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Linear Regression Models in the Study of Charge-Transfer Complexation

by Robert A. LaBudde and Milton Tamres

Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48104

(Received November 4, 1969)

Linear regression models are analyzed in the determination of equilibrium constants, K, and extinction coef-

ficients, e, of charge-transfer complexes.

Criteria for separating K and e from the Ke product in weak com-

plexes are refined. For strong complexes where linear approximations lead to large error, equations are de-
veloped which permit reasonable corrections to be made from a knowledge of the experimental conditions.

Introduction

In recent years there has been a growing number of
spectrophotometric studies of charge-transfer (CT)
complexes in the vapor phase.1*6 The experimental
techniques generally are more involved than are those
in solution and, consequently, the determination of the
thermodynamic and spectral characteristics of the CT
complexes are subject to greater uncertainty. First,
concentrations may not be as precise because very
small amounts of reagents are involved in many cases,
and they may have to be determined by means other
than weighing. Second, because of the interest in
learning about solvent effects,7 many of the vapor
studies to date have focused on the relatively nonvola-
tile acceptor molecules such as iodinel]34b6 and tetra-
cyanoethylene4 because of the many solution data
already available for these acceptors. This has necessi-
tated the vapor studies to be made at higher tempera-
tures, a condition less favorable for complexation.
Third, while pressure cells have been used for some con-
tact CT observations in the vapor phase,89they have
not yet been employed to study more stable CT com-
plexes. Until they are, the maximum concentration
of the system in vapor studies will remain less than
10_1M, and more often closer to 10-2 M.

Since vapor phase results are more directly related
to theory,13they are more likely to be quoted, which is
all the more reason for keeping the above limitations in
mind. Personll has focused on the difficulty in ob-
taining a meaningful separation of the equilibrium con-

stant, K, and the extinction coefficient, «, when the
extent of complexation is low. More recently, Deran-
leaul2 has stated that a reasonably low per cent error
in K is possible only if the component of smaller con-
centration is between ~20 and 80% complexed, a
situation which surely is not met in many of the vapor
as well as some solution studies. In this paper we
reexamine these concepts and, assuming the favorable
situation of only 1:1 complexation, a criterion is de-

(1) (@ F. T. Lang and R. L. Strong, J. Amer. Chem. Soc-, 87, 2345
(1965) ; (b) E. I. Ginns and R. L. Strong, J. Phys. Chem., 71, 3059
(1967) .

(2) (@) J. Prochorow and A. Tramer, J. Chem. Phys., 44, 4545
(1966) ; (b) J. Prochorow, ibid., 43, 3394 (1965).

(3) (a) 3. M. Goodenow and M. Tamres, ibid., 43, 3393 (1965); (b)
M. Tamres and J. M. Goodenow, J. Phys. Chem., 71, 1982 (1967);
() M. Tamres, W. K. Duerksen, and J. M. Goodenow, ibid., 72,
966 (1968); (d) W. K. Duerksen and M. Tamres, J. Amer. Chem.
Soc., 90, 1379 (1968).

(4) (@) M. Kroll and M. L. Ginter, J. Phys. Chem., 69, 3671 (1965) ;
(b) M. Kroll, 3. Amer. Chem. Soc., 90, 1097 (1968).

(5) (@) S. D. Christian and J. Grundnes, Nature, 214, 1111 (1967);
(b) J. Grundnes and S. D. Christian, J. Amer. Chem. Soc., 90, 2239
(1968) ; Acta Chem. Scand., 22, 1702 (1968).

(6) A. A. Passchier and N. W. Gregory, J. Phys. Chem., 72, 26S7
(1968).

(7) R. S. Mulliken, Proceedings of the Robert A. Welch Foundation
Conferences on Chemical Research X1, Radiation and the Structure
of Matter, Dec 4-6, 1667.

(8) D. F. Evans, J. Chem. Soc., 1735 (1960).

(9) E. C. Lim and V. L. Kowalski, J. Chem. Phys., 36, 1729 (1962).
(10) R. S. Mulliken, 3. Amer. Chem. Soc., 74, 811 (1952).

(11) W. B. Person, ibid., 87, 167 (1965).

(12) D. A. Deranleau, ibid., 91, 4044 (1969).
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veloped separating K and e from the Kt product which
is an extension of Person’s.
For stronger complexes, the concentrations in the

vapor phase and solution are comparable, apd -mqEc +

such studies are to be anticipated. In comparing the
results in the two phases, it should be recalled that
analysis of most of the earlier solution work was based
on a limar regression model for a 1:1 complex. It is
now known that this model leads to error.1314 In the
second part of the paper, equations are given which
permit the effects of a linear approximation to be esti-
mated from the experimental conditions, and these are
analyzed using known, synthetically generated data.

1:1 Complexes. The vast majority of CT complexes
studied have been considered to be of 1:1 composition.
Recently, the question has been raised whether only
1:1 complex formation can be assumed from studies
involving a limited concentration.1255 Evidence has
been given that even hexamethylbenzene-tetracyano-
ethylene forms both 1:1 and 2:1 complexes,6with the
former being dominant at the lower concentrations.
For weak complexes or a low extent of complexation,
the 1:1 species is favored and, for the purposes of this
paper, it is assumed to be the only significant inter-
action. Then

(Do- O (AO- C)

where Do and AOare the initial concentrations of donor
and acceptor, respectively, and C is the equilibrium
concentration of the complex. If it is further assumed
that the only absorbing species are A, D, and C in the
region studied spectrophotometrically, with molar
extinction coefficients «a, > and ec, respectively, the
Beer-Lambert relation for the complexation is

OD = £a[A0-C ]+ &[A>- <]+ ecC (2
Let

OD’' = OD - 6RA0- ecA,

€ = ec—eA—«d
Then (2) becomes
OoD' = t'C (3)

Combining (3) with expression 1 gives the well-
known relation

Ao0A0
oD7

h+?w+m~A “)

Since this relation is symmetric in AOand DQ it is
expedient analytically to make the following trans-
formationsT/

a— (Ao + Dog)/2

The Journal of Physical Chemistry, Voi. 74, No. 88, 1970
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where 0 is chosen to be greater than one.
in (1) and (4) gives, respectively

Substitution

1 m e+ -0 5)
and

4 _ 1 ,2a_ OD’ o

1+ d)2oD' Kt + t e'2 -

The assignment

4a23
1+ R)2D! )

Adq
oD7

sometimes will be referred to for convenience.

Weak Complexes. A linear approximation of rela-
tion (4) [or (6)] is commonly used in the statistical
estimation of stability constants from spectrophoto-
metric data, i.e.

Y ! 8
Kt' ®)

which is of the form
Y =aY b2a 9)

from whence

(10)

and
11)
For very weak complexes, 1/K is large; the linear

term in (8) vanishes in relation to the constant term.
Since K and e' can be determined separately only to
the significance of the linearity of (9), some criterion

governing the reliability of (11) is important. Personil
suggested a criterion of
DON2a> 0.1/K (or 2aK > 0.1) (12)

This is based on a standard deviation (a) of 1% and a
confidence level of 99% (or 3tr). Person extended this
to 10a by considering that very few data points are
available.

Since the confidence level varies with the number of
data points, one refinement would be to take this into
account.l8 Also, the error limits in a linear regression
depend on the range covered in the ~-coordinate. Thus

(13) N. J. Rose and R. S. Drago, J. Am. Chem. Soc., 81, 6138 (1959).
(14) M. Tamres, J. Phys. Chem., 65, 654 (1961).
(15) D. A. Deranleau, J. Amer. Chem. Soc., 91, 4050 (1969).

(16) P. J. Trotter and D. A. Yphantis, J. Phys. Chem., 74, 1399
(1970).

(17) For the case when Do » Ao, i.e., the treatment of Benesi-
Hildebrand, J. Amer. Chem. Soc., 71, 2703 (1949), then a ~ Da/2.

(18) E. L. Heric, ibid., 73, 3496 (1969).
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the range of the variable 2a should be considered and
not just its magnitude.

Several statistical estimators can be used to test if
the data are linearly dependent on a as given by (9).
One choice might be the correlation coefficient r; an
equivalent choice might be the student-f value for the
slope b. The evaluation of K and €' is not considered
acceptable if the statistic r is not significantly greater
than zero at the 100(1 —Y)% level, where 7 is the maxi-
mum acceptable probability that the observed depen-
dence of F on 2a is spurious. In this paper 7 will be
taken as 0.05 (i.e., the 95% confidence level).

The test can be applied in reverse fashion by asking,
“For which minimum value of K is significance still
possible at the 95% level?” Suppose the variable F
has 95% confidence intervals Y + AF. Then let

AF

which is the convenient measure of the precision of the
data.

If, as often is the case in spectrophotometric studies
the errors in AQ DQ and cell length can be neglected,9
then » = AOD'/OD', which is the same as Deran-
leau's2» = AAbs/Abs. This is equated in his treat-
ment with As/s, where s is the fraction complexed of the
component present in smaller concentration. For a
fixed As, 4 varies over the entire range of complexation.
It is this variation which leads to the conclusion that
for As = 0.01 the error in erises rapidly when complexa-
tion is less than 20%. Similarly, errors in K rise rapid-
ly outside the range 20-80% complexation, as is evi-
denced from eq 1 when DO5>AQ i.e., large errors in K
occur when C is very small or very large, and the small-
est error occurs when C = AW/2.

However, this applies only to the situation where the
same experimental procedure is used over the entire
range of complexation. It should be possible to have a
small 7 for avery low extent of complexation by using a
more sensitive method to detect differences. Spectro-
photometrically, this is achieved by varying the cell
length, so that » remains essentially constant over the
entire range of measurements.

If £+1% error limits on F are taken over the full
range of 2a and these limits correspond to a 95% con-
fidence level, then 7 = 0.01.2D It follows from the
definition of the correlation coefficient, if L is the range
of the variable 2a, only those values of K which satisfy

nry o
@- rmn (N- 2A

can have regressions significant at the 100(1 — 7)%
level, where ry is the appropriate critical value of the
correlation constant for N data points and ty is the
appropriate value of the (one-sided) student-f statis-
tic. Equality in (13) occurs when half of the data

KL > (13

4011

points are at each end point of the range L and corre-
sponds to the minimum value of KL for which 100(1 —
7)% significance may still be attained.

Similarly, the inequality

KL < Vi\/2Nryri ‘ (_2 N ‘YA (14)
@- ravm M jvTTi)

governs those KL which do not have 100(1 — 7)%
significance. Equality in (14) occurs when the least
favorable selection of N data points in the range L is
made and corresponds to the maximum value of KL
for which a significance of 100(1 — 7)% may still not
be obtained in the regression. Since the Person criter-
ion (12) governs those experiments which must satisfy
the conditions for acceptance; the refinement of his
criterion is therefore (14).

Values of (KL)nin and (KL)n&6from (13) and (14),
respectively, for different sample sizes for 7 = 0.05
and » = 0.01 are given in Table I. For N = 4, the#

Table I: Minimum and Maximum Critical Values of
[KL] at the 95% Significance Level*
PXZdmin \KLmex
N X 101 X 17
4 2.06 2.92
5 1.36 2.15
6 1.07 1.85
7 0.901 1.69
8 0.793 1.59
9 0.716 1.52
10 0.658 1.47
11 0.611 1.43
12 0.573 1.40
13 0.541 1.38
14 0.514 1.36
15 0.491 1.35
20 0.410 1.29
100 0.167 1.18
co 0.000 1.16

aFor X = 0.01; this corresponds to approximately +1% error
inY. Foranerrorof +p% in Y, the entries in this table should
be multiplied by p.

value would be close to that of 0.1 given by Person if a
99% confidence level had been used. For illustration,
suppose a ten-point sample is taken with an experimen-
tal range L = 0.01, as may be the case in many vapor
phase studies, and separation at the 95% significance
level is desired. If K < 0.658, even the most optimal
design of the experiment will not achieve separation

(19) For inclusion of the various sources of error see W. Wentworth,
W. Hirsch, and E. Chen, J. Phys. Chem., 71, 218 (1967); also P. R.
Hammond, J. Chem. See., 479 (1964).

(20) If the error limits correspond to a different confidence level,
this value should be multiplied by the ratio of the length of a 95%
confidence interval to that of the given confidence in terms of standard
deviations, e.g., if £+1% error limits are for the 99% confidence level,
j = 2</3<r X 0.01 = C.067.
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with the desired level of significance. 1f K > 1.47,95%
significance will be obtained no matter how the points
are chosen within the range. Conversely, if it is known
after the fact that significance at the 95% level is not
obtained, then it can be stated with regard to the true
value of K that it must be less than 1.47.

A point which should be kept in mind is that the use
of the values in Table | implies the choice of n = 0.01.
In agreement with Deranleau,2 a larger ij makes it
more difficult to determine small K. For some of the
vapor phase studies, ¥ may be appreciably larger.

Similar inequalities hold for the error in the slope b.

<7V 2
L = <o N
Therefore, the greater the range L of the points, the
smaller the error in the slope. Also, if additional points
are chosen near the extremes, the error in the slope will
decrease as N~'/2 if near the center, more points may
not affect the error in the slope.

Strong Complexes. The linear approximation (8) to
determine K and «is known to produce error for strong
complexes.134 It is possible, however, to estimate the
effect of the approximation. Equation 6 may be re-
written

Yy = 2a C
T Ke'+ e ~¢ (15)
Assuming for the moment that there is no error in the
observations, a linear regression of (15) will then cor-
respond to a linear regression of

C —d - 2ea (16)

over the point set, and

K- X i M +7 <i- e <i7>

If K* and t* are the apparent values obtained from
relations in (11), then

If 0 is a monotonically increasing function of a, then d
and e are both positive, although generally quite small.
Therefore e* will be larger than t' by the small factor
1/(1 — e). Also, K* will be larger than the true con-
stant by the factor (1 — e)/(I — Kd), and for large K
it is possible for K* to be negative.

For small e, C does not vary much, and

OoD'

CchN~,; e ~ ¢ (20)

where OD' is the average optical density. Then
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1, 1 OD'

21
K*~ K € @)

i.e.,, the last term is an “average” correction for the
term omitted from the full eq 4. Rearranging

K*, . e+ ODK*

K e*

Therefore, the fractional error in K can be approximated
quite simply from usually readily available data by
using the relation

. . ODr
fractional error in K —--—— ~ —K* (22)

This expression is in a more convenient form for spec-
trophotometric studies than a similar one given by
Deranleau.1221l It differs from Deranleau’s with regard
to sign; his fractional error is negative whereas that in
(22) is positive since all terms on the right-hand side
are positive. The difference is due to retaining 2a =
DO+ AQOQin this paper, whereas Deranleau used 2a ~
D0.1217 If, as is common, C increases with a (i.e., e >
0), then (22) will overestimate the fractional error in K.

Improved estimates of K and e' can be obtained by es-
timating d and e directly from the experimental data.
This can be done by approximating C from the linear
terms of its Taylor series expansion (after solving for C
in eq 5). Letting amand dmbe the mean values of
a and i3 respectively, it can be shown that the following
expressions for d and e are obtained for the two cases.

Case 1. The species of lower concentration is held
constant (a common procedure for CT studies in sol-
ution).

d = 2anfBm am N
Sm(1 + dm)2
2K*
! (23)
dm
1 + dmicrotm +
dm A- 1 am (24)

e =
Syl + dm)2 dm

Case 2. dvaries independently of a (i.e.,, AOand DO
vary independently).

1 (25

(21) Deranleau’s expression can be rewritten as

K'- K OD1
K ~ e*Do



Charge-Transfer Complexation

&nim

e = 2 -
sn(i + Bny am (26)
T ook
where, in both cases
S. \ X
- { " o4 aK*J
1 L 27

@+ Bm)Z am + (,)

Some general points can be made for cases 1 and 2.
Clearly e > 0 for both cases. When case 2 holds, d < 0
and eis maximized. When case 1 holds, e is minimized;
and for moderately large and am> 1/2K*, d > 0
and e vanishes.

