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Population

A 2-part feature
David M. Kiefer, C&EN

Oct. 7 & 14, 1968 754

Mr. Kiefer finds that population is growing
unchecked in much of the world, and that
U.S. population will expand 50% in the next
30 years or so. Social as well as techno-
logical innovation is needed to thwart this
advance.

Com puters in
Chemical Education

Dr. Frederick D. Tabbutt

Reed College

Portland, Oregon

January 19, 1970 504

A number of ex;k))erlments with computers in
education have been undertaken in the past
few years. Some of the approaches to com-
puter-assisted education now show promise
as useful adjuncts as surrogate teachers. 1970

Arthritis

A 3-part feature
Howard J. Sanders, C&EN

July 22, 29, & Aug. 12, 1968 754

Causes of arthritis are still a mystery, al-
though more and more evidence points to in-
fection as a possible trigger. Mr. Sanders
discusses and examines the possible causes
and the past, present, and future of treat-
ment. 07228

Industrial Research
Careers

Howard Reiss
University of California
Los Angeles

June 29, 1970 50<f

A major concern of those beginning careers in
science is, of course, where to carry out their
careers—in a university, private industry, a
foundation or wherever. An industrial re-
search career can be a rewarding one, both
professionally and financially. 62970

Public Policy and the
Environment
February 9, 1970 50

Speaking at the 158th ACS National Meeting,
Lee DuBridge, Herbert Doan, and Barry Com-
moner urged cooperation _amoni government,
industry, and university in tackling environ-
mental improvement.

Pollution Control

Instrum entation

Michael Heylin, C&EN
February 15, 1971 50%

Efforts to control air and water resources in-
telligently depends on the ability to detect
and to monitor pollutants. The challenge to
produce better instrumentation for this pur-
pose is now receiving intense attention from
industry and government researchers. 21571

Allergy
Howard J. Sanders, C&EN
May 11,1970 504

Although hay fever, bronchial asthma, and
other allergies will not be conquered, they
will be better understood and better treated.
The expanding study of these diseases in
fundamental scientific terms, using the latest
research techniques, allergic disorders will
yield more and more of their secrets that
only a few years ago seemed almost un-
fathomable. 51170

Food Additives
Howard J. Sanders, C&EN
October 10, 1966 754

Makers of food additives are keeping their
eyes on the spectacular growth of new foods
and the shifting moods of regulation-minded
Washington. An array of chemicals enhances
the wholesomeness, attractiveness, conve-
nience, and nutritional value of American
foods. 10176

Technology Assessm ent
David M. Kiefer, C&EN
October 5, 1970 504

Technology assessment is an attempt— still
halting and uncertain—to establish an early-
warning system to control, direct, and, if nec-
essary, restrain technologlcal development so
as to maximize the public good while mini-
mizing the public risks. 10570

Chemistry and the

Atm osphere

Howard J. Sanders, C&EN

March 28, 1966 75<f

The earth’s atmosphere is a vast, churning
mixture of gases and trace quantities of lig-
uids and solids. Held to the earth by the
pull of gravity, it is the transparent envelope
without which life on earth would cease to
exist. 32866

Career Opportunities
The New Priorities
March 8, 1971 504

C&EN's annual career guide for chemists and
chemical engineers. In the search for new
riorities, new opportunities are emergmg
ere C&EN looks at three such areas— 00

shelter, and health.

Chaos in Science Teaching

Dr. Conrad E. Ronneberg
Professor Emeritus, Denison University

June 1, 1970 504

To manK people familiar with the stiuation
in teachi introductory science courses,
both _in hlgh school _and college, the situa-
tion is utter chaos. To place attempts to im-
prove science teaching in Proper perspective
requires a brief review of the progress of
science teaching since World Il 170

Artificial Organs

A 2-part feature
Howard J. Sanders, C&EN

April 5 and 12, 1971 754

The implanting of a total artificial heart in a
human has been the most dramatic single ad-
vance to date in the field of artificial organs.
In recent years, however, many other artificial
organs have also been developed and scien-
tlsts foresee a vast increase in the number
of bode/ parts that, in the years ahead, will
ac

be replaceable by mechanical devices. 04571
Scientific Societies

and Public Affairs

K. M. Reese, C&EN

May 3, 1971 50<i

Scientific and engineering societies for many
years have fostered research, published pa-
pers, and sponsored meetlngs without great
regard for the world beyond their particular
disciplines. Only in the past decade or so
have the learned societies edged into the
realm of public affairs. 05371

Ik> 49 copies—single copy price 50 to
299 copies—20% discount

Prices for larger quantities
available on request

g g ]

10148 11970 07228
| L 0l
62970 02970 51170

21571 10176 10570 32866

[m] [m] [m] [m]
03871 06170 04571 05371

TO: REPRINT DEPARTMENT

ACS Publications
1155 Sixteenth St., N.W.
Washington, D.C. 20036

FROM:
Name
Street
City

State Zip Code
Amount enclosed $




T

H

E

JOURNAL OF

BRYCE CRAWFORD, Jr., Editor
STEPHEN PRAGER, Associate Editor
ROBERT W. CARR, Jr., FREDERIC A. VAN-CATLEDGE, Assistant Editors

EDITORIAL BOARD: A. 0. ALLEN (1970-1974), R. BERSOHN (1967-1971),
J. R. BOLTON (1971-1975), S. BRUNAUER (1967-1971), M. FIXMAN (1970-1974),
H. S FRANK (1970-1974), J. R. HUIZENGA (1969-1973),
KASHA (1967-1971), W. J. KAUZMANN (1969-1973), W. R. KRIGBAUM (1969-1973),

MARCUS (1968-1972), W. J. MOORE (1969-1973), J. A. POPLE (1971-1975),

RICHARDS (1967-1971), F. S. ROWLAND (1968-1972),

M.

R. A

B. S.RABINOVITCH (1971-1975), H. REISS (1970-1974), S. A. RICE (1969-1975),
R. E.

R. L.

SCOTT (1968-1972), R. SEIFERT (1968-1972)

CHARLES R. BERTSCH, Manager, Editorial Production

AMERICAN CHEMICAL SOCIETY, 1155 Sixteenth St.,, N.W ., Washington, D. C. 20036

FREDERICK T. WALL, Executive Director

Books and Journals Division

JOHN K CRUM, Director (Acting)

JOSEPH H. KUNEY, Head, Business Operations Department

RUTH REYNARD, Assistant to the Director

©Copyright, 1971, by the American Chemical Society. Pub-
lished biweekly by the American Chemical Society at 20th and
Northampton Sts., Easton, Pa. 18042. Second-class postage
paid at Washington, D. C., and at additional mailing offices.

All manuscripts should be sent to The Journal of Physical
Chemistry, Department of Chemistry, University of Minnesota,
Minneapolis, Minn. 55455,

Additions and Corrections are published once yearly in the
final issue. See Volume 74, Number 26 for the proper form.

Extensive or unusual alterations in an article after it has been setin
type are made at the author’s expense, and it is understood that by
requesting such alterations the author agrees to defray the cost
thereof.

The American Chemical Society and the Editor of The Journal
of Physical Chemistry assume no responsibility for the statements
and opinions advanced by contributors.

Correspondence regarding accepted copy, proofs, and reprints
should be directed to Editorial Production Office, American
Chemical Society, 20th and Northampton Sts., Easton, Pa.
18042. Manager: Charles R. Bertsch. Assistant Editor:
Edward A. Borger. Editorial Assistant: William T. Boyd.

Advertising Office: Century Communications Corporation,
142 East Avenue, Norwalk, Conn. 06851.

Business and Subscription Information

Remittances and orders for subscriptions and for single copies,

notices of changes of address and new professional connections,
and claims for missing numbers should be sent to the Subscription
Service Department, American Chemical Society, 1155 Sixteenth
St., N.W ., Washington, D. C. 20036. Allow 4 weeks for changes
of address. Please include an old address label with the notifica-
tion.

Claims for missing numbers will not be allowed (1) if received
more than sixty days from date of issue, (2) if loss was due to
failure of notice of change of address to be received before the date
specified in the preceding paragraph, or (3) if the reason for the
claim is “missing from files.”

Subscription rates (1971): members of the American Chemical
Society, $20.00 for 1 year; to nonmembers, $40.00 for 1 year.
Those interested in becoming members should write to the
Admissions Department, American Chemical Society, 1155
Sixteenth St., N.W., Washington, D. C. 20036. Postage
to Canada and countries in the Pan-American Union,
$4.00; all other countries, $5.00. Single copies for current year:
$2.00. Rates for back issues from Volume 56 to date are availa-
ble from the Special Issues Sales Department, 1155 Sixteenth St.,
N.W ., Washington, D. C. 20036.

This publication and the other ACS periodical publications
are now available on microfilm. For information write to:
MICROFILM, Special Issues Sales Department, 1155 Sixteenth
St., N.W ., Washington, D. C. 20036.

Notice to Authors last printed in the issue of June 10, 1971



1972 Preview:

WATER AND AQUEOUS SOLUTIONS
Structure, Thermodynamics, and Transport
Processes

Edited by R. A, Horne, iBF scientific Corporation,

Burlington, M assachusetts

Here is a collection of papers on the structure and
properties of liquid water and aqueous solution and
on related systems, such as ice and fused salts. The
topics range from the surface and transport proper-
ties of ice, through the structure, thermodynamics and
transport properties of water and aqueous solutions,
to the state of water in living cells and tissues.

1971 832 pages 172 illus. $37.50

SYMMETRY, ORBITALS, AND SPECTRA
(S. 0. S)
By Milton Orchin and H H Jaffé,
both with the university of Cincinnati

This volume lifts the common core material from
traditional advanced courses and welds it into a uni-
fied approach essential to a firm understanding of
modern chemical theory. It exposes the reader to es-
sential, basic knowledge concerning quantum
mechanics, molecular orbital theory, ultraviolet and
infrared absorption spectroscopy, selection rules,
group theory, photochemistry, and the many varied
applications of symmetry considerations. Problems
are given at the end of each chapter and detailed an-
swers are offered in a separate supplement.

1971 396 pages 28illus. $16.50

ATOMIC AND MOLECULAR RADIATION
PHYSICS
By L G Christophorou, Oak Ridge National Labora-

tory and University of Tennessee

A volume in Wiley Monographs in Chemical Physics,
edited by John B. Birks and Sean P. McGlynn

Atomic and Molecular Radiation Physics pl’esents
a coherent picture of many seemingly different areas
of research in atomic and molecular photophysics.
The author focuses on matter rather than on radia-
tion and is mainly concerned with the interaction of
radiation with single atoms and single molecules.

1971 672 pages illus. $29.00

Selected Physical

Chemistry

SURFACE AND COLLOID SCIENCE
Volumes 1, 2, 3, and 4
Edited by Egon Matijevic,
Clarkson College of Technology
from A review of Volumes One and Two—

“. . .these volumes comprise a good beginning for
the fulfillment of the editors’ aim of providing a com-
prehensive treatise on surface and colloid science.”

— Science
Volume 1: 1969 260 pages $14.95
Volume 2. 1969 298 pages $14.95

from a review of Volume Three—

.. well correlated and comprehensive informa-
tion on various special topics of contemporary inter-
est.”— Journal of the American Chem ical Society

Volume 3: 1971 296 pages 89 illus. $16.95
Just published —
the latest addition to the series—
VOLUME FOUR, CONTENTS AND CONTRIBU-
TORS: Computer Simulation of Colloidal Systems—
Avrom 1. Medalia. Physical Adsorption: The Interac-
tion of Gases with Solids—r. A. pilerotti and H. E.
Thomas. Convection Diffusion in Laminar and Turbu-
lent Hyperfiltration (Reverse Osmosis) Systems— w ii-
and Mahendra R.

liam N. Gill, Lewis J. Derzansky,
poshi. Bimolecular Lipid Membranes—u. T1i Tien.
Author Index. Subject Index.

Volume 4: 1971 445 pages 8l illus. $24.95

'Frederick Eirich was consulting editor for Volumes 1 and 2.

PHOTOCHEMISTRY AND
SPECTROSCOPY
By J. P. Simons, University of Birmingham
Since photochemistry is a hybrid interdisciplinary
subject, the details of the primary photochemical
process can be explained only if the language and
concepts of both spectroscopy and chemistry are un-
derstood. This is the rirst book to explore some of the
common territory between these two fields.
1971 343 pages

PRINCIPLES OF ACTIVATION ANALYSIS
By Paul Kruger, Stanford University

This text provides a comprehensive description of
the principles on which the methods of activation
analysis are founded, including the essentials of basic
nuclear science, nuclear reactions, radioisotope pro-
duction, radiochemical separations, and radiation
measurement. These principles are then synthesized
to examine the practices, limitations, and applications
of activation analysis. Specific examples are drawn
from the biological, physical, and engineering sci-
ences.

$16.50

1971 522 pages 174 illus. $25.00



Titles For Your

PHOTOCHROMISM

Edited by Glenn H. Brown, kent state University
Volume Il Inthe series, Techniques of Chemistry,
edited by Arnold Welssberger

In this book, thirteen contributing authors classify
the various photochromlc processes on the basis of
their mechanisms. Discussion covers not only theo-
retical and experimental aspects of photochromlsm,
but also such applications as photochromlc glasses,
data displays, photochromlc microimages, decora-
tions, temperature indicators, and Q-switches. In ad-
dition, an entire chapter Is devoted to photochromlsm
in living systems, with emphasis on photosynthesis
and vision.

1971 193 illus.

853 pages $47.50

REACTIONS OF MOLECULES AT
ELECTRODES
By N. S. HUSh, University of Bristol

Reactions of Molecules at Electrodes reveals cur-
rent electrochemical trends in analyzing reaction
mechanisms. A particularly significant development
is the combination of different techniques (especially
spectroscopy) with electrical measurements In order
to study reaction mechanisms more effectively. Inad-
dition, the book demonstrates the usefulness of elec-
trochemical methods in preparative chemistry.

1971 498 pages $24.50

ELECTRON PROBE MICROANALYSIS
Second Edition
By L S. Birks,

U.S. Naval Research Laboratory, W ashington, D. C.
Volume 17 in Chemical Analysis: a Series of Texts
and Monographs on Analytical Chemistry and its Ap-
plications, edited by P. J. Elving and I. M Kolthoff

Rapid advances in the electron probe technique
have created the need for a second edition of eiec-
tron Probe Microanalysis. ThisS new, completely re-
vised edition fully Incorporates new equipment and
techniques, yet continues to present the basic con-
cepts and principles of electron probe microanalysis.
It will be valuable resource for an chemists, serving
both as a reference and as an upper-level text.

1971 224 pages $150 illus. $14.95

Professional

Library

PERSPECTIVES IN STRUCTURAL

CHEMISTRY

Volumes |, 11, 1ll, and IV

Edited by J. D. Dunitz,

Laboratorium fur Organische Chemie,

J. A Ibers, Northwestern University
“Qur objective here is to create a forum for such

constructive reviews in which the attempt is made to

weave the results of individual structure determina-

tions into some ind of cohesive pattern.”

— from

Zurich and

the series preface

from a review of the first volume—
“This first volume has shot far towards the goal and
sets ‘perspectives’ In the wide field of structural

chemistry. Chemists and crystallographers should
be grateful to the editors and authors for undertaking
this task.”—acTa Crystahographica
Volume I 1967 199 pages illus. $ 9.95
Volume Il 1968 178 pages illus. $10.95
Volume Il 1970 259 pages illus. $14.95
Volume IV 1971 416 pages illus. $24.95

FAST REACTIONS
By David N. Hague,

University of Kent at Canterbury

Here is an introduction to the study of the kinetics
of fast chemical reactions— an exciting new area of
scientific inquiry. The volume explores newly devel-
oped experimental techniques, the ideas behind
these techniques, and the more significant patterns
of reactivity revealed by the study of fast reactions.

1971 159 pages $8.50

THEORY OF THE HYPERFINE
STRUCTURE OF FREE ATOMS
By Lloyd Armstrong, Jr.,-

The Johns Hopkins University

This is the first book to use modern physical tech-
niques in the study of hyperfine atomic structure.
Clearly stated approximations and a consistent set
of techniques serve to bring together diverse sub-
fields of hyperfine structure such as correlation ef-
fects, hyperfine anomalies, and the Zeeman effect.
Thus, the book makes the entire field more readily
accessible to student and active researcher alike.

1971 240 pages illus. $14.95



MOLECULAR THERMODYNAMICS

An Introduction to Statistical Mechanics
for Chemists

By John Knox, University of Edinburgh

This introduction to the concepts of statistical
mechanics is divided into two major sections. Part
1, Fundamentals, includes an elementary account
of the concepts of quantum and classical mechan-
ics, a brief summary of classical thermodynamics,
foundations of molecular thermodynamics, and for-
mulae for thermodynamic properties in terms of
the molecular partition function. Part 2, Partition
Functions and their Applications, treats such
topics as classical partition functions, thermody-
namic functions for ideal assembly of localized and
non-localized systems, and the Maxwell-Boltzmann
distribution law.

1971

64 pages $11.95

a new thermodynamics text that is both clear and
comprehensive—

THERMODYNAMICS

Principles and Applications
By Frank C. Andrews,
University of California, Santa Cruz

Thermodynamics presents the underlying princi-
ples of thermodynamics with a thorough descrip-
tion of the physical and mathematical ideas on
which they are based. These principles are then
applied to the quantitative solution of a variety of
specific problems that are basic to the disciplines
of chemistry, biology, engineering, physics, and
earth sciences.

1971 288 pages 80 illus. $9.95

the product of the author’s 21 years of research ex-
perience in the field—

PHOTOPHYSICS OF AROMATIC
MOLECULES

By John B. Birks, University of Manchester

A volume in Wiley Monographs In Chemical Phys-
ics, edited by John B. Birks and Sean P. McGlynn
"A monumental work ... [t should prove to be
an extraordinarily useful book to chemists, physi-
cists and engineers interested in research on and

applications of molecular luminescence.”
— Applied Optics

1970 704 pages illus. $29.00

Available from your bookstore or from Dept. 093—

m illl»

4A e The Journal of Physical Chemistry, Vol. 75, No. %5, 1971

THERMODYNAMICS OF CRYSTALS

By Duane C. Wallace, CSIRO National Standards
Laboratory, Australia

This book presents the basic theory of the equi-
librium thermodynamic properties of perfect crys-
tals. Topics treated include thermodynamics of
anisotropic crystals, anharmonic lattice dynamics,
band structure theory of the crystal potential, elec-
tronic excitation and electron-phonon interactions,
and procedures for calculating thermodynamic
functions and comparing the calculations with ex-
perimental data.

1971 480 pages

57 illus. $22.50

THE THEORY OF OPTICAL ACTIVITY

By Dennis J. Caldwell and Henry Eyring,
both of the University of Utah

A volume In the series, Interscience Monographs on
Physical Chemistry, edited by I. Prigogine

Until now, no single source for all the necessary
background material Inthe Intricate development of
optical activity theory has been available. With the
publication of The Theory of Optical Activity, basic,
background information is presented in a single,
convenient volume. In addition, the book Includes
a discussion of the Faraday effect, a comprehensive
outline of general approaches to investigating prob-
lems in this field, and a large number of diagrams
and illustrations, which serve to clarify the text.

1971 244 pages 70 illus. $14.95
ADVANCES IN ELECTROCHEMISTRY
AND ELECTROCHEMICAL
ENGINEERING
Volume 8

Edited by Charles W. Tobias,
University of California, Berkeley, and
Paul Delahay, New York University

CONTENTS AND CONTRIBUTORS: Solid Electro-
lyte Batteries— Boone B. Owens. Thermal Phe-
nomena in Fuel Cells and Batteries— Bernard S.
Baker, Dimitri Gidaspow, and Darshanlal. Wasan.
The Lead-Acid Cell—Jeanne Burbank, Albert C.
Simon, and Eugene Willihnganz. Electrochemistry
and Application of Propylene Carbonate— Ray-
mond Jasinski. The Anodic Oxidation of Hydrocar-
bons and the Hydrocarbon Fuel Cell— Elton J.
Cairns. Author Index. Subject Index. Cumulative In-
dex, Volumes 1-8.

1971 406 pages 110 illus. $24.95
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The Reactions of Recoil Tritium Atoms with 1-Butene and cis-2-Butene.

Average Energy of the Addition Reactionl

by Richard Kushner and F. S. Rowland*
Department of Chemistry, University of California, Irvine, California 92664 {Received June 1, 1971)

Publication costs assisted by Division of Research, U. S. Atomic Energy Commission

Consistent yields of propylene-i and CH2ZCHT are found from recoil tritium reactions with 1-butene in
0 2scavenged, H2S-scavenged, and unscavenged experiments. A large yield of n-C4HIT in the HZS system
confirms that substantial yields of butyl-f radicals are collisionally stabilized prior to decomposition to the
smaller olefinic products. Similar observations are made with m-2-butene as the parent molecule. Pressure-
dependent studies show a complementary relationship between the yields of the stabilization product (n-
C4HdT) and the decomposition products (CH2CHT and CH2TCH=CH2from 1-butene; CH3XCH=CHT
from m-2-butene). Pressure-dependent decomposition of the labeled parent molecules is also observed.
From calculated rate constants for butyl-i radical decomposition, the median kinetic energy of tritium atoms
undergoing addition to the olefinic positions is estimated as <0.5#V, far below the median energies for ener-
getic T-for-H or T-for-CH3 substitution reactions. The relative yields of all tritiated products from T* reac-
tions with butene (except the abstraction product, HT) are essentially independent of 0 2butene mole fraction

over the range to >70% 02

Introduction

Basic studies of the reactions of energetic tritium
with saturated hydrocarbons have demonstrated that
most hot reactions are either abstraction or substitution
processes, as in (1) and (2). With olefins, addition to

T* + RH—> HT + R )

T*+ RX —>RT*+ X (X = H, CH3etc) (2

the double bond, as in (3), is also an important reac-
T+ >C=C< —> >CT—C«<* ®3)

tion.23 Decomposition of the excited species formed
in (2) or (3) accounts for almost all of the other radio-
active products found in hydrocarbon systems. Sev-
eral studies of the qualitative and quantitative yields of
reactions with particular olefins have been carried out,
establishing the mechanistic details for each system.4-13
A pressure dependence of the yield of the products from

decomposition of the radicals from (3) has been dem-
onstrated. 12,13

(1) This research formed part of the material submitted in partial
fulfillment of the requirements for the Ph.D. degree by R. Kushner.
This research was supported by AEC Contract No. AT-(04-3)-34,
Agreement No. 126. Fellowship support for R. K. from NASA is
gratefully acknowledged.

(2) F. Schmidt-Bleek and F. S. Rowland, Angew. Chem., Int. Ed.
Engl., 3, 769 (1964).

(3) R. Wolfgang, Progr. React. Kinet., 3, 97 (1965).

(4) D. S. Urch and R. Wolfgang, J. Amer. Chem. Soc., 81, 2025
(1959).

(5) D. Urch and R. Wolfgang, ibid., 83, 2982 (1961).

(6) E. K. C. Lee and F. S. Rowland, J. Chem. Phys., 36, 554 (1962).
(7) E. K. C. Lee and F. S. Rowland, J. Inorg. Nucl. Chem., 25, 133
(1963) .

(8) B. G. Dzantiev and A. P. Schvedchikov, “Chemical Effects of
Nuclear Transformations,”” Vol. 1, IAEA, Vienna, 1965, p 87.

(9) J. K. Lee, B. Musgrave, and F. S. Rowland, J. Amer. Chem. Soc.,
82, 3545 (1960).

(10) A. H. Rosenberg and R. Wolfgang, J. Chem. Phys., 41, 2159
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Of particular interest was the early recognition that
the excited radicals from (3) were sufficiently excited to
undergo decomposition by multiple pathways—indica-
tive of excitation energies much higher than those
known for the corresponding thermal radicals.46 These
experiments also showed appreciable reaction at both
unsaturated carbon positions in asymmetric olefins—a
result that is in sharp contrast to observations in
thermal systems and thereby demonstrates the presence
of “hot” addition reactions.s The excitation energies
from such reactions were, at least in a small fraction of
the additions, sufficiently high that some excited alkyl
radicals—such as the sec-hexyl-i radical of (4)—de-
composed even when formed in the collisional deexcita-
tion conditions of the liquid phase.67 Reaction in the
liquid phase implies decomposition rate constants for
the reacting radicals of ~ 1012 sec-1.

T* + CHICH=CHCH2CH2CH3 —>
CH3CHTCHCH2CH2CH3* —m>
GH:ICHTCH=CH2+ CHs (4)

In our present experiments, we have made a more
detailed, quantitative study of the reactions of energetic
tritium atoms with «s-2-butene and 1-butene. With
the former, only the one addition reaction (eq 5) can oc-
cur, while the use of 1-butene as the substrate involves
possible addition reactions at either end of the double
bond, as shown in (6) and (7).1213 The quantitative
interpretation of such experiments is greatly facilitated
by the extensive collection of data, especially by Ra-
binovitch and his collaborators, on the decomposition
rates of excited alkyl radicals in chemical activation ex-
periments. 14-21

T* + CHXCH=CHCH3— » CH3CHTCHCH3* (5
T* + CH3XCH2CH=CH2—>a CH3CH2CHCHZT* (6)
T* + CHXCH2CH=CH2—> CH3CH2CHTCH2* (7)

Experimental Section

Sample Preparation. Energetic tritium atoms were
produced by the nuclear reaction 3He(n,p)T.23 Tech-
niques of sample preparation have been described in
substantial detail earlier232223 and do not differ in any
significant factors for the present experiments. 2

Chemicals. Both c?s-2-butene and 1-butene were
Phillips Research grade chemicals, while 02 and HXS
were obtained from Matheson Co. The purification
of 3He has been described previously.2'3

Experiments involving absolute yield measurements
of tritiated products were carried out by simultaneous
irradiation in the constant neutron flux of the rotating
specimen rack of a TRIGA reactor—either that of the
University of California at Berkeley or of General
Atomics in San Diego. Other irradiations were con-
ducted with the TRIGA reactor of the Northrup Labo-
ratories in Hawthorne, Calif.

The Journal of Physical Chemistry, Voi. 75, No. 26, 1971

Richard Kushner and F. S. Rowland

Sample Analysis. The irradiated samples were ana-
lyzed by the usual technique of radiogas chromatog-
raphy. The separations involved chiefly hydrocar-
bon products and did not cause any special problems.
Separation of HT, CH3T, CH3I, and CHS5T was car-
ried out with a 74-ft column of propylene carbonate on
alumina. Most samples were analyzed on a 50-ft
dimethyl sulfolane (DMS) column; samples containing
HZX as a scavenger, or no scavenger at all, had both
frans-2-butene-f and isopentane-f as products, a difficult
separation on DMS, and were analyzed with a 50-ft
silicone oil column. Column operating conditions and
retention times are all given in detail elsewhere. 24

The separation of CHZTCH=CD2from CD2ITCH =
CH2 in CHXCHZH=CD2 enabled us to distinguish
propylene-f arising from an energetic T-for-CH3reaction
from that formed by decomposition of excited CHIH2
CHCDZr*.13% This separation was carried out with
a 340-ft column of silver nitrate-ethylene glycol, recy-
cled once to give an effective column length of 680 ft.

The tritium radioactivity was normally measured
with 85-ml silver-walled gas flow proportional counters.
Observed radioactivity yields for HT were corrected for
the 7+usec “dead” time of the proportional counter;
these corrections were negligible for all other peaks, as
well as for HT count rates less than 50,000 counts/min.

Experiments with HZS as a Scavenger. The most seri-
ous defect in previous experiments insofar as the evalua-
tion of the fractional decomposition of excited butyl-i
radicals formed by hot T-atom addition reactions are
concerned has been the lack of data as to the yield of
radicals which were stabilized without decomposition.
In 02scavenged systems, these radicals react with 02
and the subsequent chemistry is not simple; it is certain,
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32, 1245 (1960).
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38, 405 (1963).
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however, that the analytical procedures used previously
did not measure quantitatively any product characteris-
tic of stabilized butyl-/ radicals. These labeled radicals,
however, can be converted to a measurable stable prod-
uct through H abstraction from H:S, as in (s) for sec-

sec-C.H8r + HB —> n-C.lI9r + SH (8)

butyl-/ radicals .. This procedure is very effective and
is without complication in the 1-butene system. A
number of additives, > including H-S, zs facilitate during
irradiation a rapid cis-trans isomerization in mixtures
with either cis- or irows- -butene, with the result that
significant individual yields of these two products can-
not be determined. The Zrans-2-butene-Z/cfs-2-bu-
tene-Z ratio is ~2.5 at 24° for both radioactivity and
mass peaks, in rough agreement with the values found
for iodine-catalyzed thermal systems at 125.7°. No
catalyzed isomerization to .-butene or isobutene was
observed.

Absolute Yields. The absolute percentage yields of
various products can best be measured by comparison
with the total tritium yield in a suitable monitor system
exposed simultaneously to the identical neutron flux.
The ideal characteristic of such a monitor system is that
100 % of the tritium react with its components to form
volatile products readily measurable by the same count-
ing system used for the experimental samples. We in-
tended to use unscavenged n-CJlio as the substrate in
our monitor samples, as has been done previously.
However, after the usual corrections for He content and
recoil loss .s we found that the total activity observed
with H:S-scavenged butenes was slightly but signifi-
cantly greater than that found in our n-bul ane monitor
samples. This difference varied from > % or less above
1 atm pressure to ~ s % in the 50 Torr range. Accord-
ingly, we have assigned the total observed volatile ac-
tivity in the HZS -butene samples as :00% and have
normalized our o 2scavenged samples to this new moni-
tor. Probably the chief uncertainty involved in this
procedure is that no allowance has been made for the
possible existence of a small yield of HTS, for which we
have no measurement. Variation in the choice of
column conditions to permit the emergence of an HS
peak would not help appreciably because of the rapid
loss of the tritium content of HS by isotopic exchange
with vessel walls and column materials.

We estimate that our assumed “i00%” is actually
>05%. Our monitor samples were run forward
through the HT and CH3T peaks, and then the flow
through the chromatographic column was reversed, and
the remainder of the tritiated products was “back-
flushed” through the proportional counter. The HT
peak was approximately double the “back-flush” peak,
while the CHsT/HT ratio was about 0.04. Finally,
none of our conclusions are strongly dependent upon
these absolute quantitative yields but are affected rather
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by the relative quantitative yields from one sample to
another.

Results

Standards for Intercomparison of Results. In recoil
tritium systems, comparisons involving changes in one
or more parameters (e.g., identity of the scavenger mol-
ecule, pressure during irradiation, etc.) always present
the problem of the choice of a suitable standard. This
is not a minor problem in these olefin studies, since as
shown below, all of the major products show yield
changes with one or more of the parameters varied in the
experiments. Even the comparison of the absolute per-
centage yields is not free from reservations in principle
(as well as experimental limitations), since the tritium
atom fluxes—and therefore the absolute yields of each
product—are dependent upon the composition of the in-
dividual samples. The chief variables in our experi-
ments have been the identity of the scavenger, the total
pressure in gas samples, and the ratio of scavenger to
substrate.

HZX as a Scavenger in Recoil Tritium Studies. AS
indicated above, many olefin studies have relied upon
o 2 as a scavenger for the removal of thermal atoms and
radicals and have therefore lacked positive measure-
ments of the yields of collision-stabilized alkyl radicals.
The most important radicals that can be identified in
these butene systems by reaction with HZS are CH.T,
sec-butyl-Z, and n-butyl-Z, as indicated in (s )—10).

CHZI + 115 — CH3T + SH ©)
CH:CH.CHTCH: + HB — »n-C:HIT + SH (10)

A comparison of the relative yields of products from
1-butene is shown in Table | for two different pressures
and three scavenger situations: none, 02 or H.S. A
similar comparison for reactions with cis--butene is
given in Table Il. These yields are expressed relative
to arbitrary internal standards in order to display the
major trends.

The chief differences among the three compositions
at agiven pressure are as follows: (a) radicals fail to re-
act with other radicals because of prior abstraction of H
from H.S, most obviously with the formation of CH3T
and n-C.sHsT; (b) normalization of HZ results to the
yields of propylene-Z indicates relatively slight changes
in any of the olefinic product yields plus an increase in
HT attributable to abstraction from H:S; (c) 0 elimi-
nates thermal radical reactions while having little or no
effect on nonradical or excited radical reactions.

The vyields of trans- and cfs-2-butene-Z from as-2-bu-

(27) W. Ando, K. Sugimoto, and S. Oae, Bull. Chem. Soc. Jap., 38,
226 (1965).

(28) M. W. Schmidt and E. K. C. Lee, J. Chem. Phys., 51, 2024
(1969).

(29) Recoil loss corrections have been made in the standard manner
described in J. W. Root and F. S. Rowland, Radiochim. Acta, 10,

104 (1968).
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Table I :
Reactions with 1-Butene for Various Scavenging Conditions

Sample compn

Relative Yields of Tritiated Products from Recoil Tritium

Richard Kushner and F. S. Rowland

1-Butene 50 50 50 720 760 760
HZXS 0 10 0 0 70 0
02 0 0 8 0 0 30
He 15 15 15 10 10 10
Tritiated products -

HT (100) 128.8 (100) (100) 1134 (100)
CH3r 6.4 193 4.2 7.0 15.1 4.2
chZ cht 32.6 35.8 33.7 29.8 31.0 29.2
ché 4.1 3.9 1.4 2.0 3.2 1.5
CHexCT 1.7 1.8 ~1.8 1.6 15 1.6
CaH7T 1.5 0.4 None 0.3 0.2 None
Propylene-Z 44.8 (44.7) 44.6 33.2 (33.1) 331
=CaHaT 13.4 75.9 None 15.8 89.3 None
1-Butene-i 59.8 58.4 54.5 76.0 69.8 70.9
CH=C=CHT 0.9 nd 1.3 0.8 0.7 0.7
Zrcms-2-Butene-Z 54 4.0 3.1 5.3 3.6 3.0
m-2-Butene-Z 3.2 1.5 2.3 3.1 1.5 2.6
t-COoHNT 2.7 None None 2.9 None None
n-CsHuT 2.2 None None 1.7 ? None
csh 17t « 9.7 <1 None 12.2 <1 None

* Combined peak of 3,4-dimethylhexane and 2-methylheptane.
Table 11: Relative Yields of Tritiated Products from Recoil Tritium Reactions
with ris-2-Butene for Various Scavenging Conditions
Sample compn mPressure, Torr-

cis-2-Butene 43 50 50 400 760 760
HXS 0 10 0 0 70 0
02 0 0 8 0 0 30
He 10 10 10 8 8 8
Tritiated products yields (standards in

HT (100) 108.7 (100) (100) 123.0 (100)
CHsT 4.2 8.3 4.3 5.1 7.8 4.8
CHACHT 2.3 3.5 3.9 2.3 3.2 2.2
CHer 1.1 1.0 0.2 0.7 0.8 0.1
OCEm T 1.9 1.6 2.4 1.6 1.2 1.2
CH,T - 0.8 None Trace None
Propylene-Z j 511 (44.2) 44.2 Jar1 (39.6) 39.6
n-C4HIr 4.3 64.3 None 15 81.9 None
1-Butene-/, 10.2» 5.0 4.8 10.3» 5.8 5.2
CH=C=CIT 1.4* 0.4 0.8 0.96 0.3 0.4
Zrans-2-Butene-Z 7.7 40.3 7.4 8.9 51.7 6.0
cts-2-Butene-Z 47.9 16.6 42.4 56.7 20.8 59.6
2CeH, T 4.3 -0 None 5.6 None None
n-CsHuT None None None None None
céh,t 3.5 <0.3 None 9.2 None None

“ Includes » Includes

tene illustrate the catalyzed cis-trans isomerization of
2-butene in the presence of HZS and a radiation field zs
Efficiency of H2S as a Scavenger. In both the 1-bu-
tene and m-:-butene systems, most H.S-scavenged
samples were run with 8-10% HZX present. To ascer-
tain the effect of varying the HZ concentration, samples
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were run with . atm of as-. -butene and with HZ con-
centrations varying by a factor of 10. Typical results
are shown in Table 111, expressed relative to the sum of
the equilibrated 2-butene-f yields. The estimated ac-
curacies of relative yields are indicated for one sample
and are typical of the counting errors involved in these
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Table I11: Radioactive Products from Recoil Tritium
Reactions with cw-2-Butene vs. HZS Concentration (24°)

Sample

comgn T
m-2-Butene 758 773
HX 70 6
He 10 10

Tritiated

product '-——- Rei yield [2(2-butene) = 100]-— n
HT 1769+ 1.0 154.4
CH3r 114+ 0.2 11.8
CHACHT 4.4 +0.1 3.6
CHeT 1.4+ 0.1 1.3
CH=CT 1.8+ 0.1 1.7
CH,T 0.4+ 0.1 0.3
Propylene-i 57.4+ 0.5 55.5
W-C4H 91 115.2+ 0.8 121.5
1-Butene-1 7.9+0.1 7.7
trans-2-Butene-t 71'9\mn 71'7\mn
CTS-2-Butene-f 29.1]100 29.3/100
f-CsHuT None None
chZ c=cht + 0.7+ 0.1 1.0

methylacetylene-i
C&H,T None Nd

experiments. The general reproducibility of results
can be inferred from the scatter of points in Figures 1-4.

The agreement in yields of CH3T and n-C.HIT shows
that less than 1% HZ is sufficient for scavenging of
CH;CHTCHCH: and CHZT radicals and confirms that
such scavenging should be complete for samples with
8-10% HZX present.  There is clearly a competition for
low-energy tritium atoms between olefin and H:S, with
the latter forming HT and the former C.H8I and

TOTAL PRESSURE, TORR

Figure 1. Pressure dependence of absolute yields for products
of recoil tritium reactions with H2S-scavenged 1-butene.
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Figure 2. Pressure dependence of absolute yields for products
of recoil tritium reactions with (Vscavenged 1-butene: open
symbols, 02scavenged; closed symbols, HZS scavenged

(from Figure 1).

TOTAL PRESSURE, TORR

Figure 3. Pressure dependence of absolute yields for products
of recoil tritium reactions with H2S-scavenged m-2-butene.

ultimately n-C.H.T. The abstraction of H from HZS by
low-energy (including thermal) tritium atoms occurs
with good efficiency, consistent with the observations
that such abstraction proceeds more easily with weaker
bonds.z s

Unscavenged. Several unscavenged samples were run
in the gas phase to determine the fate of the thermalized
sec-butyl-i radicals in the absence of 02or HZ in order
to confirmthat these scavengers were not seriously alter-
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Figure 4. Pressure dependence of absolute yields for products
of recoil tritium reactions with Oj-scavenged cfs-2-butene:
open symbols, O2 scavenged; closed symbols, HZS scavenged
(from Figure 3).

ing the hot processes in the system. Typical results
wereincludedinTables l and Il. A number of products
were observed whose retention times characterized them
as Cs hydrocarbons; most of these were produced in
small yields and were not identified. The only large
peak in this retention time range was identified by cali-
bration with authentic samples as a mixture of 3,4-di-
methylhexane-f and/or 3-methylheptane-f—the combi-
nation products of two sec-butyl radicals and sec-butyl +
n-butyl, respectively. The other prominent new prod-
uct is i-CsHiiT, again a sec-butyl radical combination
product. sec-Butyl radicals formed by H-atom addi-
tion to the parent molecule should be an important re-
active component from the concurrent radiolysis of the
unlabeled materials during irradiation. These qualita-
tive observations in the unscavenged systems are thus
quite consistent with the scavenged results, and indicate
that no important change in hot mechanisms occurs
when 02or HZS is included in the irradiated samples.
The total recovery of tritium as volatile products is
only about 80% as large with the unscavenged butenes
as with the H2S-scavenged samples. The increase in
71-C4HdT yield with the inclusion of HZ is alone much
larger than can be accounted for by decreases in other
observable yields, including the Cs peaks, implying that
some butyl-i radicals are lost through some undefined
polymerization reactions in the unscavenged systems.
This observation is quite consistent with the earlier
finding of significant amounts of activity on the walls of
the sample bulb in unscavenged 1-butene samples. 10
Comparison of “Absolute” Yields from Samples with
Diffevent Scavengers. The resul ts of a series of runs with
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varying total pressures and constant relative composi-
tion of butene to scavenger are shown graphically in
Figures 1 and 2 for 1-butene and Figures 3 and 4 for cis-
2-butene as substrate. Both HZ and 02 have been
used as scavengers over this pressure range with each
substrate molecule. As described above, the observed
total tritium activities in the HZ samples have been as-
signed the value of 100%, and the individual yields are
expressed as percentages of this total activity. Since
very little tritium activity is believed to have been lost
to unobserved products, these percentages should be
very close to the absolute yields—the percentage of
tritium atoms found as a particular product relative to
the total number of tritium atoms stopped in the gas
phase.

The percentages in the 0 2scavenged samples are cal-
culated from the observed radioactivity, using the total
activities observed in the H2S-scavenged samples as a
comparison basis, 100%. The sums of yields in 02
scavenged samples are always less than 100%, for the
observed volatile activities in these samples do not
include the oxygenated products resulting from addition
of labeled radicals or thermalized T atoms to the
scavenger 02 molecules. The absolute yields of the
radical-decomposition products from H2S-scavenged
systems are also shown on Figures 2 and 4 to indicate
the close agreement between these two scavenger sys-
tems for these products.

The two scavenger systems are shown to be in rea-
sonable agreement with each other through several fac-
ets of these data: (a) the independence of HT yield
Vs. pressure, as found in other systems—and as expected
for the abstraction reaction, for which no pressure-de-
pendent decomposition reactions are anticipated; (b)
the close agreement in yields and in dependence upon
pressure for the major olefinic products; (c) the good
agreement with earlier measurements of o0 2scavenged
1-butene as substrate, as shown in Table IV.

Table 1V: Absolute Yields from Recoil
Tritium Reactions with 1-Butene

J-wmen-mm—- Absolute yields, %-
This work

(extrapolated Ref 10

Tritiated to 102 cm (A2 cm

product pressure) pressure)
HT 26.0 26.6
1-Butene-i 20.5 21.2
Propylene-f 8.4 8.6
chZ cht 7.6 7.4
chXx 1.2 1.1
irons-2-Butene-i 0.84 1.3
cis-2-Butene-i 0.62 1.9
CHer 0.44 0.3

The higher HT yields in the presence of HZ indicate
that many additional T atoms react with HZS by ab-



Recoil Tritium Reactions

straction, as in (11), adding to the HT yield obtained by
reaction with the butene substrate.

T* + HS—> HT + SH (11)

The vyields of CH3T, C2HsT, and n-C4HIT are also in-
creased by radical reaction with H2S. In addition,
small amounts of tritiated olefins seem also to have been
formed by attack of vinylic radicals on H2S. The ap-
proximate increase in these products—a direct measure
of the stabilized radical yields in these systems—is given
in Table V, from the data shown in Figures 1-4.

Table V: Stabilized Radical Yields Following T*
Reactions with 1-Butene and cis-2-Butene

-Incremental absolute yields,” %e

Fmmmme- I-Biitene----—-- « ciis-2-Butene------ !
Product 50 Torr 760 Torr 50 Torr 760 Torr
HT 5.0 5.0 6.0 6.0
7eC4HIT 20.2 24.8 21.3 23.6
CHsT 4.0 2.9 15 1.0
CHS5T 0.5 0.4 0.3 0.3
ché 0 0 0 0
chXx 0.8 0.7 0.2 0.3

“ Incremental absolute yields with HZ as scavenger vs.
yields with 0 2scavenger (read at 50 and 760 Torr from straight-
line fits to the data illustrated in Figures 1-4).

The yield changes with pressure clearly show that the
parent molecule yields decrease at lower pressures, con-
sistent with the decomposition of the excited molecules
(e.g., CHITCH2CH=CH?2, asCHIIITCH=CHCH3,
etc) formed by direct T-for-H substitution. A
previous measurement of the pressure dependence of 1-
butene-i has indicated a decrease in stabilized yield by
12 + 3% over the smaller pressure range from 685 to 68
Torr, 13 in reasonable agreement with our observations.

Similarly, the n-C4HIT vyield in the H2S-scavenged
systems also falls at lower pressure, as expected since a
smaller fraction of C4HsT* radicals are collisionally
stabilized at the loner nolecular densities. The chief
products of excited radical decompositions (CH3CH=
CHT from CH3CHCHTCH3, CH2TCH=CH2 from
CH3CH2CHCHZT*, CHZCHT from CH3CHxCHT-
CH2%) all increase markedly at low pressures as more
decomposition is able to occur. The larger effect for
CH2TCH=CH2 than CH2CHT from 1-butene indi-
cates a greater sensitivity to pressure effects for sec-
butyl-f parent radical of the former than for the n-butyl-
t parent of the latter.

Another quantitative comparison can be made: if
the sources of ethylene-i and propylene-f are the decom-
positions of butyl radicals and the latter are converted
by HS to n-CJRT, then the sum of n-C4HIT + CHZT-
CH=CH2 + CHZCHT from 1l-butene should be
constant with pressure. The values for this sum at
760, 400, 150, and 50 Torr are 41.8, 41.4, 41.2, and
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41.0%, respectively. This near constancy is additional
evidence for the validity of the mechanism presented.

A similar comparison can be made for T* reactions
with cfs-2-butene by summing the values for n-C4H9r
and CHCH=CHT. These sums, for the same pres-
sures, are 35.0, 35.2, 35.7, and 36.0%, again showing a
near constancy consistent with the suggested mecha-
nism

Othei Hot Reactions Forming Olefinic Products.
Propylene-f can also be formed by direct T-for-CH3
substitution in 1-butene

T* + CHaCH2CH=CD2—"
CHITCH=CD2+ CHs (12)

as well as by the addition-decomposition mechanism.
However, as illustrated in (12), the two mechanisms
lead to isotopically distinguishable products with 1,1-
dideuterio-l-butene: CHZTCH=CD2 from direct T-
for-CH3 and CDZ2ITCH=CH2 from addition-decom-
position. Gas chromatographic separation of the iso-
topic propylene-f molecules from CH3CH2CH=CD2
has demonstrated that the T-for-CH3 reaction is both
small in yield (<5% under all of our gas phase condi-
tions) and essentially pressure independent 1324 Con-
sequently, this small propylene-f contribution has a
negligible effect on the conclusions drawn from varia-
tions in the pressure-dependent yield of propylene-f
from CHsCH2CH=CH2 By inference, we assume
that direct T-for-CH3 substitution with cfs-2-butene
with no sec-butyl radical intermediate is also negligible
in yield compared to the addition-decomposition
mechanism.

The vyields of the “nonparent” Ca4 olefins, i.e., 1-
butene-f and frans-2-butenc-f from «s-2-butene, and
the 2-butene-f molecules from 1-butene presumably
result primarily from radical decomposition by the less
exothermic pathway of H atomloss, as illustrated in (13)

CH3CH2XCHCHZ2T* —>
CH3CH=CHCHZI + H (13)

for the sec-butyl-f radical from 1-butene. These path-
ways are of negligible importance for sec-butyl radicals
formed by thermal addition of hydrogen atoms but are
not so unfavored for the addition of hot hydrogen atoms.
The yields from such reactions are unlikely to be either
(@ more than a minor pathway for excited radical
decomposition or (b) pressure-dependent reactions, and
little information is generated about them by our
experiments. The detailed assignment of the yields
of nonparent olefinic products is complicated by the
possibility of cis-trans isomerizations by highly excited
parent nolecules, i.e., cis-CH2TCH=CH C Hz* —* trans-
CHZTCH=CHCH3 It is noteworthy that skeletal iso-
merization of such excited molecules can be essentially
excluded, for isobutene-f is not a product of any of these
reaction systems (yield <0.1%).

The Journal of Physical Chemistry, Vol. 75, No. 26, 1971
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po2 + PNV

Figure 5. Effect of 0-10% O2scavenger on yields of recoil
tritium reactions with 1-butene (from ref 10).

02 as Scavenger and as Major Component.
pendence of product yields on oxygen concentration
for the unmoderated 1-butene system has been pre-
viously studied up to about 10 nmol % 02 as shown in
Figure 5 In contrast to the saturated hydrocarbon
systems, the unsaturated system appears to require
very small amounts of oxygen to obtain consistent
yields of the various products. We have extended
this study to nmore than 70 mol % 0 2 concentration at
24°, as shown in Figure 6. Equivalent conditions for
collisional stabilization of excited species have been
sought by keeping constant at about 70 Torr the total
“effective pressure,” defined as 1.0(Pi_bUee) + 0.2-
(PoO + 0.1(PFH= The constancy of CHZ€HT
and propylene-i vs. 02 concentration attests to the
suitability of the choice of coefficients for this “effec-
tive pressure.” The constant ratio of yields of CHZT-
CH=CH2to 1-butene-f also indicates no appreciable
change in the distribution vs. energy of collisions by
energetic tritium atoms, since the average energy for
formation of these two products is probably quite dif-
ferent.

Molecular HT is the only major product with a signif-
icant decrease in yield vs. increasing 0 2 concentration,
while the yields of trans- and c?s-2-butene-( rise very
slightly. The former is presumably the result of com-
petitive removal by 02 of lower energy hot tritium
atoms which otherwise would have abstracted hy-
drogen atoms to yield HT. This reduction in HT
illustrates that the cross section for reaction with 02
is not negligible in the “hot” energy range—or at least
in that part of it in which HT is formed. It is also
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Po2 + P/V-

Figure 6. Effect of O2upon relative yields of recoil tritium
reactions with 1-butene.

P2 *

Figure 7. Effect of 02upon relative yields of recoil tritium
reactions with cis-2-butene.

clear that 02 concentrations up to 10% have a negli-
gible effect on relative yields. Similar results were
obtained with m-2-butene, as shownin Figure 7.

These data are all expressed relative to the labeled
parent olefin yield as 100. We are unable to assess
the variations in absolute yields from these experiments
because these calculated numbers are very sensitive
to the recoil loss of tritium in pure 0 2—i.e., to the stop-
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Excitation Energy, kcal/mols

Figure 8. Estimated rate constants for decomposition of
sec-butyl radicals after addition of isotopic hydrogen atoms.

ping power of 0 2for recoil tritium—a factor which has
not yet been accurately measured by experiment.
Formation of CHZT Radicals. The incremental
yield of CHS when HZX- and 02scavenged experi-
ments are compared indicates the presence of CHZI
radicals in the system. One possible source of CHZT
radicals is the decomposition of CH3r* formed in a
primary substitution process as in (14).33L The rate

CHS* —~ CHZ + H (14)

constants for the isotopic reaction of CH4* have been
calculated and are shown to change from 108to 10u
sec-1 for less than 10-kcal/mol increase in excitation
energy. Consequently, pressure dependence of CH3T
yields should be very difficult to observe, and none
is indicated for either of the 02scavenged butenes
(Tables I and 11) over a 15-fold range in pressure.2
The increase in CH3T yield with HXS (Table V)—there-
fore, the yield of CHZI—is 1.0 + 0.1 at 760 Torr and
15 = 0.1 at 50 Torr for cfs-2-butene (Table Y). The
corresponding differences for 1-butene are 29 + 0.1
and 4.0 + 0.1, respectively. The CHZI vyields from
1-butene are substantially larger than from c?'s-2-butene
and are clearly pressure dependent, indicating contribu-
tions from an additional mechanism. This second
source of CHZI radicals is the decomposition of parent
CHZICHZCH=CH2* nolecules, as in (15), a well-estab-

CHZICHXH=CH2 —> CHZ + CH6 (15)

lished reaction for photolytically excited 1-butene
molecules.3 While substitution of tritium into other
positions in 1-butene should also be expected, there
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does not appear to be a corresponding increase in pro-
pylene-i from the scavenging by HZX of allyl-f. This
apparent lack could arise from (a) inefficient scaveng-
ing of allyl radicals by the almost thermoneutral reac-
tion with HZS, (b) lesser substitution per C-H bond
in olefinic positions, or (c) lesser average energy de-
position following substitution in olefinic C-H posi-
tions. The present data do not permit a choice among
these alternatives.

At least one alternate minor decomposition path is
also indicated for excited 1-butene molecules by the
observation of CH2Z2CHT from the reaction of T*
with CHCHZCH=CD2 probably as illustrated in (16)
and (17).3 (Decomposition of CHICHTCB=CD?2*

CHZICHXH=CIV" —
CHZICH2 + CH=CD2 (16)
CHZICH2* —> CHT=CH2+ H 17

could also lead to the formation of CH2Z=CHT by the
same reaction sequence, but substitution onto the
other two carbon positions should lead to vinyl-i rad-
icals and an incremental yield of CH2ZCHT in HS-
scavenged systems.)

Excitation Energy of Butyl-t Radicals. Extensive
studies have been made of the decomposition of excited
alkyl radicals formed by the addition of H or D atoms
to butenes, and the rate constants for thermal addition
have been calculated for many combinations of initial
isotopic hydrogen, identity of the bath molecule, and
temperature of the bath molecule.1421 For example,
the sec-butyl-f radicals formed by H addition to 2-
butene at 25° are known to decompose competitively
with collisional stabilization in the pressure range ~5
Torr. The observation in our experiments of appreci-
able pressure dependence of yields in the vicinity of
500 Torr implies immediately that the decomposition
rate constants for some molecules in this system are
about 100 times faster than in the typical thermal sys-
tem and that this extra excitation energy is the result
of excess kinetic energy on the tritium atom at the
time of addition to the olefin.

Detailed calculations are available for the rate con-
stants for decomposition of butyl radicals formed by
H or D addition to cfs-2-butene when excited to ener-
gies as high as 60 kcal/mol.1417 We have extended
these calculations to higher energies for H and D and
have also calculated the corresponding curve for T
atom addition, as shown in Figure 8.2 From these
rate constants, we have also calculated in Table VI
the incremental change in per cent decomposition for

(30) D. Seewald and R. Wolfgang, J. Chem. Phys., 47, 143 (1967).
(31) Y.-N. Tang and F. S. Rowland, J. Phys. Chem., 72, 707 (1968).

(32) With CHYT* from T* + CH4 about 10% change is observed
over a pressure range of a factor of 30 (see ref 30).

(33) See, for example, J. P. Cheslck, J. Chem. Phys., 45, 3934 (1966) _
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excited sec-CiHsT* radicals between 50 and 760 Torr. 24
These data show that the largest increments in such
decomposition occur for rate constarts of 10¢ 1010 SEC 1
or excitation erergies of roughly 55-85 kcal/mol.
Since about 435 kcal/mol is always available from
the Cxothermicity of the addition reactions: the cor-
responding tritium kinetic erergies are only about
10~10 kcal/mol. Above a tritium kinetic energy of 2
eV (90 kcal/mol total excitation energy), most (>80%)
excited radicals deconypose even at 760 Torr and hence
contribute substantially to the yield of propylene-i at
all pressures but very little to any observed depen
dence of this yield upon pressure. Similarly, with a
tritium kinetic energy of 0.4 eV (53-kcal/mol total ex-
citation energy) nore than 80% of the radicals are
stabilized even at 50 Torr pressure.  From the approxi-
mately 59% (64.3 WCGHsT vs. 44.2 propylene-i) sta-
bilization of the sec-butyl-i radicals at 50 Torr pressure,
a monoenergetic distribution of radical energies would
correspond to a tritium kinetic energy of only about
0.6 eV. However, when coupled with the 67% sta-
bilization (81.9 vs. 39.6) at 760 Torr, the data indicate
a broad distribution of excitation energies with a ne-
dian tritium kinetic energy of <0.5 eV and not nore
than 20-25% with >2eV.

Table VI: calculated Per Cent Decomposition of CJ1ST
Radicals from a's-2-Butene at 50 and 760 Torr

Incremental

Excitation % decompn

energy, KE, <-------- % decompn----------n  (50-760
kcal/mol sec-1 50 Torr 760 Torr Torr)
49.8 7.4 X 107 6.9 0.5 6.4
53.5 2.0 X 10s 16.3 1.2 15.1
61 1.1 X 109 51.9 6.5 45.4
71 6.5 X 10« 86.6 29.4 57.2
81 2.5 X 100 96.1 61.3 34.8
91 7.4 X 100 98.7 82.7 16.0
101 1.8 X 1011 99.4 92.1 7.3

The rates of decomposition for butyl radicals formed
in :-butene are slightly different.s because of the slight
energy changes between :-butene and «'s-2-butene.
Nevertheless, a very similar conclusion is reached:
the median kinetic energy of the tritium atom at addi-
tionis<0.5 eV.

Energy Ranges of Various Hot Reactions. The
smooth variations of yields with pressure in these ex-
periments suggest a broad distribution of excitation
energies, corresponding to a broad distribution of tri-
tium kinetic energies at reaction. However, this dis-
tribution is very different from that found with the
energetic substitution reactions for the <0.5-eV me-
dian energy of the addition reaction is far loner than
the 5 eV estimated for T-for-H in cyclobutaness or s -s
eV for T-for-CHs in 1,3-dimethylcyclobutane s While
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the energetic addition reaction can take place at higher
erergies too, the bulk of the addition reactions found
in nuclear recoil tritium systerms are relatively low
energy processes occurring after the tritium atom has
dropped below the threshold of the substitution reac
tions. This, of course, does not mean that the double
bond is less reactive than C-H bonds at higher ener-
gies—the yields of decomposed radicals at 760 Torr
(signifying 1-2 eV or nore kinetic energy of tritium)
are comparable to the cumulative yields observed for
substitution at al eight C-H bonds (see Tables | and
).

The competition (Table 111) between HS and cis-
2-butene for T atorms obviously involves lowenergy
tritium atonrs, for an increase in HAS diminishes the
yield of the “low’-energy addition product, n-CJHgT,
without reducing the yield of the “high”-energy addi-
tion product, CH:CH=CHT. An appreciable frac
tion of the recoil tritium atoms thus survive down into
an energy region where the remaining reactions open
to them are the competing processes of addition to an
olefin or abstraction to form HT. Again, the abstrac-
tion reaction can also be initiated at higher erergies
and our experiments offer little information about the
reaction probabilities at energies in the electronvolt
region. However, the data of Fgures ¢ and 7 show
reaction with o . competing with abstraction (falling
yield of HT) but not with “energetic’ addition (no
change in yields of CH:CH=CHT from cfs-butene-i
or of CHZCHT or CH. TCH=CH: from 1-butene).

The vyields of propylenef and CH2ZCHT oor-
respond crudely to the sum of the highest energy addi-
tion reactions to the asymmetric 1 -butene and indicate
that directional preferences in addition to double bonds
are not very strong in the several electronvolts range s
However, in the lower parts of the hot region terminal
addition becomes measurably nore probable than non-
terminal addition; finally, of course, terminal addition
is very heavily favored in the thermal region.

We are, of course, unable to distinguish the addition
of thermal tritium atons from the hypothetical addi-
tion of monoenergetic o .2 -eV atoms, since the sec-butyl-
t radicals from either system are completely stabilized
at 50 Torr pressure and are either observed as n-C4HIT
in an H:S-scavenged system or not measured at all in
an 0: system. The effective loner limit of 50 Torr
for these experiments has been a practical one involv-
ing the necessity for “stopping” 192-keV tritons in the
gas phase in bulbs of 2-cm diameter.  Further prog
ress in this lowpressure region could be made after
substantial alterations in the neutron irradiation facili-

(34) This estimate is based upon the 40.0- and 41.8-kcal/mol exo-
thermicities estimated for H + ct's-2-butene and D + cis-2-butene,
respectively. See ref 17.

(35) E. K. C" Lee and F..S. Rowland, J. Amer. Chem. Soc., 85, 897
(1963).

(36) C. T. Ting and F. S. Rowland, J. Phys. Chem., 74, 445 (1970).
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ties to accommodate much larger irradiation vessels.
With these changes, a more precise evaluation could
be made of median kinetic energies of tritium atorms
to olefins. The basic qualitative conclusion would,
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however, remain unchanged—these addition processes
are for the most part quite lowenergy processes oc-
curring well below the energy region in which substitu-
tion processes are observed for saturated paositions.

Recoil Tritium Reactions with Cyclobulane-r/8 Excitation Energies

Accompanying Substitution of Energetic Tritium for Deuteriumi

by Akio Hosaka and F. S. Rowland *

Department of Chemistry, University of California, Irvine, California 9E664

(Received July 1, 1971)

Publication costs assisted by Division of Research, U. S. Atomic Energy Commission

The median residual excitation energy left on C-CD7T* following the energetic substitution of T-for-D in
C-CaDs is essentially the same (£0.2 eV) as for C-C4H7T* from T-for-H in C-C4Hs and is estimated to be 5 eV.
The fraction of excited C-C4D7T* molecules which are collisionally stabilized is higher than for C-C4H7T* at
the same pressure because of the fourfold faster decomposition of the prctonated species for equal excitation

energies.

The per cent collisional stabilization is about 60 for C-C4H7T* and 67 for C-C4D7T* at 1 atm pressure.

The per cent stabilization is about 83 in the liquid phase and 95 in the solid at —196° for both C-C4H7T* and

C-CD7T™>.

Introduction

Energetic recoil tritium atoms can substitute for hy-
drogen atoms in all substrate molecules, as in (1), with

T* + RH—> RT* + H @

product yields which show both pressure and phase ef-
fects.25 The most important source of the yield
changes found with variations in gas pressure arise
from secondary decomposition of the excited RT* nol-
ecules on a time scale competitive with collisional sta-
bilization in this pressure range, i.e., in Most experi-
ments, 0.1-5 atm—roughly 10-9-10-10 sec. Compari-
son of recoil tritium results with thermal pyrolysis stud-
ies of the same nolecules has shown that the primary
RT* products are formed with a broad spread of excita-
tion erergies in the several electronvolts region,69
while a detailed study of cyclobutane showed that the
median excitation energy in this system was approxi-
mately 5 eV.7 The T-for-CH3substitution reaction in
in 1,3-dimethylcyclobutane has shown an even higher
(estimated 6-8 eV) median energy deposition folloning
the replacement of this heavier group.D Further, a
series of similar experiments has established that high
deposition energies are also commonly observed follow
ing the energetic reactions of both B~ atoms11-16 and
AL or 1 atoms, b with excitation energies in some
cases >10eV. 1246

The temperature effect on these decomposition reactions is <2% over the range 24-125°.

We have now carried out studies with cyclobutane-
ds to complement the earlier c-C4H8 experiments,
thereby permitting evaluation of the isotope effects in
these substitution reactions. The excited c-CD7T*
molecules formed by the initial substitution reactions
can then undergo the competitive reactions of colli-

(1) This research has been supported by AEC Contract No. AT-
(04-3)-34, Agreement No. 126.

(2) F. Schmidt-Bleek and F. S. Rowland, Angew. Chem., Ini. Ed.
Engl., 3, 769 (1964).

(3) R. Wolfgang, Progr. React. Kind., 3, 97 (1965).

(4) R. Wolfgang, Ann. Rev. Phys. Chem., 16, 15 (1965).

(5) F. S. Rowland, “Molecular Beams and Reaction Kinetics,*
Academic Press, New York N. Y., 1970, pp 108-138.

(6) B. Musgrave, J. K. Lee, and F. S. Rowland, Can. J. Chem., 38,
1760 (1960).

(7) E. K. C. Lee and F. S. Rowland, J. Amer. Chem. Soc., 85, 897
(1963).

(8 Y.-N. Tang and F. S. Rowland, J. Phys. Chem., 72, 707 (1968).
(9 C.T.Ting and F. S. Rowland, ibid., 74, 4080 (1970).

(10) C. T. Ting and F. S. Rowland, ibid., 74, 445 (1970).

(11) Y.-N. Tang and F. S. Rowland, ibid., 74, 4576 (1967).

(12) Y.-N. Tang, T. Smail, and F. S. Rowland, J. Amer. Chem. Soc.,
91, 2130 (1969).

(13) C. McKnight and J. W. Root, J. Phys. Chem., 73, 4430 (1969).
(14) C. McKnight, N. J. Parks, and J. W. Root, ibid.,, 74, 217
(1970).

(15) K. A. Krohn, J. N. Parks, and J. W. Root, J. Chem. Phys., in
press.

(16) Y.-N. Tang, W. S. Smith, J. L. Williams, K. Lowery, and
F. S. Rowland, J. Phys. Chem., 75, 440 (1971).

The Journal of Physical Chemistry, Vol. 75, No. 25, 1971



3782

sional stabilization or decomposition to two molecules
of ethylene, as summarized in eq 2-4. Evaluation of

T* + cCD8—> cCOTT* + D )
cCODT* + M —> cCDT + M 3
cCHTT* — » CD3T + CD4 4

the excitation energies of c-CD7T* permits comparison
of the residual erergies left following substitution of T-
for-D vs. T-for-H.

Experimental Section

Irradiations. The energetic recoil atoms were formed
by standard thermal neutron irradiation procedures:2-5
(@ condensed phases, @.i(n,a)T in capillaries contain-
ing LiF plus the substrate; (b) gas phase, 3He(n,p)T on
mixtures of 3He, substrate, and scavenger molecules in
glass ampoules. The irradiations generally lasted for
about i hrin athermal neutron flux of 101lncm-2 sec-1.
Most irradiations were carried out in the dry exposure
room of the Hawthorne TRIGA reactor under condi-
tions for which absolute yield determinations were not
possible.

The 125° samples were irradiated in an oil bath kept
at a temperature of 125 + 5°. The duplicates for this
comparison were irradiated in an unheated oil bath at
the same time, in order to keep neutron irradiation con-
ditions as comparable as possible. The —196° sam-
ples were frozen and then irradiated while inside a large
dewar of liquid nitrogen. The nitrogen level was de-
pleted at an accelerated rate in the radiation field but
visibly lasted to the end of the irradiation in some cases.
No vyield differences were observed for the others, and
we believe that the sample temperatures remained at
—196° for essentially the entire period of irradiation.
Cyclobutane contained in capillaries with LiF remained
visibly transparent when cooled to —78° with Dry Ice
and is presumed to have been liquid during irradiation.
(Literature values for the melting point vary from —50
to —90°.)

Chemicals. Cyclobutane (Merck Sharp and Dohme)
contained less than 1% n-butane and was used without
further purification. Cyclobutane-d8was supplied by
Merck Sharp and Dohme and was stated to be 98%
isotopically pure in deuterium. The most important
impurities observed in c-CD8by gas chromatography
were n-butane (~2%) and propane (~0.2%). The
material was used with these hydrocarbon impurities
present.

Sample Preparation. Samples were filled by the
standard vacuum line procedures described earlier.2-6
While initial compositions of all samples were moni-
tored by measurement of input gas pressures, the rela-
tive ratios of c-C4H8 cC4D8 and CH4in mixtures with
each other were determined by thermal conductivity
measurements during the postirradiation analysis. The
relative thermal conductivities used in this analysis
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were determined as follows (N-C4Hi0 = 1.00): c-C4Hs,
0.936; c-C408 0.867; CH4 0.459.
Chromatographic Separation and Analysis. The vari-

ous radioactive products were separated by gas chroma-
tography and analyzed with an internal flow propor-
tional counter in the standard manner.I/ Most sam-
ples were analyzed with a 50-ft dimethyl sulfolane col-
umn or a 50-ft safrole column for the hydrocarbon
peaks, while HT and/or DT was separated from meth-
ane-f with a second aliquot on a 50-ft PCA column
(propylene carbonate on activated alumina).

Isotopic components were separately measured in
samples containing both protonated and deuterated
components by the following columns: (a) HT from
DT, 8 ft of activated alumina preceded by a 12-ft buffer
column of Chromosorb P; (b) c-CHTT from c-CDTT,
these peaks separate readily on the 50-ft safrole column;
(©) CHZCHT fromCD2=CDT, 200-ft column of Ag-
NO3 in ethylene glycol. No corrections have been
made to the observed data for the estimated 16%
c-CDO'MH inc-CD8

Results

Samples with Only One Hydrocarbon Present: c¢-CiHs
or cCD8 The distribution of radioactivity among the
chief volatile products following recoil tritium reaction
with ¢C48is shown in Table I, together with some
concurrently measured samples of ¢cC4H8 In each
case, the yields have been expressed relative to the sum
of cCDOTT + CD3I (or c-CHTT + CH3IN) as 100. In
the presence of 0 2scavenger in the gas phase, the only
products with important yields are the abstraction prod-
uct DT (or HT) and the complementary pair of cyclo-
butane-f plus ethylene-f. The addition of HZXS raises
the yields of CH3I and C2H5T, indicating the presence
of moderate yields of CHZI' and CHA4T radicals. The
very small yield of n-CHIT indicates that a negligible
yield of Nn-C4H8I and sec-CAI8T radicals can be found
in the gas-phase samples. In the condensed phases—
in the absence of a scavenger molecule—several prod-
ucts have increased yields, most notably that of n-bu-
tane-i in the solid phase. The much shorter time prior
to stabilizing collisions substantially reduces the sec-
ondary decomposition of both c-CD7T* and c-CHTT*
in the condensed phases, as shown by the diminished
relative yields of CD3I and CZH3T.

The pressure and phase dependence of the yields of
the three major products are summarized in Table 11
for cC48and c-C4H8in concurrent experiments. The
relative yield of cyclobutane-f for each of these experi-
ments is displayed in Figure 1, together with the earlier
cC48data of Lee and Rowland7and some mixture ex-
periments described below. The two sets of c-C4H8
data were measured in completely different laboratories,

(17) J. K. Lee, E. K. C. Lee, B. Musgrave, Y.-N. Tang, J. W. Root,
and F. S. Rowland, Anal. Chem., 34, 741 (1962).
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Observed Tritiated Products from Recoil Tritium Reactions with c-CiHg and c-G-iDs

Irradiation conditions*-

277 gas

15 Os
12 "He

24

52.9
47.1
154
0.1
0.1
0.6
0.4
15
1.0
15

610 gas

66 HsS
14 8He

24

57.0
43.0
259
16.0
15.1
0.4
1.0
13
1.0
2.3

259 gas

506G

12 *He

125

52.6
47.4
186
0.4
0.3
0.4
0.2
1.2
1.2
1.7

L°2

Liquid

LiF

24

82.0
18.0
213
6.5
10.8
1.6
11.2
1.1
1.6
7.0

Liquid

LiF

-78

83.1
16.9
207
4.7
11.0
2.2
13.0
0.9
1.8
11.1
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Solid*

LiF

-196

94.6
5.4
241

4.5
8.3
1.9
46.6
<0.5
0.4
11.6

Table I:
------------------ Irradiation conditions*------------------>
£ '
266 gas 258 gas Liquid Solido
19 0! 19 Os LiF LiF
10 He 10 "He
24 125 24 -196
Producth Product**
GCDTT 61.8 61.7 83.7 95.2 CCHTT
CD3r 38.2 38.3 16.3 4.8 ch3Xx
DT 150 159 199 215 HT
CDSr 0.6 0.2 4.4 5.0 CH3r
cDer 0.2 0.1 9.5 8.3 ch&
cxd 0.3 0.4 1.9 1.9 c3h,t
re-CjDsT 1.7 1.8 13.0 54.1 n-CaHIr
CD=CT 1.3 1.1 0.9 <0.5 CH=CT
CaDsT 0.7 0.6 2.2 1.0 CaHer
1-C,D,T 1.5 1.4 8.8 104 I-C4H7T

aGas pressures in Torr.

c Total radioactivity is considerably lower for solid samples because of lowered neutron flux inside the liquid nitrogen dewars.

butane-i + ethylene-i = 100.

