the carbonyl groups. He introduced the concept of iso-
sterisro, pointing out that molecules with an equal number of
nuclei and an equal number of total electrons in general have
very nearly the same structures. He concluded that CO2, N^O,
NCO~, NNN~, and other such molecules are linear. The lin-
earity of the trinitride ion and the cyanate ion was shown later
by Sterling Hendricks and me through our X-ray diffraction
studies of potassium trinitride, sodium trinitride, and sodium
cyanate. Langmuir also reached the remarkable conclusion
that the nitrous oxide molecule has the linear structure NNO
rather than NON. In his discussion of the Heusier alloys,
which contain manganese, copper, and small amounts of ar-
senic, aluminum, or other elements and are ferromagntic, he
stated that "Copper has too many electrons. It gives one to
manganese to make the atom like the iron atom." This
statement shows remarkable insight.

Langmuir, however, was wrong in some of his ideas. He re-
garded quartz as containing SiOa molecules similar to the
molecules of carbon dioxide, and said that the hardness is the
result of the Seating of residual silicon-silicon forces. Lewis,
in fact, had made a similar suggestion in his 1916 paper. Only
in 1923 did Lewis reab'ze that the silicon atoms are held to-
gether by bridging oxygen atoms.

Langmuir also assigned to the P4 molecule a ring structure
containing alternating single and double bonds. He overlooked
the possibility of a tetrahedron with only single bonds between
the phosphorus atoms. Similarly, his structure for P4O8 in-
volves a square of phosphorus atoms held together by single
bonds, with two oxygens attached to each of two phosphorus
atoms and one to each of the other two—not a very sensible
structure.

In his 1923 book Lewis discussed early suggestions about
the electronic structure of molecules that had been made by
Kossel, Stark, and others, especially A. L. Parson, a student
who in 1915 published an interesting paper entitled "A
Magneton Theory of the Structure of the Atom." Parson
considered the electron as a rotating ring of negative electricity
that accordingly possessed a magnetic moment and could be
called a magneton. Lewis says that it was he who suggested
to Parson that the magnitude of the magnetic moment to be
assigned to such a spinning electron was constant, whereas
Parson had considered it to be variable. Parson and Lewis thus
anticipated by 25 years the discovery that the electron has a
spin and a magnetic moment. Lewis, however, then rejected
the idea, writing, "This idea has not proved fruitful, and it
seems unlikely, although perhaps not impossible, that an
electron possesses any magnetic properties except when it is
a part of an atom or a molecule."

Lewis felt an indebtedness to Werner, writing that "His
'Neuere Anschauungen auf den Gebiete der anorganischen
Chemie' (1905) marked a new epoch in chemistry; and in at-
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tempting to clarify the fundamental ideas of valence, there
ia no work to which I feel so much indebtedness as to this of
Werner's." However, in his discussion in 1923 of the types of
coordination postulated by Werner (octahedral, tetrahedrai,
square planar), Lewis did not make any mention of the results
of the study of crystals containing these coordination com-
plexes that had been published during the preceding two years
by Roscoe G. Dickinson and R. W. G. Wyckoff, who had ver-
ified the octahedral arrangement in crystals such as KgSnC^
and K2PtCls, the square arrangement in K2PdCI4 and
KaPtCLi, and the tetrahedrai arrangement in K2Zn{CN)4 and
K2Cd(CN)4. No X-ray work was being done at that time in the
College of Chemistry at Berkeley, and Lewis seems not to have
been following the developments in X-ray crystallography.

G. N. Lewis was remarkable in his originality. I was much
impressed in the early 192O's when I read his paper an-
nouncing the discovery of the O4 molecule. He had asked why
the paramagnetism of oxygen dissolved in liquid nitrogen
decreased as the concentration of the oxygen increased. He
was able to show that he could account for the experimental
values of the magnetic susceptibility of solutions of oxygen
in nitrogen by the assumption that there is an equilibrium
between paramagnetic molecules of dioxygen and the dia-
magnetie molecules of tetraoxygen, O4. From the values of the
paramagnetic susceptibility he was able to evaluate the
standard Gibbs free energy change and the enthalpy change
for the reaction.

Aa I think about the history of the chemical bond, I ask
myself why some of the discoveries that were made in the
quantum-mechanical era of the 1930's were not discovered
earlier. The electron egativity scale of the elements is an ex-
ample. It was formulated in 1933 through the analysis of the
decrease in enthalpy accompanying reactions in which single
bonds between like atoms are converted to single bonds be-
tween unlike atoms, such as lkH2 + W^h -* HC1. The basic
idea, attributed to quantum mechanics in 1933, is that the
partial ionic character of a bond makes it more stable, with
lower energy, than a pure covalent bond between the unlike
atoms. This idea is, in a sense, not a quantum mechanical idea;
we might well have concluded before quantum mechanics was
developed that if the actual bond is a covalent bond with
partial ionic character it must be more stable than the pure

covalent bond, because if it were less stable the molecule would
have a structure involving pure covalent bonds between the
unlike atoms. The necessity for making a correction in the
heats of formation of compounds involving reaction of diox-
ygen or dinitrogen {Os or Ng) with single-bonded elements to
form single-bonded products is a complication, but chemists
knew even before quantum mechanics that the bonds in these
molecules are not single bonds and that the molecules might
have greater stability than single-bonded molecules have.
Langmuir formulated the electroneutrality principle, but did
not make much use of it, and Lewis ignored it The reason may
well be that the principle does not work very well unless the
partial ionic character of bonds is taken into account, and until
the eleetronegativity scale was developed it was not possible
to discuss the partial ionic character in a satisfactorily quan-
titative way. Moreover, Lewis did not make use of the theory
of resonance, which had not yet been formulated in 1923 but
which might have been proposed, as was done by Robert
Robinson and C. K. Ingold in 1926, in the theory that Ingold
called mesomerism. Lewis in 1923 expressed some concern
that a structure of the carbonate ion in which one oxygen atom
is held by a double bond and two by single bonds seems, as had
been stated by Latimer and Rodebush (in Berkeley) three
years before (7), to be in contradiction with the apparent
trigona! symmetry of the ion in calcite as shown by X-ray
diffraction. The idea that the double bond resonates among
the three positions apparently did not develop in Lewis' mind
at that time.

Gilbert Newton Lewis showed himself to be one of the great
chemists of the 20th century through his work in chemical
thermodynamics and other fields, as well as through his for-
mulation of the basic principle of the chemical bond—the idea
that the chemical bond consists of a pair of electrons held
jointly by two atoms.
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Publications on Environmental Analysis and Ground Water Available from ACS
"Principles of Environmental Analysis," published in the December 1983 issue of Analytical Chemistry, is now available

as a separate brochure from the American Chemical Society. Developed hy the ACS Committee on Environmental Im-
provement's {CEI) Subcommittee on Environmental Monitoring and Analysis, this publication identifies elements needed
to obtain reiiable data as well as factors tiiat have been shown to produce unreliable measurements. Its intent is to aid in
the evaluation of the many options available in designing and conducting analytical measurements of environmental samples
and in the intelligent choice of those that will meet the requirements of the situation at hand. These situations range from
semi-quantitative screening analyses to those involving strict quality assurance programs intended to document the accuracy
of data for regulatory enforcement or legal purposes. Discussion focuses on planning, quality assurance, and quality control,
verification and validation, precision and accuracy, sampling, measurements, and documentation and reporting.

While the "Principles" brochure is meant as an aid to those working in the field, the ACS has also produced the third
in its series of informational pamphlets that discuss science-related regulatory issues and that are geared to the general
public. The "Ground Water Information Pamphlet," also written under the auspices of CEI, focuses on what ground water
is, where it occurs, and its volume and Quality. Due to the extensive use of ground water, the pamphlet alao outlines the sci-
entific aspects of ground-water depletion and degradation. It is not meant to formulate answers to the complex questions
inherent in ground-water management. It does, however, present fundamental concepts concerning the chemistry of ground
water and begins to huild a basis from which citizens can evaluate information about ground-water problems, construct
plans of action, and gauge the implications of that action. The pamphlet is written in clear, concise fanguage that educators
will find useful in the classroom for high school and college students alike.

Single copies of the pamphlets are free. Multiple orders can also be accommodated. To obtain a copy, call 202/872-8725
or write to Ms. Jean Parr, Department of Public Affairs, American Chemical Society, 1155 16th Street, NW, Washington,
D.C. 20036.
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The Triplet State
An Example of G. N. Lewis' Research Style

Michael Kasha
Department of Chemistry and Institute of Molecular Biophysics
Florida State University, Tallahassee, FL 32306

In the last two years of his life, between the ages of 68 and
70, Gilbert R Lewis brought to fruition and focus his long-
germinating ideas on the triplet states of molecules. I had the
great fortune to be his collaborator in this research. These
researches, published in two papers in the Journal of the
American Chemical Society in 1944 and 1945, were destined
to have a profound effect on the course of the subsequent
development of molecular spectroscopy and photochemistry.
However, the influence was not instantaneous, since more
than a decade was required to overcome the negative pressure
of prestigious opponents (Franck, Teller, Livingston, Rabi-
nowitch) and to unravel the complexities and misunder-
standing of earlier research,

In this presentation I shal! examine in retrospect the
background of ideas against which Lewis' last researches were
done, report my personal interactions with him in the hope
of revealing his personality and joi de vivre, reflect on some
general observations and views of Lewis on the conduct of
scientific research, give an analysis of a unique habit of Lewis'
writing of research previews, and indicate through his per-
sonal research memoranda to me his intensity of research
interest and activity in the last years of his life.

Historical Perspective on Molecular Triplet States
A spectroscopist today is easily baffled by any indication

that observing triplet states of organic molecules constitutes
in any way a difficulty or a mystery or puzzle, The evolution
of the observations and understanding of polyatomic molecule
singlet-triplet transitions took a quite different path than the
development of atomic and diatomic spectroscopy. The
knowledge of the latter subjects led Sponer and Teller (1941)
(J) to the view

As in the case of atoms we have, in first approximation, the se-
lection rule that oniy states of the same multiplicity combine
with each other. Intercombinations occur with appreciable inten-
sity only if the molecule contains some heavier atoms.

Such a background sets the stage for the expectation that in
molecules with low Z (or "light") atoms, such as C, N, 0 , and
H, no singlet •** triplet transitions are to be observed. Here we
can state at once the origins of the dilemma

(1) Radiationless transitions are essentially absent in atoms and
diatomic molecules and are known today to be simply the
common phenomenon in polyatomic molecules; thus, in
polyatomics a prevalent mode of excitation of highly for-
bidden state (e.g., triplets) is abundantly available.

(2) The terms "high intensity" and "high transition probability"
carry an implication of a direct correlation. But "intensity"
of emission is measured by quantum yield, so that "forbid-
den" triplet state of low transition probability (measured
by long mean lifetime) can be observed with high "intensity"
(meaured by high quantum yield) in polyatomic mole-
cuies.

(3) The original observations on phosphorescence emission of
organic molecules were made for rigid glass solutions (organic
so(vent mixtures frozen to glass at 90 K or 77 K). Most of the
early interpreters of the phosphorescence phenomena of
organic molecules were preoccupied with "clamping of un-
usual conformations (tautomers) by the rigid glass me-
dium"—which in those days seemed so essential to the ob-
servation of the long-lived luminescence.

Confusion concerning the three items just mentioned
abounds in the literature before 1944 and had a considerable
momentum afterward. We shall examine some of the key
contributions to the general background in the various au-
thors' own words and diagrams to indicate the gradually de-
veloping tapestry of uncertainty against which the work that
Lewis and I published in 1944 was hung,

G. N. Lewis on Triplet Ethytene and Singlet Oxygen
Lewis began to think about electron arrangements in eth-

ylene and molecular oxygen on the basis of electron pairing
long before any other researcher, as a consequence of his early
electronic structure models. Because ethylene triplet and
oxygen molecule singlet states are so intertwined with general
thoughts about the triplet states of molecules and their
quenching (involving singlet molecular oxygen), it is of interest
to cite Lewis' developing ideas on these species.

In his 1916 paper, "The Atom and the Moiecule" (2), Lewis
states hi considering interactions of oxygen and ethylene

These two forms of oxygen (which of course may merge into one
another by continuous graduations) can be represented as

:O::O: and : o : o :

and the two forms of ethylene as

H H H H

: H : C : : C ; H and H : C : O : H

These are clear Lewis electron-dot representations of sin-
glet and triplet arrays for the molecules. A later statement
(1924) clarifies the issue of their representing discrete
states

The enormous difference in magnetic properties between the
oxygen molecule and other molecules to which we attribute dou-
ble bonds seems to support the idea that the change from a non-
magnetic to a magnetic molecule is not a gradual process, but that
the molecule must possess at least one unit of magnetic moment
or no magnetic moment at all.

This paper (3) is titled "The Magnetochemical Theory"
and was the first to present in effect an electron spin restric-
tion on molecular interaction, a topic very much alive today.
Lewis did not speculate on the spectroscopic implications of
his normal and "diradical" configurations.

H. Kautsky: Sensltlzation Mechanisms by Molecular
Metastable States and by Singlet Oxygen

The German photochemist Kautsky wrote a long series of
qualitative papers which reported ingenious experiments
describing metastable excited states involved in photosensi-
tization processes.

Metastable states of molecules were cited in one series of
papers (4) in which Kautsky, et si. demonstrated effectively
that sensttization of molecules (energy transfer) by dyes is
facilitated by aggregation of the dye molecules. Kautsky
mistakenly thought that aggregation was a necessary pre-
condition for metastable state excitation, failing to distinguish
between intrinsic metastable state excitation and induced
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metastable state excitation. The nature of the metastable state
of dyes adduced by Kautsky was not alluded to. His diffuse
writings, merging many discrete phenomena and interpreta-
tions, had no diagrams or quantitative data.

Singlet molecular oxygen was cited by Kautsky et al. (5)
in another series of papers in which the excited singlet mo-
lecular oxygen species, generated by energy transfer from
metastable states of dyes, were considered the active inter-
mediate in photooxidation. This interpretation was lost until
its recent belated and fiery revival {6-8).

Singlet-Triplet Spectrum of Ethylene
In an early paper (9) C. P. Snow and C. B, Alsopp presented

a seemingly authentic weak absorption spectrum of various
ethylenes, interpreted as representing the singlet-triplet ab-
sorption. This observation escaped particular attention at the
time and proved to be ten times too intense to be genuine {10).
The singlet-triplet absorption was found by C, Reid in 1950
{11), the extraordinarily weak absorption observed from
31,000 to 37,000 cm"1 at 120 K requiring a 1.4-m path of liquid
ethylene.

Robert Mulliken visited Berkeley sometime in 1942 and
gave a talk about molecular orbitals of ethylene. G. N. Lewis
told his research student Jacob BigeleisenJ afterwards, "You
know, those triplet states that Mulliken was talking about in
ethySene are probably the phosphorescent state." So Lewis
had triplet states of organic molecules like ethylene very much
on his mind.

Jablonski Diagram for the Lowest Metastable State of Dyes
Jablonski, the Polish theoretical physicist, published an

interpretation (12) of some of the Kautsky observations on
the metastable states of dyes and other known physicai ob-
servations on dye-phosphors (dye molecules dissolved in sugar
glasses and boric acid glasses). He ignored the aggregation
phenomena which confused Kautsky and treated only the
intrinsic properties of dye molecules. A replica of his diagram

is labelled I in Figure 1. His states are labelled N, normal; F,
fluorescent; M, metastable. Jablonski could never accept the
M state as a triplet state, and even as late as 1958 (13) he still
tried to account for this state as a singlet excited state of low
probability! Key quotations from his first papers (12) clearly
reveal the concepts of {1) an intrinsic electronic metastabie
state, and (2) attempts to interpret the forfaiddeness of tran-
sitions by multipole or other than singlet-triplet mecha-
nisms:

We assume in the case that an "energetically isolated" dye-
molecule k phosphorescence-capable, then there must exist in
this molecule at least one metaatable level.

The transition between the ground level N and the metaslable
ievel M can occur only with small probability (as for example by
forced dipole radiation or quadrupole radiation). If there exists
somewhat above the level M and unstable level F, which com-
bines with the ground Jevel N {only this case will be discussed in
detail here), then wii! the level M in greater part be reached by a
detour through F.

Jablonski was entirely concerned with the mechanism of
photolitrriinescence processes of dyes, stressing a kinetic
derivation of the thermal activation of the F (fluorescent) level
from the M (metastable) level. It could be said that his
treatment would not apply to polyatomic (non-dye) molecules
in general, since the large excited singlet-triplet energy gap
would preclude Jablonski's kinetic treatment, aside from his
failure to accept the triplet designation of the metastable state
of molecules. Later use of the "Jablonski Diagram" fails to
recognize the limitations of his interpretations.

Franck and Livingston Tautomeric Metastable Model
The use of glassy media and adsorbed states in the study

of the phosphorescence of dye molecules was a major preoc-

1 Personal communication.
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Figure 1. Various enetgy diagrams tor dye mole-
cules.

I. Jabfonsk! diagram lor the lowest meiastabte
state of dyas (12).

II. Franck and Livingston tautomeric metastable
model (14).

HI. Lewis, Lipkin, and Magel's energy diagram of
Ruoresceln in boric acid (17).

IV. Lewis and Kasha's energy level diagram for add
tluorescein (19).

V, Kasha and Mcftae's energy level diagram for a
dye molecule versus s dye-dimer (?2|.
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cupation of all authors writing on the subject before 1944.
Thus in 1941 James Franck and Robert Livingston (14) pre-
sented the idea of a tautomer of the normal molecule rigidly
clamped by the environmental medium:

Many of the apparently conflicting facts of the photochemistry
as weii as of the phosphorescence and the fluorescence quenching
of dyes can he given a rational and unified interpretation if it is
assumed that an electronically excited dye molecule can go over,
by a process of interne! conversion, to the electronic ground state
of a reactive energy rich tautomer.

The Franck and Livingston diagram is reproduced as II in
figure 1. A potential curve model later given by Forster (15)
for the Pranck-Livingston model suggests the seemingiy un-
surpassable difficulty of generating a radiative phosphores-
cence by their scheme. Later experiments that 1 performed
(16) on perchlorinated aromaties, which cars experience no
tautomerism but still possess phosphorescence, did not per-
suade Franck and Livingston to abandon their scheme.

Lewis, Lipkin, and Magel Study of Fluorescein
Phosphorescence

In 1941 a general study of the phosphorescent state of acid
fluoreseein dye was published by G. N, Lewis and his col-
leagues (1 7). One of the main themes of this paper was the
quantitative corroboration of the Jabionski thermal activation
scheme for the M —• F decay path. Their diagram is repro-
duced as III of Figure 1 and was labelled "Energy diagram of
fluorescein in boric acid." The Lewis, Lipkin, Magel paper
presents ambivalent interpretations of the P (phosphorescent)
state

There seem to be but two reasonable assumptions as to the na-
ture of the phosphorescent state.

The first assumption is that a molecule in the F state changes
from a state of electronic excitation to a very highly excited vibra-
tional state of the N state The new molecule could now be re-
garded as a geometrical isomer of the normal molecule....

The second reasonable assumption is that in the P state the
atomic configuration is approximately the same as in the JV state,
but that one is an electromer of the other, such as a triplet state
(biradical), which now has a low probability of returning to the
normal state because of quantum inhibitions.

Lewis, like his contemporaries writing on the subject, was
also preoccupied with the rigid glass environmental effects,
and he wrote (17) colorfully on this aspect

We could think of the F molecules as held by the rigid medium
in their unstable configuration, as though by the jaws of a power-
ful trap.

The Lewis, Lipkm, and Magel research (77) contained
two experimental observations which were to have a powerful
effect on later researches.

(1) The saturation curve for phosphorescence of fluorescein dye
in boric acid glass was to prove fundamental to later studies
of photomagnetism, since triplet state population inversion
with respect to the ground state was demonstrated.

(2) The absorption spectrum of the P state was observed,
opening the door to many later triplet-triplet absorption
spectral studies and to the triplet state flash-speetroscopy
kinetic techniques.

Terenin on Photochemical Processes in Aromatic
Compounds

Terenin, the Russian photochemist, wrote a long descriptive
review interpreting and correlating previous researches in
photochemistry and luminescence studies in dyes and simpler
aromatics (18). This paper heavily depended on the Lewis,
Lipkin, and Magel (17) study and generousiy references the
latter. Terenin presented no spectra of phosphorescences of
organic moieeules, and his paper gave no energy level diagram
for metastable electronic levels of a molecule. His words show
some of the same ambivalence as Lewis, Lipkin, and Magei:

Several suggestions have been so far advanced as to the nature
of this metastable state in dyes, uiz.

(a) a highly endothermic and reactive dye tautomer, formed
by the transposition of a "labile" hydrogen atom;

(b> a geometrical isomer or distorted dye moiecuie formed as a
result of a strong vibration, imparted to tiie molecule in its radia-
tionless transit to the ground state, the abnormal configuration
being stabilized by the environment, acting like "jsws";

(c> an electromer of the dye, in particular, a triplet state or
biradical, from which the transition to the ground levei is being
prohibited by selection rules.

Terenin rules out tautomerism on the basis of energy con-
sideration and then states

It is, in our opinion, the alternative, mentioned under <b),
which, supplemented by the viewpoint (ct, can account for the
main facts.

Terenin, like his predecessors, was preoccupied by the rigid
glass environment problems, and concludes

The molecular modification of abnormally long life, which we
have denoted F, should correspond to a definite electronic config-
uration of the compound, differing from that of the excited state
!F*. We assume, furthermore, that it is stabilized by the forma-
tion of hydrogen bonds with the environment. The rigidity of the
medium, emphasized by G. N. Lewis and co-workers {(17)), has,
in our opinion, not only a purely mechanical meaning [empha-
sized by Lewis], but also a ehemicai implication, niz. the forma-
tion of "hydrogen bridges," participating to some extent in the
resonating structures of the compound and "smoothing" the way
from T * toF; we should rather speak of an "incipient tautomer-
ism" of the molecule, in this connection.

Terenin's appraisal (IS) seems to be at about the same
status of uncertainty as that of Lewis, Lipkin, and Magel (17).
Although apparently taking geometrical isomerism, triplet
assignment, and tautomerism with H-bonding in concert,
Terenin did start seriously discussing electron spin configu-
rations of triplets. His discussions of triplet aromatic mole-
cules together with singlet and triplet oxygen configurations
show unusual prescience.

Lewis and Kasha Molecular Triplet State Assignment
In our first paper in 1944 Lewis and I (19) made the un-

ambiguous jump to assign the lowest excited metastable state
of organic molecules as an intrinsic triplet electronic state. Our
broad study of spectra of 89 molecules reported the great
generality of the phosphorescence phenomenon, and we es-
tablished the independence of the triplet-singlet emission
from the nature of the medium by using a variety of rigid glass
solvents. The detailed story of the personal interaction be-
tween myself, a young graduate student, and Lewis, who was
doing his last piece of major research, to produce both the data
and its theoretical interpretation will be told in a later section
of this paper.

The energy level diagram which we proposed is reproduced
as IV of Figure 1, with explicit labelling of singlet and triplet
manifolds. This diagram is an explicit relabelling of the Lewis,
Lipkin, Magel diagram, III, Since the latter diagram was for
data on acid fluorescein in boric acid glass, we unwittingly
performed a disservice to the literature by labelling IV as
"Jabionski diagram for fluorescein in boric acid glass," in-
tending to stress the a-phosphorescence (thermally activated
T—S' -* S) versus the spontaneous ^-phosphorescence (T —•
S) (the primes also not corresponding properly to excited
configuration singlets!). In view of the relation of Jablonski's
contribution, this diagram should be properly labelled "En-
ergy level diagram for acid fluorescein."

McRae and Kasha Exciton Intersystem Crossing Diagram
We return in concluding this section to the Kautsky di-

lemma: intrinsic metastable states of dyes versus dimeriza-
tion-induced metastable states. Theo Forster in 1946 accepted
the gauntlet thrown down by the Kauteky experiment and
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showed (20) that by dipole-dipole coupling, of parallel-tran-
sition-momeat dimers a forbidden (metastabte) singlet-state
for the dimer should arise. He assumed this to be the meta-
stable level ascribed by Kautsky to both phosphorescence and
photosensitization (our 1944 paper was still not available to
Forster because of World War II dislocations). Forster later
(21) adopted our triplet state model for the metastable
state.

McRae and I (22, 23), pursuing Szent-Gyorgyi's experi-
ments on dye phosphorescence enhancement in frozen water
versus frozen alcohol glass, approached the dye-dimerization
problem by molecular exciton theory. Our diagram is given
in Figure 1 as V, showing that for a dye molecule singlet-singlet
fluorescence dominates the luminescence, whereas in the
dye-dimer (in water) the metastable singlet exciton state ra-
diationlessly goes over completely to the triplet state, giving
phosphorescence dominance in the dimer. Thus, we effectively
explained the Kautsky dilemma, and in effect, combined
Forster's two diagrams into one.

Research with G. N. Lswte2

First Contacts
When I came to Berkeley in February, 1943, G. N. Lewis was

68 years old and had recently stepped aside as dean of the
College of Chemistry; I had just turned 22.1 had come as a
graduate student determined to work with Lewis, as he was
certainly the best known physical chemistry professor then
at the University of California at Berkeley. The chemistry
graduate students were required to select a professor before
the end of their first semester and to commence research in
that term. I went through the obligatory list of interviews in
pro forma routine, saving Lewis for the last. My first hour with
Lewis was impressive. I must have appeared nervous, for
Lewis said, "Now don't think I'm going to embarrass you by
asking you a lot of detailed questions about physical chemis-
try. I would just like to tell you about some of the interesting
research which we have been thinking about recently,"

Lewis then proceeded to talk with excitement about the
phosphorescence studies done with David Lipkin and Theo-
dore Magel and the absorption and photochemical studies just
then being completed with Jacob Bigeleiseri, who overlapped
with me for the month of May of 1943. Lewis and Calvin had
developed earlier a semi-classical theory of light absorption
in dye molecules, and Lewis and Bigeieisen had done both
some elegant polarization studies of #-band andy-band mo-
lecular coordinate resolution of the electronic transitions as
well as related photochemical studies.

Lewis had his mind on a new class of dye molecules, the
large poiyeyelie quinones (like pyranthrone, violanthrone),
and suggested that I measure their absorption spectra care-
fuily. Bigeieisen gave me a master's introduction to what was
probably the Chemistry Department's sole electronic in-
strument, the battery-operated Beekman DU Spectropho-
tometer, housed in the Old Chemistry Building. Having
learned its operation (and idiosyncrasies), I proceeded to
measure absorption curves of my dyes. The instrument scale
started at 2000 nm (then mfi!), and so did my readings.

An Intensive Month of Spectrophotometry

I measured several curves one week from 2000 nm (hardly
knowing that I was in a forbidden region of the infrared), to
200 nm, the other limit of the instrument. No one in the lab-
oratory had done this before (as all sensible operators started
at 750 nm—the visible limit), and I-ewis was astonished to see,

2 This and the sections of this report designated with an asterisk are
taken from Kasha, M., "Four Great Personalities of Science—G. N.
Lewis, J. Franck, R. S. Mufliksn, and A. Szent-Gyorgyi," Scientific Es-
says, Tokyo Science University Lectures, 1979, to be published.

t h a t in add i t ion to a s t rong absorp t ion b a n d expected in t he
visible region, I had found an unexpected characteristic s trong
b a n d in t h e midd le of t he neaT infrared for each dye I had
s tud ied .

Lewis began t o specula te : wha t could th i s new electronic
band be? He soon had an explanation. T h e poiyeyelie quinone
dyes which we were s tudying could be descr ibed as large pla-
nar oval or round molecules. Lewis thought : "Could it be t h a t
we have found t he low-energy circular osciilation of electrons,
in addi t ion to t he higher energy x a n d y Cartes ian oscillation
of t h e previous t y p e ? " T h e t e s t was t h e n t o s tudy as m a n y
linear absorb ing moiecules as could be found: a carotene or
lycopene. Special samples were obta ined from Professor
Zechmetster of Cal Tech. While waiting a week or two, I added
to our list of new spectra .

T h e absorp t ion curves for t h e " l i nea r " electronic sys tems
(carotenes) revealed once again s trong electronic b a n d s in t he
near infrared region, characteristically mimicking t he visible
absorp t ion b a n d s of t he molecule, as in previous " r o u n d
molecu le" cases. E a c h molecule showed a typical v ibra t ional
envelope, b a n d width , and spectra l posit ion, analogous to i ts
s t rong character is t ic visible absorpt ion .

W h e n Lewis saw t h a t t he Beekman Spec t ropho tomete r
gave these resul ts on linear molecules as well, he said,

"Take Me To Your Spectrophotometer!"

Lewis asked me to explain t he various componen t s a n d the i r
opera t ion , H e h a d me unscrew t h e p h o t o t u b e a n d cell com-
p a r t m e n t s , exposing t he exi t slit of t he spec t rometer .

T h e n h e said,

"Set the monochromalor dial for 550 rojU,"

a n d poised himself in line with t he exit beam.

H e said,

"I see GHEEN."

T h e n ,

"Set the monoehromator for 600."

H e said,

"I see YELLOW."

T h e n ,

"Set the monochromator for 700."

He said,

"1 see RED."

T h e n ,

"Now, set the monoehromator for 1,000 nt/i."

W i t h exc i tement ,

"Aha! I am the first man to see the INFRARED. And it is
GREEN!"

Lewis had suspec ted t h a t t h e monoehromator was misbe-
having , a n d we quickly saw t h a t t he whole of the visible
spectrum could be seen on this i n s t r u m e n t by scanning t he
n e a r infrared from 750 to 2,000 m&. T h u s , any visible dye
would show an illusory absorpt ion spec t rum on the back-
ground of this sca t te red light, appa ren t l y ref lected off t he
ins t rumen t wall. T h e r e are probably some false curves in t h e
earlier l i t e ra ture based on th i s error . Lewis t a u g h t m e t o be
wary of i n s t rumen ta l per formance .

Phosphorescence and the Triplet State
Lewis held a daily research conference with me at 11:00

a.m., usually lasting an hour. Each session launched major
plans to be carried out that very afternoon and evening. By
the end of such an hour, a whole strategy for the day was
mapped out. No apparatus was too complicated to be assem-
bled that day, at least in a preliminary form. Of course, I had
an enormous advantage over other graduate students since
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Lewis could call on any and all shop men for instant ser-
vice.

After the month's debacle with the dye spectra, Lewis and
I both wanted a refreshing change. I suggested phosphores-
cence had many puzzles to resolve. Lewis agreed, and said,
"Have the shop build a phosphoroscope." Lewis then left for
a month's vacation. It was the first day of June 1943, and Bi-
geleisen had two or three days left in Berkeley. "Jake, what
is a phosphoroscope? " I asked. He was furious that I had not
used the library. "Look it up!" was his answer. I studied the
idea of the Becquerel phosphoroscope, and designed one with
parallel discs and had it built the nest day. Bigeleisen's parting
suggestion to my question "What shall I study?" was: "Try
carbazole, it seems to have a very long-lived blue-violet
phosphorescence." This suggestion proved to be worth its
weight in gold. In the Lewis inner laboratory, where the old
brass-tube and mahogany-wood-boxed Medium Hilger Quartz
Spectrograph was housed, was a score of large desiccators
containing boric acid and dextrose glass phosphor slabs made
with various dyes BB solutes {from the 1941 work of Lewis,
Lipkin, and Magel). All of these dye "phosphors" exhibited
broad-structureless phorphorescence. If I had also studied
only dyes, our work may never have developed the direction
and significance that it did subsequently.

The carbazole molecule spectrum was astonishing, even to
me as a beginning spectroscopist. The spectrum consisted of
numerous marvelously detailed "sharp" bands. I don't know
how I contained my excitement. I probably showed my spec-
trographic plates to everyone in the building. Jacob Bigeleisen
had left before I got a spectrum. Lewis was away for a month.
I was the only graduate student in his laboratory. Having just
finished Harvey White's Atomic Spectra and Structure course
in the Physics Department, the excitement of spectroscopy
was in me. That month I ran through several dozen molecular
samples: naphthalene, benzophenone, anthraquinone, benz-
aldehyde, nitronaphthalene, etc. Every molecule showed
characteristicaily "sharp" banded structure, All of these were
studied in EPA glass at 90 K (we had only liquid air as a
coolant). The bands observed, were very numerous and highly
structured compared with any of the dye spectra which had
been obtained in the laboratory before.

Lewis was delighted and excited by the result when he re-
turned. Our work was now turned fully to a broad exploration
of the phosphorescence of organic aromatic molecules in rigid
glass solution at low temperature. My phosphoroscope, vac-
uum sublimers, and vacuum stills ran 24 hours a day for the
year. At the end of that first summer I was allowed to give a
research seminar on the preliminary observations. Admit-
tedly, the presentation was somewhat repetitive in that I tried
to show how virtually every moieeule we studied showed a
characteristic low-temperature phosphorescence—especially
if the molecules were non-fluorescent. The rest of that year
was spent in an intensive study of the phosphorescence of over
100 different molecules.

In July of 1944 our work was ready to be written up. The
procedure used in writing this long paper is worth record-
ing—as it at first startled me. Lewis seated me comfortably
in the wide-armed, high-backed wicker chair which greeted
all his guests, with pad and paper in my hand, and dictated
the paper in perfect flowing English from beginning to end!
I was allowed little interruptions here and there, with an oc-
casional slight change of perspective, but on the whole that
first paper (entitled "Phosphorescence and the Triplet State
(19)) was already in Lewis' mind. How could he do it? I won-
dered. Then I realized that everything had been discussed
endlessly in the laboratory, and finally, as Lewis puffed his
cigar and paced up and down Gilman HalJ and across campus,
the perfect phrasing of each thought was developed. And when
we sat down together, he was ready!

It is odd in retrospect that "Phosphorescence and the
Triplet State" shouid have to come as late in 1944 as a secure

molecular correlation, In atomic spectroscopy and diatomic
spectroscopy there was no difficulty with assigning multi-
plicities and observing forbidden transitions. I believe that
one of the retardations on the understanding of polyatomic
triplet states was the fact that the techniques used for obser-
vation of molecular phosphorescence, solid solutions in rigid
glass matrices, impinged on the doped-inorganic-impurity
phosphors, and the suspicion carried over that the strange
rigid-glass media those Berkeley chemists were using could
involve analogous solid state phenomena. It is hard to believe
today .the general negativism and even hostility which greeted
the presentation of this work. It took 10 years to overcome
early prejudices before the phosphorescence of molecules
assigned as the lowest triplet — singlet transition became
universally accepted as it is today. Certainly the Lewis and
Kasha study showed that phosphorescence was an intrinsic
molecular characteristic, independent of the medium or sol-
vent used. Probably, aside from the novelty of the apectro-
scopic technique, the lack of comprehension of the rote of
radiationless processes in polyatomic molecules was the other
source of diffidence.

In the second year of my work with Lewis, World War II was
in its intensive final stages, and I was permitted to remain in
Berkeley only if I joined a wartime research project. I easily
made the timely decision to take on the heavy extra burden
in order to continue with Lewis. So in this second year, Lewis
and I saw each other each evening and Saturdays, and fre-
quently on Sundays. We averaged six hours a day together in
our whole period of two and one-half years of contact. Our first
paper was written in July and August 1944 in the evening
hours between 7 and 11 p.m. Meanwhile, our attention had
turned to singlet-triplet absorption studies, and a paper was
published in June 1945 entitled "Phosphorescence in Fluid
Media and the Reverse Process of Singlet-Triplet Absorption"
(24). In February 1945 i had completed my PhD degree on the
basis of these two researches.

G. N. Lewis Daily Research Memoranda
In June 1943 the research on phosphorescence of organic

molecules in low-temperature rigid glass solvents had started
in earnest. It may not be out of place to give some indications
of the intensity of this research and the pressures which pro-
duced such a concentrated effort. The world was at war and
academic research in universities was under severe restriction
from every side. In 1943 I was still eligible for deferment from
Army conscription since I was a teaching assistant in general
chemistry, teaching especially the large groups of Navy
Medical Corps students. There was a realization that all of the
few graduate students of chemistry would rather soon take up
war work of one kind or another. Perhaps that contributed to
the pace of work as much as anything.

In interviewing me a few months earlier, Lewis gave a fair,
thoughtful appraisal of our future relationship, He said, "You
don't know me, and t don't know you. Let us say you start an
apprenticeship, and in a month or so, for any reason, if you
don't like working with me, or 1 don't like working with
you—then we can part freely without friction on either side."
We immediately worked so well together that the appren-
ticeship was never mentioned again.

Lewis had asked no questions about my background, but
two of my past experiences prepared me especially wen for the
intensive period ahead. In my teen years I was in effect the
apprentice of a Pennsylvania carpenter and cabinet maker of
unusual skiil. I was his "man Friday." Every evening I was his
instant assistant, knowing every tool, knowing every piece of
stock in his shop. I could tell by his glance what he wanted
next, hardly more than a nod being necessary. In working with
Lewis,! developed the same relationship. In our many hours
together each afternoon, I knew his favorite optical filters, his
favorite optical accessories. Our work went swimmingly, and
we had much good humor between us.
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Figure 2. Lewis at vacuum line in laboratory on the third lloor of Gliman Hall at
the time tn 1940's when he was conducting research on color and the triplet
state.

M y s e c o n d e x p e r i e n c e of w h i c h L e w i s h a d n o i n k l i n g w a s
m y t w o a n d o n e - h a l f y e a r s e m p l o y m e n t a t t h e M e r c k R e s e a r c h
L a b o r a t o r i e s i n R a h w a y , N . J . W h i l e g o i n g t o T h e C o o p e r
U n i o n N i g h t S c h o o l o f E n g i n e e r i n g i n N e w Y o r k C i t y , I
w o r k e d f i r s t w i t h t h e f a m o u s c h e m i s t K a r l F o l k e r s o n e r y t h -
r i n a a l k a l o i d e x t r a c t i o n f r o m p o i s o n h e a n s , a n d f r a c t i o n a t i o n
of t h e a l k a l o i d c o m p o n e n t s . M y t r i u m p h w a s t h e s e p a r a t i o n
of 1.5 g of c r u d e a l k a l o i d i n t o 14 p u r e a l k a l o i d c o m p o n e n t s b y
m i c r o c r y s t a l l i z a t i o n t e c h n i q u e s . I n m y s e c o n d y e a r I d i d m i -
c r o b i o a s s a y s fo r t h e e n t i r e r e s e a r c h l a b o r a t o r y , w h o s e s t a f f
w a s i n h o t p u r s u i t of a t h e n u n k n o w n v i t a m i n , p a n t o t h e n i c
a c i d . I w o r k e d o n e v e r y a s p e c t o f t h i s {a t t h e a g e o f 1 8 - 1 9 ) :
p i l o t p l a n t i s o l a t i o n , s y n t h e s i s of i n t e r m e d i a t e s , a n d t h e d a i l y
b i o a s s a y s (Lactobadllus casei g r o w t h c u r v e s ) . T h e e x c i t e m e n t
of p u r s u i n g a n e l u s i v e r e s e a r c h g o a l , a n d t h e p r e s s u r e o f t h e
r e s p o n s i b i l i t y o f t h e d a i l y b i o a s s a y c o u p l e d w i t h n i g h t s c h o o l
e n g i n e e r i n g s t u d i e s t u n e d m y w o r k i n g h a b i t s t o t h e i n t e n s e
r e g i m e t a c i t l y d e m a n d e d b y L e w i s .

O u r d a i l y r o u t i n e s t a r t e d w h e n L e w i s a p p e a r e d i n h i s of f ice
a t 11 a . m . fo r o u r 1 -hr l e c t u r e - d i s c u s s i o n a t t h e b l a c k b o a r d .
T h e a f t e r n o o n ' s w o r k n o w o u t l i n e d , h e w e n t t o t h e F a c u l t y
C l u b , w i t h t h e e x p e c t a t i o n t h a t u p o n h i s r e t u r n a t 2 p . m . t h e
n e w e x p e r i m e n t s w o u l d b e r e a d y . Q u i t e o f t e n t h i s m e a n t a
m a j o r f e a t o f g l a s s b l o w i n g , m e t a l w o r k , c a r p e n t r y , e l e c t r i c a l
w i r i n g — e s p e c i a l l y if a p p a r a t u s h a d t o b e m o v e d i n t o t h e
b u i l d i n g c o r r i d o r a s i t o c c a s i o n a l l y w a s . S e v e r a l s h o p p e o p l e
w o u l d b e w o r k i n g f u r i o u s l y t o g e t t h i n g s r e a d y . F r o m 2 u n t i l
5 o r 6 p . m . w i l d , r o u g h e x p e r i m e n t s w o u l d b e d o n e . ( F i g u r e 2
s h o w s L e w i s d o i n g v a c u u m l i n e w o r k f r o m t h i s p e r i o d . ) T h e n
L e w i s w o u l d t a k e h i s d e p a r t u r e w i t h t h e c o m m e n t s : " V e r y
G o o d ! V e r y I n t e r e s t i n g ! J u s t p o l i s h u p t h e m e a s u r e m e n t s a
b i t a n d w e l l s t u d y t h e m i n t h e m o r n i n g , " A f t e r a q u i c k d i n n e r
I w o u l d r e t u r n t o t h e l a b a n d f r e q u e n t l y w o r k u n t i l m i d n i g h t
o n t h e e x p e c t e d p o l i s h i n g o f t h e a f t e r n o o n ' s w o r k . I n t h e
m o r n i n g , w i t h a l o t o f n e a t c u r v e s , s p e c t r a l p l a t e s , t a b l e s o f
d a t a l a i d b e f o r e h i m , L e w i s w o u l d s a y : " W e l l , w e d i d v e r y w e l !
y e s t e r d a y a f t e r n o o n , d i d n ' t w e ? ! "

L e w i s w o u l d s c r i b b l e n o t e s t o m e if w e s o m e h o w m i s s e d
e a c h o t h e r . I s a v e d t h e s e i n a f i le s o t h a t I w o u l d n o t f o r g e t to
c a r r y o u t a n y r e q u e s t s . T h e n l a t e r 1 r e a l i z e d t h e y c o u l d b e o f
h i s t o r i c a l i n t e r e s t , s o I s t i l l p o s s e s s w h a t I r e c a l l t o b e t h e

c o m p l e t e s e t . T h e y a r e s c r i b b e d i n so f t p e n c i l o n y e l l o w p a p e r .
U n f o r t u n a t e l y , m o s t a r e u n d a t e d , b u t t h e r e s e a r c h t h e y d e -
s c r i b e a l l o w s t h e i r s e q u e n t i a l a r r a n g e m e n t . T h e f e w t h a t I
d a t e d a t t h e m o m e n t a r e i n d i c a t e d . T h e y t e l l a f a s c i n a t i n g
s t o r y o f L e w i s ' i n t e n s e i n t e r e s t i n o u r r a p i d l y e v o l v i n g
p r o j e c t .

O u r first m o l e c u l e o f s p e c i a l i n t e r e s t w a s c a r b a z o l e b e c a u s e
of i t s " s h a r p " b a n d s . B y t h e s t r a n g e s t c o i n c i d e n c e t h e t w o
s t r o n g e s t v i b r a t i o n a l p e a k s o f t h e p h o s p h o r e s c e n c e o f c a r -
b a z o l e c o i n c i d e d a l m o s t e x a c t l y w i t h t h e 4 0 4 7 a n d 4 3 5 8 A l i n e s
of o u r 1 - k W A H 6 h i g h - p r e s s u r e , m e r c u r y - e x c i t i n g l i g h t . L e w i s
a t f i r s t t h o u g h t w e h a d s o m e s u p e r - e n h a n c e d R a m a n s c a t -
t e r i n g . I n a r a t h e r d r a m a t i c e x p e r i m e n t u s i n g a p o w e r f u l
M g - c o r e d c a r b o n a r c , w i t h t h e b e a m t r a n s p o r t e d a c r o s s 5 m
of l a b o r a t o r y a n d w i t h o u r p h o s p h o r o s c o p e f l a s h i n g ( e v e r y o n e
i n G i l m a n c a m e t o s e e t h e b i g e x p e r i m e n t ) , w e q u i c k l y f o u n d
t h a t e v e n w i t h f a r t h e r U V e x c i t a t i o n t h e s a m e c a r b a z o l e
p h o s p h o r e s c e n c e b a n d s r e s u l t e d . W e d i d e v e r y k i n d o f e x -
p e r i m e n t t o p r o v e t h a t o u r p r e v i o u s l y u n o b s e r v e d c a r b a z o l e
b a n d s w e r e u n i q u e , r e a l , a n d c h a r a c t e r i s t i c . L e w i s le f t m e t h e
f o l l o w i n g m e s s a g e .

/ think the most important next thing is to get the fluorescence
of carbazole in liquid air-—it may take a very long exposure but the
overexposure of the phosphorescence is too far away to bother.

G N L

W e t h e n b e g a n s y s t e m a t i c a l l y t o s t u d y a l l s o r t s o f t y p i c a l

o r g a n i c s t r u c t u r e s :

After dinner the whole still should be at room temperature
Remove inner part—scrape off what you want of the naphtha-

lene—and replace inner part in still
G N L

W e b e g a n t o r e c o g n i z e q u i c k l y t h a t w e c o u l d t e l l p u r i t y o f
o u r c o m p o u n d s f r o m t h e s i m p l i c i t y a n d b e a u t y o f t h e p h o s -
p h o r e s c e n c e b a n d s . N a p h t h a l e n e u s u a l l y s h o w e d a g h o s t
s p e c t r u m t o h i g h e r f r e q u e n c y , w h i c h I c o u l d o n l y g e t r i d o f b y
c r y s t a l l i z a t i o n f r o m e t h a n o l , w h e r e a s s u b l i m a t i o n s e e m e d to
c o n c e n t r a t e t h e i m p u r i t y , I l a t e r d i a g n o s e d t h e v o l a t i l e i m -
p u r i t y t o b e b e n z o t h i o p h e n e .

T h e v e r y l a r g e p o l y c y e l i c q u i n o n e v a t d y e s w e r e s t i l l o n
L e w i s ' m i n d , b u t r u n n i n g c o n c e n t r a t e d H 2 S O 4 a s a g l a s s s o -
l u t i o n o f t h e p o l y c y e l i c q u i n o n e s a t 9 0 K g a v e v e r y c o m p l e x
b a n d s .
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7/6/43
When you do the vat dyes in Ha SO41 suppose you will use the 9000

A plates if there is phosphorescence
GNL

Lewis got very interested in the vibrational structure and
bad Linus Pauling pay a visit. Pauling then wrote a commu-
nication for the Journal of the American Chemical Society
at Lewis' suggestion using our data.

ft

( HI i htfi 'llrfir~; * • utui ••tij ii--hi'>? ,t-hn,i, ,i-l,(<i, w<l •
for this evening, GNL

12/27/43
/ think this is the filter we want—511. with a yellow filter on the
other side. C11SO4 should also be used.

Perhaps, uihen I come in tomorrow we will try the effect of O3. We
shall want fluoresein and eosin in slightly alkaline alcohol

We kept up the oxygen quenching experiments; we con-
tinued extending our repertoire of spectral types of phos-
phorescence.

*>••/. , - < • .

1 2 / 2 8 / 4 3

M y e x p e r i m e n t s w e r e i n t e r e s t i n g , a n d I w a n t t o t r y t h e m a l l a g a i n

i n y o u r p r e s e n c e •

I n t h e m e a n t i m e s t a r t s u b l i m i n g i n v a c u a a l i t t l e d i n i t r o ~ d i -

p h e n y l

G N L

W e s p e n t q u i t e a b i t o f t i m e l o o k i n g a t s i m p l e m o l e c u l e s ,

d i s c u s s i n g l i t e r a t u r e i d e a s o n t r i p l e t e t h y l e n e e s p e c i a l l y . T h e

e t h y l e n e e x p e r i m e n t w a s d o n e b a d l y , s i n c e w e d i d n o t c h e c k

i f a n y l i g h t w a s a b s o r b e d . T h e h i g h - p r e s s u r e a r c p r o b a b l y w a s

u n s u i t a b l e a s a n e x c i t a t i o n s o u r c e .

We began to study molecules with unsaturated functional
groups (nitto-, carbony!-, etc.) and began to observe the
uniquely short-lifetimes and simpler spectra of their phos-
phorescences (they were later recognized as n,ir* triplet
emissions).

I think I would like one photograph of 2-nitro-fluorene

r

" „,. P~

GNL

Regrease main stopcock on vac line.
Tried two tubes of C^H^—no phosph. to speak of.
This tube is SO% Brilliant green phosph! one of the shortest half

lives we have seen. No good bands

We were aware of the wavelength problem, but had no better
luck with the next larger polyene.

Lewis was toying with ideas of O2 perturbation, but we did not
succeed in accomplishing any definitive work on this, since
when our solvents were frozen in glass, the perturbation effects
were negated. (This dilemma plagued me for several years
until I thought of the singlet-triplet absorption experiment
in ethyl iodide solvents.) The data of this memorandum re-
minds me that I had Christmas day off from research that
month, but it was very lonely because my family was 3000
miles away and my brother was fighting tanks in Europe.

/ • - -

V " »

B u t a d i e n e — n o p h o s p h . !

P o l y e n e s t u r n e d o u t t o b e e l u s i v e f o r a l o n g t i m e a f t e r w a r d .