It should be noted that only estimates am and
are needed to calculate d and e, and hence to calculate
corrected values of K and

K = T eK:r\ l{*dl « = e*(l - ¢ (28)

If desired, an iterative procedure can be used for fur-
ther refinement.

These relations were examined using synthetic data.
Seventeen representative samples were chosen for
varying magnitudes K and e'. The value of K, e,
an@im and (3D’ for each sample is listed in Table II.
Effort was made to keep the optical densities of the
samples within typical experimental range. All sam-
ples correspond to sets of eight concentrations, except
for number 2 which consists of only six concentrations.
In order to isolate the systematic trend with the value of
K, samples number 1-16 were chosen to obey case 1;
sample number 17 was included as an example of case 2.
Values of K* and e* were calculated from eq 8, and
d and e were calculated from a regression of eq 16.
These may be compared with d and e (called d* and e*
in Table Il) calculated from (23) and (24) for numbers
1-16, and from (25) and (26) for number 17. The
values of d* and e* listed are the final values of four
successive iterations of the equations, and the final
corrected values of K* from (28) are given for compari-
son. The error in K* was usually of the order of that
predicted by (22).

As can be seen from samples 1-14, the systematic
error in K* increases rapidly as K increases, the error
being less than 1% for K < 100. The error in «* is
small when case 1 holds. The calculated values of
d* and e* from case 1 give good estimates of d and e.
In samples 5 and 15 and in 8 and 16, the only differ-
ence within the pairs is in the magnitude of amand
fin A smaller error for e¢* in samples 15 and 16 is
obtained, in accordance with eq 24. In samples 13
and 14, for very large K, d becomes greater than I/K

TR By
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rected K, calculated from (28).
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and K* becomes negative. The corrected values of K*
for samples 1-16 are quite good. The much poorer
result for sample 17 using eq 25 and 26 is due to the
large variations in a and p which makes the Taylor
series approximation more in error.

The Aggregation of Arylazonaphthols.
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Dimerization of Bonadur

by Alan R. Monahan* and Daniel F. Blossey

Research Laboratories, Xerox Corporation, Xerox Square, Rochester, New York 14-608 (Received April 17, 1970)

The absorption spectra of the sodium salt of Bonadur Red in aqueous and methanolic solutions were analyzed
in terms of monomer-dimer equilibria in the concentration range 10-6 to 10-4 mol I.-1. The dimerization con-
stants, Xeq = Cd/cn2 are (8.00 + 2.73) X 108and (1.25 = 0.01) X 1041 mol-1 for the methanol and water
systems, respectively. The absorption spectra of the pure monomer and pure dimer in the two solvents were
calculated. The splitting and relative strengths of the dimer bands were used along with the strength of
the monomer band to calculate the relative orientations of the two dye molecules in the dimer. Assuming a
parallel plane dimer configuration, the twist angle between the dye molecules was calculated to be 43 + 10°
for the dye-methanol system and 63 + 1° for the dye-water system. The spacing between the molecules
was calculated to be 4.6 + 0.2 A in methanol and 4.3 + 0.0 A in water. In addition, for the dye-methanol
solution, the dimer splitting was 2700 + 200 cm-1 with the midpoint between the H- and J-dimer bands red-
shifted by 200 + 100 cm-1 from the monomer peak. For the dye-water solution, the splitting was 2200 +

100 cm-1 with the midpoint red-shifted by 800 + 100 cm-1 from the monomer peak. These findings are con-
sistent with a greater degree of overlap of the electron wave functions between the molecules in the dimer in

water than in methanol.

The general similarities between the dimerization in aqueous and methanolic systems
led to the suggestion that hydrogen bonding may be responsible for aggregation.

This was partially sup-

ported by the exothermic heats of dimerization of 5.7 +1.0 kcal (mol dimer)-1 for both solutions.

Introduction

It is well documented in the chemical literature that
the dimerization of dyes and formation of higher order
aggregates in solution and the solid state is responsible
for dramatic color changes,1enhanced photosensitizing
properties,2 etc. Azo compounds were chosen for this
investigation because they form the largest class of
organic pigments, and their detailed spectroscopy has
not been studied in solvents capable of promoting
aggregation.

Non-Beer’s law behavior for the solution spectra of
organic dyes is generally attributed to aggregation of
the dye molecules. Aggregation of dye molecules, as
measured by deviations from ideality, has been found
in limited classes of solvents for concentration ranges
typically of the order of 10-6 to 10-4 M. To form the
simplest aggregate, the dimer, the dye-dye interaction
must be strong enough to overcome any other forces
which would favor solvation of the monomer. Thus
nonpolar solvents are presumably to be preferred over

The Journal of Physical Chemistry, Voi. 74, No. S3, 1970

polar solvents because, the lower the dielectric constant
of the solvent, the less the screening of the dye-dye
interaction by the solvent.34 In actuality, water forms
the system from which the largest body of information
has been accumulated concerning dye aggregation pro-
cesses. Because water does not have as low a dielectric
constant as nonpolar solvents but still is a host for dye
aggregations, it has been said to be anomolous.6
Aggregation has been observed in alcoholic systems,6

* To whom correspondence should be addressed.

(1) (&) E. S. Emerson, M. A. Conlin, A. E. Rosenoff, K. S. Norland,
H. Rodriguez, D. Chin, and G. R. Bird, J. Phys. Chem., 71, 2396
(1967); (b) W. West and S. Pearce, ibid., 69, 1894 (1965).

(2) G. R. Bird, B. Zuckerman, and A. E. Ames, Photochem. Photobiol.,
8, 393 (1968).

(3) K. Sauer, S. R. Lindsay Smith, and A. J. Schultz, J. Amer.
Chem. Soc., 88, 2681 (1966).

(4) R. B. McKay and P. J. Hilson, Trans. Faraday Soc., 63, 777
(1967).

(5) M. J. Blandamer, M. C. R. Symons, and M. J. Wooten, ibid.,
63, 2337 (1967).
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particularly at low temperatures, but to a lesser degree
than in water. Some authors feel that the solvent can
participate in the dimer bonding (e.g., hydrogen bond-
ing via hydroxyl groups), although solvation generally
interferes with dimerization.7 In the case of water, the
dye-dye interaction is probably not the major force
driving the molecules toward aggregation; instead the
strong solvent-solvent interaction, no doubt, tends to
exclude the dye molecules from solution and causes
them to aggregate.

Spectrophotometric techniques are most often used
for studying these phenomena although conductometric
techniques,8 as well as vapor pressure lowering,9 have
been found to be useful probes into the nature of these
phenomena. Nmr spectroscopy has been used as a
particularly powerful technique for studying the specific
types of interactions mentioned above. Very briefly,
spectrophotometric observations are generally asso-
ciated with the appearance of new bands as the dye
concentration in solution is increased.l7 The new
bands are formed at the expense of the high intensity
band seen at dilute concentrations. This absorption
band is generally the same one observed in solvents
displaying Beer’s law behavior over extended concen-
tration ranges (>10“9).

The formation of dimers and higher aggregates of azo
dyes (benzopurpurines) was first observed in a qualita-
tive manner by Robinson and Mollietll in HD using
conductometric techniques and was later confirmed by
Sheppard and Geddes2using spectrophotometric meth-
ods. Their spectra, as the concentration was increased,
showed a slight broadening and loss in intensity ; how-
ever, no new bands appeared. This behavior was in
marked contrast to classes of dyes such as cyanines,
fluoresceins, Rhodamine-B, Eosin, porphyrines, and
phthalocyanines which were either mentioned or re-
ported in the same paper. In all these systems, dis-
tinct new transitions occurred at the expense of the
highest intensity, dilute solution bands. In addition
to the sparse spectroscopic evidence reported by Shep-
pard, azo dye aggregation has been observed in mixed
molecular systems by Lemin and Vickerstaff.13

ZollingerX4 has qualitatively observed dimer forma-
tion in HD in molecules of the type

SOH
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This molecule is an arylazonaphthol and is similar to
the one reported on in this study, e.g., both dyes exist
in solution and the solid state as mixtures of an azo
tautomer and a hydrazone tautomer. In the concen-
tration range, 10 6-10”4 M, increasing proportions of
the above dye, at any concentration, were in the asso-
ciated form as the electron-withdrawing nature of group
X was increased, i.e., as the fraction of the hydrazone
tautomer increases.l5 When X was -N 02 the hydra-
zone absorption at 479 npt was superceded by another
band at 451 mx as the concentration was increased
from 5.0 X 10-6 to4.0 X 10~* M. Finally, Fischer and
coworkers®Bhave qualitative evidence for the possibility
of formation of hydrogen-bonded aggregates in cyclo-
hexane for m- and p-hydroxyazobenzenes. Similar to
the dyes in Zollinger’s study, these molecules contain
OH groups which are labile and capable of intermolec-
ular hydrogen bonding.

In this paper, we report studies on the monomer-
dimer equilibrium of the sodium azo dye salt derived
from 2-amino-4-ethyl-5-chlorobenzenesulfonic acid and
2-hydroxy-3-naphthoic acid.

The calcium salt of this compound is a common magenta
pigment called Bonadur Red. The spectrophotometric
techniques used in the past by West and Pearcelb and
other workers3were used as guides in this investigation.

(6) E. Rabinowiteh and L. F. Epstein, J. Amer. Chem. Soc., 63, 69
(1941).

(7) Kh. L. Aryan and N. E. Zaitseva, Opt. Spectrosk., 10, 137 (1961).

(8) F. H. Holmes and H. A. Standing, Trans. Faraday Soc., 41, 568
(1945).

(9) S. Arnoff, Arch. Biochem. Biophys., 98, 344 (1962).

(10) D. J. Blears and S. S. Danyluk, J. Amer. Chem. Soc., 89, 21
(1967).

(11) C. Robinson and J. L. Molliet, Proc. Roy. Soc., Ser. A, 143, 630
(1934).

(12) S. E. Sheppard and A. L. Geddes, J. Amer. Chem. Soc., 66, 1995
(1944).

(13) D. R. Lemin and T. Vickerstaff, Trans. Faraday Soc., 43, 491
(1947).

(14) H. Zollinger, “Azo and Diazo Chemistry,” Interscience, New
York, N. Y., 1961, pp 311-360.

(15) 1. Saito, Y. Bansho, and A. Kakuta, Tokyo Kogyo Shikensho
Hokoku, 63, 105 (1968).

(16) (a) G. Gabor, Y. F. Frei, and E. Fischer, J. Phys. Chem., 72,
3266 (1968); (b) G. Gabor, Y. F. Frei, D. Gegiou, M. Kagonowitch,
and E. Fischer, Israel 3. Chem., 5, 193 (1967).
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A computer program was developed in this study which
effectively separates out monomer and dimer contribu-
tions at each concentration without making assump-
tions pertaining to the nature of the “pure” monomer
or dimer absorption spectrum.

Experimental Section

The dye, Na2 Bonadur, was prepared by standard
preparative procedures}4 from 2-amino-4-ethyl-5-chlo-
robenzenesulfonic acid (American Cyanamid) and
2-hydroxy-3-naphthoic acid (Pfister). The former was
recrystallized twice from a sodium acetate-deionized
water solution and the latter compound twice from
isopropyl alcohol.

The synthesized dye was recrystallized from distilled
water after several distilled water washings and dried
under vacuum at 60° for 12 hr. (Anal. Calcd for Na2
Bonadur: C, 47.65; H, 2.75; N, 5.86. Found: C,
48.00; H, 2.71; N, 5.89.)

Spectra were run immediately after solution prepara-
tion on a Cary Model 14R automatic spectrophotometer
using 0.1-, 1-, 5-, and 10-em matched quartz cells. Low
temperature and temperature-dependent spectra were
taken in a 5-cm all-quartz absorption cell. The cell was
fitted with an outer Dewar jacket and an inner cell for
liquid nitrogen or thermostated water. For equilib-
rium measurements the cell was controlled (x0.2°) by
circulation of water from an external thermostat.
Water used for the solution spectroscopy was distilled
from an all-glass system. The methanol was spectro-
quality solvent obtained from Matheson Coleman and
Bell and was used without further purification.

The freshly distilled water used in the experiments
initially had apH of 6.95 £ 0.05 but, due to C 0 2absorp-
tion, the water stabilized at a pH of 6.00 £ 0.05 after a
period of 20 min. All spectroscopic results quoted for
water were at solution temperatures of 22 + 1° and a
pH of 6.00 + 0.05. To observe if there was any mild
pH effect on the spectra, the pH was varied between 6
and 8 by adding NaOH with no noticeable changes in
the spectra. Effects of large pH changes (pH 3 to 11)
along with substituent effects on the monomer-dimer
equilibrium and dimer structure will be the subject of a
future publication.I7 In reference to the dye structure,
it is most likely that the molecules exist as contact ion
pairs. This can be inferred from the work of Zaugg and
Schaeffer18in which they observed solvent-induced elec-
tronic spectral shifts of the solution spectra of a series
of alkali salts of phenols and enols. They found that
a wide variety of organometallic salts having a pK&
range of 2 to 11 exist as contact (intimate) ion pairs in
water and ethanol whereas stronger solvating agents
suchas DMF, DME, THF, etc., are required to produce
solvent separated ion pairs.

Results and Discussion

Concentration Dependence. The concentration de-
pendences of the absorption spectra of the sodium salt
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Figure 1. Concentration dependence of Na2Bonadur in
methanol. All spectra obtained at 22°. The symbols on
curves in this figure and following figures

for notation purposes only.

of Bonadur Red (hereafter called Na2 Bonadur) in
methanol and water are shown in Figure 1 and 2, respec-
tively. Spectra in both solvents were characterized by
an intense monomer peak at 20,000 cm-1 with a shoul-
der at 24,000 cm-1. The major peak is assigned to the
qguinone-hydrazone tautomer of the dye and the shoul-
der to a vibrational satallite of the hydrazonel® and
partly to contributions from the corresponding azo
tautomer, Viz.

a a

Hydrazone

Vv~ 24,000 cm-1 v~ 20,000 cm-1

In this type of molecule, the hydrazone tautomer always
absorbs at lower energy than that of the azo tautomer. ¥4
In addition, o-hydroxyarylazonaphthols, independent of
substituent and solvent, nearly always contain a major-
ity concentration of the quinoid tautomer.1 It is not
the purpose of this paper to discuss the ramifications of
the tautomerization of azo dyes and general spectros-
copy since this has been the subject of voluminous re-
ports.14 1 However, it is stressed that the assignment

(17) A. R. Monahan, N. J. Germano, and D. F. Blossey, unpub-
lished work.

(18) H. E. Zaugg and A. D. Schaeffer, J. Amer. Chem. Soc., 87, 1857
(1965).
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v (em-i)»10"4

Figure 2.
water,

(a) Concentration dependence of Na2Bonadur in
(b) Expanded scale showing isosbestic point.

of the high intensity band to that of the hydrazone was
made with a high degree of confidence. This is based
largely on past work and the strong carbonyl absorption
of this compound in the infrared at 1620 cm-1.4

The concentration dependence of the dye-methanol
system was characterized by a slight blue shift of the
absorption peak with increasing concentration. Also,
a uniform loss in intensity was observed with the excep-
tion of a crossover at 22,000 cm-1. The maximum con-
centration of 1.01 X 10~4M is roughly the limit of solu-
bility of the molecule in methanol. The spectral con-
centration dependence in water was somewhat similar
with the exception of a slight gain in intensity on the
red tail of the hydrazone absorption with increasing
concentration. Although the Bonadur compound is
soluble in water in excess of 10~3 M, solutions in excess
of 10-4 yielded nonuniform spectral changes with fur-
ther increases in concentration. Therefore, it was not
unreasonable to assume that above 10 4, aggregates
other than dimers were being formed (i.e., trimers,
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tetramers, etc.) Ib Additional evidence supporting
this assumption will be presented during the data analy-
sis.