Table I1:
————————————— C-CAT8reactions - -mrsmercecmeen
c,hs fl 01 *11.d
Phase Torr c-CET HT

Gas, 24° 51 474 +0.6 172+ 2
966 469 + 0.3 216 £ 2
116 499 0.5 160: 2
277 529+ 0.3 155+ 2
285 535+ 0.3 157+ 2
551 56.9+0.4 164: 2
610" 57.0: 0.3 259 : 2
708 59.1: 0.4 165+2
Liquid, 24° 84.2: 0.7 198+ 2
84.0: 0.6 207+ 2
82.0: 0.6 213+ 2
Liquid, —78° 831: 1.0 207+ 3
Solid, -196° 944+ 1.4 2544
947+ 14 266 + 4
925+1.6 233+4
946+ 15 241+ 4

1Gas samples also contained 10-14 Torr 3He and 13-24 Torr 02 except as marked.

dCyclobutane-f + ethylene-f = 100.

albeit with the same basic techniques, and are in excel-
lent agreement. The comparison of the data from the
isotopic molecules shows clearly that the fractional sta-
bilization of G:C4D7T* is greater than that for GCH7T*
at all gas pressures, while being very nearly equivalent
in the condensed-phase experiments.

Samples Containing Two Hydrocarbons in Competition.
Since the spectrum of recoil tritium energies is con-
trolled by collisions with the molecules of each system,
the tritium atom spectra in c-C4H8and c-CiDg need not
be the same. Indeed, measurements with methyl fluo-

bSmall yields (always <1.0) were also observed for cfs-2-butene-i, (ecms-2-butene-i, and 1,3-butadiene-l.

dCyclo-

Relative Yields of Major Products from Recoil Tritium Reactions with C-C#Hs and cCiDs

————————————————— C-CD Breactions--mrmeememmemeeenen

CiDi d
Phase Torr CGCDT DT
Gas, 24° 53 54.0+ 0.7 146+ 2
76 56.4 = 0.7 151+ 2
192 60.3: 0.5 151+ 2
266 61.8+ 05 150+ 2
281 628+ 1.3 146 + 2
395 62.4: 0.5 145: 2
431 63.1: 0.5 144 . 2
734 66.4+0.6 150: 2
Liquid, 24° 83.2+0.6 200: 2
84.3: 0.7 205: 2
83.0: 0.7 197 2
83.7+ 0.8 19+ 2
Solid, -196° 95.0+1.4 203+ 3
945+ 14 206+ 3
95.7+ 15 200+ 3
95.2+ 1.3 215: 3

615 Torr HS, no 02 ¢ 66 Torr HXS, no O

ridel8 9and methane2)2L have shown that energy loss is
about 20% greater for energetic tritium atoms in the
protonated substrate than in the deuterated counter-

part.
These variations in tritium fluxes have a direct influ-

(18) E. K. C. Lee and F. S. Rowland, J. Amer. Chem. Soc., 85, 2907
(1963).
(19) E. K. C. Lee, G. Miller, and F. S. Rowland, ibid., 87, 190
(1965).
(20) J. W. Root and F. S. Rowland, J. Chem. Phys., 46, 4299 (1967).
(21) J. W. Root and F. S. Rowland, J. Phys. Chem., 74, 451 (1970).
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Table I11: Yields of Major Products from Recoil Tritium Reactions in c-C-iHg-c-CiDa Mixtures
--------------------------- Gas pressure, TOrr-----------e-emeemeomeoeeeeee
C-CiHs - GCiD& 481 326 105
Oi 18 17 17
He 10 10 10
Produyct = Obsd radioactivity counts above background---—-—--
0 C4H7T 21,640 8,690 16,710
C-CD7T 15,440 6,280 12,040
chZ cht 16,140 7,210 16,470
CDi=CDT 8,770 3,800 9,280
HT 26,630 55,530
DT 1100,650 15,440 30,660
(cC4H8)/(0 CaDg)" 1.11 * 0.02 1.08 £ 0.02 1.15 + 0.02
[(C-CAHTT + CH3T)/(eCaDTT + 141 + 0.07 1.47 + 0.07 1.35+ 0.08
CD3T)]/[e(CaHs)/ (o CaD8)
(CCHTT )/ (CCAHTT + C2H3T) 0.573 0.547 0.504
(0 C4DTT)/ (0-C4D7T + CDa) 0.683 0.623 0.565
[(HT)/(DT))/[(c-C4Hg)/(c-C4D8) 1.6D 1.57*

° The relative composition of c-C4Hs and c-CiDs was measured by thermal conductivity of observed mass peaks. 6 Uncorrected

for o C4D7H impurity.

Figure 1. Fractional stabilization of excited cyclobutane-i
molecules following energetic tritium atom substitutions:
6, c-caH-T* from cC,H8 e, c-cup -7+ from c-CaD§ X,
cC4H7T* from c-c a4 s;7 N, c-C4H7T* from c-CiHg-CHi
mixtures;, ®, o cap 7T * from c-cspsc H 4 Mixtures; V,
c-ceH T+, @and v, c-cap 77+, both from c-CiHg-c-CiDg
mixtures; vertical crosshatching, predicted values for
c-c.p T+ with same distribution of excitation energies as
c-c«H -7 *; horizontal crosshatching, predicted values for
c-c4p 7T+ With distribution of excitation energies of c-c aH /7 *
increased by 0.2 eV.
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ence upon the total observed yields of substitution +
decomposition products but need not have any effect at
all on the fractional stabilization of excited molecules,
which is dependent on the fraction of molecules formed
with each energy and not at all on the total yield. Ne-
vertheless, we have made several measurements of the
major product yields in samples simultaneously contain-
ing both c-CAH8 and c-C4D8 In such mixtures, both
molecules are exposed to the same recoil tritium atom
flux and the fractional stabilizations have thus been
measured for equivalent conditions. The results from
three such mixture experiments are given in Table 111.

The total substitution into c-CH8is 141 + 0.04
times larger per molecule than into c-CAD8under these
competitive conditions, although the greater fractional
decomposition of the protonated molecules reduces the
observed c-CAH8T/c-CAD 7T ratio somewhat below this
value in the gas phase. In the same systems, abstrac-
tion to form HT from c-C4H8is 1.59 + 0.04 times more
probable than that to form DT from c-C4D8 The in-
dividual fractional stabilizations of c-CH7T* and c-
CD7T* are both quite consistent with the values found
for these molecules separately at the same total pressure,
as shown in Figure 1

Competitive experiments have also been conducted in
mixtures with CH4for both c-C4H8and c-CAD8over the
range of pressures shown in Table IV. A minor cor-
rection [0.5% X sum of cyclobutane-f and ethylene-f
for both c-C4H8and c-C4D8] has been applied to the ob-
served methane-i yields for the formation of methane-f
by direct reaction of tritium atoms with cyclobutane.
The specific activity ratios for total substitution into c-
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Relative Yields from Recoil Tritium Reactions in C-CHs-CH4 and 0 C4Ds CH4 Mixtures

-Gas pressure, Torr-
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Table 1V:
mGas pressure, Torr-
0 Cdls 544 497 110
cha 200 192 51
02 21 25 30
He 9 11 13
«Obsd radioactivity, eounts-
0 C4H7T 56,440 46,980 70,480
CoH3T 38,290 35,130 70,590
CH3r 16,450 15,540 28,900
CHY, cor 15,980 15,130 28,200
HT 173,700 146,700 291,200
-Ratios-
T (CCHTT + CAT) - 543 5.00
(CHST) ' '

I =@ f . 2.32

(c( i 2.10

“ Mass ratio from filling pressures.

Table V: Temperature Dependence of Major Product Yields
in Recoil Tritium Reactions with C-C4Hs and c-C4Ds

-Sample compn, Torr-

c-C4H8 277 250 259 0 0 0 0

CCDs 0 0 0 266 281 258 265

02 15 16 15 19 18 19 18

He 12 12 12 10 10 10 10
T , n4

24 125 125 24 24 125 125

Rel product yields
— (cyclobutane-i + ethylene-i = 1(D)—

0.62 0.63 0.62 0.60
150 146 151 1.59

Cyclobutane-1 0.53 0.53 0.53
HT (or DT) 154 1.73 1.86

CsHs and c-CD8vs. CH4 are 220 + 0.10 and 149 +

0.04, respectively. Cross comparison of these two ra-
tios gives avalue of 1.48 + 0.07 for the primary reaction
yields with c-C4Hs vs. ¢c-C4D§ in good agreement with
the 1.41 + 0.05 obtained in the direct competition be-
tween the two cyclobutanes. Again, the observed frac-
tional stabilizations of c-C4H7/T* and CGCD7T* are
consistent with those found in other experiments at the
same total pressure.

Several gas samples of each cyclobutane were also run
under comparable conditions at both 24 and 125°, as
shown in Table V. The statistical counting errors
(10) are approximately =0.01 for the cyclobutane-f
and +0.02 for HT (or DT).

Discussion
Possible Isotope Effects in Recoil Tritium Reactions.
Several different kinds of high-energy isotope effects

CCDs 551 244 105
CHa 198 75 39
02 20 20 20
&He 10 10 10
0 C4aD7T 57,780 39,980 36,080
CD3Ir 30,790 23,940 25,740
chXx 22,090 13,530 15,330
CHaT, cor 21,640 13,210 15,020
DT 144,000 110,500 101,100
~Ratios-
(CCDTT + CD3T)  4.09 4.84 412
(CHaT)
(c-CrDs)* 1.47 1.49 1.53
(CH9)

have been identified and discussed in recoil tritium atom
systems:2-5 (a) reactivity, varying probability of
bond formation per collision of the tritium atom with a
substrate molecule; (b) moderator, varying rates of en-
ergy loss in the nonreactive collisions of the tritium
atom with the substrate molecules; (c) average energy,
shifting maxima of probabilities for reaction with iso-
topic substitution in the substrate molecule. The reac-
tivity isotope effects have been further divided into
primary replacement isotope effects involving the sub-
stitution of tritium atoms for isotopic atoms and sec-
ondary isotope effects involving the influence of isotopic
substitution at positions other than that of the atom
being replaced by the energetic tritium atom. The re-
activity and moderator isotope effects are of relatively
lesser interest in this study, for they chiefly affect the
total yield of labeled products and not the distribution
of them between the stabilization and decomposition
products of (3) and (4). Estimates of the average-en-
ergy isotope effect in CHF ws. CDF showed that it
was small in that comparison and probably negligible in
its effect in the present situation. This conclusion is
substantiated by the agreement among fractional stabi-
lizations found in pure cyclobutane systems and for the
same nolecule in mixtures with methane or with the
isotopic cyclobutane.

One additional high-energy isotope effect and one
isotope effect measurable in chemical activation sys-
tems are of importance in this study, with the former the
primary focus of the experiment. The high-energy iso-
tope effect involves the comparison of average or median
energy depositions accompanying energetic T-for-H s.
T-for-D substitution reactions. These energy deposi-
tions are in turn related to the distribution of initial ki-
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netic energies of the tritium atoms just prior to success-
ful substitution, being essentially the difference in ki-
netic energies of the incoming tritium atom and the out-
going H or D atom. The other isotopic difference
strongly affecting these experiments is the known effect
of progressive deuterium substitution upon the rates of
decomposition of excited molecules. Evaluation of the
isotope effect in average energy deposition first requires
correction of the observed data for this isotope effect
upon decomposition rates.

Isotopic Variation in Decomposition Rates for Equal
Excitation Energies. One method of making full cor-
rection for isotopic variation in rates of decomposition
would involve the utilization of detailed RRKM calcu-
lations for GCGH7T and c-CAD 7T over the entire postu-
lated range of excitation energies, coupled with particu-
lar postulated distributions of excited molecules vs. en-
ergy. In the absence of any precise knowledge of the
real characteristics of such distributions, we have not
made such a full-correction calculation but have instead
chosen to make an empirical correction based on chemi-
cal activation experiments providing similar molecules
with lifetimes of the same approximate 10-9-10~Dsec
as those which are sensitive to the pressure changes in
our gas-phase recoil experiments.

A detailed study has been reported for the isotope ef-
fects found in the competitive pyrolysis of c-C4H8vs. c-
CDg as summarized in the high-pressure equation
kvkD = 0.75 exp(900/ii7) and the values of kn/ko
(all at 449°) of 1.41 + 0.02 at 100 Torr pressure, 1.0 at
about 0.08 Torr, and 0.83 at 0.005 Torr.2 These ther-
mal studies, however, are themselves a mixture of iso-
tope effects: the relative probabilities of activation to
a certain energy by collision, the relative probabilities
of deactivation—and the average energy losses—in a
subsequent collision, and the rates of decomposition for
a given excitation energy. The progressively decreas-
ing kn/ku values as the pressure is lonered reflect the
slow shift from an (activation + deactivation + de-
composition) composite isotope effect at high pressure
to (activation + decomposition) at very low pressures.
A separate measurement of the isotope effect in the de-
composition step alone cannot readily be extricated
from such thermal experiments.

A much more direct measurement of the isotope ef-
fects in decomposition rates can be obtained from chent
ical activation experiments, e.g., the relative rates of
loss of HC1 from CH3CH2CL vs. CH3CD2C12324 No
such experiments have been reported for cyclobutanes,
but several experiments with hydrocarbons and halo-
carbons indicate knv/k-Deffects of 1.2-1.3 per H/D differ-
ence in the isotopic molecules, or (1.2-1.3)7for c-CaH 7T
vs. ¢cCAD7T. This crude .estimate suggests that ex-
cited GCH7T* will decompose 3.6-6 times as rapidly as
CCD7T* for equal excitation energies. This estimate
has been confirmed by a chemical activation experiment
involving the insertion of CHT (from CHT=CO photol-
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ysis) into ¢C4H8 and c-C4D8& The experimental ob-
servations indicated that these nearly monoenergetic
Cc-CHTCHZI* molecules decomposed approximately 3.7
times as rapidly as CGC/D7CHDT* molecules. B In sim-
ilar experiments with methylcyclopropane and methyl-
cyclopropane-dg, Simons and Rabinovitch measured
(kn/ko)snourd 4.2 and (& d) geoetricl 4.5, 8 The
appropriate ratio of isotope rate constants is thus prob-
ably in the 3.7-4.5 range for 8 H/D differences, and
should be about the 7 8power of these values for the 7
H/D differences between c-C4H7T* and c-C4D7T*.  We
have accordingly estimated this isotopic rate ratio to be
34 + 0.3

Median Excitation Energies for Cyclobutane-t Prod-
ucts. The observed c-CH7T* data can be converted
into a prediction for the “expected” results for c-CD7T*
data simply by shifting the fractional stabilization curve
to a pressure lowered by a factor of 3.4 + 0.3, as shown
by the vertical crosshatching on Figure 1. The agree-
ment between the c-CD7T™* data and this prediction is
quite good and has the following significance: within
the available accuracy of corrections for differences in
the secondary decomposition rates, the distributions of
excitation energies for c-CH7* from T-for-H in ¢
C48and for c-CD7T* from T-for-D in c-CAD8have es-
sentially identical median values.

One hypothetical distribution which fits the c-CH7T
data is shown in Figure 2.2 An indication of the sensi-
tivity of the predictions from such distributions can be
obtained by shifting the entire distribution of Figure 2
upward by 0.2 eV, again correcting by the factor of 3.4 +
0.3 in pressure for the slower decomposition of excited
deuterated nolecules. This prediction is shown by the
horizontal crosshatching on Figure 1 and is obviously in
poor agreement with the experimental results for T* +
cCD8 Actually, aslightly better fitBto the c-CD 7T*
data than the vertical crosshatching can be obtained by
shifting the c-CAD7T* spectrum down in energy by about
0.1 eV from that used for c-CH7T*. This difference is

(22) R. W. carr, Jr., and W. D. Walters, J. Amer. Chem Soc., 88,
884 (1966).

(23) D. Setser and B. S. Rabinovitch, Advan. Photochem, 3, 1
(1964).

(24) K. Dees and D. Setser, J. Chem Phys., 49, 1193 (1968).

(25) At equal pressures, the measured rate constants are in the ratio
&/&d = 3.66 f°r C-CH8\VS. C-CD8 Correction for the greater
frequency of collision in the lighter C-C448leads to an estimated
factor of 3.88 for equal collision densities. Our comparisons, how-
ever, are made for equal pressures and not equal collision densities,
and 3.66 the more appropriate figure: R. L. Russell and F. S.
Rowland, unpublished results.

(26) J. W. Simons and B. S. Rabinovitch, J. Phys. Chem, 68, 1322
(1964).

(27) The distribution originally shown in ref 7 was based on an early
RRK calculation of K(E) vs. E. An RRKM fit to the data of ref 7
was calculated in the Ph.D. thesis of E. K. C. Lee, University of
Kansas, 1963, and is illustrated in ref 3 and 5. Figure 2 has been
modified to include no low-energy product molecules, consistent
with the CHZTNC* experiments of ref 9.

(28) Only the lower pressure C-CDTT* points are really tested by
this fit, for the higher pressure C-CDTT yields correspond to those
of C-CHTT* at pressures above our measurement range.
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Figure 2. Hypothetical distribution of excited cyclobutane-i
molecules vs. excitation energy. Crosshatched area indicates
oyclobutane-i molecules which are excited enough to
decompose to ethylene-f even in the liquid phase.

within the accuracy of our knowledge of the ratio of sec-
ondary decompositions fdH/cD= 3.4 + 0.3.

The whole procedure for inferring excitation energy
distributions from such hot-atom studies depends upon
the not thoroughly justified assumption that the rates of
decomposition of excited c-CAH7T* nolecules are the
same for equal excitation energies whether initially ex-
cited by thermolysis, by chemical activation, or by recoil
substitution.® Nevertheless, even though the inference
of 5 eV as the median excitation energy of c-CAH7T* in
the recoil system is certainly open to quantitative ques-
tioning, the present experiments indicate that the median
excitation energy for c-CD7T* from T-for-D substitu-
tion is the same within about £0.2 eV as that for ¢
CAHT* from T-for-H substitution—whatever value is
accepted for the latter. This is simply equivalent to
stating that, after the H/D correction for differences in
decomposition rates is made directly from the chemical
activation experiments, the results are then identical—
without reference to the RRKM theory or any other
theoretical model for converting variation of yields vs.
pressure through k(E) vs. E into a distribution of ex-
citation energies.

Kinetic Energies of Displaced H or D atoms. Neither
experimental measurements nor reliable theoretical es-
timates of the translational energies of the replaced
atoms are yet available for such high-energy substitu-
tion reactions. An early experimental measurement
showing no preference for substitution into CD4vs. CH4
demonstrated that high kinetic energies for the dis-
placed atoms—as in essentially two-body atom-atom
collisions—should not be expected, e.g., as in a “bil-
liard ball” model for which the replacement of more
nearly equal mass D should be sharply favored over
H.® More accurate experiments have subsequently
measured separately the various reactive and moderator
effects present in RH vs. RD experiments and have
shown that H replacement actually proceeds in higher
yield than D.31:35 The ratio of 1.41 + 0.05 in total
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yield measurement found in the present experiments is
in good agreement with earlier results.

Trajectory calculations for the three-particle substi-
tution reaction T + RH —&»RT + H, inwhichR is a
structureless point of mass 15, have indicated substan-
tial kinetic energies (as much as 50% or more of the ini-
tial kinetic energy) for the displaced H atoms when the
reactions have been initiated by tritium atoms with
4-eV Kkinetic energy or higher.3d However, a subse-
quent six-particle trajectory calculation for T* + CH4
has failed to substantiate some of the general conclu-
sions of the three-particle calculations, while itself not
satisfactorily accounting for some important facets of the
known experimental data on the substitution reac-
tions.¥ Significant conclusions from trajectory studies
concerning the translational energies of replaced atoms
require resolution of these present conflicts and diffi-
culties.

An indirect measurement of any isotopic difference
between EHand En can be obtained from our experi-
ments, for they indicate that the median excitation en-
ergies are the same for c-C4H8and c-CA8§ i.e., that the
difference in Kinetic energies of tritium and the replaced
H or D atom are essentially identical. If this observa-
tion that (E+* — £/h)dH8— {E t* — Ad)cb8is coupled
with the observation that (et+)chir = (A ct*)cair fOr
the corresponding T-for-H and T-for-D reactions,1819
the conclusion is reached that e h — Ad for H and D
atoms replaced in isotopic molecules by energetic tri-
tium atoms. While the estimate that (Et* — En)c.n,
= (Et* — A a)c4s8isprobably accurate to about +0.1
eV, no quantitative evaluation has yet been made for
(Et*)ch,f vs. (Etxcasr IN the methyl fluoride systens,
depending as the experiment does on the absence of a
shift in [(CHZITF)/(CDZTF)]J/[(CHF)/(CD3J)] ratios
with increasing moderator (and measured in each case
indirectly against a third component, cyclobutane).
Nevertheless, the postulated equivalence in transla-
tional energies of replaced H and D atoms suggests a
further hypothesis—that the lack of difference between
them arises naturally from the low, perhaps not much
above thermal, energies of the displaced atoms emerg-
ing from these substitution reactions.

A simple hard-sphere calculation of energy trans-

(29) See, for example, the discussions of “non-RRKM?” molecules
and nonequilibrium decompositions: ref 5; J. N. Rynbrandt and B.
S. Rabinovitch, J. Chem. Phys., 54, 2275 (1971).

(30) R. J. Cross and R. Wolfgang, ibid., 35, 2000 (1961).

(31) E. K. C. Lee, J. W. Root, and F. S. Rowland, “Chemical
Effects of Nuclear Transformations,” Vol. 1, International Atomic
Energy Agency, Vienna, 1965, p 55.

(32) T. Smail and F. S. Rowland, J. Phys. Chem., 74, 456 (1970).
(33) T. Smail and F. S. Rowland, ibid., 74, 1859 (1970).

(34) C. C. Chou and F. S. Rowland, ibid., 75, 1283 (1971).

(35) E. K. C. Lee and F. S. Rowland, ibid., 74, 439 (1970).

(36) P. J. Kuntz, E. M. Nemeth, J. C. Polanyi, and W. H. Wong,
J. Chem. Phys., 52, 4654 (1970).

(37) D. L. Bunker and M. Pattengill, ibid., 53, 3041 (1970).
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mitted to free monatomic atoms of mass 1 vs. 2 by an
8-eV tritium atom shows that the energy transferred to
mass 2 is always higher at each collision angle by a fac-
tor of 1.28, with absolute energy differences ranging up
to 1.68 eV and averaging 0.84 eV. Inasmuch as the
actual substitution collisions would include chiefly the
more “head-on” collisions, one can conclude that the
median energy left after substitution simply does not re-
flect in any substantial manner the initial impulse that
might be transmitted in a pseudo two-body T-H or T-D
collision.

Decomposition in the Condensed Phases. Comparison
of relative yields for recoil tritium experiments in gas-
and liquid-phase experiments has shown that the most
important parameter affecting observed yields is simply
the increased collision density and the accompanying
more rapid collisional deexcitation of excited molecules
in the liquid phase.5 As shown in Table I, the eth-
ylene-f yield is reduced in the liquid phase to 17 + 1%
for both c-C4H8and c-C4D8 While other mechanisms
can be postulated for the formation of ethylene-f,Be.g.,
T* + ¢CH8 CHZICHXHZXH2 CHZICH2*
CHT=CH2 the observation that the ethylene-f yields
drop to 5% in the solid phase indicate that most of the
liquid-phase ethylene-f arises from the expected path-
way of secondary decomposition of cyclobutane-f.
The diminution in ethylene-f yields between gas- and
liquid-phase measurements is thus a direct measure of
the fraction of excited cyclobutane-f molecules possess-
ing lifetimes toward decomposition between about
10-10 and 10-12 sec. The corresponding energies lie
roughly in the 6-8-eV range of excitation energies.

The significance of the absence of an isotopic difference
in fractional stabilization is difficult to assess. The rate
constants, fc(E), in the 1012sec_1 range for an RRKM
calculation with a C4H8molecule must be extrapolated
without experimental confirmation or test from the mea-
sured rate constants of chemical activation experiments
in the 10910D0sec-1 range. When coupled with the
problems of nonequilibrium flow of energy in molecules
at such excitation energies,®we have chosen not to at-
tempt interpretations through such calculations. The
isotopic rates of decomposition should have a smaller
[gjiffcu ratio than that appropriate for the 10 910 ~B
sec range, while the effect of isotopic substitution on
nonequilibrium effects in decomposition is essentially an
unexplored field.

Although we have no direct proof of the brief inter-
mediacy of c-CH7T* and c-CD7T* in the solid-phase
experiments, we believe that both the CH3T and C2
D3r observed at —196° were chiefly formed by the
same secondary decomposition processes found in the
gas and liquid phases. The reported absence of tri-
tium+labeled olefins in recoil tritium reactions with solid
n-hexane has led to the suggestion that secondary de-
composition processes are absent in the solid phase,
thereby permitting much nore straightforward mea-
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surement of primary yields in such recoil tritium reac-
tion systems. D4l The nonzero yield of ethylene-f in
these experiments is not consistent with this general pos-
tulate, although the 5% error in absolute yields in-
curred by neglect of ethylene-f would be much less im-
portant than in corresponding gas- or liquid-phase ex-
periments. Too, preliminary solid-phase experiments
with n-butane and n-pentane, involving relatively low
total neutron dose, also show C2 and C3tritiated olefi-
nic products in yields comparable to the corresponding
alkane-f molecules.f£2 Probably, the low yield of eth-
ylene-f from solid cyclobutane reflects the relatively
lower residual energy from T-for-H or T-for-D substi-
tution reactions than for T-for-CH3 and other heavy-
group replacement reactions.

The crystalline cyclobutane lattice is clearly much
more efficient (5% vs. 17%) than the liquid phase in pre-
venting secondary decomposition of excited cyclobu-
tane-f to ethylenc-f. Probably this is just the result of
much more efficient intermolecular energy transfer in
the crystalline material. However, relatively few com-
parisons have yet been made of the reactions of recoil
tritium atoms with saturated organic compounds in
solid-phase systems,4344and it has not been established
whether there are other important differences between
crystalline and fluid surroundings for hot tritium reac-
tions. For example, changes in the tritium atom energy
loss spectra might occur with the switch in basic energy
sinks from essentially bimolecular or termolecular col-
lisions in the fluids to lattice collisions in the solid phase.

Isotope Effect in Substitution. Several measurements
have established that the substitution of T-for-H is reg-
ularly favored over that of T-for-D by 25% or more in
total yield.31-:33 These experiments with cyclobutane
provide an accurate additional measurement, especially
since its decomposition product, ethylene, is a stable
molecule which can be routinely measured without diffi-
culty. The overall primary yield H/D isotope effect of
I. 41 + 0.05 is a composite effect involving both the
primary replacement isotope effect of actual substi-
tution for H vs. D and the secondary influence of the
other H or D atom on the same carbon atom. Recent
measurements of the primary replacement effect for re-

(38) The formation of small amounts of CHT=CH2 from CH3
CHZCH=CD 2has shown that the predominant mechanism (leading
to CHT=CDi) is not the exclusive ethylene-i forming reaction
with 1-butene. See ref 35.

(39) See, for example, J. N. Rynbrandt and B. S. Rabinovitch,
J. Chem. Phys., 54, 2275 (1971).

(40) E. N. Avdonina, D. S. Urch, and G. K. Winter, Radiochim.
Acta, 12, 215 (1969).

(41) E. N. Avdonina, Khim. Vys. Energ., 4, 291 (1970); High
Energy Chem. (USSR), 4, 253 (1970).

(42) F. Steinkruger, E. Metz, and F. S. Rowland, unpublished
results.

(43) W. J. Hoff and F. S. Rowland, J. Amer. Chem. Soc., 79, 4867
(1957).

(44) M. Menzinger and R. Wolfgang, J. Phys. Chem., 72, 1789
(1968).



Recoil Tritium Reactions

coail tritium reactions with isobutane® and fluoroform3
show factors of 125 + 005 and 135 + 0.05, re
spectively, for this effect alone, while the trend of
secondary effects is also to favor substitution at -CH 2

rather than-CD 2.

Isotope Effect in Abstraction. Other comparisons
have been made of the relative yields for abstraction of
H and D from isotopic molecules and have uniformly
shown higher yields from protonated positions. The
magnitude of this isotope effect increases from 1.32 +
0.01 with CHZD 2to about 1.65 + 0.06 for the H/D effect
at the tertiary position of isobutane [(CH33C-H \s.
(CH33-D], An intermolecular isotope effect of 1.53
+ 0.04 is calculated for the abstraction reaction with
the cyclobutanes from the experimental data of Table
111.48 This value is quite consistent with the trend in
bond dissociation energies of the protonated species:
CH3H, 104 + 1 kcal/mol; c-CHZH, 95 + 3 kcal/
mol; (CH33C-H, 91 + 1 kcal/mol.4 Both the trends
toward higher yield and larger H/D isotope effect with
abstraction from weaker C-H bonds are consistent with
the lowenergy cutoff model for abstraction reactions,
in which the bulk of the abstraction reactions occur at
energies in the range below that at which most sub-
stitution reactions occur.47-49

Temperature Dependence of Substitution Yields. The
5-10-eV excitation energies of the c-CH7T* and ¢
CHO7* molecules must be furnished chiefly from the
translational kinetic energy of the tritium atom, and the
influence of any initial energy of the substrate molecules
is a much less important factor, sufficiently less that
temperature effects have been of relatively small con-
cem in the investigations of recoil tritium chemistry.
As part of ageneral reassessment of temperature effects
in recoil tritium reactions@lél the duplicate cyclobutane
samples of Table V were irradiated at 24 and 125°.
The data show that the fractional stabilization of both
C-CHTT* and c-CD7T* is essentially unaffected by the
change in temperature.  If the hot substitution reaction
is postulated to occur by a path essentially independent
of the thermal excitation of the substrate molecule, then
one might still expect secondary effects attributable to
the increased internal energy of the substrate at the
higher temperature. Since the heat content of cyclo-
butane at constant volume is approximately 2 kcal/mol
higher at 125° than at 24°, an estimate of the expected
effect upon the substitution reaction can be simply made
by displacing the entire spectrum of Figure 2 upward by
2 kcal/mol. The predicted effect of such a shift is ap-
proximately 1% more decomposition over the gas pres-
sure range used in Figure 1, e.g., from 53 to 52% sta-
bilization for a given collision frequency at 24 and 125°.
Further complications are involved because the 34% in-
crease in temperature is accompanied by a 16% increase
in collision frequency for a fixed density, together with
the uncertain effects of temperature upon the average
energy loss per collision—and thus upon the stabilizing
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properties of the gases. In any event, the overall pre-
dicted shift is at the marginal limits of our experimental
error in measurement of the fractional stabilization of
cyclobutane molecules. Both the prediction and the
measurement indicate no temperature effect on these
substitution reactions larger than the experimental error
in present measurements. By implication the initial
assumption that the hot primary substitution reaction
is essentially independent of the excitation of the sub-
strate molecule is also confirmed. A measurable tem-
perature effect on yields has been observed for the addi-
tion reaction of energetic tritium to 1-butene and to
m-2-butene over the same temperature range, but the
average initial tritium energy for the addition reaction
isonly 0.4 eV or less.®

A temperature effect is observed on the abstraction
of H from c-C4H8 together with a much lesser effect on
the removal of D from c-CAD8 Similar observations
have been made with other alkanesAl (except methane)
and are consistent with the bond dissociation energies
of the bonds involved: more temperature effect is ob-
served for weaker C-H bonds. However, the abstrac-
tion reaction is much more sensitive to the details of the
scavenging reactions in each experimental system,2-6
and the experiments of Table Y are too meager for any
detailed consideration of the temperature effects on the
abstraction reactions.

Radical-Forming Reactions. The formal counterpart
with the cyclanes of the T-for-R reaction regularly ob-
served with alkanes (e.g., T* + CHS—» CHSHT +
CH3 is the ring-opening reaction (eq 5).2 The re-

fi* + cCH8—~ CHACHXHXH2* ©)

placement of CH3 by an energetic tritium atom in an
alkane usually leaves a product molecule excited to 6-8
eV or more.D Such an excitation energy for the n-
CH8r™* radical of (5) is far more energy than necessary
for secondary decomposition reactions, and HZS sca-
venging of the cC4H8 system (Table 1) showed only a
negligible increase in the yield of the N-CAH9IT product
expected if appreciable quantities of Nn-C4H8I radicals
were stabilized prior to decomposition. The marked

(45) Assuming that only 98% of the hydrogen atoms in C-C4 3are
actually D, about 2% of the nominallyD—but actually H in CD™
molecules—are contributing to HT and not DT, for a 4% correction
factor.

(46) J. A. Kerr, Chem. Rev., 66, 465 (1966).

(47) J. W. Root, W. Breckenridge, and F. S. Rowland, J. Chem.
Phys., 43, 3694 (1965).

(48) E. Tachikawa and F. S. Rowland, J. Amer. Chem. SoC., 90,
4767 (1968).

(49) . Tachikawa and F. S. Rowland, ibid., 91, 559 (1969).

(50) R. Kushner and F. S. Rowland, ibid., 91, 1539 (1969).

(51) R. Kushner, A. Hosaka, and F. S. Rowland, Abstracts, 158th
National Meeting of the American Chemical Society, Atlantic City,
N. J., Sept 1969.

(52) A detailed study of the ring-opening reaction was carried out
with the CIS- and irams-I,2-dimethylcyclopropanes as the substrate
molecules: Y.-N. Tang and F. S. Rowland, J. Phys. Chem., 69,
4297 (1965).
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increases in CH3I and CH5T with HZS probably reflect
the formation of CHZI' and CH4T through the de-
composition of N-C4H8™* by lass of CH6and CH4, re-
spectively. On the other hand, the large yields of n-bu-
tane-i in solid-phase experiments probably indicate the
stabilization (and then immobilization in the solid lat-

Robert W. Jones and Franz Mohling

tice) of some Nn-CH8T radicals; since H atoms can still
diffuse in solid lattices at —196°, combination of n-
CH8r with H is more highly favored in the solid than
in liquid experiments for which the radicals themselves
are quite mobile and can recombine with one another
instead of with H atoms.
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The accuracy of theories of the primitive model of ionic solutions is discussed  An altermative solution from
grand canonical erserrble theory, which is an expansion in tens of the fugacity rather than the density, is

given and is shown to be rapidly convergent up to moderate concentrations (1.0 M).

The results are com

pared with earlier theories based on density expansions, such as the Debye-Hiickel limiting law, and with

experinmental activity coefficient data.

I. Introduction

Since the original work of Debye and Hiickel,2 the
statistical theory of the primitive model of ionic solu-
tions has been developed to considerable maturity.3
[In the primitive model the ionic solution is represented
by charged hard spheres in an ideal dielectric fluid.]
By application of classical statistical mechanics,
Mayer4 extracted the Debye-Hiickel limiting law as a
lowdensity, high-temperature limit of the full theory.
This amounts essentially to keeping only the lowest
order term (beyond the perfect gas term) in an infinite
series in terms of powers (and logarithms) of the
density. Subsequent workers5 have derived the next
higher order term in the density. Thus estimates of
the practical rate of convergence of the theory are
possible. Put another way, one can determine the
concentration range for which the Debye-Hiickel
limiting law is an accurate solution to the primitive
model of point ions. Other terms in the Mayer theory
give corrections to the Debye-Hiickel limiting law due
to finite ionsizes. Poirier6has evaluated these terms for
various electrolytes in agueous solution by fitting an
ion-size parameter (the sum of the hard-sphere radii)
to the experimental data. The viewpoint of the pres-
ent paper is that finite-size corrections should be based
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on a more accurate theory of the primitive model of
point ions than the Debye-Hiickel limiting law.

Of course, the primitive model may not correspond
very well to real ionic solutions at moderate concen-
trations (say, 1 M). But, to find which additional
features of real solutions should be included in a model
description, one must at least be sure of having an
accurate solution to the primitive model. Friedman
and Rasaiah7 have addressed themselves to this
point and have found accurate solutions to the primi-

(1) (a) Research supported in part by grants from the National
Science Foundation and in part by the U. S. Atomic Energy Com-
mission under contract with Union Carbide Corp. (b) Correspon-
dence should be addressed to Department of Physics, The University
of Arizona, Tucson, Ariz. 85721. Consultant with ORNL Physics
Division, summer 1970. On leave from University of South Dakota,
1971-1972.

(2) P. Debye and E. Huckel, Phys. Z., 24, 185, 305 (1923).

(3) H. L. Friedman, “lonie Solution Theory,” Interscience, New
York, N. Y., 1962.

(4) J. E. Mayer, J. Chem. Phys., 18, 1426 (1950).

(5) (@) R. Abe, Progr. Theor. Phys., 22, 213 (1959); E. Meeron,
Phys. Fluids, 1, 139 (1958); H. L. Friedman, Mol. Phys., 2, 23
(1959); (b) H. E. DeWitt, J. Math. Phys., 7, 616 (1966).

(6) J. C. Poirier, J. Chem. Phys., 21, 965, 972 (1953).

(7) (@) H. L. Friedman and J. C. Rasaiah, ibid., 48, 2742 (1968);
50, 3965 (1969); (b) J. C. Rasaiah, ibid., 52, 704 (1970).
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tive model of charged hard spheres by an integral
equation method.

The purpose of the present paper is to point out an
alternative approach to the question of an accurate
solution to the primitive model at moderate concen-
trations. The approach is grand canonical ensemble
statistical mechanics, the result of which is an infinite
series in the fugacity rather than the density. It is
shown that the first term beyond the perfect gas
term (i.e., the term corresponding to the Debye-
Hiickel limiting law in the density expansion) is an
accurate solution to the primitive model for point
ions. This is seen by an evaluation of the next most
important term which is found to amount to about a
7% correction to the mean activity coefficient of a 1 M
agueous solution of 1-1 electrolyte at room tempera-
ture.

Section 11 of this paper is an outline of some of the
main developments in the theory of the primitive
model of ionic solutions. Special emphasis is placed
on the character of these solutions as density expan-
sions. In section 111, the fugacity expansion from
grand canonical ensemble statistical mechanics is pre-
sented, and comparison with experiment is discussed.

I1. The Standard Results

The original statistical theory of ionic solutions is
that of Debye and Hiickel2 in which a Poisson-Boltz-
mann equation is solved for the charge distribution
about a given ion in the solution. All the thermo-
dynamic functions are then calculated from the re-
sulting electrostatic interactions. For example, the
limiting law result for the Helmholtz free energy F
of the ions is

F- FO= -KTVX¥I2T 2.1)

where FO is the free energy of a perfect gas, V is the
volume of the system, k is Boltzmann’s constant, T is
the temperature in °K, and x is the inverse Debye length
defined by
Az
*2 = (2.2)
Here, na = Na/V is the number density of ions of type
a, e is the dielectric constant of the solvent, and Za is
the charge of an a-type ion in units of e. The quan-
tity e is the electronic charge in electrostatic units.

It is convenient to introduce a parameter A,, which
is a measure of the average electrical potential energy
between the ions of type a relative to their thermal
energy. Specifically

Aa = ZJeX/ekT

In terms of Aa, eq 2.1 can be written

F- FO= -kTVY,naAa/3 (2.3)
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The Debye-Huckel limiting law, eq 2.1, is applicable
to very dilute solutions where the electrical interactions
are small compared with kT. The limitation is due
mainly to the approximations made in the Debye-
Hiickel theory and is borne out by the poor agreement
with experiment for all but very dilute solutions (see
Figure 1). But, putting agreement with experiment
aside temporarily, we would like to know how accu-
rately eq 2.1 solves the model problem at hand, i.e., the
primitive model of point ions. One way to answer
this question is to study the problem from a more
rigorous standpoint where corrections to the Debye-
Hiickel limiting law can be evaluated.

Mayer and subsequent workers have applied classi-
cal statistical mechanics to ionic solutions. By sum-
ming a certain class of diagrams, Mayer4 derived the
Debye-Huckel result in the low-density, high-tem-
perature limit. Later, Abe5 derived the next higher
order term in the low-density limit for the case of an
electron gas in a uniform, neutralizing background.
His result is

F- FO= ~ X
IN3+ 2c—~ + INA* + 0(A3J (24)

where c is Euler’s constant = 0.577. ... Note that A
is proportional to the square root of the ion density;
thus eq 2.4 is a series in the density. Abe goes on to
make plausible that the general series for F — FO
retains the features of eq 2.4, i.e., that it is a double
infinite series in Aand In A

DeWitth has shown that for a two-component
plasma, a result similar to eq 2.4 holds, i.e., a series in
quantities A (and In A) defined for the ions involved.

We are now in a position to investigate the question
of convergence of this theory. Since F — FO is a
series in A and In A the accuracy of the Debye-
Huckel limiting law depends on A being very small.
Unfortunately, A is small only for very dilute solu-
tions. For a 0.2 M concentration of 1-1 electrolyte
in water at room temperature, A ~ 1 Thus, the
series (2.4) cannot be trusted to give accurate numer-
ical values for concentrations above about 0.2 M.

One way of comparing eq 2.1 or 2.4 with experiment
is through the measured activity coefficients ya defined

by

In  =¢(m - m) (2.9)
where na is the chemical potential of a-type ions and
na° is the chemical potential of a perfect gas of a-type
ions. The difference is derived from the free energy

by means of the relation
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Fromeq 2.1, 2.2, 2.5, and 2.6, then, we can write

In Ta = A= - VIA. (27)

as another form of the Debye-Hiickel limiting law.
For 1-1 electrolytes, the quantity measured is

7+ = (T+7-)A

where the two values of a, + and —, designate the
positive and negative ions, respectively. From eq 2.7
one finds the Debye-Hiickel limiting law for y+ to be

Inyx = —'HA (2.8)

where A+ = A_ = A
Applying eq 2.5 and 2.6 to Abe’s (single component)
electron-gas result (eq 2.4) gives

Again, the accuracy of the solutions 2.8 and 2.9 to the
primitive model of point ions depends on the param
eter A being small. The corresponding restriction on
the concentration of 1-1 electrolytes as discussed above,
is to arange below about 0.2 M where A ~ 1

The unsuitability of the density-expansion solution
to the primitive model for moderate concentrations
(0.1 to 1.0 M) is well known. Friedman and Ras-
aiah7a pointed out that, while the primitive model
may not correspond very well to real ion solutions at
moderate concentrations, it is nevertheless important
to have an accurate solution of this model problem.
Only then can one judge which features of real ionic
solutions should be incorporated in a model description
which is an improvement on the primitive model.
Thus, Friedman and Rasaiah7 have applied an integral
equation method to ionic solutions. They find their
solutions to the primitive model to be accurate up to
1.0 M. In the next section we present an alternative
solution to the point-ion model problem which is both
accurate for moderate concentrations (1.0 M) and
whose leading term is just as simple in form as the
Debye-Hiickel limiting law.

I11. Grand Canonical Ensemble Results

If the thermodynamics of ionic solutions are cal-
culated using the statistical mechanics of the grand
canonical ensemble, the result is a series for the grand
potential / in terms of the fugacity. [We are using
the notation fV = PV/KT = In Za where Za is the
grand partition function.] The fugacity of ions of
type a is defined in terms of the chemical potential

/fa of ions of type a as
ca = enKT 31
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The thermodynamics are obtained from the grand
potential by taking various partial derivatives. For
example, the density of a-type ions is

We consider the following three terms in the grand
potential, in increasing order in the fugacity

| =/lo+ Idh+ [a+ (terms of higher order ind) (3.3)

The term fO is the perfect gas term; the other terms

are, respectively, those which lead in the zero-density

limit to the Debye-Hiickel limiting law and to the

Abe term in the classical electron gas result (eq 2.4).
We first note that

fo= E@2s, + 1)~ (3.9
a

where sa is the spin of a-type ions, Xa is the thermal
wavelength of a-type ions defined by

h2

3.5
2tmakT (35)

h is Planck’s constant and ma is the mass of a-type
ions. If we define Sa(0) as the fugacity of a perfect
gas of a-type ions, then fromeq 3.2 and 3.4

na= (2sa+ 1)“ (3.6)
\Y

Yedenov and Larkin8 have calculated the next higher

order term /Dnh- Including factors (2sa + 1) which

arise from a quantum-mechanical calculation, the result

is

ldh= AVA—j X

(E<2., + (3.7)

where

A [S?2-+ W &5

is the inverse Debye length with na replaced by (2sa +
da/\J. Of course, sa, the spin of an a-type ion, is
zero in -the present classical context. We include the
factor (2s,, + 1) here for completeness since it is
required in the definition of x' in quantum-statistical
mechanics. Inclusion of fQand /dnh in/, and the ap-
plication of eq 3.2, gives

(8) A.A. Vedenov and A. I. Larkin, Sov. Phys.-JETP, 9, 866 (1959).
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na= (2sa+ 1)~

v 1-|T/ i £ T Z-!X
11
(?<2+ D M + 0@

@s,+ D~[I +y] + 0@ (39

where
Ao $ZIX 210
T ekT (3.10)

is the same as Aa with x replaced by

Now, we give some discussion of this result. It can
be used to provide an expression for the activity coef-
ficients ya. From definitions 2.5 and 3.1, and noting
that the chemical potential of ¢, of aperfect (spinless)
gas is kT Inna\J, we can write

T« = (3.11)

Thus, from eq 3.9, settingsa = 0
7.= [L+ A,72]-i + 0(@@) (3.12)
In the zero-density limit where Kj -m A, « 1, eq3.11
reduces to eq 2.7. Thus, f = fo + ,an does indeed

give rise to the Debye-Hiickel limiting law in the zero-
density limit.

However, eq 3.12 as it stands provides an
alternative to the Debye-Hiickel limiting law for
moderate concentrations. The activity coefficient y+
for an aqueous solution of 1-1 electrolyte at room
temperature obtained by use of eq 3.12 is graphed
vs. concentration in Figure 1. It is the GCE curve
labeled DH. See Appendix B for the details of ob-
taining this curve from eq 3.12.

To estimate the accuracy of eq 3.12 as a solution to
the primitive model of point ions, we estimate the
size of some of the higher order terms. Grandy9D
has given an exhaustive quantum-statistical evalua-
tion of all the terms in the grand potential through
fifth order in the electronic charge. These 0(e9
terns include /Dh as well as 0(32 and higher correc-
tions. We have estimated the (&2 terms to contribute
about 0.35% relative to the 0(<%!) term to 7+ for a 1
M aqueous solution of NaCl at room temperature
(see Appendix A for the details). Thus, /0 + /an is
an accurate approximation to / considering only con-
tribution of order e6and lower.

More recently, Grandy1l has made an extensive and
careful analysis of those 0(ef terms in the quantum-
statistical grand potential which might give, in the
classical limit, Abe’'s A2In A term of eq 24. He has
concluded that although 0(e§ logarithmic terms do
indeed occur in the free energy, these are very difficult
to identify unambiguously. In the classical limit,
however, he obtains a term in the grand potential /
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corresponding to Abe’s result (2.4), and which for a
multicomponent system isR2
/a = E2s, + D%/~

InV  (3.13)

The effect on the activity coefficients ya of including
/a with the grand potential is obtained by adding

da(dfA/dda) to eq 3.9, and applying eq 3.11. The
result for a 1-1 electrolyte is
7a

+ 0@ (314

The mean activity coefficient 7+ obtained from eq
3.14 for an aqueous solution at room temperature is
graphed in Figure 1. It is the GCE curve labeled
DH + A. (See Appendix B for the details of how this
graph is obtained.) Including the “Abe” term (3.13)
with the grand potential amounts at 1 M to a 7% cor-
rection to 7+. This is to be compared with an Abe
correction of approximately 40% in the density expan-
sion of 7 +.

IV. Conclusions

Investigation of the fugacity series for the grand
potential of a gas of ions has shown it to have a rapid
practical rate of convergence for the problem of the
primitive model of a 1-1 electrolyte of point ions in
water. In particular, the first term beyond the
perfect gas term (which corresponds to the Debye-
Hiickel limiting law in a density expansion) is an
accurate solution to this model problem; the next
most important term (which corresponds to the Abe
term in a density expansion) amounts to about a 7%
correction to 7+ for a 1 M aqueous solution of 1-1 elec-
trolyte at room temperature. In the conventional
density expansion, the Abe term is about a 40% cor-
rection. Thus, use of the fugacity series enhances
convergence.

We agree with Friedman and Rasaiah7‘ that an
accurate theory of the primitive model must precede
future model developments. We propose the fugacity
series from grand canonical ensemble statistical
mechanics as an alternative to the integral-equation
method of Friedman and Rasaiah.7 The advantage
is one of formal simplicity: the first term beyond the
perfect gas term is just as simple as the Debye-
Hiickel limiting law.

Friedman3 has objected to the use of the fugacity
series as a solution to physical problems because the
independent variables are the fugacities rather than

(9) W. T. Grandy and F. Mohling, Ann. Phys., 34, 424 (1965).

(10) W. T. Grandy, Ann. Acad. Bras. Ciencias (Brazil), 39, 65
(1967).

(11) W. T. Grandy, Il Nuovo Cimento, 64B, 73 (1970).

(12) W. T. Grandy, private communication.
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Figure L Mean activity coefficient vs. concentration in
molarity of aqueous solutions of 1-1 electrolytes at 25°. The
DHLL (Debye-Huckel limiting law) curve is from eq 2.7.
The GCE (grand canonical ensemble) curves are from eq 3.12
and 3.14. The details of calculating the GCE curves from eq
3.12 and 3.14 are given in Appendix B. The dashed curves
are experimental data; they have not been corrected to
McMillan-Mayer standard states because the correction is not
significant on the scale of Figure 1.

the densities, the more “natural” independent vari-
ables. However, we find no practical disadvantage
with the fugacities appearing as independent variables
and the densities as dependent variables, as in eq
3.9. One need not formally invert such an expression
to compare it with experiment or other theories, but
may merely graph it directly as explained in Appen-
dix B.

The fugacity series is also objected to as a solution
to physical problems on the grounds that it is slowly
converging;3 however, we find that the practical rate of
convergence for the problem at hand is rapid, more
so than the corresponding density series.

Finally, the grand-canonical-ensemble (GCE) result
agrees better with the experimental activity coefficient
data than does the Debye-Huckel limiting law. To
reiterate, each of these results is an infinite series
terminated at the same order in the independent
variable, fugacity on the one hand, density on the
other. In the past, the discrepancy between the
Debye-Huckel result and experiment was thought
to be accounted for largely by the effect of the finite
size of the ions. Further, it was generally found that
the bare crystallographic sizes were insufficient to
account for the discrepancy, so a particular amount of
solvation to enhance the ions sizes was implied. Since
the more accurate GCE result is closer to experiment,
the relevance of a solvation effect in 1-1 electrolytes,
as introduced in earlier treatments, needs to be re-
examined.
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In fact, the experimental curves seem to approach
the GCE DH + A curve as an approximate lonwer
bound. This behavior is certainly at odds with the
expectation that the deviations of the experimental
activity coefficients from the activity coefficient of a
hypothetical point-ion electrolyte should be related
to the finite size of the ions, at least from the stand-
point of the primitive model. Just the opposite
seents to be the case:  Csl is the alkali halide with the
largest distance of closest ionic approach, but it agrees
most closely with the GCE point-ion result. This
behavior is, however, not necessarily at odds with
gquantitative studies of the finite-size dependence of the
primitive model results, since such studies show no
simple correlation between the distance of closest
ionic approach in the theory and the crystallographic
ionic sizes. b

It is apparent that one must look beyond simple
finite-size effects for an explanation of the deviations
of the experimental activity coefficients from each
other and from the point-ion case. Rasaiah has
explored the possibility of extending the primitive
model by including other short-range effects besides
a simple hard-core repulsion. Anocther possibility
is to exploit more thoroughly the primitive model by
working out the correction to the GCE curve due to
a hard-core repulsion. This means applying, in the
form of a fugacity series, the quantum-statistical
mechanics of a multicomponent gas of charged, hard
spheres.
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Appendix A

In this Appendix, we quote the 0(d2 terms in the
grand potential as calculated by Grandy.91 In Ap-
pendix B of ref 10, Grandy has summarized the results
through fifth order in the electronic charge e and given
a more complete evaluation of the numerical constants
involved. Dropping terms proportional to ¢ =
kT/mac2 which is small for nonrelativistic tempera-
tures, the result for the grand potential / through
0(eH isB

| = Z (2sa+ DK\a~\Aa+ eJaBa) + 03V (A.l)

where

(23) In ref 10, Grandy has partially inverted the fugacity expansion
for / by replacing (2sa + 1J7a/Xa3with na in the definitions of Aa
and Ba. The result we quote is modified from Grandy’s by keeping
(2sa + l)gia/Xa3everywhere. This modification is accomplished by
our definitions of Aa', ya', T', and Ma’.
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(+ 1 for Bosons

X

{—1 for Fermions
sa = spin of a-type particle
1+ diAj + < A'ya +

OsAa'ya'2 + aiTaM0' + OsANT

Ba —2 /! + biAa' + biAa'ya' +
biAa'ya + oO4ra + eer,2 +
teeTa + Wama + FT
and
eZJx'
ekT
7« = Xax'
r - er 2
“  ekTXa

v = Erags, + ita

"ok o & 2

(2s» + 1)v v x -'

Kv

[Xa2 +

The numerical coefficients areus

«l = Vs 63S -0.0342

Gp= © h=-v»

a3= 13/(1512x) e = rrvV2(5 + 2 In2)/16
04= —#8 b6 = -1/30

06 = -107/504 h = -2 w/2/32

6i = a/2/6 6g= —107V2/1008

62 Si -0.1992

The leading term in eq A.l, E (2s,, + is the
a

free-particle term. The next term, oiA, in Ag, is the
Debye-Huckel term. All the other terms are 0<f)
and higher order corrections. For the case we have
chosen to examine, NaCl dissolved in water at room
temperature, we can easily make a rough estimate of
the terms in eq A.l by taking m+ £=m_= 30 amu and
da= na\J/(2sa + 1), the free particle value. (m+
and m_ are the two values of ma, the mass of an a-type
ion;, + and — denote Na+ and CI-, respectively.)
Substituting T = 298°K, t = 785, Z+ = — = 1,
st =s =0, et = e = 1(Nat and Cl- are Bosons
with zero spin), we find for a concentration of 1.0 M
the following approximate values of the parameters

appearing in eq A.l
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AJ * 2 \a ~ 0.18 A

ya '« 0.06 da« 35 X 10-6

r, -:40

MJ « r' « 3x io4

Then, for 1.0 M, we find that the Debye-Huckel
term is approximately 50% of the free particle term
and the largest 0(32 terns (ajiTaMa and b5va) are
approximately 1% of the free-particle term. The
other 0 (&) corrections are at least a factor of 10 smaller
yet.

To evaluate the effect of these 0(&) corrections on
the value of y+, we now develop an explicit expression
for 7+. First, including only the largest 03 terms
in/, as found above, we have from eq A.l

+ «Ad +

aJ'JlJ + hedalJda] + 0(@A)
Then, making use of na —djdf/bdj, we find

/= Ig (esz+

= (2sa+ DNVEL +

0@ (A2

where

ga= 2aiTaMJ + 2htaTJdda

In eq A.2, the first two terms in the square bracket are
just the result which we have quoted earlier as eq 3.9.
ga contains the largest O(P) corrections to eq 3.9. We
now formally invert eq A.2 to obtain da as a function
of then js. To do this, we first define da(>and a cor-
responding Aa’ () such that

¥ («r A (11
na= (2s, + 1) X&l + 2 ]
Then, we define the a-independent parameter 4§ as
Aa WA %8 VYA

Now, we combine these two definitions into

na\J 1 (A3)
(2sa+ 1)1 + ZJr,
and
"AEéHincu »>

Equation A.3 is an approximation to the inversion of
eq A.2 obtained by neglecting ga. The quantity q is
afunction of the densities na through the transcendental
eq A4. Note that eq A.3 and A.4 are exactly equiva-

(14) Many of these coefficients appeared incorrectly in ref 10. The
values given here are revised according to an errata sheet prepared
by Grandy.
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lent to eq 3.9, and, although slightly more complicated,
can equally well be used to obtain the y+ vs, ¢ plot of
Figure 1. But, our purpose in obtaining the inverted
form, eq A3 and A4, is to use them for getting an
explicit expression for the 0(32 corrections. Since the
effect of ga in eq A.2 is expected to be small (~1%),
we expect 3,, to be accurately approximated by 3a(?)
defined by

@ = n-gij 1 n
2s,+ D) 1+ ZIr, + AW ~

ga() 1 (A.5)
1+ ZJrid

where
Q) = iU3a=3«+

Now, we specialize eq A.4 and A5 to the case of
NaCl dissolved in water at room temperature. For

NaCl, a takes on two values, say + and —, cor-
responding to Na+ and CI“, respectively. Since in
thiscase, n+ = n_and Z+ = — = 1, then 3+(,/X+3

= 3_(WA_3 For this estimate we make the simplify-
ing assumption m+ = m_ = 30 amu. Then, A+ =
A and

ga{) = 2(2'Aa4+ h)Ta2
1+ 2

Furthermore, since now 3+/A+3= 3 /X 3and n+ = n_,

we may conclude from eq 3.7 that 7+ = = y+ and
therefore
1 r . AX®
T+= -V, =7— 1 - 2:'%4+ b9)iy _°a
na\J 1+ rL @+ N2
Upon substituting T = 298°K and 78.5, we find
X*=A 018A r+=T_S 38 ad
1 0.012c ' (Ae)
= 1 - .
* 1+ 2 1+ 22

where c is the concentration of NaCl in molarity.
Substituting the above data into eq A.4 gives

7w+ 22— 1375¢c = 0 (A7)
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At c = 1.0 M, for example, j = 0.860, and the second
term in eq A.6 is approximately 0.0035. Thus, we
have shown that the 0(32 corrections to eq 3.8 amount
to approximately a 0.35% correction to y+ at 1.0 M.
They can thus be ignored and eq 3.11 gives y+ very
accurately at least as far as contributions of order e
and lower are concermed.

Appendix B

In this Appendix, we show how the y+ vs. ¢ curves of
Figure 1 were obtained. For a 1-1 electrolyte, a takes
the two values, say + and —, corresponding to the
positive and negative ions, respectively. Since for
thiscasen+ = n_andZ+ = —Z , then 3+/A+3= 3./
A3and y+ = y- = y+. If we express na and 3aA,,3
in molarity units

10S 103 , B
= — n_ moles/liter

c= — n+
0] No
and
103 3+ 103 3
—" —= moles/liter
No K 3

where NO is Avogadro’s number. Substituting T =
298.16°K and e = 78.54, eq 3.9 becomes

c= w+ 1172wM moles/liter (B+)
and eq 3.11 becomes
7 = - = [+ 117225/s] 1 (B.2)

Thus, we obtain the GCE yz vs. ¢ plot labeled DH by
substituting a series of w values into eq B.1, calculating
corresponding ¢ values, and plotting y+ (=w/c) vs. ¢
from eq B.2 for this series of values.

When the Abe term 3.13 is included, the method is
the same, and eq B.l becomes

c=w+ 1172u/' + 0.460wW2AIN2.344wi2+ y4 (B.3)

The GCE graph in Figure 1 of y+ = w/c vs. ¢ for eq
B.3 is labeled DH + A
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lon-Molecule Reactions in Ethanol by Photoionizationl

by M. E. Russell*2and W. A. Chupka

Argonne National Laboratory, Argonne, Illinois (Received March 25, 1971)
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The highrpressure mess spectrumof ethanol hes been examined by use of photoionization  The photon erergy
wes adjusted so that the CHEDOH+ ionwss virtually the only prinaryion  The reactions CHSH++ C2H5OH
— CHEOH2+ + CHB (or CH,0H), CHeOH2+ + C2HEOH -1 (CHEOH)2H+, (CHEOH)ZH+ + CHEOH —
(CHiIOH)3H+, (CHEOH)3H+ + CHEOH —» (CHBOH)IB+ were exarined as a function of source pressure
Under the termporal conditions of these exqerinents, the product iors of the first two reectiors were found to
reguire little or no cdllisional stabilization; the latter two, honever, required at least ane and prabebly two
adlisiors for stahilization Crosssection equatios were developed which permitted detenination of the
nuber of steps required for collisional stabilization  lonization effidency cunves were abotained (fromthresh
old to 12.87 eV) for the parent ion and the nono-, di-, and trisolvated protors. The varying shepes of these
aunes as a function of photon erergy were interpreted in termrs of the precursor ionsm 46, m 45, andm 31 of
the solvated proton and thelr differing intermal energy content. - A nurber of other ionsnolecule reactios
occurting in this systemwere noted as well as metastable trarsitiors and codllisionrinduced processes. A few
runs were also medke at a photon erergy (13.27 eV) at whichm 31 and m 45 are significant primary ions in addi-

tion to the parent ion

Introduction

lon-molecule reactions in ethanol have been ex-
amined by several workers.3 At higher pressures a
large number of ions are formed from secondary and
higher order reactions, and the task of sorting out the
reactants for a given reaction is rendered more difficult
by the number of possible primary ions that may be
the reactants. The use of the appearance-potential
method, for example, in determining the reactant ion(s)
producing C2HsOH2+ in the ethanol system led Ryan,
el ah,4 to erroneous conclusions; they later modified
their conclusions on the basis of data from a tandem
mass spectrometer.3 Potapov and Sorokind in their
photoionization study of methanol and ethanol did find
evidence for reaction of fragment ions with ethanol to
to produce C2HsOH2+ They deduced this from the
dependence of the cross section on photon energy.

The use of reactant ions produced by photon impact
rather than electron impact offers a number of advan-
tages in studying ion-molecule reactions.3ve6 In the
present study, a particular advantage is the ability to
examine reactions in which the parent ion is virtually
the only primary ion present. The narrow energy
band of the photons used and the relatively large ion
intensity near the threshold of the parent ion make
this feasible.

Experimental Section

The ethanol used was absolute pure ethanol, reagent
quality, obtained from U. S. Industrial Chemicals. It
was used without further purification other than out-
gassing. To ascertain the purity of the ethanol, sam-
ples were chromatographed in a 15% SE-30 column
and a 20% Hallcomid M-18-OL column. In each case

only a single peak was detected. It was estimated,
from standard samples, that the concentrations of wa-
ter and benzene were less than 0.02%.

The mass spectrometer used for this study has been
described earlier.78 The ionization chamber and col-
lision chamber were identical with those used by
Chupka, et al.s A repeller field of 0.22 Y/cm was used
in the ionization chamber, and the effects of contact
potentials and other electric fields were estimated to
be negligible as indicated by the dependence of ion in-
tensity on repeller voltage. The collision chamber
served no useful purpose in the present experiment but
could not easily be removed; no gas was introduced
into it. Mass spectra were obtained by magnetically
scanning at constant photon energy, a typical scan
running from m 44 to m 190. lons were detected by
an electron multiplier, amplified by a vibrating-reed
electrometer, and recorded on a strip-chart recorder.
The intensities were read from the chart without cor-
recting for changes in the electron-multiplier sensi-
tivity as a function of mass or type of ion since the cor-

(1) Work performed under the auspices of the U. S. Atomic Energy
Commission.

(2) Correspondence should be addressed to: Department of Chem-
istry, Northern Illinois University, DeKalb, 111  60115.

(3 (a) For references to earlier literature see L. W. Sieck, F. P.
Abramson, and J. H. Futrell, J. Chem. Phys., 45, 2859 (1966); (b)
V. K. Potapov and v. V. Sorokin, Dokl. d. Nauk SSSR, 192, 590
(1970).

4 K. R. Ryan, L. W. Sieck, and J. H. Futrell, J. Chem Phys., 41,
111 (1964).

(5) 1. Koyano, 1. Omura, and I. Tanaka, ibid., 44, 3850 (1966).

(6) W. A. Chupka, K. M. Refaey, and M. E. Russell, ibid., 48, 1518
(1968).

(7) J. Berkowitz and W. A. Chupka, ibid., 45, 1287 (1966).

(8) W. A. Chupka and J. Berkowitz, ibid., 47, 2921 (1967).
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Table I :
Mass Spectrum of C2H3H at a Photon Energy at 10.68 eV

M. E. Russell and W. A. Chupka

Major Sequence of Condensation Reactions in the High-Pressure

Relative cross section

Reaction Maas no. of Formula of Hard Szabo's
no. product ion product ion lonic reaction sphere a model (p
1 46 CHBOH + hv + CHBOH -mCHeOH+ + e
2 47 czheoh2+ CHeOH+ + C2HBOOH — csheoh2++ ch 1 1
3 93 (CHeOH)H + C2HOH2+ + C2HBOH — (CHeOH)H + 0.5 0.4
4 139 (CHOH)H + (CHOH)H + + C2HBOH — (CHsOH)H + 0.6 0.5
5 185 (CHLOH)H + (CHWOH)H+ + CHLOH-> (CHOH)H + 0.6 0.4

° 1. Szabo, Int. J. Mass Spectram. lon Phys., 3, 103 (1969).

rection is small and has no significant effect on the re-
sults of this study.910 The light was detected using a
nickel photocathode, and experimentally determined
photoelectron corrections were used. lonization ef-
ficiency curves were computed from the recorded ion
and light intensities. The hydrogen many-line spec-
trum was used as the source of ionizing radiation; the
slit width of the monochromator was 300 p, which cor-
responds to an energy spread of about 0.03 eV in this
wavelength region.

A photon energy of 10.68 eV (1161 A) was used to
study the reactions of the parent ion. This energy
is sufficiently above the appearance potential of the
parent ion (10.47 eV) to give good ion intensities but is
sufficiently below the appearance potential of the first
fragment ion (10.78 eV for m 45) to give a negligible
contribution from this primary ion.

The pressure in the ionization chamber was not
measured directly in this work  The pressures
reported here are those measured by an ionization
gauge (in units of 10~5Torr) which was adjacent to the
ionization chamber. Based on later measurements we
estimate that the pressure in the chamber was about
300 times higher than the measured value and was
linear over the range of the experiments to within
+20%. Thus the arbitrary units referred to in the
figures and text have the approximate value of 3 X
10~3Torr.

To ascertain background contributions to the mass
spectra caused by stray photoelectrons and scattered
light, a mass spectrum was obtained at a photon energy
of 1029 eV and at a pressure virtually the same
as the highest used in this study. The total ion cur-
rent at this energy was 0.6% of that at 10.68 eV.
Furthermore, nmore than 80% of the ions at 10.29 eV
were m 47 and m 93. These are the most intense ions
at 10.68 eV and this pressure.

Since the mass resolution of the instrument in these
experiments was approximately one part in 150, the
molecular formula of the observed ions could not be
established by using mass defects. The molecular
formulas were established, where possible, by measur-
ing the intensities of the m+landm + 2 isotopic
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masses and comparing the values with those given by
Beynon.11

Development of Cross-Section Equations

In this study the condensation sequence of ion-
molecule reactions starting with CZHBSOH2+ was ex-
amined in some detail, and relative reaction cross sec-
tions for those reactions were determined. Nearly
all the products of the reaction of ethanol parent ion
with ethanol can be accounted for by the reaction se-
quence shown in Table 1.2 Except for the photoion-
ization act (reaction 1) and the formation of the mono-
solvated proton CHLOH2+ (reaction 2), the reactions
involve the simple addition of further ethanol mole-
cules to the ion. Reaction 2 is an ordinary exothermic
ion-molecule reaction with two products and hence is
expected to be second order. For the succeeding re-
actions, one normally expects collisional stabilization
of the reaction product (or previous removal of excess
energy from the reactant by collision) to be necessary
and thus the reaction to be third order. However,
our results are not consistent with this in the case of
the first condensation step (reaction 3) and so we will
develop the cross-section equations for a sequence of
reactions somewhat different from the expected set.
The mass number of the most abundant isotopic spe-
cies will be used to represent the ion (i.e., 46+ represents
CHBOH+, 47+ represents CHBOH2+, 93+ represents
(CHBOH)H +, etc.). The relevant reactions and their
cross sections are

46+ + 46 —s 47+ + 45 o647
46+ + 46— p |h+ + Nh OMh
A7+ + 46 — > 93+** 047,98+
47+  + 46— i+ + N, 047,

(9) M. G. Inghram and R. J. Hayden, “Mass Spectroscopy,” Nu-
clear Science Series, Report No. 14, National Research Council,
Washington, D. C., 1954, p 43.

(10) H. E. Stanton, W. A. Chupka, and M. G. Inghram, Rev. Sci.
Instrum., 27, 109 (1956).

(11) J. H. Beynon, “Mass Spectrometry and its Application to Or-
ganic Chemistry,” Elsevier, Amsterdam, 1960, Appendix 1.

(12) 1. Szabo, Int. J. Mass Spectrom. lon Phys., 3, 103 (1969).
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93+** + 46 —> 093+* + 46 Elecgecy
93+* + 46 —> 93+ + 46 VBB
93+ + 46 m—> 139+% ABI
93+** + 46 —® |i+ + Nj V3
9B+* + 46 —> i+ + Nj VB
93+ + 46—> jj+ + Nj 9%Bj
139+** + 46 —> 139+* + 46 (7130130
139+* + 46 — » 139+ + 46 (M512
139+ + 46 —> 185+** <118
139+ + 46 — > |k+ + Nk <713k
139+* + 46 —> |k+ + Nk <NV kK
139+ + 46 —» |+ + Nk <Dk
185+** + 46 — p 185+* + 46 <185 15
185+* + 46 — » 185+ + 46 <1851

where 1h+ is an ionic product (other than 47+) from
the reaction of 46+ with 46, L+ is an ionic product
(other than the condensation product 93+**) produced
by the reaction of 47+ with 46, etc. Nhis the neutral
species produced together with Ih+ 93+** and 93+*
are m 93 ions with excess internal energy (i.e., although
93+** and 93+* may be stable ions themselves, they
undergo two collisions and one collision, respectively,
with ethanol molecules before enough energy has been
removed so that condensation can take place); 139+**,
etc., are excess energy ions also. The equations sub-
sequently developed here may readily be altered to fit
any number of collisional deactivation steps.

This sequence of reactions gives differential equa-
tions which are formally the same as the equations
used to describe the quantities of nuclides present in
consecutive radioactive decay.13 The first of the solu-
tions of these equations isu

l« = h*°e-™TNd (1)

where 74 is the intensity of the C2HeOH+ ion at the exit
slit of the source chamber, 745 is the intensity of the
C2H50OH+ ion at the photon beam in the source cham
ber, o46Tis the total reaction cross section for CZHZ0H +
(i.e., = <ear + XU~ 046h), N 45the concentration of
neutral molecules in the source chamber, and d is the
distance from the photon beam to the exit slit in the

source chamber. Other solutions are
I N—auTnd g—64rnd \
Tar = T46°04647 X _ B 6 B f (2)
1(747 — <b 0467 — 077,.,
g —3IBINd
| B* — 76 04647047,93 ' +
I(<747r -- OB ((T93** 046 )
-cmTNd
(of6T — 047T(093~*T owf) *
e-an**TNd

(3)
(o 46T — 0'93**T) (0"47T — <793- Fyl
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etc. If one takes the ratios 74174 27B74 (ST8= 7B*
+ 7B+ 79D, etc, given by eq 1, 2, 3. .. and expands
the exponential terms, he obtains the approximationsi
which are similar to those developed by Derwish, et al.,
in ref 14c.

, — <MHsdiNdl + CiNd + ...] (G)]
746
2/03 Nd
~ = 047,83 [L+ CJSId+ ...] )
14 z
2/139
21!’93 — 093" 930B* V0B 13+ X

[L+ CNd + ...] (6)
2718
zz]39 — 0139%+]39*0139*1130139,185* A

cryl L+ Cciafd + ...} (0

where Ci, C2 C3 and C4 are constants [e.g., O\ = (04T
— o4m/2]. One would predict that the intensity

ratios given by eq 4 and 5 would approach linearity at

low pressures, whereas the ratios given by eq 6 and 7

would be cubic at low pressure. It should be noted

that the exponent of Nd in the term outside the

brackets of eq 4-7 can be altered by changing the nun+

ber of deactivation steps in the reaction sequence.