I n a b o u t F e b r u a r y 1 . 9 4 4 , a b i g p e r s o n a l d e c i s i o n l o o m e d : j o i n

t h e U . S . A r m y , g o t o C e n t r a l A m e r i c a o n a S i g n a l C o r p s

p r o j e c t , o r j o i n t h e M a n h a t t a n D i s t r i c t ( P l u t o n i u m P r o j e c t )

i n B e r k e l e y . L e w i s e x p r e s s e d h i s h o p e t h a t I w o u l d d o t h e l a s t ,

a n d 1 d i d w i t h o u t b e s t i a t i o n , a s I c o u l d c o n t i n u e w o r k i n g w i t h

h i m e v e n i n g s , S a t u r d a y s , a n d S u n d a y s . T h e P l u t o n i u m

P r o j e c t w o r k w a s v e r y d e m a n d i n g , a n d w a s a l s o e m o t i o n a l l y

d r i v e n , s i n c e w e w e r e a b l e t o s e c u r e s e c r e t G e r m a n w a r r e p o r t s

o n t h e i r p r o j e c t . C o n s e q u e n t l y , w e w e r e d e d i c a t e d t o t h i s w o r k ,

a n d I r e m e m b e r 6 0 - 6 5 - h o u r w o r k w e e k s b e i n g n o r m a l . T h e n

I w o r k e d w i t h L e w i s f r o m 7 u n t i l 1 0 , 1 1 , o r 1 2 p . m , ( a n d h e
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came in regularly each evening) and every Saturday morning
and afternoon. On Sundays I worked alone.

At the end of our first year of research on phosphorescence
I had recorded the spectra of more than 100 molecular species.
Eighty-nine of these were published, and very few proved to
be erroneous—in spite of the lack of refined techniques of
chromatography, VPC, IR, NMR, mass spectrometry, etc.
available today,

In about July 1944 we began to write our first paper, and we
started exploring singlet-triplet absorption. Looking at the
long-wavelength edge of dye spectra proved difficult and fu-
tile. We began to look at the absorption spectra in long tubes,
first in a 1-ro cell, then in a 5-m optical cell rigged up in the
corridor in front of our spectrometer.

.'„. /

First of all we must try, in our long tube, all sort of pure Uq-
uids—such as toluene, alcohol (either ethyl or methyl) etc.

GNL

Otto Redlich, of the Redlich-Teller vibrational frequency
product rule, was living in Berkeley, and was called in for ex-
pert advice. I believe it was he who suggested to Lewis that the
weak bands we were finding in 5 m of liquid benzene in the
visible and near UV (!) were really IR overtone bands.

Figure 3. G. N. Lewis on his 70th birthday. Photo by author.

w h i c h h e w a s o p e n i n g a n a m p u l e o f / 3 - c a r o t e n e o b t a i n e d f r o m
Z e c h m e i s t e r { " O p e n in a n O g - f r e e a t m o s p h e r e " ) . S o I s a i d ,
" T h i s is P r o f e s s o r L e w i s , " p o i n t i n g to L e w i s i n a f rog - l i ke p o s e
o n t h e f loor . R e d i i c h w a s v i s i b l y e m b a r r a s s e d b u t i n t r o d u c e d
h imse l f , L e w i s e x c l a i m e d t o m e , " O h , t h i s is t h e m a n w h o
i m p r o v e d m y b o o k ! " R e d l i c h h a d a d d e d a c h a p t e r o n s t a t i s -
t i c a l t h e r m o d y n a m i c s t o t h e G e r m a n e d i t i o n o f L e w i s a n d
R a n d a l l . R e d i i c h a g a i n b l u s h e d w i t h e m b a r r a s s m e n t .

A s w e b e g a n t o t h i n k h a r d e r a b o u t s i n g l e t - t r i p l e t a b s o r p t i o n
a n d t o d e v e l o p t h e E i n s t e i n A/B r e l a t i o n s h i p , w e i n i t i a t e d a
s t u d y o f s h o r t e r - l i v e d p h o s p h o r e s c e n t m o l e c u l e s fo r t h e i r
c o r r e s p o n d i n g l y e n h a n c e d s i n g l e t - t r i p l e t a b s o r p t i o n s

/ • •

Unfortunately it is now pretty sure that our bands are an exten-
sion of the molecular bands of benzene—but do benzene and perhaps
dicklorethylene and acetone in the long tube anyway.

G N L

« • • > • • - ' •

N e v e r t h e l e s s , t h e o b s e r v a t i o n o f t h e I R o v e r t o n e b a n d s g a v e

u s c o n f i d e n c e t h a t t h e 3 4 0 0 A r e g i o n w e a k a b s o r p t i o n b a n d s

f o u n d i n l i q u i d b e n z e n e w e r e i n d e e d e l e c t r o n i c b a n d s , w h i c h

c o u l d b e c o r r e l a t e d w i t h o u r t r i p l e - s i n g l e t e m i s s i o n b a n d s

f o u n d f o r b e n z e n e c o m m e n c i n g i n t h e s a m e r e g i o n .

L e w i s k n e w O t t o R e d l i c h o n t w o g r o u n d s . F i r s t , J a c o b B i -

g e l e i s e n h a d g o t h i s M S d e g r e e w i t h R e d l i c h a t W a s h i n g t o n

S t a t e i n P u l l m a n f o r a R a m a n s t u d y o f t h e d i s s o c i a t i o n o f

n i t r i c a c i d — t h e n h e c a m e t o B e r k e i e y a n d p r o v e d t o b e o n e

o f L e w i s ' b e s t s t u d e n t s L e w i s e v e r h a d . T h e s e c o n d w a s a n

i n s t a n c e w h i c h o c c u r r e d w h e n T w a s i n t h e l a b o r a t o r y a n d a

d a r k - h a i r e d , r o b u s t A u s t r i a n g e n t l e m a n a p p e a r e d a t m y d o o r

a n d s a i d w i t h a h e a v y a c c e n t , " W h e r e m a y I f i n d t h e H e r r

D o k t o r P r o f e s s o r L e w i s ? " A s i t h a p p e n e d , L e w i s w a s s i t t i n g

o n t h e floor w i t h a b u c k e t c o n t a i n i n g d r y i c e c h i p s w i t h i n

I t h i n k b e n z o p h e n a n e i s t h e m o s t i m p o r t a n t s u b s t a n c e t o g e t a b -

s o r p t i o n o f i n l o n g t u b e — p e r h a p s o n l y 2 0 c m .

I n N o v e m b e r 1 9 4 4 w e w e r e w e l l i n t o o u r s i n g l e t - t r i p l e t a b -

s o r p t i o n s t u d i e s , a n d L e w i s p e r s o n a l l y b e g a n p r e p a r i n g s o m e

n i t r o s o a l k a n e s , w h i c h h a d a b e a u t i f u l b l u e c o l o r , T h e a b -

s o r p t i o n w e t h o u g h t t o b e s i n g l e t - t r i p l e t , b u t t h i s h a s p r o v e d

t o b e w r o n g . I b e l i e v e t h a t t h e p h o s p h o r e s c e n c e s ( I R ) a r e ,

h o w e v e r , t r i p l e t - s i n g l e t .
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Kasha.
Your sample of bromnitrmopropane is in quartz tube in L.A.

[liquid air] It is clear and you could get absorption curve if you
wish

G.N.L.
The Proof has come!
The proof of our first paper was very thrilling to receive. In
December 1944 after the paper appeared in the Journal of the
American Chemical Society Sam Weissman took the trouble
to write Lewis a congratulatory letter on the paper. Lewis
esteemed Weissman very highly, and his letter, stating that
the phosphorescence and triplet state paper was "like a breath
of fresh air," gave Lewis immense joy and satisfaction. He
went around Gilman Hall with a fresh new smile for a
week.

I am sure that Lewis was very fascinated by the color effects
in optical phenomena. He loved making the nitrosocom-
pounds, and the deep sky blue color was very beautiful.

Kasha:
(CH3>2 Cg° in Dewar
1 hope the ice does not matter. If it does put it in cold acetone.

Don't worry about lack of meniscus
GNL

The singlet-triplet absorption paper (24) was a landmark
paper in correlating absorption spectroscopy with phospho-
rescence as a further spectroscopic proof of the intrinsic
electronic character of the phosphorescent state as a triplet
state. Although later research revealed far better examples
of singlet-triplet absorption bands (we were hindered by lack
of knowledge of spin-orbital Z-effects, which never entered
our discussions), this work initiated the direct spectroscopic
study of triplet states.

By the end of February 1945 my work with Lewis was
completed, my dissertation accepted, and all my energies were
devoted to an intensive phase of the Plutonium Project for the
rest of 1945.

Lewis began thinking about the consequences of triplet
state spin properties quite early. His sketches of the spin or-
ientations for the triplet state began popping up in the labo-
ratory, one on his personal note pad,

disregard the quartz one, which is my stock
GNL

In about January 1945 our work on singlet-triplet absorp-
tion was coming to an end, and we began to write our second
paper. Nitroso compounds' absorptions are displayed prom-
inently in this. work.

IS, . /

/ /

A d a t e d s k e t c h ( J u l y 1 8 , 1 9 4 4 ) s h o w s t h a t a t a t i m e n e a r

c o m p l e t i o n o f o u r f i r s t t r i p l e t s t a t e p a p e r , i n d i s c u s s i n g t h e

e x p e c t e d m a g n e t i c p r o p e r t i e s o f t h e t r i p l e t s t a t e h e h a d

s k e t c h e d a G u o y b a l a n c e .

J u l y 1 8 , 1 9 4 4

••<- / / - S t a r t i n g i n M a r c h 1 9 4 5 , M e l v i n C a l v i n a s o u r l o c a l p a r a m -

a g n e t i s m e x p e r t w o r k e d w i t h L e w i s o n a n a t t e m p t t o m e a s u r e

t h e p a r a m a g n e t i s m o f a c i d f l u o r e s c e i n i n i t s p h o s p h o r e s c e n t

s t a t e . A c o m m u n i c a t i o n w a s s u b m i t t e d b y t h e m J u n e 1 6 , 1 9 4 5

a n d p u b l i s h e d i n t h e J o u r n a l o f t h e A m e r i c a n C h e m i c a l S o -
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ciety (25). They indicated a qualitative deflection into the
magnetic field in the right direction for the illuminated half
of the sample, but immediately afterwards observed a contrary
deflection. In January 3.946, the main part of my plutonium
research completed, I was able to join Lewis full time on this
pbotomagnetism determination. Lewis died shortly after-
wards (Match 23,1946), and I, with Melvin Calvin's occasional
overviewing, was able to complete a quantitative determina-
tion. The mathematical analysis was due almost entirely to
Lewis, but it took a major effort on my part, with cogent help
from Wiliiam Gwinn and Harrison Shull at two points, to
bring the calculation to a conclusion. Also, it took me two years
of meticulous physical experimentation to unravel the side
effects, eliminate them, and to refine the laborious quanti-
tative steps in the measurement. In our final day at the
20,000-Gauss magnet, the reproducibility of the Theorell
boom displacement in the beam, its. dependence on light in-
tensity, and return to zero displacement in the dark, made
Calvin exclaim, "G. N. would have loved to be here today! He
would have loved this experiment!" I wrote up the paper, and
it was submitted in 1949 to the Journal of Chemical Physics,
as a joint paper by Lewis, Calvin, and Kasha (26). An elegant
refinement of this work was published in 1964 by Joussot-
Dubien and Lesdaux (27).

Gilbert Lewis' Research Style
Mathematical Prowess

At the blackboard during our conferences, at first in our
morning sessions and later in the evening sessions, Lewis'
powerful analytical and intuitive scientific prowess shone
through. There were two rather detailed mathematical
problems that we worked on,, one being the derivation, from
the Einstein A and B coefficient relations, of the integrated
absorption-lifetime equation used in our second paper (we did
not know that R. C, Tolroan had done this earlier). The other
was laying the analytical groundwork for a detailed photo-
magnetism study which I completed with the overviewing and
help of Melvin Calvin after Lewis' death (26). I was at the
blackboard groping with a difficult step a couple of times, and
Lewis seized the chalk and quickly showed in a few powerful
steps a way to its resolution. Although Lewis had published
some highly mathematical papers in his career (e.g., on rela-
tivity theory with Edwin Bidwell Wilson; statistical thermo-
dynamics with Joseph Mayer), his later years were spent on
rather qualitative experimental studies, But the old ability
was very much in evidence, hiding just beneath the surface.

Overcoming Logical Barriers
A special trick was used by Lewis when we got boxed into

a logical impasse, and it proved to be very effective. It did
happen quite frequently that our series of logical steps in some
argument or development carried us seemingly to a stone wall:
A —•* B —• C - » D -* lj. Lewis would realize this, and he would
say, doing almost a little dance around a semi-circle ~ i as if
to look at an object from behind: "Ijet's look at it backwards!"
So the argument was dissembled D - * C ->• B — A, and then
suddenly H seemed clear that the steps should have been A
— B — C -* D' — E ~* solution, the blind alley becoming
magically revealed by unraveling and reexamining the steps
in the logic.

A Delayed Love Affair with Organic Molecules
Lewis died of a heart attack working one Saturday morning

in the spring of 1946 at his favorite place in the laboratory, the
vacuum bench. He had just passed his 70th birthday. Lewis
loved to vacuum distill liquids from one flask to another, to
sublime materials into reaction vessels, to watch color changes
as reactions took place. The turning of the stopcocks, freezing
samples with liquid-air Dewars, warming up a solution with
a water bath, or even with a match which had just lit another

cigar, these were all part of the visual physical chemistry that
Lewis enjoyed most. He confessed to me that organic mole-
cules had been his special joy in his later years, and how, be-
cause he had failed a course in organic chemistry at Harvard
as a student, he had developed a lifetime dislike of organic
molecules—-much to his later regTet and chagrin.

Cautions on Heavy Instrumentation
Lewis had strong feelings against a researcher becoming too

attached to a large instrument or heavy research machinery.
Although he admired and made use of heavy instrumetation
at times, he felt that someone who developed such instru-
mentation was inclined to become a slave to and an exponent
of the instrument or machine. He preferred to be free to
wander among available techniques and to wonder about ideas
and not be tied to one technique. For somewhat analogous
reasons he was prejudiced against complicated chemical
syntheses as an aid to physical chemical research. He admired
researchers who could make molecules, but he preferred to
leave this to others so that he could devote himself maximally
to developing and testing physico-chemical theories. He be-
lieved that if a theory was general enough, there should be
ample scope for the physical chemist to select a suitable
sample from the chemical storerooms to test it.

Gilbert Newton Lewis' Last Day
I was working with G. N. Lewis on the Saturday afternoon,

March 23,1946, when he died, and I find it worth recording
the events of the last day of his life, particularly because there
has been misinterpretation of the circumstances of his
death.

The Saturday morning was a particularly sunny one sci-
entifically speaking. We had an unusually fruitful discussion,
and I especially remember being filled with so many ideas on
research that they seemed enough to sustain a year of work.
I had some new ideas on triplet-triplet absorption, and Lewis
described more of his ideas on photomagnetism which I was
then to undertake.

Lewis had a particular experiment he planned to do by
himself at the vacuum bench that afternoon. A few days be-
fore, he had read in the latest issue of Transactions of the
Faraday Society a paper which he showed me containing a
graph indicating that the dielectric constant of liquid hydro-
gen cyanide changes by a factor of over 100 in a certain ac-
cessible temperature range. Lewis said, "That would be a very
interesting medium in which to test the effect of dielectric
constant on the color of dyes!" He planned that experiment
for late Saturday afternoon.

Lewis went to lunch with a distinguished guest and returned
at 2 p.m. It was unusual for Lewis to go to the Faculty Club on
a Saturday. When he returned, he went to his vacuum bench
lab, which waa a t the opposite end of the hall from his office,
my laboratory being in between.

I was working on the spectrophotometer in my laboratory.
About every 20 minutes or so I walked by to see if everything
was all right Around 4 p.m. when I passed the vacuum bench
room on my way downstairs, I glanced in and noticed Lewis
missing. I began to step into the laboratory and got a notice-
able whiff of HCN. Stepping back into the hall I saw Lewis'
feet just visible behind the bench. I gave out a yell to the lab
at the end where I knew Daniel Cubiciotti was probably
working, and I ran toward the hood with my nose clamped
shut with my left hand. I threw a brick, which we kept as a
weight in the fume hood, through the window. Returning to
the hall I noticed the bottle of sodium bicarbonate in the hood,
and rushed into the lab again, and covered the liquid on the
vacuum bench table with bicarbonate, the active bubhling of
which suggested that liquid HCN had just spilled out. Shortly
afterwards Cubiciotti and I dragged Lewis into the hall and
called for medical help. He had a serious welt in the middle
of his forehead, indicating that he had fallen forward and hit
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his head on a vacuum bench clamp. Lewis was dead on arrival
in the University Hospital, and a medical autopsy indicated
clearly that he had died of a heart attack. We concluded that
many minutes after he had died, the pressure had built up in
the container of liquid HCN, from which the Dewar had been
removed, and the vessel dropped to the vacuum bench, spilling
the contents.

Lewis' death was a very traumatic experience for me, and
because that evening I was previously invited to have dinner
with Otto Rediich and his wife, I tried to cancel the visit. Re-
dlich prevailed, and I owe a great deal to him for the warm,
considerate, thoughtfui conversation that ensued that eve-
ning.

Reception and Verifications of Triplet Stale Theory
The American Chemical Society had planned a research

symposium honoring G. N. Lewis to be held December 30 and
31,1946, at Northwestern University in Chicago, but his death
changed the meeting plans. As his last research student to
complete Work under his direction, I was invited to present
the work on the triplet states of molecules.

My presentation was the first of the meeting, and I was al-
lowed approximately 20 minutes. I knew that a very strong
challenge was to be presented by James Pranck, but I had not
expected that two hours of rebuttal of our work had been
planned by Franck, followed by Robert Livingston, Eugene
Rabinowtich, and Edward Teller. Each demonstrated the
impossibility of the Lewis and Kasha triplet state interpre-
tation on the basis of his knowledge, and Teller's detailed
mathematical development of the theory of spin-orbital in-
teraction seemed particularly devastating. I report in another
place3 more details of this interesting confrontation and of
Pranck's prior meeting and relationship to Lewis. Robert
Mulliken, whom I met at this meeting, tried to defend our
thesis. The conference committee seemingly was suspicious
of my paper, I now realize, for although my paper (16) was
presented first in the program, it appeared last in the pub-
lished volume!

At the Faraday Society Discussion in 19491 presented (28)
my own new work on intersystem crossing, the radiationless
transition leading to triplet excitation, and a kinetic analysis
of the rates of radiationless processes with and without spin.
James Franck, a medalist at that meeting, was there to oppose
the triplet state idea again. Often repeated was the criticism
voiced by Radinowitch (1956) (29):

The hypothesis of metastabfe (triplet) electronic states of or-
ganic molecules has been revived by Lewie and Kasha (1944);
however, it seems that if the rule which prohibits singlet-triplet
transitions does not preclude the formation of the triplet state
from the excited singiet state within Il)~? sec., it is unlikely to
delay its transformation into the singiet ground state for as iotlg
as several seconds or even minutes.

It is obvious that these critics (which included Franck and
Teller) had not considered the implications of intersystem
crossing, whose kinetic analysis (28) so clearly indicated an
answer to the criticism.

Several spectroscbpk elements were provided which finally
settled all suspicion concerning the validity of triplet state
assignment to organic molecule phosphorescence, The main
electronic spectra! proof lay in the Z-effect, since atomic
number of substi tuents could be used for proof of spin-orbital
perturbation. Learning about the quantum mechanics of
spin-orbital interaction from David Bohm in Berkeley in 1948,
I was able to show the Z-effect in intersystem crossing (28,30),
and Don McClure immediately afterward was able to show the
Z-effect on phosphorescence lifetimes (31). A review (32) of
"Spin Intercombinations in Molecules" in 1956 revealed that
Terenin still believed that external "paramagnetic pertur-
bations" were essential to induce triplet state emission.

3 See reference in footnote 2.

Chronology of Key Discoveries in Triplet State Molecular
Spectroscopy

Year

1944

1945
1949

1949

1950

1952

)95B

1959

Authors)

Lewis and Kasha

Lewis and Kasha
Lewis, Calvin,

Kasha
McClure

Kasha

Kasha

Hutchison and
Mangum

van der Waais and
de Groat

Refer-
ence

H9)

(24)
(26)

31)

{28)

m
{33)

(34)

Research .

Phosphorescence
assigned as T - » S

Singlet-triplet absorption
Paramagnetism of triplet

stare
Z-effect on

phosphorescence
lifetimes

Z-effect on intersystem
crossing

Kinetics of
radiationless
transitions

Uniqueness of
emitting states

Environmental Z-effects
on triplet states

EPB absorption Of triplet
state (Crystals)

£PR absorption ol triplet
state (glasses)

T h e d i f f i c u l t i e s o f finding a t r i p l e t s t a t e B P E s i g n a l p r o b -
a b l y d e l a y e d ful l a c c e p t a n c e o f t r i p l e t s t a t e i d e a s , b u t t h e y
w e r e f i n a l l y r e s o l v e d b y t h e w o r k o f H u t c h i s o n a n d M a n g u m
i n 1 9 5 8 (!) (33) a n d v a n d e r W a a l s a n d d e G r o o t i n 1 9 5 9 (34).
T h e s u b j e c t o f " M a g n e t i c P r o p e r t i e s o f T r i p l e t S t a t e s " w a s
r e v i e w e d i n 1 9 7 9 b y P r a t t ( 3 5 ) .

D e l l i n g e r a n d K a s h a ( 3 6 ) r e t u r n e d r e c e n t l y t o t h e p r o b l e m
of v ib r f t t iona l p o t e n t i a l e f fec ts w h i c h so d o m i n a t e d d i s c u s s i o n
b e f o r e 1 9 4 4 a n d c o n c l u d e d t h a t o n l y s u c h l a r g e a m p l i t u d e
m o t i o n s a s p h e n y l r i n g t o r s i o n w o u l d b e i n h i b i t e d b y r i g i d
g l a s s s o l v e n t c a g e s . S o a l l o f t h e e a r l y p r e o c c u p a t i o n w i t h
spec i f ic g lass e f fec t s ( a s i d e f r o m d i f f u s i o n a l q u e n c h i n g ) s e e m s
t o h a v e b e e n u n n e c e s s a r y .

T o d a y t r i p l e t s t a t e s t u d i e s o f m o l e c u l e s h a v e a d v a n c e d t o
h i g h l y r e f i n e d s t a g e s , a s e x e m p l i f i e d i n s y m p o s i a ( 1 9 6 7 ) (37)
a n d r e s e a r c h t r e a t i s e s (1969) (38). T h e k e y h i s t o r i c a l s t e p s in
t h e e v o l u t i o n o f e x p e r i m e n t s a n d i n t e r p r e t a t i o n o f t r i p l e t
s t a t e s o f o r g a n i c m o l e c u l e s a r e s u m m a r i z e d i n t h e t a b l e .

Gilbert Lewis' Research Previews*

Gilbert Lewis' career, rich as it was in permanent contri-
butions to the understanding of physical chemistry, also had
a most unorthodox pattern, not noted especially by anyone
until now, but one which was typical of Lewis and which had
a profound effect on his intellectual fertility and freshness
through his whole scientific life. Lewis previewed a research
field in print, using his own analysis, sometimes without an
exhaustive literature review, before embarking upon research
in it. Most scientists think of reviewing a subject in print at
the end of a long study and research period. Lewis told me he
thought that approach could stifle originality. If a scientist
got an absolutely thorough knowledge of the literature before
doing research, he was likely to acquire many of the prejudices
and mental blocs of his predecessors.

For example, in the beginning of his career he wrote a paper,
"Outlines of a New System of Thertnodynamic Chemistry"
(40) in which the physical thermodynamic laws were applied
to physico-chemical problems. This was .the origin of Lewis'
concepts of activity, activity coefficients, fugacity, partial
molal free energy, etc.

Lewis told me that not long after completing his PhD at
Harvard, he took a two-year appointment in Manila (as head
of the Philippine Bureau of Weights and Measures) 1904-5—a
most unorthodox start for a scientific career-—so that he could
think for himself. He worked his way through Walther
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Nernst's "Physikalische Chemie" ("correcting all of the
mistakes"), hiked his way around the volcanos and country-
side of Luzon, and acquired a lifelong taste for Philippine ci-
gars. Lewis then published his chemical thermodynamics
overview paper and followed this with about 15 years of re-
search on chemical thermodynamics, culminating in the
classic work, "Thermodynamics and the Free Energy of
Chemical Substances" (41)- Publication of this book marked
the essential close of Lewis' researches in chemical thermo-
dynamics; he then turned his attention to other areas. His later
works on statistical thermodynamics belong to another period
of his work.

Lewis did indeed change research fields abruptly through
his career, usually prefacing a research period with his char-
acteristic penetrating research-proposal-overview paper. His
Hater interest in isotopes could have been presaged by his
paper, "The Chemistry of the Stars and the Evolution of
Radioactive Substances" (42). Starting in 1933 he wrote an
extensive series of papers on heavy hydrogen and heavy water,
a paper'on lithium isotopes, and several papers on neutron
physics, culminating in "The Genesis of the Elements"
{43).

Lewis' interest in valence theory began with a precocious
master's thesis, "The Electron and the Molecule" (Harvard,
1898). I saw a copy of this once in Lewis' office, and I have a
clear recollection of its title. I never had the chance to examine
it, and it is tantallizing to speculate on what it contained.
Lewis'copy of it appears to be lost, and the Harvard Chem-
istry Library and the Harvard Widener Library have no copy.
In Lewis' summary book, "Valence and the Structure of
Atoms and Molecules," (44) appear replica pages from Lewis'
notebooks of the early 1900's, showing his early thoughts on
electron arrangement in atoms and molecules. Lewis contin-
ued the development of ideas and nomenclature concerning
valence theory, especially the role of electron pairs, octets, odd
electron numbers, and diradical configurations in a series of
papers, with World War I interruptions, in 1913 (45) and then
in 1916-17 (2). At a joint symposium of the American
Chemical and Physical Societies and the American Academy
of Arts and Sciences in 1917 he threw the challenge to the Bohr
atom, showing that it could not explain molecular geometry
(46). His chemical intuition set conditions on valency inter-
actions for which only Quantum Mechanics was able to pro-
vide the basis.

Other research preview papers by Lewis include his paper
on the electronic theory of acids and bases (47), preceding
experimental work with Glenn Seaborg on the subject. "The
Color of Organic Substances," (48) preceded almost a decade
of research on the color and photochemistry of dyes.

Perhaps the atypical case was Le.wis' work on heavy water.
Lewis had discussed the possibility of heavy water (DaO)
apparently before the actual discovery of deuterium as a
proven isotope. Urey used the Rydberg isotope shift in the
atomic spectrum of hydrogen to prove that a new isotope of
hydrogen (deuterium) existed, after an extensive program to
concentrate natural deuterium. Lewis then worked furiously
to establish his part of a claim to the discovery of heavy water
by doing every conceivable measurement. Finally ali of this
work was reviewed in a comprehensive summary paper (49)
uncharacteristic of Lewis' research previews.

Gilbert Newton Lewis typified the physical chemist of great
intuition who was able to conceive of beautifully simple
models and concepts to explain complex physical and phys-
ico-chemical phenomena. His conceptual contributions have
made lasting additions to our knowledge, and his aptness for

g o o d n o m e n c l a t u r e h a s e n r i c h e d o u r s c i e n t i f i c v o c a b u l a r y , v i z . ,

L e w i s i n t r o d u c e d t h e term photon f o r l i g h t q u a n t u m (50).

G i l b e r t L e w i s o n c e d e f i n e d p h y s i c a l c h e m i s t r y a s e n c o m -

p a s s i n g " e v e r y t h i n g t h a t i s i n t e r e s t i n g . " H i s o w n c a r e e r

t o u c h e d v i r t u a l l y e v e r y a s p e c t o f s c i e n c e , a n d i n e a c h h e l e f t

h i s m a r k . H e i s j u s t l y r e g a r d e d a s o n e o f t h e k e y s c i e n t i s t s i n

A m e r i c a n h i s t o r y . I t w o u l d b e a g r e a t o m i s s i o n n o t t o r e c o r d

t h e w a r m t h a n d i n t e l l e c t u a l c u r i o s i t y r a d i a t e d b y L e w i s '

p e r s o n a l i t y . H e e p i t o m i z e d t h e s c i e n t i s t o f u n l i m i t e d i m a g i -

n a t i o n , a n d t h e j o y o f w o r k i n g w i t h h i m w a s t o e x p e r i e n c e t h e

l i f e o f t h e m i n d u n h i n d e r e d b y p e d e s t r i a n c o n c e r n s .

A c k n o w l e d g m e n t

T h i s p a p e r w a s w r i t t e n a n d p u b l i s h e d u n d e r s u p p o r t o f t h e

U . S . D e p a r t m e n t o f E n e r g y , D i v i s i o n o f B i o m e d i c a l a n d E n -

v i r o n m e n t a l R e s e a r c h , o n C o n t r a c t N o . D E - A S - 5 - 7 8 E V G 5 8 5 5

w i t h t h e F l o r i d a S t a t e U n i v e r s i t y .
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«#• A Simple Aid for Teaching the Theory
of Atomic Structure
Hung-cheh Chiang and Ching-Hwel Tseng
Institute of Chemistry, National Taiwan Normal University
No. 88 Sec. 5, Roosevelt R&, Taipei, Taiwan, Republic of China

In the course of both high schooi and undergraduate college
chemistry, students are often puzzled by the theory of atomic
structure. In order to help them learn this more easily, we have
designed a simple demonstration to show the Pau!i exclusion
principle, Hund's rule, quantum numbers, electronic energy
levels, and electron configurations. The exercise involves
hanging valence electrons (represented by pieces of rubber)
onto a game board which depicts the energy sequence of a
given atom.

Materials

1 wooden plate (60 cm X 40 cm X 1 cm)
33 iron naiis (1.5 cm in length)
2 rubber tubes of different colors (16cmX 1 cm), cut these into

1-cm pieces, yielding 16 pieces of each color
7 blank index cards

Sel-Up

The game board, or orbital plate, is cut from a piece of wood.
It is labeled as indicated in Figure 1, where n is the principal
quantum number, s, p, d, and / are the suborbits, and the
number in parentheses after the suborbital designation in-
dicates the angular momentum quantum number. The spin
quantum number will be designated by using differently
colored pieces of rubber tubing which should be cut as de-
scribed above.

Hammer the nails (which wi!I be used as holders for elec-
trons) into position as noted. Each suborbit should have the
number of electron nails that corresponds to the maximum
number of electrons that can be held in that suborbit.

Seven index cards should be labeled as shown in Figure 2.
These n-value cards will provide the players with standard
information about the principal quantum numbers.

the Rules

Remember that the goal of this exercise is to fill out the
game board with cards and pieces of tubing so that it provides
a visual representation of the electron configuration within
the atom. Total the number of electrons within the given atom
and compare to the electron totals on the re-value cards. The
ra-value card with a total that is either less than or equal to the
number of electrons in the atom of interest is then chosen and
hung onto the upper left nail.

If the number of electrons is equal to the n-value card, you
are done. If it is not, determine how many more electrons are
present. Take that number of pieces of cut rubber tubing and
hang them, as representatives of valence electrons, on the nails
according to the following energy sequence. Use differently
colored pieces of tubing to represent electrons with opposite
spin. The energy sequence of the sublevels with the same n-
value is:

ns < {n - 2)f < {n — t)d < np
if n < 6, then (n — 2)[ is absent
if n < 4, both (ji — l)d and (n — 2)/ are absent

Example: 24Cr

The student would choose the fourth card, because 24 is
smaller than the 36 required by the fifth card. There are 18
electrons on the fourth card, thus the remaining six electrons
of Cr will distribute themselves in the fourth energy level ac-
cording to the rules. Rule one

ns < (n - 2)/ < (n - 1 )d < rap

translates to
4s < 2/ <. M < ip

Because 2/ does not exist, the six electrons would be dis-
tributed into the lowest available levels; two being placed in
the 4s level and the remaining four into the 3d level.

Thus, the configuration of <^CT is shown to be (Ar)4s33rf4

(see Fig. 3). With this the instructor can speak to the special
stability of a half-filled sublevel and can show the students
that, with 3d subieveis close to those of the 4s subieve!, the
effect is large enough to allow "promotion" of a 4s electron to
the M sublevel, giving Cr five 3d electrons. Thus, the accepted
configuration of -^Cr should be shown to be (Ar)4s'3d5.

-Hmilinjontht
plattraprmnt*
the Blaetinnie
subtaval}

-"-woodanplot*

na|jsl ._»

Figure 1. Construction of the game board.

IH»>2 (Kr)M

6
(MB4

hole

4- eleclrorscontainedwithin lha 6thEnergy level
Figure 2. The seven Index cards representing the principal quantum num-
bers.

NOTE: Ttw o
raprawnti piece*
of rubber tubing

Figure 3. The completed game board for ?JCr.
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Photoelectrochemical Solar Cells
John T. McDevItt1

California Polytechnic Stale University, San Luis Obispo, CA 93407

We receive an enormous amount of solar energy from the
sun; the solar energy falling on the earth in a fortnight is
equivalent to the energy contained in the world's initial supply
of fossil fuels (1). Since the 1950's, much attention has been
given to the possible use of photoelectrochemical effects to
convert solar energy directly into electric power or synthetic
fuels, and, as a result of the energy crisis, the study of pho-
toelectrochemical phenomena has become increasingly more
popular and important (2). This introduction to photoelec-
trochemical celis will review topics pertaining to solar energy
conversion as well as demonstrate the ease with which a
working photoelectrochemieal ceil can be prepared.

There are numerous ways to convert the solar radiation
directly into electric power. The silicon soiar cell is the most
efficient in this respect, but its use is limited to the more en-
ergetic portion of the solar spectrum. Such solid state photo-
voltaic cells have been quite useful in the space program and
now appear promising for terrestrial uses. Endothermic,
photochemicaily driven reactions which produce stable for
isolatable) products (synthetic fuels) are an alternate method
of solar energy conversion. Although no economically prac-
tical, large-scale photoelectrochemical (PEC) cell has yet been
discovered (3), a system of this type could provide a useful
source of energy.

A photoeiectrochemical effect is defined as the production
of a change in electrode potential (on open circuit) or current
(on closed circuit) in an electrode/electrolyte system as a direct
result of irradiation. The effect is caused by either a photo-
chemical reaction producing electroactive products in the bulk
solution or the presence of a photosensitive membrane or
electrode. Soiat irradiation produces PEC effects on most, if
not ail, surfaces. PEC effects at clean metal electrodes are very
small, usually measured in mV and nA ranges, and are due to
such processes as photoelectric emission from the metal sur-
face or thermal effects of the radiation (2). Semiconductors,
on the other hand, which may or may not be coated with a
sensitizing dye, have been found to produce pronounced PEC
effects. Semiconductors therefore appear to be likely candi-
dates for use in the conversion of light energy into electrical
energy. This is reflected in the recent interest in this area
0-5).

1 Present address: Stanford University, Stanford CA 94305.

The conversion of light to electrical or chemical energy in
PEC cells results from light in the visible region acting as an
electron jump (4). The absorption of a photon by an atom (or
molecule) results in the pumping of an electron from its
ground state orbital to a higher energy orbital. The wavelength
of light required for such a transition must have an associated
energy greater than or equal to that of the energy difference
between the two orbitals. This energy, usually called the en-
ergy gap, Eg, is illustrated in Figure 1.

Light absorption within semiconductors occurs in a similar
fashion. In semiconductors, the moat energetic ground state
electrons are located in the valence band and higher energy
levels are available in the conduction band. These two energy
bands are separated by an energy band gap, EB& in which no
electron energy levels are available. Photona with energy
greater than ERG are able to stimulate electrons from the
valence band to the conduction band. Photon absorption by
semiconductors results not only in promotion electrons to the
conduction band but also in vacancies or holes in the valence
band (left by leaving electrons) as shown in Figure 2.

The result of this process in the production of an electron-
hole pair (e~, h + ) which may be denoted by the excited state
S*. The light may then be stored chemically if S* reacts by one
of the two following paths:

S - + A — S+ + A-

S*-I-D--S-+ D+

where A and D are suitable acceptor and donor species, re-
spectively. However, unless the back reaction between S + and
A"" or S~ and D + is slow, the energy associated with the pair
will be lost almost immediately as heat

S4- + A- —S + A + A

If the energy is to be stored hi chemical form, either the energy
of activation for the back electron transfer must be large
thereby retarding this reaction, or the two components of the

Conduction
Band

Excited Electrons

Electrons

Ground State

Figure 1. Ortiftal energy diagrams showing the formation of an excited species
when the ground state molecule is Irradiated with light of energy greater than
the energy gap.

8G
hp>EBG.

Valence
Band

Figure 2. Effects of light absorption within semiconductors. Electrons ars
promoted to the conduction band and holes are formed in ine valence band.
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redox coupie must be formed at some distance from each other
as in a two-compartment cell. Unfortunately, excited states
(electron-hole pairs) are very short-lived and frequently re-
combine with a total loss of the captured energy into heat.
Rapid separation of the electrons from the holes, such as might
be promoted by an electrical field, roust be achieved in order
to use the light efficiently.

Conversion of light energy to the highly desired electrical
form has been one of the basic goals of solar energy research.
In order to achieve this goal, it is necessary to produce a flow
of electrons in an external circuit. Such a condition requires
the formation and efficient separation of oppositely charged
species (i.e., electrons and holes) which results in charge flow
in the external circuit. Semiconductors are ideal candidates
for use in such systems due to their ability to separate pho-
togenerated charged species efficiently. A review of some of
the basic semiconductor principles may help explain their
function in PEC cells.

Intrinsic or undoped semiconductors, like silicon and ger-
manium, are essentially small band gap insulators. Such
substances have completely filled valence bands and totally
empty conduction bands with bands separated by a few
electron volts. A semiconductor such as silicon, a group IVA
element, can be doped (impurity added) with a group VA el-
ement with one more electron, such as nitrogen, phosphorus,
or arsenic, or with a group III A element with one less electron
such as boron, aluminum, or gallium. The group VA atom with
its extra electron fits into the crystalline array of silicon atoms.
This extra electron is not required for bonding and is relatively
free to migrate through the crystal. This produces an n-type
semiconductor where the n denotes negatively charged mobile
carriers, Doping silicon with a group IIIA element produces
a p-type semiconductor containing mobile vacancies as posi-
tive holes in the crystal.

Although the doping process retains electrical neutrality,
since the dopants are neutral atoms, both mobile and sta-
tionary charge carriers are provided. For example, when silicon
is doped with nitrogen, an n-type semiconductor results. The
extra electron from the nitrogen is relatively free to move
throughout the crystal and can participate in charge con-
ductance. Nitrogen, however, also has one extra proton in the
nucleus, which when introduced into the silicon array is rigidly
bound by the bonding mechanism and cannot participate in
charge conduction. Doping of semiconductors results in the
production of both stationary and mobile charge carriers; only
the mobile carriers can participate in charge conduction. A
similar treatment could also be given for p-type semicon-
ductors which have mobile holes and bound negative sites.
These charge carriers are responsible for the use of semicon-
ductors in a variety of electrical devices such as diodes, pho-
tovoltaic cells, light-emitting diodes (LED), and PEC cells.

When an n-type semiconductor is immersed in a solution,
a number of the mobile electrons migrate from the solid sur-
faces to the solution in order to lower the chemical potential

of the system. This charge transfer results in a negatively
charged liquid surface layer and a positively charged solid
surface and an electric field is thus established (Fig. 3),

When light of the proper energy impinges on an n-type
semiconductor/liquid interface, electrons are promoted from
the valence band to the conduction band of the semiconduc-
tor. The induced electric field, shown by the curvature of the
bands in Figure 4, drives the photoseparated electrons to the
bulk of the semiconductor and the hole to the surface. If the
solution contains an electroactive species, D, whose redox
potentia! is above that of h+, then electron transfer can occur
in the following fashion

D + h+ -* D+

The excited electron can be transferred away from the bulk
semiconductor assisted by the induced field, and if the device
is connected by a wire to a second electrode, it is possible for
the light-energized electron to reduce a suitable acceptor

0 + e~ -* 0-

Therefore, the overall process may be summarized by the
following equation

O + D-*-O--t-D+

If both 0 and R were water, the above equation would repre-
sent the photolytic decomposition of water

The solar spectrum does not possess the required energetics
for efficient water splitting, at least not by a single photon
mechanism. However, several other fuel-forming reactions
requiring less energy for conversion have been studied (5).
Unfortunately, many commercially attractive reactions re-
quire too much energy to use the solar spectrum effectively
(see table). A band-gap energy equal to 1.1 eV or less is re-
quired for the most efficient use of the sun's energy (2). Only
the oxidation of H2O by molecular oxygen approaches this
ideality. Although no practical, large-scale system of this type
exists at this time, the outlook appears promising.

The basic principles behind the operation of photovoltaic
cells is quite similar to that described for semiconductor-liquid
interfaces. Both systems require irradiation of a semicon-
ductor junction from which efficient charge separation occurs
due to an induced electric field. In the case of the solid state
photovoltaic cells, the junction potential is obtained by doping
the surface with a foreign material. This process, although
quite efficient, is expensive and has limited the use of such
devices. Semiconductor-liquid interfacial devices, on the other
hand, are prepared quite simply by dipping a semiconductor
into a solution containing.electroactive species. Their sim-

Field Direction

X0 . ' . Redox
D Level

Solution

n-type
Semiconductor

Before Contact

Following Electronic
Equilibration

Figure 3. Election transfer from n-type semiconductor to the solution with redox
couple D/D* producing an induced electric field.

c

Solution

n-type
Semiconductor

Figure 4, Electron-hole tlow upon irradiation of an n-iypa semiconductor im-
mersed Into solution with redox couple D/D+,
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pHcity (and moderate cost) make them attractive candidates
for future use in solar energy conversion.

The major hurdle associated with semiconductor-liquid,
junctions involves the kinetics and energetics of the electron
transfer. The semiconductor itself becomes susceptible to
oxidation if electron transfer from the donor species is too
slow. An example of this type of anodic decomposition is
shown for CdS (an n-type semiconductor)

Stabilization may be obtained by adding reducing agents that
can scavenge the photogenerated holes at a rate that prevents
anodic decomposition. An alternative approach to this prob-
lem has been to attach stable electroactive species directly to
the surface of semiconductors via surface functional groups.
Ferrocene has been used to modify n-type silicon chemically
and thereby suppress the growth of SiO* and bring about a
dramatic improvement in the photoanode stability of aqueous
solutions (5). In addition, the derivatized silicon is able to
oxidize anything oxidizable by ferricenium.

The attachment of visible-light-absorbing dyes to the sur-
face of a semiconductor is another possible solution to the
problem of photolytic decomposition. Such a procedure in-
volves sensitizing a larger band gap semiconductor with an
absorbing dye. Thus the dye, rather than the semiconductor,
is the light absorber and the semiconductor is not susceptible
to decomposition. The thickness of the sensitizing layer must
be controlled very carefully. Too thick a coating results in the

Typical Photochemical Reactions

Reaction
Raw Materials Fusi Mixture

Standard Free
Energy Change,

eV/moiecule

H*0->

C02-*"

N2 + 3 H20 -»-

H2O + % °e -*•

COj + 2 H;O -*•

tK

co + yzos

2 Nrfe + % Oi

CH3OH + % Oz

<»1a + 2 0 ,

2.46

2.66

3.51

1.24

7.26

S.48

LIGHT

Electrolyte

Pt
Electrode

Photoanode
Figure 5. Schematic representation of a photoelectrochemtaal cell for con-
verting tight energy into electricity using n-iype silicon as the photoanode ana
platinum as the reversible counter electrode. Both electrodes are Immersed In
a ferrocene/ferrlcenium electrolyte.

i n s u l a t i o n o f t h e s e m i c o n d u c t o r p r o p e r t i e s a n d t h e t e n d e n c y
for b a c k e l e c t r o n t r a n s f e r i n c r e a s e s ; t o o t h i n a l a y e r r e s u l t s i n
i n a d e q u a t e a b s o r p t i o n . T h e r e a r e s e v e r a l c h e m i c a l m e t h o d s
a v a i l a b l e t o m o d i f y s u r f a c e s i n c l u d i n g c h e m i a o r p t i o n , co.va-
l e n t l y b i n d i n g r e a c t i v e c o m p o u n d s t o s u r f a c e f u n c t i o n a l i t y ,
a n d r e d o x p o l y m e r i z a t i o n , C a r e f u l J y c o n t r o O e d e x p e r i m e n t a l
c o n d i t i o n s m u s t b e e m p l o y e d t o a t t a i n t h e o p t i m a l t h i c k n e s s
of t h e i n s u l a t i n g a b s o r b i n g b l a n k e t

A w o r k a b l e p h o t o e l e c t r o c h e m i c a l ce l l d e m o n s t r a t i n g m a n y
i m p o r t a n t a s p e c t s o f t h e s e d e v i c e s c a n b e p r e p a r e d q u i t e
e a s i l y . A s t a b l e l i q u i d j u n c t i o n p h o t o c e l l u s i n g n - t y p e s i l i c o n
a s t h e p h o t o a n o d e a n d p l a t i n u m a s t h e c o u n t e r e l e c t r o d e i n
a n e t h a n o l s o l u t i o n of f e r r o c e n e c a n b e u s e d t o d e m o n s t r a t e
t h e u t i l i t y o f s u c h s y s t e m s . A s c h e m a t i c d i a g r a m of s u c h a
s y s t e m i s s h o w n i n F i g u r e 5. T h e f u n c t i o n i n g o f t h i s s y s t e m
is b a s e d o n t h e f o l l o w i n g : I m m e r s i o n o f t h e n - t y p e s i l i c o n i n
t h e s o l u t i o n r e s u l t s i n c h a r g e t r a n s f e r o f t h e m o b i l e e l e c t r o n s
f r o m t h e s i l i c o n t o t h e s o l u t i o n f o r m i n g a n e g a t i v e l y c h a r g e d
s u r f a c e l a y e r a n d l e a v i n g t h e s e m i c o n d u c t o r w i t h a p o s i t i v e
s u r f a c e r e g i o n . L i g h t o f s u f f i c i e n t e n e r g y i m p i n g i n g o n t h e
n e g a t i v e l y c h a r g e d s u r f a c e c a n c a u s e t h e p r o m o t i o n o f a n
e l e c t r o n f r o m t h e v a l e n c e b a n d t o t h e c o n d u c t i o n b a n d ,
l e a v i n g a h o l e w h e r e t h e e l e c t r o n o n c e w a s . T h e i n d u c e d
e l e c t r i c field, s p o n t a n e o u s l y f o r m e d a t t h e s e m i c o n d u c t o r /
l i q u i d i n t e r f a c e , f o r c e s t h e p r o m o t e d e l e c t r o n a w a y f r o m t h e
s u r f a c e i n t o t h e b u l k a n d t h e h o l e t o w a r d s t h e s u r f a c e . A t t h i s
p o i n t a f e r r o c e n e m o l e c u l e d o n a t e s a n e l e c t r o n t o t h e v a c a n c y
a n d r e t u r n s t o t h e s o l u t i o n i n t h e f o r m of a f e r r i c e n i u m i o n .
M e a n w h i l e , t h e p h o t o s e p a r a t e d e l e c t r o n s p a s s t h r o u g h a n
e x t e r n a l c i r c u i t t o t h e p i a t i n u m c o u n t e r e l e c t r o d e a n d r e d u c e
t h e f e r r i c e n i u m b a c k t o f e r r o c e n e , a s s h o w n i n F i g u r e 6 .

Experimental
Materials, Single-crystal, n-type silicon wafers (0.25 mm

thick, 100 face) doped with Sb and having resistivity of 4-5
0 cm were donated by Signetics Corporation, Cupertino, CA.
Ferrocene and absolute ethanol were used as received from
commercial sources.

Electrode and Cell Configuration, Electrical contact to the
silicon electrode was made by depositing indium metal on the
back side of the semiconductor using a soldering iron, A cop-
per wire was attached to the back with silver epoxy and the
whole device was encased in a glass rod. All metallic surfaces
were insulated with regular epoxy so only the silicon was ex-
posed to the electrolyte (M).i3 cm2). In all experiments a
platinum counter electrode was utilized, positioned as close
as possible to the silicon photoanode, A one compartment cell
with a capacity of approximately 50 cm3 of electrolyte was
assembled from Plexiglas®. The electroactive solutions were
composed of 0.07 M ferrocene and the amount of ferricenium
appropriate for each experiment dissolved in ethanol. Con-
centrations were determined from optical density measure-
ments (ferrocene: Amax = 450 nm, £450 *= 901 mol"1 cm; ferri-
cenium: Amat = 618 nm, %]e = 4501 mot*"1 cm). AH electrodes

- a

K Fe(Cp)9

Soiution

Pt
Electrode

Figure 6 . Convers ion of l ight Into e lect r ica l energy for rt-type s i l icon photoanode
I m m e r s e d In f e r r o c e n e / f e r r l c e n S u m ( F e f C ^
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were etched in concentrated hydrofluoric acid and rinsed with
ethanol immediately before the experiments. A 0.1 M ferri-
cenium sulfate stock solution was prepared hy adding 3.3 ml
of concentrated sulfuric acid to 1.86 g of ferrocene, then di-
luting to exactly 100 ml with ethanol.

Experiments. Stability of the silicon photoanodes was de-
termined in ethano! solutions containing 0.07 M ferrocene and
0.001 M ferricenium sulfate. Input light intensities of ~25
mW/em2, obtained from a simple spectrophotometer light
source and simple lenses, were utilized throughout these ex-
periments. The voltage was measured with a strip chart re-
corder. Current, in series with the recorder, was measured with
a digital multimeter.

Kinetics of SiO2 formation, A S1O2 layer spontaneously
forms on the surface of the semiconductor. This oxide layer
was electrochemicaHy removed from the semiconductor sur-
face by applying a potential difference of 15 V across the
photoanode and the platinum electrode immersed in ethanolic
ferrocene solutions. With the negative terminal attached to
the silicon electrode and the positive to the platinum, gas
evolution (presumably hydrogen) from the reduction of water
along with SiO2 reduction to silicon was observed at the silicon
electrode, and the oxidation of ferrocene to ferricenium was
observed at the platinum surface. Upon removal of the applied
potential, the open circuit voltage was monitored as a function
of time. A decrease in the output voltage, presumably due to
oxide formation, was observed in ail experiments. The rate of
this decrease was used to monitor the kinetics of oxide for-
mation.