Monomer-Dimer Equilibrium. It has been demon-
strated in the pastlbi3 that monomer-dimer equilibria
follow the law of mass action

Cd/ICm2 = A eq (1)

where Agq is the equilibrium constant, cdis the dimer
concentration, and cmis the monomer concentration.
This equation has been found to be valid for several
dye systems in both aqueous and nonpolar solvents.
Since it takes two monomer units to make up one dimer
unit, the dimer concentration is given by

al= (ct- cm/2 @)

where ctis the total dye concentration. This equation
restricts the application of mass law to only a monomer-
dimer equilibrium. By combining eq 1 and 2, both cd
and cmmay be determined as functions of the total con-
centration ct and the monomer-dimer equilibrium con-
stant Keg. The molar extinction coefficient etin 1 mol-1
cm-1 is a function of the total concentration ct and de-
pendent on the relative concentrations of the monomer
and dimer species. If the concentration range can be
controlled so that only the monomer and dimer species
are present, then e, may be expressed as the sum o: a
term due to absorption by the monomer species and a
term due to the absorption of the dimer species. If em
is the monomer molar extinction coefficient and edis the
dimer molar extinction coefficient per monomer unit
then the molar extinction coefficient et may be related to
Gnand Glas

Ctt  Grém \-20ded ®)

The factor of two in front of the dimer contribution in
eq 3 is needed because is the concentration of dimer
units and edis the dimer molar extinction coefficient per
monomer unit. edwas expressed this way so that direct
comparison of the molecular oscillator strengths in the
monomer and the dimer species could be made. Com-
bining eq 1, 2, and 3 gave et as a function of the total
concentration ct, the equilibrium constant Aeg, and the
monomer and dimer extinction coefficients emand ed

VI +2x - T .
et = im +

1+ X- Vi+ 2x

4)

where X = 4Aext. For x <C1, etis approximately equal
to em; thus, in principle, it should be possible to achieve
a solution at low concentrations in which only Aie
monomer species exist. In reality, there is a lower con-
centration limit below which the optical density of the
solution is too small a quantity to measure accurately.
The dimer spectrum and equilibrium constant could be
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calculated quite simply if the pure monomer spectrum
were knowrilh'3but for our concentration range of dye
solutions, it was not possible to attain a dilute enough
solution to have the pure monomer species. For other
dyes,lb the pure monomer species can be attained in
methanol, but for sodium Bonadur solutions the dye-
methanol and dye-water solutions behave very much
the same. Negligible solubility in other solvents made
it necessary to develop an alternative approach.

The analysis of monomer-dimer equilibria via spec-
troscopy is especially adaptable to computer methods.
It could even be said that analysis by hand is not only
too tedious but that it also may give erroneous results.
In this calculation, the best-fit monomer spectrum em
the dimer spectrum ea, and equilibrium constant Kdl
were calculated simultaneously by using eq 4 to fit the
spectrum at several concentrations ct. The standard
deviation in X cgwas then found using the best-fit «a and
emto find Keg at each concentration. If the standard
deviation in Kegwas within reasonable limits, then the
validity of the mass law of eq 1 was confirmed, and the
calculation was internally consistent. For any equilib-
rium constant Keg, a best-fit monomer and dimer spec-
trum could be calculated; the problem was in finding
the best one. The best-fit monomer and dimer spectra
for a given Kegwere used in eq 4 to calculate an average
standard deviation between the data at all concentra-
tions ct and the best-fit result. To find the best K,.q,
this standard deviation was minimized. It has been
our experience that the calculated monomer and dimer
spectra were strongly dependent on the choice of equi-
librium constant Keg. Conversely, the resulting stan-
dard deviation which was minimized was only weakly
dependent on the equilibrium constant Keq. Thus, if
the pure monomer spectrum is not attainable, many calcu-
lations are necessary to find the best Kegwhich, without
using a computer, is not feasible. To reiterate, the
computational method used was as follows. (1) Vary
Kegin a systematic manner.  (2) For each Keq, calcu-
late the best-fit elmand ea at each wavelength using eq 4.
(3) Using the best-fit monomer and dimer spectra for
the given Keqg, calculate the average standard deviation
between the experimental et and the best-fit et for the
data at all concentrations. (4) Compare the standard
deviations for various choices of Kegand choose the Keg
that gives the minimum standard deviation. (5) Use
the monomer and dimer spectra calculated at the best
Keg to calculate a best Keg for each concentration ct.
(6) Calculate the standard deviation in Keg. If the
standard deviation in Kegwas within reasonable limits,
then the calculation was considered to be internally
consistent.

To be certain that a true monomer-dimer equilibrium
was taking place (i.e., no higher aggregates are present),
care was taken in choosing the allowable concentration
range for the dye in solution. For a dye concentration
of less than 5 X 10-6 mol I.-1 in water, the resulting
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equilibrium constants were within 1% of each other.
Increasing the range to 2 X 10~4 mol |.-1 caused the
resulting equilibrium constants to deviate by more than
100% from one another. Thus, for dye concentrations
greater than 5 X 10-6 mol I.-1 in water, there are, no
doubt, higher order aggregates (trimers, tetramers, etc.)
being formed which are altering the spectra. Usually,
it was quite easy to see the concentration at which
larger aggregates are being formed because the spectra
changed systematically up to that point. Beyond
that, new changes in the spectra were observed. This
concentration provides an upper bound on the dye con-
centration above which the data were unacceptable for
studying monomer-dimer equilibria.

The best-fit monomer and dimer spectra are shown in
Figures 3 and 4 for the dye-methanol and dye-water

Figure 3. Calculated absorption spectra of pure monomer and
dimer in methanol. Dimer spectrum plotted per monomer unit.

Figure 4. Calculated absorption spectra of pure monomer and
dimer in water. Dimer spectrum plotted per monomer unit.
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Figure 5. Sample best-fit spectrum showing resolved monomer
and dimer contributions to the total spectrum;  mole fraction
of individual species. Figure shown is for dye in water at a
concentration of 4.48 X 10“6mol I._1.

solutions, respectively. The best fit was obtained at
equilibrium constants of Keg = 8.00 X 1031 mol-1 for
the dye-methanol solution and Keg = 1.25 X 1041
mol-1 for the dye-water solution. Figure 5 shows, for
a given dye concentration in water, a sample best fit of
monomer and dimer contributions compared with the
experimental spectrum at that particular concentration.

To show that the calculation is internally consistent,
the monomer and dimer spectra shown in Figures 3 and
4 were used to calculate equilibrium constants for each
concentration. The results of this calculation are given
in Table l. Figure 6 shows the agreement with a simple
monomer-dimer equilibria by graphical display of eq 1
in logarithmic form.

Dimer Structure. When two dye molecules come to-
gether to form a dimer unit, the monomer absorption
peak is split into two peaks: the H band (higher en-

Table 1: Precision of Equilibrium Constants
As Check on Validity of Calculation

Std dev
Dye concen- in ct X
tration 10 Xeq X 10“4

Dye in Methanol at 22°
Keg = (8.00 + 2.73) X 10*1. mol"1

5.05 X 10-« 0.021 0.450
1.01 X 10“6 0.023 1.191
5.05 X 10-* 0.013 0.670
1.01 X 10-* 0.010 0.874

Dye in Water at22°
Keg = (1.25 £ 0.01) X10*1. mol“1

1.12X10-« 0.011 1.259
1.12 X10-' 0.018 1.247
4.48 X10“6 0.008 1.251
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Figure 6. Plot of log cqs. log cmfor aqueous and methanolic
solutions of Na2 Bonadur. Solid lines drawn with
theoretical slopes of 2.

ergy) and the J band (lower energy).1% Even though
the J band is small, we have definite evidence for its
existence in the dye-water system. (1) There is a re-
producible isosbestic point at 17,700 cm-1. This is
shown in Figure 2b. (2) At higher dye concentrations
a small resolved peak (band) appears near 18,000 cm-1.
This is shown in Figure 7. The existence of the J band
in the dye-methanol system could be questionable since
it occurs on the steep edge of another band which could
cause computational errors and no isosbestic point is
observable on the longer wavelength side of the mono-
mer peak (see Figure 3). However, at 77°K, aresolved
band appears which is also presented in Figure 7.
Therefore, independent spectral measurements qualita-
tively support the dimer spectra computed from the
concentration dependences. The peak positions for the
monomer and dimer spectra and the splittings are given
in Table 1l. For the dye-methanol solution, the split-
ting av was 2700 + 200 cm-1 with the midpoint be-
tween the H and J bands being red-shifted by 200 + 100
cm-1 from the monomer peak. For the dye-water solu-
tion, the splitting av is 2200 + 100 cm*“ 1with the mid-
point between the H and J bands red-shifted by 800 +
100 cm-1 from the monomer peak. The splitting av is
caused by a dipole-dipole interaction between the adja-

(19) (a) M. Kasha, H. R. Rawls, and M. Ashraf EI-Bayoumi, Pure
Appl. Chern., 11, 371 (1965); (b) K. K. Rohatgi, J. Mol. Spectrosc.,
27, 545 (1968).
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Figure 7. Absorption spectra of Na2Bonadur: ------ ,ca 4 X
10~4M in water at 22°, 1-cm path;-—-,ca, 8 X 10-6 M in
methanol at 77°K, 5-cm path.

Table Il :  Spectral Peak Positions and Splitting
for Monomer and Dimer Species

Dye in Dye in

methanol water
Monomer peak, cm-1 19,700 + 50 19,600 + 50
Dimer H-band peak, cm-1 20,900 £ 100 19,900 do 50
Dimer J-band peak, cm-1 18,200 + 100 17,700 + 50
Splitting As, cm-1 2,700 £ 200 2,200 + 100

cent molecules in the dimer. The resulting split-
ting is related to the spacing and directional orien-
tation of the adjacent molecules. The relative orienta-
tion of the two molecules also determines the relative
strengths of the H band and the J band. The splitting
A? and the relative strengths of the two dimer bands
were used to calculate the dimer structure, i.e., the rela-
tive orientations and the spacings of the molecules.
The shift of the midpoint between the H and J bands
relative to the monomer peak position is undoubtedly
related to the degree of overlap of the electron wave
functions between the two molecules. Unfortunately,
there is no simple theory with which this can be corre-
lated. The fact that the midpoint of the split bands
shifts more in water than in methanol indicated that the
water forces the molecules closer together and, indeed,
this fact was borne out by the calculated spacing using
the splitting A? and the relative strengths of the split
bands.

A schematic drawing of the parallel plane dimer and
the energy levels of the monomer and dimer are shown
in Figure 8. The parallel plane dimer configuration was
chosen for two reasons. (1) The planar character of
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PARALLEL PLANE DIMER

Figure 8. Schematic of parallel plane dimer showing twist angle
a and separation R with corresponding energy diagram for
monomer and dimer electronic energy levels and

optical transitions.

the dye molecules suggests a stacking character as the
most stable configuration. (2) This configuration is a
simple configuration® that allows both H-band and
J-band absorption with a larger H band than J band.
This model is undoubtedly oversimplified, but it is in-
structive to evaluate the dimer structural parameters
which can be calculated by using this model. Because
of the asymmetry of the charge groups on the single
molecule, it is unlikely that the molecules in the dimer
are exactly coplanar, but the molecules are assumed to
be coplanar in the following calculation so that the other
structural features of the dimer can be calculated. The
arrows represent the transition dipole moments in the
individual molecules with the moments being at an
angle a to one another. The molecules are separated
by a distance R. The energy level diagram shows the
first excited state and the ground state of the monomer.
When two molecules aggregate to form a dimer, the
ground state is assumed to be unaffected but the excited
state is split by a dipole-dipole interaction between the
molecules.1% The splitting Ap from molecular exciton
theoryXbis given by

2D cos a

A= LeR3

(incm-1) (5)
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where D is the monomer dipole strength, his Planck’s
constant, and c is the speed of light. The monomer
dipole strength is related to the oscillator strength by

D= 3ICe- = 107 X 10-U— (inergcm3 (6)
0/ranc2 v \
where vis energy in cm-1, m is the electron mass, and
/ is the oscillator strength. Solving for the inter-
molecular distance R in terms of the oscillator strength
/, the splitting Av, and the monomer peak energy
vin cm-1 gives
R- P'14X*“ M f (in1) @)
L VAV J
The oscillator strength/ was determined by integrating
the molar extinction coefficient e over the monomer
band

/ = 432 X 10-9 t(v)dv ®)

J band
where the energy Vv is given in cm-1. The dipole
strength for the H band of the dimer is given by D(1 +
cos a) and the dipole strength for the J band of the
dimer is given by D(1 — cos a); thus the angle a may
be determined from the relative oscillator strengths of
the split bands

a=2tan“1l¢nrjrvirny n

where PH vj, /». and fj are the peak positions and
oscillator strengths for H band and J band in the dimer
spectrum. The oscillator strengths and dimer struc-
ture are given in Table IlIl. The dipole strength D

Table I11: Oscillator Strengths and Dimer Structure
Dye in Dye in
methanol water
Monomer / 0.323 + 0.003 0.347 + 0.000
H band of dimer/ 0.198 + 0.003 0.219 + 0.000
J band of dimer/ 0.027 + 0.015 0.072 + 0.002
R, A 46+ 0.2 43+ 0.0
a, deg 43+ 10 63+ 1

for each solution was D — (3.49 + 0.03) X 10-35 erg
cm3for the dye-methanol solution and D = (3.77 %
0.00) X 10* B erg cm3for the dye-water solution.
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Figure 9. van't Hof: isochores for Na2Bonadur:
O, water; A, methanol.

Although the theoretical basis of the point dipole
model represents a great oversimplification of the inter-
molecular interaction for these complex molecules, :t
was interesting to compare the dimer parameters of the
dye in the two solvent systems. The larger shift in
midpoint (relative to the monomer peak) between the
split transitions in water compared to the methanol sys-
tem was most likely a result of the greater degree of
orbital overlap.19° This was also supported by a
smaller spacing between molecular planes in water as
calculated from the dimer split bands relative to the
monomer band. Since the molecules are closer, the
larger twist angle in water as compared with methanol
probably balances the repulsive forces between like
charges on the two monomer species.

Authors in the past have suggested the importance of
hydrogen bonding in dye aggregation processes. D It
seems probable that forces of this magnitude were oper-
ative because the temperature dependences of the sys-
tems reported here yielded exothermic heats of dimeri-
zation of 5.7 +1.0 keal (mol dimer)“h The van’'t Hoff
isochores showing the temperature dependences of K31
in the two solvent systems are shown in Figure 9.

(20) (a) S. E. Sheppard and A. L. Geddes, J. Amer. Chem. Soc., 66,
2003 (1944); (b) K. K. Rohatgi and G. S. Singhal, J. Phys. Chem.,
70, 1695 (1966); (c) L. V. Levshin, Yu. A. Mittsel, and T. D. Slav-
nova, Bull. Acad, Sci, USSR, 32, 1336 (1968),
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Electron Spin Resonance Studies of Free Radicals Formed

from Orotic Acidl
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The paramagnetic species produced in orotic acid (uracil-6-carboxylic acid) by irradiation of single crystals
and polycrystalline material as well as by reaction with hydroxyl free radicals in an aqueous system have been
studied by electron spin resonance (esr) spectroscopy. Three species were observed in the spectra of the
crystals, two of them free radicals associated with the orotic acid molecule and the third, cupric ions resulting
from radiation effects on crystal impurities. The spectra of the latter were not investigated in full detail.
One of the free radicals is formed by hydrogen addition in the 5 position of the pyrimidine ring, leaving an
unpaired electron in a 2p, orbital of carbon atom Q6> The couplings of the two /3-hydrogen atoms at the 5
position are 22.8 and 34.2 G, respectively. The principal values of the g tensor are 2.0023, 2.0066, and
2.0031. The second radical results from a hydrogen added to an oxygen of the carboxyl group, giving rise
to interaction of the radical electron on carbon Cm with two hydroxyl protons. The hyperfine couplings of
the latter are almost axially symmetrical with one A\\ 12, A+ ~ 0 G, and the other A\ ~ 6, A+ ~ 0
G. The g tensor of this radical has principal values of 2.0022, 2.0090, and 2.0047. The spectra obtained
from irradiated polycrystalline orotic acid can be explained on the basis of the same two radicals. Hydroxyl
free radicals produced by the Tim-H 22 reaction add to the 5 position of orotic acid in acidic aqueous solution.
The unpaired electron on carbon C(« interacts with the 3 proton on C® to produce a doublet of 11.8-G

spacing.
tion with the N nucleus in 1 position.

