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NOTICE TO AUTHORS

I. General Considerations

The Journal of Physical Chemisty is devoted to re-
porting both experimental and theoretical research deal-
ing with fundamental aspects of physical chemistry.
Space limitations necessitate giving preference to re-
search articles dealing with previously unanswered basic
questions in physical chemistry. Acceptable topics are
those of general interest to physical chemists, especially
work involving new concepts, techniques, and interpre-
tations. Research that may lead to reexaminations of
generally accepted views is, of course, welcome.

Authors reporting data should include an interpreta-
tion of the data and its relevance to the theories of the
properties of matter. However, the discussion should
be concise and to the point and exezssive speculation is
to be discouraged. Papers reporting redeterminations
of existing data will be acceptable only if there is reason-
able justification for repetition: “or example, if the
more racent or more accurate data lead to new questions
or to a reexamination of well known theories. Manu-
seripts” that are essentially applications of chemical
data or reviews of the literature are, in general, not
suitable for publication in The Journal of Physical
Chemastry. Detailed comparisons of methods of data
analys:s will be considered only if the paper also con-
tains original data, or if such comparison leads to a
genesis of new ideas. '

Authors should include an introductory statement
outlining the scientific rationale for the research.
The statement should clearly specify the questions for
which answers are sought and the connection of the
present work with previous work in the field. All
manuscripts are subject to critical review. It is to be
understood that the final decision relating to a manu-
seript’s suitability rests solely with the editors.

Symposium papers are sometimes published as a
group, but only after special arrangement with the
editor.

Authors’ attention is called to the ‘“‘Handbook for
Authos,” available from the Special Issues Sales De-
partment, American Chemical Society, 1155 Sixteenth
St., N.W., Washington, D. C. 20036, in which perti-
nent material is to be found.

II. Typés of Manuscripts

The Journal of Physical Chemistry publishes two
types of manuscripts: Articles and Communications.

A. Articles should cover their subjects with thor-
oughness, clarity, and completeness. However, authors
should also strive to make their Articles as concise as
possible, avoiding unnecessary historical background.
Abstracts to Articles should be brief—300 words is a
maximum—and should serve to summarize the signifi-
cant data and conclusions. The abstract should convey
the essence of the Article to the reader.

B. Communications are of twc types, Letters and
Comments. Both types are restricted to three-quarters
of a page (750 words or the equivalent) including tables,
figures, and text, and both types of Communications are

subject to critical review, but special efforts will be made
to expedite publication.

Letters should report preliminary results whose im-
mediate availability to the scientific community is
deemed important, and whose topic is timely enough to
justify the double publication that usually results from
the publication of a Letter.

Comments include sign:ficant remarks on the work of
others. The editors will generally permit the authors
of the work being discussed to reply.

The category of Notes has been discontinued since
the handling of such manusecripts was precisely the same
as that of Articles save for the requirement of an Ab-
stract, and since even a short Article will need an Ab-
stract ultimately, it seems as well to ask the author to
provide this. Short Articles will of course continue to
be welcome contributions.

III. Introduction

All manuseripts submitted should contain brief intro-
ductory remarks deseribing the purpose of the work and
giving sufficient background material to allow the reader
to appreciate the state-of-knowledge at the time when
the work was done. Tke introductory remarks in an
Article should constitute the first section of the paper
and should be labeled accordingly. In Communica-
tions, the introductory material should not be in such a
separate section. To judge the appropriateness of the
manuscript for The Journal of Physical Chemistry,
the editors will place considerable weight on the
author’s intentions as stated in the Introduction.

IV. Functions of Reviewers

The editors request the scientific advice of reviewers
who are active in the area of research covered by the
manuseript. The reviewers act only in an advisory
capacity and the final dezision concerning a manuscript
is the responsibility of the editors. The reviewers are
asked to comment not only on the scientific content, but
also on the manuscript’s suitability for The Journal of
Physical Chemistry. With respect to Communications,
the reviewers are asked to comment specifically on the
urgency of publication. Authors are encouraged to
suggest, when submitting a manuscript, names of
scientists who could give a disinterested and informed
and helpful evaluation of the work. All reviews are
anonymous and the reviewing process is most effective
if reviewers do not reveal their identities to the authors.
An exception arises in connection with a manuseript
submitted for publication in the form of a comment on
the work of another author. Under such circumstances
the first author will, in general, be allowed to review the
communication and to write a rebuttal, if he so chooses.
The rebuttal and the original communication may be
published together in the same issue of the journal.
Revised manuseripts are generally sent back to the
original reviewers, who are asked to comment on the
revisions. If only minor revisions are involved, the
editors examine the revised manuscript in light of



the recommendations of the reviewers without seeking
further opinions. For the convenience of reviewers,
authors are advised to indicate clearly, either in the
manuscript or in a covering letter, the specific revisions
that have been made.

V. Submission of Manuscripts

All manuscripts must be submitted in triplicate to
expedite handling. Manuscripts must be typewritten,
double-spaced copy, on 8V2 X 11 in. paper. Legal
sized paper is not acceptable. Authors should be cer-
tain that copies of the manuscript are clearly reproduced
and readable. Authors submitting figures must include
the original drawings or photographs thereof, plus three
xerographic copies for review purposes. These re-
productions of the figures should be on 8% X 11 in.
paper. Graphs must be in black ink on white or blue
paper. Lettering at the sides of graphs may be penciled
in and will be typeset. Figures and tables should be
held to a minimum consistent with adequate presenta-
tion of information.  All original data which the author
deems pertinent must be submitted along with the
manuscript. For example, a paper reporting a crystal
structure should include structure factor tables for use
by the reviewers.

Footnotes and references to the literature should be
numbered consecutively within the paper; the num-
ber should also be placed in parentheses in the left
margin opposite the line in which the reference first
appears. A complete list of references should appear at
the end of the paper. Initials of the authors referred to
in the citations should be included in the complete refer-
ence at the back of the paper. Nomenclature should
conform to that used in Chemical Abstracts and mathe-
matical characters should be underlined for italics,
Greek letters should be annotated, and subscripts and
superscripts clearly marked.

Papers should not depend for their usefulness on un-
published material, and excessive reference to material
in press is discouraged. References not readily avail-
able (e.g., private technical reports, preprints, or articles
in press) that are necessary for a complete review of the
paper must be included with the manuscript for use by
the reviewers.

V1. Revised Manuscripts

A manuscript sent back to an author for revision
should be returned to the editor within 6 months; other-
wise it will be considered withdrawn and treated as a
new manuscript when and if it is retumed. Revised
manuscripts returned to the editor must be submitted in
triplicate and all changes should be made by type-
writer. Unless the changes are very minor, all pages
affected by revision must be retyped. If revisions are
so extensive that a new typescript of the manuscript is
necessary, it is requested that a copy of the original
manuscript be submitted along with the revised one.

VIl. Supplementary Material

From time to time manuscripts involve extensive
tables, graphs, spectra, mathematical material, or other
“supplementary material” which, though of value to
the specialized reader who needs all the data or all the
detail, does not help and often hinders the effective
presentation of the work being reported. The Ameri-

can Chemical Society has-instituted a policy of including
such supplementary material in the microfilm editions
of its journals, which are available in many scholarly
libraries; in addition, interested readers will be able to
obtain the microfilm material directly at nominal cost.
Authors are encouraged to make use of this resource, in
the interests of shorter articles (which mean more rapid
publication) and clearer, more readable presentation.
Supplementary material for inclusion in the microfilm
edition should accompany a manuscript at the time of
its original submission to an editor. It should be
clipped together and attached at the end of the manu-
script, along with a slip of paper clearly indicating that
the material is “supplementary material for the micro-
film edition.” A footnote should appear in the paper
indicating the nature of the supplementary material and
the means by which the interested reader might be able
to obtain copies of the data without use of the micro-
film edition itself. The following is an example:
(3) Listings of structure factors, coordinates, and anisotropic tem-
perature factors will appear immediately following this article in
the microfilm edition of this volume of the journal. Single copies
may be obtained from the Business Operations Office, Books and
Journals Division, American Chemical Society, 1155 Sixteenth
Street, N. W., Washington, D. C. 20036, by referring to author,

title of article, volume, and page number. Remit check or money
order for $0.00 for photocopy or $0.00 for microfiche.

The amount of money to be indicated in the blanks
will be filled in by the Editorial Office at Easton, Pa.,
after the acceptance of an article.

VIIl. Proofs and Reprints

Galley proofs, original manuscript, cut copy, and re-
print order form are sent by the printer directly to the
author who submitted the manuscript. The attention
of the authors is directed to the instructions which
accompany the proof, especially the requirement that all
corrections, revisions, and additions be entered on the
proof and not on the manuscript. Proofs should be
checked against the manuscript (in particular all tables,
equations, and formulas, since this is not done by tile
editor) and returned as soon as possible. No paper is
released for printing until the author’s proof has been
received. Alterations in an article after it has been set
in type are made at the author’s expense, and it is under-
stood that by entering such alterations on proofs the
author agrees to defray the cost thereof. The filled-out
reprint form must be returned with the proof, and if a
price quotation is required by the author’s organization
a request for it should accompany the proof. Since re-
printing is generally done from the journal press forms,
all orders must be filed before press time. None can be
accepted later, unless a previous request has been made
to hold the type. Reprint shipments are made a month
or more after publication, and bills are issued by the
printer subsequent to shipment. Neither the editors
nor the Washington office keeps any supply of reprints.
Therefore, only the authors can be expected to meet re-
quests for single copies of papers.

A page charge is assessed to cover in part the cost of
publication. Although payment is expected, it is not a
condition for publication. Articles are accepted or re-
jected only on the basis of merit, and the editor’s deci-
sion to publish the paper is made before the charge is
assessed. The charge per journal page is $50.
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A variety of physical chemical properties of linear polyethylene, crystallized either in bulk or from dilute
solution, are reviened. The importance of utilizing nolecular weight fractions is denmonstrated, and a di-
versity of properties are discussed in terms of crystallite size and interfacial structure.  The properties of
solution-formed crystals cannot be explained in terms of a regularly folded, regularly structured interface.
A disordered amorphous overlayer, which is consistent with the electron micrographs and other norpho-
logical studies, is required.  Bulk crystallized sanples of high nolecular weight are characterized by a very

high interfacial free energy corsistent with a diffuse and distorted interfacial region

In addition there

exists an interzonal region where the chain units are in nonordered conformrations and connect crystallites.

General Introduction

It has been well demonstrated that the crystalliza-
tion-melting process involving long-chain molecules
can be treated as a first-order phase transition which is
similar in all its major aspects to the behavior of mon-
omeric substances.2 Similarly, the crystallization ki-
netics from the pure melt has been shown to adhere to
the general mathematical formulation for the kinetics of
phase changes as developed by Avrami.23 Although
these very important results establish the physical
chemical framework and give the proper perspective
within which to study crystalline polymers, certain
important kinds of problems cannot be resolved solely
from these general conclusions. Deviations from equi-
librium theory are the norm as a consequence of Kki-
netic factors which control the crystallization process,
so that a polycrystalline system with an attendant
complex morphology results. Therefore, in order to
understand the properties of crystalline polymers,
whether they be thermodynamic, spectral, mechanical,
or other kinds, the relation to morphological features
and the deviations from equilibrium must be estab-
lished. It is our objective here to attempt to estab-
lish such relationships.

Investigations over the past decade have established

that virtually all homopolymers of regular structure
crystallize from dilute solution in the form of thin la-
mella-like platelets. Typically, such crystals are sev-
eral microns in lateral dimensions and are the order of
100 A thick. The crystallite thickness is found to be
very sensitive to the crystallization temperature.
Furthermore, selected area diffraction studies have
demonstrated that the chain axes are preferentially ori-
ented normal to the wide faces of the crystals. Since
this crystal habit and dimensions are found for chains
of very high molecular weight, a given chain molecule
must traverse a crystallite many times. There is,
therefore, a reentrant requirement for the chain to the
crystallite of origin. From these observations and the
external form of the crystals, the conclusion was

(1) (@) The first three papers of this issue were presented at the
Southeast-Southwest Regional ACS Meeting held in New Orleans,
La., on Dec 2-4, 1970. The are being published as part of our
experimental series of review articles on significant areas in physical
chemistry. We invite our readers to let us know their views on the
desirability of such contributions continuing to appear from time to
time in this journal.—The Editors, (b) This work was supported
by a grant from the Army Research Office (Durham).

(2) L. Mandelkern, “Crystallization of Polymers,” McGraw-Hill,
New York, N. Y., 1964.

3) (@ M. Avrami, J. Chem. Phys., 7, 1103 (1939);
212 (1940).

(b) ibid., 8,
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reached, and is still being argued in some quarters,
that the chains comprising the crystallites are regularly
folded so that the 001 basal plane is a smooth surface
of regular folds.4

Lamella-like crystallites are also a well-established
and characteristic morphological form for homo-
polymers crystallized in bulk, i.e., from the pure
melt. The concept of regularly folded chains has
therefore also been carried over to the bulk crystallized
systems.4db d Here it is also argued that a chain is
regularly folded and confined to a single crystallite.
This proposal continues with the concept that there are
no chain units in nonordered conformations which corn-
nect crystallites; i.e., amorphous or interzonal regions
are absent. In this view the well-known and generally
accepted deviations in thermodynamic quantities from
those of a perfect crystal, the halos observed in wide-
angle X-ray diffraction, and the observations of certain
infrared bands, for example, are attributed to contribu-
tions from the smooth interface of the small crystals
and from defect structures within the crystallite inte-
riordbd

Certain important aspects of morphology such as the
interfacial structure, the existence of chain units be-
tween crystallites, and the role of defect structure can-
not be established solely from the appearance of electron
micrographs. The major reason for postulating a set
of regularly folded chains appears to reside in an effort
to explain the external shape of the platelets formed in
dilute solution. There is an obvious large gap in at-
tempting to relate the external habit of crystals to
molecular fine structure. The present state of elec-
tron microscopic technique is such that, for example, a
discrimination as to the nature of the interfacial
structure cannot be made. Physical chemical measure-
ments and deductive reasoning power must be brought
to bear on the problem. We shall try to accomplish
this by considering the properties of crystals formed
from the two major modes of crystallization, i.e., from
dilute solution and from the pure melt. Any conclu-
sions that are reached must of course be in accord with
the general nature of the electron microscope observa-
tions and of the crystallite habit.

Crystallization from Dilute Solution

Introduction. Two extreme types of chain reentry
have been envisaged.66 In one of these, the regularly
folded array, each molecule crystallizes to the fullest
extent possible so that crystallization is complete ex-
cept for the number of chain elements required to
make the sharp fold between crystalline sequences.
Crystalline sequences from the same molecule are
thus adjacent to one ancother and a regularly folded
or pleated 001 interface is formed. Alternatively it
has been proposed that adjacent reentry does not
occur. Instead the crystalline sequences are con-
nected more or less at random with the connecting

The Journal of Physical Chemistry, Vol. 75, No. 26, 1971
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loops also being of random length. A chain would thus
traverse a nonordered or amorphous overlayer before
rejoining the crystal lattice. According to this model
the lamella are not completely crystalline but contain
a disordered amorphous overlayer.66 Two variants
of these extremes have also been proposed which still
require adjacent reentry. In one of these the regular
folds are maintained but the sequence lengths are
alloned to deviate from the mean.7 A somewhat more
irregular surface would thus be formed. However,
we must recognize that only minor deviations can be
tolerated in order to be consistent with the regularity
evidenced in the four orders of low-angle X-ray dif-
fraction that are observed. The other variant removes
the regular fold requirement and replaces it with a loose
loop of disordered chain units.8

Crystallite Size-Crystallization Temperature Relation.
Before discussing the properties of solution formed
crystals it is instructive to examine the relation be-
tween the crystallite thickness f and the crystallization
temperature Tc These data set a basis for a proper
understanding of the properties. It is found, in de-
tailed studies with linear polyethylene, that the crystal-
lite thickness is independent of molecular weight for
molecular weights greater than about 15,000.910 Con-
sequently, all properties which depend only on size
are also molecular weight independent.  For isothermal
crystallization, the crystallite thickness is found to
be independent of time from the earliest measurements
that are possible to very long periods of storage at the
crystallization temperature9 The postulated iso-
thermal thickening of such crystals does not manifest
itself in experimental reality. Properties which de-
pend on thickness will thus also be independent of
time.

Figure 1 is a composite plot of the crystallite thickness
f, in angstroms, as a function of temperature, for linear
polyethylene, crystallized from different solvents. The
data represent the reports from several different
laboratories, all of which are in essential agree-
ment. M1 13 The dependence of the crystallite size

(4) (a) A. Keller, Kolloid-z. Z. Polym., 231, 386 (1969); (b) J. D.
Hoffman, SPE (Soc. Plast. Eng.) J,, 4, 315 (1964); (c) P. H. Geil,
“Polymer Single Crystals,” Interseience, New York, N. Y., 1963;
(d) P. H. Lindenmeyer, science, 147, 1256 (1965).

(5) P.J. Flory, J Amer. Chem. Soc., 84, 2857 (1962).
(6) L. Mandelkern, Progr. Polym. Sci., 2, 165 (1970).

(7) J. D. Hoffman, J. J. Lauritzen, Jr., E. Passaglia, G. S. Ross,
L. J. Frolen, and J. J. Weeks, Kolloid-z. Z. Polym., 231, 564 (1969).

(8 H. G. Zachmann and A. Peterlin, J. Macromol. sci., Phys., 3,
495 (1969).

(9) J. F. Jackson and L. Mandelkern, macromolecules, 1, 546 (1968).

(10) H. F. Bair and R. Salovey, J. Macromol. sci., Phys., 3, 3
(1969).

(11) (a) H. E. Bair and R. Salovey, Macromolecules, 3, 677 (1970);
(b) T. Kawai and A. Keller, phil. Mag., [8] 11, 1165 (1965).

(12) A. Nakajima, F. Hamada, S. Hayaski, and T. Sumida, Kolloid-
z., 222, 10 (1968).

(13) R. K. Sharma, J. F. Jackson, and L. Mandelkern, Polym . Prepr.,
Amer. Chem. Soc., Div. Polym. Chem., 10 (2), 1327 (1969).
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Figure 1. Plot of crystallite thickness f against crystallization
temperature Tc for different solvents: (1) decalin, (2)
toluene, (3) xylene, (4) ra-octane, (5) ra-hexadecane.

on the crystallization temperature is readily apparent.
The relatively flat portions of the curves, which are
obtained at the lower crystallization temperatures, are
a consequence of the fact that the crystallization is not
isothermal in this temperature range. Dilatometric
measurements show that the crystallization rate is very
rapid at these temperatures,1416 and direct temperature
measurements demonstrate that the actual crystalliza-
tion is nonisothermal.916 Therefore, theories based on
isothermal crystallization, no matter how detailed or
sophisticated they are, which attempt to join or connect
this nonisothermal region with the higher temperature
region, are inappropriate.7

At the higher crystallization temperatures there is a
very strong dependence of f on Tcfor all the crystallizing
solvents. The crystallite thickness increases almost
twofold for a 10° increase in Tc Experimental
studies of the crystallization kinetics from dilute solu-
tion have shown that this process is characterized by a
large negative temperature coefficient typical of nu-
cléation control. A direct correlation between the
nucléation parameters governing the crystallization
rate and the observed crystallite size has been made.5
The general hypothesis can then be put forth that the
crystallite size in the chain direction, f, can be identified
with f*, the critical size of the nucleus in the chain
direction. With this assumption and the very general
proposition, common to all nucléation theories, that f*
is inversely related to the free energy of fusion, we can
write

Alu(f2 To AFUTs® - To w

Equation 1 is of a very general form which is common
to all known nucléation theories. It is, therefore,
highly nonspecific. This is a very important fact since
adherence to the form of eq 1 does not uniquely
specify a particular type of nucléation process. Ineql
T¢ is the equilibrium dissolution temperature (melting

3911

temperathre in a dilute solution), and AHnN is the en
thalpy of fusion per chain repeating unit. The param-
eter «. which is a function of the interfacial free energies
involved, specifies the type of nucléation that is size
and rate controlling.

In order to analyze the data of Figure 1 by means of
eq 1, a determination of Ts® independent of this set
of data needs to be made. Although this quantity
cannot be measured directly, it can be obtained by
extrapolation methods from other kinds of experiments.
The details of these methods and the data obtained
have previously been reported.91317 A compilation of
the values for Ts®, for the solvents of Figure 1, is given
in Table I.

We can see from this table that the different and inde-
pendent extrapolation methods yield very concordant
values for Ts® for each of the solvents. From these
results a plot, according to the suggestion of eq 1, of f
against T°/(T° —To is given in Figure 2. The plot
in this figure demonstrates that, when examined ac-
cording to the fundamentals of nucléation theory, the
data can be reduced to a single relation. Therefore,
we can conclude that the interfacial free energy
governing nucléation is independent of the crystal-
lizing solvent. The single relation of Figure 2 en
compasses both the nonisothermal and isothermal re-
gions. This indicates that at the lower temperatures
the deviations from linearity are dependent on the
undercooling (and thus the crystallization rate) rather
than the absolute temperature.

When compared at identical values for the tempera-
ture variable TS/(TS — T9, the crystallite sizes are

Figure 2. Plot of f against temperature variable
T,°/(Ts° — To). Data are from Figure 1

(14) L. Mandelkern, Polymer, 5, 637 (1964).

(15) C. Devoy, L. Mandelkern, and L. Bourland, J. Polym. Sei.,
Part A-2, 8, 869 (1970).

(16) H. Nagai and N. Kajikawa, Polymer, 9, 177 (1968).

(17) R. K. Sharma and L. Mandelkern, Macromolecules, 3, 758
(1970).
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Table 1:7 The Values of TC for Linear Polyethylene (°C)

2 3

1 AH*—AT Atf*-AT

Density- regular-fold (disordered

Solvent AT model interface)

Decalin 1146 db 1

Toluene 1169+ 1 1169+ 1 1169+ 1
p-Xylene 118.6 db 1 1186+ 1 1186 + 2
n-Octane 1270+ 1 1256+ 1 1240+ 2
n-Hexadecane 1340+ 2 1340+ 1 1340+ 1

thus the same irrespective of the wide range of crystal-
lization temperatures that exist among the different
solvents. Among these data are examples where smaller
size crystallites are obtained at higher crystallization
temperatures when the results from different crystal-
lizing solvents are compared. The application of
nucleation theory provides a powerful unifying factor in
analyzing the data from the different solvents.

In order to analyze the linear, isothermal regions
of Figure 2 in more detail, it is necessary to make an
a 'priori assumption with respect to the mode of nu-
cleation. This in turn involves specifying the param-
eter «. Consistent with the specific assumption that
is made, the interfacial free energy governing nuclea-
tion, (T&) can be obtained. We shall consider two- and
three-dimensional nucleations which are the two
extreme types of size control. From the slope of the
straight line of Figure 2, the value of kyields the inter-
facial free energies which are listed in the last two rows
of Table Il. These interfacial free energies are given
for several different values of Ts® so that our con-
clusions will not be biased by the specific selection of
this quantity. In this connection it should be noted
that a linear relation in Figure 2 for high-temperature
crystallization can be obtained for a range of values of
Ts". Thus as has been indicated above, the straight
line of Figure 2 does not uniquely specify Ts". The
data in Table 11 serves as the major basis for the selec-
tion of this quantity. It is of fundamental importance
to compare this value of the interfacial free energy with
(lec the interfacial free energy associated with the
interfacial structure of the mature crystallites that are
actually formed. These two quantities are not neces-
sarily identical. This latter interfacial free energy
can be determined in a straightforward manner, without
the necessity of making any assumption about the
interfacial structure, by measuring the solubility
temperature as a function of crystallite thickness.
It has been shown that these measurements can be
carried out without any significant melting or other
structural changes taking place during the time re-
quired to perform the dissolution temperature mea-
surements.9 The results of these measurements913
have demonstrated that <& is also independent of the
crystallizing solvent. The values obtained for <e are
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6 7

4 5 Dissolution Dissolution

N ucleation N ucleation of soln of bulk

theory theory crystals crystals
113.0+ 1.5 1145+ 1 116.0+ 1 1165+ 2
1186 + 2 1169+ 1 1169+ 1 1172+ 2
1186+ 2 1186+ 2 118.6 £2 1186 + 2
1277+ 2 1270+ 1 1256+ 1 126.1 + 2
1331+ 2 1340=% 1 1346+ 1 1309+ 2

listed in the first row of Table Il. An examination of
the data in this table demonstrates rather clearly that
irrespective of the values chosen for Ts® and irrespec-
tive of whether a two- or three-dimensional nucleation
process is size controlling, the interfacial free energy
governing nucleation is distinctly different from that
which is associated with the basal plane of the mature
crystallite. We come to this conclusion without
having to make any particular assumptions with
regard to either interfacial structure. This difference
in interfacial free energies must then reflect major
differences in the two interfacial structures that are
involved. Thus the assumption that the interfacial
structures of the mature crystallite and the nucleus
from which it is formed are the same is incorrect. This
a priori identification has led to many misleading con-
cepts.

Table 11:9 Deduced Values of the Interfacial Free Energies
cal/mol of Sequence) for Different T,° in Xylene

Ts®, °C-
118.6 116.0 114.0 112.0
&ea 3400 2900 2600 2360
< (3 dim) 2400 2160 1960 1760
(Ten (2 dim) 4800 4320 3920 3520

The studies of the crystallization kinetics6 and the
analysis of the relation between the crystallite size and
the crystallization temperature that was given above
clearly demonstrate that the crystallite thickness is
nucleation controlled. However, since this conclusion
is reached from the most general considerations of nu-
cleation theory, one cannot logically argue from this
kind of data alone for a particular type of nucleation.
The answer to this important question must come from
other sources and other kinds of experiments.

Properties. In this section we examine the proper-
ties of solution formed crystals in an effort to learn
more about their interfacial structure. If the crystal
formed from dilute solution possessed a regularly folded
interfacial structure and were internally perfect, the
measured density should be very close to 1.00 g cm-3
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which corresponds to the density of the unit cell. 8 Al-
though there has in the past been a great deal of dis-
agreement as to the value of the density, this question
has recently been clarified. 19 Values of the measured
densities range from 0.96 to 0.98, depending on the
crystallization temperature.192 These values repre-
sent substantial deviation from that of the unit cell.
They correspond to levels of crystallinity as low as
80-85% as compared to the 95% level required for a
regularly folded structure. The densities are found to
be independent of molecular weight (for molecular
weights greater than 15,000), to be dependent only on
the crystallite size, and to be independent of the
crystallizing medium. As is indicated in Figure 3 the
density is inversely proportional to f for crystalliza-
tion from different solvents at different temperatures.
The crystallite size is thus the sole determining factor.
Similar results have also been reported by Fischer and
Schmidt,2L Fischer and Hinrichsen,2 and Blackadder
and Roberts.Z For an infinite size crystal, 1/f = 0,
these data extrapolate to the density of the unit cell.
Thus the density deviations from the unit cell are solely
size dependent and there is no evidence for contribu-
tions from internal lattice defects. These results give
strong support to the presence of an amorphous over-
layer. This conclusion is substantiated by the work of
Fischer, et al., on the determination of the absolute
intensity of the lowangle X-ray scattering of crystals
formed from dilute polyethylene solutions. 24 The
fluctuations in electron density required to explain the
scattering data can be directly and quantitatively
related to the macroscopic density difference between
the crystalline and amorphous states and the degree of
crystallinity.

The enthalpies of fusion of these crystals are also
independent of molecular weight, 176 independent of
the crystallizing solvent,I7 and inversely proportional
to f.1768 This size relation adheres to the require-
ment of either the regularly folded or disordered inter-
facial model. From these data alone a discrimination
can only be made on the basis of the deduced interfacial
enthalpy. For either model, the extrapolated value for
the infinite-size crystal is 69 + 1 cal/g.175 This is in
excellent accord with theoretical expectationZ and
other experimental resultsB These measurements
again show no detectable contribution of internal
lattice defects to the measured enthalpy of fusion.

Conventional infrared analysis for the degree of
crystallinity, utilizing either the 1894-cm-1 crystalline
band, the 1368-, 1352-, and 1303-cm-1 noncrystalline
bands, or a combination of these, yields levels of crystal-
linity in the range 77-85%. These results are in very
good agreement with the values calculated from the
density measurements.® The extinction coefficients
of the 1894-cm-1 crystalline band for solution crystals
and normal paraffins are the same. Thus we can
conclude that the interior of the crystals of long-chain
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Figure 3. Plot of density as a function of the reciprocal
crystallite thickness f, in CEh units, for samples crystallized
from different solvents: toluene, O; «-octane, «;
n-hexadecane, 0. Short vertical lines represent
nonisothermal crystallization. Data are from ref 17.

molecules, formed in dilute solution, is very similar to
that of the normal paraffins. The internal defect level
is thus about the same so that the nonordered chain
units must be assigned to an amorphous interfacial
overlayer.

Schonhorn and Luongo® have studied the infrared
spectrum of a cyclic hydrocarbon C3H® and com
pared these results with those obtained from the melt
of a normal hydrocarbon and from solution crystals
of linear polyethylene. In the crystalline state the
X-ray diffraction pattern of the cyclic hydrocarbon
indicates that the conformation is that of a fully
collapsed hoop having tight regular folds characteristic
of adjacent chain reentry. Because of the sequence of
bond orientations required to make this tight fold, an
intense absorption band is observed at 1340 cm-1 as is
illustrated in Figure 4. We note, however, in this

(18) C. W. Bunn, Trans. Faraday Soc., 35, 482 (1939).

(19) R. K. Sharma and L. Mandelkern, Macromolecules, 2, 266
(1969).

(20) D. A. Blackadder and P. A. Lewell, Polymer, 9, 249 (1968).
(21) E. W. Fischer and G. F. Schmidt, Angew. Chem., 74, 551
(1962).

(22) E. W. Fischer and G. Hinrichsen, Kolloid-Z. Z. Polym., 219,
93 (1966).

(23) D. A. Blackadder and T. L. Roberts, Makromol. Chem., 126,
116 (1969).

(24) E. W. Fischer, H. Goddar, and G. F. Schmidt, J. Polym. Sci.,
Part B, 5, 619 (1967).

(25) L. Mandelkern, A. L. Allou, Jr., and M. R. Gopolan, J. Phys.
Chem., 72, 309 (1968).

(26) H. E. Bair, T. W. Huseby, and R. Salovey in “Analytical
Calorimetry,” R. S. Porter and J. F. Johnson, Ed., Plenum Press,
New York, N. Y., 1968, p 31.

(27) P. J. Flory and A. Vrij, 3. Amer. Chem. Soc., 85, 3548 (1963).

(28) F. A. Quinn, Jr., and L. Mandelkern, ibid., 80, 3178 (1958);
81, 6355 (1959).

(29) T. Okada and L. Mandelkern, J. Polym. Sci., Part B, 4, 1043
(1966).
(30) H. Schonhorn and J. P. Luongo, Macromolecules, 2, 366 (1969).
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Figure 4. Spectra in 1400-1300-cm-1 region of polyethylene
solution crystals at 20°; TOCuHi melt (>114°) and
crystalline cyclic hydrocarbon (CzHes) at 20°. Data are
from ref 30.

figure that for the solution crystals of polyethylene the
intensity of this band and the ratio of the intensity of
this band to that of the usual gauche band at 1350 cm-1
is greatly reduced. In fact, the infrared spectra in the
gauche band region is virtually identical with that of
the melt of the normal hydrocarbon (middle spectrum
of Figure 4). We can conclude from these observations
that solution crystals of polyethylene do not display the
infrared characteristics required of a folded structure
with adjacent reentry. Based on this study® the
interfacial structure of solution crystals is concluded
to be the same as the melt of normal hydrocarbons.
Krimm and Banksrz have recently reported other
kinds of infrared analysis on solution-formed crystals of
polyethylene. In one of their studies particular atten-
tion is given to the lowfrequency interchain lattice
vibration located in the vicinity of 71 cm"l This
frequency is a function of the interactions between
chains and thus of the lattice parameters within the
crystal. Small shifts in this frequency, which cor-
related with changes in the lattice dimensions, were ob-
served for unfractionated polyethylene when cast filns
and solution-crystallized samples were compared with
bulk crystallized and samples crystallized under con-
ditions of high temperature and pressure. It was as-
sumed that these shifts reflected differences in the inter-
facial structure.ar However, avery detailed, quantita-
tive study has shown that for solution crystals the a
and b axes systematically increase with a decrease in the
crystallization temperature. Thus, for these small-
size crystals, 80-160 Cll2 units thick, the interfacial
structure is influencing the unit cell dimensions al-
though the basic nature of the interfacial structure is
not changing. The interpretation given to the changes
in the 71-cm-1 infrared band is, therefore, not unequivo-
cal.al In fact it needs to be reexamined in light of the
changes that are observed in the lattice dimensions for

these crystals.
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In another aspect of their work, Krimm and Bankz
compared the splitting of the 720, 730-, and 1800-cm” 1
modes for mixtures of CaH7 and CxDu with corre-
sponding mixtures of hydrogenated and deuterated
polyethylene which was crystallized in different ways.
Theoretically, splitting will be observed when there is
a nonuniformity of the mass distribution of the two
species within the crystal latticez Splittings were
observed for polymer mixtures of certain given nominal
compositions when they were not observed for cor-
responding compositions of the monomeric mixtures.
The required nonuniformity of the mass distribution
was attributed to a regularly folded crystal structure
which of course yields the required mass distribution.2
However, this is not a unique explanation. Further
studies have shown that for both the monomeric and
polymeric species, the hydrogenated samples possess
a 4-6° greater melting temperature. From simple
considerations of phase equilibria it follows that at
equilibrium the compositions of the crystal and the
melt will not be the same. This partitioning of
species upon crystallization will be further enhanced
by the influence of the difference in melting tempera-
tures on the crystallization kinetics.3 Hence there is
not an unequivocal interpretation to this set of infrared
results.

Very strong evidence for the existence of a dis-
ordered interfacial structure comes from the direct
observation of glass formation in solution crystals.
Irrespective of the detailed theories of glass formation
that have been proposed, it is agreed that it is a property
of the disordered or amorphous regions wdiere the chain
units are in a nonordered conformation. Two dis-
tinctly different types of measurements demonstrate
glass formation in solution-formed crystals. One set
is dynamic mechanical measurements which have been
contributed mainly by Takayanagi.3s3% A detailed
analysis of these resultss demonstrates that loss peaks
are observed at the same temperature for both solution-
and bulk-crystallized samples. Further data, em-
ploying static methods, show that these loss peaks cor-
respond to the glass temperature. In a quite different
approach, Fischer, Kloos, and Liesers have studied
the temperature dependence of the absolute intensity

(31) M. I. Bank and S. Krimm, J. Appl. Phys., 39, 4951 (1968).
(32) M. I. Bank and S. Krimm, J. Polym. Sei., Part A-2, 7, 1785
(1969).

(33) R. Kitamaru and L. Mandelkern, ibid., Part A-2, 8, 2079 (1970).

(34) F. Stehling, E. Ergdz, and L. Mandelkern, Macromolecules, 4,
672 (1971).

(35) M. Takayanagi, E. Imada, E. Nagai, T. Tatsumi, and T.
Matsuo, J. Polym. Sei., Part C, 16, 867 (1967).

(36) M. Takayanagi, Proc. Int. Congr. Rheal., 4, Part 2, 161 (1965).
(37) F. C. Stehling and L. Mandelkern, J. Polym. Sei., Part B, 7,
255 (1969).

(38) E. W. Fischer, F. Kloos, and G. Lieser, ibid., Part B, 7, 845
(1969).
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Figure 5. Temperature dependence of the square root of the
relative intensity of the low-angle diffraction maximum
for solution crystals of polybutene-1. Data are from ref 38.

of the lowangle scattering maximum. A plot of the
square root of the ratio of the intensity maximum at
temperature T to that at 0°, TQ is given as a function
of temperature in Figure 5 for solution crystals of poly-
butene-1. Theoretically, the slope in this plot is
related to the difference in expansion coefficient of the
amorphous and crystalline phases. A sharp discon-
tinuity can be noted at —25°. This temperature
corresponds to that generally accepted for the glass
temperature of polybutene-1. Similar experiments,
utilizing solution crystals of linear and branched
polyethylene, also display discontinuities at tempera-
tures corresponding to their respective glass tempera-
tures.® Thus the evidence for glass formation in
solution-grown crystals is quite strong.

Other properties, such as wide-angle X-ray diffrac-
tion,D yield noncrystalline content for polyethylene
solution crystals of about 15-20%. Selective oxidation
studies indicate that the interfacial layer contains
about 15-25% of the chain units.41-46 Broad-line
nmr spectra of polyethylene crystals formed from
dilute solution indicate the presence of a mobile or
amorphous fraction. A refined analysis of such
spectra by Bergmann and Nawotkighas shown that only
about 85-90% of the material is within the crystal
lattice.

The review of properties that have been given
above makes abundantly clear that there is a large, if
not overwhelming, body of evidence that indicates
that solution crystals are only about 80-85% crystal-
line. There is an amorphous, disordered overlay,
where the chain units are in a nonordered conformation,
which comprises the remainder of the material. This
conclusion and the major properties upon which it is
based are completely compatible with the electron
micrographs and are also consistent with the other
major morphological observations. The lamella plate-
like character of the crystals formed is not in question.
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It should be clear, however, that their observation
does not require the corollary assertion of regularly
folded chains. Although the experimental evidence,
from a nonmorphological viewpoint, with respect to the
interfacial structure of solution-formed crystals, is
quite substantial, other concepts are still being argued.
The more detailed basis for these latter views can be
found in the references already cited.44°'7

Crystallization from Melt

Introduction. A lamella-like crystallite is a well-
established and accepted morphological form that de-
velops upon the crystallization of a homopolymer from
the pure melt. The analysis of the properties of solu-
tion-formed crystals indicates, however, that it would
be premature to equate this morphology with an inter-
facial structure comprised of regularly folded chains and
to dismiss the existence of chain units in nonordered
conformations. The description of the interfacial and
interzonal chain structure cannot be accomplished
solely from morphological observations. Neither can
any progress in understanding be expected solely from
the analysis of isolated pieces of physical-chemical
data. It is necessary that an overall view of proper-
ties be developed to see if a coherent understanding
can be evolved.

In order to help elucidate this problem we have
generated experimental data, which has involved a
variety of experimental techniques for the same
chemically constituted polymer, for samples crystal-
lized under defined and controlled conditions. The
necessary data have been produced by studying the
properties of molecular weight fractions of linear
polyethylene. The molecular weights studied covered
the range 3 X 103to 8 X 106 and samples were crystal-
lized under controlled conditions, particularly at
elevated temperatures for long time periods. In antici-
pation of our results, we find that, in marked contrast
to crystallization from very dilute solution, the proper-
ties of polymers crystallized from the pure melt are
very dependent on molecular weight.

Properties. The first property that we shall ex
amine is the dependence of the density on nolecular
weight.478 These results are presented in Figure 6 as

(39) E. W. Fischer and F. Kloos, J part B, 8, 685
(1970).

(40) W. O. Station and P. H. Geil, J. Appl. Polym. Sci.,
(1960).

(41) A. Peterlin and G. Meinel, 3. Polym. sci.,
(1965) .

(42) A. Peterlin, G. Meinel, and H. G. OIf, ibid., Part B, 48, 399
(1966) .

(43) F. H. Winslow, M. Y. Heilman, W. Matreyek, and R. Salovey,
ibid., Part B, 5, 89 (1967).

(44) p. 3. Blundell, A. Keller, and T. M. Conner, ibid., Part A-2,
5, 991 (1967).

(45) 1. Williams, p. J. Blundell, A. Keller, and I. M. Ward, ibid.,
Part AS, 9, 1613 (1968).
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Figure 6. Plot of density, measured at room temperature,
as a function of molecular weight for fractions of
linear polyethylene.

the measured density at room temperature for two
modes of crystallization. One of these involves long-
time crystallization at 130°; the other was rapid
crystallization achieved by quick cooling. The mea-
sured densities are conveniently compared with the
density of the unit cell which is 1.00 g cm“3at room
temperature. We immediately note the wide range in
values that can be achieved. After 130° crystalliza-
tion, the densities at room temperature range from 0.99
to less than 0.94 g cm-3. After rapid crystallization
this value can be reduced to slightly less than 0.92.
All these values are for the same polymer, crystalline
linear polyethylene, so that clearly they are not re-
stricted to any narrow limits as has been implied.
These results illustrate the pitfalls that can be en
countered in selecting isolated pieces of data and at-
tempting to develop detailed theories from them.

We can also discern from Figure 6 that there is a
very systematic change of the density with molecular
weight. Within the present range of experimental
data there are essentially three regions. At low
molecular weights, less than 50,000-60,000, the ob-
served densities are relatively high and approach that
of the unit cell. As the molecular weight is increased,
however, there is a significant monotonic decrease in
the density up to M = 12 X 106 At still higher
molecular weights, a constant low value of the density
is attained. The vide range in densities that can be
achieved is not a trivial effect and is systematically de-
pendent on molecular weight. The deviations in
density from that of the unit cell clearly cannot be
attributed to end groups acting as lattice imperfections.
It is in fact for the lowest molecular weights, with the
highest concentrations of end groups, that the density
is closest to that of the unit cell.

If the densities are measured at the elevated crystal-
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lization temperatures, prior to cooling to room tem-
perature, then asimilar dependence on molecular weight
is found but the density level is considerably less.478
Upon cooling, further crystallization with an attendant
increase in density is observed.478 However, the rel-
ative magnitude of the change is much greater in the
higher molecular weight range than in the lonwer. Put
another way, relatively more crystallization occurs upon
cooling for molecular weights greater than about 50,000.
For the lower molecular weight range only a small in-
crease in density takes place upon cooling.

Enthalpy of fusion measurements follow a pattern
very similar to that of the density-molecular weight
relations. 68 After high-temperature crystallization
and cooling to room temperature, the measured enthal-
pies of fusion range from 69 cal/g for the lower molecu-
lar weights to 37.5 cal/g for the larger chains. The
loner molecular weights thus yield values close to that
expected for the macroscopic ideal crystal. After
rapid crystallization of high molecular samples the
measured enthalpy of fusion can be reduced to as low
as 20-25 cal/g.

From these results we see that a wide range in ther-
modynamic properties can be realized. Very large
deviations from those expected from the perfect crystal,
are observed. These deviations are not rarities, as has
been implied, but are systematic with molecular weight
and the crystallization conditions.

Degree of Crystallinity. The problem as to whether a
crystalline polymer can be treated as a complete set of
crystals of small thickness, with a large concentration
of internal defects, or whether there are chain units in
nonordered conformations which connect crystallites
can be resolved in part by examining the validity of the
degree of crystallinity calculations. Classically, this
kind of calculation has been based on the assumption of
the additivity of the crystalline and amorphous (inter-
zonal) phases. We must now also consider possible
contributions from the interfacial region and from de-
fects within the crystallite interior. The wide range
in properties that one has been able to generate by
studying molecular weight fractions makes for an ideal
set of data with which to test this concept. For ex-
ample, on a strict additivity basis, the degrees of crys-
tallinity, 1 — X from the density measurements range
from 0.50 to 0.95 for linear polyethylene.

We first compare the degree of crystallinity calcu-
lated from density, using just the additivity principle,
with the values calculated in the conventional manner
from infrared analysis. As has been previously re-
ported496) there is very good agreement between the
two methods over the whole range. Therefore, for

(47) J. G. Fatou and L. Mandelkern, J. Phys. Chem., 69, 417 (1965).
(48) E. Ergoz, Ph.D. Dissertation, Florida State University, 1970.

(49) T. Okada and L. Mandelkern, J. Polym. Sci., Part A-2, 5, 239
(1967).
(50) L. Mandelkern, Polym. Eng. Sci., 7, 232 (1967).
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these two methods there do not seem to be any con-
tributions from the interfacial region or from internal
defects. Quantitative wide-angle X-ray diffraction
studies, from several laboratories,51-53 also show good
agreement with the degree of crystallinity calculated
fromthe density.

When the simple additivity rule is used, the enthalpy
of fusion measurements, for samples cooled to room
temperature, do not yield concordant values of the
degree of crystallinity. Except for the samples with
the very highest level of crystallinity a major disparity
is found. The enthalpy measurements yield lower
values for 1 — Xthan the density. Since the enthalpy
of fusion is calculated on a mass basis, this discrepancy
cannot be attributed to voids within the sample. The
source of this apparent discrepancy is realized when
samples are analyzed at the crystallization temperature;
i.e., they are never cooled to room temperature. Under
those conditions very good agreement between the two
methods is found over a wide range in the degree of
crystallinity. The disparity is therefore a conse-
quence of cooling from the crystallization temperature.
Smaller crystallites will be formed on cooling so that
there will be a substantial contribution from the inter-
facial enthalpy to the measured enthalpy of fusion.
This will then yield an apparent loner value for 1 — X
Analysis of dilute-solution crystals show that the inter-
facial enthalpy is a significant quantity.17%

A refined analysis of the broad-line nmr spectra®%
has shown that segmental motions of the interfacial
region must be taken into account in addition to the
usual broad and narrow components assigned to the
crystalline and amorphous regions. For linear poly-
ethylene of low density, about 10% of the material
needs to be assigned to the interfacial region. The
absolute low-angle intensity measurements of Schultz
and Kavesh,@8 for a sample whose crystallinity is
about 70%, indicate the possibility of contributions
from the interfacial regions in this type of measure-
ment.

We have already seen that the deviations in proper-
ties from that of the ideal crystal cannot be attributed
to chain ends or to voids within the lattice. It remains
to be ascertained whether the lattice parameters and
unit cell dimensions, which would be sensitive to other
kinds of internal defects, are perhaps changing. De-
tailed quantitative studies® have, however, demon-
strated that for bulk-crystallized samples the lattice
parameter and unit cell dimensions do not change over
the wide range in macroscopic densities that are ob-
served. We must conclude therefore that there are no
defects present within the interior of the crystallites
which would affect the lattice parameters.

The results described above bad to the general con-
clusion that the degree of crystallinity is a quantitative
concept. This gives strong support for the existence
of a well-defined amorphous or interzonal region where
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the chain units are in nonordered conformations and
possess properties which are similar to that of the pure
melt. The interzonal region is thus composed of por-
tions of a chain and not complete molecules. These
chain units, which connect crystallites, would not be
straight or ordered as has been proposed.64-66

Character of Crystallites and Interfacial Free Energy.
Electron microscope studies of fracture surfaces6/@®
and of the residue from selective oxidation8have shown
that lamella-like crystallites are formed over the com-
plete molecular weight range, from several thousand to
several million. The fracture surface studies up to
molecular weights of 570,000 show that the lamella are
banded or striated irrespective of whether the crystallite
thickness is comparable to the extended chain length
or very much smaller.5/8 The lamella also have the
same character in polydisperse systems.& The wide
range in molecular weights and crystallite sizes over
which lamella are observed do not allow them to be
a priori identified with regular folding or for any type
of folding. Neither can the electron micrograph ob-
servations be used as an argument for molecular weight
segregation during crystallization. One can also add
that neither can the observation of multiple peaks,
during differential calorimetry measurements, be used
as an argument for molecular weight fractionation
during crystallization.

An analysis can be made, from the fracture surfaces,
of the lamella thickness as a function of molecular
weight. The results are given in Figure 7. Here, In
terms of the number of CH2 units, the crystallite thick-
ness f is plotted against the chain length x for samples
crystallized at 130°. There is a very definite depen-
dence of the crystallite size on molecular weight. For
low molecular weights, x < 900 (M < 12,500), the
average values of f are very close to x. Such crystal-
lites are termed extended-chain crystals. As the molec-
ular weight increases from 12,000 to 56,000, the average
lamella thickness increases from about 600 units to
about 900 units. The ratio (t)/x thus decreases from
0.7 to 0.25 so that the crystallite thickness still repre-
sents a significant portion of the extended-chain length.
For molecular weights from 200,000 to 570,000 the
crystallite sizes increase only slightly, reaching an
asymptotic value of 1000-1200 CH2 units. This size

(51) H. Hendus and G. Schnell, Kunststoffe, 51, 69 (1960).

(52) M. Gopalan and L. Mandelkern, J. Polym. Sci., Part B, 5,
925 (1967).

(53) S. Kavesh and J. M. Schultz, ibid., Part AS, 9, 85 (1971).

(54) H. D. Keith, F. J. Padden, Jr.,, and R. G. Vadimsky, ibid..
Part AS, 4, 267 (1966).

(55) H. D. Keith, F. J. Padden, Jr., and R. G. Vadimsky, J. Appl.
Phys., 37, 4027 (1966).

(56) C. Devoy and L. Mandelkern, J. Polym. Sci., Part B, 6, 141
(1968).

(57) F. R. Anderson, J. Appl. Phys., 35, 64 (1964).

(58) L. Mandelkern, J. M. Price, M. Gopalan, and J. G. Fatou,
J. Polym. Sci., Part A, 4, 385 (1966).
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Figure 7. Plot of crystallite size f, in CHj units, against chain length x for molecular weight fractions of polyethylene crystallized

at 130° and cooled to room temperature. Data are from ref 58.

range is consistent with lowangle X-ray measurement
of Pollack, et al.,® and of Schultz.8 At these higher
molecular weights the crystallite thickness has now be-
come exceedingly small when compared to the extended-
chain length.

We should note that the molecular weight range
where the density and enthalpy of fusion start to un-
dergo their major decrease corresponds to the ratio
(f)/x beginning to deviate from unity. This ratio be-
comes progressively smaller as the molecular weight
increases and the deviations in thermodynamic quanti-
ties from that of the unit cell increase. This is the
kind of correlation we would expect for a fairly constant
crystallite thickness and ever increasing amorphous or
interzonal content. This conclusion is substantiated
by fracture experiments. In the lower molecular
range, where (f)/x is approximately unity, fracture is
easily accomplished at room temperature. However,
for the higher molecular weight samples, where (f)/x
« 1, fracture can only be accomplished at the tempera-
ture of liquid nitrogen which is below the glass tem-
perature of linear polyethylene.®

From the measured crystallite thickness and from
the directly determined melting temperatures the inter-
facial free energy, aeo, associated with the basal plane
of the mature crystallites can be calculated in a straight-
forward manner.6L. The results are plotted in Figure 8
and two different sets of data, which are in very good
agreement with one another, are presented. In one set
of data the crystallite thickness and melting tempera-
tures were determined from the low-angle diffraction
maxima and the temperatures of their disappearance.@
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Figure 8. Plot of interfacial free energy fi (cal/mol) against
molecular weight for polyethylene crystals: A, electron
microscopy from ref 58; O, low-angle X-ray diffraction from
ref 62.

In the other the crystallite thickness was determined
by electron microscopy, and the melting temperature
by dilatometry.8 For molecular weights greater than
about 105the interfacial free energy is independent of
molecular weight and assumes its highest values. At

(59) S. S. Pollack, W. A. Robinson, R. Chiang, and P. J. Flory,
J. Appl. Phys., 33, 237 (1962).

(60) F. C. Stehling and L. Mandelkern, Macromolecules, 3, 242 (1970).
(61) We emphasize here, as we did in the discussion of solution
crystals, the difference between the interfacial free energy governing
nucleation and that which is associated with the mature crystals
that are actually formed.

(62) J. M. Schultz, W. H. Robinson, and G. M. Pound, J. Polym.
Sd., Part A-2, 5, 511 (1967).
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the lower molecular weights, one has the lowest inter-
facial free energies and there is a transition zone cor-
necting the two regions. A similar molecular weight
dependence has been found for the interfacial free
energy governing spherulitic growth.6

The molecular weight dependence of the interfacial
free energy is again a reflection of the ratio of the crys-
tallite size to the extended-chain length. When this
ratio is large, <& has its smallest values although it
is still large when compared to that for monomeric
systems.  When the ratio of the crystallite size to the
extended-chain length becomes very small, the inter-
facial energy is correspondingly very large. Although
this thermodynamic analysis cannot specify the molec-
ular nature of the interfacial regions, they clearly must
be different in the different molecular weight ranges,
although lamella structures are observed throughout.
The molecular nature of the interfacial region character-
istic of the loner molecular weights, large (f2)/x, will
yield the most stable, higher melting systems since it
has associated with it the lowest value of the interfacial
free energy. Hence, if the crystallites formed from the
higher molecular weight chains possessed this same
interfacial structure, the melting temperatures would be
greater than observed. In this high molecular weight
range, (E)/x « 1, it is possible to postulate, solely from
geometric considerations, an interface of regularly folded
chains. However, if this interfacial structure did
indeed exist, it would not do so because of any enhanced
stability that is endowed by this structure.

Summary of Morphology. Since lamella-like crys-
tallites are observed for the complete range of {f)/x,
they cannot be automatically attributed to a regularly
folded chain structure. For high molecular weights,
when {i)/x &C1, it is possible, on a geometric basis, to
postulate a regularly folded interfacial structure and
the absence of interzonal regions. This postulate is
clearly consistent with geometric considerations and
visual observations. However, there are several com-
pelling reasons which make this difficult, if not impossi-
ble to accept. As has already been pointed out, the
very high values of the interfacial free energy associated
with the basal plane argue against a regular, smooth
interface. The concordance of the degree of crystal-
linity calculations, by a variety of methods, utilizing
the properties of molten chains, argues very strongly for
the presence of interzonal regions as does the low level
of crystallinity that can be attained for linear polyeth-
ylene.

If one is prone to argue that the observed deviations
in properties can be attributed to imperfections within
the crystal lattice, and we should recall that these devia-
tions can be rather large, they cannot be due to chain
ends, voids, or changes in the lattice parameters.
These have been the most popular kinds of imperfec-
tions that have been postulated. The clains are,
however, without substance. Any other kinds of
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imperfections that migh* be postulated will have to
satisfy certain conditions.

In the molecular weight range where {$)/x €C 1 the
crystallite thickness and melting temperature are essen-
tially invariant although the density and enthalpy of
fusion are continuously decreasing. Thus these de-
fects would not be affecting the thermodynamic sta-
bility while their concentration would have to be con-
tinually increasing. This would represent a very
unusual situation. Since the crystallite size and inter-
facial free energy are also invariant, in this region,
these postulated defects cannot be attributed to changes
in interfacial properties. There are undoubtedly
defected structures within the interior of crystallites,
as there are in monomeric substances, but the require-
ments that have to be met for the polymeric systems
have yet to be theoretically expounded and experi-
mentally demonstrated. The concept of an interfacial
structure in which there is no change with molecular
weight and in which interzonal connections are absent
cannot be substantiated. Despite this evidence, other
interpretations of structure, based in the main on re-
stricted data, still argue for the absence of amorphous
regions. These discussions can be found in the ref-
erences cited.46!

There are many compelling reasons that argue very
strongly for the presence of interzonal regions. The
concordant values obtained for the degree of crystal-
linity have already been mentioned. The fracture
properties also require such regions, for when the molec-
ular weight is greater than 56,000, (£)/x <C 1 fracture
requires the reduction in temperature below the glass
temperature. The existence of a glass temperature for
a semicrystalline polymer in general and its recent dem-
onstration for linear polyethylene® also require amor-
phous regions. Thermal expansion and specific heat
measurements of linear polyethylene of low density
display classical glass temperature behavior, typical of
amorphous polymers. A consistent and rational inter-
pretation of both the broad-line nmr spectra and the
dynamic mechanical properties as a function of sample
density can only be made by quantitatively invoking
the presence of amorphous regions.® The intensity
ratio, in the infrared region, of the two major gauche
bond absorptions are the same for bulk-crystallized
linear polyethylene and the melt of normal hydrocar-
bons. @ Hence, we must conclude that the nonor-
dered regions in the polymer possess the same structure
as the melt of normal hydrocarbons. This conclusion
is, of course, consistent with the existence of amorphous
regions.

Considering all the properties that have been dis-
cussed and recognizing the wide range in values that
can be attained for a given property and, furthermore,

(63) C.'Devoy and L. Mandelkern, J. Polym. Sci., Part A-2, 7,
1883 (1969).

(64) P. Lindenmeyer, Kolloid-Z. Z. Polym., 231, 593 (1969).

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



3920

Figure 9. Schematic representation of crystallite.

requiring a consistency of interpretation among all the
data, a schematic representation of a primitive crystal-
lite, as is depicted in Figure 9, has evolved. Although
admittedly highly schematic and oversimplified, it does
represent the primary morophological entity. The
vertical straight lines within the crystalline region
represent the chain sequences in ordered conformation.
In the amorphous or interzonal region, the chain units
are in nonordered conformations and have thermo-
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dynamic, spectral, and mechanical properties similar to
those of the pure melt. The chain units in this dis-
ordered array connect one crystallite with another.
The interfacial region is a zone many units thick where
the packing is very distorted and crowded. Some
chains pass through this zone and thus form the inter-
zonal region, while others return to the crystallite of
origin but not necessarily in juxtaposition. Thus a
disordered, highly irregular interfacial structure results
which is consistent with the high value for the inter-
facial free energy associated with the basal plane when
(i)/x « 1. On the other hand, when f -*e x the inter-
zonal region will no longer be present and there will be
very little necessity for a chain to return to the crys-
tallite of origin. In this situation the distortion and
crowding of the interfacial region will be significantly
reduced as is indeed reflected in the lower values ob-
tained for the interfacial free energy.

The model of the rudimentary crystallite and the
associated chain units that has been presented can
explain all of the thermodynamic, mechanical, and
spectroscopic properties that have been reported as
well as the broad-line nmr and dynamical mechanical
results. Moreover, it is completely consistent with
the electron microscopy observations.



Symposium on Polymer Chemistry

3921
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In conventional tensile test of crystalline polymers at room temperature the unoriented microspherulitic
sample usually necks and draws. By this operation one transforms a fraction or even the whole specimen into
the highly oriented fiber structure. Its basic element is the microfibril composed of folded-chain crystal
blocks connected in the axial direction by a great many intrafibrillar tie molecules. In the tensile test the
load is nearly uniformly distributed among the microfibrils. A stress concentration occurs at the point of
line defects of the microfibrillar superlattice, i.e., at the ends of microfibrils, and at the areas of defective lateral
cohesion of microfibrils. In such places at sufficiently high strain some tie molecules are so much elongated
that the force concentration is sufficient for the rupture of the covalent chemical bond in the main chain.
The broken ends with unpaired electrons act as radicals detectable by electron spin resonance. At room tem-
perature the primary radicals are so extremely short-lived that one is able to detect merely the secondary
radicals obtained by hydrogen abstraction from the unbroken chains. The radicals are formed over the whole
strained specimen. Their number, increasing more than exponentially with strain, is a function of strain
and not of stress. It is a direct measure of tie molecules strained up to the breaking point. The low anisot-
rophy of the esr spectrum and the accessibility of radicals to solvents corroborate the assumption that the
radicals formed under strain are located in the moderately oriented amorphous layer between crystal blocks

in contrast with radicals formed by - irradiation which are primarily located in the highly oriented crystals.

Elongation of crystalline polymers up to fracture
involves some polymer chain rupture which can be
detected by electron spin resonance (esr) investigation
of radicals formed as the chains are broken.1*10 The
spectrall-13and their anisotropyXpermit the identifica-
tion and determination of orientation of radicals.7
At room temperature one has merely secondary
radicals formed by hydrogen abstraction on moderately
oriented or completely unoriented unbroken chains.
The number and location of radicals as function of
strain is closely connected with the molecular and
supercrystalline structure of the sample.5-7 Therefore
one has first to describe the morphology of a crystalline
polymer before one can proceed with the interpretation
of the data on chain rupture.

It turns out that the unoriented spherulitic samples
in the conventional fracture experiment gets first
transformed into the fiber structure before it breaks.55
The transformation is only local if the conditions of the
experiment produce a high local stress concentration,
as for instance in front of the tip of a crack or notch in
the tensile or shear test. Hov/ever, even in low-
temperature fracture, with very little large-scale plastic
deformation, one may have on a microscopic scale
some transformation from spherulitic to fiber structure.
Therefore, one has to know the basic facts of such a
transformation and the properties of the resulting
fibrous material before one can reasonably discuss the
mechanism of molecular fracture in crystalline poly-
mers.

Plastic Deformation of Crystalline Polymers
Many unoriented, more or less spherulitic crystalline

polymers are highly ductile at room temperature and
still more at elevated temperature up to the melting
point. The load-elongation curve exhibits a very
short Hookean region which, at about 1 or 2% elonga-
tion, already shows signs of irreversible plastic de-
formation. The strain softening rapidly increases
with strain thus leading to the maximum in the load-
elongation curve at the yield point. Further elonga-
tion proceeds at a nearly constant drawing load which is
smaller than the yield load. Depending on tempera-
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ture, elongation rate, and material, the amount of
drawing, i.e., the draw ratio, varies in wide limits,
4-6 in nylon and 10-30 in polyethylene. It is homo-
geneous at high temperature (hot drawing) and in-
homogeneous with a neck at low temperature (cold
drawing). At the end of drawing the load starts to
increase as a consequence of strain hardening up to
the final break at the so-called natural drawr ratio of
the material.

In the inhomogeneous cold drawing the necking
produces in one step a very much stronger, nearly
completely oriented fibrous material which deforms
little during the rest of the drawing experiment.
In the neck each volume element gets extended almost
to the natural draw ratio. Hence the cross section of
the sample is reduced and the stress is increased by
the same factor. In spite of the drastic increase of
stress, the deformation of the necked material is
insignificant if compared with the large deformation in
the neck. If, how'ever, one further increases the load,
the drawrn material cannot extend very much but
breaks instead. The fracture is brittle or fibrous, with
a rough surface in the formerX and extensive fibrilla-
tion18in the latter case.

The homogeneous hot drawing does not involve such
dramatic changes as necking. Nevertheless, it pro-
duces a strain-hardened and oriented fibrous material
by a gradual transformation of the spherulitic structure
of the starting material. Neither the draw ratio nor
the strength attained are as high as in cold drawing
with a neck.

The new material obtained by drawing is highly
oriented as shown by small- and wide-angle X-ray
scattering, optical birefringence, or dichroism and by
the high anisotropy of mechanical properties. The
chains in the crystals are oriented almost perfectly
in the draw direction, and the lamellae, as a rule,
perpendicular to it.19 A substantial although less
complete orientation is detectable by ir dichroism in
the amorphous component.2 How'ever the orienta-
tion is only the consequence of the microfibrillar
structure of the new material and not the decisive
factor determining the physical properties. This
distinction is quite important. One can achieve almost
the same degree of orientation by proper sedimentation
of crystals formed from dilute solution during cooling.
The single crystal mat so obtained has the lamellae
parallel to the surface of the mat and the chain axes
perpendicular to it. Since there is no material con-
nection between adjacent lamellae in the chain direc-
tion, the cohesion is based merely on the relatively
w'eak van der Waals forces of the amorphous surface
layers. The small- and wide-angle X-ray scattering
pattern is very similar to that of the fibrous material.
The chain orientation is less perfect and the lamella
packing is better. How'ever, the mechanical properties
are completely different: very low elastic modulus

The Journal of Physical Chemistry, Vol. 76, No. 26, 1971

A. Peterlin

and strength in the chain direction in contrast with the
values in the fiber. The properties perpendicular to
the chain direction differ in the opposite sense. In
spite of the mosaic structure the blocks of each single
crystal are fully connected with each other by the
folded macromolecules. Such connections are missing
at the outer boundary of each crystal. In the fiber
structure, however, the crystal blocks of adjacent
microfibrils have practically no material connection.
Hence the oriented single crystal mat does not show
any fibrillation tendency in contrast with the fibrous
material which fibrillates easily and, particularly in
the fatigue test, breaks in the characteristic fibrous
manner.

The basic element of the fiber structure is the micro-
fibril which is produced by the micronecking process
at the cracks of the ribbonlike lamellae of the spherulitic
structure.2l Each microneck transforms a certain
width of lamella into one microfibril.  Since there is not
energy enough for complete unfolding of chains, one
must imagine that blocks of folded chains are broken
away from the lamella and incorporated into the
microfibril. The chains at the lateral boundary of
the block which are bridging the interblock fracture
crack are partially unfolded during the separation
(Figure 1). They are essential not only for the micro-
necking process, i.e., for the pulling of the next block
and breaking it off from the lamella, but also for the
axial cohesion of the microfibril as connectors of blocks
in the axial direction. Since, as a rule, each micro-
neck transforms a width of the lamella larger than the
width of the microfibril, the blocks cannot be incor-
porated in the microfibril in exactly the same order
as they were located in the lamella.2 That means
that originally adjacent blocks no longer immediately
follow each other in the microfibril. This spatial
separation of blocks causes the unfolded chains to act
as intrafibrillar tie molecules across more than one
amorphous layer sandwiched between the crystal
cores of consecutive blocks. This effect increases the
fraction /3 of tie molecules per amorphous layer by
a factor pH- 1 if p is the number of blocks separating
in the microfibril the originally adjacent blocks con-
nected by a string of molecules (Figure 2). As a
consequence of the high tensile stress acting on the
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lamella microfibrils lanella

aw!_=bAmf
X=b/a=wL/Amf

Figure 1. Microfibril formation by micronecking at a

single-crystal crack. An area of width v> and breadth a is

transformed into a microfibril of length b. For the sake of

simplicity the mosaic blocks are assumed as identical squares
with the folds (short dashes) perpendicular to the crack.

The chains (long dashes) in the crystal blocks of the microfibril
are fully oriented.

o. lamella with mosaic blocks b. microfibrils

Figure 2. Connection of blocks of folded chains by tie

molecules in (a) the original lamella and (b) the microfibril.

chains during unfolding in the microneck and subse-
quently in the newly formed microfibril, one expects
the sections of tie molecules passing through the
amorphous layer to be highly stretched. In the case
of polyethylene that means a strong preference for
trans conformations and suppression of gauche con-
formations below the frequency expected in a un-
oriented liquid in thermal equilibrium.

The separation p and hence the number of tie
molecules are larger if the width w of lamella per micro-
neck increases, i.e., if the number of microneck per
unit length of crack decreases. If the microfibrils
have a nearly constant average cross section Ant, the
length and hence the draw ratio Xnf of the microfibril
also increase linearly with the width of lamella per
microneck. The total length depends on the total
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length of the ribbonlike lamella in the direction per-
pendicular to the crack. A very rough estimate yields

Xrf = wL/Am( = (p + 1)L/Amf/! (1)
V+ 1=wAmt?
Px = (P + DA

Here L is the thickness of lamella which, for sake of
simplicity, is assumed to be also the length of the
blocks in the microfibril and Pi is the fraction of mole-
cules connecting adjacent blocks in the undeformed
lamella. Since the nearly extended tie molecules
contribute much more to the elastic modulus and
strength than the randomly oriented chain folds and
free chain ends, one can conclude that the modulus
and the stress to break of the microfibril increase nearly
linearly with the draw ratio of the microfibril. Since
a minimum molecular length is necessary for the
micronecking, below which the number of molecular
ties between the adjacent blocks is not yet sufficient
for pulling out of blocks and above which the chances
for that are rapidly increasing, the number of micro-
necks and microfibrils per unit length of crack is in-
creasing with molecular weight. According to eq 1
that reduces the draw ratio and hence the tensile
strength of the microfibrils in perfect agreement with
experiments.23~%

The maximum length of the microfibril is determined
by the maximum extension amex of lamella in the direc-
tion perpendicular to the crack, i.e., by the expression
wLanmex' A mf. Because there are practically no material
connections from one crystal to the next one, the micro-
necking process ends as soon as it has transformed the
whole strip of lamella of width w into one single
microfibril. One can even imagine that by some
accidental agglomeration of crystal defects the micro-
necking is stopped earlier yielding a shorter micro-
fibril.

The tendency of micrcfibrils for lateral coalescence
and the pretty good fit of blocks caused by the tendency
to minimize the free surface energy on the boundary
between adjacent microfibrils produce folded-chain
lamellae more or less perpendicular to the draw direc-
tion which yield the characteristic two- or four-point
small-angle X-ray scattering pattern. They can be
also detected by electron microscopy on etched fiber
surfaces.ZZ However, they are a secondary feature,
more an artifact than a true structural element.
There are practically no molecules connecting laterally

(23) G. R. Williamson, B. Wright, and R. N. Haward, J. Appl.
Chem., 14, 131 (1964).

(249 R. N. Haward and J. Mann, Proc. Roy. Soc., Ser. A, 282, 120
(1964).

(25) R. N. Haward and G. Thackray, ibid., Ser. A, 302, 453 (1968).
(26) J. M. Andrews and I. M. Ward, J. Mater. Sci., 5, 411 (1970).

(27) A. Peterlin and K. Sakaoku, “Clean Surfaces,” G. Goldfinger,
Ed., Marcel Dekker, New York, N. Y., 1970, p 1
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adjacent blocks of the same lamella which end up in dif-
ferent microfibrils. In a stack of individually grown
lamellae or in a spherulite all material connections
among the blocks are lateral, perpendicular to the
chain direction, and in the fibrous material they are
axial, parallel to the chain direction. In the other
direction, i.e., in the chain direction in the former and
in the direction perpendicular to it in the latter case,
the connections are merely by van der Waals forces
between more or less noncrystalline chains in the sur-
face layers of the blocks.

There are some interlamellae tie molecules con-
necting the stacked lamellae of the spherulitic struc-
ture.B Their number increases with molecular weight
and rate of crystallization. After micronecking, in
the drawn material, they connect adjacent microfibrils.
Some interfibrillar links may be generated also by the
boundary fluctuation between adjacent micronecking
regions.

Radical Formation in the Fiber under Load

If a highly oriented fiber or film of nylon is loaded
up to the final fracture, one detects by electron spin
resonance the formation of radicals. Their number
increases with increasing load.12 Upon load applica-
tion the intensity of the esr spectrum very rapidly
increases to a constant value which does not change
with time.4-6 Lead removal and reloading does not
change the intensity until the sample is elongated to
the maximum strain of the previous loading. Strain-
ing beyond this point again produces new radicals.
One concludes that the stationary number of radicals
is a function of strain and not of stress. It seems to
increase more than exponentially with strain.7

The radicals are formed in the whole strained sample
so that their number observed by esr yields the density
of radical population as function of strain. Depend-
ing on the size of the sample, the maximum radical
density at the break of the material, and the sensitivity
of the esr spectrometer one can first detect the radical
formation at very much differing relative strain levels.
In nylon 6 with a high yield of radicals one can make
good measurements at strains which are about 40%
of the strain to break.

The radicals have a finite lifetime. It is maximum
in an inert atmosphere and at low temperature. Heat-
ing and the presence of oxygen reduce it quite drasti-
cally. A correction has to be applied to experimental
data in order to obtain the radical concentration as a
function of strain without the effect of finite lifetime.49

The esr spectrum is basically identical with that ob-
tained in the same temperature range on y-irradiated
samples. At room temperature it is characteristic
of secondary radicals formed by hydrogen abstraction
from chain groups and not of the primary radicals
formed by chain scission. With nylon the rupture of
C-C bond of the main chain yields as primary radicals®
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-chZonhch2+ chZh?2
|

which at room temperature are so short-lived that they
are not observed at all. Instead the spectrum ob-
served corresponds to the secondary radicall-14

-CHZONHCHCH2
|

obtained by proton abstraction from the CH2 chain
group. In the case of rubber the amount of hydrogen
generated under applied stress is so large that one can
observe gas bubble formation.® Esr data indeed
show an extremely high density of radicals up to 102
cm3 which is about three orders of magnitude higher
than in nylon.3L

There is a remarkable difference between the me-
chanically strained and y-irradiated nylon as far as
radical orientation is concerned. In a biaxially
oriented y-irradiated nylon 66 strip Kashiwagil4 found
the esr spectrum to be a sextet, triplet, and quartet if
the magnetic field is (1) perpendicular to the film,
(2) in the film plane perpendicular, and (3) parallel to
the machine direction, respectively. This anisotropy
reflects the orientation of the radicals in the biaxially
oriented crystal lattice. The irradiation creates radi-
cals uniformly in the amorphous and crystalline
regions of the sample. Their average orientation is
hence identical with that of polymer chains. It even
increases with time if, as is indeed the case, the life-
time of radicals in the amorphous component is shorter
than in the crystalline regions. In strained nylon 66,
however, the orientation is much less conspicuous.7
The observed spectrum rather well agrees with the
radical spectrum averaged over all orientations, i.e.,
to the sum (1) + (2) + (3) as shown in Figure 3.
This lack of radical orientation leads to the conclu-
sion that the secondary radicals are located on chains
in the amorphous component which is substantially
less oriented than the crystalline component of the
sample. Such a location also follows from experiments
of Becht and Fischer6 on strained nylon immersed
in acrylic acid which penetrates the amorphous nylon
but not the nylon crystals. The radicals triggered the
polymerization of the acid and were completely con-
sumed during this process.

Upon stretching up to fracture, radicals were ob-
served in fibers and/or oriented films of nylon 6, nylon
66, silk, polyethylene, and polyethylene terephthalate
(Table 1). The data of different investigators dis-

(28) H. D. Keith and F. J. Padden, Jr., J. Polym. Sci., 41, 525
(1959).

(29) V. A. Zakrevskii, E. E. Tomashevskii, and V. V. Baptizmanskii,
Sov. Phys -Solid State, 9, 1118 (1967).

(30) E. H. Andrews and P. E. Reed, J. Polym. Sci., Part B, 5, 317
(1967).

(31) K. L. DeVries, private communication.
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Figure 3. Esr spectrum of (a) highly strained (Verma)
and (b) -/-irradiated (Verma-Peterlin6) biaxially oriented nylon 6
(c) Model

of spectrum for oriented (1, 2, 3) and unoriented (1 + 2 + 3)

film as function of magnetic field orientation,

radicals according to the data by Kashiwagi.l4

agree very much as far as the maximum density of
radicals is concerned. Becht and Fischer8 found a
high density of radicals in nylon 6 but some orders of
magnitude smaller values in nylon 12, polyethylene,
polypropylene, and polyethylene terephthalate. They
supported their findings by the observation of in-
trinsic viscosity which drops by 15% in nylon 6, cor-
responding to a drop of molecular weight by 25%.
No reduction of molecular weight was observable
with other samples. They concluded that with ex-
ception of nylon 6 no or very few chains are broken in
the fracture experiment and explained this result by a
low ratio of activation energy for chain rupture and
cohesive energy of crystal lattice in the former case
and a high ratio in the rest of the samples.

Table 1 : Rradical Concentration at Break for Different Fibers
Zhurkov- Campbell- Becht-
Tomashevskii2 Peterlin3 Fischer68
Nylon 6 5 X 10« (-30, 11 X 10"
20°)
Nylon 66 ~10" (20°)
Nylon 12 <5 X 10«
(20°)
Silk 7 X 10" (-30°)
Polyethylene 5 X 10« (-30°) <(6§>< o
oy
Polyethylene 8 X 10« (-30°) < 10« (20°:

terephthal-

ate
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Such a disagreement may be also caused by the
differences in antioxidants, stabilizers, and other addi-
tives which enormously influence the lifetime and
even the nature of radicals. A nylon 66 sample in-
vestigated by Campbell and Peterlin3 contained an
unidentified additive yielding predominantly a single-
line esr spectrum upon irradiation or stretching but
hardly any trace of the spectrum of the radical Il in the
latter case. This observation was explained by the
preferential presence of the additive in the amorphous
layers between the crystals so that all radicals in this
component are transformed into radicals with a single-
line esr spectrum. The normal radical 1l is hence
detectable only with an irradiated sample as a conse-
quence of the fact that a sufficiently large fraction of
radicals are in the crystalline regions which are not as
much affected by the additive as the amorphous
regions.

Radical Formation by Crushing and Cutting

Bresler, et al.,11-12 and Butyagin and Berlin13 were
the first to detect by esr radicals formed in polymers
(polyethylene, nylon, poly(methyl methacrylate)) dur-
ing crushing in an oxygen-free atmosphere at low
temperature. The esr measurements were performed
at low temperature so that indeed the spectra of
primary radicals could be observed corresponding to
unpaired electrons on the ends of the broken chains.
With increasing temperature of the crushed sample
the spectra change to those of secondary radicals. In
the presence of oxygen one mainly obtains peroxide
radicals upon heating to room temperature. Con-
currently the intensity of the esr spectrum decreases
as radicals are destroyed.

The crushing creates a new surface which is not easy
to measure precisely. A better definition of the new
surface is achieved by slicing a rod with a sharp knife.

A quantitative study of the number of radicals
formed per square centimeter of cutting surface was
performed by Backman and DeVries® on nylon 66,
polyethylene, and polyethylene terephthalate. In all
three cases they obtained at low temperature about
1013 radicals/cm2 This number drastically decreases
as one approaches the glass transition temperature of
the material. On the o'her hand, Pazonyi, et al.,.38
investigated the number of radicals formed by cutting
of low- and high-density polyethylene and plasticized
poly (vinyl chloride) (PVC) not by esr but by dye ex-
tinction caused by the radicals. They used a 10~4 M
solution of diphenylpicrylhydrazyl in alcohol as
scavenger and measured photometrically the decrease
of dye intensity. At 30° they obtained about 105
radicals/cm2which is 100 times more than the number

(32) D. V. Backman and K. L. DeVries, J. Polym. Sci., Part A-I,
7, 2125 (1969).

(33) T. Pazonyi, F. Ttldos, ar.d M. Dimitrov, Angew. Makromol.
Chem., 10, 75 (1970).
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obtained by Backman and DeVries. The radical
density in PVC decreases rapidly with increasing

amount of plasticizer (dioctyl phthalate).

Crushing at sufficiently low temperature involves
very little plastic deformation and transformation of
spherulitic into fibrous structure. The cracks mainly
occur through the regions of minimum strength, i.e.,
through the boundary layers between adjacent spheru-
lites, stacks of lamellae, parallel lamellae, and adjacent
mosaic blocks of single lamellae. These boundaries
contain less crystallizable rejected impurities and a
minimum of tie molecules. Hence one expects a
small number of ruptured chains per square centimeter
of crack surface. Cutting with a sharp knife, how-
ever, involves a substantial amount of plastic shearing
which locally, within a thin layer between a few microns
and a few hundred microns, transforms the spherulitic
to fibrous structure. A fraction of this layer is strained
sufficiently close to fracture so that radicals are formed
by chain rupture. Consequently, the surface density
[R]dcm 2 of radicals in the cut sample represents the
number of radicals in this fraction of surface layer

[R]c/cm2 = f[R]f/lcm 3 2

where | is the equivalent thickness of such a layer
which in uniform strain field would yield at the frac-
ture the maximum density f of radicals.

If | is assumed to_be 10 m = 10-3 cm, then eq 2
yields lOS[R]C for [R]f, i.e., 106cm 3with the data of
Backman and DeVries and 108cm 3with the data of
Pazonyi, et al. With a larger | these figures for radical
volume density are proportionately reduced. One
may expect that they must be lower than those ob-
tained in the fracture of fibrous material because in
the not yet perfectly oriented areas, plastically de-
formed during cutting, the crack can better avoid
the areas of high concentration of tie molecules than in
the material with fibrous structure.

Molecular Interpretation of Rupture Data

Some important conclusions about chain rupture in
the stretching experiment can be derived in a straight-
forward manner from the maximum number of radi-
cals observed. The fracture plane of oriented nylon
or polyethylene contains fi/A « 101 tie molecules/
cm2if p is assumed to be 20% and A = 20 A.2 That
would vyield 2 X 104 radicals/icm2 The actually
observed values are (2-5) X 10XZcm 3which is equiva-
lent to at least 1000 fracture planes/l-cm length of
the sample. On the other hand, the number of amor-
phous layers alternating with crystal blocks in each
microfibril is 1/L. In nylon with L ~ 100 A that
yields 1/L = 106cm-1. If all the tie molecules in the
amorphous layers were broken during the fracture
experiment, one would expect 2P/LA ~ 2 X 10D
radicals/cm3 i.e., 1000 times more than actually ob-
served. One sees that only a tiny fraction, 0.1%, of
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all tie molecules are ruptured at the fracture so that
the sample,, with exception of the fracture area, is very
little damaged by chain rupture. The majority of the
sample is practically unaffected, and the tie molecules
are unbroken. Any direct correlation among elastic
modulus, strength, and the number of ruptured chains
as function of strain is misleading because the actual
failure of the sample is primarily the consequence of
local fluctuation of the stress field caused by inherent
structure defects and tie molecule distribution.