Experimental Results

Condensation Sequence of Reactions. Figure 1 is a
plot of the relative intensity of the parent ion, the m
47 ion, and subsequent condensation products as a
function of pressure. The shape of the curves is sim-
ilar to those reported by Sieck, et al,,3aexcept that they

(13) See, for example, E. Rutherford, J. Chadwick, and C. D. Ellis,
“Radiations from Radioactive Substances,” Cambridge University
Press, New York, N. Y., 1930, p 12.

(14) Cross-section equations for somewhat similar situations in
ion-molecule reactions have been developed by (a) S. Wexler and N.
Jesse, J. Amer. Chem. Soc., 84, 3425 (1962); (b) G. A. W. Derwish,
A. Galli, A. Giardini-Guidoni, and G. G. Volpi, J. Chem. Phys., 39,
1599 (1963), and (c) G. A. W. Derwish, A. Galli, A. Giardini-Guidoni,
and G. G. Volpi, 3. Amer. Chem. Soc., 87, 1159 (1965). It should be
borne in mind in the cross-section equations of the above references as
well as those developed here that ais assumed to be independent of the
location of the ion and hence of its energy (i.e., a hard-sphere approxi-
mation is used) and that the path length d is the same for all ions.
Such assumptions mean that the cross sections obtained have only
semiquantitative meaning. The resulting error will be lessened by
the low repeller field used in this study (the field of 0.22 V/cm over
the 0.5 cm from the region of ionization to the exit hole would, in the
absence of any collisions, give an ion a maximum energy of 0.11 eV),
but the uncertainity in the cross section will still be rather large. An
additional assumption is a Lindemann-type mechanism in which the
cross section for a given step is independent of the internal energy of
the reactants. Hence one obtains a cross section that is averaged over
the internal energy as well as kinetic energy. Equations in terms of
rate constants have been derived by (d) F. W. Lampe, J. L. Franklin,
and F. H. Field in “Progress in Reaction Kinetics,” Vol. 1, G. Porter,
Ed., Pergamon Press, EImsford, N. Y., 1961, Chapter 3. Inclusion
of a variable collision complex lifetime and the translational energy
dependence of the cross section has been treated by (e) G. G. Meisels
and H. F. Tibbals, J. Phys. Chem., 72, 3746 (1968).
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RELATIVE ABUNDANCE

Figure 1. Variation of the relative abundance with pressure
for the condensation sequence of reactions.  The relative
abundance of (C:HXH)H + has been multiplied by 10 and the
relative abundance of (C-H3H)4H + has been multiplied by 100.
The photon energy is 10.68 eV.

Figure 2. Pressure dependence of the ratio 1,,1of product-ion
to reactant-ion intensity for the condensation sequence of
reactions. in+/1k+ has been multiplied bﬁ 0.1; 1m +/153+ and
tim+/1m + Nave been multiplied by 10. The photon

energy is 10.68 eV.

did not report the m 185 ion. It seems plausible to
expect even higher molecular weight aggregates similar
to those reported by Kebarle and coworkersis for the
ammonia and water systems. In Figure 2, the experi-
mental intensity ratios Itj*/la+, I<xt/I(i+, etc, are
plotted vs. pressure. The ratios /4 +//4+ and In+/
In +are virtually linear in pressure, as eq 4 and 5 pre-
dict. The deviation from linearity at higher pressures
is, according to eq 4 and 5, caused by nonlinear terms
becoming appreciable. The ratio I nn+/In+and prob-
ably | is>+-Zi39+is not linear in pressure, however.

The exponent of the pressure can be obtained by
plotting the intensity ratio vs. the pressure on logarith-
mic coordinates, the slope of this curve being the ex-
ponent of the pressure. This procedure will be valid
at low pressures, at which higher order terms in eq
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Figure 3. Pressure dependence of the ratio 7p//rof
product-ion to reactant-ion intensity for the condensation
sequence of reactions. 1w>/1m+ and tisa+/1m+ have been
multiplied by 10. The photon energy is 10.68 eV.

4-7 (or ones similar to these if they do not predict the
correct value of the exponent of pressure) are negligible.
In Figure 3 the intensity ratios have been plotted vs.
pressure. The slopes for 746+ and Z®+//47+ are
each about 1.2. For and Ime/Inn* the slopes
are about 3 for each, but more points for the latter
ratio could alter this appreciably.

The relative cross sections for the ionic reactions are
given in Table 1. The hard-sphere relative cross sec-
tions () were calculated from the experimental data
using eq 4-7. Relative cross sections (g) were also
calculated using the approach developed by Szabo
in which he assumes a v~I| velocity dependence of the
cross sections.  The equations which were used to cal-
culate the relative cross sections (5) are

v- — qga,(iNd(Ar/K (i) ®
146
2/q
— Qu,M**Nd(A$3*/An) (9)
2/139
203 EBPBEBEBIP{Nd) JADTASB ) (10

V7. — QI IRQEIBQINIEA) JABSHAIRY™)  (11)

where the A's are defined by eq 10.4 in ref 12; values of
A beyond ASB* (Adin ref 12) were calculated by evaluat-
ing the multiple integrals numercially with a computer.

(15) (a) A. M. Hogg and P. Kebarle, J. Chem. Phys., 43, 449 (1965) ;
(b) P. Kebarle, R. N. Haynes, and J. G. Collins, J. Amer. Chem.
Soc., 89, 5753 (1967); (c) P. Kebarle, S. K. Searles, A. Zolla, J.
Scarborough, and M. Arshadi, ibid., 89, 6393 (1967).
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The cross sections calculated from the hard-sphere
model and those calculated from Szabo's approach do
not differ appreciably, probably because alow repeller
field was used (0.22 V/'cm) and because the cross sec-
tions are normalized to the cross section for reaction
no. 2 (formation of m47) inTable I.

Metastable lons and Collision-Induced Dissociations.
Several metastable transitions were observed in this
study. These, as well as collision-induced dissocia-
tions, are found in Table Il. The tabulated collision-
induced dissociations took place in the collision cham-
ber in which the ambient pressure was very much
higher than in the differentially pumped analyzer sec-
tion of the instrument. The ion collision energy was
450 eV (lab). It should he noted that several of the
metastable transitions that would appear likely were
not observed because they were coincident or nearly
coincident with other masses (e.g., the metastable
transition 139+ = 121+ + 18 should occur at an appar-
ent mass of 105.2, but a peak at m 105 obscured this
transition).

Table [I: Metastable Transitions and Collision-Induced
Dissociations in the High-Pressure Mass Spectrum of CH 50H
at a Photon Energy of 10.68 eV

Apparent mass m*

Process Calcd Obad

Metastable Transitions

93+ -*47+ + 46 23.78 23.9
93+ -* 75+ + 18 60.56 60.5
139+ -* 93+ + 46 62.29 62.2

Collision-Induced Dissociations”

75+ + (46) — 29+ + 46 + (46) 26.9 26.9
47+ + (46) -* 29+ + 18 + (46) 27.8 27.9
77+ + (46) -* 31+ + 46 + (46) 28.9 28.9
93+ + (46) -* 47+ + 46 + (46) 44.6 44.5
93+ + (46) — 75 * . 18 + (46) 73.4 73.5
139+ + (46) -* 93+ + 46 + (46) 89.5 89.7
139+ + (46) -» 121+ + 18 + (46) 119.2 119

° The collision-induced dissociations were observed at only one
collision energy; the reactions above are considered reasonable
ones. Further work would have to be done to establish the re-
actants and products more firmly.

lonization Efficiency Curves. The ionization effi-
ciency curvesis (normalized at 10.68 eV) for CZHeOH+,
CHs h 2+, (CHeOH)2H+, and (C2HeOH)3H+, but not
(C2H8OH)4H + which was not examined, are plotted in
Figure 4. It is evident that the appearance potential of
each product ion is the same as C2HsOH+. The shapes
of these curves, however, are different and some further
information can be obtained from these differences.
As the photon energy increases, other primary ions
are formed from ethanol and these may produce some
secondary ions which are the same as those formed by
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Figure 4. lonization efficiency curves for the condensation
sequence of reactions. Each ion has been normalized at 10.68
eV. The pressure is 1.9 (arbitrary units) for m 46, m 47, and
m 93, and is 4.6 (arbitrary units) for m 139, The probable
error in the ordinate is ca. =5 . Also plotted is the
normalized ratio (multiplied by 10) of the m 93 ion intensity
to that of m 47.

the parent ion. For example, the important primary
ions in the range of photon energies used in this study
are CHeOH+, C2H40H+, and CH20OH+. If one ex-
amines the ionization efficiency curve for C2HeOH2+,
three distinct portions can be seen—the first from 10.4
to 10.7 eV, the second from 10.7 to 11.6 eV, and the
third from 11.6 to 12.9 eV. Examination of the ion-
ization efficiency curves that Refaey and Chupkais
obtained for C2HsOH+, C2H4OH+, and CH20H+ in-
dicates that one may interpret the first portion of the
C2Ha&H2+ curve as the result of reaction of C2HZOH
with C2HOH+ only, in the second portion C2H40H +
also becomes a reactant, and in the third portion CH2
OH+ becomes the third reactant ion producing C2H6
OH2+.

The curve for total ionization, whose derivative is
given in ref 16, is similar to the one shown for m 47.
This implies that the cross sections for the reaction of
the ions m 46, m 45, and m 31 with ethanol to form m
47 are approximately the same. This is not un-
expected since all these reactions are exothermic and
thé Gioumousis-Stevensoni7 theoretical cross sections
are nearly the same for all (experimental cross sections,

(16) K. M. Refaey and W. A. Chupka, J. Chem. Phys., 48, 5205
(1968).
(17) G. Gioumousis and D. P. Stevenson, ibid., 29, 294 (1958).
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obtained under somewhat different conditions, are
given in Table 111 of ref 3a. These are approximately
equal, bearing out the above implication). However,
it is immediately obvious that the cross section for the
condensation reaction of w 47 differs very greatly, de-
pending on its mode of formation which in turn deter-
mines its average internal energy content. This be-
havior, as well as the behavior of m 139, will be ex-
amined in the Discussion.

Other lonic Species. In addition to those ions noted
earlier, a large number of other ions were observed in
this study. The pressure dependences of these ions
(excluding those whose relative intensity was never
greater than 0.1% and those ions below m 45) are plot-
ted in Figures 5 and 6. Some preliminary data on
ion intensities at selected photon energies show that all
the ions in Figures 5 and 6 have appearance potentials
within 0.1 V of the appearance potential of ethanol.
This indicates that the ions arise from ethanol, but it
does not exclude the possibility of a neutral impurity
reacting with an ion originating from ethanol.

lons of mass less than 44 were not examined as a
function of pressure at a photon energy of 10.68 eV,
so virtually nothing can be deduced conceming their
nature or origin. They are probably created by stray
photoelectrons, scattered light of shorter wavelengths,
or by some ion-molecule reaction. At the one pres-
sure (p = 5.4, arbitrary units) at which these were
scanned, the three largest ions (mass 19, mass 29, and
mass 31) had relative intensities of 0.4, 0.2, and 0.2%
respectively. Therefore, they are not of major im-
portance.

Studies at a Photon Energy of 13.27 eV. Mass spec-
tra at several pressures were obtained at a photon en
ergy of 13.27 eV. At this energy reactions of the frag-
ment ions w45 and w 31 will be significant, as will those
of the parent ion; other fragments such as ©28 and ©
29 are still rather small at this energy. The data for

Figure 5. Pressure dependence of the relative abundance of
ions above m 44 in the high-pressure spectrum of ethanol.
lons plotted in Figure 1 are omitted. The photon

energy is 10.68 eV,
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Figure 6. Pressure dependence of the relative abundance of
ions above m 44 in the high-pressure spectrum of ethanol.
lons plotted in Figure 1 are omitted. The photon

energy is 10.68 eV,

ions whose relative intensity is greater than 0.1% are
given in Table I11. No peak at a mass number greater
than that of the parent was observed at this energy
unless it was also observed at the photon energy (10.68
eV) that gives parent ion as virtually the only primary
ion. It has already been noted that m 31 and w 45
form w47. The results of Table 111 indicate that this
is their major pathway for reaction.

Table 111; Pressure Dependence of lons in the Mass Spectrum
of Ethanol at a Photon Energy of 13.27 eV*

=Relative abundance %=
— Pressure, arbitrary units—
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Discussion

Gas phase, solvated protons have been observed ear-
lier, e.g., by Henisis in a methanol system, by Beckeyi9



lon-M olecule Reactions in Ethanol by Photoionization

in a water system and in methanol, by Munson? in
methanol and other hydrogen-bonding molecules, and
by Futrell and coworkers3’ in the system examined
here. One would expect, by analogy with aqueous
protons, that the structure of the solvated species in
the ethanol system would be

H
H OC2H5
CHm H/
\
H_ CAO
H
m 47 to 93
H
H I+ OCA
\
OCA H
/
H CAO
CHe H
\
H OC2H5
\ /
OCA H
H CAO
H

m 139 to 185

Further solvation could presumably take place at either
end of the chain. This type of structure is similar to
the polymeric chains formed by alcohols in the solid and
liquid states2L but has, of course, an additional proton.
The pressure dependences for the solvation reactions
are of some interest. Reaction 3 in Table | is second
order according to our data; i.e., collisional stabilization
is apparently not necessary to obtain a measurable in-
tensity of m 93. This is not too surprising in retro-
spect since the complexity of the product ion favors a
longer lifetime for the reverse dissociation. Second-or-
der behavior requires only that this lifetime be greater
than the mean time for a deactivating collision or
greater than the ion residence plus transit time in the
mass spectrometer. That some of these collision com-
plexes (or nondeactivated product ions) have a lifetime
of the order of ion residence plus transit time (ca. 10“6
sec) is demonstrated by the observation of the reverse
dissociation process as a metastable transition (93+ =
47+ + 46). The observed second-order behavior for
reaction 3, then, indicates that most collision complexes
have lifetimes of this order or longer. It should be
noted that this same result need not necessarily ensue
in a similar experiment performed by electron impact
for the following reasons. In the present experiment,
the m 47 ion that begins the condensation sequence is
formed almost entirely from C2Hs0H + ions prepared by
10.68 eV photons which are only ca. 0.2 eV above the
ionization threshold. In electron impact, the © 47 ion
is created by many different reactions and may have
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considerably more internal energy. Another signifi-
cant effect is that of temperature. Electron-impact
ionization chambers are usually at ca. 250° while ours
was at 25°. The ethanol molecule at 250° has ca. 0.2
eV more average thermal (mostly vibrational) energy
than at 25°. Thus, collision complexes of reaction 3 in
the electron-impact case have average internal energies
which are a large fraction of an electron volt greater
than those produced by photoionization. Such energies
can have great effects on lifetimes. HenisBin an icr
study of methanol found that the m 65 ion (presumed
to be the protonated dimer of methanol) had a lifetime
ofca. 2 X 10 6sec. From thiswe can conclude that the
protonated dimer of ethanol examined in this study
would have a lifetime of at least 2 X 10 6 sec and very
likely has an appreciably greater lifetime than this.

In contrast to © 93, t 139 and (probably) m 185 do
require collisional stabilization. The data here indi-
cate that about two collisions are necessary to carry
away the excess energy. Whether the excess energy is
taken from the reactant ion (as we have assumed be-
cause of the resulting mathematical convenience) or
from the product ion or both cannot be determined
from our data. The contrasting results on the w 93
and the m 139 ions suggest that the bond formed when
a 47 ion condenses with an ethanol molecule is stronger
than the bond formed by the subsequent condensation
reaction (or reactions). It is of interest to compare the
present results on ethanol with those of HenisBon the
ion-molecule reactions in methanol. He found that
the formation of the protonated monomer did not re-
quire collisional stabilization whereas the protonated di-
mer did require one or more collisions for stabilization.
The reason the protonated dimer (10 93) of ethanol does
not require collisional stabilization but does for the
methanol system he studied could be due to the fact
that Henis used 70-eV electrons and to the effect of the
increased number of degrees of freedom in the proton-
ated dimer of ethanol.

The ionization efficiency curves (Figure 4) for the con-
densation sequence of reactions reveal the effect of in-
ternal energy and collisional stabilization on these reac-
tions. The curve for 93 shows that, at this pressure,
the to 47" ions that react to form w 93 are those that
have been formed principally from w46 and ©©45. The
absence of a change in slope at the appearance potential
of 31 shows that this ion is not very effective in creat-
ing ©47 ions that will subsequently formm 93 ions.

The effect of internal energy can be seen by calculat-
ing AH for the reactions that form w47. These reac-

(18) J. M. S. Henis, J. Amer. Chem. Soc., 90, 844 (1968).

(19) H. D. Beckey in “Advances in Mass Spectrometry,” Vol. 2,
R. M. Elliot, Ed., Pergamon Press, Elmsford, N. Y., 1963, p 1

(20) M. S. B. Munson, J. Amer. Chem. Soc., 87, 5313 (1965).

(21) L. Pauling, “The Nature of the Chemical Bond,” Cornell
University Press, Ithaca, N. Y., 1960, p 473.
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tions and the associated values for AH obtained from
Table V22~ s are

AH, eV,
CH®OH+ + CH®OH- CHEOH2Z+ cho> -0.4
(CH©OH) -0.9

chdbh++ choh - > CHOH2% + chd -o0.1

chdh+ + chbh- CHBOH2Z + chd - 0.8

In the case of reaction of alcohol with the parent ion the
neutral product appears to be predominantly CzHeD.
Potapov and Sorokind found it to be preferred over
C2H®OH by a factor of ca. 3. We will use the value

Table [V Values of Ai?f(g) at 298°K

Species Alfg), ev Reference
CHEOH + 7.85 16
chbht 6.13 16
chbh+ 7.38 16
chboh?t 531 22
chboh -2.44 23
chbo -0.26 24
chb -1.72 25
chd -1.20 25
chbh -0.78 26

—0.4 eV for AH in the subsequent discussion. These
values of AH show that a m 47 formed from CHZOH +
will have greater energy (primarily internalZ) than one
formed from CoHZOH+ or C2HOH+. It should be
noted that the difference between the internal energies
may be greater than the difference between the enthalpy
changes. The reason is that if partitioning of energy
between the product species occurs statistically (as
would be expected if a long-lived intermediate were
formed), then this partitioning would give m 47 in the
third reaction above a greater share of the energy liber-
ated than in the second reaction; this in turn will be
slightly greater than in the first reaction.

The absence of any break in the curve for m 93 at ca.
11.7 eV (Figure 4) can be taken as evidence that the re-
action cross section for the formation of this ion from a
m 47 created by CH20H+ is quite small. Comparison
between the m 93 curve and the m 47 curve in the region
in which C2Hs0H+ and C2H4H+ are the reactant ions
apparently reveals that the reaction cross section for
the formation of m 93 with C2H42H+ as a precursor is
less than the reaction cross section for formation from
C2HBOH+ The values of AH for the two reactions ap-
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pear at first sight to run counter to this, the more exo-
thermic reaction being the one in which the parent ion
is the precursor. The partitioning of energy in these
two cases is virtually the same. However, the values
of AH given are those at the threshold of each process.
As the photon energy is increased above the threshold,
the average internal energy of the reactant ion increases
(until a new fragment ion is formed). In general we
may expect that the internal energy of the m 47 ion will
increase with increasing photon energy. The effect of
this increase in internal energy of m47 on its subsequent
reaction to formm 93 can be seen by plotting the ratio of
m 93/m 47 ion intensities as a function of photon energy.
This plot, also shown in Figure 4, exhibits a strong de-
crease of reaction probability with internal energy.

On the basis of the above discussion, the ionization
efficiency curve for m 139 would be expected to rise less
rapidly than the m 93 curve and to show no break at
ca. 11.7 eV. However, it can be seen from Figure
4 that the opposite is true; it rises more rapidly with
photon energy than m 93 and lias a definite change in
slope atca. 11.7 eV. The latter shows that m 31 is a
precursor ion for m 139. This seemingly anomalous
behavior can be rationalized by noting that the
curve for m 139 was obtained at about 2.5 times the
pressure used for m 93. At this higher pressure, con-
sierably more m 47 ions formed from CHZH+ will be
deactivated enough to permit subsequent condensations
with ethanol nolecules. From this we can surmise that
the m 93 and m 139 curves will be strongly pressure de-
pendent, resembling the m 46 and m 45 curves at low
pressure and the m 47 curve at higher pressure.

From the above discussion it is evident that inter-
molecular energy transfer and internal energy of the re-
actant ions will have appreciable effects on the condensa-
tion reactions in ethanol. The rather weak bonds
formed are most likely the cause of this sensitivity.

(22) M. S. B. Munson, private communication, gave the proton af-
finity of CZH50H as 187 + 2 kcal from which this value was calcu-
lated.

(23) “Selected Values of Properties of Chemical Compounds,”
Manufacturing Chemists Association Research Project, Chemical
Thermodynamics Properties Center, Agricultural and Mechanical
College of Texas, College Station, Texas, June 30, 1964.

(24) G. Baker, J. H. Littlefair, R. Shaw, and J. C. J. Thynne, J.
Chem. Soc., 6970 (1965).

(25) R. R. Bernecker and V. A. Long, J. Phys. Chern., 65, 1565
(1961).

(26) J. A. Kerr, Chem. Rev., 66, 464 (1966).

(27) (a) The experiments of J. L. Franklin and M. A. Haney, J.
Phys. Chem., 73, 2857 (1969), show that for the systems they studied
most of the excess energy released in ion-molecule reactions appears
as internal energy of the products rather than as kinetic energy.
This behavior is predicted by a statistical theory: (b) C. E. Klots,
J. Chem. Phys., 41, 117 (1964).
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The pyromellitic dianhydride (PMDA) complexes of triphernylene, anthracene, and pyrene show charge
trarsfer absorption in the 400-500-nm region  Flash excitation in these bands gives rise to the sane trarsient
absorption between 500 and 700 nmwhich has been identified as due to the anion radical of PMDA and an ion
pair consisting of this anion radical and the cation radical of the donor by spectral conmparisonwiththe species
gererated from the reaction of PMDA with alkali netals and by esr measurements.  The photochemical
changes appear to be conpletely reversible.  The transient decay wes studied in detail with the PMDA-
tripherylene conplex It is rapid in dichloromethane and in acetonitrile (lifetime 2500 ¢isec) and slow in
tetrahydrofuran and in acetore (half-lives ~10 and 1000 sec, respectively). The decay kinetics are interpreted
in terms of the ion-pair equilibiium D+-A- A D+ - A- and the relaxation of the ion pair D+~A_ —»DA (or
D + A). The results indicate that the ion pair predominates in dichloromethane, tetrahydrofuran, and ace-
tone, whereas in acetonitrile the ions are favored.  In acetone, the transient decay is strictly first order, but the
rate constants vary with the conpasition of the solution.  Emission measurements at room temperature in
solution and in a polymethyl methacrylate nmatrix and at 77°K in an ether-isopertane glass revealed fluores-
cence from the conplex and phosphorescence which closely resermbles that from the donor (triphenylene). The
triplet state of the conplex may be involved in the ionization process despite the finding that, at room tem
perature, the ion yield is unaffected by oxygen.

Introduction

In the first paper we described the photochemical
behavior of several iodine-amine complexes in solution.2
Irradiation in the visible iodine bands leads to homolytic
scission of the iodine molecule and the reversible genera-
tion of amine- and solvent-complexed iodine atoms.
This fragmentation of the acceptor can be considered
unique for the halogens and structurally related com-
pounds and is not likely to occur with organic acceptors.
The photolysis of an iodine-amine complex in the charge-
transfer absorption region takes an entirely different
course and results in its irreversible destruction.

As part of a continuing investigation of the photo-
chemistry of charge-transfer complexes, we have turned
our attention to complexes involving organic acceptors,
with particular emphasis on the consequences of ir-
radiation in the charge-transfer band. In this paper
we report on the photochemical behavior of the com-
plexes of pyromellitic dianhydride (PMDA, 1) with
several polynuclear hydrocarbons in solutions. PMDA
is a moderately strong acceptor with an electron affinity
of 0.85 eV,3and several of its complexes have been de-
scribed.4-7 The absorption of PMDA is well below

¢} ¢}

400 nm, and the charge-transfer bands, which are well
separated from the component absorption bands, ap-
pear in the 400-500-nm region. Thus the region above
500 nm is accessible for the observation of transient
absorption.

Weller and coworkers3have reported that the quench-
ing of the fluorescence of certain aromatic hydrocarbons
by typical electron donors gives rise to emission from a
molecular complex which is stable only in the excited
state. In highly polar solvents they obtained evidence
of the formation of radical ions. We have previously
suggested that excitation, in the charge-transfer band,
of complexes which are stable in the ground state may
give rise to radical ions by complete electron transfer.2
This has indeed been found to be the case with the
PMDA complexes of triphenylene, anthracene, pyrene,
and naphthalene in several solvents.

(1) Presented at the Symposium on Photochemistry and Radiation
Chemistry, U. S. Army Natick Laboratories, Natick, Mass., April 22-
24, 1968.

(2) A. M. Halpern and K. Weiss, J. Phys. Chem., 72, 3863 (1968).
(3) G. Briegleb, Angew. Chem. (Int. Ed.), 3, 617 (1964).

(4) Y. Nakayama, Y. Ickikawa, and T. Matsuo, Bull. Chem. Soc.
Jap., 38, 1674 (1965).

(5) T. Matsuo, ibid., 38, 2110 (1965).
(6) 1. llmet and L. Kopp, J. Phys. Chem., 70, 3371 (1966).
(7) 1. llmet and P. M. Rashba, ibid., 71, 1140 (1967).

(8) H. Knibbe, K. Rollig, F. P. Schafer, and A. Weller, J. Chem.
Phys., 47, 1184 (1967); H. Beens, H. Knibbe, and A. Weller, ibid.,
47, 1183 (1967), and references cited therein.
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Experimental Section

Materials. The solvents employed were all Fisher
Certified (ACS or 99 mol % pure) reagents. Purities
were checked by glpc (F & M Model 720 gas chromato-
graph). Methylene chloride was refluxed over phos-
phorus pentoxide and distilled from this drying agent.
Tetrahydrofuran was treated with calcium hydride,
degassed by the freeze-pump-thaw method, and trap-
to-trap distilled several times over sodium-potassium
alloy. The solvent was stored over the alloy on a high-
vacuum line and was distilled into sample cells as
needed. Acetone and acetonitrile were used without
further purification. Methyl methacrylate (Eastman
Organic Chemicals) was repeatedly shaken with 5%
sodium hydroxide solution to remove the inhibitor and
distilled under reduced pressure (30 mm) under nitro-
gen.

Pyromellitic dianhydride (Aldrich Chemical Co.) was
sublimed at atmospheric pressure to give material of
mp 282.5-283.0° (lit.9 mp 284°). Triphenylene (Al-
drich Chemical Co.) was recrystallized three times from
absolute ethanol and sublimed under vacuum. Thin
layer chromatography (silica, benzene eluent) revealed
no impurity. Pyrene (Eastman Organic Chemicals)
was sublimed under vacuum to afford material of mp
150-151° (lit.0 mp 150.4°). Anthracene, blue-violet
fluorescence grade, and naphthalene, recrystallized
(alcohol) grade (Eastman Organic Chemicals), could be
used without further purification.

Spectral Measurements. Visible and ultraviolet spec-
tra were measured with a Beckman DK-1 spectropho-
tometer equipped with a constant-temperature cell
holder. This instrument, fitted with its fluorescence
attachment (Beckman No. 21850) and an external
monochromatic excitation source, was also used for room
temperature emission measurements. For low-tem-
perature emission measurements an Aminco-lveirs
spectrophosphorimeter was employed. Electron spin
resonance measurements were performed with a Varian
V-4500 spectrometer (100-kc field modulation, 6-in.
magnet). In photochemical experiments, the samples
(in 3-mm diameter tubes or a flat 1-mm quartz cell) were
irradiated directly in the Varian V-4531A multipurpose
cavity with the aid of an Osram HBO 500-W mercury
lamp fitted with appropriate lenses and filters.

Continuous Photolysis Experiments. The monochro-
matic irradiation apparatus for this purpose is described
in detail elsewhere.11 In this study it was used with a
GE BH-6 mercury lamp. Higher intensity constant
irradiation experiments were performed with other
mercury lamps (Phillips HPK 125-W and Osram HBO
500-W) used with and without appropriate filters.

Flash Photolysis Experiments. The essential fea-
tures of the flash apparatus have been previously de-
scribed.2 The arrangement used in this study incor-
porates a photomultiplier (EMI 9558 AQ) detection
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circuit without cathode follower. Signal collapse is
prevented by employing very short coaxial leads to the
oscilloscope. The flash tubes, which were designed by
Dr. E. Wall, feature an expansion chamber behind each
electrode which connects with the quartz discharge
chamber by means of holes in the end cap. The Py-
rex expansion chambers are permanently cemented to
the end caps with epoxy cement, but the quartz tubes
are held by commercial Swagelok fittings2 with
Teflon ferrules. These fittings provide a vacuum-
tight seal and permit defective quartz jackets to be
easily replaced and the electrodes to be cleaned and
reconditioned.

Liquid samples, which were outgassed by the freeze-
pump-thaw method, were flashed in cylindrical, jacketed
Pyrex or quartz cells with 3-, 6-, and 12-cm path
lengths. The rapid circulation of filter solution (aque-
ous, containing copper sulfate (0.4 M), ferric alum
(0.02 M), and sulfuric acid (0.05 M)) from a thermo-
stated bath through the jacket served not only to keep
the temperature constant but also to confine light ab-
sorption to the charge-transfer region. The circulation
system consists of a polyethylene circulating pump with
steel shaft (Gorman-Rupp Industries) and a glass coil
and 500-ml reservoir immersed in a 5-gal water bath.
Temperature control to £0.1° is achieved by counter-
balancing a “Portatemp” heating unit (Precision
Scientific Co.) with a portable bath cooler (Neslab
Instruments, Durham, N. H.).

For low-temperature flash experiments (to —80°),
the method described by Ottolenghi, Bar-Eli, and
Linschitz13 was used. The flash light was limited to
the charge-transfer absorption by covering the un-
silvered Dewar vessel with a Roscolene No. 863 medium
blue filter (Rosco Laboratories, Harrison, N. Y.).

Solid methyl methacrylate polymer containing charge-
transfer complex was prepared by polymerizing a solu-
tion of the monomer at 30-40° with azobisisobutyroni-
trile (0.02%). The crude rod was machined into a
2-cm diameter, 6-cm long cylinder with optical faces.

The photographic records of the oscilloscope traces
were processed as previously described,2 and the tran-
sient absorption is recorded in terms of ADX the time-
dependent change in optical density at wavelength X
For slow decay rates, the photomultiplier signal was
recorded with a strip chart recorder. In acetone solu-
tion, it was possible to monitor the decay with the Beck-
man spectrophotometer.

(9) J. C. A. Boeyens and F. H. Herbstein, J. Phys. Chem., 69, 2153
(1965).

(10) N. A. Lange, Ed., “Handbook of Chemistry,” 10th ed, McGraw-
Hill, New York, N. Y., 1961, pp 688, 689.

(11) H. P. Wolf, J. J. Bohning, P. A. Schnieper, and K. Weiss,
Photochem. Photobiol., 6, 321 (1967).

(12) Crawford Fitting Co., Cleveland, Ohio.

(13) M. Ottolenghi, K. Bar-Eli, and H. Linschitz, J. Chem. Phys.,
43, 206 (1965). We are grateful to Dr. Linschitz for providing us with
details of the cell design.
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Table 1. Thermodynamic and Spectral Properties of PMDA Complexes
Qnplex Shart km, l/mola —an. kedlimole kna mm frax

PMDA-triphenylene Methylene chloride 58 + 0.2 29 + 0.2 415 1319 £ 24
Tetrahydrofuran 183 £+ 05 ~0 385' 300 + 60
Acetone 24 ¢ 8 0.50 + 0.06 385' 348 + 90

. Acetonitrile 145+ 0.4 2.7+ 0.2 390" 420 db 80

PMDA-triphenylene Methyl methacrylate 390"

PMDA-pyrene Methylene chloride 8§31+ 03 38+ 0.3 505 1048 £ 25

PMDA-anthracene Methylene chloride 515

PMDA-naphthalene Methylene chloride 405

“Measured with PMDA and donor concentrations in the ranges 2-5 X 10-3and 5-50 X 10“3wm, respectively.

ture range 5-40°. ' Shoulder.

Anion Radical of PMDA.# A solution of this radical
and its ion pair with an alkali metal ion can be prepared
by allowing a degassed solution of PMDA to contact a
sodium mirror or sodium-potassium alloy. The reac-
tion with sodium is incomplete since the metal rapidly
becomes coated with a purple, insoluble substance.
The reaction with the alloy is cleaner but requires
elaborate manipulations to accomplish substantial con-
version of the anhydride. The apparatus used for this
purpose incorporated a reaction tube into which sodium-
potassium alloy is distilled, two tubes for PMDA solu-
tion and solvent, fritted filters for the removal of un-
reacted alloy and a solid purple side product which
inevitably formed, and cells for esr and optical mea-
surements.

Results

a.  Ground-State Properties of the Complexes.
Knowledge of ground-state properties was deemed
pertinent, and consequently equilibrium constants
and extinction coefficients were measured by the
Benesi-Hildebrand procedure. This involves the
assumption that 1:1 complexes are formed, but the
linearity of plots is no guaranty of this stoichiometry.®
The JobT variational method, applied to the PMDA-
pyrene system in dichloromethane at the charge-trans-
fer maximum (505 nm) showed a maximum at 0.5 mole
fraction.l8 The phase diagram of the PMDA-tri-
phenylene system shows the existence of a solid 1:1
compound; there are eutectics at 0.30 and 0.91 mole
fraction of triphenylene. The results of the spectral
and Benesi-Hildebrand measurements are summarized
in Table | for the complexes and solvents used in the
photochemical work. We see that the enthalpy of
formation values in the oxygen-containing solvents
tetrahydrofuran and acetone are abnormally low. This
implies a positive entropy for association, which is
possibly due to complex formation with the solvent.
For present purposes, we use these humbers merely to
evaluate the composition of solutions under various
conditions.

b. Properties of the Anion Radical of PMDA. The
PMDA anion radical (ion pair) spectrum obtained from

61n the tempera/-

a 1.6 X 10-4 M solution of PMDA in tetrahydrofuran
and sodium-potassium alloy is shown in Figure 1
Based on the assumption, which appears to be borne
out by the spectrum, that this species has almost no
absorption at 325 nm where € = 2.78 X 103for PMDA,
and neglecting the side product, the lower limit of ~104
is obtained for the extinction coefficient of the anion
radical at 665 nm. Anion radical solutions prepared
with the alloy under conditions which left little un-
reacted PMDA are quite stable and retain their blue
color for 3-4 days. On the other hand, tetrahydro-
furan solutions prepared by reaction with a sodium
mirror which contain much unreacted anhydride decay
in 3-4 hr by a first-order process. By irradiation of the
decayed solution with an unfiltered mercury lamp, the
anion radical could be repeatedly regenerated, but each
successive decay furnished additional amounts of a
photostable product which has a spectrum similar to
that of the ground-state PMDA-triphenylene complex.
The slower decay of the more stable solutions prepared
from the alloy leads directly to the same product and, in
this case, the anion radical cannot be photoregenerated.

c. Emission from the Complex. Excitation of the
triphenylene-PMDA complex in dichloromethane solu-
tion at room temperature gives rise to a broad emission
band with a maximum at 500 nm. The excitation and
emission spectra in this solvent are almost identical
with those for this complex in the solid polymethyl
methacrylate matrix at room temperature, which are
shown in Figure 2.

The behavior of the triphenylene-PMDA complex is
different in a 1:1 ether-isopentane glass at 77°K.
With excitation in the charge-transfer band at 420 nm,
phosphorescence closely resembling that of triphenylene

(14) The species produced by the reaction of an alkali metal with
PMDA in tetrahydrofuran is, for convenience, designated as the
anion radical although, in this solvent, ion-pair formation is exten-
sive.

(15) H. A. Benesi and J. H. Hildebrand, J. Amer. Chem. Soc., 71,
2703 (1949).

(16) G. D. Johnson and R. E Bowen, ibid., 87, 1655 (1965).

(17) P. Job, Ann. Chim. Phys., [10] 9, 113 (1928).

(18) A 2:1 complex of PMDA and pyrene has been reported to be
formed under extreme conditions; cf. ref 6.
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Figure 1. Spectrum of the PMDA anion radical in
tetrahrdrofuran: A 16 X 10-4m PMDA; B, PMDA anion
radical. Since part of the PMDA is converted into an
insoluble product (see text), the actual anion radical
concentration is not known.

Figure 2. Emission and excitation spectra of the
triphenylene-PMDA complex in polymethyl methacrylate at
room temperature: A, ground-state absorption; B, excitation
spectrum; C, emission spectrum.

is observed. This is shown in Figure 3 which, for com-
parison, includes the total emission spectrum of tri-
phenylene with excitation at 280 nm. Excitation of
the separated components at 420 nm produces no emis-
sion.

d Electron Spin Resonance Spectra.
radical (ion pair) prepared from PMDA and sodium-
potassium alloy in tetrahydrofuran shows the three-
line electron spin responance spectrum with intensities
approximately in the ratio 1:2:1 which is expected on
the basis of two equivalent protons in structure 1.
The splitting constant is aH = 0.78 G. No splitting
due to the alkali metal was evident.

Without irradiation, a solution of the PMDA-tri-
phenylene complex in tetrahydrofuran solution shows
no electron spin resonance signal. Irradiation in the
charge-transfer band gives rise to aweak three-line sig-
nal which is not as well resolved as the signal from the
chemically prepared anion radical of PMDA. The
splitting constant (&h = 0.75 G) is, however, the same
as for the latter. An entirely analogous electron spin
resonance spectrumwith aH = 0.79 G was produced by
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Figure 3. Emission spectra of triphenylene and its PMDA
complex in an ether-isopentane glass at 77°K: F, fluorescence;
P, phosphorescence.

irradiation of the naphthalene-PMDA complex in tetra-
hydrofuran solution. Variation of the donor: acceptor
ratio from 100:1 to 1:100 failed to produce absorption
which could be unequivocally assigned to the cation rad-
icals of the aromatic hydrocarbons.

e. Continuous Irradiation of the Complexes. Photol-
ysis of the PMDA-triphenylene complex in degassed
dichloromethane solution with a Pyrex-filtered 125-W
mercury lamp for 20 hr caused some chemical change
which is reflected in an increase in absorption in the
charge-transfer region. Under the same conditions,
triphenylene alone, which has been reported to be pho-
tostable,©yielded a colored product which was not fur-
ther examined. Pyrex-filtered mercury lamp irradia-
tion also caused some decomposition of the pyrene-con-
taining complex and produced the hydrocarbon dimer
from the PMDA-anthracene complex in tetrahydro-
furan.

By contrast, the complex solutions were found to be
stable to continuous monochromatic photolysis in the
charge-transfer region. The apparatus used for this
purpose provided ca. 4 X 10%6 photons/cm2 sec at 435
nm.1l No detectable changes resulted from the photol-
ysis, under these conditions, of the PMDA-triphenylene

(19) W. G. Herkstroeter, A. A. Lamola, and G. S. Hammond, 4.
Amer. Chem. Soc., 86, 4537 (1964)
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complex in methylene chloride for 25 hr and in tetrahy-
drofuran solution for 50 hr.

/. Transient Spectra. The transient absorption gen-
erated by flash photolysis of the PMDA-triphenylene
complex in dichloromethane solution at 15° is shown in
Figure 4. The donor-to-acceptor ratio for this solution
is 1:1. The spectral distribution of the transient ab-
sorption is the same in degassed and undegassed solu-
tion, and with a donor-to-acceptor ratio of 25:1. The
transient spectral features of the PMDA complexes are
summarized in Table Il. In all cases the spectra are
almost identical with each other and with the spectrum
of the anion radical. However, the lifetime of the
transient varies dramatically with the solvent. For
the complex in dichloromethane and acetonitrile solu-
tions, the lifetimes are in the microsecond range. For
the PMDA-triphenylene complex in tetrahydrofuran
solution, the lifetime is of the order of seconds and in
acetone it is of the order of minutes. An important
feature to be noted is that, in every case, the shape of
transient spectrum is invariant with respect to time.

Table [I; Spectral Features of Transient

Complex Solvent XTEX, NM-—mmmme
Anion radical Tetrahydrofuran 597, 610 640, 665«
Triphenylene-PMDA Tetrahydrofuran  s97, 612 643, 663
Acetone 600, 610 640, 665
Acetonitrile 605 645,6665
Dichloromethane 610 645,6670

Pyrene-PMDA Dichloromethane 605 665
Anthracene-PMDA  Dichloromethane 610 645,6670

Triphenylene-PMDA  Methyl methacry- 600 653
late polymerd

<D Y 104 Erepared from sodium or sodium-potassium alloy
in PMDA. b Shoulder. ¢ Solid.

The only different spectrum is observed in solid meth-
acrylate polymer, where the broad, low wavelength
band at 600 nm is more intense than the band at 653 nm.
Moreover, in this matrix the transient has a lifetime
comparable to that of the flash.

The maximum initial optical density of the transient
depends, in all cases, only on the ground-state optical
density in the charge-transfer region and on the flash
energy. Within experimental error, the presence of
oxygen has no effect on the maximum transient density
although the decay rate becomes more rapid. This is
particularly marked in acetone and tetrahydrofuran
solutions, where the lifetimes are reduced to the micro-
second range by oxygen.

0. Decay Kinetics. The decay kinetics of the tran-
sient generated from the PMDA-triphenylene complex
were measured in several solvents as a function of donor-
to-acceptor ratio, wavelength, temperature, and the
pressure of oxygen. The transient spectra in all the
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Figure 4. Transient spectrum of the triphenylene-PMDA
complex in outgassed methylene chloride solution at 15°; the
concentration of each componentis 5 X 10-3 m: A,
triphenylene; B, ground-state complex; C, transient.

The numbers represent the t:me in microseconds after

flash excitation.

solvents examined (dichloromethane, acetonitrile, tetra-
hydrofuran, acetone) indicate that the absorption is due
to a single species or to several species with almost iden-
tical spectral features. There is every indication that
the transient behavior is entirely reversible in unde-
gassed solution when flash excitation is confined to the
charge-transfer band. Kinetic lanws were examined in
terms of the time-dependent behavior of the transient
change in optical density which, since there is no over-
lap with the ground-state complex absorption, is given
by AD = XA efiil, where edand c4are the extinction co-
efficient and molar concentration, respectively, of the
transient species, and | is the path length in centimeters.

1. Dichloromethane. The decay kinetics in this sol-
vent are complex and follow no simple law over the en-
tire time domain. Traces from a large number of ex-
periments indicated that the decay can be analyzed in
terms of an initial (f < 100 /;sec) first-order process fol-
loned by a final (t > 200 /;sec) second-order process.
Rate constants at several wavelengths are summarized
inTable I11.  The first-order rate constant is seen to be
the sarme when donor-to-acceptor ratio is 1:1 and 25:1.

2. Acetonitrile. In degassed acetonitrile solution,
the transient lifetime is of the same order of magnitude
as in dichloromethane. Below 0°, the decay is strictly
second order; k/e values at 660 nm are 1.3 X 106 cm
sec-1 at 0° and 1.8 X 105cmsec-1 at —44°.

Above 0°, decay is more complex and a long-lived
component appears. Even at 15°, the final decay is
quite slow, and a trace made several seconds after the
flash remains above the original base line. It was also
noted that, at this temperature, a small amount of this
long-lived absorption can be generated by the monitor-
ing light of the flash apparatus and that it disappears in
the presence of 1 mm of oxygen pressure. We believe
that this long-lived species arises from a relatively slow,
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Table 111 Rate Constants for the Decay of Transients from
the PMDA-Triphenylene Complex in Dichloromethane at 15°

Initial decay Final decay
Wavelength (i < 100 /isec) (t > 200 usec)
nm k X 10-* see-1* k/e X 1 0 cm sec-1
611 1.8(2) 26+ 0.1
617 15(1 2.8
644 1.6 (2 251t 0.1
670 2.1 (7), 2.0 ()¢ 08 + 0.2
693 2.1 (1) 35.0
Av19 1 03

“ 1:1 donor-to-acceptor ratio with concentrations of 5 X 10~3
m each unless otherwise indicated. bAverage value for the
number of runs quoted in brackets. c¢25: donor-to-acceptor
r_atici with concentrations of 2.5 X 10-2 and 1 X 10*3m, respec-
tively.

activated reaction involving the solvent which is entirely
suppressed at lower temperatures.

3. Tetrahydrofuran.
tial, very rapid decay which is folloned by a much
slower first-order process. This is illustrated by the
traces in Figure 5. The initial decay is second order,
and a plot of 1/(AD — AD¢) against time (ADeis the op-

INI' 1H T H

0.5 msec/cm

Figure 5. Oscilloscope traces for transient decay in
tetrahydrofuran solution at 25° with PMDA and triphenylene
concentrations each 5 X 10~8m. The vertical scale is 0.5
Viem, and the unattenuated intensity corresponds to 3 V.
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Figure 6. Initial transient decay in tetrahydrofuran solution at
25°, The concentrations of PMDA and triphenylene are
gach 5 X 10~3m.

tical density at 2000 psee, when the rapid process is es-
sentially complete) is linear and provides k/e (663 nm)
= 9.0 X 104cmsec-1 at 25° (cf. Figure 6). The slow
decay has a rate constant of (5.4 £ 0.4) X 10-2 sec-1
(663 nm), corresponding to a half-life of 12.8 sec.

/m Acetone. In acetone, the decay occurs over a
period of ca. 5000 sec, as compared with ca. 300 sec in
tetrahydrofuran. We have, unfortunately, no experi-
mental data in the microsecond range for this solvent.
The slow process is strictly first order over several half-
lives. Measurements were made at three donor-to-ac-
ceptor ratios and three temperatures, and the results
are summarized in Table IV. These data provide ac-
tivation energies which vary with the composition of the
solution. The values are 11.4, 1.4, and 13.8 kcal/mol,
respectively, for the donor-to-acceptor ratios of 26.5:1,
1.6:1, and 1:125. Thus the high activation energies
are associated with solutions in which either the donor or
the acceptor is in large excess, and there is little tem-
perature dependence when the concentrations are com-
parable. This behavior may be taken as indicative of
the involvement of one or more equilibria in the decay
processes. In this connection, it may be noted that the
concentration of the components in these solutions does
not change substantially with temperature since the ap-
parent enthalpy of association for the complex is small
(Table I).

5. Effect of Oxygen. The transient decay in unde-
gassed dichloromethane solution of the PMDA-tri-
phenylene complex (1:1) is more rapid than in degassed
solution. The decay is first order for over three half-
lives with k = (31 * 0.1) X 104sec-1 at 15°. The
marked effect of oxygen on the decay rates in tetrahy-
drofuran and acetone has already been noted. In un-
degassed solutions of the PMDA-triphenylene complex,
the apparent transient half-lives are about 150 and 100
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Table IV: Rate Constants for the Decay of the Transient from the PMDA-Triphenylene Complex in Acetone

mDonor-to-acceptor ratio-

26.5:1"
-Temp, °C-

Wavelength, 29 38 50 25.5

665 3.4 5.9 12.3 3.4

642 3.4 6.1 12.0 3.5

610 3.4 6.2 11.0 3.4

600 3.2 6.1 10.7 3.3

Av 34+01 61+01 115+ 13 34+£01
» [Triphenylene] = 453 X 1 [MMDA] = 173 X 10~3m.
¢ [Triphenylene] = 1.03 X 10-3 m, [P DA] = 128 X 10~>m.

Meec, respectively. In these solvents and in acetoni-
trile, the decay in the presence of oxygen is complex and
appears to follow a combination of first- and second-or-
der rate lans. Evidence for the participation of a sec-
ond-order process in tetrahydrofuran solution is that the
apparent initial first-order rate constants increase with
increasing flash energy.

Discussion

The spectral results (Table I1), electron spin reso-
nance measurements, and sensitivity to oxygen estab-
lish a close similarity between the transient generated
by photolysis of the PMDA-polynuclear hydrocarbons
in solution and the anion radical of PMDA and/or ion
pair (A_Na+)Dprepared by the reaction of alkali metals
with PMDA in tetrahydrofuran. In this solvent, ion
association is expected to be important.2l Conse-
quently, we identify the photochemical transient as the
anion radical of the acceptor or the ion pair consisting of
this anion radical and the cation radical of aromatic hy-
drocarbon donor. At any instant during the decay, one
or the other or both of these species are present. The
transient spectra are identical with respect to relative
intensity at different wavelengths at all times during
the decay. We conclude from this that the ion and the
ion pair have the same spectral contour, although there
is evidence (vide infra) that their extinction coefficients
are different.2 The flash excitation produced no spec-
tral features which can be ascribed to the cation radi-
cal D+. The spectrum of this cation radical has been
reported.Z Its absorption, which is in the same region
as that of the anion radical of PMDA, shows maxima
at 398, 573, 645, and 690 nm. The extinction coeffi-
cient at 690 nm can be estimated as ~5000 from the
spectrum of the triphenylene anion radical on the basis
that the spectra of the cation and anion radicals of al-
ternant hydrocarbons are very similar. If the value of
this extinction coefficient is approximately correct,
spectral evidence of the cation radical should be present
in the transient absorption. We can only surmise that
the extinction coefficient of the PMDA anion radical has
been substantially underestimated, possibly due to ne-

1.6:14 1:125*
-Temp, °C Temp, “C-mmmmemmmmeeeen
38 50 15 28.5 38
—k X 104see-1¥ s —k X 104see- F—--
3.3 4.0 2.4 6.8 15.7
3.6 4.1 3.0 7.8 18.1
3.6 41 3.3 1.1 18.8
35 4.2 3.4 8.3 19.8
35+01 41+£01 3.3+03 77205 181
» [Triphenylene] = 1.68 X 10~2m, [PMDA] = 1.03 X 10“2wm

glect of the side product in the reaction of PMDA with
alkali metal (vide supra). The apparent absence of
electron spin resonance absorption due to the triphen
ylene cation radical can be rationalized on the basis
that only a very small concentration of this species is
generated by irradiation and that the width of the
spectrum (>20 G) is such that it could easily be sub-
merged in the noise.

It is of interest to note that flash excitation of the
PMDA-mesitylene complex also produces no spectral
evidence of the donor cation radical24 By contrast,
the photolysis of pyrene-p-dicyanobenzene and pyrene-
tetracyanoethylene solutions in acetonitrile generates
transient absorption due to the pyrene cation radical. 5

The emission observed from dichloromethane solu-
tions of the PMDA-triphenylene complex and from this
complex dispersed in methyl methacrylate polymer is
clearly fluorescence from the charge-transfer complex.
This is evident not only from the excitation spectrum,
but also from the approximate mirror image relation-
ship to the charge-transfer band (Figure 2). The 0-0
band appears to be at ca. 440 nm. The phosphores-
cence spectrum of the complex at 77°K closely resembles
that of triphenylene (Figure 3). The slight differences
lie in the blurring of structure in the individual bands,
which may be due to the weaker emission from the com-
plex than from the hydrocarbon, and in the enhance-
ment of asmall band near 525 nm. The 0-0 band at ca.
430 nm (reported9429 nm) is unshifted in the complex.

(20) For convenience, radical ions are formulated simply as charged
species. Thus A~ represents PMDA" _

(21) C. Carvajal, K. J. Tolla, J. Smid, and M. Szwarc, J. Amer.
Chem. Soc., 87, 5548 (1965).

(22) This interpretation is supported by the recent report that a
series of amine picrate ion pairs have very similar spectra in aceto-
nitrile. The maxima, which fall within an 8-nm range, are displaced
ca. 25 nm to shorter wavelengths from the maximum for the picrate
ion. cf. M. K. Chantooni, Jr., and J. M. Kolthoff, ibid., 90, 3005
(1968).

(23) P. Bennema, G. J. Hoijtink, J. H. Lupinski, L. J. Oosterhoff,
P. Selier, and J. D. W. van Voorst, Mol. Phys., 2, 431 (1959).

(24) R. Potashnik, C. R. Goldschmidt, and M. Ottolenghi, J. Phys.
Chem., 73, 3170 (1969); R. Potashnik and M. Ottolenghi, Chem.
Phys. Lett., 6, 525 (1970).

(25) K. H. Grellmann, A. Watkins, and A. Weller, J. Luminescence,
1, 2, 678 (1970).
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The phosphorescence of PMD A is broad with amaximum
near 450 nm; its KO band can be estimated to lie near
410 nm.B According to these spectra, the energies are
in the order: triplet excited state of PMDA > singlet
excited state of complex ~ triplet excited state of tri-
phenylene. The triplet excited state of the complex
can be considered as a locally excited triplet state of the
donor within the complex, which may be stabilized by
the charge-transfer interaction, and which may or may
not be dissociative.Z

In the solution flash experiments with the PMDA-
triphenylene complex, no evidence was found for triplet-
triplet absorption due to the complex or to the donor.
Porter and Windsor have reported this absorption for
triphenylene to have Xnmax 428 nm,B and this has been
confirmed by our own flash experiments.

The question now arises whether the radical ions
arise from the excited singlet or triplet state of the com-
plex. For the PMDA-mesitylene system it has been
shown by simultaneous phosphorescence decay and
transient absorption growth measurements at low tem-
perature that the triplet state of the complex ionizes. 24
The rate constant for this process is ~800 sec-1 at
117°K, and oxygen suppresses ionization. By con-
trast, we find for the PMDA-triphenylene complex that
the initial amount of transient absorption produced in
the 500-700-nm region is independent of the oxygen
pressure. The ion yield is not changed by even one at-
mosphere pressure of pure oxygen. Under these con-
ditions the solubility of oxygen is ~10~2 M at room
temperature and, with the assumption that the quench-
ing rate is diffusion controlled, the effective lifetime of
the complex triplet state would have to be comparable
to that expected for the singlet excited state (<10-8 sec
at room temperature) for the ionization to be unin-
fluenced by oxygen. A triplet lifetime of this magni-
tude is not inconceivable, so that an unequivocal dis-
tinction between singlet and triplet ionization paths is
not possible on the basis of the oxygen experiments
alone. Although the general appearance of the phos-
phorescence spectra of the PMDA-mesitylene and
PMDA-triphenylene complexes is quite different, the
0-0 bands appear to be close,5and differences in the be-
havior of these complexes may ultimately be due to dif-
ferences in the energies of the corresponding donor ions
or their ion pairs.

The experimental results for the PMDA-triphenyl-
ene system support the following general scheme, in
which the acceptor and donor are designated as A and
D, respectively, the corresponding ions as A“ and D+,
the complex and the ion pair as DA and D+-A-, re
spectively, and the singlet and triplet excited states of
the complex as 'DA* and &A*, respectively. The be-

Ki
D+ A~ —DA (ground state) @
DA =3 'DA* @
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'‘DA* —mDA (z fluorescence) (©)]
'DA* —> PA* —> DA or
D + A (£ phosphorescence) (4)

i'DA* —w>D+-A- or D+ + A- 5
ke
D+-A-~ D+ + A- ®
k2
ke
D+-A- —>DAorD + A ©)

havior in various solvents will be interpreted in terms
of this scheme. Whether the excited states 1IDA*
produce the ion pair or the separated ions is governed by
the properties of the solvent.® The detailed structure
of the ion pair is of obvious interest, in particular whether
it is of the contact or solvent-shared type. This can be
expected to depend in a rather specific way on the na-
ture of the solvent and the ions involved. 21303 Pos-
sibly, the solvent-shared ion pair predominates in the
oxygen-containing solvents (acetone and tetrahydro-
furan), whereas the non-oxygen-containing solvents
(dichloromethane and acetonitrile) favor the contact
ion pair. In any case, the kinetic results show vastly
different behavior in the oxygen-containing solvents, in
which the transient decay is quite slow.

Since AD = eA[A_]+ eD+A [D+-A-], and [A~] =
[D+] in the absence of other ionic species, the equation

—dAD/df = [D+-A-][fcIDHA- — kAeA+ — «d-a-)] +

[A"]Zc AeA- — 6DHA)  (8)

rigorously describes the time-dependent behavior ac-
cordingto eq6 and 7. This equation will now be used
to delineate the decay in the different solvents exam-
ined.

a. Methylene Chloride. The behavior in this solvent
may be rationalized if we assume that excitation pro-
duces the ion pair only, i.e.,, 'DA* —»D+-A-. Since

(26) S. lwata, J. Tanaka, and S. Nagakura, J. Chem. Phys., 47, 2203
(1967).

(27) According to the classification proposed in ref 26, the PM DA -
triphenylene system may be viewed as a limiting case of case 1(b)
for which the energies of the locally excited triplet state of the com-
plex, the triplet charge-transfer state, and the singlet charge-
transfer state are approximately equal.

(28) G. Porter and M. W. Windsor, Proc. Roy. Soc., Ser. A, 245, 238
(1958)

(29) One of the referees has pointed out that if the ion-ion pair sys-
tem obtained immediately after the flash were to be only slightly dis-
placed from equilibrium, equilibration would occur within times
requii = (2fc-2[A~] + kz)-1, cf., M. Eigen, Z. Phys. Chem. (Frank-
fort am Main), 1, 176 (1954). Consideration of the electrostatic
forces involved then leads to an estimate of Tequii which is substan-
tially shorter than the flash duration of ca. 30 /;sec, and interconver-
sion between the ions and ion pair could not be observed under these
circumstances. With flash excitation, however, a highly perturbed
system is produced which is far removed from equilibrium, and the
interconversion would be measurable.

(30) C. A. Kraus, J. Phys. Chem., 60, 129 (1956).

(31) It may be noted that some complexes involving strong donors
and acceptors in polar solvents dissociate into radical ions in the
dark. Cf. K. M. C. Davis and M. C. R. Symons, J. Chem. Soc.,
2079 (1965), and references cited therein.
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the traces show a rapid initial decay followed by a final,
slower process, we interpret this to indicate that, ini-
tially, there is a very fast decay of D+-A- such that I3
» k2 From the results obtained in tetrahydrofuran
(vide infra) we infer that eA- ~ 4eD+A; this relation-
ship between the extinction coefficients is assumed to
hold for dichloromethane as well. Consequently,
kAea- — «D+A) « k3Io+A-, and the f2 term can be
droppedineq8. Also, in the initial stages (< 150 psec),
D+-A- is the predominant species so that the last term
in eq 8 can be neglected as well and AD ~ «da-
[D+-A-] With these approximations, eq 8 reduces
to —dAD/dt = f3AD, and the first-order rate constants
listed in Table 111 may be identified with k3

Since k3 is large, the ion-pair concentration rapidly
becomes small, and after a few hundred microseconds,
the rate of disappearance of D+-A~ becomes equal to
its rate of formation from D+ and A-. The ion pair
then assumes the role of an unstable intermediate and
application of the condition d[D+-A~]/d£ = 0 yields
the steady-state concentration [D+-A-] = k-2/(k2 +
f3[A-]2 From the magnitude of the dielectric con-
stant for dichloromethane (8.9 at 25° 3, we expect
Adiss = kZk-2< 1.3 Nonetheless, at the low total
concentrations involved there are essentially only ions
present in the final decay stages, so that AD ~ eA [A-]
and, with k2<&Ck3 eq 8 becomes —dAD/dt = (k-ZeA-) =
(AD)2 The constant k-2/eA- then represents k/e given
inTable I11.

To obtain an estimate for fc-2 we utilize the extinc-
tion coefficient of ~104 at 665 nm for the absorbing
species from the alkali metal-PMDA reaction. In the
solvent used (tetrahydrofuran, dielectric constant 7.39
at 25° 21) one expects the ion pair A- -Na+ to be favored.
Consequently, we may identify 104as the lower limit of
«ANa+at 665 nm.  With the more tenuous assumption
that the extinction is not substantially modified by ex-
changing Na+ with D+, we may set eANa+ ~ eDtA.
We have no means of estimating, in a meaningful man-
ner, the effect of solvent on «d4a- We presume, how
ever, since eA- > f+A in tetrahydrofuran, that this
equality holds in the other solvents as well, and as a
compromise, shall use the value of eA- (665 nm) = 5 X
104in all solvents.8 For the wavelengths listed in Ta-
ble 111, this furnishes fc-2= (4 £ 0.5) X 109l./mol sec
in methylene chloride at 15°.

b. Acetonitrile. Acetonitrile has a higher dielectric
constant than methylene chloride (36.7 at 25° 3 and
data for tetraalkylammonium salts indicate that in such
solvents the ions would be favored.® As a point of de-
parture we may assume that K dss > 1 and that k2> {3
as well. Under these conditions, ion-pair equilibrium
would be established very rapidly. It is presumed to be
complete during the lifetime of the flash (~30 /;se0)
since no induction period or rapid initial decay is ob-
served. According to this view, the concentration of
D+-A~ at times greater than ca. 30 /¢sec is very small
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and can be neglected. Therefore AD ~ eA[A-], ad
€q8 becomes —dAD/dt = [[(/c-2fcl]/eA-(AD).2 With
this expression, [k3k-2/k2]/eA- may be equated with
the k/e values determined in this solvent. Using eA- =

5 X 104at the transient absorption maximum, the values
for k3 k-2/k?d in units of I./mol sec are 6.5 X 109 (0°)

and 9.0 X 109(-44°).

With hik-t/h) ~1 X 1091./mol sec, k3> 109sec-1
is required if k-2/k2 < 1 as assumed above. Since we
specified k2> k3 this places the unrealistic requirement
k2» 109sec-1 for the dissociation of D+-A-. For-
tunately, the data for some ammonium salts in solvents
of reasonably high dielectric constant indicate that with
Kds = kZk-2 « 10-2, the ion concentration is very
much greater than the ion-pair concentration at the low
total concentrations (<10-4 M) attained in our experi-
ments. Even with Kas ~ 10-3 the ions predominate,
and k3assumes the more reasonable value of >106sec-1.
Hence, in order for the model to apply, we require k2 >
k3so that ion-pair equilibrium is maintained, and that
K diSBis not extremely small.

c. Tetrahydrofuran. In this solvent (dielectric con
stant 7.39 at 25° 21), the transient optical density decays
very rapidly at first (in the microsecond range) to ap-
proximately one-quarter of its original value. Despite
the relatively low dielectric constant, we believe that
with this solvent D+ and A- are initially produced from
the complex excited state, but that these ions rapidly as-
sociate to the ion pair. In other words, the equilibrium
of eq 6 is rapidly established and, with Kass « 1,
heavily favors the ion pair. This means that after
equilibration absorption is almost entirely due to the
ion pair and AD ~ eDtA [D+-A- 1.

In the initial fast decay, A- is converted into D+-A-
without substantial loss of the latter via the reaction of
eq 7. Thus, the initial concentration of the A- ion
([A- 10 is essentially equal to the ion-pair concentration
at the end of the rapid decay ([D+-A- ]@, and the ratio
of the maximum initial optical density in the plateau
region of Figure 5b (ADe represents eA/ocda- ~ 4.
Further, since [D+A~)e~ [A-]+ [D+-A- ]duringthe
fast process, AD — ADe = (eA- — «dfa’)[A-] ~
3edta-[A- ] WithAdss«l, therate law —d[A- ]/df =
fc 2[A- 2—f2[D+-A- ) becomes

-d(AD - ASOIdE = |5 2(3«d+a)l (AD - AD@2 (9)

The observed k/t value then yields fc2 = 2.7 X 109
1./mol sec at 25°.

If the ion pair is all that remains after equilibrium is
established, the final slow decay is described by

(32) A. A. Maryott and E. R,. Smith, Nat. Bur. Stand. (;7. S.) Circ.,
514 (1951).

(33) Note that (see text) we believe the extinction coefficient for
the ion pair A “-Na+ has been substantially underestimated. In fact,
if we assume the ion combination reaction to occur at the diffusion-
controlled rate (fc-2 » 1 X 100I./mol sec), we find eA- (665 nm) »
1 X 105
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—aAD/dt = k$AD, which is the experimentally deter-
mined rate law.

d. Acetone. The dielectric constant of acetone is
20.7 at 25°,82 and one would expect the ions to be more
favored in the equilibrium of eq 6 than they are in the
case of tetrahydrofuran. Nonetheless, it appears from
the results (first-order decay kinetics) that the ion-pair
equilibrium is rapidly established and that, after equil-
ibration, the ion pair is by far the predominant species
present (Le., AD = eD+A-[D+-A~1]).

In this solvent the decay rate varies with the donor-
to-acceptor ratio. To find out which of the components
are participating in the decay processes, the composi-
tions of the complex-containing solutions have been com-
puted using values of the equilibrium constant K\
which were calculated with the aid of the measured en-
thalpy of association of the complex. The results im-
plicate the ground-state complex (DA) and acceptor
(A) as responsible for the enhanced disappearance of
the transient species. A calculation shows that with
ADnax ~ 2, the maximum concentration of D+-A~ is
ca. 5 X 10~6M, so that the complex, donor, and accep-
tor concentrations are essentially those of the ground-
state equilibrium and are not changed during the tran-
sient decay even if DA and/or A are involved init.

Many schemes can be written which include reactions
of the transient (D+-A~) with the ground-state com
plex and the acceptor. A reasonable possibility in-
volves the species D+-A_ DA and D+-A~-A, which
can be viewed as solvated ion pairs, in which part of the
solvent is replaced by DA and A, respectively.

kt k

D+-A- + DA D+-A--DA -A- 2DA (10)

lu

D+-A-+ At D+-A--A-"> DA + A (11
6

These equilibria will be maintained if fc-4> fSand k-¢,
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> 7. Since the shape of the transient spectrum is in-
dependent of the solution composition, we assume that
&1a- ~ édta-.da ~ édta-.a- Then the rate law

~3+ k&K(DA] + fog, [AH

—dAD/dt =
1+ K4[DA] + ¢,[A] J

(12)
can be derived, in which the bracketed term represents
the rate constants listed in Table IV. This complex
expression for ftdsd can account for the observed tem-
perature behavior since the temperature dependence of
the products #V4and /c7Af is determined by the relative
magnitudes of the associated activation energies and en-
thalpies.

Finally, we note that the electron spin resonance
spectrum of the organic donor-acceptor ion pair poses
an interesting problem. No signals attributable to it
were observed. This ion pair differs from that pro-
duced from an alkali metal in that it incorporates two
unpaired electrons. Spin-spin interactions are bound
to be strong, and if its behavior is similar to that of
many triplet molecules, large zero field splitting can
broaden the resonance beyond the detection limit.
This question is worthy of detailed experimental study.
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Nanosecond pulse radiolysis of aqueous thymine solutions has been studied by producing optically detectable
concentrations of transients with 10-nsec electron pulses from a Linac and employing an optical system with
asignal rise time of 5nsec. In deaerated 10-2 M thymine solutions containing 1M ethanol at pH 6.0, thymine
radical anion, T- (Xmax 325 nm), is present at the end of the pulse and its decay over the subsequent 10-6 sec
isonly slight. At pH 4.0, T - decays exponentially with a half-life of ca. 10-7 sec, and upon decreasing the pH
to 3.5 the decay half-life decreases in proportion to the increase of acid concentration, suggesting that T~
decays viaT- + HDag+ @ TH + H20 with a reaction rate constant of (6.4 + 0.3) X 1010M-1sec-1. The
slow decay of T- at pH 6.0 suggests that for the reaction T- + HD “mTH + OH-,k < 104ill-1 sec-1. An
absorption signal presumed attributable to TH is present following decay of the T - signal, with Xrex also at
325 nm and an intensity about half that of T-. Formation of the H-atom adduct of thymine, TH', produced
via the reaction of H + T —TH' was observed to occur during the period 1Q-8 to 10-6 sec following the pulse
for deaerated 10-2 M thymine at pH 0.65. The rate constant for TH' formation is (6.8 + 0.2) X 10s M~I
sec-1, and the absorption spectrum (Xrex 400 nm) of TH' is different from that of TH. The data suggest that

H-atom addition to thymine occurs at the 5,6 double bond while protonation of T- occurs elsewhere. The

submicrosecond decay of T- and TOH resultant from their reactions with oxygen was observed;

rate con-

stants for the reactions are 4.3 X 109and 1.9 X 109M~I sec-1, respectively.

Introduction

Pulse radiolysis studies of aqueous solutions of
pyrimidine-base components of nucleic acidsl-5 have
shown that mechanistic aspects of the radiation chem-
istry of these biologically important systems can be
detailed by the technique6 of time-resolved direct
spectrophotometric detection of radiation-produced
transient species. The present work concermns the use
of a fast-response (5 X 10-9 sec rise time) pulse radi-
olysis apparatus to study aqueous solutions of the
pyrimidine base thymine. The fast response of the
apparatus permitted the study of certain reactions
under conditions for which their lifetimes are less than
a microsecond, thus minimizing interference from
subsequent and/or competing reactions which occur on
a microsecond or longer time scale. The reactions
reported on are the protonation of thymine radical
anion, the reaction of H atoms with thymine, and
the reactions of thymine radical anion and thymine-
OH adduct with oxygen.

It has been speculated that radical anions of thy-
mine78 and other pyrimidines8® in agueous solution
protonate rapidly by reaction with water. The pro-
tonation reaction lifetime has been taken as less than
10-6 sec in the interpretation of pulse radiolysis experi-
ments8and as fast enough to compete with oxygenation
of the radical anion in aerated solutions.7 In the
present work, the study of the protonation reaction
involved production of the anions by 10-8-sec pulse

irradiation of deaerated solutions of 10-2 M thymine
solutions containing 1 m ethanol. In this system
hydrated electrons react with thymine in a few tens of
nanoseconds, hydroxyl radicals are scavenged by
ethanol during the pulse, and radiation-initiated
radical-radical reactions occur with a half-life of tens
of microseconds at the doses used in this work. It was
expected, therefore, that if protonation of thymine
radical anions occurs during the 10-8 to 10-6-sec period
following the pulse, the process might be observable as
a rapid decay or buildup in intensity of light absorption
at a wavelength at which the absorption spectra of
the radical anion and the protonated radical anion
differ significantly. The pH was varied in an effort
to detect protonation of thymine radical anions by

(1) E. J. Hart, J. K. Thomas, and S. Gordon, Radial. Res., Suppl., 4,
74 (1964).

(2) G. Scholes, P. Shaw, and R. L. Willson in “Pulse Radiolysis,” M.
Ebert, J. P. Keene, A. J. Swallow, and J. H. Baxendale, Ed., Aca-
demic Press, New York, N. Y., 1965, pp 151-164.

(3) L. S. Myers, Jr., M. L. Hollis, and L. M. Theard, Advan. Chem.
Ser., No. 81, 345 (1968).

(4) C. L. Greenstock, M. Ng. and J. W. Hunt, ibid., 81, 397 (1968).

(5) R. M. Danziger, E. Hayon, and M. E. Langmuir, J. Phys. Chem.,
72, 3842 (1968).

(6) L. M. Dorfman and M. S. Matheson, Progr. React. Kinet., 3,
237 (1965).

(7) G. Scholes and R. L. Willson, Trans. Faraday Soc., 63, 2983
(1967).

(8) E. Hayon, J. Chem. Phys., 51, 4881 (1969).

(9) A. Kamal and W. M. Garrison, Nature {London), 206, 1315
(1965).
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hydronium ions. It has been postulated47'81D that
hydrated electrons do not destroy the 5,6 double bond
upon reaction with thymine followed by protonation,
while an opposing viewd1l'R has been that the pro-
tonated radical anion has a structure in which the
5,6 double bond has been destroyed and an H atom
has been attached to the 5 or 6 carbon.

The reaction of H atoms with thymine was observed
after a 10-nsec pulse irradiation of deaerated 10-2 M
solutions of thymine at pH 0.65. In this system
hydrated electrons react with H+ in less than 10-9
sec to produce H atoms. The H atoms react with thy-
mine during the period 10~8 to 10-6 sec following the
pulse, OH radicals react with thymine within a few
tens of nanoseconds, and the radical products decay
with half-lives of tens of microseconds. The kinetics
of the H-atom addition reaction therefore can be
studied without complication from simultaneous decay
of the H adduct. The absorption spectra observed
for this system are compared to the spectral data
determined for the protonated thymine radical anion
and to other results, and some conclusions are drawn
regarding the molecular sites of H-atom addition and
anion protonation for thymine.

Absolute reaction rate constants for the important
oxygenation reactions of thymine radical anion and
thymine OH adduct were determined in the present
work by direct observation of the decay of these species
in appropriate oxygenated solutions of thymine at
10~2 M. These reactions also occurred in the period
10~8to 10~6sec following a 10-8-sec radiation pulse.

Preliminary reports of this work have appeared
elsewhere.1315

Experimental Section

Electron pulses of 2 nsec or longer duration, and up
to 10 A current and 12 MeV energy were provided by
an L-band electron linear accelerator (Linac). High
analyzing light intensity, important for the attainment
of low shot noise in fast-response systems,’6 was ob-
tained by use of EG & G FX31 A/U and FX108 A/U
flash lamps. A short response time for signal detection
was obtained by coupling an Amperex XP1141 photo-
multiplier tube (2-nsec rise time) directly to a Tektronix
585 oscilloscope with a 3-nsec rise time preamplifier,
giving asystemrise time of oct. 5 X 10-9 sec.

The flash lamps are xenon filled and cylindrical
(2-cm diameter X 2-cm long) with a uv-transmitting
window at one end, and they have an unrestricted
7-mm arc. They operate on a trigger-initiated capaci-
tor discharge and produce a light flash with a half-
height width of 6 to 8 /isec. Figure 1 shows the pulse
sequence used to synchronize the flash lamp and electron
pulse. The lamp firing was adjusted so that the
middle microsecond of the flash was used to monitor
light absorption signals. Reproducibility of light
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LINAC PRETRIGGER e ©
TRIGGER TO FLASHLAVP
GENERATOR PULSE
GENERATOR
TO INJECTOR

»IO SOOPE TRIGGER

Figure L Diagram of pulse sequence and flash lamp timing.

intensity over this region for two successive flashes was
usually within £5%.

The Amperex XP1141 PM tube produces an output
current which is linear up to 1 A.  With a low gain of
104 the tube therefore generates a cathode current
which is linear up to 100 pA. Thus, it has the high-
current handling capability necessary to monitor high-
intensity light. The spectral response range of the PM
tube is 3000 to 6500 A (Type SI1). The PM photo-
cathode sensitivity and impinging light intensity were
sufficient to produce PM output currents exceeding
0.2 A over the spectral region 3250 to 6000 A (band-
width 100 A); in the spectral region 4250 to 4750 A,
filters (neutral density 1 or less) were required to
maintain linear output. Thus, anode current output
was adequate for direct coupling of the PM tube to the
oscilloscope throughout the spectral region investi-
gated.

The optical system employed front-surface alumi-
num-coated mirrors for reflection and focusing of the
analyzing light beam. A multiple-reflection optical
assembly employing the White designl’ was adjusted
for four passes of the light beam through cylindrical
sample cells 2 cm long. The analyzing light was pro-
jected out of the irradiation room into an adjacent
data-taking room in which the monochromator (Bausch
and Lomb), PM tube, and oscilloscope were located.

(10) H. Loman and J. O. H. Blok, Radiat. Rea., 36, 1 (1968).

(11) R. A. Holroyd and J. W. Glass, Int. J. Radiat. Biol., 14, 445
(1968).

(22) A. D. Lenherr and M. G. Ormerod, Nature (London), 225, 546
(1970).

(13) L. Theard and F. C. Peterson, Gulf General Atomic Report
GA-8872, submitted to U. S. Atomic Energy Commission, Sept
1968.

(14) L. M. Theard, F. C. Peterson, and L. S. Myers, Jr., Advan.
Chem. Ser., No. 81, 603 (1968).

(15) L. S. Myers, Jr., and L. M. Theard, J. Amer. Chem. Soc., 92,
2868 (1970).

(16) J. W. Hunt and J. K. Thomas, Radiat. Rea., 32, 149 (1967).
(17) J. U. White, J. Opt. Soc. Amer., 32, 285 (1942).
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e~q DECAY AT 450 nyr DEAERATED HO

40 reec FER OMSON

Figure 2. Oscilloscope traces demonstratin% method of data
taking and rise time of apparatus for light-absorption-signal
detection. Absorption is for ea, - at 450 nm in argon-saturated
water. Traces represent: 1, absorption signal; 2, absorption
base line; 3, Cerenkov light signal from electron pulse; 4,
analyzing light flash, no radiation pulse; 5, no analyzing light
flash, no radiation pulse.

Intensity of each electron pulse was monitored by an
electrometer which measures the integrated charge
deposited in an aluminum block by the electron beam
after it traverses the sample cell. The readings were
checked for linearity and were calibrated for absolute
dosimetry from optical densities measured for eagr at
5780 A in argon-saturated water, assuming

e bBA = 10,6005

Samples were irradiated from the side, perpendicular
to the direction of the analyzing light through the
sample. Fresh samples were used for each absorption
measurement. A modification of the method used by
the Manchester group®Owas employed for the saturation
of sample reservoirs with various gases and for remote
changing of samples for irradiation. Aqueous solu-
tions were prepared from high-purity commercially
available compounds and triply distilled water.

Figure 2 demonstrates the speed of the apparatus
and the types of oscilloscope traces photographed.
The data of Figure 2 were obtained by irradiating argon-
saturated water with a 10-nsec electron pulse arg)d
monitoring changes in absorption of eaq at 4500 A.
Five traces are shown as follows: (1) absorption
signal—response to radiation pulse with analyzing
light on; (2) absorption base line—no radiation pulse,
with analyzing light on, vertical sensitivity same as
(1); (3) Cerenkov light signal—response to radiation
pulse with no analyzing light, vertical sensitivity same
as (1); (4 analyzing light intensity—response to
light flash, no radiation pulse; (5) reference trace—e
response to scope trigger, no analyzing light, no radi-
ation pulse. Trace 2 shows the degree of flatness
(variation of intensity) of the light flash over the period
of signal detection. Trace 3 shows the pulse shape and
the contribution of Cerenkov light to trace 1  Traces
4 and 5 give the magnitude of the 100% absorption
signal.
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Discussion of Results

Protonation of Thymine Radical Anion. Figure 3
shows oscilloscope traces at X 325 nm for 20-nsec pulse
irradiation of argon-saturated solutions of thymine
(0.9 X 10-2 M) and ethanol (0.9 M) at pH 6.0, 4.0, and
35. The calculated half-life for the formation of
thymine radical anion, T -, from the reaction

e + T—>T~ @

assuming fa = 1.7 X 10D A/-1 sec-1, is 4.5 nsec for
these solutions.® Reaction of eaq with ethanol
(k < 105 M~I sec-1)1is three orders of magnitude
sloner. Therefore, the exclusive fate of eat is reaction
1 Reaction of OH with ethanol (k = 11 X 109M-1
sec-1)2occurs about 15 times faster than with thymine
(1~7 X 109M~I sec- -)3at the concentrations used,
and reaction of H with thymine (k = 6.8 X 10sM-1
sec-1 from the present work) is 2.4 times faster than
with ethanol (k = 16 X 107 M~I sec-1).2L Taking
(7(OH) = 2.65 and (7(H) = 0.5, the G value for products
of OH and of H reactions with thymine is 0.2 in each
case.

Slight decay of the T - signal in Figure 3A can be seen.
In another study (to be detailed elsewhere) employing
a 0.5/isec response pulse radiolysis system, decay of
T- at 335 mg, inasolution of 5 X 10-4 M thymine and
0.1 M ethanol, was found to be unaffected by increasing
the thymine concentration to 2 X 10~3 M or by in
creasing the ethanol concentration to 0.3 M. How-
ever, a decrease of pH from 5.5 to 4.5 resulted in a
decrease in decay time of the initial signal to a value
(<0.5 gsec) too low to resolve accurately with the
apparatus used for that study. Figure 3B shows the
effect of a decrease of pH from 6.0 to 4.0 as determined
with the present fast-response apparatus. A portion
of the T- signal decays within 600 nsec, leaving a
signal which decays much slower. Figure 3C shows a
faster decay of the initial signal resultant from further
decreasing the pH to 3.5.  Figure 4 shows that the decay
of the initial signal at pH 4.0 is exponential and that the
decay time is invariant over a fourfold range of dose.
An optical density (OD) equivalent to that observed
at t = 800 nsec was subtracted from total OD to
obtain the data plotted on the vertical coordinate of
Figure 4.

The data of Figures 3 and 4 suggest that the initial
absorption in Figures 3A, B, and C is attributable to
T- (produced from reaction 1) which decays at pH 4.0
and 3.5 via

T- + HDagr—> TH + HD @

(18) J. Rabani, W. A. Mulac, and M. S. Matheson, J. Phys. Chem.,
69, 53 (1965).

(19) R. L. Willson, private communication.

(20) E. J. Hart, S. Gordon, and J. K. Thomas, J. Phys. Chem., 68,
1271 (1964).

(21) A. Appleby, G. Scholes, and M. Simic, 3. Amer. Chem. Soc., 85,
3891 (1963).
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ABSORPTIONS 7

13% PER
DIVISION

14% PER
DIVISION

20% PER

DIVISION 4-H+ -HU -fcBfoim

r uA

100 nsec PER DIVISION

Figure 3. Oscilloscope traces of T" absorption in deaerated
0.9 X 10“2m solutions of thymine containing 0.9 m ethanol at
pH 6.0, A; pH 4.0, B; pH 35, C.

t, nsec

Figure 4. First-order test of data for decay of T~ via T~ +
HOsq+ TH + HO in deaerated 0.9 X 10-2 m thymine
solutions containing 0.9 m ethanol, pH 4.0, X325 nm, dose:
0) 1780 rads; 0,0, ¢, A, ca. 3200 rads; D, 7500 rads.

and that absorption which remains at 800 nsec at
pH 4.0 and 3.5 (and presumably grows in at shorter
times) is attributable to TH (an H-atom adduct of
thymine). From the slopes of the decay curves of
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Fi?ure 5. Absorption spectra of T _, taken at end of 20-nsec
pulse, and TH, taken 800 nsec after the pulse, for deaerated
0.9 X 10-2 m thymine solution containing 0.9 m

ethanol, pH 4.0.

TH FORMATION FROM T+H — TH
0.93 X ICT2 M THYMINE ,PH 0.65
X =400 nm

100 nsec FER DIMSION

Figure 6. Oscilloscope trace of TH' formation from H + T 4
TH' for deaerated 0.9 X 10-2 m thymine solution, pH 0.65,
X400 nm, dose 5450 rads.

Figure 4 for doses near 3500 rads and pH 4.0, /2 =
(6.4 £ 0.3) X 10DM~xsec-1. Results for two runs at
pH 3.5 agree well with this value.

Figure 5 shows absorption spectra of T- (taken at
the end of 20-nsec electron pulses) and of TH (taken
800 nsec after the pulse) at pH 4.0. The spectra for
these two species are similar in shape and location of the
absorption maxima, but the intensity of the absorption
of T - is about twice that of TH.

Reaction of H Atoms with Thymine. Figure 6 shows
oscilloscope traces at X400 mp for an argon-saturated
solution of thymine at 0.9 X 10-2 M and pH 0.65. In
this case the reaction

ear + HDag+ —>H + HD 3)
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Figure 7. First-order test of data for formation of TH' via
H--T A TH'"in deaerated 10~2m solutions of thymine,
X400 nm, pH 0.65, dose: O, ¢, 0, A, ca. 2200

rads; [, 5450 rads.

occurs in less than 10-9 sec since k3= 2 X 10DM~I
sec-1.2 Reaction of OH with thymine

OH 4- T —> TOH @)

occurs with a half-life of 10-8 sec, assuming &t~ 7 X
109M~1 sec-1.3 Figure 6 is interpretable in terms of
an initial absorption by TOH produced at the end of
the pulse folloned by a slower grow-in of additional
absorption by the H-atom adduct produced by the
reaction

H+ T —*TH' ©)

The product is represented by TH' to distinguish it
from TH, the product of reaction 2. (Part of the
thymine is protonated at pH 0.65 to give the cation
HT+. Addition of H may give the radical cation,
(HTH+)', as well as TH'. We refer to both species
as TH' in the following.) A decrease of thymine con-
centration to 0.3 X 10-2 M resulted in adecrease of the
rate of buildup of the slower signal, as required by
reaction 5; the signal was still rising at the end of the
usable scan period (i.e., 800 nsec). Figure 7 shows
that formation of TH' is exponential in agreement with
the pseudo-first-order dependence on thymine con-
centration required by reaction 5. From the slopes of
the curves of Figure 7, k3= (6.8 + 0.2) X 10s M~x
sec-1. This value is in good agreement with the
value 8 X 108M~I sec-1 determined by a steady-state
competition method.D

Figure 8 shows spectra for the initial absorbing
species, TOH, and the subsequently formed absorbing
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Xnm

Figure 8. Absorption spectra of TH' and TOH for 0.93 X
10-2 m thymine, pH 0.65, and TOH for 0.9 X 10-2 m thymine
containing 0.45 m H202 pH 4.4,

species, TH', taken from data similar to those of Figure
6. The TH' absorption is obtained by subtracting
the initial absorption (due to TOH) from the absorption
800 nsec after the pulse. A third spectrum shown in
Figure 8 is that of TOH obtained for an argon-saturated
solution of 0.9 X 10-2 M thymine and 0.45 M H2D 2in
which eay is converted into OH via the reaction

eat + HD2—> OH + OH- ©®)

with a half-life of 10-10 sec, since kn~ 1.2 X 10DM~I
sec-1.6 Subsequently, OH reacts with thymine. The
fraction of OH which reacts with H2 2can be estimated
as 0.08 or 0.2 based on values of 1.2 X 107or 45 X
107 A/-1 sec-1 reported2l-Z for the rate constant of this
reaction. No correction is made in Figure 8 for this loss
of OH, so actual extinction coefficients for TOH in
the solution containing HD 2 are somewhat higher than
indicated by the vertical scale.

Structure of TH* and TH. The spectra of TH' and
TH are different (cf. Figures 5 and 8) suggesting that
they are hydrogen atom adducts of thymine which
differ not only by the reactions leading to their forma-
tion, but also by the location of the adduct hydrogen
atom in the radical. This difference is explicable on

(22) J. P. Keene, Radiat. Res., 22, 1 (1964).
(23) H. Fricke and J. K. Thomas, Radiat. Res., Suppl., 4, 68 (1964).
(24) H. A. Schwarz, J. Phys. Chem., 66, 255 (1962).
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the basis that the site of protonation of T- differs
from the site of addition of H to thymine.

The spectrum of TH' is similar to the spectra of
TOH reported here for pH 4.4, and, except at short
wavelengths, for pH 0.65, and to the previously re-
ported spectrum of TOH in N2 saturated solutions of
thymine at pH 9.3 In addition, it is almost identical
with the spectra of radicals formed by reaction of H
and OH at pH 6.8 and 1.0 with the saturated analog of
thymine, dihydrothymine.6 This suggests that these
radicals have similar structures. Other studies have
shown that OH adds to the 5,6 double bond of thymine,
that H and OH abstract hydrogen from the C-5 or
C-6 position of dihydrothymine, and that H in the
gas phase adds with a high specificity to the C-6
position of small thymine crystals.102627 It thus
seems likely that TH' is formed by addition of H to
the 5,6 double bond and that the product is the 5,6-
dihydrothymin-5-yl radical.

0

H

In the first step of the reaction sequence leading to
formation of TH, the electron adds to the lowest vacant
molecular orbital and is distributed over the entire
molecule. Pullman® has suggested that the unpaired
spin density for uracil radical anion (and similarly for
thymine radical anion) is distributed as follows

More than 60% of the unpaired spin is on C-6. The
various resonance forms of this structure place the
negative charge on C-5 or either of the oxygens. The
present data do not permit a determination of which
of these sites is protonated, but they are consistent
with the conclusion of Hayon8 that an oxygen is pro-
tonated to give structures such as
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or a structure with the proton on the other oxygen.

Holroyd and Glass, 11 in contrast, concluded that
thymine, thymidine, and thymidine-5'-phosphate anion
radicals, formed in strongly alkaline glasses by bleaching
of trapped electrons generated photolytically, undergo
proton transfer from surrounding water molecules to
the C-6 position of the thymine ring. This result is
not necessarily in disagreement with the present
conclusions because of the high pH. In strong alkali
the parent thymine molecule is ionized and has a
charge of —2

,CH,
'0

: H&_..

.o"'CV H

Addition of ancther electron can give the carbanion

-CH3

and H+ then may add to the 6 carbon atom. Addi-
tion of H+ to the -O - is not likely to occur because at
high pH, the resultant OH-group product is unstable.

Reaction of Thymine Radical Anion with Water.
Figure 3A permits an estimate of an upper limit for 7,
the rate constant for the reaction

T-+ HD —> TH + OH- ™

The half-life for disappearance of T- at pH 6.0 is of
theorderof 10 sec, accordingto Figure 3A. Therefore,

< 1.3 X 104M-1 sec-1 assuming that the half-life of
reaction 7 cannot be lessthan 10-e sec. The magnitude
of fZ then may be comparable to the rate constants
(102104 M~x sec-1) for solvent protonation of several
aromatic radical anions in aliphatic alcohols deter-
mined by Dorfman, et al.®

The low magnitude of &7 suggests that in biological
systems anion radicals, formed by addition of hydrated
electrons to nucleic acid pyrimidine moieties, may
react before they are protonated by water, in which
case the probable types and rates of reaction for the

(25) (a) D. E. Holmes, L. S. Myers, Jr., and R. B. Ingalls, Nature
(London), 209, 1017 (1966); (b) H. C. Heller and T. Cole, Proc.
Nat. Acad. Sci. (U. S.), 54, 1486 (1965); (c) J. Herak and W. Gordy,
ibid., 54, 1287 (1955).

(26) G. Scholes, J. F. Ward, and J. J. Weiss, J. Mol. Biol., 2, 379

(1960); and M. N. Khattack and J. H. Green, Int. J. Radiai. Biol.,
11, 131, 137, 577 (1966). These authors refer to earlier papers.

(27) M. G. Ormerod and B. B. Singh, ibid., 10, 533 (1966).

(28) B. Pullman in "“Molecular Biophysics,” B. Pullman and M.
Weissbluth, Ed., Academic Press, New York, N. Y., 1965, pp 170-

173. Note that the structures shown in Figures 12 and 13 have been
interchanged.

(29) L. M. Dorfman, N. E. Shank, and S. Arai, Advan. Chem. Ser.,
No. 82, 58 (1968).
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Figure 9. Oscilloscope traces and first-order test of data for
decay of T-, —X—, at X325 nm, and TOH, —0—, at
X400 nm in oxygen saturated solutions of 10“2m thymine
containing 1 m ethanol (T-)and 0.5 m HD2(TOH).

anion might differ importantly from those expected if
protonation were much faster.

Reaction of T~ and TOH with Oxygen.
shows that the half-life of T-

Figure 9
in oxygen-saturated
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10-2 M thymine solution containing 1 M ethanol is
ca. 120 nsec. The reaction

T- + 02—> TO02 ®

is first order according to Figure 9 and the data give
ks = 43 X 109 M-1 sec-1, assuming an oxygen con-
centration of 1.4 X 10-s M. Thus, reaction 8 is
favored over reaction 7 at oxygen concentrations
comparable to those important for biological systens.

Figure 9 shows also that for oxygen-saturated 10-2
M thymine solutions containing 0.5 M H2 2 decay of
TOH is exponential and therefore is presumed attrib-
utable to the reaction

TOH + 02—> TOHO2 ©)]

The half-life of TOH was found to be ca. 260 nsec which
gives k0= 19 X 109M~I sec-1. This value, slightly
lower than the values reported earlier,4agrees well with
values of 2.5 X 109and 1.9 X 1091 f-1 sec-1 reported by
other workers. 303l Interpretation of the results of the
oxygen-saturated systems in terms of reactions 8 and 9
is supported by the observation in the present work
that decay of T- and TOH is progressively slower in
aerated and deaerated systems as compared to oxygen-
saturated systems (cf. Figure 3A and Figure 9 for T-
decay).
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To dlarify the water adsorption anomaly on ZnO, that is, the appearance of a junp in the water adsorption
isotherm, the physisorption of water has been investigated thermodynamically. On three kinds of ZnO
sanples, the specific surface area, the water contentt, and the water adsorption isotherm have been measured.

For the purpose of exact thermodynamic treatment of the water physisorption data the follonwing precaution
wes taken to ersure that the oxide surface wes fully covered with only a nmonolayer of surface hydroxyl
groups: the sanple was degassed at room tenperature after conpletion of the first water adsorption isotherm

This fully hydroxylated surface wes then used for the measurenents of water adsorption, from which the iso-
steric heat of adsorption and subsequently the differential entropy of adsorbed water were calculated. The
results indicate that on the hydroxylated surface of ZnO there exist two grougs of sites available for water
physisorption, of heterogeneous and honmotattic character.  Moreover, it has becomre clear that when the
pretreatent temperature of the sanrple rises, the number of honotattic sites available for water physisorption
decreases and at the sare time the number of heterogeneous sites increases.  The present investigation corr
cludes that lateral interaction of water molecules physisorbed on the homotattic hydroxylated surface of ZnO
may lead to two-dimensional condensation at relatively high vapor pressure, resulting in the appearance of a

jump in the isotherm

Introduction

It is known that, even in the atmosphere, most
metal oxides chemisorb water molecules to form surface
hydroxyl groups on which further water molecules
are adsorbed physically through hydrogen bonding.
Moreover, these physisorbed water molecules can be
desorbed by treating the sample in vacuo at room
temperature, whereas the chemisorbed water (i.e.,
surface hydroxyl groups) can be removed gradually
by evacuating the sample at higher temperatures.
The temperature at which the removal of the chemi-
sorbed water begins, however, depends on the nature
of the oxide: e.g., 200° in the case of ZnO and about
100° inthe case of Ti022

The shape of the water adsorption isotherm on
ZnO has been found to be quite different from those on
other metal oxides: in the case of ZnO a jump appears
in the adsorption isotherm in the relative pressure
range of 0.2-0.3, while the isotherms of the other
metal oxides usually represent the normal multilayer
adsorption type.2 The appearance of such a jump
in the adsorption isotherm has been observed in systems
containing a nonpolar adsorbate.311 The present
system is the first example in which a jump has been
observed in a system containing a polar adsorbent
and a polar adsorbate. Egorov, el al.,n measured
the adsorption isotherm on the same system as the
present one, but they found no jump.

To elucidate the appearance of the jump in the
adsorption isotherm on the system ZnO-HD, we have
measured the differential heat of immersion on the
same system.13 Among the thermodynamic quantities
calculated therefrom, only the differential entropy
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of adsorption shows a slight change corresponding
to the jump in the adsorption isotherm. This result
may be due to the following reasons. First, the heat
effect is originally small near the jump, since it appears
in the physisorption region at the relative pressure of
0.2-0.3, and second, the heat of immersion method
is lacking in high accuracy because of sampling and
other errors.

The purpose of the present study is to calculate the
thermodynamic quantities for water adsorption on
ZnO based on the measurement of the adsorption
isotherms and to get a better understanding of the
origin of the jump in the adsorption isotherm. On
the basis of the adsorption isotherms measured at
different temperatures on the monolayer of surface

(1) A part of this investigation was presented at the 21st Symposium
on the Colloid and Interfacial Chemistry, Kyoto, Nov 1968.

(2) T. Morimoto, M. Nagao, and F. Tokuda, Bull. Chem. Soc. Jap.,
41, 1533 (1968).

(3) (@ G. Jura and D. Griddle, J. Phys. Chem., 55, 163 (1951);
(b) M. H. Polley, W. D. Schaeffer, and W. R. Smith, ibid., 57, 469
(1953) .

(4) S. Ross and H. Clark, J. Amer. Chem. Soc., 76, 4291 (1954).
(5) S. Ross and H. Clark, ibid., 76, 4297 (1954).

(6) J. H. Singleton and G. D. Halsey, J. Phys. Chem., 58, 1011
(1954) .

(7) B. B. Fisher and W. G. McMillan, ibid., 62, 549, 555, 563 (1958).

(8) S. Ross, J. P. Olivier, and J. J. Hinchen, Advan. Chem. Ser., No.
33, 317 (1961).

(9) J. P. Olivier and S. Ross, Proc. Roy. Soc., Ser. A, 265, 447, 455
(1962).

(10) W. R. Smith and D. G. Ford, J. Phys. Chem., 69, 3587 (1965).
(11) B. W. Davis and C. Pierce, ibid., 70, 1051 (1966).

(12) M. M. Egorov, N. N. Dobrovol'skii, V. F. Kiselev, G. Furman,
and S. V. Khrustaleva, Zh. Fiz. Khim., 39, 3070 (1965).

(13) M. Nagao and T. Morimoto, J. Phys. Chem., 73, 3809 (1969).
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hydroxyl groups on ZnO, the relation between the
amounts of physisorbed and chemisorbed water,
the isosteric heat of adsorption, and the differential
entropy of adsorbed water can be obtained. The
interaction between surface hydroxyl groups on ZnO
and water molecules is discussed.

Experimental Section

Materials. The original sample of ZnO used in
this study was the same as that used in previous
studies.218°' 6 It was obtained from the Sakai Ivagaku
Co. and had been made by burning zinc metal in air.
Manufacturer's analysis showed that the purity of
this sample was 99.8% and contained 0.002% Pb
and 0.03% water-soluble substances as impurities.
Three kinds of samples were prepared by treating this
original sample under a reduced pressure of 10“6
Torr for 4 hr at different temperatures: 250, 450,
and 800°, respectively. Water used as the adsorbate
was purified by repeated distillation in a vacuum
system.

Surface Area Measurement. The specific surface area
of the samples was determined by applying the BET
method® to the nitrogen adsorption data obtained
at —196°; the cross-sectional area of a nitrogen
molecule was assumed to be 16.2 A2

Measurement of Water Vapor Adsorption Isotherm.
To investigate the thermodynamics of physisorbed
water on ZnO, the physisorption isotherms of water
should be measured on the hydroxylated surface of
ZnO. Inso doing, it is important, first of all, to prepare
a reproducible hydroxylated surface on the ZnO.
In the present study, therefore, the adsorption mea-
surements were carried out by the following procedure.
First, the adsorption isotherm of water was measured
on the sample after treatment at an elevated tempera-
ture (250, 450, or 800°) under a reduced pressure of
10-5 Torr. After completion of the first adsorption
isotherm, the sample was degassed again at 30°,
which should leave a monolayer of surface hydroxyl
groups on the ZnO.2 On the surface thus obtained
the second adsorption isotherm of water was measured
at a given temperature (e.g., 25°). Subsequently,
after degassing at 30°, adsorption measurement at
different temperatures (10 and 18°) were repeated
on the same sample. When the water adsorption
isotherms were measured at the same temperature
after degassing at 30°, they were found to agree well
with one ancther, which confirmed the hydroxylated
surfaces to be reproducible.

The measurement of the water adsorption isotherm
was carried out volumetrically by using an all-glass
apparatus, and the equilibrium pressure was read
by an oil manometer. Adsorption equilibrium could
be attained within 30 min at lower relative pressures,
whereas it took about 2 hr at higher relative pres-
sures. The adsorption isotherm obtained as a pre-
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liminary test shomed no hysteresis, which proved
the sample to be nonporous.

Water Content Measurement. The surface water
content of ZnO, including chemisorbed and physisorbed
water, was determined volumetrically by the successive
ignition loss methodT as a function of the pretreatment
temperature by using the same apparatus as that for
the adsorption measurement.

Results and Discussion

The Relation between the Amounts of Physisorbed and
Chemisorbed Water on ZnO. The water adsorption
isotherms obtained on the ZnO surfaces pretreated
at different temperatures are given in Figures 1-3.
Each figure includes the first adsorption isotherm
at 25° on the pretreated surface and the second adsorp-
tion isotherms at 10, 18, and 25° on the hydroxylated
surface. All the adsorption isotherms obtained reveal
a discontinuity in the relative pressure range of 0.2-0.3,
similar to the results reported previously.21356 The
first and second adsorption isotherms at 25° are almost
in parallel over the entire range of pressures studied,
with the fomer lying above the latter, due to the
occurrence of chemisorption in addition to physisorp-
tion in the first adsorption process.

The specific surface area, the amounts of physisorbed
and chemisorbed water, and the water content of the
ZnO samples arc listed in Table 1. The amount of
physisorbed water listed was obtained directly from
the second isotherm at 25°. Fmis the monolayer
capacity of water calculated by applying the BET
theory® to the initial part of the first adsorption
isotherm, and it includes the amounts of physisorbed
and chemisorbed water. FHand FRare the amounts
of physisorbed wafer which are obtained from the
second adsorption isotherm according to the analysis
method reported in the preceding paper.6 Here,
twio kinds of sites are assumed to exist on the hydrox-
ylated surface of ZnO and to act differently for the
physisorption of water molecules: water adsorption
occurs on the first sites (FF) up to the beginning of
the jump in the adsorption isotherm and on the second
sites (FQg) during the jump. Accordingly, the sum
of FA and FR is the total amount of physisorbed
water (Fp in the first layer as discussed in the previous
paper.

Since Fmcontains the amounts of physisorbed and
chemisorbed water, we can obtain the amount of chemi-
sorbed water Fcin the first adsorption process by sub-
tracting Fp, from Fm® Fhis the surface water content

(14) T. Morimoto, M. Nagao, and M. Hirata, Kolloid-Z. Z. Polym.,
225, 29 (1968).

(15) T. Morimoto and M. Nagao, Bull. Chem. Soc. Jap., 43, 3746
(1970).

(16) S. Brunauer, P. H. Emmett, and E. Teller, J. Amer. Chem. Soc.,
60, 309 (1938).

(17) T. Morimoto, K. Shiomi, and H. Tanaka, Bull. Chem. Soc.
Jap., 37, 392 (1964).
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Table 1:  The Relation between the Amounts of Physisorbed and Chemisorbed Water on ZnO

Treat. Surface Vim, Physisorbed amount, Chemisorbed amount, Vp
temp, area, ml (STP)/ <-— H2 molecules/100 A2----'  ----e-- -OH groups/100 A2— ------ . Vo + Vh
°c m2/g m2 Vpi Vps Vp 2 Vh Vo + Vh H.O0/OH
250 5.29 0.137 3.28 3.92 7.20 0.91 6.60 7.51 0.96
450 4.79 0.247 3.47 4.52 7.99 6.27 1.10 7.37 1.08
800 2.16 0.212 2.31 3.10 5.41 6.78 0.05 6.83 0.79

Figure 1. Adsorption isotherm of water on ZnO pretreated at
250 -, first adsorption at 25°; O, second adsorption at
10, 18, and 25°.

Figure 2. Adsorption isotherm of water on ZnO pretreated at
450° «, first adsorption at 25° 0, second adsorption at
10, 18, and 25°.

remaining on the surface of ZnO treated at a given
temperature. Of the three ZnO samples, the FO
of the 250°-treated sample is the smallest, while Fh
for this sample is the largest. Since the value Fh
for samples pretreated at higher temperatures than
250° as listed in Table 1 should be only chemisorbed
water, the sum of FO and Fh is considered to be the
total amount of chemisorbed water on ZnO after the
adsorption process. This sum is almost equal in the
cases of 250°- and 450°-treated samples, as is seen in
Table 1. This fact suggests that partially dehy-
droxylated surfaces can be easily rehydroxylated on
exposure to water vapor. On the contrary, with the
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Figure 3. Adsorption isotherm of water on ZnO pretreated at
800°: ', first adsorption at 25°; O, second adsorption at
10, 18, and 25°.

800°-treated sample the total amount of chemisorbed
water is slightly smaller than with the other samples,
which is indicative of insufficient rehydroxylation
after exposure to water vapor, in accordance with the
results obtained by the heat of immersion measure-
ment.4

The ratio of the total amount of physisorbed water
to that of chemisorbed water is almost equal to 1:1
(HD:OH) except in the case of the 800°-treated
sample, as has been found on ZnO samples which were
different in origin.’6 It is interesting that this ratio
is 1:2 (HD :OH) on metal oxides such as Ti02 (rutile)
and a-Fed 3(hematite), Bon which the water adsorption
isotherms represent the normal multilayer adsorption
type, whereas it is 1:1 on ZnO which gives a discon-
tinuity in the water adsorption isotherm.

Isosteric Heat of Adsorption of Water. So far, the
interaction between the surface of ZnO and water
molecules has been investigated by measuring the heat
of immersion of ZnO in water¥4and by joining the data
on the adsorption isotherm with those of the heat of
immersion isotherm.13 However, the adsorption anom-
aly of water on ZnO has not been elucidated thermo-
dynamically by these investigations. In other words,
a distinct change in the interaction energy has not been
observed in the region of the discontinuity of the
adsorption isotherm.

Thermodynamic studies of adsorption can also be

(18) T. Morimoto, M. Nagao, and F. Tokuda, J. Phys. Chew.., 73,
243 (1969).
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made by mathematically treating the adsorption
isotherms obtained at different temperatures. 1920 The
physisorption and chemisorption of water usually
occurs simultaneously on the surfaces of metal oxides.
Therefore, unless the amount of chemisorbed water
is actually determined, the effect of uncertain amounts
of chemisorbed water will probably be implicit in the
thermodynamic data, such as the heat of adsorption
and the entropy of adsorption, when they are discussed
as a function of the coverage of the adsorbate. The
adsorption procedure adopted in this experiment
makes it possible to deal with only the physisorption
of water and therefore to estimate the exact thermo-
dynamic quantities for the physisorption of water on
ZnO surfaces.

Isosteric heat of adsorption, gst, can be calculated by
using the Clausius-Clapeyron equation

This gives the heat of adsorption at a constant amount
of adsorption, which is larger by RT than the differ-
ential heat of adsorption. Figure 4 is a plot of the
isosteric heat of adsorption against the coverage 9
as calculated from the adsorption data at three tem-
peratures, 10, 18, and 25° in Figures 1-3. The
broken line in Figure 4 shows the heat of liquefaction
of water at 25°, and 9 is the coverage referred to the
first layer capacity of physisorbed water (FpP. The
arrows indicate the beginning of the jump in the adsorp-
tion isotherm. As is seen from Figure 4, the heat of
adsorption of water is about 15 kcal/mol in the initial
stage of physisorption on the hydroxylated surface
of ZnO, and the net heat of adsorption is consequently
about 5 kcal/mol, which coincides with the energy of
hydrogen bonding.2L The isosteric heat gst decreases
with increasing amount of adsorption in the FR
region. At the end of this stage the gsi value reaches
the heat of liquefaction of water. When the adsorp-
tion of water proceeds, the value gst increases and
attains a maximum in the VP region, corresponding
to the discontinuity in the adsorption isotherm, and
then decreases again to the value of the heat of lique-
faction. In the second layer of physisorption the iso-
steric heat remains almost constant. In the adsorp-
tion of xenon, methane, and ethane on the (100)
plane of NaCl, which shows a discontinuity in the
adsorption isotherm at low temperatures, Ross and
Clark4 have found that gst attains a maximum or a
plateau after 50% surface coverage. The behavior
of the present system is apparently similar to these
systems, but there is a large difference in the polarity
of the adsorbents and the adsorbates used in the two
cases.

Generally, it is known that lateral interaction
between adsorbed molecules becomes effective in the
vicinity of the completion of the first monolayer
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Figure 4. Isosteric heat of physisorption of water on ZnO
pretreated at 250°, O; 450°, ©; 800°, .

coverage, resulting in the appearance of a maximum
in the gst9 plot.223 It is also reasonable to expect
that, if the surface is partially homogeneous, i.e.,
“homotattic,” 24 and the portion of the homotattic
surface increases, the contribution of the mutual
attraction between the adsorbate nolecules to the heat
of adsorption will become enhanced. Accordingly,
the initial decrease in the gst value will end early, and
at the same time the succeeding maximum will become
larger.

As is seen in Figure 4, gst decreases to a minimum
in the FA region and passes through a large maximum
in the FH region. Moreover, it should be noted
that when the degassing temperature rises, the initial
decreasing branch in the gst curve decreases mnore
sloly and extends to a larger coverage, and the
height of the succeeding maximum region becomes
loner. These facts, first of all, suggest that the hy-
droxylated surfaces of ZnO are homotattic for the
physisorption of water. Moreover, the data indicate
that the surface homogeneity of ZnO is reduced by
heat treatment at the higher temperatures.

Beebe and Young® have investigated the differential
heat of adsorption on the system spheron-argon by
direct calorimetry and found that a maximum of the
heat of adsorption appears just before completion of
monolayer coverage and becomes more marked
with the progress of graphitization of carbon black
at higher temperatures. This result indicates that the
contribution of the lateral interaction of the adsorbates

(19) T. L. Hill, 3. Chem. Phys., 17, 520 (1949).
(20) T. L. Hill, P. H. Emmett, and L. G. Joyner, J. Amer. Chem.
Soc., 73,5102 (1951).

(21) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, Cor-
nell University Press, Ithaca, N. Y., 1960.

(22) C. Pierce and B. Ewing, J. Phys. Chem., 68, 2562 (1964); 71,
3408 (1967).

(23) N. Glossman and M. L. Corrin, J. Colloid Interface Sci., 23, 237
(1967).

(24) C. sanford and S. Ross, J. Phys. Chem., 58, 288 (1954).

(25) R. A. Beebe and D. M. Young, ibid., 58, 93 (1954).
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Figure 5. Differential entropy of physisorbed water' on ZnO
pretreated at 250°, O; 450°, ®; 800°, =.

increases with increasing degree of surface homo-
geneity. In the present ZnO-H2D system the circum
stances seem to be quite the same, but the temperature
dependence is reversed: the higher the pretreatment
temperature of ZnO, the less homotattic the surface
of the sample becomes, as associated with the physi-
sorption of water on the hydroxylated surface.

Differential Entropy of Adsorbed Water. To elucidate
in more detail the state of adsorbed water on the ZnO
sample the differential entropy was calculated according
to the equationB2Z

Ss= - + R\ nj+ S e° (2)

Here, PO is the saturated vapor pressure, P the equi-
librium pressure, and 5¢ the standard entropy of water
vapor (45.11 cal/deg mol at 25° and 1 atm). Figure
5 gives the plots of the calculated differential entropy
of physisorbed water on the hydroxylated surface of
ZnO against the coverage. The broken line indicates
the standard entropy of.liquid water at 25° and 1 atm
(SL = 16.72 cal/deg mol). As is seen from Figure 5,
the differential entropy of adsorbed water on ZnO
is generally larger than SL, which indicates that the
water molecules move more easily in the adsorbed
state than in the liquid state. Only in the region of
small coverage does the adsorbed water have less
entropy than SL In this region, the entropy of
adsorbed water decreases and the heat of adsorption
increases with the rise in pretreatment temperature.
These results imply that, for the three samples studied,
water molecules are adsorbed most strongly on the
heterogeneous surface of the 800°-treated sample,
the surface homogeneity decreasing with the rise in
pretreatment temperature. In addition to an entropy
maximum near the completion of the monolayer
coverage, another maximum appears at a coverage less
than half that of the monolayer.

It should be noted that there appear two maxima
in the differential entropy curve of adsorbed water on
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ZnO, since in the cases of adsorption on usual metal
oxides only one maximum appears near the completion
of the monolayer coverage. 838 Thus the curves of
58 as well as gst, look as if the monolayer of water
molecules on ZnO had been completed in the region of
FR.  Such a pseudomonolayer which appears only
at a smaller coverage has been reported in the systems
Fe 3heptane® and Ti02 (anatase)-argon,2Z but not
in a polar adsorbent-polar adsorbate system. The
appearance of the pseudomonolayer in the systems
cited here has been explained on the assumption that
stronger adsorption sites exist in patches, and the
maximum entropy appears just after completion of
adsorption on these sites. Also, in the present case,
the pseudomonolayer seens to appear after the
completion of water adsorption in the heterogeneous
and therefore stronger sites on ZnO. Here, the
second entropy maximum appears at the commence-
ment of the second layer of physisorption.

The following facts have been reported on the system
ZNnO-HD : (i) the water content of the surface
decreases sharply at the degassing temperature of
200-400°,2 while in the case of most metal oxides it
decreases gradually with an increase of pretreatment
temperature from room temperature; (ii) the heat
of immersion values are almost constant for pretreat-
ment at 100-200° and increase sharply at 200-400°;4
(iii) the monolayer volume of water remains almost
constant for treatment at low temperatures and in-
creases sharply at pretreatment temperatures of
200-400°.2 These results are probably caused by a
single underlying fact: the desorption of chemisorbed
water on ZnO is difficult on degassing at temperatures
loner than 200° and occurs for the most part in the
relatively narrow temperature range of 200-400°.
This behavior of the chemisorbed water may reasonably
result from a characteristic property of the surface
of ZnO such as the homotatticity of the hydroxylated
surface, as confirmed by the present investigation of
the differential heat of adsorption and the entropy of
adsorbed water. Furthermore, experimental facts
indicate that the surface hydroxyl groups are strongly
bonded to the solid surface of ZNO. The heat of surface
hydration of ZnO calculated from the heat of immersion
in water was found to be about 23 kcal/mol, 4 which
is larger than the values on A1D 377Si023Fe? 33land
Ti022 The site energy distribution curve, which was
obtained by the differentiation of the differential heat

(26) R. M. Barrer, J. Colloid Interface Sci., 21, 415 (1966).
(27) J. E. Benson, K. Ushiba, and M. Boudart, J. Catal., 9, 91 (1967).

(28) G. J. Young, J. J. Chessick, F. H. Healey, and A. C. Zettle-
moyer, J. Phys. Chem., 58, 313 (1954).

(29) M. L. Corrin, ibid., 59, 313 (1955).
(30) G. J. Young and T. P. Bursh, J. Colloid Sci., 15, 361 (1960).

(31) T. Morimoto, N. Katayama, H. Naono, and M. Nagao, Bull.
Chem. Soc. Jap., 42, 1490 (1969).

(32) T. Morimoto, M. Nagao, and T. Omori, ibid., 42, 943 (1969).
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of adsorption derived from the heat of immersion
isotherm, showed a large peak at about 23 kcal/mol
associated with the chemisorption of water.13 The
facts that the removal of the surface hydroxyl groups
occurs at relatively higher temperatures and in a
relatively narroner temperature range (200-400°) conmt
pared to the cases of other metal oxides and that the
surface hydroxyl groups are bonded strongly on ZnO
seem to suggest that the hydroxylated surface of ZnO is
homotattic.

Homotattic Hydroxylated Surface of ZnO. As is seen
from Table I, the number of hydroxyl groups on a fully
hydroxylated surface of ZnO is about 7.5 OH/100 A2
which agrees well with that estimated crystallograph-
ically. Such close-packed surface hydroxyl groups
bonded to the ZnO surface may easily lend themselves
to the formation of mutual hydrogen bonding in the
form

If the uniform oxide surface is produced at the moment
of formation of ZnO, the subsequent chemisorption
of water in the atmosphere will also give a uniform
layer of surface hydroxyl groups bonded to each other
through mutual hydrogen bonding, which can then act
as a homotattic surface for the physisorption of water.
The weakly physisorbed water nmolecules on such a
hydroxylated surface may be plausibly mobile and
bring about the two-dimensional condensation at
higher relative pressure.

The Hill-de Boer equation for two-dimensional
condensation is expressed in the form3

+ ————hiP = -

INK (3
rrz - MK

Here, A is a constant, and a and j8 are the two-dimen-
sional van der Waals constants, which are related to
the three-dimensional van der Waals constants by the
expression 2a/i3 = as/b. If we plot W against 0 we
can get a linear relation, whaose slope will give 2a/RT/3.
On the other hand, the apparent critical temperature
will be given by the equation3t

8a
e omm @

Thus, aTe can be obtained from the slope of eq 3.
Figure 6 shows the relation between W and 0 in the
present system. All the plots obtained at different
temperatures on a single sample were the same, and the
treatment temperature of the sample scarcely affected
the results obtained.
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Figure 6. Relation between w and e for the system ZnO-HD;
pretreated at 250°, O; 450°, ®; 800°, .

From the linear relationship in the range above
0.4 0 corresponding to the jump in the adsorption iso-
therm, we can find the two-dimensional critical tem-
perature of water to be 318.1°K (44.9°). If we assume
the two-dimensional critical temperature to be half
of the three-dimensional one (647.1°K for water),34®
then the two-dimensional critical temperature of
water physisorbed on the hydroxylated surface of ZnO
can be estimated to be 323.6°K (50.4°). In the
present experiments the adsorption procedure has been
carried out at the temperatures equal to and lower
than 298.2°K (25°), and hence the two-dimensional
condensation may reasonably occur.

In this way the characteristic fact that a jump
appears in the adsorption isotherm of the system
ZNnO-HD has been explained in terms of the two-
dimensional condensation of water which occurs on the
energetically homotattic hydroxylated surface of ZnO.
Such a surface will result from a crystallographically
uniform surface of the original sample of ZnO. When
the surface is treated at elevated temperatures, the
surface homogeneity can be considered to decrease due
to the enhanced mobility of the surface atoms, the
adsorption of gas molecules, and the removal of the
component atoms, resulting in a weakened two-
dimensional condensation of water.
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Epr spectra of some cupric o-ketoenolates, a-dioximates, |3-dioximates, and Schiff bases in chloroform solution

were recorded at room temperature and at —160° (frozen state).

from spectral data.

0

This work was aimed at studying the electron spin
resonance spectra of several copper(ll) complexes and
to draw some conclusions concerning the bonding prop-
erties of the odd electron, depending on the nature of
the donor atoms in the ligands, the size of the chelate
ring, and effects of substituents on the chelate ring.
The epr spectra of copper(ll)-acetylacetonate type
complexes have been treated by several authors.1-6
In all of the above complexes, it was assumed that the
Cull ion is surrounded by the four donor atoms in a
planar configuration (ZZ symmetry) and that each
donor atom has a 2s,2px,2py,2pzatomic orbital available
for the formation of molecular orbitals with the atomic
d orbitals of the central ion. From group theory,
Gersmann and Swalen3 obtained the proper linear
combinations of ligand orbitals with the copper d or-
bitals which form the antibonding wave functions of
the planar cupric chelate compound. The expressions
for the in-plane antibonding wave functions are

Ble = adxy - -[-<7x/ + @ + fys- ~(4)]

Ag

odx2 y! - VI - pxy(l) - pxy+

Pxy<d + Px/4]

The above wave functions are applicable also for
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The bonding parameters were calculated

. The bonding properties of the odd electron were derived as a function of the nature of the
Ilgand donor atoms, the size of the chelate ring, and substituent effects.
7 bonding and complex stability is discussed.

The relationship between covalency

tetradentate Schiff base chelates of C2, symmetry,
where the corresponding symmetry designations are
B2and Ah in the sense used by Swett and Dudek.6

The bonding parameters, a, i3 and § are a measure
of the covalency of the appropriate bonding. A value
of 1 for the square of the parameter indicates a com-
pletely ionic character, while a value of 0.5 denotes
essentially a purely covalent character. The odd elec-
tron is placed in the antibonding Bie orbital in the
ground state.

Overlap is included for the B\s orbital, where a and
a' are related

a2+ a2—?2aa's = 1

For a ligand-to-metal distance of R = 1.9 ,8, the
overlap integral values (S) have been assigned as 0.076
in /Sketo enolates, 0.093 in a-dioximates and /3-dioxi-
mates, and the value 0.084 in Schiff base complexes.25

(1) A. H. Maki and B. R. McGarvey, J. Chem. Phys., 29, 31, 35
(1958).

(2) *D. Kivelson and R. Neiman, ibid., 35, 149 (1961).
(3) H. R. Gersmann and J. D. Swalen, ibid., 36, 3221 (1962).

(4) H. A. Kuska, M. T. Rogers, and R. E. Drullinger, J. Phys.
Chem., 71,109 (1967).

(5) V.S. Swett and E. P. Dudek, ibid., 72, 1244 (1968).

(6) S. Antosik, M. M. Brown, A. A. McConnell, and A. L. Porte,
J. Chem. Soc. A, 545 (1969).
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By applying the wave function for the Buy, state to
the Hamiltonian of Abragam and Pryce,7 the magnetic
parameters are shown to be3

oni = 20023 - (BX/IAa ~ yny [adR- /(7)1
gx = 2.0023 - (2X/AE,)[aW - g™]
A, = P[-a\4/7 + K - 2Xa2432AA#xy +
3527AH,,)
Ax = P[a2/7 - « ) - 22XaBb214AAM
where
I(d) = aa'~S + aa’3(l- d2VT(n)/2

08 = aa55 + aag( - VT2

with the spin-orbit coupling constant for the Cu(ll)
ion X = —828 cm-1, the free-ion dipole term P =
0.036 cm-1, and the Fermi contact term k = 0.43 &s
defined earlier.3 The corresponding values of T(n)
are:25 T(n)nitraggn = 0.333, T(N)oxygen and
T(n) = o.276 for the Schiff base complexes.

Values of g0 and g\ were obtained from the spectra
recorded at room temperature and at —160°, respec-
tively. The gL values werecalculated from the equation
@ = 2gx/3 + 10Nn/3.

The values of a2 were calculated from the copper
hyperfine spectra, using the approximate formula2

a2= —(A,/P) + fan- 2) + 3(gt - 2)/7 + 0.04

0.22,

and the values of /3were calculated from the expression
of gu and the values of 5were calculated from the ex-
pression of g£. Values of a' were also calculated from
the nitrogen hyperfine splitting (TFI)3 exhibited by
three complexes and then a2 values were recalculated
from the normalization condition of the Bu, state wave
function and compared to those obtained from the
approximate formula of Kivelson and Neiman.2

Adequate interpretation of the bonding parameters
requires separation between the ground state term
(0*,dxy) and the excited state terms, (7r*d2 y2 and
(7T*,dx2).

The relative positions of the molecular d orbitals in
planar bis(ketoenolato)copper(ll) complexes were
determined by Cotton and Wise8 from polarization
studies of single crystal spectra of Cu(DPM)2 It was
concluded that the four d-d transitions occur within a
range of a few thousand wave number and that dX
dyz dx2 y2, and d2 orbitals lie close together, some
20.000 cm-1 below the dxy orbital. The possible d-d
transitions within the planar cupric complex were ar-
ranged in the following order of increasing energy:
dxy w- d2 dxz ey, dyz In our estimations of the
ligand field energies we counted on the above order of
the d-d transitions. Due to the small difference be-
tween the coordinate systems of Gersmann3 and that
of Cotton,8the order in ligand field transitions is AEys

APCR N AR
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Figure 1. Epr spectrum of chloroformic solution of
Cu(DMGL)i at room temperature.

Results

The epr spectra recorded for (3-ketoenolate complexes
of copper(ll) are characteristic of those of planar cop-
per(I1) compounds in their anisotropies in g and hy-
perfine coupling constants.

The epr spectra of bis(dimethylglyoximato)cop-
per(ll) “Cu(DMGL)” (Figure 1) and bis(diphenyl-
glyoximato)copper(ll) “Cu(DPGL)2’ in CHC13 solu-
tion recorded at room temperature consist of four al-
most equally spaced hyperfine lines characteristic to
the Cu(ll) nuclear hyperfine interaction. Onto each
copper hyperfine line are superimposed the lines which
are derived from the extrahyperfine interaction with
the nitrogen nuclei of the donor ligand atoms. If we
account for the distortions that might occur in the ni-
trogen spectrum and consider the relative intensities
of the signals (the amplitude ratios) in the epr spectra
of Cu(DMGL)2 and Cu(DPGL)2 we should find that
four nitrogen atoms are bonded to the central Cu(ll)
ion. The spectrum of Cu(DMGL)2 at —160° is shoanm
in Figure 2. The distinction between the components
of the on peak is very difficult, due to the overlap with
the gx peak. In lomtemperature spectra the nitrogen
hyperfine structure appears usually on the gL compo-
nent of the spectra. We used this component for the
evaluation of gx wdiile g\ was calculated from the ap-
proximate relationship go = 1/3h + 2gx). The g
values obtained this way approximate those obtained
by Wiersemag for Cu(DMGL)2 in alcoholic solution,
and those by Schubelo in pyridine solution. Due to
uncertainty in evaluations of A1 and A+, we calculated
the in-plane cr-bonding parameter using the splittings
of the well-resolved nitrogen hyperfine lines of the
spectra. The excellent agreement between the a2

(7) A. Abragam and H. M. L. Pryce, Proe. Roy. Soc., Ser. A, 205,
135 (1951).

(8) F. A. Cotton and J. J. Wise. Inorg. Chem., 6, 909, 915, 917 (1967).

9) A. K. Wiersema and J. J. Windle, J. Phys. Chem., 68, 2316
(1964).

(10) W. Schubel and E. Lutze, Z. Angew. Phys., 17, 332 (1964).
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Figure 2. Epr spectrum of chloroformic solution of
Cu(DMGL)2at -160°.

Figure 3. Epr spectrum of chloroformic solution of
Cu(AADO)2 (at -160°).

value obtained from the epr spectra of Cu(DMGL)2
measured in this study and the a2value calculated by
Ross1l is noteworthy.

The CHC1Ssolution of bis(acetylacetone dioximato)-
copper(ll) “Cu(AADO)” at —160° exhibits a char-
acteristic epr spectrum of a planar Cu(ll) complex
compound, especially with nine well-resolved nitrogen
hyperfine lines at the g+ component (Figure 3). The
agreement between a2 values obtained by the two
different calculation methods (Kivelson's approximate
formula and extrahyperfine structure splitting formula)
is remarkable (Table Il1). In the spectrum of bis-
(benzoylacetone dioximato)copper (1) “Cu(BADO)2
the resolution of the nitrogen hyperfine lines at the gx
component is indeed very poor. On the other hand, a
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Figure 4. Epr spectrum of chloroformic solution of Cu(BADO)2
(at -160°).

Figure 5. Epr spectrum of chloroformic solution of
n .~ -bis(salicylaldéhyde )ethylenediiminocopper(11)
(at -160°).

large number of lines is observed especially at the low-
temperature spectrum (Figure 4). Similar splitting in
the epr spectrum of a frozen HCI3 solution of bis-
(dibenzoylmethanato)eopper(ll1) was noted by Kuska4
and attributed to the phenyl group protons.

The epr spectra of bis(A-pentylsalicylaldiminato)-
copper(ll) do not exhibit super hyperfine splittings and
are characteristic of planar Cu(ll) compounds.

The epr spectra of A,A’-bis(salicylaldehyde)ethyl-
enediiminocopper(ll) at —160° (see Figure 5) suggest
that the Cu(ll) is placed in two different environments
in the complex molecule.

The magnetic and bonding parameters calculated
from epr and electronic absorption data are given in
Tables | and 11.12 B

(11) B. Ross, Acta. Chem. Scand., 21, 1855 (1967).
(12) L. L. Funck and T. R. Ortolano, Inorg. Chem., 7, 567 (1968).

(13) D. P. Graddon and E. C. Watton, J. Inorg. Nucl. Chem., 21,
49 (1961).
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Table I': Magnetic Parameters of Cu(Il) Chelates in Chloroform
Compound » »1 (03] All X 10°, tm-i Az X 104, cm-1 Ao X 10*. cm*“1 Reference
, 13-Diketonates
1. Bis(hexafluoroacetyl- 2,318 2.046  2.137 174 24.6 144
acetonatoycopper(ll) (2.306)  (2.051) (173) (24.5) 4
B|s(trlfluoroacetylacetonato) 2312 2.042 2132 165 25.2 71.8
copper(ll) (2.308)  (2.040) (167) (25.2) 43
3. Bls(benzo IacetonatO)- 2281 2.045  2.124 178 26.5 77.0
copper(ll (2.281) (2.046) (176) (26.6) 4
4, Bls(acetylacetonam) 2283 2.047  2.126 173 28.1 76.4
copper(ll) (2.285) (2.042) 175 28.2 a®
é2.266 éz 053; 160 19.0 P
2.264) (2.036 145.5) 29.0 P
3- D|0X|mates
5. B|s(acetyl(a|1|c)etond|OX|ma 0)- 2171 2.088  2.116 20.0 76.3
opper
6. Bls(benonIacetondioximato)- 2211 2073 2.119 184 21.6 76.5
copper(11)
a-Dioximates
1. Bls(dlmethflglyommato) 2.167  2.054  2.092 87.0
opper(Il) . (2.15)  (2.05) (144) (14.6) od
8. Bis(diphenylglyoximato)- 2136 2.048  2.077 84.6
eopper(ll)
Schiff bases
9. Bis(IV-pentylsalicylaldiminato)- 2.225  2.067  2.120 170 30.5 71.0
copper(llg
10. ~,~-Bis(salicylaldehyde)- 2209 2.046  2.100 198 30.8 86.5
ethylenediimino-copper(ll)  (2.19) (2.11) (208) 5e
=In CHCh. oSingle crystal. cToluene (60%)-CHCI3(40%). dAqueous ethanol. «In 80% CHCh--20% toluene.
Table [1: Ligand Field Energies and Bonding Parameters of Cupric Chelates
Compound AFys AEXL?* AEli cA cA(N) R2 2 Reference*
1. 14,000 15,800 18,000 0.861 0.836 0.777 12
2. 0.830
3. 14,800 18,600 0.835 0.795 13
4. 15,600 16,800 18,000 0.824 0.913 0.866 8
16,100 18,000 18,500 0.824 1.0 0.870 14
5. 16,600 18,000 27,000 0.774 0.777
6. 14,814 0.793 0.65
7. 18,000 0.714 0.843 15
8. 0.740
9. 0.766
10. 18,000 0.818 0.80

° The sources of the ligand field energies.

Discussion

Calvin and Wilson¥6 were the first to suggest the
possibility that two force components might be re-
sponsible for containing the copper ion in the chelate:
one is of the same nature for both copper and hydrogen,
and the other, of quite different nature for copper than
for hydrogen. The first component should manifest
the ionic or coulombic effects, i.e., the effects of charge
and charge distribution of the ligand anion, and of the
charge and radius of the cation. The second compo-
nent, assumed to reflect the stabilization due to the
enolate resonance system, plays a different and far

greater role in bonding the copper atom than in bonding
hydrogen atom.

The inplane ff-bonding coefficients a2 gives the ex-
pected trend in covalency. From the epr spectrum of
/3-ketoenolates it can be seen that electron-withdrawing
substituents in the acetylacetonate skeleton decrease
the covalency of the « bonding. The change in the

(14) C. Di.jkgraaf, Theoret. Chim. Acta, 3, 38 (1965).

(15) S. Yamada and R. Tsuchida, Bull. Chem. Soc. Jap., 27, 156
(1954).

(16) M. Calvin and K. W. Wilson, J. Amer. Chem. Soc., 76, 2003
(1954).
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covalency may result from the first force component
between the copper(ll) and the ligand donors, i.e., a
change in the effective negative charge on the oxygen
donor atom, caused by the inductive effects of the sub-
stituents. On the other hand, electron-withdrawing
substituents on the /3-ketoenolate skeleton cause an
increase in the covalent character of the x bonding,
especially of the out-of-plane x bonding.

Van Uitert, et al.,I7 also pointed out that ~-dike-
tones of comparable pAa values bearing one methyl
and one aromatic substituent do not appear to chelate
as strongly as those bearing two aromatic substituents.
In view of the above epr data, Van Uitert’s observation
can be interpreted in terms of more covalent out-of-
plane x bonding between the metal and the chelated
ligand. The aromatic substituents induce a more
effective condition toward formation of the enolate
(benzenoid) resonance of the chelate ring. In fact,
the polarizability of unsaturated molecules containing
X bonds is greater than that of saturated molecules
containing a bonds only. On conjugation, the x elec-
trons are delocalized and present in the extended x
orbitals.

From Table Il it can be seen that the greater co-
valent character in the in-plane a bonding is exhibited
by the a-dioximates. The copper(ll) ion in the latter
is surrounded by four nitrogen atoms which are part
of two five-membered chelate rings. The increase in
ring size in /3-dioximate series results in a decrease in
the covalent character of the a bonding. This is due
to the greater stability of the five- relative to the six-
membered ring structure.

The observed greater covalent character of the in-
plane o bonding in the 8-dioximates, as compared to
similar bonding in /3-ketoenolates, can be attributed
to the difference in the electronic characteristics be-
tween the nitrogen and the oxygen atoms of the donor
groups. The intermediate case, where two nitrogen
and two oxygen donor atoms are similarly bonded to
the central Cu(ll) ion, is reflected in the bonding pa-
rameters of the Schiff base complexes. In these cases,
one has to account for two different effects which op-
erate in opposite directions on the stability of the com-
plex: (a) the number of the chelate rings and (b) the
decrease in benzenoid resonance of the salicylaldéhyde
derivatives. Calvin and Wilson3 have noted that the
copper(ll) chelates derived from /3-diketones exhibit
greater stability than the analogous chelates from
salicylaldéhyde of comparable ligand basicity. This
was attributed to decrease in the resonance contribution
from the active grouping in salicylaldéhyde than in
/3-diketone. From application of polarographic tech-
niques, Calvin and BailesB8noticed that the increase in
number of the rings in chelated Schiff bases is accom-
panied by an increase in the stability of the complex.
It appears from epr data that the increase in the sta-
bility of the complex molecule is reflected by the de-
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crease in the /@value, i.e., implying an increase in the
covalency of the x bonding. Swett and Dudek®6 re-
corded the epr spectra of a series of bidentate and
tetradentate Schiff bases and found that the covalency
of the in-plane x bonding is greater in tetradentate
Schiff bases, while the covalency of the € bonding is in
the opposite order. Table Il gives the polarographic
and epr data for bis(A-methylsalicylaldiminato)-
copper(ll) “A” and A,lV'-bis(salicylaldehyde)ethyl-
enediiminocopper(ll) “B.”

Table 111
el/i2° Vv ®
A +0.02 0.79 0.77
B -0.75 0.80 0.64

Reference 18 6Referace 5

The above data clearly indicate the importance of
the x bonding on the stability of the complex molecules.

The large number of lines appearing in the epr spec-
tra of bis(benzoylacetonedioximato)copper(ll) (see
Figure 4) suggest that additional hyperfine interactions
occur with the phenyl protons. Kuska4 considered
three possible mechanisms for these splittings. (1) In
dilute solution the chelates constitute dimers where
the phenyl group of the first complex molecule lies
above the z axis of the second complex molecule. (2)
The electron spin density cr-delocalized, as predicted by
extended Huckel molecular orbital calculations of
Wise.8 (3) The spin density is x-delocalized through a
configuration interaction mechanism similar to that
proposed by Kivelson19 and Fortman.D

Kuska has found that proton splittings do not ap-
pear when one methyl group is substituted by a phenyl
group in the /3-ketoenolate skeleton [bis(benzoylace-
tonato)copper(ll)], and this phenomenon is difficult
to explain in terms of <« delocalization. In contrast,
bis(benzoylacetonedioximato)Cu(ll) does exhibit pro-
ton splittings. We think that the higher covalency of
the x bonding is the main cause for these interactions.
Similar interactions in bis(salicylaldiminato)Cu(ll)
have been recorded.1 The bonding parameters in the
latter are very similar to those in bis(acetylacetonato)-
Cu(ll) which is devoid of proton splittings, except
that the in-plane x bonding is more covalent in the
case of the salicylaldehydimine than it is for the acetyl-
acetonate.l Substitution of the methyl groups by
phenyl groups in /3-ketoenolates and /3-dioximates re-

(17) L. G. Van Uitert, W. Fernelius, and B. E. Douglas, J. Amer.
Chem. Soc., 75, 2736 (1953).

(18) M. Calvin and R. H. Bailes, ibid., 68, 949 (1946).
(19) D. Kivelson and S. K. Lee, J. Chem. Phys., 41, 1896 (1964).
(20) J.J. Fortman and R. G. Hayes, ibid., 43, 15 (1965).
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suits in a decrease in the covalent character of the <«
bonding and in an increase in the covalent character of
the x bonding. Hence, the change in the donor atoms
from oxygen to nitrogen on going from bis(benzoylace-
tonato)copper(ll) to bis(benzoylacetone dioximato)-
copper(ll) results in an intensification of the covalent
character of both a and x bonding; the interactions
with the protons are therefore facilitated.

In conclusion, the effects of substitution, ring size,
and the nature of the heteroatom on metal-ligand
bonding parameters are as follows. (1) Substitution
in the six-membered chelate ring by electron-with-
drawing groups cause both (i) a decrease of the covalent
character of the Cu(ll)-ligand a bonding and (ii) an
increase of the out-of-plane x bonding. (2) Enlarge-
ment of ring-size of Cu(ll) chelates from five (a-dioxi-
mates) to six (/3-dioximates) entails a decrease of the
a bonding. (3) Replacement of the oxygen donor
atoms around the Cu(ll) ions in (3-diketonates by ni-
trogen donor atoms (/3-dioximates) causes an increase
of the covalent character of the a bonding. (4) The
x bonding has an important role on the stability of the
complex compounds. (The increase in stability of the
complex molecule is reflected by the decrease in the /2
value of the Schiff base complexes.) (5) Greater co-
valent character of the x bonding seems to facilitate
the hyperfine interactions with the protons.

Experimental Section

All reagents used in this work are of “analytical
pure” grade. Acetvlacetone dioxime (AADO), mp
149°, was prepared according to the literature.2l Ben-
zoylacetone dioxime (BADO), mp 86-87°, was pre-
pared following the procedure of Muller and Auwers.2

The copper(ll) complexes of (3-diketones2Z and of a-
dioximes® used in this study were prepared by stan-
dard methods available in the literature.

The copper(ll) complexes of (3-dioximes were pre-
pared by a modification of Donaruma’s procedure :24 a
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mixture of 0.01 mol of cupric acetate and 0.02 mol of
(O-dioxime in 300 cm3of toluene was refluxed for 3-4 hr;
the toluene-acetic acid azeotropic mixture is distilled
and the green oily residue dissolved in benzene and
precipitated by addition of petroleum ether. The
precipitate was recrystallized from CHC13 affording
green crystals.

Anal. Calcd for Cu(AADO)2 CidHi® AN4Cu: Cu,
19.7; N, 17.4. Found: Cu, 19.2, N, 17.5. Calcd
for Cu(BADO)2 CAHEOMNALu: Cu, 14.4; N, 125.
Found: Cu, 14.0, N, 12.1.

Schiff base complexes, bis(A-pentylsalicylaldi-
minato)copper(l1l) and A,A'-bis(salicylaldehyde)-
ethylenediiminocopper(ll) were Kkindly supplied by
Dr. Hana Shechter of our department.

The epr spectra of the cupric chelates in CHC13so-
lution were measured with a Varian Model V-4502
X-band spectrometer equipped with a 100-kc/sec
field modulation unit and a Varian V-4257 variable
temperature controller, allowing operation between
+300 and —200°. Chloroform was found to be the
best common, nondonor solvent for all the complexes
included in this study. No use of other solvents was
attempted, because the effect of changing the solvent
could be larger than the others due to changes in the
ring size and the substiiuents, etc.

The g values were compared with the free-radical
standard, diphenyl picrylhydrazil (@ = gnvrn =
2.0036). <M and A\\ were obtained from frozen glass
spectra at —160°, and the isotropic go and AOvalues
were obtained from solution spectra recorded at room
temperature.

Optical absorption measurements were taken on a
Cary Model 14 spectrometer.

(21) C. Harries and T. Haga, Ber., 31, 550 (1898); 32, 1192
(1899).
(22) H. Muller and K. Auwers, ./. Prakt. Chem., 137, 81 (1933).

(23) R. L. Belford, A. E. Martell, and M. Calvin, J. Irwrg. Nucl.
Chem., 2, 11 (1956).

(24) L. G. Donaruma, Chem. Eng. Data, 9, 379 (1964).
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The spintlattice relaxation tines in the honologous series of 4,4™-bis(alkoxy)azoxybenzenes have been neasured

in the solid, liquid crystal, and liquid ranges of the substances at a frequency of 30 MHz.

The nmeasurenments

of the relaxation times indicate that the presence of the alkyl substituent is significant in determining the re-
laxation rate, a point not treated in present theoretical studies.

Introduction

The study of liquid crystal systems by pulsed nmr
techniques has focused upon the structure and rota-
tional motions in these systems.3-12 It has been pro-
posed that in addition to the usual Brownian motion
contributions, thermal fluctuations of the orientational
order (collective modes) of the nematic axis of the
liquid crystal may be an important source of nuclear
spin relaxation.3-8,134 The frequency spectrum of the
thermal fluctuations exhibits an intense branch in the
radiofrequency region13 which may allow the exchange
of energy between the spin system and the lattice.
Doane and Johnson6 have developed perhaps the most
comprehensive theory of relaxation in the mesophases.
This treatment, which relies upon the initial work of
Pincus,3includes Brownian motion and collective mode
effects. Unfortunately, the theory is difficult to apply
gquantitatively because of a lack of data on the elastic
constants of liquid crystals. The relative importance
to Ti of the collective modes compared to the Brown-
ian motion effects has not been established experimen-
tally. An effort has been made elsewhere¥to calculate
the intramolecular Brownian motion contribution to
phenyl proton relaxation. This model® estimates the
modulation of the dipole-dipole interaction of two
phenyl protons in a linear nematogen which undergoes
random motion with a time-independent, statistically
preferred direction along the nematic axis. This model
and the theory of Doane and Johnson represent the
situation of the phenyl protons only. They do not
treat intramolecular processes arising from motion in
the alkyl groups.

In this paper we report results of measurements of
relaxation times for several members of the homolo-
gous series of 4,4'-bis(alkoxy)azoxybenzenes which in-
dicate that the length of the alkyl group is of signifi-
cance. The compounds studied were 4,4'-bis(me-
thoxy)azoxybenzene (PAA), 4,4'-bis(ethoxy)azoxy-
benzene (PAP), 4,4'-bis(propoxy)azoxybenzene (Pr-
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AB), 4,4'-bis(butoxy)azoxybenzene (BAB), 4,4'-bis-
(pentoxy)azoxybenzene (PAB), and 4,4'-bis(hexoxy)-
azoxybenzene (HAB).

Proton relaxation studies are complicated because
of a lack of knowledge of the relative importance of
diffusion-controlled intermolecular contributions to
7V5c'® This mechanism contributes equally to the
relaxation of the phenyl and ester protons.
calculatedB using the theory derived for
fluids, I yields a value of 0.32 sec-1.

T,,inter—l,
isotropic
This is in rea-

(1) NDEA Fellow, 1969-71.

(2) RobertA.WelchFellow.

(3) P. Pincus, Solid Stale Commun., 7, 415 (1969).
(4) T. Lubensky, Phys. Rev. A., 2, 2497 (1970).

(5) (a) J. Doane and D. Johnson, Chem. Phys. Lett., 6, 291 (1971);
(b) J. J. Visintainer, J. W. Doane, and D. L. Fishel, Mol. Cryst.
Liquid Cryst., 13, 69 (1971); (c) B. Cabane and W. G. Clark, Phys.
Rev. Lett., 25,91 (1970).

(6) M. Weger and B. Cabane, J. Phys. Radium, C, 72 (1969).

(7) R. Blinc, D. O’'Reilly, E. Peterson, G. Lahajnrar, and I. Levstek,
Solid State Commun., 6, 839 (1969).

(8) (@ R. Blinc, D. Hogenboom, D. O'Reilly, and E. Peterson,
Phys. Rev. Lett., 23, 969 (1969); (b) R. Blinc, “Spin-Lattice Relaxa-
tion, Unstable Lattice Modes and Critical Fluctuations,” in “Mag-
netic Resonance,” C. Coogan, N. Ham, S. Stuart, J. Pilbrow, and
G. Wilson, Ed., Plenum Publishing Co., New York, N. Y., 1970.

(9) J. Doane and J. Visintainer, Phys. Rev. Lett., 23, 1421 (1969).

(10) R. Dong and C. Schwerdtfeger, Solid State Commun., 8, 707
(1970).

(11) R. Dong, M. Marusic, and C. Schwerdtfeger, ibid., 8, 1577
(1970) .

(12) C. Tarr, M. Nickerson, and C. Smith, Appl. Phys. Lett., 17,
318 (1970).

(13) Orsay Liquid Crystal Group, J. Chem. Phys., 51,816 (1968).
(14) A. F. Martins, Mol. Cryst. Liquid Cryst. 14, 85 (1971).

(15) E. Samulski, C. Dybowski, and C. Wade, Chem. Phys. Lett.,
11, 113 (1971).

(16) C. Watkins and C. S. Johnson, Jr., J. Phys. Chem., 75, 2452
(1971) .

(17) (a) J. F. Harmon and B. H. Muller, Phys. Rev., 182, 400 (1969).
This theory indicates that under certain conditions, the intermolecular
contributions to T\ may be frequency dependent. However, using
the diffusion coefficient data for PAA of Yun,I?b we calculate a
negligible frequency dependence for this contribution in PAA. (b)
C. K. Yun and A. G. Fredrickson, Mol. Cryst. Liquid Cryst., 12,
73 (1970).
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Table I:

Compound “ Slope-intercept
1. PAA a. 118.1
b. 135.0
2. PAP a. 135.9
b. 168.4
3. PrAB a. 117.3
b. 123.4
4. BAB a. 103.7
b. 136.5
5. PAB a. 76.4
b. 122.1
6. HAB a. 79.0
b. 127.7

“ The abbreviations are explained in the text of the article.

sonable agreement with the value of 0.28 sec-1
estimated by Dong, et al.,is from the frequency de-
pendence of Ti in These estimated Ti,l
values are larger than the T1values observed in the
mesophases and are not sufficiently frequency depen-
dent to account for all of the observed689 frequency
dependence: Ti /(8, /t < n < 1 Thuswe as-
sume the intermolecular effects are not dominant.

Experimental Section

The experimental apparatus and technique are dis-
cussed elsewhere.19 All the experiments were done at
a frequency of 30 MHz, using either the saturation-
790 or the 180—r-90 pulse sequence. The 90° pulse
length was approximately 2 psec. An average of four
signals was taken at each r to improve the accuracy.
The data were analyzed by computer using standard
least-squares methods. Plots of In (1 — M(r)/M(«=))
vs. twere linear within the experimental error of £+5%.

The compounds, obtained from Eastman Organic
Chemicals, were purified by recrystallization from
acetone and/or ethanol, degassed using conventional
freeze-pump-thaw methods, and sealed under vacuum.
To determine the transition temperatures, differential
thermograms of each substance were taken using an
R. L. Stone (Tracor) DTA-202. If a differential ther-
mogram showed marked depression of either transi-
tion, the compound was recrystallized a second time.
The final results of the determinations are given in Ta-
ble 1. All compounds have only a nematic liquid crys-
tal phase.

Results and Discussion

The data are given in Figures 1 and 2. The data
on PAA and PAP are in good agreement with results
reported by other investigators68 while this study was
in progress. The heptoxy homolog has nematic phase
(95 to 124°) Ti values9which we estimate would have
approximately the same numerical values as the hexoxy
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Transition Temperatures for the 4,4'-Bis(alkoxy)azoxybenzenes

°c
Endothermal Literature value6

minimum (optical observations)
121.6 118.2
136.0 135.3
141.2 136.6
170.0 167.5
120.2 115.5
123.9 123.6
105.8 102.0
137.0 136.7
81.4 75.5
123.2 123.2
82.3 81.3
128.2 129.1

6H. Arnold, Z. Phys. Chem, {Leipzig), 226,146 (1964).

Spin-lattice relaxation time, Th as a function of
, PAA; A, PAP; A,

Figure 1.

temperature in the nematic phases;
PrAB; X, BAB; O, PAB; O, HAB.

Relaxation time, Ti, as a function of the fractional
/
1-* nematic-isotropic transition:
X, BAB; D, PAB; O, HAB.

Figure 2.

0 -*m solid-nematic’
, PAA;

temperature, /, in the nematic phase.

transition; /
A, PAP; A, PrAB;

values at a frequency of 30 MHz. Martins¥4 has mea-
sured the proton relaxation in PAA with deuterated

(18) R. Dong, M. Pintar, and W. Forbes, Solid State Commun., 9,
151 (1971).
(19) C. Dybowski and C. Wade, J. Chem. Phys., 55, 1576 (1971).
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methyl groups (PAAD) at 56 and 24 MHz and finds
relaxation times of 1.6 and 1.2 sec, respectively, which
are approximately independent of temperature.

Figure 2 indicates that when considered as a fraction
of the nematic range the temperature dependence of
7\ is similar in the homologs. This provides evidence
that the mechanism is probably the same for all mem-
bers in the series.

It is obvious from the data in Figure 1 that the alkyl
groups are in some fashion significant factors in proton
relaxation. Furthermore, as the alkyl chain lengthens
a significant increase in the relaxation rate occurs when
the number of carbons, n, in the alkyl chain reaches 3.
The absence of data on the viscosities,D elastic con-
stants, and order parameters for these compounds
(with the exception of PAA and PAP) precludes a com-
parison with the theories. However, we infer that this
increased relaxation rate is probably due to the
increased dipolar interaction of the alkyl protons which
may occur for n > 3 because of the geometry of the
chain. It is well known2l that, as the alkyl chain is
lengthened in these homologs, the changes in length,
direction of the dipole moment, and dielectric aniso-
tropies2 per added carbon depend on whether that
carbon is added to a chain containing an even or odd
number of carbons. For example, a molecular model
shows that as the chain length is increased, the possible
interaction between the terminal CH3 and the phenyl
protons undergoes a significant increase when n be-
comes 3.

It should be noted that the proton Ti data of Mar-
tins} are somewhat unusual in one respect. He finds
that the phenyl proton relaxation time in PAAD is
shorter than the relaxation time (phenyl plus methyls)
in PAA. The liquid crystal range is the same for both
compounds. The similarity of the temperature and
frequency dependence of Tx in PAA and PAAD implies
that deuteration probably causes no drastic change in
the type of relaxation process. To explain the
observed relaxation data, the substitution of methyl
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protons for deuterons must either increase the phenyl
Tx above that of PAAD or the methyls must have sig-
nificantly longer TVs than the phenyls. The latter
possibility might result in the observation of multiple
T\ values in PAA. Simulated dataldindicate that two
relaxation times would be apparent in our data if they
differed by a factor of 2 or more. We observed no
such effects and none have been reported in PAA or
PAP by other investigators.8 Ring and alkyl val-
ues have been measured for a number of perprotonated
isotropic fluids using adiabatic fast passage methods
under high-resolution conditions.Z For fluids such
as toluene, ethylbenzene, mesitylene, and methyl ben-
zoate, the phenyl protons have relaxation times longer
by at least 20 to 30% than the alkyl protons.23 Un-
fortunately, there are no data on the partially deuter-
ated analogs of these to permit an estimation of the
changes in phenyl Tx upon the substitution of deuter-
ons for protons in an alkyl chain. Such data, even
though for isotropic fluids, would contribute to an un-
derstanding of the relaxation processes in liquid crys-
tals as would similar data on phenyl alkyl ethers.
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The infrared spectra of dimethylaminodichlorophosghine and dimethylaminodichlorophosphine-d6 have been

recorded from 4000 to 33 cm-1in the gas and solid p
The spectra were consistent with the presence of only one isomer over

for both compounds were also recorded.

the range of phases and temperatures studied.

ases. The Raman spectra of the liquid and solid phases

Available experimental data were discussed in connection

with the spectra, and it is concluded that the molecule exists in the gauche conformer with the PNC2portion

of the molecule planar.

Introduction

An X-ray diffraction study4 of dimethylaminodi-
fluorophosphine showed that the molecule existed in
the gauche conformer in the solid phase. Furthermore
it was reported that the PNC2part of the molecule is
planar. The vibrational spectrum of the compound
was reported6to be consistent with the presence of only
one isomer in the gas, liquid, and solid phases.

Imbery and Friebolin6noted that the methyl protons
of dimethylaminodichlorophosphine remain equivalent
in the nmr spectrum from +80 to —80° and concluded
that the compound is in the trans conformer. Re-
cently the nmr spectrum was reinvestigated7 and when
the temperature of the sample was lowered to —120°,
the spectrum showed the protons to be inequivalent.
The authors concluded that the molecule exists in the
gauche conformer and postulated that it may have a
planar nitrogen similar to dimethylaminodifluorophos-
phine. An electron diffraction study8 of dimethyl-
aminodichlorophosphine has found the CNC angle to
be 120° which indicates that nitrogen is planar. Some
infrared and Raman work on (CH32NPC12in the liquid
phase has been reported.910 However, only fragmen-
tary assignments have been made, and no structural
conclusions were drawn from the data. Therefore, it
was decided to study the infrared and Raman spectra of
dimethylaminodichlorophosphine and the d6 analog in
order to determine the symmetry in all phases and
assign the normal vibrations.

Experimental Section

Dimethylaminodichlorophosphine was prepared by
the reaction of dimethylamine and phosphorus tri-
chloride according to the procedure of Burg and Slota.1l
The compound was fractionally distilled and its purity
checked by infrared and Raman spectroscopy.91D
The only impurity found in any of the samples was
phosphorus trichloride which could be monitored by the
presence of a line at 257 cm-1 in the Raman spectrum.
Dimethylamino-de-dichlorophosphine was prepared by
the above procedure with the substitution of dimethyl-

A vibrational assignment is proposed for the molecule.

amine-d6 in the above reaction.
purified by trap-to-trap distillation.

The infrared spectra were recorded from 4000 to 250
cm-1 with a Perkin-Elmer Model 621 spectrophotome-
ter. The atmospheric water vapor was removed from
the spectrophotometer housing by flushing with dry air.
In the higher frequency region, the instrument was
calibrated with standard gases.2 The lower wave
number region was calibrated by using atmospheric
water vapor and the frequencies reported by Hall and
Dowling.13 The spectra of the gaseous sample were
recorded by using a 20-crn cell and a Beckman variable
path length cell both equipped with KBr windows.
The spectrum of the solid was obtained by condensing
the sample on a silicon plate maintained at —190° with
boiling nitrogen.

The Raman spectrophotometer used was a Cary
Model 81 equipped with an He-Ne laser source. The
spectrum of the liquid was taken with the sample sealed
in a capillary tube. For elevated temperatures this
tube was heated with a nichrome wire element sur-

This sample was

(1) Presented at the Twenty-sixth Symposium on Molecular Spectra
and Structure, Ohio State University, 1971, Paper Q7.

(2) Taken from the thesis of J M. Casper submitted to the Depart-
ment of Chemistry in partial fulfillment of the Ph.D. degree, June
1971.

(3) Predoctoral National Science Foundation Fellow.

(4 E. D. Morris, Jr.,, and C. E. Nordman, Inorg. Chem., 8, 1673
(1969).

() M. A. Fleming, R. J. Wyma, and R. C. Taylor, Spectrochim.
Acta, 21, 1189 (1965).

(6) D. Imbery and H. Friebolin, Z. Naturforsch. B, 23, 759 (1968).

(7) A. H. Cowley, M. J. S. Dewar, W. R. Jackson, and W. B. Jen-
nings, J. Amer. Chem. Soc., 92, 1085 (1970).

(® L. V. Vilkor and L. S. Kharkin, Dokl. Akad. Nauk SSSR, 168,
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(9 C. Christol and H. Christol, J. Chim. Phys., 62, 246 (1965).

(10) F. Plerail and M. J. Leconte, C. R. Acad. Sci., Ser. C., 262,
22 (1966).

(11) A. B. Burg and P. J. Slota, Jr., J. Amer. Chem. Soc., 80, 1107
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(12) “IUPAC, Tables of Wavenumbers for the Calibration of Infra-
red Spectrometers,” Butterworths, Washington, D. C., 1961.

(13) R. T. Hall and J. M. Dowling, J. Chem. Phys., 47, 2454 (1967).
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Table1: Infrared and Raman Spectra of (CHNPCI

J. R. Durig and J. M. Casper

—Raman-
------------ Solid
Polar-  Frequency, Rel.
ization cm“1 intensity Assignment
2804 + 216 = 3020
2804 + 191 = 2995
CH3stretch”
CH3stretch
CH3stretch
CH3stretch
CH3stretch
CH3stretch
1449 + 1028 = 2477
1440 + 1058 = 2468
1476 + 975 = 2451
1410 + 191 = 1601
CH3deformation
CH3deformation
CH3deformation
CH3deformation
1095 + 335 = 1430
CH3deformation
1028 + 394 = 1422
CH3deformation
N C2antisymmetric stretch
1058 + 216 = 1274
CH3rock
690 + 428 = 1120
CH3rock
CH3rock
CH3rock
981 8  NC2symmetric stretch
690 + 191 = 881
394 + 335 = 729
D 694 52 P-N stretch
335 + 191 = 526
D 500 57 PCl2symmetric stretch
dp 417 60  PCh antisymmetric stretch
p 391 44 NCjrock
p 340 100 NCzdeformation
293 20 NC2wag
p 217 43 PClawag
dp 197 41 PCl2deformation and twist
142 m P-N torsion

--------- Infrared-
P — Gas-
Frequency, Rel. Frequency, Rel. Frequency, ) Rel._
cm“1 intensity cm*1l intensity cm-1 intensity
3205 w
2985 w
2940 m 2940 m
2922 w
2900 m 2903 w
2848 w 2850 m
2800 m 2804 m
2710 m
2476 m
2468 m
2450 w
1601 w
1484 m
1476 m 1475 VW
1459 m
1449 m
1440 m
1438 m 1435 VW
1427 w
1403 w 1410 VW
1282 w 1298 m 1282 w
1272 w
173 m
1120 W
1095 w
1058 m
1028 m
988 $ 984 $ 975 VW
894 m
731 vw
675 w 693 m 690 61
525 w
505 $ 500 s 513 47
457 m 420 S 428 24
396 m 400 m 394 32
341 m 335 m 335 100
292 VW 304 w
21 m 216 3l
193 w 196 m 191 40
155 VW
124 2
78 w

Lattice mode

The spectral region from 2700 to 3000 cm -Lis very complex due to Fermi resonance of the fundamentals with the overtones of the

methyl deformations.

rounded by asbestos. The spectra of the sample at
temperatures below room temperature and spectra of
the solid sample were obtained by using a cell which has
been previously described. 4

The far-infrared spectra were recorded from 33 to 500
cm-1 on a Beckman Model IR-11 spectrophotometer.
The instrument was purged with dry air and calibrated
with the frequencies reported for water vapor by Hall
and Dowling.13 For the spectrum of the gas phase in
this frequency region, a Beckman variable path length
cell equipped with polyethylene windows was used.
The cell used for recording the spectra of the solid at
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—190° has been described earlier.5 The frequencies
for all observed bands are expected to be accurate to
+2 cm-1. These frequencies with their relative inten-
sities and proposed assignments are listed in Tables |
and 11 for the light and deuterated compounds, respec-
tively.

Results
A comparison of the Raman spectra of the liquid and

(14) D. J. Antion and J. R. Durig, Appl. Spectrosc., 22, 675 (1968).

(15) F. G. Baglin, S. F. Bush, and J. R. Durig, J. Chem. Phys., 47,
2104 (1967).
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Table 11: Infrared and Raman Spectra of (CD3NPC12

Infrared
Frequency, Rel. Frequency, Rel. Frequency, Rel.
cm“1 intensity cm-1 intensity cm"1 intensity
2220 vw 2224 m
2210 w 2205 w 2209 m
2125 w 2132 m
2110 vw 2120 m
2072 m 2090 w
2065 m 2058 w 2067 S
1222 m
1201 S 1200 w 1205 vw
1190 vw
1172 m 1163 m
1148 w
1110 4
1055 m 1060 vw 1065 9
1055 I
1045 m 1047 m 1045 7
1035 w
906 w
835 m 835 m 832 1
828 m 827 m
795 w
640 m 643 m 649 72
508 5 492 5 509 64
455 S 420 Vs 427 43
368 w 358 m 363 100
308 m 310 71
265 w 287 w
213 m 210 43
186 m 190 190
140 w
110 25
11 w
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-Raman-
Polar-  Frequency, Rel.
ization cm-1 intensity Assignment
dp 2220 s CD3stretch”
dp CD3stretch
CD3stretch
2122 m CD3stretch
p 2084 W CD3stretch
p 2065 s CD3stretch
906 + 310 - 1216
832 + 363 - 1195
827 + 363 - 1190
650 + 509 - 1159
832 + 310 - 1142
CD3deformation
1069 18 NC2symmetric stretch
CD3deformation
1041 14 CD3deformation
CD3deformation
CD3rock
p 837 14 N C2symmetric stretch
CD3rock
CD3rock
p 650 55 P-N stretch
P 498 91 PCL2symmetric stretch
dp 415 100 PCl2antisymmetric stretch
p 357 59 N C2rock
p 310 44 N C2deformation
214 29 NC2wag
P 210 31 PCl2wag .
dp 188 19 PCl2deformation and twist
142 15 Lattice mode
119 21 P-N torsion
Lattice mode
84 9 Lattice mode

“ The spectral region from 2000 to 2300 cm-1 is very complex due to Fermi resonance of the fundamentals with the overtones of the

methyl deformations.

the solid showed that they were consistent with each
other. The P-N stretching vibration, which is ex-
pected to be the most sensitive indicator of a confor-
mational change, was found at 690 cm-1 in the liquid
phase and 694 cm-1 in the solid for the light compound
and at 649 and 650 cm" 1in the liquid and solid, re-
spectively, of the decompound. The spectra were then
studied as a function of temperature over the range of
+120 to —190°. There were no effects observed that
could be attributed to isomeric changes. In the in-
frared spectra of the compounds in the gaseous state
the P-N stretching vibration was observed at 675 and
640 cm-1 for the light and heavy compounds, respec-
tively. Since no evidence of doubling of any of the
skeletal vibrations was observed, and since previous
studies16-19 have shown this to be a sensitive method of
determining rotational isomerism, it must be concluded
that the molecule exists in the same conformer in the
liquid, solid, and gas phases in the temperature range
studied.

The probable conformations for this conformer are
the trans (Cs) and gauche (Ci) associated with a tetra-
hedral nitrogen, and the trans (Cs) and gauche (Cys)
associated with a planar nitrogen. All vibrations of
each of these symmetry species are infrared and Raman-
allowed. For the Ci species, all vibrations may be
polarized in the Raman. For both trans (C,,) structures
one predicts seven polarized Raman lines for the skeletal
motions whereas for the gauche (Cs) one predicts eight
polarized Raman lines for the skeletal motions. The
Raman spectra of liquid dimethylaminodichlorophos-
phine and its deuterated analog each contain only six
clearly polarized Raman lines that can be associated
with skeletal fundamentals. Therefore, the data do

(16) J. R. Durig and J. W. Clark, J. Chem. Phys., 48, 3216 (1968).
(17) J. R. Durig and J. 8. DiYorio, Inorg. Chem., 8, 2796 (1969).
(18) J. R. Durig and J. M. Casper, J. Chem. Phys., 55, 198 (1971).
(19) J. M. Casper, Ph.D. Thesis, University of South Carolina, June
1971.
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Figure 1. Raman spectra of dimethylaminodichlorophosphine-rf6 (A) and dimethylaminodichlorophosphine (B).

not directly lead to the conformation of the isomer
present.

The structure of the conformer that is present may be
obtained by comparison with the results of other methods
of investigation. The nmr spectrum?shows that below
—120° the protons on the methyl groups are not equiva-
lent. Therefore, the structure must be gauche. Above
—120° the nmr results67 indicate that the methyl
groups are rotationally averaged. Since a barrier to
rotation about the P-N bond of 8.4 kcal/mol was cal-
culated from the coalescence of the nmr peaks,7 all
minima on the potential curve should be observable by
vibrational spectroscopy. Therefore, since only one
conformer was observed in the vibrational study of this
molecule, the rotation observed by nmr must be a
rotation between equivalent structures. For a gauche
form the rotation involves passing through a trans
structure without it representing a minimum on the
potential curve. The trans isomer for the tetrahedral
nitrogen structure is the sterically favored form whereas
for the planar nitrogen it is sterically unfavorable.
Since a second stable isomer was not observed for any
of the phases, a planar nitrogen is indicated. This isin
agreement with the electron diffraction results that
report a CNC bond angle of 120°. Therefore, we con-
cluded that, for the temperature range covered in this
study, dimethylaminodichlorophosphine exists in the
gauche conformer with the PNC2 part of the molecule
planar.
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Vibrational Assignment

There are 30 fundamental vibrations for both di-
methylaminodichlorophosphine and the (k analog. Of
these, 18 are motions of the methyl group. For the
gauche (C9 structure, the skeletal motions are repre-
sented by 8a' + 4a". Both species are infrared and
Raman-allowed and the a' motions may give rise to
polarized Raman lines. A comparison of the Raman
spectra of the light and heavy compounds (Figure 1)
makes the assignment relatively straightforward.

The methyl motions, except the torsions, are found in
the expected ranges. The suggested assignments are
listed in Tables | and Il for the CH3and CD3motions,
respectively. There is considerable overlapping in
some of the regions where these motions are observed
and only a tentative assignment can be given. The
isotopic shifts for all motions assigned to the methyl
groups are in the range 1.28 to 1.38.

Harvey and Mayhood® assign the antisymmetric
and symmetric NC2stretches in dimethylaminodichloro-
phosphine to infrared bands at 1175 and 1063 cm-1,
respectively. Herailld assigned the antisymmetric
stretch a frequency of 1062 cm-1 and the symmetric
stretch at 980 cm-1. The Raman spectrum of the d6
compound contains a polarized line at 832 cm-1. The
corresponding line in the light compound is at 975 cm-1.

(200 R. B. Harvey and J. E. Mayhood, Can. J. Chem 33, 1552
(1955).
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This gives a shift of 1.17 which is in the range expected
for an NC2symmetric stretch. If asimilar shift is cal-
culated for the 1175 or 1062-cm-1 assignments of the
antisymmetric NC2stretching motion, the bands are pre-
dicted to appear in the spectrum of the deuterated com-
pound where there are no observed bands at a reason-
ably close frequency. In addition these bands are only
observed in the infrared spectrum of the solid and liquid
phase which would be unexpected for NC2antisymmetric
stretching vibrations. For (CH32NAsCI29 the anti-
symmetric NC2 stretch is assigned to a band at 1258
cm-1 There is a band at 1282 cm-1 in the Raman
spectrum of dimethylaminodichlorophosphine that has
counterparts in the infrared spectrum of the gas and
solid. If this is assigned to the NC2 antisymmetric
motion, the isotopic shift would cause the band to be
expected in the spectrum of the compound at about
1090 cm-1. There are several lines in the Raman
spectrum that would give reasonable shifts. The line
at 1065 cm*“1lin the spectrum of the de compound is
more intense than the neighboring lines and is observed
in the infrared and Raman spectra of the solid as well as
in the infrared spectrum of the gas phase. This line,
therefore, must be attributed to the NC2antisymmetric
stretch.

The P-N stretch of dimethylaminodichlorophosphine
has been assigned at 6949 and 692 cm-1.10 The inten-
sity and polarization of the Raman line at 693 cm-1 in
the light compound is in agreement with this assign-
ment. The corresponding line in the ck compound is at
643 cm-1.

The lines observed at 513 and 427 cm- 1 have been
assigned910 as the antisymmetric and symmetric PC12
stretching motions, respectively. The lack of isotopic
shift confirms their assignment as PC12 stretching mo-
tions; however, the polarization data clearly indicate
that the higher frequency line is the symmetric vibra-
tion.

Isotopic shifts show that the lines at 294, 335, and
304 cm-1 in the Raman spectrum are due to NC2bend-
ing motions. The two polarized lines can be assigned
to the deformation and rocking motions; therefore, the
weak band at 304 cm- 1in the Raman spectrum must be
assigned to the NC2wag. Both the rock and the de-
formation are derived from the degenerate XY 3bending
and, therefore, must be arbitrarily assigned to the two
observed polarized lines. The deformation has been
assigned to the 335-cm“1line and the rock has been
assigned to the 394-cm-1 line.

The three PC12bending motions and the P-N torsion
are the only skeletal motions that remain to be assigned.
The PC12 bends are expected to give rise to medium
intensity Raman lines in the range of 150 to 250 cm-1;
these lines should have an isotopic shift close to 1.0.
The P-N torsion is expected around 100 cm-1 and
should show an isotopic shift of about 1.2. The Raman
spectrum of the liquid shows only three bands in this
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Figure 2. The effects of temperature on the Raman spectra of
dimethylaminodiehlorophosphine-d6 (A) and
dimethylaminodichlorophosphine (B).

frequency range that have not been assigned as funda-
mentals. A study of the spectra of the light and heavy
compounds in this frequency range (Figure 1) shows
that there are only two bands that have near 1.0 iso-
topic shifts. These lines at 216 and 191 cm-1 have to
be assigned to the three PC12 bending modes. The
lower frequency line is broad compared to the higher
frequency one. The PC12wag is derived from the W2
bend of PC13and is expected to be at a higher frequency
than the PCl12twist and deformation which are derived
from the r3degenerate bend of PC13 Thus, it is rea-
sonable to assign the polarized Raman line at 210 cm-1
to the PC12wag and the broad band at 190 cm-1 to both
the PC12 twist and the PC12 deformation. From a
comparison of the spectra of the compounds in the
solid state at —190°, it appears that there is a band at
142 cm-1 for both the heavy and the light molecule.
Although the frequency is a little lower than expected,
this could be assigned to the missing PC12bend on the
basis of the lack of an isomer shift. A temperature
study (Figure 2) of this line indicates that it has a
different origin in the light and heavy compounds. In
the light compound, the 142-cm-1line arises from the
temperature shift of the line at 124 cm-1 in the spec-
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trum of the liquid at room temperature. For the deu-
terated molecule, the 142-cm-1 line appears only in the
solid phase. From a comparison of the spectra (Figure
2), it can be seen that the 142-cm-1 line in the spectrum
of the light compound corresponds to the 119-cm-1
line in the spectrum of the d6analog. The isomer shift
is 1.19 in the solid and 1.13 in the liquid. This line
cannot be considered a difference tone because it is
present at —190°, and it cannot be considered a lattice
mode since it is present in the spectrum of the liquid.
It must be a fundamental and only the P-N torsion and
the two CH3torsions remain to be assigned. The fre-
qguency is too low for a methyl torsion and the isomer
shift is reasonably close to the expected value for the
P-N torsion. Therefore, this line is assigned as the
P-N torsional frequency. The line that appears at
142 cm-1 in the spectrum of the deuterium compound
has the behavioral characteristics of a lattice mode and
is tentatively assigned as such, despite the unusually
high frequency. The possibility of this line arising
from the methyl torsion which shifts from 190 cm-1
with deuteration cannot be definitely ruled out.

The assignment of the fundamentals was discussed,
for the most part, only in terms of the Raman spectra.
This was done for the simplicity of the discussion.
These assignments are consistent with the infrared
spectra of the solid and gas (see Tables I and Il). A
summary of the assignments and an approximate de-
scription of the skeletal modes is presented in Table I11.

Table 111: Summary of the Skeletal Fundamental Vibrations
(CHgNPC1L2® (CDOjNPCIi*
frequency, frequency.
Approximate description cm -1 cm -1 vh/»d
a
N C 2 antisymmetric stretch 1282 1065 1.20
N C 2symmetric stretch 975 832 1.17
P-N stretch 690 649 1.06
PC12symmetric stretch 513 509 1.00
N C 2rock 394 363 1.09
N C 2deformation 335 310 1.08
PC1l2wag 216 210 1.03
PC12 deformation 191 190 1.00
a"
PCl2antisymmetric stretch 428 427 1.00
NC2wag 304 287 1.06
PC12 twist 191 190 1.00
P-N torsion 124 110 1.13

®The frequencies are from the Raman spectrum of the liquid.

In the assignment of the bands which are not at-
tributed to fundamental vibrations, there were generally
several possible combinations which would give a
satisfactory fit. Only the closest fit is given in the
tables, and these assignments must be considered pro-
visional.
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Discussion

From the observed spectra and the data previously
reported for dimethylaminodichlorophosphine, it has
been concluded that the molecule exists in only the
gauche (C9 conformer in the vapor, liquid, and solid
phases. This is in agreement with the data reported
for (CH3ANPF2 This compound was shown4by X-ray
diffraction to be in the gauche (CB conformation in the
solid. A vibrational study5of the compound has indi-
cated that it exists in only one conformer in the solid,
liquid, and gas phases. In an investigation® of the
vibrational spectrum of (CH32NAsCI2 it was found
that a different form of this molecule exists in the fluid
states from that found in the solid phase. It was
thought that this corresponding arsenic molecule has a
tetrahedral nitrogen atom.

Cowley and Schweiger2l studied the scalar 18N-H
coupling in aminophosphines and aminoarsines and
concluded that the present s character in the nitrogen
orbitals indicated sp2 hybridization for aminophos-
phines and sp® hybridization in aminoarsines. They
suggested that the difference was due to the difference
in dir-p# bonding ability of the arsenic 4d orbitals and
the phosphorus 3d orbitals. The results of this study
and our previous work on (CH32NAsCI29 are in agree-
ment with this theory. However, more studies of
aminoarsines and aminophosphines are needed to assess
the relative importance of steric and electronic factors
in the determination of the stable conformation.

The assignment of the 690-cm-1 line to the P-N
stretching vibration is conclusive on the basis of the
Raman intensity and the isotopic shift factor. Chit-
tenden and Thomas2 have reported characteristic
infrared absorption frequencies for phosphorus-nitrogen
compounds. For series of 70 PNMe2compounds, they
report characteristic infrared absorption bands in the
regions of 1300, 1180, 1065, 975 cm-1. It is quite evi-
dent from our isotopic shift data that the bands in these
regions correspond to the antisymmetric NC2 stretch,
two methyl rocks, and the symmetric NC2 stretch,
respectively. Although they do not assign a P-N
stretch for the PNMe2compounds they tentatively list
such a vibration for PNHR aryl and alkyl molecules in
the general frequency range of 873 to 1053 cm-1.

For the majority of the compounds that they investi-
gated the listed frequency for the P-N stretch was in
the 900-cm-1 range. However, on the basis of our
work it appears that a characteristic P-N frequency
should be in the 650-750-cm-1 range. This range is
consistent with the frequency postulated for this vibra-
tion by a number of previous workers,2023 but in var-

(21) A. H. Cowley and J. R. Schweiger, J. Chem. Soc. D, 1492
(1970).

(22) R. A. Chittenden and L. C. Thomas, Spectrochim. Acta, 22,
1449 (1966).

(23) D. E. C. Corbridge, J. Appl. Chem., 6, 456 (1956).
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iance with the range suggested by Chittenden and
Thomas2 and Mclvor and Hubley.24 Chittenden and
Thomas2 rejected this range on the basis that many
compounds containing P-N band have no infrared band
in the region 660 to 775 cm-1 which they could assign to
this normal vibration. It is quite probable that many
of these compounds may have weak infrared bands
arising from the P-N motion and that the Raman effect
is much better suited for the determination of a char-
acteristic frequency for the P-N bond. The analogy
drawn between P-O-C and P-N-C bands is not ex-
pected to lead to a characteristic frequency for the P-N
stretch since the coupling of the P -0 and O-C motions26%
is significantly different from the coupling found for the
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P-N vibration in (CH3J2NPC|2 Thus, the earlier fre-
quency range suggested202327 Bfor the P-N single bond
stretching vibration is correct.
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The determination of equilibrium constants for the formation of weak complexes is examined in the light

of a quasi-chemical calculation for a lattice of donor, acceptor, and inert solvent molecules.

It is apparent

that the equilibrium constants determined from spectroscopic or other nonthermodynamic measurements
@®.g., using the Benesi-Hildebrand equation) are “sociation” constants which yield the number of “complexes”
in excess of that calculated on the basis of random probabilities.

It is well known that the concentration of weak com-
plexes in solution cannot be determined from thermo-
dynamic measurements alone without the aid of a de-
tailed (and unverifiable) molecular model. However,
with the aid of spectroscopic or other nonthermody-
namic measurements and with the additional assump-
tions of (a) Beer's law behavior for all species in the solu-
tion and (b) ideal solution behavior for all molecular spe-
cies, concentrations and equilibrium constants can be
deduced. For measurements of visible or ultraviolet
absorption, the usual procedure is to use the Benesi-
Hildebrand equationl or modifications thereof.2-6
Similar procedures have been used with nmr spectra in
solution.67

Some of the equilibrium constants so deduced are
extremely small (e.g., Kc = 0.009 1 mol-1 or Kx =
0.07 for benzene + carbon tetrachloride in n-hexane
solution8, and one may reasonably question their physi-
cal significance. In particular, it has been pointed
out911 that in a plausible quasi-lattice model of the

solution, random contacts between donor and acceptor
molecules lead to Kx = z, the number of nearest neigh-
bors, or A Os of the order of 0.30 1 mol-1, larger than
many of those reported.

(1) H. A. Benesi and J. H. Hildebrand, J. Amer. Chem. Soc., 71, 2703
(1949).

(2) J. A. A. Ketelaar, C. van der Stolpe, A. Goudsmit, and W.
Dzcubas, Reel. Trav. Chim. Pays-Bas, 71, 1104 (1952).

(3) R. L. Scott, ibid., 75, 787 (1956).
(4) R. S.Drago and N. J. Rose, J. Amer. Chem. Soc., 81, 6138 (1959).

(5) G. Briegleb, “Elektronen-Donator-Acceptor Komplexe,” Springer-
Verlag, West Berlin, 1961.

(6) M. W. Hanna and A. L. Ashbaugh, J. Phys. Chem., 68, 811
(1964).

(7) R. Foster and C. A. Fyfe, Trans. Faraday Soc., 61, 1626 (1965);
62, 1400 (1966).

(8) R. Anderson and J. M. Prausnitz, J. Chem. Phys., 39, 1225 (1963).

(9) R. L. Scott, Proceedings of the Third International Conference
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(11) J. E. Prue, Chemical Society Symposium on the Physical Chem-
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Of course, many complexes require a special orienta-
tion of donor and acceptor with respect to each other,
a condition which only a small fraction of the random
contacts would satisfy. This would seem to resolve the
problem, except that Orgel and Mulliken12 have shown
that if there are several 1:1 complexes, each with equi-
librium constant Kt and absorptivity e{, the “observed”
K and e are the appropriate averages '2iK i and 'LiK iei/
21iKi. Thus the contact “complexes,” even if they do
not absorb light (e = 0) and contribute nothing to
would seem to contribute substantially to K.

A simple quasi-chemical calculation for a lattice of
donor, acceptor, and inert solvent molecules (D, A, and
S) can help to illuminate this problem. We assume a
lattice of coordination number z, in which the site
fractions of donor, acceptor, and solvent are xp, XA
Xs, respectively, and further that all pair interaction
energies are the same except for a particular one of the
z “faces” of D with a similar particular “face” of A,
which differs from the others by an energy w and has an
absorptivity e (This assumption is, of course, only
for simplification; in any actual system, each inter-
action will have a somewhat different energy. How-
ever, even for “weak” complexes, it seems reasonable—m
physically and geometrically—to assume that one
interaction is somewhat stronger than all the others.)

In a lattice of N sites, the number of random contact
pairs DA will be NxnxAz, of which (in the random mix-
ing approximation) only a fraction 1/z2 will have the
“complex” orientation. If we introduce a factor rlc to
allow for the energetic preference for complex formation,
the number of “complexes” will be Nx"xavc/z, in excess
of the random value (fjic = 1).

Solution of the quasi-chemical equations for this
model yields (see Appendix) an equation for rt

ZAZd(*2 — Drc2 — [{xk + Xp)(x — 1) + z]xzijc +
xV =0 (1

where x = e~w/T, with w the usual interchange energy.
Where xD» XA ~ 0, an essential approximation in
the Benesi -Hildebrand theory, eq 1simplifies to
Xz

v X —NDzD+ z

The number of complexes is then

Ng = N xaXbvc N xxaxd )
9- X — DEd + z 2

and the absorption A per length lis

A _ eNc exxAxD
Il ~ N ~ {xX—\)x+ z (3)
In the Benesi-Hildebrand treatment when xal/A is
plotted vs. 1/xn one interprets the intercept as /e and

the slope as 1/Ke where K is the mole fraction equi-
librium constant. In the equivalent Scott modification
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XaXpl/A is plotted against \/xp to yield an intercept
1/Kt and aslope 1/e. If we so transform eq 3

xAnl _ z+ (X — 1)xd n
A xe

It is evident from eq 4 that the usual procedure yields

/KT
Ko 7 random (5)
3 Xe Ke 5
Edxd = T
X — 1 K - Krandom ©

Thus A Cosdfoesd = Ke, but K asd< K while €8> e
Since 1/z is the entropy prefactor, it is evident that
the “observed” constant is just the excess over the
random. It is easy to generalize the treatment to
include several 1:1 complexes, for which case the earlier
Orgel-Mulliken formulation is replaced by

Aobsd = A firandom) @)
- (8)
UKt- K |,rand0m/
where, in the lattice of coordination number z,

2 i-K/,random is justz.

Consequently, it is evident that very small values of
Aobsd can be physically significant if the uncertainties
arising from experimental errorsi13can be minimized.

Substantially these same equations were proposed
earlier by Carter, Murrell, and Rosch,4 who analyzed
the competition between solvent and donor molecules
for the acceptor in the reaction

A-S2+ D —>D-A-S,_, + ilS

Their paper has not received the attention which it
deserves because it seems to require a specific inter-
action (“solvation”) between solvent and acceptor.
Actually the solvent molecule occupies space (edf., a
lattice site); it must be included in the bookkeeping
because it is there.

Some years ago, Guggenheim suggested a distinc-
tion between a degree of “association” and a degree of
“sociation,” the latter being the excess over that based
upon probabilities in a random mixture. The Benesi-
Hildebrand ifobsd is clearly a “sociation” constant;
only when one is sufficiently confident of the validity of
a theoretical model for calculating Krandm (or alter-
natively the “true” absorptivity of the complex) can
one hope to evaluate the “association constant” K.
For strong complexes (K » K I&tdom) the relative am-

(12) L. E. Orgel and R. S. Mulliken, 3. Amer. Chem. Soc., 79, 4839
(1957).

(13) W. B. Person, ibid, 87, 167 (1965).

(14) S. Carter, J. N. Murrell, and E. J. Rosch, J. Chem. Soc., 2048
(1965).

(15) E. A. Guggenheim, Trans. Faraday Soc., 56, 1159 (1960).
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biguity is small, but for weak complexes it can be great.
It seems probable that experimental measurements
never yield “association constants” but only “sociation”
constants.

It is interesting to consider the evaluation of the heat
of formation AHtof the complex, i.e., the parameter win
the quasi-chemical treatment. Two alternative methods
arc available.

(@ The intercept obtained when XaX™/A is plotted
against xn is z/xt, or ¥ K&aRi edgl in the Benesi-Hilde-
brand terminology. If one assumes® that e is inde-
pendent of temperature, then when the logarithm of
this intercept is plotted against 1/T, the slope is w/k
and can be interpreted, presumably correctly, as Allij/R.

(b) On the other hand, if Kabdis regarded as a true
equilibrium constant, a plot of In KOsdvs. 1/T yields a
more complicated curve rather than a straight line,
and the slope at a particular temperature is

Affiso _ —d InEobsd _ —d In (e-wWKT — 1)
R « «“ dW/T) ~ d(1/T)

When e~wWAT is large by comparison with unity, this
leads to w/k, but for weak complexes, this Aiiobsd will
be larger than the “true” AH{. For example, for
AH{ = —2RT (—5 kJ mol-1 at room temperature,
the order of magnitude of AHTf for the benzene-iodine
complex), e2(e2— 1) = 1.16, leading to a AHd®d 16%
high. For still weaker complexes, this procedure would
yield even less reliable enthalpies of formation.

Comparisons with experimental data from the litera-
ture can be made (and were made by Carter, et al.u),
but for this highly oversimplified model—a lattice of
molecules of exactly equal size, all interactions but one
equal—they are not likely to be very meaningful. The
purpose of this paper is to clarify the problem with a
simple model. T

Acknowledgments. 1 wish to thank Dr. J. Prue and
Professor J. S. Rowlinson for helpful discussions of this
problem. This work was supported in part by a grant
from the National Science Foundation.

Appendix: The Quasi-Chemical Calculation

We assume a lattice of coordination number z and
N sites, occupied by Nxd donor molecules, Nxa acceptor
molecules, and Nxs solvent molecules. All energies of
interaction are equal except that between one unique
“face” of D (designated as D') and one unique “face”
of A (designated as A'); this D'A' interaction is the
“complex” (designated as C) and differs from the
others by an energy w and has an absorptivity e The
Nz/2 nearest-neighbor pairs are of 15 types: SS, SD,
SD', SA, SA', DD, DD', DA, DA, D'D', D'A, D'A"' =

3845

C, AA, AA', A'A', and we define for each of them a
factor ¢ which is the ratio of the actual number of such
pairs to those in the random mixture (e.g., the number
of SS pairs Mss = (Nz/2)xs&rss, NSH = (Mz/2)2zsZDi»sD-
(z - 1)/z, Nda' = (Nz/2)2xdXavda'(z — 1)/2Z\ MW =
NC o= -, etc.) These 15 variables v
are connected by 15 equations, five of which are simple
conservation conditions

(N z/2)2xaXdtic/z

S X0k + Xd[(z — Diled + 7D] +
Xa[{z_ DITSA +

73SA] = 2

D : XSZgsv + Zd [(2 — 1)i2dd + gw ] +
Xa[{z — 1)2/IDA + 77DA] = z

D" XZniP + Xd[(z — -)vDD' + >DD] +

Xa [{z — Di)D'A + 1)c] = z

A: xszrisA + xd[(z — l)ijda + id'a] +
Xa [{z — 1)I7TAA + VAA'] = 2

A" xszrisA' + *[2 — l)ida' + *x] +
Xa [(x — 1l)vaa' + VA'A'} = Z

The other ten equations are the quasi-chemical ones;
these can be written in several ways, but one such set is

VSA2 = VSSVAA Vda2 = VddVaa
VSA'2 — VSSVA'A’ VC2 = va'D'Va'a
Vso2 — VssVDT) VDA' — VDDVA'A"
VST)'2 — VSSVD'D’ Vd'a — Vd'D'Vaa
vVDD'2 = VDDVD'D' VAA' = VAAVA'A’

It is obvious by inspection that tjss = wvsa = ijdd =
»DA = VAA = Vi vsDdD' = vbD' = *DA = vD', and vsaA' =
MA = vaa' = va' There remain six unknowns, 7,

VDO, va', 7d'D', va'Al, and vc, connected by six equations
[Xxs2 + (xu + Ma)(2 — D Ju + xdvd' + xava' = 2

XsZ+ (Xd + xa)(-

DD + xavoo' + xave = 2

[Es2 + (XD+ Za)(2 — 1)IVA" + xavc + XAvAa'aA' = 2
»/D'2 = vD'D'V
VA'2 = VA'A'V

Ve2 = KAVBDVAA

where X —e~wKT.
Systematic elimination of the other s yields the
equation for vc given above as eq 1.

(16) T. M. Cromwell and R. L. Scott, J. Amer. Chem. Soc., 20, 4090
(1948).

(17) After this manuscript was substantially complete, | learned
from Professor N. S. Bayliss that he had proposed a similar idea some
years ago in a paper which has never been published.
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A new model is presented for particle-controlled isotopic exchange of both bound (sited) and randomly dis-
tributed (mobile) cations contained in hydrated zeolites with ions in electrolyte solutions. Isotopic exchange
in such systems can take place in one or more observable steps, depending on the number of crystallographi-
cally distinct cation sites and the relative rates of migration of the different types of cations. The observed
kinetics are explained in terms of a mechanism that consists of coupled diffusional and exchange processes.
Sited cations migrate by means of an intracrystalline exchange with mobile cations followed by diffusion.
However, the model predicts cases of diffusion-controlled kinetics for the overall process when exchange is
at least as fast as diffusion. The model is described mathematically by a linear combination of Fick's second
equation for diffusion and first-order kinetics for exchange. An analytic solution of the rate equations for a
two-step process is derived and discussed in relation to isotopic exchange and ion exchange in zeolites A and X.

I. Introduction

In limited cases the Kkinetics of particle-controlled
isotopic exchange of cations in zeolites with ions in
solution can be interpreted solely in terms of Fick’s
second equation. A more general model is needed,
however, when the zeolite contains both bound (sited)
cations and randomly distributed mobile (unsited and
hydrated) cations. Isotopic exchange in such systems
can take place in one or more observable steps.1-5
Previous interpretations1-3'6 of the Kkinetics of two-
step processes that have been observed experimentally
were predicated on the assumption that the separate
steps were independent diffusional processes. Al-
though diffusion is rate controlling in the migration of
mobile cations, it does not have to be the rate-con-
trolling process in the migration of the bound cations;
moreover, the elementary steps of the mechanism are
not necessarily independent, as others have assumed.1-3

Clues to the probable mechanism for specific cases of
iostopic exchange can be inferred from the structure
of the zeolite, which is known in many cases.6-8 If,
for example, the lattice of the zeolite defines one net-
work of large channels (which may be one-, two-, or
three-dimensional) that contain only mobile cations or
if it defines channels of this description and as well a
noninterconnecting network of smaller cavities that
also contain mobile cations, then diffusion could be
rate controlling in all steps of the mechanism. In
the latter case, cations in the zeolite would exchange
with cations in the external solution in independent
steps governed by Fick's second equation, and the
rate of the overall process would be describable by
a linear combination of two of these equations.

However, if mobile and bound cations are located
in one network of large channels (as in zeolite A)8or if
channels of this description are joined to a network
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of smaller cavities that contain bound cations (as in
zeolite X),8 between which cations can migrate, dif-
fusion would be rate controlling for the isotopic ex-
change of mobile cations with ions in solution but
not necessarily for bound cations. For such systems,
one must consider intracrystalline exchange between
bound and mobile cations as the probable mechanism
for the isotopic exchange of bound cations. If intra-
crystalline exchange is slow' compared to diffusion,
the former process, and not diffusion, will control the
rate of isotopic exchange of bound cations. In this
model exchange and diffusion are coupled and, there-
fore, are not independent of each other. The proposed
model is developed in the text to show how it can
explain isotopic exchange in zeolites A and X. It is
assumed that diffusion is governed by Fick’s second
equation, and exchange of bound and mobile cations,
by first-order rate expressions. An analytic solution
of the rate equations for a two-step process is derived.
Extension of the model to nonzeolit.ic ion exchangers
and to ion-exchange processes is discussed.

Il. Theoretical Development

A. Isotopic Exchange of Mobile Counterions. Iso-
topic exchange of mobile ions in a hydrated ion ex-
changer containing one network of channels is a simple
diffusional process having the mechanism

(1) E. Hoinkis and H. W. Levi, Naturwissenschaften, 53, 500 (1966).
(2) E. Hoinkis and H. W. Levi, Z. Naturforsch. A, 22, 226 (1967).
(3) E. Hoinkis and H. W. Levi, ibid., A, 23, 813 (1968).
(4) E. Hoinkis and H. W. Levi, ibid., A, 24, 1672 (1969).

(5) E. Hoinkis and H. W. Levi, “lon Exchange in the Process Indus-
tries*” Society of the Chemical Industry, London, 1970, p 339.

(6) K. F. Fischer and W. M. Meier, Fortschr. Mineral., 42, 50 (1965).
(7) W. H. Bauer, Amer. Mineralogist, 49, 697 (1964).

(8) L. Broussard and D. P. Shoemaker, J. Amer. Chem. Soc., 82,
1040 (1960).
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Xi — > diffusion (A)

where Xi represents mobile ions and Di their constant
diffusivity. The process can be realized physically
by labeling the ions in the solution or exchanger with
a trace amount of its radioactive isotope; the driving
force is then the concentration gradient of radioactive
ions existing between the two phases. The variation
of the concentration C\ of radioactive ions along the
radial coordinate r of a spherical particle is governed
by Tick’s second equation9

bCi/dt = Di(I/~2d/dr (ra(7i/dr) Q)

The well-known solution of eq 1 is given in section
I,

This model may also be used to interpret isotopic
exchange data for exchangers that contain counter-
ions in different networks of noninterconnecting chan-
nels. The overall exchange would then be described
by a superposition of terms given by the solution of
eq 1.

B. Isotopic Exchange of Mobile and Bound Counter-
ions. When the exchanger contains bound and mobile
counterions in one network of channels, as in zeolite
A, the interpretation of isotopic exchange data cannot
be made on the basis of a superposition of diffusional
terms. The reason for this is that bound cations
equilibrate with ions in solution by exchanging with
mobile ions in the exchanger through cooperative de-
sorption-sorption processes involving neighboring cat-
ion sites. Mobile ions migrate by diffusing through
the large channels, and bound ions, by undergoing
intracrystalline exchange with mobile ions and then
diffusing through the large channels. These elemen-
tary steps are coupled and not independent as pre-
viously assumed.1-3 In the most general case—when
diffusion is fast compared to the intracrystalline ex-
change of bound and mobile cations—isotopic exchange
will take place in two observable steps consistent with
the mechanism

X2, Xi — > diffusion (B)
where Xj and X 2 denote mobile and bound ions, fd
and f2 are the first-order rate constants for the postu-
lated adsorption and desorption steps, and D\ is
the diffusivity of mobile cations.

The variations of the concentrations of labeled
mobile ions Ci and bound ions C2in the zeolite are
expressed by the equations (in spherical coordinates)
bCi/bt = Dfl/r~*b/driCbCr/dr) +

k2(c2 - a1c\) (2)

(OC/H = kfoiviCi  Cf) 3)

where r is the radial coordinate, = C*/Ci* = fciffc2
is the equilibrium constant for the exchange of mobile
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and bound ions, and Ci* and C* are equilibrium
concentrations. The value of the equilibrium constant
is fixed by the structure of the exchanger and is the
ratio of the numbers of bound to mobile cations;
this ratio is 2 for zeolite NaA, which contains eight
bound and four mobile cations per unit cell (uc).8
The rate of the fast step is given by Fick's second
equation (the first term on the right-hand side of eq
2); the contribution of the slower exchange to the
fast step is given by a first-order rate expression
(second term). The degree of overlapping of the two
processes depends on the relative magnitudes of the
diffusivity and the first-order rate constant. The
rate of the slow step is clearly independent of the size
of the exchanger particle, whereas the rate of the fast
step depends on the radius of the particle. The solu-
tion of eq 2 and 3 is given in section 111 and derived in
the Appendix.

Gaus and Hoinkis® assumed that the slow step in
the isotopic exchange of bound cesium ions in zeolite
CsA was the desorption of bound cations and their
sorption on mobile cation sites and that the desorbed
cations then equilibrated with cations in solution by
means of a rapid diffusional process. However, their
model did not include the reverse replacement of de-
sorbed bound cations by mobile cations, as required
by microscopic reversibility.

Returning to zeolite A, we note that a special case
arises if we assume that the rate of intracrystalline
exchange, is at least as fast as the rate of diffusion.
In this case, bound and mobile ions will exchange so
rapidly that labeled ions of both types will always be
in equilibrium with each other, even though the entire
system is not at equilibrium with respect to isotopic
exchange. Mobile and bound ions will be kinetically
indistinguishable, and isotopic exchange will take
place in one observable step according to the apparent
mechanism

X —> diffusion ©)

where D is the apparent diffusivity of mobile ions,
and X (Xi plus X2 represents bound and mobile
cations. Clearly, the overall process is controlled
by diffusion. The true mechanism—mechanism B—
is disguised because the rate at which bound ions “leak”
into the pool of mobile ions is fast compared to the
rate of diffusion.

The overall rate of mechanism C is governed by
Fick’s second equation. However, the driving gradient
for self-diffusion is dCi/dr, the gradient of labeled
mobile ions in each volume element; it is related to
the variation of the total concentration of labeled

(9) (a) F. Helfferieh, “lon Exchange,” McGraw-Hill, New York,
N. Y., 1962, pp 250-319; (b) “lon Exchange,” Vol. 1, J. A. Marinsky,
Ed., Marcel Dekker, New York, N. Y., 1968, pp 65-100.

(10) H. Gaus and E. Hoinkis, Z. Naturforsch. A, 24, 1511 (1969).
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ions bC/bt and the diffusivity of mobile ions Di by the
relation

bC/bt = DI\/ri)b/br{ribCl/iyr) (4a)

where C = Ci + C2 The concentration Ci at any
time can be related to the total concentration C by
use of the equation C\ = (7/(1 + a1, which is ob-
tained from the relation for C by using the equilibrium
constant, now given by ai2 = C2(7i, to replace C2
Substituting the equation for C\in cq 4a, we obtain

bC/bt = D(1/r2b/br(rbC/br) (4b)

where D = Di/(1 + aB. It is noted that the effec-
tive diffusivity of the apparent pure diffusional process
is smaller than the true diffusivity of mobile ions by
the factor 1/(1 + an), which is the fraction of the
cations that are unbound. The transition from a
multistep process to a one-step process can be observed
experimentally as the temperature of the system is
increased. Because the elementary steps of mechanism
B (see Table 1) are coupled, there will be observed
only one step at or above the transition temperature,
the temperature at which the rates of the coupled
steps become equal. This is unlike the behavior of a
system of independent processes; in this case one step
would be observed only at the transition temperature,
and more than one step, at all other temperatures.

Table I: Mechanisms
Symbol /- Mechanism
Di
A X, — >m diffusion
B Xo Xi — > diffusion
D
C X -— > diffusion
D, ks, Di
D diffusion <— X 37 . X2n X, — > diffusion
& K
ki ki )i
E X 3~ |6 X2 ki’\ X, — >- diffusion
F X a "kizt X ——>e diffusion

This model of isotopic exchange can be generalized
to include any ion exchanger that, behaves as a weakly
dissociating salt, MR, where R is a fixed ionic group
of unit charge and M is a counterion. In hydrated
exchangers of this type the ratio of bound to mobile
counterions, RM/M, is fixed by the dissociation con-
stant Kr> If the dissociation of bound ions is slower
than the diffusion of mobile ions, the kinetics of iso-
topic exchange will be describable by eq 2 and 3 in
accordance with mechanism B; the derived diffusivity
will be the true diffusivity of mobile ions. However,
if dissociation is rapid compared to diffusion, the
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kinetics will be given by eq 4b and the mechanism
by (C); but the effective diffusivity will be D =
KdDi, where AT> = 1/(I + m32. This special case
has already been treated in a study of self-exchange
in a chelating ion-exchange resin. 1l

The foregoing analysis can be extended readily to ion
exchangers that contain bound counterion sites in two
interconnecting networks of three-dimensional channels,
one with large cages and one with small cages. We
shall illustrate this with hydrated zeolite X. This zeo-
lite contains 45 mobile cations and 24 bound cations per
uc in a three-dimensional network of large channels or
supercages.2 The bound cations are located near the
centers of rings of six (Al,Si)04 tetrahedra that form the
entrances to a three-dimensional interconnecting net-
work of small cages commonly called sodalite cages.
There are also 16 bound (sited) cations per uc in the
network of small cages.12 Particle-controlled isotopic
exchange in this zeolite can be described by the mech-
anism

D. w K D
diffusion <— X 37 _ X2~__ Xi —"mdiffusion (D)
Kk L

where X 3denotes cations in the network of small cages,
Dz is the constant diffusivity of these ions in the net-
work of small cages, /c3 and kt are, respectively, the
first-order specific rates of migration into the small cages
of bound cations contained in the large cages and of
migration into the large cages of bound cations con-
tained in the small cages (it is assumed that the move-
ment of cations between the small and large cages in-
volves a single “jump”), and the other symbols have
their previous meanings. The variations of the concen-
trations of labeled mobile and bound ions (Ci, C2 and
Cs) along the radial coordinate r for a spherical particle
are given by

N = AIAIN(r2™ )

+ UC2 - auC\ (5

?: fAoixci — C2 + ki(Cz — aB™ (6)

D-(Ur)l (P 1) + "a> m

where aZB = J3%/<72* = fc3fcdis the equilibrium constant
for exchange between bound cations in the networks of
small and large cages. We now make the reasonable
assumption that diffusion through the network of small
cages is negligible. It is more probable that an ion in
the network of small cages will migrate to the surface
of the crystal by entering a large channel through a
single ring of six tetrahedra and then diffusing rapidly
through the network of large cages rather than by diffus-

* § =

(11) A. Schwarz, J. A. Marinsky, and K. S. Spiegler, J. Phys. Chern.,
68, 918 (1964).

(12) D. H. Olson, ibid., 74, 2758 (1970).
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ing through the network of sodalite cages along a path
requiring its passage through a large number of such
rings. Although this assumption would be unreason-
able for a crystal consisting of one unit cell, because
migration along either route would be important, it
surely must be valid for an infinitely large crystal.
The assumption that ions in the small cages enter the
network of large cages and migrate to the surface of the
crystal by diffusing through this network leads to the
following mechanism and rate equations

X3~_S" XZAH' Xi —> diffusion (E)
|.
bcizat = DY(I/rd/dr(rai(7ydr) +
kAC2 — qiiiCy (8)
bCMbt = fAaiXli — C2 + Li(C3— azBC (9)
bC¥bt = kifas>('2 — C3 (10)

No attempt was made to solve eq 8-10 because experi-
ment1613 showed that self-diffusion in zeolite X con-
forms to a simpler two-step mechanism. Moreover,
there seem to be no data in the literature on self-diffu-
sional processes that take place in more than two ob-
servable steps.

The model does predict simpler kinetics when ex-
change is fast compared to the diffusion of mobile ions.
Let us assume, in the first case, that bound ions (X2 in
the supercages exchange with mobile ions at least as
fast as the latter diffuse, whereas bound ions in the
small cages exchange much more slowly. Consequently
cations in the supercages will always be in equilibrium
with each other but not with bound ions in the small
cages. This condition will hold even when the system
as a whole is not in a state of equilibrium with respect
to isotopic exchange. Isotopic exchange will then take
place in two observable steps, according to the apparent
mechanism

X3,1 X diffusion (F)
The mechanism consists of a fast step involving mobile
and bound ions X (Xi and X2 contained in the super-
cages that diffuse with effective diffusivity D and a
slow step for the exchange of bound ions X 3contained in
the small cages. The rate of the fast step is diffusion
limited, because diffusion is the slower of the two ele-
mentary processes comprising this step (see mechanism
E in Table I).

The variations of the total concentration of mobile
and bound ions (Cx) in the supercages and of the con-
centration of bound ions (C3 in the small cages are given
by
b(\ bt —Di(l/r2d/df(rAd(7i/dr) +

h(C3- anC2 (11)

bC¥/bt = fo4aZC2- C3 (12)
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Because labeled mobile and bound cations (X) in the
supercage are always in equilibrium with each other,
their concentrations at any time can be expressed sepa-
rately in terms of Cx and the equilibrium constant a\2 =
C2Ci by means of the relations Ci = Cx/(1 + m2 and
C2 = Cxai2/(1 + m32. These relations are now used
to transform eq 11 and 12 to the forms

bCx/bt = D (I/r23d/dr(rdCx/dr) +
ki(C3— aCx) (13)
bC¥bt = ki(aCx — C3 (14)

mwhereD = Di/(1 -f- m2 and a = «i22Z3(l d~ «1.

Mechanism F and the rate equations (13) and (14) are
formally the same as mechanism B and eq 2 and 3; they
differ only in the meanings of the effective diffusivity
and the parameter a. The solutions of the rate equa-
tions for both mechanisms are the same and will be
discussed in section I11.

Mechanism E gives rise to still simpler kinetics when
both exchange steps are at least as fast as the diffusion
of mobile ions. In this case all bound and mobile ions
will always be in equilibrium with each other, and diffu-
sion will be rate controlling for the overall process.
There will be one observed diffusional step consistent
with the apparent mechanism

X — > diffusion (G)

where X denotes mobile and bound ions Xi, X2 and
X 3 and D is the apparent diffusivity of mobile ions.
The mechanism is formally the same as mechanisms
A and C.

The rate of this apparent diffusional process is given
by Fick’s second equation

bC/bt = D™M/r~b/br~bCi/br) (15a)

where C = Ci + C2+ C3is the total concentration of
labeled ions in the zeolite. The concentration of mobile
ions, Ci, now can be related to the equilibrium constants
«12 = C2Ci and an = ai2td = C,/Ci and to the total
concentration C by means of the relation Ci = C/(l +
«12 + «13- On combining this relation for Ci with
15a, we obtain

bC/bt = D (1/r2d/dr(rBC/dr) (15b)

where D = Dj/(1 + an + m3 is the apparent diffusiv-
ity of mobile ions.

I11. Solution of Rate Equations for
Coupled Diffusion and Exchange

Isotopic exchange of mobile ions (mechanism A) is
governed by eq 1, the linear form of Fick’s second equa-
tion, in which the defined diffusivity is constant. If
we specify that all labeled ions are located initially in
the exchanger particles and that the concentration of

(13) L. M. Brown and H. S. Sherry, J. Phys. Chern., 75, 3855 (1971).
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these ions in the solution phase is zero at all times, the
solution9 of eq 1, when integrated over the radius R of
spherical particles, becomes

®

£70 = 1- (B/n2 £ (1M exp(-nZxi) (16)
n—1

where B = nDi/l?2is a characteristic frequency, D\ is
the diffusivity of mobile ions, tdenotes time, and n is an
integer. U(t) is the fractional attainment of equilib-
rium and is defined as

£7(0 = [0O0) - C(O]/[C(0)

-Cc (co)]

where C(0), 0(0, and C(<») are total concentrations of
labeled ions in the exchanger at initial time, at time t,
and at equilibrium. Values of the dimensionless time
parameter Bt and of £7(0 have been tabulated. 4

An analytic solution has been obtained for the rate
equations (eq 2 and 3 or 13 and 14) that govern the
coupled diffusional and exchange processes described by
mechanisms B and F. The form of the solution in
terms of generalized constants a and k, derived for the
same initial and boundary conditions assumed for eq
16, is

|

u) = i - n2E i - wm X

Ew, N+ exp(a,0 -

+ a)

'‘mil+ 70 “pW)] (179)
un= —V2[(l + a)k + nBm\ X

4 KB, -
(@ + ak + nBmY) (17b)
W= —VH(l + RKk+ nBm X
M 4knBm -
1 [+ o)k nB, p (17¢c)

where n is an integer and Bmis the characteristic fre-
guency predicted by the model. The constants in eq
(17a-c) are defined in Table Il for each mechanism.
The derivation of eq 17ais given in the Appendix.

Table 11: Definitions of Constants Contained in Eq 17a-c
Mechanism B Mechanism F
Constant (zeolite A) (zeolite X)
k h ki
ot «12 ai2<*23/(1 + “12)
nWi/R2 nD,/EQXi + a

Values of U(t) accurate to three decimal places can
be calculated as a function of the dimensionless time
parameter Bnt by summing the infinite series in eq 17a
over the first 100 terms for NaX and over the first 300
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Bt

Figure 1. Fractional attainment of isotopic exchange

equilibrium U(t) in NaX (a = 0.232) as a function of
dimensionless time Bt predicted by eq 17a for

various values of K = k/B.

terms for NaA. Profiles for self-diffusion in zeolites
X and A, for various values of K — k/Bm are shown
in Figures 1 and 2. Values of a used to obtain these
graphs were 0.232 for zeolite X and 2.0 for zeolite A.

Equation 17a assumes simpler forms when a or k at-
tains limiting values. In these cases analysis of the
experimental data is facilitated.

In the limit as a "m0, that is, when the bound ions are
virtually trapped in dead-end cavities and the ions in
the large channels migrate by a diffusional process, eq
17a reduces exactly to eq 16, the solution for a pure dif-
fusional process, where B = Ti'll)\/R2

When k - °=, self-diffusion of mobile and bound ions
becomes an apparent one-step purely diffusional pro-
cess, and eq 17a again reduces to eq 16. However, the
characteristic frequency has new definitions: Bm is
given by UDi/R21 + cnd for mechanism C and by 112
DV/RI{\ + ai2+ «1 for mechanism G. The behavior
of systems of this and the previous limiting types are
described by the curve designated K = @ in Figures 1
and 2.

In the limit as k w0, which could be the case either
when bound ions are virtually trapped in dead-end

(14) F. Helfferich, “lon Exchange,” McGraw-Hill, New York,
N. Y., 1962, p 584.
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Bt

Figure 2. Fractional attainment of isotopic exchange

equilibrium U (l) in NaA (a = 2.0) as a function of

dimensionless time Bt predicted by eq 17a for
various values of K = k/B.

cages or when the site binding energy is very high, eq
17a becomes

rh i~ "5y B

where a and Bmare defined in Table Il for the appro-
priate mechanisms. Equilibrium in systems of this
type is attained when 17(f) = 1/(1 + a), which cor-
responds to completion of the fast diffusional process.
Under these conditions, [7(f) would be approximately
0.81 for zeolite X (mechanism F), corresponding to the
69 out of a total of 85 cations per unit cell located in the
supercages, and I/3 for zeolite A (mechanism B), cor-
responding to the 4 out of 12 cations per unit cell that
are mobile. This behavior is described approximately
by the curve designated K = 10-4 in Figure 1 or 2.
When the normalized quantity (1 + a)17(f) is plotted

against B, one obtains the curve designated K = co,
which, as we have noted, describes a pure diffusional
process.

The asymptotic solution of eq 17ais useful in analyses
of experimental data. In the limit as f—» co, all but the
first term of the infinite series in eq 17a may be ne-
glected. One can show that, in view of the inequality
\W\> lun](eq 17b and 17c), when f °°, eq 17a be-
comes
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M

6
Vo 1 o —0p X

{'+wTlo}ep(™> (19

Similarly, in the limiti-~-®forapurely diffusional pro-
cess, eq 16 becomes

m 1+ y exp (-BiO (20)
Now, the graph of Bit vs. time, for data corresponding to
large values of t, will have a linear asymptote whose
slope is m — —ux  The expression for m, defined by eq
17b for n = 1, has the simpler limiting forms shown in
Table 111 for the various mechanisms.

Table 111:

Limiting Values of a or AWhen t -*m &

Asymptotic Values of m, (Eq 17b) for

Lirritirg velLe of Mah
a k m = —Kx aiam
0 nza /£ 2 B
0 n2Di/(l + aid F
© noa /F12(1 + an) c
® n2a/772(1 + an + al3) G
0 ki B
0 hi F

IV. Analysis of Experimental Data

Evaluation of k and B is conveniently performed by
obtaining a least-square fit of the series in eq 17a with
the experimental data. Our curve-fitting technique
makes use of the Newton-Raphson method in which
first partial derivatives are estimated by the method of
finite differences.

The magnitude of the constant a can be calculated if
the distribution of counterions is known. If the struc-
ture of the exchanger is not known, a would have to be
determined by means of a three-parameter, curve-fitting
procedure, aless accurate approach.

Although ais related to the structure of the exchanger
it cannot always be used to provide detailed structural
data. It is recognized that a is defined as the ratio of
the number of counterions per unit cell that are involved
in the slow step to the number per unit cell involved in
the fast step. In an exchanger like NaA (mechanism
B), ais simply the ratio of bound to mobile ions. How-
ever, in exchangers like NaX (mechanism F), in which
exchange in the large cages is fast compared to diffusion,
a is the ratio of bound ions in the small cages to bound
plus mobile ions in the supercages. Therefore, a knowl-
edge of a alone will not give insight into the distribution

(15) H. Margenau and G. M. Murphy, “The Mathematical Methods
of Physics and Chemistry,” Van Nostrand, New York, N. Y., 1949,
p 475.
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Figure 3.

NaX (a = 0.232) for various values of K = k/B.
Figure 4.

NaA (a = 2.0) for various values of K = k/B.

of bound and mobile ions involved in the fast step in this
case.

Experimental data for isotopic exchange processes are
often represented as graphs of Bt vs. t based on eq 16.
The resultant curve for a purely diffusional process is
linear, and its slope is equal to B. If, however, the
mechanism consists of coupled diffusional and exchange
steps that are observed separately, the curve will be
linear in the initial and final (asymptotic solution)
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Comparison of dimensionless times (Bt)d and (Bt)m predicted by eq 2 and 17a, respectively, for isotopic exchange in

Comparison of dimensionless times (Bt)d and (Bt)m predicted by eq 2 and 17a, respectively, for isotopic exchange in

phases of the process and nonlinear in the intermediate
region. This behavior is illustrated in Figures 3 and 4.
These are graphs of (Bt)dvs. (Bt)ym the dimensionless
time parameters predicted, respectively, by eq 16 and
17a, for various values of K = k/Bmand corresponding
values of U(t). In Figures 3 and 4, (Bt)mcan be viewed
as the true time scale of a real system governed by eq
17a, and (Bt)d represents the time scale for the same
system when it is assumed to obey eq 16.
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When exchange is very slow compared to diffusion,
that is, when K “m 0, the elementary steps become un-
coupled, and one observes only the fast diffusional step,
which approaches an equilibrium state defined by U( °°)
= 1/(1 + a) (see eq 18). However, when the nor-
malized fractional attainment of equilibrium, (1 -+ a)-
U(t), is used to plot the data in the manner shown in
Figures 3 and 4, the nonlinear graph that would be ob-
tained for the nonnormalized data transforms to the
linear curve designated K “m °°, whose slope is Bm =
Bd

As K increases in magnitude, the initial linear region
of the (Bt)d vs. (Bt)mgraph extends progressively over a
greater part of the reaction profile. In the limit as K
—» °°, the curve becomes linear throughout and attains a
unit slope. The experimental (Bt)d vs. t curve is also
linear, and its slope is Bm because isotopic exchange is
now indistinguishable from a purely diffusional pro-
cess. This means that coupled exchange and diffusional
processes degenerate phenomenologically to a limiting
one-step process as the rate of exchange (temperature)
increases. In contrast, if the mechanism consisted of
independent (diffusional) processes, one step would be
observed, in principle, at a single temperature, and
more than one step would be observed at all other
temperatures.

The slope of the initial linear region of the experi-
mental curves having intermediate values of K does not
lead to the correct value of Bm The correction factor
to be applied to this slope to obtain Bmis given by the
slope of the curve having the correct value of A in a
representation like that of Figure 3 or 4. Obviously
this is not a feasible method of analysis, because K nor-
mally is not known.

The asymptotic solution (eq 19) may also be used to
evaluate k and Bm If the experimental data obtained
for the later stages of the process are sufficiently accu-
rate, the graph of (Bt)dvs. twill be linear in this region,
and its slope m will be equal to —u,. When « or k have
limiting values, m reduces to the simpler relations de-
scribed in Table 111.

It is worth noting that the accuracy of the evaluation
of k and Bmdepends on the magnitude of a, that is, on
the fraction of ions involved, say, in the slow step. If
ais very small (NaX) or very large (NaA), D or k, re-
spectively, dominates the greater part of the overall
process. Hence the curve-fitting procedure will not
be sensitive to one of the parameters, and the re-
liability of that parameter will depend heavily on ex-
perimental data in regions (small or large U(t)) where
the accuracy is normally the lowest. This is reflected
in the compression of the curves in Figure 3 as com-
pared to those in Figure 4 having, for example, large
values of K.

V. Discussion

The usefulness of the model described herein is not
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limited to zeolites but can be generalized to include
other crystalline exchangersl of known structure that
contain bound and mobile counterions. The model is
also applicable to ion-exchange resins in which the
counterions are partially dissociated from the fixed ionic
groups, as is the case for the Na form of an oleophilic
sulfonic acid resin in a nonaqueous solvent such as
ethanol.7 It has been foundZ that Na+ isotopic ex-
change obeys the diffusion equation but that the rate of
exchange is many orders of magnitude smaller than it
would be for a swollen resin in aqueous solution. The
rate of isotopic exchange is described by eq 4b. In this
case the effective diffusivity isD - AdDn» where DNa
is the true diffusivity of sodium ions in the exchanger
and X Dis the dissociation constant for the fixed ionic
groups.

Extension of the model to ion-exchange processes is
obvious. The treatment differs from the one described
for isotopic exchange only in the use of the nonlinear
form of Fick’s second equation in order to take into
account the dependence of the interdiffusion coefficient9
on the concentrations and valences of the different types
of exchanging ions. For example, the rate of ion-ex-
change of mobile and bound ions of type A in zeolite A
with ions of type B in external solution would be de-
scribed by expressions similar to eq 2 and 3, in accor-
dance with mechanism B, with Dxreplaced by the (vari-
able) interdiffusion coefficient Dab- The magnitude of
«12 can be determined from X-ray difffaetion data on
partially ion-exchanged crystals having the experimental
equilibrium composition. Numerical solutions of the
nonlinear rate equations should be derivable by the
method of finite differences (see ref 18). When intra-
crystalline exchange of bound and mobile ions is at least
as fast as the interdiffusion of ions between the solution
and mobile ion sites, the model reduces to a form similar
to 4b, and, as before, the interdiffusion coefficient
Dab is related to the true one by the factor 1/(1 + «1J.
The nonlinear form of eq 4b has been solved previ-
ously.91819

The fact that the coupled processes (intracrystalline
exchange and diffusion) of the mechanism have different
functional dependencies on the radius of the exchanger
particle provides a basis fer testing the model. Clearly,
the rate of the slow step wall be independent of the par-
ticle size, whereas that of the fast step will vary inversely
as the square of the radius. Moreover the temperature
of transition from an apparent tw'o-step to an apparent
one-step mechanism wall depend on particle size because
of the dependence of the diffusional rate parameter on
particle size.

(16) J. Harvie and G. H. Nancollas, J. Inorg. Nucl. Chem., 30, 273
(1968).

(17) H. P. Gregor, “lon Exchange in the Process Industries,” Society
of the Chemical Industry, London, 1970, p 436.

(18) F. Helfferich and M. S. Plesset, J. Chem. Phys., 28, 418 (1958).
(19) F. Helfferich, ibid., 38, 1688 (1963).
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Appendix

The rate equations describing the self-diffusion of
mobile and bound ions in two observable steps for
spherical geometry have the general form

dx/dt = -D(l/r3d/dr(rZtec)r) + k(y — ax) (Al)

dy/i>t = k(ax —y) (A2)

where x and y denote the concentrations in the ex-
changer of tracer mobile and bound ions that migrate in
the diffusion- and exchange-controlled steps; the de-
tailed significance of these and the other symbols in de-
scribed for mechanisms B and F.

The analytic solution of these equations has been ob-
tained for the boundary conditions

x=0atr —R

(A3)
dx/dr = Oatr = 0
and the initial conditions
y=a @+ a,x=11+ a),t=0 (A

We now assume that the variables are separable so that
x andy can be expressed as

x = h@®f(r) y = j®g(r) (AS)

Substituting eq A5 in eq A2 and rearranging terms, we
find
m
+ k.
hit) hit)
where j'(t) = dj(t)/dt. Because the left-hand side of
(A6) is a function of t and the right-hand side is a func-
tion of r, both must be equal to a constant. Therefore,
f(r) is proportional to g(r). Without loss of generality,
we make the assumption/(r) = g(r) and let the term
h(t)/j(t) account for the proportionality constant.
Substituting eq A5 ineq Al, we obtain
?1

J _ .
fir) r2dr

(A6)

m + ak = j

Ht) ih)t wir) ]

(A7)

where /'(r) = d/(r)/dr. Again, the left-hand side is a
function of t, and the right-hand side is a function of r,
and both must be equal to a constant, which we denote

by —p. The two sides of eq A7 and eq A6 can be
written as

=0
fir) = 0,fiR) = 0
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) = -[(3 + aklh@® + Ki(t)

(A9)
fit) = kah(t) = Kkj(t)

Equation A8 together with the boundary conditions
given by eq A3 has solutions of the form

,» X sin (nllr/R)

;) * nm/R (A10)
for integral values of n and values of [3given by
= nAID/R2 (All)
Solutions of eq A9 are given by
(AL2)

jn(® = <renE+ bre™Mt
where mi(B and m2() are roots of the equation

(m)2+ [L+ ak + pJi»Ww + Orc= 0 (A13)
and an and bn are constants that depend on the initial

conditions. Hence, simultaneous solutions of eq Al2
gives

_ kahnj0) — (fc + 0)
an mi@) — mf-n
(Al%)
_ (fc+ mimn)jn) - kahn(0)
n on(n) — m2n)

Because eq Al and A2 are linear, the solutions can
be superposed to give the expressions

\l(limit) sin inllr/R)/inUr/R)
- (A15)

<
1

Hj{]it) sin inUr/R)/(nllr/AE)
n=

On introducing the initial conditions given by eq A4,
we obtain

£fc*(0) sin inUr/R)/inUr/R)
1+ a n=1

o (A16)

z jniO) sin inTIr/R)/inUr/R)
1+ a w=1

Equations A16 are solved for fc,(0) andj,,(0) by multi-
plying both sides of each equation by r2sin (mUr/R)/
imllr/R) and integrating over the interval (0, R). The
result is
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Am(°) = L (-1)m+H
(AL17)

. . 2a .
i) = £ (T

Equations A12-Al15 and eq Al7 form the solution
of eq A1 and A2 in terms of x(r, t) and y(r, t). The
average value of X + Yy in the exchanger at any time,
given by U(t), can be calculated by applying the rela-
tionship

up = 1 (A18)

Substituting eq Al5 in eq Al18 and integrating, we
obtain
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v =1 n2n=In2un- w) X

H i+«rhs}“-4 1+*irb)H

(A19)
where
Lh = —Vs[(I + a)k + fin] x
4kRn
[+ -0 - [QA+ ak+ ded ]
V= —Vs[(I + a)k + Bn] x
4kBn y 12

M = [@+ ak+ RN

fn = nHVD/R2
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Introduction

The kinetics of isotopic exchange of sodium ions in synthetic hydrated zeolites NaX and NaA were investi-
gated by means of a radioactive-tracer technique. Exchange in these zeolites consisted of two observable
steps involving structurally distinct cations. The experimental data were interpreted in terms of a new model
containing two adjustable parameters representing the rate coefficients of the fast and slow isotopic exchange
steps. The model assumes the rate-controlling processes are diffusion in the fast isotopic exchange of mobile
ions and intracrystalline exchange (assumed to be first order) between bound and mobile ions in the slower
isotopic exchange of bound ions. The behavior of NaX, in which bound and mobile ions in the large cages
undergo isotopic exchange in a single apparent diffusional process, is explained by assuming that intracrystal-
line exchange is at least as fast as diffusion. A rigorous test of the model for zeolite X shows that the rate of
the fast step varies inversely with the square of the mean equivalent radius of the crystals and that the rate of
the slow step was independent of the size of the crystals, as required mechanistically. Best values of the
diffusivities and specific rates of exchange were derived from least-squares fits of the data on the model by
use of the known distributions of cations over the different kinds of sites.

limited by the immeasurably large rates in the small

The rates of isotopic exchange of sodium ions in hy-
drated zeolites X and A have been measured by means
of a radioactive-tracer technique. The primary ob-
jective of this study was to provide experimental data
that could be used to ascertain the validity of the iso-
topic exchange model described previously.1

Earlier attempts23to investigate these systems were

crystals available commercially. Measurable rates
were achieved in the present study by the use of large
single crystals of zeolites NaX and NaA, which were

(1) Part1: L. M. Brown, H. S. Sherry, and F. J. Krambeck, J. Phys.
Chem., 75, 3846 (1971).

(2) E. Hoinkis and H. W. Levi, Naturwissenschaften, 53, 500 (1966).
(3) E. Hoinkis and H. W. Levi, Z. Naturforsch. A, 22, 226 (1967).
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synthesized according to procedures developed by
Charnell.4

Isotopic exchange in each of these zeolites involves
more than one structurally distinct cation site. In
NaX there are three cation sites, consisting of mobile
and bound sites in a three-dimensional network of
large cages, and bound sites in an interconnecting net-
work of small cages.56 In NaA, there are two cation
sites, consisting of mobile and bound sites in a single
three-dimensional network of large cages.6 One would
therefore expect exchange in zeolite X to take place in
a maximum of three steps and exchange in zeolite A to
take place in a maximum of two steps.

Experiment7'8 has shown that, with few exceptions,
isotopic exchange of monovalent and divalent cations
in these zeolites takes place in two observable steps.
In all but one case these steps were thought to be in-
dependent diffusional processes. In the exchange of
cesium ions in zeolite A,9however, desorption of bound
ions was considered to be rate controlling in the slow
step.

Data obtained in this study have been interpreted
in terms of a different modellwhich, we believe, is con-
sistent with the crystal structure of the zeolites and
accounts for all relevant modes of cationic migration.
Briefly, the model states that the elementary isotopic
exchange steps are not independent but are coupled
processes. In zeolite A these processes consist of the
diffusion of mobile ions in the fast step and of intra-
crystalline exchange between bound and mobile ions
in the slow step. In zeolite X, where intracrystalline
exchange between bound and mobile ions in the large
cages is assumed to be fast compared to diffusion, the
fast step is an apparent uniform diffusional process in-
volving these two kinds of ions, and the slow step con-
sists of the intracrystalline exchange between bound
ions in the small and large cages. The model further
assumes the equilibrium distribution of cations among
the different kinds of sites, as determined from X-ray
diffraction data,56 is maintained during the approach
to isotopic exchange equilibrium.

Diffusivities and specific rates of intracrystalline ex-
change (assumed to be first order) were derived by
means of a two-parameter fit of the data to the model
for the known equilibrium distribution of cations.
Data obtained for crystals of different radii show that
the rate of the slow step in zeolite X is independent of
particle size, consistent with the proposed model but
inconsistent with the model that assumes diffusion to
be rate controlling in the slow step.

Experimental Section

The crystals of zeolites X and A were synthesized in
accordance with procedures perfected by Charnell.4
These procedures yielded well-formed octahedra of
NaX as large as 100 x in overall length and cubes of
NaA as large as 60 n in edge length. X-Ray crystal-
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linities were obtained and found to be 150-160% of
those for Linde 13X and Linde 4A crystals. Before
they were used, the virgin crystals were washed once
with a 0.1 N NacCl solution to ensure uniformity of the
cation content and then washed carefully with dis-
tilled water until the pH of the slurry was in the range
10.5-11.0. The composition of each zeolite is shown
in Table I.

Table Is composition of Zeolites NaX and NaA

Amt
Zeolite of Na, —Amt, mmol/g—" /— Atom ratios—
(site) mequiv/g Si02 Al203 Si/Al Na/Al
NaX (95 M) 6.74 7.54 3.45 1.1 0.98
NaX (77 ju) 6.0 7.96 3.20 1.23 0.97
NaA (53 ii) 6.87 7.44 3.44 1.08 1.0

The crystals were classified into fractions having
narrow size ranges by means of elutriation. The ap-
paratus, adapted from that of Alyl and Latimer,D is
shown schematically in Figure 1. It is a closed, self-
sustaining system in which ethyl alcohol is circulated
continuously by means of a variable-speed tubing
pump (A) through a series arrangement of five Pyrex
tubes (B) having diameters in the range 2-3.5 in. The
return of the alcohol to the first tube (B) was effected
by pumping liquid from the top of Pyrex tube (C).
This tube, immersed in a beaker containing alcohol,
contains a column of glass beads (D) to trap crystals
that enter it through the side arm. The pump speed
was maintained constant within 1% by means of a
solid-state controller; flow rates were monitored by
means of a flowmeter (E). Mean sizes of the samples
used in this research are given in Table Il. Each re-
sult was obtained by measuring the dimensions of
300-500 crystals contained in calibrated photomicro-
graphs of the type shown in Figure 2. The mean
equivalent radii contained in Table Il were used in
analyses of the data.

The isotopic exchange system consisted of the zeo-
lite crystals (y4to '/3g) containing a trace amount of
sodium-22 and a 0.1 A sodium chloride solution (600
ml). The reaction was performed in the apparatus
shown schematically in Figure 3. The mixture was
stirred (C) vigorously (5000 rpm) in a 1-1 resin flask

(4) J. Charnell, J. Cryst. Growth, in press.
(5) D. H. Olson, J. Phys. Chem.f 74, 2758 (1970).

(6) L. Broussard and D. P. Shoemaker, J. Amer. Chem. Soc., 82,
1040 (1960).

(7) E. Hoinkis and H. W. Levi, Z. Naturforsch. A, 23, 813 (1968).

(8) E. Hoinkis and H. W. Levi, “lon Exchange in the Process In-
dustries,” Society of the Chemical Industry, London, 1970, p 339.

(9) H. Gaus and E. Hoinkis, Z. Naturforsch. A, 24, 1511 (1969).

(10) H. F. Alyl and R. M. Latimer, J. Inorg. Nucl. Chem., 29, 2041
(1967).



I sotopic Exchange in Zeolites

Table Il: Mean Sizes of Zeolitic Crystals
Mean Mean
length of equiv
octahedra spherical
or cubes, radius,
Zeolite V cm
NaX 95 + 10 2.7 X 10-3
77 £ 10 2.2 X 10“3
NaA 53+ 5 2.7 X 10*3
Figure 1. Elutriation apparatus (schematic): A, pump;

B, elutriating tube; C, glass tube; D,
glass beads; E, flowmeter.

Figure 2. Photomicrograph of NaX crystals (77 7Zi);

magnification 520 X .

(A) immersed in a constant-temperature bath and
pumped (F) rapidly (2 l./min) through a filter (B).
The filtered solution then passed through a Plexiglas
cell (D) that was inserted in an opening in a Tl-doped
Nal scintillation crystal (E) before returning to the
resin flask. The U-shaped Plexiglas cell proved to be
unsatisfactory, because bubbles tended to accumulate
therein and consequently prevented the measurement
of the true activity of the solution. This effect was
eliminated by use of a steel tube, having a volume of
14 ml, that was mounted in another Nal crystal having
a straight-through bore. Zeolite crystals were re-
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=
Figure 3. Experimental apparatus (schematic): A, 1-1.
Pyrex vessel; B, filter holder; C, stirrer; D, plastic
cell; E, Nal(TIl) crystal and electron multiplier tube; F, pump;

G, electrical lead to analyzer-rate meter.

Figure 4. Relative activity of 2N a vs. time in a test of

the experimental method: open circles, relative activity of 2N a

added at known rate to reaction vessel; curve A, measured
activity; curve B, activity corrected for time
constant of rate meter.

tained in the flask by a Millipore Nylon filter con-
tained in the holder (B); the average diameter of the
filter pores was 14 fi. The apparatus was modeled
after that of Schwarz, et al.n The volume of the
rubber tubing external to the solution was approxi-
mately 22 ml. For a flow rate of 2 I./min, the solution
in the steel tube was replaced once every 0.2 sec.

The Nal crystal was sealed to a light-shielded elec-
tron multiplier tube, the output of which was fed se-
quentially into a preamplifier, pulse height analyzer,
and linear rate meter. The output of the last was
displayed on a 10-mV recorder. A correction was
applied to the recorded signal to compensate for the
distortion of the true signal by the time constant of the
rate meter, set at 1.069 sec, by use of the finite-differ-
ence method of Vincent.22 All such calculations were
programmed for execution by an electronic computer.
The sample standard deviation of the corrected rel-
ative activities from the least-squares smoothed curve
through the data varied from 0.01 to +0.04 for
data obtained at the lowest to highest temperature.

(11) A. Schwarz, J. A. Marinsky, and K. S. Spiegler, J. Phys. Chem.,
68, 918 (1964).

(12) C. H. Vincent, J. Sci. Ir.slrum., 44, 241 (1967).
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Figure 5.

The reliability of the overall experimental procedure
was tested in a separate experiment. In this experi-
ment 25 ml of a 0.1 N NaCl solution containing a
known activity of 2ZNa was added at a measured rate
to 475 ml of an unlabeled NaCl solution contained in
the resin flask. The experimental conditions were
identical with those of a typical isotopic exchange ex-
periment, except that the circulation rate was 1 1./min
and the time constant was 7.11 sec. Figure 4 contains
graphs of relative activity vs. time for the uncorrected
(curve A) and corrected (curve B) data. The open
circles superimposed on curve B indicate the known
relative activities of the solution in the resin flask at
various times. The agreement between the calcu-
lated and known relative activities indicates that after
the first 2 or 3 sec it was possible to follow faithfully
changes of activity in the solution for a process that
goes to completion in about 40 sec. This is important,
because the half-times for isotopic exchange in our
crystals of NaX and NaA varied between 5 and 80 sec.

Results and Conclusions

Rates of isotopic exchange were measured in NaX at
temperatures between 2 and 30° and in NaA between
3 and 40° for fractional attainments of equilibrium
(1/(0) at least as great as 0.9. Half-times for exchange
varied between 5 and 40 sec for NaX and between 10
and 80 sec for NaA.

Isotopic exchange in both zeolites was a nonuniform
process consisting of a fast initial step and an over-
lapping slow step. Each exchange was initially diffu-
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Dimensionless time parameter (diffusional model) (Si)a vs. time for NaX (95 ).

sional but gradually departed from this behavior as the
effect of the slow step increased. At the highest tem-
peratures the two steps were no longer distinct, and the
overall exchange degenerated to an apparent uniform
diffusional process. This behavior is evident in the
graphs showing the time variation of the dimensionless
time parameter, (Bt)d defined for a pure diffusional
process (eq 16, ref 1). These graphs are shown in
Figures 5 and 6 for NaX (95- and 77-n crystals) and in
Figure 7 for NaA (53-/u crystals). Values of (Bt)a
corresponding to the experimental values of U(t) were
calculated, by use of an electronic computer, from ap-
proximate equations derived from the solution of
Fick's second equation by Reichenberg.13 At the
lower temperatures each curve is linear initially and
becomes nonlinear at later times as the effect of the
slow step increases. W.ith increasing temperature the
curves tend to become linear over the entire course of
the exchange, reminiscent of a pure diffusional process,
as the fast and slow steps tend to overlap.

In the case of NaX the curves are more nearly linear
for the larger crystals than for the smaller ones.
Clearly the rate of the fast (diffusional) step is lower
in the larger crystals, and the concomitant greater
overlapping in the larger crystals undoubtedly means
that the rate of the slow step is independent of parti-
cle size and, hence, not diffusional.

The fact that isotopic exchange in NaX took place
in two, and not three, observable steps indicates two of

(13) D. Reichenberg, J. Amer. Chem. Soc., 75, 589 (1953).
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Figure 6. Dimensionless time parameter (diffusional model) (Bt)dvs. time for NaX (77 Mi-

Figure 7. Dimensionless time parameter (diffusional model) (Bt)i vs. time for NaA (53 n).

the three kinds of cations56 migrate collectively in one  for NaX at the lowest temperatures in Figure 6 ter-
of the steps. The initial linear region of the graphs minates at values of U(t) close to 0.8. This fraction
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corresponds almost exactly to the 69 out of 85 sodium
ions per unit cell56that are located in the supercages.
It may therefore be concluded that the bound and
mobile cations contained in the supercages give rise to
the fast diffusional step in NaX. This result also
means that at the lowest temperatures the fast step in
the smaller crystals goes virtually to completion before
the slow step produces a noticeable effect on the diffu-
sional process. The behavior of SrX''8 and of BaX8
was similar to this.

Correlations of the experimental data for zeo-
lites X and A with the proposed model of exchange
were made by obtaining least-squares fits of the data
to equations 17a-c (mechansims B and F) of ref 1
Best values of Bm (diffusivity parameter) and k (spe-
cific rate of exchange), defined in ref 1, were derived by
means of a computer for values of a (equilibrium con-
stant parameter) equal to 0.23 for NaX and 2.0 for
NaA. Values of a were calculated in accordance with
the definitions given in Table | of ref 1 and are based
on the equilibrium distributions of cations derived
from X-ray diffraction data.56 Typical results of the
correlation are shown in Figure 8. The curves rep-
resent the experimental data, and the open circles de-
note values of U(t) predicted by the model for the de-
rived values of k and Bm Rate parameters for all ex-
periments are listed in Tables 111 and IV. In all cases
the sample standard deviation of the calculated points
from the experimental curve was approximately 0.02.
The close correspondence of the experimental and pre-
dicted curves implies that the proposed model can ex-
plain the kinetics of isotopic exchange in NaX (mech-
anism F, ref 1) and in NaA (mechanism B, ref 1).

Table Ill: Rate Parameters for Isotopic Exchange in NaX
Temp, 10Bm, 1024, 10-Dif
°C sec-1 sec-1 cm2sec ki/Bm
95-/* Crystals
1.6 1.07 5.8 1.5 5.5
5.7 1.57 8.0 2.2 5.1
9.0 1.76 12.8 2.5 7.3
11.9 1.93 10.2 2.7 5.3
15.8 2.64 11.2 3.8 4.2
22.5 4.06 14.9 5.8 3.7
30.0 5.3 14.3 7.6 2.7
77-1* Crystals
5.6 2.04 16.1 1.9 7.9
8.2 2.35 12.7 2.2 5.4
19.6 4.27 10.6 4.1 2.5
26.1 7.3 17.0 7.0 2.4

In a more rigorous test of the model for NaX we were
able to show directly that By (= #Di/RJ1 *t 012)),].
the rate parameter for the diffusional step, varied in-
versely with the square of the equivalent spherical
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Figure 8. Fractional attainment of isotopic exchange

equilibrium vs. time for NaA and NaX. Comparisons of
experimental values (unbroken lines) and values derived

from model (open circles).

Table IV: Rate Parameters for Isotopic Exchange

in NaA (53-m Crystals)

Temp, 10e m KMU 10Di
"C sec“1 sec-1 cm2sec kt/Bm
3.4 5.9 4.3 4.2 0.07
3.7 4.3 5.4 3.1 0.12
9.6 6.1 8.1 4.3 0.13
15.0 7.7 12.5 5.5 0.16
25.8 10.2 18.3 7.3 0.18
38.5 15.3 40.3 10.8 0.26

radius and that «kt:, the rate parameter for the slow-
exchange step, was independent of the radius. The
former was indicated by the finding that Dy, the diffu-
sivity of mobile ions, was a constant, independent of
radius. The results are presented in Figure 9 as
Arrhenius-type plots of Dy and ft4 In both cases the
data for crystals of different sizes are satisfactorily
collinear. On this basis it is concluded that mech-
anism F of ref 1is the probable model for isotopic ex-
change in NaX.

The effect of particle size on the rate parameters
derived for NaA could not be determined, because
isotopic exchange was too fast to be measured accu-
rately with the smaller crystals separated from the
large crystals during the classification process. Also,
attempts to grow crystals larger than 53 n on an edge
were unsuccessful.  Arrhenius-type plots for Dy and
k2 for the 53-/* NaA crystals are shown in Figure 10.

The least-squares line through the points in Figures
9 and 10 are represented by the following expressions
for NaX

Dy = 10-0.10021 exp[—(9700 = 280)/RT\ cm2sec

Dy(25°) = 6.7 X 10-8cmVsec
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h = io«btoBexp[—(4750 + 1290)/ET] sec- 1

fA(25°) = 0.15 sec- 1

and for NaA
A = 10-82°5exp[-(5360 + 710)/RT] cm2sec
A (25°) = 7.7 X 10-8cm2sec
f = 108#°-6exp[-(10,140 + 800)/RT] cm2sec

/e2(25°) = 0.02 sec- 1

An exploratory study of isotopic exchange in zeolite
BaX was also conducted to provide additional insight
into the mechanism of the slow step in zeolite X.
Three samples of BaX were prepared by ion exchanging
two batches of large crystals of NaX (30 and 60 y) and
one batch of Linde 13X crystal with a 300-fold excess
of a 1 A BaCl2solutions at 50° for 14 days. In this
time virtually all the sodium ions were replaced by
barium ions, as shown in Table V. Isotopic exchange
was carried out in each sample by agitating identical
mixtures of BaX tagged with 138a and a 0.1 A BaCl2
solution in a water bath maintained at a temperature
of 50°. The progress of the exchange was followed
periodically by sampling the liquid phase and mea-
suring its activity. Isotopic exchange consisted of a
fast step, representing about 80% of the overall pro-
cess, that went to completion in a matter of hours and
a slow step that approached equilibrium in the course

Figure 9. Semilogarithmic graphs of derived rate parameters
vs. I/T for NaX showing diffusivity of mobile ions
(lower graph) and specific rate of exchange (upper graph):

0, 95-y crystals; O, 77-y crystals.
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Figure 10. Semilogarithmic graphs of derived rate

parameters vs. |/ T for NaA (53-/r crystals) showing diffusivity

of mobile ions (lower graph) and specific rate of exchange

(upper graph).

of several days; the overall degrees of exchange in the
30- and 60-/r crystals were 97 and 95% after 10 days,
as shown in Table VI. Similar results were obtained
by Hoinkis and Levi78 for isotopic exchange in BaX
prepared from Linde 13X crystals; they reported
half-times of 40 sec and 180 hr for the fast and slow
steps at 40°, with the fast step accounting for approx-
imately 80% of the cations. These results show that
the rates of the slow step in crystals of different sizes
were comparable and, consequently, were not con-
trolled by diffusion. If diffusion had been rate con-
trolling, then the half-times of the slow step in the
large crystals, estimated from the data for Linde 13X78
(assumed to contain 1-/* crystals), would have been
roughly 4.5 years for the 30-mcrystals and 18 years for
the 60-/i crystals; and the overall degree of exchange
in the large crystals after 10 days would have been ap-
proximately 80% and not 96%. In all probability
the mechanism for isotopic exchange in BaX is the
same as the one assumed herein for NaX, inasmuch as
both zeolites contain the same lands of cation sites.4

Consideration was given to the possibility that the
rates of these fast processes were influenced signifi-
cantly by diffusion through the film16 at the boundary
of the crystals. However, the experimentally ob-

(14) D. H. Olson, unpublished work.

(15) F. Helfferich, “lon Exchange,”
N. Y., 1962, pp 250-322.

McGraw-Hill, New York,
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Table V: Composition of Zeolite BaX Samples

Crystal
size, —Amt, mequiv/g—s /—Amt, mmol/g—" — Atom ratios—s
M Ba Na sio2 AlSa 2BalAl Si/Al
60 5.0 0.13 6.21 2.49 1.0 1.25
30 4.73 0.12 6.27 2.49 0.95 1.26
a 4.89 0.22 6.09 2.47 0.99 1.23

“ Prepared from Linde 13X crystals.

Table VI:
BaX Crystals of Different Sizes at 50°

Progress of Isotopic Exchange in Zeolite

U (t)--mmmmmeeees s -U(i>
t, 30-m 60-a t, 30-/i 60-m
hr crystals crystals hr crystals crystals
48 0.947 168 0.971 0.951
72 0.924 240 0.967
120 0.933

served I/R2dependence of the rate of the fast step in
NaX would seem to indicate this effect is negligible.
Other evidence would also seem to support this con-
clusion. For example, the data for NaX did not obey
the film-diffusion equation.’6 Also, a value of 0.1 was
calculated for the expression® 7XDil/CsDfR, which
theoretically has a value that is much less than unity
when diffusion in the solid phase is the rate-controlling
step. The symbols in this expression (and their actual
or assumed values for NaX) follow. X (6 mequiv/ml)
is the concentration of fixed ionic groups, C8 (0.1
mequiv ml) the concentration of the solution, Di (10-8
cm2sec) the diffusivity of mobile ions, Df (10-6 cm2
sec) the diffusivity in the film,6 1 (~ 10-3) the film
thickness for a well-stirred solution,’6 and R (3 X
10~3m) the equivalent particle radius. The effect
of solution concentration was also investigated, the
rate decreasing by 16% when the concentration was
changed from 0.1 to 0.05 N NaCl. This decrease of
the rate is slightly outside the scatter of the data and
may indicate a film effect in solutions more dilute than
0.1 N.

Discussion

The experimental results show that the model de-
scribed previouslylprovides an adequate interpretation
of the isotopic exchange of cations in zeolites NaX,
BaX, and NaA. It is encouraging to find that a satis-
factory fit of the data to the model was possible by use
of two derived parameters and the known equilibrium
distribution of cations among the different lands of
sites.

Our model may also be valid for isotopic exchange
in zeolite SrX. Kinetically,28 exchange in SrX was
found to consist of two observable steps as in BaX;
and structurally, SrX (similar to BaX1) was found
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to contain both bound ions (15 per unit cell) and mo-
bile ions (16 per unit cell) in the supercages and bound
ions (13 per unit cell) in the small cages.

As noted previously, the model could not be tested
rigorously for zeolite NaA because of our inability to
grow crystals of larger size than those used in this study.
In view of the qualitative similarity of the cation sites
in the large cages of NaX and NaA, it seems reasonable
to assume that the mechanism of isotopic exchange of
these cations in both zeolites would be similar.

The only other data on the self-diffusion of sodium
ions in zeolite X are those derived by StamiresZZ from
electrical conductivity data. His value (~10~8 cm2
sec) for the field self-diffusion coefficient at 25° is in
good agreement with our value (6.7 X 10-8 cm2sec),
although the reliability of his data has been ques-
tioned. 18

In view of the similarity of the Si/Al ratios (1.25 for
NaX and 1.0 for NaA), and therefore of the lattice
charges, one would expect the activation energies for
diffusion of mobile ions in these zeolites to be similar.
It is not possible to show this experimentally, because
the fast step in NaX is a composite of successive ele-
mentary processes—mobilization of bound ions by
desorption from hexagonal rings containing three units
of negative charge6and of diffusion. Moreover, the ex-
perimental activation energy, EO/NaX) = 9.7 kcal/
g-ion, represents the height of the barrier to desorption,
the larger of the barriers surmounted19 by the cations,
and not the barrier to diffusion. It is therefore not
surprising that this result is similar to the activation
energy for the slow step in NaA (A's(NaA) = 10.1
kcal/g-ion), because the latter also involves desorption
from hexagonal rings that contain three units of negative
charge. The activation energy of 5.4 kcal/g-ion for
the fast step in NaA is the height of the barrier to
diffusion of mobile ions. It is unlikely that the barrier
to diffusion in NaX is much different from this number.
The result for NaA may be compared with the figure 7
kcal/g-ion (approximately) that was reported? as the
activation energy for the diffusion of alkali ions in
chabazite, in which the cations are not sited but are
bound by ion-dipole forces to water molecules that are
attached to lattice oxygens.2l

The activation energy of the slow step is 4.8 kcal/g-
ion and is lower than that of the fast step. The slow
step involves the movement of ions out of the small
cages (hexagonal prisms and sodalite cages) and into

(16) D. H. Olson and H. S. Sherry, J. Phys. Chem., 72, 4095 (1968).
(17) D. N. Stamires, J. Chem. Phys., 36, 3174 (1962).
(18) B. Morris, J. Phys. Chem. Solids, 30, 73 (1969).

(19) S. Glasstone, K. J. Laidler, and H. Eyring, “The Theory of
Rate Processes,” McGraw-Hill, New York, N. Y., 1941, p 99.

(20) R. M. Barrer, R. F. Bartholomew, and L. Y. C. Rees, J. Phys.
Chem. Solids, 24, 51 (1963).

(21) J. V. Smith, F. Rinaldi, and L. S. D. Glasser, Acta Crystallogr.,
16, 45 (1963).
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the large cages. However, the detailed mechanism
and rate-controlling step of this composite process are
not known. The large uncertainties noted previously
in this activation energy and in fdare the result of the
combined effects of the insensitivity of the model to
values of h/Bmas large as the experimental value of 5
(Table I11) (see Figure 1, ref 1) and of experimental
errors. Because of the former effect, experimental
errors are magnified in the derivation of kt/Bm from
the data, and, unfortunately, the data that have the
most important effect on the derived value of /4 for
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NaX are obtained in the last 20% of the exchange, th
region in which the experimental error is the greatesf
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Measurements of the excess second virial coefficient, 8 [= Bi2 —

+ B2], for binary mixtures of the

normal hydrocarbons, methane through hexane, with the normal perfluorocarbons, perfluoromethane through

perfluorohexane, at 25, 50, and 100° are presented.

In general, the results can be fitted with a Kihara spherical-

core potential with an interaction energy about 10% weaker than that calculated from the geometric mean.
While no completely satisfactory way of correlating the departures from the geometric mean is found, a com-
bination rule similar to that proposed by Hudson and McCoubrey is the most successful.

Introduction

This paper describes an investigation of the low-den-
sity equation of state of binary hydrocarbon-fluoro-
carbon mixtures. Two previous publications have
dealt with similar studies of binary mixtures of normal
alkanes® and binary mixtures of normal perfluoroal-
kanes. A three-parameter corresponding-states ap-
proach was found to be effective in describing the be-
havior of the alkane and perfluoroalkane mixtures.

In 1 we showed that the corresponding-states treat-
ment of the hydrocarbon mixtures could be couched in
terms of the McGlashan-Potter equation,3 which fits
the second virial coefficients of the pure n-alkanes,
but the discussion in Il for the fluorocarbon mixtures
was based on the Kihara spherical-core potential. For
both hydrocarbon and fluorocarbon mixtures the en-
ergy parameter describing the unlike interaction showed
only small (1- 2%) departures from the geometric-mean
combination of the energy parameters of the pure com-
ponents. There are good reasons to believe that the
geometric mean should be a much poorer description of
the unlike interaction in hydrocarbon-fluorocarbon
mixtures.

In 1958, Scott4concluded from a review of the avail-
able excess thermodynamic properties of hydrocarbon-
fluorocarbon liquid mixtures that the large deviations
between observed and predicted behavior in these sys-
tems resulted from a failure of the geometric mean.
The data can be explained if it is assumed that the hy-
drocarbon-fluorocarbon interaction is abnormally iveak.
A more recent review of the data on liquid mixtures6
leads to the same conclusion. A few studies of gaseous
hydrocarbon-fluorocarbon mixtures have been made,6-8

(1) Contribution No. 2734 from the University of California, Los
Angeles.

(2) (a) E. M. Dantzler, C. M. Knobler, and M. L. Windsor, J. Phys.
Chem., 72, 676 (1968); hereafter referred to as 1. (b) E. M. Dantzler
and C. M. Knobler, ibid., 73, 1335 (1969); hereafter referred to as

1.

(3) M. L. McGlashan and D. J. B. Potter, Proc. Roy. Soc., Ser. A,
267, 478 (1962).

(4) R. L. Scott, J. Phys. Chem., 62, 136 (1958).

(5) J. S. Rowlinson, “Liquids and Liquid Mixtures,” 2nd ed, Butter-
worths, London, 1969.

(6) D. R. Douslin, R. H. Harrison, and R. T. Moore, J. Phys. Chem.,
71, 3477 (1967).

(7) T. B. Tripp and R. D. Dunlap, ibid., 66, 635 (1962).

(8) M. D. Garner and J. C. McCoubrey, Trans. Faraday Soc., 55,
1526 (1959).
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Table I :  Experimental Results

o, AP, s, —012, = e Calcd g, cmVmol-
System Torr Torr cm8&mol cm*/mol a b
25.0°
CFs-CHa 237.50 0.37 13+ 1 52 - 0.4 10
769.95 0.39
C4sFI CsHuwo 749.70 254 158 £ 2 643 94 174
737.85 2.51
50.0°
CF+-CHa4 672.60 0.16 13+£2 39 - 0.4 9
695.20 0.15
CF4+-Calls 694.10 0.32 27+ 1 87 -5 1
709.05 0.35
CF4C4H,0 637.65 1.77 166 + 1 166 114 142
682.00 2.01
cf4ct, 297.85 1.26 537+ 10 255 473 519
205.65 0.58
C2Fe-CHa4 687.25 0.61 51+ 1 65 29 64
715.60 0.66
CF6CH6 720.05 0.42 3Bx1 145 -26 31
708.25 0.44
CF6C4Hio 647.20 1.23 114+ 1 282 19 110
723.50 1.58
CoFe-CsHze 461.75 1.32 233+2 353 126 244
409.55 1.01
cFB8chs8 685.10 0.85 70+ 1 31 -27 46
675.55 0.82
C&ioCH4 684.70 3.19 260+ 1 128 221 304
683.25 3.19
CiFio-CiHe 679.45 2.16 1718+ 1 273 55 193
737.15 2.56
CaF10—€CsH1w0o 616.80 1.29 1302 538 -74 152
773.35 2.02
C4FIGC&Hu 273.30 0.60 298 + 6 830 10 382
269.30 0.55
CsF—CsHx 192.00 0.21 228 + 10 853 -90 255
C6,4-CaHU 255.85 0.53 315+ 6 1297 -129 193
CF4-C(CH34 637.00 1.81 168 + 10 234 161 180
631.70 1.79
CF4+SFs 798.05 0.30 19+1 132 17 27
827.75 0.34
100.0°
CFs+-CHa4 796.75 0.12 10+ 1 22 -0.5 7
821.80 0.16
746.20 0.12
CF6CH6 775.90 0.38 281 0 -24 21
762.80 0.34
CaFeCalls 705.30 0.57 54+ 1 212 -27 30
735.75 0.66
C4FI0-CsH 1o 772.35 1.20 NV+ 1 370 -68 102
712.70 0.99
CsF1-CH 4 436.60 1.33 311+ 3 95 283 358
ca1rca,2 285.50 0.27 152 +6 588 -82 170
CeF14-CHa4 258.80 0.72 484+ 7 0 444 492
CcFu—€eHi4 394.55 0.73 211+ 3 871 -114 109
CF4Ar 733.60 0.12 10+ 1 14 10 11
783.15 0.13

8 Geometric mean. bEquation 4.

and they also suggest the inadequacy of the geometric- The conclusions about the failure of the geometric
mean assumption. The observed interaction virial co- mean, which have been based on the thermodynamic
efficients are smaller in magnitude than those predicted properties of liquid mixtures, are not unequivocal.
by the use of the geometric mean. With present theories of liquid mixtures it is not possi-
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ble to disentangle any failure in an assumption about
the details of intermolecular forces from a failure in the
theory itself. In fact, Scott's analysis of the mixture
data was performed with the crude “regular solution”
theory. Measurements on gaseous mixtures, on the
other hand, are more directly relatable to intermolecular
forces, but most of the pertinent data in the literature
are not sufficiently precise to be useful. The present
study is an attempt to provide sufficient information for
a definitive test of the geometric-mean assumption for
hydrocarbon-fluorocarbon mixtures.

Experimental Section

The sources and purities of the ii-alkanes are listed in
I; those of the n-perfluoroalkanes can be found in II.
Argon (General Dynamics, 99-95%), sulfur hexafluo-
ride (Matheson, 98.0%), and 2,2-dimethylpropane
(Matheson, 99.0%) were used without further purifica-
tion.

The apparatus has been previously described.9 The
pressure change, AP, on mixing two gases at constant
temperature and volume is determined. From this in-
formation it is possible to calculate 8, the excess second
virial coefficient

8 = BR- y*(Bu + Bn) « 2RT&P/P2 (1)

Here Bn and Ba are the second virial coefficients of the
pure components, BR is the interaction second virial
coefficient, P is the original filling pressure, T is the
temperature, and R is the gas constant. The higher
order terms are small and easily evaluated under the
conditions of the experiment. Details of the data re-
duction can be found in ref 2a and 9.

Results

The experimentally determined excess second virial
coefficients are listed in Table |1 along with the filling
pressures and the pressure changes developed on mixing.
The uncertainties in 8 reflect the limitations of the dif-
ferential pressure measurement. The absolute uncer-
tainty in AP is £ 0.02 Torr. Where the low vapor pres-
sure of one or both components limits the filling pres-
sure, AP is small and as a result the error in 8 is large.
Also given in Table | are the values of B/ calculated
from the observed S's and the virial coefficients for the
pure components cited in | and 11.

In Table Il we compare our results with the few mea-
surements of hydrocarbon-fluorocarbon mixtures which
have been reported. Douslin, et al.,6 obtained virial
coefficients for the methane-tetrafluoromethane system
from gas density measurements over a temperature
range of 0-350° and a pressure range of about 16-400
atm. At 50 and 100° the S's calculated from their
values of Bi2 Bu, and P2 agree with our data within
experimental error. However, the disagreement at
25° of 4 cm3mol is slightly greater than the overlap of
stated experimental uncertainties.

3865
Table Il1: Comparison between S's (in cm3mol) of This
Study and Those Derived from Previous Studies
Other
Temp, This Temp, investi-
System °C work h gations
CF4+-CHa4 25.0 13+ 1 25.0 17.3»
50.0 13+£2 50.0 15.1
100.0 10+1 100.0 12.0
CIFio* Cal T 10.0 206 + 106

25.0 158 £2
29.9 142 = 12

50.0 130+ 2 50.0 0+ 9
100.0 0D+ 1
CsF1—CcHl:2 34.7 252¢
50.0 228 + 10
64.7 251
100.0 152 + 6
110.1 45

aReference 6. bReference 7. ¢ Reference 8.

Tripp and Dunlap7obtained second virial coefficients
of butane, perfluorobutane, and an equimolar mixture
from compressibility measurements at 10.00, 29.88, and
50.05°. They calculated smoothed values by fitting
their data to both the linear and quadratic virial ex-
pansions; the values listed are from the linear fit. Our
data agree with those of Tripp and Dunlap at the lower
temperatures, but their value at 50° is 40 cm3mol less
positive than ours.

The pentane-perfluoropentane mixture was studied
by Garner and McCoubrey,8 who also used compres-
sibility measurements to obtain values for the second
virial coefficients of the pure components and some
mixtures. They noted that their values of B lie con-
sistently 10-30 cm3mol lower than other literature
values. Moreover, as seen in Table Il, the 8's derived
from their data do not decrease smoothly with increas-
ing temperature—another indication that the virial
coefficients are unreliable.

Discussion

The Geometric Mean. In Il we established that the
Kihara spherical-core potential was adequate for the
calculation of the second virial coefficients of perfluoro-
alkanes and their mixtures. This potential is given by

N =
*(r) = 4e[(p°/p)12-

where p° = a —2a, p = r — 2a, r is the distance be-
tween molecular centers, 20 is the molecular hard-core
diameter, a is the low-velocity collision diameter, and
—eis the value of the minimum potential energy. The
potential parameters that provided the best fit to the

r N 2a

(p°/p)6] > 2a 2

(9) C. M. Knobler, Rev. Sci. Instrum., 38, 184 (1967).
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Table 111: Kihara Potential Parameters

t/k,

°K <A a k
ch4 232.20 3.505 0.383
ch6 425.32 3.977 0.565
ch8 493.71 4519 0.650
CJLo 672.32 4.830 0.938
CHp 777.37 5.396 1.24
CeHu 905.47» 5.686» 1.39»
CiHk 1023.30 5.996 1.60
C(CH34 625.88 5.395 1.01
cth6 975.37 4.938 1.14
Ar 143.26 3.344 0.167
Kr 206.68 3.587 0.208

° Reference 10. bParameters are determined by the graphical procedure described in I1.

lated based on a regularity in the homologous series.

data for the pure perfluoroalkanes are given in Table
1.

Tee, Gotoh, and StewartlD have shown that the Ki-
hara potential fits the second virial coefficients of the
alkanes very well. Although in I we chose to analyze
our measurements on hydrocarbons in terms of the
McGlashan-Potter equation,8the Kihara potential fits
our data comparably well when the parameters derived
by Tee, et al., are used.

With the exception of the values for hexane, the po-
tential parameters listed in Table 11l for the alkanes
have been taken from ref 10. Tee, et al., did not ana-
lyze virial coefficients for hexane; the parameters we
list have been obtained by interpolation between their
pentane and heptane values. The potential parame-
ters in the homologous series show a fairly regular de-
pendence on chain length and the hexane parameters
so derived lead to calculated virial coefficients for hex-
ane that are within 25 cm3mol of the experimental val-
ues. This agreement is poorer than the 10-15 cm3mol
found in the case of the other n-alkanes, but when the
parameters were varied to improve the fit, no better
combination could be found. The McGlashan-Pot-
ter equation also shows poorer agreement with the hex-
ane virial coefficients than it does for those of the other
alkanes.

Only if the parameters e2 and v12 for the unlike inter-
action are specified can Sbe calculated from the poten-
tial. (For the spherical core model the ai2parameter is
simply the arithmetic mean of anand a2) In Il we ob-
served that with few exceptions the excess second virial
coefficients for virtually all binary mixtures of the first
six normal perfluoroalkanes could be calculated within
experimental error by assuming the Lorentz-Berthelot
combination rules, that is e> = (eue2)'/! and =
(@u + vZ/2. The combining rules by which we calcu-
lated in | the pseudocritical temperatures and volumes
for the analogous hydrocarbon mixtures are equivalent
to these formulas for the molecular parameters, and
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mb-

?‘LC’ ai a k
CF4 229 4.65 0.54
cXx6 283 6.25 1.04
C3F8 358 6.95 1.30
c&kD 416 8.09 1.80
ctr 497 8.78 2.20
ceau 618 9.22 2.69
C#F s 9.73» 3.19»
sf6 353 5.12 0.732
CCl4 416 7.5 1.4

¢ Parameters are interpolated or extrapo-

these combinations also lead to excellent agreement be-
tween experimental and calculated virial coefficients.
When the Lorentz-Berthelot rules are applied to the hy-
drocarbon-fluorocarbon mixtures, the values of 8 given
in Table | are obtained. A comparison between experi-
ment and calculation clearly indicates that the combin-
ing rules that were successful for hydrocarbons and fluo-
rocarbons fail badly in the case of hydrocarbon-fluoro-
carbon mixtures.

Calculated excess second virial coefficients are rather
insensitive to variations in o12 but they show a stronger
dependence on ei2  We therefore focus our attention on
departures from the geometric-mean combination of en-
ergy parameters in an attempt to account for the dis-
crepancies shown in Table 1.

Departuresfrom the Geometric Mean. The departures
from the geometric mean can be expressed in terms of a
factor bn, which has been used extensively by Prausnitz
and coworkersll

2= (1 — fel2)(«k2) »

The factor fci2can be determined from virial coefficient
data by adjusting ei2in the Kihara potential to give the
best fit to the experimental results. The values of 1 —
fc2obtained from our hydrocarbon-fluorocarbon studies
are listed in Table IV. In the case of C11,-01% the fit
to the data is less sensitive to variations in «i2than in the
other systems. As a result the 2-cm3mol uncertainty
in 8 leads to a 0.02 uncertainty in fci2 for this system.

Roughly speaking, our data indicate that in hydro-
carbon-fluorocarbon mixtures the interactions are about
10% weaker than those predicted by the geometric
mean. Such behavior is consistent with that found for
liguid mixtures of hydrocarbons and fluorocarbons.
Scott4 used the solubility parameter theory to analyze

(10) L. S. Tee, S. Gotoh, and W. E. Stewart, Ind. Eng. Chem.,
Fundam., 5, 356 (1966).

(11) C. A. Eckert, H. Renon, and J. M. Prausnitz, ibid., 6, 58 (1967).
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Table 1V: Correction Factors (1 —ku) to the Geonretric Mean

Eq 4 Eq 5

Hudson- .Hiza-

System Exptl McCoubrey Duncan
cf4ch4d 0.94+0.02 0.94 0.89
cfdch, 0.89 0.94 0.82
CF4C4H,o 0.90 0.94 0.77
cfécthi 0.92 0.93 0.75
cXxXGch4d 0.92 0.87 0.90
CXFeC2He 0.88 0.88 0.82
CFe6C4Hi, 0.89 0.89 0.77
CiFe-CsH,, 0.90 0.88 0.76
CFaCHS8 0.89 0.92 0.85
cHBch4 0.92 0.83 0.94
C41-E€Hs 0.87 0.84 0.88
CHin-CHD 0.88 0.86 0.83
CF,ocCHHU 0.89 0.85 0.82
cFRcthD 0.88 0.87 0.84
cFléhcthi 0.90 0.93 0.85

thermodynamic measurements on a number of fluoro-
carbon systems, and fcRvalues can be obtained from his
results. The solubility parameter theory assumes a
radial distribution function that, for liquid mixtures, is
independent of composition. Moreover, it assumes
that the potential energy of a pure liquid is equal to its
energy of vaporization. These assumptions lead to an
expression for the change in potential energy on mixing
which can be written in terms of the cohesive energy
densities (essentially the energy of vaporization per
unit volume) of the pure components, Cit, and an inter-
action energy parameter, Ctj. The departure of the in-
teraction energy parameter from the geometric mean in
liquid mixtures (1 — (n) is given by 2

clz2 2 \Vhvi
(Cucn)'h ~ (ene?),/: (VnV:22D'A (}

where V is the molar volume. From this equation, it
can be seen that (n is equivalent to kRonly when the
size parameters of the two components are equal;
that is

fl2
l——0 kW) (Vnvn)

Values of fc2 obtained from the liquid data of Scott
(using eq 3 and the molar critical volumes listed in |
and Il) are compared with fciZs obtained from our gas-
phase data in Figure 1. Although there is not a precise
one-to-one correlation between our results and Scott’s,
there is a strong similarity between the two sets of val-
ues. Exact agreement would be fortuitous, however,
because the solubility parameter theory used to treat the
liquid data is relatively crude and is related to a two-pa-
rameter potential rather than the three-parameter for-
mulation that we employ. It is most significant, how-
ever, that our results on a number of gaseous systems,
free from the complications and approximations
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Figure 1. A comparison of kn's for gas and liquid mixtures
studied in duplicate. The numbers indicate the following
mixtures: 1, CF4ACH4 2, CF4ACHSE 3, CF6CHE 4,
CFB8CHSG 5 CH1-CHI,; 6 CFRCHIR 7, CFUCHU

of theories of liquid mixtures, show gross departures
from the geometric mean for hydrocarbon-fluorocarbon
mixtures. Our data, then, strongly support Scott’s
view that the anomalous behavior of hydrocarbon-
fluorocarbon solutions is due to the inapplicability of the
geometric mean.

Explanationsfor the Failure of the Geometric Mean. A
number of explanations for the failure of the geometric
mean have been discussed by Scott.4 Although no single
cause can account for all the fluorocarbon systems that he
considered, there are three factors that can be significant
in weakening the unlike interaction: (1) noncentral
forces, (2) large differences in ionization potentials be-
tween the components, and (3) large differences in size
between the components.

It is clear from the virial coefficients of the pure com-
ponents2B3that a central potential is not an adequate
representation for hydrocarbon-fluorocarbon interac-
tions. In the analysis of our data, however, we have
taken account of noncentral interactions by the use of
the Kihara potential, and this has not significantly di-
minished departures from the geometric mean.

Size and ionization potential differences can be
treated in a semiempirieal way by equating the r~6 at-
tractive term in the potential to the London formula for
the dispersion forces. A correction to the geometric
mean derived in this way from the Lennard-Jones po-
tential was proposed by Hudson and McCoubrey.13 If
this approach is taken with the Kihara spherical-core
potential, we obtain

(12) J. H. Hildebrand and R. L. Scott, “ Regular Solutions,” Prentice-
Hall, Englewood Cliffs, N. J., 1962, p 97.

(13) G. H. Hudson and J. C. McCoubrey, Trans. Faraday S o ¢ 56,
761 (1960).
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L 2(MY (pomr(p°My @

h + h (p°i26
where the subscripts denote the components and | is the

first ionization potential. Values of the ionization po-
tential and their sources are listed in Table V.

Table V: lonization Potentials
Sub- Sub-
stance I, ev Ref stance I, ev Ref
ch4 13.16 d c5F12 15.8 c
czhé 11.65 a cefu 154 c
cas 11.08 a C-Fis ~15.0 c
c4 0 10.63 a C(CH34 10.55 a
csh12 10.55 e cehe 9.24 a
cenh 14 10.43 e Ar 15.76 f
C,Hie 10.35 e Kr 14.00 f
cfT4 17.8 b Xe 12.13 f
c2f6 17.7 c N2 1551 f
Cc3f8 16.4 c SF6 19.3 .
c4F 10 16.3 c CCl14 11.0 a

0 K. Watanabe, J. Chem. Phys., 26, 542 (i957). 6L. Gold-
stein, Ann. Phys., 9, 723 (1938). c Calculated by method of
T. M. Reed, J. Phys. Chem,, 59, 425 (1955). dJ. D. Morrison
and A. J. C. Nicholson, J. Chem. Phys., 20, 1021 (1952). 6R. E.
Honig, ibid., 16, 105 (1948). 1“Handbook of Chemistry and
Physics,” Chemical Rubber Publishing Co., Cleveland, Ohio, 1968.
“Y. H. Dibeler and F. L. Mahler, J. Res. Nat. Bur. Stand.,
40, 25 (1948).

Before making any comparisons between calculated
and experimental values of fci2 we take a close look at
eq4. This equation differs substantially from the origi-
nal Hudson-McCoubrey formulation because it is
based on a three-parameter rather than a two-parame-
ter potential. The constant p° is not simply related to
itt nor is (p0)3 proportional to the critical volume;
p° depends both on molecular size and shape. Thus the
factor involving p° in eq 4 is a measure of differences in
size and shape, not size alone.

The magnitude of the factor involving ionization po-
tentials also needs to be considered. For the two sub-
stances in Table V that have the most disparate ioniza-
tion potentials, CF4and CaH§ the first factor in eq 4
is 0.95. For all of the mixtures actually investigated,
the ionization potential factor is equal to or greater than
0.98. In fact, the range of ionization potentials is very
likely smaller than that shown in Table V. Of the fluo-
rocarbons considered, it is only CF4for which the ioniza-
tion potential has been measured,4 but this value is
likely high by asmuch as2eV.$6

The ionization potentials listed for the other fluoro-
carbons have been derived from the value for CF416
and, as a result, these, too, are probably high. How-
ever, eq 4 puts the greatest emphasis on size/shape dif-
ferences as the cause for departures from the geometric
mean.

The Journal of Physical Chemistry, Vol. 75, No. 25, 1971

E. M. Dantzler Siebert and C. M. Knobler

Figure 2. A comparison of observed fows and those calculated
by eq 4. The center line indicates perfect agreement and the
outer lines indicate a 3% deviation of calculated values from
observed kn's. The numbers indicate the specified mixtures;
data are from this work unless otherwise referenced:

1, CF+CHg4; 2, CF+#C2H6 3, CF4C4H1Q 4, CF+CtH,;

5, CFeCH4; 6, CFeC2HG 7, CHFe-C(H,,; 8, CFeCsHI2

9, CaFsCaH8 10, C4/10-CHa4; 11, C4loC2HE 12
CH#PBCAHQ CF12CeH44 13, CIFN-CNH»; 14, CHFR2CEHIZ
15, CeFis-CeHis; 16, Ar-CH4 (M. A. Byrne, M. R. Jones,

and L. A. K. Staveley, Trans. Faraday Soc., 64 1742 (1968)];
17, Ar-CF4; 18 CHF1CMHis4 C(CH3)4CH4mN2=Xe;D

19, C(CH3)4CF4; 20, SFeCH4« 21, SFeCF4 Ar-N2*“

22, CH4#C4Hig2a 23, CH4CeHR22AN2Kr;» 24, CH+CeHX A
25, CHe-CeH 42 Ar-Kr;2 26, CF+Kr;4 27, CF18CdHi44
28, CF16CCl4;4 29, CH16CeHs4 30, SFeC3Hs 4

Triangular points connected by tielines for systems 18
(N2Xe), 21 (Ar-N2, and 23 (N2Kr) indicate kn's

calculated from parameters of ref 10.

Equation 4 has been used to calculate fciZs for the 15
hydrocarbon-fluorocarbon systems studied, and the re-
sults are given in Table IV. There is fair agreement
for the majority of systems, and it seems meaningful to
test the validity of eq 4 for a variety of substances that
differ in size/shape and/or ionization potential.

Figure 2 illustrates the agreement between observed
and calculated values of 1 — fo2for a wide range of mix-
tures. First, we note that for the hydrocarbon and
fluorocarbon mixtures studied in I and Il the calculated
k12s are at most 0.03. This is consistent with our ob-
servation that the geometric mean is a good representa-
tion of the interaction energy for these systems. We
have included in the figure the four hydrocarbon mix-
tures for which size and ionization potential differences
are largest (points number 22-25).

Systems containing globular molecules (e.g., SF6CH 4,
C(CH34CH4 SF6CF4 are of particular interest.

(14) L. Goldstein, Ann. Phys., 9, 723 (1938).

(15) R. W. Kiser and D. L. Holbroek, J. Amer. Chem. Soc., 87, 922
(1965).

(16) T. M. Reed, J. Phys. Chem., 59, 425 (1955).
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Hamann, et al.,17Is have concluded that the geometric
mean fails in such systems when they are described in
terms of either the Lennard-Jones 6-12 or 7-28 po-
tentials. As shown in Figure 2 and in Table VI, aslong
as the values of p° are similar, the geometric mean is
generally applicable, and where size/shape is sig-
nificantly different the Hudson-McCoubrey type com-
bination rule accounts reasonably well for the depar-
tures that are observed.

Table VI: Correction Factors (1 — kn) to the Geometric
Mean for Gaseous Systems Containing
Pseudospherical Molecules

Eq 4 Eq5

Hudson- Hiza-

System Ref Exptl McCoubrey  Duncan
Ar-CHi b 1.00 0.99 0.94

d 0.99

Ar-CFi c 1.00 0.975 0.97
C(CH3)4CH4 a 0.93 + 0.01 0.96 0.94
C(CH3)4CF4 c 0.98 + 0.02 0.96 0.94
sf6 cf4 c 1.00 1.00 0.98
sfech4 a 0.91 0.92 0.84

“ Reference 18. bG. Thomaes and R. Van Steenwinkel,
Mol. Phys., 5, 301 (1962). «Thiswork. « M. A. Byrne, M. R.
Jones, and L. A. K. Staveley, Trans. Faraday Soc., 64, 1742
(1968).

Even where the ionization potentials of the compo-
nents are substantially different, e.g., CH#FBCCIl4
C(CH34CF4 and CFi6Cdlg the mixture behavior is
closely approximated by the geometric mean as long as
the sizes are about equal.

Finally, the importance of size differences is also evi-
dent in a comparison of the argon-methane and argon-
perfluoromethane mixtures. The difference in ioniza-
tion potentials between argon and methane is much
greater than that between argon and perfluoromethane,
yet the geometric mean works very well in both cases.

The correlation tends to be poor for some systems
that include molecules such as nitrogen and carbon diox-
ide which have relatively large quadrupole moments.
This is, in part, to be expected. When potential param-
eters are obtained for these substances from observed
physical properties, the quadrupole-quadrupole con-
tribution can be explicitly evaluated, or it can be
grouped with the other angular-dependent terms. In
principle, it is preferable to use potential parameters
obtained by the former procedure to compute the in-
teraction between quadrupolar and nonpolar molecules.
For such systems there is, of course, no quadrupole-
guadrupole interaction and the use of parameters that
include quadrupole contributions can lead to apparent
departures from the geometric mean.

To illustrate this we have computed two sets of kn
values for nitrogen with Ar, Kr, and Xe. One set is
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based on the Kihara parameters for nitrogen obtained
by Tee, et al., 0 who did not subtract the quadrupole
contribution. Prausnitz and Myers,19 on the other
hand, did subtract the quadrupole contribution, and
their parameters have been used to compute the other
set of values. In every case, the Prausnitz and Myer
parameters lead to better agreement between observed
and calculated kn's (see Figure 2).

Although these results suggest that it is possible to ac-
count for discrepancies between calculated and ob-
served values of kn, it is difficult to make quantitative
calculations. There are few substances for which the
quadrupole contribution can be evaluated with accuracy
and for many systems the quadrupole-induced dipole
interaction may well compensate for the loss of the
quadrupole-quadrupole term.

There are several systems for which eq 4 is totally
inadequate. It cannot account for the very large de-
partures from the geometric mean reported for a num-
ber of mixtures containing helium or neon.D For
example, in the case of helium-xenon, k2 = 0.40 and
for helium-argon, k2 = 0.22, but the calculated values
are only 0.11 and 0.04, respectively. Such radical de-
partures from the geometric mean have also been ob-
tained from analyses of transport data.2l

Gordon2 has calculated values of Cg the coefficient
of the r~6term in the London forces, for all the rare
gases and their mixtures. Where data exist, his results
are in excellent agreement with coefficients obtained
from studies of the long-range interaction from scatter-
ing and transport measurements. In none of the rare
gas mixtures does C6depart radically from the geomet-
ric mean of the coefficients of the pure components.
This suggests that one must look to the repulsive inter-
action or the detailed shape of the potential well to ex-
plain the large observed values of KR for helium and
neon mixtures.

SikoraZ has derived a modified combining rule that
is based in part on a model for the repulsive interaction.
His formula does lead to large ki2values for helium and
neon systems, but it gives poor results for mixtures
containing another quantum gas, hydrogen. For the
heavier rare gases and methane, Sikora’'s equation
fits the data about as well as eq 4; but in its present
form it cannot be applied to more complex molecules.

A totally empirical approach to correlating depar-
tures for the geometric mean has been proposed by

(17) S. D. Hamann, J. A. Lambert, and W. J. McManamey, Aust.
J. Chem., 7, 1 (1954).

(18) S. D. Hamann, J. A. Lambert, and R. B. Thomas, ibid., 8,
149 (1955).

(19) J. M. Prausnitz and A. L. Myers, AIChE J 9,5 (1963).

(20) M. J. Hiza and A. G. Duncan, ibid., 16, 733 (1970).

(21) B. K. Annis, A. E. Humphreys, and E. A. Mason, Phys. Fluids,
11, 2122 (1968).

(22) R. G. Gordon, J. Chem. Phys., 48, 3929 (1968).

(23) P. T. Sikora, Proc. Phys. Soc. London (At. Mol. Phys.), 3,
1475 (1970).
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Hiza and Duncan.D They suggested the formula
kn = 0.127(li - h)'hin (h/h) (5)

where component 1 has the higher ionization potential.
This correlation is excellent for the binary systems
containing hydrogen, helium, or neon with three dif-
ferent light hydrocarbons which they studied, and ex-
cellent agreement is obtained with other small and ap-
proximately spherical molecules. That this correla-
tion is less adequate for mixtures containing larger,
nonspherical molecules is indicated in the comparisons
of Tables IV and VI where the Hiza-Duncan predic-
tions consistently worsen as the chain lengths of the
components increase.

It is obvious that eq 5 is very sensitive to the values
of the ionization potentials, so a definitive test of its
limitations is not possible with mixtures containing
fluorocarbons. However, even if the ionization po-
tential of CF4were 15.8 eV, eq 5 still shows less satis-
factory agreement with values of kn for these systems
than eq 4.

B. Karger, R. Castells, P. Sewell, and A. Hartkopf

Conclusion

The large departures from the geometric mean ob-
served for fluorocarbon-hydrocarbon mixtures are
shown to be the result of large departures from the
geometric mean combination of the energy parameters.
These departures are very likely due to large size dif-
ferences between the components.

No completely acceptable solution has been found to
the problem of obtaining interaction potential param-
eters from the properties of pure substances, but the
modified Hudson-McCoubrey relation is generally
better than the original form utilizing critical volumes.
When no experimental values of kn are available, the
relation is useful as a first approximation— particularly
to the properties of gas mixtures. However, it cannot
be relied upon to give values sufficiently good to cal-
culate accurately the properties of liquid mixtures.
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Study of the Adsorption of Insoluble and Sparingly Soluble Vapors

at the Gas-Liquid Interface of Water by Gas Chromatography

Introduction

In a previous paper the use of gas chromatography

by Barry L. Karger,* Reynaldo C. Castells, Peter A. Sewell, and Arleigh Hartkopf

Department of Chemistry, Northeastern University, Boston, Massachusetts 02115 (Received February 4, 1971)
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This paper is a continuation of the study of the interfacial properties of water by gas chromatography. Adsorp-
tion characteristics at zero surface coverage of a large number of solutes at the gas-liquid interface of water
are presented. In all cases of relatively nonpolar solutes, the differential heat of adsorption is found to be less
negative than the heat of liquefaction, indicating the gas-liquid interface of water as a low energy surface.
For n-propyl ether the heat of adsorption is 4 kcal/mol more negative than the heat of liquefaction, strongly
suggesting hydrogen bond formation between the ethereal oxygen and the hydrogens from the water surface
of the liquid. We have also studied the infinitely dilute solubility characteristics of several nonelectrolytes
in the thin layers of water coated on wide pore diameter adsorbents. From layer thickness of ~15 up to
2000 A, the solubility remains constant. Comparison with literature values, where available, strongly suggests
that the water coating the adsorbent is quite similar to bulk water. Finally some preliminary adsorption and
“sorption” isotherms, determined by gas chromatography, are presented.

column. A steady-state condition is achieved with
2% reproducibility in retention volume. Thermody-
namic functions of adsorption for various solutes

as a tool for the measurement of the adsorption charac-
teristics of insoluble vapors on water was illustrated.1
In this method, water is coated on a porous solid and
the carrier gas, helium, is presaturated with water at the
column temperature, prior to its entrance into the
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can then be readily determined from a study of reten-
tion characteristics.

(1) B. L. Karger, P. A. Sewell, R. C. Castells, and A. Hartkopf,
J. Colloid Interface Sci., 35, 328 (1971).
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Our previous results indicated that water is a low
energy surface in which for nonpolar vapors the dif-
ferential heat of adsorption at zero surface coverage is
less negative than the heat of liquefaction. This is
in disagreement with the data of Ottewill2and Hauxwell
and Ottewill,34 who extrapolated isotherms to zero
coverage and found the heat of adsorption to be as
much as 6 kcal/mol more negative than the heat of
liguefaction. Our data also bring into serious question
the picture of the adsorption process presented by
Adamson.66 Here pockets of low entropy domains
are postulated to form on the water surface when the
adsorbate comes in contact with the water and the
adsorbate then occupies these domains.

For aromatic hydrocarbons it was found that both
adsorption and partition simultaneously occurred in
the column. By proper isolation of the partition
mechanism,1 we were able to measure partition coef-
ficients and heats of solution in water at essentially
infinite dilution. Our results indicated that the solu-
bility in a water layer of 50 A (estimated) coated on
porous glass was the same as for a 2000-A layer. Be-
cause of the lack of good bulk water solubility data for
the aromatic hydrocarbons at low partial pressures, a
direct comparison was not possible; however, the parti-
tion coefficients were only 15% different from the values
estimated making use of the vapor pressures and the
saturation solubilities of the hydrocarbons in bulk
water. This point is investigated further in this work.

In this paper we extend our gas chromatographic
study to moderately polar solutes in order to examine
further the conclusions of our previous paper. Both
partition and adsorption can extensively contribute to
the retention process. We show for the first time the
probable existence of hydrogen bonding between the
water surface and an electron-donating adsorbate.
In addition to adsorption measurements at zero surface
coverage, we present some initial adsorption isotherm
measurements by gas chromatography. Finally, the
infinitely dilute solution measurements in thin layers
of water are found to agree with those obtained in bulk
water, where adequate literature data are available.

Experimental Section

Apparatus. The apparatus used was the same as
previously described,1except that for the isotherm de-
terminations a heated injection port was used. The
injection port temperature was maintained at about
70°. This temperature was arrived at experimentally,
being the lowest temperature at which the liquid
samples used in the isotherm determination could be
injected without causing peak distortion due to slow
volatilization.

Technique, (i) Columns. Chromosorb P (Johns-
Manville), specific surface area <~4 m2g-1, was used in
most cases rather than the higher surface area Spherosil
(Pechiney St. Gobain, France) 29 m2g-1, used in the
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earlier study. This was to reduce the surface area/
liquid volume ratio, which, as well as reducing the
retention time for the less volatile solutes, also en-
hanced the contribution from solution to the retention
mechanism.

The nature of the stationary phase and column
packing preparation have been reported previously.1

(ii) Solutes. The following additional solutes have
been studied: chlorobenzene (CE@H6CL), fluorobenzene
(CHe), 1,2-dichloroethane (CHZC1CHZC1), w-propyl

ether (CH?) D, and methyl formate (MeFor). Samples
were obtained from Fischer Scientific, N. J., and were
used as received. Extended data were obtained for
some of the solutes previously studied, namely n-
heptane (n-C?, n-octane (n-C8§, w-nonane (n-C9,
isooctane (2,2,4-TMC6), benzene (C8H6, and toluene
(CeHeCH3.

Theory

The theory of the determination of the adsorption co-
efficient K& and partition coefficient AT, as well as the
corresponding sorption heats for the two processes, has
been discussed previously.1

When partition and adsorption simultaneously occur,
it is necessary to relate retention to a standard sub-
stance which undergoes only adsorption in the column
in order to isolate one mechanism from the other.
Since n-octane was eluted too rapidly from the water-
Chromosorb P columns to use as the standard as pre-
viously, n-nonane was run as standard and the surface
area value for the 20% water-coated Chromosorb P
column was selected as the standard surface area and
was estimated to be 1.0 m2g.7 The retention equation
may then be written as

ADD
Fn° = A Xr) + KIVI° 1)
or
riv = Aa(Al)D+ rALFL® )
where r = (ADZY(ANxand (A1)D and (A1)* are the

liquid surface areas at 20 and X% liquid loading, re-
spectively, and are obtained from the ratio of the re-
tention volumes per gram of packing of n-C9on the
20 and X% columns. Ineq 1and 2, FN° = net reten-
tion volume per gram of packing, F1° = volume of
water stationary phase per gram of packing, and Aa
and AT are the adsorption and partition coefficients,
respectively.

(2) R. H. Ottewill, Ph.D. Thesis, University of London, 1951.

(3) F. Hauxwell and R. H. Ottewill, J. Colloid Interface Sci., 28, 514
(1968).

(4) F. Hauxwell and R. H. Ottewill, ibid., 34, 473 (1970).

(5) A. W. Adamson, L. M. Dormant, and M. Orem, ibid., 25, 206
(1967).

(6) M.W. Orem and A. W. Adamson, ibid., 31, 278 (1969).

(7) D. E. Martire, R. C. Peesok, and J. H. Purnell, Trans. Faraday
Soc., 61, 2496 (1965).
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Isotherm Determination. The elution by charac-
teristic point method (ECP) proposed by Cremer and
Huber,8 Huber and Keulemans,9 and modified by
Knozinger and Spannheimer® was used to determine
the sorption isotherm, i.e., the plot of the amount
sorbed (a) per gram of packing, or per cm2 of surface
area, vs. relative pressure (P/P°) at constant tempera-
ture T. These quantities are given by

Q)

where n is the number of moles of solute, Tmis the
meter temperature and Fmis the carrier gas flow rate,
j is the compressibility factor, x is the recorder chart
speed, A is the peak area, W is the weight of sorbent/g
of packing (or the surface area in cm2, *3is the detector
sensitivity (equal to h/P, where h = peak height),
and Xis given by xU, where tris the retention time.

The integration was carried out graphically from the
chromatogram by measuring the area from the inert peak
to the peak maximum within the limits zero to P'.
The area was determined using a planimeter. A dis-
cussion will be given in a later section on the corrections
to these equations, e.g., for diffusion and sorption.

Results and Discussion

Since a discrepancy exists between the gas chroma-
tographic results and those obtained by extrapolation
of static measurements, it was decided to examine in
more detail several of the parameters in the gas chro-
matographic experiment which could result in an in-
correct interpretation of the mechanism of retention.
These parameters included (a) method of solid support
preparation, (b) sample size, and (c) extension to very
small precentages of HD on the solid support.

Solid Support Preparation. The influence of the
underlying solid support on which the water is coated
must be minimal for the thermodynamic functions to
be those of gas-liquid adsorption and partition. Cir-
cumstantial evidence was given in the previous paperl
that this influence was negligible in that adsorption
coefficients and heats of adsorption were identical on
the porous glass support-Spherosil and the diatoma-
ceous earth support-Chromosorb P. In addition plots
of rVn° vs. )T 1° for aromatic hydrocarbons were found
to fall on a single straight line for a given solute at a
given temperature for both supports (after correction
for the differences in bulk density).

A more direct test of this influence is to examine the
effect of the washing procedure of a given support on
the thermodynamic functions.1l In the previous
paper, we washed the support with concentrated acid
for 4 hr, followed by doubly distilled HD rinsing until
a neutral pH was reached. During the procedure, a
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vacuum was applied for 10 min to remove occluded air.
After washing, the support was dried at 120° for 24 hr.

A sample of acid-washed and dried Spherosil was
saturated with concentrated ammonia, degassed for
15 min, and then allowed to stand for 1 hr. The
sample was then decanted, rinsed several times with
doubly distilled HD, and put in a rotary evaporator
at 30° to pull off the ammonia gas. The complete
removal of the ammonia was found when pH 7 was
reached for the water rinses of this sample. The
Spherosil was then dried in the usual way.

Two columns of this ammonia wash were constructed:
12 and 24% w/w H2 on Spherosil. The test solutes
were w-alkanes-pentane through octane, benzene, and
toluene. The adsorption and partition coefficients and
heats of adsorption and partition (where applicable)
were within experimental error the same as those ob-
tained with the acid washed Spherosil support. Thus,
the type of washing procedure does not influence the
thermodynamic parameters. This result strengthens
the argument that the influence of the solid support is
minimal.

Sample Size. If the thermodynamic parameters
are to represent equilibrium adsorption at zero surface
coverage and partition at infinite dilution, a necessary
(but not sufficient) condition is that symmetrical peaks
be obtained and that the capacity factor be independent
of sample size. If a dependence on sample size re-
sulted, this would indicate, among other effects, either
poor injection or chromatographic operation in a region
in which Henry’s law does not hold.

The conditions for the study of the influence of
sample size were as follows: column, 21% w/w H2 on
Chromosorb P, T = 12.5°; solutes, n-C9and C@H6ClL.
For n-C9 a single mechanism of retention exists—
interfacial adsorption—whereas for C8H6C1 both ad-
sorption and partition simultaneously occur. In both
cases, retention was found to be independent of sample
size and the peaks remained Gaussian in shape over
the range of 1-504jul vapor samples. Of course, at
higher sample amounts asymmetrical peaks occur, and
the isotherm becomes nonlinear (see later section on
isotherm determinations).

Since less than 10\ vapor injections are routinely
used, the adsorption and partition measurements are
made in the Henry's law region. (A 10-/d vapor
sample is of the order of 10-7 g.)

Extension of Low Liquid Loadings. In the previous
paper,1 data were obtained over a range of liquid
loadings from 40% H2D to 9% water (~50 A layer,
assuming uniform coating of the support) on Spherosil.

(8) E. Cremer and H. Huber, Angew. Chem., 73, 461 (1961).

(9) J. F. K. Huber and A. I. M. Keulemans, “Gas Chromatography
1962,” M. van Swaay, Ed., Butterworths, London, 1962.

(10) H. Knozinger and H. Spannheimer, J. Chromatogr, 16, 1 (1964).
(11) W. Drost-Hansen, private communication.
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Figure 1. Corrected net retention volume per gram of packing
vs. corrected stationary phase volume per gram of packing for

toluene and benzene at | = 12.5°. Support is Porasil D, and
the various % w/w loadings of water are indicated on the plot.
The standard solute is w-octane.

correction factor.

See text for discussion of

This has now been extended to lighter loadings. Figure
1 shows a plot of rEN° vs. rVL° for toluene and benzene
down to a liquid loading of 2.5%. The lowest liquid
loadings (2.2 and 2.6%) were obtained by saturating
the column with water vapor at two different tempera-
tures (6 and 16°). As seen from Figure 1, the plot
starts becoming nonlinear at a liquid loading of 5%
(~15 A for a uniform layer); however, as seen from
Table | the heats of sorption are reasonably constant
down to a loading of 3.8%. The increase in AH below
3.8% may be the result of the coating procedure. Al-
ternatively it may be due to either a change in the liquid
structure at the lowest loadings or more likely to un-
coated Spherosil contributing to the sorption process.

Table I : Heats of Sorption as a Function of Liquid

Loading; Solid Support, Spherosil

----- % loading of HD--——-

Solute 22 2.6 3.8 6.2
n-C, 10.2 10.3 7.6 7.5
n-C8 11.6 11.8 8.8 8.5
i-c8 10.9 11.0 8.0 7.8
c 6h 5 9.3 9.3 7.7 7.6
CJLCHs 10.8 10.9 8.9 8.7
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It is not possible to ascertain the reason for the dif-
ference in AH for the low loaded columns without
further experimentation.

It is surprising that KL and AH (at infinite dilution)
remain constant down to low loadings. One might
anticipate that the structure of the water in the thin
layers would be altered by the solid support.12-14 It
is possible that solubility is not a good means for de-
tecting subtle structural changes, since the parameter
is essentially a gross macroscopic property. Also it
may be that the water does not coat uniformly at the
low loadings, so that domains of heavy loading occur.

These arguments, however, are unlikely to be correct
in the system under study. First, the types of struc-
tural changes suggested by other authors ought to
result in detectable changes in solubility at infinite
dilution.22 In addition, if puddling of the water oc-
curred to any great extent, regions of either exposed
support or liquid modified support would result. These
regions would markedly affect the K-1 values, as possibly
can be seen for the very lightly loaded columns of Figure
1 and Table I. Finally, it must be kept in mind that
the supports possess very wide pore diameters, e.g.,
Spherosil ~770 A and Chromosorb P ~404A. Nmr
measurements of modified water are often performed
on supports with pore sizes, for example, of 10 A, B
a factor of roughly 100 smaller than in this paper. Of
course, it is another question whether the water coating
Spherosil or Chromosorb P is indeed bulk water. To
examine this it is necessary to compare the solubility
data obtained by the gas chromatographic experiment
with static measurements at very low concentration.
This will be discussed in alater section of this paper.

Polar Solutes. We have extended our study to
solutes which are somewhat polar and thus are sparingly
soluble in water. With such species mixed mechanisms
of retention are expected.

Figures 2 and 3 are plots of the retention volume per
gram of packing vs. % HZ coated on Chromosorb P
at 12.5° for the five polar solutes and n-C2 For the
n-alkane, we observe the expected trend of decreasing
retention volume with increasing liquid loading. For
(CHZX1)2 and MeFor, the partition mechanism is
clearly seen in the increase in FN° with loading. For
chlorobenzene and fluorobenzene, partition and ad-
sorption exist to an extent that the retention volume is
fairly independent of liquid loading. This behavior is
unusual in gas chromatography. On the other hand,
n-PrD shows a marked decrease in Fn° with liquid
loading, indicative of strong interfacial adsorption.

Table Il presents the per cent adsorption and parti-
tion for the five polar solutes at two liquid loadings, 12

(12) W. Drost-Hansen, Ind. Eng. Chem., 61, (11), 10 (1969).

(13) J. C. Henniker, Rev. Mod. Phys., 21, 322 (1949).

(14) J. A. Schufle and N. Yu, J. Colloid Interface Sci., 26, 395 (1988).
(15) H. A. Resing, Advan. Mol. Relaxation Processes, 1, 109 (1968).
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X HjO
Figure 2. Net retention volume per gram of packing vs. %
H2 (w/w) on Chromosorb P; T = 12.5°%
ceH & = fluorobenzene; and C6H5C1 = chlorobenzene.

n-Cg = n-nonane;

The estimation is made from the equation

Fn° = KaAl°®° + KiIVI®

and 26%.
)

where AL° is the interfacial surface area per gram of
packing. KA and Kj, were determined by procedures
described in the previous paperland will be discussed
again shortly. A1° was estimated by assuming that
the area of a 20% w/w H2 on Chromosorb P column
was 1 m2g and using the r value for n-Cs. It can be
seen that the extent of adsorption decreases in all cases
for the more heavily loaded column. In addition,
the order of per cent adsorption on each column for the
five solutes agrees with the previous interpretation of
Figures 2 and 3.

From an analytical point of view, mixed mechanisms
of retention offer an attractive method for controlling

Table I'l: Per Cent Interfacial Adsorption at Different

Loadings of Water on Chromosorb P, T = 12.5°

Sdue 12% W) 26% (WAn)
cha 4 28
cth&i @ 40
(CHZD2 # 1
n-Pro B &
MeFor 2 7
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Figure 3. Net retention volume per gram of packing vs. %
H2 (w/w) on Chromosorb P; T = 12.5°; n-Prd = n,-propyl

ether; MeFor = methyl formate.

selectivity by liquid loading. For example, the relative
retention value, a, for n-Pr@/MeFor at 10% H2D is
2.4, while at 25% H2D it is 0.6. This represents a
change in the free energy difference of distribution for
the two solutes of 800 cal/mol. Rogozinski and
Kaufman have also taken note of the value of mixed
mechanisms for separation purposes.16

To isolate the two mechanisms of retention, eq 2
must be used. Figure 4 shows one such plot of rFN°
Vvs. rV-L° for (CHZXC1)2 at five temperatures. The slope
of each line is K 1, and from its temperature dependence
the heat of solution may be obtained. Once K1 is
known, KA can be obtained from eq 5, with the estima-

tion of A1° as previously given. These results are
discussed in the next several sections.
Adsorption Parameters. Table 111 presents the re-

sults for the thermodynamic functions of adsorption
at zero surface coverage. For purposes of clarity, data
on some compounds presented in the previous paperl
are also included. For KA (and thus AGa®), the Kem-
ball-Rideal standard state was chosen,17 and the liquid
surface areas for the different columns were found as
already noted. The error in reproducibility in the

(16) M. Rogozinski and I. Kaufman, J. Gas Chromatogr., 4, 413
(1966).

(17) C. Kemball and E. K. Rideal, Proc. Roy. Soc., Sec. A, 187,
53 (1946).
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Table I1l1: Thermodynamic Functions of Adsorption of Vapors on Water at 12.5°
KK X 10-*, -AGac. - asa®,

Solute cm kcal/mol kcal/mol cal/(mol deg) kcal/mol
71-Cs 0.09 2.8 5.7 9 6.4
n-C6 0.2 3.3 6.6 11 7.5
n-C7 0.4 3.7 7.5 13 8.7
n-Cg 1.0 4.2 8.5 15 9.9
n-C, 2.3 4.7 9.5 17 11.1
re-Cio 5.3 5.2 10.7 19 12.3
2-MeC, 0.9 4.2 8.3 15 9.5
2,4-DMeCe 0.7 4.0 8.0 14 9.0
2,2,4-TMCs 0.6 3.9 7.7 13 8.4
C-C7 0.5 3.8 7.5 13 9.2
c-C8 1.1 4.3 8.5 15 10.4
CeHsH 0.9 4.2 7.5 12 8.1
CeH5CHS3 2.5 4.7 8.9 15 9.1
cbh 6c2h 6 5.8 5.2 9.9 16 10.1
c 6h 5F 1.1 4.2 7.8 12 8.4
CeHsClI 2.6 4.7 8.4 13 9.6
(ctizcy2 1.7 4.5 7.8 12 8.5
n-Pr20 36.3 6.3 12.8 22 8.7
MeFor 4.7 5.1 7.8 9 6.2

a Data obtained from J. D. Cop and G. Pilcher, “Thermochemistry of Organic and Organometallic Compounds,” Academic Press,

New York, N .Y ., 1970.

Figure 4. Corrected net retention volume per gram of packing
vs. corrected stationary phase volume per gram of packing for
dichloroethane; T — 6, 7.5, 10, 12.5, and 16°; support is

See text for

Chromosorb P. The standard solute is n-nonane.

discussion of correction factor.

differential heat of adsorption, AHa°®, is 2% from
column to column (i.e., * 0.2 kcal/mol). Also in-
cluded in Table 11l are the heats of liquefaction for
the various solutes.

The first point of the table is that for all solutes

except n-Prd and MeFor, the heat of adsorption
is less negative than the heat of liquefaction. This
agrees with the results of our previous paper. AHaO
was found to be independent of liquid loading and
solid support and was reproduced by three different
workers. We now feel confident to state that at zero
surface coverage, nonpolar vapors have a less negative
heat of adsorption than AH1°, contrary to the results
of Ottewill2 and Hauxwell and Ottewill.34 It is to
be noted that ASa’ is also less negative (relative to ref
3, 4) in Table 111, with a resultant As .- in fairly good
agreement for the two studies. The type of measure-
ment by Hauxwell and Ottewill was such that AGa®
was the most reliably determined function. We are
not yet in a position to comment on the results of Orem
and Adamson,6who purported to find isosterie heats of
adsorption more negative than AHL® at low surface
coverages for nonpolar vapors on the surface of ice
down to —35°; however, we are now in the process of
determining the heats of adsorption of insoluble vapors
on ice by gas chromatography.

It is clear that the liquid surface of water is a low en-
ergy surface for nonpolar vapors. It should be pointed
out that the anti-Langmuir adsorption isotherm shape
found by Hauxwell and Ottewill34 would also agree
with this conclusion. It must therefore be concluded
that the perturbation model of Adamson66 when an
adsorbate comes in contact with the liquid water surface
is unsupported by the results in Table 11l. Not only
are the heats of adsorption too low, but the entropies
of adsorption are also roo low to account for trough

formation.
n-Prd and MeFor represent interesting exceptions

The Journal of Physical Chemistry, Vol. 75, No. 25, 1971
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Table 1V: Thermodynamic Functions of Partition of Vapors in Water at T = 12.5°

-K1 ; AHSs0, kcal/mol------ . —AOs°, —ASs°,
Solute This work Lit. This work Lit. kcal/mol kcal/Cmol deg)
CeHsH 9.6 7.8« 8.4 7.8" 1.3 25
CaHsCHs 9.7 8.3« 9.1 8.9" 1.3 27
ceh3czhs 9.6 7.9¢ 12.1 10.0“ 1.3 38
ceh 5F 6.8; (3.00 3.2 8.1 1.1 25
CeHeCl 13.5; (5.3) 5.1 9.2 1.5 27
(CERhCIh 36 36* 8.2 7.8» 2.0 22
MeFor 170 7.5 2.9 16
n-Prd 20 17.6 1.7 56

“ The values of K-uwere calculated from the solubility of the hydrocarbons in water (R. L. Bohon and W. F. Claussen, J. Amer.

Chem. Soc., 73, 157 (1951), and the respective vapor pressures (R. R. Dreisbach, Advan. Chem. Ser., No. 15 (1955).

» Solubilities from

A. Siedell, “Solubilities of Organic Compounds,” Vol. I, 3rd ed, Van Nostrand, Princeton, N. J., 1941; vapor pressure from R. R.

Dreisbach, Advan. Chem. Ser., No. 15 (1955); No. 22 (1962).

' References as h; comparison is made between the k 1 calculated from

the solubilities and vapor pressures at 30° and the K 1 obtained by extrapolating the chromatographic data to 30° (i.e., value of Kr1in

parentheses is at 30°).

to the trends in Table 11l for the other solutes. For
n-Prd the differential heat of adsorption at zero
coverage is 4 kcal/mol more negative than the heat of
liquefaction. In addition the entropy of adsorption is
much more negative than expected from the simple loss
of one translational degree of freedom.3 This points
to a strong interaction between n-Prd and the water
surface, and it is reasonable to assume that this inter-
action is hydrogen bonding between the lone-pair
electrons on the ethereal oxygen and the hydrogens of
the water molecule. This is the first evidence for the
existence of hydrogen bonding in the adsorption on the
liquid water surface. In addition, this result may
indirectly support the theoretical predictions of
FletcherBand some surface potential measurements1920
that the hydrogens are directed toward the vapor phase
on the water surface.

For MeFor, the more negative AHA’, relative to
Al/1°, may also be due to some hydrogen bonding
between the electron-rich regions of the ester and the
water surface. However, the relatively small entropy
of adsorption and the fact that AHaO is only 1.6 kcal/
mol more negative than Ai?L° may mean that this
interaction is not great.

Returning to the other Solutes in Table 111, we first
note that no specific interactions appear to occur
between CeHsF or CellsCl and the water surface in view
of the AHa® values being less negative than the A//L°
values. The KA and AHA® values for these two ad-
sorbates are in the order of increasing polarizability.
AHa® is also seen to become more negative and KA
larger with increased polarizability for the series n-
Cs-n-Cio, CHH-CEHILHS and c-C%c-C8 For the
n-alkane series AHa° increases roughly at the rate of
—1 kcal/mol and ASa°® at —2 eu for each additional
methylene group. Also, AlIA® becomes less negative
and Ka decreases in an isomeric series as branching
increases (e.g., n-C82-MeC7, 2,4-DMeCf§ and 2,2,4-

TMCs). Finally, it is to be noted that the adsorption
coefficients are essentially equal for the cycloalkanes
(c-C7 and c-C8§ and their straight chain analogs (n-C7
and n-C8, even though the AHL® values are more
negative for the cycloalkanes. This is in the expected
direction for adsorption.2

Solution Parameters. Values for the partition coeffi-
cients K1 and heats of solution AHa® obtained in the
present work at 12.5° on Chromosorb P, together with
values from the literature, are given in Table IV.
Also included in this table are the free energies AGs0O
and entropies AiSs° of solution. The enthalpies of
solution of CeHsF, CaHe&H, and CEHECL obtained in this
work follow the trend in polarizability of these mole-
cules, as do CH™HH, CsH«LHs and CEHEC2H6 The
high negative enthalpy and entropy of solution of
n-PrD are an indication of hydrogen bonding in this
system. The very high solubility of MeFor is reflected
in the relatively low entropy of solution, suggesting
that in spite of the possibility of hydrogen bonding,
there is a high degree of mobility of the molecule in the
pseudo-liquid lattice of water.

In comparing Khand AHg°® values from the literature
with those in this work, it must be remembered that if
the literature values are obtained from measurements
at finite concentration, agreement will only be expected
with the results obtained at infinite dilution, if Henry's
law is applicable throughout the concentration region
covered. In view of this, and the uncertainty in the
accuracy of some of the literature values, agreement is
seen to be reasonable. It seems fair to conclude that
the water coating the wide pore diameter adsorbents

H. Fletcher, pnit. mag., 18, 1287 (1968).
ase and R. Parsons, Trans. Faraday Soc., 63, 1224 (1967)
lank and R. H. Ottewill, 5. pnys. chem., 68, 2206 (1964).

C
G. Scott, “Gas Chromat hy 1962.“ M. van Swaay, Ed.,
orthsC,OLondor?]l,s gy oorapy van swaay

(18) N.
(19) B.
(20) M.
ézl}zte(r:\iv
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ure 5. (A) Chromatograms of n-octane on 20% H2)
/ w)-Porasil D as a function of ll(il“d sample sizes;

= 12.6°. (B) Chromatograms of «-octane on 20%

D (w/w)-Porasil D as a function of vapor sample sizes;
= 126° F = 20 ml/min.

is similar to bulk water in terms of solubility measure-
ments, and that this bulk water character is maintained
to very thin layers (see Figure 1). Unfortunately,
there is a paucity of data on the thermodynamic
properties of solution at infinite dilution for non-
electrolytes in water.

Isotherm, Determination. The measurement of sorp-
tion isotherms by gas chromatography has become a
standard procedure.2 There are several ways in which
the isotherm can be measured including the ECP
method outlined earlier and frontal analysis.Z3Z From
the experimental point of view the ECP method is the
simplest to use when the stationary phase is volatile.
In this paper we will present some initial measure-
ments of adsorption isotherms of insoluble vapors on
water, as well as some sorption isotherms in which
mixed mechanisms of retention occur. In alater paper,
this subject will be examined in greater detail.

The simple ECP method has been criticized by
ConderZ and Conder and PurnellZin that the derived
equations do not make allowance for the sorption
effect (i.e., the variation in gas velocity with concentra-
tion, for gas phase imperfection, for symmetrical band
broadening in the column, or for a nonsharp input
distribution.

The true flow velocity at concentration y, F(y),
taking into account the sorption effect, is given by
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FOll + k7]
1+ k'[1 - vy]

Fy) = (6)
where FOis the total volumetric flow rate when the
sorption effect does not exist, measured at the column
outlet pressure; Yy is the mole fraction of solute in the
gas phase, and k' is the mass distribution coefficient of
the solute. Because of ohe low adsorption coefficients
found in this work, the correction for this effect on the
retention of n-heptane ar_d n-octane is less than 1% and
has been neglected. The effect has also been neglected
for methyl formate and n-propyl ether in which both
adsorption and partition simultaneously occur. This is
done because no attempt has been made to separate
the two mechanisms. In later papers the two mech-
anisms will be studied individually.

The correction for nonideality in the gas phase has
already been shown to be negligible in the present case.
No correction has been made for a nonsharp input
distribution; however, the elevated injection port
temperature ensured that volatilization of the sample
was rapid. To reduce band broadening, the carrier

Figure 6. Adsorption |sotherms for «- heptane and «-octane on
20% HD (w/w)-Porasil D; T = 12.5°

(22) A. V. Kiselev and Y. 1. Yashin,
tography,” J. E. S. Bradley, transi.,
York, N.Y, 1969.

(23) J. R. Conder, “Progress in Gas Chromatography,”
nell, Ed., Interscience, New York, N. Y., 1968.

(24) J. R. Conder and J. H. Purnell, Trans. Faraday Soc.,
(1969).

(25) D. L. Peterson and F. Helfferich, J. Phys. Chem., 69, 1283
(1965).

“Gas-Adsorption Chroma-
Plenum Publishing Co., New

J. H. Pur-

65, 824
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Figure 7. The effect of different methods of determination of
the adsorption isotherm of n-octane on 20% HaD (w/w) and
25% H2D (w/w)-Porasil D columns, T = 12.5°.

Figure 8. Sorption isotherm of methyl formate on 21%

HD (w/w) on Chromosorb P; T = 12.4°. Sorption is in
terms of moles per gram of total packing where the total weight
of packing in the column is 7.25 g. Dotted line is the extension
of the linear portion of the isotherm.
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time

Figure 9. Chromatograms of n-propyl ether on 20% H2
(w/w) on Chromosorb P as a function of sample
size; T —12.6°

gas flow was chosen to be in the region of the minimum
plate height. The almost vertical sharp boundary-
obtained on the chromatograms indicates that band
broadening was not a serious problem.

The total error introduced by using the ECP method
is probably no greater than 5% and may even be
considerably less (especially for the adsorption iso-
therms). In view of the Uncertainty in the value for
the area of the water surface, the mixed mechanism
problem, and the preliminary nature of the study, it
was felt that the error was acceptable.

Figure 5 shows chromatograms of n-C& as a function
of liquid and vapor sample sizes on 20% w/w Porasil D
(Spherosil). The excellent overlap of the leading edges
lends weight to the validity of the ECP method in
this case. Figure 6 shows the adsorption isotherms for
n-C7 and n-C8 at 12.5° on the above column. The
extent of adsorption is in terms of moles per square
centimeter in which a 20% w/w Chromosorb P column
is assumed to have an interfacial area of 1 m2g. The
isotherm shapes for both w-alkanes are *anti-Lang-
muir,” i.e., convex to the pressure axis, in agreement
with the results of Hauxwell®d and consistent with

(26) F. Hauxwell, Ph.D. Thesis, University of Bristol, 1969.
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Figure 10. Sorption isotherm of n-propyl ether on 20% HD
(w/w) on Chromosorb P; T = 21.6°. Sorption is in terms of
moles per gram of total packing where the total weight of
packing in the column is 7.07 g.

prediction from the BET equation when the heat of
adsorption is less than the heat of liquefaction.

Figure 7 gives an indication of the reproducibility of
the data of n-Cg. Determinations were made on two
different columns (column 1, 25%, and column 2,
20% loading). On the 25% column both liquid and
vapor samples were used. In the figure, single injection
refers to the isotherm built up from the diffuse edge by
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taking points at different heights on the chromatogram;
multiple injection refers to the isotherm built up by
injecting samples of differing size and using each
elution peak to give a point on the isotherm. As can
be seen in the figure, there was little difference in the
two methods. Consequently, because of the saving in
experimental time the single injection method was used.
Equilibrium on the column was always confirmed,
however, by making two further injections of different
sample size and checking the coincidence of the diffuse
edges. Also shown in Figure 7 are several data points
of n-C8 taken from Hauxwell and Ottewill.4 The
comparison of the two data cannot be more than
qualitative because first, two different temperatures
were used, and second, the surface area is an estimated
value. However, the closeness of the fit is encouraging.

Figure 8 is a plot of the sorption isotherm of methyl
formate on 21% w/w water on Chromosorb P. The
term sorption is used since the isotherm is a composite
for adsorption and partition. The deviation from
linearity (dotted line) clearly indicates a “Langmuir”
shape. Recall that the heat of adsorption is slightly
greater than the heat of liquefaction in this case.
Figure 9 shows the chromatographic band shape as a
function of liquid sample size for n-propyl ether at
T = 12.6°. Note the complete reverse shape for this
solute relative to n-C$ in Figure 5. Figure 10 shows
the sorption isotherm for this solute, with a pronounced
“Langmuir” shape. Undoubtedly the shape of the
isotherm is tied up with the strong interaction between
n-propyl ether and water on the surface. ConderZhas
suggested a way in which the relative contribution from
solution and adsorption can be determined. This will
be included in a later publication along with the iso-
steric heats of adsorption.
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An nmr study of solutions of (CH34As+X - where X - is Cl-, |-, and OH- was made.
studied as a function of solvent, anion, concentration, and temperature.

The solutions were
The nmr data were analyzed in

terms of a rotational diffusion quadrupolar relaxation mechanism for BAs. The results suggest that the
“single kinetic entity” which constitutes the aqueous ion pair includes the counterions separated by 2.5-3.0 A

with at most a few HD molecules held between the counterions.

The hydration layer surrounding the cations

is not included a part of the “single kinetic entity.”

Introduction

Recent nmr studiesl-3 made in our laboratories on
RAN+ salts in aqueous solution have allowed several
conclusions to be drawn concerning geometric and
motional parameters characterizing these ions in free
and ion-paired environments. Of particular interest
in the result that the ion pairs are of the “contact”
type in dimethyl sulfoxide solution and are of the
“solvent-separated” type in aqueous solution. How-
ever, the anticipated increase of the electric field
gradient seen by N when RAN+ forms an ion pair
with a counterion is too small to be detected by our
experimental technique. Thus little insight into the
nature of the aqueous region surrounding the ion pairs
was gained from the above studies.

However, R4As+ ions can act as probes for the small
distortions of the electric field gradient caused by ion
pairing in aqueous solution. The proton nmr spec-
trum45 of the (CH34As+ ion shows that the AsH
coupling is collapsed to a broad singlet in aqueous
solution. This can be attributed to the fact that
while the spin-coupling constant is much larger for
(CH34As+ than it is for (CH34\+, the nuclear
electric quadrupole moment is also much larger for
MAs than it is for 1N; the net result is the broad
collapsed singlet. Studies were made by us of the
nmr line shapes for the protons spin coupled to
MAs in the (CH34As+ ion; the variable parameters
were solvent, anion, concentration, and temperature.
Analysis of the experimental results enabled some con-
clusions to be drawn concerning the nature of the ion-
pair solvation. We presently report the results of these
studies.

Experimental Section

Tetramethylarsonium Salts. The salts were prepared
according to literature methods.6 Trimethylarsine
was prepared by the reaction of a Grignard reagent

The Journal of Physical Chemistry, Voi. 75, No. 25, 1971

with arsenic trichloride at —78° under oxygen-free
nitrogen. The trimethylarsine was distilled from the
reaction mixture along with the solvent, n-butyl
ether. The distillate was allowed to react with methyl
iodide. The salt (CH34Asl was recrystallized twice
from ethanol. The hydroxide and chloride salts were
prepared by treating an aqueous solution of the iodide
salt with silver oxide, carefully filtering the precipi-
tate, and then either evaporating the water to obtain
the hydroxide or neutralizing the resulting basic
solution with hydrochloric acid and evaporating to
obtain the chloride.

Nmr Measurements. The spectra were recorded as
previously indicated,28 using a Perkin-Elmer R-20
nmr spectrometer operating at 60 MHz.

Viscosity Measurements. Relative viscosities were
determined using an Ostwald viscosimeter.6

Experimental Results

The nmr spectra of aqueous solutions of (CH34
As+X-, where X - is Cl-, |-, and OH-, were recorded
at two temperatures, 35 and 98°. The concentrations
of salts studied covered the range 0.025 to 0.40 M.
The spectra were broad singlets, approximately
Lorentzian in shape, and the line widths at half-
maximum, AjJdj were measured from the recorded
spectra. The theoretical expressions (vide infra)
show that (Am/, — An/,0)-1 « I/T 1As, where Am/*
is the natural line width and Tias is the spin-lattice
relaxation time for the ®As nucleus. A plot of the

(1) D. W. Larsen, J. Amer. Chem. Soc., 91, 2920 (1969).

(2) D. W. Larsen, J. Phys. Chem., 74, 3380 (1970).

(3) D. W. Larsen, ibid., 75, 509 (1971).

(4) A. G. Massey, E. W. Randall, and D. Shaw, Spectrochim. Acta,
20, 379 (1964).

(5) A. G. Massey, E. W. Randall, and D. Shaw, ibid., 21, 263
(1965).

(6) D. P. Shoemaker and C. W. Garland, “Experiments in Physical,
Chemistry,” McGraw-Hill, New York, N. Y., 1967, pp 278-285.
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Figure L Plot of [(Avii2— An/,0)]-1 vs. salt concentration
for (CH3)sAsX, where X is Cl, I, and OH,
in aqueous solution at 35 and at 98°.

function (Am/, — Am/,0)-1 vs. salt concentration is
presented in Figure 1

It has been shown46that the broad singlet observed
for proton spectra of aqueous (CH34As+ is due to in-
complete washing out of the spin coupling to ®As.
The arsenic spin-lattice relaxation time, Tus, is
governed by the quadrupole relaxation mechanism?7
according to

I/IPrAs = {(QCC)2q (1)

where QCC is the quadrupole coupling constant,
eX)g/fi; Q is the nuclear electric quadrupole moment
of ®As; ¢ is the fluctuating electric field gradient; and
g is the correlation time for the relaxation mechanism.
Allerhand and Thiele8 have shown that when the
quadrupole multiplet collapses to a single line, an
approximately Lorentzian line shape is obtained, with
line width given by

(Avil2— AVi/°) = 5irJAsaZT 1ha @

where Avi/2is the observed line width, Avi/° is the
natural line width, and JAsais the spin-spin coupling
constant between ®As and the a protons.
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We will interpret our experimental results in terms
of a two-site case with rapid exchange between the
sites. The sites correspond to free (CH34As+ and ion-
paired (CH34As+X~. The two sites are separated by
a small chemical shift difference, and thus exchange
broadening effects are absent.

Gore and Gutowsky9 have shown that for the two-
site case, in the limit of PA A> Pb, where PA and
P are mole fractions in each site, eq 2 may be gen-
eralized for | = 3 2to read

(Avil, - AW/,0)-1=

(5ir)_ Aril? + Tuj)JAsa~2 (3)

We have made computer simulations of line shapes
in the collapsed multiplet region to which eq 3 applies
using the complete expressions of Gore and Gutowsky.
These simulations show that the difference between
the simulated line widths and those predicted by eq
3 is less than a few per cent over the entire mole
fraction range. Thus the restriction pA» pp may
be removed for our purposes since this error is not muoh
larger than our estimated experimental error. In
addition, we expect to obtain useful numbers from eq
3 only in the limit of pA» pp.

The values of T1AA and 7\asB may be interpreted
in terms of anisotropic rotational diffusion.10 In the
present case, the principal axis of the field gradient is
expected to lie along the internuclear axis in the ion
pair, and the complex expression of Huntressreduces
to

i = (occ)2__zy +zy + 4zy
Zw 120 zyzv + zyzy + zyzy

where D/ is the rotational diffusion constant about the
jth axis in the internal molecular coordinate system
for the ith site. In this case, the internuclear axis
lies in the Z direction.

If we let A and B refer to free (CH34As+ and ion-
paired (CH34As+X _, respectively, then eq 3 can be
rewritten

(Avi/, - Avlfe) 1=

+ pr(QCC)2H 5)
L 600x7 Asa2

where iV refers to the function of rotational diffusion
constants given in eq 4 for the fth site (free site F or
ion-paired site P). The rotational diffusion constant
is given by
(rp/fcT
V =

6
- ®)
(7) J. A. Pople, Mol. Phys., 1, 168 (1958).

(8) A. Allerhand and E. Thiele, J. Chem. Phys., 45, 902 (1966).
(9) E. S. Gore and H. S. Gutowsky, J. Phys. Chew... 73, 2515 (1969).
(10) W. T. Huntress, Advan. Magnetic Resonance, 4, 1 (1970).
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where (tj)/ is the “effective collision time” and 1/ is
the moment of inertia about the jth axis. To proceed
from this point, an assumption concerning (i) IS
necessary. We will assume that the macroscopic vis-
cosity, 7, is a measure of the “effective collision time”
through the proportionality (tj)/ °c 41 for all j.
Equation 5 then becomes

[(Ary, — AVi/™V/T]-1«

PViQCC)w  + MQCCDt'Fi*

where

mj_ 4/xTV + WU +
1= iv +17+ V

Equation 7 indicates that a plot of [(An/, — Avi/°)ri/
T]~1vs. salt concentration should have the shape char-
acteristic of a system at equilibrium governed by mass
action. The plot for the aqueous solutions in Figure 1
is shown in Figure 2, and it can be seen that the plots
are consistent with essentially complete ion pairing
above about 0.1 I for all salts studied.

Thus we have shown that above 0.1 M, the function
[(Ary, — kvi/Z°)ri/T]~l becomes asymptotically a mea-
sure of (QCC)pZFip/IAJ for any ion pair of the type
(CH34As+X - in aqueous solution. The estimated
asymptotic values are presented in Table I.

Table I : Experimental Asymptotic Values of
[(Ayy, - A\/i/o)'li/T] _1 for Aqueous lon Pairs
of the Type (CHshAs-X-

&ni2°)v/T] 1 - -

Anion At 35° At 98°

ci 38.6°x 26 63.5 £2
i- 40.6 = 2 68.5 + 2
OH - 44.0 £ 2 69.0 £ 2

° Units, deg Hz 1cP * 6Estimated limit of error.

The validity of eq 7 and the significance of the values
given in Table | rest upon the assumption (¢j)/ o
v~1 The relationship between viscosity and diffusion
is a difficult problem;11 e.g., the “microviscosity”
term in the hydrodynamic model has been shownZ22
to differ from the macroscopic viscosity in some cases
by an order of magnitude. However, the inverse
shear viscosity should be a measure of the “effective
collision time” even though the exact functionality
is unknown. In the present case, the linear behavior
with nonzero slopes in Figure 1 and the resulting zero
slopes in Figure 2 support the validity of the assump-

tion. In addition, another experimental test of eq 7
was made. Solutions of (CH34As+Cl~ and (CH34
As+I- in three nonaqueous solvents with different

viscosities were studied. The experimental line widths
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98"

35°

Figure 2. Plot of [(A”y, — Ary,0) 'l]/T]-lVS salt
concentration for (CH3)4AsX, where X is Cl, I, and OH, in

aqueous solution at 35 and at 98°.

are presented in Table Il. It is expected that the
vastly predominant species present in each of these
solvents are contact ion pairs. Thus these values of
[(Am/, — Ary/)-n/T]~l are measures of (QCG)p2-
Fip/~"Asa2>and this quantity should be solvent inde-
pendent for any given salt, provided that the solvent
contribution to (QCC)p is small. The functions are
shown in Table 11, and it can be seen that the functions
are almost solvent independent within the estimated
experimental error. The error in this experiment is
quite large because of the limited solubility of the salts
and the resulting weak nmr signals. Also, at higher
temperatures, the lines were too broad to detect at
these low concentrations, and consequently the tem-
perature effects were not studied. The reported molec-
ular reorientation times13 of the solvents in Table 11
and of water appear to be roughly proportional to the
viscosity-moment of inertia product; this suggests
that the effective collision times for solvent-solvent
collisions should follow an inverse viscosity propor-
tionality.0 We conclude that the inverse viscosity
proportionality is also valid for the solvent-solute
collisions.

Another feature of interest for the analysis of the

(11) P. A. Egelstaff, “An Introduction to the Liquid State,” Aca-
demic Press, New York, N. Y., 1967, Chapter 12.

(12) W. B. Moniz and H. S. Gutowsky, J. Chem. Phys., 38, 1155
(1963).

(13) H. G. Hertz, Progr. N.M.R. Spectrosc., 3, 159 (1967), and
references contained therein.
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Table 11: Experimental Line Width ai d Viscosity Data for
(CH3}As+C1+and (CH3)4AsH - in Nonaqueous Solvents at 35°

(A2 —

A*1/2°). [(Avirz —
Salt Solvent Hz ncP i)v/T]-"1
(CH3)4As+C1- cdci3 3.03 0.488 210+ 306
cdXn 2.95 0.345 300 + 30

(CD3Z0 5.00 0.277 220 + 10

(CH3)As+1- CDCla 1.64 0.488 390 + 80
cdEn 1.97 0.345 450 £ 70

(CDshCO 2.53 0.277 440 + 60

“ Units, deg Hz-1 cP_1. 6 Estimated limit of error.

experimental plots in Figure 2 is the contribution of the
solvent dipoles to (QCC)p. This question can be at
least partially answered by extending the lower limit
of salt concentration in the studies. Again the weak
signals in this concentration range give rise to a large
experimental error, but the measurements were ex-
tended to a lower limit of 0.01 M for (CH34As+I~.
The pertinent plot is shown in Figure 3, and attempts
to extrapolate the plot to zero concentration using
equilibrium constant expressions and activity co-
efficient expressions indicate that this function is ap-
proximately zero at zero concentration, although the
error is appreciable. It can be definitely concluded,
however, that (QCC)VFiF « (QCC)PFip. The
significance of this point will be covered in the Dis-
cussion.

Discussion

Thus far we have presented evidence that the
asymptotic values of [(An/, — AW/ T]-1 are

Figure 3. Plot of [(Aw>ir2 — Avi/f) rji/T] 1vs. (CH34AsI
concentration in aqueous solution at 35°.
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measures of (QCC)pZxp. We have also determined
these values for the CI-, I-, and OH- salts of (CH34
As+ in agueous solution and for the Cl- and |- salts
in three nonaqueous solutions. Our ultimate purpose
is to construct a rotational model for the aqueous ion
pairs. The CI- and |- ions were chosen for study
because they are the extremes in size and mass for the
halide ions (without the complication of hydrogen
bonding). The OH- ion was chosen for study be-
cause it is expected to strongly hydrogen bond to at
least one water molecule, and this effect on the ion
pair is of interest. Robinson and Stokesl4 define
“true” hydration numbers as the number of water
molecules that move with the ions as a “single
kinetic entity.” It is our purpose to determine the
stoichiometries and geometries of the single kinetic
entities that constitute (CH34As+X - ion pairs in
aqueous solution. These quantities will be determined
by comparing calculated relative values® of (QCC)p2-
Fip with the asymptotic values shown in Tables |
and Il. A model for the electric field gradient must
be assumed and geometric models must be used to
calculate Fip. The credibility of this procedure rests
in large part upon the features of the asymptotic
values in Tables | and Il: (a) the constancy of the
values for any given salt in the nonaqueous solvents
and the substantial anion dependence of the non-
aqueous values, and (b) the order of magnitude smaller
aqueous values and the small anion dependence of
the aqueous values.

The value of (QCC)p can be considered to have po-
tential contributions from three sources:3 (a) dis-
tortion of the As-C bonds from pure sp8hybridization
due to ion pairing, (b) electric fields of the solvent
dipoles, and (c) electric field of the anions. We will
account for (QCC)P in terms of the last contribution
alone, according to the following rationale. The con-
cept of dielectric saturation near an ionl indicates
that a time average highly symmetric arrangement of
solvent dipoles around an ion is to be expected. How-
ever, if a collision complex®6 with a solvent molecule
were formed for a short period of time, this would give
rise to an electric field gradient modulated by rota-
tional diffusion. We have shown above that:
(QCC)vFip » (QCCYFFif. For a collision complex
with solvent, FiF ~ Fip (vide infra), and thus the
inequality bcomes (QCC)p (QCC)¢- We conclude
from this that if solvent complexes are unimportant
for “free” cations, they are also unimportant for
“ion-paired” cations. The anion in the ion pair then

(14) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
Butterworths, London, 1955, Chapter 1.

(15) Relative values of this function must be considered for two
reasons. First, the proportionality constant between rj and i?1
is unknown. Second, the value of Jax is unknown; however, a
lower limit can be established from the observed line width at 98°.
This is JA& > 7.6 Hz.

(16) H. C. Torrey, Phys. Rev., 130, 2306 (1963).
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Table 111:  Values of r-6 FiFfor Models of (CH3)4As+C1 and (CH3)iAsH lon Pairs
(CH54Aa+ r-V lp-
salt d, A 0 HD 1h2 3HD 9HD
ci- 0 0.132(1.00)«
i- 0.199 (1.51)
ci- 1.5 0.041(0.31)
i- 0.069(0.52)
ci- 2.0 0.029(0.22) 0.032(0.24) 0.035 (0.26)
i- 0.052(0.39) 0.052(0.39) 0.052 (0.39)
Cl- 25 0.022(0.17) 0.023(0.17) 0.027(0.20) 0.082 (0.62)
I- 0.039(0.30) 0.039(0.30) 0.043(0.33) 0.087(0.66)
Cl- 3.0 0.017(0.13) 0.018(0.13) 0.020(0.15) 0.062(0.47)
I- 0.030(0.23) 0.031 (0.23) 0.033(0.25) 0.067(0.51)

“ Relative value normalized for CI- salt with d = 0.

either displaces some solvent in the case of a “contact”
ion pair or slightly realigns the solvent between the
counterions in the case of a “solvent-separated” ion
pair. In the former case, the anion contribution should
be predominant since the field gradient at a given
distance from a specie of unit charge is much greater than
that from the dipoles. In the latter case, the anion
contribution is again predominant since the distortion
of the highly symmetric dipole arrangement around the
cation due to the anion should be small. If the anion
is approximated as either a point charge or a charged
sphere (neglecting polarizability distortion), the electric
field gradient is proportional to r~3 where r is the
distance from the anion nucleus. Thus we will assume
(QCC)p2 « r~6 where r is the As X internuclear
separation.

The geometric model for the nonaqueous ion
pairs; i.e., the “single kinetic entity” will be assumed
to be simply the two ions (with no solvent) and the
As-X internuclear separation will be the sum of ionic
radii.

Several geometric models will be used for the aqueous
ion pairs. We will consider a nonsolvated model in
which the As-X internuclear separation will be the sum
of ionic radii + d (a variable distance). This variable
distance d is expectedlto be ~2-3 A. We will then
consider solvation in the following ways: (a) one
H2 located midway along d between the two ions,
(b) three HD molecules located on a plane midway
along d between the two ions, giving approximated
half-octahedral solvation for each ion, and (c) nine
H2 molecules, three between the ions and three on the
outside of each counterion giving complete octahedral
solvation for each ion.

The models will be first examined for the Cl- and
I- salts of (CH34As+. The ionic radii used were 3.0
A for (CH34+,1718 1.81 A for Cl-,8 and 2.19 A for
Br~.8 Values of r~@ip, which represent relative
values of (QCC)j>F™\ are presented in Table III.
The relative values in parentheses should correspond to
the relative asymptotic values in Tables | and II.
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The relative values in Table Il can be considered as
calibration points since they represent contact ion
pairs. These average relative experimental values
(CD:1-) are 1.00:1.60 + 0.4, which agree very well
with the relative values in Table 11l for d = 0 and no
solvent. The relative values in Table I, normalized
with respect to the nonaqueous Cl- in Table Il are

for the CD: 0.14 * 0.06 (35°) and 0.25 = 0.10 (98°)
and for the I-: 0.15 £ 0.06 (35°) and 0.26 + 0.10
(98°). The limits of error correspond to the error in

the normalization relative to nonaqueous (CH34
As+Cl~. It can be seen that these values are con-
sistent with both the nonsolvated model and the par-
tially solvated models at values of d between 2.5 and
3.0 A, but that the fully solvated octahedral model
can be ruled out. Thus the “single kinetic entity”
for the ion pair in aqueous solution is the counterions
with at most a few H2D molecules held between the
counterions, but apparently no H2 molecules are
carried along on the exterior of the ion pair. The
essentially identical values for the CI- and |- salts
suggest a slightly larger value of d (~0.5 A) for the I~
salt than for the CI- salt. Also an increase tempera-
ture apparently increases d for both salts. These
effects are outside the limits of the experimental
error and could conceivably reflect differences in hy-
dration sizes, although the relatively small magnitude of
these effects suggests that they could be a consequence
of the rj « ?-1 assumption.

We now wish to examine the models for the OH;
salt. The ionic radiusi used for OH- was 1.45 A.
A second set of calculations was also performed in
which the anion species was assumed to be OH--
HD with an 0-0 internuclear distancel8 of 2.45 A.
The calculated values of r_@,ip are shown in Table
IV. The relative asymptotic values from Table I,
normalized with respect to the nonaqueous (CH34

(17) Reference 14, pp 119-121.

(18) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemis-
try,” Interscience, New York, N. Y., 1966, pp 45, 105, 115.
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Table IV: Values of r’™M<\Vfor Models of (CH3)4As+OH- and (CHIM s +OH"“ ®HD lon Pairs

(CHjLs+ d,
salt A 0H,0

OH* 1.5 0.032 (0.24)"
oh--hd 0.070(0.53)
OH- 2.0 0.022(0.17)
oh--hd 0.052(0.39)
OH- 2.5 0.016(0.12)
oh--hd 0.038(0.29)
OH- 3.0 0.012(0.09)
oh--hd 0.029 (0.22)

° Relative value normalized for CI* salt withd = 0.

As+Cl- in Table II, are for (CH34OH-; 0.16 *
0.06 (35°) and 0.26 * 0.10 (98°). It can be seen
these values are consistent with the hydrogen6
bonded OH- model with d between 2.5 and 3.0 A
for both the unsolvated and partially solvated con-
figurations. Again the fully solvated model can be
ruled out. However, the nonhydrogen-bonded model
also predicts satisfactory values with d between
15 and 2.0 A for both the unsolvated and partially
solvated configurations. Thus the extent of the hy-
drogen bonding for the OH~ ion with H2D cannot be
determined by this technique, although the non-
hydrogen-bonded OH- model requires a value of d
approximately 1 A less than for the CI- and I- models,
and this seems unlikely.

A statement of the major conclusions from the
present work and the previous work23 on RN +X “
ion pairs is in order. If it is assumed that aqueous
RAN+X* and R4As+X~ ion pairs are essentially identi-
cal in geometric and dynamic behavior, then these
ion pairs have the following characteristics: (a)
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-r -6Fip
| HD 3 HD 9HD
0.027(0.20) 0.033(0.25)
0.055(0.41) 0.061(0.46)
0.019 (0.15) 0.024(0.18) 0.093(0.71)
0.040 (0.30) 0.045(0.34)
0.014(0.11) 0.018 (0.13) 0.070(0.53)
0.030 (0.23) 0.034(0.25)

solvent-separated ion pairs, (b) rapid inertiall re-
orientation of the cations within their hydrate cages,
essentially unaffected by ion pairing, and (c) diffu-
sional reorientation of ion pairs, including at most a
few water molecules between the counterions.

Studies made by Hertz and coworkersl3 indicate
that solvent motion is rapid with respect to the trans-
lational motion of the ions, and this suggests that the
diffusion approach for ion-pair motion is appropriate.
The effects of ion pairing were neglected in the treat-
ment of Hertz,13 but if the “single kinetic entities”
are the bare ion pairs diffusing through the solvent,
then the influence of ion pairing on ionic hydration
spheres may be negligible. However, the present
studies do not eliminate the possibility that the water
molecules between the ion-paired counterions may differ
from those in the remainder of the hydration spheres.
In this latter case, the parameters determined by
Hertzl3would be averages over the two different types
of hydration.
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The radiation chemistry of aqueous benzene solutions in the presence of N2 was investigated using @Co
7-ray continuous irradiation (at varying benzene concentrations and at dose rates of 100 to 4000 rads min-1)

and 5 MeV, 200 mA, 0.3 or 1.5/usec electron pulses.
under these conditions, mainly due to the reactions of the hydroxycyclohexadienyl radical (BOH).
for absorption due to the corresponding H atom adduct (BH), the spectrum of BOH was determined.

The products are identical in both cases. They are,
Allowing

eABH=

(4.7 £ 0.6) X 103M~I cm-1 at the maximum. The bimolecular rate constant k (2BOH —»(BOH):) has the
value of (7 + 0.9) X 10sAf-1sec-1. The final product observed is mainly the dimer (BOH). which decom-
poses to give (phenol + benzene + H:0) and (biphenyl + - H:0).

Introduction

The reactivity of aromatic rings with free radicals
may be studied by radiolytic techniques when the free
radicals are produced by the action of ionizing radia-
tions. In aqueous solutions the main species of free
radicals thus produced are ea , H, and OH. Benzene
as the simplest aromatic solute in water was often
studied in this manner. Stein and Weissl used this
system for an early basic study of radiation chemistry
and postulated the addition of OH radicals to benzene

TkUH "
O.... Cm

producing the hydroxycyclohexadienyl radical (BOH)
as the first stage in the sequence of reactions leading
to final chemical products, phenol, biphenyl, and hydro-
gen in deaerated solutions. They assumed that BOH
reacts to give the phenyl radical. Using continuous
irradiation a number of detailed investigations2-8
were carried out including3 work on the reactions of
BOH, which indicated that phenyl radicals are not
the intermediates. Dorfman and coworkers,9-12 using
pulse radiolysis, obtained the absorption spectrum
of BOH, the rate constant of its formation and that
of some of its reactions, particularly in the presence
of oxygen. The results were complicated by the
simultaneous formation of the eagq~ (B-) and H atom
(BH) adducts.13 The latter has recently been studied
separately by Sauer and Ward.X4 Kartasheva and
Pikaev®b extended the information in aerated solu-
tions.

In the present work we attempted to obtain more
accurate information concerning the OH adduct under
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conditions where interference by other radicals is
greatly reduced. We used N2 saturated solutions,
where the reaction

HD + ead + ND —> OH + N2+ OH- (2)

leads to the elimination of reactions of the hydrated
electron with benzene and the role of OH is en-
hanced.1213 In the absence of 02 the only initial
radical other than BOH is BH. Under our conditions
BH forms only about 10% of the total radicals (GOh =
2.70, Geey = 2.75, (?h = 0.55) and with the use of the
results of Sauer and WardXcan be allowed for.

We could thus study the spectrum and reactions of

(1) G. Stein and J. Weiss, J. Chem. Soc., 3245, 3254 (1949).
(2) M. Daniels, G. Scholes, and J. Weiss, ibid., 832 (1956).

(3) E. V. Barelko, L. I. Kartasheva, P. D. Novikov, and M. A. Pros-
kumin, “Proceedings of the First All Union Conference on Radiation
Chemistry, Moscow, 1957,” English translation, Vol. Il, Consultants
Bureau, Inc., New York, N. Y., 1959, p 81.

(4) P. V. Phung and M. Burton, Radial. Res., 7, 199 (1957).

(5) K. C. Kurien, P. V. Phung, and M. Burton, ibid., 11, 283 (1959).
(6) J. H. Baxendale and D. Smithies, J. Chem. Soc., 779 (1959).
(7) J. Goodman and J. Steigman, J. Phys. Chem., 62, 1020 (1958).

(8) 1. Loeff and G. Stein, Nature, 184, 901 (1959); J. Chem. Soc.,
2623 (1963).

(9) L. M. Dorfman, R. E. Blihler, and I. A. Taub, J. Chem. Phys.,
36, 549 (1962).

(10) L. M. Dorfman, I. A. Taub, and R. E. BUhler, ibid., 36, 3051
(1962).

(11) L. M. Dorfman, I. A. Taub, and D. A. Harter, ibid., 41, 2954
(1964).

(12) P. Neta and L. M. Dorfman, Advan. Chem. Ser., No. 81, 222
(1968).

(13) B. Chutny, Nature, 213, 593 (1967).
(14) M. C. Sauer, Jr., and B. Ward, J. Phys. Chem., 71, 3971 (1967).

(15) L. 1. Kartasheva and A. K. Pikaev, Int. J. Radiat. Phys.
Chem., 1, 243 (1969).
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BOH itself. The rate of its formation under such
conditions has previously been obtained by Neta and
Dorfman.12 Tsudal¥and Christensen and Gustafsson/
have studied the irradiation of aqueous benzene
solutions in the presence of N2.

Experimental Section

The benzene used was Fluka (for uv spectroscopy)
or Riedel-de Haen (AR for chromatography). They
gave identical results. The concentration in aqueous
solutions was determined spectrophotometrically.B
Water was triply distilled. Absorption spectra were
taken on a Cary 14 recording spectrophotometer;
OD'’s at fixed wavelengths on a Hilger Uvispek in-
strument. pH’'s were measured en a Metrohm E 187
instrument.

Irradiations were carried out using: (a) 18Cs y
source, at a dose rate of 190 rads min-1 (Jerusalem);
(b) 8Co y source, at dose rates of 100 and 4150 rads
min-1 (Athens); y doses were determined using the
0.8 N HZX04Fricke dosimeter; (c) Varian Linac pulsed
electron source at 5 £+ 0.6 MeV (V-7715B, Jerusalem).
Pulse durations used were between 0.3 and 1.5 nsec.
Beam current was usually 200 mA. The dose ab-
sorbed in the sample was determined1 using a freshly
prepared air-saturated 10 mM FeSO04solution in 0.8 N
H204 without adding NacCl, assuming G = 15.6 and
measuring O.D.3L,im on the Hilger instrument after
irradiation or on the oscilloscope trace in situ, using
the same cell as for the benzene irradiations.

The dose per pulse of 200 mA for 1.5 nsec at 5 MeV
was about 2635 rads/pulse or 1.05 X 101lrads/min.

The irradiation cells for the 7 experiments and for
pulse experiments in which final products only were
determined were Spectrosil (Thermal Syndicate Ltd.),
rectangular, with 10-mm optical path, fitted with
ground stoppers which, when inserted, eliminated gas
space over the solution. A small glass ball in the cell
facilitated stirring.

For experiments under pulse radiolysis, where time-
dependent analysis of intermediates and products
was desired, a multiple reflection arrangement gave
three light passes through the solutions, with a total
light path of 6 cm for the analyzing light, from a 150-W
xenon light source. The analyzing light was split
into two beams passing through Bausch and Lomb
250-mm monochromators, one monitoring at a fixed
wavelength, the other being varied. The light from
the monochromator was fed into RCA [P28 photo-
multipliers and the output of these observed on Tek-
tronix Type 549 storage oscilloscope, with 1Al Dual
trace plug-in unit and/or Type 556 dual beam oscil-
loscope with 1A1 or W plug-in unit. At wavelengths
below 290-nm stray light was checked and allowed
for. An automatic syringe sample changer was used
to provide fresh solution, as required, after one or a
few pulses. N2 (Matheson Co.) was further purified
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Figure 1. Difference absorption spectrum of irradiated
agueous N20 saturated, neutral benzene solutions against a
nonirradiated blank; [CeHf = 4.24 X 10-3 M, total
dose = 40,000 rads.

Figure 2. Effect of benzene concentration on the yields of
products. N20-saturated, aqueous, neutral benzene solutions,
irradiated to 30,000 rads: open signs, 213 nm; full signs, 260
nm; O*, dose rate 4150 rads min-1; AA, dose rate

100 rads min-1.

by passing it through two bubblers of alkaline pyro-
gallol solutions, followed by one of triply distilled
water (Jerusalem) while when N2 was Aga-Chropi
Co., Medical Grade (Athens), an additional bubbler
containing 50% H2X04was inserted between pyrogallol
and water.

Results

Nature of the Products. ND-saturated solutions
at varying benzene concentrations were 7-irradiated
without added buffer (pH ~ 6). Figure 1 shows
the absorption spectrum of the irradiated solutions.
The OD is a strictly linear function of dose at 260
and 213 nm up to doses of 40,000 rads, the highest
dose used. The results under pulse irradiation are

(16) M. Tsuda, Bull. Chem. Soc. Jap., 36, 1582 (1963).

(17) H. B. Christensen and R. Gustafsson, Nukleonik, 12, 49 (1969).
(18) D. G. Marketos, Anal. Chem., 41, 195 (1969).

(19) 1. A. Taub and K. Eiben, J. Chem. Phys., 49, 2499 (1968).
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similar and indicate that the final products are the
same. Figure 2 shows the dependence of the yield
on benzene concentration. The results at dose rates
of 100 and 4150 rads min-1, in the benzene concentra-
tion range 15 to 4 X 10-3 M, show no significant
effect of dose rate.

Absorption Spectrum of BOH Radical. Figure 3
shows the absorption spectrum of the radical resulting
from the addition of OH radical to benzene obtained
from pulse experiments, by measuring the OD at
different wavelengths on completion of a 1.5-/usec
pulse, with the monitor set at a constant wavelength
of 313 nm. Corrections were applied for scattered
light and absorption by final products and also for the

Absorption Spectrum of C6H60H

Figure 3. Transient absorption spectrum of the
hydroxycyclohexadienyl radical (BOH) following a 1.5-jusec
pulse of 2635 rads in N20-saturated, aqueous, neutral 2 X
10-3 M benzene solutions: e, actual spectrum; O, corrected
spectrum; XmexBOH 313 nm; 3BCH =

(4.7 = 0.6) X 103M~I cm-1.

contribution of BH to obtain the absorption curve.
The absorption spectrum observed is the sum of
contributions due to 5.45 BOH radicals and 0.55 BH
radical for every 100 eV absorbed. From the work
of Sauer and Ward#4 at its maximum €338H = 54 X
10s M~I cm-1. At 313 nm, the maximum of BOH,
ed3PBH has nearly the same value. Allowing for this,
from the absorption curve and results of dosimetry, we
calculate «<38B0H = (4.7 £+ 0.6) X 103M-1 cm-1 at
the peak. We also note the band at —290 nm, which
indicates the possibility of the absorption spectrum
being composed of two components.

Rate Constants. From the pulse experiments at
different total doses (0.3 and 1.5 /;sec at 200 mA and
5 MeV) we derived the rate constant for the bimolec-
ular disappearance of the cyclohexadienyl radicals
in the radical-radical reaction, ask = (7 + 0.9) X 10s
M~Isec-1. Figure 4 shows that second-order kinetics
are observed.
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Figure 4. Second-order decay of the CaHGOH radical.
NiO-saturated, aqueous, neutral, 2 X 10-8 M benzene
solution: O, 310-nm, pulse 1.5 /xsec, 200 mA, 5 + 0.6 MeV;
e, 313-nm, pulse 0.3 jisec, 200 mA, 5+ 0.6 MeV.

Discussion

Sinced foeer+N!0 = 8.7 X 109 Af-1 sec-1 and2
Neattbensre = 1.2 X 107M -1 sec-1, direct addition of
eag to benzene may be neglected.

Therefore, the radicals formed in our system will be
BOH, about 90%, and BH, about 10%. The absorp-
tion spectrum after allowing for the contribution of
BH, exhibits a main peak at 313 nm, as shown by
Dorfman1l and a subsidiary band at about 290 nm,
which is also indicated in Dorfman’s work.

As to the nature of the transition responsible for
the peak at 313 nm, its similarity to the band of BH
indicates that we may be dealing, in both cases, with
a < adduct on carbon. These maxima are unlike
that of B- which results from the slower attack132
of eaq- on benzene.

From the data of Sauer and WardH4 it is difficult to
judge the spectrum of BH below ~290 nm.  However,
Michael and Hart’'s results2l show the absence of a
second band for BH. For BOH a second band with
Xmex~ 290 nm is now established.

The absorption spectrum immediately after irradia-
tion (Figure 1) and that after admission of air and
addition of alkali are similar and show that very little
phenol (Xmexalk 287 nm) is present. To ascertain the
nature of the products we extracted the alkaline solu-
tion with n-hexane. Figure 5a shows that only ben-
zene is extracted. The main product remains in
the aqueous layer (Figure 5b) and shows Xmex 260 nm.
On adding acid (Figure 6a) there is a large increase
in absorbance and shift of Xmexto 247 nm. On adding
alkali (Figure 6b) this peak is not shifted, and some
additional absorption due to phenol at 287 nm emerges.
From the alkali solution hexane now extracts biphenyl

(20) S. Gordon, E. J. Hart, M. S. Matheson, J. Rabani, and J. K.
Thomas, Trans. Faraday Soc., 36, 193 (1963).

(21) B. D. Michael and E. J. Hart, J. Phys. Chem., 74, 2878 (1970).
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(Xmex 247 nm). The evidence is consistent with the
sequence
JoH
OH +
o @
rex 313 nm
T (4.710.6) X 18 M _Icm_1
X
K« (3a)
biphenyl
247 nm phenol

17XI1a M"xcm’
j + HD (3b)

benzene

The predominant initial product observed is thus the
dimer,3which yields biphenyl and @Henol in a process
which shows acid catalysis. Anésgeoming G = 3 for
this dimer, its emex = 2300.M¥K-23 ¥MPIAEMRE0 nm.
Biphenyl is, of course, hardly soluble in water, but at
the low concentrations (~10-6 M) produced at our
total dosage it does not rapidly precipitate. We ob-
tained its spectrum in HD (Xmax 247 nm) but not its
«vex with the required accuracy. We assume that,
as is the case for benzene, emaxbiphenyl is nearly equal
in hexane2 (e47 17,000) and water. Using these data
we obtain (/(phenol) ~ 1.0 and (/(biphenyl) ~ 21
in ND-saturated aqueous benzene. The sum of their
G values thus = 3.1 corresponding to V27(oht+h) in
our system, in agreement with the sequence of reac-
tions 1-3. Previous workl indicates that BH +
BOH (HB-BOH) will yield the same products,
though not necessarily in the same ratios.

Our results compare with (/(phenol) = 0.8 and (/(bi-
phenyl) = 3.0 obtained by Christensen and Gustafs-
son.Ir This would require more than the available
radicals, if the reaction mechanism is accepted.
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Figure 5. Absorption spectra of aqueous, N20-saturated,
neutral, 4.24 X 10~3M benzene solutions, irradiated to 40,000
rads, after admission of air, addition of alkali and extraction
with n-hexane: curve a, hexane layer; curve b, alkali layer.

Figure 6. Absorption spectra, as in Figure 5, but: curve a,
after addition of acid to the alkali layer; curve b, after addition
of alkali to the acid layer.

In the absence of N, in deaerated solutionsl
G(phenol) was 0.45 and G(biphenyl) = 1.35, with
G(H2 = 28. The reaction BH + BH -m (BH)2
will assume greater importance, yielding biphenyl and
H2 The results in deaerated solutions and those in
the present case of N2-saturated solutions establish
the central role of the dimers in the mechanism of
phenol and biphenyl formation in the absence of 0 2
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Isopiestic vapor pressure measurements of the ternary
system, sodium polyacrylate (NaPAA)-NaCIl-H2D were
reported in a recent paper by Okubo, Ise, and Matsui.2
They employed a transform of the Gibbs-Duhem equa-
tion, previously derived by McKay and Perring,8 for
the computation of the mean activity coefficient of
polyelectrolyte and simple electrolyte in the experi-
mental mixtures. To express the mean activity coeffi-
cient of the simple electrolyte in these mixtures the
isopiestic ratio, R. was assumed to be a function of
the following type

R=1—ax —bx2 1)
In this equation

R = 2M3[2m3+ (a + 1)(m22z)] (2

and

X = polymer ionic fraction =
(a+ DHR/[2w3 + (a+ 1H(Mmz)] ()

where m2 = concentration of polyelectrolyte in poly-
electrolyte-NaCl solution in equivalents per 1000 g of
water, m3 = molality of NaCl in polyelectrolyte-NacCl
solution, Mz = molality of NaCl with same solvent
vapor pressure as ternary solutions of total ionic con-
centration 2Zm3 + (a + 1)m2z, a = net valency of
macroion (=#8z), and z = stoichiometric valency of
macroion.

To calculate R and x, the net valency of the poly-
electrolyte, a, was defined as the fraction, /3 of z ioniz-
able groups that are ionized. The value of 3was as-
signed from the results of transference experiments.4
Such an assignment is based on the conclusion that the
fraction of counterions that are not free to move in
solution (1 — (3 is rigidly attached to the polyion and
moves with it forming an integral part of a new “com-
plex” macroion.

This association concept has been criticized.6 In-
deed the appropriate interpretation of the electrochemi-
cal properties of polyelectrolytes has not been resolved.
Incorporation of a 3term obtained in this manner in an
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otherwise thermodynamically rigorous treatment thus
seems inappropriate. The quantities R and X have
consequently been redefined by the elimination of /3
to facilitate the analysis that follows.

When this is done, in the region where R is essentially
linear (R = 1 — ax) interaction between polyelectro-
lyte and salt is apparently absent. (The average
deviation in the value of a was only very slightly im-
proved by employment of the quadratic equation.)
If this is indeed the case the colligative properties of the
NaCl-NaPAA mixtures in these experimental situations
should be additive, each component retaining its char-
acteristic osmotic coefficient at the experimental water
activity. Also, since in these isopiestic studies the
chemical potential of the solvent in the various mix-
tures is equal

02T 203n3= 2<bavt @)

By dividing both sides of eq 4 by (m2+ m303and sub-
tracting unity from each side of the resultant equation
we obtain

<h( m2 \ _ m2 Mz A
4$3V 2+ 2m3 m2+ 2m3 m2+ 2m3
Eventually

. ©
(0¢] [ V% + 2m33 m2+ 2m3

By substituting the definitions of R and x eq 6 takes the
form

s ()T (7

to lead to the identification of the a parameter of eq 1
with (1 — 0203 when b = 0. The validity of this
assignment is shown in Table | given below by the excel-
lent agreement between a, computed from the isopiestic
data, ineq 1 (b = 0) and (1 — 0203, calculated by

(1) Visiting Professor, 1970-1971, Chemistry Department, McGill
University, Montreal, Quebec, Canada.

(2) T. Okubo, N. Ise, and F. Matsui, J. Amer. Chem. Soc., 89, 3697
(1967).

(3) H. A. C. McKay and J. K. Perring, Trans. Faraday Soc., 49, 163
(1953).

(4) (a) T. Okubo, Y. Nishizaki, and N. Ise, J. Phys. Chem., 69, 3690
(1965); (b) F. T. Wall and J. J. Eitel, 3. Amer. Chem. Soc., 79,
1556 (1957).

(5) A. Katchalsky, Z. Alexandrowicz, and O. Kedem, “Chemical
Physics of lonic Solutions,” B. E. Conway and R. G. Barradas, Ed.,
Wiley, New York, N. Y., 1966, Chapter 15.
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using osmotic coefficient values corresponding to the
pure components at the solvent vapor pressure em-
ployed to obtain a given set of data.

Table 1: Comparison of a Parameter Computation®
for NaPAA-NaCI-HD

Set SR - G
X

[ 0.666 0.658

2 0.638 0.640

3 0.616 0.621

“ The same net result is obtained with use of a 0 term. This
equivalence is due to the fact that 0 is assigned constancy in a
simplifying approximation of the transference results. How-
ever, strict interpretation of transference data according to the
complexation model would not yield a constant 0, and this re-
semblance of both approaches is significant only in that it pro-
vides support for the analysis that is recommended. b The
average deviation in the value of a was only very slightly
improved by employment of the quadratic equation.

On the basis of this analysis it seems appropriate to
suggest that the earlier empirical additivity rule5-7
that has been employed to correlate the colligative
properties of dilute polyelectrolyte-salt mixtures be
modified by using in eq 4 the practical osmotic coeffi-
cient values corresponding to the pure components at
the solvent vapor pressure of the mixture rather than
to their values at the experimental polyelectrolyte and
salt concentrations of the mixtures as in the earlier
application of this empirical relationship.

In the more concentrated NaPAA-NaCI-N2D sys-
tems (sets 4 and 5) R is best described by the quadratic
in X to indicate the failure of any simple additivity rela-
tionship. It is interesting to note, however, that in
these systems

a+ b= (1 -~ 8)

This result, demonstrated in Table Il presented below,

Table I'1: A Comparison between the Sums of aand b
Evaluated with Eq 1 and 8

a b a+ b a b

Set (eq 1) (eq 1) (eq 1) (eq 8)
4 0.492 -0.168 0.234 0.233

5 0.354 -0.305 0.049 0.052

may be of fundamental importance. It suggests that
the a parameter defined by (1 — fa/fa) may be better
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expressed by the incorporation of an additional term
whose characteristic property is such that it will be of
negligible magnitude in those systems where the ratio
<a/48is not crowding unity. The addition of the empir-
ical term '/~ ((fo/fo)3satisfies this requirement

._1_E+iteY ¢

>3 3\$3/

with the b parameter corresponding to
(9a)

With eq 9a the value of b is indeed small when the
ratio s>i/x3 is small and increases rapidly in value when
the ratio approaches a value of unity. A comparison
of b computed with eq 1 and 9a is presented in Table
I1l.  The correlation is acceptable to support this kind
of interpretation of the observed results.

Table 111 : Comparsion of Computed 6 Parameters
for NaPAA-NaCI-HD

b (eq 1) b (eq 9a)
-0.002 -0.013
+ 0.014 -0.016
-0.026 -0.018
-0.168 -0.150
-0.305 -0.284

It is believed that an important deficiency of the
empirical additivity rule previously proposed to de-
scribe the colligative properties of polyelectrolyte, simple
salt mixtures5-7 has been identified. Modification of
this relationship that is facilitated by the excellent data
of Ise and coworkers has yielded a more quantitatively
correct expression. The real utility limits of this
modification of the additivity rule may have been de-
fined as well.  When the ratio ¢2<i=8 exceeds 0.5 to 0.6,
the simple expression (eq 4) cannot be employed and
resort to the use of eq 9 and 9a in eq 1 may provide a
more generally applicable relationship for anticipating
the colligative properties of polyelectrolyte-salt mix-
tures over a much extended concentration range.

Acknowledgment. The author wishes to express his
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2269.
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de Maine, et al.,1reported the presence of nitrometh-
ane dimer in solutions of carbon tetrachloride, methanol,
and n-heptane. Their conclusion was based on the
optical density measurements of uv spectra at 2750 A
over a wide concentration range, 0.001 to 4 mol/1. for
the case of CCl4 solution. They have observed that
Beer’s law is not obeyed at the low concentrations, less
than 0.15 mol/l. The experimental data were treated
assuming the dimerization of nitromethane

2MeN02 (MeN022
and the absorption peaks of both monomer and dimer
occur at the same wavelength. The value they have
obtained for the equilibrium constant at 20° was 105 1
mol-1 in CC14 solution and AH for the reaction was
—~0.34 kcal mol-1, de Maine also reported the ir study
of the above solution in support of the dimer presence.2

Musulin, et al,,3 reported later that the analytical
expression used by de Maine, et al., for the analysis of
their uv spectrum is not a well-defined function, and
it does not lead to convergent values. More recently,
Jones and Musulin4reported new values of equilibrium
constants which predict even higher concentrations of
dimers.

Such alarge degree of dimerization in solution is some-
what surprising, in that the earlier infrared and Raman
study5of nitromethane in the vapor and liquid phase
showed no evidence for the presence of a dimer. Con-
trary to de Maine’s assertionlthat nitromethane solu-
tion deviates from the colligative laws of chemistry,
we were not able to find such a study of this solution
reported in the literature.

We therefore have studied the freezing point de-
pression of nitromethane in carbon tetrachloride and
benzene solutions. Chemicals used were reagent grade,
and nitromethane was freshly distilled just before the
experiment. Cryoscopic molality m' is expressed as6

m' = AAT + BAT2

The AT is the observed freezing point depression; A is
the inverse of the molal freezing point constants Kj;
the Kf values of 5.12 and 12.56 deg m-1 are used
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for benzene and carbon tetrachloride solutions; and
the B constants used are 2.15 X 10-3 and 2.8 X 10-4
mdeg-2.

Table 1 lists the solution concentration in molality
and the experimental cryoscopic molality. The un-
certainty in the cryoscopic molality arose mostly from
the uncertainties in AT, the observed temperature
lowering. The quoted values are the standard devia-
tions of several such measurements.

Table | : Freezing Point Depression of
Nitromethane Solutions

Sample Cryoscopic
Solvent molality molality
Benzene 0.132 + 0.001 © g8+ 6
0.182 0.178
0.259 0.254
0.302 0.291
0.339 0.331
Carbon tetrachloride 0.175 0.192
0.295 0.307
0.329 0.347

The cryoscopic data indicate that there is no large
degree of dimerization as reported in ref 1. In benzene
solution, the agreement between the sample molality
and cryoscopic molality is within the experimental
uncertainties, and in carbon tetrachloride solution there
is a slight deviation toward dissociation rather than
association.7

Acknowledgment. This work was a part of student
experiments in undergraduate physical chemistry
laboratory courses. We thank Dr. Scott Searles for
calling our attention to ref 1.
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The method of conductometric pulse radiolysis has
recently been applied for determining the radiation
chemical yield of OH- inwater.2 The same method has
now been used to obtain the yields of esoiv* and of other
negative ions such as C2H® ~ in the radiolysis of eth-
anol. Ethanol containing benzyl chloride as electron
scavenger was irradiated by a 0.3-jusec pulse of 1.5-MeV
electrons. The dose ranged from 40 to 200 rads per
pulse. Since benzyl chloride is solvolyzed in ethanol
at room temperature, the solutions were kept at —40°
under helium and warmed up to 17° shortly before
irradiation. The reaction

CHECHZXL + esoiv- —> CAHBCH2<+ CI" (1)

took place during the pulse. In pure ethanol, the half-
life of ecth- was measured optically and found to be
ftsec. In the presence of CeHgCIECI, no estii“ signal
could be observed, showing that under our conditions
practically all the eeth_reacted according to reaction 1.
The conductivity increase on pulsing was caused by CI*
and its positive counterion CHBOH2+ as well as by all
other ions, such as CH® “, that were formed during the
pulse and escaped spur recombination. After the pulse
the conductivity signal decreased since neutralization
processes took place. The signal finally reached a con-
stant value which is due to the CI“ ion and its positive
counterion CHBH2+. From the known mobilities of
these ions and the absorbed dose, the G value of esoiv-
and of heavier anions could be calculated. It should
be noted that ethanol radicals do not interfere since
they are unreactive toward benzyl chloride.3
Typical oscilloscope traces at different sweep rates are
shown in Figure la. The final value of the conductivity
increase which is reached after about 2 msec amounts to
46% of the initial value. (The initial conductivity was
obtained by extrapolating the conductivity vs. time
curvetot = 0.) The decay of the initial increase occurs
in two steps. In the first step, 45% of the initial con-
ductivity disappear in a first-order reaction the half-life
of which is inversely proportional to the concentration
of added HC104. In the second step, 9% of the initial
conductivity disappear in a first-order reaction, the
half-life of which was independent of absorbed dose and
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a)

baseline

b)

Figure 1. Conductance vs. time plots for (a) ethanol
containing [CeHgCILCI] = 1.86 X 10-3 M and [HC104 =
9.6 X 10-7 M, sweep rate 600 jusec/large division, lower trace:
sweep rate 20 /tsec/large division, the base line is also shown
at 600 ysec large division; (b) pure ethanol, sweep rate
500/xsec/division, lower trace: sweep rate 50 jusec/division.
The ordinate is 1 mV/division. A termination of 1 kfi was
used. The cell constant was 0.56 cm-1, and the cell was
operated at 100 V (field strength 300 V/cm).

of HCIO4 concentration. The concentration of benzyl
chloride had no influence on the results in the investi-
gated range from 1to 3 X 10“3M. G(esoiv~) was ob-
tained as 1.8 + 0.2 from the final value of the conductiv-
ity and the absorbed dose. This value is in good agree-
ment with other determinations.46

The first step in the conductivity decrease is attrib-
uted to the neutralization of ethoxy anions that were
formed during the pulse

CHEOH2+ + CHD - —> 2CHEOH 2

The rate constant obtained from logarithmic plots of
traces such as shown in Figure 1 was determined to be
(5.1 £ 04) X 10DAf“-sec“1l This value is in good
agreement with the value reported by Fowles.6

The second step of the conductivity decrease could
not be attributed to any elementary process. Since
the rate constant is independent of the H+ concentra-
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Figure 2.
Figure Ib.

Plot of I/(*t — ki) vs. time from the trace in

tion, it is concluded that the neutralization of an anion
is not the rate-determining step of this conductivity de-
crease. It is assumed that an unknown anion X - of
weak base character is formed by the pulse which sub-
sequently reacts with ethanol to form an anion which is
rapidly neutralized. The overall rate constant for this
process was found to be (1.4 £+ 0.2) X 103sec-1.

If the conductivity increase immediately after the
pulse is designated by o, the conductivity after the
disappearance of CH® - (first step) by /tf], and after
disappearance of X - (second step) by /cf2 the follow-
ing equations can be written

V ~ 2= [ACHBOH2) + A(X-)]G (X-)
<@ [A(CHEBOH2+) + A(CI-)]G(eDv-) 1°
©- KL= [ACHDOH2) + ACH® -)]G(CHD -)
w2 [A(CHEBOH2+) + A(CI-)K?(e.,iv-)

4
The first factors in eq 3 and 4 which contain the molar
conductances of the species involved can practically be
set equal to unity since A(CHBOH?2+) in ethanol is large
as compared to the anion conductances which do not
differ much among themselves (A(CHBOH2+) = 63.4,
A(C1-) = 24.3, andA(CH® -) = 24.5 O-1 cm2equiv-1
at 25°.7 From the measured values of K) k1 and
[cf2 the yields of CH® - and of X - were obtained as

((CH® -) = 1.8 + 0.07
(?(X-) = 0.34 + 0.04

The total yield of ions that escape spur recombination is
therefore

G(ion) = 3.9 + 0.12

Experiments have also been carried out with pure

ethanol. The electron disappears here via the reaction
Csoiv- T CHOH > CHD - -} H (5)

A rate constant of 7 X 103M~1sec-1 has previously
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been reported.4 Figure Ib shows two traces of the
conductivity at different sweep rates. Figure 2 shows a
plot of I/(/ct — [f) vs. t. The straight line obtained
indicates a second-order disappearance of the conductiv-
ity. A small residual conductivity is observed after
the termination of the neutralization process (see Figure
2b). This is probably due to a small fraction of eeth~
which reacted with impurities in the absence of an effi-
cient scavenger.

In the presence of added HCIO4the decrease in con-
ductivity was of first order, the half-life being inversely
proportional to the HC104concentration. A rate con-
stant of neutralization of (5.4 £ 0.2) X 100M -1 sec-1
was obtained from these experiments which is in reason-
able agreement with the value of f2 mentioned above.
For solutions containing HC104 /mcould be obtained by
extrapolating log « vs. tto t = 0. An average value
for the total ion yield of 3.4 +0.1 was obtained in this
way. The higher ionic yield observed in the benzyl
chloride solutions may arise from small spur scaveng-
ing effects.
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The application of pulsed lasers as fast excitation
sources in flash photochemical studies led to the detec-
tion of excited singlet-singlet transitions in aromatic
molecules.1 In the present work the above methods
are applied to the perylene molecule with the purpose
of recording the spectra of the lowest excited singlet
state of the molecule, as well as that of the corresponding
excimer. The excited singlet absorption data are sub-
sequently used for monitoring the resonance transfer
of energy from excited anthracene to perylene, yielding a
new technique for the measurement of energy-transfer
rates.

(1) (@ J. R. Novak and M. W. Windsor, Proc. Roy. Soc., Ser. A,
308, 95 (1968); (b) R. Bonneau, J. Joussot-Dubien, and R. Bensas-
son, Chem. Phys. Lett., 3, 353 (1969); (c) G. Porter and M. R. Topp,
Nature (London), 220, 1228 (1968); (d) A. Muller, Z. Naturforsch.
A, 23, 946 (1968); (e) D. S. Kliger and A. C. Albrecht, J. Chem.
Phys., 53, 4059 (1970); (f) J. K. Thomas, ibid., 51, 770 (1969); (g)
C. R. Goldschmidt and M. Ottolenghi, Chem. Phys. Lett., 4, 570
(1970); J. Phys. Chem., 74, 2041 (1970).
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Figure 1. Excited singlet-singlet absorption in a dilute perylene solution.

Results and Discussion

{1) Singlet-Singlet Spectra of Excited Perylene Mono-
mer and Excimer. Dilute (8 X 10 4 M) solutions
of perylene in toluene were excited by means of the
3371-A, 10-nsec pulse of a (Avco-Everett) nitrogen
laser using a pulsed photolysis apparatus which has
been previously described.2 Characteristic oscillograms
showing the profile of the laser pulse, the perylene
fluorescence at 4800 A, and a transient absorption at
7000 A are shown in Figure la-c. The matching of
the absorbance profile with that of the fluorescence
(Figure 1d) suggests the identification of the absorbing
transient as the fluorescent state of perylene. In both

cases the same lifetime (t 6.5 +* 0.5 nsec) is ob-
tained and is consistent with those previously reported
for the fluorescence lifetime of perylene.3 The ab-
sorption spectrum of the excited perylene singlet state,
derived from the corresponding absorbance profiles,
is shown in Figure le.

A characteristic oscillogram at 7000 A recorded in
concentrated (7 X6 10~3 M) perylene solutions is
shown in Figure 2a. The relatively long-lived fluores-

(2) C. R. Goldschmidt, M. Ottolenghi, and G. Stein, Isr. J. Chem., 8,
29 (1970).

(3) 1. B. Berlman, “Handbook of Fluorescence Spectra of Aromatic
Molecules,” Academic Press, New York, N. Y., 1965.

The Journal of Physical Chemistry, Voi. 75, No. 25, 1971



3896

!\
CoX ‘ -
1O\ 5900 g absorption—
0.2 7100 A absorption—-. 100
?‘ f
<
O
11
o]
< i¥)
01 - a 50 %
a
?
20 30 40 50 60 70

Figure 2. Laser photolysis in a concentrated perylene solution,
(a) Characteristic oscillograms at 7000 A. The upper trace
was taken without the monitoring light beam. It represents
the contribution of fluorescence to the lower trace, taken

with the monitoring light on.  (b) Transient absorbance
profiles, (c) Transient spectra.

cence signal (r 27 nsec), now present, is attributed to
the excimer of perylene.4 Figure 2b shows the time-
resolved absorbance patterns at 5900 and 7100 A, after
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Figure 3. Oscillograms showing the transient excited
singlet-singlet absorption in a dilute perylene solution:
top, by direct excitation of perylene; bottom, by energy
transfer from excited anthracene (only 15% by direct
excitation of perylene).

having been corrected for the corresponding contribu-
tions of fluorescence. It is evident that the decay of
the absorbance at 7100 A is associated with a matching
growing in of the absorbance at 5900 A and of the
emission around 7000 A. This identified the 5900-A
absorption as due to the perylene excimer. The de-
tailed spectrum of the system 10 and 20 nsec after
triggering the laser, showing the decay of the 7000-A
monomer band and the development of that of the
excimer at 5900 A, is shown in Figure 2c.

(2) Energy Transfer from Excited Anthracene to
Perylene. Pulsed laser irradiation was also carried out
in mixed anthracene-perylene solutions in toluene,
under conditions in which most of the 3371-A line
was absorbed by anthracene. The efficient resonance
energy transfer process taking place in the system was
monitored by means of the absorption spectrum of
the excited perylene system (see Figure 3). The as-
sumption5that a Stern-Volmer relation is satisfied by
the competing processes (A, anthracene; P, perylene)

A* + P—mP* + A

ft (quenching via energy transfer)

(4) J. B. Birks and L. G. Christophorou, Proc. Roy. Soc., Ser. A, 277,
571 (1964).

(5) W. R. Ware, J. Amer. Chem. Soc., 83, 4374 (1961).
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A* —mA

1/ ta (radiation and radiationless deactivation)

leads to the expression
[pio=r 1-/3 1
[P*]- L 1+ fct[P]rAJ

for the ratio between the amount of excited singlet
perylene nolecules [P*], formed at a concentration
[P], and the amount formed under total quenching
conditions, i.e.,, when [P] = =°. Ais the light fraction
at 3371 A absorbed directly by perylene [0 = DRP(D P+

b a)l. [P*]» has been estimated by direct excitation
of perylene in anthracenefree solutions, where all
3371-A light quanta are absorbed by perylene. The
problem arises, of course, as to the way of determining
the monomer concentrations [P*] and [P*],, since
the monomer formation is immediately followed by
the fast excimerization process whose rate is propor-
tional to [P] This difficulty was avoided by carrying
out the reference experiments in the absence of anthra-
cene at the same perylene concentration present in
the corresponding anthracene-perylene system where
the energy transfer takes place. Since the degree of
excimerization at any time depends only on [P], the
relative absorbance change in the two systems is as-
sumed to be equal to the ratio [P*]/[P*],,. (An al-
ternative procedure to overcome the same problem
could be that of carrying out the measurements around
the isobestic point of the excited monomer-exciner
spectrum (~6500 A), where the absorbance remains
practically unchanged during the excimerization pro-
cess.  Unfortunately, the intense fluorescence in this
special range considerably reduces the accuracy of
the absorbance data)) Experiments carried out at
[A] = 56 X 103M and [P] = 2.0 X 10-3M Yyielded
[P*)/[P*],, = 048 £ 0.05. Using rA = 4.9 nsec3
and £ = 0.085, this leads to the value fat = 0.9 X 1011 +

0.3 M~I sec-1, which is very close to that obtained
by Ware6 from fluorescent lifetimes measurements.
The ratio [P*]/[P*],, was obtained from the ratios be-
tween the heights (or the areas) of the corresponding
absorbance curves. This procedure neglects the small
convolution broadening effect introduced by the ~2.5-
nsec decay time of A* (at the above [P] value) which
is small relative to the combined effects of the laser
pulse width (10 nsec) and the perylene fluorescence
(6.5 nsec).

It should be finally pointed out that the above
method, based on excited singlet absorption spectros-
copy, is not associated with the serious problems of
fluorescence absorption, present when attempting to
estimate energy-transfer rates via steady-state emis-
sion spectroscopy.5 The new technique may also ex-
hibit advantages over the methods involving fluores-
cence lifetime measurements,6 which monitor the
quenching of the sensitizer but give no direct informa-
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tion conceming the yields of the quenching products.
It has been suggested that in some systems resonance
energy transfer may net be the unique mode of inter-
action between excited donor and acceptor.6 In such
cases excited singlet absorption spectroscopy may be
applied for the discrimination between energy transfer
and other quenching mechanisms. Work along these
lines is now being carried out in this laboratory.

(6) C. R. Goldschmidt, Y. Tomkiewicz, and A. Weinreb, Spectro-
chim. Acta, Part A, 25, 1471 (1969).
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While the adsorption or diffusion of organic com-
pounds in high-surface-area porous glass has been
extensively studied, there is only one reported case of
polymerization initiated by glass. Little, et al.,1 ob-
served the slow polymerization of butenes over a period
of days by porous glass. We have found that “dry”
porous glass effects addition polymerization of certain
vinyl monomers within minutes at room temperature.
In this paper an investigation of the type monomer
polymerized and the nature of the sites responsible
for polymerization are reported.

Experimental Section

The porous glass used in these experiments was
Coming’'s Code 7930 glass. The base glass, an alkali
borosilicate glass, was subjected to a heat treatment
at 590° for 3 hr and leached 4 hr in 1 A HNO3at 80°
folloned by thorough water rinsing. The plates were
21 mm in diameter and 0.15 mm thick. The resulting
high-surface-area porous glass is 96% silica, about 3%
boric oxide, and contains traces of aluminum oxide.2
Activation of the glass was achieved by heating at
500° at 10-6 Torr to remove traces of water. Com-
plete removal of trace water and organic contaminants
was Verified by infrared analysis. “Dry” porous glass
exhibits a sharp major absorption at 3750 cm-1 for

(1) L. H. Little, H. E. Klauser, and C. H. Amberg, Can. J. Chem,,
39, 42 (1961).

(2) 1. D. Chapman and M. L. Hair, Trans. Faraday Soc., 61, 1507
(1965).

The Journal of Physical Chemistry, Voi. 75, No. 25, 1971



3898

SiOH and a very minor absorption at 3700 cm 1 for
BOH.3

The silica powder, Cab-O-Sil (ca. 200 m2g), used
in this work was a product of the Cabot Corp. produced
by flame hydrolysis of SiCh- The high-surface (ca
50-100 m2g) alumina used was Alon-C produced by
the Cabot Corp. The purified boric oxide was from
J. T. Baker.

All the monomers used were distilled before use,
and all except 3-phenylpropene gave single bands by
gas-liquid partition chromatography. The 3-phenyl-
propene contained two isomers, the major one being
88% of the sample which is most probably the trans
isomer.4

A high-vacuum (10~6 Torr) line using Kel-F 90
(3M Co.) and Apiezon K & N greases was used for
adsorption and desorption of the monomers. The re-
action cell which permitted infrared spectra to be taken
under vacuum was essentially that described by Angell5
using Irtan-2 plates. Spectra were taken on Perkin-
Elmer and 137G Infracord spectrophotometers.

Results and Discussions

Infrared examination of “dry” porous glass plates
that have been briefly exposed to the vapors of certain
vinyl monomers showed the presence of the correspond-
ing polymers. Polymerization occurred within a matter
of minutes for the following monomers in order of
decreasing rate of polymerization: vinyl isobutyl ether
> «methylstyrene > styrene > 2-phenylpropene >
o-chlorostyrene. Prolonged exposure of the “dry” glass
to vapors of methyl methacrylate, vinyl acetate, and
acrylonitrile resulted in no polymerization. These
monomers were all readily removed by a few minutes
of pumping at 10~6 Torr at temperatures below 100°,
indicating that they were only physically adsorbed
on the glass.

In all cases where polymerization occurred, the re-
sulting infrared spectrumwas that of the corresponding
known polymer. The spectrum was free of both the
vinyl CH stretching band at 3100 cm-1 and the vinyl
C=C stretching band at 1600 cm“1 The only case
where unknown bands appeared was with vinyl isobutyl
ether which, in addition to the infrared spectrum for
polyisobutyl vinyl ether, gave a band at about 1625
cm-1 often characteristic of a carbonyl group. The
appearance of a carbonyl function could be produced
by splitting of vinyl isobutyl ether by an acidic site
in the glass. Mooney and Qaseem6 have recently
reported the splitting of various ethers at —80° by
boron trifluoride to the corresponding alcohols and ole-
fins. Thus, a vinyl ether could give acetaldehyde by
the following reaction

CH2=CHOCHZXH (CH32
CHXHO + CH2ZC(CH3J2

Heating at 100° at 10~6 Torr quickly eliminated
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the 1625-cm_1 band, indicating that it was not char-
acteristic of the polymeric material which remained
after heating. Overnight exposure of the glass plates
to styrene resulted in a weight gain of coating of ap-
proximately 50% and gave samples of porous glass
completely coated with polystyrene. The polymer was
removed from the glass by refluxing in toluene. Films
cast from the toluene gave infrared spectra identical
with commerical polystyrene.

Variations in weight of polymer formed on the plates
in a given time interval were small when the same
plate was used repeatedly, with heat cleaning of the
plate between experiments to remove the polymer.
However, from plate to plate, the variations in rate
were as much as twofold.  Unfortunately, facilities were
not available for determining surface areas of the
plates so that a comparison of rate of polymerization
could be made.

The polymerization of the various monomers by
the glass could be stopped and restarted repeatedly.
Polymerization of a monomer could be alloned to
proceed for awhile, then interrupted by removing un-
reacted monomer by evacuation. Re-exposure of mono-
mer vapor again alloned polymerization to proceed.
This procedure could be repeated a half-dozen times
with the intensity of the infrared being used to monitor
continued growth. Thus the reaction seens to be
an example of a living-polymer-type polymerization.

The monomers which were polymerized by porous
glass are those known to be subject to free-radical or
cationic initiation. Those monomers which did not
polymerize are those known to be subject to free-radical
or anionic initiation; thus, the initiation by the glass
must be by cationic sites. The most probable sites
would be either the acidic silanol groups, the B2 3
or the AID3 To ascertain which site was responsible
for the polymerization, representative models of each
site were examined. Exposure of styrene vapor to
pressed disks of pure silica dried at 500° under vacuum
gave no polymerization as determined by infrared
spectroscopy. The styrene monomer was readily re-
moved from the silica by pumping at 10“6 Torr for
several minutes at room temperature showing that the
styrene was only physically adsorbed. This indicates
that the silanol group which is present both on the sur-
face of silica and porous glass is not responsible for the
polymerization.

A pressed disk of 100% A1 3did polymerize styrene.
However, it also polymerized methyl methacrylate.
Therefore, the trace of ALD 3 present in the glass is

(3) M. J. Low and N. Ramasubramanian, Chem. Commun., 499
(1965).

(4) M. J. S. Dewar and R. C. Fahey, J. Amer. Chem. Soc., 85, 3645
(1963).

(5) C. L. Angell, Instrument News, 15 (No. 3), 12 (1964) (Perkin-
Elmer Corp., Norwalk, Conn.).

(6) E. F. Mooney and M. A. Qaseem, Chem. Commun., 230 (1967).
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probably not the catalytic site, since methyl meth-
acrylate was not polymerized by the glass. Since at-
tempts to form pressed disks of anhydrous B:0 3were
not successful, a physical mix of 5wt % B2 3and 95
wt % Si02was pressed into disks at 12 tons/in.2pres-
sure. As with porous glass, styrene was quickly poly-
merized while methyl methacrylate was only physically
adsorbed. Although the environment of the boron
in the BD3Si02 mixture is not the same as it is in a
glass, the evidence indicates that boron is probably
the active cationic site responsible for polymerization.

To further elucidate the site responsible for polymer-
ization, the glass was treated with excess ammonium
fluoride.7 This reduced the number of silanol groups,
but the inductive effect of the newly formed SiF should
increase the acidity of the remaining silanols.8 A new
infrared band appeared at 3420 cm-1 which was attrib-
uted to a NH stretch in a H-N— B-O-Si complex.
Watanabe, et al.,9 reported an NH stretch of 3433
cm-1 in B-trichloroboroazol. Since the boron in glass
is attached to oxygen, which is more electron with-
drawing than nitrogen or chlorine, the NH bond in
the HN-BO combination should be lower in energy.
Thus, the NH assignment for the 3420-cm-1 band
appears reasonable. If this is the case, then the boron
sites are blocked by NH, NH2 or NH3groups.

If polymerization is initiated by silanol groups, then
the polymerization of styrene should be enhanced
on fluorinated glass. When fluorinated glass was ex-
posed to styrene vapors, there was no evidence of
polymerization. Evidently the proposed complexing
of the boron sites blocked the polymerization process.
Thus the evidence indicates that the boron is the acidic
site responsible for polymerization. The exact nature
of the boron sites is not known at this time. The ad-
sorption of water vapor on porous glass also blocked
the polymerization of styrene.  Since water is probably
adsorbed on the boron sites as well as on silanaol sites,
the results are consistent with the hypothesis that boron
sites are initiating the polymerization. Pyridine and
alkylamines, which would be expected to also block
the boron sites, both prevented polymerization.

Recently, Altug and HairDhave examined the surface
of porous glass by the pH titration method. Their
work indicated that the surface contains two acidic
sites. One with a pAavalue of about 7 was attributed
to silanol, while the other stronger acid having a pAa
of 5.1 was said to be associated with boron. Thus for
cationic initiations, the stronger acidic boron sites should
be better initiators than the silanol sites. These results

(7) T. H. Elmer, I. D. Chapman, and M. E. Nordberg, J. Phys.
Chem., 67, 2219 (1963).

(8 1. D. Chapman and M. L. Hair, J. Cotai., 2, 145 (1963).

(9) H. Watanabe, M. Narisada, T. Nakagaus, and M. Kubo, Spec-
trochim. Acta, 16, 78 (1960).

(10) X Altug and M. L. Hair, J. Phys. Chem., 71, 4260 (1967).
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indicate that the boron in porous glass is capable of
polymerizing vinyl monomers with the boron sites
most probably acting as a Lewis acid.

Photolysis of Gaseous 1,4-Dioxane at 1470 A

by Robert R. Hentz* and C. F. Parrishi

Department of Chemistry and the Radiation Laboratory,2
University of Notre Dame, Notre Dame, Indiana 1+6556
{Received July 22, 1971)

Publication costs assisted by the U. S. Atomic Energy Commission

The 7 radiolysis of liquid 1,4-dioxane givessG(H2 =
1.3.46 6'(H2 is suppressed by cation, electron, and
H-atom scavengers (D20, N20, c-C4Fg,12 and 1-hexene)
to a limit of G*(H2 « 1.0 which has been attributed
to molecular elimination from a directly excited states
and, therefore, is designated as G*(H2. A lifetime
of less than ~ 10-10 sec was estimated for such an ex-
cited state from the failure of 0.1 M benzene to affect
G*(H). Excitation of liquid 1,4-dioxane with 12-MeV
electronss or 1849-A photons7's yields fluorescence with
Xnax 2470 A,67 a quantum yield of «f = 0.03,7and a
lifetime of r = 2.2 nsecg From the absence of fluo-
rescence (&f < 10~5 when 1,4-dioxane vapor (25 Torr)
is excited at 1849 A and from the behavior of r, <
and the absorption and emission spectra for liquid
mixtures of 1,4-dioxane with inert solvents, Hirayama,
et al.,1 have concluded that excited monomeric dioxane
does not fluoresce and that the liquid fluorescence occurs
from an excited dioxane aggregate formed subsequent
to light absorption. Neither such an excited aggregate
or its excited monomeric precursor is likely to be re-
sponsible for G*(H2) for the following reasons: (1) r =
22 nsecis (2) traces of HD noticeably reduce <t
and red-shift the fluorescence;7 (3) there is appreciable
excitation transfer to 0.01 M anthracene;6 and (4)
such excitation transfer is suppressed by N2 .6 The
possibility remains that G*(H2 is a consequence of
the rapid decomposition of a higher excited state which

(1) Chemistry Department, Indiana State University, Terre Haute,
Ind.

(2) The Radiation Laboratory of the University of Notre Dame is
operated under contract with the U. S. Atomic Energy Commission.
This is AEC Document No. COO-38-789.

(3) The symbol G denotes a yield in molecules per 100 eV absorbed
by the system; measured and primary quantum yields are denoted
by $ and < respectively.

(4) R.R. Hentz and W. V. Sherman, J. Phys. Chem., 72,2635 (1968).
(5) J. H. Baxendale and M. A. J. Rodgers, Trans. Faraday Soc., 63,
2004 (1967).

(6) J. H. Baxendale, D. Beaumond, and M. A. J. Rodgers, Chem.
Phys. Lett’, A, 3 (1969).

(7) F. Hirayama, C. W. Lawson, and S. Lipsky, J. Phys. Chem., 74,
2411 (1970).

(8 A. M. Halpern and W. R. Ware, ibid., 74, 2413 (1970).
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does not have ionic precursors. Such considerations
suggested study of the photochemistry of 1,4-dioxane.
Photolysis of the vapor at 1470 A was chosen for the
initial study for elucidation of the decomposition modes
of a higher excited state of monomeric dioxane and for
comparison with our previous studies of the 1470-A
photolysis of cyclohexane vapor.9-11

The 1,4-dioxane (Matheson Coleman and Bell spec-
troscopic reagent) was purified by the method of Hentz
and Sherman.4 Prior to use, purified dioxane was trans-
ferred into a flask containing LiAIH4 The flask was
attached to a vacuum line and, after deaeration, the
dioxane remained in contact with the LiAlH4for several
days prior to transfer, on the vacuum line, into a flask
with a sodium mirror. Samples for photolysis were
taken from the thoroughly dried and deaerated dioxane
in the latter flask.

The light sources, photolysis cells, and auxiliary
equipment used were essentially the same as those
used previously9 except that the cell used for deter-
mination of only the formaldehyde yields was modified
with aside arm closed with a serum cap for introduction
of the analytical reagents. Actinometry has been de-
scribed.9 Intensities were in the range (0.18-2.4) X
10%6 quanta sec-1; there was no detectable effect of
intensity on product vields. In all experiments the
light was completely absorbed in the cell.

The transfer and measurement of a sample for
photolysisil and the collection and measurement of
gas products4ll have been described. Gas products
were analyzed by standard gas chromatographic tech-
niques. Formaldehyde yields determined by gas chro-
matographic analysis of the gas products were not
reproducible, and a material balance could not be ob-
tained. At high conversions a volatile solid, which
suggested paraformaldehyde or trioxane, was observed
in the photolysis cell. Therefore, the chromotropic
acid colorimetric method2 was used for determination
of formaldehyde in the postphotolysis mixture; both
paraformaldehyde and trioxane are converted into
formaldehyde under the conditions of analysis. Water
(1 ml) was added through the serum cap and splashed
over the entire surface of the cell immediately after a
photolysis. After addition of 1 ml of the chromotropic
acid reagent folloned by 23 ml of concentrated sulfuric
acid, the mixture was heated to 50° and alloned to
stand 3hr. Optical densities measured with aBeckman
DU spectrophotometer at 580 nm were compared with a
standard curve. The contribution of dioxane to the
absorption was subtracted.

Quantum yields, with their average deviations, are
presented in Table 1. Quantum vyields were inde-
pendent of per cent conversion over the ranges studied
at each pressure. Because the number of quanta ab-
sorbed was varied over approximately the same range
at each pressure, (6-90) X 105 quanta, the range of
per cent conversion varied with pressure. Thus, each
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Table I: Quantum Yields in the 1470-A Photolysis of
Gaseous 1,4-Dioxane

. TolT-

2.7 12 155
-------- e -1 1 I s T SR

25 25 95

4>(CH0) . 16 + 0.1

$(C2HY) 0.89+ 0.09 0.83 + 0.04 0.80 d0.09
P(H) 0.17+ 0.02 0.20 = 0.02 0.16 = 0.02
4>(CO) 0.07+ 0.02 0.16 = 0.01 0.07 = 0.02

quantum yield in Table 1 is the average of four to eight
values obtained at different per cent conversions which,
based on $(—CH® ) = 1.0, were in the range 0.1-
15 at 2.7 Torr, 0.03-0.45 at 12 Torr, and 0.002-0.03
at 155 Torr. Except for the anomalous CO vyield
at 12 Torr, there appears to be no significant effect
of the changes in pressure and temperature on the
quantum yields.

In the spectrum of gaseous 1,4-dioxane, 13 1470 A
corresponds to absorption in the third and fourth bands
with a decadic extinction coefficient of e = 205 cm-1
atm-1 at 25°. Because e = 180 cm-1 atm-1 for CH44
and e = 52 cm-1 atm-1 for CHD B at 1470 A, product
photolysis should not have a significant effect on the
quantum yields over the range of conversions studied.
However, for conversions covering the range 0.002-
1.5%, an effect on 44CH4 and $(H2 of a competition
between CZH4 and dioxane for H should have been
detectable; k = 55 X 10s fifi-1 sec-1 at 25° for H
addition to CH4band values of 106and 107 M -1 sec-1
are reasonable estimates of k for abstraction from
dioxane at 25 and 95°, respectively.7 Thus, <>H
appears to be insignificant.

The primary quantum yield for photodecomposition
of CH2 is essentially unity,8and H is a major primary
product. Consequently, present results indicate that
there is no significant yield of electronically excited
CH2 in the 1470-A photolysis of gaseous 1,4-dioxane.
Moreover, the observed pressure independence of the
quantum Yyields precludes a competition between col-
lisional deactivation and decomposition of a vibra-
tionally excited ground state of CHX. Thus, the

(9) R. R. Hentz and D. B. Peterson, J. Phys. Chem, 74, 1395 (1970).
(10) R. R. Hentz and R. J. Knight, ibid., 72, 4684 (1968).
(11) R. R. Hentz and S. J. Rzad, ibid., 71, 4096 (1967).

(12) A. P. Altshuller, D. L. Miller, and S. F. Sleva, Anal. Chem, 33,
621 (1961).

(13) G. J. Hernandez and A. B. F. Duncan, J. Chem Phys., 36, 1504
(1962).

(14) M. C. Sauer, Jr., and L. M. Dorfman, ibid., 35, 497 (1961).
(15) S. Glicker.and L. J. Stief, ibid., 54, 2852 (1971).
(16) T. Hikida, J. A. Eyre, and L. M. Dorfman, ibid., 54, 3422 (1971).

(17) H. A. Kazmi and D. J. LeRoy, Can. J. Chem, 42, 1145 (1964),
report k = 6.6 X 10lce~7-1/RT M ~1 sec* 1for abstraction from n-CiHio.

(18) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,” Wiley,
New York, N. Y., 1966, p 371.
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results are most plausibly interpreted in terns of the
decomposition modes 1-3 (in which X denotes unde-

CHD2* —> CH4A+ 2CHD o))
CH®2* —> CH4+ CHD + H2+ CO (2
CHD 2+ H2+ X ©)

tected products) with Oi = 0.75, 02 = 0.10, and 03 =
0.08. Assuming a collision diameter of 6 A for dioxane,
the collision frequency is 3.7 X 107sec“lat 2.7 Torr
and 25° and 1.9 X 109sec-1 at 155 Torr and 95°. Ab-
sence of a significant effect of such a change in collision
frequency on the quantum yields, as well as the absence
of fluorescence (i < 10 §7from dioxane vapor excited
at 1849 A, suggests that excitation at 1470 A results
in rapid decomposition (r certainly less than 10“1D
sec) WithO(—CAH® 2¥) = 1.0. Given the uncertainties
in measured quantum yields and the possibility of small
yields of undetected products, the sum i+ 02+ =
0.93 is consistent with the conclusion that {—C4H& 2¥)
= 1.0.

The 1470—2\ photolysis of gaseous 1,4-dioxane is simi-
lar to oxetane photolysis9in which decomposition into
CH4and CHD accounts for 98% of the total decom:
position. However, there is very little similarity to
the 1470-A photolysis of cyclohexane vaporll in which
45H) = 0.74 and 0 ~ 0.15 for the analog of reaction 1
Decomposd'tion of gaseous 1,4-dioxane at 10 Torr with
the 6942-A line of a ruby laserd gives relative yields
of approximately 1, 2, and 3 for CH4 H2 and CO,
respectively. Conversions in the laser photolysis,
~4%, were not appreciably greater than the highest
conversion, 1.5%, studied in the 1470-A photolysis.
Consequently, the considerable difference between laser
and 1470-A product distributions must be ascribed
to the enormous difference in absorbed intensities or
to a difference in the excited states from which decom-
position occurs. With the laser, as suggested by the
authors,D excitation may be to a high vibrational level
of the ground electronic state.

Product yields in the 1470-A photolysis of gaseous

I, 4-dioxane provide little support for the idea that an

upper excited state is responsible for (7*(H) = 1.0
in the liquid radiolysis which also gives (7(CH4 « 1.6
and (7(00) = 0.18.4 It is possible that the relative
yields of reactions 1-3 are appreciably altered in the
liquid phase; Hirayama, et a1.,7 have noted that there
is a marked difference between the liquid and vapor
absorption spectra which, they suggest, indicates a
profound modification in the relative nuclear configura-
tions of ground and excited states on condensation. It
is clear, however, that elucidation of the origin of

(19) J. D. Margerum, J. N. Pitts, Jr., J. G. Rutgers, and S. Searles,
J. Amer. Chem. Soc., 81, 1549 (1959).

(20) E. Watson, Jr., and C. F. Parrish, J. Chem. Phys., 54, 1427
(1971).
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(7*(H2 must await a thorough study of the photochem-
istry of 14-dioxane at both 1849 and 1470 A and par-
ticularly in the liquid phase.

On the Nuclear Magnetic Resonance

Line Shape of Solid Heptane

by K. van Putte* and J. van den Enden

Unilever Research, Vlaardingen, The Netherlands
(Received May 26, 1971)

Publication costs assisted by Unilever Research

In order to study the methyl reorientation process in
solid alkanes, Anderson and Slichterl investigated the
proton spin-spin and spin-lattice relaxation behavior
in these systems between 100 and 250°K.  In this tem-
perature range the proton spin-lattice relaxation is al-
most completely determined by the reorienting methyl
groups.1‘3

At 150°K, the line shape of alkanes with less than 15
C atoms per molecule consists, according to Anderson
and Slichter, of two peaks, differing by a factor of 7 in
line width. These authors suggest that the narrow line
corresponds with the reorienting methyl groups.

13.2 gauss

15.2 gauss

Figure 1. Derivative curve for heptane at 133°K (upper) and
93°K (lower).

(1) J. E. Anderson and W. P. Slichter, J. Phys. Chem., 69, 3099
(1965).

(2) K. van Putte, J. Magn. Resonance, 2, 216 (1970).

(3) K. van Putte, Thesis, Amsterdam, 1970.
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Studying the methyl reorientation process in further
detail,3we repeated the line shape measurement on hep-
tane (purity >99%) at 133 and 93°K (Figure 1). The
signal-to-noise ratio was improved by means of a spec-
trum accumulator.

Only one broad peak at 93°K, with a line width (5H)
of 15.2 G, was observed, which suggests that the entire
molecule can be considered rigid at this temperature.
Contrary to the results of Anderson and Slichter, the
line shape at 133°K consists of three rather than two
peaks, the line width of the narrowest peak being 0.57
G. The intensity increases with increasing tempera-
ture. Arepetition of the solidifying procedure, however,
showed that the reproducibility of this peak is poor,
which will be clear from a comparison of our results with
those of Anderson and Slichter. The peak must be due
to lattice defects, which give sufficient motional freedom
to the surrounding molecules to narrow the line as ob-
served.

The line widths of the two broader peaks are 13.2 and
6.7 G and differ by only a factor of 2. The peak with
line width 6.7 G corresponds with the reorienting methyl
groups. The narrowing factor agrees reasonably well
with that found in solid methyl ketones.3

Acknowledgment. We thank Professor Dr. C.
MaclLean and Professor Dr. E. de Boer for many
stimulating discussions.

Absolute Rate Constants for the Reaction of
Atomic Oxygen with 1-Butene over the

Temperature Range of 259-493°K

by Robert E. Huie,1

University of Maryland, College Park, Maryland, and
National Bureau of Standards, Washington, D. C.

John T. Herron,

National Bureau of Standards, Washington, D. C.
and Douglas D. Davis*2

University of Maryland, College Park, Maryland
(Received May 26, 1971)

Publication costs assisted by The Petroleum Research Fund

Several studies have been made of the reaction of
atomic oxygen in its ground electronic state with 1-bu-
tene.35 Typically, these investigations have involved
the production of atomic oxygen in a mixture of two re-
active species, with the relative rates of reaction de-
termined by following the rate of production of charac-
teristic reaction products. In only one study, using
a discharge flow system, has an absolute rate measure-
ment been made.6 Because there is disagreement
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among the rate measurements with regard to the
reaction’s temperature dependence,7 we have applied
the technique of flash photolysis-resonance fluorescence
to this system in an effort to better define its kinetic rate
parameters.

The apparatus and technique used in this study have
been previously describedd10 and will be discussed
here only briefly. In these experiments, a mixture of
oxygen, l-butene, and a large excess of argon is flash-
photolyzed, producing between 10u and 102 oxygen
atoms per cm3 (3 X 10-3 to 3 X 10-2 mTorr). The
oxygen atoms are excited by the absorption of oxygen
resonance radiation from an oxygen resonance lamp and
fluoresce in a time on the order of 10-8 to 10-9 sec.
The fluorescence is monitored at right angles to the
resonance and flash lamps using an electron magnetic
multiplier detector, and the temporal history of the
oxygen atoms is then followed by feeding the signal
from the detector into a multichannel analyzer. Since
single photon counting techniques are employed here,
statistical fluctuations in the signal are reduced by tak-
ing many flashes (>50) to produce one kinetic curve.
The gas mixture in these experiments is changed several
times during the development of a kinetic curve to en-
sure that the total consumption of the 1-butene never
exceeds 5%. The experiments are performed with an
excess of 1-butene, so that first-order loss of atomic oxy-
gen prevails. The pseudo-first-order rate constant for
the loss of atomic oxygen, corrected for both diffusion
of oxygen atoms from the reaction zone and reaction of
0 atoms with 0 2 can then be used to derive the second-
order rate constant for the reaction. The diffusion and
0 plus 0 2reaction correction is typically 15% or less of
the rate of reaction of 0 atoms with 1-butene.

The reaction has been studied over a pressure range of
20 to 200 Torr, using argon as a diluent gas, over a con-
centration range of 1-butene of 1.29 to 12.9 mTorr, and
over an approximate initial oxygen atom concentration
range of 2 X 10u to 8 X 10u atoms cm-3 (6 X 10-3 to
25 X 10-2 mTorr). The results given in Table I
demonstrate that over these ranges the rate constant for
this reaction is both independent of the total pressure
and the concentration of either reactant.

(1) This research, carried out at the University of Maryland, is
part of a thesis to be submitted to the Faculty of the University of

Maryland in partial fulfillment of the requirement for the degree of
Doctor of Philosophy.

(2) Acknowledgment is made by this author to the donors of The
Petroleum Research Fund, administered by the American Chemical
Society, for support of this research.

(3) R.J. Cvetanovic, J. Chem. Phys., 23, 1063 (1960).

(4) 1. M. W. Smith, Trans. Faraday Soc., 64, 378 (1968).

(5) D. Saunders and J. Heicklen, J. Phys. Chem., 70, 1950 (1966).
(6) L. Elias, J. Chem. Phys., 38, 989 (1960).

(7) R.J. Cvetanovic, Advan. Photochem., I, 115 (1963).

(8 W. Braun and M. Lenzi, Discuss. Faraday Soc., 44, 252 (1969).

(9) D. D. Davis, W. Braun, and A. M. Bass, Int. J. Chem. Kinet., 2,
101 (1970).

(10) D. D. Davis, R. E. Huie, J. T. Herron, M. J. Kurylo, and W.
Braun, J. Chem. Phys., in press.
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Table I: Absolute Rate Constants for the
Reaction 0(3P) + 1-butene —* products”
k, cm3
Total Flash  molecule"1
[I-C.He], [O.], pressure, energy,6  sec"l1X
T, °K mTorr Torr Torr, Ar J 1083
298 5.26 1 20 32 3.84
298 5.26 1 20 18 4.10
298 5.26 1 20 8 4.20
298 5.26 1 200 26 3.86
298 2.63 0.5 10 20 4.10
298 1.29 1 200 18 3.73
298 12.9 1 200 18 4.20
259 2.53 0.5 103 42 3.38
274 2.77 1 40 45 3.76
343 2.63 1 200 20 4.69
403 2.63 1 203 20 5.27
493 4.25 1 200 45 7.16

“ Products from this reaction would include a-butene oxide,
?i-butanal, carbon monoxide, and methyl ethyl ketone.7 bA
flash energy of 45 J in this system corresponds to an incident
light intensity at the reaction cell of ~ 8 X 1012 photons/cm2

A linear least-squares fit of the data to the Arrhenius
expression yields

k =

(146 + 0.15) X 10-11 exp® i

cm3 molecule-1 sec-1

where 1cal mol-1 = 4.18 Jmol-1. The quoted error
limits are the standard errors of the reported values
based upon the least-squares treatment of all the data.
Figure 1 shows the data in the Arrhenius form, along
with the data of previous workers. The relative rate
data of Saunders and Heicklen5 and Cvetanovi63were
converted into absolute rate constants using the rate
expression for the reaction of atomic oxygen with
ethylene obtained in this laboratoryD

f0 + CHY =

/ —1130 cal mol-1\
542 X 10-12 exp/N--------— --------- J

cm3 molecule-1 sec-1
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The absolute values from Smith’s data depend on the
results of Klein and Herronll for the reaction of atomic
oxygen with nitrogen dioxide.

The data points of the other workers all fall within
about 25% of our computed Arrhenius line. With the
exception of the activation energy derived from the rel-
ative rate data of Cvetanovic (E ~ —70 cal mol-1), the

Figure 1L Arrhenius plot of the reaction of atomic
oxygen with 1-butene.

activation energies predicted by these other data agree
quite well with ours (within 15%). A comparison of
our data for ethylene and 1-butene with the relative
data of CvetanoviO shows that for the ratio of 1-butene
to ethylene at 298°K Cvetanovi6's results are 16%
higher than ours (5.7 to 4.9). However, at 398°K we
are 30% higher than Cvetanovic (4.0 to 3.0). Thus,
although the absolute discrepancy is not extremely large
at either temperature, the combined deviations at the
two temperatures result in a very significant difference
in the calculated Arrhenius activation energy for 1-bu-
tene. The reason that the relative rate data of Cveta-
novic give such a large activation energy difference be-
tween ethylene and 1-butene is not, at present, obvious.

(11) F.S.Klein and J. T. Herron, J. Chem. Phys., 41, 1285 (1964).
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COMMUNICATIONS TO

A Case for Solvated Electrons

Publication costs assisted by Professor M. C. R. Symons

Sir: Tuttle and Graceffal have drawn a comparison
between solutions of alkali metals in amines (and am-
monia) with those of sodium naphthalenide in ether-
napththalene mixtures. They seem to suggest that a
common model may well be able to accommodate the
similar esr results for these two systems and since, ob-
viously, the “solvated electron” model is quite inap-
plicable to the naphthalenide system, they seem to favor
the concept that the metal solutions are best described
as comprising the alkali metal salts of the solvent (he,,
Na+NH3, Na+RNH2 etc.).

If this analogy is accepted, it should be taken one
step further. As was stressed,1 Na+N- (N~ = naph-
thalenide) and N_ in dilute solution in inert solvents
have esr spectra quite characteristic of the molecular
system, the unpaired electron being in a highly localized
r* MO of the naphthalene. All attempts to reproduce
this behavior for ammonia and amines in dilute solutions
of inert solvents have failed. Even hexamethylphos-
phoramide, which is a very good solvent for metals,
does not interact with sodium-ether systems despite the
presence of relatively lowlying empty MO’s for this
compound? and despite the fact that “solvated elec-
trons” are formed in such media.

Thus the analogy breaks down. True, nmr results
indicate a large contact interaction with 1N, but this
could be spread out over several solvent molecules:
there is nothing in the results to suggest that it is con-
fined to one per electron.

The reason why most workers in this field accept
that two distinct models are required for the systems
under consideration is that only naphthalene has a low-
lying MO into which the extra electron can move. An-
ions such as NH3~ can be formed, in principle, by reac-
tion between NH2- and hydrogen atoms. Indeed,
when hydrogen atoms are trapped in polar media, it
seermrs very likely that there is a real interaction with
one or more “solvent” molecules8 which has the effect
of hardly modifying their esr spectra, but introducing a
characteristic optical absorption band.4 Perhaps the
nearest example is that of I1111-, which is structurally
comparable with Nil?,-. Such units are thought to be
formed in CaF2 H systems, and again, the proton cou-
pling is close to that for normal hydrogen atoms.6
Thus experimental evidence and calculations4 support
the statement that the esr spectra of species such as
NH3~ are likely to be characterized by very large,
positive, X1 hyperfine coupling constants. In fact,
however, the coupling detected by nmr is invariably
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small and negative. This implies a spin polarization of
(presumably) the N-H a electrons by the unpaired
electron, rather than a direct occupancy of a suitable
antibonding orbital.

In the gas phase, anions such as NH3~ would spon-
taneously lose an electron. If NH3- is formed in
liquid or solid ammonia, in the absence of distortions,
the electron would become delocalized over all the mole-
cules as a conduction electron. This is certainly not
the case in the systems concerned. If, however, the
electron is momentarily confined to one ammonia mol-
ecule, and other solvent molecules re-orient to suit the
negative change, such delocalization would be pre-
vented. Since, however, the electron is in an anti-
bonding state, even greater stabilization (kinetic)
would result if the central nolecule were removed,
leaving the electron in a cavity. There are plenty of
analogies for this, perhaps the simplest being the con-
version of an optically excited halide ion in an alkali ha-
lide crystal into an F center by removal of the central
halogen atom.

There is a large volume of evidence in favor of the
cavity-solvated electron model from the solid state.6
For example, glassy ethanol on irradiation gives trapped
electrons, but crystalline ethanol does not. The former
contain many cavities, the latter very few. At 4.2 K
the former has a narrow esr singlet indicating weak cou-
pling to solvent molecules, but on warming to 77 K it
broadens markedly because of specific coupling to sev-
eral (probably 4) OH protons. The link is now via the
optical spectra.  That at 4.2 K is probably comparable
with electrons trapped in ether cavities: that at 77 K is
characteristic of alcohols and links well with results for
electrons in fluid alcohols.

The contrast between molecules with and without ac-
ceptor orbitals is again clear: alcohols, amines, ammo-
nia, water, etc., do not give the corresponding negative
ions, but methyl cyanide, benzene, etc.,, do. On the
other hand, the former do give trapped and solvated
electrons; the latter do not.

(1) T.R. Tuttle and P. Graceffa, J. Phys. Chem., 75, 843 (1971).

(2) R. Catterall, L. P. Stodulski, and M. C. R. Symons, J. Chem.
Soc., A, 437 (1968).

(3) P. W. Atkins, N. keen, M. C. R. Symons, and H. W. Wardale,
ibid., 5594 (1963).

(4) T.A. Claxton and M. C. R. Symons, Chem. Commun., 379 (1970).
(5) J.L.Hall and R. T. Schumacher, Phys. Rev., 127,1892 (1962).
(6) M. C.R. Symons, Pure Appl. Chem., 309 (1970).

M. C R. Symons

D epartment of Chemistry

The University

L eicester, LEI 7RH, England

Received May 28, 1971
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Solvated Electron in Any Case, but What Kind?

Publication costs assisted by the National Science Foundation

Sir: In a previous notelwe have used an analogy be-
tween sodium solutions in a hydrocarbon-ether solvent
on the one hand and in amine solvents on the other to
support a solvent anion2 model of the solvated electron
as opposed to the widely accepted cavity model.3
Professor Symons has suggested this analogy breaks
down if pushed far enough.4 While this is undoubtedly
true, we have found attempts to extend the analogy
both instructive and suggestive as to experiments which
may help in determining the true structure of the sol-
vated electron. For example, for both sodium dis-
solved in ammonia5and sodium dissolved in hydrocar-
bon-ether@mixtures the presence of solvent is essential
for the stability of the ionic species produced.78 Thus,
if one solvent is replaced by another there is no assur-
ance in either case that the ionic species will remain
stable. Failure to produce the ammonia anion, or the
hexamethylphosphoramide anion in ether solution9
simply indicates that the ethers in question are inferior
as solvating agents when compared to ammonia or
hexamethylphosphoramide. Similarly, failure to pro-
duce the benzene anion in 2-methyltetrahydrofuran indi-
cates that this ether is a poorer solvating agent than
1,2-dimethoxyethane in which the benzene anion is
stable.0 In order to form a dilute liquid solution of
ammonia anions we need a sufficiently good solvating
agentwhich also has less attraction for the electron than
the ammonia. Furthermore, this solvating agent should
not react chemically with the alkali metal for obvious
reasons. Such a combination of properties may be vir-
tually impossible to find in a liquid solvent. However,
an ionic crystal containing F centers may provide an
adequate solvent to test for the formation of ammonia
anions.

The volume expansion of the alkali metal-ammonia
solutions provides another avenue through which the
analogy may be explored with benefit, With the cavity
model the volume expansion data are used to determine
the size of the cavity and to tes: theoretical calcula-

(D T. R. Tuttle, Jr., and P. Graceffa,./. Phys. Chem., 75, 843 (1971).

(@ S. Golden, C. Guttman, and T. R. Tuttle, Jr., J. Chem. Phys., 44,
3791 (1966).

(3 J. Jortner, S. A. Rice, and E. G. Wilson, “Metal-Ammonia Solu-
tions,” G. Lepoutre and M. J. Sienko, Ed., W. A. Benjamin, New
York, N.Y., 1963, p 222.

(4) See comment above by M. C. R. Symons.
(B) C. A. Kraus, J. Amer. Chem. Soc., 29, 1557 (1907).

(6) N. D. Scott, J. F. Walker, and V. L. Hansley, ibid., 58, 2442
(1936).

(7) C.A. Kraus and W. C. Bray', ibid., 35, 1315 (1913).
(8 D. E. Paul, D. Lipkin, and S. 1. Weissman, ibid., 78, 116 (1956).

(9 R. Catterall, L. D. Stodulski, and M. C. R. Symons, J. Chem.
Soc., A, 437 (1968).

(10) T. R. Tuttle, Jr., and S. 1. Weissman, J. Amer. Chem. Soc., 80,
5342 (1958).
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lions.311 With the solvent anion model theoretical
calculations become more difficult, but because the
electron is undoubtedly not strongly bound to an am-
monia molecule its orbital is expected to be diffuse, and
consequently the ammonia anion will be a large species.
If this is a correct view then we may expect other anions
such as aromatic hydrocarbon anions in which the elec-
tron is also not strongly bound22to the central molecule
to be large species and solutions containing them to
show volume expansion. This point may be tested
through density measurements on solutions of alkali
metal-hydrocarbon anion salts.

(11) W. N. Lipcomb, J. Chem. Phys., 21, 52 (1953); R. A. Stairs,
ibid., 27, 1431 (1957).

(12) A. 1. Shatenshtein and E. S. Petrov, Russ. Chem. Res., 36,
100 (1967); G. Briegleb, Angew. Chem. tint. Ed.), 3, 617 (1964).
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Solubilization of Benzene in Aqueous
Cetyltrimethylammonium Bromide Measured

by Differential Spectroscopy

Publication costs assisted by Shell Development Company

Sir: In a recent communication, Fendler and Patter-
sonlreported that micelles influenced the rates of radio-
Further, they found that
the rate of hydrated electron attachment to benzene
decrease in micellar (anionic) sodium dodecyl sulfate
(NaDDS) and increased in micellar (cationic) cetyl-
trimethylammonium bromide (CTAB). They at-
tributed the difference in rates to differences in solubili-
zation sites of benzene in these micellar systems as re-
cently reported by Eriksson and Gillberg2 for CTAB
and Rehfeld for NaDDS.3 On the basis of a proton
maghnetic resonance study (~ 35°) Eriksson and Gillberg
proposed that benzene is adsorbed at the CTAB micelle-
water interface2 and differential ultraviolet (uv) spec-
troscopy investigations show that benzene is dissolved
inside the hydrocarbon core of NaDDS micelles.3 How-
ever, Goerner4concluded from a qualitative study of the
uv spectra of benzene'solubilized in aqueous solutions of
various W-alkyl quaternary ammonium bromides that
the site of solubilization is the hydrocarbon core of the
micelle. Using the differential uv spectroscopy method

lytically generated radicals.

(D) J. H. Fendler and L. K. Patterson, J. Phys. Chem., 74, 4608
(1970).

(2 J. C. Eriksson and G. Gillberg, Acta Chem. Scand., 20, 2019
(1966).

(3 S.J. Rehfeld, J. Phys. Chem., 74, 117 (1970); also see S. J. Reh-
feld, J. Colloid Interface Sci., 34, 518 (1970); M. Shinitzky, A. C.
Dianoux, C. Gitler, and G. Weber, Biochemistry, 10, 2106 (1971).

(4) J. W. Goerner, Ph.D. Thesis, Louisiana State University, 1966.
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Table I :

Communications to the Editor

Position of the Second Maximum in the Progression of the Ultraviolet Vibrational Allowed Transition

(2600-A System), the Frequency Interval of the Progression (an), the Half-Widths (A n/3, Molar Absorptivity (e),
the Integrated Intensities (/), and the Solute-Solvent Parameter (es'Av) for Various Benzene Solutions (25°)“

Benzene concn, Xmai(2) A?/, A1/ 2, <X I,
mole fraction +1 1 +30 cm-1 +30 cm-1 £ 41. (molcm)-1  (mol-1 cm-1) cm-1 es'Av
Solvent: Water (Saturated with Benzene)
0.00043 2539 909 530 188 4.3 0.32
Solvent: Aqueous Solution of 0.1 M (CTUfiNBr (Saturated with Benzeng)
0.00043 2539 909 530 190 4.3 0.32
Benzene Dissolved in Micellar Phase (Saturated with Benzene)
0.70 2550 918 418 205 4.1 X 10e 0.23
Solvent: »-Hexane

1.0 (11.06) 2552 918 399 201 4.1 0.26
0.873 (9.12) 2551 915 413 204 4.1 0.24
0.525 (4.78) 2548 903 400 201 4.1 0.20

“ Spectral parameters for benzene dissolved in many other solvents are given in ref 3 and J. W. Eastman and S. J. Rehfeld, J.

Phys. Chem., 74, 1438 (1970).

previously described, swe have found that the solubiliza-
tion site of benzene in micellar CTAB is in the hydro-
carbon core just as was found in the case of micellar
NaDDS.3 The CTAB and tetramethylammonium
bromide used in these experiments were obtained from
Eastman Organic Chemical Co. and before using were
recrystallized three times from redistilled water.

The bands in the 2600-A benzene system increase
linearlys above the cc (0.99 X 10~-3 M) with CTAB
concentration up to the limit of solubility of CTAB in
water, ~0.03 M, at 25°. The amount of benzene
solubilized plotted as a function of CTAB concentration
fits the equation (S = (0.99 m 1) + 2.55m, where m is
the CTAB concentration mmol/1l. Table | gives the
wavelength of the second maximum in the 2600-A sys-
tem, the absorption line widths, Aui/,, the band separa-
tion vit the molar absorptivity, e at the second maxim,
the integrated intensities, |, and the «s/<-v the solvent-
solute interaction parameter of these differential uv
spectra.  Note that the spectrum of benzene in aque-
ous 0.1 M tetramethylammonium bromide was the
same as those observed for benzene dissolved in water.3
Only the spectrum of ~0.8 mole fraction of benzene in
n-hexane closely resembles the spectrum of benzene in
CTAB micelles. The benzene concentration in the
CTAB micelle is found to be 0.7 mole fraction, 31%
greater than found in micellar NaDDS. Using regular
solution theorys'6 the activity coefficient (7) of benzene
in the CTAB micelle was calculated as 1.43; this value
stands in strong contrast to the values of 2300 for ben-
zene in watersand 2.10 for benzene in NaDDS micelles.3
Extrapolation by conventional methodss leads to an
expected value of ; of ~ 1.1 for a solution of benzene in
anormal paraffin liquid (nCs to NC12) at a concentration
in the vicinity of 0.7 mole fraction of benzene. Pyes
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studied the temperature dependence of benzene solu-
bility in aqueous micellar CTAB. His results show that
the solubility of 0.72 mole fraction is nearly invariant
between 20 and 40°. We found that an aqueous 0.1 M
CTAB solution solubilized -~0.75 mole fraction of
benzene at 35°. The differential spectrum of this solu-
tion was found to be the same as those observed at 25°.
These data indicate that the solubilization site of ben-
zene in micellar CTAB and NaDDS are the same; how
ever, more benzene is dissolved in micellar CTAB prob-
ably due to a loner intramicellar pressure.3  In aqueous
micellar CTAB solutions not saturated with benzene—
at benzene concentrations less than 0.75 mole fraction
based on the micellar phase—the sites of solubilization
should be identical with those described above. As one
adds benzene to the aqueous surfactant solution areduc-
tion in the interfacial tension between the micellar phase
and aqueous phase would occur, thus decreasing the
intramicellar pressure. Solutions of benzene in water
as well as in the micellar phase are nonideal. Therefore
the ratio of benzene concentration, C (water)/ C (mi-
celle) is likely to vary with the total concentration of
benzene.

In view of our experimental results, the difference in
rates of radiolytically generated radicals observed by
Fendler and Pattersont is unlikely to be due to differ-
ences in solubilization sites.

(5) J. H. Hildebrand and R. L. Scott, "Regular Solutions,” 1st ed,
Prentice-Hall Inc., Englewood Cliffs, N. J., 1962, Chapter 7.

(6) E.L.Pye, Ph.D. Thesis, Louisiana State University, 1966.
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Comment on “ Solubilization of Benzene in
Aqueous Cetyltrimethylammonium Bromide

Measured by Differential Spectroscopy” 1

Publication costs assisted by Carnegie-Mellon University
and the U. S. Atomic Energy Commission

Sir:  The similarities between spectrometric absorp-
tion data of 0.7 mole fraction benzene in hexane and
micellar hexadecyltrimethylammonium bromide
(CTAB) have led Rehfeld2to propose that the solubili-
zation site for benzene is the micellar hydrocarbon core.
He has used this evidence to question our interpretation
of hydrated electron reactivity differences toward ben-
zene in water and various micellar systems.3 In the
work cited we reported an enhanced reactivity in the
presence of micellar CTAB relative to that in water.
Our findings were rationalized in terms of a benzene
solubilization at the micelle-water interface as re-
ported by Eriksson and Gillberg4over the concentration
range of our work (0.04 to 0.25 mole fraction benzene
in the micellar phase). The resulting electrostatic in-
teractions between the irsystem of the benzene with the
net positive charge at the CTAB micelle surface were
interpreted as responsible for rendering benzene more
susceptible to nucleophilic attack by the electron.
Eriksson and Gillberg observed that, at diminishing
concentrations of benzene in 0.17 M CTAB, the nmr
peak position of benzene approached the resonance
line position of benzene in water. They state: “This
observation indicates that at least at low solubilisate
contents benzene is solubilised by absorption at the
micelle-water interface.. . further addition of solubilisate
gives rise to a rapid shift of the N-CH3 -CH2 and
especially of the a-CH2 hydrogen resonance lines to-
ward higher fields. These shifts can be explained if one
assumes that absorption at sites close to the a-CH2
groups is the predominating solubilisation mechanism
and that this process involves a removal of those water
molecules which presumably are present initially at
these absorption sites. The proposed mechanism
seems probable since the quite large shifts obtained
for the a-CHj- hydrogens (26 c/sec) are only expected
to result from a combination of interfacial absorption
of benzene and a change of the polarizing ability of the
surrounding medium. At a benzene content approxi-
mately equal to 1.0 mole C8H@mole CTAB [0.5 mole
fraction] there is a marked change in slope of the shift
curves for CaH6and for the a-CH2 and C-CH3 groups
that can be interpreted as being due to absorption
saturation and a transition to solubilisation through
dissolving of benzene in the central parts of the micelle.”
Their interpretation suggests that, under the condi-
tions of the uv study, well over half the benzene would
lie in the interior of the CTAB micelle. The present
work of Rehfeld, confined to one CTAB-benzene con-
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centration of 0.7 mole fraction, is not adequate to show
a clear contradiction between his results and those of
Eriksson and Gillberg and our interpretation.

A problem inherent to both nmr and absorption spec-
trophotometric analysis of dynamic substrate solubili-
zation sites in micellar systems, however, is the lack of
appropriate reference solvents since there is experimen-
tal evidence interpreted as indicating that the micellar
interior contains water molecules.5 Thus one may
question the validity of comparing the proton magnetic
shifts of benzene extrapolated to zero solubilizate con-
centration to that in pure water or to pure hexane.
Likewise it may be argued that the similarity of the ob-
served absorption spectrum of 0.48 mole fraction of
benzene in methanol, a polar solvent, a2 = 2548
+ 1A; Avi = 918 + 30 cm-1; Ain/, = 440 + 30 cm-1;
iX,,@0 = 198 £4 1 (mol cm);-1; / = 4.2 (mol-1 cm-1)
cm-1; eglev = 0.26]6 tc that of 0.52 mole fraction of
benzene in apolar hexane2 renders absorption spectro-
photometry a somewhat tenuous method of contrasting
the absorption spectra of 0.7 mole fraction cf benzene in
CTAB to that of 0.00043 mole fraction of benzene in
water.2 Additionally, at high benzene concentrations
the shape and size of micelles are likely to undergo pro-
found changes which may alter both nmr and uv spectra.
However, our recent examination of the proton magne-
tic resonance frequencies (chemical shifts) of benzene
and those of NaLS as a function of benzene concentra-
tion suggests, when compared to similar data for
CTAB,4 that the solubilization sites of benzene in these
surfactants are different7 as required by our interpreta-
tion of the observed reactivities of ea+ with benzene in
the presence of these micellar surfactants.

(1) Supported in part by the U. S. Atomic Energy Commission.

(2) S.J.Rehfeld, J. Phys. Chem., 75, 3905 (1971).

(3) J.H. Fendler and L. K. Patterson, ibid., 75, 4608 (1970).

(4) J. C. Eriksson and G. Gillberg, Acta Chem. Scand., 20, 2019
(1966).

(5) W. L. Courchene, J. Phys. Chem., 68, 1870 (1964); N. Muller
and R. H. Birkhahn, ibid., 71, 957 (1967).

(6) S.J.Rehfeld, ibid., 74, 117 (1970).

(7) The magnitude of upheld shifts for the CsH6 and that for the
terminal CH3of the detergent are considerably greater (by a factor of
ca. 2) for NaLS than that for CTAB for comparable substrate and
surfactant concentrations (C. Day, E. J. Fendler, and J. H. Fendler,
unpublished results).

D epartment of Chemistry Janos H. Fendler

Texas A&M University

College Station, T exas

77843

R adiation Research Laboratories Larry K.Patterson*

Carnegie-M ellon University

15213

Pittsburgh,Pennsylvania

R eceived July 23, 1971

The Journal of Physical Chemistry, Vol. 75, No. 25, 1971



3908

Comment on a Recent Vibrational Analysis for
the Molecules Gallium Oxide, Indium Oxide,

and Thallium Oxide

Publication costs borne completely by The Journal of
Physical Chemistry

Sir: In a recent paper by Carlson, et al.,1vibrational
assignments are given for the molecular species AlD,
Gad, IndD, and T1D isolated in lowtemperature
matrices. We have been studying these systems with
the aid of B isotope enrichment and believe that some
of the band assignments given are incorrect.

In particular, Carlson observes bands at 595.6,
416.5, and 822.6 cm-1 for gallium oxide isolated in an
argon matrix, and he assigns these as the n, v2, and vs
fundamentals of Gad. In a nitrogen matrix, the
same assignment is given to three corresponding bands
at 590.4, 425.8, and 808.1 cm-1. Our ¥ experiments
on gallium oxide yield essentially the same absorption
frequencies (e.g., 590.9, 423.9, and 8094 cm-1 in a
nitrogen matrix), but although there is general agree-
ment that the band at ~800 cm-1 should be assigned2
as vz Gad, our experiments with IO enrichment def-
initely indicate an alternative assignment for the other
two bands.

B) atom enrichment on this system produces a
doublet at high frequency corresponding to the vs
fundamentals of Gas®) and Gazi®), and from these
peaks an estimate has previously been made2 of the
apex angle in Gad. However, a quite different pattern
is produced associated with the other two “funda-
mentals” at ~590 and ~420 cm-1, and this is shown in
Figure 1. Two triplets are observed, each with an
approximate intensity ratio 1:2:1 for 50% B en
richment. These triplets are characteristic of a mole-
cule containing two equivalent atoms of oxygen and
cannot be explained by Carlson’'s assignment. Fur-
thermore, in our diffusion experiments, which are
conveniently controlled using the “back pressure”
regulator of our Cryotip,3 these bands at ~590 and
~420 cm-1 often increased in intensity at the expense
of va.  We believe that these bands are associated with
a dimer species Ga®2 This nmolecule need not be
present in the vapor phase, but it could be formed
during deposition when the matrix is still soft.

Parallel studies on the indium oxide system lead us to
believe that Carlson’s identification of the correspond-
ing wand v2fundamentals of In2 is similarly incorrect.
Here, B enrichment experiments again show a simple
doublet2 for vs, but triplet structures for the bands
assigned as W\ and V2 In a nitrogen matrix these
triplets occur at 550.3, 532.0, and 522.1 cm-1, and 412.2,
402.8, and 393.0 cm-1, and for 50% 1 enrichment, an

intensity pattern similar to that shown in Figure 1 is
obtained.
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The infrared spectrum of matrix-isolated thallium
oxide has been studied by Brom, et al.4 Their diffusion
studies indicate that the bands assigned by Carlson
as the vi and v2 fundamentals of T12 are probably due
to a polymeric species T14 2

Figure 1. Infrared spectrum (400-600 cm-1) of gallium oxide
with ~50% 2 atom enrichment isolated in a
nitrogen matrix.

Although we have presented evidence which indicates
that the v and v2 fundamentals of Gad, InD, and
possibly T1D have been incorrectly identified, we
cannot unfortunately provide alternative frequencies
which may definitely be assigned as the w and V2vibra-
tions of these molecules.  Our diffusion studies indicate
that there are one or two possible candidates for w
Gad in the frequency region 400-500 cm-1, but the
absorptions are very weak, and we have not yet been
able to obtain sufficient intensity in our 2 enrichment
experiments to make identification definite.5

(1) D. M. Makowiecki, D. A. Lynch, Jr.,, and K. D. Carlson, J.
Phys. Chem., 75,1963 (1971).

(2) A. J. Hinchcliffe and J. S. Ogden, Chem. Commun., 1053 (1969).
(3) J.S. Anderson and J. S. Ogden, J. Chem. Phys., 51, 4189 (1969).
(4) J. M. Brom, Jr., T. Devore, and H. F. Franzen, ibid., 54, 2742
(1971).

(5) Editor's Note. Professor Carlson has advised us in corre-
spondence that similar isotopic studies have recently been carried out
in his laboratory, with the appearance of the same triplet splitting
and similar conclusions. In his laboratory, as in Dr. Ogden'’s, further
studies are in progress which hopefully will permit definitive identi-
fication of the carriers and assignments of the vibrational modes.
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