Introduction

When nucleic acid constituents in the solid state are
exposed to ionizing radiation at room temperature, a
major pathway of radiation damage has been shown by
electron spin resonance (esr) spectroscopy to be the
addition of a hydrogen atom to the unsaturated bonds
of the ring of the base molecule.3-9 Formation of this
kind of radical is the predominant type of base damage
in purines. However, other radicals are found in signif-
icant amounts in pyrimidines. Recent single crystal
studies have revealed that in a number of pyrimidine
derivatives a radical is formed which involves hydrogen
atom addition to one of the keto oxygens.6710 Produc-
tion of such radicals has interesting radiobiological im-
plications since it would cause destruction of the hydro-
gen-bonding scheme in double-stranded DNA. A third
type of pyrimidine radical is generated by reactions
involving substituents at the 5,6-double bond. Thus,
in thymine a hydrogen atom is removed from the
5-methyl group.6

To obtain more information about the various mech-
anisms of radiation damage in pyrimidine derivatives
we extended our investigations to orotic acid, a com-
pound which is derived from uracil by replacement of
the 6 hydrogen by a carboxyl group. Esr spectra of
irradiated single crystals were used to identify the radi-
cals formed in the solid state. The studies were com-
plemented by investigation of irradiated polycrystalline
material and of the radicals formed by reaction of hy-
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Each doublet line is further split into three main lines with component spacing of 2.3 G by interac-

droxyl free radicals with the compound in an aqueous
system.

Experimental Section

Single crystals of orotic acid monohydrate (Calbio-
chem A grade) were grown from aqueous solutions as
plates, weighing about 10 mg, by repeatedly seeding
small crystals in fresh mother liquor. The average
crystal dimensions obtained were about5 X 2 X 1 mm.
To our knowledge no data have appeared on the crystal
structure and molecular parameters of this compound.
Preliminary Weissenberg diagrams reveal that the crys-
tals are triclirdc with space group P i and two molecules
per unit cell assuming a density of 1.5. The two mole-
cules are related by a center of symmetry. In analogy

(1) This work was supported by Contract AT (04-1) GEN-12 between
the Atomic Energy Commission and the University of California.

(2) (a) On leave from Lehrstuhl fir Physik, Fachbereich Biologie,
Universitat Regensburg, Germany, (b) To whom correspondence
should be addressed at Laboratory of Nuclear Medicine and Radia-
tion Biology, 900 Veteran Avenue, Los Angeles, Calif. 90024.

(3) C. Alexander, Jr., and W. Gordy, Proc. Nat. Acad. Sei.,, U. S,
58, 1279 (1967).

(4) B. Pruden, W. Snipes, and W. Gordy, ibid., 53, 917 (1965).
(5) H. Dertinger, Z. Naturforsch. B, 22, 1266 (1967).

(6) J. Huttermann, Int. J. Radiat. Biol., 17, 249 (1970).

(7) J. Huttermann and A. Muller, ibid., 15, 297 (1969).

(8) J. Huttermann, Z. Naturforsch. B, 24, 1648 (1969).

(9) J. Cook, J. Elliott, and S. Wyard, Mol. Phys., 13, 49 (1967).
(10) W. Snipes and B. Benson, J. Chem. Phys., 48, 4666 (1968).
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Figure 1. Representation of orotic acid molecule and orotic
acid monohydrate single crystal showing numbering system and
orthogonal esr reference axes a, b, and c, respectively.

to uracil and thymine it can be assumed that the mole-
cule is in the diketo form. Figure 1 shows the orotic
acid molecule and the numbering system used in this
paper, as well as the external form of the crystals and
the orthoganol abc axis system used for esr measure-
ments.

It should be noted that the relatively large crystals
used in this investigation exhibited a slightly yellow
color although the small seeding crystals appeared
colorless.

The crystals were exposed to radiation from a 6Co
7 source at doses between 10 and 60 Mrads. Esr
spectra were recorded as first derivatives of the absorp-
tion using a Varian 4502 spectrometer operating at
about 9-GHz (X-band) microwave frequency. The
three lines of Fremy’s salt (g = 2.0055, AH = 13 G)
were employed as a standard for calibrating g factors
and hyperfine splittings. The spectral data were eval-
uated by the procedure of Schonland1l and Lund and
Vanngrad.2 Calculations were made on an IBM 360
computer.

Hydroxy] free radicals were generated in aqueous
solution with the Tim-H 22 system following mainly
the standard procedure given by Dixon and Norman.13
The solutions were 0.004 M with respect to orotic acid.
To avoid competition of HD 2for OH radicals, concen-
trations of 0.015 M HD 2and 0.005 M Tilll were used.
OH radicals react with chloride ions in acid solution to
give CIl2~ ion radicalsl416 which have an intense esr
signal interfering with the lines from solute radicals.
Thus we used TiZS043 (LaMotte Chemical Products
Co.) as Tilll source instead of TiCl3 which is usually
employed. All solutions were thoroughly bubbled with
nitrogen gas. The pH was adjusted with concentrated
112so04 and was measured with a Beckman pH meter
before and after mixing of the two reactants.

Results and Discussion

Three different paramagnetic species, labeled A, B,
and C are observed in the irradiated orotic acid single
crystals as is shown in the esr spectrum of Figure 2.

4023

g-2

Figure 2. First derivative esr spectrum of orotic acid crystal
exposed to about 40 Mrads at ambient temperature showing
three distinct line groups A, B, and C. Spectra are taken at
X-band frequency at 300°K. Magnetic field H is in ab plane.

Two of the species (A and B) are stable for at least
several months and display a superimposed hyperfine
spectrum near g - 2 which is typical for organic free
radicals. The spectrum of the third, C, which is repre-
sented by the first four lines at low field in this orienta-
tion, decays slowly at room temperature and appears at
much higher g factors.

Radical Species A. The g = 2 section of room tem-
perature spectra of erotic acid crystals irradiated with
about 40 Mrads is shown for two orientations of the
crystal in Figure 3. The magnetic field is in the ab
plane of the crystal, the angle between the two orienta-
tions being 120°. In the upper spectrum, a group cf
four lines, labeled B, is seen to be superimposed on a
spectrum with broader lines, the outer components cf
which are marked by arrows. The number of lines of
the latter group, which is referred to as A in the follow-
ing cannot be inferred from the upper spectrum of Figure
3. In the lower spectrum, the four lines of B have
collapsed to a singlet and a third line of A is seen to
appear, marked by a double arrow. Since this line is
not placed in the center of the two outer lines of A,
symmetry suggests that the number of lines in group A
is four. This is indicated by the bars given under the
lower spectrum in Figure 3. The fourth fine appears as
a shoulder on the singlet.

Variation of the incident microwave power or the
temperature of esr measurements of crystals irradiated
at room temperature does not separate the lines of A
and B. Likewise, heat-annealing at 510°K for several
minutes (which did not visibly damage the crystals) and
storage of the annealed crystals for a week decreased
both line groups equally. However, irradiation of the
crystals at 77°K and measurements at 170 or 300° K

(11) D. Schonland, Proc. Phys. Soc., 73, 788 (1959).

(12) A. Lund and T. Vanng&rd, J. Chem. Phys., 42, 2979 (1965).
(13) W. T. Dixon and R. O. C. Norman, J. Chem. Soc., 3119 (1963).
(14) M. Anbar and J. K. Thomas, J. Phys. Chem., 68, 3829 (1964).
(15) J. F. Ward and L. S. Myers, Jr., Radiat. Res., 26, 483 (1964).
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I I R 1

Figure 3. Free-radical section of esr spectra of orotic acid
crystals for two different orientations showing species B and A
as indicated by the bars beneath the spectra.

Experimental conditions otherwise as in Figure 2.

Figure 4. First derivative esr spectrum of orotic acid crystal
exposed to 15 Mrads at 77°K, stored at 300°K for several days,
and reirradiated at 77°K with 20 Mrads. Temperature of
measurement is 300°K. Magnitudes of coupling aH(l) and
¢iH/sCin) refer to radical structure 11 for species A.

results in spectra in which the g = 2 section consists
dominantly of the lines of species A, as is shown in the
spectrum of Figure 4 (cf. the legend for details of exper-
imental conditions). Indeed, four lines of about equal
intensity are seen to represent group A. On rotation
of the crystal in the ab plane the splitting of these lines
is nearly isotropic. This is in accord with the isotropic
total spacing of the lines of group A as measured by the
distance of its outermost lines (cf. arrowed lines in spec-
trum of Figure 3) in the spectra of the crystals which
were irradiated at room temperature. These findings
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Figure 5. Variation of width of outer lines of group A with
magnetic field H in ab plane of orotic acid crystals.

indicate that the unpaired electron of the radical giving
rise to group A interacts with two protons in /? position
with couplings of aH3 () = 22.8 G and anp (I1) = 34.2
G.

The width of the lines of group A is subject to marked
changes with crystal orientation. Figure 5 shows this
variation for the two outer lines of A on rotation of the
crystal in the ab plane. Because of the angular x sym-
metry of the line-width variation in this plane, unre-
solved site splitting of magnetically unequivalent molec-
ular sites in the crystal cannot account for this feature.
Instead, poorly resolved anisotropic hyperfine splitting
resulting from interaction of the unpaired electron with
other nuclei is assumed to be present.

Figure 6 shows the variations of the g factors for
group A in the three crystal planes, measured from the
position of the center of the two outer lines of this group.
The g tensor is characteristic of a radical with its un-
paired electron localized mainly in a carbon 2p2orbital.

2002 2004
g-factor

Figure 6. Variation of g factors of group A in three planes of
orotic acid single crystals. The open circles are the
experimental points, the solid lines the theoretical curves
based on the data given in Table I.
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Table |: Characteristics of Esr Spectra of Radical Il in
Orotic Acid under the Various Experimental Conditions

Principal |-----—--—-—--—-Direction cosines-
values a b

A. Single Crystals

g 2.0023 0.85 051 -0.10
2.0066 -0.47 0.69 -0.59
2.0031 -0.20 0.51 0.84
0] 228G Isotropic
asp (1) 345G Isotropic
B. OH-e+ Orotic Acid in Aqueous Solution (pH 1.6-2.5)
g 2.0035
«Hs 11.8G
<ND 2,3G

All features of group A can be accounted for by as-
suming that the corresponding radical is formed by ad-
dition of a hydrogen to the 5 position of the 5,6-double
bond of the orotic acid molecule, leaving an unpaired
electron in the 2p2orbital of ring carbon Ce> (radical 11).

The hyperfine spectrum arises from the interaction of
the electron with the two methylene protons attached
to carbon C(§. The additional unresolved splitting may
in part result from the interaction with the 1N nucleus
in the 1 position

0 0 0
1 I [
H H
i iN.
1 ] —
V n ° N o
I Y ™ ™
H H H
Q) (H) (Iff)

The two j3protons on C{f do not couple equally. As-
suming sp3bonding to C® the dihedral angle 0 of the
C(6-H direction with respect to the plane perpendicular
to the r orbital of the unpaired electron must be dif-
ferent for each of the two protons. The angles are re-
lated by

02 = 60° - Oi

The couplings of the (3hydrogens are related to the spin
density fcaon the a carbon and the dihedral angles 0 by
the semiempirical equation of Heller and McConnell®b

aHp = fca'Ao-cos20

Inserting the numerical values of the two couplings and
using 58.5 G for the constant AQL yields

0i = 41° 2= 19° fGa = 0.67

for the dihedral angles and the spin density. The com-
paratively small value of the latter can be explained by
resonance structure 111 of radical Il in which some un-
paired spin density is localized on the carboxyl oxygen.
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Since the hyperfine couplings of radical Il have
proved isotropic in the single crystal, irradiated poly-
crystalline material of orotic acid should yield roughly
the same spectrum for this group as the crystal spectra.
Figure 7 shows the spectrum obtained from polycrys-
talline orotic acid exposed to 6 Mrads at room tempera-
ture. It consists of four lines with spacings approxi-
mately equal to those of group A lines in the crystal
(c/. Figure 4). Twc major differences are apparent.
The center lines are unequal in intensity and are them-
selves larger than the two outermost lines. The latter
effect is explained by g-iactor averaging resulting from
random orientations of the radicals in the polycrys-
talline material while the former is due to the presence
of radical species B as will be discussed in the next sec-
tion. Therefore, both the spectra of the single crystals
and of the polycrystalline material are compatible with
the proposed structure 11 for the lines of group A.

A spectrum of four hyperfine lines with about the
same component splittings as in Figure 7 (18 and 34
G) has been reported for orotic acid exposed to
thermal hydrogen atomsi8and attributed to a radical
resulting from hydrogen addition to the 6 position of
the pyrimidine ring. The similarity of the hyperfine
couplings to those reported here suggests that the hy-
drogen atoms were at the 5 position in that case also.

Figure 7. First derivative esr spectrum of polycrystalline
orotic acid exposed to 6 Mrads at 300°K. Spectrum taken at
X-band frequency at room temperature.

The esr spectrum obtained from the reaction of hy-
droxyl free radicals with orotic acid in acid aqueous
solution is shown in Figure 8a. Variation of the pH
from 1.6 to 2.5 produced little spectral change. Since
these values are close to the pK value of the carboxyl
group of orotic acid (2.4), either (1) the ionization of the
carboxyl group does not affect the distribution of the
unpaired electron, or (2) the pK value of the radical
resulting from OH attack differs greatly from that of
the parent compound. The spectrum consists of two

(16) C. Heller and H. McConnell, J. Chem. Phys., 32, 1535 (1960).
(17) R. W. Fessenden and R. H. Schuler, ibid., 39, 2147 (1963).

(18) D. E. Holmes, R. B. Ingalls, and L. S. Myers, Jr., Int. J. Radial.
Biol., 13, 225 (1967).
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Figure 8. (a) First derivative esr spectrum produced by
reaction of OH =free radicals with orotic acid in aqueous
solution at pH 2.4. Arrow indicates position of center line of
Fremy's salt (g = 2.0055). (b) Trace of high-field line of main
doublet of spectrum in (a) at slower scan rate and with
optimized resolution.

main hyperfine lines with a spacing of 11.8 G cen-
tered at a g factor of 2.0035. Figure 8b gives the trace
of one of the doublet lines recorded at a slower scan
speed under conditions of maximum resolution and
using a computer of average transients. Three lines of
about equal intensity with component spacing of 2.3
G are seen to constitute each of the doublet lines.
The spectrum is therefore assigned to the same type of
radical as structure Il with the difference that one of
the hydrogen atoms at the 5 position is, of course, re-
placed by a hydroxyl group. The triplet splitting then
stems from interaction of the unpaired electron on car-
bon atom 0(6) with the nuclear spin of the nitrogen in the
1 position, whereas the main doublet hyperfine spec-
trum is due to coupling of the /3 proton attached to car-
bon atom C(6). The rather small value of this coupling
(11.8 G) may be accounted for by assuming that
the planar ring structure of the orotic acid molecule is
distorted upon attachment of the hydroxyl group.
The direction of this distortion is such, that the dihedral
angle of the C(5-H bond with the 7r-orbital axis on Q>
is closer to 90° than it is after addition of a hydrogen
atom. The latter effect has also been observed for reac-
tions of hydroxyl free radicals with other pyrimidine
bases in aqueous solution.19 A low spin density on Ce>
may also feasibly contribute to the small doublet split-
ting. Neither of these two factors can be defined in a
more quantitative way from the experimental data ob-
tained.