If a load is applied in the fiber direction, it could be
very uniformly distributed among the microfibrils
according to their cross section if the microfibrils
indeed extended through the whole length of the
sample. However, since their length is limited by the
dimensions of the original ribbonlike lamellae, the
problem of load transfer among well-aligned micro-
fibrils of limited length becomes quite important.
The surface-to-volume ratio of the microfibril, with an
average diameter of about 200 A or even less, makes
the van der Waals cohesive forces between adjacent
microfibrils quite sufficient for such a transfer. Their
action is supported by the interfibrillar tie molecules.
The finite elongation of the sample before break is much
larger than the possible elongation of the microfibril
and hence requires some sliding motion of microfibrils.
It is opposed by the friction forces in the boundary
layer between the microfibrils and by the connecting
interfibrillar tie molecules which must be either rup-
tured or partially unfolded during such a deformation.

The nonuniform lateral cohesion of microfibrils and
their final length introduce an element of inhomogeneity
in the stress distribution. Particularly at the end of a
microfibril which represents something like a linear or
point dislocation in the microfibrillar superlattice, a
local stress concentration is created on the adjacent
microfibrils which may overstrain the load bearing
elements in them (Figure 4). The crystal blocks as
strongest element are not very much affected. They
mainly serve as load transmitters to the connecting
intrafibrillar tie molecules in the amorphous layer
between subsequent blocks.

In the ideal case the load would be uniformly dis-
tributed among the tie molecules so that each would
have to carry a load

Ftm = (A/p)<rmt 3

As a rule the stress cmt on the microfibril at the linear
dislocation is by a factor q > 1 larger than the average
stress § = load/cross section of the loaded sample.
In thermal equilibrium according to Tobolsky and
Eyring3the average lifetime of a strained bond is

L = tOexp(170 — go)/kT 4)

where UQis the activation energy for bond rupture and

(34) A. Tobolsky and H. Eyring, J. Chem. Phys., 11, 125 (1943).
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Figure 4. Superlattice of aligned microfibrils with a

point dislocation at the end of a microfibril.

Figure 5. The energy well of a covalent bond of length | and

activation energy for rupture Ut under the influence of a
bulk tensile stress <« lowering Ut to Ut — g<r.

g a coefficient which correlates the applied stress a to
the work of the force Ftmon the covalent chemical bond
during stretching by S from the equilibrium position
to the position of the maximum of the bonding energy
curve (Figure 5). From eq 3 one has

9 = q(A/m ®)

The radical population derived from the radical forma-
tion rate

drR/dt = (2n — R)/t, (6)
turns out to be
R() = 2n( - (7)

where n is the number of strained tie molecules. The
factor 2 takes into account the fact that the bond rup-
ture produces two free ends, i.e., two radicals. If the
experiment extends over the lifetime ta one would rup-
ture 0.63 of the strained tie molecules, in twice that
time 0.86, and so on.

The initial increase of radical population upon strain-
ing the sample and the early saturation can be described
by eq 7. According to such an interpretation the sta-
tionary radical concentration equals twice the number
n of loaded tie molecules. They are all broken and the
load must be borne by other structure elements, e.g.,
by microfibrils farther away from the linear dislocations
of the microfibrillar superlattice where the first stress
concentration occurred and was high enough for chain
rupture.
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Since the number of microfibrils affected increases
with the distance from the point dislocation, each one
has to carry a smaller fraction of the load so that at a
given strain very soon the situation is reached that no
unbroken microfibril is overstrained. Load removal
and reloading up to the same strain does not change
the situation. By increasing the strain beyond the
maximum value of previous loading new microfibrils
become strained up to the breaking point. The ac-
cumulation of damage at the point dislocations hence
creates weak areas with gradually increasing extension
in the plane perpendicular to the applied stress. As
soon as the cross section of any of such area reaches the
critical dimensions for crack propagation according to
Griffith, the strained sample fails catastrophically.

The stepwise fracture of microfibrils during the nu-
cleation stage as described above is very similar to that
postulated by Bueche and Halpin&for polymer rubbers.
They assumed that bundles of a few hundred chains are
broken in succession until the crack becomes critical.
If the diameter of the bundle is a fraction 1/p of the
critical crack size, the time to produce such a crack is
p times the time t\ to fracture the bundle. The num-
ber p of steps is of the order of magnitude between 104
and 107. The short time t'/p needed for such a single
step shifts the time range of the master curve of creep
compliance T(f) vs. t/ar by many decades to the left.
The reduction of the compliance is less than the reduc-
tion of time so that the crack nucleus grows to the criti-
cal size in a significantly shorter time than in the case
that the whole nucleation ought to be completed in one
single step. The choice of step length, however, is
completely arbitrary and can be justified a posteriori
by fit with experimental data. In contrast to that, a
crystalline polymer with fibrous structure has the micro-
fibrils as elementary units which are independent
enough from the rest of the sample that they can and
must be broken individually. At such a single-step
fracture nnf = pAni/A chains are broken. The number
of ruptured chains per unit volume as function of strain
is proportional to the number of single steps, i.e., to
the number of broken microfibrils.

Such a mechanism of fracture needs some modifica-
tion because the tie molecules in any amorphous layer
between subsequent crystal cores may differ in
length and hence get differently strained at any axial
strain of the microfibril. The nonuniform strain of the
microfibril being maximum in the close vicinity of a
point dislocation and minimum in a regular area of the
microfibrillar superlattice will, of course, bring more tie
molecules to rupture in the most strained amorphous
layers. However, the statistical variation of length
of tie molecules will be sufficient for some of them to be
at the strain to break even in the less strained layers al-
though the majority of such cases will be in the most

(35) F. Bueche and J. C. Halpin, J. Appl. Phys., 35, 36 (1964).
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strained layers. The strain dependence of radical
density of the sample is hence reflecting the strain dis-
tribution of tie molecules in the loaded sample caused
by the variation of extensibility of tie molecules in each
amorphous layer and by the strain variation of micro-
fibrils as a consequence of defects of microfibrillar super-
lattice.

If one has a variety of tie molecules with different
length and strain, one has to sum eq 7 over all of them

R(t) = 2Jf (1 - e-t/UMdn(e") (8)
0

where dn(e') is the number of molecules which at a
given load a or sample elongation e have reached the
same strain €.  The lifetime tc(e') in such a case reads

tje') = t0exp(f70 — g<n/KT 9)
or = qA//3)ff8l = F(e")8l
F(e') = gla/P)<r = f(e")<r

where F(e') is the force acting on a tie molecule with a
strain e'. One assumes in this case that the crystal
blocks and the fixation of tie molecules in the crystal
lattice are strong enough for the stress concentration
described by the factor f(e). Actually the situation is
reversed. The molecule can be strained to a value «
if the force can reach the value F(e'). The stress con-
centration factor j(e') is higher than q(A/j3 corre-
sponding to uniform length and spatial distribution of
tie molecules. That is schematically represented in
Figure 6 for an amorphous layer at three levels of
strain. Almost all the stress is initially concentrated on
one tie molecule. After it is broken, two tie molecules
are bearing the load and at a later stage one has three
tie molecules in such a position. That means that the
factor replacing A//3 is just the whole area of the micro-
fibril in the first stage, one-half and one-third the areain
the second and third stage, respectively.

In evaluating the time dependence of radicals at a
given stress or strain according to eq 8 one sees that
the expression in the parentheses is zero for large and 1
for small That means that tie molecules of the
former type do not contribute to the radical population
and those of the latter type contribute fully. The
transition between these two extremes is rather abrupt
as a consequence of the exponential dependence of life-
time on e'. Highly strained tie molecules rupture very
fast and those with low' concentration factor remain
unaffected during the experiment. In observing the
number of radicals formed one hence measures pri-
marily the distribution function dn/de and not the effect
of stress on the lifetime of an average covalent bond.

Moreover one must not forget completely the role of
interfibrillar tie molecules formed during drawing from
interlamellae tie molecules of the spherulitic starting
material. In sliding motion of microfibrils they get
easily strained up to the breaking point and hence con-
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Figure 6. Tie molecules in the “amorphous” layer between

subsequent crystal blocks of the microfibril. At low strain

(a) a single tie molecule (A), at medium strain (b) two tie
molecules (B), and at the highest strain (c) three tie molecules
(C) are stretched up to the rupture point.

tribute to the radical population of the strained fibrous
material. Again a separation of this effect from that of
intrafibrillar tie molecules seems not to be possible
without some new data selectively concentrating on
different types of tie molecules. From a purely formal
point of view all types of tie molecules can be included
in eq 8, and their dependence on e can be derived from
the experimentally obtained function 12(e).

The low number of radicals in fractured polyethylene
as compared with nylon 6 cannot be explained by a
different resistance of chains to rupture. More likely
the difference resides with the greater ease of sliding
motion of polyethylene chains through the crystal
lattice. At sufficiently high force exerted on the chain
it may be easier to pull the chain to some extent through
the crystal lattice and thus relieve the strain on the tie
molecules section in the amorphous layer. Thus in-
stead of chain rupture one has a partial relaxation of
the most strained section by a longitudinal displace-
ment of the chain in the crystal. Such an effect re-
duces but does not exclude chain fracture. It seems
to be more predominant in polyethylene than in nylon
with hydrogen bonding adding to the forces opposing
sliding motion of chains through the lattice.

In linear polyhydrocarbons the lateral cohesive forces
between adjacent chains are about 1% of the covalent
forces in the chain direction. Hence a line of 100 chain
units will have a binding energy equivalent to one cova-
lent chain bond. That means that a crystal of such
thickness can bind the chain so strongly and concen-
trate enough stress on it that the chain section in the
amorphous layer can be broken. On the other hand,
chain defects, as for instance the Reneker-type defect®
or Pechhold’s kinken,% can travel along the chain in
the lattice with the final effect that the whole chain is
displaced along its axis by one or more chain groups.
By such a motion and ensuing chain translation the
strain of tie molecule can be efficiently reduced and the
molecule relaxed even in the case that the length of the
crystallized straight section would provide a stronger
lateral bonding than needed for the stress concentra-
tion up to chain rupture. Instead of covalent bond
failure the chain is stepwise pulled out of the crystal
lattice not as a rigid unit but by material transport in

(36) D. H. Reneker, J. Polym. Sci., 59, 39 (1962).
(37) W. Pechhold, Kolloid-Z. Z. Polym., 228, 1 (1968).
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the form of a chain defect traveling along the chain
through the lattice. Such a transport is easy in all
cases where the translational period in the chain direc-
tion is small. It is not so in nylon 6 where the transla-
tion by two carbon-carbon distances does not restore
the equilibrium location. It instead breaks a hydrogen
bond which can be restored only by a translation over
the whole chain period with six chain elements. This
factor makes the longitudinal chain displacement by
the motion of chain defects much more difficult in nylon
6 than in polyethylene with two chain elements per
period. It hence favors chain rupture in the former and
the pulling out of chains in the latter case.
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More likely, however, the difference in radical pop-
ulation between nylon and polyethylene or polypropy-
lene originates in the different crack propagation as a
consequence of the microfibrillar superstructure. In
polyethylene the high shear compliance favors longi-
tudinal crack growth which ruptures very few tie
molecules in contrast with nylon 6 and 66 where as a
consequence of the strong hydrogen bonding between
adjacent microfibrils the cracks mainly grow in the
direction perpendicular to the fiber axis. In this case
the microfibrils have to be fractured with the rupture
of all tie molecules in at least one cross section of each
microfibril.
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The idea that the elution volume of a macromolecular species in a gel chromatogram is, under ordinary condi-
tions, determined primarily by the equilibrium partition coefficient of the species between the mobile phase
and a stationary phase inside micropores in the column packing has been put in question recently by the con-
tention of Verhoff and Sylvester that gel permeation chromatography is a “hydrodynamic fractionation”
method. Their theory is shown to differ from a similar derivation of Guttman and DiMarzio only because

of certain approximations.

With these removed, the Verhoff-Sylvester theory is brought into complete

harmony with the other and becomes indistinguishable from an equilibrium model when the flow velocity
through the pores is very slow compared to that in the mobile phase. Modification in the same spirit of a
theory based on restricted diffusion in narrow channels is shown to bring it also into agreement with the equi-

librium model.

Introduction

Explicit recognition of the possibility of chroma-
tographic separations based on differences in the ability
of solute molecules of different size to penetrate into
voids within beads of a microporous column packing
dates at least from Synge’s discussion2of the “ molecular
sieve” effect and reports of elution of polysaccharides
and polypeptides in inverse order of molecular weight
from starch gel columns by Lindqvist and Storgards3
and Lathe and Ruthven.4 The idea that size differences
alone between solute molecules and pores could provide
a means for effecting separations enjoyed rapid practical
exploitation, and an extensive literature soon grew up
on separation of biological macromolecules by passage
of aqueous solutions through columns packed with swol-
len gels. Less than a decade ago this kind of chroma-
tography also became a practical possibility for syn-
thetic organic polymers when cross-linked polystyrene

gels with controlled pore size were developed5and made
commercially available. In avery few years, gel permea-
tion chromatography (GPC)—to use the most popular
of several names for the method6-10—has become the

() Work supported by the Air Force Materials Laboratory under
Contract No. F33615-70C-1058. Presented in part at the Combined
Southeast-Southwest Regional Meeting of the American Chemical
Society, New Orleans, La., Dec 1970.

(@ R. L. M. Synge, “Les Protéines: Rapports et Discussions,”
Neuvieme Conseil de Chimie, Bruxelles, 1953, p 163.

(3 B. Lindqvist and T. Storgards, Nature (London), 175, 511
(1955).
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most widely used means of analytical polymer frac-
tionation and has recently been adapted to preparative-
scale fractionation. The success of GPC has inspired
innumerable specific applications studies and a variety
of investigations of operating variables in practical
chromatography. The desirability of being able to
characterize polymers from chromatographic data has
motivated an empirical search for parameters to “cali-
brate” a column for elution of polymers generally from
data on standard samples. However, despite the large
volume of quantitative information that has been
amassed, no consensus has been achieved concerning
the dominant mechanism in GPC separation, except for
the evident fact that it is somehow effected on the basis
of molecular size.

The following presentation has as its purpose a com-
parison of diverse lines of thought on the basic question
of how the fractionation in GPC comes about. Its
scope is limited: the discussion is focused on what
determines the position of the elution peak in the chro-
matogram of a homogeneous substance, the questions of
peak broadening and peak shape being mentioned only
in passing.

A logical starting point is the equation for the average
elution volume Ve

Pe = Fo + KopeFi Q)

We imagine the conventional experiment in which a
thin layer of solution is introduced at the top of a
packed column filled with solvent. Then liquid is
withdrawn at a fixed rate from the bottom while more
solvent is added at the same rate at the top. The vol-
ume of liquid eluted at the point in the chromatogram
corresponding to the center of gravity of the elution
peak for a particular solute is Fe for that species;
thus, Veis a measure of the average residence time of
a solute molecule in the column.11 The volumes Fo and
Fi are constants for a given column material and sol-
vent, but the dimensionless parameter KGC depends
on these and on the solute. In terms of the familiar
simple physical model of a GPC column, FOrepresents
the volume of the “mobile phase” outside the beads of
the packing material and Fiis the volume contribution
due to the micropores, “the stationary phase,” within
the beads. Thus, FO+ F, is the total volume in the
column, exclusive of the actual volume of solid in the
packing and of any “blind” pores inaccessible alike to
solute and solvent. However literally one may be
inclined to take these definitions, the volumes can be
defined by experiment. Very large particles, too large
to enter any of the micropores, pass through the column
“seeing” only the volume Fo at which their elution
peak appears. If the flow through the column is
sufficiently slow, small molecules that can permeate
the micropores completely—e.g., radioactively labeled
solvent—pass through the entire volume of the column

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

Edward F. Casassa

and elute at FO + Fi. Molecules similar in order of
size to the micropores effectively permeate some frac-
tion K Goc of the total void volume, and they elute some-
where in the range between FOand FO + Fi. Thus
K gpc is a number between zero and unity that measures
the apparent fractional permeation of the void space
by the solute. Experimentally K&C could conceiv-
ably turn out to be greater than unity. Such an event,
a retardation of solute greater than that of the solvent,
might be the result of adsorption on the surface of the
microporous packing. For the present discussion we
assume that such anomalous effects need not be con-
sidered.

The most noteworthy thing to be said about eq 1
is that this form implies virtually nothing about the
content of a model for retardation of a species relative
to one that passes through the external volume FO
alone. All the theories that we shall mention can be
cast into this form. Any process that “traps” mol-
ecules out of the interstitial phase temporarily—to
constrain them to a far slower average velocity, to im-
mobilize them completely, or to permit them to be
transported only by diffusion—will produce a retarda-
tion that can be expressed by eq 1, at least to a good
approximation. The meaningful content of any theory
subsists in what it predicts about Kgpc: how this
quantity depends on the structure of the column
material, on solvent and solute, and on operating pa-
rameters. Our concern will therefore be with theories for
Kopc and comparison with experiment. It is useful to
classify theoretical treatments under three headings—
as they relate to equilibrium models, hydrodynamic
models, or diffusion models for GPC separation—even
though these do not represent completely exclusive
categories, either in terms of concepts or in terms of
likely processes in real chromatographic columns.
The main focus of our discussion is on equilibrium and
flow models: on their interrelations and on the elucida-
tion of some apparent differences among recent theories.
Since our interest here is confined to specific basic
aspects of GPC, we simplify matters quite ruthlessly,
essentially ignoring the mobile phase by assuming that
all molecules in it pass down the column at a single
uniform rate and ignoring similarly all instrumental
effects that may influence real chromatograms. These
limitations and others mentioned below' must be kept
in mind in judging comparisons with experiment.

(8) K. O. Pedersen, Arch. Biochem. Biophys., Sappl., No. 1, 157
(1962).

(9 S. Hjerten and R. Mosbach, Anal. Biochem., 3, 104 (1962).

(10) R. L. Steere and G. K. Ackers, Nature {London), 196, 475
(1962).

(11) It is more usual to define the elution volume as the maximum
of the peak— i.e., the most probable elution volume— but the theories
analyzed below are best discussed in terms of the average Fe* In
our theoretical discussion this is more a logical nicety than a ne-
cessity, for we shall be concerned chiefly with circumstances such that
the elution peaks approach the limiting symmetrical (Gaussian) form.
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Equilibrium Theory

The easiest assumption to make is that the elution
volume of a macromolecular solute is determined by
the equilibrium partitioning between the interstitial
phase of macroscopic dimensions and the phase in
micropores.12-15 In this view K Gpc is just an equilib-
rium constant, the ratio of solute concentration inside
pores to that outside if the solution is dilute. The con-
cept is attractive because equilibrium calculations are
inherently easier than nonequilibrium ones. One can
employ elementary statistical mechanics to get ex-
plicit results with simple geometrical models without
concern about the actual processes of trapping and
release of molecules. An incontrovertible support of
this point of view is the fact that the equilibrium con-
dition must represent the limiting behavior of a long
column at sufficiently low rate of flow. Thus, even if
real columns should operate with large deviations
from equilibrium behavior, it is important to know
what bound is set by equilibrium.

Some insight into the significance of the equilibrium
assumption can be gained by considering the general
theory of adsorption chromatography. The most useful
formulation for this purpose is the stochastic theory of
Giddings and Eyring.167 They determined the dis-
tribution of residence times in a column for molecules
subject to random alternating steps of immobilization
by adsorption on identical independent binding sites
and release to the mobile phase where travel along the
column takes place at a steady rate. As Carmichaell8
pointed out, this formalism is immediately translat-
able into the terminology of GPC. The result for the
average elution volume is that KGC = K, the equi-
librium distribution coefficient for solute between
stationary and mobile phases, regardless of the value
of N, the number of entrapment« that the average
molecule undergoes as it progresses throgh the col-
umn.1618 The elution volume Fedefined by the maxi-
mum in the elution peak is related to Vcby 1618

FelFe « 1- wvilFOELY) ()

If N is at least of the order of 102—and if the idealized
process envisaged here describes GPC—the peak shape
will not differ significantly from Gaussian. The same
theory shows that peak spreading is directly propor-
tional to N. The idea that elution volume is deter-
mined by equilibrium partitioning of solute is gen-
erally accepted for adsorption chromatography where
the intimate contact between the stationary and mobile
phases and the fact that one is dealing with small
molecules both suggest that equilibrium may be well
approximated.I7 That this might be so for GPC of
macromolecules is less apparent in view of their low
diffusion rates and the relative inaccessibility of micro-
pores deep within beads.

The exclusion of compact molecules such as proteins
from micropores obviously suggests that the effect
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Figure 1. Schematic diagrams illustrating, exclusion effect in

cylindrical void of radius a: {A) hard sphere of radius r;

(B) thin rod of length 2r in two orientations in the plane of
the cross section; (C) random-flight chain with one end at
point 0, showing allowed conformation (solid curve) and
forbidden conformation (dotted curve).

might be substantially accounted for on straightfor-
ward geometrical grounds. For example, in Figure 1A,
we depict in cross section a spherical macromolecule
of radius r inside a hollow cylinder of radius a. The
center of the sphere cannot approach the wall of the
cavity more closely than the distance r; that is, the
sphere “sees” a cavity of radius a — r, rather than the
entire volume. At equilibrium the concentration of
spheres in the smaller effective volume is equal to that
in unbounded space outside the void. Thus, the
average concentration of spheres inside the cavity is
less than that outside and the distribution of spheres
between the two phases satisfies the equilibrium con-
stant

for an infinite cylinder (i.e., with neglect of end effects).

A more complicated example is illustrated in Figure
IB. A thin uniform rod-shaped molecule of length 2r
inside the hollow cylinder has its axis perpendicular to
the cylinder axis. When the center of mass of the rod is
at distance x > r from the wall of the cavity, the rod
cannot touch the wall. In an intermediate region r >
X > [(@2+ r2 1" — a] the rod can be accommodated,
but it is not free to assume all rotation angles. Every X
smaller than the last limit represents a class of entirely
forbidden conformations. This kind of exclusion prob-
lem has been worked out by Giddings, et al.,u for rigid
particles of various shapes in simple voids.

Finally, Figure 1C represents a random-flight polymer
chain in the cylindrical cavity. Now any part of the

(12) R. L. Pecsok and D. Saunders, Separ. Sri., 1, 613 (1966).
(13) T. C. Laurent and J. Killander, J. Chromatogr., 14, 317 (1964).
(14) E. F. Casassa, J. Polym. Sri., Part B, 5, 773 (1967).

Cc

(15) J. C. Giddings, E. Kucera, C. P. Russell, and M. N. Myers,
J. Phys. Chem., 72, 4397 (1968).

(16) J. C. Giddings and H. Eyring, ibid., 59, 416 (1955).

@7) J. C. Giddings, “Dynamics of Chromatography,” Marcel
Dekker, New York, N. Y., 1965, Part 1.

(@8) J. B. Carmichael, J. Pclym. Sci.,, Part A-Z, 6, 517 (1968);
Polym. Prepr., Amer. Chem. Soc., Div. Polym. Chem., 9, 572 (1968).
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molecule can be in any part of the cavity, but the
presence of the wall still decreases the conformational
freedom of the chain. With one end of the chain at
point O some conformations that would be possible in
the absence of the boundary are forbidden because some
part of the chain would cross the boundary.

The three cases illustrated all concern the effect of a
barrier on the availability of conformations available
to a macromolecule. Case A exemplifies the ordinary
“steric exclusion” that has characterized idealized
models for GPC of biological molecules. Cases B and C
are more complicated but not essentially different if we
consider not merely exclusion from Cartesian space
(which is the only possibility for an isotropic spherical
particle whose conformation is completely specified
by the locus of a single point) but rather exclusion from
a part of the configuration space of all coordinates of
the particlel5—three Cartesian coordinates plus two
angles for a rod (in three dimensions), 3N coordinates
for a random flight of N steps. The result in each case
is a distribution coefficient K < 1. The calculation for
case A is trivial; that for B is only a little more in-
tricate. The calculation for C is more difficult but
it can be done by solving the partial differential equa-
tion for a particle undergoing Brownian motion sub-
ject to appropriate boundary conditions.4 The result
can be written in the series form

K =4

exp[—3RNb/6al)] 4)
m=1

for the statistical chain of N steps each of rms effective
length b. The /3nare roots of the equation J<0Q =
0, JOS denoting the Bessel function of the first kind
of order zero. The parameters N and b become phys-
ically meaningful in the combination Nb2/6, the mean-
square molecular radius of gyration. Relations analo-
gous to eq 4 have also been derived for spherical and
slab-shaped voids.1419 Throughout the ensuing discus-
sion, we confine our attention to idealized models in
which a column contains identical micropores and the
solution is so dilute that solute molecules never in-
teract.

From the point of view of this discussion, the distinc-
tion4that has sometimes been maintained betwen parti-
tion chromatography@in gel columns and the effect of
exclusion from micropores is rather artificial. The
models for exclusion are merely very simple models for
a certain kind of partitioning process. They attribute
the standard free energy change for transporting a mac-
romolecule from the outer phase to the interior of a
micropore entirely to the entropy change connected
with the constraint imposed on the macromolecule by
the presence of rigid, impenetrable barriers defining the
pores. There is no other entropy contribution and no
heat of interaction between solute and the gel material.
Most likely, reality will often be found to be more com-
plicated than such models would allow.
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In principle, a direct test of the concept that equilib-
rium partitioning governs elution from a GPC column
is available without regard to the properties of a specific
model. The KGrsc derived from elution experiments
can be compared with the true equilibrium constant ob-
tained from static equilibrium experiments.1921-23 If
an aliquot of solution is mixed with a known amount of
the column packing material and allowed to equilibrate
with it, any resulting change in concentration of solute
in the supernatant serves as a means of determining K
provided the internal pore volume V, is also determined.
This can be done as mentioned above by column experi-
ments or by equilibration experiments with solute mol-
ecules so large that they cannot appreciably permeate
the pores. The quantities involved can be defined un-
ambiguously by the experimental procedures, but it
should be remembered that the geometrical meaning of
“pore volume” has to remain somewhat imprecise.
Any bulky solute molecule is excluded from any surface
in a column, say the outer surface of beads, by a distance
that varies with the size of the molecule; and this dis-
tance measures a layer whose volume is implicitly in-
cluded in the measured pore volume.

Few direct comparisons of K with K gFGhave been at-
tempted, and it must be remembered the reported ex-
perimental values of the latter are derived from Ve not
Ve. With a series of narrow-distribution polystyrenes
in chloroform solution and porous glass beads, Yau,
et al.,2 found excellent agreement between static and
elution experiments and no dependence on flow rate un-
der ordinary operating conditions for GPC columns.
On the other hand, elution of polystyrenes in a higher
molecular weight range from columns of cross-linked
polystyrene showed deviations from predictions based
on static experiments and measurable dependence on
flow rate. Ackers2 studied the behavior of proteins
and virus particles on Sephadex (dextran gel) columns.
For these aqueous systems K and A gpc were in good
agreement in tightly cross-linked gels, but large differ-
ences appeared with very highly swollen, loosely cross-
linked gels. The experiments suggest that elution un-
der ordinary conditions from materials with a com-
paratively rigid pore structure—porous glass and silica
gel columns representing the extreme—is governed by
equilibrium partitioning but that nonequilibrium ef-
fects are important when the gel phase can be described
as a network of thin flexible filaments meeting at infre-
quent junctions and enclosing a very large amount of
liquid. Later, Brumbaugh and AckersZ devised a di-
rect optical scanning technique to determine total solute

(19) E. F. Casassa and Y. Tagami, Macromolecules, 2, 14 (1969).
(20) A.J. P. Martin, Ann. Rev. Biochem., 19, 517 (1950).
(21) G. K. Ackers, Biochemistry, 3, 724 (1964).

(22) W. W. Yau, C. P. Malone, and S. W. Fleming, J. Polym. Sci.,
Part B, 6, 803 (1968).

(23) E. E. Brumbaugh and G. K. Ackers, J. Biol. Chem., 243, 6315
(1968).
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concentration at any point within a gel column. They
found excellent agreement between KGPC determined
for several proteins on a Sephadex column by measure-
ments of peak velocity within the column, and the equi-
librium K measured on the same column saturated (i.e.,
operated with an input at constant solute concentration
until the effluent exhibited the same concentration as the
feed).

Another way to verify the equilibrium theory is ob-
viously to calculate K, ab initio, for a model and then
compare this with the experimental KGPC. The draw-
back of this approach is the difficulty of treating, or
even defining, a sufficiently realistic pore model. Even
if partitioning of solute can be attributed simply to
steric hindrance, the morphology of real pores is hardly
likely to resemble any simple geometrical shape. A
comparison of this kind has been made with data of
Moore and Arrington2on elution of narrow-distribution
polystyrenes in a 9 solvent from two porous-glass col-
umns of different pore size. 526 The polymer mole-
cules can be represented adequately as random-flight
chains, and their unperturbed mean-square dimensions
are known. A measure of the mean pore size in the
glass is obtained by mercury intrusion measurements.
Combining all this information with the theoretical
function for random-flight chains in any chosen pore
model, one is able to obtain values of K. The compari-
son displayed in Figure > shows that « ¢.. from the
work of Moore and Arrington is larger than the theo-
retical K for random-flight chains in cylindrical cavities,
but perhaps no better agreement should be expected in
view of the certainly oversimple character of the model
and a considerable uncertainty in the pore size measure-
ments. The experimental points in Figure 2 happen,
in fact, to agree well with the theoretical K for linear
chains in slab-shaped cavities}4 (of thickness 2a); butit
is hard to see how the slab model could be physically
realistic.

A third kind of test of equilibrium theory utilizes
model calculations but largely avoids the difficulty in
characterizing pore structure accurately. Since molec-
ular conformation of polymer chains can be described
more satisfactorily than real pore goemetry, one can in-
vestigate theoretically the differences in K for different
molecular models in the same model pore.1319 One
hopes that approximately the same comparative be-
havior between different molecules will prevail in a vari-
ety of pores; and since the polymer chemist is usually
interested in characterizing polymer molecules rather
than pore structures, lack of information about the
pores need not be counted a serious deficiency. A theo-
retical comparison of this sort among branched and lin-
ear polymer chains yields semiquantitative agreement
with results of GPC experiments and reveals something
about the basis for “universal calibration” 2728 of col-
umns. Calculation of K for a particular class of
branched polymers—“star” molecules formed by iden-
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Hgure 2 Plots of partition coefficients for permreation of
randomflight polynmer dreirs into cylindrical voids: K for
lirear drairs (loner solid cunve) and 12-branch star nolecules
(uaer solid cune); K v for linear chairs for 4= 394 X 102
(upper deshed cune) and 4> = 90.2 X 102 (loner cesied
cune). The points are data of Moore and Arrington2}

(d. ref 14).

tical linear-chain arms joined at a common point—in
simple cavities is not significantly more difficult than
for linear chains. It is found19that values of K in pores
of a given shape for random-flight linear chains and for
star chains -with a moderate number of branches define
fairly well a single master curve when plotted against
any function of the dimensionless variable

y = (Nb/Qad &' & ()

where N, b, and a have the meanings given above and g
is the ratio of mean-square radii of linear and branched
chains of the same mass and chemical structure in a 9
solvent (so that random-flight statistics applies for long
chains). Plots of K for linear chains and star molecules
with twelve branches in cylindrical cavities are compared
on this basis in Figure 2. The curves for stars with
three, four, and six branches are virtually coincident
with that for linear chains. Analogous results for
spherical and slab-shaped cavities appear in ref 19.

The importance of this theoretical correlation lies in
the relations

MM = (tAa/30)«,3= $i/%3 (6)

The first equality defines a hydrodynamic molecular ra-
dius Rvproportional to be the cube root of the product
of intrinsic viscosity [?] (expressed in eq 6 in the cus-
tomary units 100 ml/g) and molecular weight, NA de-
noting Avogadro’s number. The second equality de-
pends on the familiar Flory-Fox relation23 between

(24) J. C. Moore and M. C. Arrington, International Symposium
on Macromolecular Chemistry, Tokyo and Kyoto, 1966, Preprints of
Scientific Papers, VI-107.

(25) W. Haller, Nature (London), 206, 693 (1965).
(26) W. Haller, J. Chromatogr., 32, 676 (1968).

(27) H. Benoit, Z. Grubisic, P. Rempp, D. Decker, and J. G. Zilliox,
J. Chim. Phys., 63, 1507 (1966); Z. Grubisic, P. Rempp, and H.
Benoit, J. Polym. Sci., Part B, 5, 753 (1967).

(28) K. A. Boni, F. A. Sliemers, and P. B. Stickney, ibid., Part A-2,
6, 1579 (1968).
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[ij] and mean-square molecular radius for linear poly-
mers and the approximate theory of Zimm and Kilb3L
for the intrinsic viscosity of star-branched chains.
Since $ is a universal numerical constant,® the con-
struction of a master curve from the theoretical rela-
tions for linear and branched chains implies that two
different polymers with the same value of the product
[@#IM will have the same elution volume on any given
column. This correlation was, in fact, proposed by
Benoit, et al.,n on the basis of elution data on various
linear and branched polymers. The support given this
proposal by our theoretical work rests entirely on equi-
librium thermodynamics, presuming that the connec-
tion between intrinsic viscosity and chain dimensions
can be considered firmly enough established. The cor-
relation with an equivalent hydrodynamic size does not
per se argue that GPC depends on hydrodynamic effects
in micropores.

In anticipation of the discussion below, it is of inter-
est to inquire whether Rvmight be taken to represent an
equivalent hard-sphere radius for exclusion of a polymer
chain from the vicinity of an impenetrable surface: for
a chain in a cylindrical void, does the quantity

*, = (!-

with Rvobtained from the second equality in eq 6, ap-
proximate the correct equilibrium constant given by eq
4? In Figure 2, Kvis plotted against y for two values
of $. The best theoretical value,2$ = 39.4 X 102Lfor
a nondraining chain, is in good agreement with experi-
mental values3 deduced from viscosity measurements;
but it makes K, somewhat greater than K. The other
plot is determined by $ = 90.2 X 102, the value that
makes the initial slope coincide with that of K for a lin-
ear chain. The result shows that the two functions are
brought very nearly into coincidence by proper scaling.

Despite argument about the correct value of $ to use
in eq 6, there is no warrant for a value greater than 39.4
X 102 to relate [y]M and the molecular radius of gyra-
tion. However, there is also no reason to assume that
<$from intrinsic viscosity is the correct quantity to use
to relate chain dimensions to the exclusion effect. To
put the matter another way, Rvdefined by the intrinsic
viscosity certainly need not be the same as the effective
radius for the exclusion effect, and Figure 2 indicates
that the former is smaller than the latter—just as the ef-
fective hydrodynamic radius for sedimentation of poly-
mer chains is different from Rv.© The question of the
magnitude of the effective radius to be substituted in
the equilibrium expression does not affect the proposi-
tion that the quantity [y]M is an elution parameter in-
dependent of the polymer: all that is required is that
the proper radius be proportional to 'y (or to R\).

RJaY @

Flow Models

The arguments outlined above seem to us to consti-
tute a strong case for the position that the elution vol-
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ume in GPC, as ordinarily carried out, is determined
primarily, if not exclusively, by the equilibrium distribu-
tion coefficient. However, since detailed theories em-
phasizing mass flow effects have recently been put for-
ward, it seems necessary to take account of this other
point of view—which in fact has a close relation, to older
work on ultrafiltration.

Red blood cells have long been known to move faster
than the plasma through capillaries.34 A qualitative
explanation can be found in the existence of a flow ve-
locity profile across a narrow tube filled with flowing
liguid. The corpuscles, being of appreciable size in
comparison with the tube diameter, are constrained to
travel preferentially near the center of the tube where
the flow rate of the liquid medium is greater than it is
near the tube walls. If the corpuscles do not distort
the flow lines too drastically, they will have a mean ve-
locity greater than that of the plasma. Recalling this
phenomenon, Pedersen8suggested that something simi-
lar might play a role in GPC (and was able to observe a
chromatographic effect by passing solutions of large
protein molecules through a column packed with very
small solid glass spheres).

Since the velocity effect envisaged by Pedersen de-
pends on hydrodynamics, it does not appear to be the
equivalent of an equilibrium model for GPC separation.
However, the two situations are far from unrelated.
The flow separation should vanish if the large suspended
particles (more precisely their centers of mass) are able
to occupy equally all regions of the tube cross section.
That is, the effect depends (among other things) on a
difference in flow rates in the middle of the tube and
at the periphery and also on the fact that the size of the
particle excludes them from the latter. It appears
then that the peripheral region behaves like a stationary
phase—and we recall in this connection that it is not
really possible operationally to distinguish between a
stationary phase inside pores and a surface region at
any boundary of the mobile phase. Pedersen’s idea is
not worked out by him in quantitative fashion, and this
verbal description has to be supplemented by more exact
analysis in order to make clear what is involved.

The most comprehensive discussion of “separation
by flow” has been given in a series of papers under that
title by DiMarzio and Guttman.3537 They first

(29) P.J. Flory and T. G. Fox, J. Amer. Chem. Soc., 73, 1904 (1951);
J. Polym. Sci., 5, 745 (1950).

(B0) P. J. Flory, “Principles of Polymer Chemistry,” Cornell Uni-
versity Press, Ithaca, N. Y., 1953, Chapter 14.

(31) B. H. Zimm and R. W. Kilb, J. Polym. Sci., 37, 19 (1959).
(32) C. W. Pyun and M. Fixman, J. Chem. Phys., 42, 3838 (1965).
(33) G. C. Berry, ibid., 46, 1338 (1967).

(34) A. C. Burton in “Medical Physiology and Biophysics,” T. C.
Rueh and J. F. Fulton, Ed., W. B. Saunders, Philadelphia, Pa.,
1966, Chapter 29.

(35) E. A. DiMarzio and C. M. Guttman, J. Polym. Sci., Part B, 7,
267 (1969).

(36) E. A. DiMarzio and C. M. Guttman, Macromolecules, 3, 131
(1970).
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consider a suspension of particles (polymer molecules)
in a continuous medium passing through a uniform cir-
cular cylindrical tube.33% The fluid velocity is gov-
erned by Poiseuille flow, and the parabolic velocity
profile is unaffected by the particles. To calculate the
particle velocity, DiMarzio and Guttman use an anal-
ysis of Debye3®with the refinement of including a quad-
ratic component of the shear field. For the ratio of the
mean velocity (up) of a spherical particle of effective
radius r to the mean velocity (u) of solvent, they ob-
tain

(upZ(u) = 2- (1 - r/aYy - y(r/a)2 (8)

where r < a. The last term on the right arises from the
quadratic contribution to the shear field. The coeffi-
cient y depends on the molecular model (e.g., on the
permeability of a polymer molecule represented as a dif-
fuse sphere) but lies between zero and 0.4. Ify = 0,
(lip) is determined merely by constraint of the center
of mass of a particle to distances greater than r from the
wall of the tube, the particle traveling with the velocity
of the streamline passing through its center.

We note at this point that the process just described
constitutes a model for ultrafiltration.® We need but
imagine the suspension of spheres forced from a large
reservoir through a battery of identical tubes in tandem.
A sphere cannot enter a tube if its center lies on a
streamline that passes closer than a distance r from the
wall of the tube at its mouth. Accordingly, the effec-
tive tube cross section for capture of spheres has a radius
a —r. Competing effects thus operate: exclusion from
a tube decreases transport of spheres through it, but
confining spheres to the central part of the fluid velocity
profile enhances transport of spheres that can enter the
tube. Calculation of the net output of spheres from a
tube gives the sieve constant { defined as the ratio of the
concentration of particles in the titrate to that in the
feed. For spheres in cylindrical tubes this is

€= (1 - r/aY{up/(u) %)

In the DiMarzio-Guttman theory (up)/(u) is given by
eq 8, but this specific model is not required for the valid-
ity of eq 9.

Equation 8 indicates that large particles in a tube
must travel faster, on the average, than small ones. If
a mixture of large and small particles is introduced as a
pulse into the flowing liquid, the different species will
emerge in two peaks if the tube is long enough. Thus,
flow in a tube provides, as DiMarzio and Guttman pro-
pose, a possible means of separation according to particle
size. In the form just described, however, their model
is clearly not a model for GPC separation. It will suf-
fice to mention two considerations. (1) The advance-
ment of large particles relative to small ones in a chro-
matogram from a bundle of identical tubes in parallel
can be by afactor of 2 at most (assuming 7 = 0) and this
optimum is approached for the limiting case of a particle
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almost filling the tube'—for which the assumptions of the
theory must be meaningless. (2) To effect separation of
macromolecules, the tubes have to be roughly of macro-
molecular dimensions (say 500-5000 A): it is an easy
matter to show that for tubes of reasonable length in
parallel, an enormous pressure head is needed to produce
the kind of flow rates that are usual in GPC columns.

To adapt their flow model to GPC, Guttman and Di-
Marzio¥describe a column model made up of banks of
cylindrical tubes. Each bank contains tubes of two
sizes, large and small, mounted in parallel and all the
same length I. A large number of banks is stacked in
series to form a column with a mixing chamber between
successive banks. The numbers of each kind of tube
are the same in each bank. The small tubes of radius
a are of such size, relative to particles represented as
spheres of effective radius r suspended in the liquid-filled
column, that the flow effect expressed by eq 8 can be im-
portant; but the large tubes are so large that particles
and solvent are transported in them at the same average
velocity (which is high compared to the flow velocity in
small tubes). Every molecule is required to pass
through the same total number of tubes, but the number
of tubes of one kind that the molecule enters is charac-
terized by a probability distribution. Particles and
carrier fluid spend negligible time in mixing chambers.
Formulating conservation equations for flow through the
column, Guttman and DiMarzio obtain the average
elution volume for the spheres. The problem can be
stated thus:¥ to evaluate

Ve= Qrl

Lmi ™ TAr] (10)

Wp)sJ

where Q is the total carrier fluid flow (volume/time),
n is the fixed number of tubes that each particle must
traverse to get through the column, (upi and (up)s are
the mean velocities of particles in large and small tubes,
and pi and ps are normalized probabilities (pi = 1 —
p9 that a particle travels through a large tube or a small
tube, respectively, as it passes through any cross section
of the column. It is assumed that the suspension is
very dilute so that the carrier fluid volume differs only
infinitesimally from the entire volume of material pass-
ing through the column. It follows that

onl = <71 + <«>.7. (11)

v\ and Fsdenoting the volume of the column in large
and small tubes, and (w)i and (u)s, the respective carrier
fluid velocities.

Guttman and DiMarzio proceed from eq 10 to
evaluate the probabilities psand pi for two limiting situ-
ations. (A) The concentrations of particles in any
cross section of the column are locally in equilibrium;
(37) C. M. Guttman and E. A. DiMarzio, Macromolecules, 3, 681
(1970).

(38) P. Debye, J. Chem. Phys., 14, 636 (1946).
(39) J. D. Ferry, J. Gen. Physiol., 20, 95 (1936).

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



3936

i.e., the concentration in a small tube is less by a factor
of the equilibrium constant K—or (1 — r/a)2for equiv-
alent spheres—than that in a large tube. (B) The par-
ticles travel through the tubes in such fashion that a
volume of solution above a tube, large or small, simply
passes into it without composition change, except that
particles are completely excluded from small tubes if
r> a

For case A, the perequired by flow continuity can be
written

Ns(up)saZK_ - (12)
Ngup)aX + Ni(u)iwz

where N\ and Ns are numbers of large and small tubes
in the column and w is the radius of a large tube. At
infinite dilution of particles, this pS with eq 10 and
11, yields the elution volume

Ve = Vi + KVs+ [<«>/(«}]Fax
L+ (FS/T)II - V] + O[«a>g<Wb 2] (13)

where is the sieve constant of eq 9. If, in addition,
the flow effect on mean particle velocity is given by
eq 8, eq 13 becomes equivalent to eq 3.17 of Guttman
and DiMarzio, although it is cast in a different form
here for convenience in the ensuing discussion. The
coefficient of the term in (u)s/{u)i is evidently of the
order of Vs. Then since (u)8 must be much smaller
than (u)i if the model is to be at all realistic for a GPC
column, eq 13 reduces for practical purposes to

Pe « Vi + KVS (14)

or the equilibrium result, as Guttman and DiMarzio
point out.
For case B, the Guttman-DiMarzio theory gives

Pe= P.+ Pa[2- (1- rfa)2- 2y(r/fa)2]-1 (15)

provided r < a. This relation should be applicable at
the limit of no equilibration of concentrations through
the column cross section, thus at flow rates so high that
diffusion is unimportant. This limit is therefore not
comparable physically with the equilibrium situation
and will not be further interest here. It does illustrate,
however, that the form of eq 1 can be obtained, as al-
ready mentioned, without reference to equilibrium and
that the coefficients of Pain the two limiting cases are
not radically different except as r approaches a.

Another recent flow theory for GPC is that of Verhoff
and Sylvester.) In their scheme, a GPC column is
characterized by relatively rapid flow of liquid through
wide channels (the interstitial phase between the packed
beads) and slow flow through narrow channels inside
the porous beads. The channels intersect frequently
so that a given particle traveling through the column
finds itself in turn in various narrow and wide channels
as it proceeds through the column. The model is there-
fore like that used in discussing equilibrium theory,
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with the single important difference that mass flow is
explicitly taken to occur in the “stationary phase.”

To make their model more amenable to calculation,
Verhoff and Sylvester specify that the column be made
up of uniform cylindrical tubes of but two diameters and
all of the same length |, as in the Guttman-DiMarzio
model. Each particle passes through the same number
of tubes but the division between small and large tubes
is determined statistically. Verhoff and Sylvester de-
fine the quantity

Pe = Qnlps(u)B (16)

and assume that particle velocities are the same as
carrier fluid velocities in both kinds of tubes. Then,
in effect, using eq 11 and 16 with eq 10, they obtain

Pe = Pi + PePe + [<>-/<>T]P.(1 ~ Pe) (17)
or
Pe « P. + PePe (18)

inasmuch as (u)s« (u)l

Thus Verhoff and Sylvester recover the form of
eq 1 They identify Pe as the sieve constant and
first assume for it a result derived by Ferry®

Pc

iPp= 21 —r/a)2— (1 —r/a)4
@ —r/a)2l -f (2r/a) — (r/a)2] (19)

in a theory of ultrafiltration. As before, a and r are ra-
dii of the small tubes and of the effective spheres repre-
senting suspended particles. It will be noted that <
differs from < in the DiMarzio-Guttman model only
through the absence of the quantity 27(r/a)2 in the
bracketed factor in eq 19.

Suggesting that Brownian motion tends to cancel out
the last two terms within brackets in eq 19, Verhoff and
Sylvester also propose as a further approximation, ap-
propriate for extremely small tubes

Pe= (1- r/a)2 (20)

which is merely the equilibrium constant for partition-
ing of rigid spheres between cylindrical pores and a
macroscopic solution phase. With the final approxima-
tion of eq 20, their hydrodynamic GPC theory, at least
for hard spheres, seems to have no content apart from
what is in the equilibrium theory.

Although the result expressed by eq 20 with eq 18 is
equivalent to eq 14 for case A of Guttman and DiMar-
zio, the question remains: why is the primary result
of Verhoff and Sylvester, eq 17 with Pegiven according
to eq 19, different from eq 13? Apart from the impor-
tant difference between K and the sieve constant, it is
also not immediately apparent why the coefficient of
(Ws/(U\ in eq 17 lacks the factor 1 + Vs/\V\ in eq 13.
The genesis of the first discrepancy lies in two inconsis-

(40) F. H. Verhoff and N. D. Sylvester, J. Macromol. Sci., Chem.,
4, 979 (1970).
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tent assumptions in the derivation by Verhoff and Syl-
vester. By assuming (wp)s = (u)s they ignore the
flow effect discussed by DiMarzio and Guttman (and
implicitly by Ferry). However, at the same time
using Ferry’s sieve constant, they presume the flow ef-
fect to be operative. The inconsistency is easily re-
moved. Letting (up¥/(u)s be given by <p'/K for hard
spheres (or, similarly, g@/K according to DiMarzio and
Guttman) but following Verhoff and Sylvester in every
other respect—using eq 11 and 16 in eq 10—we obtain
in place of eq 17

Pe = VI + Pe(K/<p)V. + (<q)/<1i)i)Vg(l - P® (21)

Now, with Pe = ip', the equilibrium result is unambigu-
ously recovered when the third term becomes insig-
nificant. The remaining unimportant divergence of
this term from the corresponding one in eq 13 is
accounted for by the fact that the Pe entirely con-
sistent with the model is not exactly {(or ). Main-
taining the definition of Pe by eq 16 and eliminating
ps by eq 12, we find after some manipulation that

Letting K(ups/(u)s = <$pand putting eq 22 into eq 21,
we regain the form of eq 13 (and exactly the Guttman-
DiMarzio result if g9 is replaced by <.

Even though the dependence on (u)s/{u)i in eq 13
and 21 is surely unimportant practically, the manner
of dismissal is logically somewhat unsatisfactory. This
dependence does not represent a nonequilibrium effect
in the formalism of the hydrodynamic theory because,
if the liquid velocities are determined by Poiseuille
flow, the ratio (u)@(u)i stays fixed as (u)i becomes
vanishingly small—and « ... does not identically ap-
proach K. The answer to this difficulty lies in the
consideration that at some sufficiently small (u)s the
hydrodynamic model itself becomes untenable. At
the limit, Poiseuille flow behavior must be obliterated
by Brownian motion; and then there seems to be no
difficulty in conceiving of the phase within pores as
truly stationary with respect to the mobile phase—so
that (u)s/(u)i can in fact approach zero at least as
rapidly as (U)\ does.

Verhoff and Sylvester use eq 18 and 20 for a number
of comparisons with available GPC data on linear-chain
polymers. The agreement they present between the
data of Moore and Arrington2and eq 20 appears to be
much better than we achieved with the same data and
eq 4. However, in accomplishing this: they assume a
value of $ about 22% smaller than what we regard as the
best value; with this $ and Mark-Houwink viscosity
parameters they calculate the rms molecular end-to-
end distance; they arbitrarily substitute this dimen-
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sion (2.45 times the rms radius) into eq 20; and finally
in place of the experimental values, they use pore sizes
adjusted to make the data fit the theory. The effective
molecular radii they use are thus much larger than
values that would make eq 20 agree with the equilibrium
relation, eq 4. The adjustment of the pore sizes can be
defended on the ground that the change is in the direc-
tion compensating for the expected systematic error in
measurements by mercury porosimetry,® but in our
work we chose to avoid taking any parameter as ar-
bitrary. In this connection, it must be remarked that
the correlation of Pe with experiments in this way can
hardly constitute a unique triumph of the hydrody-
namic theory since, as we have shown above, free adjust-
ment of r or a will bring eq 20 into excellent agreement
with eq 4.

Diffusion

An extensive analysis of the effects of diffusion in
GPC lies beyond the intent of the present discussion,
but some remarks are pertinent to what we have al-
ready said.

Qualitative suggestions that GPC is a diffusion-con-
trolled process have perhaps been motivated by cor-
relations of elution volumes with diffusion coeffi-
cients,41'2 just as correlations -with another measure of
molecular size, the hydrodynamic volume, seem to have
inspired suggestions of a hydrodynamic process. Such
arguments are suggestive, but they are hardly persua-
sive.

In a quantitative treatment, Ackers2lcombines steric
exclusion of large particles from narrow pores with the
effect of frictional'resistance to diffusion of the par-
ticles within pores.434 If we imagine that flow of
carrier fluid occurs through the pores, his model be-
comes formally analogous to that of Verhoff and Syl-
vester, but with a retardation of large particles relative
to small ones due to restricted diffusion replacing the
advancement predicted from Poiseuille flow. Like Ver-
hoff and Sylvester (in the version of their theory identi-
fying Pewith <0 of eq 13), Ackers identifies Kgfc with a
sieve constant; i.e., for equivalent spheres in a
cylindrical tube

Acre = g'= (1 —r/c)2X

[L - 2.104(r/o) + 0(r3a3ld] (23)

in which the quantity in brackets®arises from restricted
diffusion. As it stands, this result presents the obvious
difficulty that there is no flow-rate dependence and thus
no way for Kgpc to approach the equilibrium value
(1 —r/a)2at the limit of slow flow. The logic outlined
above in the case of the Verhoff-Sylvester theory applies

(41) A. Poison, Biochim. Biophys. Acta, 50, 565 (1961).

(42) W. R. Smith and A. Kollmansberger, J. Phys. Chem., 69, 4157
(1965).

(43) J. R. Pappenheimer, Physiol. Rev., 33, 387 (1953).
(44) E. M. Renkin, J. Gen. Physiol., 38, 225 (1955).
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here too. If we take account of the difference in mean
velocities of particles and carrier fluid in small tubes by
writing

(upd(wls = v>"(1 - rl/o)“2 (24)

and put this into eq 10 together with eq 11 and 12, we
obtain precisely the form of eq 13 with ip" in place of
tp. Thus, Kge differs from K only by a contribution
O««)./<tt)i) that is quantitatively insignificant for
(u), « (wW)i. As in the other cases, the model has to
fail at extremely low flow rate so that A gpc should
correctly approach K at the limit.

In a derivation by Yau and Malone, 6 GPC separa-
tion is attributed to lateral diffusion in the column. In
their mathematical formalism the solute is pictured as
undergoing unidimensional diffusion from a fixed con-
centration in the mobile phase into a semiinfinite gel
medium. The problem is thus reduced to a standard one
in diffusion theory, and the result is yet another expres-
sion of the form of eq 1, but with KQC a compli-
cated function of the diffusion coefficient in the gel and
the flow rate. Although arbitrary adjustment of pa-
rameters enables this theory to conform fairly well to
typical GPC data on the molecular weight dependence
of elution volume for flexible-chain polymers,4it is not
obvious what correspondence the model might have to
the physical situation in ordinary small-zone chroma-
tography. Logically, but unrealistically, this diffusion
model requires Hgpc to approach unity at slow flow
rate; thus in succeeding papers Yau, et al.,, 246 com-
bine it with the equilibrium theory by writing A gpc as
a product of the equilibrium K and the distribution co-
efficient given by the diffusion model. Yau# uses <'
(eq 23) to represent the ratio of the diffusion coefficient
in the gel to that in the mobile phase.

The most satisfactory theoretical treatments of dif-
fusion in the stationary phase are due to Kubin47 and
Hermans® who picture the gel phase rather abstractly
as composed of isotropic spheres into which solute par-
ticles can diffuse up to a certain equilibrium concen-
tration. Hermans' results indicate that the effect of
nonequilibrium in the gel phase can be expected to
appear in spreading and skewing of elution peaks, and
at low flow rate Ac,. unambiguously represents the
equilibrium partition coefficient.  Giddings, et al.,
summarize arguments supporting this view for ordi-
nary GPC experiments.

Summary and Conclusions

In the analysis recounted above, we have undertaken
an examination of the interrelations among partly di-
vergent points of view about the basis of separation in
GPC. In particular, this enterprise was motivated by
the apparent differences between two recent “flow”
theories by Verhoff and Sylvester and by Guttman and
DiMarzio, both based on models including Poiseuille
flow through micropores pictured as fine capillaries.
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The differences are traced to approximations in the
Verhoff-Sylvester derivation, and once these are elim-
inated, the two theories agree in showing that x g,c IS
related to the equilibrium partition coefficient of a
solute between pores and the mobile phase by an ex-
pression of the form

Agfc = K + 0({uV(u)i) (25)

Although the (trivially small) second term on the
right-hand side of eq 25 does not vanish with decreas-
ing (u)i in the context of the hydrodynamic theory, it
must do so in fact as Brownian motion ultimately viti-
ates the hydrodynamic model. Hence, eq 20, which
Verhoff and Sylvester suggest for reasons that are not
made completely clear, together with eq 18, does rep-
resent a quantitatively correct result for their theory
(and for case A of the Guttman-DiMarzio theory) in
the absence of Brownian motion and an exact result
with it. The presumption that r in eq 20 represents
an equivalent radius defined so as to make eq 3 satisfy
the equilibrium constant of eq 4 leads us to assert that
the Verhoff-Sylvester theory in the final form reduces to
the equilibrium theory. In this circumstance, the lat-
ter has the advantage of being stated in a general con-
text that transcends specific model geometry and avoids
uncertain approximations beyond the basic postulate
that A gpc is to be identified with the equilibrium con-
stant. Of course, it might be argued that the Verhoff-
Sylvester theory is not an equilibrium theory because r
in eq 20 is explicitly taken by the authors to be the
“hydrodynamic radius.” In reply we can say that
Verhoff and Sylvester do not in fact use the hydrody-
namic radius. Further it is hard to see how a molecular
radius other than that defined by equilibrium exclusion
can be logically justified for a theory that is intended to
be applicable when the liquid velocity in the pore phase
issmall. For these reasons we do not regard the theory
of Verhoff and Sylvester as establishing the hydrody-
namic character of GPC separation; and, therefore, we
cannot accept their proposal that ordinary GPC should
be renamed “hydrodynamic fractionation.” This, or
the term “separation by flow” that Guttman and Di-
Marzio use, is more appropriate for case B of the Gutt-
mann-DiMarzio theory where an ultrafiltration effect
depends directly on the character of Poiseuille flow
through narrow channels.

Since a reinterpretation of the “restricted diffusion”
model of Ackers makes his theory parallel exactly the
structure of the Veroff-Sylvester theory that we have
criticized, the only difference being the substitution of
(@' of eq 24 in place of g of eq 19 to represent Pein eq

(45) W. W. Yau and C. P. Malone, J. Polym. Sci., Part B, 5, 663
(1967).

(46) W. W. Yau, ibid., Part AS, 7, 483 (1969).

(47) M. Kubin, Collect. Czech. Chern. Commun., 30, 1104, 2900
(1965).

(48) J. J. Hermans, J. Polym. Sci., Part AS, 6, 1217 (1968).
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18, we suggest that this model too, properly considered,
leads to the equilibrium relation at low flow rates. To
put our criticism another way, Ackers, like Verhoff and
Sylvester, identifies « ¢+ with a sieve constant; and
this is what is basically at issue. As eq 22 shows, Pe
defined by eq 16 is indeed (almost) the sieve constant;
but as eq 21 shows, it is incorrect to equate Pe with
K gpc-

According to the form of eq 13, any first-order hy-
drodynamic contribution to K Gpec could only increase it
since the sieve constant is between zero and unity on the
basis of any of the models we have discussed—even
though the effect of relative flow velocities of particles
and carrier fluid increases the sieve constant in the flow
models and decreases it in the restricted-diffusion model.
These contrary effects on transport of suspended par-
ticles through narrow tubes obviously prompt a question
as to which kind of model might be the more realistic.
Reasonably, both effects might be included; indeed
Renkin# suggested that the sieve constant should be
<p'[1 + (2r/a) — (r/a)2]. However, it would be out-
side the ambit of this paper to delve further into the
difficult problem of the actual behavior of suspensions
flowing through small channels.43448
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Unlike the hydrodynamic contribution to K Gpc, true
nonequilibrium effects in partitioning, as expressed by
the idealized stochastic theory, do not affect the average
elution volume for a solute; but according to eq 2 they
tend to shift the maximum of the peak toward a smaller
volume. The preponderance of evidence is that non-
equilibrium has only a minor effect on elution peak
maxima in ordinary columns, but under certain experi-
mental conditions nonequilibrium behavior of the quali-
tative character predicted by the stochastic theory can
become prominent.21*23 The corollary of the insensi-
tivity of mean and most probable elution volumes to
flow and nonequilibrium phenomena is that detailed
study can most profitable be directed toward the shape
and breadth of peaks, on which both classes of phe-
nomena will have more direct effects. There is the inter-
esting consideration, pointed out by Guttman and Di-
Marzio, ¥ that flow and diffusion tend to compensate:
mass flow through pores will clear them of solute in a
finite time and thus act to counter the skewing and tail-
ing of peaks characteristic of diffusion-limited transport.

(49) See, for example, a review by H. L. Goldsmith and S. G. Mason
in “Rheology: Theory and Applications,” Vol. 4, F. R. Eirich, Ed.,
Academic Press, New York, N. Y., 1967, Chapter 2.
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Two-body emission from chlorine atoms has been used to follow the thermal decomposition of C1F occurring
behind incident shock waves in the temperature range of 1700-2200°K. The initial reaction rates were inter-
preted in terms of the bimolecular rate constant for the reaction CIF + M = Cl+ F + M and may be ex-

pressed in the form A3[initial] = 10146+0-3exp(—61,300 + 3000/F2T) cc/mol-sec.

However, if the com-

peting exchange reaction Cl + CIF = Cb + F isvery fast, then the rate expression for CIF+ M = Cl + F

+ M becomes k3 = 10145+0-4exp(—57,500 + 3000/RT) cc/mol-sec.

agreement with all of the available data.

Introduction

Although there have been theoretical predictions
concerning the behavior of the C.F system,12 there
are currently few actual rate data available. Global
rates for the reaction occurring between A2and F2have
been reported;8 however, no attempt was made to at-
tribute experimental significance to the rates of individ-
ual reaction steps. The present shock tube study is
the third in a series of kinetic measurements on the

The latter value for ks is in better

related systems CIF5 C1F3 and C1F being conducted
in these laboratories.46

(1) S. W. Benson and C. R. Haugen, J. Amer. Chem. Soc., 87, 4036
(1965).

(2 R. M. Noyes, ibid., 88,4311 (1966).

(3) E. A. Fletcher and B. E. Dahneke, ibid., 91, 1603 (1969).

4 J. A. Blauer, H. G. McMath, and F. C. Jaye, J. Phys. Chem., 73,
2683 (1969).

() J. A. Blauer, H. G. McMath, F. C. Jaye, and V. S. Engleman,
ibid., 74,1183 (1970).
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We have selected an experimental procedure which
is based upon a measurement of the intensity of the
two-body emission from Cl atoms behind incident
shock waves. Our use of 5000 A as the point of ob-
servation is based upon the results of Carabetta and
Palmer.6 They found that at the latter wavelength
the emission intensity is independent of temperature
and linearly dependent on the square of the Cl-atom
concentration.

Experimental Section

The shock tube and associated apparatus have been
described adequately elsewhere.7 In the present in-
stance, spectral isclation was by means of a Beckman
DU monochromator, and detection of radiation was
accomplished with a 1P28 photomultiplier tube.

Gaseous C1F having a purity of 98.0% was purchased
from Ozark-Mahoning Co. and was further purified
by trap-to-trap distillation at —100°. High-purity
Cl2 and HF (ca. 99.5% min) were purchased from
Matheson and were treated by cooling to —100°, fol-
lowed by removal of all permanent gases in vacuo.
Argon having a minimum stated purity of 99.9% was
also purchased from Matheson and was used without
further purification. Chlorine trifluoride having a
minimum purity of 98% was purchased from Matheson.
The gas was further purified by forming the KF com-
plex, KC1F4 at ambient temperatures. The pure
C1F3 was recovered by vacuum distillation at 200°.
The purity of the C1F5 used in these experiments was
the same as that discussed in our previous paper.6

After a gaseous mixture with argon had been pre-
pared, its OF, F2 and CI2 contents were determined
by measuring the optical densities at 2600, 2850, and
3250 A, respectively. A solution of the resulting three
simultaneous equations gave the initial concentrations
of the aforementioned species. The C1F3 and C1F6
concentrations were obtained from pressure measure-
ments.

Results and Discussion

A typical emission trace is shown in Figure 1. It
may be seen that after 150 /nsec of test time drift due to
nonidealities appeared in some traces making it neces-
sary to estimate the equilibrium intensity as early as
possible (ca. ~ 100-150 /nsec). In accordance with the
results of Carabetta,6 the Cl-atom concentration was
related to the emission intensity, 7, by means of the
expression, [CI] = A(7)1. Here, A is the propor-
tionality constant which was evaluated from the equili-
brium conditions. Values of A = [Cl]equ;i/(/)'/2 for
binary mixes of C1F in Ar were normalized to a standard
value obtained for a binary mixture of Cl2in Ar. Both
of the above-mentioned values of A were acquired on
the same day. The results are found in Table I. It
is seen that even over a factor of 50 variation in the
value for [Cliequii these proportionality constants showed
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Figure 1. Emission trace for test no. 22, 0.1 V/ordinate

division, 10 ,usec and 50 /;,sec/abscissa division, 2.0% C1F in
Ar. Incident shock temperature and pressure at the front of

1878°K and 22.7 atm, respectively. The arrows show the

extrapolated point of shock incidence and direction
of increasing intensity.

little drift.  Similarly, although the F-atom concentra-
tions vary over a factor of 20, their presence had only
a slight effect upon the emission intensity. These
observations precluded any significant contribution to
the radiancy from such two-body processes as

Cl+ F=CilIF+ hv (1)
F+ F = F2+ fov )

and demonstrated conclusively that the emission in-
tensity was a true measure of the Cl-atom concentra-
tion. This conclusion has been further corroborated
by the data obtained with C1F3 and C1F6 (see Table
1)8,9

Resort is made to the method of initial slopes to es-
timate the rate constants for the processes

CIF+ M =Cl+ F+ M ©)
Clx+ M = Cl+ Cl+ M @)

It is found that plots of (7)12vs. time are linear over
at least 50% of the reaction, making the evaluation
of initial rates from the first 10% of the reaction profile
a relatively simple process. The point of shock inci-
dence is found by extrapolating these plots to zero
intensity. Density corrections are made in the manner
outlined by Palmer.l0 The resulting experimental
rate constants are found in Table I and plotted as func-

(6 R. A. Carabetta and H. B. Palmer, J. Chem. Phys., 46, 1333
(1967).

(7) J. A. Blauer and W. C. Solomon, J. Phys. Chem., 72, 2307 (1968).

(8 It has been reported9 that the emission intensity from shock-
heated HF* is altered in the presence of Cl atoms. Experiments
(see Table 1) with CI-HF mixtures seen herein show no such be-
havior for the radiancy from the two-body recombination of Cl atoms.
Similarly, the presence of HF has no effect upon the dissociation rate
of Cb; seeFigure 2.

© J. A. Blauer, V. S. Engleman, and W. C. Solomon, 13th Inter-
national Symposium on Combustion, Salt Lake City, Utah, 1970,
p 109.

(10) H. B. Palmer and D. F. Hornig, J. Chem. Phys., 26, 98 (1957).
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Table I: Initial Reaction Rate Data
(Ao X 10* (CIF)o X 10
Test Ti, "K nol/cc nol/co
17 170 0.143 0.291
18 162 0141
2 2076 0.039
2 1924 0.145 0.295
2 1878 0.144 0.2%4
PA] 17% 0114 0.232
2 1676 0.0%4 0191
5 21% 0.039
2% 236 0.040
27 1786 0.076 0.399
2 1310 0.071 0.373
2 267 0.039 0.205
0 245 0.046
3 1902 0.056
2 042 0.018 0.096
3B 274 0.061
A 1986 0.098
) 1%1 0.099
3) 1763 0.0%4
37 179 0.095
3Bi 1921 0.071
0 1916 0.070
40 184 0.089
i 1776 0.095
2 1550 0.111
4d 1720 0.094
M 1757 0.0%4 0.242
46 1912 0.130 0334
a7 233 0.c4 0.060
49 1718 0.154 0314
50 047 0.C3 0.189
51¢ 2150 0.057 0.115
A 1847 0114
57 248 0.101
5% 1938 0.077 0.156
67 240 0.051

* Binary mixes of CI1F3and Ar. bBinary mix of Cl1F6and Ar.

Cl2and Ar on the same day as the datum pointin question.

tions of temperature in Figures 2 and 3. The tempera-
ture dependencies of these rate constants can be ex-
pressed in the forms
finitial] = 1014+0-3 (exp(—61,300 + 3000/AF)
cc/mol-sec
[initial] = 10133+ 02 (exp(—46,450 + 1500/SF)
cc/mol-sec
The latter expression is in good agreement with the
earlier findings of Carabetta,6 Thiel,11 and Jacobs.R2
The use of the above expression as an estimate of the

rate constant for reaction 3 is clouded by the possible

occurrence of the two exchange reactions.
ClIF+ Cl = CI2+ F AH = +3 kcal/mol (5)
CIF+ F = Cl+ F2 AH = +23 kcal/mol (6)

In an effort to account for these additional reaction
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Ch)o X 10« 1| x chy/vTI/ k X 107,
¢ grDI/CI: o 1 [[EC)D/VTV ao/nok-sec
0.085 0.91 0.91
0.288 1.00 14
0.079 1.02 3B
0.124 1.26 3.2
0.112 103 2.2
0.074 112 14
0.036 1.20 0.26
0.079 0.98 2
0.082 1.00 5
0.048 126 1.0
0.092 113 13
0.123 1.00 18.
0.04 1.03 2
0.296 0.100 1.03 2.7
0.046 112 15
0.125 0.99 a2
0.201 1.08 10
0.203 1.02 9.9
0.192 1.06 31
0.195 1.06 3.2
0.145 0.99 9.1
0.146 101 12
0.181 0.99 6.3
0.193 0.98 49
0.226 1.02 0.65
0.195 101 3.3
0.068 0.95 0.80
0.114 111 41
0.047 24
0.633 0.47
0.441 0.93 8.9
0.296 1.10 21
0.233 1.00 55
0.206 1.00 y
0.664 104 45
0.104 1.08 245

e[(C1)/\//Ib refers to measurements made with a binary mixture of
d Contains Zm/OH F.

paths, we have used the following experimental ap-
proach.

Experimentally, a study of C1F decomposition in the
presence of Cl and Cl2has been attempted. However,
the fact that the emission intensity is a linear function
of the square of the Cl-atom concentration negates the
advantage of the addition of Cl2to a reaction mixture
containing C1F. Nevertheless, F atoms in the form of
C1F3 or CIF5 could be added. (Consideration of the
results of our previous work46 showed that under the
conditions of the present study C1F3 and C1F5 would
completely decompose into C1F and F atoms within
the interval of 2 nsec.) Accordingly, exchange reac-
tions —5 and 6 could be investigated. However, reac-
tion —5 could be examined only by a consideration

(11) M. Thiel, D. J. Seery, and D. Britton, J. Phys. Chem., 69, 834
(1965).
(12) T. A.Jacobs and R. R. Giedt, J. Chem. Phys., 39, 749 (1963).
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Figure 2. Temperature dependence of initial reaction rate

constant for the thermal decomposition of C1F.

(T°K)-'x103

Figure 3. Temperature dependence of apparent initial reaction

rate constants for the thermal decomposition of Cl2
(argon diluent).

of the entire reaction profile. The effect of these large
amounts of added F atoms upon the initial reaction
rate is illustrated graphically in Figure 2. Since the
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added F atoms produce no discernible positive drift
in the value of k3[initial], a significant early contribu-
tion of reaction 6 to the overall decomposition can be
readily excluded. Furthermore, the absence of any
marked inhibition of the initial reaction rate by F atoms
seems to rule out any large early contribution from reac-
tion 5. This tentative conclusion would be incorrect
if steps 5 and 6 are proceeding simultaneously over the
temperature range of this study (a canceling effect
would be operating). Two general analytical ap-
proaches for evaluating the above-mentioned rate con-
stants from reaction profiles have been followed.

Approach I. Recently, Warnatz13 has made direct
measurements to obtain a value for the exchange reac-
tion —5. The value which he obtains is 57 X 104
exp(—140Q/RT) cc/mol-sec. In view of these recent
results we must reexamine the assumption that the
initial rate data provide a good measure of fc3

To give a more definitive value to &3 the reaction
mechanism consisting of steps 3, 4, and 6 was subjected
to numerical integration by means of a nonequilibrium
computer programM which solves the conservation
equations simultaneously with the reaction rate equa-
tions. Rates of reverse reactions were obtained from
the principle of detailed balancing. In this analysis
the experimental value obtained by Warnatz13 for fc 6
is held constant while the value for ks is obtained by
iteration. The value selected for step 5 is that which
is obtained from the initial slope in the Cb experiments
reported herein. Figure 4 gives the fit to the computed
reaction profile data which is obtained when ft3 = 3.0
X 101404 exp(—57,500 + 3000/ET) cc/mol-sec.
Figure 5 shows the nature of the agreement with ex-
periment which one obtains when the latter value for
k3isused and F atoms are present in large excess. Good
fits to the experimental data are obtained in both in-
stances in which the above rate constants were em-
ployed. Agreement with experimental reaction pro-
files was satisfactory throughout the entire range of
experimental conditions employed in this study. The
activation energy which is obtained from approach I
for reaction 3 is not unreasonable when compared to the
currently accepted bond dissociation energy for C1F
of 60 £ 1 keal/mol at 2000°K.% Indeed, according
to the present analysis, the thermal dissociation of C1F
would appear to be unclouded by anomalies such as
those which appear in the data concerning the dissocia-
tion of Cl211,12

In Table 111616 are gathered the results of several

(13) J. Warnatz, H. Gg. Wagner, and C. Zetzsch, Ber. Bunsenges.
Phys. Chem., 75, 119 (1971).

(14) Furnished by Dr. T. A. Jacobs, Aerospace Corp., EI Segundo,
Calif.

(15) “JANAF Thermochemical Tables,” Dow Chemical Co., Mid-
land, Mich., June 1970.

(16) V. H. Dibeler, J. A. Walker, and K. E. McCollah, J. Chem.
Phys., 50,4592 (1969).
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SMEL TK  [aR0* IC6  [Qley *106
o 287 026 073
Q 188 024 058

Figure 4. Comparison of computed reaction profiles with

experimental data for binary mixes of C1F and Ar. Assumed
rate constants were kA = 0.3 X 1015exp(—57,432/777") and
*.8= 0.57 X 1015exp(—1400/77T).

SMEL. TK a5 Fodb
O 2% QI 2R

Figure 5. Comparison of computed reaction profiles with

experimental data for binary mixes of C1F3and Ar. Assumed
rate constants were k4 = 0.3 X 1016exp(—57,432/777') and kf =
0.57 X 1016exp(— 1400/7777).

investigations concerning the thermal dissociation of
the elemental halogens in shock tubes. With the pos-
sible exception of F2 the apparent activation energies
tend to be well below the bond dissociation energies.
Accordingly, unless approach | gives an overestimate
of the activation energy for C1F dissociation, the num-
ber presented herein is anomalous when compared to
the results for the related diatomic molecules of the
series. Indeed, McIntyreI’has recently estimated k3

ft3 = 10129exp(—41,500/AT) cc/mol-sec

Although this equation reproduces our results to within
a factor of 3 in the temperature range of overlap for
the two studies (see Figure 2), it does imply an activa-
tion energy significantly lower than that deduced from
approach I. This discrepancy can be due, at least in
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part, to the rather large amount of scatter generally
encountered in shock-tube measurements. Indeed
agreement between the two studies is not unusually
bad, since our k3[initial] predicts within a factor of 2
the values for k3given by Mclintyre.I7

Table II:

Dissociation of Diatomic Halogens

Published Arrhenius Parameters for the

Do,a
Halogen Temp, °K kcal/mol kcal/mol Reference
£2 1200-2700 27-35 29-37 17, 18
cl2 1600-2600 45 57 1
Br2 1200-2200 32.3 45 10
12 1000-1600 29.4 34 19

“ Dissociation energies taken from ref 15 and 16.

Approach Il. We proceed with numerical integra-
tion as before, vide ut supra. In this case, however,
values for both k3 and kA result from the initial slope
measurements. The activation energy for k3 is es-
timated® according to the Evans-Polanyi rule at 12
kcal/mol. Only the value of As (preexponential for
step 5) was varied during the course of the calculations.
The computed reaction profile was found to be very
insensitive to the values assigned to A3for those tests
corresponding to binary mixtures containing C1F3 and
Ar. The opposite was true for binary mixtures con-
taining C1F and Ar; see Figures 6 and 7. The above
behavior is traced to a nearly complete suppression
of reaction 5 in the former case (excess of F atoms).
One may now extract a value for A5from the C1F and
Ar data which is 10utl cc/mol-sec. Thus, if initial
slope data can be relied upon to estimate k3 an unusually
small value must be assigned to k3

Finally, it is of interest to compare the rate constants
for reaction —3 with those computed from theoretical
considerations given by Benson and Fueno.19 In Table
111 there are tabulated the results for a few such calcu-
lations along with the observed values. From the
above calculations it is apparent that the theory over-
estimates the rate constants in both instances. A
similar situation is found if one compares the results
of F-atom recombination20-22 with the theory. The
agreement is somewhat better for Cl-atom recombina-
tion.611'2

(17) J. A. MciIntyre and R. W. Diesen, J. Phys. Chent., 75, 1765
(1971).

(18) N. N. Semenov, “Some Problems of Chemical Kinetics and Re-
activity,” Vol. 1, Pergamon Press, ElImsford, N. Y., 1958, p 27.

(19) S. w.Benson and T. Fueno, J. Chem. Phys., 36, 1957 (1962).
(20) R. W. Diesen, J. Phys. Chem., 72, 108 (1968).

(21) T. Just and G. Rimple, Deutsche Luft-und Raumfahrt Report
70-02 (1970).

(22) D. Britton, N. Davidson, W. Gehman, and G. Schott, J. Chem.
Phys., 25,804(1956).
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Hgure 6. Conputed vs. doserved reaction profiles for binary
mixes of CIF3and Ar: --——- ,A8 = 0 ;- , As = 1012

cc/nol-sec; —m—, As = 10Bcc/nol-sec.

Hgure 7. Computed vs. dosenved reaction profiles for birary
mixes of CIFad Ar; ----- ,As=0;--—--, As= 1011
cc/mol-sec; As = 10Pcc/nol-sec.

Conclusions

The rate constants from analysis Il are based upon
the validity of the initial slope assumption. The re-
sult from the first treatment is obtained by employing
an experimental number for step —5 which was ob-
tained near room temperature. However, the experi-
mental data collected herein allow no clear choice be-
tween the two mechanisms. Nevertheless, the argu-
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Table 111:  Comparison of Cbosenved Recombination Rate
Corstants with the Values Computed from Theory, fc3

_________ far(obsd) X 10"1: ccZmol2-sec

T, K Approach | Approach 11 Theory
1779 0.63 0.31 4.0
1902 0.64 0.32 3.8
2167 0.64 0.32 3.6

o Method 11-A of ref 19errployed.

ment in favor of approach | seems to be the stronger.
Thus, an activation energy of 61 kcal/mol for step 3
is higher than would be expected based upon experience
with other diatomic molecules. There is no consis-
tency in the values provided by approach Il and the
direct experimental measurement of step —5 by War-
natz.13 The data provided by McintyreI7also indicate
that approach Il underestimates 6. Further, the

Cl+ CI» = Cl2+ CIO )
Cl + NOC1 = CI* + NO

closely related reactions are known to be very fast.23-26
A theoretical estimate of the lower limit for the bimo-
lecular A factor for h, obtained from methods outlined
by Benson,Z is 10140 cc/mol-sec. The latter value
is consistent with the results obtained by following
approach I. Finally, the theory of Benson and Fueno1
for atomic recombination gives somewhat better agree-
ment with the value of 3obtained from approach |
than with that used in approach Il. This study would
appear to be an example in which strong reliance on
the initial slope assumption can lead to significant
error.

(23) C. G. Freeman and L. F. Phillips, J. Phys Chetn., 72, 3028 (1968).

(24) K. H. Homann, W. C. Solomon, T. Warnatz, H. G. Wagner,
and C. Zetzsch, Ber. Bunsenges. Phys. Chem., 74, 589 (1970).

(25) E. A. Ogryzlo, Can. J. Chem., 39, 2556 (1961).

(26) W. G. Burns and F. S. Dainton, Trans. Faraday Soc., 48, 52
(1952).

(27) S. W. Benson, “Thermochemical Kinetics,” Wiley, New York,
N. Y., 1968, p 97.
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The photolysis (3130 A) of acetone in the presence of silane has been investigated at 25, 65, and 100°.

Rate

constant parameters for the H-abstraction reactions from silane by the methyl and the 2-hydroxy-2-propyl

radical were obtained: log k, (I./mol-sec) = 8.24 -

(6.17 £ 0.37)/0 and log k, (I./mol-sec) = 875 - (9.0 £

1)/0, respectively. Spontaneous decomposition quantum yields were also measured and found to be consistent

with the primary process mechanism proposed earlier.

Mechanisms for the formations of isopropyl alcohol

and ¢eri-butyl alcohol, two unusual reaction products, are proposed, and some values for the various reaction

processes involved are deduced.

Introduction

Primary processes in the acetone photochemical sys-
tem have been fairly well elucidated.12 One of the
most interesting conclusions of the prior studies was
that the acetone triplet could behave much like a free
radical. Thus the acetone triplet was observed to un-
dergo H-abstraction reactions from hydrogen bromide
with a rate comparable to that of the corresponding
methyl radical reaction. The purpose of the present
study was to investigate the radical trapping abilities
of silane toward the acetone triplet and also to obtain
the H-abstraction Arrhenius parameters for the reaction
of methyl radicals with silane.