The effects of water content on the rate of oxide formation
were determined by observing the voltage characteristics after
water (5,5 M) was added to the helium-purged ethanolic fer-
rocene/ferricenium solution. In a similar fashion, the effects
of oxygen were determined following an oxygen purge of the
ethanolic solution.

Results and Discussion

Most nonoxide semiconductors used in PEC devices are
susceptible to photolytic decomposition. In the case of n-type
silicon photoanodes, the semiconductor itself can be oxidized
if the photogenerated holes are not quenched prior to elec-
trode decomposition (oxide formation)

Si -t- 2 H2O — SiOs + 4 e~ + 4 H+

Oxide formation may also be produced by the reaction of sil-
icon with dissolved oxygen

Si + 02 - SiO3

SiO2 formation has the effect of insulating the surface. As the
oxide layer thickens, the photocurrent and voltage levels de-
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Figure 7. Plots of open circuit photopotantlal against time for n-fype silicon
electrode Immersed In 0.07 Mferrooene and 0,001 Mfeiricenium sulfate. For
run 1 <•), 0.13 cm* of rvtype silicon was irradiated with 25 mW/cn^ white light.
Run 2 (O) was obtained under dark conditions.

c r e a s e s i g n i f i c a n t l y . S i n c e r i g o r o u s p r e c a u t i o n s w e r e n o t t a k e n
to e l i m i n a t e m o i s t u r e a n d d i s s o l v e d o x y g e n f r o m t h e s y s t e m ,
i t w a s i m p e r a t i v e t h a t t h e o x i d a t i o n o f f e r r o c e n e w a s k i n e t i -
c a l l y f a v o r e d o v e r o x i d e f o r m a t i o n .

L o n g - t e r m s t a b i l i t y c h a r c t e r i s t d c s o f t h e s i l i con p h o t o a n o d e s
w a s e s t a b l i s h e d b y i r r a d i a t i n g t h e s e m i c o n d u c t o r e l e c t r o d e
i n a n h y d r o u s e t h a n o l c o n t a i n i n g t h e f e r r o c e n e / f e r r i c e n i u m
r e d o x c o u p l e . F i g u r e 7 s h o w s t h e e l e c t r o d e p o t e n t i a l o b t a i n e d
o v e r t h e c o u r s e o f s e v e r a l h o u r s , A l s o s h o w n h e r e f o r c o m -
p a r i s o n i s t h e e l e c t r o d e p o t e n t i a l u n d e r d a r k c o n d i t i o n s . I n -
d e e d , t h e a b i l i t y o f f e r r o c e n e t o c a p t u r e p h o t o g e n e r a t e d h o l e s
p r e v e n t i n g SiC>2 f o r m a t i o n i s q u i t e g o o d a s d e m o n s t r a t e d b y
t h e s t a b i l i t y o f t h i s d e v i c e .

S i O a c a n b e r e m o v e d f r o m t h e s e m i c o n d u c t o r s u r f a c e t o
r e s t o r e o r i g i n a l a c t i v i t y . T h i s m a y b e a c c o m p l i s h e d e l e c t r o -
c h e m i c a l l y o r w i t h t h e u s e o f H F e t c h i n g . B o t h m e t h o d s h a v e
p r o v e n s u c c e s s f u l i n r e s t o r i n g t h e e f f i c i e n c y o f t h e s y s t e m
f o l l o w i n g o x i d e p a s s i v a t i o n . T h e l a t t e r m e t h o d h a s b e e n u s e d
a l m o s t e x c l u s i v e l y b y p r e v i o u s a u t h o r s , b u t t h e f o r m e r o f f e r s
i n s i g h t i n t o t h e k i n e t i c s a n d e n e r g e t i c s o f o x i d e f o r m a t i o n .
A f t e r a n e g a t i v e p o t e n t i a l i s a p p l i e d t o t h e p h o t o a n o d e , t h e
e f f i c i e n c y o f t h e d e v i c e i n c r e a s e s s i g n i f i c a n t l y . T h i s i s m o s t
l i k e l y d u e t o t h e r e d u c t i o n o f S i O 2 t o f r e e s i l i c o n

SiOa + 4 H + + 4 « r ~* Si + 2 H 2 O

F o l l o w i n g r e d u c t i v e t r e a t m e n t o f t h e p h o t o a n o d e , t h e o p e n
c i r c u i t v o l t a g e d e c r e a s e s e x p o n e n t i a l l y , g r a d u a l l y l e v e l i n g off
a t a n e q u i l i b r i u m v a l u e a s t h e p a s s i v a t i n g o x i d e l a y e r r e -
f o r m s .

T h e r e s u l t s o f t h e t h r e e e x p e r i m e n t s t e s t i n g e f f e c t s o f
o x y g e n a n d w a t e r o n t h e r a t e o f o x i d e f o r m a t i o n h a v e b e e n
s u m m a r i z e d i n F i g u r e 8 . O x y g e n c o n t e n t w a s f o u n d t o h a v e
l i t t l e e f f e c t o n t h e r a t e o f o x i d e f o r m a t i o n , s h o w i n g p h o t o p o -
t e n t i a l c h a r a c t e r i s t i c s s i m i l a r t o t h e O 2 / H 2 O f r e e r e f e r e n c e .
S o l u t i o n s c o n t a i n i n g w a t e r , o n t h e o t h e r h a n d , s h o w e d s i g n s
o f i n c r e a s e d o x i d e f o r m a t i o n .

J n s u m m a r y , a P E C ce l l d e m o n s t r a t i n g m a n y i m p o r t a n t
a s p e c t s of t h e c h e m i c a l s o l a r ce l l s c a n b e e a s i l y a s s e m b l e d w i t h
11-type s i l i c o n a s t h e p h o t o a n o d e a n d a p l a t i n u m c o u n t e r
e l e c t r o d e , b o t h i m m e r s e d i n e t h a n o l i c f e r r o c e n e / f e r r i c e n i u m
s o l u t i o n s . A s y s t e m of t h i s t y p e c a n b e u s e d t o c o n v e r t s o l a r
p o w e r d i r e c t l y i n t o e l e c t r i c a l e n e r g y f o r a n e x t e n d e d p e r i o d
o f t i m e . U n f o r t u n a t e l y , s u c h s y s t e m s a r e p l a g u e d w i t h p h o -
t o l y t i c d e c o m p o s i t i o n of t h e p h o t o s e n s i t i v e e l e c t r o d e w h i c h
l i m i t s t h e i r e f f i c i e n c y . T h i s i s t h e m a j o r s c i e n t i f i c h u r d l e a s -
s o c i a t e d w i t h t h e s e d e v i c e s . T h e s u n c a n c o n t r i b u t e g r e a t l y
t o o u r e n e r g y n e e d s if a n e f f i c i e n t , i n e x p e n s i v e , w o r k a b l e

1200

0 5 10 15
Time/sec

Figure 8. Plats of photopotenilal against time immediately following electro-
chemical removal of the oxkte layer from the silicon electrode. These plots
display the rate at which oxide reforms on the silicon electrodes under various
conditions, noted by the decrease In the photopotenSal as the passivatlng oxide
refoims.Run 1(O)exhlbits the kineteobteir^w^aheltam^if fged anhydrous
electrolyte; run 2 {—), with an anhydrous oxygen-saturaled electroiyte; and run
3 ( • ) , with a solution containing 5.5 MH/i. Each run was performed in ethanol
containing 0.07 Mlerrocene and 0.001 Mfeiricenium sulfate with Incklent light
intensities of ~25 rstW/cro:.
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system can be devised. The present work suggests that such
a system may soon be developed,
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Thermodynamic Inefficiency of Conversion
of Solar Energy to Work
Arthur W. Adamson, James Namnath, V. J. Shastry, and Vida Slawson
University of Southern California, Cos Angeles, CA 90089

I t might be thought that photon energy should be pure
energy, that is, should have no entropic content, and hence
that solar energy should in principle be entirely convertible
into useful work. A more conservative guess might be that
since solar energy relates to radiation from a 8000 K source,
a Carnot efficiency factor of about ((6000 - 298)/6000) = 0.95
might apply. Neither of the preceding statements is correct
for a quantum or threshold solar device, but it is true that
there is a thermodynamic limitation to the efficiency with
which light energy can be converted into work. The limitation
depends on the intensity of the radiation and its wavelength
and can be substantial.

Chemists practicing in the solar energy field seem generally
not to pay much attention to this limitation. Its treatment is
not new {1-4), but analyses seem not to have appeared in
easily accessible chemical literature. A useful review, however,
is by Boiton and co-workers (5). In addition, the various
treatments have been couched in terms of black-body radia-
tion fluxes or semi-conductor solar cell analyses, and the
language has been more that of physics than of chemistry. In
this paper, we present a more chemical and less sophisticated
approach.

Einstein DkJ Us In

The thermodynamic limitation is usually mingled with
another kind of efficiency limitation, and it seems well to
separate the two aspects. This other limitation is a conse-
quence of the quantum aspect of nature, as embodied in
Einstein's Saw of photochemical equivalence (6, 7). Light
energy comes in quantum packets of value hv, where h is
Planck's constant and v is the frequency. Photochemistry
involves putting a molecule in an excited state of some definite
energy E* above the ground state. (In the case of a semicon-
ductor solar cell, there is a minimum energy E* of promotion
of an electron into the conduction band.) Einstein's law af-
firms that unless the energy hv is at least equal toE* there can
be no absorption of light energy.

Pursuing this last aspect, suppose that we have the photo-
chemical system

A-*-A* (1)

where the electronic excited state A* is to be the source of
chemical or electrochemical energy. Nowadays, for example,
many inorganic photochemists are exploring the case of

Ru<bpy)3
2+ -£- [Ru(bpy)3

2tl* AG"^ s* E* = 2.1V (2)

where bpy denotes 2,2'-bipyridine, and G° is standard free

energy. The approximation of equating energy and free-energy
differences is discussed later in this paper. As we discovered
some years ago (8), [Ru(bpy)a

a+j* is a good reducing agent,
good enough to reduce water. The product, ftu(bpy)a3+, is a
good oxidizing agent, good enough to oxidize water. The
simple scheme,

iRu(bPy)3
2+]* + H3O+ ~- Ru(bpy)33+ + 'AHa + H2O

-A0-2m = t°298 = 0.84V (3)

Ru(bpy)3
3+ + % H2O - Ru(bpy)32

+ + % O2 + H3O+

~AGD
298 = *O

3 9 8^ 0.03V (4)

gives, in combination with eqn. (2), the net reaction

V4 Os - « -1.23V (5)

(the potentials are from ref. (9)). In effect, Ru(bpy)a2+ acts
as a catalyst whereby light energy is used to split water. The
produced hydrogen couid be used as a fuel to run an engine.
There are many difficulties with the simple scheme above, but
a more complicated version has shown some success f 70). The
system is cited here merely to illustrate how the energy con-
tained in an excited state may be used to produce useful work.
We do not concern ourselves here with the many complexities
and inefficiencies of actual conversion schemes. Rather, we
are after some basic limitations upon which no scheme can
improve.

Returning to the type reaction of eqn. (1), if the transition
were between two specific states, we would see a single sharp
line absorption spectrum of A. In this case, only light of fre-
quency corresponding to hv * E* would be absorbed, ne-
glecting line broadening inherent in the uncertainty principle.
In practice, however, we are dealing with at least diatomic and
usually with polyatomic molecules and the electronic excited
state A* will have a different bond length in the diatomic case,
and different bond lengths and bond angles in the polyatomic
one. Thus, A* will be geometrically distorted relative to the
ground state A. The situation is illustrated in Figure 1.

The Franck-Condon principle tells us that no appreciable
nuclear motion occurs during the absorption of a light quan-
tum, that is, that the transition is a "vertical" one. The con-
sequence, shown in Figure 1, is that light absorption produces
a distribution of vibrationaliy excited A* molecules. The ex-
perimental observation is that the absorption bands are broad,
as illustrated for the case of Ru(bpy)a2+ in Figure 2. Our en-
ergy E* is now actually that of the transition from the v = 0
level of A to the t> = 0 level of A*, or of the so-called zero-zero
transition (where v denotes vibrational quantum number).
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This transition is not totally forbidden by the Franek-Condon
principle and can, in fact, sometimes be seen as a weak feature
on the long wavelength tail of an absorption band. In the case
of Ru(bpy)a2+, E* is about 50 kcal mole"1, corresponding to
aX*of570nm.

Einstein's law telis us that light of wavelength longer than
X* wiil not be absorbed (neglecting the small tail of the ab-
sorption band beyond X*). Now, however, light of wavelength
shorter than X* will be absorbed because of the broad nature
of the absorption band (for example, 450 nm radiation in the
case of Fig. 2). The produced A* is vibrationally excited, but
this vibrationai energy is ordinarily very quickly lost to the
solvent medium {within picoseconds). We thus end up with
non-vibrationally excited, that is, A* species. Moreover, this
is apt to be the situation even if we are populating some higher
excited state by using light of yet shorter wavelength (such as
light of below 300 nm in the case of Fig. 2). Usually (although
not always), crossing from one excited state system to another
occurs so that we still end up with A*.

A further, and important point is that we actually are
dealing with a collection of A* molecules in thermal equilifa-

. —DISTORTION *•
Figure 1. Energy fsvel diagram showing the effect of excited slate distortion.
Straight arrows represent a radiative process and wavy arrows non-radiative
processes.

n m

Figure 2. Room temperature absorption (-•-) and emission { — ) spectra ot
aqueous Bu(bpy)3Ci;.

r i u m w i t h t h e i r s u r r o u n d i n g s . T h i s c o l l e c t i o n i s , i n e f f e c t , a
t h e r m o d y n a m i c e n s e m b l e h a v i n g e n t r o p y a n d h e n c e f r e e
e n e r g y a s wel l a s e n e r g y . T h i s e x c i t e d s t a t e e n s e m b l e h a s b e e n
c a l l e d a t h e r m a l l y e q u i J i b r a t e d e x c i t e d s t a t e ; w e h a v e u s e d t h e
s p e c i a l term thexi state (11). A t h e x i s t a t e i s a g o o d c h e m i c a l
s p e c i e s ; i t i s , i n e f f e c t , a n i s o m e r o f t h e g r o u n d s t a t e . T h e x i
s t a t e s , a s n o t e d a b o v e , h a v e w e l l - d e f i n e d e n e r g y , e n t r o p y , a n d
f r e e e n e r g y . T h e y h a v e s t a n d a r d o x i d a t i o n a n d r e d u c t i o n
p o t e n t i a l s ; t h e y h a v e a d e f i n i t e s t r u c t u r e , r e a c t i o n c h e m i s t r y ,
a b s o r p t i o n s p e c t r u m , e t c . , a i l o f w h i c h m a y b e d i f f e r e n t f r o m
t h e c o r r e s p o n d i n g g r o u n d s t a t e p r o p e r t i e s . O n e s p e c i a l f e a t u r e
of a t h e x i s t a t e i s t h a t i t m a y b e a b l e t o r e t u r n t o t h e g r o u n d
s t a t e A b y e m i s s i o n o f l i g h t . T h i s is t r u e fo r [ R u ( b p y ) 3 a + ] * , fo r
e x a m p l e , a n d t h e e m i s s i o n s p e c t r u m i s i n c l u d e d i n F i g u r e
2 ,

W e a r e n o w a t t h e p o i n t w h e r e t h e l i m i t a t i o n i m p o s e d b y
E i n s t e i n ' s l a w c a n b e e x a m i n e d . T h e p r o b l e m is t h a t s o l a r l i g h t
c o v e r s a w i d e e n e r g y s p e c t r u m , b e i n g e s s e n t i a l l y b l a c k - b o d y
r a d i a t i o n . A s t a n d a r d i n t e n s i t y s p e c t r u m for l i g h t i n c i d e n t o n
t h e e a r t h ' s s u r f a c e is s h o w n i n F i g u r e 3 . T h e s i t u a t i o n i s t h a t
a i ! l i g h t o f w a v e l e n g t h g r e a t e r t h a n X* is w a s t e d s i n c e i t c a n n o t
b e a b s o r b e d a t a l l . B e c a u s e o f t h e t y p i c a l b r o a d n e s s o f a b -
s o r p t i o n b a n d s , w e c a n a s s u m e t h a t a l i l i g h t o f s m a l l e r w a v e -
l e n g t h c a n b e c o m p l e t e l y a b s o r b e d . H o w e v e r , t h e e n e r g y
c o n t e n t i n e x c e s s o f E* p e r m o l e of l i g h t q u a n t a is a l s o w a s t e d .
T h i s e x c e s s e n e r g y g o e s i n t o v i b r a t i o n a ! e x c i t a t i o n o f A * , a n
e x c i t a t i o n w h i c h is p r o m p t l y l o s t a s h e a t t o t h e s u r r o u n d i n g s .
W e wi l l l i m i t o u r s e l v e s t o t h e c a s e o f a n i s o t h e r m a l s y s t e m , s o
t h a t t h i s h e a t is u n a v a i l a b l e t o d o u s e f u l w o r k .

T h e a b o v e q u a l i t a t i v e e x p o s i t i o n c a n b e m a d e q u a n t i t a t i v e
i n t h e f o r m of t h e i n t e g r a l ,

E
IE=-

f * 7(X)dX

(6)

r

w h e r e 7(X) is t h e i n t e n s i t y o f s o l a r r a d i a t i o n i n i n c i d e n t q u a n t a
p e r w a v e l e n g t h i n t e r v a l a n d E(\) i s g i v e n b y ftc/X. T h e coef-
f i c i e n t fs is t h e e f f i c i e n c y f a c t o r r e s u l t i n g f r o m t h i s w o r k i n g
of E i n s t e i n ' s l a w . T h i s i n t e g r a l h a s b e e n e v a l u a t e d a s a f u n c -
t i o n o f E* ( s ee Ref . (5 ) , for e x a m p l e ) , ft m a x i m i z e s a t / j s = 0 .44
f o r X* a b o u t 1 1 0 0 n m . ( T h e r e is a s e c o n d - o r d e r d e p e n d e n c e
o n w h e t h e r w e a r e t a l k i n g a b o u t t h e s o l a r s p e c t r u m r e a c h i n g
t h e e a r t h ' s s u r f a c e , o r t h a t j u s t o u t s i d e t h e e a r t h ' s a t m o -
s p h e r e . )

I t i s p r o b a b l y n o c o i n c i d e n c e t h a t t h e c h l o r o p h y l l o f p l a n t s
a b s o r b s i n t h e r e d , s o t h a t fe is r e l a t i v e l y l a r g e . A n i n t e r e s t i n g
p o i n t is t h a t w h i l e f% is t h u s m a d e l a r g e , l i g h t o f s u c h l o n g
w a v e l e n g t h d o e s n o t c a r r y e n o u g h e n e r g y p e r q u a n t u m t o d o
t h e n e e d e d p h o t o c h e m i s t r y . P l a n t s s o l v e t h e p r o b l e m b y
m e a n s o f a c o m p l e x c h a i n o f m o l e c u l a r e v e n t s w h e r e b y t w o
o r m o r e p h o t o n s a r e u s e d ' t o p r o v i d e t h e e n e r g y n e e d e d for t h e

Figure 3. The spectral distribution ot solar energy with the sun at 60° from the
zenith (72). (The dips in the spectra are due io absorption by various atmospheric
and solar atmospheric species.)
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reduction of COa, Man-contrived chemical solar energy con-
version systems, however, are more likely to take the
mechanistically simpler route of doing the job with just one
photon per primary reaction event. There is a trade-off,
however, in that the required photon energy is increased, with
a corresponding reduction in /#. To take the Ru(bpy)32+

system as an example, A*, is now 570 nm, and /E has dropped
to 0.20.1

The Ther modynarrric Limitation

We come now to the additional limitation that is the focus
of this paper. Any means of reversible generation of work
would do, but for convenience of exposition, let us assume the
following. We have the cell

Pt/C(s)

Solution of AX

concentrations are

(A**} and ( A + V

Solution of AX under

irradiation. Concentrations

are {A+) and (A+*).

C(s)/M/Pt

W e t a k e species A a s ac tua l ly t o b e a cat ion, A + , so we c a n b e
dealing with an electrolyte; t he anion, X~ , is purely a spectator
species. C is a one-e lec t ron-reduced form of A + . W e suppose
tha t t he couple C(s)/A(solution) is reversible a t a P t electrode,
a n d t h a t t he e lect rode M is such t h a t t h e couple C ( s ) /
A + *(so lu t ion ) /M is reversible while t h e couple C(s>/A+(so-
lu t ion) /M is not , t h a t is, t ha t electrode M is polarized with t he
respect to t he second process.2 T h e dashed vert ical line in t he
cell deno tes a l iquid junc t ion .

T h e r igh t -hand solut ion is u n d e r s t eady i r rad ia t ion of
wavelength X*, a n d is of sufficient concen t ra t ion t h a t t h e in-
c iden t l ight i s comple te ly absorbed b y A + . T h e i r rad ia t ion
bui lds up a concent ra t ion of A + * t o some value (A + *) and a t
this point the cell is allowed to operate , drawing jus t sufficient
c u r r e n t t o m a i n t a i n (A+*) a t a s teady s t a t e value. T h e whole
system is a t cons tant t empe ra tu r e arid, unde r t he s teady s ta te
condi t ion , l ight energy is being converted to useful work.

A po ten t i a l p rob lem is t h a t A + * can i n general d i sappea r
by other processes than t he ceE reaction. A + * can, for example,
r e tu rn to A + by light emission or by non-radiat ive relaxation.
These are first order processes with ra te constants k, and knr,
respect ively, a n d t h e sum, k - kt + fenr, de te rmines t h e ra te
a t which A + * would ordinari ly d isappear . T h e r equ i r emen t
he re is t h a t t he cell reac t ion m u s t keep (A + *) sma l l enough
t h a t &(A+*) is negligible compared wi th t he ra t* of t h e pho-
tochemical react ion {see Example below).

W e w a n t our idealized cell to be one which can opera te
under s t eady s t a t e condit ions. T o accomplish this , suppose
that , essentially all of t h e cu r ren t across t h e l iquid junct ion i s
car r ied by A + . 3 T h e cell processes per faraday are as follows.
T h e r igh t -hand c o m p a r t m e n t gains one mole of A + by t r a n s -
ference, loses one mole of A + by photoexci ta t ion t o A + * , and
th is mole of A + * is reduced to C(s). T h e left-hand compar t -
m e n t gains one mole of A* by oxidat ion of C(s) a n d loses one
mole of A * b y transference. T h e r e is t h u s n o n e t change i n
e i the r c o m p a r t m e n t .

T h e n e t cell react ion is ju s t A + * = A + , and the corre-
sponding emf is

C(s)/A* (solution) '
RT,

(7)

where o denotes activity. In the left-hand solution A+* is in
equilibrium with A+, and for the process A+*eq = A4"^, we
have

Further, AG = ~3S and AG° = -~3£D , and we can replace
AG° by its equivalent from eqn. (8). We thus obtain

AG = RT In
a A* •

(9)

where wrev is the reversible work. The activity coefficients of
A** and A+*eq can be taken to he the same (both solutions will
be very dilute in A+*), as can those of A+

e q and A+ {the total
concentration is the same in the two compartments), eqri. (9)
simplifies to

RTln{x'(l - (« (10)

where x* is the fraction present as At*.
For any system likely to fae of interest, #*eq will be very

small, and likewise x* {see Example below). Equation (10)
reduces to

!"rev = RT llj(**A*(iq) (11)

Equation (11) is essentially eqn. {16) of Ref. (5) and eqn. (6)
of Ref. (2), obtained by a more general route.

The simple assumption is that the excited state energy, E*,
is entirely available for work, and we now want to compare this
amount of work to wiev. We can structure this assumption
more specif iealiy as follows. First, we say that A+ is converted
entirely to A+* so that the energy producing process A+* •-•
A + is between species at the same concentration, that is, there
is no entropy of dilution difference. We can take the conditions
of A+ and A+* to be their respective standard states. Next, we
neglect any internal entropy difference between A+ and A+*,
that is, we take AS" to be zero4 and equate energy and en-
thalpy.5 With these assumptions, E* = ~~AGa,

The thermodynamic efficiency factor, /•[•, can now be
written as

h =

or

(12)

(13)

(We have approximated OA+ by

AG° = G V ~ G"A+ = -RT In K, K = aK+JaA*; (8)

A Numerical Example

We can build an example around the Ru(bpy)aa+ case. We
take X* to be 570 nm or E* - 50 kcal per mole of light quanta.

1 )n reading articles on solar energy conversion, ii is well to remember
that authors generally do not irtclude fe in their efficiency statements.
Rather, the efficiency reported is that for complete absorption of light
of optimum wavelength, or around A". (Few example, Graetzei and
co-workers report this type of efficiency as —0.1 for their Ru(»py)3

2+

system (10).} Such an efficiency statement is useful, of course, in
evaluating the chemical performance of the particular system; it is
misleading, however, in that If the Ce factor were to be included, the
practical Interest oi the system might be treatiy diminished.

2 Remember that A + * Is an isomer of A+ which can have quite dif-
ferent properties from those of A+ . As an example, A + and A* * migftt
have acidic protons, but the pKg of A+* might be very different from
that of A+ , so that In a given solution, the degree of dissociation .would
be very different. This difference might allow electrode M to be polarized
with respection to the reduction of A+ but reversible with respect to
that of A + " , Such selectivity ia a matter of kinetics, and while the
condition might be difficult to achieve in practice, it Is a thermody-
namlcally permissible one.

3 The condition of near unitary transference number for A + might
be achieved, for example, by using a cation exchange membrane to
separate the two compartments.

4 This could be a dangerous assumption. One might guess that AS°
is apt to be negative on the grounds that some bond weakening should
occur in the excited state, with concomitant reduction in />•

5 This amounts to neglecting any partfa! molal volume difference
between A + and A+* .
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If this is taken also to be ~AG°, then 1/K at 25°C is 2.13 X
10™31. This is aiso the value of x * e q . 6

The average soiar power at noon in the general latitude of
the U.S. is about 750 watt irT2 (12). With fE = 0.20, about 150
watt m~s might be available to produce [Ru(bpy);j2+j*. The
molar extinction coefficient of Ru(bpy)32+ is quite large (note
Fig. 2), and we can suppose that a layer 1 mm thick of 0.001
M solution will be totally absorbing. One liter of solution will
thus cover 1 m2 and in this solution (150)/4.184) (50,000) =
7.1? X SO"4 mol sec"1 of [Ru(bpy)3

2+]* will be produced.

We can now estimate a practical value of**. The rate of
production of [Ru(bpy)a2+]*, is 7.17 X 10"~4 mole/liter-sec, and
is also to be the rate of its removal in our hypothetical cell.
This rate must comfortably exceed the combined rate of the
various dissipative processes. That is, we want 7.17 X 10~4»
A(A+*). The minimum value of ft is given by 1/T, where r is
the emission lifetime in the absence of specific quenchers or
excited state reactants. This lifetime is about 600 nsec at 25°C
and in an aqueous medium, giving a minimum k value of 1.67
X 106 sec"1. Our requirement is that (A+*) « (7.17 X 10™*)/
(1.67 X 106) or << 4.29 X 10*10. We can lake 1 X 10~n M as a
reasonable maximum value for (A+*), and a corresponding
maximum value for x* of (1 X 10™n)/{0.001) =• I X 10~8.

Returning to eqn. (13), we obtain

If = (1 X I0-8)/!n(2.13 x 10-37)) = 0.78 (14)

There is thus an additional 22% ioss of efficiency due essen-
tially to the difference in entropy of dilution of A"1"*̂  and A+*.
The efficiency fr varies with light intensity. If the intensity
were reduced one-hundredfold, so that x* = 1 X 10~10, then
fr = 0.73. Conversely, one might think of focusing" sunlight
so as to increase the intensity. The sun is not a point source,
and it turns out that the maximum factor by which the in-
tensity can be so increased is just l/«2 where w is the solid

6 While 2.13 X 1O~37 Is. unimaginatively small as a laboratory
number, it represents a perfectly good alternative thermociynamic
statement to thai of 1/K.

7 A typical nuclear or coal-fired power plant might put out 1000
megawatts Of power (for example, one of the San Onofre units in Cal-
ifornia). At 16% efficiency, the toea>Ru{bpy)3

a+ device could deliver
about 0.16 X 750 or about 100 watt m~z. For 1000 megawatts, one
would need 1 X 107meor 10 km2 of 1-mm thick solution, or 1 X 107

liters of 0.001 W solution, corresponding to aboui 1 X 10* moles or 7
tons of a salt of the complex. At the current price of about $10 per gram,
this amounts to a cost of $65 mliiion (assuming that there is that much
ruthenium around!)

angle subtended by the sun's disk, assuming a perfect f 1 lens.
Since as is about 9.3 X 1CT3, this factor is 1.16.X 104 , giving a
n e w s ; ' value of 1.16 X 10~4, The new / - now has the fairly
respectable value of 0.89. The combined efficiency fgfy is 0.16,
0-15, and 0.18 for the three cases.7

We might, alternatively, consider a system of smaller E *
value. For example, if we take the A* of maximum / # , or 1100
nm, E* becomes 26 kcal mole*1 . With the same a:* value of 1
X 10~ 8 , /•/' i s now only 0.58. T h e combined efficiency fsfr
becomes 0.26. Thus , the gain i n / E is largely offset by the loss
in [T- Other, more sophisticated analyses, give the maximum
fefr value as about 0.34 (5).

Conclusion

The above has been presented as an interesting exercise in
an uncommon area of first and second law thermodynamics.
The result has also some importance in that it tells us that no
single chemical system converting solar energy into useful
work, can be very efficient. By contrast, if solar energy is ab-
sorbed as heat for heating purposes then it is almost com-
pletely used (13). To the extent that we use fuel for heating
purposes it should be far more efficient to release that fuel by
using solar heating than to replace it by solar energy conver-
sion devices.
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Joint Great Lakes/Central Regional AGS Meeting
The Division of Chemical Education has organized a stellar prttpam for the Joint Gieat Lakes/Central Regional ACSMeeting being held in Kalamazoo, Ml, May 23-25,1984. The following symposia are planned: Coping With CPT Guidelines,Derek A. Davenport, Chair; Using Computers Cieativeiy, John W. Moore, Chair; The Analytical Curriculum, Roland Hirschand Harry L. Pardue, Co-Chairs; Environmental Update: Problems of the Great Lakes Region, John W, Moore, Chair;Chemistry for Allied Health Sciences, Anne Deckard, Chair, Spirited discussions are expected on incorporation of descriptiveinorganic chemistry and computer literacy into the curriculum; how and whether the current analytical chemistry curriculumought to be changed; the problems of LoveCanai, PCBs, dioxuij and hazardous materials; and appropriate courses for thoseaiming at health-reiated careers.
In addition there will be a high school chemistry teachers' day with a program on chemical demonstrations appropriatefor the high school classroom. Those presenting the demonstrations will be: Glen Dirreen, Douglas Halsted, Doris Kolb,and David Tanis—two college teachers and two high school teachers. The high schooJ symposium will take place the morningof Friday, May 25. All teachers are invited to attend, whether or not they are members of ACS or DivCHED.
For more information about meeting registration, accommodations in Kalamazoo, other divisions' programs, etc.,please contact Dr. Lydia E, M. Hines, General Chair, The Upjohn Company 7284-126-6, Kaiarnazoo, MI 49001, (616) 385-7818.
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The Evaluation of Empirical Resonance Energies
as Reaction Enthalpies
with Particular Reference to Benzene
Philip George
Biology Department, University of Pennsylvania, Philadelphia, PA 19104

Charles W. Bock and Mends! Trachiman
Chemistry Department, Philadelphia College of Textiles & Science, Philadelphia, PA 19144

The knowledge that the absence of double-bond reactivity
in benzene is associated with an enhanced thermochemical
stability dates back to the 1890's. Stohmann (1) showed that
in the three successive hydrogenation steps whereby benzene
is converted into cyclohexane, and terephthalic acid into
hexahydroterephthalic acid, the first step is far less exother-
mic than the othef two, if not endothermic (see Table 1).
Furthermore, the second and third steps have reaction heats
much more like those for simple acyclic olefins, e.g., ethylene
-31.9 and propylene -32.5 kcai mol"1 f 1). In later, more ac-
curate experiments, Kistiakowsky et al. found that the first
step for benzene was also endothermic (3).

With the advent of valence-bond theory in the 193G's this
stabilisation was accounted for in terms of quantum me-
chanical resonance, involving in the main the two equivalent
Kekule structures (4) and an empirical resonance energy of
37.3 kcal mol""1 was calculated as the difference between the
experimental energy of atomization of benzene and a value
calculated using bond energies JS(C—H), B{C—C), and
E(C=C) derived from thermochemical data for paraffins and
olefins (5). T o meet the requirement that the single valence
bond structure used as reference should be a distorted
1,3,5-cyclohexatriene structure in which al! the carbon-carbon
bonds are equal in length, 1.39 A, and not a structure with
alternating long single bonds of 1.64 A and short double bonds
of 1.34 A, a "compressional energy" correction factor was
subsequently introduced (6).

The present article deals with the nature of this empirical
(i.e., experimental) resonance energy—how its magnitude
depends upon the choice of reference molecules from which
the bond energies are derived, and how, in fact, it can be
evaluated much more simply, without recourse to bond
energies, as the enthalpy change for a reaction predetermined
by the choice of reference molecules, As a corollary, reference
molecules can be chosen so as to minimize contributions to the
reaction enthalpy arising from structural changes that have
nothing to do with aromatic stabilization. Since reaction
enthalpies are phenomenological in nature and not dependent
on any theoretical approach, the more general term "stabili-
zation energy" will be used in the later discussion.

A clear distinction can be made between empirical reso-
nance energies and theoretical resonance energies (7) based

Table 1. Aff° for the Three Successive Hydrogenation Steps, In
kcal mol~1 (data (a) (ram Stohmann (1), (b) Irom Kistiakowsky

et al. {2, 3)).

Molecule
First
Step

Second
Step

Third

Benzene

Terephihalic
AcW

(a) -0 .8
(b) +5.6

(a) -35.0
(b) -28.7
(a) -28,9

(a) -27.8
(b) -28,6
(a) -23,5

on t h e proper t ies of individual bonds inferred from calcula-
t ions using, for example , t h e i r-electron approx imat ion , or
ca lcu la ted using m o d e l s t ruc tures w i t h ideal ized bond ing or
hypothe t i ca l reference s t ruc tu res such as a n infinitely large
cyclic polyene. Empirical resonance energies can be calculated
theoretically s imply as t he difference be tween the energies of
p r o d u c t a n d r e a c t a n t species. Ab initio ca lcula t ions a r e well
sui ted for th i s purpose because all e lect rons are t a k e n in to
account .

Stabilization Energies Calculated from Bond Energies

AHf° for the gaseous molecules at 298 K, in kJ mol"1, have
been taken from a computer-analyzed revision (8) of ther-
mochemical data (9). However, to maintain continuity with
the older literature, the results are reported in kcal mol"*1-1
kcal ^ 4.184 kJ. All the calculations have been carried out to
two decimal places and rounded off to one decimal place.1

AHa" is used to denote enthalpy of atomization, and for a
hydrocarbon, C m H n ,

AH f l°(CmHn) - mAHf°(C) + nAHf(H) ~ AH(°(CmHn)

(1)

where Afff°(C) and AHf"(H) are the enthalpies of formation
of the carbon atom from graphite and the hydrogen atom from
H2,170.9 and 52.1 kcal mol"1, respectively (8).

Following Pauling and Sherman (5) the stabilization energy,
SE, for benzene is given by the expression

SE ° (benzene) - 6£<C—H) 3E(O=C)

(2)

JS(C—H), E(C—C), and JE(O=C), calculated for various sets
of reference molecules by t he usual procedure, equat ing AH a °
for each molecule to the appropr ia te s u m of bond energies, are
given in T a b l e 2 along with stabilization energies for benzene
calculated using eqn. (2). T h e very wide range of values for SE,
from a high of 64.2 t o a low of 4.4 kcal mol""1, will be com-
m e n t e d on la ter .

Stabilization Energies Equivalent to Reaction Enthalpies

The particular reaction that underlies the calculation of SE
from a given set of bond energies can be identified by carrying
out the following steps.

1} Express AHB" for the paraffin(s) and olefm(s) in terms of
JE(C—H), E{C—C), and E(C=C), and solve for the bond
energies.

2) Express d# a ° for benaene as the function of bond energies and
SE according to eqn. (2).

'Using the rounded-o!f bond energies in Table 2, the multiplication
factors In eqn. (2) for calculating S£ lead to round-oft errors of 0.1-0.3
kcal m o r ' in some cases.
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3) Substitute tie bond energies from step 1 in eqti. (2) and collect
like terms. SE then appears as a sum and difference of AHa"
values for benzene, the paraffin(s) and the olefin{s} which is
AH° for the particular reaction.

The calculations of SE using the bond energies derived from
the sets of molecules 1-10 in Table 2 are thus found to be
equivalent to AH° for reactions 1-10 in Table 3 evaluated
directly as the difference between AHf for the product and
reaetant species.

The procedure introduced by Kistiakowsky et al. for the
calculation of SE, namely taking the difference between AH °
for the hydiogenation of benzene to cyclohexane and three
times AH" for the hydrogenation of cyclohexene to cyclo-
hexane, i.e., -49.8 - 3(-28.6) = 36.0 kcal rool-1 (3,10), is, in
effect, the determination of SE as AH° for the reduction of
benzene by cyclohexane,

benzene + 2 cyciohexane -* 3 cyelohexene

i.e., reaction 7, Table 3.

The Matching of Structural Elements In Reactants and
Products

Dewar and Schmeising (11) criticized this procedure on the
grounds that there were energy contributions to SE arising
from the stabilizing influence of Cfip2—-Csp8 bonding in the
cyclohexene that was not matched in the benzene and eyclo-
hexane, which would serve to diminish the value, from the ring
strain in the cyclohexene, which wouid serve to enhance the
value, and from hyperconjugation effects. To avoid these ir-
relevant energy contributions, they proposed that the hy-
drogenation heat of ethylene be taken as reference. This is
equivalent to evaluating SE as AH" for the reduction of
benzene by ethane.

benzene + 3CH3—CH3 — cydohexane +

i.e., reaction 3, Tabie 3. But this reaction also has mismatched

bonding. The Cspa-—Csps bonds are not matched in the

products, nor are the various kinds of C—H bond (22).

Table 2. Values for the Bond Energies £(C—-H), E{C—C), and E(O=C> Obtained Using Different Sets of Reference Molecules, and the
Corresponding Values of SE for Benzene in kcaf mol " 1 at 298 K.

Reference Molecules" E(C—H)»

1) CH,. CHaCH3, C H ^ G H j
2) CHaCH), CHjCHzCHs,
3) CHaCHs, cyciohexara, CHfe=CHs!
4) CH* CH3CH=CH2

5) CH,, CH3CH3, (CHj>2C=CHCH3
6} CH4, CHaCHa, ( C H a l s C ^ C r ^
7) iCHfl], cyctohexane, cyctohexene
8) £CH,], CHaCH3. frans-CH3CH==CHCHa
9) [CH,], CMs=CHj, trans<SHi=CH--CH-==CHj

10) [CH,], CHa—CHj, 90° CH2-=CH--CH=<;H !

A/A = 99,3
C/2 - EIA = 98.6

CIA - LIZA » 98.6
A/4 = 99.3
A/4 = 99.3
A/4 = 99.3
A/A = 99.3
A/4 = 99.3
A/A = 99.3
A/A = 99.3

C - 3A/2 * 78.8 B - A = 140.6 64.2
3E/S~2C=B2.B B+E-2C= 143.2 48.4
LIA ~ C/S = 82.8 B + t/0 - C « 143.3 48.4

sum " D 3 / V 2 * 224.8 48.1
C - 3A/2 = 78.8 t+2A-3C= 156.3 17.0
C - 3/V2 * 78.8 J + 3A ~ AC = 160.5 4.4

L/6 - A/2 " 81.5 K - 5N/6 = 147.4 35.8
0-3.4/3 = 78.8 H+ A-2C= 151.5 31.7

F+ -1/2 ~2B = 93.1 B- A = 140.6 Z1.6
Q + A/2 - 2B = 85.9 B~ A= 140.8 43.0

* The reference molecules In square Drac&eis nave been added & order to solve tha simultaneous equations for ma bond energies. Their enthalpies at atamluttlon do not, however,
appear in the final eiprssston for SE. .

6 The capfta! Setters denote enBiaipjas at alomiiatlon as follows: A. CK.: S. Crfe-=CHS; C, CH3CH3; O. C U J C H ^ C K J ; E, CHjCHjC+fe; F, f iamM>ls=CH~CM==Crk G, 90° CH^^CH—
CH=CHS; K Mn&CHaCH='CHCH3: /, (CHsfeC^CHCHa; J, (CHalaC^CICHalj; K, cyeloWiane: and L. cyclohaxane,

Table 3. Various Reactions Whose A H ° Values, in kcal mof~\ al 298 K can be Taken as a Measure of the Stabilization Energy Oi Benzene,
SE, Together with Their Specification as to Whether There is Matching between the C—H, C—C and C = C Structural Elements In

Reactants and Products. *

1)

2)

3|

4)

5)

6)

7)

8)

9)

10]

Reaction

ben;ene + 8CHj • •-•
SCHsCHa "1" SCH^^^CH?
benzene +. 9CHaCH3 —
6CH3CH2CH3 + XH 2 —CH^"
Benzene + 3CB3CH3 - "
cyclohexane + 3CHj=GH?

benzene + 3CH, —
3CH3CH—"CHS

benzene + eCHjCHs •-•*
3CH4 + 3(CH3)2C=CHCHa
benzene + 9CH3CHa - *
6Cri4 ~r 3(CH3)jC' i : ; :G(Cn3)2

benzene + 2 cyclohexane ~*
3 cyclohexene"
benzene + 3CH3CH3 --
3 (faos-CHaCr+=CHCH3''
benzene + 3CH2-=CHS —
3 frar)s-CHs='CH—CH=^CHs
benzene + SCHj^CH; - •

AH"

64.2 ± 1.7

46.5 ± 1.8

48.4 ± 1.2

48.1 ±0 .7

17.0 ± 1.1

4,4 ± 1.7

35.8 ± 0,6

31.7 ±0 .6

21.6±1.5

43.0 ± 3.6

C[4}H,

no
(24:0)

no
(12:0)

no
(0:12]

no
(0:24)

C—H Structural Elements

C[4]H3

no
(0:16)

no
(54:36)

no
(18:0)

no
(0:9)
no

(36:27]
no

(54:38)

yes
(18:18)

C{4]Hz

no
(0:12)

no
(0:12]

yes
(24:24)

Cj3]H2

no
(0:12)

no
(0:12)

no
(0:12)

no
(0:6)

yes
(12:12]

yes
(12:12)

C|3]H

no
(6:0)
no

(6:0]
no

(6:0)
no

(6:3)
no

(6:3]
no

(6:0)
yes
(6:6)
yes
(6:6]
yes
(6:6)
yes
(6:6)

c-
C{4j-C[4]

no
(0:3)
no

(9:12)
no

(3:6)

no
(6:0)
no

(9:0]
no

(12:9)
no

(3:0]

•C and C = € Structural Elements

C[4]-C[3]

no
(0:3]
no

(0:9)
no

(0:12]
no

(0:6)
no

(0:6]

C[3]-C[3]

no
(3:0)
no

(3:0)
no

(3:0)
no
3:0)
no

(3:0)
no

(3:0)
no

(3:0)
no

(3:0)
yes
(3:3)
yes
(3:3)

C[3]-C[3]

yes
(3:3)
yes
(3:3)
yes
(3:3)
yes
(3:3)
yes
(3:3)
yes
(3:3)
yes
(3:3]
yes
(3:3)
yes
(3:3)
yes
(3:31

a C{4] and Cj3] flenole carbon aioms to which four and three other aloms, respectively, are bonded. CH iH , . C[4]H3, C[«|Hj, C|3]Hj. and C|3jH dsnole a carbon-fiydrogBn bond In

4and CH3—, -CH!—. = C H j and ==OH— groups, fespecl/vely. TtienumBers in parentheses lx:y) giue Ihetolal number of each ktnd of carttorMiydroBen Bond in D M reaetant (x) and
duci fyj moleculea.

CH
produci fyj moleculea.

° 7<ie general eqoalion tor this type o( feacttoo is

benzene + 3(n + * 3 n C B + i H 2 B + 4 + 3 C H 3 - = C H 2 .

= Correcting for ihe ring strain energy associated wl!h cyclohexene. 1.32 kcal m o r 1 (9). A W becomes 31.9 kca i '
0 With cls-2-ttiitene, wfileh is 1.05 kcal ™ r ' less stable (fl|, A H " becomes 34.S kcat mor 1 .
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In fact the very wide range of SE values in the tablea is due
to contributions to the reaction enthalpy arising from struc-
tural changes other than those responsible for the aromatic
stabilization in the benzene. To trace these changes, the
bonding state of the carbon has to be taken into account, C[4]
tetrahedral and C[3j trigonal (so' there are C[4]—C[4],
C[4]—C[3j and C[3]—C|3] single bonds2), as well as the
number and land of nearest neighbor atoms around each kind
of carbon. Nearest neighbor bonding can be specified conve-
niently in terms of the number of bonded hydrogens.

The results of this analysis are set out in Table 3, where it
can be seen that the majority of the reactions fall into one of
three categories. In reactions 1-6 only the C=C bonds are
matched; in reactions 7 and 8 the C—H bonds are also
matched; and in reactions 9 and 10 the C—C bonds are
matched as well.

Closer examination shows that finer distinctions can be
made. Although the mismatch in the C—C bonding is the
same in reactions 1 and 2, the mismatch in the C—H bonding
is quite different and the SE values differ by 16 kcal mol"1.
In reactions 1,4, 5,6, in which the ethylene is unsubstituted,
mono-, tri- and tetra-metbyl substituted, respectively, the
mismatch is different in both the C—H and C—C bonding,
and at the extremes the SE values differ by 60 kcal mol""1. On
the other hand, in reactions 7 and 8, not only is the C—H
bonding matched, but the mismatch in the C—C bonding is
the same. If AH0 for reaction 7, which is the reaction that
underlies the procedure of Kistiakowsky et al. is corrected for
the ring strain energy of the cyclohexene, it becomes 31.9 kcal
mol"1, which is identical to the value for reaction 8 within
experimental uncertainty. Although in their entirety the
structures of the reactants and products in these reactions are
very different, this very close agreement is in accord with more
recent assignments of bond energy terms which take into ac-
count the bonding state of the carbon and the number and
kind of nearest neighbor atoms (9,13,14), and with corre-
sponding group additivity schemes (15,16).

In matching the C—-C bonding in reaction 9, C[3]—C[3] is
identified with the central bond in the planar trans-1,3-bu-
tadiene molecule (14). But this amounts to assessing the sta-
bilization in benzene relative to three times whatever the
stabilization is in the aliphatic diene. It has been argued,
rather convincingly, that the stabilization is quite small, at
most only a few kcal mol~x (17), and recent ab initio calcula-
tions strengthen the case (18). There is no way it can be
evaluated from therraochemical measurements, because there
is no appropriate stable molecule with a C[3]~C[3] bond to
serve as reference. An alternative approach is to use the ro-
tomer of 1,3-butadiene in which the HaCj—CuH-plane is
twisted 90° with respect to the -CijjH™CiVH2 plane as the
reference molecule (19). In such a molecule icx -delocalization
energy is absent, but there would be some hyperconjugation
exerting a small stabilizing influence (20). A recent study (21)
of the torsional potential function, using Raman spectro-
photometry and a high-intensity argon-ion laser source, finds
the energy of the 90° rotomer relative to the stable planar trans
structure to be 7.16 kcal mol""1, which would lead to an SE
value for benzene of 21.56 + (3 X 7.16) = 43.0 kcal motk

At first sight it might seem contradictory that the SE value
based on reactions 7 and 8 is iess than that using 90° 1,3-
butadiene in reaction 10, since the elimination of a mismatch
in the structural elements might be expected to lower SE. But
this is not necessarily so because a mismatch can make either
a positive or negative energy contribution to SE depending
upon the direction in which the structural change occurs.

All the reactions in Table 3 are of the type called isodesmic,
i.e., there are equal numbers of formal single and double bonds
between the carbon atoms in reactaets and products (22).

React ions 9 and 10 beiong to a special subg roup called
homodesmotic (23) to emphas ize t he sameness in t h e char-
acter of t h e bonding in reactants and products over and above
the equal i ty in t h e n u m b e r of b o n d s of each formal t y p e , i.e.,
t he re a r e equa l n u m b e r s of each k ind of ca rbon-carbon
b o n d — C [ 4 ] — C [ 4 ] , C[4]—C[3j , C[3]—0(3] a n d C[3j
=C[3]-—and equal number s of C[4] a n d C[3) a toms wi th one,
two, and three hydrogen a toms at tached. Since homodesmotic
reactions minimize energy contributions arising from changes
in t he bonding s ta te of t he carbon and changes in t he bonding
of t h e hydrogen they are t h e reac t ions of choice for t he eval-
uat ion of s tabi l izat ion energies from the rmochemica l da t a ,
e.g., for polycyclic benzenoid hydroca rbons and o the r cyclic
conjugated hydroca rbons (24). S imi la r react ions , i n which
nitrogen-carbon bonds are matched according to t he bonding
s ta t e of t h e ni t rogen toge ther with t h e n u m b e r of hydrogen
a t o m s a t t ached to each k ind of n i t rogen a tom, can be se t u p
for t he evaluat ion of s tabi l iza t ion energies for a roma t i c n i -
trogen heterocycles, e.g., pyridine, pyrrole, and porphtne (25).
T h e s tabi l izat ion of al iphalic acyl compounds

wi th respect to reference molecules conta in ing C = O a n d
C—-X bonds , and compounds of t he type

with respect to molecules containing O ^ , C—X, and C—Y
bonds, can also be treated in the same way.
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It is important to realize that in the practice of his or her
profession the analytical chemist uses a wide variety of ex-
perimental procedures. The field of chemistry has tradition-
ally been divided into the major disciplines of analytical, in-
organic, organic, physical, and biochemistry. Today, however,
there is a large amount of overlap among the various disci-
plines as seen by job descriptions for chemists in areas such
as physical-organic, environmental, analytical, bio-inorganic,
organometallic, as well as medicinal, clinical, and polymer
chemistry. In view of such a muitidiseiplinary marketplace,
it should be understood that an effort to describe the activities
of the analytical chemist is meant only to be suggestive and
by no means limiting.