The two satellite lines of minor intensity which
appear to the left and right of the center line of the
triplet (Figure 8b) do not fit into the radical scheme
outlined above. They cannot be due to addition of
hydroxyl free radicals to another ionic form of orotic
acid since their intensity does not vary over the pH
range investigated. These lines may result from an
additional radical which, however, must have the same
main doublet splitting and g factor as that described
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Figure 9. Variation of all hyperfine lines of group B in three
planes of orotic acid single crystals. Open circles represent the
positions of the lines with regard to the magnetic field given as
the abscissa of the curves.

above. A radical of a different chemical structure
meeting these requirements is most unlikely. There-
fore, we propose that a geometrical isomer of the same
OH adduct radical of type Il is present. The source of
this isomerism may be the nonplanarity of the radical.

Radical Species B. In contrast to the isotropic be-
havior of the lines of radical Il the hyperfine spectrum
of species B in the single crystals varies markedly with
orientation (Figure 3). The number of lines belonging
to this group was found to be one, two, three, or four.
The lines of the doublet and the quartet patterns have
about equal intensities; those of the triplet have an
intensity ratio 1:2:1.

Figure 9 shows the variations of the lines with orien-
tation. When they approach, their position becomes
uncertain because of the line widths. This uncertainty
is minimized by a numerical least-squares fit of the
experimental values in deriving the hyperfine splittings
from these data. The fines are symmetric around one
center of gravity for all orientations in the three planes.
Thus, one radical accounts for all lines. This is in
agreement with the results of varying the microwave
power and the temperature of measurement, as well as
with heat-annealing experiments. Furthermore, the
variations of all lines in each plane exhibit angular
wsymmetry. Therefore, the radical must occupy only
one site in the crystal. Examination of the fines in all
crystal planes reveals that they are due to the inter-
action of the unpaired electron with two protons. Fig-
ure 10 gives the variations of the splittings of these
protons Hi and H2 (c/. radical 1V) in the three crystal
planes. The couplings are approximately axially sym-
metric with values between about 0 and 6, and 0 and 13
G, respectively. These values are characteristic for
protons adjacent to an oxygen atom in a >C-OH
radical fragment. The only position in the orotic acid

(19) C. Nicolau, M. McMillan, and R. O. C. Norman, Biochim.
Biophys. Acta, 174, 413 (1969).
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Figure 10. Variation of hydroxyl proton splittings of proposed
radical structure 1V (of group B) in three planes of orotic acid
single crystals. The open circles and the crosses are the
experimental values of proton couplings Hi and H2 respectively;
the solid lines represent the calculated curves.

molecule which can account for these features is the
carboxyl group. Therefore, the radical under consid-
eration is proposed to be of the form IV

W
0o-N -N -0 O~rms- M
| H H
H H
(IE)

The variations of the g factors of radical 1V in the three
crystal planes are shown in Figure 11. Comparison
with the data of Figure 6 show that the g factors of
radical 1V are slightly higher than those of the hydrogen
addition radical. This effect is expected for >C-OH
Vs. >C-C<Hg radical fragments.2D

For axial symmetry of both hydroxyl proton cou-
plings in radical 1V the isotropic components a(l) and
a(ll) and the anisotropic components 6(1) and 6(11) of

the couplings can be obtained from the equation
All= a-126
Ax = a—6

with A, (1) = 121 G, Ax(l) ~0 G, All(l) = 5.96 G,
and Ax(lIl) = 0G. (Both Ax values of 0 G are esti-

Figure 11. Variation of gfactor of radical structure IV (of
group B) in three crystal planes of orotic acid single crystals.
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mates since they cannot be inferred positively from the
spectra because of the width of the lines.) The com-
ponents obtained by the above equation are a(l) = 6(1)
= 4.03 G and a(ll) = 6(11) = 1.98 G.

The anisotropic component 6(1) can be used for an
estimate of the spin density, fca, assuming that this
dipole coupling arises only from unpaired electron den-
sity on carbon Cm- Using the approximate relation-
ship2l

6(1) = 28.2-fcJr*

and taking r as 1.74 ,& fQ@? is found to be 0.74. The
dihedral angles 0i and On for the two OH bonds with
respect to the 7r-electron orbital can be found by insert-
ing the isotropic hydroxyl proton couplings a(l) and
a(ll) into the relation®

a = (BO+ Bicos26)1

With the constants BO = —2.5 G and Bt = 40 G as
proposed by Henn and Whiffen we obtain

0i ~ 63° and On ~ 70°

Table Il gives the data for the g tensor and the hyper-
fine couplings of radical 1V together with the direction
cosines.

Table I11:  Principal Values of g Tensor and Hyperfine
Splittings (in Gauss) of Radical 1V in Single
Crystals of Orotic Acid

Iso-

tropic

Principal com- e Direction cosings-—---—- ~

values ponent a b (o]
9 2.0022 092 0.38 -0.01
2.0090 -0.36 0.76 -0.54
2.0047 -0.15 0.53 0.84
AoH (11) Alf = 596  1.98 0.14 053 0.84
Ax ~ 0 -0.49 0.78 -0.40
Aoh (I) An = 121 4.03 0.81 043 -0.41
Ax ™ 0 -0.59 066 -0.46

It remains to discuss the difference in the proton
couplings of the two hydroxyl groups adjacent to car-
bon C(7) in radical 1V. The differences in the isotropic
components of the couplings must result from differing
dihedral angles which the OH bonds make with the
x orbital on Ca. The anisotropic components of the
hydroxyl proton coupling is proportional to the inverse
cube of the distance r between the proton and the radi-
cal electron on Ca. In the undamaged orotic acid
molecule, both oxygens of the carboxyl group take part
in hydrogen bonding to neighbor molecules. It can be
assumed that, in the corresponding radical 1V, one

(20) D. Henn and D. Whiffen, Mol. Phys., 8, 407 (1964).

(21) H. Zeldes, G. Trammell, R. Livingston, and R. Holmber, J.
Chem. Phys., 32, 618 (1960).
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hydrogen bond is still intact, whereas the other has been
broken upon radical formation. Thus, the distances r,
and r2would be different for the two hydroxyl protons
with r being longer for the proton which takes part in
hydrogen bonding.

It is not clear whether the mechanism of formation
of this radical is associated with addition of atomic
hydrogen to the oxygen. Possibly, it is due to a pro-
tonation of a negatively charged radical. The proton
may well stem from the hydrogen bond by which the
oxygen is bound to a neighboring molecule. This as-
sumption draws support from the fact that exposure of
orotic acid in the polycrystalline state to thermal hydro-
gen atoms does not result in the formation of radical 1V.
Instead, only the addition reaction to the 5,6-double
bond takes place.B8

No quantitative investigations of the concentrations
of the different species in the spectra have been carried
out, but the yield of radical 1V appears to be much
higher than that of Il when the crystals are irradiated
at room temperature. Low temperature irradiation,
however, reduces its contribution strongly.

In the spectrum of the irradiated polycrystalline sam-
ple of orotic acid (Figure 7), radical 1V is present, too.
The hydroxyl proton hyperfine splittings collapse to a
singlet under these conditions, which, because of the
higher g factor overlaps mainly with the second left
line of radical Il causing the intensity unsymmetry of
the spectrum which was mentioned in the previous sec-
tion.

Species C. A group of four hyperfine lines, labeled C,
is present in the spectra of irradiated orotic acid single
crystals at both 77°K and room temperature (c/. Figure
2 for one 300°K spectrum). This group appears at
much higher g factors than the lines of groups A and B,
reflecting a strong spin-orbit interaction which leads to
the assumption that the spectrum must be due to a
paramagnetic ion with nuclear spin 3/2. Since neither
the unirradiated crystals, nor the unirradiated or irra-
diated polycrystalline orotic acid display this hyperfine
spectrum, it must result from an impurity in the single
crystals whose paramagnetism becomes apparent as a
result of the irradiation. Emission spectra of the single
crystals revealed the presence of about 70 ppm copper as
the largest impurities.

Our investigation of the lines of group C in the ab
plane of the single crystals were sufficient to make cer-
tain that the four-line spectrum arises from single Cu2+
ions. The g factor varies between 2.065 and 2.166 and
the hyperfine spacing of the quartet components be-
tween 44 and 108 G in this plane. Figure 12 shows
the four lines in an orientation with maximum hyper-
fine splitting. The outer quartet lines are seen to be
split into doublets due to the difference of the mag-
netic moments of the isotopes 63Cu and 8Cu. No fur-
ther analysis of the Cu2+ spectrum is attempted here
since the S = 1/2, | = 3/2 system of cupric ions has
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Figure 12. First derivative esr spectrum of group C in single
crystals of orotic acid showing Cu2+ hyperfine lines and isotopic
splittings of 6Cu and &Cu nuclei.

been investigated recently in an irradiated single crys-
tal of cupric acetate.2

We assume that the copper is an impurity in the
mother liquor. Since at neutral pH orotic acid is ion-
ized, some molecules may crystallize as the nonmagnetic
cuprous orotate. Radiation can then convert cuprous
into cupric ions, which would give rise to the observed
spectra. Possibly, the presence of cuprous ions causes
the slight yellow color of the unirradiated orotic acid

single crystals which was mentioned in the Experimental
Section.

Conclusions

Of the three paramagnetic species observed in irra-
diated single crystals of orotic acid, two have been
shown to be free radicals involving the orotic acid mole-
cule whereas the third is the result of a copper impurity
present during crystallization. One radical, structure
I, is formed by hydrogen addition to the carbon
atom C(6). In aqueous solution hydroxyl free radicals
add to the 5,6-double bond at the 5 position to give the
OH analog of structure Il. The other radical observed
in single crystals of orotic acid involves a hydrogen
attached to the oxygen of the carboxyl group, structure
IV. The spectra obtained from polycrystalline orotic
acid can be explained on the basis of radicals Il and IV.

Nearly all unsaturated pyrimidine bases investigated
in the solid state form hydrogen addition radicals at the
5,6-double bond after y irradiation which are equivalent
to those produced upon exposure of the compounds to
thermal hydrogen atoms.88 The source of the attacking
hydrogen in the case of ionizing radiation is usually not
revealed since hydrogen abstraction radicals are not
observed. Radical Il in single crystals of orotic acid is
of this type. However, the radical structure IV which
involves the carboxyl group was not detected upon ex-
posure to thermal hydrogen atomsi8 which suggests
that there is an alternate mechanism for its formation.

(22) D. Morton-Blake, J. Phys. Chem., 73, 2964 (1969).
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We propose that it is formed by the breakage of a hydro-
gen bond after addition of an electron to the molecule.
>C-OH radicals of this kind are produced in the DNA
constituent cytosine6and in 5-halouracils.7 The hydro-
gen-bonding scheme of nucleic acids provides a pathway
for the production of this type of radicals. Thus,
anions could mediate their damage via breakage of a
hydrogen bond -which would lead to a local weakening
of the double-stranded structure of DNA.

While this report was being prepared, an esr study
of irradiated single crystals of orotic acid was published
by Horan and Snipes.Z3 On the basis of spectra differ-
ing from those reported here, these authors conclude
that only one radical is present and that it results from
abstraction of a hydrogen atom from the nitrogen in the
1 position.  Surprisingly, no hydrogen addition to the
5,6-double bond is reported. We assume, that the dif-
fering esr spectra result from differences in the crystals

4029

investigated. Such differences are obvious, since these
authors report the occurrence of magnetically inequiva-
lent molecules which are not observed in the triclinic
crystals analyzed here. The crystals grown by Horan
and Snipes from a mixture of ethanol and 0.8 M NH4H
most probably are the diammonium salt of orotic acid.
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The epr spectra of a member of 4-alkyl-o-benzosemiquinones in an aqueous alcoholic and aprotic medium
were measured and analyzed. The values of the parameters ho and kco were suggested for the calculation
of the spin densities of these radicals by the McLachlan method. The comparison of the calculations and
experiments shows that the spin densities on the aromatic ring carbon atoms in positions 3 and 6 of o-benzo-

semiquinone are positive.

Changes of magnitude of the splitting constants of /3 protons of various alkyl

substituents were interpreted on the basis of the Stone and Maki theory of the hindered internal rotation.

Introduction

The formation of o-benzosemiquinone anion radicals
in the course of the atmospheric oxidation of pyrocate-
chols in an alkaline aqueous alcohol was first confirmed
by Hoskinsland Adams, et al.,2 using the epr method.
Stone and Waters,3who studied the epr spectra of o-
benzosemiquinones systematically, obtained in the
series of 4-alkyl-o-benzosemiquinones a well-resolved
spectrum of the 4-methyl derivative, but they failed to
analyze the spectra of the 4-isopropyl and 4-ferf-butyl
derivatives. Trapp, et al.,4 did not succeed in deter-
mining exactly the splitting constant of one of the pro-
tons of the aromatic ring in a poorly resolved spectrum
of 4-ferf-butyl-o-benzosemiquinone. In all the papers
referred to in this paper, o-benzosemiquinones were pre-
pared by the oxidation of pyrocatechols in an alkaline
polar medium.

In the calculations of spin densities in 0-benzosemi-
guinone Vincow and Fraenkel66 found that spin densi-
ties calculated by the McLachlan method7 were in

(1) R. Hoskins, J. Chem. Phys., 23, 1975 (1955).
(2) M. Adams, M. S. Blois, and R. H. Sands, ibid, 28, 774 (1958).
(3) T.J. Stone and W. A. Waters, J. Chem. Soc., 1488 (1965).

(4) Ch. Trapp, Ch. A. Tyson, and G. Giacometti, J. Amer. Chem.
Soc., 90, 1394 (1968).
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considerably better agreement with the experimental
data than those calculated by a simple HMO method.
Vincow6 suggested the most suitable values for the pa-
rameters hO and kco which determine the magnitude of
the Coulomb integral of the oxygen atom and the value
of the resonance integral of the C-0 bond. Calcula-
tions involving these parameters led him to a conclusion
that the spin densities on the carbon atoms of the aro-
matic ring in positions 3 and 6 were negative. Trapp,
et al.,* attained a comparatively good agreement be-
tween the experimental and calculated values of the
spin densities in their investigation of o-benzosemi-
quinones substituted with methyl and ferf-butyl groups,
although in the calculations involving the HMO method
they did not consider the possible occurrence of nega-
tive spin densities in these radicals and although they
used the values of the parameters hO and fcco suggested
by Vincows6 for calculations made by the McLachlan
method. Calculations performed by Pople, etal.f using
the INDO approximation of the SCF-MO method, and
by Edwards and Grinter9by the unrestricted Hartree-
Fock method do not lead to a good agreement between
the calculated and experimentally determined splitting
constants of the protons of the aromatic ring of o-benzo-
semiquinone.

In this paper results are presented which were ob-
tained in the investigation of oxidation transformations
and antioxidative efficiency of pvrocatecholsl01l and
which concern primary radical intermediates of the air
oxidation of 4-alkylpyrocatechols in alkaline aqueous
alcohol. We concentrated our attention particularly
on the experimental determination of the effect of
alkyl substituents and solvent on the distribution of the
spin density in the aromatic ring of 4-alkyl-o-benzo-
semiquinones and on the verification of the quantum
chemical methods of spin density calculations to give
an adequate description of the changes observed.

Experimental Section

Materials Used. All pyrocatechol derivatives were
chromatographically pure. Pyrocatechol and i-lert-
butylpyrocatechol were commercial products (British
Drug Houses); the other derivatives were prepared in
the laboratory according to literature.12-16 Quinones
were obtained by the oxidation of the corresponding
derivatives of pyrocatechol with silver oxide in anhy-
drous ether. The other chemicals were analytical
purity grade. Acetonitrile was purified by a method
described previously;1%6 the other solvents were purified
by distillation prior to use.

Production of Radicals. Derivatives of pyrocatechol
were oxidized in 75% aqueous methanol by air-oxygen
dissolved in the solvent under normal pressure and at
room temperature in the flow arrangement. A solution
of the pyrocatechol derivative under study (10“3 M)
and the 20% solution of potassium hydroxide (KOH)
in 75% aqueous methanol were mixed in a glass mixing
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cell placed in close vicinity to the measuring cavity of
an epr spectrometer. The mixture was then passed
through the cavity resonator by means of a glass capil-
lary. Each time, the flow rate of the reaction mixture
through the cavity (1-5 ml/min) was adjusted so as to
achieve the best record of the spectrum of the radical
investigated.

o0-Benzoquinone and its 4-methyl derivative were
electrolytically reduced in acetonitrile with 0.1 M tetra-
butylammonium perchlorate. The concentration of
quinones in the solution was 10~3to 10~* M. W.ith re-
spect to the low stability of the forming o-benzosemiqui-
nones the electrolysis had to be carried out in the reso-
nator cavity directly using the flow arrangement. The
quinone solution flowed from a container, in which it
was kept under nitrogen atmosphere, through the glass
capillary of the electrolyzer, of about 1.5 mm o.d., with
fused-in platinum electrodes. The anode was situated
immediately before the resonator cavity, and the cath-
ode was placed directly in the cavity of the spectrome-
ter. The epr spectra were measured during the contem-
porary flow electrolysis. The electrode voltage and the
flow rate were adjusted so as to attain the most resolved
record of epr spectra (usually 10-15 V at a flow rate
lower than 1 ml/min).

Measurements and Analysis of the Epr Spectra. The
spectra were measured with the JES-3B epr spectrom-
eter (JEOL Tokyo) operating in the X band at room
temperature. An aqueous solution of Fremy’s salt
(aN = 13 G)Trand p-benzosemiquinone in alkaline aque-
ous alcohol (aH = 2.368 + 0.001 G)Bwere used as cali-
bration standards. The analysis of spectra in which no
overlap of the neighboring spectral lines occurred was
carried out directly; spectra having an insufficiently re-
solved hyperfine structure were analyzed by comparison
with simulated spectra. Simulated spectra were calcu-
lated using computers Ural and Minsk, by the modified
Stone and Makil9method provided that the shape of the

(5) G. Vincow and G. K. Fraenkel, J. Chem. Phys., 34, 1333 (1961).
(6) G. Vincow, ibid., 38, 917 (1963).
(7) A. D. McLachlan, Mol. Phys., 3, 233 (1960).

J

(8) J. A. Pople, D. L. Beveridge, and P. A. Dobosh, J. Amer. Chem.
Soc., 90, 4201 (1968).

(9) T. G. Edwards and R. Grinter, Mol. Phys., IS, 367 (1968).

(10) 1. Buben and J. Pospisil, Collect. Czech. Chem. Commun., 34,
1991 (1969).

(11) J. Pilar, I. Buben, and J. Pospisil, ibid., 35, 489 (1970).
(12) J. Pospisil and V. Ettel, ibid., 24, 341, 729 (1959).

(13) A. L. Ramizov, Zh. Org. Khim., 28, 2530 (1958).

(14) E. Spath and H. Quietensky, Chem. Ber., 60, 1888 (1927).

(15) 1. Buben, Thesis, Institute of Macromolecular Chemistry of
Czechoslovak Academy of Sciences, Prague, 1968.

(16) O. Ryba, J. Pilar, and J. Petr&nek, Collect. Czech. Chem. Com-
mun., 33, 26 (1968).

(17) G. E. Pake, J. Townsend, and S. |I. Weissman, Phys. Rev., 85,
682 (1952).

(18) B. Venkataraman, B. G. Segal, and G. K. Fraenkel, J. Chem.
Phys., 30, 1006 (1959).

(19) E. W. Stone and A. H. Maki, ibid., 38, 1999 (1963).
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Table 1: Splitting Constants of the Investigated o-Benzosemiquinones (in gauss)

Refer-
Derivative ar* aH 06H el ence
Unsubst:tuted® 0.95 + 0.04 3.65 = 0.04 3.65 + 0.04 0.95 +0.04 2
4-Methyl4 0.7 4.4s 3.7 1.4 3
4-MethylO 0.25 5.1s 4.0 1.0 3
4-leri-Butyl™* 0.3+ 0.1 0.32 + 0.034 3.80 + 0.02 1.17 £0.02 4
Unsubstituted' 0.87 + 0.02 3.75 + 0.05 3.75 + 0.05 0.87 £ 0.02
4-Methyl' 0.25 + 0.01 4.80 £ 0.05s 3.85+ 0.05 1.05 £ 0.02
4-Ethyl' 0.30 3.70* 3.70 1.00
0.20"
4-Propyl' 0.32 + 0.01 3.30 £ 0.04* 3.80 + 0.05 1.00 + 0.02
4-1sopropyl’ 0.39 £ 0.01 2.21 £ 0.03 3.90 + 0.05 0.93 + 0.02
0.32 + 0.01lm
4-sec-Butyl' 0.42 + 0.01 1.67 + 0.03n 384+ 0.05 1.00 + 0.02
0.32 + 0.01°
4-ieri-Butyl' 0.42 + 0.01 0.32 + 0.014 3.96 + 0.05 0.83 £0.02 1
Unsubstitutedl 1.50 + 0.03 3.30+ 0.04 3.30 + 0.04 1.50 £0.03
4-Methyl1 0.80 £0.02 4.10 + 0.05s 3.72 + 0.05 1.54 + 0.03
4-ierf-Butyll 1.16 + 0.03 0.30 + 0.024 3.90 + 0.05 1.40 + 0.03 16

° Measured in alkaline aqueous ethanol. 4Measured in a mixture dimethylformamide-water (9:1). ¢ Measured in an aqueous
solution of sodium hydroxide. dMeasured in 50% aqueous methanol. ' Measured in 75% aqueous methanol. 1 Measured in aceto-
nitrile. ° Splitting constants of protons of the methyl group. 4Splitting constants of protcns of the fert-butyl group. 1Splitting
constants of ;wo 13 protons of the ethyl group. ' Splitting constants of three y protons of the ethyl group. * Splitting constants of
two 13 protons of the propyl group. 1Splitting constants of the 3 proton of the isopropyl group. “ Splitting constants of six y protons
of the isopropyl group. " Splitting constants of the 3 proton of the sec-butyl group. ° Splitting constants of five y protons of the
sec-butyl group.

spectral lines was Lorentzian. The spin densities of the
radicals were calculated with an Elliott-503 computer.

Results and Discussion

Epr Spectra. Unsubstituted o-benzosemiquinone
and its 4-methyl, 4-ethyl, 4-propyl, 4-isopropyl, 4-sec-
butyl, and 4-ferf-butyl derivatives were investigated in ]
the alkaline agueous methanol medium. The splitting
constants determined from the spectra of the unsubsti-
tuted o-benzosemiquinone (Figure la) and its 4-methyl
derivative are in good agreement with the data pub-
lished in literature.2-3 The splitting constants for 4-tert-
butyl-o-benzosemiquinone listed in Table I were deter-
mined from a spectrum the analysis of which was de-
scribed in detail elsewhere. 1l
Spectra that were comparatively well resolved were
obtained in the oxidation of 4-isopropyl and 4-sec-butyl
derivatives of pyrocatechol. An analysis of the mea-
sured spectra of 4-isopropyl and 4-sec-butyl-o-benzo-
semiquinone (Figures 2a and 3a) demonstrated that
these spectra showed a resolved hyperfine structure,
owing to an interaction of the unpaired electron with
three nonequivalent protons of the aromatic ring and
with one /3 proton and six or five y protons of the alkyl
substituent. The splitting constants determined by the
analysis of these spectra are given in Table I, and the
corresponding simulated spectra are represented in Fig-
ures 2b and 3b. Figure 1. The epr spectrum of unsubstituted
A quite different character was found with the spectra o-benzosemiquinone:  (a) in 75% agqueous methanol;
which were obtained in the oxidation of the 4-ethyl and (b) in acetonitrile.
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Figure 2. The epr spectrum of 4-isopropyl-0-benzosemiquinone
in 75% aqueous methanol: (a) experimental spectrum; (b)
simulated spectrum = 160 mG).

Figure 3. The epr spectrum of 4-sec-butyl-o-benzosemiquinone
in 75% aqueous methanol: (a) experimental spectrum; (b)
simulated spectrum (Affi/, = 280 mG).

4-propyl derivatives of pyrocatechol. The spectrum of
4-ethyl-o-benzosemiquinone consists of eight lines in
which further splitting can be seen. Relative intensi-
ties of these lines indicate that the spectrum is composed
of a quadruplet of doublets. Since we did not succeed
in getting a proper resolution of the hyperfine structure,
no exact analysis of this spectrum could be made either.
The basic quadruplet is probably formed by an inter-
action of the unpaired electron with one proton of the
aromatic ring and with two /3 protons of the ethyl sub-
stituent, which are characterized by splitting constants
of approximately the same numerical value. The dou-
blet is probably formed by an interaction of the unpaired
electron with another proton of the aromatic ring; the
further uncompletely resolved splitting is probably due
to the weak interaction of the unpaired electron with the
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remaining proton of the aromatic ring and with three 7
protons of the ethyl substituent. The splitting con-
stants of this radical listed in Table | are only approxi-
mate. The spectrum of 4-propyl-o-benzosemiquinone
(Figure 4a) has a well-resolved hyperfine structure,
which is due to the interaction of the unpaired electron
with three nonequivalent protons of the aromatic ring
and with two equivalent j3protons of the propyl substit-
uent. The lines of the spectrum do not exhibit any in-
dications of a further splitting caused by the interaction
of the unpaired electron with the other protons of the
propyl substituent. The splitting constants deter-
mined by an analysis of this spectrum are also listed in
Table I; the corresponding simulated spectrum is rep-
resented in Figure 4b.

Figure 4. The epr spectrum of 4-propyl-o-benzosemiquinone in
75% aqueous methanol: ' (a) experimental spectrum,;
(b) simulated spectrum (AHi/, = 200 mG).

0-Benzosemiquinone and its 4-methyl and 4-terf-butyl
derivatives were studied in an aprotic medium. The
epr spectrum of the comparatively stable 4-ferf-butyl-
0-benzosemiquinone was described in one of our previ-
ous papers;6 in Table I, only splitting constants deter-
mined by its analysis are given. The electrolytic reduc-
tion of the corresponding o-benzoquinones in acetoni-
trile enabled us to prepare unsubstituted o-benzosemi-
quinone and its 4-methyl derivative as well, which are
considerably less stable. The spectra of both radicals
are of the same type as their spectra in the aqueous
methanol medium, with the exception that the splitting
constants differ considerably (Table 1), owing to the
effect of the solvent. The effect of the solvent on the
magnitude of the splitting constants in o-benzosemi-
quinone can be seen in Figure 1. A lower stability of
the latter two radicals in acetonitrile under an inert
atmosphere is probably due to reactions between rad-
icals, the main role in which can be played by the high
spin densities on carbon atoms in positions 4 and 5 of
the aromatic ring of o-benzosemiquinone, or by a con-
siderable delocalization of the unpaired electron on the
protons of the methyl group in its 4-methyl derivative,
respectively.
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Spin Densities Calculations. From the values given
in Table 1 it is evident that the splitting constants of
protons of the aromatic ring determined from spectra of
variously substituted derivatives of 4-alkyl-o-benzo-
semiquinone vary with varying substituent in position
4 and with the solvent. If we assume McConnell’s re-
lationship aH = QcHHpc'rto be valid, the changes ob-
served with these splitting constants can only be ex-
plained by the fact that the distribution of spin density
in the radicals is influenced, on the one hand, by the pres-
ence of the individual substituents, and on the other,
by various solvents. We tried to verify whether the
gquantum chemical methods of the spin density calcula-
tions could give an adequate description of these
changes. Owing to the possible occurrence of negative
spin densities in o-benzosemiquinones6é we chose Mc-
Lachlan’s method7for the calculations, viz., the approx-
imation based on the calculation of two groups of one-
electron wave functions. The usual value X = 1.2 was
used for the parameter X

The first preliminary calculations of the spin densities
in 4-alkyl-o-benzosemiquinones were made using the
parameters no and kco suggested by Vincow.6 For the
description of substituted alkyl groups the induction
model of hyperconjugation was used.2L The results of
these calculations, also with respect to the inadequacy
of the chosen method of considering the effect of vol-
uminous alkyl substituents, led us to the conclusion that
a better agreement between the splitting constants of
the protons of the aromatic ring and the calculated spin
densities could be achieved by selecting “ better values”
for the parameters no and fcco- To find these “better
values,” we calculated the spin densities in the unsub-
stituted o-benzosemiquinone, varying the values of the
parameters no and kco in the intervals 1.2-2.6 (by 0.2)
and 0.3-2.0, respectively. The ratio of the calculated
spin densities on the carbon atoms of the aromatic ring
in positions 4 and 3, A® — p4p 3 was taken as the first
basic criterion to consider the agreement between the
splitting constants and calculated spin densities. Its
absolute experimental value is given by the ratio of
splitting constants of the corresponding protons of the
aromatic ring of o-benzosemiquinone. In the aqueous
methanol medium its value is [AAVECH] = adHoH =
4.3 = 0.1, in acetonitrile it is equal to JABCHON] =
2.2 + 0.1. Searching for a further criterion we chose
the ratio of the splitting constant of the proton of the
aromatic ring in position 4 to the calculated spin den-
sity on the carbon atom in this position, i.e., Qi = a4
P4 We required that the absolute value of Q\ should
lie within the usual limits for the absolute value of the
< interaction constant qocnh, that is in the interval
24-27 G.

The values of the ratios A® of the calculated spin
desnities in dependence on the parameter fcco are plotted
in Figure 5; the corresponding values of the parameter
ho are given at the individual curves in the figure. For
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Figure 5. Dependence of the ratio A8 = p(/p3of
o0-benzosemiquinone on the value of the fcco parameter of the
C-0 bond for various values of the ho parameter of the
oxygen atom. (pdand p: are spin densities calculated by
McLachlan method on the aromatic ring carbon atoms of
0-benzosemiquinone in positions 4 and 3.)

all the given values of the parameter no the calculated
spin density on the carbon atom of the aromatic ring o:
0-benzosemiquinone in position 4 is positive and de-
creases with increasing magnitude of the parameter
fcco. The spin density on the carbon atom of the aro-
matic ring in position 3 is always negative for small
values of the parameter fcco and increases up to positive
values if fcco increases. It can be seen from Figure 5
that in the region of small values of fcco, where the spin
density p3 and the ratio A® are negative, only those
pairs of the parameters ho and fcco can be found for
which A® is in agreement with the value —|]AGVECH]
In the region of higher values of fcco, where p3and A«
are positive, pairs of the parameters can be found for
which the value of the ratio A® agrees with the value
|AVECH), as well as those for which the value of the
ratio A® is identical with the value | 83BN It is
also evident from this figure that in the latter region the
change in the distribution of the spin density in o-benz-
osemiquinone, due to the replacement of an aqueous
methanolic medium by an aprotic one (acetonitrile),
can be reflected in the calculations by a decrease in the
(20) H. M. McConnell and D. B. Chesnut, J. Chem. Phys., 28, 107
(1958).