Experimental Section

Silane was prepared by the reduction of tetrachloro-
silane with LiAIH43 Separation was achieved from
the reaction mixture by passing the products through
a —160° trap (which retained unreacted tetrachloro-
silane) and into a silica gel trap cooled to —195°. Of
the two principal contaminants, HC1 was irreversibly
absorbed on the silica gel and hydrogen was removed
by pumping at liquid N2 temperatures. The silane
recovered on warming was found to be chromato-
graphically pure to within 0.05 mol %. Experimental
procedures employed in the photolysis were, with few ex-
ceptions, the same as those described elsewhere.l The
light source was an Osram 200-W super high-pressure
Hg lamp. Radiation, passed through a nickel-cobalt
sulfate and a potassium biphthalate filter solution, was
centered in the 3130-A region. Transmitted light in-
tensities were monitored by an RCA-931 phototube
whose output was suitably recorded. Analyses were
made with a Perkin-Elmer Model 154D vapor phase
chromatograph with both thermal and flame ionization
detectors. Methane and ethane were analyzed on a
PE-J (silica gel) column, and all other products were

analyzed on both a PE-R(Ucon oil LB-550-X) column
and a PE-t. (/3,/3-oxydipropionitrile) column. Analyt-
ical accuracies were estimated between 5 and 10%.

Results

Major products of the photolysis were methane,
ethane, carbon monoxide, isopropyl alcohol, and tert-
butyl alcohol. Minor products were hydrogen, di-
silane, methyl ethyl ketone, biacetyl, acetaldehyde,
and ketene. Data are shown in Table I.

Reactions 1-12, listed in Table Il, seem to account
for the most important features of the photolysis
system.

Methyl H Abstraction from Silane. Silane is a rela-
tively effective trap for methyl radicals, as evidenced
by the marked decrease in ethane yields with increasing
silane concentration. If one assumes that methyl
radical concentrations are sufficiently low to minimize
methane yields from radical-radical disproportionation
reactions and that methane was produced only via
methyl H abstraction from silane and acetone, one ob-
tains from the relative rates of methane and ethane
formation (eq 1, 2, 3) the usual expression

F(CH4 = A
y [flehg x (Jisa]

+ A m
AT+ [A]

where F(X) is the yield of X in moles per liter.

Plots of the data according to eq | were made and
the rate constants for li abstraction of methyl from
silane were calculated. The data give

fci(25°) = 3.76 + 0.21 X 103

and

(1 C.W. Larsonand H. E. O'Neal, J. Phys. Chem., 70, 2475 (1966).
(2) H. E. O'Neal and C. W. Larson, ibid., 73, 1011 (1969).

(3) A. C. Finholt, A. C. Bond, Jr., K. E. Welyback, and H. 1. Schle-
singer, J. Amer. Chem. Soc., 69, 2692 (1947).
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Table | : Data on Photolysis of Acetone in the Presence of Silane
Reactants
(mol/1.) X 104 Yields (mol/1.) X 106
CH3COCH3 sim (Sim/A)° cm CiH, co ieri-BuOH i-PrOH ]T& (X 10-‘c
T = 25°
6.80 4.4 0.65 3.45 2.13 1.91 0.37 0.35 42 2.50
5.30 10 2 1.92 8.42 5.50 1.47 0.37 0.84 35.2 1.80
9.20 10 2 1.11 11.9 9.27 4.40 0.91 2.02 79 1.80
8.87 10 2 1.15 4.63 1.15 3.10 0.44 0.59 27.6 1.59
6.50 20.3 3.12 8.00 1.36 0.36 2.34 22.2 1.42
33.7 20.0 0.59 5.14 0.95 None 1.18 2.06 93 1.08
13.8 43 .4 2.88 11.0 0.48 7.15 0.27 8.05 24.6 2.08
18.2 76.5 4.20 6.05 0.059 3.16 0.20 9.05 27.2 1.60
T = 65°
27.6 12.8 0.46 101 15.3 69.6 13.7 35.8 269 1.77
22.3 18.4 0.82 88.4 7.82 53.4 10.0 29.2 297 1.20
32.3 11.6 0.36 90.5 21.5 77.6 20.2 28.6 308 1.29
T = 100°
31.2 2.79 0.066 59.5 45.7 68.8 32.5 22.4 352 1.11
34.6 7.40 0.204 150 40.3 128 47.3 38.6 278 1.54
7.38 28.2 3.58 64.0 0.603 30.6 1.04 28.0 59 1.79
13.9 7.18 0.69 226 56.2 194 27.1 44.5 238 1.85
17.2 10.4 0.54 63.4 9.15 45.1 7.00 18.6 144 0.73
25.4 8.50 0.34 131 38.6 82.5 23.0 29.6 248 1.08
37.4 0.30 0.005 23.2 39.8 48.2 3.24 2.7 186 1.04

° Average silane to acetone ratios in a run (see text).

fci(100°) = 34.3 = 0.32 X 103

for ki in units of I./mol-sec.
give

In Arrhenius form, these

log fci(l./mol-sec) = 8.24 — (6.17 = 0.37)/0

The rate constant errors, which represent 95% con-
fidence limits (i.e., £20-), are rather large. Good mass
balances were not obtained in this photolysis system,
and these errors undoubtedly reflect the appreciable
experimental scatter in the data. Nevertheless, the
Arrhenius parameters for the H abstraction by methyl
from silane are in reasonable agreement (roughly within
the limits of error) with those obtained in prior stud-
ies.46

log fci (I./mol-sec) = 88 - (6.99 £+ 0.56)/0 (SJISG)

(log fgj (I./mol-sec) = 8.82 - 6.89 + 0.16)/0 (MT)

In the latter studies methyl radicals were generated
using the photolysis of azomethane. The systems were
apparently cleaner and better behaved, and in view of
the good agreement obtained, their results should be
considered the more reliable. One of the inconsis-
tencies in our data, which may have had some effect
on our rate constant determinations of fi, is that ap-
preciably more than stoichiometric amounts of silane
were reacted. The measured amount of silane in the
system after reaction was always less than the amount
expected on the basis of initial concentrations and the

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

6Units are (einsteins/l.-sec) X 1010

cUnits are sec.

extent of photolysis. Since an appreciable amount of
hydrogen and disilane were also produced in some runs,
it is possible that some silyl radical induced decomposi-
tion of silane was occurring (eq Il). This process has
been proposed by Purnell and Walsh6and also by Ring,
Puentes, and O’Neal7 to explain the thermal decom-
position kinetics of silane.

SiH3+ SiH4—> H + SiH6
(m

H + SiH4—> SiH3+ H2
Primary Decomposition Quantum Yields. Decom-
position quantum yields, calculated from the equation

= 7[CH4+ 2CHG6+ ferf-BuOH + MEK-CO]//.-*

were found to be much lower than those of acetone with-
out inhibitors. They were independent of the silane
concentration and strongly temperature dependent.
Average values at the three temperatures were jpBa —
0.10 (25°), ¢ ~ 0.22 (65°), and ~ 0.37 (100°)
(see Table I11). These observations are consistent with
equations d*, S, and T where spontaneous decomposi-

(4) O. P. Strausz, E. Jakubowski, H. S. Sandhu, and H. E. Gunning,
J. Chetn. Phys., 51, 552 (1969).

(B) E. R. Morris and J. C. J. Thynne, J. Phys. Chern., 73, 3294
(1969).

®) J. H. Purnell and R. Walsh, Proc. Roy. Soc., Ser.
(1966).

(7) M. A. Ring, M. J. Puentes, and H. E. O’Neal, J. Amer. Chem.
Soc., 92,4845 (1970).

A, 293, 543
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Table 11

Rate constants®

Primary processes

CH3COCHS3 (a) + 1a6
hv (3130 A) — 3A*
Decompositions
3A* CHs- + CH3CO He*)

109.81 - 6.95/0
(M) + 3A -U - s s A

CH3- + CH3CO + (m) 1+ zmik{e*))
Stabilization
A* + M _I». 3A + M Z-M ~ 10“ -M

Secondary processes

CHs- + siH4_1> CH4+ siHs- fa = 10833 - 6330c
CH3-+ a _4 -

CH4+ «CH2COCHS3 108.6 - 9.7/0d
CH3- + CHs- -£> CH6 g3 = 1010349
CH3CO + RrR- _ CHXO + RH &=
CH3CO + (M) -V he

CHs- + CO+ ™

Isopropyl alcohol formation

SiHs + 3A T> °kT > 10» - »e»m=

CHX(OH)CH3(-AOH) + siH3-

SiH4+ <AOH _ 1+. fa = 10877 -
CH3CHOHCHS3 + siH3-
tert-Butyl alcohol formation
CH3- + 8 ~ :7: ‘(terl-Bu0-*) fa > 1012
B 7> 1087"

\tert-BuO ') + M
hiert-BuO =) + M

fa (sec-1) ~ Z-M

A* + CHs- fa > 10321

fao~ 10« - 660c*

e(ieri-Bu0O-)

SiH4 + ‘(ierf-BuO <) . 10>
iert-BuOH -f SiH3-

kn = 7.2 X 1010/

R- + -AOH_-IV A + RH

R m+ R — > products kn = 3.6 X 10M/

“Units are sec-1 (unimolecular) or I./mol-sec (bimolecular).
bProbably a multiple step isoergotic process proceeding through
an upper singlet state. c¢See text. dA. F. Trotman-Dickenson
and G. S. Milne, “Tables of Bimolecular Reactions,” NSRDS-
NBS 9, U. S. Government Printing Office, Washington, D. C.,
1967. eA. Shepp, J. Chem. Phys., 24, 939 (1956). f R- is any
radical, but probably primarily silyl. gDecomposition in the
pressure fall-off region under normal experimental conditions,
see H. E. O’'Neal and S. W. Benson, J. Chem. Phys., 36, 2196
(1962). h'(cert-BuO-)* indicates here the first excited state of

the ierf-butoxy radical.

tion of vibrationally excited triplet state acetone mole-
cules competes with collisional stabilization, and all
thermally equilibrated triplet state acetone molecules
are trapped by silane. This mechanism was proposed
to explain the nondependence on inhibitor concentra-
tions observed in the photolysis of acetone in the pres-
ence of hydrogen bromide.1 It has also been shown
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to be quantitatively consistent with the variations of
triplet state phosphorescence caused by total pressure,
temperature, and wavelength changes.2

Table Ill: Spontaneous Decomposition Quantum Yields

) kP

°e System -Pj* Z-M Mb z A

25 A + SiH4 0.10 0.11 5.5 0.61 4.23

65 A + SiH4 0.22 0.28 7.4 2.07 6.35

100 A + SiH4 0.37 0.58 6.7 3.88 6.35

44 A + HBr“ 0.08 0.087 6.6 0.57 1.97

96 A + HBTr 0.18 0.22 6.8 1.50

126 A + HBr 0.25 0.33 7.5 2.48 2.38

“See ref 1. 6M is the average total pressure for all runs at

each of the temperatures indicated. Units are cm. The silane

collision efficiency relative to acetone was assumed to be 0.33.

“Units are cm. dUnits of the extinction coefficient (*) are

I./mol-cm.

Ratios of spontaneous decomposition rates relative
to stabilization rates can be obtained from the relation,
k(e*)/ZM = <pd*/(I — ¥ These are compared
with prior results of the acetone-HBr photolysis system
in Table Il1l. Arrhenius plots of the spontaneous de-
composition to collisional stabilization rate constant
ratios for the two photolysis systems give roughly com-
parable temperature dependencies (E ~ 4.4 kcal/mol);
however, spontaneous decomposition rates are about a
factor of 2 faster (at the same temperatures) in the
acetone-silane system. The shift, according to the
mechanism, corresponds to an increase in the vibra-
tional energy content of the acetone triplets of only 0.6
kcal/mol. This is equivalent to a difference in average
wavelength of absorbed radiation of about 20 A in the
3130-A region. On consideration of the differences in
the experimental extinction coefficients for the two sys-
tems (column 7, Table I11; higher e signifying shorter
average X absorption), it is apparent that the spon-
taneous decomposition yields observed in the two sys-
tems are qualitatively, if not quantitatively, consis-
tent.

Isopropyl Alcohol Formation. According to the
mechanism, isopropyl alcohol is formed via a two-step
trapping of the acetone triplet with silane (reactions
T and 6). In general, quantum vyields of isopropyl
alcohol seldom exceeded 0.15; thus most of the -AOH
radicals formed by the trapping of the acetone triplet
with silane (reaction T) did not react further with
silane (reaction 6), but rather by some other route (pre-
sumably reaction 11). In support of the proposed
mechanism, two runs at 100°, made with added toluene,
gave isopropyl alcohol quantum yields of between 0.65
and 0.70 (i.e., near the theoretical of 2 = 1). An
identical increase in <p(f-PrOH) was observed with added
toluene in the A + HBr photolysis.1 Photolysis of
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acetone in the presence of toluene alone does not
produce any isopropyl alcohol (1). The explanation
in both systems is the same. In the absence of toluene,
the predominant radicals in the system (SiH3eor Br )
disproportionate with the AOH intermediates. This
appears as no reaction. With added toluene, the silyl
(or Br ®) radicals are metathesized to benzyl (C6HSCH 2e)
(reaction 13), which recombine rather than dispropor-
tionate

SiHr + CE&H@&CH3 SiH4+ CeHE&H2- (13)

Theoretical trapping of the -AOH radicals by silane
then occurs. If the above is correct, one can place a
lower limit on the first bond dissociation energy in
silane, since if the H-abstraction reaction of silyl from
toluene were endothermic it is unlikely that it could
compete with the disproportionation reaction (reaction
11). Thus DH°(S:H3H) > DH°(CEHXH2H) = 87
kcal/mol. The electron impact measurements of this
bond dissociation energy8 (i.e., DH°(SiH3H) = 94
kcal/mol) therefore seem quite reasonable.

Steady-state treatment of the mechanism gives the
following relation

d(f-PrOH) _ r(t-PrOH) _
di t

un oa - YERMSIHY (1)

fell

The above relation implies fed <IC (i/r(SiH4 and that
ASiH4 < fcu(R-). Reaction 12 represents all ter-
mination processes. These assumptions are consistent
with the experimental observations. Plots of the data
at 25 and 100° according to the above relation are
shown in Figure 1. Although some scatter is apparent,
the above relation is the only one of many for which the
data showed any kind of reasonable behavior. From
the slopes one can obtain values for k¥kiz h/kn. As-
suming fen ~ 2fc2~ 2fc3 one can obtain the Arrhenius
parameters of reaction 6 {i.e., H abstraction of the
«AOH radical from silane). The resultis log fi6(I./mol-
sec) = 875 — (9.0 + 1)/6. The A factor is quite
reasonable, although possibly slightly high when com-
pared to our value for Ai. The activation energy of 9
kcal/mol (2.7 kcal/mol higher thaniu) is also reasonable
on the basis of the greater endothermicity of reaction
6 relative to reaction 1.

tert-Butyl Alcohol Formation. Perhaps the most in-
teresting product, and certainly the most difficult to
explain, is cerf-butyl alcohol. One can postulate at
least three modes of formation for this product: re-
combination of CH3- and -AOH radicals (reaction 14);
addition of methyl to ground state acetone followed by
trapping with silane (reactions 15 and 16); and addi-
tion of methyl to triplet acetone molecules followed by
collisional stabilization and trapping with silane (re-
actions 7-9).
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CH3 + -AOH

15

cerf-BuOH (14)

CHr + A cerf-BuO = (15)

SiH4+ ;erf-BuO- —> ;erf-BuOH + SiH3- (16)

If reaction 14 were the primary source of the alcohol,
one would expect isopropyl alcohol, ;erf-butyl alcohol,

X 10'8(moles/i,)3/2se0™ 1/2

Figure 1. Isopropyl alcohol formation (eq Ill): 0O, data at
100°; O, data at 25°. Values shown for [F(i-PrOH)/i] at
25° have been multiplied by 5 for representational purposes.
Slope = [faku'S”™i — <Hd*)/fcu].

Figure 2. iert-Butyl alcohol formation (eq IV): O, 25° data
(All Q' values have been multiplied by 5 and /,m M values
multiplied by 10 for representational purposes. Double circled
points were scaled down from la-M values of 51.2 and 26.4,
respectively.) Slope = 2.13 X 10s (mol/l.)_!/2seek*; =, 65°
data, slope = 2.68 X 105 (mol/1.)-'/2sec’”2; O, 100° data,
slope = 4.50 X 105 (mol/l.)-V2sec'72, M = total pressure

{i.e., SiEb 4- acetone).

(B W. C. Steele and F. G. A. Stone, J. Amer. Chem. Soc., 84, 441,
3599 (1962); F. E. Saalfeld and H. J. Svec, J. Phys. Chem., 70, 1753
(1966).
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and ethane yields to obey eq IV. Such is quite defi-

Yjtert-BuOH) X vz = kuk /
F(f-PrOH)[F(CHG] h

1\
X V[SiH4]/ (

nitely not the case. One cannot, however, completely
exclude this mode of formation at “low” silane pres-
sures. Reactions 15 and 16 can also be excluded as a
possible mode of ¢erf-butyl alcohol formation if the ex-
isting thermochemical and kinetic data9 for reaction
—15 are accepted. Thus using Quee and Thynne's
valueld for the cerf-butoxy radical decomposition
rate constant, one can calculate fow (I./mol-sec) =
1077 - 196s With a maximum methyl radical con-
centration of 10-10 mol/1. and setting [A] = 5 X 10“3
mol/1., this gives a maximum value for the rate of ;erf-
butyl alcohol formation of 10-19 mol/1.-sec (i.e., more
than nine orders of magnitude lower than that, ob-
served).

Steady-state analysis of the third pathway, i.e.,
methyl radical addition to the acetone triplet (reactions
7-10), gives eq V.

F(ferf-BuOH)
[F(CHH X tlv* ~

Kkskw(l - Vd*)(SiH4 (h-M)
(h + fABiIH4(fc 7+ @V )(3od+ (CH3+ ICTSiHARIA

Q....

M)

Evaluation of this mode of formation is obviously com-
plicated by the numerous mechanistic possibilities.
However the only relation which seems consistent with
the data follows from the following approximations

k9> fIQSiH4

The first of the above is consistent with the invariance
of the decomposition quantum yields with silane pres-

Jx(Sitl4 > Jod; fc 7> kM; )]

sure. Thus eq V simplifies to
n, knkjcio(I - <Pd*)[h-M]
Q ~ hk~krk” )

Plots of Q' vs. I,,-M are shown in Figure 2. Slopes of
the lines, and therefore the rate constant ratio R =
fcesfeio/fcofc- 73 TicdlA are not very temperature depen-
dent. In fact R(100)/R(Q5)/R(25) ~ 3:1.45:1, which
corresponds to an overall activation energy of only
about 2 £+ 1 kcal/mol. From the kinds of processes
involved, it would appear that this activation energy
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would have to be placed between reactions 10 and T.
Thus jdo —Ft”™ 2+ 1kcal/mol.

Examination of the assumptions (eq VI) permits the
assignment of limiting values on various rate constants.
Thus with &d = 1098.- 5%«[M]/(I + ZM/Kk(t*)),2
0. 3 < ([AV[SiH4]) < 10, [M] < 5 X It)-3 mol/1.,
[SiH4] < 3 X 10-3 mol/h, and assuming At = AiO~ 109
1 /mol-sec, one obtains from the 100° condition that

Xr > 1069and E < 3.6 kcal/mol
fcd > 1032sec-1 if Ewo ~ ¢(JT -(- 2 < 5.6 kcal/mol
k-7 > 1087sec-1 with f8— Z ca 10u l./mol-sec

These are all reasonable limits for the kinds of processes
depicted. The lifetime of the upper electronic state
of the ¢erf-butoxy radical, primarily determined by the
rate of internal conversion (reaction 9), must be longer
than 10-32sec. Also, activation energies for alkoxy
radical H abstractions from silane must be appreciably
less than alkyl radical H abstractions, which is reason-
able. Finally, direct substitution of the assumptions
into R and rearrangement leads to a limiting condition
for the rate constant of methyl addition to the acetone
triplet. Thus

/7 > 101221./mol-sec

Reaction 7 is basically a radical-radical recombination
reaction which would be expected to proceed on almost
every collision (i.e., Z ~ 101-2l./mol-sec). The above
condition is too high by a power of 10, but may not be
too unreasonable. The effective collision diameter
could be larger than “normal” collision frequency
values, and the conditions of eq V may be only barely
met at 100°. If one substitutes the average rather
than maximum value for M into R, one obtains fc7 >
101141./mol-sec. It should also be noted that the lower
temperature restrictions which can be calculated for fc7
are quite reasonable (i.e., fci7 > 10961./mol-sec).

Formation of ;erf-butyl alcohol may, of course, occur
via some other route entirely. However, we have been
unable to propose any other logical route consistent
with either the data or with theory.
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(10) M. Y. Quee and J. C. J Thynne, Trans. Faraday Soc., 63, 2970
(1967), givek- 15 = 1014-7 “ 22+8/0 Sec-1.

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



3950

Z. D. Draganic and I. G. Draganic

Studies on the Formation of Primary Yields of Hydrogen Peroxide and

Molecular Hydrogen (G h,o, and Gnh3 in the ? Radiolysis of

Neutral Aqueous Solutions

by Z. D. Draganic and I. G. Draganic*

Boris Kidric Institute of Nuclear Sciences, Belgrade, Yugoslavia (Received June 22, 1971)

Publication costs borne completely by The Journal of Physical Chemistry

The formation of G3lez and (H wes studied in - -irradiated agqueous solutions containing selected mixtures of
scavengers for both oxidizing and reducing primary free radicals. BExperinmental verification wes made of
various assunptions based on the freeradical nodel of water radiolysis. It was confimed that efficient
scavenging of OH radicals not only reduces Gmoi but also increases (?H by depressing the extent of water re-
forming reactions and meking more eat available for increased H2formation.  Similarly, it was shown that
the removal of eay_ leads not only to a decrease in G but also to an increase inGslof - These effects are addi-
tive, and enpirical relations were proposed to correlate the expected primary nolecular yields with the re-
activities tonard OH and eay~.  Unifying curves were dbtained for the dependence of observed fractional
yield changes, Gn/Gm°, On reactivities. They point out that the secondary spur reactions of radicals with
products of radical-solute scavenging reactions are rather exceptions even at solute concentrations of about

1 M and reactivities of 1 0 10 Sec-1.

Introduction

The free-radical model of water radiolysis,1which has
furnished satisfactory explanations for most of the ex-
perimental observations,2‘4 assumes that in irradiated
aqueous solutions the primary free radicals (OH, eaq*,
H) disappear mainly by the following reactions.

OH + OH —>HD2 ®
OH + ea- — » OH- 2
OH + H—> HD 3
OH + Si —> Px )
2h D>
Ca- T~ eag— H2-f- 20H- (5
eaq- + HYP+ —> H + HD (6)
Hio
+ H—"wH2+ OH- )
eaq—+ S2 (8)
H+ H-~"H2 9
H + S3- (10)

Accordingly, the formation of primary hydrogen perox-
ide (GhjoO is in reaction 1, and the reactions 5, 7,
and 9 account for the major part of primary yield of
molecular hydrogen (Gn3. In neutral water or dilute
aqueous solutions Gha, = 0.67 and Giu = 0.45, as de-
rived from various measurements.1

Recent studies have clearly confirmed that an in-
crease in concentration of an efficient OH scavenger,
Si, leads to a decrease in Ghd2which is proportional
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only to »oh = fcoH+SI[Si], in reciprocal seconds.6 Also
the observed decrease of Gh2was found to be propor-
tional to the reactivity toward the hydrated electrons,
r»ear = leear+s2S2), in reciprocal seconds, regardless of
the chemical nature of S26

The above findings represent an important argument
for the assumption that the origin of primary molecular
yields should be sought in recombination reactions (eq
1, 5 7, and 9). However, new sources of primary mo-
lecular products and some limitations of the diffusion
model (eq 1-10) have been suggested in recent consid-
erations of very early effects of water radiolysis.7 It
was, therefore, interesting to get further information
concerning the formation of primary HD2and H2 If
the recombination reactions are indeed of importance
for the origin of GH® and Gh2 then the yield decreases
should also be observed in solutions containing simul-
taneously larger amounts of scavengers for both oxidiz-
ing and reducing primary species (Si, S2 and s 3 ; in the
above-mentioned studies, the irradiated solutions con-

(D A. O. Allen, “The Radiation Chemistry of Water and Aqueous
Solutions,” Van Nostrand, Princeton, N. J., 1961; |. G. Dragani6
and F .D . Dragani6, “ The Radiation Chemistry of Water,”*Academic
Press, New York, N. Y., 1971.

(2) A. Mozumder and J. L. Magee, Radial. Res., 28, 215 (1966).

(3) A. Kuppermann in “Radiation Research 1966,” G. Silini, Ed.,
North-Holland Publishing Co., Amsterdam, 1967, p 212.

(4 H.A. Schwarz, J. Phys. Chem., 73, 1928 (1969).
(5) Z.D. Draganic and I. G. Draganic, ibid., 73, 2571 (1969).
(6) E. Peled and G. Czapski, ibid., 74, 2903 (1970).

(7) W. H. Hamill, ibid., 73, 1341 (1969); P. L. T. Bevan and W. H.
Hamill, Trans. Faraday Soc., 66, 2533 (1970); T. Sawai and W. H.
Hamill, 3. Phys. Chem., 74, 3914 (1970).
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tained only the scavenger reacting with the precursor of
the molecular product measured (i,e., OH scavenger in
H2 2or eaa= in H2studies).

The model represented by eq 1-10 could also be tested
by experimental verifications of the following assump-
tions. (a) Efficient removal of eag should not only re-
duce (u_but also increase GHo,. The reason is that
more OH radicals should remain available for reaction
1 because of the depression of reactions 2 and 3. (b)
Efficient removal of OH radicals should not only reduce
Gh,02 but also increase by depressing the extent of
water reforming reactions (eq 2 and 3) and making more
ear available for increased formation of H2in reactions
5and 7.

The purpose of this study was the experimental veri-
fication of the above assumptions. Simultaneous pres-
ence of larger amounts of scavengers for both oxidizing
and reducing primary species (reactivities up to 100
sec-1) made the conditions in mcst of the cases studied
deliberately more complex than in other studies on the
origin of primary molecular products. It was expected
that in some cases Pi, P2 and P3would react with pri-
mary oxidizing and/or reducing radicals. This should
cause each system to behave quantitatively different,
making the reaction scheme more complex than given
above by eq 1-10. Also, it was interesting to compare
these experimental results with theoretical predictions
of the diffusion model, derived for simpler conditions
(initial concentrations of Si, S2 and S3set equal to 1 X
10-3 M), where the secondary spur reactions of radicals
with products of radical-solute scavenging reactions are
not expected to occur.

Experimental Section

All the chemicals used in this study were (Merck or
BDH products) of the highest purity available and were
not subjected to any additional purifications. The pu-
rification of water and the sample preparation were
carried out by the standard procedures previously de-
scribed.6 Because of acetone loss on degassing its con-
centration was always determined; under well stan-
dardized working conditions a good reproducibility
(£2%) was reached (e.g., 0.60 M starting concentration
gave 0.41 M acetone in deaerated solution).

Irradiations were carried out using a 3000-Ci (nomi-
nal) radioactive cobalt source giving 2.4 X 1019eV g-1
hr-1. Absorbed doses varied from 2 X 107 to 12 X
1017eV g-1 and were corrected for the electron density
of the solution studied.

Hydrogen peroxide was determined by the KI
method8 with an accuracy of +2%; exceptionally it
was +4% in the case of very large amounts of sca-
vengers present and low yields measured. The optical
density measurements were made in 4-cm cells and
against water. Reference samples contained the solutes
at the concentrations under study and the reagent; they
were prepared and measured simultaneously with ir-
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radiated samples. Before the analysis some HZXD2
(about 1 X 10-6 M) was always added to eliminate the
errors due to the presence of trace amounts of reducing
impurities. Optical densities were stable with time ex-
cept for solutions containing both formate and acetone,

where the measurement conditions had to be standard-
ized. Molar extinction coefficients were between 23,800
and 21,720 M~Il cm-1 at 350 nm and 24°. The value
of 23,800 M~1 cm-1 was found to be correct for the di-
lute solutions of all of the scavengers studied in this work
as well as for 1 M solutions of N03-, ethanol, isopropyl
alcohol, and their mixtures. For 0.41 M acetone and
its mixtures with ethanol and isopropyl alcohol € =

23,250 M~I cm-1. In the case of 1 M solutions of
HCOO- and N03 the molar extinction coefficient was
22,060 M-1 cm-1; €3 21,720 cm-1 was found
for 1 M formate solutions.

Molecular hydrogen was measured by gas chroma-
tography;9 hydrogen was separated on a 6-m column of
silica gel at 50° and argon as the carrier gas. The ac-
curacy was £2%.

The accuracy in all radiation chemical yield measure-
ments was better than +4%.

Results

Table I summarizes the yields of hydrogen peroxide
measured in aqueous solutions containing various com-
binations of substances known as efficient scavengers
for OH and eagq-. The yields of molecular hydrogen
measured in irradiated solutions of selected mixtures of
free-radical scavengers are presented in Table Il. Ta-
ble 111 shows how the yields of HD 2and H2depend on
the concentration of one solute which is at the same
time efficient scavenger for both oxidizing and reducing
primary radicals. The yields given in Tables 111
were calculated from concentration-dose plots which
were linear over the studied absorbed dose range. In
some of the HD 2 measurements the dosage plots were
not straight lines, and the corrected values had to be
used as the initial yields. These were obtained as the
G(HD 2 readings at zero dose on diagrams where point-
by-point peroxide yields were plotted against dose.

Discussion

The systems used in the present study were chosen
in such a way that the measured values of G(H2 2 and
G(H2 represent the corresponding primary yields,
GiuOi and GV- In constructing the vyield-reactivity
curves (Figures 1-4) the experimental values from Ta-
bles I—+11 were directly used. The reactivities were
calculated as the products of scavenger concentration
and the rate constant. Table IV summarizes the val-
ues of rate constants used in these calculations. It

(@B) A. O. Allen, C. J. Hochanadel, J. A. Ghormley, and T. W. Dauvis,
J. Phys. Chem 56, 575 (1952); H. A. Schwarz and A. J. Salzman,
Radiat. Res., 9, 502 (1958).

(9) Lj. Petkovic, M. Kosan:c, and I. Draganic, Bull. Inst. Nucl. Sci.f
Boris Kidric {Belgrade), 15, 9 (1964).
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Table I: Yields of Hydrogen Peroxide Measured in Deaerated Aqueous Solutions Containing Various Concentrations of
Efficient Scavengers for OH and eag~

NaNO,
Scavenger e GfEhCh) measured in the presence of eaq scavenger, m —-------------  ~77s N
for OH, m 25 X 10-* s X io-» 1X 10-» 25 X 10-2 5 X 10-2 0.1 0.25 0.5 1.0
C2H50H
1X 10-3 0.67 0.66 0.67 0.71 0.71 0.75 0.77 0.78
2.5 X 10'3 0.67 0.69 0.76
5 X 10~3 0.63
1X 102 0.66 0.72
2.5 X 10"2 0.58 0.60 0.66
0.1 0.50 0.51 0.54 0.58 0.59 0.65
0.25 0.48
0.3 0.47
1.0 0.34 0.36 0.37 0.38 0.41 0.48
2.5 0.28
HCOO-*
2.5 X 10-3 0.76
1 X 10%2 0.72
2.5 X 10-2 0.67
0.1 0.61
0.25 0.54
1.0 0.30 0.32 0.34 0.37 0.40
(CHs)ZO
N\
for OH, m 5Xx 10-» 1X 10-2 25 X io-» 5 X 10-2 0.10 0.41 0.50 0.55 15
CHeoH
2 X 10-3 0.67 0.68 0.72 0.74 0.80
1X 10”2 0.72
0.1 0.59
1.0 0.35 0.36 0.39 0.43 0.47
(CH32ZCHOH
1x 10-3 0.77
2.5 X 10-2 0.66
25 X 10'1 0.53

° These data have been obtained by Mrs. N. Mrkic as apart of her B.Sc. thesis at the University of Belgrad, Yugoslavia, 1971.

should be noted that for eag~ reactivities the dependence
of the rate constant on the ionic strength was taken into
account.6 Also, in calculating the OH reactivities ac-
count was taken of recent findings concerning the pH
dependence of rate constants of reactions between ha-
lide ions and OH radicals.0

Dependence of Measured (?H202 on Reactivities toward
OH and eag~. Figure 1 summarizes the results on the
effect of OH scavenger concentration on (?n»2 mea-
sured in the presence of a constant amount of eag
scavenger. It can be seen that increased reactivity
toward OH radicals leads to a decrease in the observed
HD 2 yields also in the presence of larger amounts of
eag scavenger: 0.25 M nitrate (curve 1), 0.025 M ni-
trate (curve 2), and 0.0025 M (curve 3). In the pres-
ence of larger amounts of eag~ scavenger the absolute
values of HX 2 are larger, pointing to an increased for-
mation which takes place even at high OH reactivities.
Curves 1-3 are practically parallel, indicating that the
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mechanism of formation of primary hydrogen peroxide
is practically the same.

In most of the cases presented in Figure 1 ethanol in
various concentrations was used as OH scavenger. To
verify the general character of the effect observed, eth-
anol was replaced in some experiments by sodium for-
mate or isopropyl alcohol (2.5 X 10-3 to 1 M), both ef-
ficient OH scavengers. Also, acetone (0.41 M) was
used instead of nitrate in some irradiations. These
cases are also presented in Figure 1. It can be seen
that the data fit well the yield-reactivity curves, con-
firming that the effect observed does not depend on the
chemical nature and the combination of the scavengers
used; it is dependent on the reactivity only.

Figure 2 shows how the increased reactivity toward
eag leads to an increase in measured (?nh»2in the pres-

(10) M. Kosanic and I. Draganic in “Proceedings of the Third Tihany
Symposium on Radiation Chemistry,” J. Dobo and P. Hedvig, Ed.,
Academiai Kiado, Budapest, 1971.
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Table I1: Yields of Molecular Hydrogen Measured in
Deaerated Aqueous Solutions Containing Various
Concentrations of Efficient Scavengers for ea and OH

Scavenger <?(H2 measured in the presence of OH scavenger, m
for eaq , M 5 X 10-* 01 35 1.0
no 3 l-
2.5 X 10-> 0.45 0.44 0.50 0.54
2.5 X 10-8 0.43
2.5 X HU2 0.34 0.44
0.25 0.19 0.21 0.24 0.29
1.0 0.09 0.16
no3 Br-
2.5 X 10~4 il.49
0.25 0.23
no 3 CNS-
2.5 X 10-4 0.44 0.40
1X 10-» 0.1 05 1.0 15
1D 2 Br-
2 X 10*4 0.45 0.46 0.48 0.51 0.54
2 X 10-3 0.43 0.53
2 X 10-2 0.38 0.48
0.2 0.27 0.28 0.30 0.34 0.37
2.0 0.17
Cuz+ Br-
1x 10-4 0.47 0.47 0.49 0.53
1x 10-* 0.40 0.51
1x 10-2 0.34 0.45
0.1 0.29 0.32 0.33 0.38
1.0 0.22

“ These data have been obtained by Mrs. N. Mrkic as a part
of her B.Sc. thesis at the University of Belgrade, Yugoslavia,
1971.

Table 111: Yields of Hydrogen Peroxide and Molecular
Hydrogen Measured in Deaerated Aqueous Solutions
of Acrylamide

Solute, m G(HD2 G(H.)
2 X 10-4 0.68
2.5 X 10-4 0.46
1 X 10-3 0.65
2.5 X 10-8 0.63 0.42
1 X 10-2 0.60
2.5 X 10"2 0.54 0.32
5 X 10“2 0.53
0.1 0.47 0.28
0.25 0.41
0.5 0.36 0.19

ence of larger amounts of OH scavenger: 1 M ethanol
(curve 3), 0.1 M ethanol (curve 2), and 1 X 10-3 M
(curve 1). Curve 4 represents the data with 1 M for-
mate ion instead of ethanol. The data with acetone
(1 X 10-2 to 1.5 M), used instead of nitrate as hydrated
electron scavenger, agree well with the available yield-
reactivity curves. As in the above case, we see that the
formation of primary hydrogen peroxide yields depends
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Figure 1. Dependence of observed primary hydrogen peroxide
yield on hydroxyl radical reactivity in deaerated solutions
containing eaq’ scavenger. Curve 1. O, 0.25 M N03 +
CH0OH; A, 041 M (CH3ZO + C2HsOH; V, 041 M
(CH3Z0 + (CH3)2CHOH; 0O, 0.25 M NOs- + HCOCU.
Curve 2: =, 0.025 M NO3 + C2HsOH. Curve 3: X,

0.0025 MNOr + C2HeOH.

Figure 2. Dependence of observed primary hydrogen peroxide
yield on hydrated electron reactivity in deaerated solutions
containing OH scavenger. Curve 1. X, 1 X 10~3M C2HB0H
+ NOr; V,1X 10->M CH®H + (CH3)2CO. Curve 2:

e 01 M CHBH + NO,". Curve3: O, 1.0 M C2H&OH +
NOr; A, 10Af CHBH + (CH3)2CO. Curve 4: O,

1.0 M HCOO- + NO0&

on the reactivity only and not on the chemical nature or
the combinations of the scavengers used.

Dependence of Measured (?n2 on Reactivities toward
em~and OH. Figure 3 shows that increasing reactivity
toward ea~ causes a decrease in £2n2also in the presence
of larger amounts of OH scavengers. The absolute
values of the yields increase with increasing OH scav-
enger concentration: 1 M iodide or 1.5 M bromide
(curve 1), 5 X 10“4M iodide, or 1 X 10~3M bromide
(curve 2). The trends of yield-reactivity curves are
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Table 1V: Rate Constants Used in the Reactivity Calculation®

Scavenger SOHS M 1sec 1
choh 1.83 X 10«6
HCOO- 2.5 X 1®
(CH3ZHOH 2.9 X 10d
(CH3Z0 6.2 X 107
mo ™ <5 X 10e
0.1 M NOs*

1.0 M NO3

chxhconh2 6 X 1®G
Br¢ 7.5 X 10e2
l- 1.4 X 10101
CNS* 2 X 10*
H202 4.5 X 107
Cu2+ 3.5 X 108
0.01 M Cuz+

0.1 M Cuz+

1.0 M Cuz+

Z.D. Draganic and |I. G. Draganic

feeg+s, M~»sec-» Ns. M 1sec 1
~400e 1.6 X 107
<106 2.5 X 10s

5 X 107
5.9 X 10® 6 X 105
1.05 X 10“ 1X 107
1.3 X 10“e
1.6 X 10 e
2 X 10¢ f 1.8 X 10 a
1.23 X 10¢ 5 X 107
45 X 10¢ 4.2 X 107
2.7 X 10¢e
1.7 X 10¢ e
0.91 X 10“e

“ If not otherwise indicated, the rate constant values were taken from the compilation made by M. Anbar and P. Neta, Int. J. Appl.

Radiat. Isotopes, 18, 493 (1967).
Phys. Chem., 74, 2470 (1970).

1P. Neta and L. M. Dorfman, Advan. Chem.Ser., No. 81, 222 (1968).
dCalculated according to Neta and Dorfman (footnote b).

¢B. Hickel and K. Schmidt, J.

eReference 6. 1Reference 5. 'K. W.

Chambers, E. Collinson, and F. S. Dainton, Trans. Faraday Soc., 66, 142 (1970). hReference 10.

Figure 3. Dependence of observed primary molecular hydrogen
yield on hydrated electron reactivity in deaerated solutions
containing OH scavenger. Curve 1. =, 10 M I- + NO3';

A 15M H '+ HO2 m, 15 M Br“+ Cu2+. Curve 2: O,
5X 10«4M I- + NOs-; A, 1X 10«3M Br~ + HD2 0
1X 10-JM Br- + Cu2+.

the same and point out that the formation of primary
H2 yields is not disturbed by the presence of larger
amounts of efficient OH scavengers. Only the (?h2
measured in 1 M nitrate solution containing 1 mol/1. of
iodide is not plotted in Figure 3 because the value of the
rate constant at the corresponding ionic strength is not
established. However, as can be seen in Table II, it
also confirms the general trend.

Figure 4 shows the effect of OH scavenger concentra-
tion on (7h2measured in the presence of larger amounts
of eag scavengers. It can be seen that the molecular
hydrogen yields increase with increasing reactivity to-
ward OH also in the presence of hydrated electron
scavengers. The absolute values were found to be
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Figure 4. Dependence of observed primary molecular hydrogen
yield on hydroxyl radical reactivity in deaerated solutions
containing e scavenger. Curve 1. O, 25 X 104M NO3* +
I-; C, 25X 10 4M NO3 + Br“; A, 2 X 10©4M HD2 +
Br-; 0,1 X 10-4M Cu2+ + Br". Curve 2: A 02 M H202
+ Br"; m, 01 M Cu2++ Br*“. Curve 3 =, 0.25 M NO,~ +
I-; 9, 0.25 M NOs* + Br-.

lower when more eaq scavenger was present (curves 2
and 3), but the trend of yield-reactivity curves is prac-
tically the same, pointing out that the mechanism of
increased H2formation is the same.

It should be pointed out that the increase of KCNS
concentration in irradiated solutions does not lead to an
increase in H2yields (Table 11) although this substance
is known as a good OH scavenger, and here was used in
larger concentrations (0.1 and 1 M). This observation
calls for further study, and its explanation should be
sought in secondary spur reactions of primary radicals
with products of radical-solute scavenging reactions.

Unifying Curves for Reactivity Dependence of Frac-



Formation of Primary Y ields of HD 2and H2

Figure 5.  Unifying curve for the decrease of GW>2G,ahio« or
GWG°H2 increasing reactivity toward OH or eaq'.
Hydrogen peroxide: O, 0.25 M MQtf + C2HeOH; <, 0.025 M
MV + CHsOH; X, 25 X 10"3& NOs- + CHs0H; A,
041 M (CHOCO + C2H=OH; +, 0.25 M NCV + HCOO-;
A, 041 M (CH3)2CO + (CH3)2CHOH. Molecular hydrogen:
0,5X 10-*MI~ + MV; ¢ 10MI" + NO3; 0, 1 X
10"'3M Br- + HXO2; m, 15 M Br- + U202 V, 1 X 10"3M
Br" + Cu2+; T, 1.5M Br- + Cu2+ The dotted line is the
diffusion kinetic theoretical curve according to Kuppermann.3

tional Changes of Primary Yields, Gm/G m®, tohere M was
H20, or H2 Various studies on the origin of primary
molecular yields have confirmed that the ratio of pri-
mary molecular yield measured in the presence of the
scavenger of its precursor, Gm, to that observed in dilute
solution when the scavenger has no effect, GM, depends
only on the reactivity of the scavengers used. The
analysis of the present data (Figures 1-4) shows that
the unifying curves can also be obtained here when GM
is the yield measured in solution where the reaction of
solute with the precursor of M can be neglected.

Figure 5 summarizes all the results on Gm decreases
with increasing reactivities toward the precursors of
M. It can be seen that a unifying curve is obtained for
fractional lowering of both primary yields, HD 2and H2

Figure 6 summarizes all the results on Gm increases.
The upper curve concerns the fractional increase of
H2 2 yields with increasing reactivities toward eaq .
We see that a fairly satisfactory correlation between the
GHjOj/GHZ®D and reactivities could be obtained although
the observations were made on solutions containing
larger amounts of scavengers for hydroxyl radical.
The lower curve concerns the fractional increase of H2
yields with increasing reactivities toward OH. The
straggling of these data is larger than in the previous
case and, as we mentioned before, deserves further
studies. It seems evident, nevertheless, that one can
correlate the increase of fractional yields of primary mo-
lecular hydrogen with reactivity toward OH even in
systems containing large amounts of scavengers for
eay , the precursor of primary H2

The data shown in Figures 1-6 point out the scarcity
of secondary reactions which could be expected to take
place under our experimental conditions between the
products of radical-solute scavenging reactions and the
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Figure 6. Unifying curve for the increase of <h2X/GIQhx2 or
Un2U°h2with increasing reactivity toward eaq' or OH
radicals. Hydrogen peroxide: O, 1.0 M C2HsOH + NCV;

e, 01 M CHOH + NO3; X, 1 X I0-3M CHsOH +
NOw; +, 1.0J1 HCOO- + MV ; A, 10 M CHEOH +
(CH3)CO; V, 1X 10~3M CHHOH + (CH3)2CO. Molecular
hydrogen: ¢, 025M NCV + T; 0,25 X 10"4M NCV +
V; %025MMV + Br"; 0,25 X 10"4sM MV + Br";
0,02MHD2+ Br"; 1,2X 10'4aM H02+ Br"; A 01 M
Cu2++ Br"; T, 1 X 10~4Cu2+ + Br". The dotted line is
the diffusion kinetic theoretical curve according

to Kuppermann.3

primary radical which is the precursor of Gm- Except
for H2 measured in the presence of KCNS, where no
increase was found, and some deviations when HD 2was
present, the assumed decreases or increasing of Gm
were easily observable and Gnm/G m® correlated with re-
activities.

The dotted lines in Figures 5 and 6 represent the the-
oretical curves,3 also adjusted to the Gm/Gm°® form.
They were calculated from a diffusion model of water
radiolysis which essentially consisted of reactions 1- 10;
however, initial reactivities of Si and S2were 6 X 106
sec-1 only, while in the experiments they amounted up
to 1010sec-1. The quite reasonable agreement between
the experimental findings and theoretical predictions
might not be purely fortuitous. This could be one more
confirmation that even at reactivities of about 1010
sec-1, and the simultaneous presence of scavengers for
both primary free radicals, no significant secondary re-
actions take place in the spurs in the y-irradiated
aqueous solutions.

On the Origin of Primary Molecular Products. It has
recently been proposed7that the origin of primary HD 2
and H2yields in water radiolysis is in prompt recom-
bination of dry charged species (HD+ or HO +) and of
dry electrons (e-). These reactions were assumed to
be in competition with hydration and reactions with
some suitable scavengers. It was suggested that these
reactions are very fast and should not overlap the time
scale considered by the diffusion model of radiation
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chemistry of aqueous solutions. However, it was con-
cluded that the spur diffusion model should not be ap-
plied to solutions containing more than 0.1 M scav-
enger because of intervention in the early ionic pro-
cesses.

This concentration limit does not seem to be justified
according to the present results: we have shown that the
yields measured in solutions containing up to 1.5 M
solutes fit the unifying curves reasonably well. Also,
if we are dealing at larger concentrations with dry
charged species and dry electrons instead of OH and
ea, then their behavior must be very similar. This
means that their recombination reactions should be in-
fluenced in a similar way and that their reactivities to-
ward the scavengers should be very close. Recent ob-
servations on picosecond scalell do not support this as-
sumption; they show that the dry and the hydrated
electron are not scavenged with similar efficiency by a
given solute.

Taking into account data presented in this work on
primary molecular products formation, and in the ab-
sence of more information concerning the prompt re-
combinations of “dry” species leading to HD 2and H2
we think that the origin of ¢ » 22and ¢ » 2under the con-
ditions studied, the half-life of fastest scavenger reac-
tion about 50 psec, should be in reactions 1, 5, 7, and
9. Furthermore, this study has confirmed that the re-
action mechanism given by eq 1-10 represents ade-
quately the phenomena observed. One advantage
of this approach is that the nature of reacting species
assumed and the rate constants of their reactions used
have been well established in numerous independent
studies.

Dependence of Primary Molecular Yield on Reactivi-
ties toward OH and eagq~ and the Additivity of Effects
Observed. We have seen how the experiments carried
out in this work confirm the assumption that the effi-
cient removal of a free-radical precursor of a given mo-
lecular product leads not only to a decrease in its yield,
but simultaneously causes an increase in the other pri-
mary molecular product yield. It is also evident that
Gh,o, Was depressed by the presence of an OH scavenger
and increased if an efficient eagq~ scavenger was present
in irradiated solution. Similarly, the observed yield
of primary H2depended on the reactivity both toward
eaq_and OH scavengers. The analysis of experimental
data (Figures 1-4) suggests the following empirical rela-
tions

Gho! = 0.67 — (AGh>2soh + (AGhjog ~» - (H)

Gh, = 0.45 — (AGh,)» —+ (AGhj)«OH (12)

Here cnh2»2 and cn2 are the primary molecular yields
predicted for solutions containing the scavengers for
both primary oxidizing and reducing species. The AG
values represent the corresponding yield changes due to
the presence of primary radical scavenger. They are
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Figure 7. The dependence of (jhaoz and Gh2on increasing
concentration of acrylamide in deaerated neutral aqueous
solutions. The solid lines were calculated

according to eq 11 and 12.

proportional to the reactivity, vOn or v - in reciprocal

seconds and should be derived from the calibration
yield-reactivity curves. These curves, representing
Gm as the function of reactivity toward the primary
radical concerned, could be constructed from the results
published in this work and elsewhere.66 The values
0.67 and 0.45 are, respectively, c hx2and cn, measured
in dilute solutions where the solutes have no effect.

We have checked these empirical relations (eq 11 and
12) by measuring ¢ h »2and G n 2in deaerated acrylamide
solution (Figure 7). Our previous study5 indicated
this solute, which is known as an efficient scavenger for
both primary oxidizing and reducing species. In the
calculation we have neglected its reactivity toward H
atoms and the effect of the reaction 10 on primary mo-
lecular yields formation. According to recent studies
the hydrogen atom contribution to the effects observed
is not significant.412 As can be seen, the experimental
and calculated values agree very well in the concentra-
tion range studied. At higher concentrations the ir-
radiated solutions become so viscous that the analysis is
impracticable. Other solutes at larger concentrations,
e.g., nitrite ion, should be tried to get a more pronounced
effect, especially in the case of molecular hydrogen.

Concluding Remarks

1. The recombination reactions of primary oxidizing
and reducing free radicals leading to the formation of
H2 2and H2take place also in the simultaneous presence
of larger amounts (up to 1.5 M) of scavengers for both
oxidizing and reducing primary species.

2. Efficient removal of OH radicals reduces GH»2

(11) R. K. Wolff, M. J. Bronskill, and J. W. Hunt, J. Chem. Phys.,
53,4211 (1970).

(12) E. Peled, U. Mirski, and G. Czapski, J. Phys. Chem., 75, 31
(1971).
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and increases cx2 Efficient removal of eag~ reduces
(en2 and increases cn 22 These effects are additive
and empirical equations were proposed: they make it
possible to predict a primary molecular yield formed in
an irradiated solution containing simultaneously larger
concentrations of efficient scavengers for both free-radi-
cal precursors (OH and eaqt).

3. Unifying curves were obtained for Gw./Gn? depen-

dence on reactivities toward OH or eag . These ex-

Interlamellar Metal Complexes on Layer Silicates. .

Complexes on Montmorillonite
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perimental plots agree reasonably well with the diffu-
sion-kinetic theoretical predictions which were calcu-
lated for experimental conditions where the secondary
spur reactions are not expected to occur.
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The adsorption of toluene and other methyl-substituted benzenes on the interlamellar surfaces of copper (I1)
montmorillonite has been studied by spectroscopic methods. In addition to physically adsorbed molecules
interacting with the silicate surface there are present chemisorbed species which are coordinated through w
electrons to the exchangeable copper(ll) ions. In each case the coordinated species is similar to that in the
previously studied type | benzene complex in which the ring is planar and aromaticity is retained on coordina-

tion. None of the methyl-substituted benzenes formed complexes analogous to the type Il benzene complex

in which the ring is distorted and aromaticity is lost.

cussed.

Introduction

Montmorillonite is a naturally occurring layer alumi-
nosilicate whose structure is similar to that of pyrophyl-
lite except that there is isomorphous replacement of
AP+ by Mg2+ in the octahedral sheet. The resulting
negative charge is balanced by exchangeable cations
positioned between the aluminosilicate layers, and the
large internal surface area (ca. 800 m2g) thus becomes
available for the adsorption of a variety of molecules.
The adsorption mechanisms, which have been recently
reviewed,1differ considerably, depending on the nature
of the interlamellar cation and the adsorbate molecule.

In the case of transition metal ion exchange forms of
the mineral and adsorbate molecules containing donor
atoms, mechanisms involving the formation of discrete
donor-acceptor complexes are common. The co-
ordination chemistry of the metal ion is often related
to that of the ion in homogeneous solution, but it can
sometimes be greatly influenced by the unique environ-
ment at the silicate surface. A case in point is the for-
mation of two types of copper(ll)-arene complexes2'3

Possible structures for the type I complexes are dis-

in the adsorption of benzene on copper(ll) montmoril-
lonite. One complex possesses an apparent “green”
color (type 1), and the other is “red” (type Il1). Under
conditions where the type | complex is formed, the
degree of hydration of the mineral is higher than that
needed to form the type Il complex. Thus the two
complexes can be interconverted simply by adding or
removing controlled amounts of water. The nature of
the coordinated benzene in the two complexes differs
markedly, as judged by infrared spectroscopy. In
the type | complex the benzene ring is planar and re-
tains its aromaticity, whereas in the type Il complex
the ring is greatly distorted and the ir electrons are
probably localized. These two chemisorbed species are
especially interesting in view of the fact that no
copper(ll)-arene complexes have yet been observed in
homogeneous solution. Moreover, the donation of

(1) M. M. Mortland, Advan. Agron., 22, 75 (1970).
(2) H. E. Doner and M. M. Mortland, Science, 166, 1406 (1969).

(3) M. M. Mortland and T. J. Pinnavaia, Nature (London), 229, 75
(1971).
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electrons from an aromatic hydrocarbon to a metal ion
acceptor has not been previously observed for an ad-
sorption process on layer aluminosilicates and related
three-dimensional zeolites.

The present study investigates by spectroscopic
means the nature of adsorbed toluene and other methyl-
substituted benzenes on copper(ll) montmorillonite
in order to establish their relationships, if any, to the
two types of benzene complexes.

Experimental Methods

Materials. Naturally occurring montmorillonite
(Wyoming bentonite, APl No. 25) was purchased from
Ward’s Natural Science Establishment. The copper-
(I1) exchange form was prepared by treating the < 2-jug
fraction of the mineral with 1.0 N CuCI2 centrifuging,
and discarding the supernatant liquid. The procedure
was repeated three times to maximize the exchange of
the original cations (mainly Na+). Excess CuCl2was
removed by washing with distilled water until no test
for Cl- was obtained with AgNOj. The approximate
composition of the anhydrous mineral is Cuo.191XI153
Feo.leMgo 33] [Al0.0sSig. %] Oic( O H)2

Arene-copper(ll) montmorillonite complexes were
prepared by placing a sample of the air-dried mineral,
usually in the form of a film, in a P2 5desiccator con-
taining a beaker of the appropriate reagent grade aro-
matic hydrocarbon. The deeply colored complexes
were formed within 24 hr under these conditions.

Infrared Spectra. Spectra in the region 4000-600
cm-1 were obtained on a Beckman IR-7 spectrophotom-
eter. Samples were prepared by evaporating in the
open atmosphere aqueous suspensions of the mineral
on a polyethylene surface. The resulting thin, self-
supporting films (ca. 1 mg/cm2 were then peeled away
from the polyethylene surface and used to form the
desired complex. The films were mounted in a brass
cell equipped with NaCl windows in order to protect
them from atmospheric moisture.

Since the film samples are highly oriented with the
planes of the silicate sheets lying parallel to the film
surface, it was possible to investigate pleochroic effects
by observing differences in absorption intensities with
the film positioned 90 and 45° to the path of the spec-
trophotometer beam. All differences in absorbance
and relative optical densities were estimated from band
heights.

Electronic Spectra. Electronic spectra of mull sam-
ples in the region 26,000-250 nm were obtained on a
Cary 14 spectrophotometer. The mulls were prepared
by evaporating a suspension of copper(ll) montmoril-
lonite directly onto a quartz glass window, forming the
desired complex, and then coating the sample with
mineral oil. All spectra were run against a reference
sample of copper(ll) montmorillonite in order to com-
pensate for radiation losses due to scattering and ad-
sorptions of the mineral itself. The spectrum of each
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complex was obtained on at least two independent sam-
ples to ensure reproducibility of the absorption bands.
It was not possible to observe the internal transitions
of the aromatic ligands below 250 nm because of the
absorptions of physically bound species also present
on the surface and severe radiation scattering in this
region.

Esr Spectra. The esr spectrum of the copper(ll)-
toluene complex was recorded at room temperature
on a Yarian E-4 spectrometer. The sample was pre-
pared by freeze-drying a suspension of the mineral in
a quartz-glass esr tube fitted with a Teflon stopcock and
then forming the complex.

X-Ray Diffraction. Powder diffraction patterns
were obtained by conventional means on a Phillips
X-ray diffractometer using Cu radiation and an Ni fil-
ter.

Results

When the exchangeable alkali metal and alkaline
earth cations of naturally occurring montmorillonite
are replaced by copper(ll), the layer silicate mineral
adopts the pale blue color characteristic of aqueous
Cu2+. At room temperature and ca. 50% relative
humidity the 001 spacing (12.4 A) indicates that the
interlamellar surface occupied by the cation is also
covered with a monolayer of water. The water con-
tent corresponds to ca. 14 water molecules per copper-
(I1) ion. The metal ion may achieve a coordination
number of 6 by binding to three of these water mole-
cules and to three oxygen atoms of the silicate struc-
ture. The remaining water molecules occupy outer
spheres of coordination. Recent studies by Farmer
and Russell4 on copper(ll) and other cation-exchange
forms of montmorillonite indicate that the adsorbed
water is highly structured with the water in outer
spheres of coordination forming dielectric links via hy-
drogen bonding between the cation and the negatively
charged silicate structure. Dehydration of the mineral
by evacuation at temperatures below 150° or by drying
over P25 leads to preferential removal of outer-sphere
water and frees some of the silicate surface for the ad-
sorption of a variety of neutral molecules. The re-
moval of all interlamellar water causes adjacent silicate
layers to come together, and internal adsorption of
many molecules is prevented or greatly retarded.

Copper(ll) montmorillonite dried over PO 5at room
temperature binds toluene by physical adsorption to
the silicate structure and by complex formation with
the copper(ll) ions. A 001 spacing of 15.8 A upon ad-
sorption verifies that the binding occurs on the inter-
lamellar surfaces. The two forms of bound toluene
are readily distinguished by infrared spectroscopy.
The infrared bands characteristic of both forms are
identified in spectrum C of Figure 1. Included in the

(4) V. C. Farmer and J. D. Russell, Trans. Faraday Soc., 67, 2737
(1971).
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VAENDER G

Figure 1 Infrared spectra for (A) liquid toluene, (B)
eopper(l1) montmorillonite, and (C) the toluene-copper(ll)
montmorillonite complex. Bands labeled “P” and “L” are
assigned to physically adsorbed and ligand toluene, respectively.

figure are spectra for liquid toluene and copper(ll)
montmorillonite. Although we are lacking quantita-
tive equilibrium data, the ratio of ligand to physically
adsorbed toluene increases with decreasing degree of
hydration. In addition, there is a differential loss
of the two species upon heating at 105°, the ligand being
relatively stable while the physically adsorbed toluene
is greatly diminished. Thus the assignment of bands
in spectrum C was facilitated by interconverting the
two forms as well as observing their relative stabilities.

Four normal modes are observed in the region 1700-
600 cm-1 for physically adsorbed toluene: the C-C
stretching vibrations ju%b and VvIi%, respectively, at
1495 and ~1458 cm-1, the C-H out-of-plane deforma-
tion vn at 738 cm-1, and the out-of-plane skeletal vi-
bration M at ~695 cm-1. The other normal modes
expected in this region either are too weak to observe
or are obscured by vibrations of the adsorbed water or
of the silicate structure. At least one internal vibra-
tion of the CH3group is also observed, viz., the symmet-
ric deformation at 1380 cm-1. The asymmetric CH3
deformation probably lies near "he n% vibration at
~1458 cm-1. Little or no pleochroism (c/. Experimen-
tal Section) was observed for the symmetric CH3defor-
mation and the n% and n% vibrations for which the
transition moments lie in the plane of the aromatic
ring. However, an appreciable pleochroic effect (ca.
20% increase in absorbance) was observed for the vn
vibration in which the transition moment is perpendic-
ular to the ring. Much larger pleochroic effects would
be expected if the plane of the molecule was perfectly
parallel to the silicate surface. Thus the plane of the
physically adsorbed toluene is tilted but probably more
nearly parallel than perpendicular to the silicate sur-
face. All of the observed vibrational frequencies are
essentially unshifted (<2 cm-1) relative to those for
liquid toluene, except the m vibration which is shifted
to higher energy by 10cm-1. The latter mode is known
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to be quite sensitive to environment. Comparable
shifts in vn are observed, for example, for toluene in
the solid state6 and for toluene in certain clathrate
compounds.7

In comparison with liquid toluene, the ligand form of
toluene on copper(ll) montmorillonite exhibits marked
frequency shifts and changes in relative intensities for
all vibrational bands. Frequency assignments and
relative optical densities are given in Table I. Unlike
the physically bound form, all of the C-C stretching
modes of the complexed toluene are shifted to lower
energy by 7-12 cm-1 ar.d the CH3 deformations are
shifted in the same direction by 13-25 cm-1. More-
over, the high-energy shift for the vn vibration is 3.6
times larger than that observed for the physically ad-
sorbed form. One strong band at 1300 cm-1 in the
spectrum of the complexed toluene has no obvious
counterpart in the spectrum of liquid toluene. This
band is tentatively assigned to a C-H in-plane defor-
mation (r3 which has been observed by others6 as a
very weak band at 1312 cm-1. The marked difference
in intensity would require a change in transition mo-
ment upon complexation. That such changes do in-
deed occur is especially well illustrated by the differ-
ences in intensities among the vsi, n% and vn vibra-
tions.

Table I:  Assignments and Relative Optical Densities for
the Vibrational Frequencies of Toluene in the Liquid State
and as a Coordinated Ligand on Copper(l1) Montmorillonite

--—-- Liquid- Cu(ll) complex on mineral
Freq, Rel Freq, Rel
cm“l oD cm"- oD f—Assignment‘—
1605 100 1593 100 C-C str Asa)
1495 300 1487 36 C-C str (%)
1460 80 1451 36 C-C str (nD
1460 —1435 sh Asym CH3def
1378 37 1365 56 Sym CHa3 def
1300 25 C-H in-plane
def O,)?
1212 17 1190 C-H in-plane
def (ni3
728 780 764 59 C-H out-of-
plane def
Oon)

“ Assignments for liquid toluene were taken from ref 6.

In view of the great changes in frequencies and in-
tensities of CH and CH3 deformation vibrations of
ligand toluene, important effects on the CH stretch-

(5) Frequency designations for the vibrational modes of toluene
and the other aromatic molecules discussed herein are described by
G. Varsanyi in “Vibrational Spectra of Benzene Derivatives,”
Academic Press, New York, N.Y., 1969.

(6) N. Fuson, C. Garrigou-Lagrange, and M. L. Josien, Spectrochim.
Acta, 16, 106(1960).

(7) T. lwamoto, T. Nakano, M. Morita, T. Miyoshi, T. Miyamoto,
and Y. Sasaki, Inorg. Chim. Acta, 2, 313 (1968).
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Table I1:
the Liquid State and Adsorbed on Copper(ll) Montmorillonite

Thomas J. Pinnavaia and M. M. Mortland

Freguencies (cm-1) of C-C Stretching and C-H Out-of-Plane Deformation Modes for Aromatic Molecules in

———————— C-C str (m)— --------------------N — C-H out-of-plane def (i'll)-----------------&

Physically Physically

adsorbed Cu(l1) complex adsorbed Cu(l1) complex

on silicate on silicate on silicate on silicate

Compd Liquid surface surface Liquid surface surface

Toluene 1495 1495 1487 728 738 764
0-Xylene 1495 1495 1483 743 750 773
p-Xylene 1517 1516 1503 795 800 817
m-Xylene 1481 1480 1473 769 7 803
Mesitylene 1473 1473 1463 837 844 ~890a
Benzene 1478 1478 14706 675 688 706"

“ Obscured by avibration of the silicate lattice.

ing vibrations might also be expected. The ligand
toluene had much reduced absorption intensities for
the CH stretching vibrations in comparison with liquid
toluene. These very low absorption intensities plus
the background of the montmorillonite itself precluded
a detailed study in this region of the spectrum. No
significant pleochroic effects were observed for any of
the in-plane or out-of-plane vibrational bands of ligand
toluene. Such a result would occur if the plane of the
ring was inclined relative to the silicate surface at an
angle near 45°.

Physical adsorption and complex formation are also
involved in the adsorption of the xylenes and of mesityl-
ene on copper(Il) montmorillonite. In each case the
relationship among the vibrational frequencies for the
complexed, physically bound, and liquid states is simi-
lar to that described above for toluene. A comparison
of the C-C stretching vibration (ri% or n%) and the
C-H out-of-plane deformation (m) for the three states
is given in Table Il, along with those for the “green”
type | benzene complex. For all of the physically
adsorbed aromatic molecules the C-C stretching vi-
brations are unshifted relative to the liquid state but
the out-of-plane C-H deformation is shifted to higher
energy by 5-13 cm-1. All of the complexed molecules,
on the other hand, show 8-14 cm-1 low-energy shifts
for the C-C stretch and 23-~53 cm-1 high-energy
shifts for the C-H out-of-plane deformation.

The vibrational spectra clearly indicate that the
coordinated methyl-substituted benzenes are analogous
to the ligand benzene in the type | complex insofar as
the ring is planar and aromaticity is retained. The
sacrifical role of the aromatic hydrocarbon in the bond-
ing, however, is evident from the low-energy shifts of
the C-C stretching frequencies. No evidence was
obtained for the formation of methyl-substituted ben-
zene complexes similar to the type Il benzene complex.
The vibration spectrum of this latter complex is mark-
edly unlike that expected for a planar benzene ring
even under very low site symmetry. Two C-C stretch-
ing vibrations, for example, occur as very strong broad
bands at 1540 and 1480 cm-1, indicating that the r
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6 Frequencies for the type | benzene complex.

Figure 2. Visible-uv spectra of arene-copper(ll)
montmorillonite complexes (mulls):  (A) benzene (type I1),
(B) benzene (type I), (C) toluene, (D) mesitylene,

(E) p-xylene, (F) wi-xylene, and (G) o-xylene.

electrons of the CeH6 moiety are much less delocalized
over the ring than they are in the uncoordinated mole-
cule.

All of the copper(ll)-arene complexes are deeply
colored. Their uv-visible spectra are shown in Fig-
ure 2, and the band maxima are listed in Table III.
The methyl-substituted benzene complexes show at
least two visible bands, which may arise from transi-
tions of the metal ion. A uv band between 285 and
335 nm shifts to higher energy with increasing ioniza-
tion potential8 of the arene in the order mesitylene
< p-xylene < o,m-xylene < toluene. Thus, the band
can be reasonably assigned to a charge-transfer transi-
tion. The mesitylene complex exhibits two additional
bands at 625 and 298 nm. No bands were detected
in the region 700-26,000 nm for any of the complexes.

(8) R. S. Mulliken and W. B.
Wiley-Interscience, New York, N. Y.,

Person, “Molecular Complexes,”
1969, p 135.



Copper(ll)-Arene Complexes on Montmorillonite

Table 111: Electronic Absorption Bands of Copper(l1)
Arene Complexes on Montmorillonite

Ligand Jmax. Cm & "
Mesitylene 33,600 29,900 —22,500 20,100 16,000
p-Xylene 33,000 21,700 —19,400
0-Xylene 34,300 —23,000 20,700
m-Xylene 34,500 —23,000 20,500
Toluene 35,100 23,500 21,700
Benzene 27,200

(type 1)

Benzene 35,700 22,200 19,900 —3,400“

(type 1)

“ Fromdata in ref 3.

The electronic spectra of the types | and Il benzene
complexes differ greatly. The type Il complex gives
two visible and one uv band similar to the methyl-
substituted benzene complexes, but it is distinguished
from these latter complexes by a very low-energy tran-
sition in the ir region at '—3400 cm-1. Electronic
absorption bands in the ir region are very unusual, but
in the case of copper(ll) such a band at 4500 cm' 1has
been observed previously9 for the Axy -*m dX d,z tran-
sitionDof CuCh2- in a distorted tetrahedral configura-
tion. The type I complex exhibits only one symmetri-
cal band positioned at 368 nm. It is noteworthy that
the apparent green color which is normally observed
under conditions where mostly type | and little type
Il complex are present3 is not the expected comple-
ment of the 368-nm absorption. The true color of the
complex is pale yellow, and this color can be observed
by carefully drying the montmorillonite at room tem-
perature under vacuum before exposing it to benzene
vapor. The green color occurs when the mineral is
interstratified with some silicate layers containing the
yellow type | complex and others containing uncom-
plexed, pale blue copper(ll).

The esr spectra of the type | benzene and toluene
complexes, as well as the type Il benzene complex,3
consist of a single asymmetric line with a half-width of
—250 G. The intensity of the line is essentially
identical with that for uncomplexed copper(ll) on
montmorillonite. Thus it appears that no appreciable
amounts of copper(l) or organic cation radicals are
formed in the adsorption processes.

Discussion

Aromatic molecules have been previously known to
bond to silica,11'12 layer silicates,13-15 and three-di-
mensional zeolites16-19 via physical adsorption pro-
cesses. Thus our observation of physically bound ben-
zene and its methyl-substituted derivatives on copper-
(I1) montmorillonite was not unexpected. There is,
however, an interesting similarity between the vibra-
tional frequencies of these molecules on the silicate
surface and those for the same molecules physically
adsorbed on silicall and different metal ion exchange
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forms of zeolites.161819 On all three types of adsor-
bents, the in-plane C-C stretching vibration, as well as
other in-plane vibrations, are essentially unshifted rela-
tive to the liquid state, whereas the vn out-of-plane
C-H deformation always shifts to higher energy by
5-15 cm-1. It has been suggested in the case of silicall
and the zeolites1618 that important adsorption forces
result from an interaction of the welectrons of the ad-
sorbate and the hydroxyl groups or oxygen atoms of the
adsorbent. A similar interaction may occur on copper-
(I1) montmorillonite because in the case of physically
adsorbed benzene3 and toluene the plane of the aro-
matic ring is inclined at the silicate surface. It is to be
noted, however, that the interaction of ir electrons with
silicate oxygen atoms cannot be expected to explain the
physical adsorption of all aromatic molecules on mont-
morillonite. Early X-ray diffraction studies,13 for ex-
ample, have shown that aromatic molecules can adopt
perpendicular as well as inclined orientations on mont-
morillonite, depending on the nature of substituents
on the aromatic ring and the adsorption conditions.
Crystallographic data for known metal-arene com-
plexes indicate that benzene may act as a formal two-,
three-, four-, or six-#-electron donor. Each type of
bonding mechanism can be envisioned for the copper-
(I)-arene complexes formed in the adsorption pro-
cesses, depending on the assumed symmetry of the
metal ion. Sandwich-type bis(Tr-arene)copper(ll) spe-
cies seem initially attractive because they would be
isoelectronic with the known noncentrosymmetric com-
plex Co[CECH86]2202 but their existence is precluded
by the basal spacings of the mineral. If we make the
reasonable assumption that the effective thickness of a
benzene ring (3.4 A) and of an alkyl-substituted ben-
zene ring (4.0 A) would contract by as much as 0.5 A
upon ir bonding to copper(ll) and concomitant inter-
action with silicate oxygens, then interlamellar hei%hts
of at least 5.8 and 7.0 A, respectively, would be required
to accommodate a bisiV-benzene)- and bisfV-toluene)-
copper(ll) complexes. These values, of course, are

(9) D.M.Gruen and R. L. McBeth, Pure Appl. Chem., 6, 23 (1963).
(10) W . E.Hatfield and T.s. Piper, Inorg. Chem., 3, 84 (1964).

(11) G. A. Galkin, A. V. Kiselev, and V. I, Lygin, Trans. Faraday

Soc., 60,431 (1964).

(12) M.J. Rosen and Gandler, J. Phys. Chem., 75, 887 (1971).

(13) R. Green-Kelly, Trans. Faraday Soc., 51, 412 (1955).

(14) R. M. Barrerand K. E. Kelsey, ibid., 57, 452 (1961).

(15) R. M. Barrer and K. Brummer, ibid., 59, 959 (1963).

(16) C.L. Angell and M. V. Howell, J. Colloid Interface Sci., 28, 279
(1968).

(17) C. L. Angell and P. C. Schaffer, J. Phys. Chem., 69, 3463 (1965).

(18) G. A. Galkin, A. V. Kiselev, and V. I. Lygin, Puss. J. Phys.

Chem., 36,951 (1962).

(19) V. N. Abramov, A. V. Kiselev, and V. I. Lygin, ibid., 37, 613
(1963) .

(20) E. 0. Fischer and H. H. Lindner, J. Organometal. Chem., 2, 222
(1964) .

(21) B. J. Nicholson and H. C. Longuet-Higgins, Mol. Phys., 9, 461
(1965) .
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based on the further assumption that the planes of the
aromatic rings lie parallel to the silicate sheets, whereas
in the case of the toluene complex the ring is in fact
inclined by as much as 45°. The basal spacings of
copper(ll) montmorillonite are 15.8 and 15.0 A, re-
spectively, when the toluene complex and types | and
Il benzene complexes occupy the ingerlamellar regions.
Since the basal spacing is ca. 9.6 A under conditions
where the interlamellar height is determined solely by
the van der Waals radii of silicate oxygen atoms, the
observed spacings for the toluene and benzene com-
plexes are inconsistent with sandwich-type structures.
Thus only one aromatic ring can be above a copper(ll)
ion on the surface.

Similar arguments allow us to rule out structures
analogous to (CeHeHgAIChV2or (CeHePdAhCI, A2 in
which a metal-metal unit is contained between two
arene rings acting formally as three-electron donors to
each of the two metal atoms. The fact that no de-
crease in electron spin density on copper is observed
for the two benzene complexes and the toluene complex,
of course, precludes any structures containing a copper-
copper interaction.

In the case of the type | arene complexes, in which
the aromatic ring is planar and the ttelectrons are de-
localized, the copper(ll) ion may be bonded either to
the center of the aromatic ring or to a ring edge as in
CeHf.AgCIO,\ 24 Due largely to the work of Amma and
his coworkers,2528 a considerable number of edge-
bonded arene complexes of silver(l) and copper(l) are
known, but unfortunately very sparse spectroscopic
data are available. However, a comparison of vibra-
tional frequencies is possible for the type | copper(ll)-
benzene complex,3 known #-bonded benzene com-
plexes,@and CEHBAgC10/}J03L Among the three types
of complexes the ir spectra in the 1500-1200- and 800-
600-cm_1 regions are qualitatively similar with the C-C
stretching frequencies shifted to lower energy and the
out-of-plane C-H deformations shifted to higher energy.
The magnitudes of the shifts for the type | benzene com-
plex (—8 and +31 cm-1) lie nearer those for (C8H9-
AgC104 (~ —20 cm and +33 cm—") than for those
normally observed for *-bonded C8H6rings (~ —50 and
~+100 cm-1) and tend to support an edge-bonded
structure. Important differences in other spectral
regions occur between CEHEAgC104and ir-bonded C&H6
rings, but these regions were not observable for the
type | benzene-copper(ll) complex due to absorptions
of the silicate lattice.

Amma has emphasized the importance of metal-
anion interactions in determining the stability of edge-
bonded arene complexes. The silicate structure ob-
viously plays an important role in stabilizing the type
I copper(ll)-arene complexes observed here as they
immediately decompose when displaced from the sur-
face by N(CH34+ ions. Since the 1630-cm-1 defor-
mation frequency of water is always observed in the
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presence of the type | complexes, the copper(ll) ion
may not be directly bonded to silicate oxygens but in-
stead linked to these atoms through bridging water
molecules. Many models can be proposed for the
environment of copper(ll) on the silicate surface. For
example, based on the known lower hydrate phases of
divalent cations exchange forms of montmorillonite, 43
it is reasonable to suppose that there are three water
molecules per cation in a type | complex. Under these
conditions the coordinated water molecules may hydro-
gen bond to the three oxygens on an Si0O4 tetrahedral
face and provide a C3renvironment suitable for overlap
of the empty 4s or sp3orbital on copper(ll) and the
highest filled ei orbital on benzene. A similar environ-
ment is found for copper(l) in CBHHBCuAICU S

We do not wish to imply, however, that 1:1 com-
plexes are expected in all cases. The situation could
easily be as complicated as that for crystalline arene
complexes of silver(l). In (C6HHAgC104 the cation
is bonded to the edges of two C8H6rings and the anion
is passive, whereas in (CEHHAgAICI4 five-coordination
of silver(l) is achieved by bonding to four chlorine
atoms of an infinite A1C14 sheet and to an edge of one
CfHe ring. m-Xylene, on the other hand, forms a 2:1
complex with AgC104in which the cation is tetrahedrally
coordinated to two chlorine atoms and to the edges of
two benzene rings. Similar variations in the coordina-
tion of copper(ll) among the type | complexes may
account for the differences in the electronic spectra, es-
pecially those between benzene and the methyl-substi-
tuted derivatives.

We have no cogent explanation for the failure of
methyl-substituted benzenes to form complexes anal-
ogous to the type Il benzene complex, except to sug-
gest that steric factors may hinder the ring distortions
necessary for localization of the welectrons in the C6
ring and subsequent coordination to the metal ion.
The localization of ir electrons is indeed rare in metal-
arene complexes, but it is definitely known to occur in
(ir-CBH3Rh[CHCF36],3 wherein the metal forms two
abonds to two carbon atoms and one whond to a local-
ized C=C bond on the dihedral ring.3
(22) R. W. Turner and E. L. Amma, J. Inorg. Nucl. Chem., 28, 2411
(1966).

(23) G. Allegra, A. Immirzi, and L. Porri, J. Amer. Chem. Soc., 87,
1394 (1965).

(24) H. G. Smith and R. E. Rundle, ibid., 80, 5075 (1958).
(25) R.W. Turner and E. L. Amma, ibid., 88,1877 (1966).
(26) R.W. Turnerand E. L. Amma, ibid., 88, 3243 (1966).

(27) 1. F. Taylor, Jr., E. A. Hall, and E. L. Amma, ibid., 91, 5745
(1969).

(28) E.A. Hall and E, L. Amma, ibid., 91, 6538 (1969).

(29) H. P. Fritz, Advan. Organometal. Chem., 1, 240 (1964).

(30) L.W. Daasch, ibid., 15, 726 (1959).

(31) G. Karagounis and O. Petter, Z. Elektrochem., 63, 1120 (1959).
(32) G.F.Walker, Clays Clay Miner., 4, 101 (1956).

(33) R. S. Dickson and G. Wilkinson, J. Chem. Soc., 2699 (1964).

(34) M. R. Churchill and R. Mason, Proc. Chem. Soc., London, 365
(1963).
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Iterative computer programs have been devised to treat the data obtained in a proton magnetic resonance
study of 1-methyluracil, 1-methylcytosine, 9-ethyladenine, and 9-ethylguanine in dimethyl sulfoxide-d6- Ther-
modynamic data for the hydrogen bonding of the NH protons of these bases to the dimethyl sulfoxide are de-

rived thereby.
ergies.

A number of groups have applied proton magnetic
resonance spectroscopy to the study of interactions
involving purine or pyrimidine bases.1-17 Although
associations by means of hydrogen bonds, etc., are
qgualitatively easy to detect by this means, difficulties
arise when one tries to evaluate equilibrium constants
and enthalpies for the associations.

A serious obstacle to the application of the typical
pmr approach to hydrogen-bonding equilibria is that
the computations1823 which yield the thermodynamic
parameters require a knowledge of the chemical shifts of
the unassociated species under consideration. Because
the purine and pyrimidine bases do not dissolve to an
extent detectable by pmr spectroscopy in any solvent
with which they do not associate, such data are experi-
mentally unavailable. For this reason, it has been cus-
tomary to take a hydrogen-bonded solute-solvent com-
plex as a reference state and to assume for base-pairing
purposes that no free monomer is present.1l This as-
sumption is almost certainly incorrect, and base-pair-
ing energies obtained by employing it are therefore in-
correct.

We felt that an evaluation of the solute-solvent in-
teractions themselves would be a valuable first step to-
ward making available the precise energetics involved in
various base-pairing schemes. For reasons of solu-
bility, we chose to investigate first the alkylated bases
1-methyluracil, 1-methylcytosine, 9-ethyladenine, and
9-ethylguanine in dimethyl sulfoxide-d« solution.

Experimental Section

The 1-methyluracil, 1-methylcytosine, 9-ethylade-
nine, and 9-ethylguanine were purchased from Cyclo
Chemical Corp., Los Angeles, and were dried before
use in an Abderhalden pistol charged with PD5 Di-
methyl sulfoxide-d6was purchased from Merck Sharpe
and Dohme and stored over Linde 4A molecular sieves.
No water was detectable by pmr spectroscopy.

Samples were prepared directly in 5-mm pmr tubes

The method appears capable of extension to the determination of intrinsic base-pairing en-

by weighing, and trace quantities of tetramethylsilane
and cyclohexane added to serve as a double internal
standard. The tubes were then sealed. The entire
sample preparation was conducted in a glove box under
dry nitrogen. When these precautions were not taken,
NH resonance lines were appreciably broadened, ap-
parently by exchange.

The pmr measurements were made with a Yarian As-

(1) C. D. Jardetzky and O. Jardetzky, J. Amer. Chem. Soc., 82, 222
(1960).

(2) O.Jardetzky, P. Pappas, and N. G. Wade, ibid., 85, 1657 (1963).
(3) F.J.Bullock and 0. Jardetzky, J. Org. Chem., 29, 1988 (1964).

(4) J. P. Kokko, J. H. Goldstein, and L. Mandel, J. Amer. Chem.
Soc., 83, 2909 (1961).

(5) L. Gatlin and J. C. Davis, ibid., 84,4464 (1962).

(6) S. 1. Chan, M. P. Schweizer, P. O. P. Ts'o, and G. M. Helmkamp,
ibid., 86,4182 (1964).

(7) M. P. Schweizer, S. 1. Chan, and P. O. P. Ts’o, ibid., 87, 5241
(1965).

(8) B. W. Bangerter and S. I. Chan, ibid., 91,3910 (1969).
(9) L. Katz and S. Penman, J. Mol. Biol., 15,220(1966).
(10) L. Katz, ibid., 44, 279 (1969).

(11) R. Newmark and C. Cantor, J. Amer. Chem. Soc., 90, 5010
(1968) .

(12) R. R. Shoup, H. T. Miles, and E. D. Becker, Biochem. Biophys.
Res. Commun., 23,194 (1966).

(13) S. M. Wang and N. C. Li, J. Amer. Chem. Soc., 90, 5069 (1968).

(14) Y. Inoue and S. Aoyagi, Biochem. Biophys. Res. Commun., 28,
973 (1967).

(15) J. H. Prestegard and S. I. Chan, J. Amer. Chem. Soc., 91, 2843
(1969) .

(16) F. K. Schweighardt, C. Moll, and N. C. Li, J. Mag. Res., 2, 35
(1970) .

(17) The above listing is intended to be representative, rather than
complete.

(18) R.J. Abraham, Mol. Phys., 4, 369 (1971).

(19) M. W. Hanna and A. L. Ashbaugh, J. Phys. Chem., 68, 811
(1964).

(20) D. Porter and W. S. Brey, ibid., 71, 3779 (1967); 72,650 (1968).

(21) P. O. Groves, P. J. Huck, and J. Homer, Chem. Ind. (London),
915 (1967).

(22) J. Homer and P. J. Huck, J. Chem. Soc. A, 277 (1968).

(23) R. C. Fort, Jr., and T. R. Lindstrom, Tetrahedron, 23, 3227
(1967).
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sociates A-60 spectrometer. Because of the low con-
centration of the bases (0.004 to 0.028 mole fraction),
sensitivity enhancement with aVarian C-1024 computer
of average transients was necessary. Chemical shifts
reproducible to +1.0 Hz were obtained by modulating
the spectrometer field with a Hewlett-Packard 200 AB
audiooscillator so that the sample peak was bracketed
by the side bands of TMS and cylohexane. A Hewlett-
Packard 5512A frequency counter was used to monitor
the modulating frequency.

Temperature measurements were made with the
standard charts supplied by Varian, and calibration
was checked occasionally with a Leeds and Northrup
recording thermocouple (for the loan of which we thank
the KSU Physics Department). Reported tempera-
tures are the average of readings obtained before and
after the spectrum was taken, and are probably accu-
rate to £ 1.0°.

For each sample, the chemical shift was measured as
a function of temperature at eight to ten intervals over
the whole liquid range of the solvent. The data so ob-
tained were used as input to our Fortran iv programs,
processed on a Burroughs 5500 computer in the KSU
Computer Center.

Results and Discussion

Figures 1-4 present the observed variations of chemi-
cal shift with temperature for the four bases. The ob-
served upfield shift with increasing temperature is typi-
cal for the disruption of hydrogen bonds;2 a priori it
could arise from disruption of hydrogen bonds to the
solvent or from shifting of a monomer-dimer equilib-
rium involving only the base. These two possibilities
can be distinguished by considering the concentration
dependence of the chemical shifts.

Dimerization requires a significant variation of shift
with concentration, even when the latter is small. For
hydrogen bonding to the solvent, which is present in

Figure 1. Temperature dependence of the chemical shift
of 1-methyluracil.
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Figure 2. Temperature dependence of the chemical shifts of
1-methylcytosine; C(e), a and C(s), b are the two lines of the
hydrogen on C(s).

Figure 3. Temperature dependence of the chemical shifts
of 9-ethyladenine; C(s) and C(S) are the two
hydrogens on carbon.

large excess, the chemical shift should become essen-
tially independent of concentration at low concentra-
tions.24 Table | shows that in fact, the chemical shift
is independent of concentration in the range employed
in this study. Therefore the chemical shift changes are

(24) Cf. J. A. Pople, W. G. Schneider, and H. J. Bernstein, “High
Resolution Nuclear Magnetic Resonance,” McGraw-Hill, New York,
N. Y., 1959, Chapter 15.
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Figure 4. Temperature dependence of the chemical shifts of
9-ethylguanine; C(8) is the hydrogen on carbon.

Table I: Concentration Dependence of Chemical Shifts
Base Concna T. °K ¢{NH6 SnHi5
I-Methyluracil 0.00824 291 675.2
0.01270 291 675.2
0.01830 291 675.0
0.0286 290 675.0
1-Methylcytosine 0.0049 292 419.4
0.0070 293 419.6
0.0142 292 421.4
0.0183 292 420.8
9-Ethyladenine 0.0059 289 434.0
0.0080 289 433.1
0.0123 289 434.3
9-Ethylguanine 0.0040 290 634.6 386.9
0.0070 290 636.7 388.0
0.01175 290 637.6 388.9

“ Mole fraction solute. 1In Hz downfield from TMS at 60

MHz; £1.0Hz.

attributable to the equilibrium
solute + solvent = complex (»

The derivation of the thermodynamic constants for
equilibrium 1 was approached in the following fashion.
Abraham8has shown that eq 2 and 3 may be applied

5obsd ~~ 5f

K= s @

K = e~*HRTe*s/R 3)
to the determination of association constants by pmr

spectroscopy. Here K is the association constant, 5c
is the chemical shift of a proton in the complex, and 5f
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is the chemical shift of that proton in the unassociated
state.

In our study, 5f is an unknown, for reasons discussed
above, and likewise 5C cannot be directly obtained be-
cause the usual procedure of extrapolating a chemical
shift vs. temperature plot to absolute zero is probably
invalid.23252% We therefore devised several iterative
computer programs to analyze the data.

The program nocomp/ hbfree uses eq 2 and 3 and
treats the problem as follows. Starting values of &
and h are chosen and employed with the observed
chemical shifts to compute a series of K's for the various
temperatures. A van’'t Hoff plot is then made, and the
standard deviation from the best least-squares fit is ob-
tained. A new value of 5c is now chosen according to a
predetermined scheme, and the computations are re-
peated; the value of 5f remains the same. That value
of 5¢c which gives the minimum error in the van’'t Hoff
plot is then held constant, while 5f is varied in a search
for the minimum error. This alternation is repeated
over the whole range of reasonable values for the two
shifts. The minimum deviation from the van't Hoff
plot over this whole range is taken to be that associated
with the “true” values of the thermodynamic parame-
ters for the solute-solvent association. Table Il con-
tains the results of the application of this program.

Table I1: Thermodynamic Constants and
Calculated Chemical Shifts, hbcomp/hbfree

-AH,

Site kcal/mol® K j §0mpC 3freec
I-Methyluracil NH 1.74 6.80 715.0 388.5
1-Methylcytosine NH2 2.29 3.92 456.5 2745
9-Ethyladenine NH2 2.42 3.84 469.0 286.5
9-Ethylguanine NH 1.76 4.90 675.0 4475
9-Ethylguanine NH2 2.27 3.92 408.5 307.5

©+0.2 kcal. bComputed using concentration in mole frac-

tion. ‘ In Hz downfield from TMS on 60 MHz, calculated.

It is extremely important in such an approach as this,
with so many variables affecting the shape of the poten-
tial energy surface, to establish that one is looking at a
true minimum in the error function—i.e., that one has
fallen into the deepest well on the surface. To this
end, the starting points and assigned ranges of 5C and
5f were varied widely; always the error minima were
found at the locations described in Table I1.

Nonetheless, further confirmation was sought, and a
second program was devised. This program, nybond,
begins by assuming values for 5c, s+, AH, and AS. The
enthalpy and entropy values are used in eq 3 to calcu-

(25) P. Laszlo and D. H. Williams, J. Amer. Chem. Soc., 88, 2799
(1966).

(26) 1. D. Kuntz and M. D. Johnson, ibid., 89, 6008 (1967).
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late an association constant for each temperature. The
K's are then used with the assumed chemical shifts in
eq 47 to calculate the expected chemical shift at each
temperature. The difference between the observed
and calculated chemical shifts is noted. Each of the
four unknown quantities is then varied in turn, and the
resultant change in the difference between observed and
calculated chemical shifts is noted for each. Finally,
each of the variables is altered by an amount propor-
tional to the effect it had on the error function.
This cycle is repeated until a minimum difference is ob-

served. The results derived in this manner are given
in Table I11.
Table I11: Thermodynamic Constants and

Calculated Chemical Shifts, nybond

-AH,

Site keal/mol® K j &onpt (freeC
I-Methyluracil NH 1.72 6.00 715.2 379.9
1-Methylcytosine NH2 2.27 4.00 456.5 269.4
9-Ethyladenine NH2 2.36 3.00 469.7 279.1
9-Ethylguanine NH 1.73 5.00 675.3 439.8
9-Ethylguanine NH2 2.15 4.00 409.3 297.6

“+0.2 kcal. bComputed using concentration in mole frac-

tion. Tn Hz downfield from TMS at 60 MHz, calculated.

It is gratifying to find that the results from the two
methods of computation are virtually identical. The
ability of two different programs to arrive at the same
set of values gives confidence in the conclusion that
these parameters do describe the hydrogen-bonding in-
teractions of the bases with dimethyl sulfoxide.

In discussing the data in Tables Il and 111, it would
be useful to have available similar data for simple amines
and amides with which to compare our results. Regret-
tably, such information is essentially nonexistent. Por-
ter and BreyDdetermined the enthalpies of association
of succinimide and pyrrole with dimethyl sulfoxide to be
—b5.0 and —3.0 kcal, respectively; however, the suc-
cinimide value is measured with respect to the solvated
succinimide dimer, rather than the monomer, and thus is
not directly comparable. The enthalpy of —3.4 kcal
obtained for the association between iV,0-dibenzylhy-
hydroxylamine and DM SO involves too dissimilar a
compound to be of comparative value.

Comments upon our observation that amide NH
bonds of uracil and guanine appear to form weaker hy-
drogen bonds than amine NH'’s of cytosine, adenine,
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and guanine must therefore be limited. Acidity, the
most common indicator of propensity for hydrogen bond
formation, would suggest that the reverse order is to be
expected. Thus, the pKJs of the amide protons in 1-
methyluracil and 9-methylguanine are both about
9.8, and a pKanear 12 is likely for the NH2 groups
of cytosine and adenine.® On the other hand, the
stronger amine hydrogen bonds agree with the results
of molecular orbital calculations by Pullman and Pull-
man.® The net a charges on the amine hydrogens of
cytosine, adenine, and guanine are +0.229, +0.230, and
+0.231, respectively, while the net a charges for the
amide hydrogens of uracil and guanine are +0.195 and
+0.196, respectively. The greater positive charge on
the amine hydrogens implies that they should form
stronger hydrogen bonds with a given acceptor, in
accord with our data.

Although the data are not comparable in any strict
sense, our results can be used in conjunction with the
results of Newmark and Cantorll to estimate the
guanine-cytosine interaction energy. Newmark and
Cantor determined that the enthalpy change for con-
version from the base-solvent (dimethyl sulfoxide) asso-
ciations to the base-base association is —5.7 kcal/mol.
From Table 111, AH for the dissociation of the guanine/
DMSO hydrogen bonds is 2.2 + 1.7 = +3.9 kcal/mol,
and for the cytosine/DMSO hydrogen bond, AH —
+ 2.3 kcal/mol. Thus interactions totaling 6.2 kcal/
mol are disrupted to allow base pairing. The entire
process liberates +5.7 kcal/mol, so that the actual AH
for base pairing is —11.9 kcal/mol, or about 4 kcal/mol
of hydrogen bonds.

As noted above, there are no data available with
which to compare the result of this analysis. None-
theless, it appears that the approach developed in this
paper may make available, readily, a wide range of data
regarding the hydrogen-bonding capabilities of purine
and pyrimidine bases. Further studies are in progress.
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The effect of field-dependent relaxation mechanisms on carbon-13 spin-lattice relaxation times has been ex-

amined for CS2and seven members of the halomethane series.

Field-dependent and temperature-dependent

studies indicate the anisotropy mechanism does contribute to the relaxation in CS2 Field-dependent studies,
carbon-hydrogen dipole-dipole relaxation times, and C-H nuclear Overhauser effects demonstrate the existence
of an efficient scalar-coupling mechanism in the bromomethanes which is absent in the chloromethanes and

small in the iodomethanes.

I. Introduction

The spin-lattice relaxation process for spin IA nuclei
is subject to a variety of contributing relaxation mech-
anisms. Assuming the absence of paramagnetic im-
purities, the nuclear relaxation in pure diamagnetic
liguids may be determined by inter- and intramolec-
ular nuclear dipole-dipole, spin-rotation, chemical
shift anisotropy, and scalar-coupling interactions. All
or any combination of the above mechanisms may
operate in a particular liquid. Most investigations of
spin-lattice relaxation times (Tfj in spin '/2 systems
have illustrated that the dipole-dipole and spin-rota-
tion pathways usually dominate the relaxation process.
Conversely, few systems have been investigated in
which the chemical shift anisotropy or scalar-coupling
process contribute to T\. As these two mechanisms
depend on the magnitude of the applied magnetic
field, they are readily identified from other relaxation
modes by field-dependent studies. Herein are re-
ported the results of such studies on the role of field-
dependent mechanisms in determining carbon-13 spin-
lattice relaxation times in representative chemical
systems.

I1l. Experimental Section

All the experiments were performed at two field
strengths: 14.1 kG using a Varian AFS-60 spectrom-
eter and 23.5 kG using a Varian XL-100-15 spectrom-
eter. Selective and pseudo-random noise proton
decoupling was available on both instruments. Adia-
batic rapid passage techniqueslwere used to determine
T: values. Nuclear Overhauser measurements were
determined in the manner previously described.2'8
Temperature-dependent studies on CS2were performed
on the XL-100-15, and the reported temperatures are
accurate within +3°.

The degassed CS2sample, -~60% enriched in the 13C
isotope, was obtained from Pro Chem Ltd. The halo-
methanes studied were obtained from standard sources.
All samples were thoroughly degassed via freeze-pump-

thaw techniques and sealed in 10 mm o.d. nmr tubes
prior to determining T\

I1l. Results and Discussion

A. Chemical Shift Anisotropy. The carbon disul-
fide (CS2 molecule presents a unique system in which
to study the potential importance of the chemical
shift anisotropy mechanism as no opportunity exists
for the dipole-dipole or scalar-coupling relaxation
processes to operate. Hence the T1lof CS2is subject to
only spin-rotation and chemical shift anisotropy mech-
anisms. As the spin-rotation contribution is inde-
pendent of field strength, the anisotropy contribution
should be reflected in the field dependence of T\. The
results for Tj at 14.1 and 23.5 kG and at 311°K are
reported in Table 1.

The close agreement of the T\ values at the two
different fields indicates a negligible contribution of
anisotropy to 1\ at fields up to 23.5 kG, and it must be
assumed that the relaxation process is totally domi-
nated by the spin-rotation mode at room temperature.
This finding fails to support the earlier4 relaxation
work on CS2obtained at 9.3 and 14.1 kG. Based on
these former results a contribution of 20.9 sec is pre-
dicted for the shift anisotropy process at 23.5 kG and
room temperature in contradiction to the findings re-
ported herein.

To further investigate the contribution of chemical
shift anisotropy to the carbon-13 relaxation in CS2 a
temperature-dependent study of T\ at 23.5 kG was
performed. As the spin-rotation and shift anisotropy
mechanisms have opposite dependence on temperature,
a plot (an Arrhenius temperature dependence is as-

ti) T. D. Alger, S. C. Collins, and D. M. Grant, J. Chem. Phys.,
54,2820(1971).

(2) J. R. Lyerla, Jr., D. M. Grant, and R. K. Harris, J. Phys. Chem,,
75,585(1971).

(3) K. F. Kuhlmann, D. M. Grant, and R. K. Harris, J. Chem. Phys.,
52,3439 (1970).

(4) A. Olivson, E. Lippmaa, and J. Past, Est. NSV Tead. Aka.
Toim., Fuus.-Mat., 16, 390 (1967).
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Table I : Carbon-13 Relaxation Results for CS2
Temp,” °K ri,6 sec Tia,c sec Ti,,C sec

311" 35.0
311 33.8 2049 34.4
292 43.0 1593 44 .2
277 50.0 1356 51.9
254 67.7 967 72.8
238 79.4 799 88.2
221 89.3 686 102.7
207 98.3 600 118.0
191 110.0 500 141.0
180 119.6 418 168.0

“ Temperature is accurate to £3°. 6 The error in individual
T1 measurements ranged from 5 to 12%. OCalculated using eq
4 and 5. dResult from AFS-60 spectrometer operating at 14.1
kG; all other results are from the XL-100-15 at 23.5 kG.

sumed) of log T\ vs. inverse temperature should result
in considerable deviations from linearity whenever
both mechanisms are operative. The temperature-
dependent T\ results given in Table | for CS2 (covering
most of the range from the boiling to the freezing
points) are illustrated in Figure 1 and found to exhibit
the proposed curvature. Even though the spin-rota-
tion process dominates over the whole temperature
range due to its greater efficiency at the temperatures
studied, the shift-anisotropy mechanism becomes sig-
nificant at temperatures below ~221°K. At low
temperature, the slower tumbling motions or increased
correlation time for the anisotropy mechanism in-
creases the efficiency of this process.

The explicit form of the two relaxation processes can
be written for a linear molecule as

UTla = — W2Ao-)ZTa (1)
15
and

I/Tur = |£Em7*7r, (2)
where Tia and Tsr denote the relaxation rates due to
anisotropy and spin-rotation, respectively, wc the res-
onance frequency of 1 at 23.5 kG, A<r the anisotropy
in the chemical shielding of CS2 ra the correlation
time for molecular reorientation, | the moment of in-
ertia, C the spin-rotation interaction constant, and
Tsr the angular momentum correlation time. Hubbard5
has derived a relation between the two correlation
times whenever the molecular reorientation is diffu-
sion controlled. If this result is assumed to hold for
CS2 then

TsrTfa = 1/QKT ?3)

where ra» rsrand the rate due to spin rotation can
be written in terms of Tia. Note, the two correlation
times are the only nonconstant terms in eq 1and 2 as
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Figure 1 Illustration of the temperature-dependent 18C Ti
results for CS2 and the respective contributions of the
shift-anisotropy (IA and spin-rotation (Tu,) mechanisms to TV

the explicit temperature dependence in eq 2 is elim-
inated when the Hubbard relation is used. Employing
the usual reciprocal relation between 1\ and the various

contributions
UTi = UTisr + UTla 0

and eq 1, 2, and 3, the following expression for Tiais
obtained

Th2-  +1=0 (5)
Ail
where
1672 (CI)2
X = W2 Ao)2

135 h2
The values of Axr and C for CS2 were calculated by
referencing to the known rotation constant and shield-
ing anisotropy in the CO molecule6 via the method
suggested by Flygare.7-9 The estimated values for

(5) P.S. Hubbard, Phys. Rev., 131,1155 (1963).

(6) 1. Ozier, L. M. Crapo, and N. F. Ramsey, J. Chem. Phys., 49,
2314 (1968).

(7) W. H. Flygare, ibid., 41,793 (1964).
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Table'll: Carbon-13 Relaxation Data for Some Halomethanes
Low field (14.1 kg)" — High field (23.5 kg).
Compound Tx sec v Tid, sec Ti, sec v Tid, pec
CH®Br 8.5% 0.6 0.30 * 0.03 56 + 5 116 1.8 0.43 = 0.06 s4 £ 5
ch3 1.1 % 0.4 0.42 £ 0.05 52+ 5 128 £ 0.6 0.51 0.04 50 = 5
CHX12 18.0% 1.3 1.07 £ 0.07 32 + 3 16.6 + 1.5 1.00 = 0.10 33 3
CH®Br2 4.1 0.4 0.36 + 0.08 22+ 4 5.9 £ 0.6 0.50 + 0.09 24 £ 4
CH22 .9t 0,5 155 + 0.12 5+ 2 4.3 £ 0.9 1.60 db 0.16 5% 2
CHClIs 23.8 + 1.8 1.47 + 0.11 32 % 4 240 = 1.5 1.53 + 0.30 31+ 6
CHBr3 2.0% 0,3 0.30 + 0.05 13 £ 3 22+ 0.6 0.33 = 0.08 13 + 4
CS2using this approximate method are C - 2.07 kHz than experimental error is observed for CH3. The

and Aa —430 ppm. Equation 5 was solved qua-
dratically for Tu at each T, value and the value of
2isr deduced from the reciprocal relation given in eq 4.
The respective values are also reported in Table I.
The plus root was used from the quadratic expression
to determine Tu as the minus root predicted a phys-
ically untenable temperature dependence for Tla
Also plotted in Figure 1 is the temperature depen-
dence of the calculated shift-anisotropy and spin-
rotation contributions. These plots roughly have a
linear dependence on reciprocal temperature with an
activation parameter of 1.2- 1.3 kcal for both processes,
which is in good agreement with the value of 1.4 kcal
predicted from microviscosity theoryD using temper-
ature-dependent viscosity and density data for CS2
This result tends to substantiate the use of a diffusion
equation to describe the molecular reorientation in
CS2 Finally these results point out that even at
180°K the anisotropy mechanism constitutes only 30%
of the total relaxation rate in CS2 Hence the anisot-
ropy mechanism while definitely demonstrable in CS2
still assumes a minor role in the relaxation process at
235 kG.u

B. Scalar Coupling. The possibility of scalar-
coupling contributions to C-13 spin-lattice relaxation
times has been examined by considering several mem-
bers of the halomethanes. Since the chlorine, bromine,
and iodine nuclei are subject to relaxation by a fast
quadrupolar mechanism, the carbon in the respective
halomethanes may relax through a scalar interaction
of the second kind, as defined by Abragam.2 The
halomethanes are also subject to C-H and C-X dipole-
dipole and spin-rotation relaxation processes which
could also affect T\

To demonstrate the existence of the scalar-coupling
mechanism, the Ti's of seven members of the halo-
methane series were determined at 14.1 and 23.5 kG
under proton-decoupled conditions by adiabatic rapid
passage (ARP). The TVs of *he degassed samples
were determined at 311°K. The relaxation results
including nuclear Overhauser enhancement factors are
reported in Table Il. These data indicate that only
the bromomethanes show a measurable field depen-
dence, while a small field effect only slightly greater

trend to longer relaxation times at higher fields is con-
sistent with the inverse-field dependence of the scalar-
coupling process which is given in the following equa-
tion

TS = | o/ B(S + 1) Tie

1+ (Aco)ZrW (6)

where J is the scalar-coupling constant, Aw the differ-
ence in resonance frequency of the two-coupled spins,
S the spin quantum number of the quadrupolar nu-
cleus, and Tiq the corresponding spin-lattice relaxation
time. If the denominator in eq 6 is such that (Aco)2
Tig2» 1 then the mechanism will have a quadratic
field dependence; if the two terms are comparable the
field dependence of T\ will be somewhat less than
quadratic; and if (Aw)2Tig2 <C 1, the field dependence
will be negligible over the usual field strengths em-
ployed in nmr spectroscopy and thus it is possible for
Ti to have no field dependence even though the scalar-
coupling relaxation mechanism operates.

To determine whether scalar coupling is significant
in the TVs showing no field dependence and to calcu-
late the magnitude of the scalar contribution in the
bromine compounds, eq 6 is used to estimate Tis.
This requires reasonable values for J and Tig, quan-
tities not readily available for the majority of com-
pounds studied here. Jc-x may be estimated from
the relation

Jc-x —
7

@)

Je- h
h

where Jam is the knownl1315 carbon-hydrogen cou-

(8) W. H. Flygare and J. Goodisman, J. Chem. Phys., 49, 3122 (1968).
(9) C. Deverell, Mol. Phys., 18, 319 (1970).
(10) K. T. Gillen and J. H. Noggle, J. Chem. Phys., 53, 801 (1970).

(11) This conclusion is consistent with results reported at the “ 12th
Experimental NMR Conference” at Gainesville, Fla., Feb 18-20,
1971, by H. W. Spiess. Evidence from CS2 relaxation studies at
15, 30, and 62 MHz indicated small anisotropy relaxation contribu-
tions at the two lower fields while major contributions were found at
62 MHz.

(12) A. Abragam, “The Principles of Nuclear Magnetism,” Oxford
University Press, London, 1961, Chapter VIII.

(13) N. Muller and D. E. Pritchard, J. Chem. Phys., 31, 1471 (1959).
(14) E. R. Malinowsky, J. Amer. Chem. Soc., 83,4479 (1961).

(15) G. S. Reddy and J. H. Goldstein, J. Chem. Phys., 38, 2736
(1963).
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pling constant for a particular member of the halo-
methane series. An approximate value for Tig may
be calculated from the relation2

1/Tiq 1 25+ 3 (8)
40 SK2S - 1)

where eX)g/h is the quadrupolar coupling constant and
t0 the molecular reorientation time. Microviscosity
and density datald1617 were used to estimate rc for the
highly anisotropic CH3r and CH3 molecules. In
evaluating Tiq for the remaining molecules, the value
of to was determined from the proton carbon-13 di-
polar relaxation times, Tm- This requires the sep-
aration of Tid from Ti via the relation1-3

Ti th
25 To (9)

where yn/yc is the ratio of magnetogyric ratios and
fi is the nuclear Overhauser enhancement factor. Val-
ues of Tm are given in Table Il, along with the ex-
perimental values for Ti and § at two different field
strengths. It is worth noting that Tm for each mol-
ecule at both field strengths exhibits within experi-
mental error the expected field invariance. These
values of Tm were then used to evaluate <o via the
standard expression12

Y h2Yc2tc2
(10)

Tm remé6

where the sum is over all directly bound protons.
These various estimates for o and quadrupolar cou-
plings along with the ensuing values for Tiq are given
in Table I1l. The values of Tiw calculated with eq 6
from the estimated J's and Tiq’'s, outlined above, are
also reported in Table II1I.

The predicted Tig values for both isotopes of bro-
mine (79 and 81) and of chlorine (35 and 37) are given
in Table 11l as they are of comparable abundance in
both cases. Strictly considered, the decay patterns of
isotopic mixtures will be characterized by linear com-
binations of exponential terms with different relaxa-
tion constants, but since experimental deviations from
simple exponential relationship were negligible, the
data were treated with a single “effective” Tt. A more
detailed study -with isotopically pure species is required
for a specific study of isotopic effects. Even so, the
estimates given in Table 111 discriminate between the
various isotopic species, and it is observed that the
predicted Tis values indicate that the 7Br isotope
contributes significantly to the carbon relaxation pro-
cess through scalar coupling. Furthermore, the pre-
dicted field dependence of Ti® indicates a dependence
much less than quadratic as (Aw)ZTig2 is not greater
than one in the three bromo compounds. The high
efficiency of Tlsc in bromo compounds arises from the
relatively small Aw. The 1 resonance frequency is
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Table I11: Predicted Values of Tlscat 14.1 and 23.5 kG
for Some Halomethaneso
T X Tig X
10+12, emq/h.c 10+, TV, Tisc233
Compound sec MHz sec sec sec
CHa7Br 0.87 553 9.4 8.3 9.7
CH®&Br 462 13.5 476 1326
CH,I1 1.1 1850 2.8 518 1440
CHzCl2 0.64 72 707 3.2 X 106 14 X 106
CHzC12 57 1230 6.5 X 10« 27 X 106
CHzoBr2 0.84 586 8.8 3.1 3.6
CH=1Br2 490 12.6 157 435
CHal2 3.7 1993 0.72 36 78
CH3=Cl3 1.2 79 339d 0.9 X 106 2.5 X 106
CH3rCl3 62 560 1.9 X 106 5.0 X 10«
CH7Br3 2.8 629 2.3 5.3 5.5
CHgiBr3 523 3.3 24 61

“Values are given only for the isotopically pure species. The
scalar-coupling relaxation times for the mixed species such as
CH2zreBr8Br may be obtained from the approximate average of
the reciprocal times recorded for the isotopically pure com-
pounds. 6These correlation times are calculated from eq 10
using the Tm values given in Table 11 except for the very aniso-
tropic CH®3Br and CHal. In these latter two cases t« was taken
from microviscosity and density data (see ref 10). As the 7'id
values are for normally occurring isotopic compositions, the cor-
responding Tc values, therefore, will be isotopically weighted
averages. While the various isotopic species of each compound
will have slightly different moments of inertia and, therefore,
different rotational diffusion constants, this variation should be
negligible compared with the other errors encountered in this
calculation. cAverage value of gas and solid data taken from
Y. Saito, Can. J. Chem,, 43, 2430 (1965), and B. P. Dailey, J.
Chem. Phys., 33, 1641 (1960). dThis estimated value for Piq
in the liquid state compares favorably with the 350 X 10+8 sec
value obtained by W. T. Huntress, Jr., J. Phys. Chem,, 73, 103
(1969). This agreement lends support to the process of esti-
mating the quadrupole couplings and correlation times.

15.087 MHz, and the 7Br value is 15.023 MHz. In
the other compounds and in general for most scalar
couplings with quadrupolar nuclei Aw is much larger,
leading to a low efficiency in the scalar-coupling mech-
anism for Ti. Thus, the carbon-13-bromine pair of
nuclei are rather unique because of the close proximity
of their resonance frequencies.’8

(16) E. Hatscheck,
Princeton, N. J., 1928.

(17) '*Viscosity and Density Data from International Critical Tables,"
McGraw-Hill, New York, N. Y., 1933.

(18) Because of the second term in /TW = */4ir225(S + 1) [(Tial
1+ (AW)2riq2 -f- Tiq], TZCtimes of spin I/2 nuclei are generally
very efficient when coupled with a quadrupole nucleus. However,
it is to be noted that Tisc = T&C whenever (Ao>)2Tiq2 « 1. As
(Aw)2Tig2 « 0.1 for 7Br in this study one may expect Tisc ~ TZXC
R. Freeman and H. Hill (preprint of talk given at the 5th Confer-
ence on Molecular Spectroscopy, Brighton, England, Sept 22, 1971)
have observed this general equivalence of Ti and T2along with the
significant shortening of Ti for the carbon attached to bromine in
2>-bromobenzonitrile. We are very appreciative for this prepublica-
tion information and valuable discussions with Dr. Freeman re-
garding this important point which corroborates the dominance of
the scalar-coupling mechanism for carbons attached to bromine
atoms.

“The Viscosity of Liquids,” Van Nostrand,
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The theoretical estimates of Tl for CH3 and CPIA2
indicate that for these species the scalar coupling could
account for 3 and 10% of the respective overall Ti
values. Thus, some of the shortening in CH22 may
be attributable to this mechanism even though the
experimental errors do mask the effect. However,
in the instance of CH3, the 1.7 sec lengthening in Ti
at high fields cannot be completely ascribed to the
field dependence of the scalar-coupling mechanism and
may reflect an unfavorable combination of errors.
The error-free values probably are much closer to-
gether.

Also of importance in this study are the trends ob-
served in the C-H dipolar relaxation times. These
values are consistent with the structural features such
as the reduction of 1/7% in CH:Br and CH3 due to
the facility of motion about the C3axis. The effect of
increased moments of inertia and/or viscosity in going
from CH2C12 to CHA2 and continuing in CHC13 and
CHBr3 is also reflected in the 7% values as these
changes should result in longer correlation times and
more efficient dipolar relaxation rates. The normal
7'm values found for the bromomethanes when the
overall I/Ti rates are so unusually high provides con-
firmatory evidence that some other relaxation mech-
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anism operates in the bromomethanes. As the spin-
rotation contributions in the bromomethanes should
be intermediate between the chloro and iodo species in
the respective CH4X n compounds, one may rule out
the possibility of the spin-rotation mechanism pro-
ducing the very efficient T\ process required in the
bromomethanes. Bromine-carbon-13 dipolar relaxa-
tion of the carbon-13 nucleus is not dominant due to
the rather large C-Br bond distance which is raised to
the inverse sixth power even though the magnetic mo-
ment is one of the largest comparing favorably with
that of the proton.

The above arguments, although in some instances
qualitative, do provide substantial support for the
scalar-coupling mechanism as the dominant relaxation
mechanism for carbons bound to bromine. A small
effect from this mechanism may be present in some
iodine compounds, but chlorine is not expected to
affect Th Further investigations are being carried
out on other C-Br systems and a more quantitative
evaluation considering the two Br isotopes is to be
conducted.
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The proton chemical shifts of polar solutes in a variety of solvents are reported. Various factors which con-

tribute to the solvent effect are discussed.

dielectric constant which makes this contribution vanish in the case of nonpolar solvents.

It is found that the reaction-field contribution involves an effective

When the solute

molecule and solvent molecules possess permanent dipoles a dipole-dipole effect is observed. The nature of

this effect is discussed.

Introduction

Recently, the technique of factor analysis has been
applied to the problem of solvent effects in nuclear
magnetic resonance of both polar2 and nonpolar3ab
solutes. By means of factor analysis the proposition
of Buckingham, Schaefer, and Schneider,4 that the
chemical shift of a solute can be expressed as a linear

sum of factors, was shown to be valid. Factor analysis
also indicated that three factors were sufficient to span
the solvent effect space concerning the chemical shifts

(1) Based, in part, on a thesis submitted by P. H. Weiner to Stevens
Institute in partial fulfillment for aPh.D. degree.

(2) P. H. Weiner, E. R. Malinowski, and A. R. Levinstone, J. Phys.
Chem., 74, 4537 (1970).
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Table I: Chemical Shifts (Corrected for Bulk Susceptibility) of Substituted Methane Solutes, Relative to External HMD*
-Solvent - Gasc
Solutes CHsON Gda  CHAU cch (057} GBa CH CHlz (CH3aO (GO phase
CHsCN 1194 1166 1219 1204 1258 1295 1382 128.36 1486 113.36 128.66 86 .4«
CHzCI 1834 179.0 1821 181.8 187.6 189.0 1950 186.0 206.1 173.0 188.6 154.0«
CHxC12 328.7 3184 319.3 320.1 3249 3280 3327 3279 343.3 327.8 349.2 289.0«
CHQs3 4575 4375 438.0 438.0 4435 4476 4505 4515 461.2 471.76 503.0 410.9«
CH®Br 162.2 1574 160.6 160.6 166.8 168.1 173.8 165.0 185.0 152.3 167.7 130.5«
CH=RBr2 307.0 296.2 2974 2984 303.9 307.1 3099 306.4 320.8 307.7b 329.(6 268.6«
CHBr3 4272 4114 4119 4122 4179 4194 4219 4220 430.7 442.6 466.7 390.5«
CHS 1322 1279 1315 1319 1395 139.1 1446 1364 155.5 122.3 136.2 102.04
CHa2l2 239.9 2322 2340 2352 243.1 2417 2455 240.9 254.8 238.7 244.96 214.6"
CHE 305.1 2944 296.4 297.7 3041 300.7 3034 3014 308.0 3134 319.8 285.4"
CHBICI 319.7 309.8 311.3 311.3 3174 320.7 3233 3202 3354 320.3 342.3 281.9d
CHBrCIn 4215 4331 434.1* 433.2 4389 4428 4439 4450 454.7 464.8 493.5
CHCICN 258.6 246.8 248.0 2472 2539 259.1 2639 260.7 277.6 265.0 286.7
“In Hz at 60 MHz. Positive shifts are downfield shifts from external hexamethyldisiloxane. 1Deuterated solvent. « Gas-phase

shifts are relative to external HMD.

JEstimated by factor analysis, Ph.D. Thesis, P. H. Weiner.

eT. Vladimiroff, Ph.D. Thesis,

Stevens Institute of Technology, Hoboken, N. J.; Diss. Abstr. B, 28 (8), 3248 (1968).

of polar solutes,2relative to internal tetramethylsilane.
The gas-phase shift of a solute was identified to be a
true measure of the shift of an unperturbed molecule.
For nonpolar solute shifts, relative to external hexa-
methyldisiloxane, the solvent anisotropic effect was
successfully separated from the van der Waals con-
tribution and quantitative values of solvent anisotropy
were determined for many common solvents.3a The
theoretical formulation for the van der Waals shift
proposed by Howard, Linder, and Emerson6 was re-
examined by factor analysis and was found to be a
reasonable approximation to the real situation.d

In the present paper we examine the effects of sol-
vent upon the proton shifts of polar solutes in light of
information gained from the factor-analysis studies2'3
of nonpolar solutes.

Experimental Section

Solutions were prepared by adding a trace of solute
to the solvent, thus approximating infinite dilution.
All chemical shifts were referenced with respect to
external hexamethyldisiloxane (HMD) and were cor-
rected for bulk susceptibility by the spinning coaxial
sample technique described in detail in the earlier work.6
Measurements were made at a probe temperature of
39 + 10. Experimental proton shift data for the polar
solutes in a variety of solvents are shown in Table I.
These shifts are accurate to within +1H z. A positive
value indicates a downfield shift from external HMD.

Discussion

The Buckingham, Schaefer, and Schneider equation4
for the chemical shift of solute i in solvent ais given as

5(i,<X) = (i) + tb(a) + ov(i,a) +
<H({i,9 + va@a) (1)
Here (i) is the gas-phase shift of solute i, ob(a) is the
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bulk susceptibility effect of solvent a, ow(i,a) is the van
der Waals interaction shift, <g(i,a) is the reaction-field
effect due to the presence of a dipolar group in the
solute, and oa(a) is a shift caused by the anisotropy of
the solvent. When corrected for bulk-magnetic effects
the shift becomes

@(i,a) = 5(i,a) — crb(@ = 5g(i) +
aia) + <i,a) + aaa) (2

Equation 2 can be rearranged to give the gas-to-solu-
tion shift, S(i,a).

S(i,a) = Hi,a) — 5q(i) =
awi,a) + <Kia) + aa) (3)
In our previous examination of the anisotropy term,3
we restricted our attention to nonpolar solutes. In
such cases the reaction field term ae(i,a) is negligible.
The solvent anisotropy of carbon tetrachloride is gen-
erally assumed to be zero because of molecular sym-
metry. Furthermore, the van der Waals term has
been shown3b6 to be a product function of solute and
solvent terms, aw(i,a) = <w(i) <w(a). Hence, from
eq 3 we deduce the following expression for the gas-to-
solution shift of a nonpolar solute

S(i,a) = - S(i,CCl4 + (T.(a) ()

For nonpolar solutes, a plot of /S(i,a) vs. AS(i,CCl4

(3) (@ P. H. Weiner and E. R. Malinowski, J. Phys. Chem., 75, 1207
(1971); (b) ibid., 75, 3160 (1971).

(4) A. D.Buckingham, T. S. Schaefer, and W. G. Schneider, J. Chem.
Phys., 32, 1227 (1960).

(5) B. B. Howard, B. Linder, and M. T. Emerson, ibid., 36, 485
(1962).

(6) E. R. Malinowski and P. H. Weiner, J. Amer. Chem. Soc., 92,
4193 (1970).
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should be linear, having a slope equal to the ratio of
van der Waals solvent terms and an intercept equal to
the anisotropy of solvent a. Such behavior has been
observed.&a

In order to extend the graphical analysis to include
polar solutes we first define a new quantity S*(i,a) in
the following way.

&*(i,a) = <i,a) — wi,a) = aw(i,a) + <a(a) (5)

If we subtract the reaction field term from the solute
gas-to-solution shift, then for polar solutes we obtain an
expression analogous to eq 4, namely

S*G,«) = K EEKS 4 Ket) (6)

For nonpolar solutes we notice that $(i,a) = S*(i,a).
Equation 6 represents a general expression which is
applicable to both polar and nonpolar solutes.

According to Buckingham, Schaefer, and Schneider,4
the reaction field shift is given by the equation

»,&«) SS a 0039 (7

Here, mis the dipole moment of the solute in the gas
phase, a is the solute molecular polarizability, 6 is the
angle between the solute dipole and the C-H bond con-
taining the proton in question, e is the static dielectric
constant, and ft is a bond parameter. Becconsall and
Hampson7 point out that, it is unreasonable to use the
static dielectric constant ineq 7 since the solute molecule
has rotational freedom. Instead, an effective dielectric
constant, e', should be used. Unfortunately, they
proposed a crude graphical procedure for estimating t'.
Gerhold and Miller,8 upon studying the temperature
dependence of the solvent Stark effect in electron absorp-
tion spectra, proposed the following equation which
gives a better estimate of the effective dielectric constant

e—1 n2—1 «
2e+ 2~ 2n2+ 2= (e+ 2)(2e+ 1) X

(2" + I)(e' - 1) [N

i7 (8)

Here n is the solvent index of refraction. Although
this model may not be totally applicable to the present
study, it should afford a more reasonable estimate of the
effective dielectric constant that should be used for
calculating the reaction field shift experienced by a
rotating polar solute molecule. Table Il contains the
observed dielectric constants of some common polar and
nonpolar solvents along with the calculated effective
dielectric constants determined from eq 8.

The reaction field formula written in terms of an
effective dielectric constantis

(9)
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Table Il:  Comparison of Dielectric Constants and
Effective Dielectric Constants Calculated by the
Method of Gerhold and Miller”

Effective dielectric

Dielectric constant,6 constants,

Solvent £ ¢
CHXN 37.5 29.9
chxi2 8.47 5.7
CHCls 4.8 3.3
CCu 2.234 1.06
CS2 2.635 1.01
CH®Br2 6.85 3.88
CHBr3 4.38 2.1
CHS 6.62 3.81
cha2 5.23 2.2
(CH3ZCO 20.7 15.3
(CH3Z0 4.6 32.4

“G. A. Gerhold and E. Miller, J. Phys. Chem., 72, 2737 (1968).
6 Dielectric constants taken from the “Handbook of Chemistry
and Physics.”

This equation predicts that the reaction field shift for
polar solutes in nonpolar solvents is negligibly small
since €' « 1for nonpolar solvents as seen in Table 1.
After using eq 9 to evaluate the reaction field term as
showm in Table 111, we calculated S* (i,a) and made the

Table I11: Reaction Field Contribution of Polar Solutes in
Acetone and Dimethyl Sulfoxide Solvents

o€ (i,- Cer (i,- Od(i,- <TEN(i,-

Solute acetone) DMSO) Solute acetone) DMSO)
CH3Cl -4.1 -4.8 CHBr3 -3.9 -4.3
CHC12 -4.8 -5.3 CH3 -3.0 -3.4
CHCls -4.4 -5.0 cha2 -3.3 -3.8
CHsBr -3.6 -4.1 chis3 -4.0 -4.7
CH=RBr2 -4.3 -4.9 ch%xn -7.9 -9.0

following plots: /S*(i,CS) vs. S*(i,CCl4; (S*(i,(CH32
CO) ws. S*(i,CCl«); and S*(i,(CH320) vs. S*(i,CH32
CO) (see Figures 1, 2, and 3). In Figure 1, S*(i,a) =
£(i,<x) since 9(i,a) ~ 0 for CS2 and CC14 Here we
see that the polar and nonpolar solutes behave identi-
cally as predicted by eq 6.

For A*(i,(CH32X0O) vs. <S*(i,CCl4 we find a dra-
matically different behavior. The first striking ob-
servation is that four straight lines can be drawn, one
connecting all nonpolar solute points and one connect-
ing all monodipolar solutes.  All four lines intersect at a
common point where the gas-to-solution shift in carbon
tetrachloride is zero. The slopes increase as the num-
ber of dipoles in the solute molecules increases. This
behavior is not unique to the acetone-carbon tetra-

(7) J. K. Becconsall and P. Hampson, Mol. Phys., 10, 21 (1965).
(8) G. A. Gerhold and E. Miller, J. Phys. Chem., 72, 2737 (1968).
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Figure 1. Gas-to-solution shifts, corrected for reaction field
effects, in carbon disulfide vs. the corresponding shifts in carbon
tetrachloride. Solutes: 1, CHICN; 2, CHxCL, 3, CH3Br;

4, CHal, 5 CHxXC1Z2 6, CHBrz 7, CHa2 8, CHC1S 9,
CHBr3; 10, CH13 11, CH<; 12, CHCH3, 13 C(CH34; 14,
C-CeHi2 15, Si(CHz3}

Figure 2. Gas-to-solution shifts, corrected for reaction field
effects, in acetone vs. the corresponding shifts in
carbon tetrachloride. (See Figure 1 for key.)

chloride system. The same behavior is observed when
S*(i,a) for acetonitrile and dimethyl sulfoxide solvents
are plotted against those in carbon tetrachloride. For
methyl iodide-carbon tetrachloride the polar solutes
deviate only slightly from the nonpolar solute line. In
all cases studied the common intersection point implies
that the solvent anisotropy effect is independent of the
polar nature of the solute (see eq 6). Systematic devia-
tions of the polar solutes from the nonpolar line indicate
that a new type of solute-solvent interaction is present
in acetone, dimethyl sulfoxide, and acetonitrile solvents
which does not seem to occur in carbon disulfide or
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Figure 3. Gas-to-solution shifts, corrected for reaction field
effects, in dimethylsulfoxide vs. the corresponding shifts in
acetone. (See Figure 1for key.)

carbon tetrachloride. This excess shift can be ex-
plained on the basis of dipole-dipole orientation during
collision. Conceivably the solute dipole aligns itself
with the solvent dipole so that the solute hydrogens
strike the x-electron rich region of the solvent molecule.
In solvents such as acetone, dimethyl sulfoxide, and
acetonitrile the m electrons lie along the dipole axis.
For the trihalogenated methane solutes the collision is
most likely to occur at the single hydrogen atom. For
disubstituted methanes the collision energy would be
shared equally between two hydrogens on the solute.
In monosubstituted methanes the three hydrogens
would share in the collision process. The shift could
be caused by a distortion of the electron cloud surround-
ing the hydrogen on the solute. The distortion would
be greatest when there is only one solute hydrogen
present as in the trisubstituted solutes.

Figure 3is a plot of iS*(i,(CH3 20) vs. the correspond-
ing shifts in acetone solvent. Both polar and nonpolar
solutes fall on the same line. This plot indicates that
the shape of the solvent molecule is quite important in
determining the magnitude of the excess polar solute
shifts. Acetone and dimethyl sulfoxide solvent are
structurally similar compounds. This observation
provides a clue in the theoretical development of sol-
vent effects upon polar solutes.

From these observations we recognize that an
additional effect is operative when both solute and
solvent molecules possess permanent dipole moments.
This effect is exceedingly enhanced when the polar
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solvent molecule contains irelectrons as in acetone and
dimethyl sulfoxide. To explain the graphical observa-
tions we contend that this dipole-dipole interaction
must be of the following form.

ad(i, on = <d(i)<rd(a) (10)

Concerning Figure 2 the vertical deviations from the
nonpolar line represent the contributions due to the di-
pole-dipole interactions. For a given class of solutes
(i . e mono-dipolar, di-dipolar or tri-dipolar) this di-
pole-dipole effect must be proportional to the solvent
part of the van der Waals term since linear lines can be
passed thru each class of solutes, the lines intersecting
at a common point where »S*(i,CCl4 equals zero. The
differences in slopes are accounted for by <d(i) which
must be a function of the number of dipoles in the solute
molecule as well as the geometrical shape.

The fact that all solute points lie on the same linear
line in the acetone-dimethyl sulfoxide plot (Figure 3)
also suggests that the solvent dipole term is propor-
tional to the solvent van der Waals term. That s

d(a) = Pda)awa) (11)
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where Pd(a) takes into consideration the shape of the
solvent molecule, its dipole moment, the 7r-electron
configuration, and other factors. For acetone and di-
methyl sulfoxide the probability term Pd(a) must be
nearly identical because of the similarities in geometrical
structure, in their 7r-electron distribution, and in the
location of the dipoles.

In conclusion, then, we propose that the solvent
effect on proton magnetic resonance of the molecules
studied here can be accounted for the by expression

5(i,a) = 5g(i) + aa(a) + erb(a) +

<w(i,a) + oy(i,a) + <rd (i,a)

Here <e<(i,a) is a modified reaction-field term, having
zero value for nonpolar solvents. The last term, cd
(i,a), accounts for the dipole-dipole interaction be-
tween the solute and solvent molecules. This term is
found to be proportional to the van der Waals term.
The exact nature of this term is not fully understood.
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The binding energies of the “2s” and “2p” orbitals of sulfur and the “2p” orbitals of phosphorus have been
measured for a series of covalent phosphorus compounds in which a sulfur atom substitutes for an oxygen either
as an electron-pair acceptor for the phosphorus (i.e., in the “isolated” position) or as a bridge between two phos-

phorus atoms.

For this series of compounds, the measured sulfur inner-orbital binding energies are higher by
about 1 eV for the P-S-P linkage than for the P=S arrangement.

The position of the sulfur in the molecule

has a smaller effect on the phosphorus “2p” binding energy. Comparison of these results with similar data on
related compounds shows that the findings cannot be simply related from one series of compounds to another.

Some new 3P nmr data are also presented.

I. Introduction

Because the chemistry of compounds involving a sul-
fur bonded to phosphorus still poses many unresolved
problems concerning whether or not the sulfur is in a
bridging position between the phosphorus and another
atom (thiolo) or is in an isolated position (thiono) on the

phosphorus,4 we thought that the relatively new tech-
nique of inner-orbital photoelectron spectroscopy5

(1) On leave of absence for 1970 from the Polish Academy of Sci-
ences, Lodz.

(2) Postdoctoral Fellow 1970-1971.
(3) To whom reprint requests should be addressed.
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might be a fruitful one for study of this topic.
Although a considerable amount of data has resulted
from sulfur inner-orbital photoelectron spectroscopy of
sulfur compounds56 and there is also some information
on the binding energies of phosphorus inner orbitals of
phosphorus-sulfur compounds,78 the possibility of
characterizing a sulfur atom as thiono or thiolo has not
previously been investigated by this technique.

Emphasis in this study has been on the derivatives of
5,5-dimethyl-1, 3-dioxaphosphorinanyl, since these com-
pounds are high-melting solids having low vapor pres-
sures, and their structures seem to be reasonably well
demonstrated by the chemical reactions whereby they
were obtained (see the pertinent references in the
Experimental Section), as well as by infrared and
proton nuclear magnetic resonance (nmr) data.9-12
These compounds have the following structures

N T

|
aX=Y=2=0 aX=2=0
b X=S8;Yy =Z2=0 bX =8 2=0
c, X=Z2=S8S;Y =0
dX=2Z=0;Y =5
e X=Y=S52=0

Il. Experimental Section

Photoelectron Spectroscopy. The photoelectron spec-
trometer used in this study with magnesium and
aluminum X-ray sources has been previously de-
scribed.13 The spectra were calibrated using the carbon
“1s” binding energy and the experimental energy reso-
lution was 0.17%. All of the carbon “Is” lines for
compounds la to le, Ha, and lib of Table I showed
partially resolved line structures in which there was
a main peak about twice as high as an overlapped
secondary peak, the latter exhibiting a binding energy
about 2.1 eV higher than the main peak. Since this
main peak was the only one to grow with increasing
time (due to buildup of “pump oil” 4 on the sample),
it was assumed that this peak would exhibit a binding
energy of 285.0 eV, which is the accepted value for the
carbon “Is” line of aromatic and aliphatic hydrocar-
bons.’5 For compounds V and VI of Table I, the
carbon reference peak was arbitrarily assigned the
same binding energy of 285.0 eV, and this was also
done for the compounds VII through IX, where the
carbon was presumed to be attributable to residual
carbon vapor.

Peak widths at half-height were measured for the
observed lines to adjudge whether or not a given line
might consist of two coalesced peaks. Unfortunately
the entire set of measurements were made over a 6-
month period so that the settings of the slit defining
the electron beam were, because of mechanical difficul-
ties, not always identical. Therefore the observed
line widths have only qualitative meaning. Both
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magnesium and aluminum were employed as anodes
in the X-ray source and each anode was used for every
compound to assure that the peak-width measure-
ments were not affected by the presence of a foreign
line, such as an Auger peak. Note that the 1P used
for the aluminum anode was 116.780 and for the mag-
nesium anode 104.500 G-cm.®6

Nuclear Magnetic Resonance Spectroscopy. The 3P
nmr studies were carried out on a Varian XL-100-15
spectrometer, with the sample being contained in a
5-mm tube centered in a 12-mm tube. The annular
space between the tubes was filled with deuterio-
chloroform to maintain a heteronuclear lock on the
deuterium nucleus, plus a small amount of triphenyl
phosphite as an “external” 3P reference for the sample.
All measurements were converted into 85% phosphoric
acid as the reference standard (with positive shifts
being upfield), on the basis that the shift of triphenyl
phosphite under the conditions of measurement is
180.1 ppm downfield from H3P 04

(4) For example, see D. E. C. Corbridge, “Topics in Phosphorus
Chemistry,” Vol. 3, M. Grayson and E. J. Griffith, Ed., Intersci-
ence, New York, N. Y., 1966, p 309. Also see E. Fluck, “Topics in
Phosphorus Chemistry,” Vol. 4, M. Grayson and E. J. Griffith, Ed.,
Interscience, New York, N. Y., 1967, p 370.

(5) K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Ham-
rin, J. Hedman, G. Johansson, T. Bergmark, S. E. Karlsson, I. Lind-
gren, and B. Lindberg, Nova Acta Regiae Soc. Sci. Upsal., [4] 20, 1
(1967).

(6) J. Hedman, P. F. Heden, R. Nordberg, C. Nordling, and B. J.
Lindberg, Spectrochim. Acta, Part A, 26, 761 (1970).

(7) W. E. Morgan, W. J. Stec, R. G. Albridge, and J. R. Van Wazer,
Inorg. Chem., 10, 926 (1971).

(8) M. Pelavin, D. N. Hendrickson, J. M. Hollander, and W. L.
Jolly, J. Phys. Chem., 74, 1116 (1970).

(9) For compounds la, Ib, Ic, and le, see K. D. Bartle, R. S. Ed-
mundson, and D. W. Jones, Tetrahedron, 23, 1701 (1967).

(10) For compounds Ib and Id, see A. R. Katritzky, M. R. Nesbit,
J. Michalski, A. Zwierzak, and Z. Tulimowski, J. Chem. Soc. B, 140
(1970).

(11) For compound lib, see R. K. Harris, J. R. Wolpin, and W. J.
Stec, Chem. Commun., 1391 (1970).

(12) Additionally, the structures of compounds Ila and lib have
been fully proven by X-ray analysis, see Z. Gatdecki and J. Wojcie-
chowska, paper submitted for publication.

(13) A. Fahlman, R. G. Albridge, R. Nordberg, and W. M. LaCasse,
Rev. Sci. Instrum., 41, 596 (1970); R. Nordberg, H. Brecht, R. G.
Albridge, A. Fahlman, and J. R. Van Wazer, Inorg. Chem., 9, 2469
(1970).

(14) Since our spectrometer uses a turbo-molecular pump instead
of an oil pump, this commonly used phrase is a misnomer. Also,
silicone O-rings and silicone greases are used throughout the spec-
trometer so that one might imagine that the “pump oil” line might
be attributable to the carbon of dimethylsiloxanes, which does not
exhibit a “1s” binding energy of 285.0 eV. However, a study using
magnesium fluoride as the substrate for the “pump oil” showed the
usual buildup of the carbon “Is” line but no evidence for the con-
comitant appearance of any silicon lines even after 12 hr. Thus,
we believe that the residual carbon appearing in our spectrometer is
due to stray organic vapor (perhaps volatiles coming from the ad-
hesives on the Scotch tape) which has a sufficient number of methyl
and methylene groups (as well as aromatic groups having only one or
two noncarbon substituents per ring) so that the value of 285.0 eV
is applicable for its “ Is” binding energy.

(15) TJ. Gelius, P. F. Hed6n, J. Hedman, B. J. Lindberg, R. Manne*
R. Nordberg, C. Nordling, and K. Siegbahn, Phys. Scripta, 2, 70
(1970).

(16) K. Siegbahn in “Beta and Gamma Ray Spectroscopy,” Vol. I,
K. Siegbahn, Ed., North-Holland Publishing Co., Amsterdam, 1965,
Chapter I11.
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Table I: Observed Inner-Orbital Electronic Binding Energies of Phosphorus and Sulfur
mBinding energies, eV-
Phosphorus e Sulfur
Compd Structure “2p” 28" “2p”
o
la -)< oi o > 134.3
Ib X,_Ss « 0O tf/N 1342 + 0.2 227.2 162.7 + 0.2
Ic 1343 + 0.2 2271 6+ 0.
NG ko0
Id 1339 + 0.2 228.0 163.8 + 0.2
le 1339+ 0.2 227.3 163.2 + 0.3°
H .
a >SCm O< 133.4
lib 1335+ 0.1 162.7 + 0.1
X >s0 <
11 > T + 1334+ 0.2 1620 + 0.2
Joy o)
v (CH®D)PO-Na+ 1343 + 0.1 163.2 + 0.1
S
Vv csd” Na+ 1625 + 0.4
Vv
0
Vi CH.C 161.8 = 0.3
Xs—Ag
VI P4S3 1349 = 0.1 163.1 + 0.4
VIII P4So 1345 + 0.3 1634 + 0.1
IX 53 2279 + 0.1 1639 + 0.1

° Graphical resolution of this wide peak led to two peaks exhibiting binding energies of 163.6 and 162.3 eV.

Sample Preparation. All of the compounds used in
this study were fully crystalline materials which
(except for the salts) had been recrystallized at least
once. Each sample was prepared by grinding a batch
of crystals in a small vibrating ball-mill. The resulting
powder was dusted onto a piece of Scotch-brand per-
manent-mending tape which was then tapped several
times; more powder was sprinkled on, followed by a
final tapping to affix the powder so that none of the
underlying Scotch tape would be exposed to the X-ray
beam. At least three replicates from start to finish
were run for each sample in Table I, where the observed
standard deviations between repeated measurements
are shown. The 5,5-dimethyl-1,3-dioxaphosphorin-
anyl derivatives were synthesized according to the
methods given in the literature. These include a
preparationXfor la, Ic, and Ill; another Bfor Ib, and
one for 1d.19 Compounds Ha and b were made accord-
ing to another reference.® Compounds V and VI were
prepared by appropriate neutralization of commercially

available thioacetic acid. The P43 was a commercial
sample; whereas the P41 and S8 were recrystallized
from commercial samples.

I1l. Results and Discussion

Inner-Orbital Binding Energies. The experimentally
determined inner-orbital-electron binding energies of
phosphorus and sulfur are reported in Table | for the
compounds studied herein. It should first be noted
that the difference between the highest and the lowest
reported “2p” binding energy is 1.5 eV for phosphorus
and 2.1 eV for sulfur. Thus, we are dealing with small
changes that lie within the width at half-height (ranging
from 2.5 to 4.0 eV) of any of the peaks. The presence
of two different kinds of phosphorus or two different

(17) R. S. Edmundson, Tetrahedron, 21, 2379 (1965).
(18) R. S. Edmundson, Chem. Ind. {London), 784 (1963).

(19) J. Michalski, M. Mikolajczyk, B. Mlotkowska, and A. Zwierzak,
Angew. Chem., Int. Ed., 6, 1079 (1967).

(20) W. Stec and A. Zwierzak, Can. J. Chem., 45, 2513 (1967).
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kinds of sulfur atoms in a molecule generally resulted
in a widening of the respective spectral peaks, with no
evidence of separation into two peaks.

The phosphorus “2p” data on compounds la through
e demonstrate that substitution of a bridging oxygen
atom by a sulfur reduces the “2p” binding energy of the
phosphorus by ca. 0.5 eV, whereas, for a similar sub-
stitution in the isolated position on the phosphorus,
the change in binding energy is inappreciable (< 0.1
eV). Likewise the thiolo sulfur exhibits a binding
energy which is ca. 1 eV higher than the thiono.
Clearly, the difference between thiono and thiolo shows
up more distinctly in the sulfur rather than the phos-
phorus “2p” binding energy. Note that, in conformity
with previous experience, the changes in the sulfur
“2s” binding energies reasonably parallel those in the
sulfur “2p” binding energies.

Because compounds Ib, le, and lib contain phos-
phorus in two chemically different positions and com-
pound le has two distinguishable sulfur atoms, it
should be expected that the respective “2p” peaks
would be unusually vide. This was not found to be
the case for the phosphorus in compounds Ib, le, and
lib but was observed for the sulfur in compound le.
Further, an equimolar mixture of compounds Ib and
d was run several times, and the results were compared
with the binding-energy spectrum of compound le.
Both the phosphorus and sulfur “2p” peaks of the
mixture were unusually wide (with the sulfur peak
being about as broad as that observed for compound
le), and the sulfur “2p” binding energy was 163.2 %+
0.3 eV and the phosphorus 133.9 + 0.2 eV. Graphical
resolution of the broad sulfur “2p” peaks of the mix-
ture and of compound le indicated that the thiolo and
thiono binding energies differ by ca. 1 eV—the same
value which was obtained from separate peak measure-
ments on compounds Ib or Ic vs. Id.

For compounds Ha and b, it is again seen that the
substitution of sulfur for oxygen in the isolated position
has no appreciable effect on the phosphorus “2p” bind-
ing energy. Further, the sulfur “2p” binding energy of
the thiono sulfur is the same whether the adjacent phos-
phorus is bonded to another phosphorus atom (com-
pound lib) or is connected to that phosphorus through
an oxygen bridge (compounds Ib and c¢). Compound
111 exhibits a phosphorus “2p” binding energy which
is ca. 1 eV smaller than that of compound Ic, indicating
that converting from a bridging to a negatively charged
oxygen in the structure leads to reduction in the posi-
tive charge5 on the phosphorus atom. This is also
accompanied by a change in the same direction,
although smaller, in the charge borne by the thiono
sulfur.

The observed differences in measured binding energies
between compounds 111 and IV are difficult to interpret
since they may be attributable in some part to small
differences in the carbon “Is” reference peak.2L This
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also applies to a direct comparison of the data of com-
pounds V and VI with the other binding energies
shown in Table I. However, it is important to note
that the sulfur “2p” energy of compound V is larger
than that of compound VI; whereas that of compound
Ib is smaller than that of compound Id. If we accept
the common view that the silver atoms of silver thio-
acetate will be bonded to the sulfur atoms, whereas the
sodium atoms of sodium thioacetate will be ionized to
leave a preponderance of negative charge on the oxy-
gens, the data of Table | suggest that a sulfur atom
bridging between a carbon and a silver atom has a
different binding energy than a sulfur bridging between
two phosphorus atoms. This corresponds to a greater
electron-withdrawing effect on the sulfur by the phos-
phorus atoms in compound Id or e than by the silver
and carbon atoms in compound V1.

Compounds VII through IX are included in Table |
for reference purposes. Since the carbon peak observed
for these structures is surely attributable to residual
carbon, the reported binding energies may not be
directly comparable to those of the other structures,
owing to small differences in the absolute value of the
binding energy corresponding to the center of the
carbon “Is” peak. However, it is interesting to note
that the reported “2p” binding energies for the sulfur
bridging between two phosphorus atoms in compound
Id and for the sulfur bridging between two sulfur
atoms in S8 (compound 1X) are close to each other,
although these values are 0.8 eV higher than the
reported sulfur “2p” binding energy for P453 (compound
VII) in which each sulfur atom bridges between two
phosphorus atoms.

nP Chemical Shifts. The nuclear magnetic reso-
nance spectroscopy results on compounds la through e
and for Ha and b are given in Table Il from which it
can be seen that the 3P chemical shift of the phos-
phorus bearing the phosphoryl oxygen lies in an entirely
different region of the spectrum (—10 to —25 ppm)
than that of the phosphorus bearing the thiono sulfur
(—65 to —40 ppm). It is obvious from the data of
Table Il that nuclear magnetic resonance spectroscopy
is a much more powerful tool for differentiating between
these various structures than is inner-orbital photo-
electron spectroscopy. By analogy to known com-
pounds, the values of the chemical shifts shown in
Table Il can be roughly predicted. Thus, from the
shifts of +1, —26, —68, —95, and +9 ppm of OP-
(OR),, OP(OR)ZSR), SP(OR)3 SP(OR)2(SR), and

/0—\
OP(OR)

X o0—/
literature,2we would estimate the following shifts for

where R = CH5 obtained from the

(21) The carbon bonded to an oxygen will exhibit a different bind-
ing energy (ca. 287 eV) than the other carbon atoms in a purely hy-
drocarbon environment (285 eV). Thus, the average peak position
may vary depending on the ratio of carbon to oxygen atoms in the
alkoxyl groupings.
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the compounds shown in Table I'l: la, + 10;1b, +10,
—59; Id, —17; and le, —17, —86 ppm. Note that
these estimated values (which are systematically low
by about 10 ppm) are based on the assumption that
the effect of the C-O-P linkage on the 3P chemical
shift of the phosphorus would not be much different
than that of aP-O-P linkage.

Table Il: 3P Nmr Data Taken on Saturated
Solutions in Deuteriochloroform

Chemical shifts,8ppm Coupling constants, Hz

Compd°® sOP sSSP JHCOP JPP
la 21.5 16
Ibc 21.9 -43.6
Id -6.0 26
le -6.0 -64.5
Ila 1.7 12
lib 5.5 -58.9 20 (0) 491
18 (S)

“ Because of very low solubilities in CHC13 CDCI3 CeHg
[(CH3)2N]2CO, and CF3COOH, no measurements were made on
compound Ic. bReferenced to 85% H3P04 with positive shifts
being upheld. ' Edmundsonis has reported shifts corresponding
to +22.5 and —45.5 ppm, withy ncop = 28 Hz.

Since the variations in the inner-orbital binding
energies are primarily sensitive6to the diagonal terms
corresponding to the chosen atom in the charge-bond
order matrix2while the nmr chemical shift of a nucleus
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such as phosphorus depends mainly on the p and d
contributions (including cross terms) to this matrix,2
these properties exhibit quite different dependencies
on the molecular wave function. Therefore, although
we have interrelated these properties in another paper7
(via a calculation of atomic charges), it does not seem
profitable to do this again for the data given in Tables
I and II.

IV. Conclusions

The results reported herein are disappointing in that
the differences in inner-orbital binding energies from
one compound to another are small relative to the
precision of the measurements. However, the reported
data do indicate experimentally that the switching of a
sulfur atom from the thicno to the thiolo position has a
small electron-donating effect on the phosphorus atom,
coupled with electron removal from the sulfur. The
major value of inner orbital photoelectron spectroscopy
lies in the fact that there is a reasonably good correlation
between the measured binding energy and the atomic
charge.5 Thus the method, although crude and inher-
ently not capable of a large increase in precision,
furnishes unique data of chemical interest and hence
serves as a qualitative check on theoretical predictions
as to charge assignments in molecules.
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Absorption, excitation, and emission spectra of europium have been measured in metaphosphate glasses. The
oscillator strengths of the transitions of the F0and i levels are calculated and compared with the values for
aqueous solutions.  The intensities and half-bandwidths of fluorescence from the 5Do levels are compared with
those of silicate glasses and aqueous solutions. The influence of the crystal fields of the glass on the hyper-
sensitive as = 2 transition is discussed. The point symmetry of Eu in phosphate glass was found to be C».
The broadening of the spectral lines in glasses and aqueous solutions has been attributed to a multiplicity of

siteswith the same symmetry and various crystal field parameters.

Introduction

The objectives of this work were (1) to study the in-
fluence of the glass host on the transition probabilities
of Eu3+and (2) to compare the broadening of the euro-
pium fluorescence in glasses with the broadening in
aqueous systems.

The characteristics of glasses with rare earth ions as
the fluorescent center are of particular interest since
these species are used as laser amplifiers and oscillators.
A systematic study of the luminescent characteristics of
glasses containing rare earths was done in this labora-
tory. 1-8

There has been considerable spectroscopic investiga-
tion involving europium activated phosphors for several
reasons. The phosphors are of practical use in color
television and more information about crystal levels
can be obtained for even-electron systems than those
with odd-electron systems. Rice and DeShazer9 have
used the fluorescence of europium as an indicator of
site symmetry of rare earth ions in glasses.

The quantum efficiencies of the fluorescence of the
D O0level of europium in liquid solvents was studied by
Dawson and Kropp®Dand Haas and Stein. 11 In a later
work we will discuss the quantum efficiencies and non-
radiative energy dissipations of europium in various
glass matrices.

Spectral Intensities: Theory

The ground level electronic configuration of tri-
valent europium is f& Transitions within the f shell
are responsible for the crystal spectra. Transitions are
forbidden in a free ion by the parity rule for electric di-
pole transitions. In a crystal or glass, forced electric
transitions become allowed as a consequence of coupling
of odd electronic wave functions due to the odd parity
terms in the crystal field expansion. Considering the
static field approximation in the theory developed by
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Ofeltl2 and Judd,13 the contribution of the odd parity
part of the crystal field is calculated by mixing states
of different parity.

Judd’s result for oscillator strength P, corresponding
to the induced electric dipole transition pJ —» xp'J" at
energy a (cm-1), may be written

P =T, TMfNFINNUW\N\iINJTyYy (X = 2,4,6) (1)

where C/(§ is a tensor operator of rank X The three
guantities 1\ are related to the radial parts of 4fNwave
functions, the wave functions of perturbing configura-
tions, the refractive index of the medium, and the
ligand-field parameters which characterize the environ-
ment of the ion.

The measured intensity of an absorption band is re-
lated to P by the following expression4

P = 4.318 X 10- 9 ei(cno<? an

where eis the molar absorptivity at the energy a (cm-1).
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Table I :

Transition Wave number,

assignment cm-1 This work
F2 «D» 16,319 0.015
7=, — «Do 16,771 0.089
o -> «Do 17,256 0.013
7, - «Di 18,700 0.505
F O «Di 18,993 0.146
TF 01 «Da 21,493 1.248
70— «Do 24,009 0.547
O «le 25,380 8.981
G «Go, «Go 26,041 6.019
o «Go 26,507 2.726
G A «lLa 27,285 0.391
70 «D4 27,567 1.926
TFi -» «Ho 30,464 1.242
", «Ho 31,152 3.001
., «Ho 31,397 6.776

Reference 14.

In cases where the transitions occur wholly or par-
tially by a magnetic dipole mechanism following the
selection rules A/ = 1, AL = 0, AS = 0, and Al = 0

Pexptl = Pnd + Pad (HD)

where Pedti is the experimentally observed oscillator
strength, Peais the induced electric dipole transition,
and Pnd is the magnetic dipole transition. The in-
tensities of radiative transitions of Eu(lll) in aqueous
solution have been calculated using the above consid-
erations.

In the present work, the oscillator strength of Eulll
in glasses was measured and compared to the results
obtained in aqueous solution by Carnall, et al. 5 The
results which follow allow us to derive conclusions con-
cerning glasses and aqueous solutions with respect to
the following parameters: (1) change in line intensity,
(2) shift of spectral lines, and (3) splitting and broaden-
ing of the spectral lines.

From the experimentally determined oscillator
strengths given in Table | and a theoretical calculation
of the reduced matrix elements appearing in Judd's
formula, eq I, it is possible to obtain the T coefficients
by a method similar to that used by Carnall. A knowl-
edge of these coefficients would give insight into the
crystal field strength of glasses.

Experimental Section

Materials. Sodium dihydrogen phosphate monohy-
drate, NaHZ04-H2, Mallinckrodt, 99.5% purity,
and Eud 3 Molycorp., 99.9% purity, were used. A
mixture of the phosphate with 2 wt % europium was
prepared and homogenized in an electric vibrator.
The mixture was melted in a platinum crucible at 1100°
and poured into a stainless steel mold, producing a
rectangular prism of glass, approximately 10 X 10 X

Oscillator Strengths and Quantum Efficiencies of Europium(l11) in Phosphate Glass and in Aqueous Solution
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— Oscillator strength X 107— Quantum
F----Literature® (HCIOi)----- . efficiency
Exptl Calcd (this work)
0 0 0.953
0.14 0.14 0.822
0.21 0.21 0.693
0.612
17.7 17.7 0.581
4.3 5.6
1.7 1.7
7.3 8.0

40 mm. The glass was annealed at 300° for 3 hr fol-
lowed by polishing of the six faces with diamond powder.
The final size of the glass sample was 10 X 10 X 40 mm.

The absorption spectra of the glasses were recorded
on a Cary 14 recording spectrophotometer using un-
doped phosphate glass as a blank. All measurements
were made at room temperature. Emission spectra
were obtained on a spectrofluorometer previously de-
scribedl and a Turner 210 spectrofluorometer which
gives corrected spectra.

Results

Table | gives the oscillator strengths and spectral
assignments of Eulll in phosphate glasses compared
to those in aqueous solution.4 The last column lists
comparative quantum efficiencies of the fluorescence
from the 2O level excited to selected levels; these
values will be discussed in later work. Figure 1 is the
part of the absorption spectrum from which the rela-
tive populations of the ground-state multiplets were
calculated.

The values obtained in this work are corrected for
the population distribution of total concentration in
7Q Fi, and 72 The correction was made using the
following formula

GVCt = (gi/go) exp[—(Ej — EQ/KT]  (1V)

where Ci = SoXJj, Cj is the concentration of atoms in
Hw0i2 and i/, = 2,7+1. From our experimental re-
sults (Figure 1), Ei —EO= 279 cm-1 and E2— Eo =
917 cm-1. The corresponding fractions of populations
represented by Cj/Ci are CO= 0.792, Ci = 0.200, and
C2 = 0.008.

(15) W. T. Carnall, P. R. Fields, and K. Rajnak, J. Chem. Phys.,
49,4450 (1968).
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Table 11:  Relative Intensities and Half-Bandwidths of @o Emissions of Europium (I11)

Water

— Euiclom——  [—gu(N03)a—
Transition Band 1 ABW* YV BW/
assignments max, nm RI cm 1 RI cm 1
@ 0-* FO 580.0
DOo— TFi 592.5 1.00 258 1.00 232
@0 T2 617.0 0.80 368 2.10 317
00— F3 652.0
B 0-» F4 695.0 1.00 310 1.00 332

“Half-bandwidth. oReference 16.
580 590 600 610 620
Mnm)

Figure 1. Part of the absorption spectrum of Euln in
phosphate glass.

Table Il gives the wavelength maxima, relative in-
tensities, and half-bandwidths for fluorescence from
PO to the & multiplets for Eulll in water solution1l
and in phosphate and silicate8glasses. The last column
in the table presents relative intensities for the emis-
sions of Eum in LaF3in which the symmetry is (72,.16

Discussion

In general, the oscillator strengths obtained for
glasses are higher than those obtained for aqueous
solutions with the exception of the 77/0—* 9_e

We note that the oscillator strength for the #0 @0
transition in the glass is relatively large compared to
the zero value reported for the europium perchlorate
solution.}4 This transition has been reported to exist
in cases where the site symmetry allow's an electric
dipole process. The symmetries allowing such a pro-
cess are Cs C,, and Crv.1l This is consistent with the
results of Rice and DeShazer,9w*ho deduced that Eulll
was situated in a Cs symmetry. By comparing the
half-bandwidth of the 70— @ 0 transition in an euro-
pium sesquioxide crystal, which is about 2 cm*“ 1, to the
half-bandwidths of these transitions in glasses (Table
1, Figure 2) which are 119 cm-1 in phosphate glass and
149 cm-1 in silicate glass, it is concluded that there are
approximately 50 slightly different sites of Cssymmetry
in these glasses. The slight differences in environment
are caused by small variations in the crystal field
parameters. The energy-level shifts for ions in differ-
ent environments lead to slight changes in the transi-
tion wavelengths producing the broadening of the spec-
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——————————————————————— Europium(lll) in-------

1 Phosphate Silicate-
Band »ABW* Band I/BW,0 LaF3
max, nm RI1 cm-1  max, nm RI cm-1 RI6
578.5 0.036 119 s70.7 0.130 149 0.060
591.9 1000 313 5922 tooo 313 1.000
612.1 3.000 289 6102  4.255 295 0.814
654.7 0.219 234 6557  0.314 381 0.029
692.3 1.026 142 6932 0.398 121 0.434
550 600 650 700 750

Figure 2. Corrected emission spectra of Eulll in various media.

tra. We believe that a similar situation exists in solu-
tion where the broadening of the D0-» 7i and D0 -»m
T2bands resulted in a variety of sites for the same sym-
metry due to a slight change in the distances between
the ligands (water, nitrate, or perchlorate) and the rare
earth ions.

In glasses, the europium is surrounded by nonbridg-
ing oxygens in the phosphate tetrahedra,8and the rela-
tive positions of tetrahedra with relation to Eu may be
slightly distorted simply by a change in the Eu-0
distance.

The difference between solutions and glasses in the
70— @2 oscillator strengths and intensities can be
seen in Tables | and 11, respectively. It should also
be noted that the relative electric dipole intensities of
Eulll in LaF3are smaller than those in glasses with Cs
symmetries (Table I1).

(16) M. J. Weber, “Optical Properties of lons in Crystals,” H. M.
Crosswhite and H. W. Moos, Ed., 1967, p 467.

(17) W. C. Niewpoort, G. Blasse, and A. Bril, ref 16, p 161.
(18) R. Reisfeld and J. Horrnodaly, 9th Rare Earth Conf., 1,123 (1971).
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Figure 3. Gaussian analysis of absorption spectrum of
Eui in phosphate glass for the 7F0i -*m 6D o transitions.

It is known that the absorption bands of europium
in solution due to 2 0 transitions are intensified by
a factor of about 10 when the aquo ions are replaced by
other complexing ions.19 JOrgensen has named these
as “hypersensitive” transitions.”0 Judd pointed out
that only the following symmetries will give rise to hy-
persensitive transitions: C, Ci, C2 Ca&; C3y and
CV2L It is therefore of interest to compare the hyper-
sensitivity of the DO0-*m #2and 70-m D2 transitions
in media other than solutions (Table I1).

By comparing the relative intensity of the @ 0—» 72
transition from the emission spectra, we also see that
although the site symmetry of Eulllis Csin phosphate
and silicate glasses, the forced electric dipole is stronger
for Eulllin the silicate glass.
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Another striking observation from Figure 2 and Table
Il is the relatively high transition probability of the
@ 0—» F4 transition with AJ = 4 for the perchlorate
solution. The selection rules for electric dipole transi-
tions induced in those cases where the symmetry group
of the Eu site does not contain the inversion operation
should be 2,4, and 6.7 Therefore, if the @ 0—»F4were
an electric dipole transition, its intensity should be
higher in glasses than in the perchlorate solution which
has relatively high symmetry. The fact that this tran-
sition intensity is higher in perchlorate solution than
in glasses may be due, in our opinion, to a quadrupole
transition.2l The electric quadrupole operator has an
even symmetry, and therefore such a transition is al-
lowed within the 4f shell.

Figure 3 presents the results of Gaussian analyses of
the 70— @0 and 74— DO transitions. The first,
peak is not degenerate, and therefore, if only one site
were present, it should be a very narrow band (1-2
cm-1). We fitted it by two Gaussians as did Rice and
DeShazer;9 however, it should be realized that a large
number of Gaussians (~-50) would give an even better
fit. Similarly, the F0—-@ 4transition is triply degen-
erate, and the Gaussian distribution resolved three
major peaks, each of which can be individually resolved
into a large number of Gaussians. This indicates that
each Gaussian obtained represents a large number of
different sites.
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The compounds CaHIHgCCIBr (1) and C8143+4gCCIBr2 (11) have been pyrolyzed in the gas phase at termpera-

tures from 250 t0 450°.  Pyrolysis in both cases wes essentially conplete at 360° and

CHIHgBr and

the carbenes GC12and GCIBr from compounds | and 11, respectively. The free radicals CCIBr and CCIBr2
were also produced but in saller amounts.  Band assignnents for the parent conpounds and pyrolysis prod-

ucts are presented for the 400-1000-cm-1 spectral range.

All pyrolysis products have been previously re-

ported and band center measuremrents agree well with published values. However, isotopic splitting due to
chlorire isotopes is generally better resolved than in previous studies and provides strong evidence for the num-

ber of chlorine atons present ineach species.

Introduction

Recently, trichloromethyl derivatives of mercury
have been shown to decompose during pyrolysis in the
gas phase producing reactive intermediates CC12 and
CC13 which were detected directly by matrix-isolation
ir spectroscopy. 3 Thus pyrolysis of RHgCCI3 com-
pounds was found to be a new source of these species
and is expected to be important in studies of their
gas-phase chemical reactions and structures. It is of
interest to study the pyrolysis of other halomethyl-
mercury compounds in order to produce different
halocarbenes and free radicals in the gas phase. Sey-
ferth, et al,,4 have found that CeH3HgCCIBr (1)5and
C6HIHgCCIBr2 (11)6 react rapidly in organic solvents
at ca. 80° with a variety of compounds forming CeH6
HgBr (I11) and final products resulting from reaction
with CCl2 and CCIBr, respectively. Kinetic studies
of Cf.H-JTgCCUBr -olefin reactions in benzene solution
indicated that free CCl2 was an intermediate in these
reactions.6 Vibrational spectra of matrix-isolated CC12
are now well known,278 while that of bromochloro-
carbene CBrCl has been described without details in a
paper9devoted to the spectrum of CBr2 Free radicals
CCIBr and CCIBr2have been produced previously by
lithium atom reaction with a mixed halocarbon spe-
ciesD CCIBr has also been matrix isolated from
pyrolysis of CCIBr.n In the present study we have
investigated ir spectra of matrix isolated gas-phase
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pyrolysis products of | and Il. Spectra of parent
molecules I, 11, and final product Il were also recorded
for assignment.

Experimental Section

Samples of | and Il were synthesized as described
earlier.6 Both compounds and a commercial sample
of CfTTHgBr (l11) (Alpha Inorganics) were analyzed
by mass spectrometry with a Bendix time-of-flight
spectrometer. Spectra were recorded at ionizing
voltages between 20 and 50 V and the identities of all
compounds were confirmed from their molecular peaks.
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CeHsHgCCh and CeHHHgBr impurities were found in
I and Il and CeHsHgCI in Ill. The percentage of
impurities was estimated as approximately 5%. The
amount of C8HHHgBr in | and Il increased during
heating of the samples in the mass spectrometer at 50°
probably as a result of decomposition in the solid phase.

Methods of evaporation, low-pressure pyrolysis of
samples, and the construction o: the liquid helium
flow cryostat have been described in detail previ-
ously.212 Molecules were trapped in an Ar matrix on
a polished copper surface and spectra were recorded
with a Beckman IR-9 spectrophotometer in the region
400-1000 cm-1 where the most important vibrations
of the phenyl ring C-Cl and C-Br bonds are found.

The matrix gas to sample mole ratio was calculated
by making the following assumptions. The amount
of sample used per half-hour trapping was approxi-
mately 10 mg or 23 /miol of PhHgCCUBr. With the
furnace orifice located 4 in. from the trapping surface
and assuming a cosine distribution of beam intensity
one calculates that 1.5% or 0.34 p.mol of the total flux
reaches the 0.625 X 1.5 in. trapping surface. The
most commonly used trapping rate of Ar was 3.5 cc/min
or 4.5 mmol/0.5 hr. All of the Ar is not trapped out,
however, as the background pressure of the system
rises to 5 X 10-6 mm at this trapping rate. A matrix
to sample ratio can be calculated if one makes the
reasonable assumption that at least one-third of the
Ar introduced is trapped on the same surface as the
sample. This gives a ratio of 4400 which suggests
that in general sample molecules are well isolated
from one another.

Results

CsHsHgBr (I111). The infrared spectrum of Il in
an Ar matrix at 15 K is shown in part in Figure Ic and
band centers are listed in Table I. All frequencies
agree well with the published spectra of Il in the
crystalline state, in solution, and with the spectrum of
matrix-isolated CeHsHgCI3 for vibrations assigned to
the phenyl group.

CsHz,HgCCkBr (I). All the reproducible absorptions
which occur with constant relative intensities in the
spectrum of | in an Ar matrix at 15 K may be divided
into several groups (Figure la and Table 1).13 The
first group corresponds to the well known frequen-
ciesl4® of the monosubstituted phenyl ring, CEHHg:
449.0, 694.8, 729.3, 999.5, and 1025.0 cm“1l The
second group labeled “d” and “e” absorptions, has
band splittings, relative intensities, and band center
positions similar to that of CeHsHgCCh in an Ar ma-
trix.2 They are assigned to antisymmetric (d) and
symmetric (e) stretching vibrations of the CC12portion
of I. The three bands of group “f” are completely
absent in the CsHsHgCCh spectrum and thus can be
assigned to vibrations which involve the Br atom. Of
three bands in group f, the broad one at 646 cm-1 in-
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Figure 1. a, CsHsHgCChBr in an Ar matrix at 15 K; b,

products from pyrolysis of C6H53HgCCI2Br in an Ar matrix at
15 K; ¢, CsHsHgBr in an Ar matrix at 15 K.

creases during matrix warm-up, while the narrow bands
at 642.1 and 653.9 cm-1 decrease. Thus these two
frequencies are believed to be stretching vibrations of
the C-Br bond and the 646-cm_1 broad band to be due
to some associated form.

In addition there are several weak absorptions in
spectrum la (664.6, 674.8, and 767.1 cm-1) which
change in relative intensity and are absent in some
experiments after partial evaporation of the sample
in a vacuum. They were assigned to solvent impu-
rities; in particular the 767-cm_1 band is due to chlo-
roform. Bands 781.6, 916.0 and probably 785.3,
806.4, and 810.9 cm-1 belonging to CXI4& 2 appear as a
result of thermal decomposition of | in the solid phase.4
At temperatures higher than 70° this process is much
faster such that a half-life of | is thought to be about
1 hr or less.

Pyrolysis of CaHzHgCCkBr. The study of the py-
rolysis of | within the temperature range 250-450°
has shown that complete decomposition in the gas
phase occurs at temperatures higher than 360°. This
is evidenced by the absence of f bands (C-Br bond)
in spectra of the pyrolysis products (Figure Ib).
Bands at 693.4 and 727.7 cm-1 are easily assigned to
the final product CeHsHgBr by comparison with Fig-
ure lc. Weak bands at 664.5, 674.8, 767.1, 779.7,
781.6, 785.3, 806.4, and 810.9 cm-1 are essentially the

(12) R. H. Hauge, J. W. Hastie, and J. L. Margrave, unpublished
results.

(13) Listings of band center measurements and their assignment will
appear immediately following this article in the microfilm edition of
this volume of the journal. Single copies may be obtained from the
Reprint Department, ACS Publications, 1155 Sixteenth Street,
N.W., Washington, D. C. 20036. Remit check or money order for
S3.00 for photocopy or $2.00 for microfilm.

(14) J. H. S. Green, Spectrochim. Acta, 24A, 863 (1968).

(15) J. Mink, Ph.D. Thesis, Moscow State University, USSR, 1968.
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Figure 2. CcHsHgCCIB” in an Ar matrix at 15 K.

same as in the spectrum before pyrolysis (Figure la)
and were also observed in RHgCCI3pyrolysis studies.2

There are four new band groups labeled g-j in Fig-
ure Ib. The two strong absorptions g and h correspond
well with vz and v, stretching vibrational bands of
dichlorocarbene, CC12 recently obtained in high res-
olution.2 As a result of the CEHEHgCCI3 impurity in
sample I, as mentioned above, there is also an 897.8-
cm~‘ band of the CCl3radical in Figure Ib. Conse-
quently there is a small contribution to the CC12 ab-
sorption from CeH8HgCCI3 pyrolysis. Frequencies
and relative intensities of i and j bands agree well with
bands previously assigned® to the radical CCI®Br.
(No chemical evidence for formation of this radical
was obtained when PhHgCCIBr reacted with olefins
in benzene solution at 80°.9

C$HEHQCCIBr2 (11). Absorptions assigned to Il in
the 400--940-cm-1 region are listed in Table 1113 and
shown in Figure 2. There are the known bands of the
phenyl ring vibrations (448.8, 694.9, 727.6-728.6
cm-1) and some impurity lines (662.6, C02;, 767.1,
CHCI3 which are the same as in spectra presented
above and also in a previous paper.2 The group of
weak bands marked 1lis also present in pyrolysis prod-
ucts spectra and does not vary in proportion to other
bands, and thus it is believed to be caused by an im-
purity, CCIBr39 Another weak impurity absorption
occurs at 669.6 cm"l By analogy to other strong
bands of carbon-halogen stretching vibrations, the
group K is thought to be a C-Br bond stretch and the
675.1-677.7 bands primarily due to a C-CIl stretch.
During warm-up of the matrix, relative intensities
within both these groups change similarly such that
the low-frequency lines, 623,3 and 675.1, respectively,
become much stronger.

Pyrolysis of CsHaHgCCIBr.. The pyrolysis of Il is
almost complete at temperatures of 300-320° as seen
from the absence of parent compound bands in Figure
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Figure 3. a, Products from pyrolysis of CsHsHgCCIB” in an
Ar matrix at 15 K before warm-up; b, after warm-up and

recooling to 15 K.

Figure 4.
an Ar matrix at 15 K: a, CCIBr; b, CCIBr2; c, CCIZBr.

Chlorine and bromine isotope splitting of bands in

3a. However, new absorptions appear which include
the 693.4 and 727.6-cnr"1features of C&H3HgBr. The
bands of group n and the 782.8-cm_1 peak may be
clearly assigned to the CCIBr2 radical by comparison
with Andrews’' dataXand by the presence of two bands
856.0 and 853.0 with a frequency separation and rel-
ative intensities as expected from the presence of a
single chlorine atom with natural isotopic abundance
(Figure 4b).

The matter of greatest interest is an assignment of
the three strongest bands centered at 611.4, 739.5,
and 743.9 cm-1. All three lines grow with constant
relative intensities during trapping and should belong
to the same molecule. A high-resolution study has
shown a 0.7-cm-1 splitting of the 611.4 into two peaks
with equal intensities and an absence of splitting of the
two other bands (Figure 4a). The ratio of intensities
was found to be Im.~:Im.i-hiiA = 1:0.34:0.69.



Pyrolysis of Bromochloromethyl-Substituted Organomercury Compounds

Experiments with a warm-up of the matrix have
been run to study the relative reactivity of this mole-
cule. The three bands in question diminished simul-
taneously with every consecutive increase of the tem-
perature from 15 K. Their rate of reduction was
found to be more rapid than absorptions of CCIBr2
and complete disappearance occurred at a lower tem-
perature. New bands grew in at 777, 773, 686, and
652 (broad) cm-1.

Discussion

CCkBr and CCIBr2 Radicals. The chlorine isotopic
splitting and relative intensities for the i absorption at
885-890 cm-1 (Figures Ib and 4c) agree with that
expected for two equivalent chlorine atoms with nat-
ural abundances of &C12 FI8C1, and 312 isotopic
combinations.

For the n absorption near 855 cm-1 (Figures 3a and
4b) the chlorine isotopic splitting into two bands and
their relative intensities indicate the presence of a
single chlorine atom in the molecule. The expected
bromine isotopic splitting is apparently smaller than
the 1-cm* 1half-width of the 855-cm_1 bands.

Bands j near 835 cm-1 (Figures Ib and 4c) and the
782.8-cm-1 band (Figures 3a and 4b) grow during
trapping and disappear after warm-up of the matrix
in a similar manner to i and n bands, respectively.
Thus j and i bands have been assigned to CCIBr and
the n and 782.8-cm_1 bands to CCIBr2

In a paper devoted to a study of the CCl3radicalD
Andrews has suggested that reactions of CCI3r,
CCIBr2 and CCIBr3 with lithium atoms lead to the
formation of CCIBr and CCIBr2 free radicals. The
good agreement (within 1 cm-1) between frequencies
observed by Andrews® and our results gives added
confidence to the current assignments (Tables | and
I1). The 620-cm_1 band labeled C3in ref 9 and as-
signed to the symmetric stretching vibration of the
CCIBr radical was not observed in the present study
and thus supports a planar structure for the radical.
However, this could be due to the small amount of
CCIBr present.

Dichlorocarbene. The high-resolution ir spectrum
of dichlorocarbene CC12in an Ar matrix has been given
in an earlier publication.2 A C3C12C 312 splitting
of 4.0 £ 0.4 cm-1 was found for the r3stretching vi-
bration which gives a bond angle of ~108°. However,
CC12was observed along with strong bands of the CC13
radical in contrast to the present study where CC12
band intensities were at least ten times stronger than
band intensities of any other radical (Figure Ib).
(The much higher reactivity of PhHgCCIZBr as a CC12
source—-compared to PhHgCCls—has been noted in
solution studies at 80°.4 Thus a clearer chlorine
isotopic splitting pattern was obtained and therefore a
slightly better measurement of the r3splitting (4.1 +
0.2 cm-1).

3987

Bromochlorocarbene. The three strongest bands at
743.9, 739.5, and 611.4 cm-1 resulting from CeHeHg-
CCIBr2 pyrolysis are assigned to the same molecular
species. The band intensity ratio of =
1:0.34 agrees well with 3C1-3(C1 isotopic natural abun-
dance for a molecule with a single chlorine atom
(1:0.33). The observed value of the isotopic shift of
4.45 cm-1 is similar to those found for monochloroalkyl
molecules.’6 Both bands are shown in Figure 4a with
half-widths of ~1 cm-1. The above observations
support an assignment of the 743.9 and 739.5 cm-1
absorptions to a vibration involving a single chlorine
atom. The third band centered at 611.4 cm-1 shows a
partially resolved splitting of 0.7 cm-1 (Table II, Fig-
ure 4a) which can be explained by the presence of
7B r-8Br isotopes in a molecule with a single bromine
atom. The 740-cm_1 region is close to that found for
a C-CI bond stretching vibration in monochloroalkyl
molecules while the frequency region near 611 cm-1
is reasonable for a C-Br s*retch. The matrix warm-up
experiments have shown the reactivity of the molecule
under consideration to be much greater than that of
CCIBr2free radical. All of the above observations are
consistent with the absorbing species being CCIBr.
This molecule would have three vibrational frequencies
with a bending mode in the far-infrared spectral re-
gion.

Recently, Andrews and coworkers have obtained
very interesting results for a number of different rad-
icals and carbenes, I particularly CCIBr, CCIBr2 and
CBrCl, by using alkali metal atom reactions with mixed
halocarbon species in rate gas matrices.7 This method
seems to have many advantages and a bright future.
However, in the case of reactions with mixed chloro-
bromomethanes the alkali metal atoms (M) may with-
draw either halogen to form two different free radicals
and possibly two carbenes simultaneously. This sit-
uation tends to produce overlapping features, strong
interference from the molecular precursor, and some
band broadening due to the necessity of working with
a matrix gas to reactive molecule ratio of the order of
300-600 rather than typical ratios of 1000-10,000 as in
the present experiments. In contrast, matrix spectra
obtained from pyrolysis of RHgCX3compounds usually
give only weak absorptions from molecules other than
carbenes. For these reasons it is felt that the pro-
duction of halocarbenes from pyrolysis of RHgCX3
compounds allows more accurate measures of band
position and isotopic splitting.

Pyrolysis Mechanism. The mechanism of the gas-
phase pyrolysis reaction is similar to one described for
RHgCCh molecules2-3 and includes the formation of a
carbene and in part a radical. The observation of
dichlorocarbene, CC12 and the absence of CBrCI bands

(16) S.T.King, J. Chem. Phys., 40,1321 (1968).
(17) See, for example, ref 8-10.
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in spectra from pyrolysis of | has proved that the dis-
sociation process goes primarily through formation of
CHaMgBr rather than of CEH3gCI, in agreement
with reactions of | in solution and its decomposition in
the solid phase.4 It may be concluded from the study
of the pyrolysis of CeIRHgCCKkBr that this reaction is
at present the best source of dichlorocarbene in the
gas phase.
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Both ultraviolet and infrared measurements were made at 4°K on a high-density polyethylene after irradiation
with 1-MeV electrons at 4°K.  No significant changes were observed in the uv spectrum due to the irradiation.
On warming to 77°K a small shoulder appeared at 258 nm equivalent to about 4% of the allyl free radical ulti-
mately formed after annealing at room temperature. In the ir spectra two overlapping absorption bands at
about 973 and 966 cm-1 were produced at 4°K, but on warming to 77°K the two bands were transformed into
the single sharp band characteristic of the vinylene group at 966 cm-1. The total area of the double band was
almost exactly equal to that of the single band. The new band at 973 cm-1 is tentatively assigned to the
transient, the —CH=C+H—ion. Irradiations at 77°K with subsequent heating to room temperature demon-
strated that there is no decay of the frons-vinylene group during low-temperature irradiations.

Introduction

In this paper both the ultraviolet and infrared spec-
tra are reported of linear polyethylene irradiated with
1-MeV electrons at liquid helium temperature and at
77°K. The uv observations will be described, but they
were not as interesting as the changes in the ir spectra;
hence the emphasis in this report will be on the latter.
As far as we are aware, there has hitherto been no obser-
vations of the uv or ir spectra at 4°K of polyethylene
(PE) irradiated at that temperature. Rexroad and
Gordylirradiated PE at liquid helium temperature and
examined its esr spectrum to see if hydrogen atoms
could be formed and trapped at 4°K, but none was
found. Aulov, et al.,2studied the radiothermolumines-
cence on heating to higher temperatures of both low-
and high-density polyethylene irradiated at liquid he-
lium temperature.

Experimental Section

Marlex 6002 PE which was used in our previous
studies34 was melted onto nickel wire mesh having a
reported transparency of 80%. By supporting the PE
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in this way rapid heat transfer could be achieved be-
tween the thin layer of PE, its nickel support, and the
copper block to which the nickel mesh was clamped with
the nickel mesh side in contact with the fixed half of
the block. A liberal application of Apiezon grease N
around the edge of the nickel mesh improved the ther-
mal contact. In the case of the irradiations at 77°K,
Marlex-6002 films 0.26 and 0.023 mm in thickness
were used.

The combined irradiation and spectroscopic cell is
illustrated in Figure 1 It was an adaptation of the
cell previously used3at 77°K. A and B are the filling
tubes for the liquid nitrogen, C, and helium, D, reser-
voirs, respectively. Inasmuch as the cell was held at
an angle of about 30° under the electron beam generator
so that the stream of electrons could pass through the

(D H. N. Rexroad and W. Gordy, Phys. Rev., 125, 242 (1962).

(@ V. A. Aulov, F. F. Sukhov, I. V. Chernyak, and N. A. Slovok-
hotova, Khim. Vys. Energ., 2,191 (1968); 3,452 (1969).

(® D. C. Waterman and M. Dole, J. Phys. Chem., 74, 1906 (1970).
(4) D. C.Waterman and M. Dole, ibid., 74, 1913 (1970).
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A 6

Figure 1. Low-temperature combined irradiation and

spectroscopic ceil. Parts shaded with slant marks were made
out of copper while the completely shaded areas were made of

brass. Other parts were made of stainless steel.

windows of the cell and the PE sample in a vertical
direction, the cell windows on jacket J of Figure 1
should be rotated through 90° about the vertical axis
in the figure to conform to actual practice. E is a port
containing the electrical connections for a thermo-
couple vacuum gauge; F is the connection to the vac-
uum pump. G contains the electrical leads to the chro-
mel-alumel thermocouples on the liquid nitrogen shield
and to the carbon resistor (used to measure the tem-
perature) on the sample holder. H contains the leads
to the heaters on the nitrogen radiation shield and
sample holder, respectively. At point | are the bolts
that hold the lower section surrounding the sample
holder to the liquid helium reservoir. Evacuation of
the gas in the space surrounding the liquid helium reser-
voir D takes place through holes at the bottom of the
radiation shield at M and N. The outer section which
is attached at J after the irradiation is evacuated
through the port 0. When this is accomplished, the
titanium windows through which the electron beam
passed during the irradiation fall off and can be rolled
aside. Atmospheric pressure then holds the outer win-
dows in place for the spectroscopic observations. In
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this way the cell windows can be changed after the ir-
radiation and before the spectroscopic observations
without raising the temperature of the sample or losing
the vacuum about it. K is the sample holder which
can be heated by the heating elements at L. Irradia-
tion doses were 20 and 40 Mrads at a dose rate of about
100 Mrads hr-1.

After the sample had been irradiated its uv or ir spec-
trum was observed, first at 4°K and again at 4°K after
heating the sample to 77°K. No attempt was made
to exclude visible light from the irradiation-spectro-
scopic cell during any of this work.

One experiment was done with a dose of 5 Mrads in
order to observe any possible changes in the uv, vis-
ible, or near-ir part of the spectrum.

Results and Discussion

Irradiations at 4°K. First of all, it can be said that
within the accuracy of our experiments no difference in
the spectra taken at 77 and 4°K of unirradiated PE
could be observed. In the case of the uv, visible, and
near-ir study, after the PE sample was irradiated to a
dose of 5 Mrads its spectrum was taken at 4°K; it was
then heated to 77°K and its spectrum was again taken
after recooling to 4°K. There was no change in the
intensity of the alkyl radical ((CH2ZHCH2) absorp-
tion band at 215 nm during the heating and cooling
process, nor was there any change of the intensity of
the spectrum in the region of the conjugated diene ab-
sorption, about 236 nm. A small shoulder in the spec-
trum appeared at 258 nm, rvhich is the wavelength at-
tributed by Waterman and Dole3to the allyl free radical
in irradiated PE, —CHCH=CH—. This shoulder
was definitely not present in the spectrum immediately
after the irradiation at 4°lv, and it demonstrates the
slight formation of the allyl radical on heating from 4
to 77°K. The amount of allyl radical formed was
about 4% of the total amount observed after heating to
room temperature and after all of the alkyl free radicals
had decayed.4

No other changes were observed in the spectrum from
200 to 2000 nm. Cooling the irradiated sample from
77 to 4°K had little effect on the intensity of the allyl
or dienyl absorbance, and in general the uv studies were
rather unproductive of significant observations. No
indication of absorptions due to trapped electrons was
observed; they may have been bleached by visible
light before the spectrum was taken.5 Shida and Ha-
mill6 studied the absorption spectra of positive olefin
ions trapped in y-irradiated organic glasses and found
that vinyl-type positive ions were not detectable and
probably could not be trapped as such. Yinylene and
vinylidene positive ions exhibited rather broad ab-

(B) R. M. Keyser, J. Lin, K. Tsuji, and F. Williams, Polym. Prep.,
Amer. Chem. Soc., Div. Polym. Chem., 9, 227 (1968).

(®) T. Shidaand W. H. Hamill, J. Amer. Chem. Soc., 88, 5376 (1966).
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Figure 2. Infrared spectrum of unirradiated Marlex-6002

polyethylene at 4°K, dashed line. Solid line is the infrared
spectrum of the same sample taken at 4°K after an irradiation
to 40 Mrads at 4°K.

sorption spectra in the range 600-800 nm. In the case
of 5 mol % cyclohexene in sec-BuCl, the absorption was
quite weak with a broad maximum at 700 nm. The
absorption band of the positive olefinic ion in pure hex-
ene-2 was stronger with a small maximum around 650
nm and a broad more intense maximum around 1600
nm. Perhaps such absorption bands could have been
observed in this work if doses larger than 5 Mrads had
been used.

More interesting were the ir absorbances. In Figure
2 the 4°K spectra of unirradiated PE and PE irradiated
to 40 Mrads at 4°K are compared. It can be seen that
there was a small amount of vinyl group decay, about
14%, during the 4°K irradiation. However, there was
no further decay of the vinyl group, Figure 3, on heat-
ing from 4 to 77°K. This is in contrast to the signifi-
cant amount of vinyl decay that occurs on heating from
77°K to room temperature.4 Inasmuch as allyl free
radicals were probably formed4by reaction of an alkyl
free radical with a double bond, the double bond in-
volved in the allyl free radical formation on heating
from 4 to 77°K must have been the vinylene group.
Shida and Hamill6attribute the lack of absorption spec-
tra characteristic of positive olefinic ions in the case of
vinyl type unsaturation such as in hexene-1 to a rapid
dimerization type reaction of a vinyl positive ion with
a neutral vinyl group as postulated by Chang, Yang,
and Wagner.7

No diene absorption in the ir at 988 cm-1 could be
detected, either after the irradiation at 4°K or after
heating to 77°K. However, diene was formed on heat-
ing from 77°K to room temperature. Partridge8 pro-
posed that the diene could be produced by the scission
of two CH bonds on one carbon atom. The liberated
H atoms would then be required to abstract H atoms
from adjacent carbon atoms followed by a shift of a
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Figure 3. Solid line same as the solid line in Figure 2;

dashed line, infrared spectrum of polyethylene taken at 4°K
after an irradiation at 4°K to 40 Mrads and after heating
briefly to 77 °K..

hydrogen atom two positions along the chain or to ab-
stract H atoms from one adjacent carbon atom and from
one 3 to the free radical followed by a shift of one H
atom one position along the chain. As calculated by
Dole, Bohm, and Waterman,9 H-atom migration along
a chain is unlikely to happen, even at room temperature
unless the -CH 2 group exists in an excited state. Fall-
gatter and Doled suggested that two hydrogen mole-
cules might be liberated in the same act to form bicyclo-
[I.1.Ojbutane

H H H2
[
c—¢C c
\N/\NIN\N / \
c c—¢C
|
h?2 H H

which is unstable and reverts to the diene. At 4°K or
77°K the bicyclobutane might be stable enough not to
revert to the diene.

In Figure 2 can be seen what are apparently two over-
lapping ir absorption bands in the neighborhood of 966
cm-1, the frequency of the absorption due to the vinyl-
ene group. This double absorption band merges to a
single band on heating from 4° to 77°K (Figure 3) with
the position of the peak of the absorption band accu-
rately at the wave number expected for the trans-
vinylene group. As a tentative suggestion for the as-
signment of the transient absorption band at about 973
cm-1 we wish to suggest that the band could be due to
the —CH=C+H— cation. On warming from 4° to
77°K the cations could reunite with trapped electrons
to become the ;rans-vinylene group. Mitigating against

7) P.C.Chang, N. C. Yang and C. D. Wagner, J. Amer. Chem. Soc.,
81,2060 (1959).

() R. H. Partridge, J. Chem. Phys., 52, 1277 (1970).

(® M. Dole, G. G. A. Bbhm, and D. C. Waterman, Eur. Polym. J,
Suppl., 93 (1969).

(10) M. B. Fallgatter and M. Dole, J. Phys. Chem., 68, 1988 (1964).
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this hypothesis is the fact that no spectra due to
trapped electrons could be detected, but their absorp-
tion may have been too broad or too weak to have been
detected in the uv studies. On the other hand the total
area of the two overlapping bands at 973 and 966 cm-1
of Figure 2 is almost exactly equal to the area of the
single band of Figure 3 at 966 cm-1. This strongly
suggests that the transient species giving rise to the 973
band is converted quantitatively into the ;rans-vinyl-
ene group and that its extinction coefficient must be
very nearly equal to that of the trans- vinylene band at
966 cm-1- Furthermore, in the published report of the
radio thermoluminescence studies of Aulov, et al,,2 on
PE irradiated at 4°K a small shoulder on the lumines-
cence curve at about 60 to 70°K can be seen. This is
consistent with the postulate that the conversion of the
973-cm_1 band to the 966-cm_1 band is due to the
untrapping of electrons below 77°K.

Boustead and CharlesbyIl studied thermolumines-
cence curves above 77°K and concluded that a glow
peak at 102°K was associated with trapping at a
vinyl group, and a second peak at 104°K at a vinylene
group. Boustead and Charlesby calculated from the
equation E(ev) = 2 X 10_3T(°K) where E is the
infrared vibrational stretching energy of the vinyl
group frequency, 1650 cm-1, that this energy corre-
sponded to 102°K, the approximate temperature at
which the vinyl glow peak was observed. Using
973 cm-1, the frequency of the low-temperature ir
absorption band observed here, we obtain 60°K as a
predicted temperature for a glow peak associated with
the 973-cm-1 band. This temperature is in the
temperature range where the 973 band disappeared.
Campbell2 y-irradiated both low- and high-density
polyethylenes at 77°K and examined their esr spectra
before and after irradiation and after photobleaching
with light of wavelength greater than 750 or 1000 nm.
He discovered a simultaneous decay of triplet and
singlet esr spectra, the latter due to trapped electrons
and the former to a postulated positive ionic species
associated with vinylidene unsaturated groups. The
latter could not have been the species responsible for
the 973-cm-1 absorption band observed here, because
its intensity reached a maximum at a dose of 0.5 Mrad
whereas in our case the concentration of the postulated
ionic species was linear with dose up to 40 Mrads.
Furthermore, we had no vinylidene unsaturation in our
sample. However, it would be interesting to measure
the esr spectra of polyethylene irradiated at 4°K and
maintained in the dark to prevent optical bleaching.
In the work of Rexroad and Gordyl mentioned above
no signal due to trapped electrons was observed at
4°K after an irradiation at that temperature, “only a
broad central resonance with g = 2.00.” The electron
spectrum is a sharp singlet, bui. Rexroad and Gordy
apparently made no effort to exclude light from their
cryostat or esr cavity.
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To summarize, we believe that the 973-cm-1 band is
to be attributed to the —CH=C+H— group because
(a) it appears in the region of the spectrum expected for
a C-H wagging vibration; (b) as judged from the
magnitude of the absorption bands it appears to be
quantitatively converted to the —CH=CH— absorp-
tion band on heating to 77°K; (c) the band apparently
has an extinction coefficient close to that of the trans-
vinylene group; and (d) Aulov, et al.,2detected radio-
thermoluminescence occurring in the 70°K range.

The intensity of the 966-crrr-1 band after heating to
77°K and after a dose of 40 Mrads was twice that of a
sample similarly treated but given a dose of only
20 Mrads. Thus it would appear that the growth of
the trans-vinylene group is linear with dose after the
transient at 973 cm-1 has been converted to the
irans-vinylene group.

It should be. noted that the ir absorption band of the
postulated -C H=C +H— ion occurs at slightly higher
frequency than that of the —CH=CH — group itself;
however, the difference is very small, only about 5 to 7
wave numbers. It is very difficult to predict the shift
in the maximum of the absorption band because of the
fact that the observations concern the out of plane
bending frequency of the C-H group in the solid state.
Possibly the removal of an electron from the —CH =
CH— group, if it is an anti- or nonbonding electron,
will increase the bond energy in the resulting cation.
While we do not have values for the bond energy of the
C-H bond in the neutral or positively charged vinylene
group in solid polyethylene, there are examples where
the bond energy is greater in the cation than in the
neutral molecule; e.g., CH+ has a bond energy of 85
kcal mol-1 as compared to 81 kcal mol-1 for CH.13

Irradiations ai 77°K. Because of the double reser-
voirs of the combined irradiation-spectroscopic cell
illustrated in Figure 1, it was convenient to carry out
irradiations of PE film to very high doses, 225 Mrads
at liquid nitrogen temperature. After each irradiation
the film was heated to room temperature and the con-
centration of the irans-vinylene group produced by the
irradiation was measured by means of the ir absorption
band at 966 cm-1. Figure 4 illustrates the data ob-
tained where it can be seen that the yield of irans-
vinylene groups was linear with dose up to 225 Mrads.
The data of Figure 4 can be assumed to represent values
obtained at 77°K because there was very little change
in the irans-vinylene concentration on heating to room
temperature after the irradiation at 77°K as the data
of Table | demonstrate.

Slovokhotova, et al.,u also noted no significant

(12) 1. Boustead and A. Charlesby, Proc. Roy. Soc., Ser. A, 316,
291 (1970).

(12) D. Campbell, J. Polym. Sci.PartB, 8, 313 (1970).
(13) S.W. Benson, J. Chem. Educ., 42, 502 (1965).

(14 N. A. Slovokhotova, A. T. Koritskii, V. A. Kargin, N. Ya.
Buben, V. V. Bibikov, Z. F. Il'icheva, and G. V. Rudnaya, Polym.
Set., U.S.S.R., 4,1244 (1963).
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Figure 4. Growth of the irans-vinylene group as a function of
dose in Marlex-6002 polyethylene. Irradiations at 77°K

followed by infrared analysis at room temperature.

Table I: Absorbances of Polyethylene at 910 and 966 cm-1
after Irradiations at 77°K before and after Heating to

Room Temperature

Dose, e Absoi=bance----------- !
Mrads Treatment of film 910 cm-1 966 cm-1
0 As received 0.644 0.00
35 Not heated 0.475 0.241
above 77°K

35 After heating 0.296 0.254
to 25°

70 Not heated 0.385 0.503
above 77°K

70 After heating 0.261 0.510
to 25°

change in the absorption band at 966 cm-1 on heating
to room temperature after an irradiation at 77°K.
On the other hand, as found previously, the vinyl
group concentration as measured by the ir band at
910 cm-1 decreased materially during the post-irradi-
ation heating.

It should be mentioned that at low doses the thicker
Marlex-6002 film was used and at the high doses the
0.023-mm film. Data obtained from the two films
overlapped well and the linearity of the data of Figure

The Journal of Physical Chemistry, Vol. 75, No. 26, 1971
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4 demonstrate that there was no effect of film thickness
on the results.

The yield of irans-vinylene unsaturation was con-
siderably less at 77°K than at room temperature.
From the slope of the straight line of Figure 4, G(i-YI)
was calculated to be 1.03 in contrast to the value of
2.4 found by Kang, Saito, and Dole®6by extrapolating
data for 35° irradiations to zero dose. Slovokhotova,
et al.,u concluded that the yield of irans-vinylene
double bonds was the same for irradiations at room
temperature as at 77°K. However, they were ap-
parently referring to the overall yield including decay
of irans-vinylene groups due to the irradiation. At a
27-Mrad dose, for example, Kang, et al.,n measured an
average G(i-VI) value of only 1.4, a decrease of one
G unit from the extrapolated value at zero dose.
Kang, et ai.,J6used 139 1 cm-1 mol-1 for the extinction
coefficient of the irans-vinylene group in polyethylene
while a more up to date value of 16917was used in this
research. Kang's G(i-VI) value at zero dose would be
reduced to 2.0 if 169 were used in their calculations.

The data of Figure 4 demonstrate that there is no
destruction of vinylene unsaturation by irradiation at
77°K. Partridgel8 had concluded that decay of
irans-vinylene groups was independent of temperature
and this conclusion was in agreement with his theory
of excitation energy transfer in polyethylene. It would
appear, however, that at 77°K or lower there is ap-
parently insufficient chain mobility for the irans-
vinylene groups to react, even though they become
activated by exciton migration.

Acknowledgments. This research was supported by
the U. S. Atomic Energy Commission, first at North-
western University and then at Baylor University, and
by income from the chair in Chemistry at Baylor
University endowed by a gift from The Robert A.
Welch Foundation. We are also indebted for support
provided by the Advanced Research Projects Agency
of the Department of Defense through the North-
western University Materials Research Center. Dr.
J. A. Reid of the Phillips Petroleum Company kindly
supplied the polyethylene samples. We acknowledge
with thanks a stimulating conversation with Dr. R. H.
Partridge.

(15) M. Dole, D. C. Milner, and F. Williams, J. Amer. Chem. Soc.,
80, 1580 (1958).

(16) H, Y. Kang, O. Saito, and M. Dole, ibid., 89, 1980 (1967).

(17) R. J. de Kock, P. A. H. M. Hoi, and H. Boz, Z. Anal. Chem.,
205,371 (1964).

@18) R. H. Partridge, J. Chem. Phys., 52, 2501 (1970).



Low-Frequency Modes in Molecular Crystals 3993

Low-Frequency Modes in Molecular Crystals. XYll.la Torsional Motions

and Barriers to Internal Rotation in Some Ethylsilanes,

Ethylgermanes, and Ethanollb

by J. R. Durig* and C. W. Hawley

Department of Chemistry, University of South Carolina, Columbia, South Carolina 29H08
(Received July 19, 1971)

Publication costs borne completely by The Journal of Physical Chemistry

The far-infrared spectra of solid CH3CHZ2IiH3 CH3CH2SiD3 CH3CHZSICI3, CHXCH2GeH3 CH3XHXGeCI3
CH3XH2H, and CH3CD2DD have been recorded. The low-frequency Raman spectra were also recorded
for all the solids except ethanol. The interesting CH 3torsional modes were observed in the spectra of the solids
at 211, 210, 257, 189, 245, 282 and 251, and 198 and 184 cm“ 1, with corresponding barriers of 2.82, 2.88, 4.41,
2.33, 4.03, 4.05, and 4.04 keal/mol for ethylsilane, ethylsilane-d3 ethyltrichlorosilane, ethylgermane, ethyltri-

chlorogermane, ethanol, and ethanol-d6, respectively. The SiH3and GeH3torsional modes were observed at
142 and 113 cm-1, which leads to respective barrier heights of 1.99 and 1.37 kcal/mol. Assignments are pro-
posed for the other low-frequency modes. The trends in the barriers are discussed in terms of present theory.

I. Introduction

In some recent publications we have demonstrated
the utility of the far-infrared spectra of molecular solids
for the direct observation of torsional transitions.23
There have been several recent theoretical papers in
which barriers to internal rotation of the methyl moiety
have been predicted.4-10 However, in some cases there
are no reliable experimental data for comparison or the
theoretical values were compared to incorrect experi-
mental ones. In several of these papers predictions
for barrier heights are given for molecules which con-
tain two or three halogen atoms or row three or four
elements. However, microwave studies have usually
been limited to first row elements and only fluorine sub-
stitution in the case of the halogen atoms. In most
cases fluorine substitution has not caused dramatic
changes in the barrier heights from those obtained for
the corresponding hydrogen analogs. Therefore, if
potential barrier changes are going to be discussed in
familiar chemical terms such as electronegativity, in-
duction, and resonance, there is a real need to find mol-
ecules which show marked barrier changes with changes
in substituents. It is expected that chlorine and heavy
atom changes should produce these marked effects.
Thus, we have undertaken a study of the low-frequency
vibrations of ethylsilane, ethylgermane, ethyltrichloro-
silane, ethytrichlorogermane, and ethanol for the pur-
pose of obtaining the methyl torsional frequencies with
the corresponding barriers restricting internal rotation
of the methyl group.

I1.  Experimental Section

Ethylsilane and ethylgermane were produced by the

LiAlH4 reduction of corresponding trichlorides as de-
scribed by Mackay and Watt,1l except that n-butyl
ether was used as the solvent. Ethylsilane-d3was pre-
pared similarly using LiAID4 for the reduction. The
purity of the compounds was checked by comparing
the mid-infrared spectra to those published earlier;1l
no extraneous bands were observed. Ethyltrichloro-
silane and ethyltrichlorogermane were purchased com-
mercially and purified by trap-to-trap distillation.
Again, the purity was checked by comparing the mid-
infrared spectra with those published earlier.1213 The
ethanol and ethanol-dl6é were obtained from commercial
sources with stated purities of 99+ % and were used
without further purification.

The far-infrared spectra of solid samples were re-

(@) (@ For part XVI, see J. Chem. Phys., in press, (b) Taken in
part from the thesis of C. W. Hawley to be submitted to the Depart-
ment of Chemistry in partial fulfillment of the Ph.D. degree.

(@ (@ J. R. Durig, S. M. Craven, and J. Bragin, J. Chem. Phys.,
51, 5663 (1969); (b) ibid., 52, 2046 (1970).

(3 J. R. Durig, C. M. Player, Jr., and J. Bragin, ibid., 54, 460 (1971).
(4 J.P.Lowe and R. G. Parr, ibid., 44, 3001 (1966).

(B) W. H. Fink and L. C. Allen, ibid., 46, 2261 (1967).

(6) W. H.Fink and L. C. Allen, ibid., 46, 2271 (1967).

(7) R. A.Scott and H. A. Scheraga, ibid., 42, 2209 (1965).

(® W. H.FinkandL. C. Allen, ibid., 46, 3270 (1967).

(9) V. Magnasco, Nuovo Cimento, 24, 425 (1962).

(10) For an up to date review of theoretical treatments of internal
rotations, see J. P. Lowe in “Progress in Physical Organic Chemis-
try,” A. Streitwieser, Jr., and R. W. Taft, Ed., Vol. 6, Interscience,
New York, N. Y., 1968, pp 1-109.

(11) K. M. Mackay and R. Watt, Spectrochim. Acta, 23A, 2761
(1967).

(12) S. E. Rudakova and Yu. A. Pentin, Opt. Spectrosc., 18, 339
(1965).

(13) B. M. Gibson, M. S. Thesis, University of South Carolina, 1967.
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Table I:
R -CHaCHzS1H3 —
Infrared Raman
fommme solid-—-—--—-- VvV liquid (—180°)
Rel Rel
v, cm-1 int AT cm-1 int
412 W
357 wW
237 m 240 m
211 m
142 w
92 m
49 m
Table I'1:

-chjcHXSID3—
Infrared Raman
e solid--——--s liquid (—180°)
Rel Rel
v, cm-1 int A?, cm"1 int
424 m 420 m
391 w
220 m 230 m
210 m
101 w
90 m
46 m

e ch X ILGeHj—--
Infrared Raman
J]— —solid——> liquid (—180°)
Shift Rel Rel
factor v, cm-1 int A?, cm-1 int Assignment
SiD3rock
2 X 211 = 422
211 + 142 = 353
1.08 241 s 232 S CCX deformation
1.00 189 w CH3torsion
1.41 113 116 m X 113 torsion
1.02 Translation
1.06 Libration

Low-Frequency Vibrations and Assignments of Ethyltriehlorosilane and Ethyltrichlorogermane

R (@ 3¢9 2751 c T (CZ o [ MR-
Infrared (solid) Raman (solid) Depol.° Infrared (solid) Raman (solid)
Rel Rel ratios Rel Rel
v, cm-1 int Av, cm-1 int (liquid) v, cm"1l int A7 cm-1 int Depol,6 Assignment
294 m 291 m o] CCGe deformation
257 W 251 w 245 w CH3torsion
222 S 221 m dp 179 m 171 s dp XCI3A"
symmetric deformation
189 w 176 w dp 157 s 146 s dp XCl13 "
antisymmetric defor.
180 m XCI13A!’
antisymmetric defor.
159 w 155 w dp 140 w 132 m dp XCLA" rock
124 w 0.70 XCI3A" rock
75 w 72 w ? 58 w XC 13torsion
61 69 w Lattice
52 w Lattice
“ Depolarization ratios taken from ref 26. 6Depolarization ratios taken from ref 13.
Table I1l: Low-Frequency Vibrations and Assignments of Ethanol and Ethanol-de
CH3CH20H =~ Aeeeem e CD3CD20D (Infrared Solid)-
Infrared. (solid) — Assignment (Mlkawa, et ai-3D)----. . Assignment | . Assignment 11—
Rel Rel Shift Mo- Rel Shift Rel Shift
v, cm-1 int v, cm-1 int factor tion® v, cm*“1 int factor Motion® v, cm”1 int factor Motion®
292 w 258 w 1.13 L 258 w 1.13 L
282 m 258 w 1.09 L 235 VS 1.20 L 198 m 1.42 Torsion
251 m 235 Vs 1.07 L 184 m 1.37 Torsion 184 m 1.36 Torsion
222 Vs 198 m 1.12 L 198 m 1.12 L 235 Vs 0.946 L
192 w 184 m 1.04 T ~179 vw 1.07 T ~179 vw 1.07 T
141 m 133 m 1.06 L 133 m 1.06 T 133 m 1.06 T
119 w 107 m 1.11 L 107 m 1.11 L 107 m 1.11 L
85 vw 79 w 1.07 T 79 w 1.07 T 79 w 1.07 T

OFor the motions, L is libration, T is translation, and torsion

RyfA,,) hydrogen bonding stretching motion.

corded on a Beckman IR-11 spectrophotometer.

The

instrument was purged with dry air and was calibrated
with atmospheric water vapor using the assignments of
Dowling and Hall.4 The cold cell, which uses liquid
nitrogen as a coolant, has been previously described.
Samples were vaporized in vacuo and condensed on a

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

refers to the methyl torsion. 1This strong band is assigned as the

cold (—194°) polycrystalline silicon substrate. The
substrate was maintained in good thermal contact with
the refrigerated sink by using Cry-Con conductivity

(14) R.T. Hall and J. M. Dowling, J. Chem. Phys., 47, 2454 (1967).
(15) F. G. Baglin, S. F. Bush, and J. R. Durig, ibid., 47, 2104 (1967).
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grease. An iron-constantan thermocouple was used to
monitor the temperature of the brass block with which
the silicon plate was in thermal contact. The observed
frequencies are listed in Tables I—+11 and are believed
to be accurate to + 1cm-1 for sharp bands.

The Raman spectra were recorded on a Cary Model-
81 Raman spectrophotometer using the 6328-A excita-
tion line of a Spectra-Physics 125 He-Ne laser. The
low-temperature Raman cell has been described previ-
ously.®6 The temperature was monitored with an iron-
cons'antan thermocouple attached to the sample block.
The spectrometer was calibrated with a neon lamp
throughout the spectral range and the observed frequen-
cies, which are listed in Tables I—tI1, are believed to be
accurate to £2 cm-1 for all sharp lines. Figures 1-8
contain far-infrared and low-frequency Raman spectra
of the various solids studied in this investigation.

I1l. Results

A. Ethylsilane (CHsCH:SiHs) and Ethylsilane-d3
(CHsCH:SIDs). Mackay and Wattll have reported
the infrared spectra of ethylsilane and ethylsilane-ds in
the gas phase and proposed a vibrational assignment.
However, the frequencies for the skeletal bending and
the two torsional modes were not obtained in the earlier
study. In general, torsional oscillations are usually
quite anharmonic and because of their low frequency
several excited states are populated at room tempera-
ture  This results in very broad bands that are diffi-
cult to detect in the spectra of the fluid states. Also,
because of the small polarizabihty change associated
with methyl torsions, they usually appear weak, if at all,
in the Raman effect. However, the skeletal bending
vibration should have an appreciable polarizability
change and should appear relatively intense in the Ra-
man spectrum. Thus, a study o: both the far-infrared
and Raman spectra should provide data for the confi-
dent assignment for the three low-frequency fundamen-
tals. Due to the close proximity and equivalent inten-
sities of the skeletal bending mode and methyl torsional
mode, it was necessary to record the infrared and Ra-
man spectra of ethylsilane-d3 to differentiate between
these two modes. This isotopic substitution also al-
lowed an appraisal to be made as to the degree of kinetic
energy coupling between the two tops.

In Figure 1 are shown the far-infrared spectra of
ethylsilane in the vapor and solid states, and for com-
parison that of solid ethylsilane-d3is also given. An
inspection of the spectra of the gas and solid shows that
the two bands at 49 and 92 cm-1 in the spectrum of the
solid are lattice modes. However, the two pronounced
bands at 211 and 237 cm-1 in the spectrum of the solid
have comparable bands in the spectrum of the vapor.
The band appearing in the vapor is quite broad with a
pronounced Q-branch at 206 cm-1 and a broad central
maximum at 230 cm-1. In the spectrum of the solid
the higher frequency band appearing at 237 cm-1 in the

3995

Figure 1. A, Generalized background absorption; B,
far-infrared spectrum of ethylsilane vapor; C, far-infrared
spectrum of ethylsilane solid (—190°); D, far-infrared spectrum
of ethylsilane-d6ésolid (—190°).

units of absorption.

Ordinate in arbitrary

Figure 2. Far-infrared spectrum of ethyltrichlorosilane solid

(—190°). Ordinate in arbitrary units of absorption.
WAVENUMBER CM'1

Figure 3. Low-frequency Raman spectrum of

ethyltrichlorosilane solid (—190°). Ordinate in arbitrary

units of scattering intensity.

“light” molecule shifts to 220 cm* 1 with deuteration.
The observed shift factor of 1.08 compares well with
the theoretical value of 1.09 calculated for the skeletal

(16) D.J.Antion and J. R. Durig, J. Chem. Phys., 47, 2104 (1967).
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Figure 4. Far-infrared spectrum of ethylgermane solid

(—190°). Ordinate in arbitrary units of absorption.

WAVENUMBER CM'1

Figure 5. Low-frequency Raman spectrum of ethylgermane

liquid (—180°). Ordinate in arbitrary units of
scattering intensity.

Figure 6. Far-infrared spectrum of ethyltrichlorosilane solid

(—190°). Ordinate in arbitrary units of absorption.

bending mode. Thus, the bands appearing at 211 cm-1
(206 cm-1 in the vapor) in the “light” molecule and
210 cm* lin the d3molecule are confidently assigned to
the methyl torsions for the respective compounds.
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J. R. Durig and C. W. Hawley

Figure 7. Far-infrared spectrum of ethanol solid (—190°).

Ordinate in arbitrary units of absorption.

Figure 8. Far-infrared spectrum of ethanol-~ solid (—190°).

Ordinate in arbitrary units of absorption.

It is seen from the small shift in the methyl torsional
frequency on deuterating the silyl group that there is no
coupling between the tops. To calculate the torsional
barrier, we have assumed a cosine type potential of the
form V (a) = I/2 V3 — cos 3a) with all terms higher
than threefold being considered negligible. Because of
the absence of coupling the barriers were calculated by
applying the method of Fateley and MillerZ’ to each
top separately. The barriers were obtained using the
tables of Matheiu eigenfunctions prepared by Hersch-
bach.18 The reduced moment of inertia constant (F =
/i2 8ir2 r) of the methyl group was calculated to be 5.7
cm® 1from the assumed structural parameters given in
Table IV. The resulting barrier to internal rotation of
the methyl group is 2.82 kcal/mol for the solid and 2.70
kcal/mol for the gas. These values compare quite well
with a barrier obtained from a microwave study by
Petersen and Pierceof 2.65 kcal/mol for the gas.

An inspection of Figure 1 shows a very weak band at
at 142 cm* 1in the spectrum of solid ethylsilane and 101
cm“lin the deuterated species. These bands are as-
signed as arising from the SiH3D 3 torsion on the basis
of their shift factor (1.41). The frequency of 142 cm-1
and an F value of 3.67 cm* 1gives a barrier to internal

(A7) W. G. Fateley and F. A. Miller, Spectrochim. Acta, 17, 857
(1961).

(18) D. R. Herschbach, “Tables for Internal Rotation Problem,”
Department of Chemistry, Harvard University, 1957.

(19) D. H. Petersen and L. Pierce, Paper N10, Symposium on Molec-
ular Structure and Spectroscopy, Columbus, Ohio, June 1962.
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Table 1vV: Structural Parameter Assumed in Calculation of Barrier Heights*
C-Ha C-H/S c-C C-X XH X-GlI PcHs E xu3
Ethylsilane 1.093 1.093 1.540 1.867 1.484 5.76 3.67
Ethylgermane 1.093 1.093 1.540 1.960 1.529 5.67 3.50
Ethyltrichlorosilane 1.093 1.093 1.540 1.871 2.008 5.30 0.635
Ethyltrichlorogermane 1.093 1.093 1.540 1.950 2.13 5.29 0.612
Ethanol 1.100 1.093 1.524 1.428 0.956 5.26

“ All angles assumed tetrahedral except < COH = 104.77°; all tops stagger relative to CH 2

rotation of 1.99 kcal/mol. This compares with the gas
phase value of 1.98 kcal/mol obtained previously.19

B. Ethyltrichlorosilane (CHsCH:S:Cls). Several in-
frared and Raman papers have appeared previously on
ethyltrichlorosilane.122-27 The observations here are
similar to those of Durig and Hellams,Z but the two
studies differ in that for the present work all three de-
formations of the SiCl3 group are observed, and the
methyl torsion is assigned.

The band appearing at 222 cm-1 is assigned, as in the
previous work,Zto the A* symmetric SiCl3deformation.
The band appearing at 182 cm-1 in the liquid had been
previously assigned as degenerate. This band gives
rise in the solid to two bands at 180 and 189 cm-1.
These two bands are then assigned to the A" and A’
antisymmetric SiCI3 deformations. It should be men-
tioned that any attempt to distinguish which of these
two bands arises from the A' and A" motions would
be rather arbitrary on the basis of the available data.
The band at 159 cm-1 is assigned as formerly to the
SiCI3A" rock.Z The band appearing at 124 cm-1 in
the Raman spectrum is assigned to the A' rock.

The band appearing at 75 cm-1 has been previously
observed in the liquidZ and is assigned to the torsion
about the C-Si bond. Again from the structural pa-
rameters of Table IV, an F value of 0.63 cm-1 is ob-
tained, and from the observed frequency of 75 cm-1 a
barrier of 2.94 kcal/mol is obtained. This value must
be considered tentative for two reasons. First it must
be pointed out that this low-frequency band in the lig-
uid may arise from intermolecular motions of the par-
tially structured liquid. Second if indeed the band re-
sults from the SiCl3torsional mode then one might ex-
pect it to be shifted to a higher frequency due to in-
termolecular forces, compared to a gas phase value.
Thus, the barrier obtained from the data on the con-
densed phases may reflect contributions from both in-
tramolecular and intermolecular forces.

The only band appearing outside the lattice region
not yet assigned occurs at 257 cm-1 in the infrared
spectrum of the solid. Since all internal vibrations
have been assigned, except the methyl torsional mode,
and this frequency is outside the range of the “group
frequencies” established for the bending modes of tri-
chlorosilanes by Durig and Hellams,Z this band is as-
signed to the CH3torsion. It should be noted that this

band appears in the Raman spectrum of the solid; how-
ever, it is very weak and does not appear except at a
very low temperature (~ —190°). From the assumed
structure the F value for the methyl group is calculated
to be 5.30 cm-1 which gives a periodic barrier of 4.41
kcal/mol. The methyl torsional mode is also thought
to give rise to the infrared band at 240 cm-1 in the lig-
uid phase. From this frequency a barrier of 3.88 kcal/
mol is calculated. This lower barrier reflects the de-
pendence of the barrier height on the physical state.
Thus, the relatively high value for the barrier compared
to the corresponding one in ethylsilane should not be
considered as arising solely from the addition of the
chlorines on the silicon atom.

C. Ethylgermane (CHzCHiGeHz).
brational investigation of ethylgermane has been re-
ported by Mackay and Watt.1l In this study the bands
appearing at 170 and 150 cm-1, in the Raman spectrum
of the liquid, were assigned as the methyl and germyl
torsions, respectively. Both of these lines are well
characterized “ghosts” of the Cary Model-81 Raman
spectrometer equipped with a mercury arc source and
are shown by our investigation to have been incorrectly
assigned by the previous workers.

Three bands appear in the far-infrared spectrum of
the solid at 241, 189, and 113 cm-1 (c/. Figure 4). The
band observed at 241 cm-1 corresponds to the 239-cm-1
band previously observed in the Raman spectrum of the
liqguidll and is similarly assigned to the skeletal bending
mode.

It has been previously shown23that the methyl tor-
sional mode is usually quite weak in the far-infrared
spectrum and is seldom observed in the Raman effect.
Because of this, the weak infrared feature at 189 cm-1
is assigned as the methyl torsion. It should be noted
(see Figures 4 and 5) that this is the only low-frequency

(20) A. L. Smith, Spectrochim. Acta, 16, 87 (1960).
(21) J. Goubeau and H. Siebert, Z. Anorg. Chem., 261, 63 (1950).

(22) H. Murata, R. Okawava, and T. Watase, J. Chem. Phys., 18,
1308(1950).

(23) H. Murata, J. Chem. Soc. Jap., 73,465 (1952).
(24) L. Savidan, Bull. Soc. Chim. Fr., 411 (1953).

(25) M. I. Batuev, A. D. Petrov, V. A. Ponomarenko, and A. D.
Matveeva, lzv. Akad. Nauk SSR, Otd. Khim. Nauk, 1070 (1956).

(26) H. Murata, Sci.Ind., 30, 164 (1956).
(27) J. R. Durig and K. L. Hellams, Appl. Spectrosc., 22,153 (1968).
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infrared band which has no Raman counterpart. This
frequency, with an F value of 5.67 cm-1, gives a cal-
culated barrier to internal rotation of the methyl group
of 2.33 kcal/mol. It should be noted that this value
is significantly lower than the corresponding value
of 2.82 kcal/mol found for the methyl torsional barrier
in ethylsilane. The intcrmolccular effects are expected
to be insignificant for ethylgermano as they were for
ethylsilane. Methyl torsional modes have always been
shown to shift to higher wave numbers due to inter-
molecular forces; thus, if these effects are more pro-
nounced in the germanium compound than for the
silane, the barrier differential would even be greater.

The band appearing at 113 cm* lin the infrared spec-
trum of the solid is assigned as the germyl torsional
mode. This band is shown not to be a lattice mode by
its appearance at 116 cm-1 in the Raman spectrum of
the liquid (—180°). With a reduced moment of inertia
constant of 3.50 cm-1, the barrier obtained is 1.37 kcal/
mol. This value will be shown to be consistent with
other barriers for germyl torsional modes in the discus-
sion section.

D. Ethyltrichlorogermane (CHzCHzGeCK).
vibrational studies have been reported on ethyltrichlo-
rogermane,1328' 3 but the two torsional modes have
not been satisfactorily assigned. The most compre-
hensive work of the previous studies is that of Lippin-
cott, etal,@ In that study aband appearing at 291 cm*“ 1
in the Raman effect was assigned as the methyl tor-
sional mode. However in our study this line is shown
to be polarized and because of its position and intensity
it is assigned to the CCGc deformation. This assign-
ment is consistent with that given for the correspond-
ing modes in the other molecules studied herein.

The bands appearing at 179, 157, and 140 cm* 1 all
appear as depolarized lines in the Raman effect.13
Thus, if these bands are to be assigned to the bending
motions of the GeCI3 group, then the A" modes are
most probably degenerate with the A' modes. On this
basis the A' symmetric deformation is assigned to the
band at 179 cm-1. The A' and A" antisymmetric de-
formations correspond to an E mode under local C3/
symmetry and are assigned as being degenerate at 157
cm“1 The A" and A" rocking motions which also cor-
respond to an E mode for the C3/ point group are as-
signed as being degenerate at 140 cm“1 These assign-
ments are consistent with the depolarization data and
are reasonable on the basis of the local symmetry of the
GeCl3group.

There are three additional bands (245, 69, 58 cm* ]
in the far-infrared spectrum of the solid which have not
been previously observed. Again it is expected that
the methyl torsion would appear as the least intense
fundamental in the far-infrared. On this basis the
band at 245 cm*“1is assigned as the methyl torsion.
From the assumed structural parameters (Table 1V),
an F value of 5.29 cm*“ 1is obtained, and with the fre-
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quency of 245 cm* 1a barrier of 4.03 kcal/mol is cal-
culated. It should be pointed out that this barrier is
close to, but a little lower than that obtained in the cor-
responding silicon compound.

Previously, a band at ~ 110 cm*“ 1had been assigned
by Lippincott and Tobin2® as the torsion about the
C-Ge bond. This band was not observed in our study
in cither the infrared or the Raman spectra when a pure
sample was used. However, when the sample was ex-
posed to the air, this band could be observed in the Ra-
man spectrum. Thus, this band is taken as arising
from a low-frequency mode of the hydrolysis product.
Two bands remain to be assigned in the far-infrared
spectrum of the solid, one of which may be the GeCI3
torsion. An unambiguous assignment of one of these
bands as the torsion cannot be made on the basis of our
data, since neither band was observed in the infrared
or Raman spectrum of the liquid and upon doing a
temperature study the peaks tend to merge. |If the
69-cm* 1 band is assigned as the torsion, the barrier
would be 2.64 kcal/mol, whereas if the 58-cm“ 1 band
is assigned to this motion the calculated barrier is 1.86
kcal/mol. If one compares the torsional barriers with
those for the other molecules studied, one sees neither
of these values is unacceptable.

E. Ethanol (CHXH2H). There has recently ap-
peared an infrared study (250-4000 cm "1 of a single
crystal and a far-infrared study (below 300 cm-1) of a
polycrystalline sample of ethanol and two of its dcuter-
ated derivatives.3L From this study it was shown that
the crystal consists of unit cells with double chains of
four molecules each, with a factor group symmetry of
C26. From this symmetry, it is predicted that there
would be three infrared active translations and six in-
frared active librations. Since, we had also studied the
far-infrared spectrum of this molecule and our results
differ somewhat from those previously reported, we are
including our data in this study.

The infrared spectrum of polycrystalline ethanol is
shown in Figure 7 and that of the “d6 compound in
Figure 8. The relatively sharp, medium intensity
band at 292 cm“ 1 was not observed in the previous
study. Also, there are considerable differences in the
frequencies and the relative intensities of the remaining
bands. It was found to be necessary to hold the eth-
anol sample 5° below its melting point for m~2 hr to ob-
tain a reproducible spectrum; thus, these differences are
felt to be due to differences in the degree of crystallinity
in the samples used in the two studies.

The observation of the band at 292 cm-1 requires a

(28) M. I. Batuev, V. A. Ponomarenko, A. D. Matveeva, and G. Ya.
Vzenkova, Izv. Akad. Nauk SSR, Otd. Khim. Nauk, 2120 (1959).

(29) E. R. Lippincott, P. Mercier, and M. C. Tobin, J. Phys. Chew,.,
57,939 (1953).

(30) N. A. Chumaevskii, Opt. Spectrosc., 13, 37 (1962).

(31) Y. Mikawa, J. W. Brasch, and R. J. Jakobsen, Spectrochim.
Acta, 27A, 529 (1971).
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reassignment of the bands observed between 150 and
300 cm-1. It appears that the 292-cm ' Dband shifts to
258 cm-1 with deuteration giving a shift factor of 1.13,
and is thus assigned as a librational mode. The shift-
ing of the 192-cm'lband to the low-frequency shoulder
of the 184-cm-1 band in the spectrum of the deuterium
compound is consistent with the assignment of this
band to a translational mode. There is considerable
doubt as to the correct assignment of the three bands
at 282, 251, and 222 cm-1. There are two possible as-
signments (see Table I11), one of which requires a large
intensity reversal whereas the other assignment requires
a “blue” shift of one of the bands with deuteration.

It was noted by Mikawa, et a!,.,3l that most of the
intramolecular fundamentals appeared as doublets in
their study of single crystal ethanol. It has been found
that methyl torsional modes give rise to much larger
factor group splittings than do the other internal fun-
damentals.6 Thus, one would expect from the results
of Mikawa, et al.,si to observe splitting for this mode in
ethanol. Also, in a study of the ethyl halides3in the
solid phase, it was observed that for these molecules the
calculated barrier heights are approximately 0.8 kcal/
mol higher in the solid than those obtained for these
molecules in the gas. Because of these considerations
the present authors favor assignment 11 listed in Table
111, where the torsion is assigned as split with frequen-
cies of 282 and 251 cm-1 for the “light” molecule and
198 and 184 cm-1 for the “heavy” species. Using the
average frequency the torsional barrier height for solid
ethanol is calculated to be 4.05 kcal/mol. This com-
pares with a value of 3.37 kcal/mol obtained from a mi-
crowave study of the gas.® It is therefore seen that
assignment 11 is favored on the basis of the splitting ob-
served for the torsion and the gas to solid shift in the
barrier height. The major argument against assign-
ment |1 is the shift of the 222-cm' 1band to 235 cm' 1
on deuteration. Such an assignment has been proposed
for the most intense low-frequency band in the vibra-
tional spectrum of 2-propanol.333% Such shifts, although
impossible for an uncoupled oscillator, are readily ex-
plained if the vibration is assumed to be coupled. Fur-
ther vibrational studies of CD3CHZOH and CD3XD20H
might help determine which of these possible assign-
ments is correct. Also a neutron inelastic scattering
study could probably be used to distinguish the methyl
torsional mode from the external vibrations.

IV. Conclusions

Many theoretical papers have appeared on the subject
of torsional barriers, some utilizing quantum mechanical
formalism4-6,36' 3 and others using a more empirical
approach.7 939 4 The quantum mechanical calcula-
tions, especially in terms of bend function analysis,
should be very enlightening as to the forces contributing
to the barrier. Although there have been several bar-
riers calculated using the quantum mechanical approach

3999

which are in good agreement with experiment, it is gen-
erally agreed that this agreement is largely due to a can-
cellation of errors when *he conformational energy dif-
ference is taken. The barrier height is often several or-
ders of magnitude lower than the error in the total en-
ergy; thus, the analyses based on these calculations are
somewhat questionable.

The semiempirical approaches usually have at-
tempted to interpret torsional oscillations in terms of
potential functions applicable to other types of internal
vibrations or intramolecular interaction potential func-
tions. With this approach, the intramolecular inter-
action constants are usually transferred from data ob-
tained from intermolecular interaction studies. Since
the barrier is most probably due to secondary overlap
or nonbonded interactions, it would seem that, with the
proper choice of coefficients, such potential functions
should give reasonable results.

From the data presented in Table V it is seen that
there is a gradual decrease in the barrier to the rotation
of the methyl group as one goes from propane to
ethylsilane to ethylgermane. This decrease is as one
would expect on the basis of secondary overlap because
of the longer more diffuse C-X bond formed as one
transcends the group IVa series. One would also ex-
pect this decrease on the basis of nonbonded interaction
since the forces exerted on the methyl group would also
be expected to decrease with the increasing C-X bond
length. Assuming no interaction from the heavy atom
hydrogens and extrapolation of this effect, the methyl
group should, in the limit of an infinite C-X bond
length, experience an interaction field equivalent to
that of a CH2group. Thus, the limiting low barrier for
CH3XH2XY,, molecules as one transcends a given family
of elements would be 2 3the barrier of the methyl deriv-
ative of the first member of the series. On the basis of
this the limiting barrier for the propane type molecules
would be 1.95 kcal/mol.

On going to the trichlorides it is seen that for these
molecules there must be a third-order effect from the
interactions of the heavy atom chlorines with the
methyl hydrogens to cause such a drastic increase in the

(32) L. M. Imanov and Ch. O. Kadzhar, lzv. Akad. Nauk Azerb.
SSR, Ser. Fiz.-Tekn. Mat. Nauk, 33 (1967).

(33) J. R. Durig, C. B. Pate, Y. S. Li, and D. J. Antion, J. Chem.
Phys., 54,4863 (1971).

(34 J. R. Durig, C. M. Player, Jr., Y. S. Li, J. Bragin, and C. W.
Hawley, ibid,., in press.

(35) M. Cignitto and T. Allen, J. Phys. Chem., 68,1292 (1964).
(36) R. Hoffman, J. Chem. Phys., 39, 1397 (1963).
(37) R. M. Pitzer, ibid., 41, 2216 (1964).

(38) A. J. Sovers, C. W. Kern, R. M. Pitzer, and M. Karpus, ibid.,
49,2592 (1968).

(39) E. A. Mason and M. M. Kreevoy, J. Amer. Chem. Soc., 77,
5808 (1955).

(40) R. E. Wyatt and R. G. Parr, J. Chem. Phys., 41, 3263 (1964);
43.5217 (1965); 44,1529(1966).

(41) J. P. Lowe and R. G. Parr, ibid., 43, 2565 (1965).
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Table V: Comparison of Barriers for Ethane and
Propane Type Molecules

Barrier, Barrier, kcal/mol

kcal/mol cm XHi
ch3xh3 2.928° CHXHXH3 3.33 3.33®
CH3SiH3 1.70* CHXHXSIH3 2.82 1.99'
CH3GeH3 1.24® CH3CHXGeH3 2.33 1.37'
CH3SNnH3 0.65" CH3CHXNH3

°S. Weiss and G. E. Leroi, J. Chem. Phys., 48, 962 (1968).
4R. W. Kilb and L. Pierce, ibid., 27, 108 (1957). cV. W. Laurie,
ibid., 30, 1210 (1959). dP. Cahill and S. S. Butcher, ibid., 35,
2255 (1962). ‘E. Hirota, C. Natsumura, and Y. Morino, Bull.
Chem. Soc. Jap., 40,1124 (1967). 1 This work.

barrier of the chlorides relative to the corresponding hy-
drides. It has been mentioned earlier that part of this
apparent increase may reflect intermolecular contribu-
tions; however, in the view of the empiricist, those
forces with directional character which contribute to the
intermolecular interaction are also those forces which
contribute to the barrier. Thus, it is felt that this in-
crease is at least qualitatively significant. This strong
chlorine interaction is also reflected in the heavy atom
tops where the barrier in the ethyltrichlorosilane is ap-
proximately equal to the methyl barrier in ethane, even
though the bonds are diffuse and the nonbonded dis-
tance is considerably greater. This strong chlorine ef-
fect is also demonstrated in the chlorine derivatives of
ethane.842 It should be noted that for the two trichlo-
rides there is a decrease in the barrier height obtained for
both the methyl and heavy atom tops on going from the
silane to the germane derivative.

Another interesting observation is that the propor-
tionate drop in the barrier heights for the heavy atom
tops, as one goes from propane to ethylsilane to ethyl-
germane, is approximately equal to the proportion de-
crease in the barrier for the methyl derivatives. This
again is as expected, since the nonbonded distance
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changes for the heavy tops in both the methyl and ethyl
derivatives are approximately the same, and the change
in barrier should simply reflect the proportionate effect
of this distance change on the effective field exerted by

the ethyl or methyl groups on the tops. (See Table

V1)

Table VI: summary of Barriers

CHj XY.

CH3XHIiIH3 2.82 1.99
CHB3CHX=SICI3 4.41 2.94
CH3XHXGeH3 2.33 1.37
CH3XHXxeCI3 4.03 1.86

CH3CH2OH 4.05

Finally, it should be pointed out that the group IVa
elements provide a rather favorable series for studying
the effect of the change of the nonbonded distance on the
barrier because, for this group, the complexities of the
changes in the hybridization are minimal and the angles
remain essentially tetrahedral. The effect of the hy-
bridization changes on the barrier heights is dramatically
demonstrated for the group Va and Via elements by a
comparison of the barriers for methylaminef3methyl-
phosphine4 and methanol&methancthiol, 46 where the
respective barriers are 1.98, 1.96, 1.07, and 1.27 kcal/
mol.
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Vibrational energy transfer in H2+ He is studied by use of the accurate a priori interaction potertial. An
expression for the vibrational transition probabilities is obtained by solving the Schrodinger equation for the
perturbed oscillator states. The expression explicitly shons the dependence of the transition probability
on nolecular orientations, oscillator anharmonicity, and multiquantum trarsitions.  Detailed numerical study
for the 0— 1 vibrational transition inthe electron-volt range is carried out to show the dependence of the trarsi-
tion probability on the relative collision energy and the orientationangle. At higher erergies, the introduction
of the anharmonicity correction decreases the vibrational transition probability by large factors. The tem
perature dependence of the trarsition is also discussed with the angle and energy-averaged transition proba-
bility. Vibration-rotation energy transfer is not corsidered, but the amount of energy trarsfer to the anhar-
rmonie oscillator is calculated as a function of the initial orientationangle.

Introduction

In recent years, with the advent of large memory high-
speed computers, accurate a priori interaction potential
energy functions have become available for the calcula-
tion of probabilities of molecular energy transfer.2-6
Among them are the relatively simple forms for H2 +
He computed by lIvrauss and Miesband by Gordon and
Secrest.6 Recently, Lesterdobtained alengthy function
for Li+ + H2 by employing accurate self-consistent
field wave functions. These functions, which show de-
tailed orientation dependences, are obtained for the re-
gions which are appropriate for the study of vibrational
excitations. Since such exact potential functions are
becoming available, we can now make rigorous calcula-
tions of vibrational transition probabilities and related
guantities. Mies6 used the H2 -r He potential in his
numerical evaluation of the 0 —m1 vibrational transition
probability within the framework of the distorted wave
approximation (DWA), and compared the result with
that of model potentials to show the inadequacy of the
latter forms in describing the H2 + He collision. Al-
though the calculation revealed new features of the
transition process, it is generally known that the DWA
cannot be used to calculate the vibrational transition
probabilities in the region of high collision energies,7-9
where the approximation may lead to the situation that
the probabilities exceed unity. The DWA, which is
simple to use, normally gives acceptable results for low
probabilities.

The apriori H2+ He potential function is in a simple
form, which can be readily used for accurate calculation
of the transition probabilities. In the present paper,
we developed a method for the calculation of vibrational
transition probabilities for H2+ He. The method in-
volves the solution of the Schrodinger equation describ-
ing the perturbed oscillator states in an explicit form.
We shall use the potential function obtained by lvrauss

and Mies. Although numerical calculation of the tran-
sition probabilities will be shown, we shall consider the
development of the method in detail; the development
will be made such that the method can be readily used
with other collision systems for which accurate forms
of the interaction potentials are available.

Potential Energy Functions

The a priori interaction energy for H2 + He deter-
mined by Krauss and Mies is

U(x,0,6) = Cexp(—ax + dficq) [A(6) + B(d)q] (1)

where ¢ is the displacement of the oscillator from its
equilibrium position Re, x the distance between the cen-
ter of mass of H2 and He, a = 1.86176 au-1, ai =
0.3206 au-2, C = 198.378 eV, A{6) = 1.0 + 0.30124
cos28 and B{8) = —0.59932 + 0.21517 cos2 6 au-1.
This function accurately represents the H2+ He inter-
action for theranges0 < q+ Re< 2auand 25 < x <
3.8 au.

In using eq 1 for the formulation of vibrational transi-
tion probabilities, we face mathematical difficulty due
to the appearance of the q dependence both in the pre-
exponential and exponential parts. However, this dif-
ficulty can be avoided by expanding exp(aixg) in a

() (@ This work was supported by the Directorate of Chemical
Sciences, the U. S. Air Force Office of Scientific Research, under
Grant AFOSR-68-1354. (b) Theoretical Chemistry Group Con-
tribution No. S-1033.

(2 (@ C. S. Roberts, Phys. Rev., 131, 203 (1963); (b) M. Krauss
and F. H. Mies, J. Chem. Phys., 42, 2703 (1965).

(3 W. A. Lester, ibid., 53, 1511 (1970); 53, 1611 (1970).

(4 W. A. Lester, ibid., 54, 3171 (1971).

(5) M. D. Gordon and D. Secrest, ibid., 52, 120 (1970).

(6) F. H. Mies, ibid., 42, 2709 (1965).

(7) K. Takayanagi, Advan. Mol. At. Phys., 1, 149 (1965).

(® D. Rapp and T. Kassal, Chem. Rev., 69, 61 (1969).

(© D. Secrestand B. R. Johnson, J. Chem. Phys., 45,4556 (1966).
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power series and taking the first several terms. For the
range in which eq 1 is valid the exponential part exp-
(aixq) lies in the range from exp(0.8015g) to exp-
(1.2182g). If we take g as large as +0.6 au, these two
limits are 1.6175 and 2.0771, respectively. In the ex-
pansion, when we take the first four terms of the upper
limit, exp(0.7309) 2.0631 while its exact value is
2.0771. On the other hand, for q = —0.6 au, exp-
(—0.7309) ~ 0.4711 while its exact value is 0.4814.
The equilibrium value i?0is 1.4 au, and probably the
range of the displacement of the vibrational amplitude
of the displacement of the vibrational amplitudes of in-
terest is £0.3 au. Therefore, the error caused by the
expansion of exp(al-rg) should be very small, and to a
good approximation we can express the exponential

part as
expfonxq) = 1 + aixg + z)2 +
VeCai+lY + I/u{faxxyqgl (2)

With this expression we now write the modified interac-
tion potential as

U(x,q,8) = CA(8) exp(—otx) +
C exp(—ax){ [A(0aif + B(6)]q +
[722a(0)(m72+ aB{8)x}qi +

[7Te+(0)(«i73+ V W M

[I/uA(d)(aixy + 7 B(0)(«ia)3Y } =

"te3 +

U(x,0,9) + U\x,q,e) (3

where the g-dependent part U'(x,q,9) is responsible for
vibrational transitions, while U(x,0,9) essentially con-
trols the relative translational motion of the collision
partners. We shall express the g-dependent terms in
the form

U'(xae) = £ Vit @

We are therefore concerned with the interaction of
H2 with He through the perturbation energy 2+
(X)g\ which explicitly includes vibration-rotation cou-
pling. In setting up the problem, we shall parametrize
a in the time t, so that the sum can be considered to be a

time-dependent perturbation energy. The Hamil-
tonian takes the form
H=2M+ U9 + A Vi{tyi )

where p is the momentum and M is the reduced mass of
the oscillator and 17(g) is the intramolecular potential
function. If we assume the harmonic motion of the os-
cillator, then the latter function is simply y 2V «32
where w is the vibrational frequency. In studying vi-
brational energy transfer problems, we therefore need
to know, in addition to U(x,q,6), the intramolecular
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potential energy of the oscillator. Such a potential
must reproduce the oscillator’'s anharmonicity, which
might exert an important influence on the vibrational
energy transfer. Potentials such as the Morse function
17(g) = De[l — cxp(—<tg)2can be used here, where 4
is a range parameter to be determined and Dcis the dis-
sociation energy. However, the Morse function is dif-
ficult to handle in the method described below, but
without causing any serious error we can expand it
about g and take the first several terms. By defining
the force constant by [d2l/(g)/dg2]?=0, we can then ap-
proximate the H2molecule by an anharmonic oscillator
with the potential

79 = 7M2R- TMES+ 72MWW (6

The second and third terms on the right-hand side are
assumed to reproduce the anharmonicity of the mole-
cule. Therefore we shall replace 17(g) in the Hamil-
tonian by y 2Mcoy2+ 2F3AAY, where X3= —'/2Muzp
and X4= V2 We then have

H=2M+ FOq+ ~3Xd +

VE:2ViitW (7)
where —F(t) = m(t).

Perturbed Wave Function

The oscillator is perturbed by the energy U'(x,q,6)
during the course of collision, and we now need to find
the wave function representing the perturbed state.
Since the quantum system under the influence of V [r
(1),0,9] evolves in an exactly predictable manner, we
can determine the wave function ip{t) representing its
dynamical state at time t by specifying \tQ for the ini-
tial state at t0. The wave function p(t) then represents
the perturbed state and can be obtained by solving the
Schrodinger equation

iHPY = Hf(Y) (8)

where the Hamiltonian is given by eq 7. If we discard
the two sums in eq 7, the subsequent solution of eq 8,
which is well known, will describe the case of the forced
harmonic oscillator.1011 We should therefore be able
to take into account explicitly the effect of oscillator
anharmonicity on the solution p(t) with the j sum.
The appearance of the sums in eq 7 greatly complicates
the solution of eq 8. To facilitate the solution, we in-
troduce the operators a and a+, which are hermitian con-
jugates of each other satisfying the commutation rela-
tion [a,a+] = 1. The position variable q and the mo-

(10) 1. 1. Gol'dman and V. D. Drivehenkov, “Problems in Quantum
Mechanics,” Addison-Wesley, Reading, Mass., 1961, pp 103-106.
Also see D. ter Haar, “Selected Problems in Quantum Mechanics,”
Academic Press, New York, N. Y., 1964, pp 152, 153.

(11) C.E.Treanor, J. Chem. Phys., 43, 532 (1965); 44, 2220 (1966).
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mentum p are linear combinations of these operators1012

(a+ + a) (9

(=Y
\2Mali
(a+ —a) (10)

In terms of these operators we can write the Hamil-
tonian as

H=(N+ 7%« - (2] -3 7>(i)(a + a+) +

4/ A V>

vV .iw k-<a + a+)' +

i JJdf ‘

1:2§2MaiJ yi(a+ a4
where N = a+a. By use of the commutation relation
and the identity [(3+)”,a] = —n(a+)m 1, we can expand
(a + a+)" and (a + a+)Jin the form 2m,, cmn(a+)nan;
eg., (@+ a+)2= a2+ 2a+a + a+2+ 1. Such expan-
sions will be used in obtaining eq 14-17 from eq 13
below.

We shall first look for the solution of eq 8 in the
form1011'13

ut) = C(Oexp[/(0a+] exp[gr(0a] exp[A(i)N]~(io) (12)

We assume the initial wave function \atQ by the har-
monic oscillator wave function and write it in the
form Yn{g), m representing the initial oscillator state.
Therefore, eq 12 can be obtained as a linear combination
of the unperturbed harmonic oscillator wave function
with the coefficients determined by the time-dependent
energy terms as well as the anharmonicity terms. The
square of the coefficient of a particular state (say n) is
then the probability that the oscillator is in the state n
at time t; the probability at t = + ce, pnrt can be ob-
tained by evaluating the coefficientatt = + °°.

With the time derivative of eq 12 and by use of the
commutation relation and [(a+)'!, a] = —(a+)™~1lin
the expanded form Dof exp [/(fla+'_ exp [g(t)a.] exp [A(f)N],
we find the following equation4from eq 8

iN\h(ON + [f{t) - h@OfO]a+r — [o(f) +

h{t)o{t) Ja + 596 - hitf(t)g(t) -
m m IHt) = £(N + y23fo
Py /2

n ") retFw s X

V(a + a+tY + E ~N(0(a + a+)g}’\(° (13)
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By equating the coefficients of the operators N, a+,
and a of the both sides of this equation, we find

ht) = - [iu+ — 0] (14)
r /(d m t)
10+ 46t X370 = oufiv
3t/ A VA
«(¢md P&+ 1301 (1D

g(0 - * W+ m]dfﬂ - Yﬁ@{\%)vz#
-

(2 ")

PG+ 130l (16)
¢(0 - f 3 hi P4+ 11ft)1 +
c(f) 2 Y™ omeo)2 !
iF(t) si/ nyA

(2MKo>)'h + K\2m J @n

The coefficients of the operators which are in higher or-
ders of a+, a, and N appeared on the right-hand side of
eq 13 are set equal to zero, but the resulting relations
do not contribute to the formulation of the relevant
equations given above. In deriving the differential
equations, eq 14 has been used to simplify the three
other equations. It is obvious that the solution of eq
15 is the complex conjugate of that of eq 16. With the
initial conditions (fo= —m), h{—c) = 0,/(—00) =
0, and ¢c(—°°) = 1, we find the solutions

(18)
m = (aib*tp [+
£ L ~ '")de] L ie{Fm
3N ) .
2Moi PG+ yito] wt
i
Moi (9)
At) = -/*(*) (20)

(12) A. Messiah, “Quantum Mechanics,” Vol. 1, North-Holland

Publishing Co., Amsterdam, 1968, Chapter 12.

(13) P. Pechukas and J. C. Light [J. Chem. Phys., 44, 3897 (1966)]
solved the problem of the linearly forced harmonic oscillator in terms
of the operators a +and a.

(14) H.Shin, Chem. Phys. Lett., 5, 137 (1970).
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B r iot i r s 3i\M
=P 5 ey, TAOXF (2Mo>2
M3 mindigjrexpl
(2Mco) Imexp 2MRu)l/ X
j 33+ yte ¢ a5 !
\(2ilcco)A + " ((J nr. «
e ziﬂf;) pa-+ ) 1he e +

i
Mat (21)
With the solutions for the coefficients given above, we
now solve eq, 12 for \at) as a particular combination of
the unperturbed harmonic oscillator wave functions.
The coefficients of such a combination will depend on
the functions given by eq 18-21. For the wave func-
tion Yr(g) we have the following recursion relations2

a+tm= (w+ I)Vifc +i (22)

aym - _i(m X 0); ap0= 0 (23)

N~ m= nm\m (24)

Since the operator a+ transforms the state to into the
state o+ 1, a+ may be called an “ excitation” operator.
The operator a, on the contrary, transforms the state
into the lower state w — 1, thus acting as a “ deexcita-
tion” operator. Hence, in eq 12 each operator in the
exponent will operate on Y{q) to generate the wave
functions Yq), Yi(q), ssm By ex-
panding the exponential part of eq 120and by gener-
ating the functions with the recursion relations given
above, we obtain the wave function NAY in the form

i(t) = c(f) exp[mh(®)] Y, X
S=0 s!

mi i
i (m—s)lr=o

@o —s + I)!
" (o —s)!
c(t)Y Y K({\s,Amn)\pn (25)

where in the second relation n represents (o — s + ).
For the oscillator initially in the lowest state to = 0,
this equation reduces to

m—s+r

Pig =c) Y M o

r=o0 x/r! (253)

Transition Probability

The probability of the to —»n vibrational transition
can be obtained from eq 25 by squaring the coefficient
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K(<n\s,Am,n). However, there can be more than
one term contributing to the final state n so that the
squaring should include the sum of all such terms. For
example, for the transition 3 — 4, there are four terms
leading to the Y state, namely (s,r) = (0,1), (1,2),
(2,3), and (3,4). We generalize this situation to ob-
tain the final expression of the vibrational transition
probability as

= [de9)12A/(c0)]2! - nimp | x

(-1)1/(co) 12

=0 s!(to —s)\(n — o + s)! (26)

in which the s sum is from zero to min(TO,n), the lower
of woor n. We must note that this equation satisfies
the principle of detailed balance Pmm = Pmmand that
the probability is conserved; 2r=0" Pmn =1. For the
oscillator initially in the ground state, eq 26 reduces to
the simple form

k"‘)M /(')r (27)
nl

which can also be obtained from eq 25a.
From eq 19 and 21, we have

1 1fPs 1
M@2=2nul, dT ()+E P+ X

ol + wu? o V2O = ys (28

lc(ro)|z = exp[ dth\t) +

2MnJj_,

m . i
D3+ V(1) Jj>exp|fiat -} f  fH)dfj2 =
w M o)

2M

exp(“ N ) <29

where AE may be defined as the amount of the energy
transferred to the oscillator driven by the perturbation
energy l-gi(t)gi. We note the appearance of the an-
harmonicity effect X3in AE while X4 does not. If we
set 7i)>730» and the anharmonicity term X3to zero,
then the expression of AE reduces to the well known
form®

(30)

ae°=M r m eMiut)dt

for the harmonic oscillator driven by the force F(t).

For an explicit calculation of Prm we need to find
the time dependence of y(x)'s from the x-t relation by
solving the equation of motion as

Cx da
J*. - V(x,g,e)}'h 31

(15) D. Rapp, J. Chem.Phys., 32,735 (1960).



Vibrational Energy Transfer in H2+ He

where n is the reduced mass of the collision system, E
the relative translational energy, and x* the largest
root of 1?7 — U(x,q,6) = 0. This equation determines
the trajectory of the relative motion as a function of 6
and g, but we neglect the effect of the oscillator’s dis-
placement on the trajectory. Since we wrote

U(x,q,d) = CA(e) exp(—oa) + U'(x,q,6) (3)

the potential function appropriate for determining the
trajectory can be taken to be CA{6) exp(—ax), and
use it in eq 31. The essential part of the integrals in
eq 27 and 28 will then have the form

—ax(i) + iut]dt

which can be computed by contour integration.’6 As
X -*m 0, the potential energy U(x,0,0) tends to CA(d),
where C = 198.378 eV. Since A (0) is not significantly
different from unity, this limiting value lies in a strongly
repulsive region. By defining the collision time asT

- dx 32
[U(x,0,00 - E]I (32)
we can solve eq 31 as
<B i @
or
ICA6) exp(-ax)]./)! = L —a (34)

In eq 32 the lower limit x0represents the distance at
which U(x,0,6) becomes strongly repulsive. A dif-
ferent choice of this integration limit would not alter the
result; the necessary condition for the choice is V(x0,0,d)
y>E. For U(x,d) = CA(ff) exp(—ax), the integration
in eq 32 is trivial; the result is simply

Since the collision time is determined from the relative
motion of the incoming atom with respect to the center
of mass of the oscillator, the situation that the collision
time is independent of the angle 9is certainly expected
in the present approximation. In eq 28 and 29 the
term

¢ £ .- OTd(

appeared in the exponent of AE is due to the term pro-
portional to g2 of U(x,q,9). The appearance of this
term is seen in eq 14 indicating that the frequency
varies with the time,Bi.e., w»+ 7AAt)/Mu. Except at
very high collision energies, the time-varying term is
small, so that we can expand this exponential part in a
power series and take the first three terms. In the
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following calculation section, we will find that this
expansion is satisfactory. Then, the amount of energy
transfer can be given in the form

f Qi
dt exp(tof) |F(i) + 2-[Xs +

A5 = g
O f

3n

2Mw

di op(" ) F® +
X + % (0][£ V2(t'W 1 -

1 re

™

3|_| H .
e D+ VDI

di exp(rh>i)],F@i) +

v2(t)dt 2| (36)

where the explicit forms of F(t), 7Zf), and 73f) are,
respectively

F() = —C[alA(d)x + B(6)] exp(—ax)
73f) = C[IA(d)aiV + aiB(6)x] exp(—ax)
73f) = C[V/sA(0)aix3+ 1 2B(0)alx?2] exp(—ax)

The right-hand side of these relations will be converted
into the corresponding time-dependent forms by use of
the relation
X (37)
ILca(0)d a(r + i)
and eq 34 itself. The resulting equation will contain
integrals of the forms

exp(fcof)
-p dl

/

oy CW
and
2u A1) di
1” . 11 y\ICA(e)i a(r + ir)){t —ir)0

where {3 and 7 are integers. Since there is a branch
cut from ij along the imaginary axis to i °°, we cannot
simply replace the above integrals by their residues at
the pole. Therefore, we replace the integration by an
integration along a contour, which extends from + ¢ 00,
encircles the singular point, ir, and then follows a
branch cut in the complex t plane. The latter form
of the two integrals given above eventually reduces to
the former when a successive use of the L’Hospital
rule is made before letting t —mir. Carrying out the
integration, we find

/ exp(iwt) , 2x(iw)'s5 . ,00.

(16) E. E. Nikitin, Opt. Spektrosk., 6, 141 (1959); English transi.,
Opt, Spectrosc., 6, 93 (1959).

(17) H. Shin, /. Phys. Chem 73, 4321 (1969).

(18) A. Zelechow, D. Rapp, and T. E. Sharp, J. Chem. Phys., 49,
286 (1968).
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The integral |
%

) —®

ij20di may be written in the form

P V2(t)dt = fm[VZCA(O)aiV +

« — @ « —

a,CB(6)x] cxp(—aa;)di (39)

which can be explicitly evaluated when di is replaced
by da; through cq 37. The result can be readily con-
verted back to a time-dependent form by use of eq 34
for the evaluation of AE. We note that the leading
term of the anharmonicity in eq 36 appears as

/ exp(fcoi)di

which is an integral representation of the 5 function
and vanishes in this case. Therefore, the first non-
vanishing term of the anharmonicity contribution is
PE
exp(fcoi)di | rp(t")dt’

—co 6) — ¢

By use of eq 38 followed by lengthy but elementary
operations and simplifications, we finally obtain the
following expression for the amount of energy transfer

(mAzrsw T ...
LiwJ»w

7reol2 21

(40)
p a\hy -

“

u )

where

The lengthy expression for g(6) is due to the inclusion
of higher-order terms in g in the Hamiltonian. For
practical purposes, higher-order terms in (ai/a), par-
ticularly those containing ii/Mw2and/or H/Mu, can be
neglected. Our problem of finding an explicit solu-
tion of Pmmis now completed with eq 26, 28, 30, and 40,
and numerical computation AE, and in turn Pmas a
function of E and 6 is simple. The energy constant C
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of the overall interaction does not appear in the above
expression of AE, while the angle-dependent functions
A(d) and B(6) enter in a complicated way. We also
note that in the function </((?), the first term is due to
B(6)g of the overall potential while the second term
results from A{6)a\xq which is from the first g-depen-
dont term of the expansion of cxp(aixg). These two
terms are the most important part of the potential
causing vibrational transitions, i.e, g6 ~ [1 +
2(<*l)A(*)E) I

Effects of Anharmonicity and
Multi-quantum Transitions

In the above derivation we have discussed the effect
of the oscillator anharmonicity on vibrational energy
transfer. However, the effect was not fully accounted
for in the derivation of the vibrational transition proba-
bility. Equation 36 shows that if rm(t) were zero, the
anharmonicity correction would vanish, but the anhar-
monicity should contribute to the vibrational energy
transfer even if jiAf) is zero. The form of \p{t) given
by eqg 12 is not sufficient for a rigorous calculation of
the anharmonicity since it does not contain all the
operators which act on the initial wave function to
generate the anharmonicity. The leading part of the
anharmonicity correction is proportional to X3a + a+)3
which can be expanded as X3a3+ a+3+ 3aa+2+ 3aZa+
— 3a+ — 3a). In the expansion aa+2and aZa+ also
act as one-quantum transition operators, but only the
operators a and a+ were included in the above deriva-
tion of Pmm  The cubic operators a3and a+3are three-
quantum deexcitation and excitation operators,
respectively. For the oscillator initially in the ground
state, aza+ and a3should be discarded since they gen-
erate the "™-i and ¥/3states. In the quadratic term,
(@ + a+)2can be expanded as a2+ a+2+ 2at+a + 1,
where a2and a+2are two-quantum transition operators,
but these operators were not included in the above
derivation.

Therefore, a more rigorous form of the wave function
is

<KO = c(i) exp[/(i)a+] exp[gr(E)a] exp[fe(i)N] X
exp[w(i)a+2] exply(i)aa+2i/'(EQ (41)

This expression includes the one-quantum transition
operator aa+2 responsible for the leading effect of the
anharmonicity and the two-quantum transition opera-
tor a+2 The latter operator represents the leading
effect of multiquantum transitions. For the oscillator
initially in the ground state, eq 41 contains all impor-
tant information needed to determine the vibrational
transition probability. By expanding the exponential
operators and by generating the functions with the
recursion relations as above, we obtain alengthy expres-
sion for the wave function
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KO = oft) Y., y®l! (o+ 20!
i=0 11 a/ m\(m+ 1)1
W)IkI (m+ 1+ 2K\ exp[,m + z+ 2k)h(t)] x
Kkzo0 K\ » (m + )
m+2k [g(f)] (o+ |+ 2f))!
fo+ I+ 2k —59)!

X

s/; 0 s!

a m i VtD+ I+ 2k —s+ 1)!
h A o+ I+ 2k —s9)! m+ | +2&k—S+r

E E S E KK|zfesrm,n)ilK (42)
| k s r

In the second relation n, the final state, represents
(w+ I+ 2k — s + r), and the sums are arranged in
the order of their generation from the initial state ppm
Because of the relationn = m+ |+ 2k —s + r, one
of the indices in the middle group of the coefficient, K
need not be determined in carrying out the summations.
If we also introduced the operators a2 and a2a+ in eq
41, there will be two additional sums appearing in eq
42. Such a treatment should, of course, be made in a
more rigorous calculation. However, in the present
paper, the inclusion of a+2 and aa+2in ~(f) is sufficient
in determining the leading effects of multiqguantum
transitions and anharmonicity.

By evaluating the time dependent, functions in eq
41 att = oe, we can write the transition probability as

u=0 V tol(to + T)!
M>)]* (m+ I+ 2k\
tl:E—d N (o + V! exp [(o+ I+ 2k)h ()] X

L+i+2* [ff(00)]«[/(00)]"-* - ,-2*+*\/(in + |+ 2K)!
s=0 SIm+ I+ 2k —a$)i(n m |- 2k+ s)!
(43)
mnhich reduces to eq 26 when u(°°) and w(«>) are set
equal to zero. To determine the functions v(t) and u(t),
we need to obtain the time derivative ~(f) as follows
Vif) = c(t) exp[/(f)a+] exp[gr(fa] exp[/i(f)N] X
exp[w(fla+2] exp[r(flaa+2~(fo) + c(f)/(fla+ X
exp[/(fla+] exp[(?(f)a] exp[/i(f)N] exp[w(fa+2] X
exp[w(i)aa+2i/'(f) + c(t)g(t) exp[/(fla+] X
aexpl[gr(f)a] exp[/i(f)N] exp[w(fla+2] X
exp[r(flaa+2]i'(fo) + c{t)h{x) exp[/(fla+] X
a exp[gf(f)a]N exp[/i(f)N] exp[w(f)a+2] X
exp[r(flaa+2)i/'(fo + c(b)ii(t) exp[/(fla+] X
explgr(fa] exp[/i(f)N]Ja+2exp[w(f)la+2] X
exp[t)(aa+2~(iQ + c(t)v(i) exp[/(fa+] X
explg(fa] exp[/?,(HN] explu(fla+2aa+2 X
exp[w(flaa+2)i/(fo) (44)
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The fifth and sixth terms, which contain the effect of
multiguantum transitions and oscillator anharmoni-
city, can be converted into

m |1+ 2h(t) + [AM]2Z[a+2 + 2g(t)a+ +

and

vit) [1 + h(t)){aa+2 —/(f)a+2+ 2g(Ha+ta —
2gif(a+ + [g(H]a - f(O[GM)Y + 2g{H)]™1)

We thus add these two terms (after multiplication by
ih) to the left-hand side of eq 13, and obtain

L+ h{vt) = |1 (J -) [As + mit)] (45)

and
{I + 2h(t) + [fi(f)12w() -

[+ hmmt) = -1"mit) (46)

from the coefficients of aa+2 and a+2 respectively.
For the O 1 vibrational transition, the transition
probability is then

Hoi = limcH 21/ 12]1 + 2f(t)v(t) exp [/iF)]12 (47)

[7
where higher-order terms (<5Cl) in the square brackets
have been neglected; such terms would become im-

portant in high energy collisions, however. Since the
function v( ) can be obtained from eq 45 as

the transition probability becomes

; 1120 r\3\Y
le( 00)I2|/(00)J|2r " 2) J I J
Co -, l j

(49)

Hoi =

where the second term in the square brackets represents
the effect of the anharmonicity. The expression can
also be expressed as

™-g,-(m1)'©]-
-C)e

For x3 = 0, this expression reduces to the well-known
form8HG(H) = (AEZkw) exp(—AE/fico).

The energy transfer AE derived above depends only
on the initial relative translational energy and not on
the final relative energy. This dependence results
because the trajectory .r(f) calculated above is inde-
pendent of the collision system’s final state. There-
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Table I: calculated Values of P 01(E)
erg 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°
1 8.77 (10)° 8.46 (10) 7.47 (10) 5.72 (10) 3.35 (10) 1.05 (10) 3.79 (14) 1.03 (10) 3.26 (10) 4.60 (10)
2 2.92 (5) 2.82 (5) 2.49 (5) 1.91 (5) 1.12 (5) 3.49 (6) 1.26 (9) 3.46 (6) 1.11 (5) 1.53 (5)
3 4.92 (4) 4.75 (4) 4.20 (4) 3.21 (4) 1.88 (4) 5.89 (5) 2.13 (8) 5.83 (5) 1.86 (4) 2.58 (4)
4 220 (3) 2.13 (3) 1.88 (3) 1.44 (3) 8.45 (4) 2.64 (4) 9.56 (8) 2.61 (4) 8.37 (4) 1.16 (3)
5 5.82 (3) 5.61 (3) 4.96 (3) 3.79 (3) 2.22 (3) 6.96 (4) 2.52 (7) 6,88 (4) 2.20 (3) 3.05 (3)
6 1.16 (2) 1.12 (2) 9.91 (3) 7.59 (3) 4.45 (3) 1.39 (3) 5.03 (7) 1.37 (3) 4.41 (3) 6.10 (3)
7 1.83 (2) 1.80 (2) 1.60 (2)  1.28 (2)  7.53 (3)  2.35 (3) 852 (7)  2.33 (3)  7.46 (3) 1.03 (2)
8 2.68 (2) 2.59 (2) 2.32 (2) 1.85 (2) 1.14 (2) 3.57 (2) 1.29 (6) 3.53 (3) 1.13 (2) 1.57 (2)
9 3.60 (2) 3.50 (2) 3.14 (2) 2.48 (2) 1.54 (2) 5.03 (2) 1.82 (6) 4.98 (3) 1.57 (2) 2.04 (2)
10 4.54 (2) 4.42 (2) 4.01 (2) 3.20 (2) 1.98 (2) 6.71 (3) 2.43 (6) 6.63 (3) 1.97 (2) 2.64 (2)
12 6.28 (2) 6.15 (2) 5.66 (2) 4.95 (2) 2.99 (2) 1.06 (2) 3.84 (6) 1.05 (2) 2.97 (2) 3.92 (2)
15 7.94 (2) 7.86 (2) 7.52 (2) 6.57 (2) 4.54 (2) 1.67 (2) 6.33 (6) 1.65 (2) 4.50 (2) 5.72 (2)
18 7.94 (2) 8.03 (2) 8.17 (2) 7.80 (2) 5.91 (2) 2.30 (2) 9.12 (6) 2.27 (2) 5.88 (2) 7.12 (2)
20 6.94 (2) 7.19 (2) 7.82 (2) 8.14 (2) 6.68 (2) 2.74 (2) 1.11 (5) 2.71 (2) 6.64 (2) 7.74 (2)
a Numbers in parentheses denote the negative power of 10; e.g.,, 8.77 (10) = 8.77 X 10 10
fore, to avoid this physically unreasonable situation,
we need to symmetrizelOthe energy by
Eh+ (E+ A¥I2
where A is the amount of energy transfer |m— n\fiw
We use this symmetrized energy in the calculation of
the transition probabilities below. This symmetriza-
tion is equivalent to averaging the magnitudes of ini-
tial and final velocities.
Numerical Results and Discussion
For numerical analyses of the energy and angle
dependence of the vibrational transition probability,
we first show the values of Poi(E) in Table I. For
the calculation, we used the following constants:62
v (—l2t) = 4159 cm”~land $ = 1.87824 A~h The
first eight terms of g(9) were used in the calculation of
AE. The fifth term represents the effect of the oscil-
lator anharmonicity. When the constants are eval-
uated this term becomes 0.162{0.106[A(0)/.B(0)] +
0.163}. Since the ratio A(9)/B(9) is not greatly differ-
ent from unity (in atomic units) and since it is nega-
tive, the effect due to this term is not important. An
important contribution of the anharmonicity comes 0 (degree)
from the second term of eq 50.
Table 1 shows several noteworthy features. The Figure 1. Angle dependence of Pm (E) at various values of
E: E = 5 X 1012 10“11 1.5 X 10“1, and 2 X 10“11

calculated transition probabilities cannot exceed unity,
in contrast to the results of the usual perturbation
theory.8 In the limit of weak interaction the present
result reduced to the first-order perturbation expres-
sion for the transition probability. The Poi(E) takes
a minimum value at the orientation angle of about 60°.
Figure 1 shows the 6 variation of the transition prob-
ability for several different values of E. A nearly
symmetrical variation of Poi(E) in the neighborhood
of 60° is seen. At higher collision energies (e.g., 3 X
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erg are chosen.

10~n erg) PG(E) is large at 0 = 0° (collinear collision)
and increases to a maximum value at ~30° followed
by a sharp decrease to the minimum value at ~60°.

(19) T. L. Cottrell and J. C. McCoubrey, “Molecular Energy Trans-
ferin Gases,” Butterworths, London, 1961, Chapter 6.

(20) G. Herzberg, “Spectra of Diatomic Molecules,” Van Nostrand,
Princeton, N. J., 1950, Table 39.
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As 0 continues to increase, the probability sharply
rises to a large value at 0 = 90°, the perpendicular
orientation. While the actual shape is not exactly
the same, the curves in Figure 1 (particularly that for
E = 2 X 10~1lerg) are very similar to that of Mies.6
AtE = 2 X 10“Tlerg, PA(E) is G94 X 10“2at 0 =
0° and increases to 8.14 X 1072 at 30°. However,
PG(E) at 90° is as large as 7.74 X 10“2 which is
larger than the value at the collinear collision. This
situation can be explained as follows. The quantity
AE is the amount of energy transfer when the anhar-
monicity correction is zero (the fifth term in g(6) con-
taining 4> is very small). This quantity is always
largest for the collision at 0 = 0° (e.g., AE/fuo = 0.256,
0.167, and 0.134 at 0 = 0, 30, and 90°, respectively,
when the collision energy is 2 X 10~u erg). However,
the anharmonicity correction is most serious for the
collinear collision (0.350 compared to the correction
at 90° of 0.658). The increase of PG(E) with 0in the
range from O to 30° results because AE/Ha varies only
slightly while the anharmonicity correction changes
significantly. [At lower energies, Poi(E) does not
take a maximum value in the Poi-O plot, see Figure
u

In addition to the effect of the oscillator anharmoni-
city, the q dependence of U(x,q.6) is also responsible
for efficient energy transfer at 60°. As 0 approaches
90°, A(ff) decreases toward unity from the maximum
value 1.30124 at 0 = 0° while B(6) decreases toward
its minimum value —0.59932 from the maximum
value —0.38415 which also occurs at 0 = 0°. Since
the latter function contributes to the overall interac-
tion energy as B(0)q, the factor :A(0) + B{d)q] would
decrease only slowly as 0 tends to 90° when qis negative.
If g takes a large negative value, this factor can even in-
crease as 6 -*m 90°; this situation represents a com-
pression of the H-H bond by a very large magnitude,
but such a strong perturbation may not occur in the
energy range considered here. Nevertheless, the 6
and q dependences of [A(0) + B(B)q] appear in such a
way that the perturbation energy at 90° is not signifi-
cantly small compared to the collinear case. It is
important to point out that model potentials often
assumed in the conventional calculations62l give the
transition probabilities at 90° very small compared to
those atO°.

In Figure 2 we compare our result with Mies’ DWA
calculation6 for 0 = 0° and find a satisfactory agree-
ment; the results are reproduced from curve A of
Figure 5 of ref 6. At lower energies, our result is
larger than Mies’ result by a factor of about 2. At
higher energies, Mies’ result exceeds ours and tends to
increase beyond unity. (For comparison, we also
show the case at 6 = 90°.) The transition probability
at 0 = 0° takes a maximum value at ~1.6 X 10~11
erg. The appearance of such a maximum was also
noticed in Figure 1 where PG(E) for 1.5 X 10_u erg
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Figure 2. Plot of PQ (E) as a function of E for the collinear

and perpendicular orientations. The dotted curve represents

Mies’ DW A calculation.

is larger than that for 2 X 10_u erg when the orienta-
tion angle is 0°. A similar PG — E variation is found
for Poi(E) below 30° in the energy range considered.
For other orientation angles, Poi(P) would take such a
maximum value at Still nigher collision energies.

We have not investigated the problem of vibra-
tion-to-rotation energy transfer. The present ap-
proach does not appear to be suitable in investigating
such a problem. There are theoretical methods that
can be applied to the vibration-to-rotation energy
transfer in H2 + He.2 Kelley and Wolfsberg2 showed
that rotational motion can significantly affect the prob-
ability of vibrational energy transfer. Assuming an
exponential model potential, they calculated the
amounts of vibrational and rotational energy transfer
as a function of initial orientation angle. (It should
be noted that Mies’ result6 that the model potential
does not adequately describe the H2 + He collision
raises concern about the use of the model potential in
general.) In the present work, we can also calculate
the amount of vibrational energy transfer as a func-
tion of 0. Since 0is the angle at the instant of colli-
sion, it represents the initial orientation angle. As

(21) H. Shin, /. Chem. Phys., 49, 3964 (1968).
(22) H. Shin, J. Phys. Chem., 75, 1079, 3185 (1971).
(23) J. D. Kelley and M. Wolfsberg, J. Chem. Phys., 53, 2967 (1970).
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0O "io 20 30~ 40 5 60 MW & D
©X(degree)
Figure 3. Plot of the amount of vibrational energy transfer

for the anharmonic oscillator in units of hu as a function of the
The energies of 10-11, 1.5 X 10"n, and 2 X
10_u erg are chosen.

initial angle 6.

noted above, AE with X3 = 0 is the amount of energy
transfer to (or from) the harmonic oscillator. The
vibrational energy transfer for the anharmonic oscil-
lator is, from eq 50, then

aea, = 4£ b - (HitAY i-Y (—YVYI
L \ flu J\2MwJ \fkoJ]

In Figure 3, we show the amount of energy transfer
AEao in units of fco as a function of 6 for several differ-
ent collision energies. The variation of AAao with 9
is similar to that of Kelley and Wolfsberg’'s work. The
figure shows that at higher collision energies, the collin-
ear collision is not the most efficient for energy
transfer. Note that if A™ao/™®is multiplied by exp-
(—AE/fiw) we obtain PG(E).

To discuss the temperature dependence of the vi-
brational transition probability we need to average
Poi(E) over a Boltzmann distribution of the initial
energies. From the above calculation, we find that
the collision time given by eq 35 varies from 1.39 X
10-14 sec at E = 10-12 erg to 2.13 X 10~Isec at 2 X
10-n erg. If we define the vibrational period tv by
1/v, which is 7.63 X 10~%6sec, then t ~ tvin the energy
range considered. Although it is difficult to define
the rotational period tr, it can be significantly larger
than .. Since the colliding partners are approaching
each other at all possible orientation angles, a useful
expression is the angle and energy transition prob-
ability
1oi(T) — r

sin 0d0 f PME) e'np(—E/KT)dE

Because of a complicated dependence of PG(E) on E
and 6, we shall carry out the integrations numerically.
The deexcitation probability Pv>(T) can be obtained
as Poi(T) exp(-\-fiw/KT). Figure 4 shows the temper-
ature dependence of the collision number ZW which is
defined as I/PiQ(T). Above 800°K a linear relation-
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Figure 4. Temperature dependence of the

collision number Z w.

ship between log ZiQand T~'Ais found (often referred
to as a Landau-Teller plot). A large deviation from
the linearity at lower temperatures is seen. The figure
also shows that the hydrogen molecule is difficult to
deexcite (or excite) at ordinary temperatures.

Numerical integrations often have the disadvan-
tage of giving only particular solutions for given initial
conditions. Even if the solutions are approximate, on
the other hand, analytical solutions can yield detailed
information on the dependence of final expressions on
relevant parameters which characterize the physical
problem. Such solutions are therefore useful in the
present problem in showing quantitatively the varia-
tion of the average transition probability on the tem-
perature, anharmonicity, and other pertinent param-
eters. Such an approximate expression can be ob-
tained from eq 51. As E increases the transition prob-
ability, Poi{E) increases as exp(—constant/FA while
the Boltzmann factor decreases at low energies so that
the integrand takes a maximum value at some energy
(say E*). For the energy range we are interested in,
AE/hoi is small (<5Cl1); e.g., when 6 = 0°, AEffiai
increases from 1.45 X 10“6at E = 10~ erg to 0.266
at 2 X 10~u erg. At the energy where the integrand
becomes largest, AE/fiw is significantly small compared
to unity. Therefore, the exponential factor exp(—AE/
fio) in eq 51 can be expanded in a power series. By
taking the terms in the integrand up to cubic in AE/ftu,
we have
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where e = AE/fiu and G = (127rA3”c0)2 (fi/2Mw)z.
Each E integral can be evaluated by use of the Laplace
method. 24 The energy E* is then found by setting
the first derivative of the exponent of the integrand
with respect to E to zero. For the three integrals in
eq 52, the maximum occurs, respectively, at

£*u> = x + iljfo, (53a)

E*x = 2M&X + (53b)

E*m = 3v'x + Vifca (53c¢)

where x = [(M/2),/\(iro>cT /a)f/3 The Laplace

evaluation of eq 52 at these energies results in the aver-
age transition probability

Poi(T) = (y) “exp(-W2W) X
- (4,741
e 1) ~... +IG7("T) -
(54)
where

8 /xoyA2f mr w
Q _ ATfcoN a2J Jo U(fi)_
j %2
G(0) sin 0d0

i/(O)sin 0d0  (55)

(55a)
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Q= j [<2(0)]28in 0dO (55b)
0
.o J» w2 .
Q" = [A)] 3§=n 0do (55¢)

The 0 integral in the I%tter equation includes the first
eight terms of g{6), and its graphical evaluation is
simple. To obtain the average transition probability
appropriate to a deexcitation of the oscillator, Hxo(T),
rather than to an excitation, we have merely to replace
exp(—fi(pe/2KT) by exp(+feo/2fcT).

By comparing the numerically integrated result with
the calculated values of eq 54, we find that the approxi-
mate method is entirely satisfactory. At 300°K, the
integrand of eq 51 takes a maximum value at ~0.9 X
10-12 erg so that in the integrand the transition prob-
ability can be replaced simply by e; i.e., the first,
integral of eq 52 is only important. Even at 3000°K
the maximum value occurs at ~2.6 X 10~12erg. By
comparing these energies with those listed in Table I,
we notice that, when the thermal average is made the
probability of vibrational energy transfer is affected
very little by the parts due to the exponential factor
exp(—e) and the anharmonicity correction. At. 300°K,
3x/KT = 34.10 and (2)/i(3X/KT) = 54.15 so that the
first,term in eq 52 is larger by a factor of about 107 than
the second term, which contains the leading effect of
the anharmonicity as well as that of the exponential
part exp(—e); at 3000°K, the corresponding factor is
about 4 X 102 Therefore, a useful expression of the
average transition probability can be written in a
particularly simple form

Finally, the approximate solutions reveal that the
large deviation of log Z1 from the linearity at lower
temperatures shown in Figure 4 is due to the contribu-
tion of the exponential part exp(-\-fiu/2kT); e<., at
300°K fiw/2KT is as large as 10.55 whereas the leading
term 3x/KT is 34.10.

(24) A. Erdelyi, “Asymptotic Expansions,” Dover Publications,
New York, N. Y., 1956, pp 36-39.
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This paper presents a first-order method of calculating the excess ultrasonic absorption due to proton-transfer

reactions for solutions of proteins and polypeptides.

The calculated results for three proteins—bovine serum

albumin, human hemoglobin, and gelatin—and two polypeptides—polylysine and polyglutamic acid—are

plotted and are shown to resemble qualitatively the experimental data from other authors.

It is concluded

that this mechanism is appreciable in the ranges pH <6 and pH >8. However, the calculation does need re-
finement and some ways to do so are recommended.

Introduction

Kessler and Dunn2have reported results of ultrasonic
investigations on aqueous solutions of bovine serum al-
bumin (BSA) at 20° over the frequency range 0.3-163
MHz and over the pH range 2.3-11.8. They found a
sharp increase in the excess absorption outside the
range 4.3 < pH < 10.5. This effect was reversible and
was more pronounced at the lower frequencies. They
attributed the increase in absorption below pH 4.3 to
the intermediate N -F' transition discussed by Foster3
and that above pH 10.5 to expansion of the molecule.
Both sets of mechanisms represent conformational
changes in the molecule.

Subsequently, Zana and Lang4 reported results of
their ultrasonic experiments on aqueous solutions of
BSA, d-lactoglobulin, and lysozyme at 25° at 2.82 MHz
and over the pH range 1.0-13.3. They concluded that
proton-transfer reactions at the basic and acidic side
chains constituted the mechanism most likely giving
rise to the observed excess absorption in the ranges pH
<4.0 and pH >10.0.

Some recent work by the present authors should help
to shed some more light on this problem.6-7 A theory
of the pH dependence of the excess absorption due to
proton-transfer reactions in aqueous solution was
worked out and applied to the results of extensive ultra-
sonic measurements on solutions of glycine5and of ly-
sine and arginine.6 The measurements on glycine were
at 22, 30, and 37°, covered the frequency range 10-130
MHz, and involved initial concentrations 0.25, 0.5, and
1-0 M at pH <5 and > 8. The studies on lysine and ar-
ginine were at 22°, 0.25 M, pH >9, and frequencies be-
tween 10 and 130 MHz.

In this work it is proposed to apply the theory in a
predictive manner to solutions of the following poly-
peptides and proteins for which ultrasonic absorption
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data already exist: BSA,24hemoglobin,89gelatin, 1011
polylysine,22and polyglutamic acid.13

Summary of the Theory

The general form for the proton-transfer reaction be-
tween species A and B is

A+ X o B 1)

Here k,2and fcd are rate constants, forward and reverse,

respectively. In aqueous solution X may be the hy-

drated hydrogen ion, H®+, or the hydroxyl ion, OH- .

For small displacements from equilibrium this reac-
tion has a single relaxation time r described as4

*To whom correspondence should be addressed at the Western Re-
gional Hospital Board, Department of Clinical Physics and Bioengi-
neering, Glasgow, C.4, Scotland.
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r — [oaA + cix + 1UK)] 1 2

whore di is activity of species “i” at equilibrium and K
is the equilibrium constant (=/c2/c). Also

di = Vid ®3)

where c; is equilibrium value of concentration of species
“i” and yi is the corresponding activity coefficient.

When a solution containing equilibrium 1is irradiated
by ultrasound, the equilibrium is disturbed. If the ra-
diant power level is low («1 W cm-2), the displace-
ment from equilibrium is small and the restoration of
equilibrium is specified by the characteristic time given
by cq 2. In the frequency domain this relaxational be-
havior is manifested as an excess absorption charac-
terized by

«T = A I°2

P P+ /02 )

where adis the excess amplitude absorption coefficient
due to the reaction, / is frequency, fOis relaxation fre-
quency, and A is relaxation amplitude.

/[0=(2"T)-1="~(aA+ dx+ ]) = ~D (5)
Here D represents the term in parentheses and

a'apw' ‘6

where p is solution density, R is the gas constant, T is
absolute temperature

1 1 1
o+ + T
Ca Cx Cb
and
AU = AV — mAH (8)

Here AV and AH are the partial molar volume and en-
thalpy, respectively, for the reaction and m is a con-
stant for the medium at any temperature.4

If activity coefficients be assumed to equal unity, the
D and G parameters may be calculated for any value of
of pX (= —log cx) from eq 5 and 7 when one knows the
equilibrium constant and the initial concentration Co,
where

G — ca+ b (©)]

Figure 1 illustrates the dependencies of the D and G
parameters (and hence/0Oand A, respectively) on pX for
three different values of Co. Typical values for k12 AU,
and K were assumed in making the calculations for this
figure.

Certain important features of the curves in Figure 1
should be noted. The range of pX in which appreciable
excess ultrasonic absorption occurs covers about 1.2 pX
units and falls on the low side of pK. The absorption
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Figure 1. Dependence of the D and G parameters on pX for

three different values of initial concentration, Co.

magnitude parameter, G, peaks at a particular pX at
which, for the same initial concentration value the re-

laxation frequency parameter, D, troughs. This special
pX value, pXsis given approximately by
pXs = -~(log K + log Co) = ~pX - log Co) (10)

Decreasing Co shifts pXstoward pK and diminishes,
but not linearly, the peak value of G and the trough
value of D. The introduction of activity coefficients5
adds the term —1/2 log i/b to the right-hand side of eq
10. Conditions under which the activity coefficients
would be appreciably less than unity (e. g., high ionic
strength) could thus introduce further shifts in the loca-
tion of pXs.

For the particular case of the proton-transfer reaction
at a carboxyl group in aqueous solution, eq 1 becomes

(i)
Here pX becomes pH and the behavior of the appro-
priate D and G parameters is exactly as in Figure 1.

-C00 -+ hdd+ -COOH <hd

(14) M. Eigen and L. De Maeyer, in “Technique of Organic Chem-
istry,” Voi. Vili, 2nd ed, Wiley-Interscience, New York, N. Y.,
1963, Chapter XVII1.
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For the reaction at an amino group equation 1 be-
comes

NH,+ + OH-~ -NH2-HD (12)

Here pX becomes pOH, so that on the pH scale (where
pH £s pKw — pOH and where Kw is the ionization
constant of water) the behavior of the D and G param-
eters is a mirror image of the curves in Figure 1 reflected
through the line pH = pK (where K is the appropriate
acid equilibrium constant).

Application of This Theory to Polypeptide and
Protein Solutions

A polypeptide consists of along chain of amino acids
artificially constructed, the sequence of which may be
known. Thus polylysine consists of a backbone from
which protrude side chains all terminated by «-amino
groups. Polyglutamic acid has a series of y-carhoxyl
side-chain groups. The naturally occurring protein has
anumber of structural features but its primary structure
isa chain of amino acids with side chains, some of which
are carboxyl or amino or other ionizable types and some
of which are not ionizable. The secondary, tertiary,
and quaternary structures of the protein determine the
location and orientation in space of the basic amino acid
chain.

To apply eq 4-12 in a predictive manner to any gen-
eral case, one must have fairly good approximate values
at least for the following unknowns: kn, AU, K, and
Go.  In applying them, even in a strictly linear fashion
to polypeptides and proteins, as it is proposed to do here,
there are many difficulties to overcome.

One must know first what side-chain types are present
and how many of each type. For most common pro-
teins this information is now available from amino acid
sequence studies.’5 However, since proteins are such
complex three-dimensional structures, some of these
side chains may be masked and so not available for pro-
ton transfer. Titration studies usually can reveal the
number, n, of “available” side chains.16-19 Titrimetric
data can also provide mean pK values for particular
types of ionizable side chains.1619 Rate constant val-
ues for individual side-chain types may be estimated
from those of similar model compound.562D AU values
may be estimated, chiefly from dilatometric data on
similar model compounds and on proteins21-23 or from
ultrasonic data on similar model compounds.6614
Knowing these parameter values for each side-chain
type, one can apply eq 4-12 to calculate the contribu-
tion of this mechanism at each side chain to the excess
ultrasonic absorption.

Simple summation provides a total predicted excess
absorption. This calculation assumes independence of
the different reactions and ignores possible variation in
the environment around and parameters applying to
side chains of the same type. These are major limita-
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tions to the validity of the calculation but it should al-
low a reasonably good qualitative picture to emerge.

Table I shows the parameter values used in the sam-
ple calculation for the aqueous solution of BSA, together
with the sources of these parameter values. Tables Il
and 111 similarly treat solutions of human hemoglobin
and gelatin, respectively. Table 1Y lists the pertinent
parameters for polylysine and polyglutamic acid solu-
tions.

Table I:

to Excess Absorption from Proton-Transfer Reactions at
Side Chains in a 0.042 g/cm 3 BSA Solution at 25°*

Parameter Values Used to Calculate Contributions

105>x
¢ 12561420
M -1 au.56.21-23
Group pX-n.iv ni»u sec-1  cmBmol-1
a-Carboxyl 3.75 1 3 10
s-Carboxyl6 3.95 99 3 10
Imidazole 6.90 16 3 18
a-Amino 7.75 1 5 15
e-Amino 9.80 57 5 15
Phenolic 10.35 19 2 17
Guanidine 12.50 22 5 15

Molecular weight of BSA 65,000; Co = 0.00063 M. Dbs re-

fers to side chain.

Figures 2-6 show calculated excess absorption due to
proton transfer at side chains and fairly directly com-
parable experimentally observed absorption (in excess
of that in the region of pH 7) in the pertinent pH ranges
for solutions of BSA, human hemoglobin, gelatin, poly-
lysine, and polyglutamic acid, respectively.

Discussion

Qualitatively the calculated ultrasonic absorption be-
havior due to proton-transfer reaction at side chains in
proteins is similar to that calculated and observed for
glycine:5 excess absorption occurs at high pH (> 8)
and at low pH (< 6) with no appreciable contribution in
between (6 < pH < 8). However there are major dif-
ferences which arise from the composite nature of the
results for proteins.

(15) M. O. Dayhoff, “Atlas of Protein Structure,” National Bio-
medical Research Foundation, Silver Spring, Md., 1969.

(16) C. Tanford, Advan. Protein Chem., 17, 69 (1962).

(17) C. Tanford, S. A. Swanson, and W. S. Shore, J. Amer. Chem.
Soc., 77,6414(1955).

(18) C. Tanford and Y. Nozaki, J. Biol. Chem., 241, 2832 (1966).

(19) P. Doty, A. Wada, J. T. Yang, and E. R. Blout, J. Polym. Sci.,
23,851 (1957).

(20) M. Sheinblatt and H. S. Gutowsky, J. A.mer. Chem. Soc., 86,
4814 (1964).

(21) J. Rasper and W. Kauzmann, ibid., 84, 1771 (1962).

(22) W. Kauzmann, A. Bodanszky, and J. Rasper, ibid., 84, 1777
(1962).

(23) H. H. Weber and D. Nachmannsohn, Biochem. Z., 204, 215
(1928).
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Table I1:

at Side Chains in 0.15 g/cm 3 Human Hemoglobin Solution at 25°°

<4.5

Group pjfis.is >11.5
«-Carboxyl 3.7 4
s-Carboxyl 4.7 62
Imidazole 6.1 38
a-Amino 7.6 4
e-Amino 10.4 44
Phenolic 9.6 12
Sulfhydryl 9.1 6
Guanidine 12.5 12

a Molecular weight of hemoglobin 68 000; Co = 0.0022 M.

Figure 2.
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Parameter Values Used to Calculate the Contributions to Excess Absorption Due to Proton-Transfer Reactions

>
<pH values------
4.5 >4.5 1010Fcl2,6,6,14,20 At/,5621
11.5 <11.5 M " 1see-1 cm8mol
4 4 3 10
60 58 3 10
32 26 3 17

4 4 5 15.5
43 42 5 15.5
12 12 2 17

6 6 1 15
10 5 16

Excess absorption in aqueous BSA solutions in the pH ranges <6 and >8, over and above that in the region of pH 7:

curves 1-4, derived from experimental data of Kessler and Dunn,220°, 0.042 g/cm3at 2.39, 4.43, 8.87, and 14.79 MHz, respectively;
curve 5, derived from data of Zana and Lang,425“, 0.0116 g/cm3at 2.82 MHz; curves 1'-5", calculated for proton-transfer reactions

at side chains using parameter values in Table I, 25°, 0.042 g/cm 3at 2.39, 4.48, 8.87, 14.79, and 2.82 MHz, respectively.

The range of pH over which the contribution from
this mechanism in proteins is appreciable can extend
over about three pH units. This range varies from
protein to protein depending on the amino acid content
and the pK values of the participating side chains.
These factors also affect the amplitude of the absorption
at any pH and frequency.

It is important to note that Figures 2-6 differ from
Figure 1. To construct a figure analogous to Figures
2-6 for a simple model reaction requires a knowledge of
the D and G parameter values for the reaction at each

pX (or pH). These values must be inserted into eq
5, 6, and 4 in turn to obtain the single relaxation curve
from which points may be selected for the required fig-
ure.

Clearly, therefore, eq 10 does not generally apply to
the curves displayed in Figures 2-6. Use of this equa-
tion in this manner in ref 4 and 24 is not, therefore, ac-
ceptable without a clear specification of the use of the
transformation process.

(24) F. Dunn and L. W. Kessler, J. Phys. Chem 74, 2736 (1970).
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Figure 3. Excess absorption in agueous hemoglobin solutions over and above that at pH 7:

M atthew Hussey and Peter D. Edmonds

curves 1-4, processed from

experimental data of O'Brien9on bovine hemoglobin, 10°, 0.15 g/cm3at 2.39, 4.43, 7.85, and 10.22 MHz, respectively;
curves |'-4', calculated for proton-transfer reactions using the parameter values in Table 11, 25° 0.15 g/cms

at 2.39, 4.43, 7.85, and 10.22 MHz, respectively.

Table I11: Parameter Values Used to Calculate the
Contributions to Excess Absorption Due to Proton-Transfer
Reactions at Side Chains in 0.03 g/cm3

Gelatin Solution at 25°¢

10i0 X

564D AC/,5621-23

Group pKIB nu M 1sec 1 cm3mol 1
of-Carboxyl 3.8 1 3 10
s-Carboxyl 4.7 185 3 10
Imidazole 6.5 7 3 18
a-Amino 7.5 1 5 15
6-Amino 10.2 55 5 15
Phenolic 9.8 2 2 17
Guanidine 12.5 73 5 15

“ Molecular weight of gelatin 145,000; Go = 0.00021 M.

Table IV: Parameter Values Used to Calculate Contributions
to Excess Absorption Due to Proton-Transfer Reactions at
Side Chains in Polylysine (PL) and Polyglutamic acid

(PGA) Solutions at 25°

PL PGA
Mol wt 86,3002 75,0001*
Monomer molality 0.115 M 0.24 M
n 67512 56Qu9
@ 0.00017 M 0.00042 M
pKa 10.52 5.519
1018i2* M~ sec-1 5614 H614
At/ cm3mol-1 J5621-23 16,6,21-23

For pertinent side-chain types.

The original data of Kessler and Dunn2for BSA and
O’'Brien9 for hemoglobin were in the form of plots of
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a/cf2vs. pH at different frequencies, where c is concen-
tration of protein in grams per cubic centimeter. This
normalization procedure was shown to be valid up to
0.1 g/cm3for BSA by Kessler and Dunn2 and up to
0.15 gm/cm3 for hemoglobin by Carstensen and
Schwan®in the neutral pH range. Its validity must be
called into question for measurements outside this
range. In particular it has been shown not to apply to
solutions in which proton-transfer reactions are a mech-
anism for excess absorption6since in these cases excess
absorption is not linearly dependent on solute concen-
tration. Therefore, for a full appreciation of the data
of Kessler and Dunn2and of O'Brien9it is necessary to
know the solute concentration to which the data apply.

Figures 2-6 indicate a broad qualitative resemblance
between the dependence on pH of experimental excess
absorption and that of calculated excess absorption due
to proton-transfer reactions at side chains, for solutions
of the three proteins and two polypeptides of interest
here. In each case, at any frequency, excess absorption
occurs at pH <6 and pH >8, goes to a peak within each
of these ranges, and, generally, the height of the peak in
the higher pH range is greater than that in the lower
range. However, there are quantitative disagreements
in particular cases on the magnitude of the peak and its
location on the pH axis.

Figure 2 presents data of Kessler and Dunn2and of
Zana and Lang,4 together with comparable calculated
curves for BSA solutions. The concentration used in the
calculation was the same as that used to convert the
data of Kessler and Dunn from a/c/2to a//2 In the
low pH range the calculated data agree well with those

(25) E. L. Cartensen and H. P. Schwan, J. Acoust. Soc. Amer., 31,
305(1959).
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Figure 4. Excess absorption in the high and low pH ranges over and above that in the region of pH 7 for aqueous gelatin

solutions:

curve 1, experimental data derived from Pauly,1035° 0.2 g/cm3at 5 MHz; curve 2, derived from experimental

data of Wada, et al.,n 40°, 0.03 g/cm3at 3 MHz; curves 1' and 2', calculated for proton-transfer reactions at side chains
using the parameter values in Table 111, 25°, 0.03 g/cm3at 5 MHz (!') and 3 MHz (2").

Figure 5. Excess absorption at pH >8 over and above that in
the region of pH 7, for aqueous solutions of polylysine: curves
1-3, experimental data from Parker, et al.,2225° 0.115 M at
5.18, 9.4, and 13.52 MHz, respectively; curves I'-3', calculated
from proton-transfer reactions at the «-amino side chains, using
the parameter values in Table 1V, 25° 0.115 M at 5.18, 9.4,
and 13.52 MHz, respectively.

of Kessler and Dunn on the location of the absorption
peak for each frequency, but in each case the magnitude
of the calculated peak exceeds the experimental value
by a factor of at least 2. There is both an amplitude
and location discrepancy between the calculated curve
and that of Zana and Lang. The latter data, of course,
refer to a protein concentration much less than that for
which the calculation was carried out. This would be
expected to affect both of these comparable parameters.
In the high pH range there is disagreement on both
scores—location and amplitude of the absorption peak
for the two frequencies shown.

The same kind of variants apply to the results for
hemoglobin and gelatin (Figures 3 and 4, respectively)—
some areas of agreement and some discrepancies be-
tween calculated and experimental data. It should be
noted that the experimental curves for gelatin apply at
temperatures much higher than 25°, the temperature
for which the calculations were made. Extensive ul-
trasonic measurements have been made on solutions of
hemoglobin in the physiologically “neutral” pH range
6 < pH < 9, and these have been summarized by Ed-
monds, etal,8 From Figure 3, itis unlikely that proton-
transfer reactions at side chains constitute a major
mechanism contributing to observed excess absorption
at “neutral” pH.

The Journal of Physical Chemistry, Vol, 75, No. 26, 1971
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Figure 6. Excess absorption at pH <6, over and above that

in the region of pH 7 for aqueous-dioxane (2:1) solutions of
polyglutamic acid: curves 1-3, derived from the experimental
data of Burke, et al.,1325°, 0.24 M at 10, 20, and 40 MHz,
respectively; curves I'~3', calculated for proton-transfer
reactions at the carboxyl side chains, using the parameter values
in Table 1V, 25°, 0.24 M at 10, 20, and 40 MHz, respectively.

Parker, et al.,122 used ultrasound to study the random
coil-helix transition in poly-L-lysine. This conforma-
tional change occurs at pH >8. They observed a peak-
ing of the excess absorption as pH was increased from
8. 65 to 10.2. Qualitatively, this is also predicted from
our calculations on proton transfer at the side-chain e-
amino groups (see Figure 5).

These workers eliminated proton transfer as a mech-
anism to account for their observations “because the
relaxation of the proton-transfer equilibrium is consid-
erably faster than those observed” in their experiments.
The present calculations show that proton-transfer re-
actions could very well be a major contributor to their
observed excess ultrasonic absorption. In fact the cal-
culations predict excess absorption more than an order
of magnitude greater than that observed experimen-
tally.

Figure 6 displays the calculated absorption data due
to proton-transfer reactions in polyglutamic acid solu-
tions. These may be compared with the experimental
results of Burke, etal.n These workers were interested
in studying the helix-random coil transition of this po-
lypeptide and used pH values in the range 5.4 < pH <
9.0. This range is almost all outside the range in which
appreciable contributions from proton transfer would
be expected to apply (see Figure 6). It is possible that
they detected minor contributions from this mechanism
at pH <6. However, extension of the experimental pH
range to values <5 would be necessary before any defini-
tive statement could be made in this respect. Indeed,
extension of experimental ranges, of pH, temperature,
solute concentration, frequency, etc., would be helpful
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in many cases for more clearly evaluating this mecha-
nism.

In summary, it can be said that in no case (neither of
the polypeptides, polyglutamic acid, and polylysine nor
of the proteins, BSA, hemoglobin, and gelatin) do ex-
perimental results qualitatively conflict with the predic-
tion of appreciable contribution to excess ultrasonic ab-
sorption from proton-transfer reactions in the ranges
pH <6 and pH >8. However in each case it is likely
that this is not the only mechanism in effect. Other
mechanisms such as those mentioned by Zana and Lang4
—solvation equilibria, conformational changes, and
keto-enol equilibria—may have their contributions su-
perimposed on those due to the proton-transfer pro-
cesses, but certainly proton transfer cannot be eliminated
from consideration.

The fact that in all cases the excess absorption from
this mechanism calculated in the simple linear super-
position manner displayed discrepancies from the mea-
sured absorption indicates that the calculation is not
yet correct. Some cross coupling among the individual
reactions and some variety in the parameter values even
for side chains of the same type (i.e., in ki2, A[7, piC)
most likely exist and should be taken into account. To
do so thoroughly, however, would require that the three-
dimensional structure of the molecule be taken into ac-
count and that the environment of each individual side
chain be considered and evaluated. The work of Ort-
tungdin evaluating titration data for hemoglobin should
provide a pointer for this next step in improving the cal-
culations of this work.

Further experimental work that would help to im-
prove the reliability of these calculations would be the
ultrasonic investigation of solutions of either or both the
mentioned polypeptides but with varying degrees of
polymerization. In this way the equations clearly ap-
plicable to the amino acid reactions56 could be tested
in sequentially more complex cases.

Proton transfer is not expected to contribute to excess
absorption in the “neutral” pH range 6 < pH < 8. In
this range mechanisms such as those proposed by Zana
and Lang4 or those examined by Hammes and PaceZ
to account for relaxation in glycine, diglycine, and tri-
glycine in solution at their isoelectric points must be in-
voked. However, much work yet remains to be done
before these mechanisms can be quantified and the con-
tributions from each evaluated.

Conclusions

Calculations indicate that proton-transfer processes
are very likely a major mechanism contributing to ex-
cess ultrasonic absorption in the ranges pH <6 and pH
>8 in solutions of proteins and polypeptides. The cal-

(26) W. H. Orttung, J. Amer. Chem. Soc., 91, 162 (1969).
(27) G. G. Hammes and C. N. Pace, /. Phys. Chern., 72, 2227 (1968).
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culated data agree qualitatively with experimental re-
sults in these ranges. Likewise this mechanism is not
expected to be appreciably applicable between these pH
ranges.

However, these calculations need to be refined before
they can be used subtractively to determine contribu-
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tions from other mechanisms acting simultaneously with
the protomtransfer processes.
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Second-order rate constants for the chemical reaction in the ECE reduction of oxygen in N,N-dimethylform-
amide (DMF) with six different proton donors are determined by polarography. The mechanism of reaction
during the lifetime of the polarographic mercury drop is shown to involve only a protonation of the superoxide

ion and not of the hydroperoxide ion.

The values of the second-order rate constants depend both on the acidity

of the proton donor and on the proximity of a phenyl ring to the acidic proton within the proton-donor mole-

cule.
rate of reaction.

The phenyl ring is not a necessary requirement for the reaction to occur although it does increase the
Water is shown not to be a major contaminant since water strongly associates with DMF

and is not available as a proton donor, even at moderately high water concentrations.

Introduction

The reduction of oxygen in protic and aqueous so-
lutions has been postulated to proceed by an ECE
reduction through an unstable superoxide interme-
diate.12 Superoxide ion, 02~, has been shown to be a
stable intermediate in the reduction of oxygen in sol-
vents with a low availability of protons.34 These
solvents include dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), acetonitrile, and pyridine. The
reduction of oxygen in such aprotic solvents in the
presence of proton donors can be studied as an ECE
mechanism in which the chemical step is the superoxide
protc nation.

An ECE mechanism, that is, a chemical reaction
coupled between two electron transfers, has been in-
vestigated for a number of organic compound reduc-
tions.66 In these studies the chemical reaction is the
protonation of the organic anion of such compounds
as anthraquinone, naphthalene, and benzophenone,
and the reactions were studied in DMF solutions.
The mathematical model for the ECE mechanism
has been solved for chronopotentiometry,7 potentio-
static electrolysis,8 cyclic voltammetry,9 and polarog-
raphy.1012 Polarography is often the most con-

venient method to use since the data can be evaluated
easily and the assumptions used in the theoretical
calculations are the least limiting; therefore, polarog-
raphy was used extensively in this work.

A proposed mechanism for oxygen reduction in
DMF might be of the form

02 -pe- Oi-~ (D]

02-- + HX HOr + X - 2

(1) J. P. Hoare, “The Eleetrochemistiy of Oxygen,” Interseience,
New York, N. Y., 1965.

(2) F. Rallo and L. Rampazzo, J. Electroandl. Chem., 16, 61 (1968).
(3) D. L. Maricle and W. G. Hodgson, Anal. Chem., 37, 1562 (1965).
(4) M. E. Peover and B. S. White, Chem. Commun., 183 (1965).

(5) P.H. Given and M. E. Peover, J. Chem. Soc., 385 (1960).

(6, H.B.Mark, Jr., Rec. Chem. Progr., 29,217 (1968).

(7) A.C.Testaand W. H. Reinmuth, Anal. Chem., 33, 1320 (1961).
(8) G.S. Alberts and 1. Shain, ibid., 35,1859 (1963).

(9) R.S. Nicholson and I. Shain, ibid., 37,178 (1965).

(10) I. Tachi and M. Senda in “Advances in Polarography,” 1.
Longmuir, Ed., Paragon Press, New York, N. Y., 1960, p 454.

(11) R. S. Nicholson, J. M. Wilson, and M. L. Olmstead, Anal.
Chem., 38,542 (1966).
(12) J.Janata and H. B. Mark, Jr., J. Phys. Chem., 72, 3616 (1968).
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HO2- + e~ —> HOZ>- ®)

HO02 + HX HD2+ X - @)

The competition of superoxide ion and hydrogen per-
oxide anion for the proton donor will determine whether
the last step of this mechanism occurs or not during
the drop lifetime; that is, if k' is considerably greater
than k, the reaction will occur, and if k' is less than k,
the reaction will not occur. Hydrogen peroxide has
an acidity comparable to the phenols used in aqueous
solutions and is less acidic than the carboxylic acids
used in this study. Therefore, the second protonation
step in the mechanism should not necessarily be dis-
regarded.

Janata and Mark’s development of the ECE mech-
anism12 used a system similar to that above in which
it was assumed that a second protonation did occur.
An ECE mechanism shows a kinetic- as well as a diffu-
sion-controlled portion of the limiting current. The
limiting current can be given as

Aim = wF(diY0,/di)diff + wF(dYHo2/di)kin  (5)

where n is the number of electrons transferred in each
reduction step, F is the Faraday, N is the number of
moles of reducible species at the electrode surface, and
tis time in seconds, assuming that the chemical step of
the mechanism is both fast and reversible. Nicholson,
Wilson, and Olmsteadll analytically solved an ECE
mechanism under pseudo-first-order conditions, and
Janata and Mark22 developed their model using a re-
action-layer concept. The following discussion is
based on Janata and Mark’s work as applied to the
ECE mechanism in the reduction of oxygen in DMF.
The reduction of oxygen to superoxide ion in eq 1 is
the diffusion-controlled portion of the current and the
combined eq 2 and 3 are the kinetic-controlled portion.

Using the reaction-layer theory and the assumption
that the diffusion coefficients of oxygen and superoxide
are approximately equal, Janata and Mark12 derived
the equation

Aim = nFqDOIC0J(3irDo2/7)' 2+
nFgC™.-ilO-"Do”~ux)I* (6)

where q (=0.85(m¢)2/i) is the surface of dme in cm2
Do2is the diffusion coefficient of oxygen in cmZsec,
Co2is the bulk concentration of oxygen in mM units,
k is the second-order rate constant in M-1 sec-1,
C"Qj.- is the reaction volume concentration of super-
oxide, Cex'lis the reaction volume concentration of
HX, and tis the drop time corresponding to maximum
current of an undamped polarogram. By defining

A0 = (10-*kDogy*

Ai

(7B 023 x0'a
|

ium/2nkFq
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the expression becomes
21 = AIC%. + ACCV-CMhx)'R2 @)

For either case, that is whether the reaction repre-
sented by eq 4 occurs or not, the number of moles of
oxygen reduced must equal the number of moles of
unprotonated superoxide that diffuse away from the
electrode. Thus

AiCo2= AX7V- + AoC"0!l.-(C'hx) 12 (8)

If the reaction in equation 4 does occur, there are two
moles of the proton donor consumed per mole of super-
oxide protonated and

A2Chx - C'hx) = 2AC'V-(C"'hx)il2 9)

where A2 = (7DHx/37ri)ds However, if the reaction
in eq 4 does not occur, only 1 mol of proton donor is
consumed per mole of superoxide protonated and

A2AChx - C'hx) = A,C%.-(C"hx)VI  (10)

By solving eq 8 and either 9 or 10 for C"o,.- and set-
ting them equal, an equation that is cubic with respect
to (C™hx)'Ris obtained. If the reaction in eq 4 oc-
curs, the result is

(C"hx)V2+ AICW Ao +

(2AICOVA 2 — chx)c'nx) - AiChx/Ao= 0 (11)

The equation is similar if the reaction in eq 4 does not
occur but the coefficient of 2 is eliminated from the
third term in the equation.

By use of a computer, these equations can be solved
using a Newton iterative method for various values
of k and concentrations of proton donor and oxygen.
From these solutions, values for Co2- and the limiting
currents can be calculated. The calculated limiting
currents can be compared to observed currents in
order to approximate the rate constant, k, and to de-
termine whether the reaction in eq 4 occurs during the
lifetime of a drop.

Experimental Section

All chemicals were reagent grade. Solid reagents
were dried over phosphorus pentoxide in a vacuum
desiccator. Liquids were used as received. Stock
solutions of 0.1 F tetraethylammonium perchlorate
(TEAP) in DMF were made and used for all reagent
solutions.

A multipurpose electroanalyticaj instrument as de-
scribed by Goolsby and Sawyeri3was used for all elec-
trochemical experiments, along with a Clevite Mark
250 Brush recorder. A low-temperature bath main-
tained reaction solutions at 5° (+0.1°) where Kinetic
experiments were performed. The electrochemical
cell had three compartments separated by medium-
porosity sintered-glass frits. The compartments con-

(13) A. D. Goolsby and D. T. Sawyer, Anal. Chem., 39, 411 (1967).
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tamed a dropping mercury electrode (dmc), platinum
electrode, and a saturated calomel electrode (see), as
the working, auxiliary, and reference electrode, re-
spectively.

Oxygen concentrations were determined by a mod-
ified Winkler method. X4 A revised sampling technique
was necessary at 5° and consisted of placing 0.5-1.0
ml of deaerated DMF cooled in an ice bath into the
sampling syringe before addition of the DMF sample
to be analyzed. This prevented outgassing of the
sample as it warmed to ambient temperature.

Results

Oxygen reduction in 0.1 F TEAP solutions of DMF
in the absence of proton donors was performed to ver-
ify the formation of superoxide ion and to characterize
its reduction parameters.34 At 5° the polarographic
Ei/, was —0.84 V vs. see and the plot of log ((id — i)/1)
ws. E had a slope of 0.068. These parameters agree
well with a reported Eytof —0.37 V . see in 0.1 F
tetrabutylammonium perchlorate solutions of DMF4
and with a slope of 0.070 reported for the reduction in
0.1 F TBAP solutions of DMSO.3 The doubling of
the limiting current with an added excess of proton
donor also verifies the superoxide formation. The
wave in the absence of proton donors can be classified
as quasireversible and was found to have a transfer
coefficient, a, equal to 0.75 and an electron-exchange
rate constant, k°, of 2.9 X 10~3 cm/sec, using the
graphic method of Vavricka and Koryta.5

The polarographic diffusion coefficient at 25° was
found to be 145 X 10~4 cm2sec from the llkovic
equation. This value is higher than expected com-
pared with a value of 3.0 X 10-6 cm2sec found in
DMSO solutions.’6 Potentiostatic electrolysis also
was used to determine diffusion coefficients from a
plot of current vs. the reciprocal square root of time.I7
The value determined from the slope of this line is
7.44 X 10-5 cm2sec. Values determined from the
intercept and from the ratio of the intercept and slope
agreed well with this latter value. The values de-
termined by potentiostatic electrolysis were consid-
erably lower than the value determined by polaro-
graphic limiting currents. We have no explanation
for the unexpectedly high polarographic value and
noted the same discrepancy between the two methods
in 0.1 F aqueous TEAP solutions.

The polarographic reduction of oxygen in the pres-
ence of proton donors was studied using six compounds:
phenol, 2-chlorophenol, 2,6-dimethylphenol, benzoic
acid, phenylacetic acid, and acetic acid. A plot of the
limiting current vs. the square root of the mercury
height for oxygen solutions with and without a proton
donor is shown in Figure 1. The nearly zero intercept
in the absence of a proton donor indicates that the
reaction is diffusion controlled, and the nonzero inter-
cept in the presence of a proton donor shows a mixed

4021

Figure 1. Polarographic limiting current (microamperes) at
—1.2 V (vs. see) as a function of the square root of the
polarographic column height (cm1'): O, oxygen (0.630 mM);
A, oxygen (0.630 mM) and phenol (5.0 mM).

Figure 2. Effect of phenol on polarographic reduction of
oxygen in DMF: a, oxygen (0.630 mM); b, oxygen (0.630
m 1) and phenol (5.0 mM).

kinetic- and diffusion-controlled process as expected
for an ECE mechanism.

Typical polarograms of oxygen reduction in DMF
with and without proton donors are shown in Figure 2.
The significant changes in the presence of a proton
donor are an increase in the limiting current and an
anodic shift of the wave. Both of these factors are
dependent upon the concentration of proton donor
present. Polarographic maxima sometimes distorted
the rising portion of the wave when proton donors
were present and made an evaluation of E ifedifficult;
therefore, the limiting current was used for a deter-
mination of the rate constant rather than Fi/, values.2

The observed limiting currents were measured at
—1.2 V vs. see. The concentrations of oxygen and
proton donor and the drop time of the DME were

(14) H.J.James and R. F. Broman, Anal. Chim. Acta, 48, 411 (1969).

(15) S. Vavricka and J. Koryta, Collect. Czech. Chem. Commun., 29,
2251 (1964).

(16) E. L. Johnson, K. H. Pool, and R. E. Hamm, Anal. Chem., 38,
183 (1966).

(17) 1. Sham and K. Martin, J. Phys. Chem., 65, 254 (1961).
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Figure 3. Single-protonation computed and observed currents
for oxygen reduction (0.261 m.M) in the presence of acetic acid
as proton donor. The family of computed curves represent
assigned values of k of 10° 101, 102 103 104 106 and 106
increasing from bottom right to upper left. The ordinate is
plotted as the limiting current divided by the oxygen
concentration ((uA 1. mmol-1), and the abscissa is the logarithm
of the proton donor concentration in (mmol I.-1). Drop time
= 245 sec; m = 0.00132 g sec-1.

varied in order to permit the observed currents to be
increasing significantly with increasing proton donor
concentrations.

The assumptions necessary to calculate the limiting
currents for various values of k involve the values
chosen for the diffusion coefficients of oxygen and the
proton donors. These values for the proton donors
are unknown at 5° and are only approximately known
at 25°. If the assumption that, the diffusion coeffi-
cients decrease by the same magnitude for all species
involved in the reaction is valid, the values at 25° can
be used. (Janata and Mark22 used a value of 1.2 X
10~5cm2sec for phenol derivatives at 25° and stated
that as much as a 30% error in this value only slightly
changed the calculated values.) Therefore, the values
used in these calculations were Dg2 = 145 X 10-4
cm2sec and ZHx = 1-2 X 10-5 cm2sec.

The elucidation of the overall mechanism was per-
formed by comparing calculated limiting currents for
both possible mechanisms to observed currents. In
many of the double-protonation model calculations,
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Figure 4. Double-protonation computed and observed
currents for oxygen reduction (0.261 mM) in the presence of
acetic acid. (See Figure 3 for description of the plots.)

the observed currents were larger than the computed
values. This would lead to the interpretation that
were the doublc-protonation mechanism in effect, the
overall electrode reaction was occurring more rapidly
than permitted by mass transfer to a dropping mer-
cury electrode. This particular effect is seen by com-
paring Figures 3 and 4. The experimental points fall
within the family of computed curves for the single-
protonation mechanism (Figure 3), but they fall out-
side the range in the double-protonation case (Figure
4). In addition, for a series of experiments using var-
ious concentrations of oxygen and proton donor, good
consistency was found for a rate constant value to fit
the experimental data using the singlc-protonation
mechanism. On the other hand, a great degree of
scatter was found for the rate constant when applying
the double-protonation model. From these consid-
erations, it was felt justifiable to assume that eq 4 is
unimportant in the electrode reaction we are consid-
ering, and the rate constants reported below are based
on the single-protonation mechanism.

The second-order rate constants described by a sin-
gle protonation of superoxide ion for each donor can be
considered only approximate. The determination of
the rate constant was performed by comparing a series
of calculated and observed currents for each proton
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donor and choosing the value of k which gave the best
comparison. In each case at least four different oxy-
gen concentrations were used and at each oxygen con-
centration the proton donor concentrations were varied.
The values of k chosen are listed in Table I. The
observed and calculated currents usually agreed to
within £5%. Another factor which makes the rate
constants approximate is that small changes in these
values do not greatly affect the calculated currents;
therefore, the rate constants used to calculate theo-
retical currents differed by a multiplicative factor
rather than an additive factor. It is estimated that
these values can be considered to be known to no
better than 50%.

Table | : Acid Dissociation Constants and Second-Order
Rate Constants for the Proton Donors

Proton donor X» k, M~l sec"1
Benzoic acid 6.5 X 1013 1,6 X 10
Phenylacetic acid 4 X 102
Acetic acid 6.5 X 10->4 4 X 102
2-Chlorophenol 1.3 X 10" 14 1,6X10*
Phenol 5 X 10~ 8 X 102
2,6-Dimethylphenol 5 X 10->8 2 X 102

If a direct transfer of the proton occurs between the
proton donor and the superoxide ion (eq 2) the reaction
rate of this chemical step should be dependent upon
the strength of the bond between the acidic proton and
the rest of the molecule; i.e., the reaction rates should
correspond directly to the acidities of the proton do-
nors. However, if an intermediate is formed through
the association of the proton donor and superoxide ion,
probably through a hydrogen bond, the overall rate of
reaction is a composite of both the rate of formation of
the intermediate and the rate of dissociation into the
anion of the donor and the protonated superoxide.
This mechanism can be expressed as

02« + HX A  [X-H~02- (12)

[X~H~(V ]- —> X - + HO2- (13)

Therefore, a comparison of the acid dissociation con-
stants and the rate constants should help to evaluate
the mechanism of protonation.

The experimental evaluation of the acid dissociation
constants is difficult due to their small values, pK
values for acetic acid and benzoic acid have been eval-
uated in DMF as 13.3188 and 12.2,19 respectively.
Phenylacetic acid would be expected to be a slightly
weaker acid than benzoic acid in DMF since it is
weaker in aqueous solution, and other carboxylic acids
tend to have the same order in both solvents, pKa
values for the phenols used in this work can be estimated
from a plot of other phenol acid dissociation constants
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Figure 5. Relationship between pK* values in DMF and in
water for various phenols: a, picric acid; b, 2,6-dinitrophenol:
¢, 2,4-dinitrophenol; d, bromocresol green; e,
2,5-dinitro-phenol; f, Tnitrophenol;

g, 2-nitrophenol; h, 3-nitrophenol.

in DMF and water.2'2 This plot is shown in Figure
5 and is linear. From an extrapolation of this plot for
the phenols used in this study, their acid dissociation
constants can be approximated. The values of these
estimated dissociation constants and the known values
for benzoic and acetic acids are listed in Table | along
with the second-order rate constants determined for
all six proton donors.

A comparison of the acidities and reaction rates in
Table | shows that there is not a direct correspondence,
and a consideration of the factors influencing the sta-
bility of an intermediate is necessary. A delocal-
ization of the charge on the intermediate ion in eq 12
would increase the stability of this intermediate. The
electron-withdrawing power of the phenyl ring would
provide a means to delocalize this charge. This in-
ductive effect is related to the distance between the
phenyl ring and the proton site. The fact that benzoic
acid reacts only as fast as 2-chlorophenol, which is a
much weaker acid, indicates that the inductive effect

(18) M. Teze and R. Schaal, Bull. Soc. Chim. Fr., 1372 (1962).

(19) P. G. Segrs, R. K. Wolford, and L. R. Dawson, J. Electrochem.
Soc., 103, 633 (1956).

(20) B. W. Clare, D. Cook, E. C. F. Ko, Y. C. Mac, and A. J.
Parker, 3. Amer. Chem. Soc., 88, 1911 (1966).

(21) S. M. Petrov and Yu. |. Umanskii, Zh. Fiz. Khim., 41, 1374
(1967).

(22) J. Juillard and A. Mallet, C. R. Acad. Sci., 264, 2098 (1967).
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on the formation of an intermediate may be important
to the overall reaction rate. A possible explanation
for the fact that phenylacetic acid and acetic acid
(which are estimated to have comparable acidities)
have the same rate constants is that the phenyl ring
is too far removed to influence the formation of the
intermediate. The inductive effect of the chloro and
methyl substituents in the phenols influences, in the
same manner, both the acidities of these phenols and
the formation of an intermediate. Although the in-
dividual rate constants in eq 12 and 13 cannot be
resolved, the overall rate of protonation does appear
to be dependent upon the proximity of a phenyl ring
to the acidic proton in the proton donor molecule
giving rise to a rate-enhancing inductive effect.

If water acts as a proton donor in DMF solutions,
it could be a major contaminant in the study of the
reactions of superoxide ion with other proton donors.
Water does change the viscosity of DMF solutions.2
In a 70 mol % water solution the viscosity is nearly 4
times that of pure DMF and this change can be at-
tributed to an association of water and DMF. Ting,
Wang, and LiZreported association constants between
water and DMF in cyclohexane and suggested that as
many as three DMF molecules may associate with one
water molecule. This interaction would make water
protons less available as donors in other reactions.

Jezorek and Mark> studied the reduction of an-
thracene and naphthalene in DMF with water present
as a contaminant. This system is similar to oxygen
reduction in this solvent as it too follows an ECE
mechanism. These authors reported that very large
concentrations of water were necessary (compared to
phenol concentrations) in order to achieve significant
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increases in the limiting current. The increased vis-
cosity lowers the diffusion coefficient of the oxidized
species, and the current never attains the maximum
expected height.

Water was added to the oxygen-DMF solutions to
investigate its effect. For concentrations ranging
from 0 to 56 m | in water, the Ei/t values showed no
significant change and the limiting current remained
constant. Further addition of water caused a maxi-
mum to appear on the oxygen reduction wave and
eventually one wave at more anodic potentials ap-
peared with a much smaller total current height than
the original wave. This decrease in the limiting cur-
rent can be attributed to two factors: the increased
viscosity lowers the diffusion coefficient, and since
oxygen is less soluble in water than in DMF, the oxygen
concentration is less in the mixed solvent. As ex-
pected, by making further additions until the solvent
was almost aqueous, a typical two-electron reduction
wave was observed. Thus contamination by water in
small concentrations is not a serious handicap in the
investigation of other proton donors.
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An investigation of the viscosity and conductance and the laser Raman spectrum for molten mixtures of AgN03
and TINO3is reported. The absence of new frequencies and the temperature invariance of the intensities for
the observed Raman bands indicate that the symmetry of the N03- ion in the mixtures does not differ sig-
nificantly from that cf the(%o& in the parent compounds. The “back-donation of electrons” from cations
into the "« system of the NO3- ions appears lessened in the molten mixtures, and this effect is greatest at the
equimolar mixtures. From the viscosities, it is found that the simple mole fraction viscositK relationship is
very nearly obeyed; i.., the polarization interactions are virtually zero, and the mixtures are thus nearly ideal.
The electrical conductances of the mixtures can be accounted for if a term is introduced for ionic association,
but in these mixtures this is found to be less than 4%. The results thus confirm small but finite noncoulombic

contributions to the structural features and transport processes in such molten electrolytes.

The phase diagram for the AgNO3TIN 03 system
showsl the features of two low melting eutectic mix-
tures (52 mol % TINOs, mp 82.2°; 48 mol % T1NO03
mp 82.5°) and a low melting compound of equimolar
composition (mp 83°). There is, thus, the opportunity
to investigate the liquid state properties of such mix-
tures from relatively low temperatures to temperatures
where both the parent compounds themselves are
molten (e.g, AgNO3 mp 210°, T1INO3 mp 208°).
In this communication, an investigation of the proper-
ties of viscosity and conductance of this system is
reported from this viewpoint; the results are examined
from the viewpoints of polarization and ionic size
effects, together with some results from laser Raman
spectroscopy.

Experimental and Results Section

For AgN03 and TINOS, NSRDS recommendations
for viscosities, electrical conductance, and densities
have been advanced recently2from critical assessments
of the collected published data; the temperature-

dependent equations are given in Chart I. The ac-
Chart |
AgNO3
viscosity V = 1159 X H)“2exp(3620/72T) cP
(k = 11.745 exp(—2749/RT) Q-1cm*“1
conductance \ _ 587 9 exp(—2898/727T) fi-1cm2
density p = 4454 — 1.02 X 103l g cm-3
T1INO3
viscosity v = 8430 X 10~2exp(3657/72T") cP
conductance (K = 9416 exp(—3143/72T) cm"1
(A = 633.25 exp(—3348.3/72T) £21 cm2
density p = 5.804i - 1.8737 X 10-3T g cm“3

curacies are estimated to be within the limits of
0.15-0.3% (density), 0.7-1.0% (conductance), and
approximately 1.0% (viscosity).

For binary mixtures of these two components, four

investigations have been reported: Rabinowitsch
(1921),3 Sandonnini (1920),4 Bokhovkin (1949),5 and
Brillant, et al. (1966, 1968).67 The measurements of
Rabinowitsch were limited to one composition (50 mol
% AgNO03 and a single temperature (373°K). The
results of a critical evaluation of the latter two studies
may be summarized as follows.
The results 0: Bokhovkin5and Brillant7are
at different compositions so that no direct comparison
is possible except of the values for the single com-
ponents. Such a comparison shows that the results
of Brillant deviate somewhat less from the NSRDS
recommended values2than those of Bokhovkin (approx-
imately 0.2 and 0.8%, respectively). A statistical
analysis of the results of Brillant7 was undertaken to
express the data simultaneously as a function of com-
position (c) and temperature (T, °lv). The equation,
thus derived, is

Density.

P = 5.80573 - 1.85467 X 10-3r - 1.10779 X

10~2C + 7.24708 X 10-6TC (g cm-3

and may be used within the temperature range of 435-
635°K, with a standard error of about 0.07% relative
to the published data; the maximum departure is 0.2%
and is noted at 485°K for the results reported for the
60 mol % AgNO3mixtures.

(1) C. Van Eyck, Z. Phys. Chem. {Leipzig), 51,721 (1905).

(2) G. J. Janz, F. W. Dampier, G. R. Lakshminarayanan, P. K.
Lorenz, and R. P. T. Tomkins, ‘Molten Salts,” Vol. 1, NSRDS-NBS
15, U. S. Government Printing Office, Washington, D. C., Oct 1968.

(3) A.J. Rabinowitsch, Z. Phys. Chem. {Leipzig), 99, 417 (1921).
(4) C. Sandonnini, Gazz. Chem. Ital., 50, 289 (1920).
(5) 1.1. Bokhovkin, Zh. Obsch. Khim., 19,805 (1949).

(6) M. Bakes, S. Brillant, J. Brenet, J. DuPuy, J. Guion, Y. Naka-
mura, and J. Ruch,./. Chim. Phys., 63, 1491 (1966).

(7) S. Brillant, Ph.D. Thesis, Strasbourgh (1968); J. Chim. Phys.,
65,2138 (1968).
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Conductance. Results reported57 for the single
components compare with the NSRDS recommended
values as follows

Deviation for NSRDS values

AgNO3 (2.2%); T1NO3 (4.4%)
AgNO3 (4.9%); T1NO3 (3.3%)
AgNO3 (0.62%); TINO, (0.60%)

Investigator

Sandonnini (1920)
Bokhovkin U949)
Brillant (1968)

For the binary mixtures, accordingly, the work of
Brillant7 is recommended; results for the single com-
ponents and for five binary mixtures (containing 21,
35, 50, 70, and 90 mol % T1NO3 were reported7 and
need not be detailed here. The derivation of an
expression giving these results simultaneously as a
function of temperature and composition (c/. density,
preceding) was undertaken, but this work was without
success.

Viscosity. The investigations appear limited to the
studies of Bokhovkin5in which viscosities were reported
for 13 binary mixtures (6.S to 85.4 mol % T1NO03 398-
498°K) and the single components, and that of Rabin-
owitsch3 (one data point for 50 mol % T1NOS3
at 373°lv). A comparison with the NSRDS value for
molten T1NO3 shows that the Bokhovkin result
deviates by approximately 8%, and the estimate of
uncertainty for the results of the binary mixtures is thus
difficult without additional input. One of the eutectic
mixtures (48 mol % T1NO3; mp 82.5°) was selected
for further study because of the larger temperature
range available.

The eutectic mixture (above) was made up by weight
from certified reagent grade chemicals which had been
recrystallized from double-distilled water and oven
dried (25°, 24 hr; 110° 12 hr). All transfers of the
dried chemicals were by desiccator techniques, in a dry
N2 glove box, or by vacuum manifold techniques.
The viscosity measurements were with the modified
Ostwald-type viscometer of this laboratory. Details
of the design, the calibration procedures, and the
silicone oil bath (160-250°), and molten salt bath
(260-310°) have been given elsewhere by Timidei, et
al,8 All viscosity measurements were repeated at
least three times to cross-check reproducibility of the
flow times (x0.5%), and the temperatures were
increased and decreased at random in the cycle to
evaluate the temperature dependence of the viscosity
data. The results are in Table | for the range investi-
gated (160-310°).

Table I : Viscosity Data for AgQNO3-TINO3 Eutectic Mixture
T, °K 433 443 453 463 473 483
v,cP 7441 6523 5863 5263 4.712 4.384
T, °K 493 503 513 523 533 543
v,cP  4.027 3.714 3461 3.215 3.081 2.900
T, °K 553 563 573 583
V,cP 2742 2578 2427 2320
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The temperature dependence of those results was
analyzed by the Arrhenius-type exponential relation
and a power-series equation. The results are given by
this expression

v = 12259 X 10-3 exp(3407.2/72T) cP

for the range of 503 to 583°K, and with the standard
error of estimate equal to 2,06 X 10-2; and over the
complete temperature range by

= 246.072 - 1.26600T + 2.216315 X

10 ~3T2- 1.306906 X 10-6T3
(for 440 to 580°K) with the standard deviation, s,
being 4.44 X 10-2. The numerical coefficients above
are cited to more figures than experimentally justified
to ensure the analytical fit within the above precisions.
Comparison with Bohkovkin5shows that the results are
in good agreement at higher temperatures (e.g., 1.5%,
225°) but deviate significantly in the lower tempera-
ture range (e.g., 30%, 175°), and that the Bokhovkin
data fall uniformly below the present results. The
information is insufficient in the earlier worké for an
explanation of these observations and while one might
infer some systematic error in the earlier work from
this trend, the matter cannot be resolved without
additional information.

Raman Spectral Studies. The intensities of the sym-
metrical stretching frequency of the nitrate ion in melts
of univalent nitrates (including AgN03 and TINOa)
have been reported recently relative to the intensity in
NaNO03by James and Leong.9 In the present work the
spectra for molten AgNO03 and T1NO3 were rein-
vestigated, together with three mixtures (33, 50, and
67 mol % AgNO3 bridging the composition range of the
two eutectics and the compound. The Raman
spectra were recorded with the Jarrell-Ash Model
25-300 laser Raman facility of this laboratory, with
both He-Ne (55 mW) and Ar+ ion (125 mW) lasers as
excitation sources. Details are reported elsewhere,D
and it is sufficient to note that the frequencies in the
molten mixtures fall, in general, between the frequencies
of the pure molten AgN0O3and T1INO3 The absence
of new frequencies in the mixtures and the temperature
invariance of the intensities for the observed frequen-
cies indicate clearly that the symmetry of the NO3
ion in the mixtures does not differ appreciably from
that of the NO3 in the parent compounds. The
molar intensitiesl0 of the W band (1037 cm-1) relative
to that of TAINO3were as follows

(8) A. Timidei, G. Lederman, and G. J. Janz, Chem. Instrumentation,
2,309(1970).

(9 D. W. James and W. H. Leong, Trans. Faraday Soc., 66, 1948
(1970).

(10) K. Balasubrahmanyam and G. J. Janz, J. Chem. Phys., in
press.
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AgNO3(mol %) 100 85 67 50 33 0

In 70 65 59 57 61 100

The molar intensity ratio for the single components,
i.e,, (/tinGd7agroj)*is 1.43; this is to be compared with
that reported by James and Leong,9 1.37. The obser-
vation of the earlier study,9 namely that intensities of
the ja mode for AgNO3and T1NO3are much greater
than for melts of the alkali metal nitrates, are thus con-
firmed. The variations in the molar intensity with
composition may be attributed to interionic inter-
actions since the measurements were designed under
conditions where the geometrical-optical effects and
the refractive indices were essentially constant.

Discussion

The characterization of the interactions among the
constituent ions is one of the central problems in
molten electrolytes as well as in aqueous and non-
aqueous electrolytes, since the structural, thermody-
namic, and transport properties depend on the nature
and the range of such interactions. From this view-
point the discussion of James and Leong9 on the
structure of molten nitrates is informative. The high
values of relative intensities of the symmetrical stretch-
ing mode, i'i, for AgNO3and T1NO3are interpreted as
due to an anion-cation covalent-type interaction,
involving a donation of lone-pair electrons on the nitrate
to vacant orbitals on the Ag+ (5s) and T1+ (6p) much
as in transition metal complexes, but with the onset of
an additional effect, namely a “back-donation” of
electrons from the filled d orbitals on the Ag+ and
T1+ into the ir system of the nitrate ion. Because the
additional electrons in the nitrate ion are in an anti-
bonding 7 orbital, the resultant N-O bond has a
lower bond order. It is thus more easily distorted
while the ir nature of the electrons makes them easily
polarized. The effects of polarization by cation field,
accordingly, are modified from the trend reported in the
molten alkali metal nitrates.1l In the present Raman
investigation of the molten mixtures of Ag and T1
nitrates, the absence of new frequencies, and the tem-
perature invariance of the intensities indicate clearly
that the force field does not differ significantly from
that in the melts of the single components, ie. the
symmetry of the nitrate ion is essential!} unchanged,
and the force field is predominantly coulombic in
origin. It is to be noted that the molar intensities
of the vi band (1037 cm-1) in the mixtures are less
than for the parent compounds, and the significance
of this, undoubtedly, lies in a hindrance to the back-
donation of electrons (from the cations) into the ir
system of the nitrate ions. The anion-cation covalent-
type interactions, advanced to explain the high values
of lu for molten AgN0O3and molten TIN039 are thus
lessened significantly in the molten mixtures of these
two salts, the effect being greatest at the equimolar
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ratio. The latter suggests that this hindrance lies in
a nearest neighbor Ag+, T1+ repulsion effect within
the coordination sphere of the reference nitrate ion.

The transport properties of viscosity and conductance
for molten nitrates and chlorides (as single salt melts)
have been compared in a previous communication in
this series.2 The values of EA (activation energy for
conductance) for the series of nitrates are virtually in-
variant in contrast to the trend for the corresponding
chlorides (EA (kcal mol“2: LiCl, 2.02; CsCl, 5.11;
LiNO3 3.59; CsNO03 3.69); this near invariancy may
be attributed to an “aggregate” or cooperative trans-
port mechanism in which the differences in cationic
mobilities are swamped by the enhanced anion-cation
cooperative interactions, much as solvation damps out
the size effect in aqueous cationic mobilities. The
values of EAfor AgNO3and T1NO3 noted in the pres-
ent work (2.898 and 3.348), confirm that these two
nitrates are no exceptions to the trend noted for the
alkali metal nitrates. The calorimetric studies of
molten nitrates, by lIvleppa and coworkers,13 4 confirm
the need to consider a smaller, but significant, amount
of dispersion force type interactions (covalency) to
account for the observed enthalpies of mixing. This
noncoulombic interaction energy was greater in molten
AgNO3than in TINO3 While the lower value for EA
(above) may undoubtedly be attributed to such factors,
the close correspondence of these two values with those
for the alkali metal nitrates (i.e., the near invariancy)
is the more significant result. That the configurational
changes in electrical transport are seated in highly co-
operative effects receives further support from a com-
parison of the values of EAand Ev. For AgNO03the
ratio Ew/Eais 1.06, and for TINO3 1.09, respectively;
this is to be compared with the range of values for the
alkali metal nitrates2 (LiNO3 1.42; CsNO3 1.20).
From the process energetics, one infers that the con-
figurational changes in these two transport processes
are both highly cooperative and likely nearly equiva-
lent.

It is of interest to examine the transport properties of
molten mixtures of AgNO3and T1NO3relative to such
viewpoints. The mole fraction equation for the vis-
cosity of a mixture

Vmixt = XI7?1 + X 22

is predicted to be valid for a mixture of two nitrates
under conditions where the cationic radii, r, and r2 are
equal. This follows directly from the generalizations
advanced by Murgulescu and Zuca from their extensive
studies16-17 of the viscosities of binary mixtures of

(11) G. J. Janz, “Molten Salts Handbook,” Academic Press, New
York, N. Y., 1967.

(12) A. Timidei and G. J. Janz, Trans. Faraday Soc., 64, 202 (1968).

(13) O. J. Kleppa, R. B. Clarke, and L. S. Hersh, J. Chem. Phys.,
35, 175 (1961).

(14) O.J. Kleppaand L. S. Hersh, ibid., 36, 544 (1962).
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molten nitrates as a function of ionic radius. The
polarization energy, defined after Lumsden,18as

1 112

Tab2 Jac2.

will be zero if the two cations in the mixture have simi-
lar radii; i.e., the system will be expected to behave as
an ideal mixture. In Table Il, the results of this cal-

Table 11: Additivity of Viscosities
NGy VIINGB drigdo fis:s] % de-
T, "K cP cP cP cP parture
533 3.54 2.65 3.12 3.08 -1.30
543 3.32 2.50 2.93 2.90 -1.03
553 3.12 2.38 2.76 2.74 -0.73

Saed = Ann + A2, where 1 and 2 are AgNO03 and TING;
respectively, and Ai, Azare 0.52 and 0.48.

culation are summarized. The experimental limit of
accuracy for the viscosity studies in the present work
was estimated to be about 1%. Inspection shows that
the mole fraction viscosity relationship is very nearly
obeyed, i.e., the mixture is virtually ideal from the view-
points of the polarization interactions, and one would
predict that rTi+ ~ rAgtin these mixtures. The gener-
ally accepted radius for Ag+ in molten electrolytes is
0.95 A, from empirical observations; the Pauling radii
are, respectively, Ag+, 1.26 A; T1+, 1.40 A. It should
be noted that the calculated viscosities (Table I1),
nevertheless, deviate from the observed values, the
predicted viscosities falling uniformly below the experi-
mental values, and that the deviation is just outside the
estimated limits of accuracy. If significance is to be
attached to this, it would imply a small but definite
polarization interaction energy.

If the conductances of the AQNO3T IN 03mixture are
similarly examined, it is found that neither the mole
fraction additivity expression nor the Markov equa-
tion®

Amnin = X\M + X2A2
and

Amix = XPAIi + X2A2+ 2XX2A2~W RT
(Markov)

are adequate, but that the modified Markov equation®d

Amix @
(Janz-Ward)

~Ajlarkov

is found adequate for values of the 6 parameter between
0.02 and 0.04. The results of these calculations are in
Table 111. Here the 6 parameter corresponds to the
Tobolskv parameter2l'2
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di —dA2

di + diJd
where d\ and d2 are distances of closest ionic approach;
the values 0.02-0.04 correspond to a configuration in
which the Ag+ cation penetrates somewhat more than
the T1+ion into the sphere of influence of the N 03~ ion.
This is in accord with the enthalpies of mixing stud-
ies13X4 {i.e., the noncoulombic interaction energy is
greater in molten AgNO03than in TINO3 and with the
present Raman results. The significance of this to the
electrical conductance is that the nonadditive factor
corresponds to a fraction that no longer contributes to
the process of conductance, much as the correction for
ionic association in aqueous electrolytes. Details on
the interaction sites and the geometry of the associated
species are found in the previous communication.

Table I11: Additivity of Conductivities
W Aﬂ'.’l.MB Amol Fract AMnrkov, Ahd‘
T.'k  Qicme q-rcme fticne cne  si cne e
513 34.1 23.4 29.1 29.1 28.4 0.024
553 42.3 30.1 36.5 36.5 35.2 0.040

« For Aamos= 0.52 and X tino3— 0.48. eFromref7.

The transport properties of such molten electrolytes
are influenced through both geometric and energetic
factors. In molten nitrates, while the interaction
forces are predominantly coulombic, the processes are
significantly influenced by the symmetry of the nitrate
ion, i.e., through the various sites of differing anion-
cation interaction energies. The very nearly ideal
additivity of the viscosity for molten AgNO3TINO3
mixtures, the nonadditivity of the electrical conduc-
tances, and the Raman spectra confirm the importance
of the small but finite noncoulombic contributions to
the structural features and transport processes in such
molten electrolytes.
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Calorimetric measurements of reaction rates in solution have generally suffered from inadequate treatment
of the effects of the temperature gradient in the calorimeter. This paper is based on a more adequate theory
of adiabatic calorimetry which predicts the effect of the thermal transients on the time-temperature observa-
tions from which rate constants must be calculated. The theory treats the calorimeter as a linear system
with a characteristic response to an instantaneous energy input; in other words, the temperature output is

related to an energy input through a kind of transfer function.

The form of the characteristic response is

predicted from the heat flow problem, and the necessary constants are determined experimentally. The forms

of the time-temperature relationships are determined for first- and second-order reactions.
been tested for the saponification reaction of ethyl acetate in aqueous ethanol.
simplified methods show large trends during the experiment.

The theory has
Rate constants calculated by
Calculations of rate constants by the relation-

ship derived for second-order reactions are self-consistent throughout the experiment.

I. Introduction

The advantages of kinetic measurements by calo-
rimetry have been set down by Sturtevant.2 “Many
physical methods require the use of relatively con-
centrated solutions in order that an appreciable change
in the observed property be obtained. The great
sensitivity attainable in calorimetric measurements
would make it possible to work with dilute solutions
even with reactions involving very small heat changes,
and in many cases to obtain an accuracy not easily
reached by other methods.” One of the disadvan-
tages has been that some of the data cannot be used in
the analysis. For example, Sturtevant found it nec-
essary to discard data taken in the first 20 min. We
attribute this disadvantage to an inadequate theory of
calorimetry. We propose a method of overcoming
this disadvantage and other possible inadequacies of
the method due to thermal transients in the calo-
rimeter.

Applications have been made of calorimetry to
thermochemistry and to kinetics.3 Yet, the theory of
calorimetric measurements used can hardly be called
highly developed in the sense of starting from basic
physics and proceeding rigorously to the details of the
measurement.

A better theory might be expected to give some in-
sight into the problem of evaluating the heat exchange
due to thermal transients taking place during the re-
action or some other heating process. For thermo-
chemistry, the important question is whether or under
what conditions the electrical calibration takes these

transients into account. For kinetics, the problem is
to relate the observed temperature as a function of
time to the internal energy and the heat exchange.

Recently, West and Svirbely4 have developed for
adiabatic calorimeters a theory of measurement based
on the first law of thermodynamics and the equations
for heat transfer by conduction and radiation. They
analyze the problem of heat flow in an adiabatic cal-
orimeter and its effect on the temperature as a state
variable as well as on the heat transfer and on the
evaluation of the electrical and the mechanical work
done on the calorimeter. In this paper, we develop
the theory insofar as it applies to kinetics. We also
present an analysis of the data obtained from a study
involving the saponification of ethyl acetate in eth-
anol-water mixtures to test the theory.

I1. Experimental Section

A. Chemicals. Ethyl Acetate. Reagent, grade ester,
obtained from J. T. Baker Chemical Co., was frac-

(1) Abstracted from the Ph.D. thesis of E. D. West, University of
Maryland, 1969.

(2) J. M. Sturtevant, 3. Amer. Chem. Soc., 59, 1528 (1937).

(3) (@ J. M. Sturtevant, Physics, 1, 232 (1936); (b) G. Laville,
C. R. Acad. Sci., 240, 1195 (1955); 240, 1060 (1955); (c) E. Calvet
and H. Prat, “Microcalometrie,” Masson et Cie, Paris, 1956; (d)
E. Calvet and F. Camia, J. Chim. Phys., 55, 818 (1958); (e) F. Becker
and H. Hoffman, Z. Phys. Chem. (Frankfurt an Main), 50, 162 (1966);
(f) F. Becker and F. Spalink. ibid., 26, 1 (1960); (g) H. J. Bor-
chardt and F. Daniels, 3. Amer. Chem. Soc., 79, 41 (1957); (h) R. P.
Bell and J. C. Clunie, Proc. Roy. Soc., Ser. A, 212, 16 (1952); (i)
C. H. Lueck, L. F. Beste, and H. K. Hall, J. Phys. Chem., 67, 972
(1963).

(4) E. D.West and W. J. Svirbely, to be published.
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tionally distilled. The middle, constant boiling frac-
tion, bp 76.5°, was collected. Manufacturer's anal-
ysis of this lot showed water to be the largest impurity,
0.009%.

Sodium Hydroxide. Analytical reagent grade so-
dium hydroxide, obtained from J. T. Baker Chemical
Co., was used. The concentrations of solutions of
sodium hydroxide in ethanol-water mixtures were de-
termined by titration against a dried and weighed
amount of Mallinckrodt analytical reagent grade po-
tassium hydrogen phthalate in 50 ml of water to a
phenolphthalein end point. Results were as follows:
solution 1, N = 0.17420, 0.17435, 0.17429; av, 0.17428;
std dev, 0.00008; solution 2, N = 0.19202, 0.19220,
0.19190; av, 0.19204; std dev, 0.00015.

B. Calorimeter. The adiabatic calorimeter used
in this research was designed applying the same prin-
ciples that were used in the design of a high-temper-
ature adiabatic calorimeter for heat capacity mea-
surements.6 A distinguishing feature of the high-
temperature calorimeter was a surface separated from
the sample container. The purpose of that construc-
tion was to ensure that the error in evaluating the heat
exchange with the shield due to the temperature gra-
dient would be proportional to the temperature rise
and independent of the contents of the calorimeter.
Several modifications have been made in that calo-
rimeter for this research to accommodate the require-
ments of solution calorimetry.

A schematic diagram is shown in Figure 1 The
calorimeter proper consists of two main parts, a per-
manently mounted part and a removable container
which fits inside it. The cup portion of the container
was made of copper. The top for closing the cup was
made of inconel with inconel rods extending into the
cup to support the arrangement which held the liquid
reactant. The space between the lid and the cup was
sealed with an “O” ring (Buna “N”).

Stirrers for solution calorimetry usually have a drive
shaft extending from the vitals of the calorimeter
through the surrounding parts, such as an adiabatic
shield or water bath. The shaft presents problems in
evaluating the heat flow along it and in sealing the
calorimeter to prevent evaporation. These diffi-
culties have been overcome in the present case by
driving a magnetic stirrer with an external driving
magnet.

The arrangement for starting the reaction—*“the
mousetrap”—was made of inconel with Teflon gas-
kets and lubricating surfaces. The volatile solute
liguid was contained in a hollow inconel cylinder of
about 0.5-ml capacity, closed at both ends by Teflon
gaskets. The gaskets were held in place by a lever
arm with a catch and pin arrangement. When the pin
was pulled, the catch released the lever, which let the
gaskets and the hollow cylinder fall through the solu-
tion, rinsing out the solute as it fell. Arrangements
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Figure 1. Cross section of the calorimeter. The calorimeter
consists of the copper ring, D, with attached thin copper cups
and lid, the solution container, F, which fits inside the ring,
and the container lid with supports rods which position the
“mousetrap,” E, which contains the ester, and the
propeller-type stirrer, H. The calorimeter is surrounded by the
adiabatic shield, consisting of the copper ring, C, with attached
copper cups and lid. The ring cools through the brass support
B, to the heavy ring, A, which is in direct contact

with the water bath.

which did not provide for such rapid dispersal of the
solute gave unintelligible kinetic data, although they
would probably be adequate for thermochemistry
where timing is of less importance.

The permanent part of the calorimeter was mounted
on a copper ring about 0.125 in.2 in cross section.
The ring was held in place by three small, thin-walled
inconel tubes which offered the largest thermal re-
sistance consistent with adequate mechanical support.
Three thin-walled gold-plated copper cups were sol-
dered to the ring to intercept heat transfer between the
container and the adiabatic shield.

A thermopile measured the temperature difference
between the copper ring of the calorimeter and a sim-
ilar ring in the adiabatic shield. The thermopile was
made of 19 junctions of chromel and constantan wires
having a sensitivity of about 1200 /uV/deg. The
junctions were fastened to the copper ring with epoxy
resin.

Provisions were made for a calorimeter heater to be
located either on or in the container, i.e., the heater
wire was either wound on the outside wall and fas-
tened in place with epoxy resin, or it was wound in an
open loop and suspended directly in the solution from
its own leads. The current leads for the calorimeter
were brought through the copper rings and fastened in

(5) E. D. West and D. C. Ginnings, J. Res. Nat. Bur. Stand., 60,
309 (1958).
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place with epoxy resin. Two potential leads were
taken off the current leads midway between the two
rings. The thermal contact between the current leads
and the rings is the same for both rings.

The calorimeter was closed by a light lid consisting
of two thin gold-plated copper disks held in a brass
ring.

The adiabatic shield consisted of a copper ring and
three thin gold-plated copper cups. The thermopile,
for temperature control was attached to the inside of
the ring. The top of the shield was closed by a lid
consisting of three thin gold-plated copper disks
mounted in a brass ring.

C. Control of the Adiabatic Shield.
of controlling the temperature of the adiabatic shield
for solution kinetics differs from the problem for heat
capacity measurements.6 The calorimeter may cool,
so provision was made to cool the shield by providing
a path of comparatively low thermal resistance from
the adiabatic shield to the bath. A comparatively
large power was required to maintain this temperature
gradient. Power not supplied by the shield heater
came from cooling the shield, so that rather rapid
cooling could be obtained by decreasing the heater
power. This technique required handling a larger
power, but this was easily handled with transistors in
contrast to the vacuum tubes used earlier.6

A block diagram of the control system is shown in
Figure 2. The, signal voltage, from the 19 junction
thermopile (1200 /;V/deg) was compared to the, dc
reference voltage. The reference voltage was used to
adjust the temperature difference so that heat is trans-
ferred to the adiabatic shield to balance out the stirring
power. Under this condition, the temperature of the
calorimeter changed slowly and could be read more
accurately.

The reference voltage was supplied by a mercury
cell kept in a dewar flask filled with oil to maintain its
temperature reasonably constant. The stability of
this source was not checked, other than by the pre-
cision of the kinetics experiments.

The error signal (difference between the thermopile
and reference voltages) was amplified by a chopper-
type dc amplifier, dependable to about 0.5 /uV or 0.25

mdeg. The amplified signal was used to actuate a
three-mode controller (proportional, integral, and
derivative). The current output from the controller

operated a simple transistor network which regulated
the direct current to the shield heater.
D. Temperature Measurements.
has two levels of significance in Kinetic studies in a calo-
rimeter. Reaction rates vary with temperature, but
knowdedge of the absolute temperature to 0.01° is
adequate. This accuracy is easily achieved by ordi-
nary resistance thermometry. However, the temper-
ature as a measure of the concentration requires pre-
cision far better than 0.01°. In two experiments, for

The problem

The temperature
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WATER BATH
HEAT SINK

Figure 2. Schematic diagram of the adiabatic
shield control system.

example, the total temperature rise was only about
0.03°. Since precision is more important than accu-
racy, a copper thermometer was used instead of a
platinum thermometer.

The copper thermometer was wound noninduc-
tively on the outside of the copper ring. It was cali-
brated against a capsule-type platinum resistance
thermometer which has been certified by the National
Bureau of Standards.

E. Experimental Procedure.
ester in an experiment depends on the weight of ester
placed in the calorimeter. This was not a straight-
forward problem, because of the volatility of the ester.
Smith and Levinson6have criticized the work of Evans,
Gordon, and Watson7for lack of attention to the vapor-
ization problem.

The amount of ethyl acetate was determined as fol-
lows. The “mousetrap” arrangement was washed,
dried, assembled, and placed on an analytical balance
until it came to constant weight. A quantity of ester
was then forced into the “mousetrap” through a small
opening by use of a hypodermic syringe. The opening

(6) H. A. Smith and H. S. Levinson, J. Amer. Chem. Soc., 61, 1172
1939.

(7) D. P. Evans, J. J. Gordon, and H. B. Watson, J. Chem. Soc,,
1439(1938).
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was then closed with a small piece of Teflon. The
weight of the assembly was then observed until it be-
came constant. The difference between these two
weights was taken as the weight of the ester.

The “mousetrap,” the container lid, and the copper
container cup were weighed next. The cup was then
filled with the ethanol-water solution of sodium hy-
droxide. The lid with the attached “mousetrap” was
put into place quickly to avoid loss by vaporization.
Again the assembly was weighed. The difference be-
tween these two weights was taken as the weight of the
solvent mixture.

The container was then assembled in the calorimeter.
If the experiment was to be carried out below room
temperature, the entire calorimeter was immersed in an
ice bath. During immersion, the temperature could
be followed with the copper resistance thermometer on
the calorimeter. When this temperature was a few de-
grees below the desired starting temperature, the
calorimeter was placed in the water bath, which had
previously reached its operating temperature. The
calorimeter was then heated with the electrical heater
until the initial temperature was reached. During this
heating period, the adiabatic shield control was placed
in operation.

Some time after the heating was stopped, observa-
tions of the resistance were started. Although it was
usually too early to determine the initial heat exchange
rate accurately, the measurement was adequate to indi-
cate whether the rate was abnormally negative, indi-
cating evaporation from a leak in the container seals,
or merely too large for convenient resistance measure-
ments. In the latter case, the reference voltage was
adjusted.

When the rate of resistance change became con-
stant, the “mousetrap” was tripped on an integral min-
ute as indicated by a timer with a sweep-second hand.
At the beginning, resistance measurements were made
every 30 sec. As the rate of change of the resistance
decreased, the observations were taken at longer inter-
vals of time until the rate of change was obscured by
uncertainties in the heat leak rate.

F. Experimental Data.
corrected for the small errors in the bridge dials, as
found in the calibration. The corrected resistances
were then converted into the equivalent resistance of
the calibrating platinum resistance thermometer ac-
cording to the formula developed in the comparison of
the two thermometers. The equivalent platinum re-
sistance was then converted into absolute temperature
according to the Callendar interpolation formula for
platinum resistance thermometers8 and the constants
given with the calibration by the National Bureau of
Standards. The temperatures so obtained with the
corresponding times are tabulated in Table I, along with
other pertinent data, for one of the seven experiments
performed.
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Table | : Data for Kinetics Experiment*

Time,

min Temp, °C Time, min Temp, °C
0 25.0084 8 25.0513
0.5 25.004 10 25.0614
1 25.0034 10.5 25.0636
1.5 25.0063 11 25.0657
2 25.0094 11.5 25.0679
2.5 25.0132 14 25.0766
3 25.0171 14.5 25.0782
3.5 25.0211 15 25.0796
4 25.0253 15.5 25.0811
4.5 25.0293 19 25.0895
5 25.0329 19.5 25.0904
5.5 25.0364 20 25.0913
6 25.0395 20.5 25.0922
6.5 25.0429 24.75 25.0983
7 25.0458 34.75 25.106

7.5 25.0486 47.75 25.109

“ Weight of ester, 0.1146 g; volume of solution, 84 ml; initial
ester concentration, 0.01546 mol/1.; initial hydroxide concentra-
tion, 0.19174 mol/1.

The data for the first 20 min of the experiment are
plotted in Figure 3. These data show the typical cool-
ing due to endothermic heat of solution, followed by an
increase in temperature due to the heat produced as the
reaction proceeds. The observed temperature does
not fall immediately, but decreases for about 2 min even
though the reaction should be evolving heat at its
greatest rate during this time.

I1l. Discussion

A. The Simple Theory of Adiabatic Calorimetry.
The following state diagram (Scheme 1) incorporates
the processes which may occur when an isolated reac-
tion takes place in an adiabatic calorimeter.

Scheme |

State 1
Tu do, solvent

State 2 (variable)
T, A in solution

Tit AOin solution T4 A in solution

AHr is the enthalpy of reaction, V is the volume of
the solution, AH mis the molar enthalpy of the reaction,

(8) H. F. Stimson, “Temperature, Its Measurement and Control in
Science and Industry,” Vol. 2, lleinhold, New York, N. Y., 1955.
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Figure 3. Typical temperature-time curve for the
saponification of ethyl acetate.

Ao and A are the initial and existing concentrations of
the reactant A' in moles per unb volume, respectively,
AHsis the molar heat of solution, E is the energy equiv-
alent of the calorimeter, and W mis the mechanical work
of stirring.

The reaction is started by adding the reactant A' to a
solvent containing the other reactant. The addition
is accompanied by a heat of solution as shown above in
going from state 1 to state 4. If we assume the solu-
tion process to be endothermic, the calorimeter temp-
erature drops from Ti to T4 Both Ti and T4 remain
the same for all time. The reaction then proceeds in
the calorimeter to state 2, which can also be reached by
the path going through the hypothetical state 3.
Based on the equality of these two paths, we obtain
eq L

VAHMAO —A) = Wm—E(T - T9 (1)
Since
Wm= WmAt (2)
eq 1then becomes eq 3
A = -E - K, AN\ 3)
VAH i T ~ E )

On defining a “corrected temperature,” Tcby (T —
(WmAL/E)) eq 3 becomes eq 4

An A = ™) 4

-E
VAHMTC -
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Since TO= T,when A = 0, eq4leads to eq 5
A Eo - T
9 VAHmM' " ®)
On dividing eq 4 by eq 5 we obtain eq 6
a =r1r, - To
AO“ T, - T4 )

Equation 6 is the familiar form encountered in kinetics
when physical measurements9are made. It is also the
relation which was used by Sturtevant.2 Since AOQis
known, eq 6 is the required relationship connecting ex-
isting concentration with observed temperature, pro-
vided the temperature gradient in the calorimeter can be
neglected.

The integrated form of a second-order rate equation
involving two reactants is given by eq 7

Y - > "t - & - £ )] m

Combination of eq 6 and 7 leads to eq 8

The ultimate value of the corrected temperature,
T,, after a very long time and the temperature, T4 im-
mediately following solution cannot be determined by
direct observation but must be obtained either by an
approximation or by some sort of extrapolation of the
experimental data.

As a first approach to the calculation, the heat of
solution is ignored and T4is taken to be the same as the
initial temperature just before the experiment was
started.

The determination of the ultimate temperature T«
is made by successive approximation. A rate constant
is calculated for several intermediate temperatures as-
suming that the last observed temperature is the ulti-
mate temperature. This approximate rate constant
is then used to estimate how much ester remains at the
last observed temperature. The total temperature
rise, (To, — T4), is then the corrected rise, (Tc — T4, at
the last observation divided by the fraction of ester
used up.

The data of Table I have been treated in this way.
The calculated rate constant is plotted against the
time of observation as curve 1 in Figure 4. The sys-
tematic trend is obvious and a better method of treating
the data must be sought.

The next obvious step is to allow for the heat of solu-
tion. The data for the initial part of the reaction are
simply extrapolated graphically in Figure 3 to obtain
T4 = 24.9958°. It must be emphasized that this is

(9) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 2nd
ed, Wiley, New York, N. Y., 1961, p 29.
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already a departure from the simple theory. If the
temperature gradient were really negligible, the ob-
served temperatures at 0.5 and 1 min would not lie
above the extrapolated curve.

The rate constant has been calculated for the same
set of data with this revised value for T4and plotted for
comparison as curve 2 in Figure 4. Although the data
are now much more self-consistent, the trend of the
rate constant with time indicates that some systematic
error remains.

B. Effect of the Temperature Gradient in Kinetic
Studies. The effect of a temperature gradient in an
adiabatic calorimeter has been studied in terms of the
first law of thermodynamics and a generalized boundary
value heat flow problem.4 That study shows that for
unit energy input at a time r

E{TC- Ti)=[I - - T )

The term (1 — is independent of the sign
and magnitude of the enthalpy change which eventu-
ally produces the temperature change (T, — T,). The
term is a characteristic of the calorimeter and will have
to be evaluated. If 7\, is the ultimate value of Tc, we
may write for a heat of solution at timet —0

=1 - (10)

Equation 10 provides a method for finding the afs and
the bi's. Equation 10 is derived in the thesisl and is
labeled eq 11-65. Reference 4 is an extension of the
arguments in the thesis and leads to a theory of mea-
surement for adiabatic calorimetry.

The calorimeter response to an instantaneous input
of energy can be extended to time-dependent energies,
such as the heat of reaction which is being released over
the extended time of the reaction. When the solution
is followed by a chemical reaction, we multiply the
right-hand side of eq 9 by the energy input of the reac-
tion ~(r)dr at the time r and integrate over all past
time r

E(TO & - yoOMnD - i 9dr  (12)

Jo
The quantity g(r)dr is the heat of solution at time
which we henceforth take to be t = 0 and, for t > 0,
(i(®) is the rate at which heat is developed by the chem-
ical reaction.

As shown on our state diagram, the heat of solution
would be VAIIAn and, its proportional temperature
response at the calorimeter ring would be

VAHAOo

™ n

Correspondingly, the input energy as a heat of reaction
at a time, r, would be (VAHNJA). However, the
temperature response at the calorimeter ring deter-
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mined at a time, t, as the result of the energy input at
time, r, would be

VAHmMdA

E a — n)

The observed temperature change in the calorimeter
would include the contributions of the instantaneous
heat of solution and the contributions of the heats of
reaction for all times r, leading to eq 12

(VAHAO)
i E L

VA H ridA
E Jo dr

(TO Ti) =

~B)dr  (12)

On examining eq 12 we note that (—VAHB&Q/E is just
the eventual temperature change (T4 — Tj) produced
by the heat of solution, and

(VAHMAQ
E

is just the eventual temperature change (T, — Tf) due
to the heat of reaction. On making the above substi-
tutions in eq 12 and carrying out part of the integration
we obtain eq 13

(T,- Td = (Ta- Tpa - Xairte-6) +
(T, - rd)(A°7 — +
(T, - TH HdA~ 4 id- r>dr  (13)
Aq Jodr

Equation 13 is the counterpart of eq 6 which assumes
that there is no temperature gradient. One objective
of this research was to compare the relative merits of
the two equations.

C. Effect of a Temperature Gradient on a First-

Order Reaction. If we are dealing with first-order
kinetics, the rate equation at a time, t, is given by eq
14

e KAG - KT (14)

Let us assume that eq 10 may be simplified to a single
exponential (in an experiment this assumption must be
checked), i.e.

1 - Xhid>i*e”Si) = (1 - akbite’i)
On reference to eq 10 it can be seen thatatt = 0, Tc =
Ti, consequently, 2aij0;* = 1. It follows that for one
exponential, at5* = 1. The simplified response func-
tion is then given by (1 — e~ht).

On substituting the simple response function and eq
14 into eq 13, we obtain eq 15
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(r. - TO= (T4- Ti)(i - e-b) + (r, - rd x

—‘&0— - (Tm- TOkJO

After integration of the last term, rearrangement of
eq 15 leads to eq 16

~Bdr  (15)

N-a = (r°~ T0 ~ (T*~ ~AX1~ e~hl) ,
A0 (T, - TO +

a

<)

Equation 16 is the appropriate relation involving con-
centration and the observed temperature at various
times t for a first-order reaction. However, if we as-
sume that 7\ = Ti, i.e., that there is no heat of solu-
tion, and if we use the relation for a first-order reaction,
i.e.

(A0 — A)

v = (1- ek
then eq 16 becomes eq 17
(T, - TO ke-* be~K a7
{Tm- TO —~ b- k+ b—Kk
Rewrite eq 6 as eq 18
A ae)

On comparing the right-hand sides of eq 17 and 18
it is apparent that (a) consideration of a temperature
gradient leads to two exponential terms rather than one
term to describe

(r. - 10
(T- - TO

(b) if b» k, as would be the case for a relatively slow
reaction, eq 17 would decay to single exponential term.
However, even then the two equations would not be
identical due to the factor b/(b — k). However, if

is plotted against t, a straight line would be obtained
at large values of t The slope of the linear section
would be k (curve 1, Figure 5). However, a similar
plot would be linear, with a slope of k, over the complete
time range of the experiment if the temperature gradi-
ent is negligible (curve 2, Figure 5). The plots in Fig-
ure 5 are based on the assumed values of k and b equal
to 0.0648 and 1.27 min-1, respectively.

The significant conclusion deduced from Figure 5 is
that, although the heat of solution is zero, there is an
“incubation” period. The commonly observed *incu-
bation” period can therefore be explained by the tem-
perature gradient by itself. This is probably a general
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Figure 4. Rate constant calculated by the
simple theory (eq 8).

Figure 5. Effect of the thermometer response function on
first-order reactions.

result, applicable whenever the observed system con-

tains a delaying element.
D. The Thermometer Response Function for Second-
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Order Reactions. To apply the analysis developed
in section I11B to the kinetics data obtained in this
research, it is necessary to determine the constants in
the response function given by eq 10. To answer this
question, two kinds of experiments were carried out—
a series of solution experiments and a series of electrical
heating experiments.

In the solution experiments, ethyl acetate was added
to 85wt % ethanol-water solution. A summary of the
temperature measurements is recorded in Table II.

Table Il : Data for Solution Experiments
Time, (To, — Te)
Wt, g min Temp, °C o
0.4143 0 25.3048
0.5 25.2781 0.450
1 25.2692 0.267
15 25.2634 0.148
2 25.2603 0.083
c0 25.2562
0.3082 0 25.2040
0.5 25.1848 0.470
1 25.1775 0.269
15 25.1733 0.154
2 25.1705 0.077
© 25.1677
0.4757 0 25.0599
0.5 25.0288 0.439
1 25.0178 0.242
15 25.0116 0.129
2 25.0090 0.082
o 25.0044
0.4134 0 25.1252
0.5 25.1009 0.514
1 25.0881 0.258
15 25.082 0.136
2 25.0786 0.068
© 25.0752

In the ratio of temperature differences in the last col-
umn, Tcis the observed temperature corrected for heat
leak, 11> is the ultimate value of Tc, usually taken after
about 10 min, and Tiis the initial value of TObefore the
ester is added to the solution.

Our first problem is to determine how many terms of
eq 10 are required to represent the data of Table Il ad-
equately. Equation 10 can be transformed to eq 10a

T =1 (10a)

To determine whether one exponential term is ade-
quate, the logarithm of the ratio of the temperature
differences is plotted against time. Reference to eq
10a shows that if one exponential term is adequate the
plot should be a straight line with a slope equal to —b.
Since such a linear relationship was obtained, the re-
sponse of the thermometer function has been taken to
include only one exponential term. A value of b =
0.75 min  was obtained.
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The electrical heating experiments were devised to
give the same information as the solution experiments
discussed above. This can be done provided the elec-
tric heater immersed in the solution is the thermal
equivalent of a heat of reaction. For this reason, the
heater should have a very low heat capacity and should
be in good thermal contact with the solution. The
total energy supplied by an electrical heater operating
at constant power, p, is the product of the power and
the time, t To find Tc- T, for constant power input,
we perform the convolution of (pt) and the response to
the step function given by eq 10. We obtain

f|(1-

JOti

TO—Ti = - T)dr (19
Because the constant p can be brought outside the
integral, the integration can be performed to give eq 20

Tc—Ti = e-") (20)

E ™ b
If the power is held constant for a long time and then
shut off at time, i', which is so large that all e~hit are
negligible, the corrected temperature, Tc, for t > t' is
obtainedD by adding to eq 20 the equivalent of eq 20
written for —p and starting at f. For t > t' we ob-
tain eq 21

Simplifying, we obtain

On defining T' = Tcin eq 20 at the time t', and sub-
tracting T' from both sides of eq 22, we obtain eq 23

o T= X[ )amn B e

When t t', Tc approaches a constant value which we
define as Tm On dividing eq 23 by its equivalent for
t t',we obtain eq 24

Vi )

For a single exponential term as was demonstrated to be
valid in the solution experiments, the summations re-
duce to a single term and cancel. On subtracting the
resulting equation from

(10) B. M. Brown, “The Mathematical Theory of Linear Systems,”
Wiley, New York, N. Y., 1961, p 82.
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(rv - V)
(T" - T)

we obtain

T, - Te

e-H>- O (25)
Te- T

Evidently, a plot of

(T, - 1)
In
(r, - r>
against t will have aslope of b.

Experimentally, the power is turned onto a heater
coil of fine manganin wire suspended in the solution
just above the stirrer. After 5-10 min, the power is
turned off and the temperature is followed as a function
of time. This experiment can be repeated much more
readily than the solution experiments and permits
repetition for exactly the same amount of solution.
The data are plotted in Figure 6. From the graph, the
value of b = 0.84 min-1 was obtained.

E. The Analysis of the Kinetics Data. On defining
k' = k(Bn— Ao), eq 7 for asecond-order reaction can be
rewritten as eq 26

A = (Bp -
Ao (Bo -

Ad)e~K"
(26)
AG~K")

where AQ, A, and BO represent the concentrations of

starting ester, existing ester, and starting hydroxide ion,

respectively. On taking the derivative of A with re-

spect to the time, r, the rate equation is given by eq 27
dA (Bp - Ao)

On inserting this derivative into eq 13, along with the
experimental condition that only one exponential term
is required, we obtain eq 28

To- Ti= (Tt Td(1- e~il)+ (T. -
‘(Ao - A) _ (Bo- Ao)r, k'e~kE™C
Ao Bo 0 (28)

("1 |

On rearrangement and solving for (A0 — A)/A0Q, we
obtain eq 29

Tt) X

Ap —A = (Tc- TQ - - THA - e-»)
Ao (T» - Ta) +
(Bo - Ap) \fb {-*'V dr
Bo 6 N Aoe kW (29)

The temperature T4, which would be reached by solu-
tion alone, is obtained from the solution experiments,
and the constant b is obtained from the heating ex-
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Figure 6. Determination of the thermometer response function
from electrical heating experiments (eq 25).

periments. The integral is evaluated by numerical
integration, using a value of k' obtained by successive
approximation. The integral is in the nature of a cor-
rection term. For large values of t, either e~kr or
e—6(t—) sma]}; g0 integral will contribute less
toward the end of the experiment than it will in the
early part. For a calorimeter which equilibrates very
rapidly, 6 is large and the integral will have a small ef-
fect.

As a check, we note that, if the effect of the tempera-
ture gradient in the calorimeter is neglected, eq 29 re-
duces to eq 6 which was developed from the simple
theory.

The ultimate corrected temperature, T, is estimated
from the rate equation. On rearranging eq 8, we ob-
tain eq 30

= Tc+ [(T.- TO - t°(To- TOJe-*" (30)

It is usually adequate to use the last observed tempera-
ture for Tmon the right-hand side, obtaining eq 31

Ta= To+ (T, - To(l - (31)

The data of Table | have been treated by eq 29 to ob-
tain values for the concentration, A. These values are
then used in eq 7 to calculate the rate constant, k. The
results are tabulated in Table I1l. The third column
of Table 11l represents the contribution of the first
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term on the right-hand side of eq 29 and the fourth col-
umn represents the integral correction. Together they
represent the fraction of the ester used up. All of our
experiments were carried out to at least 96% comple-
tion.

Table I11: Rate Constant Calculations
Rate constant
Time, X KB, 1 - AlAc, Correction
min 1 mol-sec-1 uncorrected term
0.5 9.00 0.014 0.036
1 8.49 0.039 0.054
1.5 8.92 0.080 0.062
2 8.73 0.116 0.065
2.5 8.66 0.154 0.065
3 8.58 0.190 0.063
3.5 8.52 0.226 0.061
4 8.57 0.264 0.059
4.5 8.59 0.298 0.056
5 8.56 0.330 0.054
5.5 8.54 0.361 0.051
6 8.45 0.387 0.049
6.5 8.48 0.416 0.046
7 8.43 0.441 0.044
7.5 8.41 0.466 0.042
8 8.39 0.490 0.040
10 8.41 0.577 0.033
10.5 8.40 0.595 0.031
11 8.41 0.614 0.030
11.5 8.44 0.632 0.028
14 8.44 0.708 0.022
14.5 8.45 0.721 0.021
15 8.45 0.734 0.020
15.5 8.47 0.747 0.019
19 8.56 0.819 0.014
19.5 8.56 0.827 0.014
20 8.57 0.835 0.013
20.5 8.56 0.842 0.012
24.75 8.65 0.896 0.008
34.75 8.88 . 0.961 0.003

To illustrate the effect of the integral term, the rate
constants for the data of Table | have been calculated
with and without the integral correction term. The
lower curve in Figure 7 is a plot of the rate constant cal-
culated without the correction, but after allowance for
the heat of solution. For the upper curve, the rate con-
stants were calculated using the correction. For the
first 2 min, both curves appear to suffer from difficulties
in accounting for the heat of solution, but the corrected
values are strikingly more consistent than the uncor-
rected ones. After the first 2 min, the lower curve ob-
viously undergoes a trend which is still evident at 20
min when the reaction is 84% complete.

By contrast, the rate constants represented by the
upper curve are quite consistent. We take this as evi-
dence for the correctness of the formulation by which
they were calculated.
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Figure 7. Effect of the correction term on the
calculated rate constant.

Table IV: Summary of Rate Constants

Initial

Initial ester hydroxide Temp range, wt % k X 10«

concn, mmol/1. mmol/1. °C ethanol 1./mol-sec
17.48 173.98 0.1183 83 9.74
43.00 173.54 0.2995 83 9.85
39.28 173.60 0.2786 83 9.66
31.47 173.74 0.2193 83 9.75
4.537 174.21 0.0326 83 10.35
15.46 191.74 0.1006 85 8.55
4.011 192.00 0.0280 85 8.07

Table 1V summarizes the rate constants for all of our
experiments.

By interpolation of the data in the literature6,7,u for
this reaction, k values of 6.21 X 10-3, 7.05 X 10-3, and
6.4 X 10-3 l./mol-sec in 85% ethanol-water mixtures
and 7.3 X 10-3 I./mol-sec in 83% ethanol-water mix-
tures are obtainable. It does not appear that addi-
tional terms in the thermometer response function
could account for the differences between these litera-
ture values and the values listed in Table IV. The cor-
rected rate constant must be greater than the uncor-
rected value because the effect of the calorimeter is to
delay the observed temperature rise, which therefore
indicates too large a concentration and too small a rate.

Conclusion

When heat is evolved or absorbed during a reaction
occurring in an adiabatic calorimeter, there is a delayed
response in the observed temperature which should be
a measure of the energy input or output. This delayed
response can virtually destroy time-concentration data
in Kinetic studies unless recognition is taken of the tem-
perature gradient. The treatment of the data by a
linear theory of calorimetric measurements, which is
developed in this paper for application to Kkinetic
studies, gives rate constants which show very little
trend with time during the entire experiment.

(11) E. Tommila, A. Koivisto, J. P. Lyra, K. Antell, and S. Heimo,
Suom. Tiedeakat. Toim., 47, 3 (1952).
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Calorimetric measurements of reaction rates in solution have generally suffered from inadequate treatment of

the effects of the temperature gradient in a calorimeter.

Recently we presented a theory of adiabatic calo-

rimetry which predicts the behavior of the observed temperature as a function of time due to the combined ef-

fects of a heat of reaction, a heat of solution, and the thermal transients of the calorimeter.

This paper demon-

strates the utility of the theory for a pseudo-first-order reaction through use of the data obtained in the saponi-

fication of ethyl acetate in the presence of a large excess of hydroxide ion.

The results are quite satisfactory,

thus substantiating the calorimetric theory of kinetic measurements for first-order reactions.

I. Introduction

Calorimetric measurements of reaction rates in so-
lution have generally suffered from an inadequate treat-
ment of the effect of the temperature gradient in a cal-
orimeter. A theory of measurementlhas been recently
developed for adiabatic calorimetry which predicts the
behavior of the observed temperature as a function of
time due to the combined effects of a heat of reaction,
a heat of solution, and the thermal transients in the
calorimeter. Appropriate equations were derived from
the theory for first- and second-order reactions. The
predictions of the theory for second-order reactions were
tested by a study of the saponification of ethyl acetate
in ethanol-water solutions. Calculations of the rate
constants for that second-order reaction were self-con-
sistent throughout the experiment.

In this paper we will test the predictions of the theory
for first-order reactions.

Il. Mathematical Procedure

The equation, which was developed1l for first-order
reactions, is shown by

Ao —A = (Tc- TQ - (7\ - TQ( - e-il)
A, (T. - Tv +
b~lc(e~" ~ e~6) ®

where AOand A are starting and existing concentra-
tions, respectively, of the reactant at time t; TQ 7i,
Ti, and T, are observed temperature, initial tempera-
ture, temperature resulting from a heat of solution effect

but prior to the beginning of the reaction, and temper-
ature at infinite time, respectively; b is a constant of
the calorimeter; and k is the first-order rate constant.
For a first-order reaction, the integrated form of the
rate equation relating concentration to time is given by

A = Aoe-* 2

On substituting eq 2 into eq 1 and rearranging the
resulting equation, one obtains eq 3
Ti)e-6 =

ke~"" be~kt 1 ( )
b- K ob - fc)J

(Tc Tj) + (74 -
(T. Tt)

On defining (T4 — Tj) and {T., — 7Y) by {3and r, re-
spectively, and on substituting these definitions in eq 3,
one obtains eq 4

rbe~k rke~ht
(4)

Tc = - [3e~s'+ T,
b~ k (b - k)

A procedure for evaluating the rate constant, Kk,
through direct use of eq 4 is already in the literature.2
It is based on an estimate of k, expansion of eq 4 via
Taylor’'s expansion, least-squares solution for the cor-
rection term to the first estimate, and repetition of the
process using the corrected k as the new first estimate.
A program was written to accomplish the calculations.

(1) E. D. Westand W. J. Svirbely, J. Phys. Chem., 75, 4029 (1971).

(2) W. J. Svirbely and J. A. Blauer, J. Amer. Chem. Soc., 83, 4115
(1961).
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I1l. Discussion and Results

If a reaction takes place between two reactants, first
order in each reactant, and if one of the reactants,
namely B, is present in large excess (at least tenfold),
then the pseudo-first-order rate constant, fci, is usually
set equal to the product of the second-order rate con-
stant, f2 and the concentration of the reactant in excess,
i. e, fa = fAB).

Some of the data we had obtained1for the saponifica-
tion reaction of ethyl acetate was of this type and in
those cases the reaction can be considered to be a pseudo-
first-order reaction.

To save computer time, we selected for our first es-
timate of fci a value based on the f2 value previously
determined. Since values of Ti, T, T,j, b, and time-
temperature data were available, a corrected value of
fci was obtained by the least-squares method based on
eq 4. Values of T(Q(calcd) were obtained next for each
of the experimental times in an experiment through use
of eq 4 and the first corrected value of fci for the ex-
periment. The Tc(calcd) values were then compared
with the Tc(obsd) values and the quadratic mean error
of fit was obtained. The procedure was repeated using
this first corrected value of fti as a new first estimate.
The final results for one of the experiments are shown
in Table I.

The third column of Table I lists values of Tc(calcd)
obtained through use of the value of fci = 0.0974 min-1.
It is gratifying to see how well eq 4 duplicates the ex-
perimental temperatures, including the decrease at the
start of the experiment due to the endothermic heat of
solution and then the upswing in temperature due to
the exothermic heat of reaction. The agreement dem-
onstrates the adequacy of eq 1 to describe first-order
kinetics when the temperature gradient is taken into
account. This fact supports our calorimetric theory of
kinetic measurements.

Table Il summarizes the results for several experi-
ments. The first-order rate constants in column 2 were
obtained by the procedure just described. Column 5
represents the second-order rate constants which were
calculated from the first-order rate constants in column
2 by means of the relation

h = 60(OH)"

Column 7 lists the second-order rate constants of the
original paper.l The comparison of the values listed
in columns 5 and 7 indicates quite good agreement and
thus serves as a check on the overall procedure.

Acknowledgment. We wish to express our apprecia-
tion to the Computer Science Center of the Univer-
sity of Maryland and the National Aeronautics and
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Table I: Time-Temperature Data for a Run

Time, min Temp, °C (exptl) Temp, °C (calcd)

0.00 25.0216 25.0216
0.50 25.0202 25.0206
1.00 25.0204 25.0205
1.50 25.0211 25.0209
2.00 25.0217 25.0217
2.50 25.0228 25.0226
3.00 25.0238 25.0236
3.50 25.0252 25.0247
4.00 25.0261 25.0257
5.00 25.0282 25.0278
5.50 25.0294 25.0289
6.00 25.0304 25.0298
6.50 25.0309 25.0308
8.00 25.0334 25.0334
8.50 25.0344 25.0341
9.00 25.0351 25.0349
9.50 25.0357 25.0356
11.00 25.0375 25.0375
11.50 25.0383 25.0381
12.00 25.0388 25.0387
12.50 25.0391 25.0392
14.00 25.0402 25.0407
14.50 25.0409 25.0411
15.00 25.0413 25.0415
15.50 25.0415 25.0419
18.00 25.0432 25.0436
18.50 25.0437 25.0439
19.00 25.0441 25.0442
19.50 25.0441 25.0445
23.75 25.0461 25.0463
28.75 25.0476 25.0477
38.75 25.0490 25.0491
48.75 25.0496 25.0496
b = 0.84 min-1
= 25.0499°
Ti = 25.0180°
T, = 25.0216°
(OH)- (concn) = 0.19200 mol/1.
Ester concn = 0.00401 mol/f.
ki = 0.0974 min 1
Quadratic mean error of fit = 0.03%
Table Il: Summary of Data
QME
fci X 10>, of fci X 10",
k,a ki,b (OH)-, Ester, I/mol-  fit,  l/mol-
min-1 min-1 mol/l. mol/l. sec % secc
0.1002 0.0983 0.19174 0.01546 854 0.13 8.5
0.1030 0.1031 0.17398 0.01748 9.88 0.12 9.74
0.1166 0.1173 0.17421 0.004537 11.22 0.04 10.35
0.0974 0.0974 0.19200 0.004011 8.45 0.03 8.07

“First corrected value. #*Second corrected value. c Refer-

enee 1.

Space Administration for Grant NsG-398 applicable
to computer time.
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Equilibria of dilute solutions of w-hexane in turn in acetone and methyl ethyl, methyl propyl, and diethyl ke-

tones have been studied.

Isotherms and isobars linear with respect to composition were obtained, and thermo-

dynamic consequences of such a behavior discussed. Activity coefficients and excess Planck functions of mix-
ing were computed; some methods of obtaining the limiting values of activity coefficients at infinite dilution
have been compared. A version of the quasilattice theory of mixtures, which may be called the model of dilute
solutions of molecules of different sizes, was proposed and applied to describe the experimental data.

1. Introduction

Thermodynamic behavior of liquid phases contain-
ing very small quantities of one of the components is
interesting for both fundamental and practical reasons.
Consider a homogeneous binary mixture i-j contain-
ing very small amounts of component i; except for
local concentration fluctuations which do not affect the
averages, each molecule of i may be safely assumed to
be surrounded by molecules of j only. From the point
of view of the theory, instead of the usual three types
of intermolecular interactions only two need to be con-
sidered: i-j and j-j. From the point of view of the
industrial practice such as separation of components
by rectification, information on the system in question
enables us to obtain the substance j with a high degree
of purity.

We have studied isothermal and isobaric vapor-liquid
equilibria of dilute solutions of hexane in turn in ace-
tone, methyl ethyl ketone, methyl propyl ketone, and
diethyl ketone. The objects of particular attention
were the limiting values of activity coefficients of hex-
ane, lim-"o fi> where X\ denotes the mole fraction of
hexane in the liquid phase, obtained by our experi-
mental procedure and also by other methods.

2. Experimental Section

Measurements were made in the vapor-liquid equilib-
rium still described previously by one of us2zaand based
on its construction on the Swietoslawski ebulliometer.2o
The advantages in the use of such an apparatus have
been discussed elsewhere.34 The manostatic system
used in both isobaric and isothermal determinations was
the same as described in ref 5. Pressures were deter-
mined in a barometric ebulliometer2 filled in each case
with the respective pure ketone. Temperatures were
determined within +0.02°K with Pt resistance ther-
mometers (Heraeus, Hanau, West Germany) with
Bundesanstalt (Braunschweig, West Germany) cer-

tificates; boiling point differences were measured with
Roberteau thermometers, (Prolabo, Paris) within
+ 0.001°K. A dilute hexane solution was taken as one
of the components, the respective pure ketone being
the other one. The equilibrium determination pro-
cedure described in ref 2a was followed.

Advantages of the use of internal filling counters for
4C assay have been discussed by Jordan and Ly-
kourezos.8 Before that, in the first determinations of
compositions of organic liquid mixtures containing a
MC-labeled component made in this laboratory7 we
have found such counters suitable for the purpose at
hand; self-quenching mechanisms and properties of in-
ternal filling counters have been studied by Franke,
et ali Now, therefore. 14C radioactivity was deter-
mined again in internal filling counters, switching how-
ever from the Geiger -Muller to proportional range.
We have described elsewhere9 the details of the 14C-
assay technique used in the present work.

The reagents used were purified by rectifying each

*To whom correspondence snould be addressed at Départment de
Chimie, Université de Montréal, Montreal 101, P. Q., Canada.

(1) Based on a dissertation submitted by B. Magiera to the Institute
of Physical Chemistry of the Polish Academy of Sciences in partial
fulfillment of the requirements for the D.Sci. (in chemistry) degree.

(2) (a) W. Brzostowski, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 8, 291
(1960) ; (b) W. Swietoslawski, “Ebulliometric Measurements,”
Reinhold, New York, N. Y., 1945.

(3) W. Swietoslawski, K. Zieborak, and W. Brzostowski, Bull.
Acad. Pol. Sci., Cl. 111, 5,305 (1957).

(4) W. Brzostowski and W. Swietoslawski, zh. Fiz. Khim., 36, 2090
(1962).

(5) A. Blinowska, W. Brzostowski, and B. Magiera, Bull. Acad.
Pol. Sci., Ser. Sci. Chim,., 14, 467 (1966).

(6) P. Jordan and Ph. A. P. Lykourezos, Int. J. Appl. Radiat. Isotop.,
16, 631(1965).

(7) W. Brzostowski, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 9, 441
(1961) .

(8) H. G. Franke, E. Huster, and O. Kraft, z. Phys., 188, 274 (1965) ;
H. G. Franke, ibid., 188, 339 (1965); H. G. Franke, E. Huster, and
K. H. Rohe, ibid., 188, 519 (1965).

(9) W. Brzostowski and B. Magiera, Nukleonika, 12, 781 (1967).
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twice through alaboratory column. !4C-labeled hexane
from Orlando Research Inc., in 5-mCi samples with
specific acitivity 1.6 mCi/mmol, was diluted with a
large excess of the inactive liquid. Refractive indices
were measured with an Abbe-type refractometer, Carl
Zeiss, Jena, East Germany; normal boiling points and
ebulliometric degrees of purity were determined by the
standard Swietoslawski procedureZB on a differential
ebulliometer. The physicochemical characteristics of
the reagents are given in Table I. To simplify the
description, in the following text the substances will be
designated by numbers given in the same table.

Table I : Properties of Reagents
Ebulliometric
degree of
No. Substance Bp, °K n2n purity’

re-Hexane 341.90 1.3750 v

2 Acetone 329.35 1.3588 v

3 Methyl ethyl 352.71 1.3786 \Y
ketone

4 Methyl propyl 375.51 1.3905 v
ketone

5 Diethyl ketone 374.85 1.3926 A%

° As defined inref 2b.

3. Concentrational Relationships

For 1-2 mixtures four isotherms have been studied at
308.15, 318.15, 323.15, and 328.15°K. The results
obtained are shown in Figure 1. The vapor phase is
richer in the less volatile component, as at higher con-
centrations an azeotrope is formed—cf. Schafer and
Rail.0 In the concentration ranges of the measure-
ments linear behavior is observed, so that the total va-
por pressure at given T is

P = Pji + bxi 1)

Index j denotes here the component other than hexane.
Generally, in this paper quantities without indices re-
fer to a mixture, with a single index to a component in
the mixture, and with a double index to a pure compo-
nent.

For the remaining pairs of components studied, i.e.,
1-3, 1-4, and 1-5, linear behavior was also found for
all isotherms. The respective experimental values of
constants Pn and b in eq 1 for all systems and temper-
atures are listed in Table Il. As the linear behavior is
observed for both liquid and vapor curves, along each
isotherm we have the ratio y\/x, constant within the
experimental error, with y, denoting mole fraction of
hexane in the vapor phase; the respective values of
these ratios are listed in the same table.

For each of the systems we have determined one iso-
bar at a pressure close to atmospheric. The results
are shown in Figure 2. For our dilute solutions lin-
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Figure 1. Isothermal vapor-liquid equilibria for 1-2 mixtures:
=, liquid points; X, vapor points.

Table I1: Constants in Eq 1

Compo- Pii."
nents T, °K Torr b, Torr VI/xi
1-2 308.15 348.2 1180 4.31
318.15 511.1 1554 3.94
323.15 612.7 1765 3.80
328.15 729.8 2028 3.63
1-3 323.15 226.8 940 4.42
333.15 389.8 1225 4.05
343.15 554.6 1540 3.71
1-4 328.15 142.3 660 5.19
343.15 257.2 950 4.70
363.15 517.1 1650 4.12
1-5 328.15 144.8 616 511
343.15 261.8 975 4.66
363.15 526.2 1648 4.08

“We use 1 Torr = 0.00013332/ cm-3.

ear concentration behavior is observed here too, so that
at any P = constant we have y,/xX\ — constant and

T{x) = T + b'xi (2)

Parameters of this equation are listed in Table I11.
Consider now some consequences of eq 1. The
relevant thermodynamic formula is

PyJi' = PiiXili 3)

(10) KI. Schafer and W. Rail, Ber. Bunsenges. Phys. Chem., 62, 1090
(1958).
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Figure 2. Isobaric vapor-liquid equilibria:
X, vapor points.

=, liquid points;

Table I11: Constants in Eq 2
Compo-
nents P, Torr Tii, °K y, "K yi/xi
1-2 728.5 328.10 -80.7 3.62
1-3 728.6 351.40 -75.6 3.44
1-4 724.5 373.85 -98.5 3.84
1-5 717.8 373.04 - 100.1 3.85

fi is the activity coefficient of ith component in the
vapor phase; numerical values show that for our dilute
solutions variations of /ij' with concentration may be
neglected. We thus have

h = ~(Py> - bx0 (4)

i.e., fi along the isotherm varies linearly with X\ In-
troduce now the excess Planck function of mixing FB
related to the more frequently used excess Gibbs func-
tion of mixing GEby FE = —CF/T, so that
yE
Xi Infi — X Infj (s)

where R is the gas constant. We have

(6)
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so that the first right-hand-side term is for our solu-

tions concentration independent. Further
\ R/ =yi- gi=Jdp n
£tei2 XiVjXi Pxj

The last part of equality 7 follows, when one notices
that according to the definition (5) for 1-j mixtures
d(—YE/R)/dX! = In (fi/fj); the Gibbs-Duhem equation
gives for our case d Infj/Zdxi = —{xx¥/xt)(p\n P /Zcixf), so
that d2—YE/R)/dxp = XiNidInP/dxi). The lastre-
lation is used in conjunction with eq 1

Zelvenskii and his collaborators in a series of stud-
ies11-14 using 14C- and 35-labeled compounds found the
relative volatility 3

XiVi

concentration independent. Using (3) and neglecting
again variations of /i' and/j' with composition of dilute
solutions, we find that the condition Pij(x) = constant
leads to

fi (x) = constant (9)
5

Generally, (9) could be realized in the following cases;
Q) fi —fi = 1; (1) one of the activity coefficients is
different from unity, but both are concentration inde-
pendent; (I11) dfi/dxi and dfjdx-, are both ~0, with
the same concentration dependence of / for both com-
ponents. Case | is trivial as that of ideal solutions;
case Il violates the Duhem-Margules equation; the
only case of interest is thus I1l. A further consequence
of (9) under the same condition is

—a In —

dInP Xi

axi bx-,

(10)

The variant Il for the component for which fi ~ 1
leads to

(11)

(12)

(11) Ya. D. Zelvenskii and V. A. Shalygin, Zh. Fiz. Khim., 31, 1501
(1957).

(12) Ya. D. Zelvenskii, V. A. Shalygin, and Yu. V. Golubkov, Khim.
Prom., 6, 347 (1962); Ya. E. Zelvenskii and V. A. Shalygin, ibid., 6,
424 (1962).

(13) Ya. D. Zelvenskii, A. A. Titov, and V. A. Shalygin, Khim.
Tekhnol. Topliv Masel, (4), 5 (1962); Ya. D. Zelvenskii, A. A. Titov,
and V. A. Shalygin, Khim. Tekhnol. Topi. Masel, (3) 1 (1964).
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Thus, considering the two types of experimental be-
havior, namely, W\ = constant and fin = constant
in terms of the derivatives of the excess Planck function
with composition, i.e., comparing (6) with (11) and (7)
with (12) we find differences in therfnodynamic char-
acteristics. It should be emphasized, however, that
the differences at the level of FEitself are by no means
pronounced. This is related to the fact that in the con-
centration ranges considered by us the differences be-
tween fin and YW\ are small. For x, = 0.00001 and
Ui/xi = 3, fin — yi/xi = 0.002 while for WX\ = 5 the
difference is 0.004. At x = 0.01000 the respective
values of the difference are 0.060 and 4.210.

One might expect similar behavior, i.e., independence
of either fi or y-Jx, of composition in dilute solutions
containing other components provided of course that
they are zeot.ropic. In mixtures of benzene and hexane,
studied previously, using 14C-labeled benzene,5 at the
atmospheric pressure the azeotrope is formed with mole
fraction of benzene x = 0.00213; in this case the var-
iation of yi/xi with concentration is quite pronounced.

4. Activities
From (3), writing out the necessary terms explicitly
Infi = In Pyl
X

(Bu - Vg)(P - Pa) + (2Bn - B -

" RT

B,{)PyF 13)

For solutions studied we have calculated activity co-
efficients of components and excess Planck functions
of mixtures using Tables Il and Ill, eq 1, 2, 13, and 5.
Further terms omitted in (13) are negligible. Vapor
pressures of components Pa were computed according
to the formulas given in ref 16 for 1, in ref 10 for 2, and
in ref 17 for 3 and 4. Given a number of vapor pres-
sure equations of hexane we have thus decided to rely
on the critical compilation of Tat-evskii, et al.; as for
acetone, we have chosen the formula of Schafer and
Rail,D as it is their data that we subsequently use for
some comparisons. For diethyl ketone we have not
found any equation in the literature. Two series of
vapor pressure data, reported in ref 18 and 19, differ
distinctly from one another (except giving the same
normal boiling point). We have therefore performed
measurements of our own, found them to agree with
the Dreisbach and Shrader set,19 and described both
sets by

1313 9
log A.(Torr) - 7.03583 - ~ + |(C) (19
Incidentally, the temperature dependence of vapor pres-
sure is the same for the two isomers, i.e., methyl propyl
ketone and diethyl ketone. Molar volumes of liquids
Vn were computed from the density expansions, and

second virial coefficients Bn from a generalized principle

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

Bogdan M agiera and Witold Brostow

of corresponding statesDwith the numerical coefficients
from ref 21, viz.

Index c refers to the critical state and m is a character-
istic parameter, equal to 5 for hexane; we have com-
puted m(T) for the remaining components from the
experimental values of Bn for acetone,2 methyl ethyl
ketone,Z and methyl propyl ketone;2Z for diethyl ke-
tone we have assumed the same m(T) as for its isomer.

It is still common to apply the Lewis and Randall
rule, i.e., to neglect the term involving the mixed virial
coefficient B,,. Errors resulting from such an assump-
tion are known for hexane-chloroform mixtures from
an earlier paper.24 We have obtained B,, from the same
formula (15) assuming

T.« = (TaiTG05 (16)
FGi = 0.125(Fc,'/3+ vcfy 7
my, = 0.5(toh + miyf) (18)

The last of the combining rules has been recommended
by Cruickshank, et al.Z> The results of calculations for
hexane are shown in Figure 3.

Qualitatively, as expected, deviations from ideality
decrease with decreasing polarity of ketone, i.e., with
substitution of one ketone solvent by another with a
larger aliphatic part of the molecule. We notice that
the values for the two isomers studied at a given tem-
perature are relatively close to one another. Adequate
quantitive description does not appear feasible at the
present stage of the liquid-state theory.

Consider now in some detail values of lim~™o In
fi, confining ourselves for a while to isotherms of 1-2
mixtures. First, by extrapolating the data shown in

(14) A. A. Efremov and Ya. D. Zelvenskii, Zh. Prikl. Khim. {Lenin-
grad), 38, 2513 (1965).

(15) W. Brzostowski, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 9, 471
(1961).

(16) V. M. Tatevskii, Ed., “Fizikokhimicheskie svoistva indi-
vidualnykh uglevodorodov,” Gostoptekhizdat, Moscow, 1960.

(A7) T. E. Jordan, “Vapour Pressure of Organic Compounds,”
Interscience, New York, N. Y., 1954.

(18) D. R. Stull, Ind. Eng. Chem., 39, 514 (1947).
(19) M. Dreisbach and K. Shrader, ibid., 41, 2879 (1949).

(20) E. A. Guggenheim and C. J. Wormald, J. Chem. Phys., 42, 3775
(1965).

(21) M. L. McGlashan and D. J. B. Potter, Proc. Roy. Soc., Ser. A,
267,478 (1962).

(22) J.S. Rowlinson, Trans. Faraday Soc., 45, 974 (1949).

(23) J. K. Nickerson, K. A. Kobe, and J. J. McKetta, J. Phys. Chem.,
65, 1037 (1961).

(24) W. Brzostowski and L. Verhoye, Rocz. Chem., 42, 507 (1968).

(25) A. J. B. Cruickshank, M. L. Windsor, and C. L. Young, Trans.
Faraday Soc., 62, 2341 (1966).
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Figure 3. Activity coefficients of hexane in the liquid phases
as functions of composition.

Figure 3, we obtain the values given in the second col-
umn of Table IV.

Table IV: Values of LimX_,0 Lnfi for 1-2 Mixture

‘Lil’ﬁ‘—»o In/r
T, »K Exptl Ref 10,26 Eq 20 Eq 20a Eq 27
308.15 1.862 1.894 1.812 1.829 1.866
318.15 1.766 1.810 1.746 1.767 1.770
323.15 1.726 1.752 1.696 1.719 1.730
328.15 1.678 1.706 1.648 1.668 1.681
Another source of information on In fi is the re-

sults of Schéafer and Rail.108 These authors have
measured vapor-liquid equilibria of concentrated 1-2
mixtures at a number of temperatures, calculated activ-
ity coefficients, and correlated their results with a Red-
lich-Kister type equation with explicit temperature
dependence of the constants. Using their equation, we
have obtained the values given in the third column of
Table IV. All these values are higher than ours, but
explanation of this is quite easy. Using the Redlich-
Kister expansion we have made inter- and extrapolation
with respect to temperature ‘except for 318.15°K).
What is more important, we make concentration extrap-
olation; the actual range of Schafer and Rail experi-
ments at, say, 318.15°K was 0.0342 ~ X\ 0.9343.
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Using the data for both dilute and concentrated ben-
zene-hexane mixtures,’6 calculations were madeZ
which show the hazard involved in concentration ex-
trapolation. Ideality in the Raoult sense cannot be
assumed for dilute solutions either, as Edwards and
EncinalBhave found for hexane-isooctane solutions with
the mole fraction of isooctane x % 0.00118. Vernier
and his colleagues® have obtained values of linu”™o
fi for a number of systems by gas-liquid chromatog-
raphy; when possible, they compared their results with
those extrapolated from vapor-liquid equilibria of con-
centrated solutions; in some cases the differences were
striking. It seems now. therefore, a safe conclusion
that extrapolation from concentrated solutions should
be avoided. When not, the behavior of dilute solutions
but the limiting values alone are needed, then the
chromatographic method is an alternative to such a
method as used in the present work.

We conclude this section with comments on the Ellis
and Jonah®method of obtaining lim ~o/,. Rearrang-
ing eq 13 and introducing for the isothermal case the
parameter

AP = P — XiPa —XjP,i (19)

they have obtained the relation

lim/i =y +H

£j—0 iy L VCizji~od
. - M p
PEPU Gy RTR
\Pu- PjuiVu ~ Bn) + (2Bu - Bn -Bu) Pa’
exp
RTa
(20)

where (AP/xixf)X¥>oresults from extrapolation of P(x)
data. Neglecting aterm which is usually close to unity

We have performed calculations using eq 20 and 20a.
The results are listed also in Table IV. We notice that
(20a) does actually give values closer to experimental
ones. This might be related to approximate character
of calculations of second virial coefficients, in particular
to the use of combining rules 16-18.

Analogous calculations using (20) and (20a) were also

(26) W. Rail and KIl. Schafer, Ber. Bunsenges. Phys. Chem., 63, 1019
(1959).

(27) W. Brzostowski, Rocz. Chem., 40, 2021 (1966).

(28) J. Edwards and M. V. Encina, Z. Nctturforsci. A, 25, 45(1970).

(29) P. Vernier, C. Raimbault, and H. Renon, J. Chim. Phys. Physi-
cochim. Biol., 66, 429 (1969).
(30) S.R. M. Ellisand D. A. Jonah, Chem. Eng. Sci-, 17, 971 (1962).
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made for 1-3, 1-4, and 1-5 mixtures. The pattern
emerging is very much the same as for the 1-2 system;
we therefore omit the respective numerical data. On
the other hand, we have also applied the Ellis and Jo-
nah3d procedure for the isobaric case, with their param-
eter

AT = T - XiTi{ - XiTa (21)
The equation resulting from (13) obtained by Ellis and

Jonah is in this case

exp ‘(P» - Pii)(Vv. ~ Bn) + (2B-K Bh - Bu)Ej)j

RT,,
(22)

Vaporization enthalpy Hjjz of component j at its boiling
point was computed using the Clausius-Clapeyron
equation and the same Pa(T) relations as before. The
results are shown in Table V.

Table V: Values of Lim™-"0 Ln/i for Isobars

SLimxi_»0 1N N eemeeee e
Eq 22 ;
Exponential Vapor-phase

Compo- term nonideality
nents P, Torr Exptl neglected neglected
1-2 728.5 1.680 1.660 1.685
1-3 728.6 0.926 0.873 0.854
1-4 724.5 0.455 0.418 0.358
1-5 717.8 0.471 0.447 0.387

5. Heat of Mixing

Schafer and Rohr3l have measured enthalpies of so-
lution of hexane in acetone at 253.15 and 293.15°K.
They have obtained the limiting values, which they
denote by (*WL A , related to the excess heat of mixing
HBby

(W 1)a, = lim — (23)

x\—=0 "1
From their calorimetric value at 293.15°K, we have
((.RTA0Oim.~o (HE/xi)) = 0.0094 deg-1.

In our experimental range the dependence of limIl 0
In/i on temperature happens to be linear. Assuming
that the linear relationship extends down to 293°K and
using the thermodynamic formula

I'im5x\ alim Infi
e e (24)
aT
we have obtained the value 0.0093 deg-1. If instead of

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

Bogdan M agiera and W itold Brostow

values in the second column of Table IV, the values
from a version of the lattice theory (last column of the
same table, but cf. next section) are used, the numerical
result is exactly the same. It is comforting to find such
an agreement of results obtained at different laborato-
ries by two widely different methods.

6. Lattice Theory

From various possible approaches, we have chosen
the quasilattice theory of solutions, as dealing in a
straightforward way with combinational contributions
and effect of size of molecules on thermodynamic func-
tions.

We began with lattice theory equations such as are
in use for the conventional range of concentrations.
The results were not entirely satisfactory. It has to
be remembered that the theory assumes the number of
mixed pairs proportional to the product of mole frac-
tions XiXj. This does not appear to be a good approxi-
mation for dilute solutions—cf. section 1 of this paper.
Better results were obtained assuming the number of
mixed pairs to be given simply by mole fraction of the
dilute component x; as suggested by Guggenheim in
Chapter V of ref 32.  Combining such an energetic term
with combinatorial terms and denoting the dilute com-
ponent by 1 we write

ve AnZ+ X1 + W (25)
X — n—
Xi Xi VT

where k is the Boltzmann constant, .. the energetic
parameter, and $s are segment fractions expressed in
terms of numbers of segments per molecule, n

TjXi

B ki T (26)

The combinatorial contribution is thus the usual lat-
tice theory expression for molecules of different sizes
with the coordination number z assumed to be infinity
(cf. ref 32, Chapter X) and the ideal entropy of mixing
already included in the logarithmic terms. If one as-
sumes N\ = tj eq 25 reduces to a formula equivalent to
relations used by Guggenheim in § 5.02 of his mono-
graph.2 Consequently (cf. definition 5) eq 25 gives

n
In/i = 1 —

------ ~ @7

Calculations have been made using eq 27, as well as
the corresponding formula for In/j, for all systems stud-
ied. A segment was assumed to consist of a carbon
atom, with hydrogen atoms (or an oxygen atom) at-
tached to it; thus?r = 6, r2= 3,r3= 4, andr4= r5=05.
For each isotherm (or isobar) an appropriate value of
Wi/KT was assumed. The differences between experi-

(31) KI. Schéafer and F. J. Rohr, Z. Phys. Chem. {Leipzig), 24, 130
(1960).

(32) E. A. Guggenheim, “Mixtures,” Clarendon Press, Oxford, 1952.
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mental and calculated values were 3% in the worst
cases. For 1-2 mixtures, dealt with in some detail
above, we show the limiting values of Inf, in the last
column of Table 1V; small differences result from the
fact that the d Infi/dxi derivative is slightly larger for
the experimental set of data than for the set of data
coming from eq 27. In any case, our calculations prove
that what might be called the model of dilute solutions
of molecules of different sizes—eq 25 and its conse-
guences—render adequate representation of the experi-
mental data.

7. Some Concluding Remarks

Throughout this paper we have been contrasting
dilute solutions to concentrated ones. From the con-
siderations in section 4, for instance, we have inferred
that errors might occur if values of Iim3i_>0/i are ob-
tained by extrapolating data from concentrated solu-
tions. Our quasilattice model of section 6 is also spe-
cifically for dilute solutions. This is not entirely mean-
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ingful until we specify what we mean by “dilute’ and
“concentrated.” Qualitatively, diluteness may be re-
lated to the phenomenon customarily referred to in the
literature as “breaking up the structure of a liquid” by
introducing another component. We could then char-
acterize diluteness in terms of preservation of essential
features of the structure of the pure solvent; thus, for
instance, experimentally accessible intermolecular dis-
tances could be used. The answers, however, would
have to depend on the particular system studied and
also on temperature. Clearly it would be difficult to
give a general difinition of diluteness. If for practical
purposes we would still insist on having one, we could
follow the suggestion of Guggenheim,2 reiterated ear-
lier by one of us.ZZ A dilute liquid mixture would then
be such where Xi < 0.01.

Acknowledgment. For valuable discussions and ad-
vice, the authors wish to acknowledge their indebted-
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Group Additivity for Solids
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Heats of formation for some solid nitroaromatic compounds have been estimated by group additivity, using
both ideal gas group values with measured heats of sublimation and solid group values.

Heats of formation are the basis of many chemical
thermodynamic and Kkinetic calculations. The ever
increasing range of compounds of interest places a
premium on fast, accurate, simple methods of estima-
tion. Such a method, group additivity, has already
been successfully applied to the estimation of heats of
formation, entropies, and heat capacities from 300
to 1500°K of ideal gasesland heat capacities of liquids.2
In principle, there are two methods of using group
additivity to determine heats of formation of solids.
If the groups are available, then the heat of formation
of the ideal gas can be calculated. If the heat of sub-
limation is known, then the heat of formation of the
solid follows. The second method is to develop group
values for solids and to use these directly to calculate
the required heat of formation. The heats of formation
of some solid nitroaromatic compounds present an
interesting example of the two approaches. The

results suggest that the direct approach of using group
values for solids is the better method at present.

The lIdeal Gas Method

The heat of formation of a nitroaromatic compound
in the ideal gas state requires that the Cb-N 0 2group
be known (where Cb represents an aromatic, i.e.,
benzene carbon atom) This group was not given in
the recent ideal gas group additivity review.l The
group may be obtained from the heat of formation
of any nitroaromatic compound in the ideal gas state
if the other groups are known. For example, AHi°
(PhN0O2 = 5(CbH) + 1(Cb-N02 = 16.9 kcal
mol-1 (Table I). From the known value of (Cb-H) =

(1) S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen,
H. E. O'Neal, A. S. Rodgers, R. Shaw, and R. Walsh, Chem. Rev.
69,279(1969).

(2) R.Shaw, J. Chem. Eng. Data, 14, 461 (1969).
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Table I:
AH{
Alif (lig-

Compd (crystal) Ref uid)  Ref AHBbI Ref
Nitrobenzene 38 9
2,2',4,4'6,6'-Hexa- 139 5 43.0 at 7

nitrostilbene (HNS) 457°K
irans-Stilbene (TS) 327 5 20.7 4
2,4,6-Trinitrotoluene -15.4 5 28.3 5
(TNT) 24.4 6
2,4,6-Trimtroaniline -17.8 9 27.7 at 7
(TNA) 350°K
1,3-llianiino-2,4,6- -29.2 8 335 at 7
trinilrobenzene 358°K
HUTU)
1,3,VTnanun<>2,4,6- -36.9 8 40.2 at 7
trinitrobenzene 426°K
(TATB)
m-Dinitrobenzene -6.2 9
(M1)B)
13.5-Tnnitrobenzene -9.6 3
O'HI)
p-Nitroamline (PNA) -10.0 9
2,4-1linitroaniline -22.4 9
(LINA)
2,6-Dinitrotoluene -10.5 9
(DNT)
HNS minus TS -18.8

Robert Shaw

Measured and Estimated Heats of Formation of Various Compounds at 298°K (in kcal mol *)

Cb-NOj AAHT AAHI
Aiff group Estd (ideal gas), (crystal),
(ideal (ideal AHf(ideal obsd — Estd AH{ obsd —
AlZvap gas) gas) gas) estd (crystal) estd
13.r 16.9 0.4 195 -2.6
56.9 2.7 58.6 - 1.7
53.4
129 3.2 12.2 0.7 -15.0 -0.4
9.0 1.9 12.2 - 3.2
9.9 12.9 - 3.0 -18.0 +0.2
4.3 6.9 - 2.6 -27.0 -2.2
3.3 0.9 2.4 -36.0 - 0.9
-6.0 - 0.2
-9.0 - 0.6
-12.0 +2.0
-15.0 - 7.4
-12.0 +1.5
3.5 3.5 0.6 2.9 -18.0 - 0.8

aFrom the data given by Timmermans,DAffvgp = 11.34 kcal mol-1 at 450°K. For liquids like nitrobenzene,2Cp(liquid) — Cp(gas)
= 12cal mol deg"lL so AFvg(298°K) = 11.3 + 12(410- 298) = 13.1 kcal mol

3.3 kcal mol-1, (Cb~N03 = 169 — 165 = 0.4 kcal
mol-1. In Table 12-10 the heats of formation of several
nitroaromatic compounds in the ideal gas state are
calculated from the measured heats of formation of the
solid and the measured heats of sublimation. In cases
where the heat of sublimation is not measured at 298°K.
there should be a correction for the differences in heat
capacities of the solid and ideal gas. The data required
to make these corrections are not available but in
general it is expected that the corrections will be small
and can be neglected. From the heats of formation
of each compound in the ideal gas state, a value for
the group Cb-N O 2 (ideal gas) has been derived (Table
1). A weighted-average value (Cb-N O 2(ideal gas)) =

3.0 kcal mol-1 was used, and a heat of formation was
estimated for each compound. In Table 1 the
difference between observed and estimated heat of for-
mation in the ideal gas state is +3 kcal mol-1.

The Group Additivity for Solids Method

The larger number of compounds for which the heat
of formation of the solid has been measured makes the
group additivity for solids an attractive method.
From the measured data (Table 1), groups were derived
by inspection. The values for the groups are
(CobH) = 0, (CbN03 = -3, (CbNH3 = -9, and
(Cb-CH3 = —6 kcal mol-1. If the groups had been
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derived statistically, there would probably be a slight
improvement, but the convenience of having (Cb-H)
= 0 and integral values for the other groups would be
lost in the process. Using these; groups, the heats
of formation in the solid state for a number of com-
pounds have been calculated. With only one excep-
tion (2,4-dinitroaniline), the differences between
observed and estimated values are small and in the
range expected for group additivity. The exception
is interesting because it suggests that there is some-
thing wrong with the original data. Consider the
series p-nitroaniline (PNA), —10.0 kcal mol-1; 2,4-

(3) E. S. Domalski, National Bureau of Standards, Washington,
D. C., private communication, 1970.

(4) J. J. Englesman, Ph.D. Thesis, Vrije University, Amsterdam,
1955.

(5) S. Marantz and G. T. Armstrong, J. Chem. Eng. Data, 13, 455
(1968) .

(6) I. Nitta, S. Seki, M. Momotani, and K. Sato, Nippon Kagaku
Zasshi, 71, 378 (1950).

(7) J. M. Rosen and C. Dickenson, J. Chem. Eng. Data, 14, 120
(1969) .

(8) C. H. Shomate, Naval Ordnance Test Station, China Lake, Calif.,
private communication, 1970.

(9) D. R. Stull, E. F. Westrum, and G. C. Sinke, “The Chemical
Thermodynamics of Organic Compounds,” Wiley, New York, N. Y.,
1969, pp 671-685.

(20) J. Timmermans, “Physico-Chemical Constants of Pure Organic
Compounds,” Vol. I and I, Elsevier, New York, N. Y, 1960 and
1965.
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dinitroaniline (DNA), —22.4 kcal mol-1; and 2,4,6-
trinitroaniline (TNA), —17.8 kcal mol-1. This series
is made up by progressively replacing a (Cb~H) with a
(Co-NH2 group and so the values should form a
reasonably progressive series but do not. Because
of the good fit to the data for the other amino-
nitroaromatics, we conclude that the reported heat of
formation of DN A may be in error.

Conclusion

In general, the fit between observed and estimated
values suggests that the principle of group additivity
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can be successfully applied to the heats of formation
of solids. At present this approach is more convenient
than using ideal gas groups together with heats of
sublimation.
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The vacuum sublimation kinetics of the (100) face of lithium fluoride single crystals are investigated in the

temperature range of 690 to 820° by means of a microbalance.
It has an activation enthalpy of sublimation of 66.7 kcal/mol that is equal to the

calculated maximum rate.

equilibrium enthalpy of sublimation (AHs = 66.3 kcal/mol).
calcium ion impurity (Ca2+) that was incorporated in the LiF single crystals is studied.
ples have lower sublimation rates than the sublimation rates of pure LiF crystals.
not independent of the dislocation density in the various sublimed crystals.

Pure LiF sublimes at about one-sixth of the

The dependence of the sublimation rates on a
Calcium-doped sam-
The sublimation rates are
The results of this study when

combined with the sublimation kinetics studies of other alkali halides (NaCl, KC1) show that surface non-
stoichiometry rather than ion diffusion is the rate-controlling process of the sublimation.

Introduction

Alkali halides represent an important group of
ionic crystals. They have cubic structures and have
melting points in the range of 988° for NaF to 450° for
Lil.  Monomer and dimer molecules are the vapor
species formed when NaCl and KC1 sublime. LiF has
an appreciable (~4 mol %) trimer concentration in
the vapor phase in addition to the monomer and dimer
concentrations.1

The sublimation kinetics of NaCl have been studied2
to reveal the mechanism by which ion pairs break away
at the subliming surface. The activation enthalpies
of sublimation have been determined, and correlations
between the sublimation rate and both the divalent
cation impurity concentration and the concentration
of dislocations in NaCl crystals have been established.
To further elucidate the sublimation mechanism of
alkali halides and to verify whether the sublimation
characteristics of other alkali halides are similar to
that of NaCl the sublimation Kkinetics of LiF single

crystals have been investigated. We have measured
the vacuum sublimation rate of the (100) crystal face
of LiF as a function of temperature. We have also
studied the sublimation rate as a function of calcium
ion impurity (Ca2+) in :he crystal lattice and the effect
of dislocation density on the sublimation rates.

Experimental Section

The samples used in this study were pure and impur-
ity-doped lithium fluoride single crystals.  The pure
and the calcium-doped lithium fluoride crystals were
obtained from the Harshaw Chemical Corp.

Studies of the vacuum sublimation of other alkali
halides ihdieate marked effects of small amounts of
selected impurities on the sublimation characteristics.2
The results of spectroscopic analyses of the pure and
doped LiF crystals are given in Table I. Analysis was

(1) G. M. Rothberg, M. Eisenstadt, and P, Kusch, J. Chem. Phys.,
30,517 (1959).
(2) J. E. Lesterand G. A. Somorjai, ibid., 49, 2940 (1968).
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Table I:  Spectroscopic Analysis for LiF Crystals
Used in Experiments”

Crystal Ca-doped

impurity Pure LiF LiF
Ag ND6 1
Al 25 25
B 1 1
Ba 50 50
Ca 50 250
Cu 1 1
Fe 20 20
Mg 22 10
Pb ND ND
Si 100 10
Sn ND ND

“ All concentrations are in ppm unless otherwise noted. 6ND
= not detected.

made only for possible cation impurities. Other work
on alkali halides has shown that monovalent anion
impurities at various concentration levels had no effect
on the sublimation rate.3 Although the accuracy of
the analysis is £+30%, this was judged to be satis-
factory, since previous alkali halide studies showed
detectable changes in the sublimation rate only with
order of magnitude changes in impurity concentration.2

Lithium fluoride was obtained as large single crystals,
and these were cleaved to prepare the samples for
sublimation. The samples used in sublimation runs
were about2 X 3 X5 mm.

To clean the crystal of oil films and possible chemical
contamination each lithium fluoride sample was rinsed
in a 90% methanol-10% water solution. The sample
crystal to be sublimed was then wrapped in a nonreac-
tive (3-mil Pt) metal foil leaving only the face to be
sublimed exposed.

A correlation between sublimation rate and disloca-
tion density has been found in studies of the vacuum
sublimation of sodium chloride. To measure the dislo-
cation density of lithium fluoride an etching solution,
consisting of equal parts concentrated hydrofluoric
acid and glacial acetic acid and a 1 vol. % of concen-
trated HF saturated with FeCl3 was used that specifi-
cally develops dislocations as square etch pits.4 The
dislocation etch pits were counted before and after the
sublimation. The crystal faces did not have a uniform
distribution of etch pits; rather there were regions of
large and small etch pit densities. The average value
of the etch pit densities could, however, be calculated.
A detailed description of the vacuum and microbalance
systems is found elsewhere.3

The background pressure was kept much lower than
the apparent pressure from the subliming sample (p =
7.4 X 10-6 Torr) by at least a factor of 100 (10-6 Torr)
so that molecules, reactive or nonreactive, in the am-
bient would rarely impinge on the subliming surface.
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The capacity of the balance3is 1 g, and weight changes
as small as 1 g have been detected. In determining
rate through weight loss per time measurements, the
balance was used as a null device. A set of wire cali-
bration weights was used to determine the sensitivity of
the balance; this sensitivity was about 13.5 mV/mg.

Oven calibration to determine temperature gradients
was carried out and results similar to those obtained
previously3were obtained. After a constant tempera-
ture was attained in the hot zone the sample was lowered
into the oven and hooked to the balance. Weight loss
measurements were then taken. The sublimation runs
at the slowest rates took about 7 hr (rate = 3 X 10-2
mg min-1 cm-2), and at the fastest about 20 min (rate =
7 X 10-1 mg min-1 cm-2).

The measurements carried out using the vacuum
microbalance give the absolute weight loss of a sub-
limating crystal as a function of time. This weight
loss is normalized by dividing the rate of weight loss
by the geometrical surface area of the subliming crystal
face. The rate of weight loss, Rs (mg cm-2 min-1), is
then plotted as the logarithm of Rsvs. the reciprocal
temperature, 1/T (°K). This plot gives a straight line
with slope —AHS/R, where AHs* is the activation
enthalpy of sublimation.

Experiments in this study utilized three crystal
samples from each of the pure LiF single crystals being
used in the sublimation runs. Results reported for the
evaporation rates of each type of crystal are the average
of those sublimed.

Results

A plot of the vacuum sublimation rate, log Ra Vs.
I/T (°K) for pure LiF (undoped) is shown in Figure 1
along with a curve of the logarithm of the maximum
sublimation rate for LiF for comparison. The maxi-
mum sublimation rate curve was calculated from the
equilibrium vapor pressure data of Pugh and Barrow5
and the Kkinetic theory using the formula Rn& = P
(2irmRT)~"/lwhere T is the absolute temperature, R
is the gas constant, and twis the molecular weight of the
subliming species taken as the weighted average of the
various LiF vapor molecules. The weighting factors
were obtained from the work of Rothberg, Eisenstadt,
and Kusch.1 The same figure shows the dependence
of sublimation rate on temperature for Ca-doped LiF
crystals.

In other studies of alkali halide vacuum sublimation
the etch pit density at the subliming face was found to
influence the rate (i.e., the NaCl sublimation rate
increased with increase in etch pit density). Unlike

(3) J. E. Lester, Ph.D. Thesis, University of California, Berkeley,
1967.

(4) J. C. Fischer, W. G. Johnston, R. Thomson, and T. Vreeland,
“Dislocations and Mechanical Properties of Crystals,” New York, N.
Y., 1956, p 119.

(5) A. C. P. Pugh and R. F. Barrow, Trans. Faraday Soc., 54, 671
(1958).
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103T (cK)

Figure 1 Sublimation rates of pure and
Ca-doped LiF crystals.

the etch pit density for NaCl, that for LiF was found
to decrease during an experimental run. The etch pit
density decreased between 1 X 107 and 5 X 107 per
cm2to 1 X 106and 6 X 106per cm2 The sublimation
rates could be reproduced for all of the LiF crystals
regardless of their initial dislocation density, indicating
that the dislocation density had adjusted to a constant
level shortly after the sublimation experiment com-
menced. Thus, the variation of the dislocation den-
sity in the different samples had no effect on the sub-
limation rates.

The activation enthalpy of sublimation, AHS*, was
calculated for each crystal from the experiment. It
should be noted that absolute weight loss measurements
determine an average activation enthalpy (per mole of
vapor) for the combined vapor flux (monomers, dimers,
and trimers).

Discussion

The sublimation characteristics of lithium fluoride
single crystals are summarized by the following state-
ments.

(1) The vacuum sublimation rates of the (100)
crystal faces of high-purity lithium fluoride were lower
by about a factor of 6 (as(730°) = 0.17) than the
vacuum sublimation rates that can be calculated using
the equilibrium vapor pressure data.6 The average
activation enthalpy of sublimation (i.e., the weighted
average of monomer, dimer, and trimer activation
enthalpies) determined by the microbalance studies is
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AHs* = 66.7 kcal/mol. This is comparable to the
equilibrium enthalpy of sublimation, AHa = 66.3 kcal/
mol.

(2) The sublimation rates of Ca-doped (250 ppm)
LiF samples are reduced with respect to those of pure
LiF crystals (as (730°) = 0.07). The activation
enthalpy of sublimation is AHs* = 62.6 kcal/mol for
these doped crystals.

(3) High purity LiF crystals that had different
dislocation densities (in the range of 106to 107 disloca-
tions/cm?2 exhibited identical sublimation rates.

The vacuum sublimation rates of high-purity LiF
crystals are lower than the maximum rates, similar to
the behavior of NaCl and KC1 crystals. Also, the
activation enthalpies of sublimation are nearly identical
with the enthalpies of sublimation for all of these
alkali halide crystals. It would appear that the sub-
limation mechanisms of these ionic compounds should
be similar.

Ca-doped LiF and NaCl exhibit lower sublimation
rates than that of the undoped crystals. On the other
hand, Ca-doped KC1 crystals have been found to have
higher sublimation rates.6 Ca-doping introduces cation
vacancies in the alkali halide crystals in addition to the
equilibrium concentration of vacancies that are present
in the pure crystal. Although the calcium concentra-
tion is in the parts per million range, it has a major
effect on the rates of sublimation. The calcium con-
centration in the crystals is too low to block a large
fraction of the surface to prevent sublimation, and
there is no experimental evidence for the accumulation
of calcium at the surface. Therefore it appears that
calcium ions in the alkali halide crystals influence the
sublimation rate by changing the vacancy concentra-
tions at the surface, i. €., the surface stoichiometry.

There is strong evidence from the work of Gallon,
et al.,1 that the chemical composition of different
alkali halide crystal surfaces does not reflect the
stoichiometry of the bulk phase. Auger electron
spectroscopy studies of LiF and NaF surfaces freshly
cleaved in ultrahigh vacuum or cleaved in air have
detected the presence of much higher intensity Auger
peaks due to the halogen than to the alkali metal.7
Although calibration of the intensity peaks has not
been carried out to permit quantitative surface chemi-
cal analysis, the data indicate that the halogen atom
concentration is higher than the metal atom concentra-
tion.

For KC1, on the other hand, Auger electron spectros-
copy studies showed roughly equal intensity peaks due
to potassium and chlorine atoms at the surface.
Clearly, as indicated by these studies, the alkali metal

(6) C. Grimes, J. Hinkley, and J. E. Lester, J. chem. Phys., to be
published.

(7) T. E. Gallon, I. G. Higginbotham, M. Prutton, and H. Tokutaka,
Surface Sci., 21,224 (1970).
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concentration was much higher at the KC1 surface than
at the LiF and NaF surfaces. Mass spect.rometric
studies7 have also revealed that upon cleavage the
freshly created surface dissociates and alkali metal and
halogen vapor atoms are detectable. Dissociation
appears to be most marked for LiF and very small in
the case of KC1.

These investigations indicate that nonstoichiometry
exists at the surface of alkali halides. LiF, NaF, and
NacCl (100) surfaces appear to be richer in halogen than
in alkali metal atoms; i.e., they are likely to have
a larger concentration of cation vacancies than anion
vacancies. The introduction of calcium ions into
these crystal lattices creates even more cation vacan-
cies and results in an even greater deviation from
stoichiometry. Since these ionic crystals sublime as
ion pairs (NaCl, NaZ’I2 LiF, LiZ2 etc.), nonstoichi-
ometry at the subliming surface could readily decrease
the sublimation rates. This way, the lowering of the
sublimation rates of NaCl and LiF when doped with
calcium can be rationalized.

The effect of Ca-doping on the number of cation
vacancies in a crystal can also explain the effect of
Ca-doping on the sublimation rate of KC1 where there
was an increase in the sublimation rates obtained6
If one assumes that the potassium atom concentration
is greater than the chlorine atom concentration at the
(100) surface, there is then a nonstoichiometry that
implies a larger surface concentration of anion vacan-
cies than cation vacancies. [The relative intensities
of Auger peaks from the potassium and chlorine atoms
depend on the probabilities of the various Auger tran-
sitions. The roughly equal intensities of the potassium
and chlorine Auger peaks for KC1 can easily be obtained
even if the surface concentration of potassium ions is
greater than that of chloride ions at the surface.]
For this crystal (i.e., KC1), doping with calcium
increases the cation vacancy concentration and
improves the stoichiometry. Thus, the sublimation
rates increase upon calcium doping of KC1 crystals.
Based on this model it is expected that the surface
concentration of the ions in the minority will control
the sublimation rate.

Barr8 has suggested that the bulk diffusion of more
slowly diffusing ions controls the sublimation rate of
alkali halides. This suggestion was based on the good
agreement found between the activation enthalpies of
bulk diffusion of the more slowly diffusing CI ion and
the activation enthalpy of sublimation for NaCl.8

The activation enthalpies of sublimation, the activa-
tion enthalpies of anion and cation diffusion, and the
energies of forming a vacancy pair for NaCl, KC1, and
LiF are listed in Table Il. Barr’'s model cannot easily
explain the opposite effect of calcium doping on the
vacuum sublimation rates of LiF and NacCl, on the one
hand, and KC1, on the other, since the more slowly
diffusing ion is Cl- in KC1 as well. However, this
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Table Il: The Activation Energies of Sublimation, AH,*,
Anion and Cation Diffusion, AHd* Anion and AHd* Cation,
and the Energies of Vacancy Pair Formation, AE, of

NaCl, KC1, and LiF

AE vacancy

AH .* AHd* anion AHad* cation pair
NaCl 55 + 2¢ 55 414" 45.5e
KC1 47+ 2d 48. b 39.9* 53.1*
LiF 66.7 = 2 50.67 43' 53.7"

“ Reference 2. bReference 8. eN. Laurance, Phys. Rev.,
120, 57 (1960). dReference 6. *Reference 9. ' T. G. Stoebe
and P. L. Pratt, Proc. Brit. Ceram. Soc., 9, (July 1967).

disagreement can be rationalized since Fuller9reported
that cation diffusion, which is enhanced by Ca-doping,
makes an important contribution to the total diffusion
flux in KC1 and in fact is dominant at low temperatures
«500°).

Inspection of Table Il reveals that the average
activation enthalpy of LiF sublimation (66.7 kcal/mol)
is much higher than the activation enthalpies of either
anion (50.6 kcal/mol) or cation (43 kcal/mol) diffusion
in LiF. The activation enthalpy of sublimation of the
monomer (~62 kcal/mol) lis already markedly greater
than the activation enthalpies of diffusion for either ion.

Thus Barr’s model of ion diffusion as a rate-determin-
ing step of the sublimation cannot explain the sublima-
tion mechanism of LiF. There must be another step
that has a greater energy requirement that controls the
rate of sublimation.

Since sublimation involves the formation of ion pairs
at the surface that subsequently desorb, the energy of
forming a vacancy pair at the surface may also be a
rate-determining step. From Table Il one can see that
for NaCl the energy of forming a vacancy pair
(Schottky defect) is less than the activation enthalpy
of anion diffusion. On the other hand, for KC1 and
LiF the energy of vacancy pair formation is greater
than AHd* (anion). Although the energy of vacancy
pair formation of LiF (53.7 kcal/mol) was estimated
from low-temperature ionic conductivity studies and
may be in error, it has to be increased by at least 10
kcal/mol to be of importance in the sublimation mech-
anism of LiF single crystals.

It appears that the sublimation mechanism of all
alkali halides cannot be explained by the simple slow
ion diffusion mechanism proposed by Barr.8 Since sub-
limation takes place via several consecutive reaction
steps that include bulk and surface ion diffusion, bond
breaking and desorption, it is not surprising that, small
changes in the energy requirements of any of these
reaction steps can change the rate-determining reaction

(8) L.W. Barr, J. Chem. Phys,, 51,1683 (1969).
(9) R. G. Fuller, Phys. Rev., 142, 524 (1966).
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step. It is apparent, however, from our studies and
from studies of calcium-doped NaCl and KC1 crystals
that point defects at the crystal surface play an all
important role in the sublimation of alkali halides.
Minute changes in the ion vacancy concentrations can
markedly change the sublimation rate. The non-
stoichiometry at the surface that is characteristic of the
ionic compound or that is created by the incorporation of
impurities seems to control the sublimation rates. This
nonstoichiometry appears to remain constant during
the sublimation process.

Variation of the dislocation density of LiF apparently
has not changed the sublimation rate. Similar insensi-
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tivity of the sublimation rate to changes of dislocation
density was found for KC1.6 On the other hand, it was
shown that for NaCl the increased concentration of
dislocations has increased the sublimation rate. It
appears that the annealing rate of excess dislocations
that were introduced by stress determines whether high
dislocation densities can be maintained at the subliming
surface. The annealing rates of excess dislocations are
probably more rapid in LiF and KC1 crystals than in
NaCl.

Acknowledgment. This work was performed under
the auspices of the U. S. Atomic Energy Commission.
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The reaction of atomic oxygen, 0 (F), with CD2was studied to determine the importance of D atom produc-

tion in this reaction.

By measuring the yield of HD from the exchange reaction of D atoms with H2 the D

atom yield was estimated to be (42 + 10%) based on the number of 0 (3) atoms generated.

Introduction

In an earlier study of the reaction of ground-state
oxygen atoms with acetylene, various reactions were
considered.2 The possible exothermic reactions, re-
written for deuterated acetylene, are shown below.

0 4 cH2-> (CDD Y ()
(CDb%- CD2+ CO ?)
(CD3%- D+ DCo (5
(CDD ¥ -H* 42+ cD ()

CDb¥- (CDd) (5
b (CDRH—ACD0 M (f)

(CDD*) is an unstable complex, analogous to that
proposed for oxygen atom-olefin reactions.3 Reactions
2 and 4 were estimated to account for 25 and 0.3%,
respectively, of the original oxygen atoms formed.
Reaction 5 was postulated as a possible isomerization
or intersystem crossing. The previous work demon-
strated the importance of reaction 3, but the yield
could not be measured quantitatively.

The object of the present investigation is to estimate

the importance of D atom production. If all of the D
atoms formed in reaction 3 could be trapped in another
compound, this would provide a measure of reaction 3.

Few D atom scavengers ewhich do not react rapidly
with 0 () atoms are known. Therefore, the exchange
reaction 7

D+ H2—> HD + H @)

was chosen as a way to trap D atoms from reaction 3,
since the attack of 0 () on H2is quite slow.4

Experimental Section

Ground-state oxygen atoms were generated in a
static system by the mercury-photosensitized decom-
position of nitrous oxide.3 All experiments were
done at 130.6 £ 0.5° in an air furnace. Two oblong
quartz vessels of about 35 c¢cm3 volume were used.

(1) Contribution No. 2844 from the Department of Chemistry, Uni-
versity of California, Los Angeles.

(2 D. G. Williamson and K. D. Bayes, J. Phys. Chem., 73, 1232
(1969).

(3 R.J. Cvetanovic, Advan. Photochem., 1, 115 (1963).
(@) K. Schofield, Planet. Space Sci., 15, 643 (1967).
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Table I: N2H D Values as a Function of C2D2/H 2; Temperature 130.6 + 0.5°“
C2D2, Torr H2, Torr N2, Torr/min
0.95 58 0.127
9.91 56 0.216
1.83 55 0.136
0.96 50 0.0093
6.06 53 0.327
3.27 53 0.163
0.96 24 0.143
0.96 10.2 0.120
0.96 31 0.110
0.96 19 0.140
0.95 40 0.113
0.96 25 0.0090
1.76 22 0.153
1.76 104 0.090
0.88 145 0.140
0.88 205 0.100
0.97 88 0.110
0.97 84 0.126
0.95 78 0.113
0.96 104 0.130

OThe N2 pressure was 500 + 65 Torr in all runs.

Both had a freeze-out tube about 10 cm X 0.4 cm
which contained a small drop of Hg at the bottom.
The freeze-out tubes were at room temperature during
photolysis and were shielded from the photolysis light.
A GE G25T8 25-watt germicidal lamp provided
sufficient 2537-A light intensity for the experiments.

Measurements of HD and N2were made with a CEC
21-620 mass spectrometer. After photolysis, the freeze-
out tubes of the reaction vessels were cooled to liquid
nitrogen temperature for about 0.5 hr. Samples of
noncondensable gases were introduced directly from
the cells into the mass spectrometer. Mixtures of H2
N2 and D2N 2 were used to calibrate the instrument.
Using 70-eV ionizing electrons, the sensitivity of the
instrument to N2was 1.29 + 0.05 times that of H2
and 1.25 + 0.05 that of D2 An average of these two
figures, 1.27 + 0.05, was used for the sensitivity of
N 2relative to HD.

Result

Mass spectrometric determination of HD yields from
reaction 7 and N2yields from reaction 8

ND + Hg(*Px) N2+ 0(®) + Hg (8)

showed that the ratio HD/N 2 depends very strongly
on the ratio of CD2H 2 At low CD2H 2 yield of HD
(as measured by HD/N2 is highest. Increasing
C2D2H 2decreases the HD yield (see Table ). Values
of CD2H 2 in Table | have been corrected for the
depletion of C2D2during photolysis. By mass spectral
analysis of samples of C2H2and N2 before and after
photolysis, it was determined that for 0.39 Torr of N2
generated, 0.47 Torr of CZH2 was consumed. In
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Photolysis
N2HD C2D2H 2 time, min
518 £+ 0.4 0.0126 3
258 + 6 0.163 3
6.03 £ 0.6 0.0282 3
502 + 0.5 0.0156 30
246 + 3 0.103 3
107+ 1 0.0557 3
758 £ 0.8 0.0287 3
16.3 + 3.2 0.0735 3
7.0+ 0.9 0.0242 3
940 + 1 0.0363 3
576 £1.1 0.0188 3
6.45 + 0.9 0.032 30
157+ 2 0.0655 3
352+ 04 0.0155 3
201 + 01 0.00517 2
181 + 0.1 0.00355 2
3.56 + 0.5 0.00870 3
436 £ 0.5 0.00865 3
423 + 0.3 0.00912 3
359 + 0.3 0.00663 3

Table I, the CD2H 2 ratios shown are the average
values during photolysis. Consumption of C2H2 was
the same with or without H2 present. The observed
ratio of CO/N2 = 0.44 at 1 Torr CD2 500 Torr N2,
and at 130° was the same as the CO/N 2ratio measured
previously at room temperature.2 Carbon monoxide
yields for CD 2pressures other than 1 Torr were taken
to be the same as those found at room temperature.
Thus, the contribution by CO to the m/e = 28 peak
could be calculated. Nitrogen yields in Table | have
been corrected for the CO yield, the N2+ peak from N2
and the m/e = 28 peak from the background of the
instrument.

Discussion

A simple mechanism can account for the dependence
of HD/N 20n the ratio CD2H 2

0(®P) + CD2—> D + DCD €)
D +~CD2 >CD3 9)

D+ H2—>HD + H ©)
H+ CD2—> CDH (10)

Applying the steady-state approximation to oxygen
atoms and deuterium atoms yields

N2 1 fg (CD2I

HD = 7+ fh,L (H3 J c;
where

2 + *P &+ k$(M)
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Figure 1

Figure 1 is a graph of the data in Table | plotted
according to eq I. A least-squares line through all
the data points has been drawn in Figure 1. Experi-
ments at about 54 Torr of hydrogen and varying CD?2
pressures are in reasonable agreement with those
points at constant C2D2 Therefore, it is the ratio of
CD2H 2which is important in determining the ratio of
N2HD as required by eq I. The line in Figure 1
yields 1// = 24 + 0.6 or/ = 0.42 £ 0.10 and f9fc7 =
77 £+ 20. Thus the yield of D atoms from the reaction
of O with C2D 2is about 40%, which means that reaction
3is of major importance.

It is not possible to compare directly the ratio of
fc9fc7 determined from Figure 1 with literature values,
since the rate constant fc9has not been observed directly.
However, the reaction of D with normal acetylene,
reaction 11, has been studied as a function of temper-

D+ CH2—> CHD (11)

ature.5 Since one would not expect a large isotope
effect on the rate of reaction 9 compared to reaction 11,
the ratio kn/h should be comparable to f9/c7. At 130°
the calculated ratio of fen/lc7is 73, which is to be com-
pared to /c9ic7of (70 £ 20) from the slope and intercept
of Figure 1. The agreement between these values sup-
ports the proposed mechanism.

The points in Figure 1 corresponding to runs with
H2 pressures above 100 Torr tend to fall below the

4055

least-squares,line. At high H2 pressures, some addi-
tional pathway for the formation of HD appears to
become important. One possible disturbance is the
sensitized dissociation of H2 which will generate in-

Hg* + H2~ Hg + 2H (12)

creasing amounts of hydrogen atoms as the H2pressure
is increased. If the H aooms then exchange with C2D 2
according to eq 13 and 14. this could cause the observed

H - CD2 =CDH (13)

CDMH >CDHTD (14)

deviations, since the D atoms would go on and exchange
with H2 However, experiments in which the N2 was
replaced with an equivalent pressure of N2 but with
the same high pressures of H2 showed HD levels that
were no greater than 2% of the HD formed during the
oxygen atom reactions. Exchange of H with C2D 2does
not appear to be the cause of the low values of N2ZHD.
Another possible source of HD would be the attack
of H on N, reaction 15,6 followed by the recently
suggested reaction 16.7 This possibility can be ruled
out by comparing the known rate of reaction 15 with
the rate of the alternate reaction 13. Approximating

H+ ND —> OH + N2 (15)
OH + CD2—> DCD + HD (16)

the rate of combination of H with C2D2by its rate of
combination with C2H2 one can show that only one
H atom in 300 reacts with N2 according to reaction
15. The ratio of N to CD2will have to be several
powers of ten larger than those in Table | in order for
reactions 15 and 16 to generate more HD than reactions
3 and 7. By similar reasoning, the reaction of oxygen
atoms with H2can be ruled out as a source of OH in
these experiments, since even at the lowest ratio of
CD2H 2 approximately 6% of the 0(3) atoms gen-
erated react with H24

The excess HD at high H2pressures may be coming
from exchange reactions of the type

DCD + H2—~ HCD + HD 17
or the reaction sequence78

CD2+ H2 CDH + H (18)

H+ CDH —> CDH2 D + CDH2 (19)
followed by reaction 7. Another possible source of
HD at high H2may be reaction 20 followed by reaction

(5) K. Houermann, H, Gg. Wagner, and J. Wolfram, Ber. Bun-
senges. Phys. Chern., 72, 1004 (1968).

(6) G. S. Bahn, “Reaction Rate Compilations for the H-O-N Sys-
tem,” Gordon and Breach, New York, N.Y., 1968, p 128.

(7) J.E.Breenand G. P. Glass, Int. J. Chem. Kinet3, 145 (1970).

(8) W. Braun, A. Bass, and M.
(1970).

Pilling, J. Chem. Phys., 52, 5131
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7.9 Since these rate constants have not been measured,
CD2+ H2—> CDH2+ D (20)

guantitative estimates of their importance cannot be
made at this time.

In conclusion, it has been shown that the yield of
D atoms from the reaction of oxygen atoms with C2D2
is about 40%, and this yield has been interpreted as
a direct measure of the primary reaction 3. This
result means that the alternative reaction 2, formation
of CD2and CO, cannot be the only major primary step
in the reaction, as several previous workers have
assumed.1012 Previous results from similar static-
system experiments2 indicated that approximately
25% of the oxygen atoms generated produced methy-
lene and CO, or CD and D2 Therefore, only about
two-thirds of the oxygen atoms produced can be
accounted for by gas phase reaction products.

N O T E S

A Nuclear Magnetic Resonance Study of
the Protolysis Kinetics of
5-Dimethylaminonaphthalene-I-sulfonic Acid

and Its iV-Methylsulfonamide

by J. F. Whidby,*ldcD. E. Leyden,la
C. M. Himel,lband R. T. Mayerlb

Department of Chemistry and Department of Entomology,
University of Georgia, Athens, Georgia {Received March 11, 1971)

Publication costs borne completely by The Journal of
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Sulfonamides are an important class of compounds
because of their biological activity and use as fluores-
cent probes in the study of enzyme active sites.2 We
report the results of an nmr study of the protolysis
of 5-dimethylaminonaphthalene-I-sulfonic acid (I) and
its N-methylsulfonamide (I1). Proton exchange stud-
ies on the 5-dimethylamino group of | and Il were
performed in aqueous LLSO4, whereas proton exchange
of the JV-methylsulfonamide moiety in Il was carried
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Attempts to detect ketenc in the gas phase have failed,
and so the remaining fraction of oxygen atoms must
end up in the polymer, which is observed in the present
experiments as well as those at room termperature.

Acknowledgments. The experimental work reported
above was carried out in the Department of Chemistry,
University of California at Los Angeles. The financial
support of the Air Force Office of Scientific Research,
under Grant AFOSR 70-1872, is gratefully acknowl-
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out in 16.0 mol % ierf-butyl alcohol in water. The
pAaof the dimethylamino group of | was determined
to be 3.5in 16% ierf-butyl alcohol by nmr spectroscopy
during this investigation and to be 452 + 0.03 in HD
by spectrofluorescence measurements.3 Lagunoff and
Ottolenghid4 report the pRafor I and Il in 112D to be
455 and 3.85, respectively, from spectrofluorometric
data. Nmr studies with Il in 16% ferf-butyl alcohol
gave apAaof 2.1.3

Several studies of the site of protonation of carboxylic
acid amides have been performed.6-7 Each study
concluded that the major protonation of these com-
pounds occurs at the oxygen atom. However, aliphatic
and aromatic N-substituted sulfonamides have been
shown to protonate on the nitrogen atom89in concen-
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trated HXS04and have p7Cavalues of —5 to —7 (Ham-
met scale). 1011 The acidity of the neutral sulfonamide
moiety has also been determined with various substit-
uents and pK* values ranging from 4 to 13 have been
found.12-14 These latter pKa values have been cor-
related with the biological activity of the compounds
and in most cases the most active compounds have pKa
values near 7.12

Experimental Section

The nmr spectra were obtained using a Yarian HA-
100 NMR spectrometer or a Hitachi-Perkin Elmer R-20
high-resolution nuclear magnetic resonance spectrom-
eter, each equipped with a variable temperature probe.
The spectrometer settings varied but were checked to
ascertain that saturation was not encountered. All
temperatures reported are calibrated and are accurate
to +1°. Exchange data for the sulfonamide protolysis
are at 30°, and for the 5-dimethylamino group at 56°
for 1 and 78° for Il. At temperatures significantly
below those given for the latter two, the viscosity of
the solutions caused broadening of the nmr lines.

The rate of proton exchange was determined by line
shape analysis of the spin-spin doublets observed for
the methyl protons in both the 5-dimethylamino and
amide methyl protons when the respective hydrogen
ion exchange was slow. The values of the coupling
constants are 5.0 cps for the amino group in both | and
Il and 4.95 cps for the methylamide group in Il.  The
chemical shift of the methyl protons in both groups
is pH dependent. The amino methyl protons are ap-
proximately 3.8 ppm from tetramethylsilane in acid
solution, whereas they are only 2.7 ppm in basic solu-
tion. The amide methyl protons are found between
2.8 and 2.6 ppm, depending on the acidity of the solu-
tion.

The mean lifetime before proton exchange (r) was
obtained by matching computer simulated nmr curves
to the experimental spectra with appropriate correc-
tion for the natural line width. The natural line width
(%) of the sample was determined several times during
each run.  These were assumed to be determined mainly
by the inhomogeneity of the magnetic field. The
program used to simulate the nmr spectra for proton ex-
change was written using the equations of Arnold.5

All pH measurements were made at room tempera-
ture using a Leeds and Northrup Model 7403 line op-
erated pH meter equipped with a glass electrode. The
pH meter was standardized using NBS standard buffer
solutions. The pH values quoted for the tert-butyl
alcohol-water mixtures are pH meter readings with
no corrections applied. The meter readings taken for
equal concentrations of hydrochloric acid in water and
16 mol % ¢erf-butyl alcohol in water showed only slight
differences. In the 40-60% sulfuric acid solutions
used for the studies of the protolysis of the dimethyl-
amino group, the acidity was represented by holll, the
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acidity function for tertiary amines developed by Arnett
and Mach.®6 Sulfuric acid solutions were prepared
by dilution of concentrated J. T. Baker sulfuric acid.
These stock solutions were diluted to approximately
0.1 M and titrated with potassium hydroxide for stan-
dardization.

A detailed discussion of the preparation of the com-
pounds of the type used in this study has been given.I7
Solutions ranging from 0.1 to 0.5 M in I or Il were pre-
pared in the various sulfuric acid-water mixtures for
obtaining the nmr spectra. The pH adjustments re-
quired for the protolysis studies of the sulfonamide
group were made by additions of hydrochloric acid or
potassium hydroxide as required.

Results and Discussion

Protolysis Kinetics of the 5-Dimethylamino Group. A
study of the protolysis of the 5-dimethylamino group
was performed in sulfuric acid-water mixtures. A
variation of fivefold (0.1 to 0.5 M) in the concentra-
tion of I and 11 showed the rate of proton exchange to be
first order in the concentration of the respective com-
pounds. However, the rate of the protolysis reaction
was found to be inversely proportional to the acidity
of the solvent mixture. An earlier, similar study of the
protolysis kinetics of iminodiacetic acid and Y-methyl-
iminodiacetic acid has shown that the only plausible
reactions in the solvent medium employed are

BH+ + HD —=B + H)+ 1)
BH+ + HS04— »B + H3IS04+ (2)
BH+ + HSO,- —> B + HZX04 (©)]

where BH+ represents the protonated dimethylamino
group.18 A rate law which fits the observation is

Ur = f[HD ]+ /QHB04] + *S[HS04 ] (4)

Unfortunately, it is not feasible to calculate the concen-
trations of all the species under the varied experimental
conditions to test the rate law given by eq 4 and to
evaluate the rate constants. However, a plot of 1/r
vs. I/V 11 is linear for the two compounds studied,
with slopes of (9.0 =+ 0.1) X 106and (1.05 = 0.03) X
107, respectively, for I and Il; correlation coefficients
for these plots are better than 0.998 regardless of con-

(9) F. M. Menger and L. Mandell, J. Amer. Chem. Soc., 89, 4424
(1967).

(10) P. 0. I. Vietanen and K. Hunamaki, Suom. Kemistilehti B, 42,
142 (1969).

(11) R.J. Gillespie and T. Birchall, Can. J. Chem., 41, 148 (1963).
(12) P.H.Bell and R. O. Robin, J. Amer. Chem. Soc., 64, 2905 (1942).
(13) A. Coramarata and R. C. Allen, J. Pharm. Sci., 56, 640 (1967).
(14) J.K.Seydel, ibid., 57, 1455 (1968).

115) J. T. Arnold, Phys. Rev., 102, 136 (1956).

(16) E. M. Arnett and G. W. Mach, J. Amer. Chem. Soc., 86, 2671

(1964).

(17) C.M.Himel, W. G. Aboul-Saad, and S. Uk, J. Agr. F(Hichem.,
19, 1171 (1971).

(18) D.E. Leyden and J. F. Whidby, J. Phys. Chem., 73, 3076 (1969).
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centration. These linear plots are evidence for a first-
order dependence on the hydrogen ion activity as repre-
sented by the acidity function. Further evaluation of
kinetic parameters is difficult to justify. Although the
acidity function provides a convenient expression of
acidity in strongly acid solvent, it does not provide as
conveniently the concentrations of chemical species of
interest. However, the evidence strongly implies that
the proton exchange of the 5-dimethylamino proton is
dependent on the transfer of the proton to a base. The
most significant species present in solution of the com-
position used in this work is HS04 .19 Therefore, it
is likely that the principal mechanism for exchange is
the reaction represented by eq 3. However, the reac-
tion represented by eq 1 in which water is the base un-
doubtedly plays an important role and is dominant in
dilute acid in which the rate of exchange is extremely
rapid.

pH

Figure L A plot of log (1/r) vs. pH for the exchange of the
sulfonamide proton on Il (0.5 M) (r is in seconds).

Sulfonamide Protolysis. Previous proton exchange
systems that have been investigated using nmr which
are both acid and base catalyzed have primarily been
alcohols, 2021 thiols,2 and the amides of carboxylic
acids.23-28 Observations in this work show that ex-
change of the sulfonamide proton in Il is also acid and
base catalyzed. A plot of log (1/¢) v-. pH for the pro-
ton exchange of the sulfonamide group is shown in
Figure 1. The two curves intersect at a pH of 4.8 +
0.3. At this pH the proton exchange is very slow (~0.1
sec-1) and is base catalyzed to the same degree as it is
acid catalyzed. A plot of the concentration of Il vs.
1/t was made in both acidic and basic solutions and a
zero slope was obtained in each case. Therefore, it is
not necessary to consider reactions which are second
order in Il. The observed kinetics as a function of
pH may therefore be explained as a pH region in which
exchange follows the protonation of the nitrogen atom
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ch3 ch3
1 +1
NH HNH
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and a base-catalyzed region involving proton extraction
by hydroxide ions

ch3 ch3
NH N-
0=S=0
+ OH (s)

N\

ch3 ch3

Variations up to 50 mol % ¢erf-butyl alcohol showed no
significant effect upon the rate of either reaction which

(19) T.F. Young, Rec. Chem. Progr., 12, 81 (1951).

(20) W. G. Patterson, Can. J. Chem., 41, 2472 (1963).

(21) Z. Luz, D. Gill, and S. Meiboom, J. Chem. Phys., 30, 1540
(1959)

(22) Reference 14 in M. M. Kreway, D. S. Sappenfield, and W.
Schwabaeher, J. Phys. Chem., 69, 2287 (1965).

(23) A. Berger, A. Loweenstein, and S. Meiboom, J. Amer. Chem.
Soc., 81, 62 (1958).

(24) G. Fraenkel and C. Franconi, ibid., 82, 4478 (1960).
(25) D. G. Kowaleueski and V. J. Kowaleueski, Ark. Kemi, 16, 373
(1960)

(26) J. S. Scarpa, D. D. Mueller, and I. M. Klotz, J. Amer. Chem.
Soc., 89, 6024 (1967), and references cited therein.

(27) J. E. Bundsehuck and N. C. Li, J. Phys. Chem., 72, 1001 (1968).

(28) 1. M. Klotz and B. H. Frank, J. Amer. Chem. Soc., 86, 3889
(1964); 87,2721 (1965); 88,5103(1966); 89,6024 (1967).
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could not be attributed to uncertainties in the pH deter-
mination. This is somewhat expected considering the
relative basicity of ieri-butyl alcohol and water, the
autoprotolysis constant of fcri-butyl alcohol,@ and ex-
perimental results of fert-butyl alcohol as a means of
proton transfer.® From the slopes in the plots shown
in Figure 1, an acid-catalyzed ra~e constant of 7.2 X
103M ~4sec-1 and a base-catalyzed constant of 1.8 X
10s M ~1 sec-1 are obtained.

(29) J. Murto, Acta Chem. Scand., 18, 1043 (1964).

(30) E. Grunwald, R. L. Lipnick, and E. K. Ralph, J. Amer. Chem.
Soc., 91,4333 (1969).

Raman Spectrum of Purple Sulfur

by Robert E. Barletta and Chris W. Brown*

Department of Chemistry, University of Rhode Island,
Kingston, Rhode Island 03881 (Received April 16, 1971)

Publication costs assisted by the Petroleum Research Fund

Approximately 35 solid allotropes of sulfur have
been reported in the literature.1 Most of these forms
are stable only for short periods of time or under ex-
tremely low temperature conditions, and eventually
they revert back to stable rhombic sulfur (S8rings) at
room temperature. Some of the allotropic forms are
due to changes in crystal structures, whereas others
are due to changes in the molecular composition. Rice
and Sparrow? first formed purple sulfur by quenching
hot sulfur vapor onto a liquid N2 cold finger. They
suggested that the purple color was due to the presence
of the S2 diradical. More recent physical measure-
ments on the purple solid have both confirmed the
presence of SZ4and rejected it.6

The infrared spectrum of purple sulfur was recorded
by Meyer,3 who found only one strong band in the
4000-400-cm"1 region. This band, at 668 cm-1, was
assumed to be the infrared forbidden vibration of S2
Since other sulfur species such as chains and rings are
thought to be present, the activity of this band in the
infrared was attributed to an induced dipole moment
caused by the environment. In addition to the unex-
pected observation of this band, its frequency is ~50
cm* 1lower than predicted from the electronic spectrum
of S267 The band has also been observed in matrix
isolation experiments at approximately the same fre-
quency.467

Raman scattering from the S2 species should be
quite strong; thus, we have measured the Raman spec-
trum of purple sulfur with the intention of solving the
dilemma over the existence of S2in the purple form.
Purple films were formed by heating rhombic sulfur to
~800° in a tube furnace, passing the hot gas through
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FREQJENCY, CM'1

Figure L Top, Raman spectrum of purple sulfur at liquid N2
temperature. Bottom, Raman spectrum of Residue | at
room temperature. Spectral slit widths <4 cm*“1

a radiofrequency discharge (~700 W at 10 MHz), and
then quenching the gas on a liquid N2cold finger in an
all-Pyrex dewax. We have formed over 30 films under
slightly different conditions of temperature, discharge,

(1) B. Meyer, Chem. Rev., 64, 429 (1964).
(@ F.O. Rice and C. Sparrow, J. Amer. Chem. Soc., 75, 848 (1953).
(3 B. Meyer and E. Schumacher, Heh. Chim. Acta, 43, 1333 (1960) ;
Nature, 186,801 (1960).

(@ B. Meyer, J. Chem. Phys., 37, 1577 (1962).

(5) H. E. Radford and F. O. Rice, ibid., 33,774 (1960).

(6) L. Brewer, G. D. Brabson, and B. Meyer, ibid., 42,1385 (1965).
(7) L. Brewer and G. D. Brabson, ibid., 44, 3274 (1966).
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Table I:  Observed Frequencies (cm-1) in the Raman Spectra of Purple, Rhombic, Residues I, I1, and I11, and “Crystex” Sulfur
—Rhombic---------------- > Residues >
Purple a 6 | 11 11 “ Crystex”0
474m 474 m 474 'm 471 m 474 m
466 s
456 m 458 vs 456 vs
441 w 441 w 438 w 440 w 437 w
430 vw
418 w 420 w 415 w 416 w
271 w-h 273 vw 271 vw 213 w
257 vw
246 w 247 w 248 vw 244 vw 248 vw 248 vw
218 vw 2185 218's 218 s 217 s 218'm 218 m
215 m 215 m
186 vw 188 vw 187 vw 185 vw 187 vw
152 vw 152 m 151 mh 154 m 151 m 153 m 151 m
147 s

Present work. «Reference s. (Similar results on rhombic sulfur were first obtained by C. S. Venkateswaran, proc. indian Acad.

sci., 4,345 (1936).) e Reference s.

and rate of deposit. The Raman spectra of the sam-
ples were recorded in situ using a Spex Industries
Model 1401 double monochromator with a C.R.L.
Model 52-A argon ion laser emitting at 4880 A.

The observed Raman spectrum of purple sulfur is
shown in Figure 1. We did not observe any bands
from 500 to 800 cm-1, which suggested that S2is not
present in any appreciable amounts. Two of the
strongest bands in the spectrum of rhombic sulfur
(Figure 2) at 218 and 152 cm-1 have almost disap-
peared in the spectrum of purple sulfur, which indi-
cates that very little of the rhombic form (S8rings) is
present. The three bands at 466, 418, and 271 cm-1
are due to a new species or some mixture of species.

In order to determine the cause of the purple color,
we recorded Raman spectra at various increments of
temperature during the transition back to yellow sul-
fur. The spectrum of a purple film was recorded, then
the film was allowed to warm up slowly until there was
a noticeable color change. At that, point the tempera-
ture was immediately reduced to liquid N2 tempera-
ture and the spectrum was recorded. This experiment
was repeated for each change in color. The first
change was from purple to greenish yellow and this
took place at ~150°K. The next change was from
the greenish yellow to a light yellow at ~200°K.
Above this temperature there was no detectable color
change; however, we recorded spectra at approxi-
mately every 25° increment in temperature up to room
temperature. Each time the sample was cooled back
to liguid N2 temperature before the spectrum was
recorded.

To our surprise, the spectra recorded at each incre-
ment in temperature and color change were almost
identical. The only observable change was a slight
increase in the ratio of the peak heights of the bands
at 466 and 418 cm-:. The bands due to rhombic sul-
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fur at 218 and 152 cm-1 did not increase in intensity.
The film was warmed to room temperature before
being immediately cooled to liquid N2 temperature
and the spectrum was practically the same as that for
purple sulfur. However, by warming to room temper-
ature and allowing the film to remain at that tempera-
ture for about 10 min there were detectable changes in
the spectrum which appeared to be directly related to
the texture of the purple film.

In about 25% of the experiments the spectra of the
room temperature films were that of Residue | (Fig-
ure 1), which is the same spectrum as that obtained for
rhombic sulfur (Figure 2). The conditions for depos-
iting the purple sulfur which gave these films upon
warming were such that an even textured, dark purple
deposit was obtained. In all of these cases the film
was extremely thin.

In the other 75% of the experiments the spectra of
the room temperature films were similar to Residue
Il or 111 (Figure 2). In Residue Ill the bands due to
rhombic sulfur at 218 and 154 cm-1 are very weak and
the bands at 474 and 441 are unresolved from the
broad bands at 458 and 415 cm-1. The spectrum of
Residue 111 is very similar to that obtained by Ward8
for “crystex” sulfur. “Crystex” sulfur is a modifica-
tion supposedly containing polymeric sulfur chains
stablilzed by organic substituents. In “crystex” sul-
fur as in Residue 111 the strongest band in the spectrum
is at 456 cm-1 and there are two new weak bands at
416 and 273 cm"1 all of the bands due to rhombic
sulfur are very weak. Our interpretation of Residue
111 is that it consists of long sulfur chains and is actu-
ally the so-called “plastic” form of sulfur. The pur-
ple films, which gave Residue IlIl upon warming to
room temperature, were much thicker than those that

(8) A.T.Ward, 3.Phys. Chem., 72, 4133 (1968).
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Figure 2. Raman spectra of Residue 11, Residue I11, and
powdered rhombic sulfur. All spectra were recorded at room
temperature with spectral slit widths <4 cm"1

gave Residue | and the films were unevenly distributed
over the cold finger. Many times yellow flakes
appeared on the surface during the time the film was
being deposited. Residue Il is obviously a mixture of
land I1l1. After standing for several days the spectrum
of Residue IlIl would change to one similar to II.

Rice and Sparrow2 reported that the yellow sulfur
obtained from a purple film was '~40% rhombic and
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60% amorphous. In the cases that produced Residue
I our results disagree; however, since we are scatter-
ing the laser beam off of the front surface of the film, it
could be the surface changes to rhombic whereas the
interior goes to “plastic.ln any event thinner films
were more likely to have a spectrum very similar to
that- of rhombic sulfur. The observed frequencies for
purple, rhombic, Residues I, I, and I11, and “cryst-ex”
sulfur are compared in Table I.

The results of our work on the purple form of sulfur
leave open the possibility of small amounts of S2giving
rise to the purple color. It could well be that the con-
centration of S2is so small that we could not observe
it in the Raman spectrum by scattering the laser beam
off of the surface of the film. This does not rule out
the possibility of observing S2 in the infrared trans-
mission spectrum of a rather thick film.34 Our evi-
dence suggests that most of the sulfur is present as
chains in the purple films, since the rhombic (S8rings)
bands are very weak. In the experiments which
gave Residue | type films, it is likely that the purple
films consisted primarily of small chains, S8or smaller.
In the experiments which led to a plastic, the purple
films probably contained more of the longer chain sul-
fur species.
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Fluorine Nuclear Magnetic Resonance
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Polyethylenimine (PEI) is a synthetic, water-solu-
ble polymer with the empirical formula CHSN. Chem-
ical studies show that 25% of the amine nitrogens are
tertiary, 50% secondary, and 25% primary. This
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distribution indicates that polyethylenimine is a
highly branched, fairly compact polymer.3 Recent
experiments with polyethylenimine derivatives con-
taining long-chain hydrophobic residues reveal dra-
matic binding abilities of the polymers for small mol-
ecules, notably methyl orange.46 Interest in the bind-
ing ability is augmented additionally by the observa-
tion that such derivatives may be modified further to
include residues which are potential catalytic groups
for hydrolysis reactions. Such bifunctional deriva-
tives have been found to be good catalysts for the
hydrolysis of active esters.6 In view of these features
of behavior of the polymers, it becomes important to
examine the nature of the environment of the hydro-
phobic residues attached to these macromolecules.

Recently the fluorine magnetic resonance chemical
shift of fluorine-labeled analogs of organic compounds
has been demonstrated to give information on the
local environment and thus on the location of the fluo-
rine label.7-10 This method should be applicable to
polyethylenimine adducts.

A derivative of 10,10,10-trifluorodecanoic acid
(TFD) with PEI-600 (average molecular weight =
50,000) was prepared by reaction of the appropriate
nitrophenyl ester with PEI-600 in ethanol. The pro-
ton nmr spectrum of the resulting polymer in deute-
rium oxide indicated that 5.5% of the amine nitrogens
had been acylated. Thus the derivative is designated
(TFD) BPEI-600 The ability of the polymer deriv-
ative to bind methyl orange was measured and found
to be similar to that of other hydrophobic derivatives
of PEI, with an affinity intermediate between that of
hexanoyl and lauroyl polyethylenimines.6 The simi-
larity in method of preparation and in properties sup-
ports the proposed analogy between the fluorinated
and unfluorinated derivatives.

Fluorine nmr spectra of the derivative were obtained
using a Brucker HFX-90 nmr spectrometer operating
at 84.67 MHz with a probe temperature of about 23°.
An external capillary of trifluoroacetic acid was used
to provide a lock signal and a reference resonance.
Multiple scans were obtained and stored in a Fab-
ritek computer of average transients.

Several of the resulting spectra of (TFD) .(8PEI-600
are displayed in Figure 1. To a good approximation,
the spectrum is well represented in each case as either
one or two broad, symmetrical resonances, due,
respectively, to one or two environments for the fluo-
rine probes. (The resonances are sufficiently broad
that the spin-spin multiplet structure is entirely
obscured.) Clearly the presence of two resonances is
consistent either with slow exchange of fluorines be-
tween one environment and the other, or with rapid
exchange in a situation in which one fraction of the
fluorines experiences a high probability of being in one
environment and the remainder have a high prob-
ability of being in the other environment. The ther-
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Figure 1. Fluorine nmr spectra of (TFD).ePEl-600: A,

10% solution in absolute ethanol; B, 4% solution in water,
pH 7.0; C, 2% solution in water, pH 6.7, D, 2% solution
In water, pH 8.9; and E, 1.5% solution in s m Urea, pH 9.

modynamic distinguishability of residues implicit in
the second possibility is consistent with the known
heterogeneity of PEI and its derivatives.

The substantial line width of the individual reso-
nances, from 20 to 60 Hz apparent half widths, could
result from enhanced spin-lattice relaxation due to
slow tumbling of the macromolecule, from variability
of environments among the fluorines leading to many
resonances under one broad peak, or from partial, but
incomplete, averaging between the two major classes

(3) L. E. Davis in “Water-Soluble Resins,” R. L. Davidson and M.
Sittig, Ed., Reinhold, New York, N. Y., 1968.

(4) 1. M. Klotz and A. R. Sloniewsky, Biochem. Biophys. Res.
Commun., 31,421 (1968).

(5) I. M. Klotz, G. P. Royer, and A. R. Sloniewsky, Biochemistry,
8,4752 (1969).

6) 1. M. Klotz, G. P. Royer, and I. S. Scarpa, Proc. Nat. Acad.
Sci., U. S,, 68,263 (1971).

(7) N. Muller and R. H. Birkhahn, J. Phys. Chem., 71, 957 (1967).
(8) N. Muller and R. H. Birkhahn, ibid., 72, 583 (1968).

(9) N. Muller and T. W. Johnson, ibid., 73, 2042 (1969).

(10) T.W. Johnson and N. Muller, Biochemistry, 9, 1943 (1970).
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of fluorines. Proton nmr spectra of methyl protons
in the analogous lauroyl PEI display modest line
widths of ca. 5 Hz. The slight broadening of the pro-
ton spectra may be due either to a small enhancement
in spin-lattice relaxation or to heterogeneity of envi-
ronments, to which proton nmr is not particularly sen-
sitive. The lack of substantial spin-lattice relaxation
in the unfluorinated compound suggests that this is
not a major contributor to the fluorine line widths.
Spectra analogous to B and C (Figure 1) at tempera-
tures of 33° display little or no change in line shape as
compared to those at the lower temperature. This is
inconsistent with the hypothesis that the line width is
due to partial but incomplete averaging of environ-
ments. Thus it appears that, to a good approxima-
tion, each spectrum results from the addition of con-
tributions from fluorines in a large number of environ-
ments, resonating at a large number of shifts, but with
the environments and shifts in one and sometimes two
broad but distinct classes.

It is appropriate to consider the nature of these
classes of environments as revealed by the chemical
shifts. A priori one may visualize at least three dis-
tinct kinds of environment for the fluorines in the
derivative: (1) solvent-like, resulting if the pendant
groups protrude into the solvent, (2) PEl-core-like,
resulting if the pendant groups fold back into the PEI
interior, and (3) pendant group-like, resulting if the
pendant groups find themselves clustered in contact
with one another. The shift expected for (1) is the
shift observed for a model, nonassociating fluorine
probe in the solvent in question. Such shifts in sev-
eral solvents are given in Table I. The shift expected

Table I:  Chemical Shifts of Model
1,1,1-Trifluoroalkyl Compounds in Several Solvents

Chemical shift®

Sohet (Hz at 84.67 MHz)
Ethanol —905
iV-Methylacetamide —083
Water —1091
6 M Urea -1118
PEl-6 (extrapolated) —1175
50% Aqueous PEI-6 —1200

“ External trifluoroacetic acid was used as reference.

for (2) depends somewhat on the model taken for the
PEI core. If the PEI core is water-free, an estimate
of the shift of a model compound is obtained from the
data in Figure 2 as —1175 Hz. In the more likely
event that the PEI core is wet, for example containing
50% water, the shift is estimated as —1200 Hz (Table
1). In either case the shift is to very low field, lower
than for any other environment examined. The
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shift expected for (3) is that for a micelle-like environ-
ment, which has been shown in several studies7-10 to be
—1000 to —1030 Hz, depending on the nature of the
aggregating species.

Figure 1A gives the spectrum of the derivative in
absolute ethanol. The chemical shift is the same,
within a few' hertz, as expected for a fluorine probe
free in the solution in question. Spectra IB and 1C
display two resonances in each case, one centered at
—1045 Hz and the other at —1105 Hz. These shifts
are close to being micelle-like and w'ater-like, respec-
tively. Each of the shifts is slightly to low field from
what would have been expected for this assignment,
positions suggesting that, the fluorines in the water-
like environment have some limited exposure to the
PEIl core and that the fluorines in the micelle-like

Figure 2. Fluorine chemical shifts of 10,10,10-trifluorodecanoic
acid in PEI-6-et.hanol mixtures.

environment have some limited exposure to the PEI
core or are exposed to water somewhat more than simi-
lar fluorines in detergent micelles. Spectrum ID dis-
plays one dominant resonance at —1030 Hz and a hint
of a small resonance at about —1105 Hz. The assign-
ments in this case also are micelle-like and water-like.
Spectrum IE exhibits two resonances, at —1040 and
—1120 Hz. Again the shifts can be ascribed to a
micelle-like and a water- (or 6 M urea-) like environ-
ment. In no case is a very low chemical shift found.
This indicates that in all of the samples examined, the
fluorine probe does not spend an appreciable fraction
of the time in the PEI core.

Spectra IB and 1C represent two different concen-
trations of the same polymer under similar conditions.
The absence of a noticeable concentration effect on the
relative areas indicates that the micelle-like structure
is not an intermolecular one, which could be further
dissociated by a reduction in concentration. The
effect of pH on the distribution (compare 1C with ID)
is as expected, since the substantial charge on the
polymer at pH 7 should expand the polymer and make
interactions among the side chains less likely. Simi-
larly, the effect of urea on the distribution (compare
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ID with IE) is as expected, since urea is known to
destabilize micelles (see footnote 9 and references con-
tained therein).

Thus the effects of solvent variables on the fluorine

COMMUNICATIONS

Electron Spin Resonance Signals of Abnormal
Alkyl Radicals Trapped on Porous Vycor Glass

Surfaces Coated with Metal Oxides at 77°K

Publication costs assisted by the Faculty of Pharmaceutical Sciences,
The University of Tokyo

Sir: As has been reported previously,1'2 the normal
and abnormal methyl radicals (CH3I), g = 2.003,
Anhch3l) = 23-0 G; CHJIIl), g = 2.002, Ahchij(ll)
= 19.3 G) have been trapped on the surface of porous
Vycor glass (PVG, Corning No. 7930) by the photolysis
of adsorbed methyl iodide and methane at room tem-
perature and at 77°K, respectively. Although there
has been much interest in the adsorbed states of methyl
radicals on various solid surfaces,2-5 the pure signal of
the abnormal perdeuteriomethyl radical CD311) has
not yet been observed owing to the larger line width
and to the overlapping of the signals of both methyl
radicals. Quite recently, we have found that the
presence of avery small amount (adsorbed fraction 6 =
10-3 ~ 10-6) of certain metal oxides, such as VD6
and MoOs, on the surface of PVG exhibits a spectral
sensitization to the formation of the CHJ3II) radical
from methane at 77°K.6

Normal (Da Radical Abnormal (a Redical

Figure 1. The esr signals of normal and abnormal
perdeuteriomethyl radicals trapped on the surfaces of PVG's
coated with V206 at 77°K.
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spectra not only reveal pH- and urea-induced confor-
mational changes, but they also help confirm the assign-
ment of the resonances to fluorines in micellc-like and
solvent-like environments.

THE EDITOR

Taking advantage of the spectral sensitizing property
of the PVG coated with VD6 (PVG(VD 6), we have

Normal CHIHZRadical

Abnormal CH3ICHZ2Radical

Figure 2. The esr signals of normal and abnormal ethyl
radicals trapped on the surfaces of PVG(V20s) at 77°K.
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48, 4605 (1968).
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T. Kwan, Bull. Chem. Soc. Jap., 44, 2884 (1971).
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been able to observe a strong and well resolved esr
signal of the abnormal deuteriomethyl radical CDJI1)
{g = 2.002, ADcDa(ii) = 3.0 G, A hch>(ii)/A dcd3ii) =
6.5) without overlapping with the normal CDJI)
(g = 2.003, Adcdi(i) = 3.5 G, Ahch3l)/Adcd3u =
6.5) . The esrsignal of the CDJ1) is shown in Figure 1
along with that of the CD31). Experimental methods
were similar to those of previous reports.26 This
technique to obtain the pure and large signal of ab-
normal methyl radical has been extended to the pho-
tolysis of homologous alkyl hydrocarbons at 77°K,
and an abnormal ethyl radical has been trapped. The
esr signal of abnormal ethyl radical CHE11) is shown
in Figure 2 together with that of normal ethyl radical
CAHY]) trapped on the surface of PVG(VA 6§ by the
photolysis of ethylene at 77°K. The esr constants of
the CHHEII) are as follows: g = 2.002, A, HIIl) =
151 G, AH{Il) = 27-3 G, and these parameters can
be compared to those of the CHYI), g = 2.003, AaH(l)
= 21.5G and A®H(l) = 26.7 G, respectively.

It is very interesting that the hfc constant of a
protons in the CHYI1) differs remarkably from that
of the CHE(1), while the hfc constants of /3 protons in
both normal and abnormal ethyl radicals are nearly
same. The view that A*His much less sensitive to the
radical geometry than A, Hhas been recently developed
by Norman, et al.7 Experimental evidence to support
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this contention is also found in the case of the silyl
and methyl-substituted silyl radicals,8 SiIH3 CHXEiH2
(CH3x=iH, and (CH33i, whose bent structures, de-
duced from the 26i hfc constant in each radical, de-
crease with increasing methyl substitution owing to the
steric effect of the bulky methyl group. The a-proton
hfc constant changes from 7.96 G of SiH3to 16.99 G of
(CH3XiH, while that of methyl protons changes in a
small amount less than 2 G going from CH3XiH2 to
(CH3 =i

The rotational correlation times of the methyl groups
in both ethyl radicals, estimated from the line width
alternation of methyl proton, hf, are nearly same (rc
~ 1 0 sec). This fact indicates that the methyl group
does not participate in the strong interaction with
the surface, but the methylene group does. Further
studies on homologous alkyl radicals are now in prog-
ress.

(7) A. J. Dobbs, B. C. Gilbert, and R. O. C. Norman, J. Chem. Soc.
A, 124 (1971).

(8) P. J. Krusic and J. K. Kochi, 3. Amer. Chem. Soc., 91, 3938
(1969).
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ADDITIONS AND

1965, Volume 69

Robert A. Pierotti:

Page 281.
275 A

Page 287. Equation 20 should read

Aqueous Solutions of Nonpolar Gases.
In the Abstract the value of afor water should read

ailll! -

a\RT2
L(|—2021|('-v)|— )&]
36(1 + 2y) tai\ _I_I]+'} (20)

1 —yY L\ai/
The values of ACP shown in Table VI were calculated with the
correct equation for CO—R obert A. Pierotti.

Raj Mathur and R. Bruce Martin: Effects of Charge and
Nickel lon on Proton Chemical Shifts of Glycyl Peptides.

Page 669. The chemical shift in Table | for the carboxyl
terminal residue of dipolar ion glycylglycine should read 1.74 (D).
Other values are unchanged with the result that the chemical
shifts of the two pairs of methylene hydrogens in glycylglycine
cross twice on going from cationic to anionic species.—R. B ruce

M artin.

1970, Volume 74

M. H. Gianni, J. Saavedra, R. Myhalyk, and K. Wursthorn:
Nuclear Magnetic Resonance Spectral Correlation of Symmetri-
cally Submitted 1,2-Diols and 1,3-Dioxalanes.

Page 210. The authors apologize to Dr. J. Chuche for a missed
reference. Enantiotopic relationships in an nmr correlation of
stereochemistry for 1,3-dioxalane have been used prior to the
publication. See J. Chuche, C. R. Acad. Set. Ser. A, 263, 779
(1966).—M. .

Gianni.

J. A. Cusumano and M. J. D. Low: Interactions between
Surface Hydroxyl Groups and Adsorbed Molecules. 1. The
Thermodynamics of Benzene Adsorption.

Page 795. Equation 3 should read

no

—A<Sit = ¢S°tr + gf°rot + Vib noconﬁg —

aS°rot - afOlvib - a%vib

Equation 4 should read

—AS°'mt = E°tr + ¢Srot + g*goovib *aS°tr -
sorot - &b Phip
Equation 6 should read
eQtr = "TTA"ZmYjkT/h~VO0

Equation 16 should read
aserot = B{In (1/ira) [8e3(1al b) '~kT/h2] + |}
J. A Cusumano.
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CORRECTIONS

William C. McCabe and Harvey P. Fisher: A Near-Infrared
Spectroscopic Method for Investigating the Hydration of a Solute
in Aqueous Solution.

Page 2992. In the last sentence to the legend of Figure 1, the
phrase, “the absorption cell path length was 0.1 cm” should read,
“the absorption cell path length was 0.05 cm.”—H arvey F.

Fisher.

Cecelia Radlowski and Warren V. Sherman: They Radiolysis
of 2-Propanol. V. Oxidation by Carbon Tetrachloride.

Page 3046. Equation A should read
G(HC1) = G(CHC13 =

G(acetone) = G(Xt) +

'f«
10k3[2-propanol]

Warren V. Sherman.

Frederick D. Lewis: On the Photoreduction of Acetophenone.

Page 3333. The curvature in Figure 1 cannot be due to a
quenching impurity in the 2-propanol as is evident when eq 8 is
rearranged as

1 _ 1. kQ] kd
<p~ + &[RH] + fr[RH]

where Q is a quenching impurity in the 2-propanol. We thank
Professor C. E. Burchill for bringing this fact to our attention.
Experimental data and other conclusions are not affected by this
correction.

The observed curvature may be due (inter alia) to (a) a polar
solvent effect on the carbonyl excited state, (b) departure of eq 4
from pseudo-first-order kinetics at high [RH], or (c) a solvent
effect on the free radical reactions described by eq 4 and 5.—

Frederick D.Lewis.

Geoffrey Davies and Kay O. Watkins: The Kinetics of Some
Oxidation-Reduction Reactions Involving Cobalt(l1) in Aqueous
Perchloric Acid.

Page 3390. Footnote 21 should read as follows. “For detailed
kinetic data, order document NAPS-01286 from ASIS National
Auxiliary Publications Service, c/o CCM Information Sciences,
Inc., 22 West 34-th Street, New York, N. Y. 10001. Remit check
or money order for $5.00 for photocopies or $2.00 for micro-
ﬁChe.”—G eoffrey D avies.

Richard J. Majeste and Edward A. Meyers: The Crystal and
Molecular Structure of Bisbipyridyl-ii-dihydroxo-dicopper(l1)
Nitrate.

Page 3499. There are three errors in Figure 1. (1) The label
on the right-hand nitrogen atom in the drawing should be N2,
rather than N. (2) The out-of-plane deviation for atom Cs
should be —0.048 A, rather than —0.084 A.  (3) The least-square
plane equation should be

6.826X + 3.713F + 2.388F = 3.0674
rather than
6.826X - 3.713F + 2.388Z = -0.047

Richard J. M ajeste.



Additions and Corrections

A. S. Kertes, O. Levy, and G. Markovits: Aggregation of
Alkylammonium Tetrahaloferrates in Benzene.

Page 3569. In Tablel, the t, °C column should read from the
top: 25, 37, 25, 37, 37, 50, 25, 37, 50, 37, 50, 37, 50, 50.—A. S.

Kertes.

M. M. Bhasin, C. Curran, and G. S. John: Infrared Study of
the Effect of Surface Hydration on the Nature of Acetylenes
Adsorbed on 7-Alumina.

Page 3978. The graphical representations of the surface reac-
tions are misrepresented. They should appear as follows.

0
+ |
~NAIN AN + HC=CH
(0] (0] (0]
Highly dehydrated
7-Al0 3(-'700-900°) under vacuum
H
s
H C
| : 1 |
C 9 or 0 0
I /A I1 All
Ak :
'O’ '0 0 (0]
I (Surface aluminum Il (Surface
acetylide and aluminum
proton transfer) oxyacetylide)
H
|
0
+ |
AlA1 + HC=CH —»
(0] (0] (0]
Mildly dehydrated t A1203
(~400-700° under vacuum)
H
c H
[ I
C O,
1 I H
o -V -k

(10
M adan M. Bhasin.

Nora Laiken and George Nemethy: A Model for the Binding
of Flexible Ligands to the Surfaces of Proteins and Other Macro-
molecules. 1. Statistical-Mechanical Treatment.

Page 4426. Equation 24 should read as follows.

t(S) = a'-Wriln

P=1

Page 4429. The second line in eq 55 should read as follows.
(1 - 5d,0)ad(dwd<s_: HOdo) X

Page 4430. In the third to last line of text, Sis not to be bold-
face—George Nemethy.

1971, Volume 75

Shmuel Weiss, Hartmut Diebler, and Isaac Michaeli: Ki-
netics of Proton-Transfer Reactions of Polyacrylic and Poly-
methacrylic Acids with an Indicator.

Page 267. The line above the Abstract concerning publication
costs should read as follows: “Publication costs assisted by the

(2))W ss'e
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Nuclear Research Centre, Negev, Israel Atomic Energy Commis-
SION."—shmuet W eiss.

The Partial Molal Volumes of Tetraphenyl-
in Water at Infinite Dilution.

Frank J. Millero:
arsonium Tetraphenylboron
lonic Partial Molal Volumes.

Page 280. The second method used to estimate the V° (H+)
from the F°(PhsAsBPha) isin error.  An incorrect value of 1.81 A
for the r(As) was used in the original calculations. The correct
value of r(As) = 1.18 Ayields F°(H +) = —10.3 cm3amol, which
is low by 5 cmVmol compared to the accepted value. Thus, the
second method should not be used to estimate the F°(H+) in
other solvent systems. The average P°(H+) obtained by meth-
ods 1 and 3 are unaffected by the deletion of the second method.
I thank Dr. C. V. Krishnan for calling my attention to this
error—r rank J. Mittero.

Thomas L. Penner and George S. Hammond: Radiation-
Induced Chain Isomerization of cis-1,2-Diphenylpropene in
Cyclohexane.

Page 294.
Ge-*t ~

Hammond.

In the left-hand column, line 3, the expression
should read Ge™Mt/Gt-*C = 4¢-> f/0i-*c.—G eorge S.

Noriko Yamaguchi, Yoshihiko Sugiura, Koji Okano, and Eiichi
Wada: Non-Newtonian Viscosity and Excluded Volume Effect
of Dilute Solutions of Flexible High Polymers.

Page 1142.  In theleft-hand column, line 14 from the bottom, 7
should be i3—Y.sugiura.

Terry L. Brewer: Photophysical Processes of m-Difluoro-

benzene.
Page 1235. Equations 111, 1V, and V should read
IFy+ B FMk+ B Kb ()
Fgk *F + hvf Kf (1v)

Bvj {FY E Kk V)
Page 1236. Equation 1 should read

J: [(Af+ K)/K]J[1+ Kx/Kb[B]]

Terry L Brewer.

J. L. Borowitz and F. S. Klein: Vapor Pressure Isotope Effects
in Methanol.

Page 1815. Statement (e) in the Abstract should read:
“There is a direct correlation between deuterium substitution and
hydrogen-bond strength. No such correlation is observed in I8
and I3C substitution.”

Page 1820. The following paragraph should be added.

Acknowledgment. The subject of this paper was originally
suggested by Professor William Spindel. The authors wish to

thank him for his suggestion and help.—J. L. B orowitz.

Helmut M. Pohlit, Wallace Erwin, Tz-Hong Lin, and
Richard M. Lemmon: Hot-Atom Chemistry of Carbon-14 in
Solid Benzene at Kinetic Energies between 5 and 100 Electron
Volts.

Pages 2555 and 2557.  The running titles on these pages incor-
rectly mention “Carbon-13,” whereas the article is concerned only
with carbon-14. The same error occurred in the table of contents
fOI’thISiSSue—R ichard M Lemmon.

I. M. Kolthoff, E. J. Meehan, and Masaru Kimura: Hydro-
gen Peroxide Formation upon Oxidation of Oxalic Acid in Pres-
ence and Absence of Oxygen and of Manganese(ll). 1. Manga-
nese(VIIl), Cerium(lV), Chromium(VIl), and Cobalt(lll) as
Oxidants.
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Page 3347. In the left-hand column, line 27, “considerably Page 3348. In the left-hand column, last paragraph, line 11
smaller” should be “a little smaller.” and following should read: “the value of kbeing 2.8, 3.2, and 3.2

Page 3348. Equation | should read X 10-4 (rinsec) forco = 4 X 10~6 2 X 10-6, and 4 X 10~6 M,
respectively. Ate» = 2 X 10~4J f............ «isonly 1.6 X 10~4"

Page 3348. In Figure 1, the values of @should be multiplied

by 2—I. M. K otthoff.

[0] = -M(1 - e-ky
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