What is Analytical Chemistry?

Analytical chemistry basically deals with the qualitative
and quantitative identification, characterization, and mea-
surement of the chemical species present in a sample. The
measurement process can range from standard techniques for
routine quality control to state-of-the-art techniques used for
fundamental studies. However, regardless of the measure-
ments made, the actual experimental determination of a given
chemical species is only one aspect of a much more compre-
hensive analytical procedure which takes into account:

1) definition of the problem and the manner in which chemical
analysis wiii be relevant to its soiution,

2) identification of the appropriate chemical species to be mea-
sured,

3) collection and preliminary treatment of the sampie,
4) selection of a suitable measurement technique with respect to

species concentration, accuracy, precision, cost and time,
5) separation of the desired species if interfering components are

present,
6) measurement of the concentration of the species
7) evaluation of the data, and
8) communication of the results.

A closer look at each of these individual operations will pro-
vide an idea of the diversity and challenges involved with the
problem-solving aspect of analytical chemistry.

The first three of the above operations will often not be
under direct control of the analytical chemist, but will be the
responsibility of the person, or client, requesting the chemical
analysis. This, however, does not mean that these operations
can be neglected. The analytical chemist should obtain as
much information as possible about the client's problem, the
way in which the chemical data are to be used and interpreted,
the genera! composition of the sampie, and the manner in

This feature surveys the diversified careers which are available to
chemists or which require some chemical training. We are alt "career
consultants to some degree. This feature may supply some new insights
as to what is available.

w h i c h t h e s a m p i e w a s c o l l e c t e d , s t o r e d , a n d t r e a t e d . T h i s
o v e r a l l u n d e r s t a n d i n g o f t h e p r o b l e m a n d t h e s a m p l e is a
n e c e s s a r y p r e r e q u i s i t e fo r c h o o s i n g a m e a s u r e m e n t p r o c e s s
w h i c h w i l l p r o v i d e b o t h t h e d e s i r e d i n f o r m a t i o n a n d t h e r e -
q u i r e d l e v e l o f r e l i a b i l i t y i n t e r m s o f a c c u r a c y a n d p r e c i -
s i o n .

C h o i c e o f t h e o p t i m u m e x p e r i m e n t a l p r o c e d u r e is a d e c i s i o n
f o r w h i c h t h e a n a l y t i c a l c h e m i s t i s u n i q u e l y q u a l i f i e d . T h e
w i d e v a r i e t y o f p r o b l e m s e n c o u n t e r e d b y t h e a n a l y t i c a l
c h e m i s t r e q u i r e s t h e u s e o f m e t h o d s w h i c h r a n g e f r o m t r a d i -
t i o n a l w e t c h e m i s t r y t o m o d e r n i n s t r u m e n t a t i o n . C o m p e n d i a
of a n a l y t i c a l m e t h o d s p r o v i d e i d e a s a s t o w h a t techniques m a y
b e m o s t a p p l i c a b l e , b u t i t is u p t o t h e a n a l y t i c a l c h e m i s t t o
o r g a n i z e c r e a t i v e l y t h e a p p r o p r i a t e m e t h o d s i n t o a p r o c e d u r e
w h i c h w o r k s we l l fo r t h e s a m p l e s a t h a n d . T h e m e t h o d s e l e c -
t i o n a n d e x p e r i m e n t a l d e s i g n m u s t b e b a s e d o n p r e v i o u s e x -
p e r i e n c e , g e n e r a l k n o w l e d g e o f t h e c h e m i c a l r e a c t i o n s i n -
v o l v e d , t h e d e s i r e d a c c u r a c y a n d p r e c i s i o n o f t h e d a t a , a n d t h e
s u i t a b i l i t y o f v a r i o u s i n s t r u m e n t a l a n d w e t c h e m i s t r y p r o c e -
d u r e s . I n s i t u a t i o n s w h e r e m o r e t h a n o n e t y p e of p r o c e d u r e
i s c a p a b l e o f p r o v i d i n g t h e r e q u i s i t e p r e c i s i o n a n d a c c u r a c y ,
t h e a n a l y t i c a l c h e m i s t m u s t u s e c o s t / b e n e f i t c o n s i d e r a t i o n s
i n c h o o s i n g t h e l e a s t e x p e n s i v e w a y of o b t a i n i n g t h e d e s i r e d
i n f o r m a t i o n . F o r e x a m p l e , t h e b e n e f i t a s s o c i a t e d w i t h a n e x -
p e n s i v e , h i g h l y a c c u r a t e , a n d v e r y p r e c i s e q u a n t i t a t i v e a n a l -
y s i s o f d r i n k i n g w a t e r fo r a c o m p o n e n t w h i c h m a y a f f e c t
h u m a n h e a l t h is w o r t h t h e c o s t , b u t t h e b e n e f i t o f a n e q u a l l y
e x p e n s i v e , a c c u r a t e , a n d p r e c i s e a n a l y s i s f o r a c o m p o n e n t
w h i c h o n l y i m p a r t s a s l i g h t o d o r t o t h e w a t e r m a y n o t j u s t i f y
t h e c o s t w h e n a l e s s e x p e n s i v e , l e s s a c c u r a t e m e t h o d c a n
p r o v i d e t h e r e q u i r e d i n f o r m a t i o n . A n a l y s e s w h i c h a r e m o r e
a c c u r a t e t h a n t h e s i t u a t i o n w a r r a n t s c a n b e c o s t l y a n d
w a s t e f u l i n b o t h t i m e a n d r e s o u r c e s ; w h i l e , o n t h e o t h e r h a n d ,
a n a l y s e s t h a t l a c k t h e n e c e s s a r y a c c u r a c y a r e o f l i t t l e u s e .

O t h e r f a c t o r s w h i c h e n t e r i n t o t h e c o s t / b e n e f i t c o n s i d e r -
a t i o n a r e t h e t i m e r e q u i r e d for a s i n g l e d e t e r m i n a t i o n a n d t h e
t o t a l n u m b e r o f d e t e r m i n a t i o n s t o b e p e r f o r m e d . T h e o v e r a l l
i m p a c t o f t h e s e t w o f a c t o r s is o f t e n r e f l e c t e d i n t h e c h o i c e
b e t w e e n w e t c h e m i s t r y a n d i n s t r u m e n t a l p r o c e d u r e s . W h i l e
w e t c h e m i s t r y p r o c e d u r e s s u c h a s t i t r a t i o n s a n d g r a v i m e t r i c
m e t h o d s o f fe r l o w c o s t w i t h g o o d a c c u r a c y a n d p r e c i s i o n for
h i g h c o n c e n t r a t i o n s o f s e l e c t e d c o m p o n e n t s , t h e y m a y b e
l e n g t h y i f m a n y s a m p l e s a r e a n a l y z e d . I n s t r u m e n t a l p r o c e -
d u r e s , o n t h e o t h e r h a n d , a r e g e n e r a l l y m o r e e x p e n s i v e i n
terms o f i n i t i a l c o s t , offer l o w e r d e t e c t i o n l i m i t s w i t h s o m e loss
i n p r e c i s i o n , a n d r e q u i r e l ess a n a l y s i s t i m e p e r s a m p l e , w h i c h
c a n m a k e t h e m c o s t e f f e c t i v e f o r l a r g e n u m b e r s o f s a m p l e s .
T h e e x p e r i e n c e d a n a l y t i c a l c h e m i s t wil l r e a l i z e t h a t t h e p r o p e r
u s e o f b o t h i n s t r u m e n t a l a n d w e t c h e m i s t r y m e t h o d s c o m -
p l e m e n t e a c h o t h e r a n d w i l l m a k e e x t e n s i v e u s e o f b o t h .

S i n c e m o s t s a m p l e s a r e r e a l l y c o m p l e x m i x t u r e s t h e y o f t e n
r e q u i r e s o m e t y p e o f c l e a n - u p p r o c e d u r e i n o r d e r t o i s o l a t e
e f f e c t i v e l y t h e c o m p o n e n t o f i n t e r e s t , o r a n a l y t e , f r o m o t h e r
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components which may interfere in the analysis. In order to
avoid time, expense, and possible loss of any anaiyte due to
lengthy isolation procedures the analytical chemist should
develop efficient separation schemes. The separation may
require the combination of several standard methods into a
unique procedure for the matrix of interest. For example, the
vanadium content in a new alloy may be critical to its physical
properties. While methods for determining vanadium exist,
none of them may be suitable for the new alloy. Thus, the
analytical chemist would need to develop a procedure which
would be suitable for this new matrix.

After the appropriate collection and separation steps have
been taken, it is the measurement process used in the labo-
ratory which finally provides data on the anaiyte concentra-
tion. The quality of the experimental data will ultimately
depend on the ability of the person performing the measure-
ments. In many cases the data will not be obtained by the
analytical chemist, but rafter by personnel trained specifically
for that purpose. These technical personnel, or analysts, need
not be. concerned about the overall scope of the problem, but
should focus on the quality of data, ensuring that it is acquired
with the best possible accuracy and precision inherent to the
method. The position of analyst is one frequently filled by
bachelor degree chemists, since a general background in
chemistry is needed to learn effectively and understand the
specific experimental procedures used in any given laboratory.
Although the job of analyst is not aa invoived as that of the
analytical chemist, it is very demanding and requires a high
degree of proficiency.

After the data have been acquired they must be converted
to a form which is relevant to the problem, such as absorbance
readings being converted to the weight percent of anaiyte
present in the original material. For many routine experiments
acquisition of the raw data and conversion to meaningful re :
sulis is automatically carried out by computers, but the fact
that a result is calculated to 12 digits does not mean that it is
correct. The analytical chemist should have some intuitive,
common sense feeling for the quality of the data based on past
experiences. Thus, he or she should be able to identify those
results which may indicate erroneous procedures. In addition
to calculating the final result, it is essential that the analytical
chemist calculate the reliability of the result in terms of pre-
cision and accuracy. The random errors associated with pre-
cision will tend to cancel one another when a large number of
measurements are made, but determinate errors such as op-
erator, instrumental, or procedural bias which affect accuracy
do not cancel and will offset the experimental results from the
true results. By proper use of statistical procedures the ana-
lytical chemist can determine the extent of random and de-
terminate errors and consequently design or re-design ex-
perimental procedures which maintain the required accuracy
and precision. The degree of uncertainty indicated by the
accuracy and precision must also be communicated to the
client. This allows the client to arrive at an interpretation of
the data which is consistent with the experimental procedures
and which also takes into account any limitations associated
with the data.

The analytical chemist must oversee a large number of
operations in the process of performing a chemicai analysis.
The task of selecting the best procedure for a given analysis
can be compared to selecting the best path through a maze.
In selecting a path through a maze, there are many directions
in which to proceed and one may encounter many wrong turns
and dead ends. The task however becomes much easier if one
has an overview of the entire maze and clearly knows in which
direction to proceed to find the end. Similarly, for a chemical
analysis, there are many procedures which may be used to
obtain the desired information, but selection of the best pro-
cedure becomes easier when the problem is clearly defined and
the requirements for the data well established.

Career Planning

Students interested in analytical chemistry should realize
that the discipline is both applied and fundamental in nature.
The applied concept uses established procedures to obtain
information about a specific problem, while the fundamental
concept is concerned with overcoming problems associated
with the development of new tools and techniques with which
to better investigate the physical and chemicai properties of
materials. The new knowledge which is obtained as a result
of fundamental studies has the potential to improve the ap-
plied aspects of the discipline. While the applied studies are
generally found in industrial settings and the fundamental

• studies in academic settings, there are no fixed dividing lines
and both applied and fundamental studies are carried out in
both settings. Regardless of the setting or the type of work,.
the analytical chemist will be presented with challenging
opportunities to investigate new and interesting areas, to
overcome unforeseen technical and chemical difficulties, and
to gather original information in response to unique questions.
With the rapid development of computer technology, op-
portunities for analytical chemists promise to be even more
exciting and demanding. In a special report on the future of
analytical chemistry1, Thomas Isenbour comments on the
future of computers in analytical chemistry, "It looks great.
The table has been set for a feast of new analytical chem-
istry."

To prepare for a career as an analytical chemist or an ana-
lyst, students should take as much math, chemistry, and
physics as possible in high school. At the college level the
student should take courses required for a chemistry major,
as well as courses in statistics, electronics, and computer
science. Courses which.deal specifically with analytical
chemistry, instrumentation, or separations should be taken
if they are not included in the chemistry major requirement.
Independent research should be part of the student's program
if it is at all possible, because it is through this type of activity
that the student learns how to define a problem and to develop
a systematic approach for obtaining the data needed to ad-
dress the problem. While the formal training offered at the
undergraduate level cannot turn out students ready to attack
every type of problem (and is not intended to), it can provide
students with both a sound background of fundamentals on
which to base decisions and a confidence in one's ability to
gather accurate, reproducible data.

Education at the undergraduate level will, in most cases,
be appropriate for a student to seek employment as a tech-
nician, tar students who wish to seek positions with a broader
range of reponsibilities and to develop self-directed research
programs it will be necessary to obtain a master's or, prefer-
ably, a doctoral degree. Many graduate programs are struc-
tured such that the student can proceed directly from the
bachelor's degree to the PhD without earning a separate
master's degree. In graduate school, the student will generally
take courses which have a strong emphasis on analytical
methods, such as separations, spectroscopy, electrochemistry,
electronics, or solution equilibria, although many other spe-
cialized courses are offered. The PhD is a research degree, so
that a major portion of the student's activity will be involved
with a unique research project under the direction of a pro-
fessor who serves as the student's mentor during the course
of the studies. Students who are thinking about attending
graduate school should also be aware that there are a rea-
sonable number of graduate teaching aesistaniships available
which pay stipends.

Upon completion of the PhD the analytical chemist may
proceed into a variety of governmental, industrial, or academic
positions. An extensive survey of salaries for chemists is given
in the July 11,1983 issue of Chemical and Engineering News.

1 Isenhour, Thomas, Ana!, Chem., 55,824 (1983).
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While the job descriptions will vary greatly, the activities of
the analytical chemist most often will involve answering
questions which deal with various aspects of the overall ana-
lytical procedure outlined at the beginning of the article. To

provide the best answer to these questions, the analytical
chemist must have a critical attitude toward the techniques
and procedures which are used and the results which are ob-
tained.

report of the polymer core cour/e committee

Inclusion of Polymer Topics into Undergraduate
Inorganic Chemistry Courses
Inorganic Core Course Committee1

Inorganic Core Content Related to Polymer Science
Inorganic chemistry core courses typically focus on the re-

lationships of structure and reactivity in compounds of all the
elements except catenated carbon (organic chemistry). In-
cluded as integral parts of these courses are discussions of
polymers and polymeric structures since many inorganic
substances lack discrete molecular species and have chemistry
inextricably related to their extended structures. Notable
examples of these substances would be metals, metal salts,
oxides, silicates, nitrides, etc. These and even the more clas-
sical inorganic polymers such as siloxanes, boranes, stlanes,
phosphazenes, polyphosphates, etc. often do not have isolable
monomeric units typical of classical organic polymers, so the
actual "polymer science" content in the core courses has
somewhat different format. Practical applications of poly-
meric inorganic substances likewise extend beyond the usua!
purview of polymer chemistry concerns, which are largely
organic in nature. It is safe to conclude, nevertheless, that no
study of inorganic chemistry is intelligible without an un-
derstanding of its intrinsically "polymeric" structural con-
tent.

It does seem appropriate that chemistry of the more tra-
ditional inorganic polymers be included in the core along with
discussions of mechanisms and syntheses of substances ca-
pable of forming linear or branched polymers. Additionally,
the chemistry of inorganic species that catalyze organic
polymerizations or the synthesis of important monomers
should be presented. A listing of important inorganic topics
of current interest to polymer science would thus reasonably
include:

a) Notable linear and branched polymers: silicones, phospharenes,
polysulfides, f SN),, boraaenes, poly phosphates, silicates.

b) Catalytic systems important to condensation processes (if or-
ganic monomers: Ziegler catalysts, organolithium reagents, or-
ganometallk catalysts, and anchored metal catalysts.

1 The inorganic Core Course Committee consists of:
Norman E. Milter, Chair, University of South Dakota, Vermillion, SD

57069
John J. Fortman, Assistant Chair, Wright State University, Dayton, Ohio

45435
Ronald D. Archer, University of Massachusetts, Amherst, MA 01003
Martel Zeldttt, Indiana University-Purdue University In Indianapolis,

Indianapolis. IN 08453
B. Peter Block, Pennwalt Corp., King of Prussia, PA
Robert Brasled, University of Minnesota, Minneapolis, MN 55455
John E. Sheats, Rider College, Lawrenceville, NJ 08648

c) Poiymeric solid state structures: oxides, chlorides, sulfides,
earbon (graphite and diamond).

d) Important polymers (but not necessarily in commerce): alumi-
num hydride/alkoxide, (SO3) r , metal alkyb, SbF6 , sulfur,
phosphorus.

e) Concepts useful to the understanding of polymerization reac-
tions: structure and chemistry of organometallics, metal car-
bonyE chemistry, and olefin complexes.

T h e s e topics are, in fact, considered in c u r r e n t inorganic
t ex t s in enough length a n d deta i l t o p lease polymer scientists.
W h e r e only one course of t ru ly inorganic chemis t ry is in t he
curr iculum it is impossible for it t o include of all polymer
science concerns. If the structure and reactivity relat ionships
among the e lements aTe faithfully por t rayed , however, t he
interests of polymer scientists , biochemists , biologists, solid
s ta te chemists, physical chemists and analysts, engineers, and
nuclear scient is ts , etc . are being well served. W h e n possible,
an addi t iona l course can provide for s t u d y of organometalHc
chemis t ry in a d e p t h more sui ted to polymer science in ter-
ests .

Resource Information and Illustrations
In order to stimulate student interest and emphasize real

world relationships of inorganic chemistry and polymer
science, it would be extremely valuable to have, for classroom
use, samples of actual commercial materials employing inor-
ganic polymers. Some materials like (SN)*, boron-fiber-re-
inforced plastic, ferrocene, and polycarborane polymers would
be uniquely and corapeliingly illustrative but are not readily
available. Other materials, such as zeolites, silicones, moly-
suifide, are available at retail stores. The problems and op-
portunities related to obtaining these types of illustrative
materials are considered in another, associated report that was
published on page 161 of the February 1984 issue of THIS

J O U R N A L .
Other information in this section is provided as examples

of resource material for students that: {a) helps them to ap-
preciate the relationships of inorganic chemistry and polymer
science; {b) illustrates theory and concept; and (c) points to
emerging areas of research and application.

Commercial Materials
The relationship of inorganic materials with polymer

science extends to auxiliary uses such as fillers, colorants,
opacifiers, antistatic agents, preservatives, processing aids,
and reinforcing agents. The table is a partial listing of trade
and brand names of inorganic materials utilized in the poly-
mer industry.
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List of Inorganic Compounds Utilized in the Polymer Industry

Trade or
Brand Name

Acryiacon

Albacar
Abslbronz

Alsliate
Atornite
Azdel

parden
Bondstrand

Boroflt
Cab-O-Sil
Calwhlte
Camel-Carb
Carboioy
Carbospheres
Celite
Celramtc
Dlcafite
Eccospheres
EH
Flberglas

Firmex
Flaksglas

Ffuorobestos

Gama-Sperse
Garan
Glaskyd

Hi-Sit
Horse Head
Hytirocal
Kadox
Kaiite

Kalmac
Kaofill
Kosmos
Kronos
Ludox
Mlcronex
Miner
MoguJ
Powminco
Q-Cel

Santocel
Sllaslic
Sllastomer
Sifene
Statsx
Styraglas

Suriyn
Thermax
Thomel
Ti-Pure
Titano*
Vicron

Product

Fibrous-glass reinforced
polymers

Calcium carbonate filler
Wetground muscovite

mica
Clays
Calcium carbonate
Fibrous-glass reinforced

ABS sheet
Kaolin c|ay
Filament wound liber glass

reinforced plastic
Boron filaments
Colioida! silica
Calcturh cartionate
Calcium carbonate
Cemented carbides
Hollow carbon spheres
Dlatomite fillet
Glass nodules
Dlatomaceous earth
Hollow glass spheres
Carbon black
Fibrous glass

Carbon black
Glass flakes for

reinforcement
Asbestos-Teflon

composite
Calcium carbonate
Fibrous-glass roving
Giass-reinforced alkyd

resin
Amorphous silica
Zinc oxide pigments
Gypsum
Zinc oxide
Precipitated calcium

carbonate
Calcium carbonate
Coating and filter ciay
Carbon biack
Titanium dioxide
Colioldal silica
Carbon blach
Aluminum silicate filler
Carbon black
Asbestos fibers
Inorganic hollow

microspheres
Silica aerogel tillers
Silicons materials
Sllicortes
Calcium silicate
Carbon back
Fiber glass reinforced

polystyrene
lonomer resins
Carbon black
Graphite filaments
Titanium dioxide pigments
Titanium dioxide pigments
Fine calcium carbonate

Manufacturer

Rexal! Chemical Company

Pfizer Corporation
Franklin Mineral Prod. Co.

Freeport Kaolin Co.
Thompson, Weinman & Co.
Generic

Muber, J. M,, Corp,
Ameron Corrosion Control

Div.
Texaco Corporation
Cabot Corporation
Georgia Marble Co.
Harry T. Campbell Sons' Corp.
General Electric Co.
Versar, Inc.
Johns-Manvllle Corp.
Pittsburgh Coming Corp.
Dlcafite Grefco, inc.
Emerson a Cummlngs, Inc.
Cabot Corporation
Owens-Corning Fiberglas

Corp.
Columbian Carbon Co.
Owens-Corning Fiberglass

Corp.
Raybestos Manhattan, Inc.

Georgia Marble Co.
Johns-Manvllte Corporation
American Cyanamld Co,

PPG Corporation
New Jersey Zinc Co.
U. S. Gypsum Co.
New Jersey Zinc Company
Diamond Alkali Company

Georgia MarBle Company
Ttilele Kaolin Company
United Carbon Company
Kronos Titan
du Pont de Nemours & Co.
Columbian Carbon Co.
American Nepheiine Corp.
Cabot Corporation
Powhatan Mining Co.
Phlladeiphiii Quart; Co.

Monsanto Co.
Dow Corning Corporation
Midland Sllicones, Ud.
PPG Corporation
Columbian Carbon Co.
Dart Industries, Inc.

du Pont de Nemours & Co.
Commercial Solvents Corp.
Union Carbide Corporation
du Pont ife tumours & Co.
Titanium Pigment Corp.
Pfizer Minerals, Pigments &

Metals

Anchored Metal Catalysts
One of the most active research areas in chemistry is the

study of chemical reagents and catalysts supported on poly-
mers. A majority of these materials can be considered or-
ganometaliic polymers. A number of "anchored metal" cata-
lysts offer advantages over "nonanchored" catalysis in terms
of efficiency, selectivity, and separation.

Homogeneous metal complex catalysts are known which
selectively promote useful reactions under mild conditions.
Such reactions include hydrocarboxylation, linear oiigomer-
ization, cyclooligomerization, hydroformyiation, decarbox-
ylation, and hydrogenation, Through attachment of a homo-
geneous catalyst to a cross-Jinked polymer, the catalyst is
made "heterogeneous" with respect to the specific reaction
environment. Many transition metal complexes have been
attached to swellable styrene-divinyibenzene resins.

The wider topic of polymer supports in organic synthesis
is covered by a continuing column (since vol. 4, 1977) by
Charles Pittman in Polymer News,

Polymers Modified or Formed by Coordination
Polymers involving coordination at metal sites have been

technologically important before recorded history. For in-
stance, the tanning of leather depends on the coordination of
metal ions with the proteins which make up the hide. These
protein-metal ion complexes resist bacteria! attack, wear, and
weathering which befall nontanned animal skins. Similarly,
metals bound to other natural polymers, including proteins,
affect numerous enzymatic and membrane interactions.

Metals can be coordinated with organic ligands to form a
polymer or to form a coordination complex within an already
formed polymer. The correlation of product structure with
property is more comprehend!bie when the coordination
polymer is designed to contain a repeat unit with one metal
ion per unit. Even so, there exists a larger number of synthe-
sized coordination polymers for which the exact structure is
unknown and probably varies within a single polymer
chain.

Bailar has listed a number of principles in designing coor-
dination polymers (1-3): {1) little flexibility is imparted by
the metal ion in its immediate environment, so the flexibility
must arise from the organic moiety; (2) metal ions only sta-
bilize ligands in their immediate vicinity, thus the cheiates
should be strong and close to the metal atom; (3) thermal,
oxidative, and hydrolyttc stability are not directly related,
thus, polymers must be designed specifically for the properties
desired; (4) metal-ligand bonds have enough ionic character
to permit them to rearrange more readily than typical "organic
bonds," (5) flexibility increases as the covalent nature of the
metal-ligand bond increases; (6) coordination number and
stereochemistry of the metal ion determines polymer structure
(such as square planar, linear, planar, or three-dimensional);
(7) complex formation is favored through use of pure reactants
in stoichiometric amounts,

Polymers involving coordination can be prepared by a
number of routes, the three most common being: (a) pre-
formed metal complexes polymerized through functional
groups, where the. actual polymer forming step may be a
condensation or addition reaction,

H—-Q O—H
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(b) coordination of a metal ion by a polymer containing ehe-
lating groups,

TK. N I—5—CHS,

and (c) polymer formation via coordination reactions whichare condensation-type reactions

HA—Il—AH + M+! ^C -(-A—R—A—St-J-

HA—S—AH +M—XM
8"

-f-A—B-
Condensation polymers of the latter type which involveorganometallic halides (or another organometailic moiety ofhigh polarity) and polyfunctional, potentially aniontc Lewisbases can be considered extensions of classic organic con-densations.

C!- •Cl + K~NH,
-f-C—R—C—N H—N-Condenaation Polymer

CI—M-~a + K—-MS, -f-M-

CondensationOrganoroetallie Polymer
,n fact, research in this area was catalyzed by observation thatthe organometallic halides behave like organic acid chlorides(3,4).
Potysiloxanes

Lack of strong single bonds between elements other than
carbon has limited the interest in catenated inorganic poly-
mers. Linkage between dissimilar atoms is stronger, for ex-
ample Si—C (58 kcal/mole) and S>—0 (89 kcal/mole) bonds
are much stronger than Si—Si (30 kcal/mole) bonds, making
heteroatom backbone polymers inherently more stable. Im-
portant classes of commercial polymers of this type are those
with —Si—O— linkages that are the bases of the diverse
technologies of glass, cement, and ceramics dating to antiq-
uity, and more recently to poiysiloxanes pr silieones (a mis-
nomer arising from a ketone formality proposed in Kipping'a
workofthel920's) .

By reducing functionality of silicon to two by organic sub-
stitution, the spontaneous condensation of silanol groups is
used to advantage to make a host of commercially attractive
silicone polymers:

-8n HCI
n[R sSi(OH),J - i H,O S

Capping the hydroxyl end groups with monofunctional groups
derived from triaikylchlorosilane or trialkylalkoxysilane
stabilizes the polymers, and addition of trifunctional linking
groups derived from alkyltrichlorosilane gives cross-linked
silicones. Because of the ease of formation of six- and eight-
membered rings, there are many "wasted loop" side reactions,
but fortunately, cyclic siioxanes may be removed by distilla-
tion and reused in the feed.

Silicone oligomers are used as lubricants and antifoaming
agents. Bouncing putty is produced when polydimethylsii-
oxanes with capped ends are heated with boric acid. Silicone
oils are prepared in the presence of hexamethySdiailoxane
which produces trimethylsiloxyS capped ends, The viscosity
of silicone oils is controlled by the ratio of hexamethyidisi-
loxane to the dimethyldimethoxysilane used.

Since polymerization of alkoxy- or chlorosilanes takes place
in the presence of water, one-package systems are used as
room temperature curing (vulcanizing) silicone elastomers,
Linear silicones may also be cured by free radical reactions.
Cross-linking is also promoted by bubbling oxygen through
silicone solutions in order to oxidize the alkyl groups and thus
form oxygen linkages between chains.

The characteristic resistance of silicones to degradation at
elevated temperatures is related to the siloxane backbone. The
lubricity and water repellancy are related to the pendant
iyophilic alkyl groups which encase the backbone.

Phosphazene or Phosphonltrilic Hailde Polymers
Phosphazenes are very important phosphorus-containing

inorganic polymers. Three types of polymers based on the
phosphazene structure have been developed: linear, cyclo-
linear, and cross-linked cyclomatrix.

Low glass transition temperatures, TB's, for most poly-
phosphazenes indicate low barriers to internal rotation and
potential for elastomer applications. In fact, theoretical cal-
culations based on a rotational isomeric model assuming lo-
calized TT-bonding predict the lowest (-400 cal/mole repeating
unit) known polymer barrier to rotation for the skeletal bonds
for poly(difluorophosphazene) (5).

From a practical point of view polyphosphazenes are usually
soft just above the lowest phase transition, so that compres-
sion molding of films can be carried out. This suggests, that the
lower transition of the two first-order transitions usually ob-
served for organo-substituted phosphazenes represents the
upper temperature for most useful engineering applications.
Polyphosphazenes are described in greater detail in references
(6) and (7>.

Heterogeneous Polymerization Catalysts
Prior to 1950, the only commercial polymer of ethylene was

a highly branched polymer called high-pressure polyethylene
(extremely high pressures were used in the polymerization
process). A technique for making a linear polyethylene at low
pressure was discovered by Karl Ziegler in the early 1950's.
Ziegler prepared high-density polyethylene by polymerizing
ethylene at low pressure and ambient temperatures using
mixtures of triethylaluminum and titanium tetrachloride.
Giulio Natta used these complex coordination catalysts, now
known as Ziegler-Natta catalysts, to produce crystalline
polypropylene and to study stereoregular polymerization of
olefins. Because of these remarkable contributions to polymer
science, Ziegler and Natta were honored by the Nobel prize
in Chemistry in 1963.

In general, a Ziegler-Natta catalyst may be described as a
combination of a transition metal compound from groups IV
to VIII and an organometallic compound of a metal from
groups I to III of the periodic table. It is customary to refer to
the transition metal compound such as TiCLj, as the catalyst,
and the organometallic compound, such as diethylahiminum
chloride, as the cocatalyst.

Several exchange reactions between catalyst and cocatalyst
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take place, and some of the Ti(IV) is reduced to Ti(III). It is
customary to use the purple, a or 5 forms, rather than the
brown, {$ crystalline form, of TiCla as the catalyst for the
production of atereoregular polymers. Both the extent of
stereoregularity and the rate of polymerization are increased
by the addition of triethylamine. Thus, at least 98% of the
isotatic polymer is produced when propylene ia polymerized
in the presence of triethylamine, 7-titanium (Ul)chloride, and
diethylaluminum chloride.

It is generally agreed that a monomer molecule

H

is inserted between the titanium atom and the proximal car-
bon atom in the growing chain, and that this propagation re-
action takes place on the catalyst surface at sites activated by
the ethyi groups of the cocatalyst. Recent discussiona of
mechanisms can he found in references (8) and (9).

Most vinyl monomers with Ziegler-Natta catalysts poly-
merize to give polymers emphasizing the isotactic form. The
degree of stereoregulation appears to be dependent on the
amount of exposure of the active site; the more exposed the
catalytic site, typically, the less is the isotactic fraction in the
resulting chains.

The potential versatility is clearly demonstrated in the
polymerization of conjugated dienes, such as 1,3-butadiene,
where any of the four possible forms—isotactic 1,2; syndio-
tactic 1,2; trans-1,4; and cis-l,4~-can be synthesized in rela-
tively pure form using different Zieglei-Natta catalysis sys-
tems.

Stereoregular polymers are also produced utilizing a num-
ber of other organometallic and inorganic catalysts including
Philips and Alfin catalyst-systems.

Solubility

Many inorganic polymers become soluble only with ac-
companying degradation (this is particularly true for three-
dimensional networks such as sand and diamond). Even the
ostensibly more tractable organometallic polymers are soluble
in fewer solvents and to lesser extents within these solvents
than classical organic polymers. While a few are soluble in
typical solvents such as toluene and chloroform, most are ei-
ther insoluble or soluble only in a few select dipolar aprotic
solvents and salt-dipolar solvent combinations. Even where
solubility appears to have been achieved, actual polymer in-
tegrity in solution may be questioned.

The poor solubilities of organometallic polymers are
probably due to a combination of related factors including (a)
high cohesive (secondary bonding) forces between chains, (b)
the highly crystalline microstructure of a number of products,
and (c) a peculiar combination of bonding offered by the or-
ganometallic polymers—a combination of both nonpolar
(organic) and polar contributions. Attempts to achieve better
solubility include (a) use of flexible and/or dissymmetric re-
agents, (b) copoiyrrterization using two metal-, with one
nonmetal-containing reactant(s) or one metal-, with two
non-metal containing reactants, (c) use of model compounds
(monomers) as a predictor of polymer solubility, and (d) ad-
dition of a chain terminator to shorten the chain length.

Applicability

Apart from pure science, the interest in polymers which
include metal atoms is related to the enormous and varied
chemistry of the metals and the technologies that might be
developed around them. For instance, polymers with Cp^M
moieties (M = Pe, Ti, Zr, Hf) are reported to be stable to uv
radiation; thus, polymers with such groups might impart to
outdoor paint better wearability relative to uv degradation.
Similarly, polymers incorporating tin would be expected to
have antifungal and antibacterial resistance typical of or-

ganotin compounds. Certain metal complexes are exquisitely
specific catalysts, so metal-containing polymers might afford
this specificity along with selective stereoregulation imposed
by constraints of the polymer chain.

More recent research with conducting polymer films on
silicon, polymetallophthalocyanines, polyacetylene, and (W)x

promise a future in lightweight batteries, better solar cells,
conducting fibers, e tc , as well as a better understanding of the
chemical physics of conduction theory. It is not clear just
which applications will prove commercially successful, but it
is clear that the potential is enormous, in view of the almost
limitless variety of metal-containing polymers and the esca-
lating need for specialty materials.
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Appendix: Questions for Inorganic Core Content
Closely Related to Polymer Science
1. Contrast the structures in (a) HNO3 and (HPOaJj; (b) COa and

(SiOs)*; (c) BC13 and (BeCIn),.
2. Sketch the structure of each of the following, showing empirical

formula.
(a) single chain silicate
(b) double chain silicate
(e} sheet silicate

3. S2N2 slowly polymerizes without much change in erystaHinity.
Suggest a reason and explain the interest i» the resulting
polymer.

4. Show structures for diamond and graphite, and explain why
graphite is a conductor and diamond ia not.

5. With chemical equations describe the synthesis of high polymers
of the type (NPRg)s. What is the critical step which allows for
high molecular weight (degree of polymerization)?

6. List advantages and disadvantages for the inorganic potymer
classes of silieones and phosphazenes, compared to organic
polymers.

7. Bonding of inorganic polymers is varied. For the following poly-
mers select the single (best) phrase which describes the
bonding.

Polymer Bonding

(a)

(c) (SN),

id) (SOa>,

(e)

(BN),

Explanations

1. Sheet structure with sigma-
bonded network reinforced by r
bonding.

2. Lewis acid-base bonded
backbone

3. Sigma framework enforced by
d-p IT bonding.

4. Shared corners, edges, and/or
faces of octahedra and
tetrahedra.

5. Chain structure with one-
dimensional meta!-3ike
deiocalization

6. Three-centered bonding in
bridges

8. (a) Outline a mechanism for Ziegler-Natta polymerization of
ethylene, CH2=CH2, by heterogeneous Ti(III) catalyst.
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surface —J'K^)

(b) Why is this type of polymerisation significant?

Multiple Choice.
Circle single best answer for:

9. The heating of sulfur is a cpmpiex process.
(a) Rings break primarily to form aggregates of S* chains.

* (b) Rings break to form polymers witii radical ends.
(c) Chains break to form Se rings.
(d) Two of the above are correct.

10. Molybdenum dtsulfide is a lubricant because it is
(a) a viscous liquid from below room temperature to elevated

temperature.
(b) a solid composed of microspheres when precipitated from

solution.
* (c) a tayer structured solid with weak interpiane bonding,

(d) none of the above,
11. Oxygen, sulfur, nitrogen, and phosphorus form homo-catenated

compounds,
* (a) such as ozone, hydrazine, red phosphorus, and dithionite.

(b) such as hydrogen peroxide and pyrophosphates.
fc} such as the various ailotropes of nitrogen and phosphorus,
(d) Two of ti:e above are correct.

12. For the transformations

L,Ni (1) + H*

L,NiH+ + CH 1 =CH i

L3NiH* (2) + L

L,NiH* (3)

LaNiCH,CH,+ (4)';

(a) Species (2) and (4| are "lfi valence electron" complexes.
(b) Species (1) and (3) are "16 valence electron" complexes.
(c) Species (1) and (3) are "1.8 valence electron" complexes.

* (d) Two of the above are correct.
13. Some solid metal chlorides have discrete molecular units as ex-

emplified by
(a) CdCl2 and Hg2Cl2.

* (b) AtCl3andAuCl3.
(c) NaClandKCl.
(d) none of the above.

14. Ferrocene, like benzene,
(a) has 6 it electron six-membered rings.
(b> is a colorless liquid.

* (c) has aromatic character.
(d) Two of the above are correct.

15. Silicate, borate, or phosphate glasses
fa) unlike organic vitreous materials have sharp melting

points.
* (b) differ structurally in that borate glasses have occasional

planar triangular arrays of BO, as well as the EO4 tetra-
hedra.

(c) are preparable from giant molecule precursors SiC>2, B2O3,
and P2O3.

(d) cannot be made from melts of basic oxides and the oxides of
silicon, boron, or phosphorus.

(Possible) Answers.

ft & 11—a-- •&

•0-

N i t r o g e n f o r m s N = 0 d o u b l e b o n d s a b o u t a s s t a b l e a s 2 s i n g l e

b o n d s f g p o d IT - o r b i t a l e n e r g y m a t c h ) b u t p h o s p h o r u s d o e s n o t . F o r

p h o s p h o r u s o x y a n i o n a c i d s p o l y m e r i c s t r u c t u r e s a r e p o s s i b l e v i a

I ' - O - P b r i d g e s . F o r m a l l y , a h e a d - t o - t a i l p o l y m e r o f t h e d o u b l e -

b o n d e d m o n o m e r r e s u l t s .

•.p=C™»o; versus
Each Si surrounded by 4
oxygens and each oxygen
bonded to 2 saloons to
form framework (quartz)

Weakness of Si=O is obviously a facilitating property.

4h • 4)» 4%
in solid

Be, being more electron deficient than B, forms halide bridgedpolymers.

2>(a> repeat SiO3 unit

7
amphibole minarats
repeat Si,Ous'unit

(e)

repeat
or Si5O5

3

3) Little change in positions of atoms must be responsible for small
change ia crystallinity during polymerization,

ĵ—6 K|—A|—A

B o n d s t r u c t u r e s d i f f i c u l t t o d r a w b e c a u s e S N u n i t i s " o d d " i n

e l e c t r o n n u m b e r . j r - M o l e c u l a r o r b i t a l s e n c o m p a s s i n g c h a i n f o r m

p a r t l y f i l l e d c o n d u c t i o n b a n d s . P o l y m e r c o n s e q u e n t l y h a s

m e t a l - l i k e c o n d u c t i o n a n d c a n b e c o n s i d e i e d a o n e - d i m e n s i o n a l

m e t a l . I t h a s b e e n u s e d to s t o r e e l e c t r o n s i n b a t t e r y s y s t e m s .

4 ) D i a m o n d h a s e a c h c a r b o n t e t i a h e d r a i l y b o n d e d t o 4 o t h e r s . T h e

l a t t i c e i s t h e z i n c b l e n d e s t r u c t u r e w i t h O=Za^=S

fee of carbon with carbon
in every other (shaded)
smaller cube.

Carbons at face centers and centered in smaller cubes (10 in
number) form adamantane cage whose 3-fold axis is coincident
with cube diagonal.

adamaatane cage
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etc.

Graphite forms bonded layers with little inter-plane bonding.
Consequently, graphite is "slippery." Each carbon shares 1 double
bond and 2 single bonds with 3 other carbons and is thus
(2 + 2)/3 = 1% bond order. The ?r orbitals form extensive MO's
which are like 2-dimensional metal band structures. Being partly
filled (1 ir electron per JT atomic orbital} the band is conductive

5) NH4CI + PC1S •

cyclic structures separated; when highly purified (from cross-
linking PCi&) the trimer thermally polymemes to

\ / c i

15000

The linear polymers so obtained are still soluble in organic solvents
and a host of substituted polymers are possible, many with phys-
ical and chemical properties for practical use.

RO OR

(NPCl,), + Na+0R~

(NPC1,), + NHJl
RHK KHB

Strictly organic substituenls like Ph or CHg are not accessible from
chloropolyraer reactions.

8) Silicones (or polysiloxaiies)

V
V " *

and polyphosphazenes,

v
v

have strong sigma-bonded backbones (with d-p * bonding in
phosphazenes) which impart thermal stability. Hydrophobic or-
ganic substituents (R = alkyl, aryl for siiaxanes; R « -O-alkyl,
-O-aryl, or -NHSR for phosphazenes) confer a kinetic hydrolytic
stability to the polymers. Depending on substituents and cross-
linking, polymers range from oils to elastomers.
Phosphazenes are more susceptible to hydroiytie degradation but
can be prepared in seemingly limitless classes by substitution re-
actions on preformed (NPCls)X high polymer.
Novel features include a bouncing putty (siloxane polymer) and
surgical sutures which hydrolyze to harmless products (phos-
phazenes with -NHjR moieties being ammo acids).

7} a(3); b(6i; c(S); d{2); e(4); f(I)
8) {a)
8)<a)

surface

(b) Polymer grows from Ti sile outward leading to strictly linear
polymer with high molecular weight and higher stereoregu-
larity than polymers derived by radical initiation. Steric
constraints at Ti site require higher oleims to polymerize with
stereoregularity (to give isotactic polypropylene, for ex-
ample).

Institute for High School Chemistry Teachers

An Institute for High School Chemistry Teachers will be held July 6-16,1984 at San Jose State
University, San Jose, California. The purpose of the Institute is to provide background in theory through
lectures by Ronald Ragsdale, University of Utah; ArtJitir Campbeli, Harvey Mudd College; and George
Pimenlel, University of California at Berkeley. Special sessions are pianned for teachers of advanced
placement courses and for beginning teachers. Laboratory experiments, demonstrations, computer
workshops, and model building will also be included in the program. Two college credits wi!! be given
for successful completion of the Institute.

For further information write to:
Ciaire H. Smith
San Francisco University High School
3065 Jackson Street
San Francisco, California 941 IS
(415) 346-8400
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Discovering Watson's Crick in High School Chemistry
Mark Whitman
William Henry Harrison High School, West Lafayette, IN

The first two weeks of school present a unique blend of the
good and the bad, which makes the beginning of achool a time
of considerable adjustment for both teachers and students.
Though many students possess a vibrancy and an eagerness
to ieam that may well be missing by November, their attention
spans have been adjusted over the summer to expect a com-
mercial break every seven minutes. In addition, late arrivals,
transfers, and student schedule changes serve to undercut
attempts by the teacher to achieve classroom continuity early
in the school year. To accommodate these inherent idiosyn-
crasies best and still to achieve academic progress, I have
begun each of the past three school years by assigning to my
first year chemistry students "The Double Helix" by James
Watson,3 a very readable account of the events leading to the
discovery of the structure of DNA by Watson and Francis
Crick.

During the first two weeks, I tentatively allocate half of each
class period to discussion of "The Double Helix," but X let class
interest dictate. Some days the entire hour is consumed by
such discussion, while on other days ten minutes wili suffice.
Regardless of the time spent, dividing the hour between text
material and "The Double Helix" guarantees a break in dis-
cussion. Thus, the students are not forced early in the year to
concentrate on one topic ibr a futt hour. In addition, allotting
substantial time to "The Double Helix," allows me to establish
an academic atmosphere and to reintroduce my students to
the discipline of study, without covering so much "funda-
mental" material that late arrivals will be hopelessly lost only
two weeks into the school year. However, the true value of the
book is in its content, not just in its ability to buffer the nui-
sances associated with beginning a new term.

Watson's narrative ss illuminating and direct, and students
rapidly develop a feel for the human side of science. Reading
about Watson, Crick, Pauling, and the others who figure into
the account, students come to realize that chemical knowledge
is a product of real people with real feelings and real hang-ups
as the book removes the shroud of mysticism that the unini-
tiated sometimes associate with genius. One quickly comes
to appreciate the role of the individual and the relations be-
tween individuals in striving for scientific achievement.

The reading assignments coincide with start-of-the-year
lectures intended to develop an understanding of the scientific
method, and the lectures and reading complement one an-
other well. Students find it exciting to follow Watson and
Crick as they collect background information, develop hy-
potheses, test the hypotheses, and formulate new hypotheses.
Mapping their progress awakens the students to the fact that
scientific achievements are the cumulative results of the
contributions and errors of a large number of individuals. To
view the blunders, as well as the achievements, is particularly
enlightening.

I refer to the book repeatedly during the remainder of the
school year. If students are to understand the flow of Watson
and Crick's investigations, it is necessary to discuss X-ray
diffraction, hydrogen bonding, crystallography, macromoie-
cules, molecular geometry, and acids and bases. Obviously,
during the first two weeks of the school year only the most
superficial explanations can be made, but when we broach

' Watson, James B., "'The Double Helix," New American Library,
New York.

these topics later, I see the lights come on when reference is
made to our earlier discussions of "The Double Helix."

I have found it necessary to conclude our study of "The
Double Helix" with a short quiz, in order to present just re-
wards to those who have pursued the book in earnest, as well
as to those who have fallen along the way. I have real misgiv-
ings about quizzing my students over factual material from
the book, for it is not the facts which make it valuable; how-
ever, some students will not invest their time unless they
perceive a material benefit for doing so. This is the nature of
the beast, and I am certain that the threat of the quiz en-
courages a number of students to read the book who otherwise
would not.

Two or three days prior to the quiz the students are given
a list of main characters and a set of questions that are to be
asked about the one specific character on the quiz. The
identity of the character remains secret, until the name is
pulled from a hat just before the students begin the quiz. The
quiz is open book, and while the students may not mark in the
books, they may use blank bookmarks. The questions asked
about the character are

3) place of employment,
2) one area of scientific expertise,
3) one major scientific achievement,
4) one distinctive personality trait,
5) one error made which hurt his/her chances for discovering the

structure of DNA, and
6) the character's reaction to Watson ant! Crick's success.

In addition to an answer, the students are asked to cite the
pages in the text from which their answers come. The inclusion
of the citation insures that the students must become familiar
with the book, rather than rely upon their recall of class dis-
cussions; and to prepare answers for each of the main char-
acters, the students must understand the book's content.

Each year, as I have read and reread the book and have
developed background material, "The Double Helix" has
become an increasingly important part of my curriculum. For
background information, I recommend volumes 159 and 160
of Science, which contain original reviews, as well as com-
ments of some of the principal characters discussed in the
book. Below are some of my student objectives and some
sample discussion questions.

After reading "The Double Helix" students should:

1) know the steps of the scientific method of research and how they
are utilized in the book,

2) be aware of the individual differences among scientists, and how
their approaches to the same problem may differ, and

3) be aware of the strong influence personalities and politics have
on scientific achievement.

Sample questions include:

1) Chapters 1-3. What role do personalities and politics play in
science? Be able to support your answer with examples from the
book.

2> Chapters 4-6. What is the difference between inductive and
deductive reasoning? Consult a dietioaary.

3) Chapters 22-25. What was most surprising about Pauling's
error? What were Walson and Crick able to determine from
Franklin's work that Franklin did not know? How would you
characterize Watson's thinking at this point? Organized? Pro-
ductive? What was Watson's new hypothesis?
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Who is Anti-Markovnikov?
J. M. Tedder
University of St. Andrews, Scotland, KY16 9ST

A common reaction in organic chemistry which is of wide
commercial and academic interest is the addition of free
radicals to olefins. Naturally ail organic chemistry textbooks
describe these reactions, and the majority discuss the factors
which control the rate and orientation of addition of radicals
to unsymmetric olefins. Unfortunately the great majority of
textbooks give interpretations which are derived from ex-
planations of the rate and orientation of heterolytic addition
to similar olefins. Such analogies are extremely precarious,
and they have undoubtedly led to much misunderstanding.
The factors which control free radical addition reactions are
complex, hut this cannot be used as a justification for perpe-
trating incorrect ideas.

Chemists are usually fairly quick to accept new ideas and
are willing to adjust the structure of the subject to accom-
modate new knowledge. Occasionally, however, new factors
are ignored if they appear to challenge accepted belief, in the
hope that further work will prove the "new facts" wrong. This
phenomenon occurs either when a really major breakthrough
is achieved which involves a substantial change in existing
outlook, or when the point in question affects a fairly small
area of knowledge and the existing incorrect interpretations
give predictions which are qualitatively correct in many
common cases. It is the latter type problem we are concerned
with in this article.1

The question we are going to consider is: "What are the
factors which control the rate and orientation of free radical
addition to aikenes?" The addition of alkyl radicals to olefins
is usually an exothermic reaction, irreversible at normal
temperatures. Addition of atoms (e.g., halogens) or some
hetero-radicals (e.g., H8-, CF^S-, etc.) is often reversible. This
article is based primarily on results involving the behavior of
alkyl radicals. The arguments to be developed, however, un-
doubtedly apply to the addition of atoms and hetero-radicals
to olefins, though experimental verification is difficult because
of the kinetic complications associated with reversible pro-
cesses.

The problem was first confronted when it was established
that the orientation of addition of hydrogen bromide to un-
symmetric olefina differed according to the experimental
conditions. In the presence of ultraviolet light or in the pres-
ence of peroxides the normal orientation of addition was re-
versed.

RCHBrCH, Markovnikovdark, solution phase

RCH=CH5 + HBr C "
UV light or peroxides^ ECHICH2Br Anti-Markovnikov

It was suggested almost simultaneously by Kharasch in
America and independently by Hey and Waters in Britain
that this reversal of addition was due to a change in mecha-
nism, the normal Markovnikov addition involving ions and
the anti-Markovnikov addition involving atoms and radi-
cals.

' The present article Is based on conclusions derived from fifteen
years research aided by numerous collaborators of whose contributions
that of J. C. Walton was predominant.

2 The Importance of sterlc effects in Free Radical reactions was
emphasized by Ruchardt ten years ago (1).

RCHCHs

RCHCH,Br

HCHBrCH,

HBt
R C H , C H 2 B r ( + B r - )

T h i s occurred a t t he end of t he 1930's, t h a t is, a t a t ime when
t h e electronic t h e o r y was having a n e n o r m o u s impac t o n or-
ganic chemist ry , and it was n a t u r a l to invoke similar ideas t o
explain bo th ionic and radical mechan i sms . T h u s ionic addi -
t ion was believed to yield the in te rmedia te carbonium ion in
which the charge was the most delocalized, so similarly radical
add i t ion was assumed to yield t he init ial a d d u c t radical in
which the unpa i red spin was t he mos t delocalized. T h i s was
long before t he contribution steric compression makes to bond
s t reng ths was fully apprec ia ted . 2 A t t h a t t ime the relat ive
weakness of a t e r t i a ry carbon-hydrogen bond was a t t r i b u t e d
exclusively to resonance stabil izat ion th rough hyperconju-
gation in t he incipient ter t iary radical . However, even a t t h a t
t i m e t h e " resonance exp l ana t ion" of an t i -Markovnikov ad-
di t ion t o vinyl chloride was unsatisfactory.

H®-

C 1 — C H = C H S

Br-

8 H ~ - C H ,

:Ct—CH—CH sBr-

: C I = C H — C H 3

• ; C l — C H — < 3 H , B P

T h e resonance s tabi l isat ion of t he in te rmedia te ca rbon ium
ion is reasonable; we have plenty of evidence t h a t chlorine can
act as a donor when at tached to a site of high electron demand.
In cont ras t , t he corresponding resonance s t ruc tu re for t he
2-bromo-l-chSoro-ethyl radical is unimportant ; it requires t he
dona t ion of an electron from electronegative chlorine to
neutra l carbon, and it results in the formation of a dipole. T h e
cont r ibu t ion such a s t ruc tu re can m a k e to t he ground s t a t e
of t he 2-bromo-l -ch!oro-e thyl radical is small. Finally since
radical addi t ion is usually a very fast exothermic reaction it
would be expected t o have a n "ear ly t ransi t ion s t a t e , " a n d
therefore resonance stabilization of t he a d d u c t radical would
be unlikely t o be a major controll ing factor.

T h e impor tance of o ther factors, expecially steric effects
was clearly discussed by M a y o and Walling in their seminal
review (2). However, t he analogy with ionic addi t ion proved
too s t rong and emphas is on " resonance stabil izat ion of t he
a d d u c t r ad ica l " cont inued to be t he popular tex tbook expla-
na t ion of t he or ienta t ion of radical addi t ion,

More t h a n 15 years ago it was discovered t h a t t r ichloro-
methyl radicals preferentially at tacked the unsubst i tu ted end
of vinyl fluoride because a t t ack a t t he subs t i tu t ed end was
re t a rded (3). Since t h e n this has been es tabl ished to be qui te
generally t rue a n d similar da t a is available for vinyl chloride,
p ropene , 3,3,3-tr if luoropropene, acrylonitri le, me thy l vinyl
ke tone , etc . (.4). (At I64°C the r a t e of addi t ion of tr if luoro-
me thy l radicals t o t h e unsubs t i t u t ed e n d s of t he se olefins
varies by l i t t le more t h a n a factor of two a l though the ra te of
add i t i on t o t he subs t i tu t ed ends varies by several powers of
ten. ) Radica ls a t tack t he unsubs t i t u t ed end of mono-subs t i -
t u t e d olefins preferentially, because a t tack a t t he subs t i tu ted
end is r e ta rded by the subst i tuent . One cannot emphasize too
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strongly that orientation data by itself without kinetic data
cannot'be used to elucidate mechanism. The fact that a methyl
radical adds to the -CHg end of vinyi fluoride five times faster
than it adds to the -CHP end could be because attack is en-
hanced at the -CH2 end or because it is retarded at the -CHF
end. Kinetic results show that the methyl radical adds to the
-CH2 end of vinyl fluoride at aimost exactly the same rate it
adds to one end of ethylene. In other words attack occurs
preferentially at the -CH2 end of vinyl fluoride because ad-
dition to the -CHF end is retarded at this site by the fluorine
atom, i.e., the activation energy is greater for addition to the
-CHF site. Kinetic data for a wide range of radicals shows tiiat
in all the monosubatituted ethenes studied so far, attack oc-
curs preferentially at the unsubstituted end of the molecule,
mainly because the substituent inhibits attack at the site to
which it is attached. Substituents with TT orbitals of the correct
symmetry (e.g., CH2=CH~; -CeH^, etc.) do accelerate attack
at the unsubstituted end, but even here the very large orien-
tation ratios are due more to lack of attack at the substituted
end than acceleration of attack at the -CHa end of the mole*
cule. Similarly vinyl substituents with nonbondingpaira (e.g.,
F-, C1-, -CH3O) have a very small resonance stabilizing effect,
which can be completely swamped by the resultant polarity
(see above). In ionic addition, cations (especially the proton)
add to the unsubstituted ends of propene (CH3CH---CH2) and
vinyl fluoride (FCH=CH2) but to the substituted ends of
1,1,1-trifluoropropene (CF3CH=CH2) and methylacylate
(MeOCOCH^CH2). In radical reactions the radical invari-
ably adds preferentially to the unsubstituted end of these
oiefins and kinetic studies confirm that this is attributable to
greater activation energies for addition to the substituted
site.

Experiment shows that steric effects are of major impor-
tance in determining the orientation of radical addition. Al-
though most radical additions are exothermic the approach
of the, radical to an olefih carbon atom in the transition state
is sufficiently close for the increasing steric compression (i.e.,
mutual repulsion between the nuclei, their bonding electrons,
and adjacent atoms) to be important. It will be expected that
bulky radicals are particularly discriminating. Thus, at £64°C
trichloromethyl radicals add at approximately the same rate
to the -CFa end of CF3=CHF and CF2-=CHC1, but attack the
-CHF end of the former olefin approximately 85 times faster
than the -CHC1 end of the latter olefin.3

1. + c

CHX

x =

3 \

x =

<164°C)
\

OIsCFjCHI

22%

? +CF3CHFCCI

78%

CCUCFXHC1 + CFiCHClCCU

Fluorine and chlorine have similar electronic properties (i.e.,
both are electron-attracting donors), but their size is very
different. The importance of the size of the radical is well il-
lustrated by the orientation of addition of perfluoroalkyl
radicals to vinyl fluoride (cf. Table 1). Notice that although
the orientation ratio a:{5 varies 200-fold, the relative rate of
addition to the a site and to ethylene varies by less than a
factor of two.

Although Steric factors are predominant, polarity does in-
fluence the rate of reaction (cf. Table 2). Table 2 clearly shows
that fluorine atoms in the olefin enhance the rate of addition
of methyl radicals, which therefore behave like "nucleophiles,"
while the same fluorine atoms retard the addition of trifluo-
romethy! radicals, which behave like "eiectrophiles."

Steric effects normally overrule polarity in determining the

3 Rules for determining Bis rate and preferred orientation ol radical
addition have been given in ref, (6a) and in greater detail in ref.{6b).

o r i e n t a t i o n o f a d d i t i o n (c f . t h e o r i e n t a t i o n o f m e t h y l a n d t r i -

f k i o r o m e t h y l r a d i c a l s t o v i n y l f l u o r i d e ) .

17% C H s C H F C H j 1 6 4 D C l C H a C H F C H 3 1 0 %

H o w e v e r , i n a p o l y s u b s t i t u t e d o l e f i n , s t e r i c e f f e c t s a n d p o l a r i t y

c a n b e i n o p p o s i t i o n s u c h t h a t p o l a r i t y h a s a d e c i s i v e e f f e c t ,

i . e . , u n d e r t h e s e c i r c u m s t a n c e s different radicals may add

preferentially to different ends of the same otefin.

3 2 % 0 H 3 C H F C F 2

6 8 % C H F C F 2 C H 3 ] 1 6 4 ° C 5 %

W e t h u s conclude t h a t t h e ra te and or ien ta t ion of radical
addi t ion to oiefins is control led by an in te rp lay of s ter ic a n d
polar effects, whi le delocal izat ion of t h e u n p a i r e d e lec t ron i n
the a d d u c t radical is only a major factor in special cases such
as radical addi t ion to conjugated oiefins (e.g., s ty rene , b u t a -
diene, etc.) . I t is possible to develop some qual i ta t ive rules
(e.g., in monosubs t i tu ted e thenes addi t ion is always preferred
a t t h e unsubs t i t u t ed end) , b u t in a lkenes subs t i t u t ed a t b o t h
ends n o single cr i ter ia is adequa te , a n d , as we have seen, dif-
fe ren t radicals m a y add preferential ly a t oppos i te e n d s . 3

These results also illustrate another characteristic of radical
addi t ions. When two radicals are compared the more reactive
radical is often t he more selective. T h i s is qu i te general for
aikyl and fluoroalkyl radicals and represen t s a d i rec t con t ra -
diction of t he Reactivity-Selectivity Pr inciple , which implies
a decrease in selectivity with increasing reactivity. T h e reason
for th i s b reakdown of t h e React ivi ty-Select ivi ty Pr inc ip le
when CH3 a n d CFg are compared is t h a t t he more react ive
radical (e.g., CF a ' ) is also t h a t which leads t o t h e more polar
t rans i t ion s t a t e (7) .

Radical addit ion is a very impor tan t process by which many
polymers are prepared . Mis takenly , it is usual ly in t roduced
in textbooks as an exception (i.e., ant i -Markovnikov addi t ion
of H B r ) , and th$ explana t ion usually given is a imost always
mis leading and somet imes wrong. Unfor tunate ly , t he t r u e
p i c t u r e i s more compl ica ted t h a n t h e var ious s ingle a l te rna-
t ives , b u t n a t u r e does n o t organize herself for our benefit .
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Table 1. Orientation and Relative Rate of the Addition of

Perfluoroalkyl
(160°

fladical* CFr

a:fi 1:0.1
2ko/ke 0.5

Radicals to Vinyl Fluoride CH2-=
C gas phase) (from ref. (3))

CFsCFj-

1:0.06
0.6

(CF3),CF.

1:0.02
0.5

=CHF

(CF313C-

1:0.005
0.5

' kB = role COEstanla for addition To ethyiene

Table 2. The Ratios of Addition to Tetraftuoroethylene and
Ethylene by Methyl and the Fiuoromethyl Radicals, (164°C gas

phase) (from ref. (3))

Radical CH3-

9.5

FCHa-
3.4

F2CH-

1.1 0.1

238 Journal of Chemical Education



Goal/

edited by:
DAVID A. PHILLIPS

Wabash College
Crawfordsvllle. IN 47933

PRUDENCE PHILLIPS

Crawfordsviile High School
Crawfordsviile, IN 47933

Why Teach Organic Chemistry
Medical schools suggest that calculus and organic chemistry

distinguish students who have analytical abilities from those
who have cluttered minds. Analytical ability is one quality the
medical schools look for in prospective candidates. After
teaching organic chemistry at several levels for 42 yeara I
would not quarrel with this view. However, I do doubt whether
learning to think analytically in one field transfers to another
situation, For example, I can think of more than one famous
chemist whose views on political questions were completely
prejudiced and unreasoned. In the history of chemistry there
are examples of scientists who clung to theories long after
evidence was overwhelming against them.

This does not discourage me, however, as I look elsewhere
for reasons to learn some organic chemistry. Today a citizen
cannot read a newspaper intelligently without some knowl-
edge of organic chemistry. Certainly advertisements for as-
pirin can be read more critically if one knows that aspirin is
a single pure substance. How then, can one brand of aspirin
be better than another? Of course one company may have
better safety precautions for testing than another, but that
is a matter of trust.in proceedings, not a property of a sub-
stance, and generally not the point of the advertisement

In the last few years I have taught principally pre-medical
students. I have had conversations with former students now
practicing medicine who are proud to tell me that they have
not used organic chemistry since they left my class. I know
that this cannot be true, because what I have tried to leave
with them after they have forgotten the mechanism of the
Cannizzaro reaction, the utility of a Grignard reagent, and the
structure of glucose include the following.

1) Some feeling for the limitations of the measurements
they get from laboratory technicians. In particular, doctors
need to be aware of the limitations of instruments, as, for ex-
ample, in determining the amount of sugar in a urine
sample.

2) The use of tracers (D, T, *B0, 13C, lflN, and others) in
following the pathway of a chemical reaction. Such tracers
may be used in medicine to follow the pathway of a drug in the
body.

3) Some appreciation that proteins, carbohydrates, and fats
as well as amygdalm (laetrile), ascorbic acid, dioxin, nylon, and
cocaine are chemicals.

4) Some notion of the problems they may encounter in
practicing medicine. A doctor I met in India who had practiced
II years in this country before returning to his native land
said, "The. most trying problem I face day-to-day is telling a
patient that he could cure his illness by eating better food
when 1 know he can't afford it." What should he say to his
patients? Where better to think about ethical problems than

The Place of Organic Chemistry in the High
School Curriculum

At Detroit Country Day School, approximately one-third
of the course time in second-year chemistry is spent on the
study of organic chemistry. This is rather unusual because
most high school courses tend to concentrate on the physical
or descriptive side of inorganic chemistry. If organic chemistry
is mentioned at all, it is usually in a brief survey of simple
functional groups with a mention of combustion, addition, and
esterification reactions. This amounts to a memory exercise
and provides the student with no depth of understanding of
the molecular interactions so vital to the nature of chemistry.
These problems are noted in a recent paper dealing with trie
inclusion of organic chemistry in the CHEM Study program.1
The many reasons for our focus on organic chemistry are
elaborated upon in the following paragraphs.

Students enjoy organic partly because it is a break from the
constant emphasis on the quantitative nature of chemistry.
There is an underlying beauty in organic reactions stemming
from the predictability afforded by our detailed under-
standing of reaction mechanisms. This provides an exciting
challenge to students and truly tests their understanding of
the material. Because natural and man-made products of
organic reactions are so common and important in all aspects
of life, students take a different view of chemistry and
chemists. They come to see that chemists are not people who
merely solve problems on their calculators but that they also
are involved with exciting synthetic procedures and inter-
esting laboratory experiences.

Our first-year course is a comprehensive one which covers
most of the traditional topics: atomic structure, bonding,
gases, solution chemistry, thermodynamics, kinetics, equi-
libria (including acid/base chemistry and solubility), oxida-
tion-reduction reactions, and electrochemistry. Beginning in
the fall of the second year, organic chemistry is introduced.
One very important reason for this is to review, in a new con-
text, many of the major concepts taught previously. Students
need a thorough review of the introductory course (especially
if a year has elapsed since their first exposure) in order to place
these topics in the proper perspective. Rather than repeating
the same examples, reinforcement of important principles
comes from using organic chemistry.

The course begins with a discussion of bonding and hy-
bridization, using carbon compounds as examples, Emphasis
is placed on the stereochemistry of these compounds, and both
structural and stereoisomerism are introduced. Nomenclature
and the reactions of various functional groups are then dis-
cussed. Oxidation of alcohols provides a review of balancing

1 Beasley, W., CHEM. EDUC., 57, 807 (1980).

About the
LeaByrt B. Clapp is Emeritus Newport Rogers Professor of Chemistry

at Brown University In Providence, Rhode island. He has had a distin-
guished career in chemical education, serving as chairman o! the Divi-
sion, as a participant In (he visiting Scientist Program, and as a member
of numarous committees concerned wilh the teaching of chemistry and
the preparation of high school teachers. Among tha numerous honors
accorded him are the MCA Award in College Teaching and foe Division's
SAMA award. H B received his B.Ed, degree from Eastern illinois State
College and his MA and PhD degreeee from the University of Illinois.

Authors
Mary C. Johnson has taught chemistry lor thirteen years in the Detroit

area. For the past three years she has been a chemistry teacher at De-
troit Country Day School Irs Birmingham, Michigan, where she is currently
Involved In leaching regular and honors first-year chemistry and honors
second-year chemistry. Last year 106 students wore enrolled in her
classes. She received her B.A. degree from Western Michigan University
in Kalamazoo, Michigan and her MS degree from Wayne Stale University
in Detroit, Michigan.

Volume 61 Number 3 March 1984 239



in the organic class? In 1946, DDT was used to spray for
mosquitoes in Sri Lanka, and the death rate from malaria
diminished from 30 to 22 per thousand population in one year.
Some years later some of the people of Sri Lanka starved to
death because there was not enough rice for the extra people
who had escaped the ravages of the disease. Was it ethical to
supply DDT in the first place?

5) Organic chemistry is part of our culture. Culture is what
remains when you have forgotten all that you learned. Organic
chemists have added to our cultural heritage in a very short
time. Even today's 20-year-olds have iived through about
one-seventh of the entire history of organic chemistry. In 1828
Wohler synthesized urea (an animal substance) from ammo-
nium cyanate {strictly a mineral substance) and forever re-
moved the mystery which previously had held the synthesis
of an organic substance required a "vital force." Citizens,
chemistry majors, and pre-medieal students ought to appre-
ciate some of the clever thinking and strenuous laboratory
work that have highlighted accomplishments in this field in
the past—Emil Fischer's proof of structure of glucose and his
synthesis of a peptide of 18 units; du Vigneaud's and Tuppy's
work that resulted in elucidating the structure of the first
proteins, the pituitary hormones oxytocin and vasopressin;
Carothers' work on polymers; and Woodward's remarkable
synthesis of chlorophyll and many other complex mole-
cules.

As in all young sciences, theories and research in organic
chemistry are still empirical in many respects, although
quantitative explanations are slowly creeping into the field.
The role of catalysts, particularly heterogeneous catalysts, is
still a dark corner to be explored.

Students say that chemistry is less "cut and dried" than
physics, by which they imply that every phenomenon in
physics has already been explained. Instead, what they mean
is that in chemistry it is easier to get to the edge of research
than it is in physics. In biology it is still easier for a beginner
to make a contribution, because many biological problems
yield to empirical methods, At the moment chemistry is in the
ideal position between these two disciplines.

Leatlyn B. Clapp
Brown University

Providence, Rl 02912

The 1984 International Chemistry Olympiad
In Frankfurt/Main (West Germany)

The 16th International Chemistry Olympiad will be held in
Frankfurt/Main (West Germany) from June 30 to July 10,
1984, with more than 20 countries participating. The four best
pupils from each country are given the opportunity to test their
skills against these of others. Participants must perform both
theoretical tasks {from all spheres of chemistry) and practical
laboratory work, these assignments going far beyond what is
required in school.

An extensive information and cultural program provide? a
chance to become better acquainted with the host country and
its people. Many students find that the Olympiad allows them
to transcend political and ideological boundaries and to es-
tablish contacts and make friends; this may well be the most
valuable contribution of the International Olympiad.

The Olympiad {as well as some of the requirements for
participation) has been described in: Ellis, P. R., Educ. Chem.
20,208 (1983).

For further information concerning participation ra the 1884
International Chemistry Olympiad in Frankfurt/Main con-
tact:

StD Klaus Hagenstein
Geschaftsfuhrer der 16. Internationalen Chemieoiyropiade
Brandsbornstrasse 11-15
D-6050 Offenbach, West Germany

oxidation-reduction reactions as well as an introduction to
aldehydes, ketones, and acids. The study of carboxylic acids
affords an opportunity to reemphasize the importance of
equilibrium, particularly with respect to weak acid/base
chemistry, and the relationship of pKa, equivalence point,
buffers and indicators to the titration procedure. Mechanisms
play a vital role in modern organic chemistry, and discussions
of SN1> SN2, El, and E2 reactions follow directly from a review
of kinetics and the orders of reactions. Polymers and medicinal
chemistry are other topics which can lead into discussion of
many relevant issues facing today's society, and these subjects
would be difficult to study without a knowledge of molecular
structure.

Organic reactions can be used to introduce many new lab-
oratory techniques. Kinetics experiments such as the oxida-
tion of ethanol {followed titrimetrically)3 and the broraination
of acetone (followed spectroscopically) are two examples. Of
course these experiments could be performed without any
knowledge of organic chemistry. However, students have a
better appreciation of the experiment when they understand
the reaction behind the procedure. Each student is required
to synthesize and purify a different organic compound and
then, using instrumentation available at a nearby university,
to verify its structure by NMR and IE spectroscopy. Students
enjoy the challenge of searching the literature to find a suitable
procedure and then making the proper analysis.

On the more practical side, students have found that a
background in organic chemistry is an advantage when they
go on to their college studies. Some take survey courses in their
freshman year which include organic and biochemistry. The
pace of such courses is usually rapid; prior exposure to the
subject is of great value. Other students place out of first-year
chemistry and go directly into organic, a very challenging
course at the university level. Students with some organic
background are less bewildered by the introduction of many
concepts in quick succession. Also, students from our course
are already familiar with reftuxing, distillation, recrystalli-
zation, and some chromatography techniques and feel much
more at ease in a college lab.

Finally, our school follows the curriculum of the Interna-
tiona! Baccalaureate, a program involving a rigorous course
of study over a broad range of disciplines, and organic is a vital
aspect of the chemistry covered in this program. However,
even if our school were not involved, I still would try to place
a major emphasis on the teaching of organic chemistry in ei-
ther a second-year or a third-semester of high school chem-
istry. Since a great deal of all chemistry done in industry, in-
cluding agricultural, pharmaceutical, paint and polymer
chemistry, involves organic reactions, it does seem strange to
leave such an enormous wealth of material out of the curric>
ulum, even at the high school level.

In previous years, I have taught a one-semester course of
organic chemistry to non-honors students, using common high
school equipment along with old glassware donated by a
university. I have found that we could make a decent attempt
at good lab experiments without a tremendous outlay of funds.
The course does not have to be a rigorous one, duplicating a
college-level course, to be interesting and educational to the
student. My only regret is that at present I do not have enough
time in the first-year course to offer more than a superficial
sketch of organic chemistry for those who will not be going on
to the second-year class.

Mary C. Johnson
Detroit Country Day School

Birmingham. Ml 48010

Finlayson, M. E., and Lee, D. G., J. CHEM. EDUC., 48, 47 (1971).
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Neoprene and Nylon Stockings The Legacy of
Wallace Hume Carothers

Carol Cummlngs
Warren Township High School
Gumee, iL 60031

W h a t d o r u b b e r t i r e s a n d n y l o n s t o c k i n g s h a v e i n c o m m o n ?
T h e y a r e b o t h m a d e w i t h s y n t h e t i c s u b s t a n c e s d e v e l o p e d b y
t h e b r i l l i a n t c h e m i s t W a l l a c e C a r o t h e r s . N e o p r e n e w a s t h e
first s u c c e s s f u l s y n t h e t i c r u b b e r d e v e l o p e d i n t h e U n i t e d
S t a t e s . I t h a s a w i d e v a r i e t y of u s e s f r o m t i r e s a n d l i fe r a f t s t o
s e a l a n t s fo r s p a c e v e h i c l e s . N y l o n r e v o l u t i o n i z e d t h e t e x t i l e
i n d u s t r y b y u s h e r i n g i n t h e e r a o f s y n t h e t i c f i b e r s . I n a d d i t i o n
t o i t s u s e a s a t e x t i l e , n y l o n h a s m a n y a p p l i c a t i o n s a s a m o l d e d
p l a s t i c . T o d a y , m a n y w e l l - d r e s s e d w o m e n w o u l d n o t c o n s i d e r
l e a v i n g t h e i r h o m e s w i t h o u t w e a r i n g n y l o n h o s e . If C a r o t h e r s
o n l y k n e w w h a t h e h a d s t a r t e d !

W a l l a c e H u m e C a r o t h e r s w a s b o r n i n B u r l i n g t o n , I o w a , o n
A p r i l 2 7 , 1 8 9 6 . H i s p a t e r n a l f o r e b e a r s w e r e f a r m e r s a n d a r t i -
s a n s o f S c o t c h o r i g i n . H i s f a t h e r , I r a , w a s b o r n o n a f a r m i n
I l l i n o i s b u t l e f t t h e f a r m a t a g e 1 9 a n d t a u g h t c o u n t r y s c h o o l .
L a t e r , h e e n t e r e d t h e f i e l d o f c o m m e r c i a l e d u c a t i o n a n d w a s
a t e a c h e r a n d e v e n t u a l l y v i c e p r e s i d e n t o f C a p i t a l C i t y C o m -
m e r c i a l C o l l e g e i n D e s M o i n e s . H i s m a t e r n a l a n c e s t o r s w e r e
f a r m e r s o f S c o t c h - I r i s h s t o c k w h o l o v e d m u s i c , I t m a y h a v e
b e e n t h e i n f l u e n c e o f h i s m o t h e r , M a r y E v a l i n a M c M u l l i n ,
t h a t l e d t o C a r o t h e r s ' k e e n i n t e r e s t i n a n d a p p r e c i a t i o n o f
m u s i c a s a n a d u l t .

C a r o t h e r s w a s t h e o l d e s t o f f o u r c h i l d r e n , H e w a s e s p e c i a l l y
d e v o t e d t o h i s s i s t e r , I s o b e l , w h o a c h i e v e d r a d i o f a m e i n t h e
e a r l y 1930*s a s L u i n t h e t r i o C l a r a , L u , a n d E m . W h e n s h e
( t i ed s u d d e n l y i n 1 9 3 6 a f t e r a s h o r t i l l n e s s , C a r o t h e r s w a s
g r e a t l y s h o c k e d , a n d h e n e v e r c o m p l e t e l y a d j u s t e d to h e r
l o s s .

W h e n C a r o l h e r s w a s f ive, h i s p a r e n t s m o v e d t o D e s M o i n e s
w h e r e h e b e g a n h i s e d u c a t i o n i n t h e p u b l i c s c h o o l s . H e g r a d -
u a t e d f r o m N o r t h H i g h i n 1 9 1 4 . D u r i n g t h e s e y e a r s , h e d i s -
p l a y e d a n o v e r w h e l m i n g i n t e r e s t i n t o o l s a n d m e c h a n i c a l
t h i n g s a n d s p e n t h o u r s e x p e r i m e n t i n g . C a r o t h e r s w a s a p e r -
f e c t i o n i s t . H e c a r e f u l l y f i n i s h e d e v e r y t a s k h e s t a r t e d .

C a r o t h e r s e n r o l l e d i n t h e C a p i t a l C i t y C o m m e r c i a l C o l l e g e
i n t h e f a l ! of 1914 a n d g r a d u a t e d in t h e a c c o u n t a n t c u r r i c u l u m
i n J u l y 1915 , I n t h e fa l l h e e n t e r e d T a r k i o C o l l e g e i n M i s s o u r i ,
w h e r e h e p u r s u e d a s c i e n t i f i c c o u r s e a n d a l s o a c c e p t e d a p o -
s i t i o n a s a s s i s t a n t i n t h e c o m m e r c i a l d e p a r t m e n t . C a r o t h e r s
e x c e l l e d i n h i s c h e m i s t r y c o u r s e s a n d , a f t e r t w o y e a r s , h i s s u -
p e r i o r r e c o r d i n E n g l i s h e a r n e d h i m a t e a c h i n g a s s i s t a n t s h i p
i n t h a t d e p a r t m e n t . T h e n , d u r i n g W o r l d W a r I , A r t h u r P a r -
d e e , h e a d o f t h e c h e m i s t r y d e p a r t m e n t , a c c e p t e d a p o s i t i o n
a t a n o t h e r i n s t i t u t i o n . C a r o t h e r s , w h o h a d t a k e n a l l o f t h e
c h e m i s t r y c o u r s e s a t T a r k i o b y t h e e n d of h i s s o p h o m o r e y e a r ,
w a s a p p o i n t e d t o t a k e o v e r t h e c h e m i s t r y i n s t r u c t i o n . H e h a d
b e e n r e j e c t e d a s a s o l d i e r b e c a u s e o f a g o i t e r c o n d i t i o n , s o h e
s e r v e d a s a c h e m i s t r y t e a c h e r d u r i n g h i s j u n i o r a n d s e n i o r
y e a r s w h i l e h e c o m p l e t e d h i s s t u d i e s .

"Profiles In Chemistry" is a biographical feature, highlighting the
contributions ol distinguished chemists in the contexi of their Hves. The
column ts designed for curriculum enrichment, ailowing the secondary
schooi teacher to enhance the vitality oi chemistry with the sense of
scholarship and adventure shared by chemists throughout history.

I n 1 9 2 0 , C a r o t h e r s l e f t T a r k i o C o l l e g e w i t h a b a c h e l o r of
s c i e n c e d e g r e e . H e b e g a n h i s g r a d u a t e s t u d i e s i n t h e c h e m i s t r y
d e p a r t m e n t o f t h e U n i v e r s i t y of I l l i no i s . A f t e r o n e y e a r , h e h a d
c o m p l e t e d t h e r e q u i r e m e n t s fo r t h e m a s t e r o f a r t s d e g r e e b u t
l a c k e d f u n d s f o r f u r t h e r s t u d y , C a r o t h e r ' s f o r m e r i n s t r u c t o r
a t T a r k i o , n o w c h a i r m a n of t h e c h e m i s t r y d e p a r t m e n t a t t h e
U n i v e r s i t y o f S o u t h D a k o t a , w a s l o o k i n g f o r a y o u n g i n s t r u c t o r
t o t e a c h a n a l y t i c a l a n d p h y s i c a l c h e m i s t r y . C a r o t h e r s w a s
c h o s e n for t h e p o s i t i o n a n d w e n t t o S o u t h D a k o t a w i t h t h e
i d e a t h a t h e w o u l d m a k e e n o u g h m o n e y t o c o m p l e t e h i s
g r a d u a t e w o r k . T h e c a r e f u l p r e p a r a t i o n o f h i s c o u r s e s a n d h i s
c o n c e r n for t h e s t u d e n t s d e m o n s t r a t e d t h a t h e c o u l d b e a v e r y
s u c c e s s f u l c h e m i s t r y t e a c h e r .

C a r o t h e r s s t a r t e d t o d e v e l o p s o m e i n d e p e n d e n t r e s e a r c h
p r o j e c t * w h i l e h e w a s t e a c h i n g . H i s f i r s t c o n t r i b u t i o n t o t h e
Journal of the American Chemical Society w a s " T h e I s o -
s t e r i s m of P h e n y l I s o c y a n a t e a n d D i a z o b e n z e n e I m i d e " i n
1 9 2 3 . H i s s e c o n d p a p e r , i n 1 9 2 4 , w a s " T h e D o u b l e B o n d , " i n
w h i c h h e p r e s e n t e d t h e f i r s t d e a r a p p l i c a t i o n of t h e e l e c t r o n i c
t h e o r y t o o r g a n i c c h e m i s t r y . I t b e c a m e e v i d e n t t h a t t e a c h i n g
w a s n o t h i s p r i m a r y i n t e r e s t , a n d h e s p e n t a l l o f h i s s p a r e t i m e
o n r e s e a r c h p r o j e c t s . H i s f r i e n d s u r g e d h i m t o r e l a x , b u t i t w a s
a s i f h e w e r e d r i v e n b y a n i n n e r d e s i r e t o i n v e s t i g a t e .

C a r o t h e r s r e t u r n e d to t h e U n i v e r s i t y of I l l i n o i s i n 1 9 2 2 t o
c o m p l e t e h i s s t u d i e s , a n d i n 1 9 2 4 h e r e c e i v e d t h e P h D i n o r -
g a n i c c h e m i s t r y . H i s t h e s i s r e s e a r c h e x p l o r e d t h e c a t a l y t i c
r e d u c t i o n o f a l d e h y d e s w i t h p l a t i n u m - o x i d e p l a t i n u m - b l a c k ,
a n d t h e e f f ec t o f p r o m o t e r s a n d p o i s o n s o n t h i s c a t a l y s t i n t h e
r e d u c t i o n o f v a r i o u s o r g a n i c c o m p o u n d s . T h e s e s t u d i e s w e r e
c o m p l e t e d u n d e r t h e d i r e c t i o n o f R o g e r A d a m s , t h e l e g e n d a r y
I l l i n o i s c h e m i s t w h o t r a i n e d h i s r e s e a r c h s t u d e n t s a s c a r e f u l
e x p e r i m e n t a l i s t s a n d i n s p i r e d i n t h e m a n i n t e n s e i n t e r e s t i n
c h e m i s t r y . A d a m s w a s s t r o n g l y o r i e n t e d t o w a r d t h e c h e m i c a l
i n d u s t r y , a n d t h i s a t t i t u d e a p p a r e n t l y i n f l u e n c e d C a r o t h e r s .
W h i l e a t t h e u n i v e r s i t y , C a r o t h e r s a l s o s t u d i e d p h y s i c a l
c h e m i s t r y a n d m a t h e m a t i c s . H e h e l d a s s i s t a n t s h i p s i n i n o r -
g a n i c a n d o r g a n i c c h e m i s t r y , w a s p r o m o t e d to a r e s e a r c h a s -
s i s t a n t , a n d w a s l a t e r g r a n t e d t h e C a r r F e l l o w s h i p , t h e h i g h e s t
a w a r d o f f e r e d b y t h e c h e m i s t r y d e p a r t m e n t .

A f t e r g r a d u a t i o n , C a r o t h e r s w a s a p p o i n t e d i n s t r u c t o r i n
o r g a n i c c h e m i s t r y a t t h e U n i v e r s i t y o f I l l ino i s w h e r e h e t a u g h t
for t w o y e a r s . I n 1 9 2 6 , h e w a s c h o s e n t o fill a n o r g a n i c c h e m -
i s t r y p o s i t i o n a t H a r v a r d U n i v e r s i t y . D u r i n g h i s f i r s t y e a r a t
H a r v a r d h e t a u g h t e x p e r i m e n t a l o r g a n i c c h e m i s t r y a n d a n
a d v a n c e d c o u r s e i n s t r u c t u r a l c h e m i s t r y . I t w a s h e r e t h a t
C a r o t h e r s b e g a n h i s s t u d i e s o n p o l y m e r i z a t i o n . T h e n i n 1 9 2 8 ,
D u P o n t b e g a n a n e w p r o g r a m of f u n d a m e n t a l r e s e a r c h a t t h e
E x p e r i m e n t a l S t a t i o n a t W i l m i n g t o n , D e l a w a r e . C a r o t h e r s
w a s a s k e d t o h e a d t h e o r g a n i c c h e m i s t r y p r o g r a m , a n d i t w a s
a t t h i s t i m e t h a t h e p e r m a n e n t l y l e f t e d u c a t i o n .

P r o m t h e t i m e C a r o t h e r s j o i n e d D u P o n t u n t i l h i s d e a t h ,
h i s a c c o m p l i s h m e n t s w e r e p l e n t i f u l a n d of g r e a t v a l u e . D u r i n g
t h e n i n e - y e a r p e r i o d t h a t h e w a s w i t h D u P o n t , C a r o t h e r s n o t
o n l y m a d e n u m e r o u s c o n t r i b u t i o n s t o t h e t h e o r y o f o r g a n i c
c h e m i s t r y b u t a l s o p r o v i d e d i n s p i r a t i o n a n d g u i d a n c e t o t h e
c h e m i s t s u n d e r h i s d i r e c t i o n . H i s w o r k l a i d t h e f o u n d a t i o n f o r
s e v e r a l n e w d e v e l o p m e n t s o f c o m m e r c i a l i m p o r t a n c e .

T h e f i r s t a r e a w h i c h h e s t u d i e d e x t e n s i v e l y w a s a c e t y l e n e
p o l y m e r s a n d t h e i r d e r i v a t i v e s . J u l i u s A. N i e u w l a n d , a p r i e s t
a t t h e U n i v e r s i t y o f N o t r e D a m e , h a d c o m p l e t e d t h e b a s i c
r e s e a r c h o n t h e s y n t h e s i s o f v i n y l a c e t y l e n e a n d d i v i n y l -
a c e t y l e n e . W h e n a c h e m i s t f r o m D u P o n t h e a r d N i e u w l a n d ' s
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presentation at an American Chemical Society Organic
Chemistry Symposium in 1925, he realized that Nieuwland's
knowledge could be valuable to Du Pont, and an association
was formed. Now that vinylacetylene and divinylacetylene
were available to Carothers, he completed a detailed study of
these substances. Further, he found a way to add hydrogen
chloride to mono vinylacetylene to form chloroprene. This
substance is structurally analogous to isoprene, but polym-
erizes several hundreds of times faster to produce polychlo-
roprene. The first polychloroprene was named duprene;
however, Carothers changed the name to neoprene. Neoprene
resembles rubber and is used as an additive to natural rubber
to improve its properties. The first large-scale application of
neoprene was for the production of gasoline hose which could
withstand attack by gasoline and hydrocarbons. Today, Du
Pont produces about 175,000 tons of neoprene a year, which
results in sales of about $400 million annually.

While investigating the chemistry of polymerization, Car-
others also synthesized some cyclic polymers which possessed
a musklike aroma. Du Pont marketed these substances under
the trade name Astrotone synthetic musk for the perfume
industry.

Carothers' most outstanding scientific accomplishment was
his work on linear polymers. He wrote a series of 31 papers in
the field of polymerisation and held 50 patents. In these pa-
pers, he proposed a theory of condensation-polymerization
and a terminology suitable for this field. During the 1930's
Carothers devoted his attention to the preparation of poly-
mers which were structurally analogous to cellulose and siJk.
Many compounds were studied; however, the results were
disappointing. Du Pont was on the verge of abandoning the
project when in 1935, success was attained when nylon was
developed. Nylon is a macromolecule obtained as a conden-
sation product from adipic add and hexamethylene-diamine,
with a molecular weight of over 10,000. Nylon has become a
fiber particularly suited for textiles.

Carothers' advice was sought hy chemists throughout the
world. At the age of 33, he was elected associate editor of the
Journal of the American Chemical Society. The following
year, he became the editor of Organic Syntheses. In 1935, he

spoke before the Faraday Society in London on "Polymers and
the Theory of Polymerization." He was the first industrial
organic chemist to be elected to the National Academy of
Sciences. Apparently Carothers never regretted his decision
of research over teaching; he turned down several academic
positions during his years at Du Pont.

On February 21, 1936, Crothers married Helen Everett
Sweetman of Wilmington, Delaware. She had received her
bachelor's degree in chemistry at the University of Delaware
and was employed in Du Pont's chemical patent division.

Carothers was an avid reader and especially enjoyed poetry.
He also liked to sing, and he found it very relaxing to listen to
his many recordings of great composers such as Bach, Bee-
thoven, and Brahms. Carothers was shy and sensitive, and he
avoided parties and crowds. His close friends described him
as deeply emotional, generous, and modest. In very small
groups, he was a brilliant conversationalist.

Carothers suffered from a nervous condition, revealed in
his later years, in his poor health. He was plagued by periods
of depression which became more and more pronounced. On
April 29,1937, at the age of 41, he checked into a Philadelphia
hotel and committed suicide by drinking cyanide. He never
saw his daughter, Jane, who was born seven months later.
Despite the brevity of his career, Carothers' contributions to
organic chemistry are recognized as outstanding, and he is
acknowledged as a pioneer in the field.
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The Density of Solids
Dale Burgess
Eastern Wyoming College, 3200 West C Street, Torrington, WY 82240

An experiment to determine the density of a solid usually
is a simple one in which the student carefully slides a cylinder
of metai into a graduated cylinder partially filled with water
in order to determine volume by displacement and weighs the
metal cylinder. The student calculates the density from the
formula D = M/V and answers a few pertinent questions.

In my experiment, however, I have a large collection of as-
sorted objects. This collection includes rebar, concrete, boards,
rocks, gears, hose, pipes, corks, styrofoara, rubber stoppers,
and odd pieces of metal.

Each student is given one of the objects and is told that he
can use anything in the lab in his determination of the object's
density, but that the size of the measuring device must have
an accuracy commensurate with the size of the object being
measured. The volume of the object must be obtained both
by displacement and by using a ruler to get its dimensions.

The students have the normal chemistry lab equipment and
some large pans to be used for large object displacement.
There is also a trip balance with no weights. The objects either

do not fit easily into a graduated cylinder or are too heavy to
be weighed on the triple beam balances, so the students must
think up ways to weigh the objects using the trip balance and
to determine the volume with a reasonable degree of accu-
racy.

There is generally a short period of student confusion and
aimlessness, but then the students start getting ideas and the
experiment becomes both challenging and fun for most of
them. In my last class a couple of the students found a box that
contained vermiculite that had been used as packing, and they
used the vermiculite as a displacement medium and the box
as a container to determine the volume of a large board.

Following the experiment I discuss: (1) the comparison of
the measured densities with the real densities, (2) the com-
parison of the results of the two methods, (3) the possible er-
rors introduced by the measuring devices, (4) relative error
in the experimental data, and (5) other methods of density
determination. The discussion of relative error leads nicely
into a discussion of significant figures.
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Use of the Computer for Chemistry Instruction
Robert Sutler
Portage Northern High School, 1000 Idaho, Portage, M! 49081

In these times of rising costs and decreasing revenues, one
must be able to work as efficiently as possible. At the achooi
system where I teach chemistry we have seen a drastic de-
crease in funds, resulting in many changes. Therefore, the
teacher must be able to work smarter, rather than harder.

Several years ago, I purchased an Apple II computer with
an Epson MX-80 printer. Since I had programming experi-
ence, adapting to the Apple presented little difficulty for me.
The personal computer has been the greatest invention for the
teacher since the chalkboard. It has allowed me actually to
increase my efficiency without compromising quality. How-
ever, one must be careful to do only tasks with the computer
that actually result in time saving. Too often, the computer
ts used to accomplish tasks that can be done better without
it.

Gradebook

In our school system, student grade reports are issued six
times per school year. As any teacher is aware, considerable
time is needed to determine grades and, because of the sheer
number of grades being calculated, errors will inevitably re-
sult. Therefore, I decided to use the computer as the grade-
book. This allowed me to compute the grades for all my stu-
dents in a matter of minutes. At the end of each week, I spend
about fifteen minutes entering scores into the computer.
When the grades are due, I simply enter the grade cut-off
point and the computer determines the grades. Then I have
the grades transferred from the printout sheets to the school's
report card sheets by my student assistant. My actual time
involved in preparing grades is a few minutes, rather than
hours.

Since I have extensive programming experience, I decided
to write my own gradebook program, rather than buy a
packaged one. In this way, I could design the program to fit
my needs exactly. Admittedly, it was a considerable amount
of work, but well worth it. My gradebook program will perform
the following:

record scores
record absences
determine test score averages
determine total points for each student
determine letter grade for each student
determine the number of each grade given per class
allow for addition or deletion of students
permit either screen or printer display (see Fig. 1>
allow for easy changing of information

The records in the program are stored sequentially on the disk.
An added advantage of the program is that a student is able
to determine his or her grade at any time during the marking
period. Therefore, he or she knows how hard to work in order
to improve the grade. Naturally, the program must have a
security system that will permit the student to check only his
or her grade, not change it. I use a password system that pre-
vents the unauthorized modifying of grade records. The
password uses control characters which cannot be seen by
listing the program.

Chemistry Laboratory

The microcomputer is also very useful in the laboratory.
Too often, the student simply performs the experiment, rec-
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Figure 1. Sample printout of computer gradebook.

o r d s d a t a , a n d h a s n o i d e a if t h e e x p e r i m e n t a l r e s u l t s a r e
c o r r e c t o r n o t . T h e s t u d e n t g e n e r a l l y d o e s n o t l e a r n w h e t h e r
t h e e x p e r i m e n t h a s b e e n d o n e c o r r e c t l y u n t i l t h e g r a d e d e x -
p e r i m e n t w r i t e - u p is r e t u r n e d . T h e r e f o r e , I h a v e w r i t t e n a
n u m b e r o f p r o g r a m s t h a t wi l l p e r m i t t h e s t u d e n t t o c h e c k h i s
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or her experimental data right in the laboratory. The student
performs the experiment, enters the data into the computer,
and then the computer informs him or her whether the data
is good. If it is not, the student knows to repeat the experi-
ment. Since I began using the computer in the laboratory, the
work of my students has improved considerably.

I have also attempted to have the student first type his or
her name before entering any data. The idea was to record the
student's name and data, use the computer to calculate the
experimental results, arid save all this information on the disk.
When checking lab reports I would be able to recall the in-
formation from the disk, and then compare their calculations
with the computer's. This should make lab report grading very
easy. However, it has not worked out that way. The, problem
is that there is only one computer available and lab periods
are only one hour long. Most students have no typing skills or
computer experience. A non-typist may require several min-
utes just to type a name. I was finding that most of the stu-
dents were not working at their lab stations, but waiting to use
the computer. Having more computers available or more lab
time would help to solve the problem.

The computer also can be used to simulate experiments.
This is especially appropriate in cases that require special, or
expensive, equipment or chemicals. One such simulation
which I have written is adapted from the classical pressure-
volume experiment.1 After the student types his or her name,
the computer graphics show the apparatus (Fig. 2). Pressing
the return key changes the applied pressure, which causes the
corresponding volume change. The computer will randomly
generate different values for each student; therefore, each will
have different experimental data. In addition, the computer
Will calculate the correct experimental results and record this
and the students' names on the disk, making it a simple matter
to retrieve the information and compare with the students'
results.

Students are required to show their calculations in their lab
reports. However, by encouraging them to check their calcu-
lations with the computer's, they will be able to investigate
their mathematic computations and hopefully remove any
errors before submitting their reports. The programs I use do
not show the students how to perform the calculations but
simply provide them with a computed result.

Because of the very easy access to the Apple's input ports,
it is a relatively simple matter to interface it with laboratory
instruments. Usually all that is required is an analog-to-digital
converter. A-to-D converters that fit directly into the slots can
be purchased for about $100.2 A less-expensive alternative
would be to use the analog inputs in the game controls.3 One
application of interfacing would be to provide a digital readout
of analog devices, such as a Spectronic 20. It is very easy for
students to read absorbance incorrectly because it reads
backwards on the meter; however, they can check their meter
readings with the digital readings displayed on the computer.
It is also possible to save the experimental results on disk to
check the students' results.

The computer can be used for pre-lab quizzes. I have found
that most titration errors involve reading the buret, and,
therefore, I designed a quiz that will simulate a buret (Fig. 3).
The volumes are selected randomly by the computer. If the
student has read the buret and answered two questions cor-
rectly, his or her name will be stored on the disk. I can then
determine who has passed the pre-lab quiz and is therefore
ready to perform the experiment in the laboratory.

A modem allows one computer to communicate with others

1 Dletz, P., Tellefsen, R., Parry, Ft., and Stefner, L, "Chemistry Ex-
perimental Foundations: Laboratory Manual," Prentice-Hai!, Englewood
Cliffs, New Jersey, 1975.

aJohn Bell Engineering, Inc., 1014 Center Street, San Carlos, CA
94070.

3 Deininger, R., and Berger, C , InCtder, 74 (January 1983).

using t h e te lephone Sine, which enables one to con tac t chem-
ical informat ion services such as CAS O N L I N E . A very
valuable exercise is to have t he s t u d e n t perform a compound
search using th i s facility.

Communicating with the Student

When writing programs for student use, one must realize
that very few of them have any computer experience. The
simple instruction "ENTER NAME" will confuse many of
them. It would be better to use "TYPE NAME, THEN
PRESS RETURN." Also, the numbers one and zero are
confused with the letters 1 and o. Numerous error-trapping
routines are required. After the students enter their data, one
must make provisions for the correction of errors. I use the
statement:

CHECK YOUR DATA. 18 IT CORRECT <Y/N)?

The problem that arises is that some students will type "Y"
and others will type "YES." Therefore, the program should
only look for the first letter. Also, some students will type "T"
or another letter. The program should be able to handle this
problem.

There should be no provision for exiting the program other
than by special commands known only to the instructor or by
turning off the computer. Assume that a student has finished

Record the volime in
your notebook. Then
Press 'RETtKN' to
place the next book
on the syringe.

-35

•38

•25

"26

15

18
= 5

Figure 2. Pressure-volume simulation.

- 1 5

in

Question 1

is the buret reading

-16

--17

Figure 3. Titration simulation.
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his turn at the computer, and the following instructions appear
on the screen:

(1) PRESS (RETURN) FOR ANOTHER SET OP DATA
(2) PRESS (E> TO EXIT PROGRAM

Option (1) should be selected so that another person can use
the computer. However, since most students have no idea of
what exit means, they will select this option when done. The
instructor will have to reload or rerun the program, On the
other hand, there are the hot-shot programmers who like to
get a listing of the program and then change the commands.
Therefore, if possible, disable the reset key.4

Database System
A database program is similar to a computerized index card

system. It will store information for easy retrieval. There are
many database programs available. Examine several before
making a decision.

One use for the database program is stockroom inventory.
Since we have a large chemical stockroom, computerization
seemed the logical choice. One can have information con-
cerning the name of compound, class, amount, etc. One of the
features of database systems is their ability to sort and search.
If one wants to know what bases are available in the stock-
room, the computer can be instructed to search the base
classification and al! these compounds will be referenced.
Another advantage of the computerized stockroom is that one
has instant access to the chemicals that are available. Since
I do not have an office in school (it was converted into a
classroom), al! my reference books are at home. If I find a
promising experiment that I would like to try, I can easily
check my computer listing to see if the required chemicals are
available.

Another use of the database program is to record student
data, such as home phone number and hook number. If a
student leaves his book in class, I simply have the computer
do a search to find the owner. Also, one can keep a permanent
grade record of the students. One problem with the database
program is that a considerable amount of time is needed to
record all the information. It is very helpful if one has a stu-
dent assistant who is able to type.

When selecting a database program, be certain that it uses
machine language for sorts and searches. The first program
I tried did not, and an hour was required to sort 175 chemicals.
My present database program can accomplish this task in a
few seconds using machine language.

Word Processing
The term "word processing" is computerese for typing. The

word processor is probably the most used progam that I have.
With it I can write letters, tests, and experiments and edit
them as needed. Once satisfied with the document, I can have
it printed out. The document can also be saved on disk if I
desire.

Since I am not able to purchase textbooks for my organic
chemistry ciasa, I must generate most of the written materials
used. The word processing capability of my computer has
proved to be a valuable resource, especially when I am pre-
paring lab experiments. Once I type them, they are saved on
disk and updated as needed each year.

I iike to give my students as many practice problems as
possible, and it seems they are always asking for more. To
handle this demand, I prepare a master worksheet using the
word processor, and need only to add new data to produce any
subsequent worksheets. For example, if I am writing a mo-
larity practice sheet, I typically vary only the names and
amounts of the given substances.

The same technique can be used to write tests. I had found
even before I began using the word processor that my tests
follow a similar pattern year after year. Thus, with the word
processor, I have freed a considerable amount of time that can
be used more productively elsewhere. I typically take an old

test and make numerical and nomenclatural changes. Thus,
the main body of the test remains the same; this is especially
useful for preparing makeup exams.

There are several features to look for in a word processor.
First, there must be provision for subscripts and superscripts.
Without this ability, it is difficult to write formulas or expo-
nents; however, it may be inconvenient to use these features
because special printer codes are required. My word processor
uses the ESC key for upper case, and control keys for sub-
scripting and superscripting. Writing the formula for sulfuric
acid uses the following key sequence:

ESC H CTL B ESC 4 OTL B ESC ESC S CTL B 1 2 CTL
B ESC 5 ESC S ESC 0 CTL B ESC 4 CTL B ESC ESC H
CTL B 1 4 CTL B ESC 5

It is hardly worth the trouble.
Second, the screen display should indicate exactly how the

document will appear on the printed page. One must know
where the margins and the end of the page will be. When I
write a question on a test, I leave space for the calculation and
answer. Therefore, I must know exactly how it is formatted
and where it will be on the page.

Next, it is very helpful if one can see an entire line of text.
Since my computer has only a 40 column display, and the
printer 80 columns, this could be a disadvantage. There is
hardware available that will give an 80 column display but this
is often expensive. My solution has been to purchase a word
processor which uses the computer's hi-res graphics to show
70 columns and lower case. I have been using the Magic
Window II word processor by Artsci and have been extremely
pleased. My only complaint is that it is protected software; it
is not possible to make a back-up copy of it. The company does
offer a liberal warranty, but if for some reason I accidentally
damage the disk, I will not be able to access any of my docu-
ments until a replacement disk arrives,

To print numerous copies of any one document it is neces-
sary to make dittos because we do not have access to a pho-
tocopier. There is a problem, however. A dot matrix printer
does not impact hard enough to make a ditto. Thermofax®
dittos of the original can be made, but this does not always
produce a clear copy. Therefore, to get around this problem
I make a ditto using a Thermofax® master directly in the
printer. In order to obtain best results I use both the double
strike and emphasized printing modes. In addition, I remove
the printer ribbon so that the pins strike directly on the
Thermofax master.

One final problem is that my printer is tractor feed only, and
Thermofax® dittos will not pass through. One solution is to
tape the ditto to the paper. A better solution is the purchase
of a Paper Porter.5 This is a plastic sleeve carrier that will
allow regular paper or dittos to go through the printer.

VISICALC®

T h e VISICALC® program is a n electronic sp read sheet . I t
can be u s e d t o m a k e forecasts o r pro jec t ions a s well as s to re
da ta . W e have used the program to perform calculations with
large a m o u n t s of da ta . A n u m b e r of teachers use th i s program
for the i r gradebooks . Recently, we have used Visicale® for
con t rac t negot ia t ions . T h e cu r ren t salary schedules were
placed in t he p rogram; then , using t h e project ion feature of
the program, our school system could see how the values would
change if cer ta in p e r c e n t pay increases were granted. T h e
adminis t ra t ion m a y want to use Visicalc* to make projections
of s t u d e n t counts , costs of uti l i t ies, etc . Visicalc® is p robably
one of t he m o s t i m p o r t a n t p rograms ever wr i t t en for t h e
computer .

I have described a few ways in which the microcomputer can
be helpful t o t he classroom teacher . I would never w a n t to be
wi thout one again.

4 Sottalk, 44 (March 1983).
s Beeline Services, 5718 Ponderosa, Stevensvlile, Ml 49127.
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The Basic Elements of Writing a Scientific Paper;
The Art of Scientific Style
Carol Potera1

Eleanor Roosevelt Institute for Cancer Research, 4200 East Ninth Ave., B-129, Denver, CO 80262

Winston Churchill is reported to have said of literary critics
who insisted that sentences never end in a preposition ( i ) ,
"This is the type of arrant pedantry up with which I shall not
put." This historic example of what is and what is not con-
sidered proper in good writing applies to technical scientific
writing as well as other, more literary forms of communication.
For those who do not write regularly, the experience can' he
intimidating. Knowing what is important and reviewing some
common pitfalls of science writing at the outset is always
helpful.

Scientific writing is a form of writing called expository. Its
primary goal is to explain. Implicit in any expository writing
is another goal: to persuade. The two go hand in hand, for it
is hard to explain a scientific fact without taking a position on
i t The goal, then, is both to have your readers understand you
and to convince them that your interpretation of your data
is the only correct one.

Correct and Concise Usage: Less Is More
Good writing begins with a profound respect for words, their

precise denotations, and their connotations. Do not use three
or four words when one will suffice. Every word of every sen-
tence should work for maximum efficiency to achieve clarity
and brevity, What looks like a natural gift to write is reaJly
great persistence, compulsiveness, and discipline.

Along with brevity and clarity, accuracy is the third element
of good scientific writing. The words "scientific" and "data"
themselves suggest knowledgeable, documented, and orga-
nized information, Any manuscript should be written with the
goal of its becoming a permanent and accurate record in the
scientific literature.

Organization and Continuity
Good scientific writing, then, is direct and definite. It

demonstrates confidence and inspires confidence in your
readers. Weak writing, on the other hand, reveals uncertainty.
One serious fault that weakens the reporting of careful sci-
entific work is the Jack of organization. Results reported in a
disorganized manner take more time to interpret than readers
are willing to spend. Without a well-organized presentation
of the data, years of work and money may be wasted.

For good organization, effort is required. For any subject,
interrelationships should be addressed and then recapitulated
as they relate to otheT elements. Transitional sentences, which
bridge thoughts, are often missing in poorly written pieces.

Inherent in good organization is continuity. Every sentence
shouid connect the one preceding it to the one following it.
Often neglected are explicit connectors that signal to the
reader that the direction of the argument is changing, being
paralleled, or being contrasted to an earlier one. The signposts
to use in these cases are conjunctive adverbs or brief transi-
tional phrases that signal the thought coming next. The fol-
lowing list offers a variety of choices for creating continuity
and greater precision. Use them often.

This is publication no. 388 from the Eleanor Roosevelt Institute for
Cancer Research.

1 Present address of author: Health Data International, P.O. Box 2400.
Ketchum, iD 83340.

above all in particular
accordingly instead
and so in summary
again likewise
also moreover
besides more specificaify
but nevertheless
consequently nonetheless
finally on the otJwr hand
first rather
for example second
for instance similarly
furthermore so
hence still
however tiien
in addition therefore
in conclusion though
indeed thus
in fact to sum up

yet

Specific Parts of Scientific Papers

Science writing is a unique process because scientific papers
consist of specific elements that include the title, introduction,
methods, results, discussion, conclusions, summary, and
bibliography. Do not underestimate the importance of the
title. I t is a clear statement of the paper's content and contains
key words that will be indexed for information retrieval sys-
tems.

The introduction gives the necessary historical perspective
and then states why the work was done. It should seize the
attention of the readers and emphasize the area of interest.
Often the introduction is more effective if it is written last.

Unfortunately, the structured methods and results are often
written as rote copies of previous, similar works. This can re-
suit in incongruities between these two complementary sec-
tions. The important point is to give the reader enough ac-
curate information to allow a good understanding of how the
work was done and what the results were.

In the discussion and conclusion, it is necessary to return
to the argument you planted earlier in the introduction, Your
readers cannot be left seeing the trees but no forest. A com-
parison of your work with others' and explanations of simi-
larities or discrepancies form the discussion, which moves to
a logical justification and conclusion of your paper.

The writing of a summary follows easily. The summary is
composed of highlights of each preceding section, and though
it often appears first as the paper's abstract, it is best written
last.

It is hoped that your readers will respond intellectually to
your information. Disagreement with your conclusions is far
better than disinterest in ideas that are not clearly enough
stated to be understood. The goal of all writing is to get a
message across. A well-written paper is a pleasure to read and
a great satisfaction to the seeker of scientific information.

Common Pitfalls
The hardest step for most writers is getting past the first

draft. One must be able to say, "This wonderful creation of
mine still needs work." Compulsiveness is a trait of good
writers. When you think that you have a finished product, go
back over it several times to check the specific points outlined
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below which identify some of the most common errors and
weaknesses.

Read your manuscript through once, looking exclusively
at your subjects and verbs. Are subjects and verbs matched
for singular and plural forms? Check that verb tense and form
denote conviction instead of doubt. Do not use constructions
like "appeared to be" and "can be seen to" if verbs like "oc-
curs" and "shows" would state the same ideas. The latter not
only result in more decisive statements but also use fewer
words.

Next read through your manuscript checking to see that
each procedure described in the methods section was actually
performed and reported on in the results section. At the same
time, compare every figure and table to the statements at-
tributed to them in the text Make certain that the text fully
describes these illustrations. In addition, captions for figures
and tables should stand by themselves as brief explanations
of such visual representatives of the data.

Recall that brevity and clarity are essential. Do not use three
or four words where one will suffice. Why say "in the event
that" instead of "if"; "on the order o f instead of "about"; "for
the reason that" instead of "since"; or "one and the same"
instead of "the same"?

Finally, check the cited references to insure that they ac-
tually contain the material attributed to them. Do not rely on
references from similar papers. Typing errors are very com-
mon among the numbers used in bibliographical informa-
tion.

Odds and Ends
What follows is a catch-ail of various stylistic and proce-

dural items that particularly plague science writing.
Punctuation

Semicolons. A semicolon replaces a connecting word like
"and" and can be replaced by a period; it is not a substitute
for a comma. I t is often used to combine two or more related
independent clauses. Another common use of the semicolon
is to separate items in a series. This is not a violation of the rule
that each part must be a complete sentence; the form may be
viewed as elliptical, the missing words being understood. The
writings of Mark Twain and G. B. Shaw abound with semi-
colons. An illustration of the use of semicolons in good scien-
tific writing occurs in the paragraph below (2) in which the
words "These hybrids have been used for" are understood as
a common prelude to each phrase separated by semicolons:

In this paper I review newer experimental developments in our
laboratory, which are based on development of ausotrophic and
other mutants of mammalian cells and the construction of a se-
ries of hybrid Chinese hamster ovary f CHO) cells containing sin-
gle, or email numbers of, human chromosomes. These hybrids
have been used for genetic, biochemical, and differentiation anal-
ysis of eeli surface macromolecules; regions! mapping of particu-
lar genetic markers; an approach to biochemical understanding of
the human aneuploid diseases; a new method for detection of en-
vironmental mutagens and carcinogens; and an amalgamation of
somatic ce53 genetic techniques with those of recombinant DNA
in order to devise a new method for mapping the human genes,
which promises wide application and high resolving power (2).

Commas. Insert a comma where there is a light natural
pause. Reading aloud your words is the best way to determine
this. Conjunctive adverbs and signpost expressions like
"moreover," "therefore," and "on the other hand," must be
set off by commas both before and after if they occur in the
middle of a sentence. Never connect two independent clauses
by a comma; use only a semicolon.

Colons, The colon, like the semicolon, joins related
thoughts; however, it ia used only when the first thought in-
troduces the second. Any colon used properly can be replaced
by "that is" or "namely."

Abbreviations

Abbreviations that have not become standardized must be

defined the first time they are used in your text. Some well-
known abbreviations that are generally acceptable, but
commonly misused, are given with their full meaning:

e.g., exempli gratias, for example-—Use commas before and
after and periods after each letter of the abbreviation.

et al., et alii, and others—Since "et" is a complete Latin word,
do not use a period after it. The second word is abbre-
viated, and a period must follow it.

i.e., id est, that is—As with "e.g.", i.e. must be set off with
commas before and after and periods after each letter.

viz., videlicet, namely—Also set this off with commas before
and after.

Some Commonly Misused Words
Affect-effect. "Affect" is commonly used as a verb that

means to influence and less commonly as a noun that means
an artificiality. "Effect" is used commonly as a noun to mean
the result or outcome and less commonly as a verb that means
to cause or to bring about.

Consensus. It is redundant to use the phrase a "consensus
of opinion" because consensus means a collective opinion.

Criterion-Criteria. Criterion is singular; criteria is plural.
Other related words are medium-media, datum-data, and
stratum-strata.

Different from-Different than. The preferred preposition
after different is from; however, different than is acceptable
if it avoids a wordy clause.

Factor. This word resonates with scientific overuse; its
synonyms—element, ingredient, and component—-are und-
erused.

First-Firstly, "First" is a genuine adverb itself and should
be used without the suffix "-ly." "Second," "third," etc., fall
into this same category.

Imply-lnfer. If an author implies something in his paper,
something is hinted at; the reader infers or understands the
hint.

Like-As. In formal usage "like" should be used only as a
preposition. "As" is acceptable as both a preposition and a
conjunction.

Only. Make sure "only" is placed immediately before the
word it is intended to modify.

Principal-Principle. A rule or truth is a principle and it is
used only as a noun. Its homonym, "principal," is a noun or
adjective and means chief or leading.

Revert back. Simply use "revert"; "revert back" is redun-
dant.

Reason is bemuse, "Because" means "for that reason"; this
is a common redundancy.

Thus-Thusly. "Thus" is an adverb by itself and needs no
suffix.

Unique. There is only one of a kind of a unique thing. "Most
unique," "very unique," or "rather unique" events do not exist.
Use "unusual" or "rare" in place of these incorrect terms.

Everyone can develop skill in the use of language that
conveys scientific information in a meaningful, persuasive,
and understandable manner. It is an accomplishment that is
learned and that grows by paying attention to good writing
to see how these skills are used to their fullest. None of these
learned skiils are intended to conflict with an individual's
writing style, which is a unique portrayal of the author's per-
sonality. A natural writing style is the best and most plea-
surable to read; such a style comes only with practice and a
desire to improve your writing. Two quotes, one from a sci-
entist and the other from a well-known literary figure, sum
up these ideas appropriately.

When we encounter a natural style, we are astonished and de-
lighted; for we expected to see an author, and we. find a man.

Pascal (3)

Interviewer: How much rewriting do you do?
Hemingway: It depends. I rewrote the last page of Farewell to
Arms thirty-nine times before 1 was satisfied.
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Interviewer: Waa there some technical problem there? What was
it that stumped you?
Hemingway: Getting the words right.

Ernest Hemingway
interviewed by Geoige Plimpton (4)
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Scenarios in Science
Sharon J. Sherman and Alan Sherman
Middlesex County College, Edison, NJ 08818

Many students who are nonscience majors are enrolling in
science courses today at both the high school and college levels.
These students are interested in learning more than science
history and fact- They want to know how science and tech-
nology are affecting them now and how it will affect them in
the future. A technique that we have employed while teaching
nonscience majors at our school involves the uae of scenarios
as introductions to the topics under discussion. These scen-
arios are sometimes biased and may take either a positive or
negative view of the subject matter. Most important, the
scenario gets the student involved in the topic and sets the
stage for an in-depth discussion once a particular chapter in
the course has been covered.

Here is our suggested method of operation. A scenario is
presented to the student in hand-out form at the time that a
new topic is introduced. The majority of students have not yet
begun to read the assigned chapter. A short discussion of the
subject matter follows and students are allowed to ask ques-
tions pertaining to the topic. On many occasions it becomes
apparent that the students are not familiar with the subject
matter and are not able to discuss the issues raised by the
scenario. The students clearly see the need to read the text
assignment, as well as any supplementary material avaiiable,
and attend the lectures so that they will be able to participate
in an in-depth discussion of the scenario upon conclusion of
the topic.

What follows are examples of three scenarios that we use
in our nonscience majors chemistry course. The first scenario
is entitled "New Bodies for Old." It is used as an introduction
to the course when discussing the impact of chemical science
and chemical technology in today's world. The second scenario
is called "The Day We Lost New Jersey." I t presents a
somewhat biased view of nuclear energy and serves as an in-
troduction to the topic of nuclear energy and nuclear power.
We must point out, lest we offend the proponents of nuclear
power, that although this particular scenario appears some-
what one-sided, it is quite successful in getting the students
involved in the subject matter. A well-balanced view of nuclear
energy is presented in class. When students have read the
assigned material and attended lectures, they have sufficient
information to allow them to make their own decisions re-
garding nuclear power.

The third scenario entitled "Starting Off Right" is used to
introduce the subject of food chemistry. The scenario deals
with the topic of infant formula versus breast milk. As you
read these short scenarios, keep in mind their main purpose
which is to whet the student's interest and foster involvement
in the subject matter.

Scenario: New Bodies for Old
The year is 2050. During the first fifty years of the 21st

century science and technology were used by the governments
of the earth to improve the quality of life on this planet for all
people. It was the year 2000 when the major powers on this
planet agreed to stop spending billions of dollars in weapons

of war and destruction and decided instead to pool their
knowledge and wealth to improve the human condition. Many
of the problems that plagued human society in the late 1900's
were brought under control by 2025. Programs to stabilize
population growth and produce adequate food for those living
on the planet were becoming effective. Medical science, as well
as the natural sciences such as biology, chemistry, and physics
reached new frontiers,

However, it was the discovery in this year of 2050 that was
to bring startling news to the scientific community. Scientists
and engineers had transplanted the brain of an individual into
an artificial body. The new body had the appearance of a
human being and functioned in a completely humanlike
manner. The transplant had been a success. The ramifications
of this event were awesome. This new body would not age and
would last 200 years!

Scenario: The Day We Lost New Jersey
It is a bright, sunny day in New Jersey on April 5,1990. New

Jersey has grown through the years to become a major in-
dustrial state in the northeast; a state that consumes a tre-
mendous amount of industrial power. Almost 80% of this
power is supplied by ten nuclear power plants located either
in the state or surrounding it. Two of these power plants are
off the coast of Atlantic City, built on manmade islands in the
Atlantic Ocean. New Jersey is not a state that is prone to many
natural hazards, Tornados, hurricanes, and earthquakes are
infrequent. That is why it came as such a complete suprise
when on this day a major earthquake hit the state, sending
shock waves from Boston to Virginia Beach. The quake was
as strong as the one that devastated the city of San Francisco
in the early 1900's. However, in New Jersey the results were
more devastating. The earthquake demolished numerous
buildings and tore up many roads. The quake was centered
on the central Jersey coast, not a highly populated region.
Large numbers of people were not killed by the initial devas-
tation- The problems arose with the four nuclear power plants
located just off the coast and with those located on the coast
of the Jersey shore.

Although these plants were supposed to be earthquake-
proof, they were not strong enough to withstand the power of
this quake. Sections of these power pianis broke away. Cooling
systems were lost and the atomic cores heated to meltdown.
Radioactive clouds of steam were dispersed into the atmo-
sphere. Offshore breezes blew the clouds across the state.
Tens-of-thousands of New Jersey residents died of the effects
of this radiation and tens-of-thousands more were to die of
radiation-linked diseases.

Scenario: Starting O(f Right
It is the year 2010; a step into the 21st century. A baby has

just been born and has been given to her mother to be fed. The
baby is being breast-fed and a natural process is taking place
once again. The mother is relaxed and comfortable and the
baby is being weil nourished.
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Toward the end of the 20th century, during the last few
decades, a trend toward artificial feeding of infants was seen.
In the industrialized countries of the world substitutes for
breast milk became easily available. Millions of mothers gave
their infants formulas made from pasteurized cow's milk.
These babies showed a fine pattern of growth and weight gain.
But experts learned that breast milk was better. It provides
the infant with some forms of immunity to disease. It is more
easily digested and it rarely causes an allergic reaction. Breast
milk also contains a natural laxative.

Problems arose with artificial feeding in many of the Middle
Eastern and African countries and in South and Central
America, as well. Largely as a result of commercial advertising,
urban women of these countries abandoned breast-feeding
and swtiched to milk formulas. In the absence of absolutely
safe drinking water, good sanitary conditions, and refrigera-
tion, baby formulas sometimes became carriers of common
infections. This caused several diseases which were once seen
mainly in older children to be seen in infants. Re-education
of the population as to the values of breast-feeding reversed
this trend. Even an undernourished mother is able to produce
400 to 600 ml of milk daily for her child. In the year 2010, this
is the more advisable method of feeding infants throughout
the world.

Using the Scenarios
After reading these introductory scenarios, the student

realizes that in order to understand and discuss a science-
related issue, the scientific concepts behind the issue must be
studied. At this point the instructor begins the lecture mate-
rial. The six basic questions—-who, what, where, when, how,
and why—will be answered in the lecture and lead to an un-
derstanding of the topic. The instructor must be careful to
point out to the students that their opinions must not neces-
sarily agree with the view presented in the scenario. The

scenarios are in many cases one-sided, and designed specifi-
cally to promote discussion. After studying nuclear power it
might be a good idea to plan a nuclear power plant discuasion
session. Students can choose or be assigned pro-nuclear or
anti-nuclear sides. They then present their views in a debate
or planned discussion session. Students wili see that the group
armed with the greatest amount of research material and fads
will be able to argue a stronger case. Students might also try
to write their own scenarios to demonstrate another point of
view on some of the other topics.

There are several uses for this teaching too! in science ed-
ucation. It can be the basis of a one-semester course at the high
school level called "Decision Making in our Technological
Age." Here students would be presented with the various
issues facing us today and learn how to evaluate these issues.
Another use at the high school level is the application of this
technique to add relevance to the topics studied in science
class. After scientific principles are learned, the instructor can
point out the applications of these scientific principles and
discuss the issues which have developed as a result of these
technological advancements. Finally, we use this technique
in our college level nonscienoe majors course to introduce and
motivate students in chemistry and teach about the deci-
sion-making process.

As we progress in the area of science education it is clear
that science courses for nonscience majors and high school
students which present only science fact are not sufficient.
While understanding concepts is central to learning and un-
covering new information, the effect of science on humanity
is of significance. The students of today who will be the leaders
of the future must have a clear picture of how scientific dis-
coveries can affect us both positively as well as negatively.
Only in this manner will they be able to make logical decisions
based primarily on fact and not on emotional persuasion.
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Is Sugar from Sugar Beets the Same as Sugar
from Sugar Cane?

W. Conard Fernelius
Kent Stale University
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A t t h e b e g i n n i n g o f t h i s c e n t u r y w h e n t h e b e e t s u g a r i n -
d u s t r y i n t h i s c o u n t r y w a s r e l a t i v e l y y o u n g , t h e r e w e r e t h o s e
w h o i n s i s t e d t h a t c a n e s u g a r w a s d i f f e r e n t f r o m a n d s u p e r i o r
t o b e e t s u g a r . C h e m i s t s t o o k n o s t o c k i n t h e a r g u m e n t s b e -
c a u s e t o t h e m i t w a s o b v i o u s t h a t a p u r e c o m p o u n d w a s t h e
s a m e r e g a r d l e s s o f t h e s o u r c e . N e v e r t h e l e s s , i t a c t u a l l y is
p o s s i b l e t o t e l l w h e t h e r a g i v e n s a m p l e o f s u g a r c a m e f r o m
c a n e o r f r o m b e e t s b y m e a n s of a m a s s s p e c t r o m e t e r , a n i n -
s t r u m e n t n o w i n c o m m o n u s e i n m o s t l a b o r a t o r i e s , s i n c e t h e
r a t i o o f i s o t o p e s o f c a r b o n 1 3 C t o 1 2 C i s d i f f e r e n t i n t h e t w o
k i n d s o f s u g a r .

T h e s e t w o s t a b l e i s o t o p e s o f c a r b o n n o r m a l l y e x i s t i n t h e
r a t i o 1 .104 t o 9 8 . 8 9 2 . ( F o r p r e s e n t p u r p o s e s w e c a n f o r g e t
a b o u t t h e m i n u t e a m o u n t s o f 1 4 C w h o s e w e a k r a d i o a c t i v i t y
m a k e s c a r b o n d a t i n g p o s s i b l e . ) I n t h e p r o d u c t s o f p h o t o s y n -
t h e s i s t h e r a t i o o f 1 3 C t o 1 2 C is s l i g h t l y l e s s t h a n t h e i r r a t i o i n
t h e C O a o f t h e a t m o s p h e r e . S u c h i s o t o p i c s e l e c t i v i t y is k n o w n
for m a n y r e a c t i o n s . H o w e v e r , t h e c o n v e r s i o n o f C O 2 t o c a r -
b o h y d r a t e s i n p l a n t s t a k e s p l a c e b y t w o r o u t e s : t h e f a m i l i a r

Brief descriptions of phenomena, topics, and tacts which chemical
educators have found to be of interest in their teaching, are presented
in a "note type" format throu^oul the JOURNAL.

p a t h i n v o l v i n g t h e t h r e e - c a r b o n i n t e r m e d i a t e p h o s p h o g l y c -
e r a t e {!), a n d a m o r e r e c e n t l y e s t a b l i s h e d p a t h i n v o l v i n g a
f o u r - c a r b o n d i c a r b o x y l i c a c i d i n t e r m e d i a t e ( 2 ) . P l a n t s a r e
d i v i d e d r a t h e r s h a r p l y i n t o t w o c l a s s e s , d e s i g n a t e d C3 a n d C j
a c c o r d i n g t o t h e n u m b e r o f c a r b o n a t o m s p r e s e n t i n t h e
p h o t o s y n t h e t i c i n t e r m e d i a t e . T h e s e l e c t i v e r e j e c t i o n o f 1 3 C
i s g r e a t e r b y t h e C 3 p a t h w a y t h a n b y t h e C 4 p a t h w a y ( 3 ) . I f
5 1 3 C e q u a l s t h e d i f f e r e n c e of t h e r a t i o of 1 3 C t o 1 2 C , t i m e s 1 0 0 0 ,
i n a s a m p l e a n d t h e r a t i o i n a r e f e r e n c e s t a n d a r d m a r i n e c a r -
b o n a t e , t h e n 5 1 3 f o r a t m o s p h e r i c c a r b o n d i o x i d e is — 7 , t h e
a v e r a g e fo r C 3 p l a n t s i s - 2 6 . 5 , a n d for C4 p l a n t s , —12,5 . N o w ,
s u g a r b e e t s a r e C 3 p l a n t s a n d s u g a r c a n e a C4 p l a n t . S o a m a s s
s p e c t r o s c o p i c e x a m i n a t i o n o f t h e p r o d u c t s o f c o m b u s t i o n w i l l
i n d i c a t e t h e s o u r c e o f t h e s u g a r .

S i n c e b e e s g a t h e r h o n e y f r o m C3 p l a n t s a n d c o r n s y r u p
c o m e s f r o m C 4 p l a n t s , a m e a s u r e m e n t o f t h e i a C / 1 2 C r a t i o of.
a s a m p l e wil l s h o w w h e t h e r i t is p u r e h o n e y o r o n e d i l u t e d w i t h
l o w - c o s t , h i g h - f r u c t o s e c o r n s y r u p (4 ) , S i m i l a r l y , k n o w l e d g e
of t h e r a t i o w i l l i n d i c a t e w h e t h e r a g l a s s o f o r a n g e j u i c e is t h e
r e a l t h i n g , w h i c h h a s a l a r g e n e g a t i v e s h i f t i n ( 3 C / 1 2 C , o r a
s y n t h e t i c o n e m a d e f r o m o r a n g e p u l p , a r t i f i c i a l f l a v o r i n g , a n d
h i g h - f r u c t o s e c o r n s y r u p , w i t h a s m a l l e r n e g a t i v e s h i f t i n
i3Qf\2Q (5)_ A r c h a e o l o g i s t s a r e e v e n u s i n g 5 1 3 v a l u e s o f b o n e
c o l l a g e n t o r e c o n s t r u c t t h e d i e t s o f a n c i e n t m a n ( 3 , 6 ) .
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P e r o x i d e s a r e u n s t a b l e , s h o c k - , t h e r m a l - , a n d f r i c t i o n -
s e n s i t i v e c o m p o u n d s w h o s e s e n s i t i v i t y i n c r e a s e s w i t h c o n -
c e n t r a t i o n . O r g a n i c p e r o x i d e s a r e a i l h i g h l y f l a m m a b l e . H i g h
s c h o o l t e a c h e r s n e e d t o b e a w a r e o f t h e p o s s i b i l i t y o f p e r o x i d e
f o r m a t i o n i n a g i n g o r g a n i c s o l v e n t s a n d s t o r e d a l k a l i m e t a l s .
" A p e r o x i d e p r e s e n t a s a c o n t a m i n a n t i n a r e a g e n t o r s o l v e n t
c a n c h a n g e t h e c o u r s e o f a p l a n n e d r e a c t i o n " (1). T h a t c h a n g e
c a n b e a v i o l e n t e x p l o s i o n .

I n n o r m a l o x i d e s e a c h o x y g e n a t o m h a s a - 2 o x i d a t i o n s t a t e .
I n p e r o x i d e s t w o o x y g e n s f o r m a n o n p o l a r c o v a l e n t b o n d w i t h
a n e t —2 o x i d a t i o n s t a t e ( 2 ) . T h e o x y g e n l i n k a g e ( — 0 — 0 — )
of t h e p e r o x y g r o u p i n s o m e o r g a n i c c o m p o u n d s is a c t u a l l y
u s e f u l w h e n p r o p e r l y h a n d l e d . T h e ( — O — O — ) b o n d s p l i t s ,
p r o d u c i n g f r e e r a d i c a l s w h i c h c a n i n i t i a t e p o l y m e r i z a t i o n . T h i s
i n s t a b i l i t y m a k e s t h e m u s e f u l i n p o l y m e r i n d u s t r i e s ( 3 ) . B u t
i n d u s t r i a l s e t t i n g s a r e f a r r e m o v e d f r o m f i r s t y e a r c h e m i s t r y
c o u r s e s . S o m e p e r o x i d e s a r e s o s e n s i t i v e t h e y h a v e n o c o m -
m e r c i a l v a l u e .

D i f f e r e n t p e r o x i d e s v a r y i n t h e i r d e g r e e s of h a z a r d , d e -
p e n d i n g o n t h e s t r u c t u r e o f t h e c o m p o u n d a n d t h e c o n c e n -
t r a t i o n o f t h e a c t i v e o x y g e n s . D a n g e r o u s l y r e a c t i v e p e r o x i d e s
c a n b u i l d u p i n o l d s o l v e n t s s u c h a s d i e t h y l e t h e r a n d i s o p r o p y l
e t h e r . H a l f - e m p t y c o n t a i n e r s o f e t h e r c a n f o r m t r e a c h e r o u s
p e r o x i d e s f r o m a u t o o x i d a t i o n . P e r o x i d e s o f t h i s t y p e a r e m o r e
s h o c k s e n s i t i v e t h a n T N T . A n y p u r c h a s e o f e t h e r s f o r u s e i n
a h i g h s c h o o l h a s t o b e q u e s t i o n e d . W h e r e t h e h i g h s c h o o l
n e e d s t o b e e s p e c i a l l y c o n c e r n e d i s i n t h e a c c u m u l a t i o n o f
u n w i s e l y p u r c h a s e d s o l v e n t s s u c h a s e t h e r s , o r a l k a l i m e t a l s
s u c h a s p o t a s s i u m , i n w h i c h d a n g e r o u s p e r o x i d e s c o u l d b e
a c c u m u l a t i n g .

E v e n h y d r o g e n p e r o x i d e s h o u l d b e h a n d l e d w i t h e x t r e m e
c a r e , p a r t i c u l a r l y t h e 3 0 % s o l u t i o n c o m m o n l y f o u n d i n h i g h
s c h o o l l a b s . B e s i d e s b e i n g a v e r y s t r o n g o x i d a n t , c o n t a m i n a -
t i o n o f t h e H 2 O 2 f r o m m e t a l s a n d m e t a ! i o n s c a n c a u s e v i o l e n t
d e c o m p o s i t i o n r e a c t i o n s a s t a r g e q u a n t i t i e s o f o x y g e n g a s a r e
g e n e r a t e d . D i i u t e h y d r o g e n p e r o x i d e m i x e d w i t h d i l u t e a c e t i c
a c i d f o r m s e x p l o s i v e p e r a c e t i c a c i d w h e n h e a t e d t o 1 1 0 ° C .
H y d r o g e n p e r o x i d e m i x e d w i t h o r g a n i c m a t t e r u n d e r s o m e
c i r c u m s t a n c e s h a s t h e s a m e e x p l o s i v e p o w e r a s a n e q u i v a l e n t
w e i g h t of T N T (4).

O n e h i g h s c h o o l c h e m i s t r y t e a c h e r i n h e r i t e d a b o t t l e o f
c y c i o h e x e n e t h a t h a d b e e n i n t h e s t o c k r o o m f o r a t l e a s t a
d e c a d e . T h e t e a c h e r , n e w t o t h e s c h o o l , n o t i c e d c r y s t a l s in t h e
b o t t l e a n d s u s p e c t e d p e r o x i d e f o r m a t i o n . T h e p r o b l e m w a s
r e p o r t e d t o s c h o o l a u t h o r i t i e s . A f t e r s o m e p e r s u a s i v e c o n -
v e r s a t i o n , t h e y t o o k t h e p r o b l e m se r ious ly . A p h o n e ca l l to t h e
s t a t e p o l i c e w a s m a d e t o h a v e t h e b o t t l e r e m o v e d . T h e p o l i c e
c h e c k e d w i t h c h e m i c a l s a f e t y e x p e r t s a n d w e r e c o n v i n c e d o f
t h e h a z a r d . W h e n s c h o o l w a s n o t i n s e s s i o n , t h e p o l i c e r e -
m o v e d t h e b o t t l e w i t h t h e s a m e c a r e a s a s u s p e c t e d b o m b
( 5 ) .

"Safety Tips" presents safety Information and practical suggestions to
meet the special needs of high school chemistry teachers. H is also a
forum in which teachers can share their experiences and seek solutions
to safety related problems.

On the question of possible unstable, unwanted peroxide
contamination of a reagent, one is wise to err on the side of
safety. There are tests that will detect the presence of perox-
ides. However (6),

Any suspect material will be in some kind of container. If there is
a deposit of sensitive peroxide in and around the cap of that con-
tainer, the act of removing the cap—in order to obtain a sample
to test for the presence of peroxide—may initiate t ie detonation
of the peroxide. This test, though reliabiy positive for the pres-
ence of peroxide, yields undesirable results. Therefore, a first
principal policy statement;

If 1 think I ought to make a test for the presence of peroxide
then I have already kept it too long; instead of testing 1 should as-
sume as certain that unstable peroxides are present and dispose
of the material in a suitable manner.

Life would be much easier if there were a list of peroxide
formers and reliable information on how to store them safely.
Unfortunately, the problem is too complex for the simple so-
lutions. CHAS Notes f 7) offers some suggestions on potential
peroxide formers. One such list includes organic compounds
with these structural components (examples are illustrative,
not definitive);

ethers, acetaJs, secondary
alcohols, oxygen
heterocycles

olefins with aliylic H, terpenes,
tetrahydronaphthalene

isopropyl compounds,
decahydronaphthalenes

ally! compounds
haloalkenes, vinyls
dienes

vinylacetyienes

cumenes, styrenes

aldehydes

N-alkyl amides, ureas, lactams

—C---C
f IH

H

T

I
H H

-AiH

T
Other compounds a n d e lements ;

alkali metals potassium
alkali metal alkoxides and amides sodamide
organometallics Grignard reagents

Regard ing t h e problem of s torage, as no ted above, h igh
school t eachers should carefully weigh t h e m e r i t s of ge t t ing
involved with peroxidizable reagents before ordering supplies.
Does t h e benefi t just ify t h e risk? I t is h a r d t o imagine a n y
s i tua t ion where a safer exper imen t , a good film, or even a
challenging p rob lem for t h e c o m p u t e r would n o t suffice t o
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teach the principles involved at the high school level. If
chemicals prone to peroxide formation must be purchased,
limit the order to the minimum amounts required. Then,
"store peroxide formers out of heat and light in closed vessels,
perferably in the container furnished by the supplier... [and]
keep no peroxide formers on hand longer than two months"
{7).

If a high school teacher has to handle peroxides or potential
peroxide formers, a few cautions for handling them should be
followed (8):

1) Unused peroxides should never be returned to the container.
2) Clean up organic peroxide spills immediately with vermiculite;

dilute the waste to a concentration of 2% or less, then transfer
to a polyethylene screw-top container containing an aqueous
soiution of a reducing agent such as ferrous sulfate.

3) Never concentrate by evaporation or distillation.
4) Do not use metal spatulas; instead, use ceramic oi wooden

spatulas. This caution is particularly important for those using
alkali metais.

5) Avoid all potential for friction or impact hazards. No
grinding!

6) Do not use glass containers with screw caps or glass stoppers for
storage. Use polyethylene bottles with screw caps.

In a high school lab, where the naivetS of students can make
any experiment risky, peroxide problems are best avoided by
avoiding the chemicals that can produce them.
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T h e p r e s s u r e i n s i d e a c o n t a i n e r w i t h a p o r o u s s u r f a c e c a n

b e c h a n g e d d u e t o t h e r a t e o f d i f fu s ion o f l o w m o l e c u l a r w e i g h t

g a s e s .

Materials

Plastic wash bottie (250-ml or SOO-ml)
Porous cup {such as Coors #60495 or 70001 or Sargent-Welch

#S-43755OA)
Rubber stoppers and glass tubing
Cylinder of Ha or He
600-ml beaker

Procedure

Hook up the wash bottie and porous cup with the stoppers
and glass tubing as indicated in the figure. Fill the wash bottle
with water, but not so full that siphon action would begin. A
dye such as methylene bine may be added to improve visibility
from a distance. Pill an inverted beaker with hydrogen or
helium gas. Place the inverted beaker over the porous cup.
Water should "magically" '• begin to squirt from the wash
bottie. Lift the beaker, and it stops. Repeat the procedure.
Empty the beaker of the gas by turning it right side up (you

may wish to discuss gas densities at this point) and try it again.
This time the wash bottle does not squirt since the beaker has
air in it.

Problems

The porous cup must be dry. A wet surface slows the dif-
fusion sufficiently to prevent the bottle from squirting. If the
porous cup gets wet, oven dry it for several hours. Also, if the
water level in the wash bottle gets too low, the demonstration
does not work wefl.

Hazards
Hydrogen is flammable, Helium is much safer.

Discussion

Low molecular weight gases diffuse or effuse more rapidly
than do heavy gases. (Kinetic Molecular Theory of Gases says
two gases at the_same temperature have the same average
kinetic energy, KE = '•famv1, so light gases must have higher
average velocities and hence diffuse faster,)2 Thus, when the
beaker is held over the porous cup, Ha or He goes into the cup
faster than the other heavier gases (air) can leave, thereby
creating a positive pressure. Measurements made on this
system with a manometer indicate that the pressure inside the
porous cup can increase by almost 0.25 atm within 10-15 s.
The process described here occurs due to the difference in
concentration of H2 or He on the two sides of the porous sur-
face. The pressure difference between the two sides of the
porous surface should drop to zero after the concentration of
H 2 or He is the same on both sides. Again manometer mea-
surements verify that the pressure drops slowly to atmo-
spheric pressure. Within 1-2 min, 90% of the peak pressure
is lost If the H2- or He-filled beaker is removed after it has
been over the porous surface for more than a minute, the
pressure difference is immediately reversed as H-j or He dif-
fuses out of the cup, creating a negative pressure. Air bubbles
are observed entering the wash bottle through the spigot. Of
course, in a short time equilibrium will again be established
and no pressure difference will exist.

1 A digression on the difference between "magic" and a scientific
demonstration: In magic one tries to deceive the audience by sleight
of hand, but in scientific demonstrations, one uses laws and theories
to explain observations. It would be very easy to perform this demon-
stration as a magic irlck If the gas cylinder and its tubing were con-
cealed.

2 Boikess, R. S., and Edelson, E., "Chemical Principles," 2nd ed.,
Harper & Row, New York, 1981, pp. 113-116.
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Chemical Storage of Solar Energy Using an Old Color
Change Demonstration
L. Gene Spears, Jr.
Rice University, Houston, TX 77005

Larry G. Spears
University of Houston Downtown, Houston, TX 77002

One of the major problems associated with the utilization
of solar energy as a primary energy source for heating and
cooling is the lack of a practical, efficient means of storing
large amounts of energy after it has been collected (I). Below
we describe the results of a student research project that could
be used as a class or group experiment at the high school or
first-year college level to illustrate the potential of hydrated
salts for solar energy storage. It involves a demonstration often
used to illustrate the ease with which some transition metal
ions can change their coordination numbers (2). The dem-
onstration requires a solution, containing approximately 10
g CoCla-6H2O per 100 mL of isopropyi alcohol, that has been
made distinctly pink by the dropwise addition of water.

At room temperature, the pink color of the solution is due
to the octahedral complex, Co(HzO)g1!+, On heating in a hot
water bath, the solution changes to a deep bine color due to
the formation of the tetrahedra! complex, CoCU2". This sys-
tem can be described by the equation

Co(H;O)6
2+ + 4C1- + heat — CotV~ + 6H2O

Since this reaction is endothermic, it provides a potential
means of storing solar energy via the unhydrated CoCL)2" ion.
On cooling (the reverse reaction), energy would be released
based on the heat of hydration and the specific heat of solu-
tion.

To determine the potential capacity of this system for solar
energy storage it is necessary to know the following: (1) the
solubility of C0CI2 in isopropyi alcohol at different tempera-
tures, (2) the heat of hydration for CoCL,2-, (3) the specific
heat of the solutions, and (4) the effects of HSO and Cl" on the
equilibrium system. Based on these data and published data
on solar energy systems and energy use, calculations can be
made to determine the amount of CoCl2-6H20/isopropyI al-
coho! solution that would be needed to store the necessary
energy required for a average residence in the United States.
The same procedures may also be applied to other hydrated
salt systems in anhydrous solvents.

The different sets of data needed to complete this project
may be assigned to different students or groups. The only
items of equipment needed to obtain the data are a balance,
constant temperature bath, drying oven, and a visible-range
spectrophotometer. Expanded polystyrene cup calorimeters
can be used for determining the heat of hydration and the
specific heat. The needed solar energy and energy use data can
be obtained from a number of publications (3).

Experimental Procedures

Determination of Calibration Plots
In order to measure the amounts of ColH^O^"1" and

CoCl^2" present in the test soJutions, Beer's Law plots must
be determined since it is necessary to use the Beer's Law ex-

Part of this paper was presented at the Sixth International Conference
on Chemical Education, University of Maryland at College Park, August,
1981.

•wo 600 600
Wavelength (nm)

700

Figure 1. The i/islbie spectra of Co^Ofe** and CoCU2".

p r e s s i o n s fo r a s y s t e m w i t h t w o a b s o r b i n g s p e c i e s (4). A
s p e c t r o p h o t o m e t r i c s c a n o f b o t h t h e p i n k a n d b l u e s o l u t i o n s
i n d i c a t e d a. m a x i m u m a b s o r b a n c e of t h e p i n k c o m p l e x a t 5 1 3
n m a n d a m a x i m u m a b s o r b a n c e of t h e b l u e c o m p l e x a t 6 5 5 ran
( s e e F i g . I ) . C a l i b r a t i o n p l o t s o f a b s o r b a n c e v e r s u s m o S a r i t y
w e r e m a d e for C o C U 2 " a t 5 1 3 a n d 6 5 5 n m a n d for C o ( H 2 O ) 6

2 +

a t 5 1 3 a n d 6 5 5 n m , u s i n g a ce l l p a t h l e n g t h o f 1.0 c m , a n d t h e
f o l l o w i n g m o l a r a b s o r p t i v i t y v a l u e s d e t e r m i n e d ( P = p i n k
c o m p l e x a n d B = b l u e c o m p l e x )

513 n m
655 n m

a(L /mo le -cm)
a s ' = 18.0 o p ' = 5.46

a B ° ™ 491 a p " = 0.60

S i n c e t h e m o ! a r a b s o r p t i v i t y c o n s t a n t o p " is v e r y s m a l l

c o m p a r e d t o <m", i t c a n b e a p p r o x i m a t e d t h a t a t 6 5 5 n m

H o w e v e r a t 5 1 3 n m t h e r e l a t i v e l y l a r g e v a l u e for a s ' r e q u i r e s

t h a t

A513 -
c P = -

ap'&p'
Thus, it is necessary to determine c
value fore p.

before calculating the

Solubility Determinations
The amount of cobalt chloride which can be dissolved in

isopropyi alcohol solutions would be important to the effi-
ciency of a solar energy storage system; the more that can be
dissolved, the greater the energy storage capacity. For these
determinations twelve solutions were prepared using three
different concentrations of water and heated at four different
temperatures. Large amounts of C0CV6H2O were placed in
each solution to insure saturation. After one hour, the values
for CB and cp were determined from absorbance measure-
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Figure 2. Logarithmic plots of ttie solubility of CoGirlfy&k in Isopropyl alco-
hol/H;0 solutions at different temperatures.

ments, and then added to obtain the total concentration of
dissolved cobalt chloride. The results of these measurements
are shown in Figure 2.

Determination of Product/Raactant Ratios

For the reaction in this study the equilibrium constant ex-
pression can be written as

"en ~" '

Due to the difficulty in measuring values for the free water
concentration in this system, values for the ratio [C0CI42-]/
[Co(H2O)e

2+l were used instead of Kev

Effects ofH20 on the CoCh2"iCo{H20)<?+ ratio. Fifteen
solutions were prepared with five different concentrations of
added water and heated at one of three different tempera-
tures. After one hour of heating, the product/reactant ratios
were determined and plotted as a function of temperature
(Pig. 3). This data is important since it shows the sensitivity
of the system to the water content of the solvent,

Another set of measurements was made at room tempera-
ture to further illustrate the sensitivity of this equilibrium
system to water. For this experiment seven solutions of
varying water concentration and a constant total concentra-
tion of cobalt chloride were prepared and their C0CI42-/
Co(H20)6

2 + ratios determined after one hour. The sample
with the highest water concentration was selected as a refer-
ence and a plot of the per cent increase in the C0CI42-/
CofHaOe2"1" ratio versus the per cent decrease in water con-
centration was made using the other six sets of data (see Fig.
4).

Effects of Cl~ on the CoOtf-/Co(H20)f+ ratio. For this
experiment five solutions of varying chloride concentration
and a constant total concentration of cobalt chloride were
prepared and their product/reactant ratios measured after one
hour at room temperature. The sample with the lowest chloride
concentration was selected as a reference and a plot of the per
cent increase in the CoCU2~/Co(HsO)62+ ratio versus the per
cent increase in Cl~ concentration was made (see Pig. 5).

.72

.60

Added H-O Cone
• O.OOOM
o 0.1 S4M
• 0.183M

. i 0.218M
0.400M

.48 -

8 -36

.34 -

33 40 48

Temparsture, "c

F igure 3, Effect of t e m p e r a t u r e a n d H a O o n t h e CoCi , ! ~/C<HHsO)« a + ra t io .

Figure 4, Effect of H5O on the CoCUi~/Co(HsOJB
s+ ratio.
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Figure 5, Effect of c r on the CoCU
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Determination of Specific Heat
The specific heat describes the amount of heat a particular

solution can absorb. A solution of 0.1 M cobalt chloride in
isopropyl alcohol was selected as representative for this study,
and a double-walled expanded polystyrene, student-type
calorimeter used for the measurements (5). A value of 3.37
J/g/°C was determined.

Determination of the Heat of Hydration of CoCk
The major reason for considering a hydrated salt system for

energy storage is that the heat of hydration associated with
the salt can store and release larger amounts of energy than
just the specific heat associated with the heating and cooling
of a liquid such as water. Using a modified Nalgene® Dewar
flask with cover for a calorimeter and a previously reported
method for determining the heats of hydration (6), a value of
92.7 kJ/mole was obtained for the heat of hydration of CoCl2-
This value is higher than a reported literature value of 76.8
M/mole for the heat of solution of CoC!2 {7), and a value of
89.4 kJ/mole calculated based on the heats of solution for
CoCl2 and CoCl r 6H 2 0 (8).

Energy Calculations
Some basic properties of a solar heating system using cobalt

chloride as a heat storage medium were calculated based upon
data collected in this study and from various published doc-
uments.

Daily Heat Energy Requirement for the Average U.S.
Residence

Assuming that the average U.S. residence of 1500 ft2 re-
quires 1000 therms of heat per year (3), the daily heat re-
quirement is

(1000 therms/yr) X (1.055 x 108 J/therm)
X {1 yr/365 days) = 2.89 X 108 J/day

Concentration of Cobalt Chloride

The solar collector was assumed to concentrate incoming
heat at a 4:1 ratio, and to operate at a mean temperature of
60°C. Using Figure 2, the concentration of cobait chloride in
a saturated solution of 100% aieohoi was determined to be
10.47 M at 60°C.

Heat Content of Solution
The heat content of the solution is due to both the heat of

hydration and the specific heat. In Figure 3, it is seen that for
100% alcohol at 60°C, the CoCUz~/CoiHzOh2* ratio is 0.64
and at 20°C it decreases to 0.44. Prom these values it can be
determined that at 60°C, 39% is unhydrated, and at 20DC,
30,6% is unhydrated. Thus on cooling from 60°C to 20"C, 8.4%
of the CoCl42~ undergoes hydration.

(92.7 kJ/moie) X (10.47 moles/Li X (0.084) * 81.5 kJ/L

The specific heat of 1.0 L of a 10.47 M solution is approxi-
mately

(3.37 J/g/°C) X (0.793 g/mL) X (1000 mL/L) = 2.67 kJ/DC/L

Volume of Energy Storage Solution Needed
For these calculations it is assumed that the energy storage

solution is circulated only once in a 24-h period and that the
temperature of the cooled solution is 20"C and tha t of the
heated solution is 60°C. The heat absorbed per liter of the
solution is

81.5 kJ/L + 2.67 kJ/°C/L X 40°C = 188 kJ/L

Since the amount of heat needed per day is 2.89 X 108 J/day,
the required volume of solution needed per day is

(2.89 X 106 kJ/day) X (I L/188 kJ) = 1537 L/day
= 1.067 L/min.

Volume of Storage Tank Required
The volume of the heat storage tank required to store a

one-day supply of heat using the above conditions is thus 1537
L or 1.537 m3. If a 50% efficiency factor for heat storage is as-
sumed, a 7.9-m3 tank could store a three-day supply of energy.
If only water were to be used for energy storage under these
conditions, a volume of 10.4 m3 would be required. Obviously,
if the solution were circulated faster than L067 L/min, more
energy would be available and thus a smaUer storage volume
would be required. Circulation rates of 10-40 L/min are
commonly used for aqueous systems.

Solar Heat Collector Surface Area Required

Assuming that the solar collector is exposed to 2.05 X 104

kJ of heat per square meter of surface area per day, an ac-
cepted figure for the southern United States (3), the available
solar energy per square meter per minute would be 14.2 kJ.
Earlier we found that 2.89 X105 kJ/day, or 200 kJ/min, of heat
are needed for the average residence. Assuming a 100% col-
lector efficiency, the area of collector surface needed is

(200 kJ/min) X (1 m2 rain/14.2 kJ) = 14.1 m2

Assuming a more realistic figure of 50% efficiency for the
collector, 28.2 ms of collector surface area would be required.
Using a 4:1 heat concentration ratio and a 1:6 collector tubing
area to collector surface area ratio, 42.3 m2 of collector area
would be needed for the solar heat collector.

Possible Oil Dollars Saved by Using a Solar Heating System
Assuming that the residential heating requirements for the

above residence are obtained only from imported oil, the oil
dollars saved by using only solar energy would be

(1.066 X 10" J/yr) X (1 barre!/3.06 X 10s J)
X ($34/barreI) = $1,184
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Pur (lose

This experiment is designed to be an introduction to spee-
tiophotometry and to general spectral analysis techniques.
Students will become acquainted with the basic components
of a spectre-photometer and their functions, will use a spec-
trophotometer in an open-ended experiment, and will me
Beer's Law in several different ways. In addition, they may
compare the detectability (tolerance) of the spectrophotom-
eter with visual detection limits as an optional activity.

The concepts involved in these experiments are not new.
The arrangement and method of presentation is, however,
thought to be unique at the secondary level.

Equipment

Speetrophotometer
Pipets (1-inl through 25-ml, in 5-m! graduations)
Volumetric flasks f 100-ml)
100-200 ml of stock solution for each unknown (see special
notes)

Procedure
Because of the open-ended nature of these experiments,

students do not necessarily need a detailed, step-by-step
procedure. They may only be given a general procedure and
an "unknown" solution. Both the general procedure and one
abbreviated step-by-step procedure are given in the following
sections.

Spectrophotometric Determination of the Concentration of
an Unknown Solution

General Procedure
Students first determine the wavelength of maximum ab-

sorbance of a colored "unknown" solution by scanning. They
prepare a series of solutions of this "unknown" of varying
concentrations (0.01-2.0 M). These solutions are from this
point referred to as standards. Then, at the optimum wave-
length (identified earlier), students determine the absorbance
of each of the standards. Subsequently, the calibration curve
is prepared by graphing the results of absorbance versus
concentration. Using this graph, the students apply Beer's
Law to identify the concentration of the original "unknown"
solution.

Abbreviated Procedure: The Absorption Spectrum

1) Prepare the speetrophotometer for use, as directed.
2) Fill one cell with distilled water and the othei cell with your

colored "unknown" solution.
3) Adjust the wavelength selector knob to 350 nm; determine the

percentage transmittanee of your unknown solution at this
wavelength.

4) Record the wavelength and corresponding percentage trans-
mittanee obtained.

New lectures and laboratory experiments and directions in teaching
Chemlslry through 1he use of the faboratoiy are provided in this feature.
Experiments wilt be fully detailed and wili be field tested before they are
[xibiished, Contributions should be sent to the feature editor.

5) R e p e a t t h e above process , in i n c r e m e n t s of 50 n m , un t i l a
wave leng th of 800 n m is reached . Reco rd t h e d a t a ob t a ined .

6 ) B y looking ove r t h e d a t a , d e t e r m i n e t h e wave leng th reg ions
where a p e a k of abso rbance ( m i n i m u m %T) occurred . In t h e s e
regions, scan {repeat s t eps 3-5) tiie solut ion i n increments of 10
n m .

7) Again, where a p e a k of abso rbance occurs {min imum %T) , s can
t h e so lu t ion again; first in i n c r e m e n t s of 5 n m , a n d t h e n in in-
c r e m e n t s of 2 n m , t o d e t e r m i n e t h e exac t wavelength of min i -
m u m t ransmi t t anee . I t should b e noted t h a t t h e regions scanned
in t h e s e smal ler inc rements should only b e less t h a n 50 nm. T h i s
en t i r e p r o c e d u r e is called s cann ing a s p e c t r u m ,

8) Ca lcu la te t h e a b s o t b a n e e from t h e pe rcen tage i r a n s m i t t a n c e
d a t a and graph t h e results (absorbance versus wavelength) . T h i s
g r a p h is k n o w n a s a n a b s o r p t i o n s p e c t r u m .

Abbreviated Procedure: Calibration Curve/Beer's Law
1} Using volumetric flasks, pipets, and distilled water, prepare a

series of solutions of yoar "unknown" from a stock solution
identified by your instructor. (Instructor's Note: Usually I'M
stock solutions are used.) At least four solutions of varying
concentrations should be prepared; for example, 0.1 M, 0.36 M,
0.50 M, and 1.0 M solutions might be considered a series of
standards. Be sure to record solution preparation methods in
your notebook.

2) Prepare tlie speetrophotometer for use, as directed.
3) Adjust the wavelength selector knob to the maximum absorption

peak determined in the Absorption Spectrum Procedure, which
will be called the optimum wavelength, if two strong absorption
peaks occur, choose the wavelengths nearest 300 nm, that is,
choose the wavelength nearest the center of the visible spectrum,
rattier than at one end.

4) At this optimum wavelength, determine the percentage trans-
mittanee for each prepared solution as well as for your unknown.
Record the data. (The reference solution should be distilled
water.)

5) Calculate the absorbance from your percentage transmittanee
data. Graph the results, absorbance versus concentration for
all the standards prepared. This graph is known as a calibration
curve or a Beer's Law plot.

6) Prom the linear relationship graphed, read the concentration
of your unknown. Record this concentration and report it to your
instructor.

Limits of Detectability (Optional)
General Procedure

Students prepare several solutions (10-20) of varying
concentrations of their "unknown" ranging from very dilute
to very concentrated and determine the absorbances at the
optimum wavelength. To determine the limits of detection,
the students continue to vary the concentration of the solu-
tions until a concentration is reached which exceeds 85%
transmittanee (lowest iimit) or transmits less than 20% (upper
limit). These two concentrations, then, are identified as the
limits of detectability for the unknown substance.

Abbreviated Procedure: The Limits of Detectability
1) Prepare 1 M, 0.10 M, and 0.03 M solutions of the chemical

compound you studied previously. Record preparation methods
in your notebook.

2) Prepare the speetrophotometer for use as directed. Adjust the
wavelength to the optimum wavelength determined in the Ab-
sorption Spectrum procedure.

3) At this optimum wavelength, determine and record the per-
centage tcansmittanee for each prepared solution. The reference
solution should be distilled water.

4) If needed, prepare more dilute solutions and fepeatthe mea-
surement procedure (step 3) until a solution concentration is
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Limits of Detectablltty {Student Data) for CofNOsfe • 6H2O

500 600
WOVE LENGTH dial

Graph of absor&ance versus wavelength for deterrhlnlnQ the optimun wavelength
• 6HjO,

reached, that, when tested, transmits 80-85% of the light. This
solution represents the iower limit of detection concentra-
tion.

5) If needed, prepare more concentration solutions and repeat the
measurement procedure (step 3) until a solution concentration
a reached, that, when tested, transmits only 15-20% of the light.
This solution represents the upper iimit of detection concen-
tration. Be sure to record all data, including the solution prep-
aration method.

6) In order to make a comparison between the instrumental de-
tection limits and the visual detection limits, note the color and
shade of each solution tested.

7) Calculate the absorbance from the percentage transmittance
data for each solution tested, and put m tabular form with the
corresponding concentrations (in molarity).

8) (optional) Plot the data (absorbance versus concentration) to
determine whether Beer's Law is obeyed over the entire range
of conceotrations tested.

Special Notes
1) This experiment offers the students the opportunity to explore

spectiophotoraetry whiie gaining the experience, practice, and
confidence necessary for independent research. Although stu-
dents are not usually given a detailed, refined procedure, they
are given the general instructions presented here, along with a
list of background articles 1,1-9). Therefore, this experiment
would be especially useful in an AP or second-year chemistry
class. Other references appropriate for the instructor and/or
student are listed below (10-20).

2) The preparation for this experiment is extensive the first time,
since all accepted values must be determined experimentally.

On a modem spectrophotometer (like the Beekman DB-G),
where manual and automatic scanning can be done inter-
changeably, the absorption spectrum of several colored solutions
can be obtained. For each of these solutions, the concentration
is adjusted so that no percentage transmittance (300-800 nm)
falls below 10%, and so that the major peaks of absorption
(400-700 nm) are clearly indicated, preferably with at least a
minimum transmittance of 25%. These solutions, then, become
the student "unknowns." For student use, they should be labeled
with their chemical name but without a concentration.

It is usually convenient, at this time, to prepare 100-200 ml
of 1M stock solution for each compound used. In this way, so*
lotions are available for many of the standards and weighing can
be kept to a minimum. All solutions should be stored in amber
bottles. Alternatively, students may prepare their own stock
solutions.

The following compounds seem to work best as student
"unknowns": nickel(H) choride hydrate, nickel(il) nitrate hy-
drate, cobalt(II) chloride hydrate, cobaltdl} nitrate hydrate,
copper(II) nitrate hydrate, copper(II) sulfate hydrate, chrom-
ium (III) nitrate hydrate, iron(III) chloride hydrate, iron(HI)
nitrate hydrate, potassium permanganate and potassium
chromate. The yellow solutions (iron chloride, iron nitrate, and
potassium chromate) are more difficult to work with because
the color remains intense even at lower concentrations. Neither
manganese{ll) sulfate nor potassium dichromate are recom-
mended. Sample student data and a graph of absorbance versus
wavelength for determining the optimum wavelength ate given
in the table and figure for Co(NO3)2-6H2O.

wavelength *

(fllulion preparailon
trom 1 M solution

5 ml-10 mi
3ml-10m!
2rnl-10ml

17ml-100fnl
IS ml-100 ml
12rnMO0ml
10 m M 00 ml
5 ml-100 ml
3 ml-100 ml
; mi-100 ml
1 mM00 ml

0 = opaque
V " visibly detectable

X « 512 nm

molarity

0.5 M
0.3 M
0.2 M
0.17IW
0.1SIW
0.12 M
0.10 M
0.06 M
0.03 M
0.02 M-
0.01 M

O V C

X
X

X

X

X
X

X

X
X

X

c-

%
T

0.38
3.39
8.12

15.8

23.5

Z2.0
31.2

61.2

74.7

86.9

96.3

sllt = O.OS mm

abscwftance
tcalc)

2.42
1.47

1.09
0.801
0.S29
0.6E8
0.505
0.213
0.127
0.061
0.016

colOr

dk.red
red
red
It. rad
ft. red
It. red
It. red
pink

pink

ft. pink

pals pink

dear (not visibly dstedabla)
detectable Smite (spectrophotometrlc)

3) T h i s i n s t r u c t o r s c a n n e d t h e . s o l u t i o n s l i s t e d o n a B e c k m a n
D B - G . T h e d a t a o b t a i n e d , w i t h t h e c o r r e s p o n d i n g a b a o r b a n c e s ,
w a s a v a i l a b l e f o r c o m p a r i s o n a s a s e t o f " t h e o r e t i c a l l y - a c c e p t e d "
v a l u e s . T h e r e f o r e , e r r o r s w e r e q u i c k l y i d e n t i f i a b l e . T h e m o s t
c o m m o n s t u d e n t e r r o r s a r e : ( 1 ) d i l u t i o n e r r o r s i n e i t h e r c a l c u -
l a t i o n o r v o l u m e t r i c e q u i p m e n t u s a g e a n d ( 2 ) t h e c h o i c e o f a
m i n o r a b s o r p t i o n p e a k ( o n o n e e n d o f t h e v i s i b l e s p e c t r u m ) a s
t h e o p t i m u m w a v e l e n g t h . S t u d e n t s find i t h e l p f u l t o d e v e l o p
a c o m p u t e r p r o g r a m t o c a l c u l a t e a h s o r b a n c e a n d p r i n t o u t t h e
d a t a c a l c u l a t i o n .

T h e o n l y d i s a d v a n t a g e o f t h e e x p e r i m e n t i s t h e e x t e n s i v e
s o l u t i o n p r e p a r a t i o n r e q u i r e d . T h e feet t h a t i t k a n i n t r o d u c t o r y
e x p e r i m e n t d o e s m e a n t h a t s t u d e n t * m a y d o m o r e r e t r i a l s t h a n
is u s u a l fo r a n e x p e r i m e n t . H o w e v e r , i n s p i t e o f t h i s , a l l s t u d e n t s
s e e m t o f i a d t h e e x p e r i m e n t i n t e r e s t i n g a n d a b i t o f a c h a l l e n g e ,
a n d a r e a b l e t o c o m p l e t e i t w e t l w i t h i n e i g h t h o u r s o f l a b o r a t o r y
t i m e . '

E d i t o r ' s N o t e : T o o b t a m f u r t h e r i n f o r m a t i o n o n s t u d e n t h a n d o u t

m a t e r i a l s , l a b o r a t o r y p r o c e d u r e s , a n d D B - G ( " a c c e p t e d v a l u e s " ) d a t a ,
c o n t a c t t h e a u t h o r d i r e c t l y .
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A New Method of Separating 210Pb from Ra-DEF for
a Radioactive Equilibrium Experiment
C. M. Wai and J. M. Lo
University of Idaho, Moscow, ID 83843

The decay of a i 0 Pb to 210Bi provides a good system to il-
lustrate secular equilibrium between a long-lived parent and
a short-lived daughter.

g- 0.061M«V
».

22 y

pr l.MMcV <, 5-SMcV
>. 2ioPo

6 6 139 d

A general procedure of separating 2 l 0 Pb from 2 l 0Bi for this
experiment is by means of a precipitation technique U).
Carrier solutions made of bismuth nitrate and lead nitrate are
generally used for the precipitation of either radioactive iso-
tope. Incomplete separation of 210Pb and 210Bi may result if
pH of solution is not carefully controlled in the precipitation
procedure. Another difficulty involved is to handle small
quantities of precipitate and to make it into a uniform and
thin-iayer sample for counting. We have recently developed
a new method of separating 2 I 0Pb from 210Bi and a i 0 Po by
means of solvent extraction of their diethyldithiocarbamate
{C2H5)2CS2~ complexes. This method involves a simple ex-
traction procedure which allows complete separation of 210Pb
from Ra-DEF within several minutes. Since the radioisotopes
are separated in different solutions, they can be easily trans-
ferred and made into uniform thin samples by evaporation.
The experimental procedure and the basis of this separation
method are described in this article.

Experimental

Reagents
The proposed extraction procedure requires a diethyldi-

thiocarbamate (DDC) complex, Bi(DDC)g, which can be easily
synthesized in the laboratory. The starting materials for
synthesizing Bi(DDC)a are sodium diethyldithiocarbamate
and a bismuth salt such as bismuth nitrate. The former can
be obtained from Baker or other major chemical companies.
The synthetic procedure involves the reaction of Bi3+ ion with
DDC in aqueous solution followed by extraction of the metal
complex with chloroform. After discarding the aqueous phase,
ethanol was added to the solution and the mixture was heated
to 70°C to drive off chloroform. To avoid inhalation of
chloroform vapor, the whole experiment should be car-
ried out in a hood. After evaporation, Bi{DDC)3 which is
insoluble in ethanol, is recovered by filtration. The metal
complex can be stored in a bottle for a prolonged period of
time, Radioactive Ra-DEF solution used in the experiment
can be obtained from Amersham or New England Nuclear.

Separation of 2WPb from Ra-DEF
About 0.1 to 1 jiCi of Ra-DEF is sufficient for a typical ra-

dioactive equilibrium experiment. 21RPb is separated from a
solution of Ra-DEF by extracting a i 0Bi and 210Po into a
chloroform solution containing Bi(DDC>3. The extraction can
be performed in a 5-ml polyethylene liquid-scintillation vial
with a plastic cap. The Ra-DEF solution is introduced into 1
ml of a 2.4% HNO3 solution placed in a plastic vial. An equal
volume of CHC13 solution containing about 1.5 X 10~3 M
Bi{DDC)g is then added to the radioactive solution. The acid
solution is used to prevent adsorption of radioactivities to the

c o n t a i n e r w a l l s a n d t o c o n t r o l t h e f o r m s o f t h e i o n i c s p e c i e s
i n s o l u t i o n . A f t e r s h a k i n g t h e m i x t u r e fo r a b o u t a m i n u t e , t h e
s y s t e m i s a l l o w e d t o s t a n d s t i l l fo r t h e s e p a r a t i o n o f t w o
p h a s e s . If a c e n t r i f u g e is u s e d , p h a s e s e p a r a t i o n c a n b e
a c h i e v e d w i t h i n a m i n u t e . T h e a q u e o u s p h a s e w h i c h c o n t a i n s
p u r e 2 J 0 P b i s r e a d y f o r t h e s e c u l a r e q u i l i b r i u m e x p e r i m e n t .
T h e t i m e w h e n t w o p h a s e s a r e s e p a r a t e d is t a k e n a s t h e z e r o
t i m e for t h e e x p e r i m e n t .

T o p r e p a r e a p u r e 2 1 ( | P b s o u r c e , a n a l i q u o t o f t h e a q u e o u s
s o l u t i o n i s t a k e n f r o m t h e v i a ! a n d p l a c e d in a p l a n c h e t . D e -
p e n d i n g o n t h e a c t i v i t i e s o f t h e R a - D E F s o l u t i o n u s e d , t h e
a l i q u o t s i z e c a n v a r y f r o m 2 0 nl t o 2 0 0 ni. T h e r a d i o a c t i v e s o -
l u t i o n is e v a p o r a t e d t o d r y n e s s e i t h e r a t r o o m t e m p e r a t u r e o r
u n d e r a l a m p .

Results and Discussion

Theoretical Basis of the Separation Method
The proposed method of separating 2 1 0Pb from 210Bi and

2 ! 0Po is based on the difference in their complex formation
constants with diethyldithiocarbamate. The extraction con-
stants of some metal-DDC complexes are given in the table.

The extraction constant of Pb(DDC)2 is much smaller than
that of Bi(DDC)3 or Po(DDC),,. Therefore, P b 2 + can be sep-
arated from Bi3 + and Po4+ in aqueous phase using a metal-
DDC complex which has an extraction constant between those
of Pb(DDC)2 and Bi(DDC)3.

In this experiment, we chose to use BifDDCh to extract
210Bi and 210Po from the Ra-DEF solution. The concentration
of Bi(DDC)a used in this experiment (about 10~a M) is much
greater than that of 210Bi present in the aqueous phase (about
4 X 10™11 M). Because of the large extraction constant for
Bi(DDC)a, virtually all 210Bi present in the aqueous phase
should be extracted into the organic phase by isotope ex-
change with nonradioactive Bi in Bi(DDC). The extraction,
constant for Po{DDC)4 has been determined to be gTeater
than that of BifDDOa (4). Therefore, in the extraction pro-
cess, 330Po will replace Br1+ to form Po(DDC)4 leaving es-
sentially pure 210Pb behind in the aqueous phase.

Growth of^Bl from 2™Pb
In general, the growth of a radioactive daughter product

from a pure parent can be expressed by the following equation
(5):

(1)

Extraction Constants " of Some Metal-Diethyldithiocarbamale
Complexes

Mela! Ion Complex
Extraction
constant0 Reference

Pb(DDC)s

Po4+
Bi(DDC|a
Po(DDC),

9.48
13.4
13.6
14.1

(31

* Extraction conslam •= 1/m log Kupoo^ J
" * ! [DDC-]m and m Is the charge of Ihe mutat Ions.

is defined as (M|0l3C)m]o.0'
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Figure 1. Growth of Bi from a pure "0Pb sample •and the decay of apure!!°Bi
sample &.

w h e r e A a n d X r e p r e s e n t a c t i v i t y a n d d e c a y c o n s t a n t a n d
s u b s c r i p t 1 a n d 2 a r e fo r t h e p a r e n t a n d t h e d a u g h t e r , r e -
s p e c t i v e l y , I f X<. is m u c h g r e a t e r t h a n \ i a s i n t h e c a s e o f a
l o n g - l i v e d p a r e n t a n d a s h o r t - i i v e d d a u g h t e r , e q n . ( 1 ) c a n b e
s i m p l i f i e d a s

Az = Ai(l -e-**') (2)

T h e b e t a a c t i v i t i e s f r o m t h e d e c a y of 2 I 0 B i c a n b e m e a s u r e d
b y a G e i g e r - M i i l l e r c o u n t e r . A t h i n a l u m i n u m a b s o r b e r ( a b o u t
10 m g / c m 2 ) s h o u l d b e p l a c e d b e t w e e n t h e s a m p l e a n d t h e G - M
t u b e t o r e m o v e w e a k b e t a e m i t t e d f r o m 3 1 0 P b a n d t o a b s o r b
t h e P o a l p h a p a r t i c l e s . T h e g r o w t h of 2 I 0 B i f r o m a p u r e 2 1 0 P b
s o u r c e o b t a i n e d b y t h i s m e t h o d is s h o w n i n F i g u r e 1. T h e
d e c a y o f a p u r e 2 ! 0 B i s o u r c e o b t a i n e d f r o m t h e s a m e e x p e r i -
m e n t is a l s o s h o w n i n F i g u r e 1.

S i n c e a t e q u i l i b r i u m A j = A%, e q n . (2) c a n a l so b e e x p r e s s e d

as

.42 = - (3)

o.i

300 300 400

T i m e ( h r )

Figure 2. Plot of (A* - A)/Ar. for Hie growth of *"tei.

If a i f l Pb and a i 0 B i are in equilibrium in the Ra-DEF solution
to start with, the activity of 2 1 0Bi found in the organic phase
after Bi(DDC)3 extraction should represent A^. Another
graphical illustration of the secular equilibrium is by plotting
ln(A2eq ™ A^JMz611) versus tas shown in Figure 2. T h e slope
of the line should be —X2.

This new method of separating Ra-DEF provides a simple
and fast procedure for studying the secular equilibrium be-
tween 2 I 0 Pb and 210Bi. It illustrates several important concepts
such as solvent extraction, complex formation, and isotope
exchange which are relevant to undergraduate laboratory
experiments in radiochemistry and in analytical chemistry.
T h e mathematical aspects of this experiment are important
for understanding the relations between parent and daughter
in a radioactive decay series.
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Jl) Chase, G, D.T rmd RabanowitK, J. L,, "Principles of Radioiaolope Methodology," 3rd ed.,
Burgp-Ge PubEJBhina Co., MinneppoJis, iH67, p. 179.

(2) Shen, L. R, Veh, S. J.. and Lo, J. M..Anai Chum., £2,1882 (1980).
(3) Yell, S. J., Lo. J. M.,and Shen. L. H.. Anal. Ckem., 52,528 U980).
(4) Wai.C. M.andLo, J. M.. Radiurhem. Radiaanal. ieii.,60,293 (1932].
i5) Friedlandet, G., Kennedy, J. W., Macias, E. S., and Miller, J. M., "Nuclear and Radio-

chemistry." 3rd ed.. John Wiley & Sons, New York, 1981.

A Simple Method for Gleaning Mercury
The usual method for the purification of mercury involves initial filtration, treatment with dilute nitric acid, and then

distillation under reduced pressure.1 The facilities required are not always available in school laboratories and in many in-
stances such highly purified mercury is not essential. Often, all that is required is a shiny mercury that does not stick to glass,
and is suitable for filling manometers, etc. The following procedure is extremely simple, requires nothing more than a bottle
and some sugar, and converts all those dirty old mercury samples into a bright, shiny, free-flowing liquid again.

Procedure. Piace the sample of mercury to be purified (say 1-10 ml) inagiass (or plastic) jar with a tight-filting lid,
add an equal volume of white sugar crystals (ordinary sucrose), and shake vigorously for several minutes. Pour the resulting
mercury/sugar mixture into a large beaker or jar containing water, stir gently until the sugar has dissolved, decant the sugar
solution and wash the mercury several times with water. The mercury can be dried either by rinsing several times with acetone,
or by air-drying after removing the last droplets of water with a little absorbent paper (filter paper).

We have been unable to find any reference to this method in the more common inorganic chemistry texts, but a similar
procedure was reported iate in the last century,2 No explanation was offered as to why the method works, but presumably
the major impurities (metal oxides, dust) are adsorbed onto the surface of the sucrose and in this finely dispersed form are
easily floated off by the water upon dissolution of the sucrose.

CAUTION: Carry out in a well ventilated area and carefully recover any spilt mercury droplets. Mercury
vapor is highly poisonous and the effect is cumulative.

1 See for example, Vogei, A. I., "Quantitative Inorganic Analysis," 3rd ed., Longmans, 1961, p. 1056.1 Dick, W. B,, "Encyclopedia of Practical Receipts and Processes," 5th ed., Dick & Fitzgerald Publishers, New York, 1892,
p. 30fi.a 1874--1959.

Benjamin Jenkins3

and Ian D. Jenkins
School of Science, Griffith University
Nathan, Queensland, 4111, Australia
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Growth and Decay
An Experiment Demonstrating Radioactivity Relationships
and Chelate Solvent Extraction Separations

D. M. Downey, D. D. Farnsworth, and P. G. Lee
West Virginia University, Morgantown, WV 26506

Many important techniques discussed in lecture material
frequently are not covered by laboratory experiments due to
limitations in available laboratory time. Thus, experiments
which demonstrate more than one concept are often more
beneficial to the student than those which cover only one
topic. We have attempted to include in the undergraduate
radiochemistry laboratory course at West Virginia University
experiments which teach both important radiochemistry
concepts and analytical chemistry techniques that are not
covered in our forma! analytical laboratory courses. These
experiments include the determination of solubility product
and solvent extraction partition coefficients, quantitative
paper and thin-layer chromatography, metal separations by
ion exchange and solvent extraction, X-ray fluorescence and
activation analysis.

One of the experiments, the separation of lead and bismuth
by chelate solvent extraction, is of interest because of the
simplicity which the use of radiotracers allows in its demon-
stration. Chelate solvent extraction metal separations are
usually discussed in the introductory analytical course but are
seldom demonstrated by experiment. Yet the separation of
lead and bismuth may be conveniently followed with 2 I 2Pb
and 212Bi which are readily obtained from natural thorium.
Furthermore, the parent-daughter relationship and the rel-
atively short half-lives of the tracers make possible the
teaching of the laws of radioactivity in the same experi-
ment.

Theory
Metal ions may be extracted very effectively from aqueous

solutions by the formation of chelates with weak acids which
are soluble in organic solvents. The genera! chelate extraction
process may be represented by

M"+ + n(HR)o ** (MRn)o + raH+ (1)

for a metal ion, Mn+, and che!ate, HR, with the subscript "o"
denoting the organic phase and no subscript denoting the
aqueous phase. A nonthermodynamic equilibrium constant
may be used to describe the process. That is

[MR,,]O[H
+J»

"ex ~ " (2)

Quantitative separation of metal M' from metal M" is defined
as

for the organic phase, and

M l
[Ml

L>100

<0.OJ

(3)

(4)

for the aqueous phase. The separation factor, a, is defined
as

iM'RnUM"]
a = ——- (5)

[M*RB]O[M']

and must be greater than 10* for quantitative separation. It
may be seen from eqn. (2) that a is simply K'eJK"^ for two
equally charged metal ions. For the separation of meial ions
which differ by one unit in charge value, a is dependent on the

aqueous hydrogen ion concent ra t ion a n d the equi l ibr ium
che!a te concent ra t ion in t he organic layer, i.e.,

W h e r e K'ex is t h e ex t rac t ion cons t an t for t h e me ta l ion of
larger charge value.

I t is useful t o express eqn . (2) in logar i thmic form:

log Kn = log [MRn]o + n log [H+j - log |M"+] - n log JHA] (7)

R e a r r a n g e m e n t gives

pH = i l o g [MRn]0 - -\og |M»+] - log [HAL - -
n n it

(8)

Equation (8) may be used to calculate the threshold p H value
which is t h e lowest value for complete extract ion of the meta l .
I t m a y be seen t h a t t he th reshold p H is d e p e n d e n t on t he
concen t r a t i ons of ex t r ac t ed m e t a l che la te , res idual (unex-
t r ac ted ) meta l ion, and unreac ted chelat ing reagent in t h e
organic layer. T h u s , a t h re sho ld p H is ca lcula ted for a par-
t icular m e t a ! ext ract ion based on the an t ic ipa ted concentra-
tions; then a p H value higher than the threshold p H is selected
a n d used in t he ext ract ion t o allow for variable condi t ions.

T h e separation of B i 3 + from P b 2 * with dithizone (diphenyl-
th iocarbazone) is a classic example of a chela te solvent ex-
t rac t ion separat ion (1). T h e publ ished log Kex values for these
me ta l s a r e 9.98 a n d 0.44, respectively (2) a n d t he se values
allow the calculation of threshold p H values by eqn. (8) for the
separa t ion condi t ions p re sen ted in t he expe r imen t below. If
a final aqueous me ta l concent ra t ion of 1 X 10~ 8 M is t he cri-
ter ion for comple te ext ract ion (—100% ex t rac ted) from a so-
lut ion of init ial meta l concent ra t ion 2 X 10~ 5 wi th an init ial
organic phase of initial chelate concentration 8 X 10~ 5 M, then
the th re sho ld p H values are 2.46 for Bi a + a n d 5.83 for P b 2 + .
O the r values for t h e ext ract ion of B i 3 + a n d P b 2 + have been
calculated from eqn. (8) and are plotted in terms of the per-
centage of metal extracted versus p H in Figure 1. These curves

100-

80-

5) 60-

x
ui

20-

2 3 * 5 6 7

PH
Figure 1. Effect of pH on the extraction of Bl3+ and Pbs+ with dlthizone In carbon
tetrachlorlde {initial concentrations: CH = 2 X 10~s M; Co = 8 X 1<TS M).
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are developed on the assumption that the dithizone concen-
tration is negligible in the aqueous phase and there are no
secondary complexing reagents present. Experimentally, it
is found that optimum extraction for Bi3+ occurs at pH 3.2-3.4
and for Pb2 + at pH 8.6-9.2 (3). At pH 3.2, the a value for the
Bi3+/Pb2+ separation calculated from eqn. (6) is well in excess
of 104 and quantitative separation should be obtained.

Sever£d natural radioactive series were discovered early in
the history of nuclear science. One of these series has its origin
in a;!2Tb, which is 100% of natural thorium. The transforma-
tion of the radioactive 232Th to stable ^ P b proceeds through
a variety of intermediate radioactive daughters by njeans of
six aipha and four beta decays. This group of radiormclides
is called the "4n" series since all the mass numbers are evenly
divisible fay four. The overall decay scheme of the thorium (4n)
series is shown below.

counts above background. However, the 212Bi will "grow" with
time in the parent 212Pb according to the equation

dt
where the A values are the decay constants (0.693/ti/2) and JV
represents the number of atoms at a specific time after prep-
aration of the radiochemically pure 2iaPb. Solution of eqn. (9)
for the number of m B i atoms at any decay time gives

-JV< l>b

3.0 X 10"" 3

I t m a y b e s e e n t h a t ^ R n is a n i n t e r m e d i a t e p r o d u c t of t h e
d e c a y s e r i e s . T h e r a d o n is r e l e a s e d a s a g a s f r o m t h e s o l i d
p a r e n t m a t e r i a l a n d p r o v i d e s a r e a d y s o u r c e o f t h e s h o r t - l i v e d
d a u g h t e r p r o d u c t s t h a t f o l l o w i t s d e c a y . T o c o l l e c t t h e s e
d a u g h t e r p r o d u c t s a p l a t i n u m w i r e e l e c t r o d e a t h i g h n e g a t i v e
p o t e n t i a l m a y b e s u s p e n d e d o v e r a s o l i d t h o r i u m c o m p o u n d
a n d t h e 2 2 0 R n , w h i c h i s p o s i t i v e l y c h a r g e d d u e t o t h e l o s s of
e l e c t r o n s i n t h e d e c a y o f i t s p a r e n t , m i g r a t e s t o t h e e l e c t r o d e
w h e r e i t d e p o s i t s i t s d a u g h t e r s a s i t d e c a y s , S u c h a n a p p a r a t u s
f o r c o l l e c t i n g t h e s h o r t - l i v e d d a u g h t e r s m a y b e b u i l t w i t h
c o m m o n l a b o r a t o r y e q u i p m e n t a n d i s k n o w n a s a " t h o r i u m
c o w " b e c a u s e i t m a y b e " m i l k e d " a t 2 - 3 - d a y i n t e r v a l s (4).
O t h e r p r o c e d u r e s fo r c o l l e c t i n g t h e s h o r t - l i v e d d a u g h t e r s h a v e
a l s o b e e n s u g g e s t e d { 5 , 6 ) .

W a s h i n g t h e w i r e e l e c t r o d e w i t h n i t r i c a c i d p r o v i d e s a t r a c e r
s o l u t i o n c o n s i s t i n g o f 2 1 2 P b ( t m « 10.6 h ) , » « K {tin = 6 0 . 5
m i n ) a n d 'm&T\ (tyz = 3 .1 m i n ) i n r a d i o a c t i v e e q u i l i b r i u m .
T h e s e t r a c e r s a r e v e r y c o n v e n i e n t fo r u s e i n t h e m o n i t o r i n g
of t h e B i / P b s e p a r a t i o n d i s c u s s e d a b o v e . F u r t h e r m o r e t h e y
e x h i b i t p r o p e r t i e s w h i c h m a k e t h e m u s e f u l f o r s t u d y i n g t h e
l a w s o f r a d i o a c t i v i t y . T h e 2 l 2 B i m a y b e s e p a r a t e d f r o m t h e
a i s P b b y t h e d i t h i z o n e e x t r a c t i o n p r o c e d u r e . T h e s e p a r a t e d
2 ! 2 B i m a y t h e n b e m o n i t o r e d w i t h a G e i g e r - M u l l e r d e t e c t o r
t o d e t e r m i n e i t s h a l f - l i f e . M o r e s l 2 B i wi l l b e g i n t o f o r m
i n t h e s e p a r a t e d 2 l 2 P b a s i t d e c a y s a n d t h i s a c t i v i t y m a y b e
m o n i t o r e d t o d e m o n s t r a t e t h e g r o w t h o f d a u g h t e r p r o d u c t s
i n a r a d i o a c t i v e p a r e n t .

T h e m P b e m i t s u p to 0 .4 M e V 13™ in i t s d e c a y w h e r e a s 2 1 2 B i
e m i t s u p t o 2 .2 M e V &~ p a r t i c l e s . I f a n a l u m i n u m a b s o r b e r of
8 0 - 1 0 0 m g / c m 2 t h i c k n e s s i s p l a c e d b e t w e e n t h e s e p a r a t e d
2 ! 2 P b a n d t h e G - M t u b e , t h e d e t e c t o r wi l l i n i t i a l l y r e c o r d n o

w h e n t h e r e i s n o i n i t i a l a i 2 B i p r e s e n t a n d J V p h is t h e i n i t i a l
n u m b e r o f e i 2 P b a t o m s . F i g u r e 2 i l l u s t r a t e s t h e g r o w t h a n d
d e c a y o f t h e r a d i o a c t i v e m a t e r i a l s . I t m a y b e s e e n t h a t a

m a x i m u m a c t i v i t y o f t h e d a u g h t e r is a t t a i n e d
a f t e r 2 .7 h a n d t h a t r a d i o a c t i v e e q u i l i b r i u m i s
a t t a i n e d a f t e r 3 .8 h . A f t e r 3 .8 h t h e 2 1 2 B i d e c a y s
a t t h e s a m e r a t e a s i t is p r o d u c e d a n d t h e a c t i v i -
t y o f t h e m i x t u r e d e c r e a s e s w i t h t h e c h a r a c t e r i s -
t i c h a l f - l i f e o f t h e p a r e n t a i 2 P b .

Experimental

Materials

A thorium cow should be prepared in the
manner suggested by Morimoto and Kahn (4).
Enough Th(OH)4 should be present to give 500
counts/s by G-M counting on the wire to pro-
vide sufficient activity for good counting statis-
tics. The apparatus may be set up in a fume
hood and left as a permanent source of the
short-lived daughters.

Two Geiger-Muller counters, each consisting
of a G-M tube in a shielded lead castle and
sealer/timer with aluminum absorbers (80 mg/
cm2), and a NaI(Tl) Scintillation Detector with
signal led into a Multichannel Analyzer (MCA)
should be available" for j?~ particle counting and

7 spectra collection. A standard pH meter with glass electrode
and reference electrode is used for pH adjustment.

Chemicals. Electrode calibration buffers <pH 4.0,7.0, and
10.0); 2 M nitric acid; 1/10 nitric acid; concentrated aqueous
ammonia; 1/10 aqueous ammonia; ammonia/ammonium
chloride buffer; P b ^ carrier (0.1 mg/mL); Bi2 + carrier (0.1
mg/mL); dithizone (20.0 mg/L) in carbon tetraehioride.

Other materials. Test tube, Bunsen burner, separatory
funnel, calibrated pipets, volumetric pipets, 10-mL volumetric

Time, hrs.

Figure 2. Aollvily variations with time. (A) decay of EISBI; (B) decay of 2fzPb; (C)
growth and decay of I12Bi In initially pure z™Pb\ (D) total activity of Bie mixture
(B) + (C).
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flasks, counting pianchets, heat lamp, and disposable
gloves.

Procedure
Warning: The student should foe cautioned of the haz-

ards of radioactive materials and volatile solvents. All
work except counting should be carried out in fume hoods and
students should wear safety glasses, lab aprons, and disposable
gioves at all times. Film badges, pocket dosimeters, and/or
survey meters should be used, and appropriate containers for
radioactive waste disposal must be provided. The student
should be aware of the particular hazard of accidentally in-
gesting alpha-emitting radioisotopes and therefore pipetting
by mouth must not be done. Radon gas is released upon
opening the thorium cow, and it must be kept in a properly
vented fume hood to prevent inhalation.

Transfer the wire electrode from the thorium cow to the
small test tube, add 2 ml- of 2 M nitric acid, 0.5 mL of each
carrier solution, and heat to dissolve the radioactive daughter
products. Carefully transfer the cooled solution to a small
beaker, immerse the calibrated pH electrode and add several
drops of concentrated ammonia to neutralize the acid. Care-
fully adjust the pH to 3.0 using 1/10 ammonia and/or 1/10
nitric acid. Transfer the solution to a 10-mL volumetric flask
and dilute to volume with distilled water. Pipet exactly 1.0 mL
of this solution into a counting planchet {pianchet "A") (Note
2) and evaporate to dryness with an infrared lamp. Planchet
"A" serves a reference as it contains both a i aBi and B12Pb.
Count the planchet in the G-M castle with the aluminum
absorber in place and determine the original counts per
minute {cpm) due to 212Bi (Note 3). Meanwhile, quantitatively
transfer the remainder of the aqueous solution to a separately
funnel with as small a volume of distilled water as possible
(Note 1) and extract twice with 4-mL portions of the dithizone
solution (Note 4). Quantitatively transfer the extract to a
second 10-mL volumetric flask and dilute to volume with
CCL,. Pipet 1 mL of this solution into a planchet (Planchet
"B") and evaporate to dryness. Transfer planchet "A" to the
Nal(Ti) detector and record the cpm for the 0.24 MeV peak
of 2 i a Pb. Meanwhile count pianchet " B " in the G-M castle
under the same conditions as planchet "A" and record the
212Bi cpm. When the beta counts of a i a Bi are recorded,
transfer planchet " B " to the Nal(Tl) and record the gamma
spectrum. Adjust the pH of the residual aqueous layer in the
separatory funnel to 8.8-9.2 with a few drops of ammonia/
ammonium chloride buffer. Extract twice with 4-ml portions
of the dithizone solution. Quantitatively transfer the extract
to a third 10-mL volumetric .fiask and dilute to volume with

CCU- Pipet 1 mL of this solution into a planchet (Planchet
"C") and evaporate to dryness. Allow a 10-min decay of
planchet " C " to reduce the activity of any coextracted 2OST1
(h/2 - 3.1 min) and count in the GM castle and NalfTl) de-
tector as for pianchets "A" and "B". The half-life of a i2Bi may
be determined graphically from the data recorded by counting
planchet " B " in successive 10-min intervals for up to 2 h. The
growth of 212Bi in 212Pb may be observed by counting planchet
" C " for successive 10-min intervals in the second G-M castle
with an aluminum absorber in place.

Results
Planchet " B " should contain 212Bi free from 212Pb con-

tamination. Comparison of the beta activity cpm as deter-
mined by the G-M counting of pianchets "A" and " B " will
indicate the completeness of extraction and may be used to
indicate the students' laboratory technique. The students may
be asked to comment on the "error" in the beta counts of
planchet "A" due to the gamma activity of 2 1 2Pb. The radio-
chemical purity of the extracted 212Bi will be evident from the
lack of a 0.24 MeV 212Pb peak in its gamma spectrum. The
completeness of the 2 i a Pb extraction will be indicated by the
comparison of the 0.24 MeV peak counts for ptanchets "A"
and "C". Any residual 212Bi that is coextracted with the 212Pb
wiil be evident in the G-M count for planchet "C". The half-
life of 2 I2Bi may be determined from a plot of log activity
(cpm) versus decay time. The growth of Kl2Bi in 2 ! 2Pb may be
demonstrated on the same graph by plotting the log beta ac-
tivity of ptanchet " C " versus time.

Notes
1) The diJution should not significantly change the solution pH.
2) The extraction of Bi3+ proceeds slowly. Shake the separatory

funnel for 4-fl min per extraction.
3) The aluminum absorbers prevent the weak beta particles of 2iaPb

from reaching the detector.
4) The student should calculate the net full energy peak counts as

explained by Bauer et al. (7).
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Double Balloons—Long Term Protection for Sensitive Materials

In this laboratory we have been protecting basic solutions from carbon dioxide with an inert, dty nitrogen atmosphere.
Normally one could use an ascarite tube (sodium hydroxide on asbestos) and change it periodicaiiy.

We have discovered an excellent way to protect a solution with an inert atmosphere with a very inexpensive apparatus:
one balloon positioned inside a second balloon. One balloon is forced inside of a second balloon with a pencil and the inner
balloon is inflated with nitrogen. These "double balioons" are attached to tbe solution through a glass tube which protect*
the solution with a positive nitrogen atmosphere.

These "double balloons" will last for several weeks and when they <io break the outer balioon wiil always break first
and ieave the inner balloon still inflated. When one notices the breakage of the outer balloon, the double balloons should
be replaced.

The beauty of this system is that if one is gone for a weekend, the outer balloon may break but not the inner balloon.
We have not checked the duration of the second baBoon but we do know it has gone for several days without breaking.

Robert C. Duty
Illinois State University

Normal, fL 61761
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Phosphorus Determination by Derivative Activation
Analysis: A Multifaceted Radiochemical Application
E. W. Kleppinger, E. H. Brubaker1, R. C, Young3, W. D. Ehmann, and S. W. Yates
University of Kentucky, Lexington, KY 40506

Traditional neutron activation analysis (NAA) is a sensitive
technique which is applicable to about two-thirds of the ele-
ments. The remaining third, whose nuclear properties make
them difficult if not impossible to determine, include some
biologically essential and environmentally important ele-
ments; conventional methods for many of these are both
conjpiex and fraught with interferences. Hence the develop-
ment of derivative activation analysis (DAA), a method which
extends the applicability of NAA to some of these elements,
is particularly significant.

The determination of phosphorus is important in biology,
physiology, and environmental science; however, the tradi-
tional gravimetric and colorimetric methods are cumbersome
and lack the requisite sensitivity (J). We have adapted the
pAA determination of phosphorus (2) for use in a radio-
cfyemistry laboratory course, although this experiment would
be, apropos in many other settings. The DAA method itseif is
useful in teaching not only the principles of NAA, but also
problem-solving through the combination of several tech-
niques. In this case, chemical, radiochemical, and instrumental
me^rfods are combined to accomplish what couid not readily
be achieved by any one of them alone.

Jn thermal NAA (3, 4), a stable nuclide captures a neutron
to forni a heavier isotope, which typically decays by the
emission of a beta particle and one or more gamma rays. Since
the gamma-ray energy is characteristic of the particular ra-
dionuclide, and the number of gamma rays emitted is directly
proportional to the number of atoms of this radiomidide (and
element), both qualitative and quantitative determinations
are possible.

The success with which any particular element can he de-
termined depends on its nuclear properties. The activable
isotope should have a high isotopic abundance ajid a large
thermal neutron capture cross section.3 The product nuclide
must be radioactive, with an appropriate half-life, Moreover,
th.e emission of one or more gamma rays by the product nuc-
Ud,e is essential to instrumental isolation of the element.

Vanadium exemplifies elements amenable to NAA:
51V + n — 6aV — S2Cr + ft- + V + 7(1.43 MeV)

The isotopic abundance of 51V is 99.75% and il* thermal
neutron capture cross section is 4.91 barns. The product
nuclide, 52V, has a beta-decay half-life of 3.76 min and emits
a 1,43-MeV gamma ray (5).

Neutron capture by phosphorus (100% a i P) , on the other
hand, produces 3 2P, a pure negatron emitter (5).

The absence of gamma-ray emission in the decay of 32P ren-

Paper presented at the Southeastern Regional Meeting of the
American Chemical Society, Lexington, KY, November 1981.

1 Present address: Arkansas Eastman, Batesvilte, AR 72501.
2 Present address: Rockwell international. Rocky Flats Plant, P.O.

464, Golden, CO 80401.
3 fjuclear reaction cross sections are a measure of the probability

o! reaction occurring and are given units of barns. 1 barn = 1 X i c r 2 4

cm*.

ders its de t e rmina t ion by NAA in t he presence of o the r be t a
emi t t e r s imprac t icable wi thou t extensive chemical separa-
t ions .

Through the derivat ive activation technique, t h e desirable
t r a i t s of a n e l emen t s u c h as v a n a d i u m can b e employed t o
d e t e r m i n e phosphorus . If phospho rus and v a n a d i u m are
chemically combined wi th a definite s to ichiometry , de ter -
mina t ion of t he indicator d e m e n t (vanadium) will give a n
indirec t measu re of t h e a m o u n t of phospho rus presen t . Of
course , t h e chemical complex m u s t b e relat ively s t ab le a n d
easily separable from any excess of t h e indicator e lement .

While phosphorus has been de te rmined th rough activation
of tungs ten in tungs tophosphor ic acid (6), t he more sensitive
techn ique we have app rop r i a t ed involves t h e format ion of a
s table phosphovanadomolybda t e complex. T h i s en t i ty has a
phosphorus -vanad ium ra t io of 1:2 u n d e r our expe r imen ta l
condi t ions a n d can be quan t i t a t ive ly ex t rac ted in to m e t h y !
isobutyl ke tone ( M I B K ) (2).

Once t h e complex has been formed and isolated, t h e p ro -
cedure dupl ica tes t he NAA de te rmina t ion of vanad ium.
Following irradiation of t h e sample, t h e 1.43-MeV gamma rays
from the decay of 5 2 V are ins t rumen tally segregated a n d
counted .

If abso lu te activity (A) can be ascer ta ined , t he a m o u n t of
vanad ium presen t can be de te rmined from the act ivat ion
analysis equa t ion (3).

A = nfa(\ — e-*<i)e~*!ii

where (i = n u m b e r of51 V a t o n i s , / = flux dens i ty in neu t rons
cm"~z s*"1, a = ftlV cap ture cross sect ion, X * 5 a V decay con-
s t an t , t; = i r radia t ion t ime , and t$ = delay t ime between ir-
radiat ion and counting. A more practical procedure is to t r e a t
t he sample and a suitable s t anda rd identically. T h e n a direct
comparison of gamma-ray count rate to quant i ty of vanadium
(and hence phosphorus ) p resen t can be m a d e .

Experiment

In this experiment, phosphorus is determined in a com-
mercial plant food preparation (Ortho House Plant Food 5-
10-5), nominally containing 10% phosphoric anhydride
(PaOE).4 The student carries out the analysis logically from
beginning to end, starting with sample preparation. However,
in order to expedite matters and avoid cluttering the proce-
dure with needless details, a minimal amount of groundwork
is done by the instructor prior to the laboratory period.

Reagents. Stock solutions of ammonium meta-vanadate
(0.01 M) and ammonium molybdate 4-hydrate (0.1 M) are
prepared beforehand. The molybdate is particularly slow to
dissolve and may precipitate upon standing. Nevertheless,
since the concentration of these solutions is not crucial, fil-
tration through coarse paper will make the molybdate solution
utile. Concentrated nitric acid, MIBK, commercial plant food,
and solid potassium dihydrogen orthophosphate (KH2PO4)
for use as a standard are provided at t i e laboratory station.

4 This value represents a "minimum guarantee."
5 At the lime of our measurements the 1.25-mg {April 1971) 2MCf

source had decayed approximately four half-lives, so that the flux quoted
!s about 'Astri the initial value.
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Sample Data

Student

Group

2

4

Standard

52? ± 8a

193 ± 5

Count Rate (cpro)
Sampies

519 ± 8
495 ± 8

507 ± 8

205 ± 5

207 ± 5
211 ± 5

Background

368 ±7

119 ± 5

Specific Activity
Standard Samples

(cpm/mg P) (cpm/mg PF)

238 ± 19 13.1 ±0.9

11.0 ±0.9

12,0 ± 0.9
138 ± 12 6.65 ± 0,55

6.80 ± 0.55
7.11 ±0.55

Results

<%P>

4.63 ± 0.44

3.89 ± 0.41
4.24 ± 0.43

4.82 ± 0.58
4.93 ± 0.58

5.15 ±0.60

> Statistical uncertainties only are presented.

Equipment, T h e c h e m i c a l p r o c e d u r e s a r e c a r r i e d o u t w i t h

r e a d i l y a v a i l a b l e l a b o r a t o r y a c c o u t e r m e n t s . V o l u m e t r i c

g l a s s w a r e , s e p a r a t o r y f u n n e l s , i r r a d i a t i o n v i a l s , a n d a n a n a -

l y t i c a l b a l a n c e a r e a c c e s s i b l e f o r g e n e r a ! u s e .

Neutron source. T h e i r r a d i a t i o n v i a l s a r e l o w e r e d i n t o p o r t s

4 c m f r o m a 2 5 2 C f s o u r c e 5 w h e r e t h e flux d e n s i t y i s a b o u t 2 X

1 0 f i n e u t r o n s c m * 2 s ~ ] .

Instrumentation. F i g u r e 1 s h o w s a b l o c k d i a g r a m o f t h e

i n s t r u m e n t a t i o n u s e d . T h e i r r a d i a t i o n v i a l s f i t s n u g l y i n t o t h e

w e l l o f t h e 3 . 8 c m X 3 . 8 c m N a I ( T l ) c r y s t a l . T h e s i n g l e c h a n n e l

a n a l y z e r i s s e t b y l e a v i n g t h e w i n d o w w i d e o p e n a n d r a i s i n g

t h e d i s c r i m i n a t o r u n t i l n o a p p r e c i a b l e c o u n t r a t e i s o b s e r v e d

w i t h a 1 3 ? C s s o u r c e ( £ , = 0 . 6 6 2 M e V ) ( 6 ) n e a r t h e c r y s t a l .

Procedure. S t a n d a r d ( K H - 2 P O 4 ) a n d s a m p l e ( p l a n t f o o d )

s o l u t i o n s a r e a c c u r a t e l y p r e p a r e d w i t h d i s t i l l e d , d e i o n i z e d

w a t e r t o b e a b o u t 2 0 p p m p h o s p h o r u s . A n a l y s i s i s p e r f o r m e d

o n 2 5 - m L a l i q u o t s o f s t a n d a r d a n d s a m p l e .

T h e p h o s p h o v a n a d o m o l y b d a t e c o m p l e x i s f o r m e d d i r e c t l y

i n s e p a r a t o r y f u n n e l s , a s f o l l o w s : T o e a c h a l i q u o t o f p h o s -

p h o r u s s o l u t i o n , 5 m L o f c o n c e n t r a t e d n i t r i c a c i d , 5 m L o f

v a n a d a t e s o l u t i o n , a n d 1 0 m L o f m o l y b d a t e s o l u t i o n a r e

a d d e d . P i p e t s a r e u s e d t o m e a s u r e a l l v o l u m e s . E a c h s e p a r a -

tory f u n n e l i s s h a k e n w e l l a n d a l l o w e d to e q u i l i b r a t e f o r 5 m i n .

T h e a p p e a r a n c e o f a b r i g h t y e l l o w c o l o r i n s o l u t i o n i n d i c a t e s

t h e f o r m a t i o n o f t h e c o m p l e x .

A I G - m L a l i q u o t o f M I B K i s p i p e t e d i n t o e a c h f u n n e l . T h e

o r g a n i c a n d a q u e o u s l a y e r s a r e i n t i m a t e l y m i x e d b y s h a k i n g

a t 3 0 - s i n t e r v a l s f o r 5 m i n . T h e l a y e r s a r e t h e n a l l o w e d t o

s e p a r a t e u n d i s t u r b e d f o r 3 0 m i n . H a l f o f e a c h o r g a n i c l a y e r

{ 5 m L ) i s t r a n s f e r r e d t o a l a b e l l e d p o l y e t h y l e n e i r r a d i a t i o n

v i a l . T h e v i a l s a r e s e a l e d w i t h e p o x y o r " h e a t s e a l e d . "

E a c h s p e c i m e n i s i r r a d i a t e d f o r 1 0 m i n i n t h e 2 3 2 C f s o u r c e

a n d c o u n t e d f o r 8 m i n i n t h e N a l ( T l ) w e l l c r y s t a l . A 1 - m i n

w a i t i n g p e r i o d i s a l l o c a t e d b e t w e e n i r r a d i a t i o n a n d c o u n t i n g

t o a l l o w f o r t r a n s f e r o f t h e v i a l f r o m t h e n e u t r o n f a c i l i t y t o t h e

g a m m a - r a y d e t e c t o r .

R e s u l t s

R e p r e s e n t a t i v e d a t a a r e p r e s e n t e d i n t h e t a b l e . T h e s i g -

n a l - t o - b a c k g r o u n d r a t i o i s l i m i t e d b o t h b y t h e e f f i c i e n c y o f

t h e r e l a t i v e l y s m a l l w e l l c r y s t a l a n d b y t h e a m o u n t o f c o m p l e x

s o l u b l e i n 5 m L o f M I B K . T h e g r e a t v a r i a t i o n i n c o u n t i n g r a t e

o r i g i n a t e s f r o m t h e u s e o f v a r i o u s c o u n t i n g c o n d i t i o n s a n d

s h i e l d i n g a r r a n g e m e n t s a r o u n d t h e d e t e c t o r .

T h e c a l c u l a t i o n s , a l t h o u g h s t r a i g h t f o r w a r d , i n v o l v e s e v e r a l

s t e p s . T h e r e a r e m a n y w a y s t o o b t a i n t h e r e s u l t s f r o m t h e

d a t a ; p r e s u m a b l y t h e m o s t i n s t r u c t i v e i s to c a r r y o u t t h e c a l -

c u l a t i o n s i n t h e s a m e l o g i c a l o r d e r i n w h i c h t h e e x p e r i m e n t

w a s p e r f o r m e d ( F i g . 2 ) . T h i s m e t h o d s e r v e s t o r e i n f o r c e t h e

l o g i c a n d p u r p o s e o f t h e e x p e r i m e n t a l p r o c e d u r e ,

R e s u l t s c a l c u l a t e d f r o m s t u d e n t d a t a a r e p r e s e n t e d i n

F i g u r e 3 . A l l s t u d e n t s w o r k e d i n g r o u p s o f t w o o r t h r e e a n d

a n a l y z e d t h e s a m e p l a n t f o o d . E a c h r e s u l t i s a w e i g h t e d a v -

e r a g e o f t h r e e s a m p l e d e t e r m i n a t i o n s . T h e e r r o r q u o t e d i s

o b t a i n e d t h r o u g h p r o p a g a t i o n o f a o n e - s i g m a s t a t i s t i c a l u n -

c e r t a i n t y , a s s o c i a t e d w i t h t h e c o u n t i n g o f d e c a y e v e n t s .

D i s c u s s i o n

I n a n y e x p e r i m e n t i n v o l v i n g r a d i o a c t i v i t y , t h e q u e s t i o n o f

s a f e t y i n v a r i a b l y w i U a r i s e . D e r i v a t i v e a c t i v a t i o n a n a l y s i s i s

p a r t i c u l a r l y a p p r o p r i a t e f o r a t e a c h i n g l a b o r a t o r y i n t h i s r e -

g a r d , A i l c h e m i c a l p r o c e d u r e s a r e c a r r i e d o u t b e f o r e a n y r a -

d i o a c t i v i t y i s i n d u c e d . W h e n a c t i v i t y i s h a n d l e d , i t i s i n a

s e a l e d v i a l , a n d t h e s h o r t h a l f - l i f e o f 6 2 V a n d r e l a t i v e l y s m a l l

a m o u n t o f v a n a d i u m p r e s e n t k e e p t h e total a c t i v i t y q u i t e l o w .

I n a d d i t i o n , n o r a d i o a c t i v e w a s t e i s g e n e r a t e d ; w i t h i n a h a l f -

h o u r o f r e m o v a l f r o m t h e n e u t r o n s o u r c e , l e s s t h a n 1 % o f t h e

• "*" " Vial

Suppiy
• 1000V

I
Ph'cio -

pter
Tube

3.8 K 3.B cm
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Figure 1. Block diagram of gamma-ray detector and electronics.

.CALCULATIONS.

STANDARD

% phosphorus
in KHEP04

weight phosphorus
m ) L

of sofuiion

weight phosphorus
in 25 mL

of solution

weight phosphorus

in 5 mL MI9K

activity
(cpm/mg PI

PROCEDURE

Prepare Standard
and plant food

solutions.

Totie 25 mL aliQuats
of each.

Form complex;
extract and transfer

to viat.

Irradiate and
count.

SAMPLE

% phosphorus
tn planl fbod

1 nominal 1

weight plant food
in I L

of solution

weight plant food
in 25 mL

Of solution

weight plait food
in 5 mL MISK

specific ccliviiy ;

(cpm/mg plant lood)

% phosphorus in plant food

cpm/mg PF

cpm/mg P
X 100 %

Figure 2. Logical sequence of calctitatlona! steps fot determining %P.
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Figure 3. Student results lor %P in Ortho House Plant Food 5-10-5. The flashed
iine depicts 10% Ps05 (4.4% P), as quoted on the piant food label and pre-
sumably represents a lower limit.

i n i t i a l a c t i v i t y i s p r e s e n t a n d t h e o r g a n i c s o l u t i o n s m a y b e
d i s p o s e d o f t h r o u g h n o r m a l p r o c e d u r e s .

T h i s e x p e r i m e n t h a s t w o f e a t u r e s w h i c h p a r t i c u l a r l y r e c -
o m m e n d i t a s a t e a c h i n g t o o l . F i r s t , i t c a n b e c o m p l e t e d i n o n e
l a b o r a t o r y p e r i o d . A l l s t u d e n t s p e r f o r m i n g t h e e x p e r i m e n t
c a r r i e d o u t t h e i r l a b o r a t o r y w o r k c o m f o r t a b l y i n 3 - 4 h . S e c -
o n d , t h i s d e t e r m i n a t i o n y i e l d s g o o d r e s u l t s w i t h o u t u n d u e
m e t i c u l o u s n e s s . S t u d e n t d a t a a t t e s t t h e f a c t t h a t t h e m e t h o d
w o r k s w e l l .

W h i l e a c t i v a t i o n a n a l y s i s w i t h a n u c l e a r r e a c t o r a s t h e

s o u r c e o f n e u t r o n s h a s b e e n w i d e l y e x p l o i t e d ( 7 ) , t h i s e x p e r -

i m e n t i s v i a b l e w i t h m o r e a v a i l a b l e n e u t r o n f a c i l i t i e s . F o r
e x a m p l e , p l u t o n i u m - b e r y l l i u m s o u r c e s p r o v i d e u p t o 1.4 X 10 7

n e u t r o n s s ~ ' C i ~ ! ( 3 ) , w h i c h is m o r e t h a n a m p l e fo r t h i s e x -
p e r i m e n t ; a n d s m a i l 2 5 2 C f s o u r c e s a r e b e c o m i n g i n c r e a s i n g l y
m o r e c o m m o n p l a c e . L e s s p o t e n t s o u r c e s c o u l d b e u s e d i n
c o n j u n c t i o n w i t h m o r e c o n c e n t r a t e d s a m p l e s a n d a l a r g e r
v o l u m e o f M I B K i n o r d e r t o y i e l d t h e r e q u i s i t e l e v e l o f a c -
t i v i t y .

I n n i t r i c a c i d m e d i u m , t h e r e a r e v i r t u a l l y n o i o n i c i n t e r -
f e r e n c e s t o t h e d e t e r m i n a t i o n o f p h o s p h o r u s . S a m p l e s o f
w a t e r , c o a l , b io log i ca l t i s s u e , a n d r o c k a n d m i n e r a l m a t t e r h a v e
b e e n a s s a y e d s u c c e s s f u l l y b y D A A ( 2 ) . S o l i d s a m p l e s m u s t
f i r s t b e d i s s o l v e d , a n d a l l s a m p l e s m u s t b e p r e c o n c e n t r a t e d
o r d i l u t e d , if t h e p h o s p h o r u s c o n c e n t r a t i o n i s n o t b e t w e e n 1
n g / m L a n d ~ 3 0 jUg/mL. T h e u p p e r l i m i t is d e t e r m i n e d b y t h e
s o l u b i l i t y o f t h e p h o s p h o v a n a d o m o l y b d a t e c o m p l e x i n M I B K ,
a n d t h e l o w e r l i m i t b y t h e a v a i l a b l e n e u t r o n flux d e n s i t y ( 1
X 1 0 « n c m - 2 s ~ J fo r 1 n g / m L ) (2).

W i t h i t s w i d e o p t i o n s fo r s a m p l e t y p e , n e u t r o n s o u r c e , a n d
c o u n t i n g i n s t r u m e n t a t i o n , D A A of p h o s p h o r u s e m e r g e s a s a
v e r s a t i l e a n a l y t i c a l m e t h o d i n a d d i t i o n t o b e i n g a v e r y u s e f u l
t e a c h i n g t o o l .
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HPLC Analysis of Chlorophyll a, Chlorophyll b, and
^-Carotene in Collard Greens
A Project for a Problem-Oriented Laboratory Course

Augustine Silveira, Jr., Jerry A. Koehler, Edward F. Beadel, Jr., and Pearle A. Monroe
State Universfty of New York, College at Oswego, Oswego, NY 13126

The theory and application of high performance liquid
chromatography should be an integral part of college chem-
istry curricula since many students will be utilizing this
technique in their profession. A popular experiment (J, 2) in
undergraduate organic laboratories is the separation of a ca-
rotenoid, such as ̂ -carotene, from the chlorophylls in vege-
tables (e.g., collard greens, spinach, etc.) using column or thin
layer chromatography (TLC). We have expanded this tradi-
tional experiment fay utilizing high performance liquid chro-
matography (HPLC) to separate and quantitate ^-carotene,
chlorophyll a, and chlorophyll b originating from collard
greens. This experiment clearly illustrates to the student the
versatility of HPLC as a powerful analytical technique. A
project undertaken by SUNY Oswego students who have
previously (3-5) been involved in project-oriented laborato-
ries, is described.

Presented in part at the American Chemicai Society, 11th Northeast
Regional Meeting, October 18-21, 1981, Rochester, NY.

' Information about Omlnsolv™ glass-distilled solvents may be ob-
tained from MCB Manufacturing Chemists, Inc., 2909 Highland Ave.,
Cincinnati. OH 45212.

Experimental

Instrumentation

The instrument used was a Varian 5020 liquid chromato-
graph equipped with a Model UV-10 variable wavelength
detector and a Model 9171-02 duaj-pen, strip-chart recorder.
The 4-mm X 30-cm prepacked analytical column for this
separation was a MicroPak Si-5(Silica). A 4-mm X 30-cm
bonded reverse-phase column (monomeric octadecylsilane)
MicroPak MCH-10 also was used. For a comprehensive dis-
cussion of reverse-phase chromatography, see reference (6).
Each of these analytical columns was preceded by its appro-
priate 4.6-mm X 3-cm pre-column. The mobile phase was a
nonlinear, step-an<i-hold gradient of isooctane:isopropanol
(99:1 V/V) to a final composition of 85:15(V/V) (isooctane;
isopropanol). All solvents used were Omnisolv™ giass-dis-
tilled.'

The solvent flow rate was 1 mS/min. The detector was fixed
at 0.8 nm and 0.005 AUFS. The sample size was 10 til (10~6l)
and was introduced by a Valco Model AH-CV-6-tJHPa-N60
air-activated sample injector. The chart speed was 1 cm/
min.
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Sample Preparation

Separatory Funnel Extraction Method. Crush approximately 15
g of fresh or frozen eollard greens in 50 ml niethanol with a mortar and
pestle. This is to remove as much water from the plant ceils as possi-
ble. Decant and discard the methanol solution and press the vegetable
as tree of solvent as possible. Regrind the coiiard greens with 3 5 ml
methanol and 25 ml isooctane. Filter the mixture through a glass
funnel plugged with absorbent cotton into a 125-ml separatory funnel.
Again, regrind the vegetable with I5ml methanol and 25 ml isooctane.
Filter as previously and place in the separatory funnel.

Discard the lower inetianol phase and add 30 mi water to the sep-
aratory funnel and shake gently. If an emulsion appears, add sodium
chloride. Repeat as previously with another 30 ml water.

Plate the isooctane solution into a 125-ml Erlenmeyer flask, and
dry by adding 1-2 g anhydrous sodium sulfate. Decant the liquid into
a sample bottle with a screw lop. Fill to the top with additional igo-
octane as needed. This minimises contact of the sample with oxygen.
Strong light and oxygen hasten the decomposition of components.
To exclude light, the sample bottle is wrapped tightly with aluminum
foil. Save the sample for HPLC analysis.

SEP-PAK" 2 Extraction Procedure (7). Add 10 ml 2-propanol to
5-10 g of coiiard greens and stir with a mortar and pestle for 1 min.
The 2-propanol serves to eliminate the water from the disrupted cells
(i.e., same as methanol). Press tiie vegetabie as free of solvent as
possible and decant the mixture.

Extract the pigments by adding 5-10 ml isooctane and stirring.
Decant the green colored mixture. Evaporate the liquid almost to
dryness using a steaffl bath. Add 2-5 ml isooctane through the silica
SEP-PAK™ with a I.uer-type syringe. Immediately dissolve the ex-
tracted residue in 3 m! isooctane and pump it onto the premoistened
ailica SEP-PAK cartridge with the Luer-type syringe. Flush 3 ml
isooctane through the cartridge and discard the eluate. With 5 ml
2-propanol elute the yellow and green bands, collecting only the col-
ored bands. Place this in a screw-top sample bottle, fill to the top with
2-propanol and cover the vial with aluminum foil.

Results and Discussion

A typical chromatogram obtained by students showing the
separation of j5-carotene from chlorophyll a and chlorophyll
b ia shown in the figure. The entire HPLC analysis can be
accomplished in about 25 min. Interestingly, both the silica
and the oetadecysilane column gave comparable class results,
with the more polar compounds being eluted last Therefore,
in the octadecylsilane run, one is actually observing a form of
"reverse-reverse phase" (i.e., normal) ehromatography. The
HPLC class results from either the longer separatory funnel
extraction method or the shorter SEP-PAK™ preparative
procedure also gave comparable HPLC results.

Average HPLC Student Results ol /^-Carotene, Chlorophyll a, and
Chlorophyll b from Coltard Greens

Pigment Occurrence8

^-Carotene
Chlorophyll a
Chlorophyll b

47 X 1IT6 g
1.6 X 1{T6g
1.2 X 10~eg

" Values ate expressed as per grem trash wetght of eollard greens. Siandards wme
purchased from Sigma Chemical Company, P.O. Box 14508. St. Louts, MO 6317S.

T h e s e l e c t i v i t y (a) c l a s s v a l u e f o r c h l o r o p h y l l a a n d b w a s

1 . 4 , a n d t h e r e s o l u t i o n w a s 1 . 1 ; t h i s i n d i c a t e s t h a t i f o n e w i s h e d

t o c o l l e c t t h e s a m p l e s , o n e w o u l d o b t a i n a p p r o x i m a t e l y 9 9 . 2 %

o f e a c h c o m p o n e n t . T h e a v e r a g e H P L C s t u d e n t r e s u l t s , e x -

p r e s s e d a s p e r g r a m f r e s h w e i g h t o f e o l l a r d g r e e n s f o r ^ - c a r -

o t e n e , c h l o r o p h y l l a , a n d c h l o r o p h y l l b a r e s u m m a r i z e d i n t h e

t a b l e . T h e o t h e r , u n i d e n t i f i e d c o m p o u n d s a p p e a r i n g i n t h e

c h r o m a t o g r a m a r e t y p i c a l l y p h e o p h y t i n s ( c h l o r o p h y l l w h i c h

h a s l o s t i t s m a g n e s i u m ) , c h l o r o p n y i l i d e s ( c h l o r o p h y l l w h i c h

h a s l o s t i t s l o n g - c h a i n a l c o h o l , e i t h e r p h y t o l o r f a r n e s o l ) ,

p h e o p h o r b i d e s ( c h l o r o p h y H i d e s w h i c h h a v e l o s t t h e i r m a g -

n e s i u m ) , o r p h e o p h y t i n s w h i c h h a v e l o s t t h e i r p h y t o l

m o i e t y .

T h e l i t e r a t u r e i s r e p l e t e w i t h t i m e - c o n s u m i n g s e p a r a t i o n s

u t i l i z i n g c o l u m n o r t h i n l a y e r e h r o m a t o g r a p h y {8-11). E v a n s

e t a ! . (12) h a v e s e p a r a t e d t w o c h l o r o p h y l l d e r i v a t i v e s w i t h

h i g h - p r e s s u r e l i q u i d e h r o m a t o g r a p h y a n d K s k i n s e t a l . (13)

h a v e d e s c r i b e d a p r e p a r a t i v e H P L C p r o c e d u r e t o o l e n g t h y f o r

r o u t i n e a n a l y s i s , S h o a f (14) h a s s e p a r a t e d c h l o r o p h y l l a a n d

b f r o m a q u a t i c a l g a e u t i l i z i n g d i m e t h y l s u t f o x i d e a s t h e e x -

t r a c t i n g s o l v e n t a n d w a t e r - m e t h a n o l a s t h e H P L C m o b i l e

p h a s e a n d B r a u m a n n a n d G r i m m e (15) h a v e d o n e a s i n g l e -

s t e p s e p a r a t i o n o f p h o t o s y n t h e t i c p i g m e n t s w i t h H P L C . T h e

c h r o m a t o g r a p h i c s e p a r a t i o n o f / i - c a r o t e n e , c h l o r o p h y l l a , a n d

c h l o r o p h y l l b b y T L C a n d o p e n - c o l u m n m e t h o d s i s t i m e -

c o n s u m i n g a n d c a u s e s p i g m e n t d e c o m p o s i t i o n b y e x p o s i n g

t h e s e l a b i l e c o m p o u n d s t o o x y g e n , h ' g h t , s o l v e n t s , a n d a d s o r -

b e n t s f o r r e l a t i v e l y l o n g p e r i o d s o f t i m e .

T h e p r o j e c t w e h a v e d e s c r i b e d d e m o n s t r a t e s t o t h e s t u d e n t

t h a t h i g h p e r f o r m a n c e l i q u i d e h r o m a t o g r a p h y i s u s e f u l f o r

r a p i d q u a n t i t a t i v e i d e n t i f i c a t i o n a n d a n a l y s i s o f s u c h c o m -

p o u n d s a s p l a n t p i g m e n t s . B e c a u s e t h e s e p a r a t i o n i s r a p i d a n d

r e q u i r e s o n l y a f e w , i n e x p e n s i v e s t a n d a r d s , i t c a n b e i n t e g r a t e d

e a s i l y i n t o e x i s t i n g l a b o r a t o r y c u r r i c u l a .

1 Information on SEP-PAK™ cartridges may be obtained from Waters
Associates, 34 Maple Street, Milford, MA 01757.
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Chromatograpf! ol ^-carotene, chlorophyll a (Chl^), and chlorophyll b (Cht,,) from
collard yeans by the SEP-PAK1" method.
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Southeast edited by
NANCY LEMASTER

D. W. Daniel Nigh School
Central, SC 29630

ADVANCED PLACEMENT SEMINARS
April 3 ,1994
University of Kentucky, Student Center Annex, Lexington, KY
4 0 5 0 6 .

For further information, contact: Timothy R. Burcham (606| 257-1608.
April 10,1984
Tennossee Technological University, University Center, Coofcesville,
TN 38501.

For further information, contact: James C. Perry, (615) S38-3888.
For the State of Ftorida, Hie list of AP seminars may be obtained. For fur-
ther Information, see the February 1984 Issue of TUB JOURNAL,

May 10-12, 1984
3 7 T H ACS FLORIDA SECTION ANNUAL MEETING at Florida Southern
Colfege, Lakeland, FL.

For further information, see the February 19S4 Issue of m a JOURNAL.

Northeast edited by
WALLACE J. GLEEKMAN

Brookiine High School
Brookline, MA 02146

March 26-28, 1984
NEW YORK ACADEMY OF SCIENCES CONFERENCE ON MACRO-
MOLECULES AS DRUGS AND AS CARRIERS FOR BIOLOGICALLY
ACTIVE MATERIALS to be held at Ihe Roosevelt Hotel, New York,
NY,

For further information, see the February 1984 issue of THIS JOURNAL.

April 5-8, 1984
3 2 N D ANNUAL CONVENTION OF THE NATIONAL SCIENCE
TEACHERS ASSOCIATION (NSTA) will be held at the Sheraton-
BOSIQR and the John B. Hynes Auditorium In Boston, MA.

For further Information, see the February 1984 Issue of THIS JOURNAL.

April 5, 1984
ALL DAY CONFERENCE ON ACID RAIN sponored by Northeastern
Section, American Chemical Society to be held at the Sheraton-
Lexington Hotel, Lexington, MA.

Keynote speaker: Dr. Michael Oppenhelmer, environmental Defense
Fund, New York, NY.
For further information, contact: Marlon Ryan, Polaroid Corporation, 750
Main Street—IR.Carobrlriga, MA 02139, (617)577-3585.

April 7,1984
A VERY A. ASHDOWN HIGH SCHOOL CHEMISTRY EXAMINATION
CONTEST sponsored by the Northeastern Section, American
Chemical Society to be held at Simmons College, 300 The Fenway,
Boston, MA.

For further Information, contact: Ivan VanderWorkeen, Chemistry Dept.,
Westwoorj Hfgh School, Westwood, MA 02090, (617) 32B-750Q.

May 21-23, 1984
1 8 T H MIDDLE ATLANTIC REGIONAL MEETING, New Jersey Institute
of Technology and Rutgers University, Newark, NJ.

For further Information, contact: G. E. Heinze, Jartsen Pharmaceutica
inc., 501 George St., New Brunswick, NJ 08903, (2011 524-9575.

May 31-June 2, 1984
11114 CONFERENCE OF COLLEGE CHEMISTRY CANADA to be held
at John Abbott College, Montreal, Quebec.

Theme: Life in Chemfstry == Chemistry in Life
For further information contact: Shahld Jalil, John Abbott College, P.O.
Box 2000, Ste. Anna de Bellevue, P. O, H9X 3L9.

June 10-14, 1984
1 4 T H NORTHEAST REGIONAL MEETING, Fairflefd University, Fair-
field, CT.

For further information, contact: D. L. Swanson, American Cyanamid
Co., Chemical Research Division, 1937 West Main Street, Stamford, CT
06904,(203)348-7331,

Northcentral edited by
ROBERT SUITS

D. H, Hickman High School
Columbia, MO 65301

April 6-7, 1984
The 63«o 2YC3 CONFERENCE at the St. Louis Community College
at Florissant Valley, 3400 ParshaH Road, SI. Louis, MO 63135, tn
conjunction with the 187th ACS National Meeting April 8-13,
1984.

For further information, see the February 1984 issue of THIS JOURNAL.

April 8-13,1984
187TH ACS NATIONAL MEETING, S t Louis, MO.

For further information, see ttie February 1984 Issue of THIS JOUHNAL.

April 9, 1984
"HIGH SCHOOL DAY" at the ACS National Meeting, St. Louis, MO.

For further information, see Die February 1984 issue of THIS JOURNAL.

May 23-25,1984
JOINT GREAT LAKES CENTRAL REGIONAL MEETING, Kalamazoo,
Mt.

For further information, contact: L. E. Mines, Upjohn Co., 301 Henrietta
Street. Kalamazoo. Ml 49001, (616) 385-781B.

Northwest edited by
DOUGMAOCIT

Sumner High School
Sumner, WA 98390

June 13-15, 1984
39th NORTHWEST REGIONAL MEETING OF THE AMERICAN
CHEMICAL SOCIETY at the University of Idaho, Moscow, ID.

For further information, contact: Dr. Steve Brown Washington State Uni-
versity, Pullman, WA 99164.
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Southwest edited by
ERIC STREITBERGER

University of Callfornla-FuHerton
Fuilerton, CA 96231

TEACHER WORKSHOPS sponsored by the Colorado
ACS Section, Regis College, Room 312 Science Bfdg.,
Denver, CO 80221. 8:00 a.m.-5:00 p.m.
April 7,1984
Descriptive Chemistry of Metals
May 5,1984
Descriptive Chemistry of Non-Metals

For further Information, contact Evelyn Bank Chairman of the Cotorado
ACS Section, Westminster, CO 80030, (303) 428-9541 Ext. 343 or (303)
424-3162.

WEDNESDAY AFTERNOON LECTURES being held at
California Institute of Technology, 3rd floor, Baxter
Hall, Pasadena, CA.
These lectures begin at 3:30 p.m. and are free for secondary school
students and teachers. They are as follows:
Aprlt 4,1964
The Crack: the Most Expensive "Nothing"

Speaker: Di". W. T. Knauss, Professor of Aeronautics a Applied Me-
chanics

May 2,1984
The Atomic Nucleus: Quantum Physics on a Grand Scale

Speaker: Dr. S. C. Koonln, Professor of Theoretical Physics.
For turther information on the above lectures, contact Lee F. Browne, or
Phyllis Brewster, California institute ot Technology, Pasadena, CA
91125,(213)356-6624.

LETTER;
The Error in In x
To the Editor:

I found Leonard Nash's article on the "Ice Point and Triple
Point" in the December 1981 issue quite interesting, partic-
ularly his pointing out that a four digit logarithm can yield a
six digit antilogarithm.

Although his demonstration was moat convincing, I should
like to suggest an alternative derivation of his result. If we use
the notation of calculus for finite changes (errors), then we
may write than an error in x, d(x), causes, in the logarithm of
x, In x, an error d(ln x) given by

Thusd(x) = x d(hix), the error in x isx itself multiplied bythe error in the logarithm.In one of Nash's cases, where In x - -8.230 X 10~4 =—0.0008230, if we assume an error of ±1 in the last digitquoted, then d(ln x) = 2 X 10~7. Now x itselfis manifestly near1 (i.e., 0.9991...), thusd(x) * (1)(2 x 10-')or the resulting x is determined to within 2 in the seventhfigure.Note that the above-relationship indicates that the errorincreases with increasing x and that the inverse process ofobtaining hi x, given x, can lead to quite large errors if x is verysmall.
Oliver G. Ludwtg

Villanova University
VMtanova, PA 19085

More on Chemical Stereoviews
To the Editor:

Since writing the note on the construction of a resource file
for chemical stereoviews,1 1 have come across a number of
additional references dealing with the history of chemical
stereoviews as well as several new sources of potentially useful
stereoviewa, both of which may be of interest to the readers
of T H I S JOURNAL. Dr. Ivan Bernal has called my attention to
an extremely interesting collection of stereoscopic drawings,
edited by von Laue and Mises, and published as two separate
volumes by Springer Verlag in 1926 and 1936.2 These volumes
contain a tola! of 48 hand-drawn stereoviews illustrating the
14 Bravais lattices and the structures of 34 elements and
simple inorganic compounds, ranging from NaCl to perovsk-
ite. The 1921 crystallography text by Groth3 also contains a
collection of stereoviewa, though these are stereophotographs
of actual physical models rather than line drawings.

The back cover of the April, 1929 issue of the JOURNAL OP
CHEMICAL EDUCATION carries an advertisement for Fisher
Scientific, complete with a photograph, of a "Camerascope"
for "visual instruction in X-ray crystallography." This device
sold for the then rather expensive price of $18.00 and consisted
of a small folding stereoscope and 37 stereoviews.4 From the
description it is apparent that it was essentially an American
version of the Bragg set mentioned in my original note.

As for sources of stereoviews, the first volume of the series
"Molecular Structures and Dimensions," published by the
International Union of Crystallography,6 contains close to 920
computer-drawn stereoviews of organic compounds, organo-
metailic JT-complexes, charge-transfer complexes, ciathrates,
carboranes, and traditional metal complexes of organic li-
gands. Regrettably, a similar source of stereoviews for non-
molecular solids is apparently still lacking.

William B. Jensen
University ot Wisconsin

Madison, Wl 53706

1 Jensen, W. B., j . CHEM. EDUC, 59, 385 (1982).
2 von Laue, M., and Mises, R. {Editors), "Stereoscopic Drawings of

Crystal Structures," Vols. 1 and 2, Springer, Berlin, 1926 and 1936.
3 Groin, P., "Elemente der Physikalischen und Chemischen Krisial-

lographie," Oldenbourg, Berlin, 1921.
4 J. Crew. EDUC., 6,4 (1929).
5 Kennard, O., et ai. {Editors), "Molecular Structures and Dimen-

sions," Vol. A1, international Union of Crystallography, 1972.

The Supporting, Rather than Initiating, Rote of Science In
Technology
To the Editor:

In his editorial in the May, 1982 issue of T H I S J O U R N A L
f 'The Public Attitude Toward Science"), J. J. Lagowski
correctly laments the priorities of the American public for the
support of science and technology with tax revenues, as in-
dicated by the most recent annual report of the National
Science Board, Science Indicators 1980. He comments that
"It should be more than slightly disturbing to the scientific
community that the general public perceives the acquisition
of new knowledge—the fundamental basis of modern tech-
nology—to be so lacking in merit as to place it among the
lowest on the Hst of areas to be supported." While the public's
Jack of appreciation for the benefits to modern society of
fundamental research is indeed cause for concern, Lagowski's
justification for the acquisition of new knowledge as "the
fundamental basis of modern technology" is ill-suited to his
purpose. Historians of science and technology have in recent
years devoted much effort towards the elucidation of the in-
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fraction between science and technology, and a consensus
has emerged that technological innovation most often evolves
from prior technology, and that when pure science does play
a role, its relation to the technological developments are sel-
dom those of cause and effect. In a carefu! study, for example,
of 84 successful British technological innovations of 1966/67,
F. R. Jevons found the role of science to he a supporting, rather
than an initiating, one and that in no single case was an in-
novation induced by a scientific discovery.1

Tf we choose, as many of us do, to justify the pursuit of
knowledge primarily by consequent technological innovations,
then the importance of pure research will be diminished if, as
seems likely, the justification ia rendered invalid. It is im-
portant for modern scientists, of whom chemists form a large
percentage, to seek societal support for the pursuit of new
knowledge as an integral part of the cultural attainments of
mankind, a part moreover which encourages us to appreciate,
utilize, and live in harmony with, the world around us.

Meivyn C. Usselman
Univelrslty of Western Ontario

London, Ontario
Canada N6A 5B7

1 Jevons, F. R., Technology & Culture, 17,729(1976).

Liability insurance
To the Editor.

A contribution to the Safety Column last November by
N. T. and Marilyn C. Kurnath1 has pointed out the increasing
numbers of law suits charging negligence on the part of labo-
ratory teachers. This has raised questions about liability in-
surance for the financial protection of teachers and prompts
us to call special attention to the ACS Professional Liability
Insurance Plan, just in case our readers failed to note the paid
advertisement on page A344 of that same issue.

Reductions in rates have made this coverage a genuine
bargain in the opinion of your Column Editor. For peace of
mind and the protection of your solvency we recommend
writing for full information. Address inquiries to the American
Professional Agency, Inc., 95 Broadway, Amityville, NY 11701.
(The plan also includes coverage for industrial chemists, and
an alternative plan is available for consultants.)

Malcolm M. Renfew
University of Idaho
Moscow, ID 83843

1 Kurnath, N, T. and Kurnath, Marilyn C, J. CHEM. EDUC., 58, A329
(1981).

Crib Cards for Tests
To the Editor:

I would like to note that Whitmer'a suggested use of a 3 X
5 "crib card" on tests [J. CHEM. EDUC., 60,85 (1983)] is not
limited to physical chemistry. I have successfully used the
same idea for several years in my sophomore organic chemistry
course and I concur with Whitmer's comment that preparing
the card is an excellent focus for study. I have had students
complain that by the time they have figured out what they are
going to put on the card they no longer need the card. I rec-
ommend its use by instructors interested in testing the use of
facts without testing the memorization of those facts.

John Henderson
Jackson Community College

Jackson, Ml 49201

Soiled Chemistry
To the Editor:

There are significant agronomic errors in the experiment
entitled, "Soil Analysis for High School Chemistry Students,"
by Mary A, Eisenmann, published in J. CHEM. E D U C , 57,897
(1980). The Discussion section has several significant errors:
1) The fertilizer analysis 15-5-10 means 15% N, 5% PaO5, and
10% K2O, not 5% P and 10% K as stated in the article. The
state fertilizer registration laws are 20-30 years behind the
times. 2) In soil that is too alkaline (basic) (pH > 8), the mi-
cronutrients zinc, copper, iron, and manganese are tied up as
insoluble phosphates and the phosphate ions ( H P O / " ) are
unavailable because of the formation of insoluble calcium and
magnesium phosphates. 3) In acidic soils (pH < 5) the mi-
cronutrients {trace elements) manganese and iron become too
available and may reach toxic levels. Aluminum becomes a
significant problem also. The ideal soil pH is 6.5, the pH of
maximum major and secondary nutrient availability and
proper mieronutrient availability.

A professional soil testing laboratory tests for the primary
and secondary plant nutrients—N as NO3" by specific ion
electrode, P colorimetrically as the blue phosphomolybdate
complex, and K, Ca, and Mg by atomic absorption-emission
spectroscopy. The mieronutrients ate also determined by A A.
A soil lab does not test for HCC>3~. pH is measured with a pH
meter. Na-Churs Plant Food Company analyzes approxi-
mately 130,000 soil sample a year for its fertilizer cus-
tomers.

I wili be happy to answer any questions about soil testing,
agronomic recommendations, fertilizer manufacture, etc.

Walter C. Crause
Director, Product Research

Na-Churs Plant Food Company
421 Leader St.

Marion, OH 43302

An Alternative Proof
To The Editor:

Carl W, David's article, "Why is an LCAO-MO Not Nee-
easarily an Eigenfunction," which appeared in the April 1982
JOURNAL provided one demonstration that ^ttiai12 lsa+ lsb
is not an eigenfunction of the one-electron Hamiltonian H.
I would like to suggest a much simpler and perhaps more in-
teresting proof.

Consider

ff&iia] = HfiV2m)V2 _ Zeyre _ Ze v,-b](!sa + iSh>

But l s a is an eigenfunction of the first two terms in H, and \#h
is an eigenfunction of the first plus the last term in H. In each
case, the eigenvalue is simply the hydrogen-like atom ground
state energy Euv = -{13.6 eV)Z2. Therefore

and

I t is i m p o s s i b l e t o f a c t o r t h e l a s t t w o t e r m s to y i e l d s i m p
m u l t i p l i e d b y a c o n s t a n t . T h e r e f o r e , ^ j a i i s n o t a n e i g e n -
f u n c t i o n o f H.

T h i s p r o o f e x p l o i t s e s s e n t i a l p r o p e r t i e s o f t h e H a m i l t o n i a n
H a s w e D a s o f t h e A O ' s l s B a n d l s b - a n d o f f s e t s a n y n e e d to
c o n s i d e r s p e c i f i c f u n c t i o n a l d e t a i l s .

Frank O. Ellison
University of Pittsburgh

Pittsburgh, PA 15260
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BOOK REVIEW
General Chemistry Principles and
Structure, Third Edition, SI Version

James E. Brady and Gerard E Hum/s-
ton, John Wifey & Sons, Somerset, NJ,
1983. xix + 826 pp. Figs, and tables. 2,2 X
26 cm. $30.95.

The appearance of an SI version of this
respected textbook [see my review in this
Journal, 60, A103 (1983)] is a sign of a
healthy sales picture, which for the admirable
text under review is altogether deserved.
Unfortunately, however, the need for two
alternative versions of first-year textbooks
reflect* a deplorable lack of agreement among
chemists over the basic grammar and spelling
of our science. At this time no consensus has
yet been reached on the names that should be
given to the well-defined physical quantities
and the symbols for those names, the names
given to well-defined units and the symbols
for those names, and the rules for the ex-
pression of relations involving numerical
values between such physical quantities and
such units. Thus, students of chemistry at all
levels are currently taught an incredible
mishmash of names and symbols, depending
on the whim of the particular instructor. In
this situation we look to editors and textbook
authors for the leadership which will lead us
to a more logical and rational future. Against
this is the conservatism of the professoriate
who, after all, can control at least the text-
book market by exercising the power not to
adopt.

Even in this version of the excellent text
under review, Professor Heikkinen, a well-
practiced chemical educator, has retained the
standard atmosphere (atm) as a convenient
synonym for 101,325 N m~2 (101.325 kPa),
even though the N m~a (pascal) is used as the
Si-derived unit of pressure throughout the
text.

This popular and serious textbook is highly
recommended.

J. J. Zuckerman
University of Oklahoma

Norman, OK 73019

Introduction to Chemistry, Fourth
Edition

T. R. Dickson, John Wiley a Sons, Som-
erset, NJ, 1983. xvli + 540 pp. Figs, and
tables. 19 X 24 cm. $25.95.

This textbook, intended for a one-term
course in chemistry, is supposed to fulfill the
needs of two different groups of students—
those who need a foundation for additional
courses in chemistry and those who wish to
have only an introductory course. It is a
challenge to teach both groups, and.it is a
significant challenge to find an appropriate
textbook.

The author recognizes the need to provide
students with an appropriate background in
systems of measurement and problem solv-
ing. This is handled well through the factor-
label method in the first chapter and through
the use of three appendices.

Chapter two coverB the chemical elements
(nature of matter, atomic theory, nuclear
atom, isotopes, and atomic weights), chapter
three covers compounds and formulas, and
chapter four looks at atomic structure and the
periodic tabJa, including electronic configu-
rations.

Subsequent chapters cover chemical
bonds, chemical nomenclature, chemical re-
actions and equations, chemical stoiehiom-
etry, gases, water and solutions, solution dy-
namics and chemical equilibrium, acids, and
bases, oxidation and reduction, liquids and
solids, nuclear energy, organic chemistry, and
biochemistry.

In short, most significant topics of general
chemistry are considered (though, obviously,
in limited detail). At first glance, then it
might seem that the book is written for the
second student group. Actually, the author
has faced the dilemma of what to include and
has responded by providing all students with
an honest view of chemistry as the basic, ex-
citing, relevant central science that it is.

There is a tot of material here, but it is weii
presented, and the instructor can alter the

order of chapters after the first four without
penalty.
. A final point; this book does not have that
fourth edition the- author -listened -to-ev-
ery-advisor-aroimd look. It is a polished,
well-written, attractively designed textbook.
It is recommended for those who are faced
with the challenge of teaching the course for
which it is written.

Deaii F. Martin
University of South Florida

Tampa, FL 33620

Practice of Thin Layer
Chromafography. Second Edition

Joseph C. Touchstone and Murrell F. Dob-
bins, John Wiley & Sons, Somerset, NJ,
1983. iii + 405 pp. Figs, and tables. 16 X
23.5 cm. $40.00.

The authors present a follow-up volume
of their successful first edition which was
published in 1978. The book consists of 16
chapters and is intended primarily for prac-
ticing chromatographers. It contains much
"how to" information and is full of practical
advice.

Comparing the second to the first edition,
one finds that the majority of the chapters
was left essentially untouched. In many cases
the chapters are identical, including the lists
of references. The only significant changes
were made in Chapter 4 dealing with sample
preparation and application, and Chapter 10
which has been relabelled from "Radioactive
Procedures" to "Procedures for Radioactiv-
ity." The authors have, however, paid tribute
to 2 new developments, revise phase tech-

(Continued on page A114)

-Reviewed in this issue-

James E. Brady and Gerard E. Humiston, General Chemistry Principles and
Structure, Third Edition, Sf Version

T- R. Discon, Introduction to Chemistry, Fourth Edition
Joseph C. Touchstone and Murrell F. Dobbins, Practice of Thin Layer

Chromatography, Second Edition
Titles of Interest
Continuing Series

Reviewer

J. J. Zuckerman
Dean F. Martin

Wolfgang Bertsch
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SERVICES
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BOOK REVIEW/
niques, and high performance thin layerehromatography (HPTLC). These two topicsare introduced in Chapters 13 and 14.Reversed phase methods are not expectedto play a similar role in TLC as they do inliquid column chromatography. Neverthe-less, they are a useful addition to tbe reper-toire of TLC. Most papers referenced inChapter 13 are less than 10 years old which isa clear indication of the relatively recent in-troduction of RP methods. The chapter isshort but wei! written and informative.HPTLC, also a relative newcomer, does notfare as well. Although the battle is stiii ragingWhether HPTLC deserves the prefix HP oria merely a refinement of existing technology,the fact remains that it is rapidly expanding.Two symposia dedicated to the subject havebeen held in Europe with several hundredscientists and practitioners in attendance.

The 16 papers from the first and 28 from thesecond symposium proceedings book are notmentioned in the text and obviously havebeen overlooked by the autiiors. This issomewhat surprising since the proceedingsfrom the first conference were published inregular book form in ] 980.Practicing chromatographers, especiallyorganic chemists and applications orientedusers who are not interested in thin layerchromatography as a science but only as atool to accomplish a specific task will find thebook of considerable value. Tbe reader is notintroduced to any theory and is esposed onlyto a minimum of instrumentation. The im-provement offered by the second over thefirst edition are small. Readers who alreadyhave access to the earlier edition should stickto the older version. Newcomers to the fieldwill find an above average text at a reasonableprice.
Wolfgang Bertsch

The University ot Alabama
Univarsity, AL 35486

NEW JOURNAL
ANNOUNCEMENT

Drying Technology and International
Journal, Volume 1, Number 1

Carl W. Hail {Editor}, Marcel Dekker, Inc.,
New York, NY, 1983. 163 pp. Figs, and ta-
bies. 15 X 23 cm. Two issues per volume;
Institutional rate, $95.00; individual rate,
$47.50.

TITIES Of INTEREST
History of Clinical Chemistry

J. BuUner, (Editor) Waiter de Gruyter and
Co., Berifrt, Germany, 1983. 91 pp. Figs,
and tables. 18.5 X 26.5 cm. $44.50.

This volume is a collection of eight (8> pa-
pers on the history of Clinical Chemistry that
originally appeared in the Journal of Clinical
Chemistry and Clinical Biochemistry in 1981
and 1982.

TITLES OF INTEREST
Symposium

Analytical Chemistry Symposia Series,
Volume 15, Computer Applications in
Chemistry

S. R. Heller and B. Potenzorte, (Editors),
Elsevier Science Publishers, New York,
NY, 1983. xii + 394 pp. Figs, and tables.
17 X 24.5 cm.

Topics Covered: The Neglected Ingredi-
ent in Chemical Computer Systems; Di-
rections In Macromolecular Structure
Representation and Display; Some As-
pects of the Application of Pattern Recog-
nition Methods in Chemistry; Knowledge-
Base Enhancement via Training Se-
quence: The Education 6f SYNCMEM2;
Chemical Information Systems; A Central-
ized Computer System with Distributed
Satellites for Hie Acquisition and Interpre-
tation of Analytical Data; Teaching with a
Microcomputer; Local Area Networks,
Fourth Generation Languages and Mi-
croelectronics in the Research Laborato-
ry; Computer. Networks for Scientific Ap-
plications: A Status Report; Computerized
Standard Reference Data; The Random
Graph-Like State of Matter; The Federal
Role in the Support of U.S. Science and
Technology; A View from Congress; Com-
puter-Assisted structure Elucidation Sys-
tem—Functions that "CHEMICS" System
Can Perform; Computers in Chemical Re-
search at the Novosibirsk Scientific Cen-
tre/The Chemistry in Future Molecular
Computers; Comparison of Logical Three-
Dimensional Molecular Structures by
Means of an Auto-Correiatlon Procedure;
Computer-Assisted Drug Design.

This volume contains papers printed at
the 6th international Conference on Com-
puters in Chemical Research and Educa-
tion in Washington, D.C., on July 15-16,
1982.

CONTINUING SERIES
Stereoetectronic Effects In Organic
Chemistry, Volume 1

Pierre Deslongchamps, Pergamon Press,
inc., Hmsford, NY, 1983. xi + 375 pp.
Figs, and tables. 15 X 23 cm. $27.50.
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THERE ARE STILL A FEW THINGS
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t>—A i™ n,iK nou, f-stslnp todav.
A lot of people today just don't give a hoot about quality.
But not the smart ones-they still look for the same
quality and value that they always have. Ohaus knows
that. And that's why we still manufacture balances
designed for long lasting value.
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Dial-O-Gram 310 balance. In laboratories and
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from one generation of scientists
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of traditional one-hundredth
of a gram accuracy
and up-to-date magnetic
damping make it versatile, (
easy to use and easy to
read. Best of all, it's so
affordable that higher educa-
tion need not be high-priced.

At Ohaus, we've been
making intelligently designed
balances for over 75 years.

Now think how smart you'll look when you buy one.
Send for our new catalog today.

Ohaus Scale Corporation
29 Hanover Road
Florham Park, NJ 07932
(201)377-9000
Telex: 136518
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Priced so low even the
budget committee will love it!
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V " ' ;s for as little as $2,195.
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