(21) A. Streitwieser, Jr., “Molecular Orbital Theory for Organic
Chemists,” Wiley, New York, N. Y., 1962.
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Table Il :  Spin Densities in o-Benzosemiquinone Calculated by McLachlan Method
| S— Parameters- e Position0-
ho foo 12 3,6 45 7.8 A«6 Q, &
2.00 1.46 0.1992 0.0321 0.1410 0.1276 4.39 26.6
2.20 1.55 0.2058 0.0339 0.1463 0.1140 4.32 25.6
2.40 1.63 0.2116 0.0347 0.1509 0.1028 4.35 249
2.60 1.71 0.2158 0.0360 0.1544 0.0938 4.29 24.3
1.64 1.46 0.1581 0.0558 0.1225 0.1636 2.20 26.9
1.80 1.55 0.1650 0.0592 0.1282 0.1476 2.17 25.7
1.96 1.63 0.1712 0.0614 0.1330 0.1343 217 24.8
2.14 1.71 0.1777 0.0627 0.1377 0.1219 2.20 24.0
1.30 0.63 0.2087 -0.0307 0.1320 0.1900 -4.30 28.4
1.35 0.64 0.2204 -0.0332 0.1421 0.1707 -4.28 26.4
1.40 0.66 0.2293 -0.0344 0.1495 0.1557 -4.34 25.0

Individual positions are designated as shown in structure I.
in positions 4 and 3.

b A i3 is the ratio of the calculated spin densities on the carbon atoms
The values of this ratio determined experimentally from the splitting constants of the corresponding protons of
the aromatic ring were 4.31 for o-benzosemiquinone in aqueous methanol and 2.20 in acetonitrile.

¢ Qi is the ratio of the splitting

constant of the proton of the aromatic ring in position 4 to the corresponding value of the spin density calculated on the carbon atom

of the aromatic ring in the same position.

value of the parameter hO by roughly 0.4. This finding
is in accordance with the conception interpreting the
effect of the solvent on the spin density distribution in
radicals as a consequence of dipolar interactions be-
tween the polar molecules of the solvent and the polar
heteroatoms of the radicals. These interactions mani-
fest themselves in a change of electronegativity of the
heteroatoms with respect to the rest of the radical.2

From both regions mentioned above we selected pairs
of parameters which allow to calculate the distribution
of the spin density on o-benzosemiquinone in agree-
ment with the splitting constants according to the other
criterion also. The selected pairs of parameters, the
spin densities calculated using these pairs and corre-
sponding ratios Aa and Qi are listed in Table I1.

In the calculations of spin densities in 4-alkyl-o-
benzosemiquinones WE used selected pairs of the param-
eters ho and fcco, and for the description of alkyl sub-
stituents an inductive model of hyperconjugation2l
(the parameter of the carbon atom of the aromatic ring
in position 4 was varied within the limits hct — 0 to
—0.8) was used first. In the calculations involving
the parameters ho and fcco from the region of positive
values of the spin density p3and with hctwas decreasing,
the changes of the calculated spin densities on the
carbon atoms of the aromatic ring in positions 3, 5, and
6 were in qualitative agreement with the changes of
splitting constants of the corresponding protons of the
aromatic ring of a series of 4-alkyl-o-benzosemiquinones
with increasing volume of the alkyl substituent. We
suspected in this case the quantitative disagreement be-
tween the changes of these two quantities to be due to
the use of a too simplifying model of the voluminous
alkyl substituents.

We applied therefore a conjugation model of hyper-
conjugation for the description of methyl groups in the
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calculations of spin densities in 4-methyl-o-benzosemi

quinone and used the values of parameters suggested by
LazdinsandKarplusZB{he = —0.1; ha, = —0.5; fccc' =

0.7; for the parameter fcc'm a slightly higher value, i.e.,
3.0 was used, and the value of the parameter hct was
varied in the proximity of —0.1). Table Il presents
the spin densities calculated with these parameters for
the methyl group and with those pairs of parameters ho
and fcco for which the magnitude of the ratio Qi (Table
Il) approaches 27 G. The splitting constants of the
aromatic ring protons listed in Table Ill were deter-
mined from the calculated spin densities by means of
the McConnell relationship, assuming that jgcnnh| —

27 G. It can be seen from comparison of the splitting
constants thus calculated with the splitting constants
determined experimentally in both the aqueous meth-
anol and acetonitrile, that a good agreement exists in
both media in these cases, where the values of the pairs
of parameters hO and fcco were selected from the region
of positive values of pa (the marginal bi-columns in
Table 111). A considerably poorer agreement was
found between the splitting constants determined from
the spin densities which had been calculated with pair
of parameters from the region of negative values of p3
(the central bi-column in Table I11) and the constants
found experimentally in the aqueous methanol. This
fact, along with the finding that in the region of negative
values of the ratio A&it is not possible to calculate the
spin densities of o-benzosemiquinone to be in agreement
with the experimentally determined splitting constants
in acetonitrile, seems to indicate that the spin densities
on the carbon atoms of the aromatic ring of o-benzo-

(22) J. Gendell, J. H. Freed, and G. K. Fraenkel, /. Chem. Phys.,
37, 2832 (1962).

(23) D. Lazdins and M. Karplus, J. Amer. Chem. Soc., 87, 920
(1965).
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Table I'l1: Calculated Spin Densities“ and Splitting Constants* of 4-Methyl-o-benzosemiquinone
igmmmmmmmmmm oo
ho = 2.00, kco mm1.46 ho » 1.35, kco - 0.64 ho = 1.64, fcco = 1.46
Position0 het - -0.08 Ac. - -0.10 A" —o0.08 Ac* - -0.10 Ac* ® —0.08 Ac* = -0.10
i 0.2064 0.2078 0.2413 0.2552 0.1644 0.1656
2 0.1933 0.1923 0.2052 0.1912 0.1552 0.1547
3 0.0089 0.0053 -0.0529 -0.0579 0.0336 0.0298
4 0.1502 0.1519 0.1700 0.1854 0.1302 0.1317
5 0.1477 0.1490 0.1409 0.1302 0.1295 0.1309
6 0.0387 0.0398 -0.0216 -0.0152 0.0617 0.0627
7 0.1296 0.1300 0.1789 0.1878 0.1665 0.1671
8 0.1192 0.1178 0.1316 0.1153 0.1540 0.1523
9 -0.0016 -0.0016 -0.0020 -0.0018 -0.0015 -0.0015
10 0.0076 0.0077 0.0085 0.0097 0.0065 0.0066
a* 0.24 0.14 1.43 1.56 0.91 0.81
a3 3.99 4.02 3.80 3.52 3.50 3.53
0EH 1.05 1.07 0.58 0.41 1.66 1.69
QmA 32.0 31.6 28.2 25.9 31.5 31.1
“ Calculated using the values he' = —0.1, hBi = —0.5, kcc' = 0.7, fcc'H. = 3.0 for the parameters describing the methyl group.

h Splitting constants were calculated from the above spin densities by means of McConnell’s relationship, assuming that |Qcnh| =

27 G.

semiquinone in positions 3 and 6 are probably positive.
So far, however, this conclusion has not been given an
experimental evidence.

In the last line of Table 111 the values are given of the
ratio of the splitting constant of the protons of the
methyl group to the calculated spin density on the
carbon atom of the aromatic ring of 4-methyl-o-benzo-
semiquinone in position 4, QM — aueH/Pi, the numerical
value of which is identical with the absolute value of the
hypothetical € t interaction constant Qc ch.h- In all
cases when an agreement between the calculated and
experimental values was attained the value kept
in the interval 31.5 + 0.5 G, and its ratio to the sup-
posed magnitude of the a-it interaction constant
|@hh] = 27 G was 1.17. This result is very close to
the value obtained by Claxton, et al.,u in the investiga-
tion of p-benzosemiquinones substituted with methyl
groups.

So far it has not been possible to make similar cal-
culations for 4-alkyl-o-benzosemiquinones substituted
with higher alkyl groups, since no model has yet been
suggested, for voluminous alkyl groups equivalent to
the conjugation model for the methyl group. To allow
a more accurate selection of the values of parameters ho
and kco it would be necessary to gather experimental
data about the spin densities on the carbon atoms of the
aromatic ring in positions 1 and 2 and on the oxygen
atoms.

Splitting Constants of the p Protons of Alkyl Substit-
uents. An analysis of the epr spectra of a series of
variously substituted 4-alkyl-o-benzosemiquinones in
the agueous methanol revealed considerable differences
in the magnitudes of the splitting constants of P protons
of various alkyl substituents (Table I). The splitting
constants of (3 protons of alkyl groups in the series

¢ Individual positions are designated as shown in structure I.

d Qm« = aueB/p,.

methyl, ethyl, propyl, isopropyl, and sec-butyl grad-
ually decrease; the magnitude of the splitting constant
of the p proton of the sec-butyl group being only about
30% of the splitting constant of protons of the methyl
group. A modification of the Heller-McConnell rela-
tionship af = (Q(&))pcar suggested by Stone and
Makid allows to explain the observed changes of the
splitting constants of p protons ap3 either by a change
of the magnitude of the spin density pej on the
carbon atom of the aromatic ring Ca, to which the alkyl
group is attached, or by a change of the time-averaged
quantity (Q(P)) = BAcos2d); in the latter expression,
B2 is a constant and t? is an angle between the plane
containing the axis of the p, orbital of the C, carbon
atom and the atom C' and the plane containing the
atoms C,, C', and H3 Comparatively small changes
of the splitting constants of protons of the aromatic ring
in position 5 of the series of 4-alkyl-o-benzosemiquinones
(Table I) seem to indicate that also the changes of the
spin density on the carbon atom of the aromatic ring in
position 4 (Ca) are by far not large enough to influence
the magnitude of the splitting constants of p protons in
a decisive manner. According to the Stone and Maki
theory of the effect of the hindered internal rotation on
the magnitude of the splitting constants of p protons of
alkyl substituents,® the changes of the time-averaged
guantity can be due to the steric interactions
between the protons of the it system of the radical, on
the one hand, and voluminous alkyl substituents, on the
other. Owing to these interactions, all possible mutual
orientations of the ir system of the radical and alkyl

(24) T. A. Claxton, J. Oakes, and M. C. R. Symons, Trans. Faraday
Soc., 63, 2125 (1967).

(25) E. W. Stone and A. H. Maki, J. Chem. Phys., 37, 1326 (1962).
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Table 1V: Splitting Constants of 0 Protons of Alkyl Substituents in

Radicals of Various Types and the Corresponding Values R/2

Methyl Ethyl
Type of -CH. -CH2XHi
the radical oit.H R/Z
4-Alkyl-o-benzosemi- 4.80 3.70 0.39
quifiones
Anion-radicals of nitro- 11.4 9.75 0.43
alkanes
Anion-radicals of 4- 3.98 2.96 0.37
alkylnitrobenzenes
4-Alkylphenoxyls 11.95 10.15 0.42

-Alkyl substituent

Propyl Isopropyl sec-Butyl
-CILCILCH, -CH(CHSE/ -CHCHjCUL Refer-
apH Fm <I 2" dg-l R/Z ence
3.30 0.34 2.21 0.23 1.8 0.19

9.98 0.44 4.60 0.20 3.19 0.14 25

1.74 0.22 26

8.7 0.36 6.0 0.25 4.3 0.18 27

° The value of R/2 is determined by half the ratio of the splitting constant of the O proton of the alkyl group to the splitting con-
stant of the protons of the methyl group attached in the same position to the same system of the x bonds.

substituent are not equally probable; the probability of
the occurrence of sterically advantageous (equilibrium)
conformations increases, and the magnitude of the
time-average value of the quantity (Q(t?)) departs
from the value B2, which it acquires in the case that
the alkyl substituent rotates freely. On the assump-
tion that the spin density pcj remains constant in the
series of derivatives substituted with various alkyl
groups and that the methyl group attached to the
system of the x bonds of the radical rotates freely, it is
possible to determine the value (Q(&))/Bt for each
alkyl group as half the magnitude of the ratio of the
splitting constant of /3proton of the corresponding alkyl
group to the splitting constant of protons of the methyl
group attached in the same position to the same system
of x bonds, R = %HaMH.

Table 1V presents a list of splitting constants and
corresponding values R/2 for 3protons of the individual
alkyl substituents of a series of 4-alkyl-o-benzosemi-
quinones. For reasons of comparison we also give
values determined by the analysis of the epr spectra of
the anion-radicals of nitroalkanes® and 4-alkylnitro-
benzenes,Bin the analysis of which the Stone and Maki
theory was already used, and values determined from
the splitting constants of a series of 4-alkylphenoxyls
taken over from a paper by Stone and Waters.Z It is
obvious that the values R/2 corresponding to a certain
alkyl group in each of the four given types of radicals
are very close to each other, especially if we realize with
certainity that the assumption concerning a constant
spin density on the carbon atom C,, is not fulfilled with
exactitude. In accordance with the authors of the
papers quotedB 3 above, the values listed in Table 1V
can be interpreted in such a way that in all four tabu-
lated series of radicals the equilibrium conformations of
alkyl substituents with one /3 proton are those defined
by the angle d = 90°. Within the Stone-Maki
modelZBfrom the R/2 values given in Table 1V it follows
that the height of the rotation barrier is near 1 kcal/
mol for the isopropyl group and has a slightly higher
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value for the sec-butyl group. The equilibrium con-
formations of alkyl substituents containing two B pro-
tons are those defined by the angle t? = 60°; from the
R/2 value it follows again that the height of the rotation
barrier is near 0.6 kcal/mol for the ethyl group and is
again slightly higher for the propyl group.

Conclusion

The epr spectra of a series of 4-alkyl-o-benzosemi-
quinones in aqueous methanol and acetonitrile pre-
pared by air oxidation of pyrocatechols or by electro-
lytic reduction of o-benzoquinones in flow arrangement
have been measured and analyzed. It was found that
McLachlan’s method of calculation of the spin densities
could be applied to describe the change in the distribu-
tion of the spin density over the aromatic ring of o-
benzosemiquinones, caused by the effect of alkyl sub-
stituents in position 4 and by the solvent, if we pick up
for the parameters of the oxygen atom and the C-0
bond, i.e., hO and fcco, the values in the limits (hO =
2.0, kco = 1-46 — h0 = 2.6, kco = 1.71), for the rad-
icals in aqueous methanol. If acetonitrile is used as
the medium, then the values are the same for the param-
eter kco and lower by 0.4 for the parameter hO. This
calculation shows that the spin densities on carbon
atoms of the aromatic ring of an unsubstituted o-
benzosemiquinone in positions 3 and 6 are positive. A
good quantitative agreement with the experimental
splitting constants was found for the spin densities cal-
culated in 4-methyl-o-benzosemiquinone, using the
conjugation model of hyperconjugation and slightly
modified parameters of Lazdins and Karplus for the
methyl group. It was possible to interpret the ob-
served changes of magnitude of the splitting constants
of /3 protons of alkyl substituents on the basis of the
Stone and Maki theory of the hindered internal rota-
tion of alkyl substituents. The interpretation of the

(26) T. M. McKinney and D. H. Geske, J. Amer. Chem. Soc., 89,
2806 (1967).

(27) T.J. Stone and W. A. Waters, J. Chem. Soc., 213 (1964).
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splitting constants of 7 protons of alkyl substituents is
much more difficult. In the present time, the changes
observed can only be considered to be a further proof of
an important role played by the hyperconjugation type
mechanism in the interaction mechanism of the un-
paired electron with the 7 protons.
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An Exact Solution to the Rate Equation for Reversible Photoisomerization

by Joseph Blanc
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An exact solution to the differential equation proposed by Zimmerman, et al., for reversible photoisomeriza-
tion is presented. The kinetic equation is given by a rapidly convergent expansion

ColIn |§ +
I 1

L Crth = —{(F$Tert)/y«,\ + constant

where 5 = D¢, — D and the (7,’s are explicit analytic functions of 2<% A brief discussion of errors is also

made.

Research in these laboratories has been reported12
on reversible photoisomerization of indigoid dyes.
Because of our own work and because of relatively
large discrepancies in quantum yields which have been
reported3in the central case of stilbene photoisomeriza-
tion, we have been concerned with obtaining an ac-
curate solution to the kinetic differential equation for
reversible photoisomerization which would be amen-
able to systematic error analysis. It is the principal
purpose of this article to exhibit such a solutio&

For the photochemical isomerization T ~ C, let
D be the optical density at time t, y the fraction of
isomer C present at time t, fi, the fraction of C at
photostationary state, er and «c molar extinction
coefficients of isomers T and C, respectively, at fre-
quency Vv, [A] total isomeric concentration (moles/
unit volume), F the number of incident einsteins per
unit time and unit area, 1the optical path length, and
<« the quantum yield for the process T “m C. ¢€s and
D’s are to the base e.

In their classic paper, Zimmerman, Chow, and Paik4
showed, defining avariable z= ya —Yy, that the solution
to the photochemical rate equation (in the absence of
thermal isomerization) is formally

[-r dz j
JT- expi-D) 7 \ y-

The slope of I vs. ttherefore gives multiplied by ex-
perimentally determinable parameters. Zimmerman,
et al., by an expansion of the integrand in terms of D,
obtained an approximation of the form I = s iIn | +
rz + M2 They did not give explicit expressions
for s, r, or u, which are in fact cumbersome functions
of the experimental parameters 1, er, ec, 2/» and [A].

A much more transparent approximation can be ob-
tained by rewriting | entirely in terms of D: D =

+ constant (1)

1[A] {£T+ (ec —e-n2}. Defining, in analogy to z, 8 =
D, —D, eq 1can be rewritten
D cte D ds
I P )
exp(—D) z exp(—D) &

(1) J. Blanc and D. L. Ross, J. Phys. Chem., 72, 2817 (1968).

(2) D. L. Ross, J. Blanc, and F. J. Matticoli, J. Amer. Chem. Soc.,
92, 5760 (1970).

(3) For a summary of stilbene quantum yields, see D. L. Ross and
J. Blanc in "Photoehromism,” G. H. Brown, Ed., Wiley-Interscience,
New York, N. Y., 1971, Chapter 5, in press.

(4) G. Zimmerman, L-Y. Chow, and U. J. Paik, J. Amer. Chem.
Soc., 80, 3258 (1958).
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Using the same expansion as Zimmerman, carried to
the same orderin D

The coefficients in this expression appear to be power
series in D,,, with an uncertain radius of convergence.
This approximation suggests, however, that an exact
solution of the form

I = CoInW\+ £ Cjn
n=1

where the C,’'s are analytic functions of Da, can be
found. If the expansion parameter is taken to be 5
which is the “natural” parameter by analogy with
thermally reversible first-order reactions, such an exact
expansion can be found with the Cris explicit functions
of D,,.

Before proceeding, define 7 = exp(—£>,) (therefore
0 < 7 < 1); define/(0) = %_7)“1: 1+ 7+

72+ ...(72< 1) andf(n) = 5Z mn/mand note/(n +
m=°"1

1) = yd/(n)/d7 for n > O.
intermsof5, 7, and D,,

1=f_ -J* +

J T —7exp®

Now rewrite eq 2 entirely

C Do, d5_ T , T

____________ — A ap
JUE=—7ep@fE= "1 (4)
It is interesting to note that for the limitingcase  —»0,

I equals IIf exactly, and therefore 12 can be viewed
physically as a correction for photochemical *“back-
reaction.” 1j is a standard integral which equals In
(1 — 7 exp (6)) — 8 We are interested, however, in
expressing li as a power series in 5 for combination
with 12 For —1< 7 exp (5) < 1, the logarithm can be
o«
expanded and li = — 5 — 53 (7 exp(<5))mim; now
m=1

expand exp(m5) in powers of 8 and collect terms in 8n
The resultis, omitting a constant term

li = — 53 f(n — 8/ )

©
To obtain 12 expand (1 — 7 exp (5))"1as tS?J.?exp

(5)%) (valid for —1 < 7 exp (8 < 1), expand exp (kS)
once again, collecting terms in 8n then integrate term
by term2
12 = DoJd0) In |j] + D, ¢ f(n)8tt/n-nl (6)
n=1

Thus, as desired

I =1li+ 12= CiIn §+ 53CrBn )

n<d
with Co = D,f{0) and Cn = (Z>«/(n) - nf(n - 1))/
n\-n. The first three C,’s are explicitly CO = Da/
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Q- y); Cl= [7(1 + Do) - 1]/(1 - 7)2 and C2=
7[i>» (7 + 1) + 27 — 2]/4(1 — 7)3 Further coef-
ficients can be obtained recursively if needed: they are
not listed here as they are unlikely to be useful in
practice since all higher coefficients vanish for large
Do, and are small for small Equation 7 can be
shown to converge for all physically meaningful (non-
negative) values of D and Do,. | note here only that
the proper limits are obtained in the limits D, Do,, 8-*m0
and D, D, o; | = (In|s) and (>, In ] —5), re-
spectively. The latter result clearly cannot be ob-
tained from the approximate eq 3.

For Do, = 2, the approximate (eq 3) vs. the exact
(eq 7) coefficients are Co = 2.33 vs. 2.37 (2% error);
Ci = - 0833w - 0.796 (5% error) and C2= 0.042
vs. 0.028 (50% error). The approximation gets rapidly
worse as D,, exceeds 2 and rapidly better in the opposite
direction. Little appears to be gained by using the
approximation, although it is quite adequate for many
experimental situations.

I now give a brief error analysis, discussing only the
logarithmic term which almost always dominates the
slope of I vs. t For D» -» 0, the fractional error in
CQ i.e., ACO/COQ, is AZ),/2, where ADmis the uncertainty
in Do,; this error decreases slowly with increasing D,,.
If Do, is a measured optical density (rather than a cal-
culated one; see below), an upper limit to AD,, can
be taken to be «0.010 («0.004 in density to the base
10 units), and uncertainties in quantum yields due to
this source should not exceed 0.5%. Previous workers
have presumably used the approximation for | in the
form suggested by Zimmerman, et al., i.e., in terms of
concentrations and absorption coefficients. Equation 3
or 7 can be recast in terms of these parameters; from the
point of view of this paper, this amounts to calculating
Do, in terms of the other parameters. Error estimates
for the C,,’s can be made, but | make no such numerical
estimates here as, except for the original work of
Zimmerman, et al., insufficient details of experimental
methods and data reduction have been given to make
such estimates reliably. It should be pointed out,
however, that errors of 10% or more could plausibly arise
even with standard laboratory practices, unless par-
ticular care is taken to eliminate them. For example,
inaccuracies in ?/, and (ex — ec) of 1% would generate
errors of more than 3% each in calculated COwith pa-
rameters appropriate to stilbene photoisomerization.

Finally, I note that the “method of initial slopes”
proposed by Lippert and Liider6 and previously used
by usl2is quite correct in principle, but may be dif-
ficult to apply in practice without ambiguity. In
short, for conversions small enough that “back reac-
tion” is negligible, and if the photochemical system is
initially completely in one isomeric form, the method
proposes that the quantum yield be determined from

(5) E. Lippert and W. Lttder, J. Phys. Chem., 66, 2430 (1962).
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$ 1 r dD/dt -l
(ec - «t)f L(1 ~ exp(—i)))J, 0

independent of D,,. However, in the face of scatter of
experimental data, a criterion is needed for judging
over what time interval dD/dt is in fact constant.
Such a criterion is clearly available by comparison of
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results from eq 7 and from the method of “initial
slopes.”
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The photolytic reactions of peroxodiphosphate species in aqueous solution, in aqueous ethanol, and in aqueous
2-propanol produce phosphate plus oxygen, acetaldehyde, and acetone, respectively. Variables, which have
been investigated for their influence on stoichiometry and quantum yield, are pH, reactant concentrations,

and light intensity.
tion of water by peroxodisulfate;
there are differences in detail.

In the water oxidation, the results are comparable to those found in the photolytic oxida-
nonchain radical mechanisms apparently are involved in both cases but
The photolytic oxidations of the alcohols by peroxodiphosphate also proceed

by mechanisms involving radical intermediates with chain lengths dependent on alcohol nature and pH.
Mechanisms which explain the results are presented.

Introduction

In the course of our studies of inorganic peroxides,
important differences between the mechanistic chem-
istries of peroxodiphosphatel and peroxodisulfate2
became apparent. One of these differences was the lack
of facility of the peroxodiphosphates to undergo homo-
lytic scission.

PO& —> 2P04

Thus, peroxodiphosphates do not noticeably oxidize
water at 80° or below, although the oxidation of water
by peroxodisulfate to form oxygen is a radical process
with conveniently measured rates at 60°. Estimates?®'
indicate that homolytic scission of SD &- is about two
powers of ten more rapid than scission of PD&-.
Furthermore, alcohols are oxidized by peroxodisulfate
via radical chain mechanisms at 40 to 60°

SD& + RLHOH — RZXO + 2SCV- + 2H+

No comparable oxidation of alcohols by peroxodiphos-
phate occurs at convenient temperatures.

Battaglia,3 in a survey of ultraviolet spectra of
peroxides, has shown that the spectra of peroxodiphos-
phate ion (PD&-) and its protonated forms (H4,-
P2 8-) are very similar to those of other peroxides.

This similarity of spectra led us to predict that perox-
odiphosphates would be activated to radical reactions
comparable to those observed with hydrogen peroxide4
and peroxodisulfate5at 253.7 nm.

We report here the results of an investigation of the
oxidation of water and of aqueous alcohols by photo-

* To whom correspondence should be addressed.

(1) (@& M. M. Crutchfield in “Peroxide Reaction Mechanisms,”
J. O. Edwards, Ed., Wiley-Interscience, New York, N. Y., 1962,
p 46 ff; (b) M. M. Crutchfield and J. O. Edwards, J. Amer. Chem.
Soc., 82, 3533 (1960); (c) Sr. A. A. Green, J. O. Edwards, and P.
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excited peroxodiphosphate which confirm the pre-
diction.

Experimental Section

Chemicals. The Li®2ZV4H20 was prepared by the
method of Chulski,6 and was 99.5% pure, after recrys-
tallization, as determined by active oxygen analysis.
The potassium salt K4P208 was obtained from FMC
Corp. and was 98.5% pure after recrystallization. The
water used was distilled, then deionized by passage
through a mixed bed resin. Carbonate-free NaOH
solutions, used to adjust pH, were prepared according
to the method of Kolthoff and SandelF and stored under
nitrogen. The adjustment of solutions to low pH
values was achieved by addition of orthophosphoric acid
solutions made using Baker and Adamson reagent grade
acid and deionized water. No buffer solutions were
used. Baker and Adamson reagent grade K2S208 was
used after recrystallization. The alcohols ethanol and
2-propanol were reagent grade and used without further
purification, except for deoxygenation. Isotope label-
ing experiments were performed with -labeled HD
from Yeda (Israel) and with 3P-labeled PO43- from
Tracerlab.

Photolysis Experiments. The photolytic reactions
were carried out in a 1.0-cm absorption cell, with two
fused-quartz windows, which was sealed with a serum
cap. The cell was reproduceably positioned exposing
both windows in the photolysis chamber with a poly-
ethylene holder, by which the cell was removed after
each exposure interval for spectral measurement. The
photolytic chamber contained eight low-pressure
quartz-enveloped Hg arcs, of 25-W input power, high
efficiency, and radiative output comprised 91% of
253.7-nm radiation, arranged cylindrically at a radial
distance of 10 cm and enclosed in a 30-cm diameter
cylindrical reflector. The cell was positioned axially,
and axial air circulation at 70 cubic feet per minute
maintained chamber temperature at 25 * 2°. The
deaerated reaction solutions of compositions given in
the tables were mixed immediately prior to photolysis
under an N2 atmosphere and loaded in the sealed cell
via syringe. After each carefully timed exposure to
preequilibrated arcs, the reaction cell was placed in a
Cary 14 or a Hitachi Perkin-Elmer Model 139 spectro-
photometer and the spectrum measured in the 200-
300-nm region or at 240.0 nm or 242.5 nm (alcohol re-
actions) to follow the reaction progress. The pH
values of the starting reaction solutions were measured
on a Beckman Model G meter. All pH values given in
the tables as pH1are such initial values (before photol-
ysis). The pH was observed to drop in solutions for
which [OH- ]<K[P]r!,where [P]r* isthe initial peroxodi-
phosphate total concentration of peroxodiphosphate
species regardless of degree of protonation. Photolyses
of peroxodisulfate solutions were performed in a similar
manner.
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Isotope Labeling Experiments. A solution of LiPDs «
4HD was photolyzed in vacuum-degassed HZ2I-
enriched water in a quartz vessel, and the evolved
oxygen was collected and analyzed for isotopic distri-
bution with a Hitachi Perkin-Elmer RMU-6D mass
spectrometer. A sample of the enriched water was
converted to hydrogen peroxide,8 decomposed by CelV
addition,9 and the evolved oxygen was similarity iso-
topically analyzed. Photolysis time for this experiment
was 5 X 103sec. A number of solutions of P2 8- and
3IP-labeled PO43- at pH values from 0.90 to 9.38 were
degassed and photolyzed for 300 sec in a quartz tube.
Identical samples were kept in the dark. A 10.0-ml
aliquot of each solution was treated with 5.0 ml of a
mixture 0.15 M in MgCl2and 0.15 M in NHA4C1, then
with concentrated aqueous ammonia to the methyl red
end point. After standing at 0° for about 1 X 103 sec,
each solution was then centrifuged for 30 sec. To
scavenge any remaining orthophosphate, 1.0 ml of
0.5 M K3POs (unlabeled) was added to the 10.00-ml
aliquots; precipitation with the excess magnesia
mixture occurred. After 30 sec of centrifugation, du-
plicate 1.0-ml aliquots of supernatant were evaporated
on planchets and counted, and a 5.00-ml sample of
the supernatant was titrated for peroxodiphosphate.
Samples which were assumed infinitely thin were
counted using a shielded Geiger tube and Nuclear
Instrument and Chemical Corp. Model 161 scaler and
corrected for background and sample decay which
occurred during the preparation time. The photolyzed
and dark solutions were treated identically.

Results

Preliminary experiments in which peroxodiphosphate
solutions containing mild reducing agents were pho-
tolyzed showed that oxidations are caused by the
products of the photoexcitation of PD 8-; comparable
oxidations are not caused by P2 &- under dark but
otherwise equivalent conditions or under dark but
higher temperature (100°) conditions. In order to
investigate these reactions in detail, the reaction
between photoexcited peroxodiphosphate and water
was studied in the pH range 3-14. We consider these
results before turning to the reactions involving ethanol
and 2-propanol.

Photolysis in Water. The primary oxidized product
of the reaction is molecular oxygen, as indicated qual-
itatively by mass spectrometer and quantitatively by
by a gas volumetric technique (reproducible to £+5%).

(6) T. Chulski, Ph.D. Thesis, Michigan State University, 1953;

cf. also C. H. Chong, Ph.D. Thesis, Michigan State University,
1958.

(7) 1. M. Kolthoff and E. B. Sandell, “Textbook of Quantitative
Inorganic Analysis,” Macmillan Co., New York, N. Y., 1943, p 551.

(8) R. E. Ball, J. O. Edwards, and P. Jones, J. Inorg. Nucl. Chem.,
28, 2458 (1966).

(9) (a8 C. A. Bunton and D. R. Llewellyn, