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Announcing:

Now yourJ.T. Bakerdistributorcan
also ship you things he doesn’t have!

How can your Baker distributor ship you things he doesn’t have? Easy. He
now can immediately contact the Baker Super Service Center and—
in almost every instance—have the desired item shipped directly to you
within 24 hours. It's as though yourJ. T. Baker distributor has just added the
largest reagent warehouse in the world to his backyard to serve you. (To
super-serve you.)

Nowdepend on yournearest Bakerdistributorfora// of your laboratory
reagent needs. He’s listed on the facing page.

And do you have our new 428-page Catalog 750 featuring thousands of Baker
guality laboratory chemicals? If not, please use coupon below. Thanks.

1
J. T. Baker Chemical Co. J
222 Red School Lane . irct]
Phillipsburg, N.J. 08865 , Check Baker first!
Please forward a copy of your new Catalog 750. i
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NOTICE TO AUTHORS

I. General Considerations

The Journal of Physical Chemistry is devoted to reporting
both experimental and theoretical research dealing with
fundamental aspects of physical chemistry. Space limita-
tions necessitate giving preference to research articles deal-
ing with previously unanswered basic questions in physical
chemistry. Acceptable topics are those of general interest
to physical chemists, especially work involving new con-
cepts, techniques, and interpretations. Research that may
lead to reexaminations of generally accepted views is, of
course, welcome.

Authors reporting data should include an interpretation
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 excessive speculation is to be discouraged.
Papers reporting redeterminations of existing data will be
acceptable only if there is reasonable justification for repeti-
tion: for example, if the more recent or more accurate data
lead to new questions or to a reexamination of well known
theories. Manuscripts that are essentially applications of
chemical data or reviews of the literature are, in general, not
suitable for publication in The Journal of Physical. Chem-
istry. Detailed comparisons of methods of data analysis
will be considered only if the paper also contains orginal
data, or if such comparison leads to a genesis of new ideas.

Authors should include an introductory statement out-
lining the scientific rationale for the research. The state-
ment 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 aré subject to
critical review. It isto be understood that the final decision
relating to a manuscript's suitability rests solely with the
editors.

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

Il. Types of Manuscripts

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

A. Atrticles should cover their subjects with thorough-
ness, 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 significant data and con-
clusions. The abstract should ccnvey the essence of the
Article to the reader.

B. Communications are of two types, Letters and Com-
ments. 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 criti-
cal review, but special efforts will be made to expedite pub-
lication.

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

Comments include significant 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 manuscripts was precisely the same as that
of Articles save for the requirement of an Abstract, and
since even a short Article will need an Abstract ultimately,
it seems as well to ask the author to provide this. Short
Articles will of course continue to be welcome contributions.

I11. Introduction

All manuscripts submitted should contain brief intro-
ductory remarks describing 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. The introductory remarks in an Article
should constitute the first section of the paper and should
be labeled accordingly. In Communications, the intro-
ductory 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 con-
siderable weight on the author’s intentions as stated in the
Introduction.

1V. Microform Material

From time to time manuscripts involve extensive tables,
graphs, speotra, mathematical derivations, expanded dis-
cussions of peripheral points, or other material which,
though essenflal 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. Such
“microform material” can be included in the microfilm
edition of this Journal, available in many scholarly libra-
ries, and also in the microfiche edition. In some instances
the microform material may also be included in the printed
issue in miniprint, in which the manuscript pages are re-
produced directly in reduced size. All microform material
may be obtained directly by the interested reader at nomi-
nal cost, either in full size photocopy or in microfiche (in
which miniprint material appears at standard reduction,
i.e., one manuscript page per microfiche frame). Authors
are encouraged to make use of this resource, in the interest
of shorter articles (which mean more rapid publication) and
clearer more readable presentation.

Microform material 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 'he manu-
script, along with a slip of paper clearly indicating the ma-
terial is “microform material”. Copy for microform materi-
al should preferably be on 8% X 11 in. paper, and in no case
on sheets larger than 11 X 14 in.; if typed it should be one
and one-half spaced, and in any event the smallest charac-
ter should be at least one-eighth inch in size; good contrast
of black characters against a white background is required
for clear photoprocess reproduction. A duplicate copy is re-
quired for indexing purposes.
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A paragraph should appear at the end of the paper indi-
cating the nature of the material and the means by which
the interested reader may obtain copies directly. The follow-
ing is an example.

Supplementary Material Available: description of the
material (no. of pages). Ordering information is given on
any current masthead page.

V. Functions of Reviewers

The editors request the scientific advice of reviewers who
are active in the area of research covered by the manuscript.
The reviewers act only in an advisory capacity and the final
decision 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 suit-
ability for The Journal of Physical Chemistry. With re-
spect to Communications, the reviewers are asked to com-
ment specifically on the urgency of publication. Authors
are encouraged to suggest, when submitting a manu-
script, names of scientists who could give a disinterested
and informed and helpful evaluation of the work. All re-
views are anonymous and the reviewing process is most effec-
tive if reviewers do not reveal their identities to the authors.
An exception arises in connection with a manuscript sub-
mitted for publication in the form of a comment on the work
of another author. Under such circumstances the first au-
thor 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 manuscripts 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 seek-
ing further opinions. For the convenience of reviewers,
authors are advised to indicate clearly, either in the manu-
script or in a covering letter, the specific revisions that have
been made.

V1. Submission of Manuscripts

All manuscripts must be submitted in triplicate to ex-
pedite handling. Manuscripts must be typewritten,
double-spaced copy, on 8% X 11 in. paper. Legal sized
paper is not acceptable. Authors should be certain that
copies of the manuscript are clearly reproduced and read-
able. Authors submitting figures must include the
original drawings or photographs thereof, plus three
xerographic copies for review purposes. These repro-
ductions of the figures should be on 82 X 11 in. paper.
Graphs must be in black ink on white or blue paper. Fig-
ures and tables should be held to a minimum consistent
with adequate presentation of information. All original
data which the author deems pertinent must be submitted
along with the manuscript. For example, a paper report-
ing a crystal structure should include structure factor tables
for use by the reviewers.

All references and explanatory notes, formerly set up
as footnotes on individual pages, are now grouped at the
end of the article in a section called “References and
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Notes.” They should be numbered consecutively in the
order in which they are first mentioned in the text, and the
complete list of notes and literature citations should appear
at the end of the manuscript. Nomenclature should con-
form to that used in Chemical Abstracts and mathematical
characters should be underlined for italics, Greek letters
should be annotated, and subscripts and superscripts clear-
ly marked.

Papers should not depend for their usefulness on unpub-
lished material, and excessive reference to material in press
is discouraged. References not readily available {e.g., pri-
vate 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.

VI1l. Revised Manuscripts

A manuscript sent back to an author for revision should
be returned to the editor within 6 months; otherwise it will
be considered withdrawn and treated as a new manuscript
when and if it is returned. Revised manuscripts returned
to the editor must be submitted in triplicate and all changes
should be made by typewriter. Unless the changes are
very minor, all pages affected by revision must be re-
typed. 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.

VIIl. Proofs and Reprints

Galley proofs, original manuscript, cut copy, and reprint
order form are sent by the printer directly to the author
who submitted the manuscript. The attention of the au-
thors is directed to the instructions which accompany the
proof, especially the requirement that all corrections, revi-
sions, and additions be entered on the proof and not on the
manuscript. Proofs should be checked against the manu-
script (in particular all tables, equations, and formulas,
since this is not done by the editor) and returned as soon as
possible. No paper is released for printing until the au-
thor's proof has been received. Alterations in an article
after it has been set in type are made at the author’s ex-
pense, and it is understood that by entering such alter-
ations on proofs the author agrees to defray the cost there-
of. 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.
Reprint shipments are made a month or more after publi-
cation, 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 requests for single copies of pa-
pers.

A page charge is assessed to cover in part the cost of pub-
lication. Although payment is expected, it is not a condi-
tion for publication. Articles are accepted or rejected only
on the basis of merit, and the editor's decision to publish
the paper is made before the charge is assessed. The charge
per journal page is $60.
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The reaction of HO2 with NO was studied at room temperature (~23°C) in competition with the reaction
2HO2—mH?202 + 02 (3) and the competition for HO2 between NO and NO2was studied by monitoring NO
removal via the chemiluminescent detection of NO. The HO2 radicals were produced either by N20 or NO
photolysis at 213.9 nm in the presence of O2 and excess H2. Two possible paths for the HO2-NO reaction
are HO2 + NO “m HO + NO2 (la) and HO2 + NO —aHONOZ2 (Ib). If £3 is taken as 3.3 X 10-12 cm3/sec,
then kia= (1.0 £ 0,2) X 10-12 cm3sec and R\ < 2 X 10-15 cm3/sec. If an HO2NO intermediate is formed in
reaction 1, its lifetime is <2 sec. With NO2a complex set of reactions occurs: HO2 + NO2 —»HONO + 02
(2a) and HO2 + NO2”~ HO2NO2 (2b,—2b) and possibly HO2NO2 —»HONO + 02 (10b). The intermediate
HO2NO2 has a lifetime of about 50 sec and causes NO to be oxidized after the irradiation is terminated. A.
detailed analysis of the mechanism relates the lifetime of HO2NO2, -, with the fundamental rate coeffi-
cientsas tr-1 N &iob + k-2AK2Ik2~ 0.02 sec-1. The competition between reactions 1and 2 gives k\/k2 =
9.5 £ 1.5 where k2 = k2 —&b&-b/(~-2b + &iob)- Thus k2 = (9.8 £ 3.5) X 10-14 cm-3 sec-1. Furthermore
k2 ~ k2o, and k2~ 2k2. Information was also obtained on the reaction OH + NO (+M) —* HONO (+M)
(4). The values obtained for k4 were 3.7 X 10-12 cm3sec-1 at ~100 Torr of H2and 1.1 X 10-11 cm3sec-1 at

~730 Torr of H2, in good agreement with recent literature values.

Introduction

The reactions of HOo with NO and NO2are important in
atmospheric chemistry.

HO02+ NO —»OH + N02 (1a)
HO02+ N02— HONO + 02 (2a)

However, rate coefficients for these reactions are not yet
known with sufficient accuracy for aeronomic purposes.

The reaction of HO2with NO has been studied by sever-
al groups. Davis et al.1give kXa= 3 X 10-13 cm3sec-1 (with
an uncertainty of a factor of 3) measured relative to

2HO2—mH202 + 02 ®3)

Hack et al.2 found kla = (2.0 + 0.5) X 10-n exp]-(1200 +
150)/T] cm3sec-1 by monitoring OH production by EPR in
a stirred flow reactor. At 300 K this gives a value of 3.7 X
10-13 cm3sec-1.

Lower limits to the rate coefficient for reaction la have
been measured in our laboratory. In a competitive study
with reaction 3 and monitoring NO2 production, kXa> 1.1
X 10-13 cm3 sec-1 (based on k2 = 3.3 X 10-12 cm3 sec-1)

was obtained.3 Later the competition with reaction 2a was
studied.4 It was found that ka > 2 X 10-13 cm3 sec-1
(based on k2 = 3.3 X 10-13 cm3sec-1) and kxJk2a =7 % 1,
therefore kla> 1.4 X 10~12cm3sec-1. Recently Cox,5using
a flow system at atmospheric pressure and monitoring NO,
found k\a = 1.2 X 10-12 cm3sec-1 and k2a = 1.2 X 10-13
cm3sec-1 in reasonable agreement with our lower limits.

In order to obtain precise values of the rate coefficients
for reactions la and 2a and to resolve the discrepancy be-
tween the measurements from the several laboratories, we
have undertaken further studies of these systems. As in the
earlier studies, the reactions of HO2 with NO are studied
by competitive methods with reaction 3 and with the reac-
tions of HO2 with NO2 The HO9radicals are generated by
photolysis of NO at 213.9 nm in the presence of H2 and
02,3 4or by photolysis of NO at 213.9 nm also in the pres-
ence of H2 and O). The reaction scheme assumed for the
latter system is the following:

NO + 7<(213.9 nm) — NO(22+)

NO(22+) + H2— *m2H 02 (effective)



The reactions are monitored by the measurement of the
NO removal rate using chemiluminescent detection of NO.

By proper adjustment of reaction conditions, the reac-
tion of OH radicals with NO could also be studied.

OH + NO (+M) — HONO (+M) 4)

There is good agreement in the literature for the rate coef-
ficient for reaction 4 at low pressures, but very little work
has been done near the high-pressure limit.6 Results for the
rate coefficient of reaction 4 at ~100 = 5 Torr and ~730 %
40 Torr total pressure (~95% H2) are also presented in this
paper.

Experimental Section

Apparatus and Procedure. A conventional high-vacuum
line utilizing Teflon stopcocks with Viton O rings was used.
The reaction vessel was a 2-1. Pyrex bulb provided with two
quartz windows opposite each other for the passage of
213.9-nm radiation obtained from two Phillips Zn reso-
nance lamps (TYP 93106E). Two lamps were used to ob-
tain uniform illumination of the reaction vessel. Experi-
ments performed with one lamp (under conditions where
the quantum yields depend on the absorbed intensity, 7a)
gave essentially the same results as with two lamps indicat-
ing that any remaining nonuniformity in illumination does
not affect the results

The contents of the reaction vessel could be sampled into
the chemiluminescent detector either continuously or in-
termittently by a capillary bleed from the center of the ves-
sel. The flow rate through the capillary was ~30 cm3min.

The chemiluminescent analyzer was similar to the one
described by Stedman et al.7 The analyzer was a cylindrical
~500-cm3 vessel equipped with a quartz window for view-
ing the red emission, and with two nozzles for sample gas
containing NO (from the reaction vessel) and O3 injection.
The analyzer was pumped with a Welch (No. 1402) high-
velocity pump. Typically the analyzer pressures ranged
from ~1-3 Torr. Ozonized O2was prepared by a high-volt-
age discharge through O2 The 020 3 flow rate was ~ 130
cm3min.

The red emission was viewed with an EMI photomulti-
plier Model No. (9558B) operated at 1600 V. The photo-
multiplier current was measured with a Keithly Picoam-
meter Model 410A, and the signal could be monitored con-
tinuously with a strip chart recorder.

The detector was calibrated with known pressures of
NO. The lower detectability limit was about 10 ppb. The
detector was linear in the measured range of 10 ppb to 200
ppm. The time constant of the electronics and the pumping
system was always much less than that of the reaction. In
experiments in which the time of reaction was short, con-
tinuous sampling of the reaction mixture was done. How-
ever, for long time experiments the reaction mixture was
sampled intermittently in order to maintain a constant
pressure in the reaction vessel.

Actinometry for the N.O and NO photolysis experiments
was done by measuring the rate of NO production from the
photolysis of pure N.0. For this system 4>|NO] = 1.2.8 To
determine the absorbed light intensity, 7a, in the NO pho-
tolysis system, the relative absorption coefficients fINO(/
fIN2Zj = 8 + 0.56 were used. When NO. was present in the
NO photolysis experiments, an appreciable amount of light
was absorbed by the NO2 To compute 7aunder these con-
ditions, o jO(:D)] = 0.5 was taken for the photolysis of NO.»
at 213.9 nm,9 and the absorption cross section for NO. at
213.9 nm was taken to be 5.3 X 1019 cm2.10
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Materials. All gases except H2were from the Matheson
Co. N2 was purified by degassing at —196°C. Cylinder H2
was purified by passage over traps maintained at —196°C.
02was used directly from the cylinder. NO was purified by
distillation from a trap maintained at -186°C to a trap at
-196°C; the color of the frozen NO was white indicating it
to be free of N02- Cylinder N 02 was stored by mixing with
excess 02 to oxidize any NO. Analysis showed a negligible
amount of NO.

Results

N20 Photolysis. Photolysis of N20-H20 22N O mixtures
at 213.9 nm and 23°C leads to the consumption of NO.
There is no measurable induction period (<1 sec) for NO
removal. The initial NO loss quantum vyields, —$;iNQj, for
photolysis of N20-H 20 2N 0O mixtures at 213.9 nm are
presented in Tables | and Il. Experiments were done at
~700 and ~90 Torr H2 pressure. At very low [NO] (Table
1) , —$i|NO) is almost proportional to the [NO]/7al/2 ratio
over a range of 1-10 X 107 cm- 32 secl2. In this range 7a
was varied by a factor of 5.6. At relatively high [NO] (Table
I1) , [NOJ/[HZ] > 6 X 10~7, and —t>{NJ decreases with in-
creasing [NO]/[HZ]. In between these two extremes the
variation in —$i[NO) is complex.

If NO2is present initially, the oxidation shows (1) an in-
duction period, i.e., the rate is slow at first and accelerates
as the reaction proceeds, and (2) the rate of oxidation is
greatly reduced. The results in the presence of NO2 are
presented in Table I11. Figure 1 shows [NO] as a function of
time for arun in which [NO2] = 11 mTorr initially.

NO Photolysis. In the photolysis of NO-H2 O 2mixtures,
light absorption is by NO. However, since [NQ] is very low,
7a is very low; consequently conditions for which —4>{|NO)
depends on [NO]/7al72 could not be achieved. The results
are presented in Table IV. As [NO] increases, —4>ijNOj de-
clines, at first slowly, and then more rapidly. Experiments
were done at ~700 and ~90 Torr H2. —4>[NO] at low [HZ] is
generally higher than at high [HZ for comparable [NOJ/
[(H2.

If NO2is present initially, light absorption is by NO and
NO02 In this system, N 02 inhibits the oxidation of NO as in
the N20 system. The results are presented in Table V.

Dark Removal of NO. In the photolysis of N20-H 2- 02-
NO or N20-H2 02N 0-N 0 2 mixtures, NO removal con-
tinues to occur even after the radiation ;s terminated. Fig-
ure 2 shows two typical runs. For NO-H202 or NO-H2
02N O 2 mixtures, dark removal of NO also occurs, but the
amount removed in the dark is much less than for the N20
system.

A study of this dark rate was done over a range of condi-
tions. The results are presented in Table VI. Since NO: isa
product of the light reaction, it was always present when
the dark reaction commenced. The amount of NO- present
at the beginning of the dark reaction, [NO:]o, when none is
present initially is given by [NO]j —[NO]O, where [NOJ]; is
the NO concentration at the beginning of the light run and
[NO]Jo is the concentration when radiation is terminated. In
some experiments NO. was added at the beginning of the
light run. The duration of the light runs was varied from
about 54 to 15% conversion of the initial NO.

From the data in Table VI it is apparent that the amount
of NO consumed in the dark is not very dependent on reac-
tion conditions. The approximate initial rates of NO re-
moval —RijNQO] are also given in Table VI. It is apparent
that in spite of the variation in conditions there is not
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TABLE I: Photolysis of N20 —H2-0 2-NO Mixtures at
213.9 nm and 23°C (Low [NO])

10INOY/
cm-3/2 10“13[NO], (. 2. 10-'Ha,
sec-1/2 cm-3 Torr cm"3sec“l —&H INOJ
[HJ =700 + 60 Torr
1.25 0.48 29 1.48 4.5
1.65 0.48 41 0.843 8.3
1.65 0.48 41 0.843 9.65
1.66 0.48 33 0.830 6.5
2.11 0.48 25 0.519 13.2
2.40 0.48 26 0.411 125
2.40 0.48 41 0.411 13.7
2.70 0.45 38 0.275 14.3
2.87 0.86 32 0.896 11.2
3.66 0.45 38 0.152 19.5
4.15 0.99 43 0.237 24.6 Figure 1. Typical plot of [NO] vs. irradiation time in the photolysis of
4.32 0.90 22 0.496 24.0 N20-H 2-0 2-N 0-N 02 mixtures at 213.9 nm and 23°C.
6.60 0.99 35 0.237 315
9.07 2.02 43 0.492 41
12.3 2.27 43 0.338 48 TABLE 1V: Photolysis of NO—H2-0 2 Mixtures at
131 2.02 a7 0.237 55 213.9 nm and 23°C
[HJ =90 + 10 Torr 106
3.35 0.90 9.6 0.720 17 [NOY/ 10 _13[NO], [0J, io-*/a,
g-gg i-gg 1S-§ 8-;% %g-g [HJ cm 3 Torr  cm 3sec 1 —<3[NO]
10.1 2.63 8.0 0.670 53 [H:j =700 + 60 Torr
10.6 2.55 13.2 0.573 317 0.42 0.93 25 131 457
21.8 2.70 8.8 0.156 95 0.70 1.55 23 2.19 462
0.73 1.60 22 2.27 444
0.73 1.60 17 2.27 287
TABLE Il: Photolysis of N20 —H2-0 2-NO Mixtures at 0.95 2.09 13 2.96 505
213.9 nm and 23°C (High [NO]) 2.02 4.45 22 5.94 326
0“1 2%3 18.4514 16 13.8 321
. . 21 14. 215
10JNO]/  [NO], [0J, 10""/a, _ 4.86 10.7 19 15.2 256
[HJ cm 3 Torr cm 3sec 1 <t INQ] 15.2 335 22 47.3 109
[HJ =700 + 60 Torr 26.0 57.1 23 80.8 61
6.92 15.2 27 0.0425 110 [HJ =90 £ 10 Torr
8.03 17.7 24 0.086 108 4.97 1.45 12 2.04 602
12.2 26.9 33 0.347 79 5.11 1.66 19 2.35 455
16.2 35.7 23 0.369 67 11.6 3.35 15 4.73 405
32.2 70.8 24 0.107 40 38.4 11.1 14 13.9 115
[H31= %0 x 10-Tor 035 22 1 3 %
47.7 13.7 10.8 0.042 95 ' ’ :
534 14.6 15.0 0.23 65
54.4 15.3 12.4 0.70 53 TABLE V: Photolysis of NO—H2-O ,--NO, Mixtures at
56.0 15.2 15.8 0.021 67 213.9 nm and 23°Cfl
56.2 15.6 12.4 0.089 57
135 39.7 9.0 0.133 24 1013 10413 i0o-10a,
[NOJ/ [NO]J, [NOJ, [0J,, cm 3
[NO] cm 3 cm 3 Torr sec'l —4[NO]
TABLE IlI: Photolyosis of N20--h2 0 2- no- no2Mixtures 0.12 124 1.42 20 0.26 122
at 213.9 nm and 23°Ca 0.30 11.0 3.26 15 0.41 67
1013  10*13 10-°/a, 0.36 17.9 6.40 24 0.75 44
[NO,]/ [NO], [NOJ, [0J, cm 3 0.64 2.36 1.50 %3 0.16 25471
[NO] cm 3 cm 3 Torr secl  -<t> [NO! 0.75 10.1 7.60 4 0.76 8.
1.28 11.3 14.5 18 1.28 17.8
0.30 16.5 5.0 33 7.5 30.9 1.52 9.75 14.8 24 1.36 13.3
42 22,5 9.5 25 6.7 29.1 _
8.61 180 10.9 42 8.0 205 a[HJ =700 + 60 Torr.
1.14 16.6 18.9 41 9.0 l;?
igg ggg ggi gg 1;2 86 on the rate of the dark reaction. However, since 7a during

the light period was a factor of 2 higher in the NOo run, the
intermediate causing the dark decay of NO should be about
a factor of 2 higher, which would tend to increase the NO
much change in —i{NOj. Figure 2 shows a typical NO decay rate by the same factor. That the rate was not in-
decay plot in the dark for a run in which NO2 is initially creased shows that the N 02 has an inhibiting effect (at the
absent, and for a run in which NO2 is initially present. beginning of the dark run, the NO2 pressures should be
From Figure 2 it appears that [NOZ2] has very little effect about a factor of 3-4 different). One experiment was done

fi[HJ = 700 : 60 Torr; [N,0] =1.4 £0.1 Torr

The Journal of Physical Chemistry, Vol. 60, No. 1 1976
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10" 3[NO],. 10-3[NOJi, 10-3[NOJO, 10-3[NO]0, 10-,3[NO]«,, io % ra, -10-,,RiiNO]
cm-3 cm 3 cm 3 cm 3 cm 3 cm 3sec 1 cm-3 sec™
95.3 33.2 62.1 53.1 1.0 9.7
46.0 9.02 37.0 29.0 1.0 13-21
42.2 21.2 21.0 7.41 1.1 9.7
26.0 33.8 45.4 14.3 3.22 1.3 8.1
24.9 4.31 20.6 12.9 0.77
24.5 6.21 18.3 8.95 1.6
24.2 9.02 15.1 3.86 0.69 10.1
23.0 3.54 19.5 12.2 0.86 6-24
22.7 9.50 13.2 2.64 0.80
22.3 12.0 10.3 0.74 0.76 7.0
21.1 8.44 12.7 5.70 0.25 5.8
21.0 19.9 23.2 16.9 5.92 0.94 6.8
20.5 32.2 43.4 9.79 0.32 1.3 6.9

« [NjO] ~ 1-3 Torr; [OJ 22 £ 5 Torr; [HJ =700 = 60 Torr. h The subscripts i and 0 refer to the concentrations at the
beginning and end of the irradiation, respectively. The subscript —refers to infinite time.

mTorr 7.5 8.1
H -

[nod,, rr.Torr 0.0 10.5

10" 10 ,cm-3sec’l 0.69 1.3

Time, mm

Figure 2. Plot of [NO] vs. time in light-induced dark oxidation of NO.
The listings in the legend refer to conditions at the beginning of irra-

diation.

in which the temperature of the reaction vessel was in-

creased by about 10-15°C. The initial rate of oxidation in-
creased dramatically (a factor of 3-4). For this reason the
dark oxidation results are only approximate, since room
temperature fluctuations were ~5°C. These room tempera-
ture fluctuations have no effect on the light reaction. Fur-
ther experiments are planned in which the dark reaction
will be studied under carefully controlled temperature con-
ditions.

Discussion

NO02 Absent. The photolysis of N20-H202NO mix-
tures at 213.9 nm may be discussed in terms of the mecha-
nism:

N20 + hj/(213.9 nm) N2+ O”D) rate _ ,,
0o('D) + H2— OH + H (5)
OH+ H2— H2 + H (6)
H+02+ M —HO02+ M @
HO02+ NO -» NOo + OH (1a)
—hono?2 (Ib)
HOo + H0O2— H202+ 02 (3)
OH + NO (+M) — HONO (+M) 4
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The mechanism above is a chain process for oxidizing NO
to NO2 The chain-propagating steps are reactions 6, 7 and
la, and the chain-terminating steps are reactions 3, 4, and
Ib. The only reaction of importance for 0(XD) atoms is
with H2(>97%), since H2 is in large excess over all other
gases in the system. In this system OH can only react with
H2 and NO. H atoms will react entirely with O2 since the
[02)/[NO] ratio is very large. Reactions of OH and H with
N20 are known to be very slow at room temperature.

All radical-radical terminating reactions of H and OH
with themselves and with HO02 are entirely unimportant
compared to reactions 3 and 4, as their steady state concen-
trations compared to [HOZ] or [NO] are very low. Reactions
3, 4, 6, and 7 are well known and for which rate coefficients
are available.6'11 Reaction Ib has only recently been
claimed to have been observed,5 though it has been sug-
gested numerous times as a possibly important reaction be-
tween HO2and NO.

When radical production is induced by NO photolysis in-
stead of N20 photolysis, the reactions are

NO + hi/(213.9 nm) — NO(2S+) rate = la
NO(22+) + H2— HNO + H (8)
HNO +02— HO02+ NO 9)

The subsequent steps are as before. The deactivation of
NO(2S+) will be by H2 only, since the rate coefficient is
very large, >4.8 X 10”11 cm3sec-1,12 and [H2]/[02] i 16.
Furthermore deactivation leads to HNO with unit efficien-
cy.13 HNO might react in other ways than in reaction 9.
However, as we shall see, the present results are consistent
with reaction 9 being the exclusive reaction. Therefore for
the sake of simplicity other reactions of HNO will be ig-
nored for the present. The net effect of reactions 8and 9 in
the presence of 0 2is the production of 2 H 02radicals.

NO(2+) +H2-7-2H 02

It is convenient to consider two limiting cases of the
mechanism: case (a) when chain termination is by reaction
3only, i.e., at low [NO] and high / a, the rate law for NO re-
moval is

-#{[NO} = *u[NO1/(*3/.)la (@

case (b) when chain termination is by reactions 4 and Ib,
i.e., at high [NO]/7al?2, the rate law for NO removal is
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-<I>i(NOJ-1 = fdb/2*i + f4NO]/2*6[H2 (b)

In deriving eq a and b, the steady state assumption for all
radicals and intermediates was made including the possible
intermediate formed by the reaction of HO2with NO

HO02+ NO — HOoNO(A)

HO2NO — OH + NO02

The steady state assumption is justified because no induc-
tion period (<2 sec) for NO removal was observed under all
conditions. Thus the experimental lifetime for A is <2 sec.

A plot of —4>j{NO] vs. [NO]//al72 at low values of [NO]/
lal”2 is shown in Figure 3. The plot for [NO]//,I/! < 8 X 107
cm-372 secl72 is linear as required by eq a. The slope of the
plot gives k\Jk31/2 = 5.1 X 10“7 cm372 sec-172, with an un-
certainty of +10%. Since k3= 3.3 X 10-12 cm3sec-1,14 k\a
= 9.3 X 10-13 cm3sec-1. This value of kdais nearly a factor
of 2.5 larger than the value given by Hack et al.,2and more
than a factor of 3 larger than the value given by Davis et
al.,1though the latter value has uncertainty of a factor of 3.
However, our value is in good agreement with the value of
1.2 X 10-12 cm3sec-1 measured by Cox5 and it is close to
our lower limit measured earlier.4

Equation b predicts that a plot of —4>|NQj vs. [NO]/[HZ
should be linear with a slope of kj2k6and an intercept of
hib/2fti. Plots of eq, b for total pressures of ~730 and 100
Torr are given in Figures 4 and 5, respectively, for both the
N2 and NO photolysis experiments. The plots in Figure 4
are reasonably linear for both systems. Although the slopes
of both plots in Figure 4 are nearly the same, the intercepts
are slightly different. The points for the NO photolysis sys-
tem at very low [NO]/[HZ] are slightly above the line deter-
mined by the rest of the points, since under these condi-
tions termination by reaction 3 is not entirely negligible.
From the slopes of the plots k4ke =.1.20 X 103 (NO pho-
tolysis) and kjke = 1.37 X 103 (N2 photolysis) are ob-
tained. The agreement between these two numbers is good;
the difference being within the *10% uncertainty for each
value. Since kg = 7.6 X 10-15 cm3sec-1,13 k4 = 9.2 X 10-12
and 1.1 X 10-11 cm3sec-1 for the two systems, respectively.
The average value of 1.0 X 1011 cm3sec-1 compares well
with the recently determined value of 7.8 X 10-12 by Sie et
al .6 using a different technique at.a pressure of ~770 Torr,
and the results of Atkinson et al'.15 who found k4 = (6.1 £
1.0) x 10-12 cm3sec-1 at 760 Torr N2 The reason for the
slightly lower values of -4>i[NOJ|, and hence a larger inter-
cept in the N20 system, is not clear. The assumption that
two HO2radicals are' produced per photon absorbed by NO
in the presence of H2 cannot be the reason, because if that
assumption was incorrect then the discrepancy would be
worse. Probably the discrepancy can be attributed to sys-
temmatic errors, i.e., error in the relative absorption coeffi-
cients of NO and N20, errors in calibration, etc. From the
intercepts k\Jki ~ 8.0 x 10-3 (N2 photolysis) and &ibAi
~ 2 x 10-3 (NO photolysis). Since the data for the NO sys-
tem are closer to the intercept, the value of &ib/£i obtained
for this system is probably more accurate; therefore we
conclude that k\Jki < 2 X 10-3, and since =93 X
10-13, feib < 2 X 10-15 cm3sec at a total pressure of 730 +
40 Torr. Our upper limit for ihis in sharp disagreement
with the value of 1.4 x 10-13 cm3 sec-1 recently measured
by Cox5at 1atm 02+ N2

In Figure 4 our earlier measurements of 4>jN02ji are also
included. (Note that according to the mechanism -4>ijNOJ|

Figure 3. Plot of —4>ijNO| vs. [NO]//al2 in the photolysis of N20 -
H2-0 2-N 0 mixtures at 213.9 nm and 23°C.

Figure 4. Plot of —<I>{NO—1vs. [NOJ/[H2] in the photolysis of N20 -
H2-0 22NO mixtures and NO-H2 0 2 mixtures at 213.9 nm and 730
+ 40 Torr total pressure. Earlier data from ref 3.

Figure 5. Plot of —4>itNOj-1 vs. [NOJ/[H2] in the photolysis of NO-
H2-0 2 mixtures and N20-H 20 2-NO mixtures at 213.9 nm and 100
+ 5 Torr total pressure.
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= 4>[N02].) The agreement between the earlier measure-
ments and the present results is good.

Figure 5 presents a plot of —4>i(N0)-1 vs. [NO]/[H?Z2] for
the data at total pressure of about 100 Torr. For the NO
photolysis system, the data fall on a reasonably straight
line as required. The data for the N20 photolysis system
are insufficient to define a line, but as before these points
lie somewhat higher. As [N20] is reduced, —4>i[NOj appears
to approach the NO photolysis line. The slope of the line
(NO photolysis) gives kjk§ = 483 + 50; since feg = 7.6 X
10-15 cm3sec-1, ka = 3.7 X 10-12 cm3 sec-1. This value is
also in acceptable agreement with the value of 2.7 X 10-12
cm3 sec-1 measured by Sie et al.6 at ~95 Torr total pres-
sure (mainly H2). The intercept of this plot gives feib/fei ~ 2
X 10-3; thus /jib < 2 X 10-15 cm3 sec-1, the same as ob-
tained from the 730 Torr total pressure data.

NO2 Present. The addition of NO2 to the N20 or NO
photolysis systems reduces —f>NQ( sharply (Tables Ill and
V). This is in agreement with our earlier study4 that NO2
inhibits the chain oxidation of NO to NO2 To account for
this inhibition the reaction

HO02+ N02— HONO + 02 (2a)

was proposed with K\aifeza= 7 + 1 and fe2a—3 X 10-13 cm3
sec-1 (based on ~ = 6 X 10-12 cm3sec-1).

In this study two important additional observations are
made: (1) the oxidation shows a marked induction period in
the presence of N02 and (2) the oxidation continues even
after termination of radiation. Both observations imply
that a complex of appreciable lifetime is formed which can
decompose to products capable of continuing the chain oxi-
dation of NO. The first observation suggests that the com-
plex is between HO2and N02

HO02+ N02— HO2N02(B) (2b)
Complex B may decompose

HO2N02(B) — HO02+ no2 (-2b)

Thus the chain carrying radical HO2 is regenerated. The
decomposition of the complex B via the reaction

B —»OH + NO3 (10a)

is neglected, since reaction —2b is favored energetically.
However, even if (10a) were dominant the conclusions
would be the same. The decomposition of B via

B —%HONO + 02 (10b)

may be important, and this reaction must be included in
the analysis. The second observation is necessarily a conse-
quence of the first observation.

Since the induction period for the oxidation during irra-
diation in the absence of N02 is very short (<2 sec), it fol-
lows that the experimental lifetime of complex A is very
short (<2 sec). Therefore complex A can only play a role in
the dark reaction in the first few seconds. This implies that
the half-time for NO oxidation in the dark would be of the
order of <2 sec if complex A was responsible, whereas the
observed half-lives are of the order of 1 min. Complex B
must be the responsible agent.

The mechanism consisting of reactions 1, 2, 4, 5 (or 8 and
9), 6, 7, and 11, which must be introduced in the presence
ofNO2

OH + N02(+M) —HONO2 (+M) (11)
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leads to the following rate law during irradiation

Nl = 2fex[NO]
INoy = fe[NOZ + ((Bfela+ felb)[NO]

[1- fe-20" rB(expj—t/rB]- 1)] (c)
where
« = ®eb[NO.])/(fe:[NOZ + (Oklh+ feib)[NO])

and

[? = (fed[NO] + feii[NO02])/(fe6[H2] + MN O] + fen[N02)
and tb is the lifetime of B

1Bl = felob + fe-2b(1 - a)

Att=0,when [B] =0

_*,NO)-i-A~ =4
n 1 2k!

+ M N 021

. (d)
2fei[NO]

and later in the reaction when B reaches its steady state

feib , fe2[NQZ]

2kl 2fej[NO] ©

where k2 is given by

fe2 = fe2 —k2bk-2b/(k-2b + felOb)

Since kidkx 1.0, a plot of —4>|NOJ-1 —/3/2 vs. [NO2]/
[NO] should be linear after the steady state in B is reached
(eq e). Such a plot is shown in Figure 6 for both the N20
and NO photolysis data (—4>(NO) is evaluated after the in-
duction period is over). The correction factor /Swas com-
puted with fe4 = 1.0 X 10-11 cm3sec-1 given before, fen = 8
X 10-12 cm3 sec-1 and ke = 7.6 X 10-15 cm3 sec-1.11 The
plot obeys eq e quite well, though the slope for the NO-
N 02 photolysis system is somewhat lower than that for the
N20 system. The difference in slopes is probably outside
the experimental error of the measurements. However, it is
within the expected error if the error in ~O'Dj for N02
photolysis, the error in computing 7afor the NO-NO2 sys-
tem from absorption coefficients, and the error in the
steady state concentration of B (10-20%) are included. The
slopes give fei/fer = 8.0 and 11 for the N20 and NO-NO02
systems, respectively. The average value is 9.5. Since feia =
9.3 X 10-13 cm3sec-1 determined above, fe2 = 9.8 X 10-14
cm3sec-1. The intercept of the plots in Figure 6 gives K j
feib S 250; thus fen, < 4 X 10-15 cm3 sec-1. The present
value of fe2 = 9.8 X 10-14 cm3sec-1 is close to the lower
limit determined in our earlier study,4 and is in excellent
agreement with fe2 = 1.2 X 10-13 cm3sec-1 determined re-
cently by Cox.5

The induction period should depend only on the temper-
ature, since th—  fellb + fe_2bfezal/fe2 (note that fe2[N02] >
/Fe1[NOQO]). The measured induction period is variable. The
reason for this is not entirely clear, but it is possible that
the variability may be due to variation in room tempera-
ture (~5°C variability), since fe-2b is expected to be strong-
ly temperature dependent (the dark oxidation is greatly ac-
celerated by small changes in temperature). For the run in
Figure 1 in which the induction period is most readily ap-
parent, —4>i | NOj----- 4>|NOj/2; therefore from eq d and e it
is deduced that fe2 ~ fe2b-

Dark Reaction. Based on the mechanism, the initial rate
of NO oxidation in the presence of N02in the dark is de-
scribed by the differential equation:



Reactions of HO2 with NO and NO2and of OH with NO

Figure 6. Plot of —4>|NO| 1 —(i/2 vs. [NO2]/[N 0] in the photolysis
of N20-H2-02-N0O-NO02 and NO-H2-0 2-N 02 mixtures at 213.9 nm
and 23°C.

fcgNOlfc-ahtBlo ’
ft2IN0Z + (@la+ &lyno] P
where [B]o is the concentration of B at t = 0 of the dark pe-

riod. Since during the light part of the run B is in the
steady state, [B]o = [B]ss. Thus

~(d [N O 1/di)i

rg, _ 2/afe2b[NQ2]/(fe-2b + K 10b) C
1 F _(2[NO2] + (Okla+ felb)[NO]) g

Combining eq f and g, and noting that &a[N02] > (/% ia +
*Ib)[NO], we find that the initial rate in the dark is given
by

2 /a7felfe2b[N O]

—(d[NO]/di)i = (fe2—7/2b)"2[N02] "

where
7 = &-2b/(&-2b + &10b)

Equation h predicts that the initial dark rate should be
proportional to [NO ]/[N02] for constant la Examination of
the data in Table VI shows that —;{{NO} is less than pro-
portional to [NO]/[NOZ] even when the variation in /a is
taken into account. Part of the problem is lack of tempera-
ture control; small changes in temperature have a large ef-
fect on the rate. However, for the last two runs in Table VI,
the temperature was known to be constant (£0.5°C), yet
the rate was reduced by only a factor of ~2 (note that lais
different) for a change of a factor of ~5 in [NO]J/[NOZ.
Since ki and k-/ have been determined before, an order of

magnitude estimate of k™k”~ = 0.3-1 is obtained from the
initial rates and eq h. Therefore fe2b ~ 1 x 10-13 cm3sec-1,
which is consistent with the value ~1 x 10" 13cm3sec-1 es-
timated from the induction period. An estimate of «»-1 can
be made from the time necessary for —?|NO) to decrease
by 'k This time is approximately ~0.5-1.5 min, so that
TB—1 = RQ+ & 2b&2a/&2 ~ 0.02 sec- b

Attempts to treat the dark oxidation data in more detail
do not lead to significantly better agreement between the
mechanism and the dark oxidation data. It appears that
the general features of the mechanism are probably correct
as it is difficult to explain the light induced dark oxidation
by other mechanisms, but the complete details are not yet
clear. Further work in understanding the dark oxidation is
planned. Particularly useful will be studies at low tempera-
tures since complex B should be more stable.

The formation of a long-lived complex between H02and
N 02 could be important in a complete understanding of
the influence of nitrogen oxides on stratospheric ozone. If
eb-1 IS as low as ~0.02 sec-1 at 25°C, then complex B
would be essentially stable to thermal decomposition at
stratospheric temperatures. If a significant portion of N02
is removed as the complex, and if it reacts to produce more
stable nitrogen oxides, the effect of the NO* catalytic cycle
on ozone removal could be reduced.
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Chemically activated 1-buten-l-yl radicals were generated by the addition of ethyl radicals produced by
the photolysis of diethyl ketone to acetylene at 75 and 123°. The unimolecular rate constant for the isomer-
ization of the excited 1-buten-I-yl to I-buten-4-yl radicals through 1,4-hydrogen atom migration was mea-
sured. In addition, it was found that the I-buten-4-yl formed can isomerize to methylallyl radicals via
1,2-H atom shift. The average rate constants for isomerization were found to be 1.00 x 109 and 1.05 x 109
sec-1 for 1-buten-l-yl and 3.47 x 107 and 6.20 x 107 sec-1 for I-buten-4-yl radicals at 75 and 123°, respec-
tively. The best agreement between the rate constants as calculated by the RRKM theory and the experi-
mental results was found when the threshold energies, Efhwere chosen as 17.1 and 33.0 kcal/mol for 1,4-
and 1,2-H atom shifts, respectively. It is shown that these values satisfy the expression, EO = E.ti, + Es,
where Ea is the activation energy for a bimolecular H atom abstraction and Esis the ring strain energy.

Introduction

Isomerization of vibrationally excited radicals via intra-
molecular, hydrogen atom migration forms an important
class of. the reactions of alkyl1-9 and alkenyl radicals10-14
both in-thermal6-9 and chemical activation systems.1-510-14
Especially 14- and 1,5-hydrogen atom migrations which
occur via five- and six-membered cyclic transition states
have been well studied, the activation energies of which
have been found to be in the range 15-211-4671013 and
8-11 kcal/mol,389 respectively. Study of the isomerization
of nonyl-2 to nonyl-3 radical through 1,6-H atom shift has
given the value of 16.0 kcal/mol as the threshold energy.3
Recently, 1,2- and 1,3-H atom shifts have been substantiat-
ed in chemical activation systems and they have high
threshold energies, 30-34.5 kcal/mol.01314

In the calculation of the RRKM specific reaction rate,
two factors are required; one is the vibrational frequency
assignments of the radical and H-atom transfer activated
complex, and the other is the critical energy for isomeriza-
tion. The former can be obtained by using the formulation
developed by Rabinovitch and coworkers.3'15 For the latter
we proposed in a previous paperl4 that the critical energy
can be approximately estimated by the expression, EO =
Eab+ Es, where EOis the critical energy, Eab the activation
energy for a bimolecular H atom abstraction, and Es the
ring strain energy.

In previous work,5 the rate constant for a 1,2-H atom
shift was measured by the relative yields of the decomposi-
tion products. The object of this work is to substantiate
1,2-H atom shift by measuring the relative yields of stabi-
lized isomers and to ascertain the above expression in the
case of isomerization of vibrationally excited 1-buten-I-yl
and I-buten-4-yl radicals.

Experimental Section

The experimental details were the same as described
previously.14 1-Buten-l-yl radicals were generated by the
vapor phase photolysis of diethyl ketone in the presence of
acetylene. A quartz reactor of 206 cm3 was used. The cell
was illuminated with the output from a 500-W high-pres-
sure mercury lamp with a Matsuda UV-27 filter interposed
to cut off radiation of wavelength shorter than 2500 A.
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Analyses were carried out by gas chromatography using a
2.25-m phenylisocyanate-Porasil C (Waters Associates
Inc.,) and a 2.25-m Porapak Q columns. Reaction products
were identified by the retention time of authentic sub-
stances and also by means of Shimadzu Model LKB-9000
gas chromatograph-mass spectrometer.

Results

Reaction of Excited 1-Ruten-l-yl Radicals. The prod-
ucts measured were ethane, ethylene, n-butane, 1-butene,
1.3- butadiene, 3-methyl-1-pentene, cis- and irans-3-hex-
ene (and/or cis- and trans-2-hexene), cis- and trans-1,3-
hexadiene, and benzene. Despite efforts -o detect further
products, none could be found (i.e., no substantial chroma-
tographic peaks eluted after benzene). The peaks were well
resolved except cis and trans isomers and 3-hexene over-
lapped completely with 2-hexene. The rate of formation of
each product is given in Tables I and IlI.

The addition of ethyl radicals to acetylene at 75 and 123°
produces a 1-buten-l-yl radicals with about 33 kcal/mol in
average (see Discussion section). The excited radical can ei-
ther react or be stabilized by eollisional energy transfer.
The presence of 1-hexene and 3-methyl-1-pentene seems to
be an evidence for the existence of I-buten-4-yl and meth-
ylallyl radicals, respectively.

Stabilized 1-buten-I-yl radicals abstract a H atom from
diethyl ketone to yield 1-butene. Combination of 1-buten-
I-yl with ethyl radicals produces 3-hexer.e. Cross dispro-
portionation products may be 1-butyne and ethane. How-
ever, the amount of 1-butyne was too small to be measured.
Subsequent addition of 1-buten-I-yl to acetylene results in
1.3- hexadiene and benzene which appear in the steps of
typical free-radical-initiated polymerization of acetylene.16
Methylallyl radicals may react with ethyl radicals to pro-
duce 2-hexene, 2-butene, and 1,2-butadiene in addition to
3-methyl-l-pentene. However, 2-hexene could not be re-
solved and cross disproportionation products were also too
small to be measured in the present conditions.

A reaction scheme which can explain the products distri-
bution shown in Tables I and Il and their dependence on
pressure is given as

C2H5COC2H5 + 2C2Hf + CO 1)
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¢ % 5+ CH5*=n-CHio )

- ch6+chid )

ch5+RH CH6+R )

ch 5+ c2H2 » CHLCHXH=CH* ©)

chXhZh==CH* CHXHZH=CH (6)

chZhZh=ch2" (7)

chhZxzh=CH +RH - 1-CH8+R (8
chxhZh=CH + CH5— 3-CAHR ()}
—*1-C4H8+ CH4 (10)
—*1-CH6+ CXHe (ID

CH3CH2CH=CH + C2H2— C6H9* (1,3-hexadien-I-yl)

(12)
C6HY* -~ C 6H9 (13)
CeHg + RH —* 1,3-CgHio + R (14)

CgHg + C2H2—CgHIiCTl.S~-octatrien-l-yl)  (15)

Ce8H . *-~ACeH, (16)
----- * C6H6 + C2H5 (17)
C8Hh + n-C2H2—®polymer (18)

CH2CH2CH=CH2* CH2CH2CH=CH2 19)

CH3CH-=CH—CH,* (20)

CH2CH2CH=CH2+ C2H5— 1-C6H 12 (21)
- 1-C4H8+ C2H4  (22)
—»1,3-C4H6 + C2H6 (23)

CH3CH-CH=CH2* CH3CH-CH=CH2 (24)
CH3CH—CH-CH2+ C2H6— C2H5CH(CH3)CH=CH2
(25)

— 1-C4H8+ C2H4 (26)
— 1,3-CaH6+ C2He  (27)
— 2-CeHI2 (28)
— 2-CAH8+ C2H4 (29)
— 12-C4H6+ C2H6  (30)

where RH and R represent the (C2H5)2CO molecule and
the C2HsCOC2H4 radical, respectively.

Kinetic Treatments. In order to obtain rate constants
for isomerization, it is required to estimate the portion of
stabilized 1-buten-I-yl radicals which are consumed in po-
lymerization reactions and the rate of formation of 2-hex-
ene produced by the cross combination reaction of isomer-
ized methylally with ethyl radicals.

For reactions 1-30, steady-state treatments are applied,
which lead to the following equation
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R1/2(n-C4H 10)[C2H2]/R 8(1-C4H ) =
jw+ fecay |(KR2FcH5)I(kI2/&S)[C2HZ)/[DEK] +
1 + (ky + kio + fen)/&s[C2H 2)/[DEK]]

where Rg(I-C4H8) is the rate of 1-butene formation via re-
action 8, DEK diethyl ketone, and u the effective stabiliza-
tion rate constant.

Since R(3-C6H]2) < 0.05R(1-C4H®Y) in every run (3-hex-
ene formation see the next section), the above equation is
rewritten as

R1/2(n-C4H10)[C2H2)/R8(I-C4H8) =
j©> + ka)lu\(k2/2Ki,)\(kiz/ks) [C2HZJ/[DEK] + 1) (A)

Although 1-butene is formed by reactions 8, 10, 22, and
26, the fraction formed by reactions 10 and 26 can be ne-
glected because formation of 3-hexene and 3-methyl-I-pen-
tene was very small as compared with other products.

The rate constant ratios of fe22/£21 and k>Nko\ were esti-
mated to be 0.06 and 0.08, respectively, in accord with the
known disproportionation to combination ratios of n-alkyl
and ethyl radicals.17 Thus

R8(1-C4H8) = fi(I-C4H8) - 0.06fI(I-CeH1)

On the condition that the ratio of (@ + ka)/o is constant
(i.e., total pressure are kept approximately constant), plots
of R"*"n-C/AE£oHCoHd/ifiU-QHs) - 0.06R(I-C6H12)j vs.
[acetylene]/[diethyl ketone] from the data in Table | (runs
14-20) and Table Il (runs 34-42) gave values of fei2/fe8 as
0.311 and 0.382 at 75 and 123°, respectively. Then the por-
tions of 1-buten-Il-yl radicals consumed in polymerization
are calculated by the following equation:

Ri2(polymerization)/jR(I-C4H8) —
0.06R(1-C6H12)| = (A12/M C 2H2)/[DEK] (B)

The value of fe2s/fe25 can be obtained from the equation

R(2-CfiH,2+ 3-C6H,0/R(3MP1) =
(fc9/* 21/2* 8)i U 2(n-C4H 10)B&(1-C 4H8)/ftBM P )pEK] +
w*25 (C)

where 3MP1 is 3-methyl-lI-pentene. Figure 1 shows the
plots of eq C by using the experimental data from Tables I
and Il. A least-squares treatment gave a slope of 3.91 X
10~3, and &8/fcs = 1.67 at 75°; and a slope of 3.05 X 10~3
and k2g/fes = 1-55 at 123°. In the case of reactions of mu-
tual interaction of radicals, the activation energies are con-
sidered to be small.18 Then the value of &8/fe25 should
show temperature independence. Accordingly the mean
value 1.61 was used in the following calculations.
Isomerization of Chemically Activated 1-Buten-I-yl
Radicals. In a chemically activated system the average rate
constant kafor a unimolecular reaction is given by kA=
ai(//S),19 where wis the specific collision frequency of the
excited radical, | is the total rate of formation of the isom-
erized products, and S is the total rate of formation of the
stabilized products. In the present case | and S are given

by
I = R(I-buten-4-yl products) + R(methylallyl products)
S = R(1-buten-l-yl products)
Concerning methylallyl products, the ratios of dispropor-
tionation to combination were estimated to be (fe5 + k2B +

&t)k2h= (k28 + k2 + kQ)k-2s = 1.18 assuming that the
ratios are equal to that of allyl and ethyl radicals.20 Then |
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R8a-C4HB)R, /2 +CAHIOYR(BMPICDEK] x 10e

Figure 1. Experimental plot of eq C: O, 75°; O, 123°.

is rewritten as below by using the obtained value ky&lkiz =
161

7 = 72(1-C6H 12 + 77222(1-C4H8) + 72(1,3-C4H6) +
1.1872(3MPI) + 1.18fI(2-C6H i2) =
1.0672(1-C6H12) + 72(1,3-C4H6) + 3.087?(3MP1)

Xx0600n the other hand S was calculated by using eq B

S = 728(1-C4H8) + 7?(3-C6Hi2) + 7?i2(polymerization) =
il + (7zi2/7z8)[C2H2)/[DEK]}| 7?(1-C4HS8) -
0.067?(I-CgHi2)( +
7?(2-C6H12 + 3-C6H 12 - 1.617?(3MP1)

A plot of I/S vs. lco from the data in Table I is shown in
Figure 2. The calculation of collision rates is given in Ap-
pendix. The values 1.00 X 109and 1.05 X 109sec-1 were ob-
tained as kaat 75 and 123°, respectively.

Isomerization of Chemically Activated I|-Buten-4-yl
Radicals. The rate constant for isomerization of chemically
activated I-buten-4-yl radicals ka is given by

kd = cod'/S") =
gm?(methylallyl products)//? (I-buten-4-yl products)

As mentioned in the previous sections, the rates of forma-
tion of methylallyl and I-buten-4-yl products are

7?(methylallyl products) = 1.18/?(3MP1) +
1.187?(2-CeH 12) = 3.087?(3MP1)

7?{l-buten-4-yl products) = 1.14/?(1-CgH ]2)

A plot of I'/S" vs. /g (Figure 3) and a least-squares treat-
ment gave values of ka = 3.47 X 107 and 6.20 X 10' sec-1 at
75 and 123°, respectively.

Discussion

If isomerized methylallyl radicals can be formed by di-
rect isomerization of chemically activated 1-buten-I-yl rad-
icals, the possible course is formation through a four-mem-
bered cyclic transition state

! S
c—c—c=c

In this case, we can see easily that the ratio, I'/S = 72(meth-
ylallyl products)/7?(l-buten-I-yl products), should be in di-
rect proportion to a1, i.e.

I'/S = kiw (D)

11

Figure 2. Plots of I/Svs. Moi at 75°.

Figure 3. Plots of /'/S'vs. MCO. 0, 75°; O, 123°

On the other hand, when the proposed reaction scheme
in which isomerized I-buten-4-yl radicals are assumed to
isomerize successively to the methylallyl radicals is correct,
a plot of I'/S vs. (v-1 should give a parabolic curve. That is,
using the relations ka= cod/S), ka = wd'/S"), and / = I' +
S', one can obtain

I'/S = kekaloo@O+ ka)

where ka is negligibly small as compared with o (see Re-
sults section). Thus we can write

IS =Ma'o;2 (E)
or
(77S)12 = (ke&kaV * 200 F)

Figure 4 shows plots of I'/S vs. g 1 and of (1'/S)1/2 vs.
g 1 at 75° (similar curves are also obtained at 123° runs).
From this figure it is clear that the data are well described
by eq E and F, but not by eq D. The slope of the straight
line in Figure 4 gives values of kaka = 3.40 X 10lli and 5.09
X 1016 sec-2 at 75 and 123°, respectively, which agree with
those obtained separately in the Results section, i.e., 3.47 X
1016 and 6.51 X 1016 sec-2.

In addition, the critical energy for the isomerization of
1-buten-l-yl to methylallyl radicals via 1,3-H atom shift is
estimated to be in the range 34-37 kcal/mol both by using
eq G (see the following discussion section) and by analogy
with the critical energy for the isomerization of chemically
activated propenyl to allyl radicals,14 7?0(4ppi = 34.5 kcal/
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Figure 4. Plots of I'/S and (I'/S)U2 vs. 1/co at 75°: A, I'/Svs. 1/cd
O, (IVS)1'2vs. lco.
Figure 5. Schematic potential energy diagram.
TABLE I11: Comparison of Calculated and
Experimental Results
Temp, E, fca(obsd), E fea(calcd),
°C kcal/mol sec-' kcal/mol sec*
1,4-H Atom Shift
Ib 33.1 1.00 X 109 171 0.99 x 109
123 335 1.05 x 109 171 1.06 x 109
1,2-H Atom Shift
75 43.3 3.47 X 107 33.0 3.64 x 107
123 43.7 6.20 x 107 33.0 4.68 x 107

mol, which undergoes a similar 1,3-H atom shift. The 1-
buten-l-yl radicals isomerize to I-buten-4-yl via 1,4-H
atom shift by reaction 7 with a low critical energy, 17.1
kcal/mol (see the following RRKM calculation section).
Thus the ratio of the rate constant for the 1,3-H atom shift
isomerization of the 1-buten-I-yl radicals to that of reac-
tion 7 results in smaller than 10-10. This implies that the
formation of methylallyl radicals by 1,3-H atom shift of 1-
buten-I-yl is negligible under the present conditions.
Therefore, it is concluded that the methylallyl radicals
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TABLE 1V : Parameters Used in Collision Calculations”

Species o, A e/k, K
C,H, 4.11 212
C;H,COC2, 5.91 413
ch,ch2ch=ch 5.20 319
CH,CH2CH=CH. 5.20 319

o Reference 27, parameters for radicals are assumed to be
ecfual to those for 1-butene.

are formed by the succeeding isomerization of the 1-buten-
4-yl radicals. The only energetically possible process is the
isomerization through a three-membered cyclic activated
complex

CH,CHZH==CH* ™
CR,-CHCH=CH,

CH,CH— CH— CH2*

In order to obtain estimates of isomerization critical
energies of 1,4- and 1,2-H atom shifts, RRKM calculations
were carried out.19 Calculational procedures were described
in detail previously when data for the addition of methyl
radicals to acetylene were reported.14 Figure 5 is a schemat-
ic potential energy diagram starting with C2H5 + C2H2 and
leading to the observed products. Energy parameters for
isomerization are given in the Appendix. Details of fre-
guency assignments of the radicals, association complex,
and isomerization complexes are also given in the Appen-
dix.

The best agreement between the theoretical and experi-
mental rate constants was obtained when the threshold
energies were chosen as 17.1 and 33.0 kcal/mol for 1,4- and
1,2-H atom shifts, respectively. The calculated average rate
constants kaare shown in Table IlI.

The nonzero intercept in Figure 2 has about a 25% in-
creasing effect on the value of ka and in Figure 3 about a
40% decreasing effect on kda as compared with those ob-
tained on the assumption that the straight lines in the fig-
ures would have a zero intercept. However, the uncertainty
caused by the nonzero intercept does not cause an uncer-
tainty in the critical energies greater than 0.5 kcal/mol.

The critical energy for 1,4-H atom shift, EO = 17.1 kcal/
mol, agrees well with the values reported in exothermic re-
actions.2-4'10,11'13 Stabilized isomers of 1,2-H atom shift
have not been found hitherto. The only evidence for 1,2-H
atom shift is the work of Tardy6 in which the decomposi-
tion products in H + 1-pentene system were analyzed, and
the value of approximately £0(3ss) = 33 £ 1 kcal/mol has
been proposed as its critical energy, which agrees with that
obtained in the present work £0(3sp) = 33.0 kcal/mol.

Abnormally low critical energies have been found when
the so-called homoallylic rearrangement is included in the
cyclic transition states.11' 13 The above agreement in 1,2-H
atom shift suggests that the activation complex for the
isomerization of I-buten-4-yl to methylallyl radicals has
very little or no stabilization by allylic eon ugation, though
the isomerized methylallyl radicals are stabilized. The
same matter was observed in the isomerization of chemical-
ly activated propenyl to allyl radicals.14

Estimation of critical energies Eq for isomerization of
alkyl and alkenyl radicals is given by

Eo = Eab+ Es—Q, if any (for endothermic reaction)

(©)
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TABLE V: Enthalpies of Formation and Bond Energy at 0 K (kcal/mol)

Atff(C2H5) 28.86°
Allf(CH2) 54.336
Allf°(1-C 4H8) 4.96°
Allfe(H) 51.62°
Allf° (CH,CH,CH=CH) 59 8
Allf(CHXHXTH=CH,) 495
Allf° (CH,CH—CH—CH, ) 34.8

° Reference 19. 6 Reference 11.

TABLE VI: Frequency Changes for Radical -> Activated Complex0

(A) Association Complex

Cc-C Skeletal bend C=C stretch
stretch forC=C—C -> C = Cstretch
126 -» O 469 > 234 1649 - 1811

13
D° (vinylic C—H) 106.5
D° (primary C-H) 96.2
D° (secondary C—H) 92.8
mD°(secondary allylic C—H) 81.5
Frequencies Torsion for
Libration lowering forming C=C
102 - 51 1445 * 722 995 -* 1200
1333 - 666
301 - 150

(B) 1,4-and 1,2-H atom Shifts Complexes

Frequencies deleted from
radical assignments

Mode c—c—C=C
CcC tors 102
CH, tors 237
c=c twist 995
c=cc bend 469
ccc bend 301
CcC str 1046
=cc str 826
c=cC str m 1649
CH str 2972
CH, rock 967
CH bend

Replaced ring
deformation modes

c—c—C=C c—C—C=Chb
1623
237 937(2)
1116
386
662
1046 1100 (3)
c—c—c=c
850(2)
2982 1100
1333

aFrequencies are in units of cm 1 hTaken from C. W. Bekett, N. K. Freeman, and K. S. Pitzer, J. Am. Chem. Soc., 70,

4227 (19481.

where £ &b and Es are already stated and Q is the “thermal
effect”2l which is the difference between the zero-point
energies of the initial and final states (Q is negative when
the reaction is endothermic). Although accurate critical
energies for isomerization of radicals have not been ob-
tained in endothermic reactions, 1,5-H atom shifts of the
6ps type show somewhat higher critical energies than those
expected.3 This seems to correspond to the thermal effect.

In the present case, we can adopt for a 1,4-H atom shift
Eab= 9.1 kcal/mol2 and Es= 8.5 kcal/mol, the strain ener-
gy for cyclopentene;23 and for 1,2-H atom shift £ ai, = 7.6
kcal/mol24 and Es = 28.7 kcal/mol, the strain energy for cy-
clopropane,23where the values of Esare corrected to 0 K.

The difference between the experimental and calculated
critical energies by means of eq G is approximately +10%
through three-, four-,1314 five-,2'4-10-11-13 six-,9 and seven-
membered3 ring activated complexes. The errors do not
have large effects on the value of kawhen the activation
energies of the activated complexes (£+ in Figure 5) are
large (five-, six-, and seven-membered ring), but when they
are small, kais affected considerably. In the present case,
when the calculated Eq = 36.3 kcal/mol and the same cal-
culational procedures are adopted, the rate constant for the
1,2-H atom shift becomes approximately 10% of that when
E ¢ = 33.0 kcal/mol.

There is an allowance of more than 1 kcal/mol in
choosing the values £ a5 and £5.2326 Therefore it seems
natural that there are approximatley * 10% errors between
the calculated and experimental critical energies. Never-
theless eq G is considered convenient in order to estimate

the activation energies for isomerization of alkyl and alk-
enyl radicals via ring complexes.

Appendix

Calculation of Collision Rates. Collision rates were cal-
culated by the standard kinetic relationship

=|(s. £ sh)/2]2(Maxt Mh/Mav M\~N8TKT)~ 2N h

where s is the effective collision diameter, M the molecular
weight, and Nb the concentration of B molecules. The s
values were derived from the Lennard-Jones parameters o
and (/k.

Sabz = <abz [fi<z2>(T*)]
where
T* = Tle/k)ale/k)b]-1'2

and the collision integrals Q(22)(T*) were obtained from
standard tables.27 The values used are given in Table IV.

Thermochemical Parameters. Heats of formation of rad-
icals are obtained from the appropriate bond dissociation
energies and the 0 K heat of formation of 1-butene (Table
V). C-H bond dissociation energies used are 96.2 and 92.8
kcal/mol for primary and secondary bonds, respectively,28
106.5 kcal/mol for the vinylic bond,23 and 81.5 kcal/mol for
the secondary allylic C-H bond.2 The activation energy for
the addition of ethyl radicals to acetylene Ec2n5 has been
found to be 7.0 kcal/mol.20

Frequency Assignments. The frequency assignments for
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1-buten-l-yl and I-buten-4-yl radicals were taken from 1-
butene,3l in which the torsional mode about the central
C-C bond was lowered to 102 cm-1 as pointed out by Pear-
son and Rabinovitch,15 and the following three frequencies
were removed: CH stretch, 3011 cm-1, and two HCH
bends, 1443 and 913 cm-1, for 1-buten-l-yl; 2972,1045, and
1470 cm-1 for I-buten-4-yl radicals.

For the calculation of ka, the association complex was
specified as

CH3CH2- -CH=CH

and the isomerization complexes as

CH,
/ \
CH, H and H
HC=CH CH-CHCH=CH2

and modifications of their frequency assignments were
made according to those by Rabinovitch and coworkers.3'15
The modified frequencies are given in Table VI. These
frequencies give log A(sec_1) = 12.11 and log A(sec-1) =
12.68 for 1,4- and 1,2-H atom shifts, respectively.
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Direct Identification of Reactive Routes and Measurement of Rate Constants
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The room temperature reactions between oxygen atoms and monofluoro-, difluoro (1,1 and 1,2)-, trifluoro-,
and tetrafluoroethylene have been studied in crossed jets to directly identify their reactive routes. Free
radical and stable products were detected using photoionization mass spectrometry and were assigned to
reactive routes. The routes identified were of three types: :0 + WXC=CYZ —»WXC: + CYZO, 0 +
WXC=CYZ — WXYC- + -CZO (or Z- + CO), :0 + WXC=CYZ -W X + C2YZO, where W, X, Y, and Z
are either H or F atoms. Individual 0 + fluoroethylene reactions were found to proceed by either one, two,
or three of these distinctly different kinds of routes. The results of this study are interpreted using an ex-
panded version of a mechanism proposed by Cvetanovic for O + olefin reactions. Overall rate constants for
several of these reactions were also measured at 300 K and are reported.

Introduction

The reactions of oxygen atoms with unsaturated organic
molecules proceed via the formation of extremely energy
rich adducts which are capable of decomposing or undergo-
ing rapid internal rearrangements.l These reactions have
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long been recognized as important steps in thermal and
photochemical combustion mechanisms and are now re-
ceiving new attention as potential chemical lasers.2 Al-
though today there is considerable information on the over-
all rate constants for many of these reactions, knowledge of
the products they produce is still quite sparse.34 We are
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currently investigating the reactions of 0 atoms with alk-
enes and alkynes both in crossed jets and in a flow system
specifically to directly detect and identify the reactive and
stable intermediates they produce as well as to determine
the importance of the various reactive routes by which
these same reactions proceed.3-7 We have now completed a
study at ambient temperature of the reactions of O atoms
with each of the fluorinated ethylenes (FE) and have iden-
tified their open reactive channels. The results of this
study are reported here.

The two extreme members of the series of reactions 0 +
C2HxFy (x = 0-4,y = 4 —Xx) proceed by entirely different
paths. Products of the 0 + C2H4 reaction have been detect-
ed and identified in experiments using crossed jets and the
reaction was shown to proceed by two routes, a principal
one involving internal H-atom migration in the 0-C2H4 ad-
duct followed by decomposition into two free radicals, and
a secondary one in which H2is eliminated from the excited
adduct3s

-CH, + CHO (V)

0 + c,h4 [ern40]* -

“H2 + H.CD (2

The 0 + C2F4 reaction has been extensively studied and
there is strong indirect evidence that it proceeds exclusive-
ly by direct C-C bond cleavage of the 0-C2F4 adduct to
produce difluorocarbene8

O+ CoF4- [CF40]*- CF2+ CFD ©)

The present study was undertaken partially because it
was anticipated that the knowledge gained of the mecha-
nistic differences among the O + C2HXF> reactions might
indicate some of the factors which govern access to the dif-
ferent kinds of energetically allowed reactive routes in the
reactions of O atoms with unsaturated organic molecules.
We feel some additional details were revealed regarding
how these reactions proceed, and we have discussed our re-
sults with an expanded version of a mechanism first pro-
posed by Cvetanovic.1

Experimental Section

Two kinds of experiments were performed on each O +
fluoroethylene reaction. First each was studied in high-in-
tensity crossed jets to directly detect and identify products
of the reaction. Second, the room temperature rate con-
stant was measured using a fast-flow reactor. In the
crossed-jet experiments, an uncollimated and undiscrimi-
nated room temperature beam containing ~5% 0 atoms in-
tersected a similar beam containing the FE. Products scat-
tered in the direction of the O-atom beam were detected
with a photoionization mass spectrometer. Details of the
crossed-jet reactor, the detection system, the experimental
conditions, and the data reduction procedure followed are
all as described previously.3-7 Special tests to assure that
detected products were not the result of secondary reac-
tions or the result of possible hyperthermal kinetic energy
of the reactant molecules were done as in previous stud-
ies.67

The FE gases used were obtained from PCR Inc.
(Gainesville, Fla.) except 1,1-difluoroethylene and C2F4
which were obtained from Matheson Gas Co. All FE reac-
tants were condensed with liquid N2, degassed, and frac-
tionally distilled, the middle third being retained for the
experiments.

Wjo”  5Jfi
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The overall rate constants of the 0 + FE reactions were
measured at 300 + 2 K using a fast-flow reactor described
before.9 Oxygen atoms were generated by flowing He + 02
gas mixtures through a microwave discharge. Rate con-
stants were obtained by monitoring the first-order decay of
FE along the reactor in the presence of a large O-atom ex-
cess. In the experiments involving fluoroethylenes which
were found to produce carbenes (CHF or CF2) in their re-
actions with 0 atoms (1,2-C2H2F2, C2HF3, C2F4) extremely
high [0]J/[FE]o (>90) had to be used to obtain ‘'rate con-
stants” which were independent of reactant concentra-
tions. A similar observation was reported by Huie, Herron,
and Davis in their flow-reactor study of these same reac-
tions.10 Our sensitivity for detecting C2F4 by photoioniza-
tion was lower than for the other fluoroethylenes, so we
were unable to accurately monitor C24 under the required
conditions and to obtain accurate rate constants for the O
+ C2F4reaction. A possible explanation of this interference
is that carbenes add so readily to the FE reactants that the
subsequent reaction of these products cannot be adequate-
ly suppressed until extremely low FE concentrations are
used. By contrast, carbenes were not detected as products
of the 0 + 1,1-C2H2F2 reaction and measurements of its
rate constant required only the normal [0]/[FE]o ratios
which are needed to assure negligible depletion of O atoms
during reaction (—20).

The .results of the crossed-jet experiments are given in
Table 1, and the measured rate constants are listed in
Table II.

Discussion

Overall Rate Constants. The overall rate constants for
the O - FE reactions measured in this study at room tem-
perature are in excellent agreement with those measured
by Huie, Herron, and Davis in a similar flow reactor
study.10 Jones and Moss have determined rate constant ra-
tios for all the O + FE reactions relative to the 0 + 2-(tri-
fluoromethyl)-propene reaction.12 Using their data we have
calculated quotients of the O + FE rate constants divided
by that for O + C2H3F. These ratios are in good agreement
with similar quotients using the results of our study. A
comparison of these ratios as well as of the overall rate con-
stants is given in Table I11.

Reactive Routes. Every product detected and identified
in the study of each 0 + fluoroethylene reaction has been
assigned to a reactive route. These routes are listed in
Table I. Those products which were not detected in each of
the routes listed generally could not be detected either due
to their having ionization potentials which were too high to
be detected with our photoionization mass spectrometer
(H, F, CO, HF, H2, F2, CHFO, and CF20), or due to their
having mass numbers which are at or adjacent to that of
the reactant (e.g., CFO in the O + C2H3 reaction), or due
to their having the same mass number as that of an impuri-
ty in one of the reactant beams (e.g., CHO in most of the
reactions).

There have been no earlier studies of these reactions
under conditions where subsequent reactions of initial
products were suppressed and hence comparison of our re-
sults can only be done with the indirect evidence for reac-
tive routes reported by others. What secondary evidence
exists generally supports the results of this study. Heicklen
and coworkers have extensively studied the O + C2F4 reac-
tion through measurements of the ultimate stable products
produced (CF20 and c-CaF6).8 Their results suggested to
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TABLE I: List of Products Detected and Assigned Reactive
Routes for O + Fluoroethylene Reactions

Products Assigned
Reaction detectedO reactive routes
O+ hfcch2 CH3b CH3+ CFO (F + CO)
CHZF, cho CH2F + CHO
c2h2o C2H2O + HF
C,HFO06 C2HFO + h?2
O + F2CCH2 chf2 CHF2+ CHO (H + CO)
czhfo C2HFO + HF
O + HFCCHF®  ch2F CH2F + CFO (F + CO)
(cis and trans) C,HFO C2HFO + HF
CHF CHF + CHFO (CO + HF)
O+ hfccf2 CF,d CF2+ CHFO (CO + HF)
CHF CHF + CF20 (CO + F2)
O+ F,CCF2 CF, cf2+cf2

0 Products sought with photoionization energies of 11.6
eV (Ar lamp), 10.2 eV (H lamp), and 9.5 eV (O lamp).
b These products probably of minor importance. lon signal
~1% that detected for all products combined. ¢ lon signals
detected from reactions of cis and trans isomers were not
significantly different. Differences in relative ion signals
among products were measurable to +30% with 95% con-
fidence. d The detection of CF2may possibly indicate the
presence of the reactive route O + C2HF3-* CZF20 (CF2+
CO) + HF. The molecule C2F20 is believed to be unstable
and decomposes into CF2+ CO.1L

TABLE I1: Results of Experiments to Measure the Overall
Rate Constant for O + Fluoroethylene Reactions0<6

10 “~[Flu-
Flow oroethyl- 10 13fcd
Pressure,0 velocity, 10-,4[0], ene]0, cm3p 1
Torr m/sec pcm-3 pcm_! sec-1
O + frans-1,2-C2H2F2
1.45 :11.8 3.25 2.96 6.1
1.46 11.9 9.55 9.31 5.6
1.46 11.9 9.03 7.17 57
Av K for O + frans-1,2-C2H2F2 5.8
O + cis'-1,2-C2H2F.
1.45 11.8 3.25 2.94 3.8
1.46 11.9 9.55 9.44 3.6
1.46 11.9 9.03 7.10 3.8
Av Kk for O + c/s-1,2-C2H2F2 3.7
O+ 1,1-C2H22
1.49 12.0 3.36 16.2 3.3
1.49 12.0 3.36 6.57 3.2
1.46 12.6 10.8 10.7 2.6
1.46 12.6 10.8 15.8 2.8
1.46 12.6 10.8 7.5 2.5
1.46 12.6 10.8 53. 2.8
1.46 12.6 4.1 11.2 3.6
1.46 12.7 4.1 5.32 4.0
1.46 12.7 4.6 5.45 3.0
Av k for O + 1,1-C2H2F2 3.1
0 +c2n¥3

1.46 12.8 7.84 6.52 9.1
1.45 12.6 3.51 2.67 7.8
1.45 12.6 3.58 4.03 8.2
1.46 12.8 3.59 3.42 8.2

Av k for O + C2HF3 8.3

° Rate constants for O + C2H3F reaction reported in ref 7.
Average K for O + C2H;F at 302 + 2 K is4.1 X 10-'3cm3
p-1 sec-1.b T in all experiments 300 = 2 K. ¢ Average pres-
sure along flow reactor. Total pressure drop along tube less
than 5%. d Average rate constants are estimated accurate to
+20%.
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TABLE Ill: Comparison of Overall Rate Constants
for O + Fluoroethylene Reactions

Liviv, tic v v,

This study and Davis0 Jones
and

10 13fc, 10'3fe, Moss6

Fluoro- cm3p-1 ki cm3p-1 Kl Kl

ethylene sec-1 feC2H3F sec-l feOHF feCOHF
H2CCHF 4.1° 1.00 4.36 1.00 1.00
HFCCHF (cis) 3.7 0.90 0.76

(mixture)** 4.48 1.03

(trans) 5.8 1.41 1.38
H2CCF2 3.1 0.76 3.63 0.83 0.52
hfccf2 8.3 2.02 1.40

0 Reference 10, T - 307 K. b From data in ref 12, 7' =
298 K. ¢ k for O + C2H3F reaction from ref 7. d An equilib-
rium mixture of cis and trans isomers would contain
about 82% cis isomer (calculated using equilibrium constant
in ref 13).

the authors that the only route of this reaction is the one
directly observed in this study, reaction 3. Mitchell and Si-
monsl4 as well as Tyermanl6 have seen CF2 in absorption
in the flash initiated O + C2F4 reaction and also concluded
it was produced by reaction 3.

Mitchell and Simons have also studied the 0 + 1,1-diflu-
oroethylene reaction in a similar flash-initiated experi-
ment, and they also observed CF2production from this re-
action.14 They conclude that the route

0 + H2CCF2-» CHX + CF2 @)

is an important one. As we did not detect CF2 in our study
of this reaction, we conclude that this route, if present,
must be a minor one (<10% of the total reaction). This
opinion is supported by our additional observation that no
“carbene interference” was encountered in the flow reactor
study of the 0 + H2CCF2reaction.

Huie et al. list aldehydic products (CH20, CHFO, and
CF20) detected in their flow reactor studies of the 0 + FE
reactions.10 However, they drew no conclusions regarding
the origin of these products since they could have been pro-
duced by either the primary or by secondary reactions. Re-
cently Umstead, Lin, and Woods observed HF laser emis-
sion from the O + C2H2F reaction and reported evidence
that the lasing HF was produced by the initial reaction.2
Such a conclusion would be consistent with our observation
of the other product produced by this route (C2H20) in our
crossed-jet study of this reaction.

The Mechanism. In this section we interpret our experi-
mental findings on the O + FE reactions with a detailed
mechanism which is an outgrowth of what is already known
about the course of O + olefin reactions. Cvetanovic has ex-
tensively studied this latter class of reactions and has pro-
posed a mechanism which has adequately accounted for his
major observations.1 We have broadened his scheme to in-
clude two additional types of reactive routes which are not
included in Cvetanovic's mechanism because they are not
observed to occur to a significant degree in O + olefin reac-
tions. In addition we have attempted to be more specific
about the stages at which various types of decompositions
occur. The expanded mechanism which we feel “explains”
our observations is shown in Figure 1 and is discussed
below.

Addition. The initial step for all O + FE reactions is the
electrophilic addition of the O atom to the double bond to
form an excited biradical intermediate. This is the same
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W, XX and Z represent H or F atoms. Migrating group always H,

Figure 1. Mechanism for the reactions of oxygen atoms with the flu-
orinated ethylenes. Products in boxes are the products produced
under the conditions of the crossed-jet experiments.

initial step proposed by Cvetanovic for all 0 + olefin reac-
tions, who further suggest a transition complex involving a
partial charge transfer of one of the ir electrons from the
olefin to the attacking atom. To support this model Cveta-
novicl6 and Sato and Cvetanovicl7 have shown that the log-
arithms of the room temperature rate constants for these
reactions are linearly related to various electronic proper-
ties of the olefins such as ionization potential and electron-
ic excitation energy.

The trend and magnitudes of the 0 + FE rate constants
support a similar rate-determining step for these reactions.
A small decrease in ionization potential of the FE with in-
creasing fluorination correlates with the small increase in
the 0 + FE room temperature rate constant. In fact the O
+ FE rate constants lie quite near the line on a semilog plot
formed by plotting the O + olefin rate constants vs. the
ionization potential of the olefin. Apparently the marked
differences in the types of products produced by the differ-
ent O + FE reactions have no significant effect on the over-
all reaction rate constant.

Biradical Decomposition. The biradical adduct may ei-
ther unimolecularly decompose or intramolecularly rear-
range. Two types of decomposition are possible: C-C bond
cleavage to form a carbene or molecular elimination of H2
or HF. Our suggestion that these two decompositions occur
from the biradical adduct rather than from species formed
by rearrangements (the carbonyl and epoxide compounds)
is supported by some evidence. DeMore has studied the O
+ C2F4reaction in liquid argon and found that even in the
condensed phase this reaction proceeds entirely by decom-
position to form CF2 + CF20.18 He found no trace of
CF2CF20 or CF3CFO, the two possible stabilized products
of this reaction. The absence of stabilized products, espe-
cially CF2CF20, when this reaction is run in the liquid
phase suggests that this reaction did not proceed through
an internally excited carbonyl or epoxide structure. Indeed
the decomposition to form difluorocarbene and carbonyl
fluoride is apparently so rapid in the O + C2F4 reaction
that any electronic or structural rearrangement prior to de-
composition seems unlikely. Molecular elimination of H2
and hydrogen halides occur quite readily from some diradi-
cals (e.g., electronically excited haloethylenes1920), but
happens not to occur to any significant extent from carbon-
yl compounds and epoxides (the rearrangement products of
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the 0 + FE reactions) which are photochemically excited
to energies comparable to those contained in these com-
pounds when they are produced by the O + FE reactions.21
Epoxides such as ethylene oxide do decompose partially by
H2 elimination when excited to much higher energies.2
However, there is reason to believe photochemical and
thermal decompositions of epoxides begin with ring open-
ing to form the biradical intermediate.23

The substitution of fluorine for hydrogen in ethylene en-
hances the probability for unimolecular decomposition of
the excited biradical adduct relative to the probability for
rearrangement to a carbonyl or epoxide structure for two
reasons. First the addition of F atoms to the adduct creates
the possibility of molecular HF elimination from the ad-
duct. The loss of HF is less endothermic than the loss of H2
from the same compound and is more important than H2
elimination wherever these processes are both capable of
occurring.2024 Our initial quantitative studies of the impor-
tance of the different 0 + FE reactive routes indicate a like
trend. We have found that molecular elimination of H2 in
the O + C2H4 reaction accounts for only 5% of the overall
reaction5 but accounts for 11% of the O + G2H3F reaction.7
The diatomic expelled in the O + C2H3F reaction is almost
entirely HF.

Apparently both 1,1 and 1,2 elimination of HF occurs
from the excited O-FE adducts. The product CHFCO was
detected with about equal intensity from both the reactions

O + HFCCHF — CHFO + HF (5)
and
O + H2CCF2— CoHFO + HF (6)

The presence of reaction 6 is the evidence for a 1,2 elimina-
tion process. The elimination of H2 from the 0-C2H4 has al-
ready been shown to be overwhelmingly a 1,1 process,3 and
we presume 1,1 elimination of HF from the carbon to which
the O atom adds is also a very likely process in 0 4- FE re-
actions. The comparable ion signals from C2HFO produced
by reactions 5 and 6 suggest that 1,1 and 1,2 HF elimina-
tion from O-FE adducts may occur with comparable proba-
bilities. Such behavior would be consistent with the obser-
vations that HF photoelimination lasers can be produced
by either 1,1 or 1,2 removal of HF.from FE.195

The second factor which enhances the probability of uni-
molecular decomposition of the O -I FE diradical adduct is
the weakening of the C=C bond in the FE with increasing
degree of fluorination. The C=C bond energy drops (pre-
sumably monotonically26) 101 kcal/mol from 171 kcal/mol
in C2H4to 70 kcal/mol in C2F4. Both aand ir bond energies
are lowered27 so with increasing degree of fluorination of
the reacting ethylene, the O-FE biradical adduct has more
internal energy (a weaker ir bond is broken) which en-
hances the rate constants of all unimolecular decomposi-
tion routes and also has a weaker C-C bond which makes
the decomposition into a carbene and a carbonyl compound
a more likely prospect. The reactions of oxygen with C2H4
and C2H3 do not proceed by C-C bond breakage of the di-
radical adduct, but the reactions with C2HF3 and C2F4 ap-
pear to proceed exclusively by this route. The energetics of
the two extreme reactions offers an explanation of this be-
havior. The 0 + C2H4reaction produces a diradical with 30
kcal/mol of internal energy and the decomposition by C-C
bond cleavage is 22 kcal/mol endothermic from the unex-
cited adduct.28 In the O + C2F4 reaction the diradical ad-
duct has about 54 kcal/mol of internal energy and decom-
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position by C-C bond cleavage is exothermic from the
unexcited adduct. The inability to stabilize the 0-C2F4 ad-
duct even in condensed phase suggests there may also be
no barrier to this exothermic decomposition. By contrast
the 0-C2H4 adduct is completely stabilized when the O +
C2H4reaction is run in liquid phase.o

The reactions of O with the difluoroethylenes are ones in
which all three possible fates of the adduct which lead to
products occur: the two unimolecular decompositions and
the H-atom migration to form a carbonyl compound (the
fourth process shown in Figure 1, the formation of an epox-
ide, does not lead to products in the beam experiments.
This route is included in the mechanism for completeness
since adducts can be collisionally stabilized as the epox-
idel). In our study of the O + 1,2-difluoroethylene reaction,
we actually observed products from all three processes. In
the reaction involving 1,1-difluoroethylene, only products
from two routes were detected, but spectroscopic evidence
for the third occurring at least to some extent has been re-
ported as mentioned before.l4 These intermediate reac-
tions in the 0 4 FE series will be the most interesting for
future quantitative study of the relative importance of the
several reactive routes and for an analysis of the factors
controlling the course of the O + FE reactions. It is not
possible now to make a reasonable assessment of how the
thermodynamics of the various reactive paths of these reac-
tions might be related to their importance due to a lack of
adequate thermodynamic data on some of the reactants
and products and on the diradical intermediates.

Biradical Rearrangement. The O-FE biradical adduct in
addition to decomposing may also rearrange either by ring
formation to form an epoxide or by H-atom migration from
the addition site to the adjacent carbon atom to form an al-
dehydic product. No evidence was found for F-atom migra-
tion in any of these reactions.30 Both products of rear-
rangement have sufficient internal energy to break a bond.
In the case of the epoxide we have suggested that the most
likely process is the breaking of a C-0 bond and thus a re-
turn to the biradical state. The most likely decomposition
route for an aldehydic product with the internal energies
they contain is by a cleavage to yield a substituted or un-
substituted methyl and formyl radical.2

Since F atoms do not migrate in these reactions, the
identities of the methyl radicals formed give indications of
the site of the initial O-atom addition. In the O + C2H3F
reaction, addition must be virtually completely at the un-
fluorinated carbon since CHZF is detected as a major prod-
uct and CH3 is a very minor one (the CH3 product ion sig-
nal was o that from CH2F). In the 0 + 1,1-difluoroethy-
lene reaction at least a major portion of the 0 atom addi-
tion is at the unfluorinated carbon. In this reaction addi-
tion to the fluorinated carbon could not yield a substituted
methyl radical product (since F atoms do not migrate), so
we are unable to conclude that addition to this carbon is in-
significant.

Other Routes. The three types of reactive routes which
are shown in Figure 1 are the only kinds which were detect-
ed in our studies of the O + FE reactions. All these reac-
tions, however, have sufficiently low rate constants that
products of some minor routes (accounting for less than
10% of the overall reaction) could have passed undetected
in our experiments. Other minor routes were detected in
our studies of 0 + olefin reactions and the 0 + C2H3ClI re-
action. These reactions have higher rate constants than the
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O + FE reactions and hence increase the effective sensitivi-
ty for detection of their less important reactive routes.

Possible Chemical Lasers. The reactions of O with
C2H3F, C2H22, and possibly C2HF3 proceed at least to
some extent by HF ejection from the diradical O-FE ad-
duct. These reactions are very exothermic (AH ~ —105
kcal/mol for the reaction O + C2H3F —» C2H20 + HF) and
hence possess the potential for producing HF with consid-
erable internal energy. One of these, the 0 + C2H3F reac-
tion, has recently been reported to have produced HF laser
emission. The addition of 0 atoms to most halogen substi-
tuted unsaturated organic molecules probably proceeds to
some extent by hydrogen halide elimination,3 and hence
many more of these reactions will probably be used to pro-
duce chemical lasers in the future.
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On Thermal Dehydrochlorination of Model Compounds for Poly (vinyl Chloride). Il

Activation Entropy and Frequency Factor Calculations
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A study has been made of the thermal stability of model compounds containing secondary and tertiary
chlorine and also of unsaturated models which correspond to abnormal structures in poly(vinyl chloride).
By considering in more detail the entropy changes taking place in the four-center hydrogen chloride elimi-
nation processes, we have applied and modified a simple, general entropy bond additivity method by which
fairly reliable a priori estimates of the A factors for such reactions can be made. The activated entropies for
elimination of hydrogen chloride were calculated on the principle of the additivity of bond entropies in the
ground and in the fully developed cyclic-four-center transition state, respectively. On the basis of a few
simple rules for assigning the corresponding bond entropies and entropy correction terms it is shown that
guantitative estimates of A factors can be made to within the average experimental uncertainty of £0.3
unit log A/sec-1. The extreme range of A values extends over £0.5 in log A units. In a few isolated cases the
discrepancy between estimated and observed A factors extends 0.9 log A unit and the weight of evidence
suggests that the experimental values may not be reliable. In general, the entropic ir bond effect is a stabi-
lizing character since it markedly decreases the unimolecular dehydrochlorination frequency factor in com-
parison with other model compounds, and so partially compensates the destabilizing energy effect of the

internal itbond on the activation energy.

Introduction

In the first paperl of this series we were concerned with
the stability of some model compounds containing various
defects in the structure order of poly(vinyl chloride)
(PVC), and in the second paper2 the semiempirical meth-
ods of the molecular orbital theory were used to study the
mechanism of /f-cis elimination of hydrogen chloride from
ethyl chloride. We took into consideration the ideal struc-
ture, branched structures involving a tertiary chlorine and
hydrogen, as well as structures containing a double bond at
the end or inside the chain. The semiempirical evaluation
of the activation energies has been carried out for the
monomolecular elimination of hydrogen chloride and thus
the stability of model compounds studied was evaluated.
The overall conception of the stability of the model com-
pounds for PVC may be obtained provided the individual
structures are characterized not only by the energies of ac-
tivation, but also the entropies of activation. The activation
energies for elimination of hydrogen chloride were success-
fully calculated on the principle of the additivity of bond
energies of the transition state.1 The properties of homolyt-
ic and heterolytic full-frequency models of the transition
states are widely discussed in this journal with the connec-
tion of the unimolecular dehydrohalogenation of chemical-
ly activated partially halogenated alkanes. It therefore
seems interesting also to seek some method for the activa-
tion entropy calculations which provides a check on the in-
ternal consistency with the method used for the activation
energy calculations.1 Muljava and Sevcuk3 described a sim-
ple method based on the additivity of bond entropies for
estimating Arrhenius A factors of many radical and mono-
molecular reactions. It is this reason why bn the present
paper the activation entropies for elimination of hydrogen
chloride were calculated on the basis of the additivity of
bond entropies of the fully developed cyclic four-center
transition state

----- CH— CH— CH— CH2--
H -ClI

for various irregular structures present in the model com-
pounds. However, in a more fully developed cyclic transi-
tion state, i.e., one having close to half-bond character be-
tween the reacting (H—CI) ends, the internal rotations of
the reactants transform to out-of-plane ring vibrations in-
volving all of the atoms of the ring. The ring vibrations in
this case become not only difficult to visualize from the
point of view of the group frequency method of O’Neal and
Benson but also impossible to assign in any simple fashion.
The tight cyclic transition state proposed here, then, is en-
ergetically reasonable, operationally convenient, and, as we
intend to show, gratifyingly consistent with the data. Its
use, if anything, should provide a lower limit to the Arrhen-
ius A factor since a loose cyclic transition state would mean
a looser structure and, therefore, a lower entropy loss. The
ultimate purpose of this work is to compare the predictions
of the group frequency method of O’Neal and Benson with
the results of the entropy-bond additivity method used
here.

Theoretical Part

Activation Entropy Calculations. The pyrolytic dehy-
drochlorination of some chloroethanes was shown to be ho-
mogeneous and unimolecular 20 years ago.4 Since that time
a large body of experimental data had been built up on the
unimolecular dehydrohalogenation of chlorine and bromine
compounds.5 Several different models for the transition
state for this class of the homogeneous unimolecular dehy-
drohalogenations have been proposed5-12 and the Rice-
Ramsperger-Kassel-Marcus (RRKM) theory has been
used to test these models.1314 The models range from a
four-centered ring structure to one with only bond stretch-
ing prior to the transition state. Neither model can be elim-

The Journal of Physical Chemistry, Vol. 80, No. 1, 1976



20

inated solely on the basis of the values calculated for ob-
servable quantities in pyrolysis reactions,13 but the possi-
bility exists that chemical activation together with Kkinetic
isotope effects will allow a discrimination between these
models. Trends in the reactivities of different haloalkanes
have also been used to argue in favor of a highly polar tran-
sition state.1112

Let us consider a set of separated atoms which form a
molecule or transition state. Such a set of nonbonded
atoms always shows a higher entropy than a set of atoms
bonded in a molecule. The entropy of a given molecule is to
be regarded as the difference between the entropies of an
equal number free and bonded atoms, thus

S°=Y.S°at- Y S°bod- RIna (1)
a bond

where S° represents the entropy of the molecule under
standard conditions at a given temperature, S°at is the en-
tropy of individual atoms under equal conditions at a given
temperature, S°bond is the entropy of the bond, and ais the
symmetry number. Modern usage has separated this factor
into two portions, the symmetry number of the molecule as
whole 9w and the symmetry of a rotating portion ar. The
total symmetry number <t, is the product of all of the sym-
metry numbers of the molecule

g dwn °v,

We consider three groups of the investigated model com-
pounds: (i) saturated nonbranched chloroalkanes, (ii) satu-
rated branched chloroalkanes, and (iii) the unsaturated
chloroalkanes with a double bond at the end of or inside
the chain. We shall apply eq 1 to each of above-mentioned
types of model compounds.

From several existing classifications of bonds we shall
use the classification according to Ragdasarjan.l In this
classification all aC-C bonds are regarded as equivalent in
all unsubstituted hydrocarbons and the effect of the close
proximity on the a C-C bonds is taken into consideration
in the case of heteroalkanes. The atoms of hydrogen and
chlorine (X = H or CI) bonded to primary, secondary, and
tertiary carbon in saturated compounds will be denoted
Ci-X, C2X, and C3X, respectively. For unsaturated chlo-
rinated alkanes we use following group notation

C2H and CZB3H for \C=and H\ C=
H/ Cc/

C22-C1 for >C=
Cl

> C=
and

c2i-Cl for C1 )'c =

For saturated chloroalkanes including branched chlo-
roalkanes eq 1 assumes the following form

5°r,H,cij = nS°c + Y niS°H + /Y n,'S°a —

i:]_ :i

Y n,’'S°c,c\-R
1=1

(n- 1)S°CGC~ Y n,S°d h- Ina (2)
1=1

where n is the total number of carbon atoms; nt, n2 n3

and ri\, n2, n3 denote the number of C-X (X = H or Cl)

bonds on the primary, secondary, or tertiary carbon. For

the sum of n, and n," the following relations must hold
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a=Y ni
=1
d=Y ni
=
and
Y (m+nl) =2(n+ 1) ®
=

By applying eq 1 to the chloroalkenes we obtain
S°c,h,ci, = nS°c + i!

Ijzz (ni+ mj)S°h +

Y Y («1+ mj)S°ci- pS°c=c- (n- 1- p)S°c~c~
1=1j=2
[\_(1 (niS°c,-h + nI'S°c,-c\) ~

Y h+ m/S°ca-ci) - Rina- (4)
>=2
where m2 m3as m2 and m3 represent the numbers of the
bonds of type C22 X and C2a X, where X = H or Cl. Thus

3 3
M=Y_ Y (n;+ mj
--if“z( )

=Y.Y i /
\% i=ij=2(nl + m/)

and

=

The principle of additivity rests on the assumption that,
for additive bound unit, its “local” properties remain un-
changed in a series of homologous compounds. That is,
there is no significant interaction with more distant bonds.
Linear molecules, such as normal paraffins and their sub-
stituted derivatives, are ideally suited to such an assump-
tion; it is not surprising, therefore, that these fit additivity
rules extremely well (Table Il). However, as soon as we in-
troduce structural features into a molecule to bring more
distant units into proximity, we may expect departures
from additivity laws. In order to accommodate unsaturated
and cyclic model compounds of PVC in a certain spin state
into an additivity entropy scheme, we must add “correc-
tions” for these second-order interactions.

Considering the more complicated haloalkanes in a cer-
tain spin state in which rings and conjugated bonds occur a
“correction” for such higher order interactions must be in-
troduced into eq 1. In general the following equation is
valid

3 3
Y1 (ni + n/) + \5 (mj + m;’)=2n (5)
J:

s° = K s\ tk- T S°bond,/ - \r(nAS°ring" -

Y ASOwniji, + R In (ngja) (6)
n

AS°ringand AS°coonj being the corrections for rings and con-
jugated bond, respectively, while n is the total number of
energetically equivalent 2P optical isomers, where p is the
number of structurally different asymmetric carbons in a
molecule, ge is the electronic degeneracy.

Equation 6 expressing the additivity of entropic contri-
butions may be also applied to the four-center transition
state. The cyclic acitivated molecule may be regarded as a
molecule in which certain atoms are bonded by a definite
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number of y activated bonds forming 6 activated rings con-
jugated by é activated double bonds, while the rest of the
molecule contains | —y normal bonds, n —5 nonactivated
rings conjugated by v —e ordinary double bonds. On the
basis of this assumption equations similar to eq 2 and 4
may be put forward for the entropy of the transition state
in the case of chloroalkanes and chloroalkenes. Neverthe-
less, we shall limit ourselves to the general form of the
equation for the transition state entropy

S*=£ SV, - i
K p=1—-17

S°bondp - £I Shon4,r +
r:

m 5 n
¢ ASOrings+ £ Airing,t— £
t=1

s=m—& u=n—e

A 'S °conjiu —

EI AS”onj™ + R In (ralgeVo-*)  (7)
u=|

Combining eq 6 and 7 gives the following relationship for
the entropy of activation

ASI =St- S° =+ S°bondr- £ Sibondr+

r=1 r=1

AAS + R In (on~gt}llounge) (8)

where

AAS = £ (ASir i — &s° Tmgiy —
|

£ (ASiconj,, -

v=1

AS°conjl) (9)

The ratio (o7iigei/Q'ircge) is usually equivalent to the reac-
tion path degeneracy,19 where n* corresponds to the transi-
tion state and has the same meaning as n for molecules in
the ground state. The electronic degeneracy ge for all the
model compounds studied in the ground state as well as in
the transition states are equal, i.e., ge = gj, hence the term
R In (gei/ge) vanishes.

The frequency factor of a unimolecular reaction can be
written, in terms of transition state theory, in the form

A=""—- exp (10

where the transmission coefficient ft is assumed to be
unity.

Results

Entropy of Bonds in Ground and Transition State. For
the calculation of the entropies of reactants and transition
states, respectively, it is necessary to know all terms in eq 6
and 7. The entropies of the atoms constituting the reac-
tants were taken from Gurvich and Chackuruzov,16 the en-
tropies of bonds and the second-order corrections apper-
taining to our model compounds for PVC in the ground as
well as transition states were calculated as follows.

The entropies of the bonds S°c ¢ SOCi-H, sS’c2-H, and
S°c3 h were calculated by means of eq 1 applied to normal
alkanes. The calculation was performed by using 15
branched and 15 nonbranched alkanes while the experi-
mental values of S°c,,h2,+2were taken from Vvedenskij.17

The reliability of the calculated bond entropies was car-
ried out by calculating the entropies for the series of hydro-
carbons and comparing them with the experimental values.
The calculated entropies are within an average of +0.49
gibbs mol-1; the maximum deviation is 1.24 gibbs mol-1.
This corresponds to an average deviation of 2.72% and a

2

maximum deviation of 4.24% in the absolute values of the
activation entropies.

The entropies of bonds S°c2h, S°cZh, and S°c=c
were calculated in the same manner. Equation 1 was ap-
plied to the alkenes and the experimental values of S°caHh
were taken again from ref 17. The calculation of the en-
tropies of diene hydrocarbons also necessitated an estimate
of the correction for the conjugation effect A soconj which
was found by using the experimental data pertaining to
diene hydrocarbons. The agreement with experimental
data was checked again by the calculations for the whole
series of alkenes. The calculated entropies are within an av-
erage of +0.46 gibbs mol-1; the maximum of deviation is
1.53 gibbs mol-1. This corresponds to an average deviation
of 2.70% and a maximum deviation of 4.62% in the absolute
values of the activation entropies.

The entropies of bonds S°c,-ci, S°c2ci, and S cc3ci were
calculated using eq 2. The experimental data for chlorinat-
ed hydrocarbons S°c,h,cib were taken from literature
sourcesl8 or because of scanty experimental data the values
of some S°c,h,ci, were calculated using the thermochemi-
cal kinetic estimation techniques developed by Benson and
coworkers.19-21 The activation entropies were determined
from the experimental frequency factors by means of eq 10
and then the entropies of activated bonds were calculated
from eq 8 (see Table 1). Since the experiments showed a
great fluctuation, as much as 102 sec-1 in the A factors we
chose as a criterion of correctness of the frequency factor
that measurement for which the experimental activation
energy was in agreement with the theoretical activation en-
ergy calculated by the method described in our first paper.1

For the calculation of the entropy of the activated C—H
bond we started from the dehydrogenation reactions of al-
kanes and cycloalkanes and furthermore we used the ex-
perimental frequency factors for the model compounds for
PVC. A more detailed analysis of the frequency factors of
the chloroalkenes reveals the intramolecular interaction of
a four-center transition state with the ir electrons of the
double bond at the /3 position to the transition state. This
effect is rather significant if the double bond occurs inside
the hydrocarbon chain. Therefore, we evaluated AS!oonj
separately for the double bond at the end of the chain. This
behavior may be understood, using the arguments given by
Thomas,2 that the lower frequency factors obtained for
the dehydrochlorination of the chloroalkenes can be as-
cribed to the effect of the partially formed double bond and
that already present in the molecule.1'23

The entropies of all the calculated nonactivated and acti-
vated bonds and correction contributions are reported in
Table 1.

Calculated Frequency Factors

Now we are going to present the results involving the cal-
culations of activation entropies and frequency factors of
the model compounds for PVC as well as the comparison of
these values with experimental data. The calculation of the
entropies of activation and then calculation of frequency
factors are governed by eq 6-9.

Comparison of the observed and predicted activation en-
tropies demands the adjustment of the calculated and ob-
served values from the experimental temperature to some
common temperature which we have chosen as 298 K.
These adjustments are contingent on estimating the heat
capacity of the transition states. The corrections are never
larger than 0.06 eu, and the error in them was estimated to
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TABLE I: Bond Entropies, Activation Bond Entropies,
and Corrections

Activated
bond entropy

Activated and correction
Bond entropy, bond and contributions,
Bond gibbs mol*1 corrections gibbs mol-1

Lo 35.83 s* 0 35.20
S°c,-H 24.03 31.83
S°c2h 23.55 °4c2*-h 28.32
$°c3h 22.11 N c3--h 27.23
Sec=c 27.04 §£c,—cl 31.50
S°c2h 25.71 o] 30.46
S°cBh 25.66 e3P 29.06
A8°com 3.00 OHo°CL 24.00
QZCi-Cl 28.76 ~ .4 »ing 32.50
e Yol 28.16 AS* onyb 1.06
S°Ca-Cl 27.95 AS*omC 11.81

“The values are taken from ref 3. 6 The correction for the con-
jugation with a double bond at the end of the chain. r The correc-
tion for the conjugation with a double bond inside the chain.

be less than the expected inaccuracies from other sources.
Since some model compounds for PVC are able to split off
a hydrogen atom from a primary or secondary carbon atom
we shall use the notation a for the splitting from secondary
carbon and the notation j3 for the splitting from primary
carbon. The results of calculations as well as the compari-
son of the calculated frequency factors with experimental
findings are reported in Tables 11-1V.

Mean Values

In the experimental work of the rate of a thermally acti-
vated process within the experimental accuracy, the rate of
a given process can be described according to the theory of
absolute reaction rates as formulated by Eyring,39 and the
rate constant Kk, is given by the equation

K,(T) = mkT/h) exp(AS.VR) exp(-EJRT) =
A, exp{-EURT) =Li=12 (11)

where (kT/h) is a universal frequency dependent only on
temperature and independent of the nature of the reac-
tants and the type of reaction.

If, in fact, the process occurs by the simultaneous opera-
tion of a number of mechanisms each of which has the
same activation energy then eq 11 is correct. However, the
same treatment could not be extended to cases where there
are competing mechanisms of different activation energies.
The term mechanism is used here, in a very general sense,
to mean any reaction path by which the process can occur.
It is our purpose now to consider what physical interpreta-
tion can be given to the measured frequency factor Aexpti
and activation energy EexPti values in such cases when the
thermal dehydrochlorination mechanism of the model com-
pounds for PVC consists of a set of mechanisms not all of
the same activation energy.

As shown previously, there are two possible mechanisms
for the elimination of hydrogen chloride from some model
compounds.

In this connection we shall use a discrete distribution
function of activation energies, limiting ourselves to two
distinct activation energies, E\ and E2, e.g., a two-dimen-
sional problem. Knowing the distribution function of acti-
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vation energies, one can define the mean value of measured
activation energy. We shall designate this quantity by the
notation (E) and it is evident that

€)=TPKEK * =172 (12)

where pk is the occurrence of distinct activation energies
Ek i.e.

Pi = (13)

where kK, is it rate constantand 2,p, = 1.

Having checked the consistency of our definition of p,’s,
we may use them to calculate the mean activation energy.
For (E) we obtain the expression

(E) =EI+R Tr-!+— (14)

where
(= (E2- EX/RT
and
r= (A2Mi)exp(-f) (15)

Since a discrete spectrum of the occurrence of activation
energies is available, using the definitions of the Dirac 5
“function”, the average value of the frequency factor (A) is

(A) = E

E _r A'exP[(<E> —E)/RT] X
i=i Jo

b (E —Ei) dE = Ax(l + 1) exp(l— ; (16)
+r

The competing mechanism of the splitting-off of hydro-
gen chloride is possible in the case of some model com-
pounds introduced in Table V. For the calculation of the
mean values of activation energies we employed the data
previously published.1 The mean values of activation ener-
gies and frequency factors as well as their comparison with
experimental data are presented in Table V.

Discussion

The agreement between the calculated and observed fre-
quency factors for the first-order dehydrochlorination of
ideal structures for PVC and also for model compounds
having tertiary chlorine (Tables Il and I1l) is remarkable,
the differences in most cases being correct within a factor
of 10+05sec-1 (i.e., A log (A/sec_1) = +0.5). These are very
acceptable error limits considering their relative ease of ac-
quisition and the experimental and interpretational dif-
ficulties to be overcome in their determination by conven-
tional means. Thus, since the calculational procedure re-
quires the estimation of some physical parameters of the
activated complex, it must be realized that it is no substi-
tute for highly reliable rate data. Consequently, however,
the calculations render obsolete all but the most precise ex-
perimental rate determinations. From the results summa-
rized in Tables Il and I, it follows that the frequency fac-
tors for elimination of hydrogen chloride for saturated
model compounds having tertiary chlorine are in principle
the same as for saturated ideal structures. The frequency
factors for unsaturated compounds, evaluated similarly by
our procedure, are given in Table IV, from which it follows
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TABLE Il: Evaluation of Entropies of Activation AS* at 298 K (Frequency Factors) of Nonbranched
Chloroalkanes and Comparison with Experimental Results
*
Model compound g g° i > " * log Scal_ed/ :
gibbs mol"1 AS sec-i log Ae, u/seo-i Ref
2-Chloropropane 9 72.60 75.19 2.59 13.78 13.40 4
13.64 24
11.10 25
2-Chlorobutane al 9 82.21 85.65 3.44 13.98 13.62 26
14.00 27
14.07 28
Ra 9 82.21 84.80 2.59 13.78 13.62 26
14.00 27
14.07 28
3-Chloropentane 9 91.82 95.26 3.44 13.98 12.29 29
4-Chlorododecane 159.09 162.53 3.44 13.98 11.95 29
2 ,4-Dichloropentane «cil 9 99.30 103.64 4.34 14.17 13.38 + 0.29 30
Yras? 18 97.91 103.64 5.13 14.35 13.38 £ 0.29 30
Rcis? 9 99.30 100.61 1.31 13.51 13.38 + 0.29 30
R.... 18 97.91 100.61 2.70 13.82 13.38 + 0.29 30
5,7-Dichlorododecane 9 166.55 170.91 4.36 14.19 14.25 29
2,4 ,6-Trichloroheptane aa 9 125.97 131.25 5.28 14.38 14.17 £ 0.27 30
RBa 9 125.97 130.39 4.42 14.19 14.17 = 0.27 30
aEstimated A factors for the two possible elimination mechanisms.
TABLE Ill: Evaluation of Entropies of Activation AS «at 298 K (Frequency Factors) of Branched
Chloroalkanes and Comparison with Experimental Results
s
gibbs log log
Model compound o S° mol"l AS* Scaled/sec-1 A exptl/@™ 1 Ref
2-Methyl -2 -chloropropane 81 76.64 81.22 4.58 14.22 14.20 31
12.40 32
13.77 33
13.70 34
13.74 24
13.90 35
14.41 36
12.85 25
2-Methyl -2 -chlorobutane aa 27 88.43 91.68 3.25 13.93 14.65 31
13.82 33
Ra 27 88.43 90.83 2.40 13.75 14.65 31
14.82 33
2,3-Dimethyl-2-chlorobutane aa 81 95.89 93.57 -2.30 12.72 13.54 37
Ra 81 95.89 98.29 2.40 13.75 13.54 37
3-Ethyl -3 -chloropentane 81 105.47 110.90 5.43 14.41 12.13 25
3-Methyl-3 -chloropentane cta 27 117.26 120.51 3.25 13.93 12.38 29
Ra 27 117.26 119.65 2.39 13.75 12.38 29

a Estimated A factors for the two possible elimination mechanisms.

that the preexponential factors decrease markedly in com-
parison with saturated model compounds.

However, the transition state for the chloroalkenes with
the internal x bond can be stabilized through the partly
formed double bond and that already present in the mole-
cule,1,23 whereas such interaction involves stiffening of
large internal rotation about the C-C bond yielding a net
AS* < O corresponding to the “tighter” transition state
complex. However, the hydrogen chloride elimination reac-
tion in the case of 2,3-dimethyl-2-chlorobutane is charac-
terized also with a small negative entropy of activation
(Table 111). Indeed, the entropic internal x bond effect is a

stabilizing character since it decreases the unimolecular
dehydrochlorination rate constant in comparison with
other model compounds, and so partially compensates the
destabilizing energetic effect of the internal x bond on the
activation energy.1,23

It is proposed that the serious discrepancy between ex-
perimentally observed Arrhenius parameters for the elimi-
nation kinetic in the case of 3-chloro-I-pentene and 4-
chloro-2-hexene and those presented in this paper and the
activation energies in paper | of this series, predicted by
the transition state calculations assuming a monomolecular
four-center mechanism for the dehydrochlorination reac-
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TABLE IV: Evaluation of Entropies of Activation ASlat 298 K (Frequency Factors) of

Chloroalkenes and Comparison with Experimental Resu

Model compound a S°
3-Chloro -1 -butene 3 80.55
3-Chloro -2 -methyl-1 -butene 9 88.61
3-Chloro -3 -methyl -1 -butene 9 86.66
3-Chloro-1 -pentene 3 90.11
4 -Chloro-2 -pentene 9 88.13
4 -Chloro-2 -hexene 9 98.33
6-Chloro-2,4 -heptadiene 9 101.85

L. Valko and P. Kovarik

Its

s*.

gibbs log log

mol®“ AS* dcarid/sec:-t A «pt /sec-1 Ref

82.02 1.47 13.55 13.35 22

90.14 1.53 13.56 13.28 22

88.06 1.40 13.53 13.30 39

92.49 2.38 13.75 9.20 25

14.60 = 0.19

79.47 -9.26 11.21 12.03 + 0.19 30

89.97 -8.36 11.40 9.50 25
10.75 29

95.63 -6.22 11.87 11.43 + 0.41 30

TABLE V: Mean Values of Activation Energies and Frequency Factors and Comparison with Experimental Results

Eh 2, <£>,

kcal kcal kcal log log
Model compound mol'l mol'l Ai, sec"l A2 sec"l mol"l (A)/sec-1 Aexptl/sec-i Ref
2-Chlorobutane 49.70 49.40 6.07 X 1013 9.52 x 1013 49.50 14.18 13.62 26
14.00 27
14.07 28
trans -2,4 -Dichloropentane 49.40 49.00 6.58 x 1013 2.23 x 10 49.05 14.45 13.38 = 0.29 30
2,4,6 -Trichloroheptane 49.10 48.70 1.55 104 2.39 x 10n 49.90 14.57 14.17 + 0.27 30
2-Methyl -2 -chlorobutane 44.10 44.30 566 X 1013 8.62 x 10i3 44.20 14.15 14.65 31
13.82 33
2,3 -Dimethyl -2 -chlorobutane 43.30 42.80 5.66 x 1013 5.23 x 10'- 43.10 13.77 13.54 37
3-Methyl-3 -chloropentane 42.70 42.50 5.60 1013 8.62 x 10'3 42.60 14.14 12.38 29

tions, can be explained in terms of the unusually large sys-
tematic errors in the rate constants given in the original ex-
perimental study.25

In using the bond entropy additivity method, it is neces-
sary to fix the values of correction parameters, which ap-
pear in the entropy expressions for the reactant eq 6 and
the transition state eq 7. The correction factors include the
effects of electron path degeneracy, quite naturally, the ef-
fects of conjugative stabilization. We followed the proce-
dure of searching for the values of correction parameters
which give agreement between the calculated and observed
activation entropies.

From the results it follows that the activation entropies
for the elimination of hydrogen chloride for the unsatu-
rated model compounds with the double bond inside the
chain are the lowest with respect to other model com-
pounds of PVC. We suggest that to treat the frequency fac-
tors in terms of transition state theory, it is necessary to as-
sume that the transmission coefficient for the unsaturated
model compounds with the double bond inside the chain is
much less than unity. Laidler40 points out two classes of re-
actions for which the transmission coefficient may be con-
siderably less than unity. The first comprises the bimolecu-
lar recombination of atoms in the gas phase. The second is
for the electronically or vibrationally nonadiabatic reac-
tions, which probably operates also in the process of the
monomolecular elimination of hydrogen chloride. The
small A factor can be identified in each case with a low
probability of the transition state reaching the final state,
rather than a low probability that the transition state is
formed. It is probable that in the unimolecular dehydro-
chlorinations of chemically activated alkanes, quantum
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mechanical tunneling should become important in the four
centered complex.

From the point of view of electronic reorganization which
is occurring within the system, the heterolytic transition
state can be depicted as

\' Bt vy
Heee
+6 &
T \
/1 A\ /C = . me=C,
H d H d +
) Hol

The conclusion that we may draw from our calculations
is that the activation entropies calculated in this work for
dehydrochlorination reactions are, within experimental un-
certainty, the same as those found from the application of
the group frequency method of Benson and O’Neal.19

The internal consistency of the monomolecular dehydro-
chlorination mechanism is thus guaranteed, and the good
fits between the experimental and the calculated activation
entropies demonstrate that the monomolecular theory is
consistent with the experimental results.
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Interaction of Alkali Metal Cations with cis- and

p 80.

trans-1-Benzyl-2,3-dibenzoylaziridine in Acetonitrile
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Department of Chemistry, Georgia State University, Atlanta, Georgia 30303 (Received June 4, 1975)

The interaction of alkali metal ions with cis- and trans-l-benzyl-2,3-dibenzoylaziridine in acetonitrile has
been studied by means of NMR and infrared spectroscopy. For all cations studied, association with the cis
isomer is preferred. In the presence of alkali metal ions the chemical shift of the ring hydrogens of cis-aziri-
dine moves down field, whereas the corresponding chemical shift of the trans isomer is virtually unaffected.
From this observation, it is concluded that the association is occurring at the carbonyl oxygens via chela-
tion. This conclusion is further substantiated by the observation that the frequency of the carbonyl
stretching mode for the cis isomer is shifted to lower wavenumbers upon the addition of LiBr and Nal. For
the cis isomer-LiBr solutions an isobestic point is evident, whereas in the Nal solutions an isobestic point
is absent. At a ratio of LiBr to cis isomer above 0.4 at 25°C a white crystalline solid precipitated which was
found to be the 2:1 cis isomer adduct of LiBr. Analysis of the NMR data by means of a best fit procedure
provided approximate values for the equilibrium constants for the association processes. From these values
the order of association is found to be Li+ > Na+ > K+.

Introduction

The base-catalyzed cis-trans equilibrium (eq 1) for 1-
benzyl-2,3-dibenzoylaziridine (AZ) has been reported by
Lutz and Turnerl to be influenced by the polarity of the
medium and by the presence of lithium or sodium chloride.
The equilibrium constant, K = [cis]/[trans], increases as
the polarity of the solvent increases but a corresponding in-
crease in K was observed when LiCl or NaCl were present
in alcoholic solvents. Since K increases with the polarity of
the solvent without salts present, Lutz and Turner postu-
lated that the observed salt induced increase in K was also
a medium effect related to the presence of the ions. How-
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ever, over the last several years, numerous workers2-10 have
shown that both the lithium and sodium cation in a variety
of environments can strongly interact with organic mole-
cules containing basic moieties to form specific ion-mole-
cule complexes. These results would suggest that the obser-
vations of Lutz and Turner are due to a specific cation-li-
gand interaction. Therefore, in order to determine if the
variation of the cis-trans equilibria with cations is indeed
due to a specific cation interaction with the dibenzoylaziri-
dines, spectroscopic studies were performed on acetonitrile
solutions containing varying amounts of cis and trans AZ
and alkali metal salts. The results of these studies are re-
ported here and interpreted to provide a unique explana-
tion for the observations of Lutz and Turner.

Experimental Section

A Varian A-60A NMR spectrometer was employed to
record all spectra at 40 + 1°C. Chemical shifts were mea-
sured relative to tetramethylsilane (Me4Si) with a Hewlett-
Packard oscillator (Model 2000D) and frequency counter
(Model 5512A).

Infrared spectra were run on a Beckman IR-12 infrared
spectrophotometer with variable path length KBr cells at
ambient temperature.

Fisher technical grade acetonitrile was purified by re-
fluxing over calcium hydride for 10-12 hr followed by dis-
tillation onto freshly activated (600°C) molecular sieves.
The water content in the acetonitrile prepared in this man-
ner was determined by a gas chromatographic procedurell
to be less than 0.2 ppm. All solutions used in the NMR and
infrared studies were prepared in a nitrogen flushed dry-
box.

The cis- and frarcs-I-benzyl-2,3-dibenzoylaziridines were
prepared as described by Turnerl2 and were found to have
melting points and spectral characteristics identical with
literature values.

Lithium bromide and sodium iodide (Fisher) were fused
at 500°C for 1 hr and stored in a vacuum desiccator. Sodi-
um tetraphenylborate (Fisher ACS grade) was dried in a
vacuum desiccator and used without further purification.
Potassium hexafluorophosphate (Alpha Products) was re-
crystallized from 95% ethanol and dried in a vacuum desic-
cator.

Results and Discussion

For both cis- and trans-AZ in acetonitrile two singlets
appear between 215 and 250 Hz which were tenatively as-
signed to the aziridine ring and methylene hydrogens based
on chloroform2 NMR studies. When either cis- or trans-
AZ was equilibrated in CH30D with sodium methoxide, the
low-frequency peak disappeared, producing an unequivocal
assignment for the chemical shift of the ring hydrogens.
Consequently, the remaining signals can be assigned to the
methylene hydrogens. The assignments for the ring and
methylene hydrogens for cis- and trans-AZ are given in
Table I and compared with the literature values in CDC13

Both the ring and methylene chemical shifts were moni-
tored in acetonitrile solutions at a constant AZ concentra-
tion as the alkali metal salt was increased. The chemical
shifts found in these experiments for the ring hydrogens
are tabulated in Table Il and plotted vs. the mole ratio of
salt to AZ in Figure 1. The chemical shift of the methylene
hydrogens for both the cis and trans isomers did not vary
outside of experimental error in the concentration range of
alkali metal salts used in these experiments. The same rela-
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TABLE I: Chemical Shift«2 Assignments for Ring and
Methylene Hydrogens of 1-Benzyl-2,3-dibenzoylaziridine

Ring, Hz Methylene, Hz
Isomer CHZXCN CDC13 CHZCN CDC13
Cis 197.7 202.5 213.6 238.0
Trans 218.4 238.4 226.6 244.6

a Relative to Me4Si in CDC13as external standard.

TABLE II: Chemical Shift«2of the Ring Hydrogens as a
Function of the Alkali Metal lon Concentrations
in Acetonitrile

LiBr
NaB(Ph)4b KPF6b
cis-AZ trans-AZ cis-AZ cis-AZ
Rc 6,Hz Rc 6,Hz Rc 8 Hz Rc 8 Hz
0.07 222.0 0.2 238.6 0.2 222.6 0.1 218.6
0.14 226.0 0.3 238.7 0.4 225.6 0.4 220.2
0.20 229.0 0.5 239.2 0.6 229.2 0.5 220.4
0.34 233.2 0.8 239.3 0.8 230.5 1.2 222.8
0.40 235.0 1.0 239.9 1.0 233.2 2.0 225.0
0.47 236.2 1.3 240.3 1.2 234.4 2.5 226.8
0.60 237.2 1.7 240.9 1.6 236.4 3.8 229.0
0.80 242.6 2.0 241.1 2.0 239.2
1.00 244.2 4.0 243.8
1.20 247.2 6.0 247.2
1.45 251.0 8.0 249.2
1.60 251.9
1.80 253.8
2.00 255.5
cAz ~ CAZ « CAZ « CAZ «
0.0136 M 0.03 M 0.0125 M 0.019 M

a Relative to Me4Si internal standard. b The trans isomer
did not show any measurable change in chemical shift over
the same mole ratio range. c R = (salt)/(AZ).

Figure 1. A plot of the chemical shift of the ring hydrogens of cis-AZ
as a function of the mole ratio [salt]/[cis-AZ]. The right-hand scale
is for the variation of the trans-AZ ring hydrogen chemical shift as a
function of the mole ratio [LiBr]/ [trans-AZ]. The concentrations and
chemical shift data are given in Table II.

tive changes in chemical shifts were found for either an ex-
ternal or internal Me4Si standard, indicating that Me4Si
does not influence the observed chemical shifts. The uncer-
tainty of the &values based on several independent mea-
surements on identical solutions is estimated to be £0.5
Hz. This rather large uncertainty for the chemical shifts in
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the acetonitrile solutions where the salts were present
could be due to small but variable concentrations of water.
The effect of added water on the chemical shift of the ring
hydrogens of cis-AZ with LiBr present was investigated by
adding small amounts of water to a sample which was 0.013
M cis-AZ and 0.026 M LiBr. The addition of water caused
the chemical shift of the ring hydrogens to move upfield
toward its original value. At an added water concentration
of 10-3 M, the signal due to the ring hydrogen was 4 Hz
downfield from the value with no LiBr present.

Since the variation of the ring hydrogens’ chemical shift
is considerably greater for the cis isomer than for the trans
isomer when LiBr is added, this seems to suggest that the
cis isomer interacts with the lithium cation to a substan-
tially greater degree than the trans isomer (Figure 1). A
similar conclusion can be reached for the interaction of the
sodium cation with the two isomers since the chemical shift
of the ring hydrogens moves downfield with addition of so-
dium ions (Figure 1), but the chemical shift of the ring hy-
drogens does not change appreciably for the trans isomer
when sodium ions are added to the solution. The results for
the potassium ion are similar to those found for the sodium
ion except the magnitude of the observed changes in chem-
ical shift are greatly reduced. While these results were ob-
tained in acetonitrile and not in the alcoholic solutions
where the equilibrations were performed, it is expected
that the relative preference of the cis isomer for the alkali
metal ions would be maintained in the alcohol solutions.
Consequently the observations of Lutz et al. can be attrib-
uted to the preferential complexation of the cis isomer by
alkali metal ions.

The actual site of complexation is suggested by the ob-
servation in the NMR experiments that the methylene hy-
drogens’ chemical shift does not change upon adding LiBr.
This would indicate that the carbonyl oxygens are com-
plexing the lithium ion, but not the aziridine ring nitrogen,
if the observed changes in chemical shift are attributed to
an electrostatic induction effect.13 If the alkali metal cation
is complexed to the carbonyl oxygens of the cis isomer, the
electron density at the ring and methylene hydrogens
would be reduced via the electrostatic field of the cation.
However, the methylene hydrogens are at least 1 A further
away on the average from the center of the cation than are
the ring hydrogens when complexation occurs simulta-
neously to both oxygens of the cis isomer. Since the electric
field around a monopole varies as 1/r2, the through space
induction or polarization effect at the methylene C-H bond
would be considerably reduced. Furthermore, a bond polar-
ization mechanism predicts a reduced effect at the meth-
ylene hydrogens when complexation occurs simultaneously
at the cis carbonyl oxygens since the methylene hydrogens
are two bonds more removed from the site of the cation
complexation than the ring hydrogens.

The infrared spectrum in the carbonyl region for cis-Az
in acetonitrile was recorded in the presence of varying
amounts of LiBr and Nal to determine if the carbonyl band
was affected by the interaction of the cation with cis-AZ.
The cis-AZ carbonyl absorption is a doublet in acetonitrile
but in the presence of LiBr, the band at higher wavenum-
bers decreases in intensity while the second band increases
and shifts slightly to a lower wavenumber value as the con-
centration of LiBr is increased (Figure 2). An isobestic
point is evident near 1687 cm-1. The effect on the spec-
trum when Nal is added is not as pronounced as in the
LiBr experiments, furthermore, an isobestic point was not
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Figure 2. The carbonyl absorption region of cis-AZ at several mole
ratios of LiBr in acetonitrile. Concentration of AZ = 0.0038 A4 Mole
ratios (LiBr/AZ) are (A) 0, (B) 0.8, (C) 1.6, (D) 4.0, and (E) 6.0. The
cell path length was 0.1 mm.
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Figure 3. The carbonyl absorption region of cis-AZ at several mole
ratios of Nal in acetonitrile. Concentration of AZ = 0.0063 A4 Mole
ratios (Nal/AZz) are (A) 0, (B) 1.2, (C) 2.4, (D) 3.6, (E) 10, and (F) 20.
The cell path length was 0.07 mm.

observed (Figure 3). When similar experiments were per-

formed on trans-AZ, the spectrum in the carbonyl region
was virtually unaffected. The complex shape of the carbon-
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yl absorption band for cis-AZ in acetonitrile could be due
to rotational isomers and/or Fermi resonance. However, the
gradual coalescence of the two peaks and the overall shift
to lower wavenumbers upon addition of LiBr, is clear evi-
dence for the involvement of the carbonyl oxygens at the
site of complexation to the lithium cation. A less pro-
nounced change is observed for the addition of Nal to the
cis-AZ solutions, but a similar conclusion can be inferred.
Since the carbonyl stretching frequency did not change ap-
preciably on the addition of potassium ions, a definite con-
clusion concerning the site of complexation for this cation
can not be reached from the infrared studies.

A white crystalline solid precipitated from solutions of
0.013 M cis-AZ when the mole ratio (LiBr/cis-AZ) was
above 0.4 at room temperature (~25°C). At 40°C, where
the NMR experiments were performed, the precipitate did
not appear in the 0.013 M cis-AZ solutions at or below a 2:1
mole ratio. A sample of this material was prepared for anal-
ysis by mixing 10 ml of 0.03 M cis-AZ with 10 ml of 0.1 M
LiBr. The precipitate was dissolved in a chloroform solu-
tion which was filtered and evaporated to dryness. The res-
idue was then recrystallized from dry acetonitrile. The
analysis of this material by combustion analysis indicates
that the precipitate is a 2:1 cis-AZ-LiBr adduct (Calcd for
the 2:1 complex: N, 3.6; Br, 10.3; C, 71.8; H, 4.9. Found: N,
3.4; Br, 10.9; C, 68.2; H, 5.1). The low value of the percent C
is due to the formation of Li2CO:i which could not be com-
pletely suppressed by the addition of a catalyst. The in;
frared spectrum of the adduct (KBr pellet) in the carbonyl
region compared with the spectrum of cis-AZ reveals that
the adduct carbonyl band is much narrower and shifted
slightly to lower wavenumbers (Figure 4). The remainder of
the spectrum was virtually identical with that of cis-AZ.
The NMR spectrum of the adduct in chloroform has sin-
glet signals at 252 and 248 Hz. The signal at 252 Hz can be
assigned to the ring hydrogens and the 248-Hz signal to the
methylene hydrogens by comparing these values with the
data found in Table II.

The stoichiometry of the lithium cation-cis-Az complex
in acetonitrile solutions is probably 2:1 (AZ:Li+) since a
solid cis-AZ adduct of LiBr is obtained from these solutions
with a 2:1 formula. Furthermore, the infrared studies in the
carbonyl region show the existence of a definite isobestic
point, indicating that there is only one major complexed
species being formed when LiBr is added. However, a finite
amount of a 1:1 complex must be present in these solutions
which would not necessarily be discernible in the infrared
spectra. In the case of the sodium and potassium cation,
neither an isobestic point (Figure 3) nor a solid adduct was
observed.

Since the spectroscopic data do not provide an unambig-
uous assignment of the stoichiometry of the species present
in the alkali metal salt-acetonitrile solutions of cis-AZ, a
curve fitting procedure was applied to the NMR data, as-
suming three different models, i.e., a 1:1 complex only, a 2:1
complex only, and a mixture of both the 2:1 and 1:1 com-
plexes being present. In each model the best fit of the ob-
served chemical shifts (om) to the equilibrium and chemical
shift parameters was determined by minimizing the quan-
tity CHISQ

CHISQ = 2(6C- 6m)2

where 5Cand omare the calculated and measured chemical
shifts as each mole ratio. The calculated chemical shifts at
each mole ratio (;c) were evaluated from the equilibrium

te Journal of Physical Chemistry, Vot. 80, No. 1, 1976

A. B. Norman, G. R. Smith, and H. P. Hopkins

08

m\

CIS-AZ

em'l

Figure 4. Carbonyl region of the infrared spectrum of cis-AZ and the
2:1 LiBr adduct in KBr pellets. The samples were 1% by weight AZ:
KBr.

constants and chemical shifts of the complexes, assuming a
fast exchange on the NMR time scale was occurring in
these solutions. For the initial calculation of CHISQ, rea-
sonable guesses for the equilibrium constants and chemical
shifts of the complexes were employed: The best fit of the
data to a particular model was then sought by employing a
minimization algorithim,14 sTerIT.I= The procedures and
computer programs to perform this analysis were kindly
provided by Henneike and Puhli6 and slightly modified to
apply to the NMR data.

For the KPF,;-cis-AZ system, a CHISQ value of less than
0.52 was obtained for all three models for the seven points
in Table Il. Consequently, it is impossible at this time to
distinguish between a 1:1 or 2:1 equilibrium model for the
potassium cation since no corroborating evidence exists to
support either model.

For both the lithium and sodium cation-cis-AZ systems,
the 2:1 and mixture models gave almost identical CHISQ
values (7.9 and 3.5, respectively). The CHISQ found for the
lithium cation 1:1 model was 48 whereas the value for the
1:1 sodium cation system was 9. These results seem to fur-
ther demonstrate that a 2:1 complex is substantially pre-
ferred for the lithium cation but only slightly preferred for
the sodium cation. Therefore it seems reasonable to assume
a mixture model for both the sodium and lithium cation-
cis-AZ systems. However, the curve-fitting procedure did
not provide unambiguous values for the four parameters of
the mixture model for either the Li+ or Na+ cis-AZ sys-
tems. Consequently, only rough estimates of the concentra-
tion equilibrium constants, Ki and Ko, were obtained from
the curve-fitting analysis. These estimates are Kt(Li+) =
0.96; tf2(Li+) = 4879; !(Na+) = 1.0; and /C2(Na+) = 2969.
While these values must be viewed with considerable reser-
vation, the relative magnitude of K\ x K2 indicates that
the cation-cis-AZ interaction is greatest for the lithium
cation. Whereas, this interaction appears to be reduced by
approximately a factor of 2 for the Na~-cis-AZ system rela-
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tive to Li+. The corresponding estimate (Ki X K2) ob-
tained for the K+-cis-AZ system is nearly a factor of 11
smaller than the value for the Na+-cis-AZ system.

In the preceding curve-fitting analysis of the NMR data,
corrections due to possible ion pairing and activity coeffi-
cient terms were neglected. Since the ion size parameter in
the Debye-Hiickel approximation for ionic activities is ex-
pected to increase upon complexation, the activity coeffi-
cient correction may not be negligible. lonic association of
sodium tetraphenylborate in acetonitrile has been reported
by Kay et al.17 to be undetectable up to 0.005 M. Prelimi-
nary conductance data obtained in our laboratory on LiBr
and KPFg indicate that these salts are approximately
strong electrolytes in acetonitrile. The conductance data
were obtained below 0.006 M and a small ion pairing effect
at the concentration of the NMR experiments cannot be
totally discounted.

Conclusion

The spectral data presented here suggest that both Li+
and Na+ in acetonitrile solutions selectively interact with
two molecules of cis-AZ to form a chelated complex. This
interaction appears to occur through the carbonyl oxygens
of the benzoyl moiety. Both the concentration equilibrium
constants (Ki X K=>) and the chemical shifts for the 2:1
complex are the largest for the lithium cation system. This
result is qualitatively what would be expected for an elec-
trostatic bonding model via ion-dipole and ion-indueed di-
pole forces. Apparently, the lithium cation prefers the four
coordinate complexation with the carbonyl oxygens which
is only possible with the cis isomer. When a space-filling
molecular model was constructed for cis-AZ a cavity only a
little smaller than-the lithium cation could be formed by
appropriate arrangement of two cis-AZ models. In this con-
figuration the carbonyl oxygens formed a tetrahedral array
in which the lithium cation could be placed for maximum
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coordination. With this model the carbonyl oxygens are in
intimate contact with the alkali metal ion, at the Van der
Waals radii, forming what is expected to be a stablel8ion-
molecule complex due to electrostatic interactions. The so-
dium and potassium cations can also be readily surrounded
by two molecules of cis-AZ to form a tetrahedral cavity, but
the increased radii of these cations substantially reduces
the electrostatic interaction of the cation with the carbonyl
oxygens. For example, the total interaction energy of an al-
kali metal ion18with CO2 at the “ kinetic theory collision di-
ameter” decreases by 25% when lithium is replaced by sodi-
um and by 60% when lithium is replaced by potassium.
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The photochemical reaction of 9,10-dimethylenebianthracene has been carried out in the wavelength range
260-470 nm. Wavelength-dependent phenomena were observed: the reaction quantum yields 0.70 + 0.06 at
450-470 nm, 0.45 £ 0.04 at <420 nm, and the S2fluorescence (F= 1 X 10-3). The results show that direct
excitation to the transannular excited state at longer wavelengths is much more effective for the photo-
chemical reaction than that to the locally excited state (*Laor 'Bb) of anthracene. The reaction mechanism
has been discussed in connection with the transannular interaction in the excited state.

1 Introduction

Since the discovery of the pyrene excimer by Forster and
Kasperl in 1954, many studies on excimers have been re-
ported and the results have been reviewed by Forster,2®
Birks,2b and Klopffer.2c It is well known that an excimer
(an electronically excited molecular complex) is dissociated
in the ground state,3 and the geometry of an excimer, con-
sisting of two identical aromatic hydrocarbon planes, is a
sandwich configuration with an interplanar spacing of 3A 4

As for paracyclophanes, the original work has been car-
ried out by Cram et al.,5 and the studies on paracyclo-
phanes® 18 have become of interest in recent years from the
following viewpoints. Since the sandwich structure in these
molecules is fixed by a more or less rigid link in both the
excited and the ground states, it may be responsible for the
excimer formation.2The proximity of two aromatic hydro-
carbon planes makes it possible to overlap the molecular ir
orbital resulting in an electronic interaction between the
planes (transannular interaction) even in the ground
state.589 In the closest contact between the planes, the aro-
matic ring is distorted and bent out of plane.5®

However, only a few studies have been concerned with
the photochemical reaction: the photochemical ring-open-
ing reactions of [2.2]paracyclophane studied by Helgeson
and Cram,10 the photosensitized autoxidation reported by
Wasserman et al.,12 and the intramolecular bridge forma-
tion of 9,10-dimethylenebianthracene (1) upon irradiation
reported by Golden.7

1

It seems that the photochemical reaction 1 — 2 has a
close relation to the photodimerization of anthracenes.19'23
No mechanistic work on 1 has been given. Furthermore, it
was of interest to determine whether the absorption and
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emission spectra of 1, as well as the photochemical behav-
ior are similar to those of the anthracene dimer reported by
Chandross et al.24 We report the photochemistry of 1 in
some detail.

2. Experimental Section

Starting material 1 was synthesized7 and purified by re-
peated recrystallizations from chloroform in dim red light.
Tetrahydrofuran (THF) and 2-methyltetrahydrofuran
(MTHF) were Tokyo Kasei Co. G.R. grade products and
were used without further purification.

A xenon lamp (an Ushio 150-W UXL-150D-SS),
equipped with a diffraction grating, was used as the 2600-
4700-A range radiation sources. The diffraction grating ad-
mitted only a narrow band of wavelengths (70 A). Acti-
nometry was carried out using a ferric oxalate solution.2s
Reaction quantum yields were measured in the initial stage
of the reaction. The fluorescence quantum yield was mea-
sured by comparison with quinine bisulfate 0.1 N H2S04.
The absolute value was determined to be 0.54 by Mel-
huish.26

All samples were thoroughly degassed on a high-vacuum
line by the freeze-pump-thaw methcd. The amount of
photoproduct was determined spectrophotometrically,
which was equal to the decrease of the starting material.
The absorption and emission spectra were measured by Hi-
tachi 139 and 124 spectrophotometers and Hitachi MPF-
2A fluorimeter, respectively.

3. Results and Discussion

The absorption spectrum of 1 in tetrahydrofuran (THF)
at 293 K is shown in Figure 1. In addition to the 'La (Xmex
380 nm, ¢ 8.30 X 103) and 'Bb (Amax 263 nm, { 3.81 X 104)
bands,27 a new band was observed at longer wavelengths («
5.0 X 102 at 465 nm). This band was assigned to the trans-
annular band in 1 judging from the weak, broad, and struc-
tureless band. In comparison with theoretical results ob-
tained by Azumi, Armstrong, and McGlynn28 and by Mur-
rell and Tanaka,2 the transannular excited state (TA
state) with a transition energy of 2.67 eV resembles that of
the anthracene excimer in electronic character.

Figure 2 shows the spectral change of 1.5 X 10-4 M THF
solution of 1 upon the 366-nm irradiation at 293 K, indicat-
ing the photochemical transformation 1 — 2. Similar spec-
tral changes at longer wavelengths (450-470 nm) were ob-
served. Quantum yields for the reaction 1 — 2 at several
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Figure 1. Absorption and fluorescence spectra of 1 in THF; abs.: ab-
sorption spectrum; fluo.: fluorescence spectrum; ex. spec.: excita-
tion spectrum.

Wavelength

Figure 2. Spectral change of 1.5 X 10-4 M THF solution of 1 with
lapse of irradiation time at 366 nm. Numbers refer to time in min-
utes.

wavelengths were measured speetrophotometrically in de-
gassed THF at 293 K. The reaction quantum yield s>
(=0.70 = 0.06) at direct excitation to the TA-state was larg-
er than that of 4> (=0.45 %+ 0.04) at the excitation to the lo-
cally excited state (lLaor JBb) of anthracene as shown in
Figure 3.

It may be assumed that at room temperature there are
sufficient molecules of 1 vibronically compressed to give a
long wavelength absorption. If the “hot bands” arise from a
compressed geometry, it is reasonable that the quantum
yield of 4> is high. However, this assumption was denied,
because long wavelength absorption was observed at 77 K
in a MTHF rigid matrix as shown in Figure ». The photo-
chemical reaction occurred even at 77 K at 4s0 nm. More-
over, no temperature effect on s atsss NM was observed
in the temperature range 203-300 K (Figures).

The fluorescence and excitation spectra of 1 is also
shown in Figure 1. The fluorescence at 454 nm did not orig-
inate from the Si (TA) state, but from the S2(i1La) state.
The fluorescence quantum yield s>+ was (1 £ 0.1) X 10-3 in
degassed THF at 366 nm. Similar fluorescence was ob-
served in a MTHF rigid matrix at 77 K (see Figure 4). Re-
cently, similar S2 fluorescence of 1 has been reported by
Morita et al.30

The absorption and fluorescence spectra of 1 are differ-
ent from those of anthracene dimers, which are made by ir-
radiation of rigid glasses of methylcyclohexane containing
dianthracene with 254-nm light from a low-pressure Hg
lamp.24 It is known that there are two types of anthracene
dimers: a sandwich dimer and a “55 deg dimer”; the ab-
sence of a transannular band at 465 nm is observed in these
dimers.24 These differences can be understood by the fact
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Wavenumber

Figure 3. Reaction quantum yields as a function of excitation wave-
length.

Figure 4. Absorption and fluorescence spectra of 1 in a MTHF rigid
matrix at 77 K.
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Figure 5. Temperature effect on the reaction quantum yield 4R at
366 nm and 293 K.

that the proximity of two anthracene planes fixed by di-
methylene in 1 makes it possible to overlap the molecular ir
orbital to give the TA band.

The addition of piperylene (<10~2 M) as a triplet
quencher did not affect both the 4. and 4« values at sss
nm and 293 K, supporting a singlet mechanism. In order to
confirm the singlet pathway, the photosensitized reaction
of 1 (1 X 10-4 M) by benzophenone (0.1 M) in degassed
benzene at room temperature has been carried out. About
95% incident light was absorbed by benzophenone mole-
cules and the efficiency for the triplet-triplet energy trans-
fer was ca. 90% considering the triplet lifetime (12 ;;see)3l
of benzophenone and the diffusion-controlled rate constant
(1.0 X 1010 M~xsec-1)32 of the solvent. The reaction quan-
tum yield sensitized by triplet benzophenone was less than
0.001. This result is evidence for the singlet mechanism.

From these results, the photochemical and photophysical
processes can be accounted for by the scheme shown in Fig-
ure 6. A thermal relaxation in the TA state (Si) may give
an intramolecular singlet excimer (4E) which is responsible
for the photochemical reaction. The rate constant k\for the
internal conversion Snf'Bb) “*m S2(1La) is very large on the
basis of the result of the wavelength effect on 4x. The re-
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Figure 6. Schematic energy state diagram for the photochemical re-
action 1 — 2.

verse process from Si to S2 may be negligible, since the en-
ergy gap between the Si and S2 levels is appreciable (0.59
eV).

Using a steady state approximation, the following equa-
tions are obtained:

kr
©or=045= = <Pe&R 1
fed + fee + kfkd + fer D
where @ = kj(kd+ ke + fef).

«WUr = 0.70 = fer/(fed + kT) (2)
$R= 1X 10-3 = fefi(fed + ke + fef) )
Because of the low value of <, the main deactivation pro-
cesses in the S2(Xd_a) state comprise fee and fed From egs.
1-3, the efficiency 4@ and the rate constant fee for TA-state

formation from S2can be derived:
®=1r/i'r —064 @
ree = 6.4 X 102X fef = 5.3 X 1010sec“ 1 (5)
where the radiative rate constant fefwas estimated to be 8.3

X 107 sec-1 from the X_a band. The values of fed, (fed +
fee) 1, and kr/kd' can be also evaluated as follows:

fed~ 3 X 1010sec-1 (6)
r2 = (fed + fee)-1 =* 1.2 X 10-11 sec (@)
kjkd =*23 8

The lifetime of the X_astate (~12 psec) of 1 becomes much
shorter than that of isolated anthracene (4.9 nsec2b), indi-
cating a large transannular interaction in the S2state of 1.

Finally, the wavelength-dependent photochemical be-
havior of 1 has been revealed. Direct excitation to the
transannular excited state at longer wavelengths (450-470
nm) is much more effective for the photochemical reaction
from 1 to 2 than that to the locally excited state (‘La or
xBb) of anthracene at shorter wavelengths (<420 nm).
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lonic Photodissociation of Excited Electron Donor-Acceptor Systems.

Il. The Importance of the Chemical Property of Donor-Acceptor Pairs

T. Hino, H. Akazawa, H. Masuhara,* and N. Mataga

Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan (Received June 9, 1975)

The relationship between the ionic photodissociation yield and the electron donor-acceptor interaction of
pyrene-quencher systems was investigated by nanosecond laser photolysis and transient photocurrent
measurements. While no general relation was obtained, the chemical property of donor-acceptor pairs was
found to be reflected in the yield. On the basis of the present and previous results it was concluded that the
ionic photodissociation process consists of two steps, namely, the encounter collisional electron transfer
and the orientational relaxation of solvents. With the latter process some other radiationless transitions
depending on the chemical property compete in the dissociative excited state. It was shown in the case of
pyrene-nitrile systems that an unknown quenching process, other than ionic dissociation as well as triplet

formation, increases with the electron affinity.

Introduction

The fluorescence quenching process of aromatic hydro-
carbons due to electron transfer has been extensively stud-
ied in solution. A quantitative analysis was given by Rehm
and Weller,1 who established an equation on the relation-
ship between the quenching rate constant (kq) and the free
energy change of the electron transfer process in acetoni-
trile solution. A number of systems of aromatic hydrocar-
bon-quencher (amines, methoxybenzenes, nitriles) were
examined and confirmed to satisfy the proposed equation.
On the other hand, the fate of the transient ion pair pro-
duced by the electron transfer still seems unclear. It may
dissociate into free ions, disappear by reverse electron
transfer from the anion to the cation, or convert into an-
other chemical species. Moreover, these primary processes
are expected to be explained in terms of the electron
donor-acceptor (EDA) interaction in the excited state.
These are the problems associated with the mechanism of
ionic photodissociation of EDA systems, which have been
investigated in detail by the present authors.2-5

In the present work the quantum yields of ionic photo-
dissociation of 21 pyrene-quencher systems in polar sol-
vents have been obtained by using nanosecond laser pho-
tolysis and transient photocurrent measurements. The re-
lationship between the yield and the EDA interaction will
be examined, and the importance of the chemical property
of donor-acceptor pairs will be pointed out. The ionic pho-
todissociation mechanism will be discussed in general.

Experimental Section

Transient absorption spectra were obtained by using a
nitrogen laser constructed in the present work. A double
parallel-plate transmission line was used for a low induc-
tance capacitor,6 and a single triggered spark gap was made
of an aluminum block and a motor car plug (NGK BUHX).
Dielectrics were polyethylene terephthalate films (Toray
Lumirror). The output of 337-nm pulse was 1.5 mJ and its
pulse duration was 5.5 nsec. The monitoring light source
was a Xe flash lamp (Ushio US-240B) or a pulsed Xe lamp
(500 W, Ushio). The electronic circuit for the latter was
constructed by referring to the pulser circuit designed by
Thomas.7 A block diagram of the present laser photolysis

apparatus is given in Figure 1. Transient photocurrent
measurements were performed by the method and the ap-
paratus reported previously.36 For excitation, a frequency-
doubled ruby pulse of 80-mJ output and 15-20-nsec dura-
tion was used.

Pyrene was chromatographically purified. TV.N-Dimeth-
ylaniline (DMA), N.Al-diethylaniline (DEA), and 'N,N-
dimethyl-m-toluidine (DMT) were refluxed with acetic an-
hydride, distilled under reduced pressure, washed with
water, dried over potassium hydroxide, distilled under re-
duced pressure, vacuum distilled, and stored in vacuo. Ani-
line (AN) and N-methylaniline (NMA) were distilled, vac-
uum distilled, and stored in vacuo. Benzonitrile and dieth-
ylphthalate were used after distillation. All other electron
acceptors were purified by several recrystallizations and
sublimation. Acetone (Dotite spectrogade) and acetonitrile
(Merck spectrograde) were used without further purifica-
tion. Acetone solutions were bubbled with nitrogen gas sat-
urated with acetone, and acetonitrile solutions were de-
gassed by the usual freeze-pump-thaw method.

Results

1. Transient Absorption Spectral Measurements on Py-
rene-Amine and Pyrene-Nitrile Systems in Acetonitrile.
The transient spectra obtained at 200 nsec after excitation
are shown in Figures 2 and 3. The concentration of pyrene
was adjusted so as to give an appropriate optical density
(0.1—0.4) at 347 nm for the present photolysis method. The
concentration of quenchers was determined so as to quench
the pyrene fluorescence more than 90% for nitriles and 98%
for amines. These spectra can be reproduced by "he super-
position of the bands of the donor cation, the acceptor
anion, and the triplet pyrene,8-10 which means that ionic
photodissociation of the present EDA systems occurs.
Quantum yields of the dissociation process were obtained
by examining the pyrene anion (492 nm) and the pyrene
cation (445 nm) bands for amine and nitrile quenchers, re-
spectively. Details of the procedure for evaluating the yield
are the same as reported previously.2 The values obtained
are listed in Table | and accompanied with the free energy
change of the ionic photodissociation process. The change
was calculated according to the following equation:1
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Figure 1. A block diagram of the nitrogen laser photolysis apparatus
with a pulsed Xe lamp as a monitoring light source: (1) pulser, (2)
delay circuit, (3) triggering circuit, (4) single triggered spark gap, (5)
nitrogen gas laser, (6) starter, (7) power supply, (8) Xe lamp, (9) pho-
tomultiplier, (10) monochromator, (11) sample cell, (12) lens, (13) fil-
ter, (14) slit.

Figure 2. Transient absorption spectra of the pyrene-amine-aceto-
nitrlle systems obtained 200 nsec after laser excitation. (A) The liter-
ature spectra of the pyrene anion (a), the DEA cation (b), and the
triplet pyrene (c) are from ref 8 and 9. The amines are as follows:
(B) aniline, (C) W-methylaniline, (D) A/,A/-dlethylaniline, (E) A/,A/-dimeth-
ylaniline.

AG = £(D/D+) - E(A-IA) - AL00(A*) - e2Aa

where £(D/D+) and E{A~/A) represent the oxidation po-
tential of the donor and the reduction potential of the ac-
ceptor, respectively. -IE0,0(A*) and e2/ta are the energy of
the zero-zero transition of pyrene and the Coulomb energy
obtained due to the formation of ion pairs in the solvent of
dielectric constant c. The yields obtained by the usual
method of photocurrent measurementss are also shown in
Table I. Here the yield determined with the photocurrent
data ("pc) was set equal to the value obtained by examining
absorption spectral measurements (i/'abs), since most of the
anions and the cations produced are separately solvated in
the case of pyrene-DMA and pyrene-p-dicyanobenzene
(DCNB) systems in acetonitrile.35 The values of Ypc for
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Figure 3. Transient absorption spectra of the pyrene-acceptor-ace-
tonitrile systems obtained 200 nsec after laser excitation. (A) The lit-
erature spectra of the pyromellitic dianhydride anion (a), the tetracy-
anobenzene anion (b), the pyrene cation (c), the triplet pyrene (d),
the p-dicyanobenzene anion (e), and the tetracyanoethylene anion
(f) are from ref 8-10. The acceptors are as follows: (B) p-dicyano-
benzene, (C) tetracyanobenzene, (D) tetracyanoethylene, (E) py-
romellitic dianhydride.

TABLE I: Quantum Yields of lonic Photodissociation of
Pyrene-Amine and —Nitrile Systems in Acetonitrile

E(D/D+)
or
E{A-IA), AS
Quencher rabsa  *pch eV >V
AT, A-Dimethylaniline 0.5¢c 0.5 0.78 -0.47
Af.A-Diethylaniline 0.5 0.5 0.76 -0.49
A/.A-DimethyTni-toluidine 0.53 0.6 0.65 -0.60
A-Methylaniline 0.37 0.4 1.03 -0.22
Aniline 0.45 0.5 1.28 +0.03
Triethylamine 0.28 0.2 0.98 -0.27
p-Dicyanobenzene 0.38¢c 0.38c -0.65 -0.50
sym-Tetracyanobenzene 0.20 0.25 -0.66 —1.49
Tetracyanoethylene 0.10 0.16 +0.24 -2.39
Pyromellitic dianhydride 0.11 -0.55 -1.60

a'Pabs are the absolute yields obtained by calculating the
absorption spectral data. The value of 0.5 of the pyrene-
DMA system was determined by Taniguchi et al.5b ppc are
the yields obtained from the photocurrent data. cFor py-
rene-DAM and pyrene-DCNB systems ->pc is set equal to
babs- See text.

some quencher systems are roughly equal to those of \wbs,
which means that most of the ionic species are solvated as
free ions in this solvent. In the case of pyrene-amine sys-
tems the yield is rather small when NMA and TEA are
used as quenchers and it is almost constant when DMA,
DEA, AN, and DMT are used as quenchers. In the case of
pyrene-nitrile systems the yield decreases as the free ener-
gy change increases.

2.The Photocurrent Measurement on Pyrene-Acceptor
Systems in Acetone. The observed laser-induced current
shows rapid rise and rather slow decay in nanosecond time
regions. Therefore the value of peak photocurrent attained
immediately after excitation may be regarded as propor-
tional to the yields of ions produced. All results are summa-
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TABLE II: Relative Quantum Yields of lonic Photodissociation of Pyrene—Acceptor Systems in Acetone

Acceptors Ey, a eV Ef,heVv
p-Benzoquinone -0.51* 2.04
Benzonitrile —3.25' -0.80
Fumaronitrile
o-Dicyanobenzene —2.63' -0.16
p-Dicyanobenzene —2.48' - 0.00
m-Dicyanobenzene
sym-Tetracyano- —0.71* 1.84

benzene
Phthalic anhydride —1.31* 1.21
Tetrachlorophthalic —0.86* 1.70
anhydride
Maleic anhydride —0.84* 1.71
Pyromellitic —0.55* 2.02
dianhydride
Diethyl isophthalate —1.47/ 1.04
Diethyl phthalate —1.45/ 1.07
Diethyl terephthalate —1.16/ 1.36

Without acceptors
Py—(CH2)3-DMA?

35
Ef'T eV yd Decays Reaction/
1.37 0.63 Second No
order
0.27 \
0.79 045 i
0.94 (
1.11 1.00 ( Second No
0.65 \ order
2.20 0.68 ?
0.20)
0.17 f Not Yes
clear
0.15i
0.12 1
0.43)
0.33 > Second No
0.41J order
0.26/ Not No
0.16) clear

aEy2 represents the reduction potential of acceptors. bEf is the electron affinity of the acceptors obtained by using the fol-
lowing relations: Ef = 1.04Ey2+ 2.58, which is obtained by plotting the data of 21 acceptors. cEf is the electron affinity
given by the magnetron method. See A. L. Farragher and F. M. Page, Trans. Faraday Soc., 63, 2369 (1967). d is the rela-
tive quantum yield obtained in the present work. ¢ The decay mode of transient photocurrent./Photoproducts were
checked by examining the change in uv absorption spectra. ?Py—CH,)3-DMA represents I-pyrenyl-(CH,).—{p-N,N-
dimethylaminophenyl). This sample was supplied by Professor S. Misumi of this university. /!M. E. Peover, Trans. Faraday
Soc., 58, 2370 (1962). ' P. H. Rieger, 1. Bernal, W. H. Reinmuth, and G. K. Fraenkel J. Am. Chem. Soc., 85,683 .1963).
/These are values of corresponding dimethyl esters, which were kindly given by Dr. M. Yamamoto of Kyoto University.

rized in Table Il. The concentrations were 1 X 10~4 M for
pyrene and 1 X 10_;! M for acceptors throughout all mea-
surements, and no appreciable excimer formation was de-
tected. These acceptors do not show any considerable ab-
sorption at 347 nm, the wavelength of excitation by fre-
guency-doubled ruby laser. The observed current in the
case of pyrene solution without quenchers is due to the py-
rene cation and the solvated electron produced by one- and
two-photon absorption.11 Since absorption of the second
photon and quenching by acceptors compete with each
other in the case of pyrene-acceptor systems, the photocur-
rent value for the system without quencher suggests an
upper limit for the ionization of pyrene in the present py-
rene-acceptor systems. The I-pyrenyl-(CH2)3(p-/V,/V-
dimethylaminophenyl) system shows exciplex emission
even in rather polar solventsi2 and the transient photocur-
rent is suppressed compared to the case of pyrene without
quenchers. Quenching by the A’,N-dimethylaminophenyl
moiety may be efficient because of the short distance be-
tween the latter and pyrene. The peak photocurrent of the
pyrene-acceptor systems may be due to ionization of py-
rene as well as ionic photodissociation. Although the pre-
cise contribution from the dissociation of the donor-accep-
tor pair to the observed photocurrent cannot be deter-
mined, qualitative conclusions will be given in the present
work.

When an excited pyrene is quenched by anhydrides the
peak current obtained is only a little larger or even smaller
than that of I-pyrenyl-(CH2)3-(p-W,N-dimethylamino-
phenyl) and a change of absorption spectra after measure-
ments was observed. This may be ascribed to a chemical re-
action between fluorescent pyrene and anhydrides, whose
rate is larger than that of dissociation. The transient cur-
rent decay curve cannot be analyzed because of the low sig-
nal intensity. In the case of aromatic ester quenchers such a
reaction was not detected and a second-order decay was an-
alyzed. The yield is about 40% of that in the case of the py-

rene-DCNB system. It should be noted '.hat the yield of
pyrene-nitrile systems except benzonitrile and fumaroni-
trile quenchers decreases as the electron affinity increases.
In the case of the latter quenchers, effective quenching
does not occur because of a smaller kg value than the diffu-
sion-controlled onel and the yield is lower than that of the
pyrene-DCNB system.

Discussion

The relation between the AG value and the yield ob-
tained in the present work is shown in Figure 4, where the
fluorescence quenching rate constant is also given as a
function of AG.1The yields of ester and anhydride quench-
er systems are due to data measured in acetone solution
and the increase of the yield from acetone to acetonitrile
was estimated by assuming the same solvent effect as in the
pyrene-DCNB system. The increase is about 20% for the
latter system.4 All examined quenchers are well known to
have enough ability to quench the pyrene fluorescence and
the rate constant is equal to the diffusion-controlled one.
In the cases of NMA, AN, and TEA, corrections for smaller
kg values are made by increasing the concentration of
those amines. Therefore, a direct comparison of ionic pho-
todissociation yield is possible and significant. The general
relation between the yield and AG, which is related to the
EDA interaction, was not obtained and the fluctuations of
values in the —0.5 ~ 0.7 eV region of AG are noticeable.
The data in Figure 4 may be classified into four groups,
namely, nitriles, amines, esters, and anhydrides. It should
be emphasized that the chemical property of donor-accep-
tor pairs plays an important role in the ionic photodissocia-
tion process.

Since the quenchers used here have large quenching abil-
ity due to electron transfer, transient ion pair may be pro-
duced at first although the nature of this ion pair is not
very clear. However, different yields of free ions were ob-
served as shown in the present work. Therefore, it is con-
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Figure 4. The relation between AG value and the ionic dissociation
yield obtained immediately after excitation for several pyrene-
guencher-acetonitrile systems. The representation of the fluores-
cence quenching rate constant as a function of AG is cited from ref
1 Quenchers are as follows: (1) N./V-dimethylaniline, (2) A/.N-dieth-
ylaniline, (3) A/./V-dimethyl-m-toluidine. (4) W-methylanlline, (5) aniline,
(6) triethylamine, (7) p-dicyanobenzene, (8) tetracyanobenzene, (9)
tetracyanoethylene, (10) phthalic anhydride, (11) tetrachlorophthalic
anhydride, (12) maleic anhydride, (13) pyromellitic dianhydride, (14)
diethyllsophthalate, (15) diethylphthalate, (16) diethyl terephthalate.
The data may be classified into four groups: amines (O), nitriles (),
esters (m), and anhydrides (+).

eluded that the encounter collisional electron transfer be-
tween the fluorescer and the quencher is not always fol-
lowed by ionic dissociation into free ions. Electron transfer
in the excited state may also be followed by some other pri-
mary processes. Namely, the primary processes to P + Q as
well as 3P + Q and some chemical reactions from the state
produced immediately after the electron transfer have been
investigated in detail by Ottolenghi et al.13 and by us.35
According to those investigations and the present results, a
schematic representation for the relevant processes may be
as follows:

P* + Q

<p*-Q) » Q> — (P+Q . — P’ +Q

P + Q reaction P+ Q

Here primary processes for about 10 nsec after excitation
are summarized. P* and Q are the excited pyrene molecule
and quencher, respectively. (P*—Q) is an encounter com-
plex and (P~—Q™*)* is the state formed immediately after
electron transfer. The degree of relaxation of the latter
state is not well known at the present stage of investiga-
tion. (PT—Q*)s and Ps* + Q,* represent the solvated ion
pair and free ions, respectively. Solvation to the ion pair or
directly to free ions may compete with reverse electron
transfer to the ground state, formation of the triplet py-
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rene, and chemical reaction.14 The rate constants of such
degradation processes may depend not only on the EDA in-
teraction but also on the chemical property of the EDA
pairs. Thus the yield of free ions formed varies widely from
system to system even if electron transfer quenching occurs
equally. It is concluded, therefore, that the dissociation
process consists of two steps, namely, the encounter colli-
sional electron transfer and the orientational relaxation of
the solvent. This conclusion is consistent with the result on
exciplex formation processes studied by time-resolved fluo-
rescence spectra.15 The exciplex has been considered to be
formed by encounter collisional electron transfer followed
by solvation, as in the present case of ionic photodissocia-
tion.

The results on pyrene-nitrile systems showed that the
yield decreases as the electron affinity increases. This ten-
dency is confirmed with both photocurrent and spectral
data. Since the rate of dissociation into free ions or the rate
of formation of ion pairs should become larger as the elec-
tron affinity increases, the above result leads to the conclu-
sion that there occurs some radiationless process which
competes with ionic dissociation and becomes faster as the
electron acceptor becomes stronger. Since the increase of
the triplet pyrene was not observed with the decrease of
the dissociation yield as one can see from Figure 3, this ra-
diationless process is not the formation of the triplet py-
rene. Moreover, the chemical reaction was not detected by
absorption spectral measurements. Thus the nature of the
degradation process in question is not clear at the present
stage of investigation. Quite similar result was already re-
ported hy us on the tetracyanobenzene-methyl-substituted
benzene charge-transfer complexes which is stable in the
ground state.2 As the ionization potential of the donor be-
comes higher and the CT degree in the excited Franck-
Condon state is lowered, the yield of ionic dissociation was
increased. This result was explained as due to the fact that
the high CT degree leads to faster direct degradation to the
ground state, which competes with ionic dissociation. It
seems that such a radiationless transition is common to ar-
omatic hydrocarbon-nitrile systems.

The influence of the chemical property of the quencher
upon ionic photodissociation yield can be noticed also in
the case of pyrene-amine systems. The dissociation yield of
the pvrene-NMA system is lower than those of systems of
pyrene-other aromatic amine quenchers. Recently it has
been reported that hydrogen atom transfer from NMA to
excited pyrene occurs,16 which seems to cause the low ionic
dissociation yield. Moreover, the yield of the pyrene-TEA
system is low compared to the case of other amine quench-
ers. This may be ascribed to the difference between aro-
matic and aliphatic amines. Dynamic behaviors of aromatic
hydrocarbon-aliphatic amine exciplexes are rather distinct
from those of aromatic hydrocarbon-aromatic amine exci-
plexes,1' and the same difference in the chemical nature
may be reflected in the ionic photodissociation yield.
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Bubble Formation Around Positronium Atoms in High Surface-Tension

Aqueous Solutions of Inorganic Materials
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Positron lifetime measurements were performed in concentrated aqueous solutions of various inorganic
materials (KC1, NaCl, MgCl2, NH40H, NaOH). Strong correlation was found between the orthopositron-
ium lifetime and the surface tension of the solutions up to 101 dyn/cm, not depending on the kind of solute
molecules. The results were interpreted by the bubble model, though it was not expected to be valid by
other authors for high surface-tension solutions. The bubble parameters were calculated. Similar results
were found also fcr concentrated solutions of Nal in methanol.

Introduction

The positronium atom (Ps), the bound state between a
positron and an electron, is formed in a condensed medium
when the positron, after its slowing down, captures an elec-
tron. Orthopositronium, in which the spins of the two par-
ticles are oriented parallel, annihilates into three 7 quanta
in vacuo with a lifetime of 140 nsec. In condensed matter,
however, the most common way of the annihilation for the
positrons of 0-Ps atoms is the so called pick-off annihila-
tion into two 7 quanta with an electron of the medium (the
spin of which is antiparallel to the spin of the positron).
Thus the lifetime is reduced to a few nanoseconds depend-
ing strongly on the properties of the medium.1

Many attempts have been made to explain this general
annihilation phenomenon and to find correlations between
annihilation parameters and the properties of the medium.
An empirical and simple correlation was recently discov-
ered by Tao concerning the surface tension in molecular
liquids.2 This correlation was found to be valid also for two
component liquid mixtures by Levay et al.3 and was inter-
preted by the bubble model .4

The bubble model, which was first applied by Ferrell3 to
explain the unexpected long o-Ps lifetime in liquid helium,
takes into consideration the effect of surface tension on the
energy balance around the positronium atom formed in a
cavity of the liquid. This model for liquid helium was im-
proved by Roelligb and extended to low surface-tension
molecular liquids by Buchikhin et al.78 Buchikhin pointed
out that the model cannot be applied to high surface-ten-
sion liquids.7

There are. however, some facts which are inconsistent
with this opinion. First of all, the lifetime of pick-off anni-
hilation measured in the high surface-tension water does
not show any significant deviation from Tao’s empirical re-
lationship2or from the similar one found for water-metha-
nol and water-dioxane mixtures.3

Recently we published our results9 on the ineffectiveness
of surface-active materials in water on the o-Ps lifetime.
This fact was accounted for by the very low concentration
and very large size of the solute molecules, which thus
could not take part in bubble formation around the posi-
tronium atoms.

Thus it seemed to be of interest to examine the effect of
those small inorganic molecules on o-Ps lifetime in concen-
trated aqueous solutions which are not positronium
quenchers and increase the surface tension of water signifi-
cantly. These relatively small molecules, at high concentra-
tion, are expected to be able to take part in developing
equilibrium conditions around o-Ps atoms.

Bertolaccini et al.10 have measured o-Ps lifetimes in
aqueous solutions of various alkali halides which are known
to increase the surface tension of water to a small degree.
Almost all alkali halides, indeed, have caused a slight de-
crease in 0-Ps lifetime, as could be expected. The highest
effect was found in KF solutions. Unfortunately, however,
surface-tension data for this system are not available.

On the other hand, Tao and Greenll have published life-
time data for aqueous solutions of oxyacids and hydrogen
compounds. In most of these solutions the o0-?s lifetime in-
creased with increasing concentration. At the same time

The Journal of Physical Chemistry, Vol. 80, No. 1, 1976



38

the surface-tension data, which are available only for a few
of these systems, showed slight decreases.

In the present work we report the results of our lifetime
measurements in concentrated aqueous solutions of KC1,
NaCl, MgCl2, NaOH, and NH4OH, together with measure-
ments in concentrated solutions of Nal in methanol.

We shall show that the bubble model is not in contradic-
tion with the experimental results even for high surface-
tension solutions up to 101 dyn/cm, and that the surface
tension is one of the most important physical parameters in
determining the pick-off rate in these concentrated solu-
tions.

Experimental Section

The positron lifetime spectra were measured with a con-
ventional fast-slow coincidence system, where a commer-
cial ORTEC 437A time-to-amplitude converter was used.
The time resolution in these measurements was fwhm =
520 psec using 1 in. X 1in. NE 111 plastic scintillators and
XP 1021 photomultipliers. The 22NaCl positron source
(about 20 /;Ci) was deposited between two thin (1.2 mg/
cm2) Melinex Type 442 (ICI Ltd.) polyester films.

At least 2 X 10s counts were accumulated for each spec-
trum.

All the chemical materials were reagent grade and were
used without further purification. The samples in methanol
were carefully deoxygenated by bubbling purified nitrogen
through the solution. The aqueous samples were measured
without deoxygenation.

The lifetime spectra were analyzed by computer pro-
grams of SIRIUS program system. Either the MQPA or the
SD02 program was used, both were written by Horvath. 12

The MQPA program uses a multiexponential (in our case
atwo exponential) fit. The sD02 program is a modified ver-
sion of POSITRONFIT.13 Both programs give practically
identical results for the longest lifetime attributed to
orthopositronium annihilation. The sD02 program gives a
better fit using three-component analysis, where the short-
est lifetime of about 0.1 nsec corresponds to parapositron-
ium, while the medium lifetime of about 0.4 nsec corre-
sponds to free positron annihilation.

It was estimated that about 5% of the positrons were an-
nihilated in the source supporting foils. The foil spectrum
was not substracted from the measured spectra.

Results and Discussion

The results of the two-exponential analysis of the life-
time spectra are presented in Table I.

All the dissolved inorganic materials decrease the ortho-
positronium lifetime as compared to the pure solvent ex-
cept for NH40H in water. At the same time, all the dis-
solved materials increase the surface tension of the solvent
except NH40H, which decreases it in water. (See Table 11.)

This exception clearly indicates that the change in the
lifetime cannot be accounted for by a chemical quenching
reaction, but must be mainly due to the change of the sur-
face tension caused by the solutes.

The strong correlation between the pick-off rate (Xp =
1/r2) and the surface tension (7 ) of the solutions is shown
in Figure 1, with logarithmic scales on both its axes.

The measured points are situated nearly along a straight
line corresponding to Tao's empirical formulaz

xp = Kya (1)

not depending on the kind of solute molecules. Values of «
and a were calculated to be 0.062 + 0.004 and 0.51 + 0.02,
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TABLE I: Results of Positron Lifetime Measurements
in Concentrated Solutions of Inorganic Materials*

Solute
concn, Tu §v hes
No. Solvent Solute wWt % nsec nsec %
1 n2o 0.414 187 253
2 h2o KC1 11 0420 182 220
3 h2 KC1 25 0417 170 227
4 hd NaCl 15 0409 172 224
5 h NaCl 25 0406 168 21.1
6 n2o MgCI2 25 0413 167 252
7 hd NaOH 14 0.378 169 288
8 hX NaOH 25 0.354 157 275
9 nd NaOH 36 0356 146 26.2
10 nd NHOH 515 0427 2.18 227
11 ch3h 0.457 333 215
12 CH30H Nal 20 0.466 3.00 2438
13 CH30H Nal 40 0472 275 183

nThe average errors of the measured values, expressed as two
times the standard deviations calculated by the computer, are
+1.5, £2.0, and +3.0 rel. % for i, €2, and/ 2, respectively.

respectively, by least-squares analysis of the data (Xp was
measured in nsec-1 and 7 in dyn/cm). These values are in
good agreement with those found by Tao2 or by us3 for
water-methanol and water-dioxane mixtures.

This correlation between the pick-off rate and surface
tension of solutions, as was pointed out in our earlier
paper4 can be accounted for by the bubble model. Al-
though Buchikhin et al.7 pointed out that their model is
valid only for low-surface-tension molecular liquids, our ex-
perimental results indicate that there is every reason to ex-
tend it also to these high-surface-tension solutions.

This model approximates the bubble around a Ps atom
as a square well with spherical geometry. This potential
well has a radius R, a depth u, and the energy of Ps in it
(measured from the bottom of the well) isE.

The basic relations between the bubble parameters and
the physical parameters of the medium are expressed by
the following equations's

Xp= wrocnze{(P(kR) = wr0xN a P (kR) )

P(kR) —SIN2kR/(1—kR COtkR) (©)]
sin4feR irh2 7

kR (tank R -k R ) ~Tis2 4

k= (AME/2)72 ®)

Here ro is the classical radius and m the mass of an elec-
tron, c is the velocity of light, n is the number of molecules
in unit volume, N a is Avogadro’s number, and v is the
molar volume. P (kR) expresses the quantum mechanical
probability for the Ps atom coming out of the well. Z€ff is
the effective number of annihilating electrons per mole-
cule, which proved to be equal to the number of valence
electrons per molecule.7 8

Recently it was pointed outs that formal correlation can
be found between empirical eq 1 and the theoretically de-
rived equations of the bubble model. The connection be-
tween them is given by the following equation:

a sinz kR / sin4 kR > 6
“ - (o
9—_ kR COt kR (kR —tan kR)/ ©®
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TABLE II: Equilibrium Bubble Parameters Calculated from the Lifetime Data*“

Vv,

No. cms AT P{kR) kR
1 18.02 8 0.27 2.18
2 18.37 8 0.28 2.16
3 19.00 8 0.31 2.13
4 18.14 8 0.29 2.15
5 18.34 8 0.30 2.14
6 18.52 8.47 0.29 2.15
7 16.97 8 0.28 2.16
8 16.45 8 0.29 2.15
9 16.16 8 0.31 2.13

10 26.55 1153 0.24 2.22

11 40.73 14 0.19 2.28

12 39.81 13.70 0.22 2.24

13 39.28 13.25 0.24 2.22

y? u, R,
dyn/cm eV A K a

72.9 1.37 3.13 0.075 0.46
74.9 1.36 3.07 0.079 0.45
78.9 1.35 2.99 0.090 0.43
77.6 1.36 3.04 0.084 0.44
82.4 1.39 2.96 0.088 0.43
83.4 141 2.98 0.084 0.44
81.0 141 3.02 0.082 0.45
90.6 1.48 2.91 0.087 0.44

101.0 1.53 2.84 0.091 0.44
56.0 1.28 3.40 0.066 0.48
224 0.91 4.35 0.060 0.51
25.6 0.91 4.19 0.066 0.50
29.5 0.92 3.99 0.071 0.48

° The average errors estimated from the error of lifetime data are +0.01, +0.015, +0.02, and +0.02 for P(kR), kR, U, and R, respectively.

logf

Figure 1. The pick-off rate (Ap) of orthopositronium annihilation in
concentrated solutions of inorganic materials In water or methanol
as a function of the surface tension (y). (The numbers refer to the
numbers of measurements in Table 1.)

e.g., the exponent in eq 1 is a function of the dimensionless
quantiy kr of the bubble model.

Using eq 2-6 and the well-known solutions for the finite
potential welli4 we have calculated the equilibrium bubble
parameters and the corresponding « and a values from our
lifetime data. The results are presented in Table Il.In the
case of these solutions, average molecular weights (M) and
average effective electron numbers (z eff), corresponding to
the mole fractions of the systems, were used. The density
and surface-tension data necessary to the calculations were
taken from the literature.15'16

With increasing surface tension the calculated bubble ra-
dius is decreasing, whereas the depth of the potential well
is increasing.

It is surprising that kr, and as a consequence also « cal-
culated by eq s, show only moderate change with increasing
surface tension. On the other hand, « changes in higher de-
gree, as was found also in the case of low-surface-tension
liquids.4 In addition to this, « depends to a greater degree
also on the chemical character of the medium. As a conse-
quence of these facts, the deviations from empirical eq 1
are probably due to this character of «.

It is interesting to note that there is some correlation be-

logt

Figure 2. The annihilation rate of the short-lived comporent (Ad as a
function of the surface tension (y). (The numbers refer to the num-
bers of measurements in Table 1.)

tween the surface tension and the shorter component of the
lifetime spectra too. Al increases with increasing surface
tension (Figure 2). Unfortunately, however, this lifetime
component is a mixed one, containing the parapositronium
and free positron lifetimes. Thus it is difficult to say
whether the annihilation of the very short-lived paraposi-
troniums or that of the free positrons account for this cor-
relation.

As for the probability of o-Ps formation (/2%), we did not
find any correlation with surface tension. KC1 NaCl, and
NH4OH showed a little inhibition while in aqueous solu-
tions of NaOH the probability of Ps formation was a little
bit higher than in pure water.

Conclusion

The main conclusion which can be drawn from the re-
sults is that the bubble model seems to be valid also for the
high-surface-tension aqueous solutions, at least to the same
extent as it was found to be valid for the low-surface-ten-
sion molecular liquids7 The R > 2.8 A bubble radii for the
solutions of highest surface tension are quite reasonable
and do not suggest any impossibility of bubble formation.
The other bubble parameters are also comparable to those
found for the low surface-tension pure organic liquids.

The other conclusion to be drawn from our results is that
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the small inorganic molecules (or small molecules in gener-
al) at high concentrations are able to take part in devel-
oping equilibrium conditions around o-Ps atoms in con-
trast to the large surface-active molecules that decreased
the surface tension at small concentration, but did not af-
fect the o-Ps lifetime.o This fact, in our opinion, means that
the surface tension does not always affect the o-Ps lifetime,
but only if it can act in microscopic measures directly
around the o-Ps atoms.

Our results show that the strong correlation between the
surface tension and the pick-off quenching rate of o-Ps an-
nihilation is a general phenomenon existing not only for the
pure molecular liquids and their mixtures but for solutions
with inorganic compounds as well.
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The precipitation of hydroxyapatite, Caio(PO4)s(OH)2 from dilute solutions is discussed. The degree of
supersaturation of these dilute solutions (105 to 109, relative to hydroxyapatite) is in the range believed by
some workers to exist at the sites of biological calcification. At these comparatively low supersaturations,
hydroxyapatite is shown to be precipitated without the formation of the amorphous calcium phosphate
precursor, which was previously believed obligatory. After initial formation, the hydroxyapatite crystals
grow by a ripening process with little or no further nuclei forming. Calculations from electron microscope
study of time-dependent crystal growth show the average crystal length 1 is related to time t as follows: J =
13.7 X 10- 8i° 37 (cm). Chemical analysis shows the precipitation and ripening process to be first order in Ca

and OH and of order 1.25 in total P04.

The precipitation of hydroxyapatite, Caio(Po 4)e(OH)z2,
has been of great interest, particularly because of the rela-
tionship of this material to bone mineral.1 In the presence
of high concentrations of calcium and phosphate (total Ca
and total P04 each greater than 10 mili) and at pH values
greater than s 8, the precipitation of hydroxyapatite is al-
ways preceded by the formation of an amorphous precur-
sor,2 distinct both chemicallys and structurallys from the
final product. The conversion of the amorphous precursor
phase to hydroxyapatite has been shown to be an autocata-
lytic process with the rate of conversion at any given tem-
perature dependent on the pH of the mediating solution.2

Preliminary studies indicated that in the presence of
lower concentrations of calcium and phosphate (total Ca
and total P04 each less than 2 mill), the first precipitate
formed at pH 7.4 had an x-ray diffraction pattern, mor-
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phology, and colloidal properties distinct from those of the
amorphous calcium phosphate found in the presence of
higher concentrations of reactants. However, after standing
24 hr, the hydroxyapatite found in these dilute solutions
was comparable to the final product of the amorphous cal-
cium phosphate transformation mentioned above. The pur-
pose of this study was to determine the nature of the mate-
rial precipitated initially from these dilute solutions and to
determine the mechanism by which microcrystalline hy-
droxyapatite is produced under these conditions. Despite
the fact that the exact calcium and phosphate concentra-
tion at the site of mineral formation is not known, the con-
centrations of the surrounding fluids are comparable to
those used in this study, and therefore, an additional pur-
pose of this study was to investigate a possible mechanism
for the initial deposition of bone mineral.



Formation of Hydroxyapatite at Low Supersaturation

Experimental Section

The precipitation of hydroxyapatite was initiated by the
rapid mixing of CaCl2 and Na2H P04 solutions. Preliminary
experiments were performed by adding 500 ml of 2.6 mm
CaCl2 to 500 ml of 2.0 mm Naz2HP04. Prior to mixing, the
pH of each of the reagents was adjusted to 7.4 by the addi-
tion of NaOH or HC1, as needed. The change in pH with
time, after mixing, was monitored with a pH meter and the
solution was maintained at pH 7.4 by the addition of 0.10
M NaOH. Aliquots (10 ml) for calcium and phosphate
analysis and electron microscopy were removed immediate-
ly after mixing and at frequent intervals thereafter. No
change in pH or initial calcium and phosphate concentra-
tions was observed during the first 23-28 hr (induction pe-
riod). In order to follow the reaction after this initial 23-hr
period, the experimental set-up was modified so that the
pH could be monitored by an automatic titrator (Mettler
pH Stat). Using the titrator caused no changes in parame-
ters measured after the induction period was completed,
but did shorten the time during which no changes in solu-
tion concentrations were observable. (Since the reaction
parameters after .the completion of this induction period
were independent of the method of mixing, for conve-
nience, all subsequent experiments were performed using
the automatic titrator.) Thus, in the bulk of the experi-
ments,the desired volume of 0.133 m CaCl2 was added to a
solution of known ionic strength, described below, and the
pH of the solution adjusted to 7.40. A solution of 0.100 M
Na2HPO04 adjusted to pH 7.40 was added rapidly to the
CaCl2 solution. The reverse order of addition was also used
with no change in results. The Ca/P04 molar ratio of the
systems studied ranged from 1.0 to 1.7 while the Ca X P04
mM products ranged from 0.25 to 1.7 mM2 A number of
solutions of different ionic strength (Table IV) and ionic
species were used in the reaction to assess the effect of this
parameter. Except for this series, all preparations were car-
ried out at an approximately physiological ionic strength
using 0.15m NaCl.

All reactant solutions were prepared from Analytical
Grade reagents and were filtered through fine sintered
glass filters (4-5.5 ¢) prior to use. Glassware was washed
three times with 3N HC1 to remove any possible hydroxy-
apatite nuclei from the walls. Carbon dioxide was excluded
from the reaction flask by bubbling prepurified nitrogen
through the solution, or running the reaction in a nitrogen
atmosphere. All experiments were performed in covered
vessels at 26.5 + 0.3°C. After the initial mixing, solutions
were stirred at a constant reproducible rate with a Teflon-
coated, magnetic stirrer. The pH of the reaction solution
was maintained at 7.40 using a Mettler automatic titrator
capable of adding acid and/or base in volume aliquots as
small as 5 X 10-4 ml. Fischer certified 0.1 N HCl and 0.1 N
NaOH were used to adjust pH. The calibration of the com-
bination electrode was checked prior to and after each ex-
periment. The normality of the base was checked periodi-
cally against potassium hydrogen phthalate to ensure that
no carbon dioxide had been absorbed.

The reaction was monitored in terms of the uptake of hy-
droxyl ions, the change in solution calcium and phosphate,
and the changing nature of the solid as determined by elec-
tron microscopy and selected area electron diffraction. Cal-
cium ion activity in the solution was measured with an
Orion Select-ion electrode, placed directly in the reaction
flask. The electrode was calibrated daily against standard

41

solutions of similar composition, pH, and ionic strength.
(In order to maintain reproducibility the electrode’s inter-
nal and external filling solutions were changed every 4
days.) At specific intervals, aliquots were removed from the
reaction vessel, transferred to an ice bath to slow the reac-
tion, and centrifuged at 2500 rpm for 15 min. The super-
nates were saved for analysis and the pellets weighed and
analyzed. Solid material sufficient for analysis was present
only after 24 hr.

In order to determine if the presence of the Select-ion
electrode in the reaction flask had any effect on the ob-
served decrease in calcium or hydroxyl uptake, an indepen-
dent set of experiments was performed. In these, the Ca
electrode was not placed in the reaction vessel, instead,
small aliquots, which were not replaced, were taken from
the reaction flasks, and the Ca activity determined using
the Select-ion electrode outside of the reacting system. The
data obtained from these experiments did not differ from
that obtained when the Ca electrode was left in the reac-
tion vessel.

Calcium was determined by atomic absorption spectro-
photometrys and inorganic phosphate by optical analysis of
a molybdenum heteropolyphosphate complex.s The analyt-
ical, as opposed to the Ca electrode values for Ca, were used
in all kinetic analyses. The solution calcium activities cal-
culated from these results agreed within +5% with those
measured with the calcium electrode, both internal and ex-
ternal to the reaction flask. Sintered-glass filters (4-6-»
pore diameter) did not remove the fine precipitates as effi-
ciently as centrifugation, as evidenced by the fact that Ca
analysis for the filtrate was 20% higher, on average, than
for the centrifugate. The equilibrium concentrations of
each of the phosphate ionic species and calcium phosphate
ion pairs present at the pH of the experiment were calcu-
lated by an iterative process from the appropriate dissocia-
tion constants's in order to evaluate the degree of super-
saturation. Activity coefficients for Ca2+, P043-, and OH
were estimated from the Debye-Huckel equation.s

Single drop aliquots for electron microscope analysis
were removed from the reaction flask immediately after
mixing, at 2-5-min intervals during the first hour, at 30-
min intervals for the next 8 hr, and at 8- 12 -hr intervals for
the next 2-5 weeks. Electron microscopy was used to con-
firm that there were no solid phases of electron density
comparable to hydroxyapatite in the reactant solutions be-
fore mixing. Electron microscopic examinations of the pre-
cipitate were carried out using a JEOL-100B transmission
electron microscope operating at 80 kV with a liquid nitro-
gen cooled specimen holder. Samples were prepared for mi-
croscopy by placing one drop of solution on a 200 mesh
copper grid coated with either formvar, colloidon, colloidon
and carbon, or carbon alone. Excess water was removed by
touching lint-free filter paper to the grid and immediately
placing the grid in a vacuum desiccator.

The microscope magnification was calibrated using the
resolution of a lattice image of as.2 Aio corresponding to
the d spacing of the 100 planes of well-crystallized hydrox-
yapatite. Selected area diffraction of the precipitates was
performed at a magnification of 50000 X using a '20-n limit-
ing field aperture. The camera constant for each diffraction
pattern was determined from the selected area diffraction
of standard thallium chloride crystals already mounted in
the multiple sample holder of the microscope so that the
same electric and magnetic conditions prevailed. Dark field
imaging was used to establish the monocrystalline nature
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TABLE I: Comparative Degrees of Sppersaturation Relative to Hydroxyapatite (HA) and Amorphous Calcium
Phosphate (ACP) in Systems from which Hydroxyapatite is Formed

Solution concn, mm

Caled supersaturations

Total Total precipitate
calcium phosphate SCaPfl Sca(HA)* SCa(ACP)° observed Ref
0.50 0.50 9.0 X 10s 22 -0.7 HA dots0 This work
1.33 1.00 8.9 X 108 44 -0.1 HA dots0 This work
1.67 1.00 2.4 X 109 47 0.3 HA dotsO This work
1.562 0.973 1.23 X 10'1* 43.6b i0-3 ACP 12
3 3 6 X10" ACP 19
1.2 20 1X10's Octacalcium 20
phosphate
12.0 10.8 1x10" 500 7 ACP 2
1.46 2.58 2 X 104 c 11
2.35 2.80 2 X101 d 11

aThese terms defined in text, b Values quoted from Nancollas and Tomazic, ref 12. ¢ Extracellular fluid from hypertrophic

rat cartilage. d Normal rat serum.

and orientation of certain hydroxyapatite crystallites, and
through focus series photography was used for each field
observed. The particle size measurements for each time pe-
riod aliquot were made on at least ten fields within each
grid so that a minimum of 100 particles was observed.

Results and Discussion

The range of calcium and phosphate concentrations used
in this experiment (Table 1) are comparable to those re-
ported for synovial fluidi1 and are appreciably lower than
those used in earlier studiesz in which amorphous calcium
phosphate was invariably a precursor to hydroxyapatite. In
order to compare the composition of the solutions used in
this study to those used by other researchers, and to pre-
dict what calcium phosphate phases were likely to form,
the degree of supersaturation relative to hydroxyapatite
(HA) and amorphous calcium phosphate (ACP) was calcu-
lated using Nancollas and Tomazic’'s method.12 As in their
work, two quantities were calculated, the supersaturation
in terms of ionic activity product, Scgp, and the supersatu-
ration in terms of free ionic calcium Sca The value of Scap
was defined as IP —K sp/Ksp where the ion product, IP, for
hydroxyapatite, in terms of the activity of ionic calcium a ca
and ionic phosphate apo4 is equal to acasapo4aoH- sc* was
defined equal to [Ca2+]t —[Cazx+],.,/[Ca2+]jowhere [Ca2+][tis
the concentration of ionic'calcium at the start of the exper-
iment and [Ca2+ko the concentration value at equilibrium.
For hydroxyapatite, [Ca2+]iawas taken as the concentra-
tion of calcium at the end of the experiment (2-3 weeks).
For amorphous calcium phosphate [Ca2+],, had to be esti-
mated since amorphous calcium phosphate transforms to
hydroxyapatite in water and thus does not reach an equi-
librium calcium level. In this case it was assumed that
[Ca2+], was 1.51 mm, the highest calcium concentration
observed above amorphous calcium phosphate in water at
pH 7.4, prior to its transformation to hydroxyapatite.2

The supersaturation values for the experimental condi-
tions reported in this paper are compared to values used by
others and to those reported as in vivo concentrations in
Table 1. In each case where a precursor is observed prior to
the formation of hydroxyapatite, its identity or composi-
tion is noted in this table. The solubility product k sp used
by Nancollas and Tomazici2 was chosen to facilitate com-
parison of our results with theirs. It should be noted that
this K sp represents the value obtained for large hydroxy-
apatite crystalsis and it can be predicted from theoryis
that the solubility product for the smaller synthetic and
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Figure 1. Electron micrographs selected from through focus series
by sampling dilute solutions (SCap = 10s) of Ca and P04 at pH 7.4
and 26°C. Scale shown represents 0.1 ft; (a) 3 min, (b) 120 min, (c)
6 hr, and (d) 28 hr after the end of the induction period.

bone crystals dealt with in this paper would be larger.
Thus, the supersaturation values in Table | should not be
regarded as absolute, but just comparative numbers. From
this table it can be seen that the solutions used in this ex-
periment, as well as those reported in vivo, have a lower de-
gree of supersaturation with respect to well-crystallized hy-
droxyapatite than those solutions from which amorphous
precursor phases were obtained. In addition, the table
shows that the solutions of this experiment are undersatur-
ated, or only slightly saturated relative to the amorphous
precursor.

Micrographs prepared from solution aliquots taken at in-
tervals throughout the course of the reaction are shown in
Figure 1. For the first 13-35 min after mixing of reactants
all grids examined were blank. Between 13 and 35 min a
“dot-like” material approximately 25 A in diameter was
observed (Figure la). The size and morphology of the ini-
tial material were independent of the type of grid coating,
suggesting that the coating did not provide a nucleation
site. The selected area electron diffraction pattern of this
initial material, though broadened, was distinct from that
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Observed selected area electron diffraction d spacings6

Major lines from x-ray

Experimental solids at corrected

diffraction of hydroxyapatite« time, t, min Amorphous
Hydroxy- calcium
hkl d 1, t=3 t = 360 f = 1440 apatite phosphate
100 8.17 12 7.9 w 8.0 w 8.0 w 8.2 w
002 3.44 40 3.45sb 3.45 s 3.40 s 3.40 s
210 3.08 18
211 2.814 100 3.0 sb
112 2.778 60 2.78 s,b 2.77 s,b 2.75 sb 2.78 s
300 2.720 60
222 1.943 30 1.82 w,b 1.88 w,b 1.90 w,b 1.95 w
213 1.841 40 1.85 w 2.0, b
a Reference 14. *s = strong intensity; w = weak intensity; b = broad band, center used to approximate d.
observed for amorphous calcium phosphate. As the reac- TABLE I11: Changes in Solution Calcium and Phosphate

tion proceeded the dots became larger and the diffraction
pattern sharpened and after 24 hr long microcrystalline
particles were observed (Figure Id). The selected area dif-
fraction pattern for this 24-hr microcrystalline material
was identical with the pattern for synthetic hydroxyapatite
prepared in more concentrated solutions at the same pH.

Table Il lists the average “d” spacings calculated from
the electron diffraction data of the initial “dot-like” mate-
rial as well as from solid material observed throughout the
experiment. For comparative purposes the table lists the d
spacings of a calculated pattern of well-crystallized hydrox-
yapatite.1s The electron diffraction pattern of the “dot-
like” material is distinct from that observed for amorphous
calcium phosphate and comparable with those of synthetic
hydroxyapatite. The two strongest bands in the diffraction
pattern of the “dot-like” material can be attributed to the
oo2 plane and to a combination of the poorly resolved 211,
112, and 300 planes of hydroxyapatite, respectively. Al-
though the broad band of amorphous calcium phosphate
spans the region in which these peaks occur (2.7-3.5 A), the
strong lines at 3.45 (002) and 2.75-2.78 A (211, 112, 300)
clearly distinguish the “dot-like” material from amorphous
calcium phosphate. Furthermore, the weak 100 reflection
of hydroxyapatite was present in the diffraction patterns
prepared from the dilute reaction (dots) and absent from
those of the amorphous material. In addition, the weak
high angle reflection pattern of the “dot-like” material,
which was appreciably sharper than the broad high angle
band in amorphous calcium phosphate and which is cen-
tered at a lower angle than this amorphous reflection, was
attributable to the overlap of the 222 and 213 reflections of
hydroxyapatite. Thus, from all of these observations we can
conclude that the “dot-like” material is a poorly crystalline
hydroxyapatite.

The fact that all solids precipitated in this experiment
including the initial precipitate are apatitic in nature is fur-
ther confirmed by the chemical analysis of the reaction so-
lution. Table 11l shows that ACa/AP04 does not vary sig-
nificantly from the mean value of 1.67 throughout the time
of the experiment. These values are defined as follows: ACa
is the difference between the initial Ca concentration and
the Ca concentration at time t; APOu4 is the difference be-
tween the initial PO4 concentration and the P 04 concentra-
tion at time t. The data in this table are based on all exper-
iments performed at ionic strength of 0.15 M, and includes
observations from solutions containing different initial
amounts of calcium and phosphate. Each individual experi-
mental result was based on at least five solution analyses,
and the average includes at least five individual experi-

and Hydroxyl Concentrations during Crystal Growth at
Low Supersaturations

Typical concn,6 mM

Cor time,« Mean ACa/AP04
min Ca P04 OH molar ratio«
0 1.333 1.130 0
5 1.67 +0.06
15 1.160 1.028 0.025 1.69 £0.05
60 1.69 +0.04
120 1.140 1.013 0.050 1.67 +0.06
180 1.115 0.997 0.061 1.59 +0.08
300 1.090 0.892 0.077 1.73 £0.07
360 1.040 0.825 0.086 1.69 +0.05
1440 0.338 0.565 0.200 1.61 £0.06
1800 1.69 +£0.08
2800 1.60 +0.08
3240 0.265 0.459 0.228 1.70 +0.06
10080 1.66 +0.05

«Time after conclusion of induction period. 6 Concentra-
tions measured in experiment no. 307, ionic strength 0.156
M. «A[Ca] = [Ca]”™ j3]— [Ca]lt, A[P04] = [total POH "
— [total P04]t. Mean values for all experiments at .onic
strength 0.156 M.

ments. The lack of systematic deviation of ACa/AP04 from
1.67, the expected ratio for hydroxyapatite, during the
course of the experiment indicates that only one phase is
being formed and that the precipitated phase has the Ca/
POs4 ratio expected for hydroxyapatite. No direct chemical
analysis of the initial material was possible due to the low
concentration of product. However, material obtained at
the conclusion of the experiments has a Ca/P04 molar ratio
of 1.65 =+ 0.05. Calcium and phosphate concentrations and
OH uptake measured during a typical experiment at Scap
= 109 are also shown in this table. Throughout the entire
reaction 1 mol of hydroxyl is added to the solution relative
to every 5 mol of calcium and 3 mol of phosphate con-
sumed. Although the observed hydroxyl uptake is less than
that predicted (on the basis of phosphate equilibria) for the
formation of hydroxyapatite, the invariant average ACa/
APOs values, combined with the diffraction data, are con-
vincing proof that the “dot-like” material is hydroxyapa-
tite. However, due to the complexity of the precipitation
process and the multiple equilibria involved the analytical
data cannot stand alone.

It can be seen from the micrographs in Figure 1 that the
initially “dot-like” hydroxyapatite grows essentially in only
one dimension as a function of time. The axis along which
growth was occurring was shown by a combination of dark
field and diffraction analyses to correspond to the hydroxy-
apatite ¢ axis. A compilation of the change in average
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Figure 2. A log-log plot of average hydroxyapatite particle size, /,
vs. corrected time, f, for all data obtained at Scap = 10s. 26°C, and
pH 7.4.

length with time for 37 independent experiments per-
formed at m = 0.15 and Scegp = 10s is shown in Figure 2.
Time zero for each experiment was defined as the time of
conclusion of the induction period. That is, the time of ini-
tial hydroxyl uptake is coincident with the time of the first
measurable drop in solution calcium activity measured by
the Ca electrode. The straight line shown in this figure was
calculated by the method of least squares to be1 = 13.7 X
10-8f° 37 (cm), where 1 is the average length in the c axis di-
rection, and t is the time corrected for the induction period
(hereafter referred to as corrected time).

The number of individual hydroxyapatite particles
present at any given time was estimated from the change in
solution calcium concentration and the average particle
size at that time. Typical values for an experiment with the
initial Ca = 1.33 mm, initial P04 = 1.0 mm, are given in
Figure 3. From the figure it can be seen that after the first
15 hr beyond the completion of the induction period no
new particles are formed and the process is one of growth
by ripening. From the data in this figure and the solution
chemistry it can be predicted that no nucléation will take
place below a supersaturation s capofca. 102

The rate of the crystal proliferation reaction was a func-
tion only of the ionic strength, pH, temperature, and de-
gree at supersaturation in the reaction medium and did not
depend on the method in which the reactants were added
or their order of addition. However, the observed induction
times (i.e., the time required for the onset of nuclei forma-
tion) did depend upon the method of addition of reactants.
The induction times in those experiments where large vol-
umes of dilute calcium and dilute phosphate solutions were
mixed together were appreciably longer (23-28 hr) than the
induction times in experiments where, due to the configu-
ration of the pH stat, more concentrated calcium (or phos-
phate) solutions had to be added to dilute phosphate (or
calcium) solutions (23-35 min at s = 109). In the latter ex-
periments the shorter induction periods are probably at-
tributable to the formation of large ion clusters because of
concentration gradients during the addition of the more
concentrated reagents. In all experiments at the same de-
gree of supersaturation, regardless of the induction time,
once the induction period was completed the rate of disap-
pearance of calcium and phosphate did not vary outside
the limits of experimental error. Furthermore, similar sizes,
morphology, and selected area diffraction patterns were
observed for the first solid seen by electron microscopy at
the completion of both the long and short induction peri-
ods. The kinetic analyses were performed on the pH-Stat
experiments with shorter induction periods.
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TABLE 1V: Effect of lonic Strength on Rate of Hydroxyl
lon Uptake at Low Supersaturations

lonic Av half-life,
strength, m Salt min
5.0 NaCl 30 £5
5.0 KC1 35 +5
2.0 NaCl 205 =7
2.0 KC1 200 %10
1.0 NaCl 265 +15
1.0 KC1 320+15
0.5 NaCl 285 +5
0.5 KCL 285 5
0.15 NaCl 355 +18
0.15 KC1 350 +15
0.05*“ NaCl 350 £5
0.02* NaCl 325 +7
0.001" TEAs 330 +5
0.001" NaCl 340 £10
0.005* TEA 335 +10

“ Corrected for the concentrations of Ca, PO and titrants
added before start of experiment. * Triethanolamine—HCL.

Figure 3. A plot of the calculated number of particles of hydroxyapa-
tite as a function of corrected time, t; SCap = 108, pH = 7.4, 26°C.
These data, obtained from a single run, are typical of all of the ex-
periments.

The effect of ionic strength on the course of the reaction
was evaluated by assessing the half-life, measured in terms
of the time required to consume one-half the total number
of hydroxyl ions, for the reaction carried out with the same
initial concentration of calcium and phosphate but at dif-
fering ionic strengths and in the presence of differing ionic
species. Typical half lives at different ionic strengths are
listed in Table IV. From this table it can be seen that with
decreasing ionic strengths the half-life levels off and be-
comes constant so that below n = 10-1 M the reaction rate
is essentially independent of ionic strength and certain ex-
traneous ions.

An analysis of the change in Ca, total PO.t, and hydroxyl
concentrations with time, for ~ = 0.15 m, showed the total
reaction (nucleation and growth) to be first order in Ca2+
and OH- and of order 1.25 in total phosphate. The reaction
orders were determined by a variety of standard kinetics
methods as shown in Table V. The validity of the reaction
orders is emphasized by the agreement among the different
independent methods. It should be noted that the reaction
order for Ca and P 04 were found to be the same by Mohan
and Nancollasis in their study of hydroxyapatite crystal
growth.
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TABLE V: Rate Constants Calculated for the Formation of Hydroxyapatite at Low Supersaturation, pH 7.40, and 26°C

Method of calculation

Hal;-life dependence” 9 x 10“3
Powell’s dimensionless

methodB 9x HT3
van't Hoff Differential

methodB 9.5 x ler3
Least-squares analysis of

integrated rate equation«3 9.46 x10 “3

(ica,” min 1

- /
ftpo4,a mol J'* min-1

70H>am'n
4x 10-4 2x10“3
2x 10-4 1.6 x 10'3
1.3 x 10-4 15x 10’3
1.36X10-4 112 x 10’3

aOrder determined: Ca, n = 1; P04, r. = 1.25; OH, n = 1. b Reference 25. ¢ Reference 26.

Conclusions

Our experiments show that it is possible to precipitate
hydroxyapatite without forming an amorphous precursor
phase if the solution is sufficiently dilute. The fact that
amorphous calcium phosphate is not observed to be a pre-
cursor to hydroxyapatite at these low supersaturations is
not surprising since our approximations (Table 1) suggest
that the system is undersaturated with respect to amor-
phous calcium phosphate. Nancollas and Tomazici2 work-
ing at similar supersaturations in the presence of large hy-
droxyapatite seeds concluded from solution analysis that
hydroxyapatite was formed directly if Scgp was low (107)
and that at higher supersaturations (10 11) amorphous calci-
um phosphate formed on the hydroxyapatite surface. Our
experiments, performed in the absence of large hydroxy-
apatite seeds, confirm the fact that hydroxyapatite can be
formed without an amorphous calcium phosphate precur-
sor at low supersaturations.

The observation that hydroxyapatite can be formed from
very dilute solutions without the intermediate precipita-
tion of amorphous calcium phosphate initially appears to
contradict the findings of Termine et al.17 and Eanes,3 who
concluded that amorphous calcium phosphate was an
obligatory precursor to hydroxyapatite. However, the most
dilute solutions used by these workers had Ca X P04 mM 2
products of 7.1 (at pH 7.4) and 4.5 mM2 (at pH 10), respec-
tively. The degrees of supersaturation in these solutions,
calculated as described in the text, would correspond to
1012 and 1014 (ScaP, relative to hydroxyapatite) and ap-
proximately 1 (Sca) relative to amorphous calcium phos-
phate. Thus, not only were these solutions much more con-
centrated than those used in our experiments, but, in addi-
tion, based on the calculation of sca one would have a
priori predicted amorphous calcium phosphate precipita-
tion. It is interesting to speculate that had the earlier work
been carried out in more dilute solutions an “obligatory”
precursor might not have been proposed. Furthermore, it is
apparent from our work and that of otherss,12'18+20 that the
pH, and specific concentrations of calcium and inorganic
phosphate, as well as the ionic strength, temperature, and
presence of heteronuclei, rather than calcium phosphate
millimolar products alone, are critical in determining the
initial phase precipitated in the course of hydroxyapatite
formation.

In the dilute solutions where only one phase is seen, the
growth of hydroxyapatite appears to occur by a ripening
process after a brief period during which nucleation and
growth probably take place simultaneously. The equation
of crystal growth calculated from experimental data is com-
parable to the theoretical calculation by Nielsen2: for Ost-
wald ripening. In addition, in our system it is seen that the
number of particles decrease as a function of time suggest-
ing that the smaller more soluble particles dissolve and

redeposit on the larger particles. Again, this reinforces the
view that a ripening process is taking place.

Finally, since amorphous calcium phosphate has recently
been shown by electron diffraction to be a part of embryon-
ic bone22 and since radial distribution analysis has shown
that the mitochondria of calcifying cells contain large
amounts of this amorphous material,23 one can infer from
our experiments that the concentrations at the sites of min-
eralization are appreciably higher than those used in our
experiments. It is interesting to note, however, that the
mineral observed in fetal bone has a morphology and size
comparable to the “dot-like” solutions.24 Since biological
calcification occurs in a far more complex environment
than that described in this paper, the exact mechanism of
mineralization remains to be determined.
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Radical decay in x-irradiated L-leucine, and DL-valine, L- and DL-alanine, and L-arginine hydrochloride
was studied between 300 and 430 K. Free radical decay was observed to take place with two distinct rates:
an initial short duration process having an activation energy of 18 kcal/mol and a second, slower process. In
most cases, the fraction of radicals decaying by the faster process is the same as the very slow room-tem-
perature decay previously observed.i4 The major process has a 3-6-kcal/mol higher activation energy.
There is no evidence of radical conversion in either the initial or the slower process. However, in at least
two cases residual peroxy radicals were observed at the termination of the slower process. Both decays obey
second-order rate laws. The peroxy radical in at least one case decayed by a second-order law also. Vacancy
controlled bulk diffusion is proposed for the major process, and the initial process is thought to be a con-
formationally aided bulk diffusion. It was observed that at any given temperature the spin concentration
reaches a constant value. Increasing the temperature results in a second decay to a new constant value in a
stepwise fashion. In the case of hydrated L-arginine hydrochloride and its partially deuterated derivative,
the decay was found to be related to the dehydration process: A rapidly propagating radical transfer mech-

anism involving hydrogen abstraction is postulated for this decay process.

Introduction

The free radicals produced by ionizing radiation in many
amino acids have been identified by ESR, ENDOR, and
ELDOR techniques.1-8 In all this work it has been realized
that, in general, the initially produced free radicals are not
stable at room temperature. They undergo series of conver-
sions before a radical, relatively stable at room tempera-
ture, is produced. Many of these conversions have been
studied. It is well known that organic compounds are ion-
ized, when irradiated, into electrons and positively charged
molecules. These electrons are seens to be trapped in some
frozen glasses. Thus the initial process in case of amino
acids is thought to be !

H COoO-~V

R NH,
+
This is then followed by the sequence of events described
by Saxebolio as shown in Scheme I.

The rates of radical conversions have been studied by
many,10-12 and are, in most cases, found to fit first-order
kinetics. The activation energies range from 5 to 15 kcal/
mol. A first-order rate process is not surprising since the
radicals either decompose, which is a true first-order pro-
cess, or the radicals undergo a reaction with the parent
nonradical molecules which are in abundance. The latter
reaction is then pseudo first order.

The free radicals observed at room temperature (I1Va,
11Ib) were once considered to be completely stable:s at this
temperature. However, recently it was shown that these so-
called stable free radicals do, in fact, decayi4 spontaneously
at room temperature. The decay was shown to be second
order, and a vacancy controlled bulk diffusion mechanism
was proposed. In this study it was also noted that, after ini-
tial decay, there is frequently a spin concentration which is
relatively more stable at room temperature. This leads to
the observation of “stepwise” decay.
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Mikhailov, Lebedev, and Bubenisis studied the decay
kinetics of irradiated glycine and a number of other com-
pounds and discovered that the decay took place stepwise,
without a change in the type of radical, and that the value
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of the radical concentration stable at a given temperature
was a function of the final temperature and not the rate of
heating. Three models were proposed: (1) the radicals are
localized in zones with different softening temperatures
(varying rigidity); (2) the radicals are fixed in traps with
different stabilization energies; and (3) the probability of
recombination of pairs depends on the distance between
the radical sites.

Horan and coworkersi7 reported that radiation-induced
organic free radicals stable at room temperature decay by a
first-order process and that the temperature dependence of
the decay was equivalent to the temperature dependence
for electrical conductivity in crystals of this type. It may be
noted that of the many compounds studied by this group,
only one compound was common in the comparison of the
two processes. In this mechanism the unpaired electron of
the free radical is either carried by the parent nonradical
molecules until it encounters an acceptor site or, in the al-
ternate case, heating causes matrix molecules to ionize. The
negative ions thus formed transport the electrons to the
radical by Conducting them through the medium. However,
as mentioned earlier,10 the ionized species appear to be
very unstable and undergo radical conversions even at tem-
peratures as low as 77 K. Thus formation of ionic species
by heat would aid in the formation rather than destruction
of free radicals. Also the electron-hopping mechanism does
not explain the steplike nature observed by others, unless it
is assujned that these unpaired electrons are distributed in
the system in traps of different depths, which is very diffi-
cult to explain if the electrons are as mobile as postulated.

The correlation between the decay process at room tem-
perature reported earlier from this laboratory and those at
higher temperature reported by Horan was not obvious.
The present work was done in order to resolve the discrep-
ancy in the'two reports.

Experimental Section

Polycrystalline as well as single crystal samples were pre-
pared. Polycrystalline DL-valine, L-leucine, and L-alanine
were from International Chemical and Nuclear Corp. of
ICN grade, and were used without further purification.
DL-alanine was from Eastman Organic Chemicals, and L-
arginine HC1 was from' Calibiochem. The single crystals
were grown from aqueous solutions by slow evaporation.
The samples were enclosed in Suprasil quartz tubes, which
were initially evacuated to 1(T's-10_6 Torr, and then filled
with 1 atm of argon. Argon was used as a conducting medi-
um for quick heatingis and was preferred over helium for
its loner diffusivity.

The ESR spectra were recorded with a Varian E-12 spec-
trometer, operated in the X-band frequency mode (9.5
GHZz). The single crystals were oriented in the cavity as in
the earlier experiments.14 The second integral was obtained
using a Varian 620/i minicomputer with the Varian Pro-
gram E-LINE EPR/TTY SYSTEM 994002-00A. First integral
(overall and peakwise) and stick plot could be obtained
using the same program. The absolute spin value was ob-
tained by using strong pitch as a standard.

Samples were heated to the specified temperature for
specified periods of time and then cooled to room tempera-
ture for examination of the EPR spectra. The heating was
usually done in a separate oven, where the temperatures
could be controlled with an accuracy of +0.1°C. Heating
and cooling times were of the order of 5 min. This time was
small compared to average heating interval of 1500 min.
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In some cases where radicals were short lived, the Varian
variable-temperature accessory was used, where the tem-
perature of the sample could be controlled to +2°C. The
time required to reach the desired temperature was of the
order of 5-8 min.

The free radicals were produced by X rays generated by a
3-MeV Van de Graaff accelerator. The average dose re-
ceived by the samples was of the order of 1 Mrad. In select-
ed cases, doses were varied by a factor of 2 in order to test
the effect of concentration on the rate.

Results and Discussion

h-Leucine. Figure 1 shows a series of spectra taken over
a period of time showing the decay of L-leucine (polycrys-
talline) radical at an elevated temperature. It can be noted
that the decay is uniform and that there is no apparent free
radical conversion during the decay process.

Figures 2 and 3 show the first- and second-order plots of
the radical decay at 70°C. It can be seen that the second-
order rate law fits much better than the first-order. In the
second-order plot, the slope of the initial decay is different
from that of the rest of the decay. At higher temperatures
the duration of this initial decay is either very small or it is
not seen at all. It has frequently been missed :n other stud-
ies.

Figures 4a and 4b indicate that when L-leucine is allowed
to decay at room temperature to constant spin concentra-
tion and then the temperature increased to some higher
value, further decay occurs. In this case, however, there is a
different radical involved, since the spectrum changes con-
siderably as shown in Figure 5. This is essentially a singlet
with some side structure, probably produced by a residual
concentration of the initial radical. It has been shownie
that a singlet is produced by peroxy radicals formed by the
reaction of atmospheric oxygen with the trapped radicals.
Both the decays of Figure 4 are second order as shown by
figures sa and sb. It is interesting to note that in the latter

. case there is no separate initial decay. In each case, the last

point does not fit the curve, presumably owing to the pres-
ence of still another stable radical population.

Figures 7 and s give activation energy plots for the two
processes. The activation energies calculated for initial and
major process are 19.4 and 22.9 kcal/mol. respectively
(Table I).

DL-valine. Figure 9 shows that the DL-valine (polycrys-
talline) radical is of the type that decays tc the point of
producing a stable radical population at each temperature;
that is, stepwise decay is observed. As in the case of L-leu-
cine, there is an initial process and a major process, each of
which fits a separate second-order rate law. The initial pro-
cess is better observable at lower temperatures and was
studied earlier.14 Figure 10 shows a short initial process
and then a major process, which is followed by steady con-
centration at this temperature. Any attempt to fit these to
afirst-order rate law is futile. There is, furthermore, no evi-
dence of change in the overall appearance of the spectrum
during the course of the entire decay. The activation ener-
gies calculated (Table I) from Figures 11 and 12 are 17.3
and 23.7 kcal/mol for initial and major processes, respec-
tively.

DL-Valine (single crystal) shows similar behavior (Figure
13). Over long periods of time after the major process is
complete, the spectrum is seen to change into a singlet,
probably indicating the presence of a peroxy radical.
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Figure 2. A first-order plot of the radical decay in polycrystalline 1-
leucine at 70°C.

Figure 3. A second-order plot of the radical decay in polycrystalline
L-leucine at 70°C.

L-Valine behaves similarly, exhibiting a faster initial
process and then a slower major process.

Alanine. DL-Alanine (polycrystalline) showed a second-
order decay similar in nature to the case of DL-valine. At
the end of the major process the spin concentration again
reaches a constant value.

L-Alanine (single crystal) behaves in exactly the same
manner. The rate constants for the decay in the two sub-
stances are, however, quite different (see Table I).

L-Arginine Hydrochloride. This material irradiated as
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L-Leucine (Polycrystalline)
Pre R-T decayed for 473 days
Further decay at 150° C

0 1020 3-040 50 60 70 80 90 100
TIME (MIN) x 0-3

Figure 4. (a) The room-temperature decay of polycrystalline L-leu-
cine (473 days), (b) Subsequent decay of the same sample at
150°C.

I"Leucine (Polycrystalline)
Decay at RT. for 473 days
and at

150°C far 6 days

(2)

Figure 5. (1) ESR derivative spectrum of the residual radical in L-leu-
cine. (2) Absorption spectrum of the radical.
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TABLE 1

Compound

DL-Valine
(polycrystalline)

L-Leucine
(polycrystalline)

DL-Alanine
(polycrystalline)
L-Valine
(polycrystalline)
L-Arginine Hydrochloride
(polycrystalline)
D L-Valine
(single crystal)
L-Alanine
(single crystal)

Leucine (Polycrystalline)

decay at R.T.

io 20

Time (day x 10

k., mol spin"lmin 1

Major process at 428 K
1.9 X10"23

Initial process at 428 K
1.36 X 10"22

Major process at 383 K
4.32 X10"22

Initial process at 383 K
0.93 X10"2

Major process at 430 K
1.77 X 10"23

Major process at 363 K
1.23 x 10"

Major process at 430 K
2.31 x 10"

Major process at 430 K
2.65 X 10"

Major process at 430 K
1.04 X 10"

so

)

TIME (MINXIO '

Figure 6. (a) Second-order plot of room temperature decay in L-leu-
cine. (b) Second-order plot of the subsequent high-temperature
(157°) decay in L-leucine.

Figure 7. Arrhenius plot for the initial process in L-leucine.

taken from the bottle showed a second-order decay at
157°C, with rate constant 2.31 X 10-24 mol spin-1 min-1.
The initial fast process is observed but is of too short dura-
tion to obtain any worthwhile information.
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Diffusion
coeff, cm2sec"],
£ a, kcal/mol D2 at 428 K
23.7 1.28 x 10"4
17.3 2,51 X10"“
22.9 21 x10"14
(1.56 X 10"13
at 383 K)
19.4 2.15 x 10"
(1.5 x10"B
~20 at 383 K)

j- U-Leucine (Polycrystalline)/

Major Process

25 30

Ndeg™IOM)

35

Figure 8. Arrhenius plot for the major process in L-leucine.

Figure 9. Decay curve for DL-valine at 120°C.

When an aqueous solution of L-arginine hydrochloride
was cooled suddenly to 77 K, a precipitate was formed.
Drying this at room temperature gave a different spectrum
on irradiation.2o This spectrum has an enhanced central
line which looks like an overlap due to a second radical.
The radical(s) appears to decay by a process that is mixed
first and second order.

L-Arginine Hydrochloride Monohydrate. Single crystals

The Journal of Physical Chemistry, Voi. 80, No. 1, 1976



Figure 10. Second-order plot for DL-vallne.

Figure 11. Arrhenius plot for DL-valine, Initial process.

Figure 12. Arrhenius plot for DL-valine, major process.

obtained from aqueous solution were shownzo to be I.-Arg-
HCI-HvO, and those grown from D20 were presumably L-
Arg-DCI-ITO with all active hydrogen replaced by deuteri-
um. These single crystals gave radicals that were as stable
as other amino acid radicals at room temperature. How-
ever, aslight rise in the temperature caused the crystals to
turn opaque with a simultaneous rapid decrease in spin
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Figure 13. Second-order plot of decay in a single crystal of DL-valine
at 157°C.

R9ure 14-DecaV curve for L-arginine hydrochloride monohydrate.

concentration. At 90°C, both protonated and deuterated
samples decay completely within a few minutes, with the
deuterated radical seeming to be slightly longer lived. At
75°C, the deuterated crystal, after the initial heating peri-
od, decayed over the major concentration range at an al-
most constant rate (Figure 14).

Conclusions

From an examination of the above data, it can be seen
that the decay of the free radicals in irradiated amino acids
appears to involve two distinct processes: an initial faster
process and then a slower decay for the major portion of
the radicals. Both of these processes appear to obey sec-
ond-order kinetics. This is substantiated by the fact that, if
the initial concentration is increased, the rate is increased
when fractional decay is compared. The activation energies
calculated from these second-order rate processes are very
close to those reported earlier using first-order kinetics.17

The subdivision into two processes has been postulated
earlier2: in the case of radical recombination in anthracene
crystals. In this case it was attributed to a fast radical com-
bination in spurs followed by a slower bulk diffusion pro-
cess.

Also, in accordance with the study of Mikhailov and co-
workers, 13 it is noted that at each annealing temperature
the decay curve essentially levels out, thus causing the last
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few points in the second-order plcr.s to have lower spin-1
values than predicted by the rate law. These radicals are
presumably nearly stable at this temperature and are de-
stabilized only at a higher temperature.

It seems very likely that vacancy controlled bulk diffu-
sion is mainly responsible for the major decay. The initial
faster decay must also be a diffusion process since it obeys
a rate law. This conclusion arises out of the fact that, al-
though the diffusion rate of all the molecules in the crystal
must be more or less the same, the decay occurs only when
the radical sites encounter each other. To account for the
faster second-order decay of this initial process, it is as-
sumed that those radicals which are formed within a few
molecular diameters of one another at the end of the elec-
tron tracks form a separate population. These undergo
more rapid decay due to their favored orientation and also
perhaps as a result of nonrandom diffusion resulting from
lattice strain. There is a difference between this and combi-
nation in spurs. The latter case is not expected to be a rate
process since it is concentration independent.

Diffusion coefficients have been calculated with the as-
sumption that the activation energy for the decay process
is also the activation energy for the diffusion if these two
processes are correlated (Table ). These values seem to be
slightly lower than the self-diffusion coefficient values ob-
served in the case of solid isobutylene22 at 77 K. This is not
very surprising since the mobility in amino acid crystals is
greatly hindered by the extensive hydrogen bonding. The
simpler diffusion model of Smoluchuskizo and the more
elaborate one of Wanes2s have both been examined. Nei-
ther appear to fit the data in both decay regimens.

Finally, it may be noted that this mechanism does not
apply to the case of L-Arg-HCI-H20. This decay appears to
be controlled by the dehydration process. The proposedzo
radical is

HN COO*
C— N—C— CH— CH— CH~"
I NH, cr
NH H H +

From the crystal structure 23 it can be seen that the water
molecule is located in close proximity to the proposed radi-
cal site. Thus a hydrogen bond is formed between one of
the hydrogen atoms in the water molecules and the un-
paired electron of the free radical. When the water mole-
cule leaves the crystal by evaporation, the unpaired elec-
tron abstracts the hydrogen atom in the equivalent posi-
tion in the neighboring molecule generating a new radical.
The distance between these equivalent sites is 5.6 A; hence
the hydrogen atom that is in between is quite accessible to
both the carbons. In this fashion the unpaired electron mi-
grates rapidly until it encounters another of its kind. It
may be noted that in the case of L-Arg-HCI, where a water
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molecule is not involved, the decay is by t.ie much slower
second-order process.

In cases where the samples were allowed to decay over a
long period of time, a singlet due to peroxy radical was
noted. However, the concentration of these radicals was
very low. The rate of decay is lower than the major process.
These radicals have been noted earlier.1724 In the present
case they are probably formed when a sufficient amount of
atmospheric oxygen has diffused into the sample tube.

It is also noted that in most cases the initial process is re-
sponsible for the decay of 25-30% of the total radical con-
centration. At room temperature, in many cases, this is the
total decay observed. This substantiates the claim of the
separate initial process. This process, as mentioned earlier,
is clearly a rate process obeying a second-order rate law.
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The lattice energies of n-pentane, n-hexane, n-octane, and ammonia have been calculated to be —11.1,
—13.2, —17.3, and —8.7 kcal/mol, respectively. These values have been compared to previously calculated
values, where available. A general discussion of the calculation of lattice energies and heats of sublimation

at absolute zero temperature is presented.

. Introduction

The lattice energies of crystals are of major importance
as input data to the derivation of empirical potentials for
the calculation of low-energy conformations and low-ener-
gy orientations within aggregates of molecules. An example
of such a potential energy function is EPENs (empirical
potential using electrons and nuclei), an approach to em-
pirical intermolecular and conformational potential energy
functions in which electrons and nuclei are treated explicit-
ly. In EPEN, a molecule is divided up into heavy atom
(nonhydrogen) fragments, each with a characteristic set of
potential parameters, and the total interaction potential is
the sum of the pairwise interactions between heavy atom
fragments. Coulombic interactions, overlap repulsions, and
R ~R attraction terms are included in EPEN. The parame-
ters of EPEN were obtaineds by fitting to experimental
data such as molecular geometries, dipole moments, rota-
tional energy barriers, conformer energy differences, crys-
tal lattice constants, and crystal lattice energies. The crys-
tal lattice energies of n-pentane, n-hexane, n-octane, and
ammonia constituted part of the set of data that was used
to parameterize EPEN. For that purpose, it was necessary
to recalculate these lattice energies because there was con-
siderable discrepancy in the literature as to their numerical
values (in the case of ammonia, we were unable to find an
estimate of the lattice energy in the literature). The resolu-
tion of these discrepancies is of general interest, and we
therefore present the procedure and results here.

The lattice energy of a crystal is defined as the negative
of the potential energy required to take molecules with mo-
tionless nuclei out of a crystal lattice at 0 K and separate
them by an infinite distance (keeping them motionless),
without changing the bond angles, bond lengths, or dihe-
dral angles of the molecules. Thus, the lattice energy arises
only from the intermolecular interactions in a crystal. It is
impossible to measure the lattice energy directly because
the molecules are vibrating in the crystal, even at absolute
zero temperature. However, the lattice energy is the quan-
tity calculated in crystal packing studies. It should be
noted that the heat of sublimation at 0 K and the lattice
energy are not identical quantities. The heat of sublima-
tion at 0 K is defined as the energy required to take mole-
cules in the lowest vibrational state in the crystal and to
separate them by an infinite distance, allowing the isolated
molecules to occupy their ground intramolecular vibration-
al state in the lowest-energy conformation, with relaxation
of their equilibrium bond lengths and bond angles to their
expectation values in the ground vibrational state of the
isolated molecule.
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In general, lattice energies are calculated from the sum of
(i) the negative of the heat of sublimation of 0 K, (ii) the
negative of the vibrational zero point energy in the crystal,
(iii) the vibrational zero point energy in the lowest energy
conformation of the isolated molecule, and (iv) the differ-
ence between the geometrical and conformational potential
energy of the crystal conformation and the lowest energy
conformation of the isolated molecule.

The heat of sublimation at 0 K may be calculated only
by using a full thermodynamic cycle for which there are ex-
perimental data available at each step in the cycle. For ex-
ample, the terms to be considered in the calculation of a
heat of sublimation at 0 K for a crystal with, e.g., two forms
between 0 K and its melting point are: (i) the enthalpy
change as crystal form 1 is heated from 0 K to the transi-
tion temperature, (ii) the heat of transition between crystal
form 1 and crystal form 2, (iii) the enthalpy change as crys-
tal form 2 is heated from the transition temperature to the
melting point, (iv) the heat of fusion, (v) the enthalpy
change as the liquid is heated from the melting point to the
normal boiling point, (vi) the heat of vaporization at the
normal boiling point, (vii) the enthalpy change as the gas is
expanded from 1 atm pressure at the normal boiling point
to o atm pressure (ideal gas correction), and (viii) the en-
thalpy change as the ideal gas is cooled from the normal
boiling point of the liquid to 0 K.

The vibrational zero point energy of the crystal arises
from a sum of the zero point vibrational energies over the
3N vibrational modes per molecule, where N is the number
of atoms in the molecule. It is usually not possible to sepa-
rate the intramolecular from the intermolecular vibrational
modes rigorously. The vibrational zero point energy of the
isolated molecule in its lowest energy conformation is the
sum of the zero point vibrational energies over the 3n —s
intramolecular vibrations. The geometry and conformation
of the molecule in the crystal and in its lowest energy con-
formation as an isolated molecule need not be identical;
there is a potential energy change associated with changing
the bond angles, bond lengths, and dihedral angles from
their values in the crystal conformation to their values in
the lowest energy conformation of the isolated molecule.

Il. Lattice Energies of n-Pentane, n-Hexane, and
n-Octane

The calculation of the experimental lattice energies of
n-pentane, n-hexane, and n-octane is summarized in Table
I; the calculated values are —11.1, —13.2, and -17.3 kcal/
mol, respectively. From the datas'7 given in Table I, the
corresponding heats of sublimation at 0 K were calculated
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TABLE I: Calculation of the Lattice Energies of //-Pentane,
zi-Hexane, and /»Octane from Experimental Data

Energy, kcal/mol

/Pentane  /»Hexane /»QOctane

Heat content of con-

densed phase at

298.15 K 9.342° 11.215° 14.695°
Heat of vaporization

at 298.15 K 6.316& 7.540* 9.915*
Ideal ges correction 0.058° 0.024° 0.004°
—(Heat content of

ideal gas at 298.15

K) —b.668* -6.691* -8.736*
mZinter(o-yst) 0.67d 0.64°t 0.64d
mZintraicryst) —

Aintra(£as) 0.4d 0.5d o.8If
—1 attice energy 11.1 13.2 17.3

° Reference 6 . *Reference 7. °This quantity is the enthalpy
associated with the expansion of the real gas at saturation
pressure and 298.15 JCto 0 atm pressure. See the text for a
discussion of the calculation of this quantity. dSee text.

to be 10.05, 12.09, and 15.88 kcal/mol. It should be noted
that we have not explicitly included (in Table I) the poten-
tial energy difference associated with the difference in con-
formation between the crystal conformation and the lowest
energy isolated molecule conformation. For the three mole-
cules considered here, these two conformations are essen-
tially the same (fully extended), and so the potential ener-
gy difference between the two would be expected to be neg-
ligible.

Several of the steps in Table | require further explana-
tion. The ideal gas correction was calculated using the
equation

/1 ideal I freal —

[(9«TQ/(128PQ] [(18T®)/(298.15)2- 1]PV (1)

where T ¢ is the critical temperature, P ¢ is the critical pres-
sure, R is the universal gas constant, and P v is the vapor
pressure of the liquid at 298.15 K. Experimental values for
Tc Pc, and pv are available.7 Equation 1 was derived from
an equation reported previously,s viz.
/lideal - /freal =RT - PV + j j [T(3P/aT)V- P]dV
(2)
where v is the molar volume, using the truncated and rear-
ranged virial equation

P = (RT)/(V —B) (©)]

where B is the second virial coefficient, given approximate-
ly bys
B « [9/?7Td128Pd[l - (s TQ)/T2 4

where T is the absolute temperature.

We turn now to the calculation of the intermolecular
zero point energy; the calculation of the intramolecular
zero point energy is considered in the succeeding para-
graph. The intermolecular zero point energgy, Zinter, was
calculated by reanalyzing the results of Shimonaev,10 who
erroneously assumed that 15, 18, and 24 vibrational modes
contribute to the low temperature heat capacities of /»-pen-
tane, /»-hexane, and n-octane, respectively. A more realistic
assumption would be that the three librations, the three
hindered translations, and only a couple of intramolecular
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modes have sufficiently low frequencies to contribute sig-
nificantly to the low temperature heat capacity of these
crystals (i.e., a total of approximately eight modes). Assum-
ing that (i) all eight modes contribute equally to the heat
capacity, and (ii) a Debye function may be used to approxi-
mate the true frequency distribution, the intermolecular
vibrational zero point energies (not including the two in-
tramolecular modes) were calculated (Table 1). These
values are similar to those computed from a potential ener-
gy function by Warshel and Lifson (0.5 and 0.7 kcal/mol) 1
for /»-hexane and /»-octane, respectively. Further support
for these values of Zjnter comes from the results of a Raman
spectroscopic study of the lattice vibrations of /»-hexane
and /»-octane by Brunei and Dows,12 who reported values
of 53, 74, and 87 cm-1 for the librations of /»-hexane and
the values of 47.5, 65, and 72 cm-1 for the librations of n-
octane. Under the assumption of harmonic vibrations,
these sets of frequencies correspond to librational zero
point energies of 0.31 and 0.26 kcal/mol, respectively. With
the approximation that the three hindered translational
modes and three librational modes per molecule contribute
equally to the heat capacity, our calculated values of the li-
brational zero point energy would be 0.64/2 = 0.32 kcal/mol
for both /»-hexane and /»-octane, which agrees well with
these spectroscopically determined values.

The value for Zmra(cryst) —Zjntra(gas) is difficult to ob-
tain experimentally; an experimental determination of this
quantity for /»-octane, for example, would require accurate
values for a total of 144 vibrational frequencies (72
frequencies for the vibrations of the isolated molecule and
72 frequencies for the intramolecular vibrations in the crys-
tal). For the three molecules considered here, these experi-
mental frequencies are not all available. As an alternative,
we have used Warshel and Lifson’s computed valuesi: for
<Zjntra(cryst) — Zjntra(gas) for /»-hexane and n-octane. The
value for /»-pentane given in Table | (viz., 0.4 kcal/mol) was
obtained by extrapolation from values for n-hexane and
/»-octane (0.5 and 0.8 kcal/mol, respectively) by assuming
that this quantity is a linear function of the number of in-
tramolecular vibrational modes. The heat content of the
condensed phase at 298.15 K was taken from a compilation
by Messerly et al.,s and the heat content of the ideal gas at
298.15 K and the heat of vaporization at 298.15 K were
taken from a compilation by Rossini et al.7

Shimonaev has calculated the lattice energiesii and
heats of sublimation at 0 K14 for all three molecules consid-
ered here. His values for these quantities are given in Table
Il. The primary reason for the difference between his and
our values for the lattice energies is his overestimate of the
number of modes contributing to the low temperature heat
capacity, which leads to an overestimate of the intermolec-
ular zero point energies. It should be noted that the subli-
mation energies at 0 K do not depend upon this assump-
tion (because Zjntra and z mier are not used in the calcula-
tion of the sublimation energy), but Shimonaev’'s valuesia
for this quantity are still not in good agreement with our
values. Warshel and Lifsoni: have calculated the sublima-
tion energies of n -hexane and /»-octane at 0 K (from exper-
imental data). These values, along with their calculated
zero point energies, lead to lattice energies of —13.1 and
—17.4 kcal/mol (these values were not reported by Warshel
and Lifson, but may be calculated from data given in their
Table 1V). Bondiis has calculated the heat of sublimation
at the lowest first-order transition temperature (from ex-
perimental data); his values are given in Table 11, and agree
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TABLE II: Comparison of Lattice Energies and Heats of Sublimation at 0 K

rt-Pentane

Lattice energv
—12.7
—11.1
Heat of sublimation at 0 K
10.68
10.03
10.05

Energy, kcal/mol

/i-Hexane /i-Octane Ref
-13.1 -17.4 11
-15.6 —20.9 13
-13.2 -17.3 This work

12.14 15.88 11
13.12 17.24 14
12.15 16.27 15¢
12.09 15.88 This work

aThese sublimation energies are at the lowest first-order transition temperature, rather than at 0 K.

TABLE I1l: Approximate Lattice Energy
of Crystalline Ammonia

Energy,

Process kcal/mol

Hs(0 K) -> Hs(i95 3@ K) 1.13«

Hs195.36 K) -» H,(195.36 K) 1.35b
H,(195.36 K) - H, (239.68 K) 0.78«
H[(239.68 K) -> Hg(239.68 K) 5.58%

H (239.68 K) -» H,,(0 K) —1.91d
Ahter 1.75«
—Lattice energy <« 8.68

aThis quantity was obtained from numerical integration
of I ™ Cp(s) dT where the temperature dependence of
the heat capacity, Cp(sj, was taken from ref 18. * Reference
17. c Computed as Cp(1)(239.68 K — 196.36 K) where Cp(l)
was taken to be. 17.6 cal mol- "' deg-1 (see ref 17). d Refer-
ence 19. e Intermolecular zero point vibrational energy
computed under the assumption of harmonic vibrations
as (3hc-129 cm-1)/2 for the hindered translational vibra-
tions and as (3/zc-280 cm-!)/2 for the librations. The fre-
quencies were taken from ref 16. ,

quite closely with our values for the sublimation energy at
OK.

All the lattice energies and sublimation energies calcu-
lated from experimental data for the three molecules con-
sidered here have been collected in Table Il for compari-
son. It may be concluded that the values given by Shimo-
naevi3'14 are in significant disagreement with the values re-
ported by others, and that the values reported by others
(Warshel and Lifson,11 Bondi,1s5 and the present study) are
in general agreement.

I11. Lattice Energy of Ammonia

The lattice energy of ammonia has not been reported
previously, but can be computed approximately from pub-
lished experimental datais-19 in the manner shown in
Table I11; the calculated value is —8.7 kcal/mol. A more ac-
curate value for the lattice energy requires more experi-
mental data than are yet available, and several terms had
to be neglected in our approximate calculation. The terms
that are not available are: (i) the change in the potential
energy corresponding to the difference in nuclear geometry
between the gas structure and the crystal structure, (ii) the
difference in intramolecular zero point energy between the
gas and the crystal, (iii) the enthalpy for the expansion of
the real gas at 1 atm and 239.68 K to zero pressure at the
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same temperature, and (iv) the contribution of intramolec-
ular vibrational modes to the ideal gas enthalpy at 239.68
K. An approximate heat of sublimation at 0 K (6.9 kcal/
mol) can be calculated from the quantities in Table I11.

IV. Summary and Conclusions

The lattice energies of n-pentane, n-hexane, n-octane,
and ammonia were calculated to be —11.1, —13.2, —17.3,
and —8.7 kcal/mol, respectively. The hydrocarbon lattice
energies should be accurate to 0.1 kcal/mol. While the am-
monia lattice energy is approximate, the error is not likely
to be as much as 1 kcal/mol; as the missing pieces of experi-
mental data become available, a more accurate calculation
of the lattice energy of ammonia will be possible. This un-
certainty in the value of the ammonia lattice energy would
be expected to carry over as an uncertainty in the values of
empirical potential energy function parameters derived
using this quantity (e.g., the EPENs nitrogen parameters).
There is general agreement among the hydrocarbon lattice
energies and sublimation energies calculated by Warshel
and Lifson1: Bondi,is and the values calculated in the
present study; however, the values calculated by Shimo-
naevi3'14 are in considerable disagreement with the rest.
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Sephadex in the nonpolar solvent dioxane shows a uhf dielectric relaxation. If Sephadex is first brought to
equilibrium with water and then washed repeatedly with dioxane, it retains about 0.16 g of water/g of Se-
phadex. This hydration does not appear to change the dielectric properties of Sephadex itself. With that
assumption, the measurements indicate that the bound water relaxes at frequencies of the order of 4 GHz.

Introduction

The dielectric properties of protein solutions are charac-
terized by dispersions throughout the frequency range from
below 1 MHz to beyond 20 GHz.2-8 There is little reason to
doubt that the relaxation below 10 MHz is related to rota-
tion of the entire protein molecule. Also, there is general
agreement that the dispersion above 10 GHz is dominated
by relaxation of free water. In the uhf region, however, it is
much more difficult to elucidate the mechanism of the di-
electric dispersion. Because of the complex nature of the
interaction of protein and water, it is difficult to design ex-
periments which demonstrate clearly whether the disper-
sion arises from movement of a subunit of the macromole-
cule or whether forces exerted by the macromolecules have
shifted the relaxation frequency of a part of the water to
the uhf region. Pennock and Schwans conjecture that side
chains of hemoglobin relax at frequencies in the order of
100 MHz or less and attribute the dispersion which they
observe above 100 MHz to bound water.

There is a firm basis for the belief that bound or crystal-
line water has a lower relaxation frequency than free water.
Pure, hexagonal ice relaxes near 10 kHz.910 Gas hydrates
and certain high pressure ices have relaxation frequencies
between 0.1 and 1 MHz.11-17 In aqueous solutions of mac-
romolecules, the conductivity near the relaxation frequency
of free water is less than would be expected from the total
amount of water present in the sample.s In some cases this
can be used as a measure of the amount of bound water in
the solution. Although it is clear that the relaxation fre-
quency of the bound water is lower than that of free water,
we can say little more than this with certainty. The lower
the frequency, the more reasonable it is to expect contribu-
tions to the dispersion from the solute. In fact, it has not
been possible up to the present time to find a clear cut ex-
ample of water which relaxes in the uhf part of the spec-
trum.

Partially hydrated, powdered proteins have provided a
somewhat different approach to this problem.is-20 Rosenis
showed that dry bovine serum albumin had a dielectric
constant of about 1.5 or less at 1 MHz and the first 0.2 g of
water/g of protein added to the powder had almost no ef-
fect on the dielectric constant, as though the first water
added was irrotational. As the water content increased
above 0.2 g of water/g of protein, there was a steady in-

* Address correspondence to this author at the Department of
Electrical Engineering, Rochester Institute of Technology, Roches-
ter, N.Y. 14623.

crease in the dielectric constant of the sample. Harvey and
Hoekstrazo found a dielectric relaxation at 250 MHz in ly-
sozyme samples containing slightly more than a monolayer
of water. It is tempting to attribute these effects directly to
the water. However, the present study shows that we can-
not rule out the possibility that the added solvent is simply
mobilizing some part of the protein molecule?.

A preparation called Sephadex (Pharmacia, Uppsala,
Sweden) has a number of properties which are very useful
in the investigation of this problem. Sephadex consists of
small, porous, spherical beads of cross-linked dextran mol-
ecules. Since the dextran molecules are uncharged, dielec-
tric measurements need not be complicated or masked by
ionic conductivity. Dielectric dispersion in Sephadex pre-
sumably arises from rotation of polar groups in the dextran
molecules. The particles can be suspended in dioxane and
dioxane-water mixtures.-Fortuitously, the dielectric prop-
erties of Sephadex alone appear to be the same both in di-
oxane and water. A technique, based on reasonable as-
sumptions, has permitted us to obtain direct measurements
of the amount of water which is tightly bound to the Se-
phadex. Finally, it has been possible to obtain some indica-
tion of the dielectric properties of the tightly bound water.

Methods and Materials

Sephadex G10 is supplied by Pharmacia Fine Chemicals
(Uppsala, Sweden) in the form of spherical beads 10-40 p
in diameter. When suspended in water, pores in the materi-
al will admit molecules with molecular weight up to 700.
Deionized water and reagent grade nonaqueous solvents
were used in the experiments. The Sephadex was allowed
to equilibrate with water for at least 4 hr and in alcohols
and dioxane for 24 hr before using. This procedure was re-
peated several times with no appreciable change, which in-
dicated that the Sephadex was stable with respect to the
suspending medium.

Liquid Determination. Total liquid concentrations in
samples were determined from dry weight measurements.
Water content was determined by the Karl Fischer poten-
tiometric back-titration technique 21 For samples in which
the only solvent was water, the two methods, dry weight
and Karl Fischer measurements, agree within S%.

Volume Fraction and Bound W ater Determinations. ES-
timates of the amount of water intimately associated with a
solute (bound water) can be obtained in cases where solute
can be separated mechanically from the environmental lig-
uid (supernatant). For clarity, the application of the tech-

The Journal of Physical Chemistry, Vol. 80, No. 1, 1976



56

nique to the cross-linked dextran particle, Sephadex, will
be described. The broader applicability of the technique
will be apparent.

Let us assume that a sample of Sephadex has been al-
lowed to come to equilibrium with water. The particles are
allowed to settle and all excess water is removed. Another
liquid which will mix freely with liquid water but does not
associate with Sephadex or bound water is chosen. Let us
assume that dioxane has these properties. The true mean-
ing of these assumptions will be apparent from the descrip-
tion of the method. A quantity of dioxane is added to the
sample of Sephadex, mixed thoroughly, and allowed to
come to equilibrium. Again Sephadex is permitted to settle
and later the excess liquid is removed. This becomes the
sample. By repeating the dioxane washing procedure more
water can be removed from the sample.

All weights are given relative to the weight of the sample,
e.g., the sample will contain Ww w a, and Waweight frac-
tions of water, dioxane, and Sephadex respectively so that

Ww+Wa+Wa=| (1)

From a dry weight measurement on the sample we can de-
termine \WSand the total liquid weight fraction wi of the
sample.

wi=1- Ws= Ww+ Wa (@)

Part of the water is bound to the Sephadex while the rest
mixes freely with dioxane. The water-dioxane mixture per-
vades all of the sample not occupied by the solute, Sepha-
dex, and the water bound to it. The ratio of water to diox-
ane in this region will be the same as that in the superna-
tant from the sample. This ratio WvdW & can be deter-
mined by the Karl Fischer technique. Wvwaand \fes are the
weight fractions of water and dioxane of the supernatant,
respectively. Knowing the total water Ww in the sample
(by Karl Fischer technique) the total dioxane w a in the
sample is obtained by use of eq 1. Knowing the total diox-
ane w a in the sample gives the total free water Wfwin the
sample.

Ww= Wa(WwsdW as) 3)
Hence, the remaining water in the sample must be bound.
VWowv=w w- Witw 4

From this description it is apparent that the measure-
ment defines bound water w bwas the fraction of the water
which at a particular concentration of dioxane is associated
with Sephadex and does not mix with dioxane. It is also im-
plicit that association of dioxane with Sephadex is negligi-
ble. If this is not true, then Whbwis a measure of the prefer-
ence of Sephadex for water over dioxane.

The volume fractions of Sephadex in the sample can be
obtained from these measurements.22

wfw ! VFow [ w a\
Vs=1- pt 5)
Pfw Pbw Pa -
where pt, Pfw, Pbw, and paare densities of the whole sample,
the free water, the bound water, and the interstitial fluid,
respectively. When the Sephadex is suspended in either
water or dioxane alone this simplifies to

Vs=1- 1- wa~ (6)
Pi

where WBIs the dry weight of the sample and pi is the den-
sity of the suspending fluid. In these calculations we have
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used LOO g/ml for the density of both free and bound
waterz3 and 1.03 g/ml for the density of dioxane.

Dielectric Measurements. Measurements in the frequen-
cy range from 0.5 to 200 MHz were performed with an RX
Meter, Type 250A (Boonton Radio Corp., Boonton, N.J.).
Measuring cells and calibration procedures were similar to
those of Pauly and Schwan.24

Measurements from 300 to 1600 MHz were made with a
Rohde and Schwarz (Muchen, West Germany) BN3926/50
coaxial slotted line and NB31319 sample holder. Voltage
standing wave ratios were determined either by directly
measuring the maximum and minimum of the electric field
in the standing wave pattern or by using a 3-dB technique.
An iterative method was used to calculate the complex
propagation constant from which the complex dielectric
constant can be obtained.22

Although the dielectric data yield some qualitative infor-
mation directly, it would be desirable to eliminate the con-
tributions of the suspending medium from the observa-
tions. There is no rigorous way of doing this but we can
make rough estimates of the properties of the suspended
phase alone. It is important, however, to recognize that sev-
eral assumptions are made in the process. The Sephadex
samples used in the dielectric measureihents are obviously
inhomogeneous. Since it is impossible to characterize the
shape of the suspended phase, we have simply used the
Maxwell-Wagner mixture equation to estimate its effective
complex dielectric constant ke+.25'26

K+ - Ks+ y Ke+ - Ks+

C ler + et ™

K+ + 2kst+
k+ and ks+ are the measured complex dielectric constants of
the suspension and suspending fluid and V is the volume
fraction of the suspended phase (Sephadex or Sephadex
plus bound water). In so doing we assume that the particles
in suspension are spheres. It should be noted that the vol-
ume v used in the calculations is that of the solute plus
bound water and not that of the porous Sephadex beads.
Thus the suspended “particles” are the dextrans plus their
shell of bound water.

The bound water presumably forms a shell around the
cross-linked macromolecules which make up the Sephadex
particles. To compute the complex dielectric constant ki+
of the bound water we again assume that the solute is in
the form of a sphere with a spherical shell of bound water
around it. Then2s26

—p zZ 1
ket + 20+ k++ 20+

where K+ is the complex dielectric constant of the Sepha-
dex and p is the volume of Sephadex per unit of Sephadex-
bound water complex. Although the shape of the material
may not be spherical, this shelled model should at least
give us a rough estimate of the properties of the bound
water.

Experimental Observations

Bound Water Measurements. Both dry and hydrated
Sephadex have been included in the present study. In the
first case Sephadex G10 was suspended in dioxane or other
organic solvents for dielectric measurements. In the second
case, the Sephadex was first allowed to come to equilibrium
in an excess of water and then washed at least three times
in dioxane until a new equilibrium water content for the
Sephadex preparation was reached. Sephadex which has
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TABLE I: Water Associated with Sephadex ina
Dioxane-Water Environment Containing about
5% Water by Weight

g of water/ g water/
Sample g environment g Sephadex
1 0.056 0.153
2 0.069 0.170
3 0.046 0.153
4 0.069 0.174

TABLE II: Relative Dielectric Constant of
Sephadex G10 in the Presence of Various Solvents

Rel dielectric con-

stant of Sephadex G10 Solvent

15+ 2 Water

15+ 2 Dioxane

14 + 2 Methanol
8+ 2 Ethanol
33+1 1- Butanol
23 +1 Carbon tetrachloride
23+ 1 Ethylene dichloride

been exposed torwater and then washed in an organic sol-
vent such as dioxane or ethanol retains a certain amount of-
water even at a considerable concentration gradient with
the environment. It was found that 0.16 + 0.02 g of water
was associated with each gram of Sephadex when the envi-
ronment contained about 5wt % water (see Table ).

Low-Frequency Dielectric Constant. If dry Sephadex is
measured in air it does not appear to be polar. However, in
certain organic solvents it appears to have the same effec-
tive dielectric constant that it has when suspended in
water. This is shown in Table Il. To obtain these data, Se-
phadex G10 was allowed to come to equilibrium with the
indicated solvent, placed in the measuring cell for the RX
Meter, and the beads of Sephadex were allowed to settle
around the electrodes. Thus, as with all Sephadex studies,
the measurements were made on a bed or pellet of the ma-
terial. Because the particles are nonionic, shorting prob-
lems arising from contact of one bead with another are
much less severe than would be found with materials such
as ion-exchange resins. The volume fraction of Sephadex in
these pellets was determined from a density measurement
and a dry weight measurement as described in the Methods
section. The effective dielectric constant of the Sephadex
itself is calculated from dielectric measurements of the pel-
let and its suspending fluid using Maxwell’s mixture equa-
tion (eq 7). Fortunately for these experiments, it was found
that Sephadex has essentially the same effective polariza-
tion in the nonpolar solvent dioxane as in water. It also has
a high effective dielectric constant in methanol although it
appears to be essentially nonpolar in carbon tetrachloride
and ethylene dichloride.

Uhf Measurements. Measurements in nonpolar dioxane
give the dielectric properties of the Sephadex itself in the
unhydrated or “dry” form. Dielectric constants and con-
ductivities of a sample of Sephadex in pure dioxane are
shown in Figure 1. Knowing the dielectric constant of the
suspending medium (dioxane, « = 2.2) and volume fraction
of suspended material, Maxwell’s mixture equation (eq 7)
can be used to determine the dielectric properties of Se-
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Figure 1. Relative dielectric constant (a) and conductivry (b) of a
sample of Sephadex G10 in dioxane vs. frequency. Volume fraction
of Sephadex is 0.41. T= 25°C.

Figure 2. Effective homogeneous relative dielectric constant (a) and
conductivity (b) of the Sephadex G10 in dioxane of Figure 1 vs. fre-
quency. T= 25°C.

phadex. The results of these calculations are presented in
Figure 2.

Similar measurements were carried out on “hydrated”
Sephadex, i.e., Sephadex which had been allowed to come
to equilibrium in water and washed in dioxane. Although
the suspending medium contained only 5 wt % water in di-
oxane, the final sample contained 0.16 g of bound water/g
of Sephadex. Thus most of the water in the sample must be
rather tightly bound to Sephadex. (This can be compared
with values of the order of 0.3 g of bound water/g of solute
which is frequently assumed to be associated with proteins
in aqueous solution.) From dry weight and Karl Fischer
measurements, the volume fraction of the Sephadex-bound
water complex in the sample was determined (see Methods
section). Figure 3 shows the dielectric constant and con-
ductivity of the sample of hydrated Sephadex G10 in the
presence of water and dioxane. The volume fraction of Se-
phadex plus its water of hydration in this sample was 0.41.
The complex dielectric constant of the dioxane-water sus-
pending medium is shown in Figure 4. Using these data,
the equivalent dielectric constants and conductivities of
the Sephadex-bound water complex were calculated with

Maxwell’s mixture equation (eq 7) and are presented in
Figure 5.
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Figure 3. Relative dielectric constant (a) and conductivity (b) of a
sample of Sephadex G10 with 0.16 g of bound water/g of Sepha-
dex. Volume fraction of Sephadex-bound water complex is 0.41. T
= 25°C.

Figure 4. Relative dielectric constant (a) and conductivity (b) of sus-
pending fluid for the sample of Figure 3 (water-dioxane mixture with
0.07 g of water/g of supernatant) vs. frequency. T= 25°C.

Estimates of the standard errors for the calculated effec-
tive, homogeneous dielectric constants and conductivities
have been estimated by a procedure described by Carsten-
sen and Smearingz7 and are indicated by vertical bars in
Figures 2 and 5. The original dielectric data as well as the
volume fraction determinations are accurate to within
+5%. Errors in the effective conductivity increase very sig-
nificantly at low frequencies so that for “hydrated” Sepha-
dex, the effective conductivities below 300 MHz are omit-
ted.

Discussion

Almost all biological materials exhibit dielectric relaxa-
tion in the uhf region. This dispersion has been ascribed to
the water which is closely associated with macromolecular
solutes.g'20 These conclusions are very likely correct. How-
ever, they must be made under the assumption that the so-
lutes are not relaxing at these frequencies. In fact, there are
examples of pure liquid polymers which relax at uhf
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Figure 5. Effective homogeneous dielectric constant (a) and conduc-
tivity (b) of hydrated Sephadex G10 of Figure 3. T= 25°C.

frequencies.22'28 30 There seems to be no way to determine
the dielectric properties of most biological solutes alone. It
is clear that hemoglobin changes dramatically when it is
dehydrated.is On the other hand, there is at present no
clear example of water which relaxes at uhf frequencies.
Actually the present investigation is a part of an unfruitful
search for this kind of water.

The studies of Sephadex are relatively easy to interpret.
First from the measurements of Sephadex in the nonpolar
solvent dioxane it is clear that the macromolecular struc-
ture itself relaxes in the uhf region (Figure 2). It will be
noted from Table Il that the environment is important in
mobilizing the polar structures. Water, dioxane, and meth-
anol all facilitate the polarization but Sephadex appears es-
sentially nonpolar in carbon tetrachloride and ethylene di-
chloride. Thus if we had started with dry Sephadex and
gradually hydrated it, we might have been tempted to at-
tribute the increase in polarization to the water.s20 How-
ever, because of the dioxane-Sephadex measurements we
see that Sephadex itself can have a high effective dielectric
constant and furthermore that it relaxes in the uhf range.

In the partially hydrated state, the magnitude and fre-
quency of the dispersion remains the same. For convenient
comparison, the effective homogeneous dielectric constant
and conductivity of (1) “dry” Sephadex (i.e., Sephadex in
dioxane) and (2) the Sephadex-bound water complex are
shown together in Figure s. Because two polar components
are present, an assumption is required. However, by far the
simplest explanation for this behavior is that the dielectric
properties of the Sephadex itself are unchanged by hydra-
tion and that the additional polarization of the complex is
contributed by the bound water. The conductivity of the
Sephadex-bound water complex is much higher than Se-
phadex alone particularly at high frequencies. All forms of
water have been found to have conductivities which are
given bys

(es- i,,)0)2u)0
g= , m 2 = )

where s and are low- and high-frequency limits of the
permittivity, ais the angular frequency, and aois the angu-
lar relaxation frequency. If all of the water in the complex
had the dielectric properties of free water, the contribution
of the water to the conductivity would be that shown by the
dashed line in Figure 6. However, since azAue « 1, a de-
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Figure 6. Effective dielectric constant (a) and conductivity (b) of
"dry" Sephadex (xd and <d) and Sephadex-bound water complex (xh
and <h) from Figures 2 and 5. The dashed line is the conductivity
which would be expected if the water in the Sephadex-bound water
complex had the dielectric properties of free water.

Figure 7. Relative dielectric constant (a) and conductivity (b) of
bound water in the presence of Sephadex G10 as a function of fre-
quency. Note the slope of the curve of log conductivity vs. log fre-
quency is significantly less than two. T = 25°C.

crease in eocauses an increase in the conductivity. Thus, it
appears that the tightly bound water associated with the
Sephadex must relax at frequencies somewhat lower than
that characteristic of free water. A crude estimate of the
properties of the bound water can be obtained by assuming
that the 0.16 g of water/g of Sephadex forms a shell around
the dextran molecules which make up the Sephadex parti-
cles. Then the dielectric properties of the shell can be cal-
culated from the effective homogeneous dielectric constant
and the conductivity of the Sephadex-bound water com-
plex (eq 12) if one assumes that the Sephadex itself re-
mains unchanged by the hydration. The results of these
calculations are given in Figure 7. It is granted that these
calculations could not be carried out without major as-
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sumptions about the geometry and properties of the Se-
phadex. However, it appears that the bound water has a
lower dielectric constant and relaxation frequency than
that of free water. On the other hand, the relaxation fre-
quency is clearly above the uhf range, perhaps in the order
of 4 GHz.

Summary

Sephadex provides us with important information about
the uhf dielectric behavior of complex, crosslinked macro-
molecular solutes and bound water. First, it is clear that
Sephadex itself has uhf relaxation. Thus, it is reasonable to
expect that complex biological structures might exhibit a
similar behavior. If Sephadex is first brought to equilibri-
um with water and then washed repeatedly with dioxane, it
retains 0.16 g of water/g of Sephadex. It appears that the
Sephadex itself is unchanged by this hydration. With that
assumption it appears that the bound water relaxes above
1000 MHz but at lower frequencies than free water.
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Although porous, amorphous, or crystalline silicates are generally considered to be excellent sorbents for
water vapor, experimental evidence on a series of mordenites of varying aluminum concentrations supports
the view that a=Si—0—Si= surface is truly hydrophobic or nonpolar. Experimental data are presented
to show that the adsorption of water molecules in zeolites involves the specific interaction between the
water molecule and the hydrophillic centers, which may be a silanol group or a cation associated with the
tetrahedrally coordinated aluminum. A definite stoichiometric ratio, namely, four water molecules to each
hydrophillic center associated with the framework aluminum, was found in mordenites with Sio 2/Al12G3
ratio above 10. It is suggested that for zeolites of lower Sio2/Al2Cs ratio, the aluminum concentration is
high enough such that the available crystalline void volume is less than the volume of the stoichiometrical-
ly associable water. Therefore, the stoichiometric relationship for water sorption eludes detection unless
the experimenter explores the region of unusally low aluminum concentration, i.e., silica-alumina (Si02

Al203) ratios greater than 10.

Introduction

It is generally acknowledged: that the surface of most
porous, amorphous, or crystalline silicates contains both si-
lanol groups (=SiOH) and =Si—0O—Si= bonds. Young,
in studying the interaction of water vapor with amorphous
silica surfaces, suggested that water vapor physically ad-
sorbs only on the silanol sites and that the *"Si—0—Si=
bonds similar to those of the bulk structure are nearly ho-
mopolar and hydrophobic.2 In the case of crystalline alumi-
nosilicate zeolites, the silica and alumina tetrahedra are ar-
ranged in a rigid three-dimensional framework which, in ef-
fect, is porous. Unlike the external surface, such as that of a
conventional high surface area amorphous silica, the atoms
of the intracrystalline “surfaces” are actually made up of
atoms and bonds of the bulk structure. Thus, one would ex-
pect that the =Si—O—Si= bonds of this surface should
be hydrophobic. On the other hand, all the commonly
known zeolites, both natural and synthetic, show strong af-
finity for water and are excellent drying agents even at ex-
tremely low partial pressure of water.

We have now demonstrated a direct relationship of the
water sorption behavior in crystalline aluminosilicate zeo-
lites to the presence in these silicates of tetrahedrally coor-
dinated aluminum and its associated cations. Recent work
in this laboratory and elsewheress showed that tetrahe-
drally coordinated aluminum may be removed from the
framework structure of zeolites. For example, the alumi-
num in synthetic mordenite (Norton’'s Zeolon) may be re-
moved to extinction without collapsing the crystalline
structures's With this capability available we have mea-
sured the changes in the sorption capacity for water and
hydrocarbon molecules as the zeolite is progressively dealu-
minized, and studied the nature of the interaction of water
vapor with the zeolite.

Experimental Section

1. zeolite. Two batches of synthetic mordenite (Zeolon)
in their hydrogen form, obtained from the Norton Compa-
ny, were used. The as received samples have a silica-alumi-
na ratio of 11.0 (Lot No. BG-10) and 14.6 (Lot No. AG-5),
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respectively. These samples were dealuminized by two
methods: (a) by acid extraction by refluxing in 2 N HCL1 so-
lution or (b) by repeated alternate treatments, with the
HC1 solution for 4 hr followed by treating with 1 atm of
steam at 538°C for 2 hr, as described in ref 6. The ease of
dealuminization appears to depend on the nature of the
mordenite as synthesized. Dubinin et al.7 reported a 70:1
silica to alumina mole ratio mordenite by acid leaching
alone. The samples used in this study (Norton Lot No.
BG-10 and AG-5), when leached repeatedly with method a,
gave a maximum silica to alumina ratio of about 30, while
method b produced samples with silica to alumina ratio
greater than 100. Figure 1 shows the typical range of silica
to alumina ratio obtainable by method b on two batches of
samples.

The drop in silica-alumina ratio on the third cycle is re-
producible. It could be explained by a simultaneous loss of
alumina and silica from the crystal. X-ray diffraction data
showed that the crystallinity of all samples was within
+10% of the starting material. Coincidental to the reversal
in silica-alumina ratio on the third cycle, the diffraction
pattern of samples after the third cycle showed the peaks
shifted to larger angles indicating a shrinkage of the unit
cell. Similar observation was made by Dubinin et al.7 and
Eberly et al.9 on their aluminum deficient mordenite sam-
ples.

2. Measurement of Sorption Capacity. The sorption de-

terminations were made gravimetrically at 25°C with a
quartz spring similar to that of a McBain balance. The
sample weighing about 1 g placed in a Vycor basket was
first heated in vacuo to 500°C to constant weight and
cooled to room temperature before the sorbate was admit-
ted. The sorption capacity was determined by the weight
gain at a given partial pressure of the sorbate and convert-
ed to milliliters of sorbate per gram sorbent assuming nor-
mal liquid densities.

For water sorption, the sorption capacity at 1 (p/P =
0.05) and 12 mmHg (p/P° = 0.6) was determined on all
samples. Sorption of cyclohexane was measured at p/P° =
0.2 (20 mmHg). After equilibration, the system was evacu-
ated to less than 1 mmHg pressure and the sample allowed
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Figure 1. Increasing the silica/alumina ratio of a mordenite by alter-
nating cycles of high temperature hydrolysis and acid extraction.

to reequilibrate at pressures corresponding to a p/P° value
of about 0.01. Equilibration at low p/P° values was ob-
tained in much less time by this method than by equilibrat-
ing a fully dehydrated sample with the sorbate maintained
at a constant low p/P° value. Complete sorption isotherms
for water and cyclohexane were determined on only one of
the dealuminized mordenite samples (Sio 2/Al203 = 47).

Results

1. Adsorption Isotherms at 25°C. The isotherms for
water and cyclohexane of a 47 SiCNANOs dealuminized
mordenite sample are shown in Figure 2. Both sorbates give
type llio0 or S-shaped isotherms. The finite sorption capaci-
ty at p/P° less than 0.1 typifies the sorption characteristics
of zeolites. Both isotherms are concave upward at relative
pressures above about 0.6 p/P° signalling the commence-
ment of interparticle capillary condensation. It is signifi-
cant to note that unlike zeolites A or X 3 the isotherms for
cyclohexane lie consistently above that for water.

2. Cyclohexane Sorption. The change in sorption capaci-
ty as a function of the Sio2/Al203 of the sample is present-
ed in Figure 3. The top curve represents the sorption ca-
pacity for cyclohexane at 20 mmHg (p/P° = 0.2). The sorp-
tion capacity at below 1 mmHg (p/P° = 0.05) is shown as
the lower curve. The adsorbed molecules represented by
the lower curve are strongly held by the zeolite and could
be desorbed with ease only at elevated temperatures. The
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incremental capacity between the lower :urve and the
upper curve, on the other hand, are not strongly held by
the zeolite, and could be reversibly sorbed and desorbed at
25°C. The strongly held portion of the sorp-.ion capacity is
no doubt sorbed in the intracrystalline pores of the zeolite;
the less tightly held portion sorbed at p/P = 0.2 increased
from 1% to nearly 3% with increasing severity of dealumini-
zation. Since these samples were highly crystalline, we are
led to believe that a portion of the less tightly held sorption
capacity may be held on the “external” surface which in-
creased during the dealuminization process ay the possible
creation of fissures or imperfections in the crystal.

3. Water Sorption. The sorption capacity for water de-

creased as aluminum was removed from the zeolite struc-
ture. The equilibrium sorption capacity at a given relative
pressure of water vapor appears to bear a linear relation-
ship with the concentration of aluminum in the zeolite.

The experimental results at 1 and 12 mmHg H2 are
presented in Figure 4. The slope of these straight lines cor-
responds to four water molecules per aluminum atom in
the zeolite.

Discussions

1. Zeolite Structure Changes as Reflected by Cyclohex-

ane Sorption. Parallel to the reaction of zeolite Y with eth-
ylenediaminetetraacetic acid4 the reaction of mordenite
with hydrochloric acid effects the removal of tetrahedrally
coordinated aluminum from the zeolite framework via hy-
drolysis. Removal of the first 30% of the aluminum led to
an increase in cyclohexane sorption capacity by about 15%.

Increase in sorption capacity after aluminum removal
was also reported by other investigators on apumber of ze-
olites including zeolite Y 4 erionite,11 and mordenite.7'12
Kerrs found that as aluminum was extracted from the zeo-
lite, there was a decrease in the density of the zeolite and
the sorption capacity per gram of SiO2 in the zeolite re-
mains nearly constant. However, the percentage of increase
in sorption capacity of dealuminized mordenite found in
the present study is higher than could be accounted for by
the above mechanism. We are thus inclined to agree with
Eberly et al.12 that the increased capacity results from the
removal of extraneous materials from the mordenite chan-
nels.

As shown in Figure 3, the sorption capacity passes
through a maximum at a Sio 2/Al203 ratio between 10 and
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20 and then decreased to a constant value above a Si02
A1 3ratio of 40. These higher silica-alumina samples were
prepared after repeated exposure to steam at elevated tem-
perature and extractions with hydrochloric acid. A fresh
sample after three cycles of these treatments showed a re-
versal of SiO2ZA123 ratio together with an indication of
unit cell shrinkage. The observed loss of sorption capacity
is believed to be related to these structural changes. The
“shrunk” mordenite appears to have only about 50% of the
original intracrystalline sorption capacity. A similar de-
crease in sorption capacity for cumene was noted by Dubi-
ninand his coworkers in their earlier work,7 however, they
attributed the loss of sorption capacity to the partial amor-
phization of the crystal structure.

2. Hydrophobicity of Silica Surface. The suggestion

made by Young2that the =S i—O—Si= bond is hydropho-
bic was largely based on the observation that the sorption
capacity of different preparations of amorphous silicas for
water vapor varies significantly from expectation based on
their available surface areas. Crystalline aluminosilicate ze-
olites differ from amorphous silicas by having a porous
bulk structure constituted solely of =Si (Al)—O—Si
(A)= bonds. Our sorption data showed that, before alumi-
num removal, the sorption capacity of synthetic mordenite
is nearly the same for water and hydrocarbons. This is also
true for all the commonly known zeolites indicating that
the available intracrystalline void space is completely filled
by all the sorbates. Thus, at first glance, the supposition
that the =Si—0—Si= surface is hydrophobic finds ho
confirmation with zeolites. However, we note from the data
shown in Figure 5 that, as the aluminum is progressively
removed from the zeolite, the hydrocarbon molecules con-
tinue to fill the pores at low relative pressures; water mole-
cules, on the other hand, are no longer filling the pores of
the more siliceous samples. In fact, dealuminized morden-
ites with SiO2ZA1203 > 80 adsorb little or no water at these
pressures. Thus these highly siliceous zeolites are truly
hydrophobic.

The structural change of mordenite accompanying alu-
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Si02/ Al zOj

Figure 5. Intracrystalline sorption at 25°C.

minum removal was proposed earlier by Barrer and Peter-
sonl3 to involve the expulsion of aluminum in a soluble
form, and its replacement by a nest of four hydroxyl groups
as follows:

This mechanism has been accepted for the removal of
aluminum from other zeolites such as zeolite Y .14 However,
the disposition of these hydroxyl groups upon heating or
steaming at high temperatures has not been definitively re-
solved. Kerrl4 based on the finding that the unit cell of a
stabilized Y is smaller than that of a hydrogen Y suggested
that, in the case of zeolite Y, these four hydroxyl groups are
probably lost as water, resulting in some type of Si—0 —Si
bonding. Eberly et al.,1215 based on x-ray and infrared ex-
amination of their dealuminized mordenite, speculated
that perhaps the crystal lattice has re-formed, so that the
original alumina tetrahedra are replaced by silica tetrahe-
dra. Recently Rubinshtein and his coworkerl6‘18 in
studying the effect of heat treatment on the dealuminiza-
tion of mordenite concluded on the basis of infrared and
thermogravimetric analysis that the cleavage of some of the
Al—O bonds is accompanied at least in part by a closure of
the Si—O—Si bond without the intermediate step of form-
ing -OH groups. Their water sorption data also suggested a
decrease of hydrophillic centers with increasing SiOg/A™Oa
ratio.

If we accept the theory that the adsorption of water mol-
ecules in zeolites involves the specific interaction between
the water molecules and the hydrophillic centers, which
may be a silanol group, or a cation associated with the te-
trahedrally coordinated aluminum, then the degree of
structural re-formation, which may depend on the method
of preparation, would determine the concentration of hy-
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WT % ai203 in zeolite framework

Figure 6. Intracrystalline volume of some known zeolites.

Figure 7. Water sorption at 25°C and 12 mmHg of water.

drophillic centers of the sorption capacity for water. Those
methods which lead to incomplete structural re-formation
would produce dealuminized products having more hydro-
phillic centers than a completed re-formed structure. This
theory Vould explain the high sorption values reported by
several earlier investigators7,19 particularly in view of the
fact that the dealuminization method used by these early
investigators did not involve any high temperature treat-
ment which would be expected to accelerate the structural
re-formation process.

The hydrophobic property of our dealuminized morden-
ites offers support to the postulate that lattice re-formation
takes place during the dealuminization process. In fact, the
stoichiometry of water sorption, as will be discussed later,
could be a useful tool in determining the degree of crystal
re-formation. However, it does not rule out that the re-
placement of lattice aluminum by four hydroxyl groups is a
possible intermediate step in the dealuminization process.

3. Stoichiometry of Water Sorption. Our data suggest

that the specific interaction between the water molecules
and the cations (protons) associated with the tetrahedrally
coordinated aluminum corresponds to a coordination of
four water molecules for each proton associated with each
tetrahedrally coordinated aluminum in the zeolite, in other
words, a cluster of three water molecules around each hy-
dronium ion (HIO4'D). A linear relationship between the
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amount of water sorbed and the concentration of alumina
in the sample at a constant partial pressure of water is
shown in Figure 4. The slope of both straight lines corre-
sponds to a coordination number of 4.

Not all the protons associated with the tetrahedrally
coordinated aluminum sites in the zeolite are equivalent in
their affinity toward water. Figure 4 shows that about 2% of
them did not adsorb any water at 1 mmHg H20 pressure
and became fully coordinated only when the relative pres-
sure was raised to p/P° = 0.6.

Taken from published data, the intracrystalline volume
of a number of natural and synthetic zeolites is plotted
against the concentration of alumina in the zeolite as
shown in Figure s. Also shown is a straight line which cor-
responds to the necessary sorption capacity for water when
each hydrophillic site associated with aluminum is coordi-
nated with four molecules of water. The data clearly show
that because of the limited available space within the zeo-
lite pores, the stoichiometric relationship observed in the
dealuminized mordenite samples could not be fulfilled in
those zeolites having a SiCA”Oa ratio of 10 or lower. In
Figure 7 published data on water sorption of dealuminized
mordenites which had been heat treated are compared with
the results of the present study. Except for the generally
higher absolute values and the considerable scatter repre-
sented by these data, they appear to fall on a straight line
parallel to our data indicating that the coordination num-
ber of four is observed.

Conclusions

By removing aluminum from the framework structure of
a synthetic Zeolon and re-forming =Si—0—Si= bonds,
we have reduced the affinity of the zeolitic surface for
water. The amount of water adsorbed was shown to bear a
stoichiometric ratio of four molecules for each tetrahedral-
ly coordinated aluminum site remaining in the zeolite. We
conclude that the tetrahedrally coordinated silica consti-
tuting the framework of the zeolite structure is hydropho-
bic. The four to one stoichiometric relation between water
and aluminum concentration could be observed only in
those zeolites having sufficient pore volume to accomodate
four water molecules for each of the tetrahedrally coordi-
nated aluminum site and its associated cation present.
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Spectroscopic Studies of Surfactant Solubility. I. Formation

of Hydrogen Bonding between Surfactants and Chloroform
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Water soluble surfactants which have high solubilities in chloroform are verified to form hydrogen bonds to
chloroform by the analysis of infrared absorption spectra. The quantitative analysis of the C-D stretching
vibration bands shows that these molecules dissolve in chloroform by forming a complex consisting of sev-
eral solvent molecules and one solute molecule. A detailed method of determining the composition of the
complex in solution is described. The molecules studied are trimethyl- and dodecyldimethylamine oxide,
decyltrimethyl-, cetyltrimethyl-, tetraethyl-, and tetra-n-butylammonium chloride, decyl- and octadecyl-
phosphorylcholine, and cetylpyridinium chloride. Pyridine, pyridine 1-oxide, and rc-octylamine are also

studied as references.

Introduction

Solubilities of surfactants in organic solvents have been
studied by many authors.1-11 The present report concerns
the study of the solubilities of some surfactants in chloro-
form by infrared spectra. Hydrogen bonding of chloroform
to proton acceptor molecules has been well established, and
various systems have been studied by infrared and NMR
spectra of chloroform and chloroform-d complexes.i3-38
Most of the spectroscopic studies were based upon the as-
sumption of 1:1 complex formation between solvent and so-
lute molecules. In this study, we determine the number of
chloroform-d molecules bonded to a proton acceptor by
quantitative analysis of the C-D stretching vibration band
at the dissociation equilibrium between free and bonded
chloroform-d molecules.

Experimental Section

M aterials. Chloroform-d was purchased from Merck and
Co., Ltd. and was used without further purification.

Decyl- and octadecylphosphorylcholines were synthe-
sized by the authors. An aqueous solution of decyldimeth-
ylamine oxide was supplied from Kao Atras Co., Ltd. and
was used after a crystallization from acetone. Cetyl- and
decyltrimethylammonium chlorides and cetylpyridinium
chloride were purchased from Tokyo Kasei Co., Ltd. and
purified by recrystallization from acetone. The purities of
these samples were checked by thin layer chromatography.

Trimethylamine oxide, tetraethylammonium chloride,
tetra-n-butylammonium chloride, n-octylamine, pyridine,
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and pyridine 1-oxide were purchased from Tokyo Kasei
Co., Ltd. and were used without further purification.

Absorption Measurements. The absorption spectra were
recorded with JASCO IR-G grating spectrometer at a reso-
lution of 1 cm-1. The spectra of chloroform-d solutions
containing the acceptor in the concentration range from o
to 0.5 m were measured with a KBr cell having a thickness
of 0.1 mm. The thickness of the sample cell was checked by
the interference fringe method.

Sample solutions containing various amounts of the so-
lute molecule were prepared just before measurement by
weighing the solute and chloroform-d in the sample flask.
Since all of the solutes are very hygroscopic, they were
dried thoroughly to an anhydrous condition before each
measurement. The elimination of water from the sample
solution was confirmed by observing the infrared spectra in
the region of 4000-2000 cm-1.

The refractive index n b 20 and the specific gravity of the
solution were measured with an Abbe refractometer and a
picnometer, respectively, at the same time as the absorp-
tion measurements.

All the measurements were done at 20 + 2°C and the ab-
sorption spectra of the C-D stretching vibration for the fre-
quency region of 2500-2000 cm-1 were measured with a
resolution of 1 cm-1 and scanning speed of 33.3 cm- 1/min.

Results and Discussion

Infrared Spectra of Chloroform-d Solution. Table |
shows the structures of the molecules studied in the
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TABLE I: Molecules Studied and Spectral Characteristics for C—b Stretching Vibration of Chloroform-d

Acceptoro u—ve, AuW2,
R cm-1 cm 1
CH, . . . .
I+ CHj Trimethylamine oxide =77 68
R—N—O" Dodecyldimethyl-
I c,3h amine oxide -82 68
ch3s3
CHs Decyltrimethyl-
R NALCH I 021 ammonium chloride -59 425
R CieH Cetyltrimethyl-
CHs 16Hss ammonium chloride -59 435
R h Tetraethyl-
R_il_R-cr czhs ammonium chloride -62 43.5
I Tetra-n-butyl-
R c4ho ammonium chloride 68 495
(@)
Il
ROPO- « Decylphosphoryl-
I °- choline -46.5 445
OCH2CH:2 o Octadecyl-
Cha nt-cha 18737 phosphorylcholine -45.5 44
1
chs
Cetylpyridinium
CisHss Chloride —56 40

C-

aThe acceptor concentration is 0.45 M.

Figure 1. Infrared spectra for the chloroform-d-C12A0 system. C12A0 concentration is 0.70 M

present work. All the molecules have the -N -+ structure
with zwitterionic or ammonium salt form and show high
solubilities in both water and chloroform. As these sub-
stances are hardly soluble in nonpolar solvents and slightly
soluble in non-hydrogen-bonding polar solvents, the solu-
bilities in chloroform suggest the existence of some inter-
molecular interactions between the solute and solvent mol-

ecules. Actually, the infrared spectra of chloroform-d show
remarkable changes in the fundamental bands of chloro-
form-d; the C-D stretching, the C-D bending, and the
C-Cl3 symmetric stretching vibrations. The i vibration
changes its frequency about —45 to —82 cm-1 from that of
pure liquid chloroform-d, while the and 3 vibrations
shift about 20 and —15 cm-1, respectively. These observa-
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Figure 2. Infrared spectra for chloroform-d solutions in the C-D

stretching region (F. free; B. bonded): — chloroform-d (pure), — <
— ¢— ¢ C12A0 - octadecylphosphorylcholine,----------- cetyltri-
methylammonium chloride,------------- - me cetylpyridinium chloride,

— .. — .. tetra-n-butylammonium chloride.

Figure 3. Concentration dependence of the C-D stretching vibration
of chloroform-d for C12A0 solution.

tions indicate the formation of hydrogen bonding between
the solute molecule and chloroform-d. As an example, the
infrared spectra for the chloroform-d solution of dodecyldi-
methylamine oxide (Ci2A0) are shown in Figure 1
Intensity Measurements of W Bands. The absorption
spectra for the chloroform-d solutions in the frequency re-
gion from 2500 to 2000 cm-1 are shown in Figure 2. Bands
of the C-D stretching vibration corresponding to the free
and the bonded states are observed separately. All of the
bonded bands for various solutes show large frequency
changes to the low-frequency side and increased band
width or absorption intensity. The half-band width, Aig/2,
and the frequency shift, v — v°, are listed in Table I, where
the concentration of the solute is 0.45 M and v° is the maxi-
mum absorption frequency of the C-D stretching vibration
of pure liquid chloroform-d (* = 2254 cm-1). The values of
v — v and Aige2 of Table | are much larger than those ob-
served for diethyl ether, acetone, and pyridine solutions,13
which may indicate the formation of stronger hydrogen
bonding in the present systems. The absorption spectra for
the C-D stretching vibration of chloroform-d containing
various amounts of the solute molecule were measured in
each system. The spectra obtained for chloroform-d-
Ci2A0 system are shown in Figure 3. As the concentration
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TABLE II: Relative Intensities of the C—D Stretching
Vibration for the Chloroform-d—CI2A0 System

Sample Wt %
no. C,220 nDa d Ib* 1f*
0 0 1.4470 1.48 0 1.302
1 0.2569 1.4471 1.478 0.186 1.279
2 1.0106 1.4472 1.472 0.629 1.262
3 1.4062 1.4473 1.469 0.886 1.252
4 1.7816 1.4474 1.465 1.064 1.216
5 2.8574 1.4476 1.457 1.709 1.209
6 2.8608 1.4476 1.457 1.647 1.189
7 5.2304 1.4481 1.438 2.943 1.120
8 6.4981 1.4486 1.428 3.610 1.068
9 8.7316 1.4488 1411 5.029 1.010

an;3 is refractive index and d is specific gravity for the
solution. Ib* and If* are relative intensities defined by the
eq 2. (See text.)

Figure 4. 4' vs. f* plot for the chloroform-d-C12A0 system (see
Table II).

of the acceptor molecule increases, intensities of bonded
bands increase remarkably, while those of free bands de-
crease. One of the results is listed in Table Il (chloroform-
d-Ci2A0 system).

Analysis of Intensity Data. The relative intensities of
the free and the bonded bands are defined, respectively, as

and

/b" 7 In

in cm-1, where 1 is the thickness of the sample, / 0 the ener-
gy of incident light, 1 the energy of transmitted light, and v
the frequency of light. Hereafter, the subscripts b and f
refer to the bonded and free states, respectively.

The molar concentration of chloroform-d in the solution

d<iIn") m

Ccdci3= Cf+ Cb

was determined from the observed weight concentration
and density of the solution. After being corrected for the
local field effect,12 the relative intensities, h, and if, are re-
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TABLE I1I: Final Results for Intensity Data

rf
Acceptor cern']oI cm2mol

Trimethylamine

oxide 3177 106
Dodecyldimethyl-

amine oxide 1726 106
Decylphosphoryl-

choline 1944 108
Octadecyl-

phosphorylcholine 1460 104
Decyltrimethyl-

ammonium chloride 1906 106
Cetyltrimethyl-

ammonium chloride 1930 106
Tetraethyl-

ammonium chloride 4468 114
Tetra-n-butyl-

ammonium chloride 5483 112
Cetylpyridinium

chloride 2310 105
a-Octylamine 1824 103
Pyridine 1780 107
Pyridine 1-oxide 1850 106

Figure 5. It vs. If' plot for the chloroform-d-decylphosphorylcholi-
ne system.

duced to the values at the molar concentration of pure lig-
uid chloroform-d, C°cdcih = 12.30 M, thus

If* = fdfJf

/o~ = tdtdb

(2)

fc = 12.30/Ccdcis
(3)
/d = 9nD/(nD2 + 2)2

where nD is the refractive index of the solution and COcnci!!
is the molar concentration of chloroform-d.
Now, the absolute intensities, Ffand f b, are defined as

cb*rb=/b*
CPT[=Ic*

Q)

67
Intensity
ratio Solvation
r,ir no., n (rblrf)n
30 2.5 75
16 5 80
18 3-3.5 54-63
14 4-5 56-70
18 4-4.5 72-81
18 4-5 72-90
39 2-2.5 78-98
49 2 98
22 3-4 66-88
18 1 18
17 1 17
17.4 2 35
Figure 6. /b* vs. It' plot for the chloroform-d-pyridine system,
and
(Cb* + Cf*) = /c(Cb+ Cf) = CVori:, ®)
Equations 4 and eq 5 give the relation
c°cbclil
or
b* = —(rbrf)/f* + rbc O0cDci) 6)

By plotting 7b* against If* at a series of concentrations, a
straight line with a slope of —(rb/rf) is generated so far as
the absolute intensities, Tf and rb, are constant over the
concentration range employed. The extrapolated 1;* value
at 7b* = 0 corresponds to the Tfvalue of pure .jquid chloro-
form-d, and may be compared with the | f value directly
observed for pure liquid chloroform-d.
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TABLE 1V: Calculation of Solvation Number, n, for the
Chloroform-d—C,2A0 System

Sample 103X Ch, 103 x Cs, Solvation
no. mol/cm3 mol/cm3 no., n
1 0.108 0.017 6.47
2 0.364 0.066 5.52
3 0.513 0.092 5.56
4 0.616 0.117 5.25
5 0.990 0.190 5.21
6 0.954 0.190 5.01
7 1.705 0.357 4.78
8 2.092 0.449 4.66
9 2.914 0.619 471

“(j, isZj,/rb, cs is the concentration of the acceptor
molecule. Solvation number, n, is c~/cs. (See text.)

In Figures 4-6, plots of 7b* vs. 1= for chloroform-d-
C12A0, chloroform-d-decylphosphorylcholine, and chloro-
form-d-pyridine systems are shown. It can be seen from
these figures that linear relationships exist between 7b*
and 1. Consequently, the validity of Lambert-Beer’s law
was Vverified in these concentration ranges. It is also seen
from the figures that the extrapolated 1+ values at 7b* = 0
are almost same for those systems. For the chloroform-d-
C12A0 system the I> and Tb were 106 and 1726 cm2mol,
respectively. The observed absolute intensities by this
method are summarized in Table Ill. The values of Tf are
fairly identical for all systems. Tb values are approximately
equal for all acceptors except tetraethyl and tetra-n-butyl-
ammonium chloride, and trimethylamine oxide.

Determination of Solvation Number. At a low concen-
tration of the proton acceptor, all acceptor molecules are
considered to be bonding to chloroform-d molecules/19
Therefore, the ratio of the concentration, Cb, of the bonded
chloroform-d to the concentration, Cs of the solute, Cb/Cs
corresponds to the number of chloroform-d molecules at-
tached to an acceptor molecule. Using the observed I'b
value, Cb is determined as

Cb= fdlbrh )

As Csis known, the ratio, Ch/C8 is easily determined. We
call the ratio solvation number, n. The calculated results
for n are summarized in Table Ill. As an example, the de-
tailed data for C12AO system are shown in Table IV. The
solvation number obtained in this case is 4.71-6.47. There-
fore, it is concluded that about five chloroform-d molecules
and one C12A0 molecule form a complex molecule in solu-
tion.

Spectroscopic Information and Solubility. Table 11l
shows the absolute intensities and the solvation numbers
observed for various acceptors. It is seen from Table 111
that a complex consisting of several solvent molecules and
one acceptor molecule is formed in the solution. Only when
an acceptor is pyridine or n-octylamine is the existence of a
1:1 complex verified. The solvation number is largest in the
octadecylphosphorylcholine system and smallest in the
tetra-n-butylammonium chloride system.

The absolute intensity of the hydrogen bonded chloro-
form-d, on the other hand, is largest for the tetra-n-butyl-
ammonium chloride system. If the intensity ratio, Fb/T{,
can represent the strength of hydrogen bonding between
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chloroform-d and the acceptor molecule, the product of the
ratio, Tb/Tf, and the solvation number, n, is an appropriate
estimate of the stabilization energy of one acceptor mole-
cule through hydrogen bond formation in solution. In other
words, the product is a good way to estimate the solubility
of an acceptor in the solvent.

The last column of Table 111 shows the calculated n(Tb/
T) products. The results indicate that the product takes al-
most similar values for all the surfactants studied. This
may correspond to the fact that the stabilization energy
necessary for the acceptor to be dissolved in chloroform-d
is almost the same. In case weak hydrogen bonding is
formed, e.g., octadecylphosphorylcholine, a large number of
solvent molecules are necessary to dissolve the acceptor. In
case strong hydrogen bonding is formed, e.g., tetra-n-butyl-
ammonium chloride, only a few solvent molecules are nec-
essary to form a stable complex in solution.
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ESR line amplitudes have been substituted into the solutions to the Bloch equations in place of the first-
derivative line breadth so that the rate constant of electron exchange (k e between the 2,6-di-feri-butyl-
benzoquinone (DBQ) anion radical and neutral molecule, and rate constant for ion pair dissociation (£i),
and ion pair formation (fe2) could be calculated from the relative line heights of the three-line ESR spec-
trum. Since k 2 was found to be slightly larger than k ex, it is concluded that the rate of ion pair formation is
encounter controlled. The activation parameters indicate that the activated complex between free ion and
ion pair closely resembles the free solvated ions,-and the solvation sheath of the solvated cation is still in-
tact in the activated complex. However," the solvation structure of the ion pair is very different from that
for the activated complex or free solvated ions as evidenced by comparison of the activation parameters
with the thermodynamic parameters controlling the equilibrium constant of ion pair dissociation.

Since the very first ESR investigations of ion pairing by
Adam and Weissmanl and Atherton and Weissman,2 a
wealth of information has appeared in the literature con-
cerning the actual structures of ion pairs, the thermody-
namic parameters controlling ion pair dissociations, and
their parameters controlling interconversions between
types of ion pairs. Tfie bulk of this work has been carried
out utilizing ESR, conductivities, visible spectroscopy, and
NMR. Despite the fact that the thermodynamic parame-
ters for ion pair dissociation can be attacked by a variety of
techniques, the kinetic parameters are not so accessible.
Over the years only a scattering of reports have appeared of
actual rate constants of ion pair dissociation to form sol-
vent separated ion pairs, and no reports of ion pair disso-
ciation to free ion kinetic parameters have appeared. Ki-
netic and activation parameters for ion pair dissociation to
free anion and solvated cation are vital to the under-
standing of the mechanism of ion pair formation and disso-
ciation.

Such a study would have to be carried out in a solvent
where anions can be generated in the fully dissociated
state. Hexamethylphosphoramide (HMPA) is the solvent
of choice. It is well documented that, in this solvent, many
anion radicals are fully dissociated.3 However, the addition
of alkali metal salts to these solutions often results in the
formation of ion pairs.4 The appearance of the ion pair may
manifest itself in two ways upon ESR analysis. The spectra
of the free ion and ion pair may be superimposed upon
each other (simultaneous observation), or the time between
ion association-dissociation events may be small on the
ESR time scale and only the time-averaged spectrum ob-
served.56 The determination of rate constants of ion pair
dissociation by the use of spin relaxation techniques can be
carried out only for the latter case. Further, before a kinetic
study can be initiated, the thermodynamic parameters of
ion pair dissociation must be known.

The anion radical of 2,6-di-tert-butylbenzoquinone
(DBQ) in HMPA fulfills all of the above requirements for a
kinetic study of the ion pair dissociation. The free anion
radical can be generated in HMPA, addition of potassium
iodide results in the formation of the ion pair, the ion pair

is in rapid (on the ESR time scale) equilibrium with the
free ion, and the thermodynamic parameters of ion pair
dissociation (eq 1) are known.67

0 “K+ o'

0 a

Here we wish to report the kinetic and activation param-
eters for the formation and dissociation of the DBQ ion
pair to form the free ion, and utilize these data to gain in-
sight into the mechanism of ion pair dissociation and for-
mation.

The study is carried out by making use of the relaxation
theory (in modified form) as applied to the two site model,
which has been derived in detail by Fraenkel.8 Since the
two forms of the anion radical (o1 and o) are rapidly inter-
changing, the observed hyperfine coupling constant is given

by
A ="PaA° + PpA' @

where P a and Pp are the probabilities of finding the anion
radical in the form of the free ion (a) or ion pair (0), respec-
tively, and A° and A’ are the coupling constants for a and
o0, respectively. Equation 2 shows how the observed cou-
pling constant is affected by the equilibrium mixture, but
the rates of ion pair formation and dissociation are defined
by the line widths. From the Bloch equations, the line
widths are 89

T2~Hm) = yeZTPaPg(A° - A)2m2+ Tz.0-1 €)
where
r=ratj/(T,+ Tip (G)]

and T 2,0~ 1, the contribution to the line widths from other
line broadening mechanisms, is assumed to be independent
of m. The quantity T2(m) is the transverse relaxation time
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for the line corresponding to spin quantum number m (ei-
ther —1, 0, or 4-1 for the case studied here).

From eq 1 the forward rate constant (&i) is first order
and the reverse rate constant (k2) is second order, thus K\
= 1/t0and k2 = I/ra(K+). Putting the line widths (5m) in
terms of gauss, lm = 2/v/3)ye]T2{m), and solving for bm
yields

bm = 2rXm/N ~j7el + t° (5)

where Xm= P,)wa(m) —;>(m)p 4 —a>(m)]2, and
aj,.,(m), Ufj(m), and <j(m) are the positions of the mth line
for the free ion, ion pair, and time-averaged species, respec-
tively. These values can be easily calculated for the known
g values and coupling constants.7

For first derivative Lorentzian ESR lines, the line width
(bm) is inversely proportional to the square root of the
peak-to-peak line height (hm). For this reason, more pre-
cise relative relaxation times can be obtained from mea-
surements of changes in h than in direct measurements of
bm For radicals that are involved in rapid equilibria that
limits the lifetime of a particular spin state, not all of the
hyperfine lines are broadened to the same degree. For this
reason, Zandstra and Weissmanl0 added a correction factor
to the expression for the rate constant (kex) of electron ex-
change from the anion radical to the neutral molecule

ir~+ 7% w4 ir~ (6)

This correction factor accounts for the difference between
the lifetime of a particular anion radical and the residence
time in a particular nuclear spin arrangement. This correc-
tion factor is (1 —gn’N)-1 where gm is the statistical in-
tensity of the mth line and N is the sum of the intensities
of all of the lines in the absence of exchange

hex = vA3 *-(2.8 x 106)|6m - 5°|/|[L -gm N -m *) (7)

Thus for both the electron exchange reaction (eq 6) and
the ion pair formation and dissociation reaction (eq 1), the
individual hyperfine lines are not broadened to the same
extent. For the case of the electron exchange, the m = 4-1
and m = — lines are broadened more rapidly than the m =
0 line as the rate of electron transfer from the DBQ anion
radical to the neutral molecule increases. For the case of
the ion pair association-dissociation all of the lines are
broadened at different rates, since the g values for aand 0
are different.7 Since the heights are more convenient to
measure than the line widths, we wish to detail the use of
line height changes for the determination of ion pair disso-
ciation and electron exchange kinetics.

Results

Electron Exchange. In order to find the rate constant
(hex) for electron transfer (eq 6) by the use of line heights,
it is first necessary to change eq 7 into a function of line
heights. Remembering that the ratio of line intensities (7m
= hmbn®) is always 1:2:1, eq 7 can be rearranged to yield

{V3 w(2.8 X 106)5°|- 1(DBQ)&ex + % =
V2 (hi/hO) /294 -% }-1 (8)

From this expression, a simple plot of the concentration of
neutral DBQ added to the anion radical solution in HMPA
vs. the reciprocal of V2 (hi/lho)1/2% —% should be linear
with an intercept of % and a slope that is proportional to
hex-

The addition of neutral DBQ to the free anion radical of
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DBQ in HMPA does result in greater line broadening of
the two outer lines than it does for the central line, Figure
1. Plotting the data as described above yields a rate con-
stant for electron exchange of 2.09 + 0.09 X 108 M -1 sec-1.
The intercept obtained from this plot is 1.31 + 0.04.11 This
is in good agreement with the expected intercept of %. The
plot shown in Figure 2 consists of points taken from several
different anion radical solutions. The average value for ;°
is 0.198 £ 0.006 G. This value was measured from the ESR
spectra before the addition of any neutral molecule to the
solution. 5° is relatively large due to the unresolved y pro-
ton splittings.

Now that it has been demonstrated that the use of line
heights can be utilized to obtain accurate rate constants for
reactions limiting the lifetime of the spin state, the tech-
nique can be applied to the more complicated kinetics of
ion pair dissociation.

lon Pair Dissociation. First it is necessary to rearrange
eq 5 so that t can be determined from the line heights.
Since

1-i/li = =1 ©)
then
(hi/h-\)l12 = (a_iT 4 b°)/1a\T 4 5°) (10)
where
am=2XjV$y~n (11)

Equation 10 can now be solved for r giving
r —5°j1 —(h\/h-\)12}v/3|74/
2\X1(hUh -i)W -X -11 (12)

The equilibrium constant for the ion pair dissociation
(eq 1) has been determined by the use of time-averaged
coupling constants56 and g values7 by measuring these
values after the addition of quantities of Kl to the anion
radical solution. At 25° the value for Keq is 0.089. This
value is an average of that obtained from the g value and
coupling constant experiments, but is subject to a small
correction due to the fact that there is some ion association
between the I- ions and K+ ions of the added K1.12

Knowing this value for Keg, K\ and k2 can now be deter-
mined from r, which is calculated from the experimental
line heights and eq 12. The rate constants are related to
Kegand r in the following manner:

Keg= (a)(K+)/(3) = J t) = k\VKk2 (13)
and thus

M= t {1 4 (K+)Keg, | (14
and

*2 = r- 1|Keq 4-(K+)i-1 (15)

Successive additions of potassium iodide to the free
anion radical in HMPA result in the expected line width
and line height fluctuations. Utilizing the known coupling
constants5'6 and g values? for the ion pair and free ion and
the previously determined equilibrium constant, the ob-
served rate constant for ion pair formation (fe2,bsd) was cal-
culated from the measured line heights. Table I.

It is immediately noted from Table | that f&2,d de-
creases with increasing concentration of added KI. This is
the expected result, since the viscosity of the solution in-
creases with increasing salt concentration and Keqused in
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Figure 1. ESR spectra of the anion radical of DBQ in HMPA at 25°.
The lower spectrum was recorded for a solution containing 0.3 M
neutral molecule.

Figure 2. Plot of {V2 (hi/ho)172 % ~ %) 1 vs. the concentration of
neutral molecule at 25°.

the calculations has not been corrected for possible associa-
tion between the K+ and I- ions. The rate constant for ion
pair formation can now be determined from an extrapola-
tion of fe2absd to zero Kl concentration, Figure 3. The data
given in Table | represents just one experiment. The entire
process was carried out four times with different solutions,
and an average k2was found to be (4.28 + 0.48) X 108 M~I
sec-1. From this value and Jxq, K\ = (3.81 + 0.43) X 107
sec-1. Extrapolating the data to a zero concentration of
added Kl eliminates the error due to increased viscosity
and due to possible association of the Kl itself.

Since 5° is not controlled by either electron transfer or
the ion pair formation dissociation process, the viscosity of
the solvent media probably has only a very slight effect
upon T2b while clearly having a large effect upon the ob-
served rate constant for ion pair formation. However, the
extrapolated rate constants are valid even if T2o is more
severely affected by viscosity changes due to salt addition.
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TABLE |I: ESR Parameters and Observed Rate Constant
for lon Pair Formation for a Representative Anion
Radical Solution with Added Potassium lodide
A2 obsd
TX 108  x io~\
(KI), M A, Go g sec Ai-1 sec-'
0 2.346 2.004814 2.74
0.018 2.298 2.004801 2.64 3.55
0.034 2.267 2.004793 2.45 3.32
0.050 2.243 2.004786 2.41 2.99
0.067 2.223 2.004781 2.37 2.70
0.0835 2.208 2.004776 2.41 2.40
0.101 2,194 2.004773 2.58 2.04

aThese weighted average coupling constants and g values
have been accurately determined previously.!—7x42

This is true, since the data are extrapolated to zero salt
concentration where T 20 is responsible for the entire line
width (5°).

In order to obtain the activation parameters for ion pair
formation and dissociation, it is necessary to obtain K\ or
fe2 at another temperature. Carrying out a similar set of ex-
periments at another temperature would not be advanta-
geous, since the relatively large error in k- dnd fe2 would
lead to serious error in and Ea2 This difficulty can be
avoided by determining k? for a set of samples from the
same solution (an example of the data obtained from the
same initial solution is given in Table II) at 25° and 0°. The
energy of activation can then be calculated from the Ar-
rhenius equation and the two experimental rate constants.
Even though the values for k2 from this experiment may
not be equal to the statistical average of fe2for many deter-
minations, the difference in k2 at 0 and 25° accurately re-
flects the true energy of activation. Ea2 was determined in
this manner three times yielding values of 4.95, 4.57, and
4.64 kcal/mol. The data obtained at 0° were extrapolated in
the same manner as it was at 25°. Since the thermodynam-
ic parameters are known, the activation parameters can be
determined.

Conclusions

The strong affinity of the HMPA for solvating cations13
is reflected by the negative entropy and enthalpy of ion
pair dissociation. The entropy of activation for this disso-
ciation is —15.1 eu, indicating that the activated complex
more closely resembles the solvated ions than it does the
ion pair. The negative value for AS*2is somewhat surpris-
ing and shows that there is more order in the activated
complex than there is in the solvated ions. This means that
the solvation sheaths around the cation must be still intact
in the activated complex, but there is still some Coulombic
attraction between the cation and anion, which lowers the
entropy of activation. This supports the previous state-
ment that the activated complex closely resembles the sol-
vated ions (with respect to solvation structure).

The kinetic parameters for ion pair formation (fe2 and
A77*%2) are of a magnitude that would be expected for an en-
counter controlled reaction. It is known that rates of elec-
tron transfer are generally encounter controlled.14 Since k2
is slightly larger than kex, it too is encounter controlled.
The larger value for k2 reflects the Coulombic attraction
between the K+ and anion radical as opposed to the very
weak attraction between the anion radical and neutral mol-
ecule that come together in the electron exchange.

Since k2 is encounter controlled, it should not vary ap-
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TABLE II: Thermodynamic and Kinetic Parameters Controlling the lon Pair Formation and Dissociation of

2,6-Di-feri-butylsemiquinone in HMPA

Reaction k at 25°0

lon pair 4.3 X 10s 4.7 +0.2
formation

lon pair 3.8 X 107 3.2+0.2

dissociation

a The units on the rate constant for ion pair formation (k2) areM

energies of activation are given in kcal/mol.

o6

AHt AH° ASI, eu AS°, eu
4.1* 1.52 -5.1 10.2
2.6 -1.52 -15.1 - 10.2

' sec land those for fe, are sec-'. * The enthalpies and

Figure 3. This is one example of a plot of k2 obsa vs. the concentration of Kl added to the anion radical solution. All of the points on this graph
were taken from one anion radical solution. Several of these plots were made to obtain an average k2.

preciably when DBQ- is substituted for another semiqui-
none. Thus, K\ should be proportional to Keq. The ion pair
dissociation equilibrium constant for the benzoquinone
anion radical in HMPA with potassium is 0.036 and can
now be utilized to estimate K\ for this system. On this
basis, k\ for the benzosemiquinone system is predicted to
be about 1.5 X 107 sec-1. The fact that ki is smaller for the
benzosemiquinone system than it is for the DBQ-- system
is supported by the observation of the rate of ion pair for-
mation and dissociation being slow on the ESR time scale
for this system. Although it must be remembered that
whether the ESR spectrum is in the fast or slow exchange
limit depends not only upon the rates but also on the dif-
ferences in the ESR parameters (proton and alkali metal
coupling constants and g values) of the free ion and ion
pair.

The three major obstacles to a study carried out by suc-
cessive additions of salt (ion association of the added salt,
increase in viscosity due to the presence of the salt, and
changes in the ionic strength) have been eliminated by ex-
trapolation of the determined rate constants to zero salt
concentration.

Finally, it should be noted that errors can originate from
two sources yet to be discussed: (1) there has been much
difficulty in the past in extracting accurate activation ener-
gies from magnetic resonance line shapes,16 leaving the en-
ergy of activations obtained here from only two tempera-
tures with possible large errors; (2) even though the ESR
lines shapes are Lorentzian at the higher salt concentra-
tions used here, they may not be at zero or very low concen-
trations where the line width is controlled by the unre-
solved splitting. This latter effect should result in more
error in data taken from the lower salt concentrations but,
since the value for k2obtained by extrapolation is the same
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Figure 4. Apparatus used for the experimental determination of k,
and k2.

whether only the higher or lower salt concentrations are
considered, this error is probably small.

Experimental Section

The DBQ was purchased from Aldrich Chemical Co. and
was recrystallized before use. The potassium iodide was
purchased from Alpha Inorganics and was stored in a vacu-
um oven for 48 hr at 100° prior to use. The purification of
the HMPA has been previously described.15
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ESR measurements were carried out with a Varian E-9
ESR spectrometer with a dual cavity. The temperature was
controlled with a Varian temperature controller calibrated
with an iron constantan thermocouple.

The rate constants (K\ and ko) were determined by use
of the apparatus shown in Figure 4. The clean dry appara-
tus was first weighed and about 50 ml of purified HMPA
was placed in bulb A with a small piece of potassium metal.
A few milligrams of DBQ were placed in bulb B and the en-
tire system evacuated by connection with the vacuum line
at joint C. The HMPA was then distilled from bulb A to
bulb B. With all of the stopcocks closed, the apparatus was
removed from the vacuum line, bulb A cleaned, a small
piece of K metal added to bulb A, and the bulb reevacuated
through D. The HMPA solution was then passed into bulb
A where it was stirred until the anion radical was formed.
The entire anion radical solution was then poured back
into bulb B and an ESR sample taken. Bulb A was cleaned
again and charged with a known quantity of potassium io-
dide and reevacuated. At this point the apparatus contain-
ing the solution was weighed. The anion radical solution
was then placed back into bulb A and left stirring until the
salt was completely dissolved. This solution was then
passed back and forth between the two bulbs until the so-
lution was uniform. Finally, it was placed in bulb B and an-
other ESR sample taken. The apparatus was weighed
again. Now, bulb A could be recharged with salt and the
entire procedure repeated several times so that a series of
samples with different concentrations of added salt could
be taken from the same initial anion radical solution. The
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ESR tubes were calibrated volumetrically to account for
the loss of solution due to the taking of samples.
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Gas Phase Molecular Structure of Perfluoro-ferf-butyl lodide by Electron Diffraction

A. Yokozeki and S. H. Bauer*

Department of Chemistry, Cornell University, Ithaca, New York 14853 (ReceivedJune 16, 1975)

The structural parameters of (CF3)3CI [gas phase] were determined by a least-squares reduction of elec-
tron diffraction intensities: rg(C-C) = 1.544 + 0.015 A, rg(C-F) = 1.333 + 0.004 A, rg(C-1) = 2.16 + 0.03 A,
zCCF = 111.0 £ 0.6°, zCCC = 1115 = 1.7°, and zCCIl = 107.3 = 1.0°, where the uncertainties were set at
2.5(7 @i is the least-squares standard deviation) plus estimated systematic errors due to inaccuracies in the
nozzle-to-plate distances and accelerating voltage. These parameters are compared with values reported
for the series, (CF3)nCF,_3l (n = 0, 1, 2, 3). It appears that the /CCI decreases linearly with increasing n
(n = 1 -* 3). This systematic change in the bond angle is consistent with the trend observed in

(CH3),CH,_3X (X = F, Cl, CH3).

Introduction

Perfluoro-ieri-butyl iodide, (CF3)3Cl, was investigated
as part of a broad program of study of F for H and CF3 for
CH3 substitution effects on molecular geometries.l The
structural parameters for perfluoromethyl, perfluoroethyl,
and perfluoroisopropyl iodides have been reported by An-
dreassen and Bauer.23 The present study completes the se-
ries (CF3)nCFn-3l (n = 0, 1, 2, 3). As has been demon-
strated for (CF3)3COH 4 “large amplitude motions” are an-

ticipated in the perfluoro-terf-butyl group. However, here
our objective was to determine the structural parameters.
With respect to the intramolecular motions, rather than
undertaking a parallel detailed analysis, our knowledge of
(CF3)3COH was used; the three CF3 rotors are regarded as
a single effective rotor which describes reasonably well the
coupled motions. Such a simplification does not seriously
perturb the determination of other geometrical parameters
for this molecule.
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Experimental Section

The sample of (CF:!):iCl was supplied by Dr. D. C. En-
gland of E. I. duPont de Nemours and Co. Diffraction pho-
tographs were taken with the Cornell instrument on Kodak
electron image plates. The accelerating voltage was 60 kV
(X 0.04854 A); nozzle-to-plate distances of 128.76 + 0.16
(HVS) and 286.65 = 0.29 mm (HVL) were determined from
MgO diffraction patterns taken concurrently with the gas
photographs. Exposure times were about 7 (HVS) and 3 sec
(HVL) using a beam current of 0.5 uA. T o calibrate the es-
timated nozzle-to-plate distances and the apparent in-
crease in the mean amplitudes due to the extraneous scat-
tering,4 diffraction patterns of CO2were also recorded con-
currently with the sample. A least-squares analysis of CO2
intensities gave the scale factors of —0.15% for interatomic
distances and —4.9% for the root-mean-square amplitudes.
The total scattering intensities are shown in Figure 1. Nu-
merical values for thé intensities at integral q’s [= (40/X)
sin 0/2], the error'and correlation matrices are listed in the
microfilm edition of the journal. (See paragraph at end of
text regarding Supplementary Material.)

Analysis '~

»

Reduced-Molecular Intensity Function. The molecular
intensity, qM(q), was calculated from q(Ir —In)Hb, where
/ t and Hare the observed total scattered intensity and the
smooth background, respectively. The initial background,
drawn through the It curve, was refined via the proposals
of Bonham and Bartell.0 Then the nonnuclear scattering
correction A[gAf(<Z)] was calculated according to the proce-
dure of Konaka and Kimura;6 indeed, we closely followed
their method for data reduction, and used the symbols as
defined by them.

= 1i i ~ i 1 i N\ T
A[gA/()] =0 iI’E\j Aij (9ij ~ Mj cos Ag,) sin {\12L?raj) X

gFF = 1.20 + 0.5 exp(—2 x 10_4(?2); gcc = 1-35 exp(—2 x
10"V ) + 155 exp(—10--V); gcF = 124 + 04
exp(—0-:i¥2) + 0.4 exp(—2 x 10—q2); goi = 1.10; giF =
1.10. The g functions are empirical, and were chosen on the
sole criterion that A[gM(g)\ be small compared with
qM {q), Indeed, the above choice of g functions reduced
the size of the correction term to magnitudes comparable
to the random noise in gM(q),.y,a In contrast, when the g
functions were set to unity the magnitudes of A[qM(g)\
and gMQ),\ii,i\ were of the same order, and the correction
was sensitive to the specific model inserted in the calcula-
tion. For this reason, a conventional radial distribution
curve provides no useful structural information. The mj
factors were calculated from the tables of Tavard et al.7
[the inelastic scattering] and of Schafer et al.8 [the elastic
scattering and phase shifts]. Since no molecular force field
was available for this molecule, its structure was refined in
terms of a geometrically consistent ra model without any
corrections for shrinkage or anharmonicity. The qM(q),tsd
and the theoretical best fit qM(q) are given in Figure 2.
Structural Parameters. On the basis of a C3l, geometry,
the following independent parameters specify the struc-
ture: three bond distances (C-C, C-F, and C-1) and two
bond angles (/CCF and zCClI). With respect to the confor-
mation of the three CF3 groups about their respective C-C
axes, one additional parameter, "\eff, adequately describes
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Figure 1. Photographic density for (CF3)3CI plotted as a function of
the scattering variable q. The refined background is also shown.

Figure 2. The reduced experimental molecular intensity (circles) and
the theoretical intensity (solid curve) calculated with the structural
parameters in Table I.

TABLE I: Structural Parameters for (CF3)3I (rg Values)"

r(c-c), A 1.544 (0.015) /(C-C; 1.54), A 0.0530
r(C-F), A 1.333 (0.004) /(G =-C; 2.55), A 0.070
r(c-1), A 2.157 (0.030) /(C-I; 2.16), A 0.060
¢CCF, deg  111.0 (0.6) /(C- =-1; 3.00), A 0.085
¢CCC, deg 1115 (1.7)c I(C- =-F; 2.81- 0.175
3.04), A
¢CCl, deg 107.3 (1.0) I(C- =-F; 3.72), A 0.073
/(C-F), A 0.040 (0.007) /(I- =-F; 3.10- 0.150
3.34), A
rgc-\-/-F), A 0.072 (0.013) /(I- =-F; 4.24), A 0.100
(F— F),A 0.064 (0.008) /(F- m-F; 2.63- 0.180
c 2.74), A
I(F- =-F; 3.10- 0.210
3.70), A
/(F- =-F; 4.10- 0.132
4.20), A
/(F- =-F;4 74), A 0.075
0,0.75 (0.04yt ; 0, 0.88 (0.09)

aSff = 10°. * Estimated mean amplitudes assigned for
ranges in distances, ¢ The ;CCC was calculated from ;CCL
d 0, and 0, are indexes of resolution for HVL (q = 10—28)
and for HVS (g = 29—104), respectively.

the thermal deviations of the CF3 rotors from the staggered
[C3,] positions; this was demonstrated for the structurally
similar case (CF3)3COH .4 q&ff is defined by —a (i=1,
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TABLE II: Structural Parameters for the Series (CF3),,CFn_3l [n =0, 1, 2, 3]a

CFa* CEXF2* (CE3CFI* (CE3)XR
cH, A 2.101 (0.009) 2.14 (0.02) 2.14 (0.02) 2.16 (0.03)
c-c, A 1.52 (0.03) 1.55 (0.01) 1.54 (0.01)
C-F, A 1.344 (0.004) 1.338 (0.004)d 1.338 (0.003) 1.333 (0.004)
¢CCF,« deg 109.9 (0.8) 111.0 (0.4) 111.1 (0.6)
¢CCl, deg 113.4 (0.8) 109.4 (0.4) 10V.3 (1.0)

« rg structures derived from electron diffraction. b Reference 2. cPresent study. d All the C— distances were assumed to

be equal. e Bond angles in C—CF3

TABLE Ill: Comparison of C—€—X Angles

TABLE 1V: Structures of ferf-Butyl Groups0

X ch3hX (CH3)2CHX (CH3)XX (CF3)C—H~* (CF3)cde (CF23C—OHd
F. 109.7° (0.3)« 108.3° (0.4)* 107.9° (0.5)c c-C,A 1.539 1.544 1.566
Cl 111.0° (0.1)d 109.0°e 107.0° (0.7)/ (0.003) (0.015) (0.009)
ch3 112.4° (1.2)? 110.8° (0.2)* 109.5° C-F, A 1.336 1.333 1.335
) . . . (0.002) (0.004) (0.004)
I 113.4° (1.2)? 109.4° (0.4) 107.3° (1.5) LCCC, deg  112.9 (0.2) 111.5 (1.7) 110.4 (0.8)
« L. Nygaard, Spectrochim. Acta, 22, 1261 (1966). Z.CCF, deg 110.9 (0.2) 111.1 (0.6)  =110.6 (0.4)
b M. Kimura, private communication (5th Austin Sym- o
posium on Gag Phase Molecular Struc‘Eure, Austin, ')Ifex., (CH3X-H (CH3xL—0 / (CH3)3CF?
1974). ¢ B. Haase, J. Haase, and W. Zeil, Z. Naturforsh. A, c-c, A 1.535 1528 . 1.522
22, 1646 (1967). d R. H. Schwendman and G. D. Jacobs, (0.001) (0.002) (0.008)
J. Chem. Phys., 36, 1245 (1962). e F. L. Tobiason and C-H, A 1.113 1.102° ' - '1.097
R. H. Schwendman, ibid., 40, 1014 (1964)./R. L. (0.002) (0.007) = * e (0.005)
Hilderbrandt and J. D. Wieser, ibid., 55, 4648 (1971). ACCC, deg 110.8 (0.2) 111.6 (0.2) 1-11.0 (0.5)
? T. lijima, Bull. Chem. Soc. Jpn,, 45, 21 (1972). ZCCH, deg  111.4 (0.2) 110.8 (0.9) 111-.6\(0.5)

* R. L. Hilderbrandt and J. D. Wieser, J Mol. Struct., 15,
27 (1973). ‘ Fluorocarbons, see Table II.

n

Figure 3. The change in the bond angle, [ZCCX = 8X], in the series
(CY3),CY3 _,X as a function of n. When X = F, CH3,and CI, Y = H;
when X = |, Y = F; see Table Il

2, 3), where the ip’s are the dihedral angles of the -C,F3
groups, measured from the staggered position relative to
C-1 and the corresponding C-C, bonds.

The above structural parameters were determined by
least-squares analyses of the qM(q) curve, using a starting
model which was estimated from analogous molecules:
(CF3)3COH,4 (CF3)2CFI1,2 and CF3CF21.2 The mean square

« The distances are r,, values. The ra distances in b and g
were converted to rg. ° R. Stolevik and E. Thom, Acta-
Chem. Scand., 25, 3205 (1971). cPresent study. d Reference
4. eR. L Hilderbrandt and J. D. Wieser, J. Mol. Struct.,

15, 27 (1973). /R . L. Hilderbrandt and J. D. Wieser,
J Chem. Phys., 55, 4648 (1971). ? B. Haase, J. Haase, and
W. Zeil, 2. Naturforsh. A, 22, 1646 (1967).

amplitudes also were initially estimated from these mole-
cules and then adjusted to obtain the best fit to the ob-
served curve, by trial and error. For the ~at( parameter, as
was expected from the case of (CF3)3COH,4 an acceptable
fit was obtained with models, é&ff = 0-17°. The best fit pa-
rameters were derived with <ff — 10°. The results are list-
ed in Table I. The uncertainties were estimated to be 2.5
times least-squares standard deviations plus the errors due
to the scale factor corrections [0.2% for distances and 5%
for mean amplitudes].

Discussion

In Table Il the structural parameters of (CF3)3Cl are
compared with those of members in the series. The C-I
bond in (CF3)3ClI is about 0.06 A longer than that in CF3l.
This is consistent with the general trend observed in CH3X
and (CH3)3CX4 compounds. The structure of the -CF3
groups is essentially unperturbed, as discussed elsewhere.l
The systematic change in zCCIl angle is noteworthy; the
magnitude of zCCI decreases as the number of CF3 groups
increases. This is analogous to the observed changes in
(CH3)NCH,, 3X [n = 1, 2, 3; X = F, Cl, CHJ] sequences; see
Table I1l. These comparisons are further illustrated in Fig-
ure 3. The zCCX angle (0X) in (CY3nCY,,_3X [Y =Hor
F] decreases linearly with n. The gradient, —AQy/An, in-
creases in the order X = F, CH3, Cl, and 1.

The structures of tert-butyl groups, (CY3)3C- [Y = For
H], are compared in Table IV. The zCCC and the zCCY
angles equal 111°, within 1° except for the zCCC angle in
(CF3)3CH. The C-C distance in (CF3)3C- seems generally
longer than that in (CH3)3C- compounds.
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Supplementary Material Available: Appendices | and Il
contain numerical values for the intensities at integral q
and error and correlation matrices (2 pages). Ordering in-
formation is given on any current masthead page.
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Nonempirical (Gaussian ab initio) geometry optimization was performed on a number of isomeric CaNHfi+
ions. Two levels of approximation (STO-3G minimal and 4-31G extended basis set) were in agreement in
support of the experimental finding that the protonated Schiff-base isomers are the mcst stable ones on
the C2NH6+ surface. In general, those ions possessing a resonance contribution with a filled octet were
found to be the most stable ones. Barriers to CH3- or NH3- rotation were predicted to be nearly 1 kcal/mol
irrespective of basis set. The results allowed estimation of the proton affinities of some C2NH5 isomers.

The imine tautomer

(CHsCH=NH) was found to be slightly more basic then the enamine

(CH2=CHNH?2). The estimated intrinsic basicities (4-31G calculations) were similar to that of pyridine.

The sophistication of the mass spectrometrist has en-
abled him to determine the particular structural isomeric
ion formed in a fragmentation process as well as the heat of
formation of the isomer.

Quantum chemistry can be of considerable aid in delin-
eating the geometry of the ions. In fact, one of the more se-
vere tests of a theoretical method is its performance in pre-
dicting the electronic structure, geometry, and relative en-
ergy of a transient species. Qualitative attempts had been
made in the past employing semiempirical calculations for
this purpose.1The recent availability of rigorous, nonempi-
rical methods and of fast computers makes it possible to
study such problems quantitatively.

Ab initio methods have been employed in studies on a
large number of small ions.2

This report describes nonempirical calculations of the
preferred geometry and relative energies of isomeric ions
with the formula C2NHe+, a prominent peak (m/e 44) in
the mass spectrum of many amines. There are two reasons
for choosing this system. First, the electronic structure of
Schiff-base salt structures (corresponding to some of the
isomers) is of considerable biochemical interest since these
are reminiscent of the intermediates found in many en-
zyme-catalyzed reactions. Secondly, two very recent experi-
mental studies provide considerable insight into the rear-
rangement processes and relative energies of these isomeric
ions.34
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Theoretical Method

The calculations were performed with the Gaussian 70
program developed by Pople and his coworkers.5 Two lev-
els of approximation were used: the STO-3G minimal basis
set6 (assigning three Gaussian functions per Slater type or-
bital) and the 4-31G extended basis set' (assigning four
Gaussians to inner-shell orbitals and three Gaussians to the
inner and one Gaussian to the outer part of the valence
shell orbitals such as H Is, C and N 2s and 2p).

The wave functions were partitioned according to the
Mulliken population analysis8 and net atomic and bond
overlap populations were calculated for the energy opti-
mized geometry of the isomeric ions.

The principal reason for employing two levels of approxi-
mation is to assure that the relative stabilities suggested re-
main independent of the basis set and are not an artifact of
the geometry optimization procedure. While more recently
Pople and coworkers suggested that polarization functions
be employed to obtain isomerization energies,9 this labora-
tory at the present is not equipped to do so.

In some cases the quadratic force constants were deter-
mined with the assumption of a harmonic potential. For a
variety of molecules and some diatomic ions, Newton et
al.10 showed that the STO-3G approximation predicts, on
the average, bond lengths within 0.035 A, bond angles with-



MO Calculations on C2HsN+ Isomerie lons

in 2°, and stretching and bending force constants within
20-30% (overestimated) of experimental values.

Geometry Optimization Procedure

Absolute minimization of the energy with respect to all
geometric degrees of freedom was not performed since lack
of symmetry in most species considered would have made it
very expensive. The starting point in the geometry optimi-
zation always assumed the “standard” bond lengths and
bond angles suggested by Pople and Gordon for neutral
molecules.11 The ethyl substituent, when present, was as-
sumed to be totally staggered and all tetrasubstituted car-
bon atoms were assumed to have perfect tetrahedral angles
around them (109.5°).

For each ion discussed sequential optimization was per-
formed for those geometric parameters which are distinct
by symmetry. The optimum values obtained by such se-
guential optimization were always a result of interpolation.

The interpolated values thus obtained are accurate to
better than 1° in bond angles and 0.01 A in bond lengths.
Subsequently, the interpolated optimal geometric parame-
ters were used in a simultaneous variation of all bond an-
gles by 2° (not dihedral ones) and all bond lengths by 0.01
A and the final parameters quoted are the result of these
interpolated, simultaneously varied calculations. This si-
multaneous variation gave results always within 1° in angle
and 0.01 A in bond length from the sequentially optimized
parameters.

Levsen and McLafferty established the occurrence of the
isomerizations3

+HCHZHNH2 —* CH,CH=+NH, CH.CH +NH
a b c
CH,N+tH=CH, —  CH,+NCH,
d e

Solka and Russell published experimental heats of forma-
tion values for structures b, c, d, and e as well as for f4 (N-
protpnated aziridine)

NH2
[\

ch2—ch,
f

Supposedly, f could have arisen from cyclization of a. Cal-
culations were performed on structures a-f. An attempt
was made to see if structures g and h correspond to local
minima on the global C2NH6+ energy surface.

CH—NH CH—NH
w \i
CH, CH,
g h

In addition, the structure of ion i (a tautomer of b) was
also examined

CH,=CH— +NH,

Assuming corner protonation, no minima corresponding to
cyclic structures g and h could be found (STO-3G) for a
large variety of C-C and C-N distances. Rather, the calcu-
lations indicated conversion of both g and h to the acyclic
analogs with no activation energy.

7
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Figure 1. +CH2CH2NH2. STO-3G optimized geometrical parameters.
Net atomic populations (X1000) near atoms; overlap populations in
parentheses under bonds.
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Figure 2. CH3CH2NH+. STO-3G optimized geometrical parameters.
Net atomic populations (X1000) near atoms; overlap populations in
parentheses under bonds.

Results and Discussion

Optimized Geometry and Electronic Structure of Iso-
mers. CH2CH2NH?2+. The totally staggered conformer in
Figure 1 was considered only. The optimization was per-
formed in the sequence: N-C, C-C (reversal did not change
the outcome), Csp.<-H's, Csp2H, and N-H bond lengths,
angle C-C-N, angle Csp2C spn-H, and finally all four Cspn-
H and Cspn-N-H angles simultaneously. This is the only
isomer possessing an n type highest occupied molecular or-
bital with a relatively low (0.51 au) Koopmans’ first ioniza-
tion potential (negative of the energy of the highest occu-
pied molecular orbital). As will be evident throughout this
report, the bulk of the positive charge is located not at the
heavy atoms rather on the hydrogens according to STO-
3G (see population analysis in Figure 1). With the assump-
tion of a harmonic potential the calculated force constant
for C-N stretching is larger (7.1 mdyn/A) than for C-C
stretching (5.2 mdyn/A).

CH2CH2NH+. The totally staggered conformer shown in
Figure 2 was assumed. Sequential optimization was per-
formed on C-N, C-C, C-H (all simultaneously), and N-H
bond lengths, then on angles C-N-H, C-C-N, and C-C-H
(all simultaneously). The calculated quadratic force con-
stants are 6.15 mdyn/A for the C-C and 4.64 mdyn/A for
the C-N bond.

The Journal of Physical Chemistry, Vol. 80, No. 1, 1976
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The Koopmans’' theorem ionization potential (from a a
orbital) is 0.71 au, nearly identical in structures b, c, d, e,
and f. The nitrogen in this structure carries only a fraction
of a positive charge (Figure 2). Both the carbon atom and
the hydrogens are much less positive in the methyl than in
the methylene position indicating that the charge attenua-
tion is distance dependent.

CH:»CH2+NH is predicted to be less stable than
+CH2CH2NH2 by nearly 10 kcal/mol. Apparently, the ter-
minal positive charge is better accommodated on carbon
than on nitrogen in accord with the greater electronegativi-
ty of the latter element.

CHINCH3. Sequential optimization of the two C-N
bond lengths (simultaneously) of the C-N-C angle and of
the six C-H bond lengths (simultaneously) and of all
N-C-H angles (simultaneously) was performed for both
the totally staggered (Figure 3) and eclipsed (Figure 4) con-
formers.

Optimization following this order with totally staggered
methyl groups led to 1.488 A for C-N, 1.097 A for C-H
bond lengths, and 116.7° for the C-N-C angle according to
STO-3G (Figure 3) and 1.419 A for C-N, 1.085 A for C-H
bond lengths, and 121.9° for the C-N-C angle according to
4-31G. A word of caution is in order. Since absolute mini-
mization for even such a small, symmetrical ion is nearly
prohibitive in most laboratories, one should beware of the
preferred geometry predictions at different levels of ap-
proximations. In addition, when comparing isomerization
energies at different levels of approximation employing the’
same geometry, quantitative comparisons will always be
subject to the same qualification, namely, that a minimum
energy geometry as predicted by STO-3G may no longer be
a minimum energy geometry with the extended basis set.
The geometry of the ion with the two methyl groups
eclipsed was also optimized at the STO-3G levels. The op-
timum geometry of the eclipsed conformer turned out to be
identical with that of the staggered one except for a length-
ening of the C-N bond (to 1.493 A) in the eclipsed con-
former (Figure 4).

Figure 3 presents the population analysis. The nitrogen
is positively charged (0.2). The C-N overlap population is
rather small for the bond length implying a weak bond.

CH3C H=+NH2- Acetaldiminium ion is the N-proton-
ated Schiff-base derived from acetaldehyde and ammonia.

The conformation shown in Figure 5 was optimized. The
sequential optimization was performed on the C-N, C-C,
N-H (both simultaneously), Cp2H, CQ3H (all three si-
multaneously) bond lengths, C-C-N, N-Csp2H, Csp2 C sp2
Csp3H (all three simultaneously), Csp2N-H (both simulta-
neously) bond angles maintaining all substituents along the
C=N bond coplanar with this bond.

The population analysis is presented in Figure 5. Both
the optimized C-N bond length and its overlap population
imply the existence of a double bond at this position yet
the nitrogen carries a negative charge suggesting the im-
portance of the resonance contribution CH3 +CH-NH2 in
the resonance hybrid.

CHM+NH=CHi. N-Methylformaldiminium ion is the
N-protonated Schiff-base derived from /V-methylamine
and formaldehyde. Stepwise optimization followed the se-
quence: C-N, N=C, Csp2H (both simultaneously), Csp:i-H
(all three simultaneously), N-H bond lengths, and C-N-C,
H-N-Csp2 N-Csp)-H (all three simultaneously), N-Csp2H
(both simultaneously) angles. Table | presents some of the
optimization results on this ion to illustrate two points.
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Figure 3. CHs+NCH3, staggered. STO-3G optimized geometrical pa-
rameters. Net atomic populations (X1000) near atoms; overlap pop-
ulations In parentheses under bonds.
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Figure 4. CH3+NCH3 eclipsed. STO-3G optimized geometrical pa-
rameters. Net atomic populations (X1000) near atoms; overlap pop-
ulations in parentheses under bonds.
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Figure 5. CH3CHNH2+. STO-3G optimized geometrical parameters.
Net atomic populations (X1000) near atoms; overlap populations in
parentheses under bonds.

First, it shows that the energy variations with bond angle
and bond length changes are small near the optimum ge-
ometry. Secondly, Table I provides a measure of the energy
requirement for distortion of bond angles and bond length
near the optimum geometry. As examples, distortion of
N-H or C-H bond lengths by 0.01 A costs less than 0.1
kcal/mol; of C-N-C angle by 2° costs less than 0.2 kcal/
mol; of all bond lengths by 0.01 A and all bond angles by 2°
simultaneously less than 2 kcal/mol. These results and sim-
ilar ones on the other ions not only prove the validity of the
optimization but also indicate that the relative stabilities
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TABLE I: STO-3G Partial Optimization Results on CH,NHCH?2

Bond lengths, A

Energy, au C-N N=C N-H Csp2-H
-131.82737 1.498 1.300 1.033 1.10
-131.82825 1.498 1.300 1.033 1.10
-131.82859 1.498 1.300 1.033 1.10
-131.82860 1.498 1.300 1.033 1.10
-131.82749 1.498 1.300 1.033 1.10
—131.82924 1.498 1.300 1.033 1.10
-131.82941 1.498 1.300 1.033 1.10

From aslightly different starting point
—131.82960 1.505 1.290 1.033 1.10
—131.82962 1.505 1.290 1.043 1.10
-131.82946 1.505 1.290 1.053 1.10
-131.82964 1.505 1.290 1.039(opt) 1.10
—131.82943 1.505 1.290 1.039 1.10
—131.82935 1.505 1.290 1.039 1.10
—131.82964 1.505 1.290 1.039 1.10
-131.82949 1.505 1.290 1.039 1.11
-131.82946 1.505 1.290 1.039 1.09
-131.82964 1.505 1.290 1.039 1.1I01(opt)
-131.82948 1.505 1.290 1.039 1.101
-131.82928 1.505 1.290 1.039 1.10
-131.82965 1.505 1.290 1.039 1.10
-131.82734 1.505 1.290 1.039 1.101
—131.82914 1.505 1.290 1.039 1.101
-131.82976 1.505 1.290 1.039 1.101
-131.82955 1.505 1.300 1.039 1.101
-131.82963 1.505 1.300 1.039 1.101
—131.82963 1.505 1.289 1.039 1.101
Simultaneous variation of all lengths by 0.01 A, angles by 2°

-131.82984 1.505 1.289 1.039 1.101
-131.82568 1.515 1.299 1.049 1.111
-131.82710 1.495 1.279 1.029 1.091
—131.82987 1.504 1.288 1.038 1.100

(to be discussed below) are not significantly affected by er-
rors in the geometry of 0.01 A in bond lengths and 1° in
bond angles.

Figure 6 presents the population analysis on this ion.

c-CH.2CH2NH.2- C2, symmetry was assumed in the geom-
etry optimization procedure. Furthermore, the H-N-H and
H-C-H planes were assumed to lie at an angle bisecting the
corresponding internal angles C-N-C and N-C-C, respec-
tively. First, the ring geometry was optimized suggesting
1.50-A C-C and 1.51-A N-C bond lengths. Other optimized
parameters were 1.08 A C-H, 1.04 A N-H bonds, 113°
H-N-H and 117° H-C-H angles. Bond length optimization
was pursued to 0.005 A, bond angle optimization to the
nearest 0.5°.

Curiously, the nitrogen is negatively charged, the car-
bons are nearly neutral, and the hydrogens are strongly
positive (Figure 7). In addition, the C-N overlap popula-
tion is very low suggesting a weak bond at this position.

CH2=CH+NH2 This ion is the N-protonated enamine
(ethenylammonium) counterpart of the previously de-
scribed C-protonated enamine (CH3CHNH2+) structure.

The geometric parameters were optimized in the fol-
lowing sequence: C-C, C-N, C-H (all three simultaneously)
bond lengths, then the angles C-C-N, C-C-H, H-C-C (two
simultaneously), C-N-H (all three simultaneously).

Figure 8 presents the population analysis for this ion.
The nitrogen again carries a negative charge but the hydro-
gens attached to it are strongly positive.

cCHzCHNH2+ and c-CH2NHCH?2+. Corner protonation
was assumed on both of these structures. The energy sur-
face was scanned starting with nearly 1.40-A bond lengths

79
Bond angles, deg
Csp3"H C-N=C N—Csp—H Csp2 N -C sp3-H

1.11 120 120 120 109.47
1.11 122 120 120 109.47
1.11 124 120 120 109.47
1.11 124.33(opt) 120 120 109.47
1.12 124.33 120 120 109.47
1.10 124.33 120 120 109.47
1.09100pt) 124.33 120 12C 109.47
1.09 124.3 121.1 12C 109.47
1.09 124.3 121.1 120 109.47
1.09 124.3 121.1 120 109.47
1.09 124.3 121.1 120 109.47
1.09 126.3 121.1 120 109.47
1.09 122.3 121.1 12C 109.47
1.09 124.5(opt) 121.1 120 109.47
1.09 124.5 121.1 120 109.47
1.09 1245 721.1 120 109.47
1.09 1245 121.1 120 109.47
1.10 124.5 121.1 120 109.47
1.08 124.5 121.1 120 109.47
1.092(opt) 1245 '121.1 120 109.47
1.092 124.5 121.1 120 111.47
1.092 124.5 121.1 120 107.47
1.092 124.5 121.1 120 108.8(6pt)
1.092 124.5 121.1 120 108.8
1.092 124.5 121.1 120 108.8
1.092 124.5 121.1 120 108.8
1.092 1245 121.1 120.2 108.8
1.102 126.5 123.1 122.2 110.8
1.082 1225 119.1 118.2 106.8
1.091 124.3 120.9 120.0 108.6

63 1260-.

;1032;
“ tk? T
> * A
(0766,
090

Figure 6. CH3NHCH2+. STO-3G optimized geometrical parameters.
Net atomic populations (X1000) near atoms; overlap populations in
parentheses under bonds.

in the ring and varying all three bond lengths independent-
ly of each other. No minima were found for any intermedi-
ate bond lengths, scanning all the way to the acyclic analog
geometries. While the interconversions drawn before un-
doubtedly involve some species different from the ones
heretofore discussed, no attempt was made in this study to
elucidate the mechanism of interconversion.

Based on the limited experience of this study, one can
obtain nearly optimized energies for the ions by optimizing
the bond lengths and bond angles among heavy atoms (C,
N) and employing standard bond lengths and bond an-
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Figure 7. c-CH2CH2NH2+. STO-3G optimized geometrical parame-
ters. Net atomic populations (X1000) near atoms; overlap popula-
tions in parentheses under bonds.
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Figure 8. CH2CHNH3+. STO-3G optimized geometrical parameters.
Net atomic populations (X 1000) near atoms; overlap populations in
parentheses under bonds.

glesil for the remaining parameters (i.e., those suggested
for neutral molecules).

In the case of the ion for which both STO-3G and 4-31G
optimizations were performed (CH3NCHS3), the 4-31G en-
ergy on the STO-3G optimized geometry is 3 kcal/mol
above the energy of the 4-31G optimized geometry.

Some STO-3G optimized bond lengths and bond angles
in the ions cluster mainly as follow: C-N 1.49 + 0.01 A;
C=N 130 + 0.01 A; C-H (all) 1.10 b 0.02 A, N-H 1.03 +
0.01 A; C-C=N or C-N=C angles 123 + 1°; C-C-N or
C-N-C angles 115 + 2°. The C-C single bond lengths vary
substantially from 1.48 (CH2CH2NH2) to 155 A
(CH3CH2NH).

Relative Stabilities of the lons

Table Il summarizes the energy differences among the
various isomers.

Again, one should keep in mind that geometry optimiza-
tion was performed at the STO-3G level only and the
4-31G results (except on CH3NCH?3) were obtained by a
single calculation on the STO-3G optimized geometry.

The following conclusions can be drawn based on the re-
sults in Table Il

Q) The order of decreasing stability of the ionsisb > d

>f>i>e>a>c according to STO-3G. The order is the
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same according to 4-31G except for the relative stabilities
of i > f.

Standard geometry single 4-31G results order the corre-
sponding neutrals12ab
CHZCHNH2 >

CHICH=NH > CH,=NCH, >

i' b’ d

c— CHZH2NH
£

The only change in the trend upon N protonation is in the
relative position of i. However, considering, the qualifica-
tions inherent in a single point calculation, at this time it is
difficult to tell if this reversal is significant.

(2) There is a clear demarcation into two groups. Those
ions which can possess resonance structures with complete-
ly filled octets (b, d, f, i) are much more stable than those
which cannot (a, c, €).

(3) The rearrangements suggested by Levsen and
McLafferty3 are clearly favorable thermodynamically.

(4) CH2CH2NH2+ can be converted, probably with no
activation energy (although such calculation is not yet per-
formed), into the much more stable cyclic ion i which ful-
fills the “octet” requirement. Precedents for this type of
cyclization are available in the literature.26

(5) At both levels of approximation the two N-proton-
ated Schiff-base isomers are the most stable ones (b, d) and
the one with the terminal NH2 (b) is more stable than the
one with the internal NH. This implies, in conjunction with
the electron density maps, that in these two isomers the
stabilization of positive charge on carbon is more signifi-
cant in b than in d. The methyl group stabilizes the posi-
tive charge better in b than in d.

(6) Of the two tautomeric ions, i (with the tautomeric
proton on nitrogen) is less stable than b (with the same
proton on carbon). The N-protonated enamine is inherent-
ly less stable than the C-protonated one even though both
conform to the “octet” requirement.

(7) Finally, not totally surprising in view of the extensive
work by Pople et al. on C3H7+ isomers,2d the cyclic N-pro-
tonated aziridine (f) is among the more stable structures in
Table Il (notwithstanding the inherent ring strain present
in f and absent in all other isomers quoted in Table II).
However, Pople et al. showed that the STO-3G method
unduly favors cyclic isomers over acyclic ones.9 As Table Il
indicates, the STO-3G level predicts f to be relatively much
more stable than does 4-31G. Conceivably, inclusion of po-
larization functions would destabilize f further.

Barriers to Rotation in C2NH8+ lons

Table 111 presents some single and double bond rotation-
al barriers in the isomeric ions. To this author's knowlege
no experimental data are available for comparison with
theory.

STO-3G optimization was performed for both the totally
staggered and eclipsed conformers of isomer e. The
staggered conformer is more stable by 0.72 kcal/mol.

Rotation of the methyl group in d from an H-CMe-N-H
dihedral angle of 0 to 180° (in the latter an H-CMe bond ec-
lipses the double bond) favors the latter conformer by 1.0
kcal/mol.

Rotation of the methyl group in b from an H-CMe-C-H
dihedral angle of 0 to 180° (in the latter an H-CMe bond ec-
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TABLE Il: Relative Stabilities of the lons'l

STO-3G 4-31G AHfd
AE.,b AE, b (expt),
lon Energy, au kcal/mol Energy, au kcal/mol kcal/mol
CH3CH2NH (¢) -131.68515 98.8 —133.05740 119.5 200 = 10
CH2CH2NH2 (a) -131.70109 88.8 Did not converge
c-CH2CH2NH2 (f) -131.82320 12.3 -133.20090 29.5 173 £2
CH3NCH3 (e) -131.71860 77.8 -133.08404 102.8
—133.09030e 98.9 206 + 4
CH2=CHNH3 (i) -131.81514 17.3 —133.22214 16.2
CH3NH=CH2 (d) -131.82987 8.1 —133.22940 11.7 154 + 4
CH3CH=NH2 (b) -131.84277 0.0 -133.24801 0.0 154 +4

aGeometry optimization according to STO-3G; the 4-31G results represent single point calculations on the geometry opti-
mized according to STO-3G.,bEnergy of the isomer above the energy of the most stable jon, b. e Optimized geometry ac-
cording to 4-31G. d From ref 4.

TABLE I1I: Calculated Rotational Barriers

STO-3G 4-31G
Barrier, Barrier,
lon Conformer Energy, au kcal/mol Energy, au kcal/mol
CH3NCH3a Staggered —131.71860 0.72e -133.08404 1.29e
e Eclipsed -131.71745 -133.08199
ch2=chnh3& Eclipsed -131.81514 1l.41e -133.22214 1.30e
i Staggered -131.81289 -133.22006
CH3CHNH2b Eclipsed -131.84277 1.00e -133.24801 0.84e
b Staggered —131..84119 —133.24667
CH3NHCH2b Eclipsed -131.82987 1.05e -133.22940 1.03e
d Staggered -131.82819 -133.22775
CH3NHCH2 Perpendicular —131.68880- 88.5¢"

aBoth staggered and eclipsed conformers were optimized. bOnly the eclipsed conformer was geometry optimized, the
staggered conformation was obtained by rotating the CH3or NH3group by 605. The eclipsed conformation is the one in
which a CH3or NH3hydrogen eclipses the double bond. cBarriers for single bond rotations. d Barrier for N=C double bond

rotation.

lipses the double bond) favors the latter by nearly 1.0 kcal/
mol.

Rotation of the NH3group in i from an H-N-C-H dihe-
dral angle of 0 to 180° (in the latter an N-H bond eclipsing
the double bond) favors the latter by 1.4 kcal/mol.

The predicted barriers at the two levels of approxima-
tion are in substantial agreement.

Except for ion e, the same bond angles and bond lengths
were employed on the two conformers (except for the above
described torsional angle) at both levels of approximation.
Rotational barriers in the 1-propyl cation appear to be
highly dependent on the level of approximation em-
ployed.2n

Finally, the curious electron densities at N in d and b
(indicative of a resonance structure placing positive charge
at C not at N) raised the question as to whether the C-N
double bond in these structures was normal or not. Exis-
tence of an ordinary double bond should be accompanied
by a very high barrier to rotation. Indeed 90° rotation of
the CH2group in CH3NHCH2 leads to a barrier of 88 kcal/
mol (Table I11). According to STO-3G the perpendicular
structure is suggested to have N-Csp2 = 1.39 A, N-Cspt =
150 A, Csp2H = 1.10 assuming 120° H-N-Csp2 and H-
Csp2H angles and a tetrahedral methyl environment.

Admittedly, single determinantal wave functions may
not account for rotational barriers quantitatively.1' Clear-
ly, however, the conformer in which a methyl hydrogen ec-
lipses the double bond is always favorable to the one in
which it eclipses a hydrogen in all these ions, just as is the
case in a neutral such as acetaldehyde.

Gas Phase Basicity of Amines

In the gas phase the energy change associated with the
process

B + H+ — BH+

is usually defined as the proton affinity of B.14 This quanti-
ty represents the intrinsic basicity of B in the absence of
solvent. Theoretically, one estimates this quantity as the
difference between the total energies of BH+ and B. The
more favorable the energy of BH+ compared to the energy
of B, the greater is the inherent basicity of B.

Table 1V lists some calculated proton affinities for
C2NH5 —m CoNHg4" processes where standard geometry
4-31G results on the neutral molecules were taken from ref
12aand 12h.

The following conclusions are apparent from Table 1V.

(1) The 4-31G level of approximation predicts much
smaller proton affinity than does the STO-3G level. STO-
3G predicts 265 kcal/mol for the proton affinity of pyridine
compared to the 4-31G value of 235 kcal/mol (unpublished
from this laboratory) and the experimental value of 22514
kcal/mol. 4-31G calculations thus are capable of predicting
proton affinities well within 10% of the experimental value.

(2) N-protonation for all four isomers leads to rather
similar proton affinities.

(3) C-protonation is less favorable than N-protonation
only when the product does not possess a resonance contri-
bution with a filled octet. The notable exception to the N-
protonation preference is the case of CH2=CHNH 2 This
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TABLE 1V: Proton Affinity Estimates for C2NH5-m C2NH6+a

AE, kcal/mol,
Neutral Process lon AE, au proton affinity
'CH—CH, CH—CH
\N{-| \N/H:
-131.3995 STO-3G —131.8232 —0.4237 —265
—132.8198 -133.2009 -0.3811 -239
ch,Z=nch3 ch2= nhch3
-132.8441 -133.2294 -0.3853 -242
ch2Z=nch3 CH3NCH3
-132.8441 —133.0903 -0.2462 -154
CH3XH=NH CH3CH=NH2
-132.8648 -133.2480 -0.3832 —240
CH3CH=NH CH3CH2NH
-132.8648 -133.0574 -0.1926 -121
ch2= chnh?2 ch2Z= chnh3
-132.8702 -133.2221 —0.3519 -221
ch2= chnh?2 CH3CH=NH2
-132.8702. -133.2480 -0.3778 -237

a All results presented are based on 4-31G calculations, except where noted. 4-31G results on neutrals are from ref 12a

except those on aziridine from 12b.

unusual behavior in CH2=CHNH?2 has its origins in the
much greater stability of ion b than ion i.

Finally, a few words concerning the inherent basicities of
the jmines and enamines are in order.

The jmine tautomer (CH3CH=NH) is intrinsically
slightly more basic than the enamine (CH2=CHNH2).
However the difference (3 kcal/mol) may be strongly basis
set dependent. The intrinsic basicities of the two are defi-
nitely similar. Their predicted proton affinities are remi-
niscent of that of NH3 (223 kcal/mol with 5-31G and 203
kcal/mol experimental proton affinityl4d) and of pyridine
(235 kcal/mol with 4-31G and 225 kcal/mol experimental
proton affinity14). Intrinsically, the enamine and the imine
are slightly more basic than pyridine according to 4-31G.
The experimental proton affinity of CH3CH=NCH2CH3is
higher (228 kcal/mol) than that of pyridine (225 kcal/
mol).15

Conclusions

Thé processes occurring in the mass spectrometer have
been shown to be thermodynamically favorable. The rela-
tive stabilities of the isomers compared favorably with ex-
perimental data.

Based on the calculations one can suggest preferred sites
of gas phase protonation in the corresponding neutral mol-
ecules.

A delineation of the rearrangement mechanism is of ob-
vious interest, but the present work can only suggest the

erously providing the large amount of computer time need-
ed for this project.
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Solution studies of Cu2+ and Cu(en)22+ and Ni2+, Ni(en)2+, Ni(en)22+, and Ni(en)32+ in dimethyl sulfoxide
(DMSO) were made. The Kinetics of exchange of coordinated DMSO with DMSO bulk solvent were mea-
sured by NMR line broadening techniques. At low temperatures, axially coordinated DMSO molecules ex-
change from the six-coordinated Cu2+ with a rate constant of 4.7 X 103 sec-1 (25°C). However, the axially
coordinated DMSO molecules on the Cu(en)2+ exchange at a rate too fast to be measured by the NMR
line broadening technique. At higher temperatures, the exchange of DMSO molecules equitorially coordi-
nated to Cu2+ was measurable and evidence for DMSO exchange from the partially dissociated Cu(en)2+
was observed. The average rates of exchange for DMSO molecules coordinated to Ni2+ and Ni(en)j- com-
plexes follow the order Ni2+ < Ni(en)2+ < Ni(en)22+. The increase in exchange rate upon successive addi-
tion of ethylenediamine can be explained by an amine trans effect. Conclusions drawn from the NMR line
broadening results are supported by paramagnetic NMR chemical shift, solution magnetic susceptibility,

and calorimetric data.

Introduction

Several studies of the exchange rate between solvent
coordinated paramagnetic ions and bulk solvent molecules
using magnetic resonance techniques have been reported
since the fundamental work of Swift and Connick.1-9 Of
particular interest to us is a comparison of these exchange
rates in various aqueous and nonaqueous solvents. In this
regard, we have previously reported the exchange rate of
dimethyl sulfoxide (DMSO) between the first coordination
sphere and bulk solution for several first row transition'
metal ions,1 and rates of first and second coordination
sphere exchange of DMSO in solutions of Cr(en)33+ in
DMSO2 (en = ethylenediamine).

A comparison of the NMR exchange studies of Cu2+ in
DMSO and Cu2+ in H20i aleads to some interesting obser-
vations. DMSO, which is often compared to water in its
metal ion solvation properties, was found to exchange suffi-
ciently slowly at 25°C in Cu2+DMSO solution for the ex-
change rate to be measured by the NMR technique. How-
ever, because of Jahn-Teller effects, only the axial DMSO
ligands were found to exchange within the NMR time
frame. Similar studies of Cu2+-H 20 in water concluded
that the axial ligands exchange too rapidly to be measured
by NMR methods, (fcl = 2 X 108 sec-1 has been reported,
as determined by the Eigen technique.10) Swift and Con-
nick3did find at temperatures around 100°C the four equi-
torial ligands of Cu(H20)e2+ exchanged at a rate measur-
able by NMR. These results encouraged us to reexamine
the Cu2+-DMSO system at high temperatures. The results
of the Cr(en)33+ studies in DMSO also suggested a study of
the Cu(en)2+ molecule in DMSO to determine the effect
nitrogen ligand substituents in the equitorial position
would have on the rate of DMSO axial exchange.

Exchange studies for the Ni(en)2+, Ni(en)2+, and
Ni(en)32+ species in aqueous solution have been reported
by Hunt et al.57 using NMR techniques. Analogous experi-
ments using DMSO should be valuable in determining how
the behavior of these nickel complexes in solution is depen-

dent upon solvent. In particular, a comparison of the mag-
netic properties of the square-planar Ni(en)22+ species in
DMSO and aqueous solution should provide information
concerning the ligand field effects of DMSO, in that they
might be of insufficient strength to achieve a d-electron
triplet state of the Ni(en)22+ in DMSO. Such results would
make Ni2+ complex solution studies in DMSO and water
quite different.

Therefore, the thermodynamic and kinetic parameters
for exchange have been determined and are reported for
Cu2+ and Ni2+ and for en complexes of Cu2+ and Ni2+ in
DMSO. Magnetic resonance and optical and calorimetric
techniques have been employed.

Experimental Section W

Preparation of Compounds. Cu(en)2(N03)2 and' iNi-
(en)3(N03)2 were prepared by adding ethylenediamine in
small stoichiometric excess to almost saturated aqueous so-
lutions of Cu(N03)2and Ni(N03)2 respectively. Precipita-
tion occurred with the addition of methanol. The com-
plexes were washed with cold methanol and ether and
dried.1,11 The elemental analyses were performed by Gal-
braith Lab., Inc., and found to be the following:

Found Caled
Compound % C % H % C % H
Cu(DMSO0),(NO)). 16.62 5.10 17.08 4.27
Cu(en)2(NO)); 15.32 5.70 15.60 5.20
Ni(DMSO)4(N 03), 24.94 5.90 24.33 4.83
Ni(en)3(N 03)2 19.40 5.95 19.80 6.61

NMR Line Broadening Experiments. DMSO was dried
over molecular sieves and a stock solution of DMSO and 2%
benzene was prepared. DMSO solutions of Cu-
(DMS0)3(N03)2 Cu(en)2(N03)2, Ni(DMS0)4(N03)2, and
Ni(en)3(N03)2 were individually prepared with metal ion
concentrations of 0.05, 0.10, and 0.15 M. DMSO solutions
of Ni(DMS0)4(N03)2 and ethylenediamine in mole ratios
of Ni/en = 1.1 and 1:2 were prepared with Ni2+ concentra-
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Figure 1. Line broadening of the methyl protons of DMSO for solu-
tions of Cu2+ in DMSO as a function of temperature.

tions of 0.10 and 0.15 M. Line broadening and contact shift
data were obtained on these solutions using a VVarian HA60-
IL NMR spectrometer over a temperature range of 20-
130°C. The theory and methods of analysis used were as
previously discussed.23

Magnetic Susceptibility. DMSO solutions of Cu(N03)2,
Cu(en)2(N03)2, Ni(N03)2, Ni(en)3(N032 and Ni-
(en)2(N 03)2 were prepared; the solution magnetic suscepti-
bilities were determined by the Evans method12 over a
temperature range cf 20-90°C. Diamagnetic susceptibility
corrections were applied using Pascal’s constants. The so-
lution magnetic susceptibilities were analyzed using 1/x vs.
T plots, where x is the molar magnetic susceptibility.

Calorimetry. The heats of reaction for Ni(N03)2 and
Cu(NO03)2 with ethylenediamine in DMSO were deter-
mined using a Tronac 450A calorimeter. The calibration,
data analysis, and other procedures were taken from Ea-
tough et al.13

Results and Discussion

Cu2+ and Cii(en)2+ in DMSO. Line Broadening Stud-
ies. A plot of log 1/T2 vs. 103T is given in Figure 1 for
Cu2+ in DMSO for the temperature region 20-90°C. The
plot is essentially the same as previously reportedl except
that the experimental points in this work are resolved into
two lines using the appropriate Swift-Connick relation-
ships,3 1/T20 = /Vm(Aos2 and 1/T20 = f/T 2Q4+ In the curve
fitting procedure |/T 2Cu was first determined by the rela-
tionship of Bernheim14

1/T2Cu= | /(] + 1)S(S + 1)(A2M 2re

where an average value of 2 X 10-8 sec was assumed for re.3
The kinetic data for the fast exchange region, where 1/T2p
= /Tm(A0j)2, are summarized in Table | for the Cu2+
DMSO system for the present work and the work of Vigee
and Ng.1At 25°C the line broadening is mainly due to the
exchange of the axial DMSO ligands from the Jahn-Teller
distorted copper complex.1 It is interesting that although
DMSO possesses many properties similar to water, its ex-
change from the axial position of Cu2+ is much slower (fc* =
2 X 108 sec-1 for H20). Similar rate differences for water
and DMSO exchange were found for all of the divalent
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TABLE I: Kinetic Data for Cu2+—bMSO at 25°C

Cu ftt, Ahi,
(DMSO)62+c sec-' kcal/mol ASt,eu A/h, Hz
a 4.7 7.8 -14.9 3.52
x 103 X 105
b 7.9 7.25 -13.6 6.65
x 103 x 10s

a This work. b Reference 1. ¢ The small differences given
ina and b are due to corrections for 1/T2m and a more ac-
curate temperature calibration1* in this work.

transition metal ions previously studied.1

The measurable exchange of the axial ligands with re-
spect to the rather stable equitorial ligands makes the
square-planar copper complexes a possible model for
studying cis or other Kinetic effects. With this in mind, line
broadening measurements on solutions of Cu(en)2+ in
DMSO were conducted. Plots of log 1/T2pvs. 103T are lin-
ear between 20 and 90° C with an apparent AH of 3.85 kcal/
mol. However, the line broadening data cannot be fitted to
any of the exchange dependent regions because exchange is
too fast in this temperature region to be measured by the
NMR technique. The greater affinity of Cu2+ for amine
Lewis bases over analogous oxygen Lewis bases is expected
to place more electron density on the Cu2+ in the
Cu(en)22+. Electron repulsion for the axial ligands is great-
er for the Cu(en)22+ species than for the Cu(DMSO)42+
species which would account for the increased rate ob-
served in the Cu(en)2+DMSO system. The Jahn-Teller
effect becomes more operative in reducing the coordination
ability of ligand bonding in the axial position of Cu2+ as
the stronger base ethylenediamine is substituted for
DMSO on Cu2+. In principle, then, Cu(L)42+ species, where
L is a monodentate electron-withdrawing ligand, could be
synthesized and designed to meet the requirements for
measuring axial ligand exchange by NMR techniques.

At temperatures above 100°C, Swift and Connick3 noted
a new exchange process for the Cu2+H 20 system which
they attributed to exchange of the more stable equitorial li-
gands. For the basis of comparison an analogous study of
the Cu2+-DM SO system was conducted between tempera-
tures of 70 and 130°C. A plot of log 1/T2pvs. 103T in Fig-
ure 2 gives the results of the study. The experimental
points are now resolved into the two processes which ap-
pear at lower temperatures, 1/T2p = /V(Aa>)2and 1/T2p =
/IT 2Cuand a new high temperature process 1/T2p = f/rmi.
The data for the present study and that of Swift and Con-
nick are listed in Table Il. Only approximate values for the
kinetic parameters are obtained due to the limited temper-
ature range, k* = 4 sec-1, AW = 15.2 kcal/mol, and AS1=
—16.3 eu for the Cu2+-DM SO system, while Swift and Con-
nick reported kx= 104 sec-1, AHX= 11 kcal/mol, and AS1
= —4 eu for the Cu2+H 20 system. Again, the slower ex-
change rate for DMSO is evident. Figure 3 gives a plot of
log 1/T2pvs. 103 T for the high temperature region for the
Cu(en)2+DMSO. The results are similar to those found
for the Cu2+-DMSO and the Cu2+-H20. These results
suggest the following dissociation above 100°C:

Cu(en)2+ &7 Cu(en)2+ + en
| dmso
Cu(en)(DMSO0)2+

A similar dissociative exchange process was found in the

—
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TABLE II: Kinetic Data for Cu2~DMSO and Cu2+-H 20
at High Temperature

kt, Allt,

sec-1 kcal/mol ASt,eu Al/h, Hz
Cu(DMSO0)62+« ~4 -15 = 16 -1.6 x 10s
Cu(H20)62+* =104 -11 — 4

° This work at 120°C. 6 Reference 3 at 100°C.

T

Figure 2. Line broadening of the methyl protons of DMSO for solu-
tions of Cu2+ in DMSO. High temperature region.

high temperature region of the Cr(en)33+DMSO system.2
Because exchange is too fast in the 20-90°C region to be
measured by the NMR technique, the kinetic parameters
for the dissociative process for Cu(en)2+DMSO cannot be
calculated.

Cu2+ and Cu(en)22+ in DMSO. Contact Shift and Mag-
netic Susceptibility. Paramagnetic chemical shifts (C.S.)
were measured for DMSO as a function of temperature in
0.1 M solutions of Cu2+ and in 0.1 M solutions of
Cu(en)2+. The results are shown in Figure 4 as plots of
C.S. vs 103/T. The C.S. for DMSO in solutions of Cu2+ de-
creases with increase in temperature as would be expected
from the Curie-Weiss relationship:

C.S./l Ad yeg0S(S + 1)
VARV n  Tn3KT

where f is the fraction of the ligand molecules coordinated
and the other terms have their usual meaning.2

The reverse C.S. behavior has been noted for water in
the Cu2+-H 20 system by Luz and Shulman.4 The para-
magnetic chemical shift for DMSO in Cu(en)2+ solution
exhibits Curie-Weiss behavior at lower temperatures but
begins to deviate at higher temperatures, the C.S. increas-
ing with increasing temperature. The most probable expla-
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Figure 3. Line broadening of the methyl protons of DMSO for solu-
tions of Cu(en>22+ in DMSO. High temperature region.

T

Figure 4. Paramagnetic chemical shifts of the methyl protons of
DMSO for solutions of Cu2+ and Cu(en)22+ in DMSO as a function of
temperature.

nation is that at higher temperatures there is a dissociation
of an ethylenediamine from the Cu(en)22+ species, as indi-
cated by the line broadening data. Such an explanation
would support an increase in paramagnetic chemical shift
without a change in the magnetic properties of the Cu2+
ion. The magnetic susceptibility data, plotted as 1/x vs. T,
indicates Curie-Weiss behavior for the Cu2+ ion in
Cu(en)2+ throughout the temperature range studied. A
Weiss constant of 6 = 118° is obtained. No deviation from
the curve is noted at high temperatures. The paramagnetic
chemical shift, line broadening, and magnetic susceptibility
data support a dissociative mechanism for Cu(en)2+ at
high temperatures similar to the dissociative mechanism
for the Cu2+-H 20 as reported by Swift and Connick.3
Ni2+ Ni(.en)2+, Ni(en)2+, and Ni(en)2+ in DMSO.
Line Broadening, Contact Shift, and Magnetic Suscepti-
bility. Line Broadening studies as a function of tempera-
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ture were conducted for the above nickel-ethylenediamine
species in DMSO. The results are given in Figure 5 as plots
of log l/Top vs. 103T for DMSO solutions of Ni2+,
Ni(en)2+, and Ni(en)2+. (For the sake of clarity the plot
for the Ni(en)32+ is not shown; it is a straight line and con-
tributes no information.) The paramagnetic chemical shifts
were determined as a function of temperature for DMSO
solutions of Ni2+, Ni(en)2+ Ni(en)2+, and Ni(en)3+. The
results are shown in Figure 6. The plot indicates very little
change in the C.S. for Ni(en)3+ which implies very little
dissociation of the Ni(en)®+. From the slight deviation
from Curie-Weiss behavior, this dissociation is estimated
to be less than 5% over the entire temperature range.

An analysis of the line broadening data for the Ni(en)x2+
DMSO system was attempted using the method of Hunt.5
However, the analysis could not be completed because we
were unable to determine reliable individual dissociation
constants for the Ni(en)x2+ in DMSO. Both optical meth-
ods with computer fitting15 and calorimetric methods were
used. Although the individual dissociation constants could
not be determined, a reliable estimate of the overall Keg
was obtained and found to be about 1 X 1029. Both the op-
tical and caloriometric data indicate that the stabilities of
the various Ni(en)x2+ complexes are much greater in
DMSO than in water (overall Keq = 1 X 1018 for HXD at
25°C).16 The large individual Aegs and the difference be-
tween the Kegs suggest that in’the DMSO solutions of
Ni(en)2+, Ni(en)22+, and Ni(en)32+ the parent ions are es-
sentially nondissociated, especially- in the temperature
range 20-40°C. This assumption is'supported by the para-
magnetic chemical shift data in Figure 6. If dissociation is
occurring, the C.S. would increase at higher temperatures
(with increasing dissociation). Because the Ni(en)2+ and
Ni(en)22+ follow similar (but lower) paramagnetic chemical
shifts to that of Ni2+ as a function of temperature, very lit-
tle dissociation is evident.

By using the line broadening data from Figure 5 over the
20-40° C temperature range, the following Kinetic parame-
ters are obtained:23

AH t,
Species kt,a sec-1 kcal/mol AS+,eu
Ni2+ 6.9 x 103 11.1 —3.3
Ni(en)2+ 1.4 x 104 7.8 —12.8
Ni(en)22+ 1.9 x 104 5.2 -20.9
“ 25°C.

The rate constants for exchanging DMSO ligands are in the
order Ni2+ < Ni(en)2+ < Ni(en)2+. The rates are con-
trolled by the enthalpy of activation, AH1, whose order is
Ni2+ > Ni(en)2+ > Ni(en)2+. The rate mechanism is disso-
ciative in naturel and bond breaking of the Ni-DMSO
bond (which is related to AH1) is a most important factor
in the rate of exchange. The Ni2+-DMSO bond opposite an
ethylenediamine nitrogen atom should be weak due to a
trans effect. If the mechanism for exchange is dissociative,
the trans effect would increase the exchange rate of the op-
posing DMSO molecule while the molecules cis to ethylene-
diamine nitrogen atoms should exchange more slowly. One
would expect all six DMSO molecules about Ni2+ to ex-
change with a rate (™*Ni2t = 6.9 X 103 sec-1). The
two DMSO molecules bonded to Ni(en)2+ should ex-
change more rapidly with a rate fei Ni(en)2+ (“tNien)2+ = 1-9
X 104 sec-1). Of the four DMSO molecules bonded to
Ni(en)2+, two should exchange with a rate felNi2+ and two
with a rate ~1Ni(en)2+ Their weighted average should be the
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Figure 5. Line broadening of the methyl protons of DMSO for solu-
tions of NI(DMSO)e2+, Ni(en)2+, and Ni(en)22+ In DMSO as a function
of temperature.

V]
2

Figure 6. Paramagnetic chemical shifts of the methyl protons of
DMSO for solutions of Ni2+, Ni(en)2+, Ni(er)22+, and Ni(en)32+ in
DMSO as a function of temperature.

observed rate for Ni(en)2+ The kxmobtained in this man-
ner does give exactly the observed kx for Ni(en)2+. Al-
though exact agreement may be fortuitous, the internal
consistency of these data support the assignment of stabili-
ty order and the assumption of the importance of the trans
effect.

The Kinetic data for Ni2+, Ni(en)2-, and Ni(en)22+ in
DMSO and H2 are compared in Table Ill. The values of
k1l and AH1 for both systems change in the same way but
the AS1 for DMSO decreases from Ni24 to Ni(en)22+ while
AS1 shows the opposite trend for H20. These trends help
to explain why k1 for water increases faster than kx for
DMSO as the Ni(en)x2+ species are successively formed.
Changes for DMSO due to AHL1 increase kxwhile changes
in AS1decrease k*. AH1 effects are greater than AS1 effects
for DMSO which result in the observed increase in kxin
going from Ni2+ to Ni(en)22+. Placing an amine trans to
DMSO has a larger effect on AH1 (and presumably on the
bond energy of the Ni2+-DMSO bond) than placing an
amine trans to a water molecule. This is to be expected be-
cause of the relative basicities of en, H20, and DMSO.
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TABLE IlI: Kinetic Data for Ni2+, Ni(en)2+, and Ni(en)22+ in H20fl and DMSO at 25°C

Ni2+
DMSO H20
kt, see“l 6.9 x 103 4.4 x 104
AHt, kcal/mol 11.1 10.3
ASt,eu -3.32 -5.2
A/h, Hz 9.1 x 104 2.2 x 107

a Reference 5.

TABLE 1V: Calorimetric Data of Cu2+—en and Ni2+—en in DMSO and H2D at 25°C

AH?, Airl AH°® 3
Cu2+ DMSO6 21.3 175 1.7
H20c 12.6 12.6
Ni2+ DMSO6 16.9 14.8 8.8
H20d 9.5 7.5 8.7
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Nien )2+ Ni(en)22
DMSO h2o DMSO h2o
1.4 X 104 4.4 x 105 1.9 x 104 5.4 x 10
7.8 10.0 5.2 9.1
-12.8 1.0 -20.9 2.6
1.1 X 10s 2.2 x 107 1.3 x 10s 2.3 X 107
Aff° total” logK, log K2 l°g Ki log 0
40.5 15.6 12.8 1.25 29.65
25.2 10.48 9.07 19.55
39.5 11.7 10.8 6.5 29.0
25.8 7.52 6.28 4.26 18.0

akcal/mol. 6 The A//°total for Cu2+ and Ni2+ are accurately determined but the AH®’s for each stepwise reaction are ap-
proximate to within 5% due to slight curvature of the AH°xand AH°2heats absorbed. AH°3is determined by difference, log
K for the DMSO work is determined by assuming that AG° = Aif*. The entropy contribution is probably no larger than
AS° for the analogous water data, c Reference 19. d Reference 20.

An examination of Figure 6 shows that the paramagnetic
chemical shiftof DMSO in Ni2+, Ni(en)2+-, and Ni(en)22+
DMSO solutions does not follow the expected Curie-Weiss
behavior below temperatures of 1CP/T = 3.25. The magnet-
ic susceptibility data of Ni2+- and Ni(en)32+DMSO solu-
tions as a function of temperature exhibit Curie-Weiss be-
havior over the entire temperature range with 8 = 97 and
90°, respectively. Thus, no magnetic change in the electron
configuration (such as triplet  singlet equilibria which is
temperature dependent in some Ni2+ complexes) is occurs
ring. Also, from the magnetic susceptibility data we can
probably exclude the formation of the tetrahedral ~ octa-
hedral equilibrium, which favors the tetrahedral structure
at lower temperature. (This case would increase the mag-
netic susceptibility with temperature decrease.) A square-
planar *=* octahedral equilibrium can also be ruled out be-
cause of a corresponding reduction in magnetic susceptibil-
ity with square-planar formation. One explanation of the
unusual paramagnetic chemical shift behavior is that with
a decrease in temperature, as the melting point of DMSO is
approached (18°C), the nitrate ions in solution begin to
compete with DMSO for Ni2+ sites. The NO3- ion’s coordi-
nation in available sites would preserve the octahedral
structure and maintain the octahedral magnetic properties
of the Ni2+ but would allow fewer first coordination sites
for DMSO exchange, thus lowering the paramagnetic
chemical shift. Meek’sl7 study of Ni(DMSO)62+ in solu-
tions of Cl- dissolved in DMSO shows a definite exclusion
of DMSO by CI" with increase in temperature because of
the stronger affinity of Cl- for Ni2+. In this case, the roles
of DMSO and NO3- are probably reversed causing N03_ to
be preferred at lower temperatures. Additional support for
the existence of some bonding between Ni2+ and NO3- can
te seen in the synthesis of Ni(DMSO0 )4(N03)2 by Vigee and
Ngl and Ni(DMSO0)6(C104)2 by Selbin.11 Whereas the
Ni(DMSO0 )e(C104)2 complex crystallizes with the 0104-
outside the first coordination sphere, NO3- replaces two
DMSO molecules in the crystalline formation of Ni-
(DMS0)4(NO3)2

Calorimetric Measurements. An attempt was made to
determine the association constants for the Ni2+-en system
in DMSO using a computer-fitted optical method. The re-
sults were not consistent and the overall association con-

stant log O ranged from 27 to 32. Calorimetric data were
collected for the same purpose and the results are shown in
Table IV. Assuming that AG° ~ AH°, the log O for
Ni(en)32+ was found to 29.65 which centers the range of
values determined by the optical method. It is not the in-
tent to justify the assumption that AG°® = AH° but rather
to show that ignoring TAS® contribution to AG® does not
substantially reduce the value of log K. Thus, our earlier
assumptions which allowed us to determine rate constants,
ftl, without the association constants as used by Hunt
should be valid. -

It can be seen from Table IV that the heats of reaction
for each step between the Cu2+ and Ni2+ with ethylenedi-
amine are significantly larger than those found in water.
This is most certainly due to the larger bond energy of the
metal ion-water over the bond energy of the metal ion-
DMSO. It may be that the TAS® is of much less impor-
tance in these reactions. It is interesting to note the com-
parison of the differences in log O for Cu2+-en in water and
in DMSO with the log O differences of Ni2+en in water
and in DMSO. There is a difference of about 10 log units
for the Cu2+-en systems (29.6 for DMSO and 19.6 for H20)
while the difference for the Ni2+en systems is approxi-
mately 11 log units (29.0 and 18.0). A comparison of the
total AH° difference between the Cu2+-en and Ni2+en
systems yields a similar relationship. The AH® difference
for the Cu2+en system is 15.3 kcal while the AHO differ-
ence for the Ni2+-en system is 14.7 kcal. If the log O and
AH° values are this similar, it would suggest that the T AS®
terms for water and DMSO reactions on Cu2~ are very sim-
ilar; the same can also be said for the Ni2+-en system
TAS? for water and DMSO. Since the TAS® for Cu2+en
and Ni2+en are known for water (—1.46 and 0.2 kcal/mol,
respectively), they may be used as TAS® values for DMSO
systems to compare with AH° to determine their relative
importance in controlling log O for Ni2+en and Cu2+en in
DMSO. Such a comparison reveals that AG®° is composed
of only 0.5% TAS® at 25, C. Thus our assumption that AG°
~ AH° would be acceptable.

Summary and Conclusions

The NMR line broadening of DMSO in Cu2+-DMSO so-
lution is primarily due to axial exchange between 20 and
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90°C, as previously reported,1 while equitorial exchange
becomes important above 90°C. The exchange of DMSO
from the trans positions of the square-planar Cu(en)22+
was too fast to be measured by the NMR technique. The
kinetics of exchange between DMSO on the nickel species
Ni2+ Ni(en)2+, and Ni(en)2+ and bulk DMSO were deter-
mined by the NMR line broadening technique. The rate
constants are in the order Ni2+ < Ni(en)2+ < Ni(en)22+.
The rate mechanism is dissociative in nature and a trans
effect causes a rate difference between the nickel exchang-
ing species in solution.

The paramagnetic chemical shifts for DMSO in solutions
of Cu2+ and Cu(en)22+ were measured and found to obey
the Curie-Weiss law at low temperatures. At higher tem-
peratures, the C.S. for Cu(en)22+ deviates from the Curie-
Weiss law. The magnetic susceptibility of the Cu2+ and
Cu(en)2+ in DMSO over the entire investigated tempera-
ture range shows no deviation from the Curie-Weiss law.
Deviation of the C.S. of Cu(en)22+ supports a dissociation
of the copper complex at high temperature.

The magnetic susceptibilities of Ni2+ and Ni(en)32+ fol-
low a Curie-Weiss relationship between 20 and 90°C. The
C.S. of each of the nickel complexes deviates from the
Curie-Weiss relationship over all or part of the tempera-
ture range studied. Ni(en)3+ has a slight deviation attrib-
utable to a small amount of dissociation. The species Ni2+,
Ni(en)2+, and Ni(en)2+ deviate at temperatures below
103T = 3.25. This effect, which is not a result of the
change in the magnetic properties of the Ni2+ ion, is inter-
preted as the increasing competition of NO3- for coordina-
tion sites on the Ni2+.

Communications to the Editor

The stepwise AH®’s for the reaction of en with Ni2+ and
Cu2+ in DMSO were determined by titration calorimetry.
These results were compared with the same reactions in
water and found to be much larger, presumably due to the
higher M2+-H 20 bond energy. The calorimetry and optical
data support certain assumptions used in the analysis of
the parameters of DMSO Kkinetics of exchange.
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COMMUNICATIONS TO THE EDITOR

Polymorphism of Cholesteryl Acrylate

Publication costs assisted by Gifu University

Sir: Recently, the phase transition of cholesteryl acrylate
(CA) has been studied by several workers,1-3 with an inter-
est toward polymerization of CA in the liquid crystal phase.
However, there are some discrepancies between various
publications on phase transition temperatures of CA. We
have attempted to find one cause of the above discrepan-
cies, by means of differential scanning calorimetry (DSC)
and polarized light microscopy. In the course of the present
work, an unusual phase transition, an exothermic transi-
tion on heating process, attracted our attention. This com-
munication reports the effect of an impurity on the phase
transition, especially the unusual phase transition, of CA.
CA was prepared by the following two methods. Sample
I 3was prepared by refluxing a chloroform solution (250 ml)
of cholesterol (193 g), acrylic chloride (135 g), N,N'-di-
methylaniline (35 ml), and a small amount of p-ieri-butyl-
catechol. The residue was recrystallized from a mixture of
chloroform-acetone (1:3, yield 40%). The sample was veri-
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fied pure by elementary analysis, infrared spectroscopy,
thin layer chromatography, nuclear magnetic resonance
spectroscopy, and mass spectroscopy. Sample 24 was syn-
thesized by refluxing a methyl ethyl ketone solution (400
ml) containing 48 g of cholesterol, 45 g of acrylic chloride,
and 35 ml of /V,7V'-dimethylaniline (yield 30%). Although
the sample was recrystallized from a mixture of ethyl ether
and ethyl alcohol, the crystals obtained were not absolutely
pure. Thin layer chromatography exhibited two spots, and
the results of the elementary analysis did not agree with
the calculated values. The main impurity is cholesteryl /)-
chloropropionate, and the amounts are at least less than 3%
for sample 1 and roughly several ten percents for sample 2.5

Thermal properties were measured with a DSC (Perkin-
Elmer, DSC IB) calibrated with galium and indium, and by
hot stage polarized light microscopy.

Typical patterns of thermal hysterisis found by DSC are
shown in Figure 1. On the first heating, sample 1 exhibits a
solid-solid phase transition at 58°C and is in the mesomor-
phic state between 1259 (the melting point, Tm) and
127°C. On the first cooling, there is a cholesteric liquid
crystal phase between 127 and about 110°C; the latter tem-
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Figure 1. DSC curves of samples 1 and 2 at heating and cooling
processes. The temperature was raised and lowered at a rate of
10°C/min. Starting samples are the crystals crystallized from re-
crystallization solvents. Three runs for sample 2 indicate an effect of
thermal history on phase transitions.

perature changes depending on the cooling rate. On the
second heating, the phase transitions are the same as those
on thé first heating, except that the transition at 58°C dis-
appears. The phase transitions of sample 2 are quite differ-
ent from those of sample 1. A mesomorphic phase, nematic
in appearance, exists between 75 and 125°C on the first
heating. On cooling, the cholesteric liquid crystal phase ap-
pears below 125°C. However, no other transition appear
down to —78°C. Sample 2 can be purified further by re-
crystallization from a mixed solvent of chloroform-acetone
(1:3). When sample 2 is treated thusly, the melting point
approaches gradually toward Tm of sample 1, 124.5°C.
Therefore, Tmof CA is very sensitive to impurity concen-
tration.

On the second heating, there are an endothermic transi-
tion at —3°C (AH = 0.7 cal/g, and AS = 1.2 eu) and an exo-
thermic transition at 12.5°C (AH = —3.6 cal/lg, AS = —5.6
eu). These two transitions depend on the history of thermal
hysterisis as shown in Figure 1, and were depressed in the
sample cooled slowly from the melt. These results may
suggest that metastable crystals are formed in impure sam-
ples during cooling from the melt and changes to another
metastable solid. This solid is transformed to the stable
crystals. Similar unusual transitions have been found in
several tristearins,67 several sulfonamides,8 cholesteryl lau-
rate,9 cholesteryl oleate,10 and cholesteryl tridecanoate.9
On the other hand, it has been reported that the thermal
properties of cholesteryl n-aliphatic carboxlate are very
sensitive to purity of sample.ll Our thermal data on CA
suggest that the unusual transition would be caused by
crystallization from a metastable solid which occurs during
cooling from the melt.

Further detailed mechanisms of phase transitions of CA
will be published elsewhere.
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Experimental Confirmation of the Gronwall-Friedman
Limiting Law for Unsymmetrical Electrolytes

Sir: Several theoretical treatments of electrolyte solu-
tions1-3 predict terms of the form I In 1 in the partial molar
properties of unsymmetrical electrolytes. The most precise
available experimental results show no convincing evidence
for such terms. Friedman3 examined freezing-point mea-
surements4 and emf results5'6 for lanthanum chloride; he
found no support for the theory beyond the Debye-Huckel
limiting law. Recently Pitzer7 studied the freezing-point
measurements of a 6-1 electrolyte, with a similar lack of
success. He concluded that higher-order electrostatic ef-
fects were negligible in the extrapolations to infinite dilu-
tion required to obtain activity coefficients for pure salt so-
lutions.

We believe that previous attempts to assess the impor-
tance of higher-order effects have failed for three reasons:
(1) the experimental measurements did not extend to suffi-
ciently low concentration, (2) the concentration intervals
were too widely spaced, and (3) graphical rather than ana-
lytical means were used to process the results. Accordingly,
we have measured the emfs of 12 lanthanum chloride con-
centration cells with liquid junction over a molality range
of 2 X 10~4to 1 X 10~3 mol kg-1, and with molality differ-
ences in the cell compartments of 7 X 10-5 to 4 X 10~4 mol
kg-1.

Table | shows the experimental cell potentials at 298.150
K and their differences from the expression

E/volt = —0.03425t+ J j" d In (my%) @)
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TABLE I: Molalities and Cell Potentials for the Cell
AglAgCIlILaCI3 (m,)ILaClj (mJIAgCIIAg

(m,/mol kg-1) (m2mol kg *) (E  ~calcdX
X 104 X 104 E, mV mvV
13.277 11.266 2.361 +0.007
11.266 7.650 5.672 +0.007
7.650 5.409 5.161 —0.020
5.409 4.166 3.965 +0.011
4.166 3.505 2.650 +0.013
3.505 2.338 6.253 +0.021
6.690 4.725 5.216 -0.013
4.725 3.964 2.695 +0.026
13.381 10.087 4.081 +0.012
10.087 7.521 4.299 —0.016
7.521 5.637 4.288 -0.019
5.637 4.214 4.379 —0.022

where t+ is the average value of the cation transference
number89 over the molality range of the two cell compart-
ments. We find

Iny+ = -3.517 kg1"2mol_1/271/2 -
5.38672 kg mol“ X In1/10- 15.42447 kg mol“ Y  (2)

where lo is a standard value of ionic strength chosen as 1
mol kg-1. The coefficients of the | In I/lo and | terms were
obtained from the cell potentials by the method of least
squares with a procedure analogous to that used by Gib-
bard10for smoothing enthalpies of dilution.

An F test shows that the coefficient of the I In I/lo term
is significantly different from zero. The significance proba-
bility of tbe calculated F value is less than 0.001. The
agreement of the coefficient of this term with the value of
—b5.496 kg mol-1 predicted by Gronwalll and Friedman3 is
the first quantitative evidence for the validity of the Gron-
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wall-Friedman limiting law. The standard errors of the
coefficients of the I In /1o and | terms are 0.76 and 3.29 kg
mol-1, respectively. The magnitude of these quantities il-
lustrates the well-known difficulty of determining accurate
values of least-squares coefficients when the independent
variables are highly correlated.

A partial analysis of results at higher molalities than
those in Table | shows that eq 2 is accurate to a few parts
per thousand in In 7+ only at ionic strengths lower than
0.002 mol kg-1. This is to be expected, because eq 2 con-
tains only the first few terms of a slowly converging series.
A discussion of our results at higher molalities and the
comparison with previous measurements on this sys-
tems,e'11 will be presented in a subsequent article.
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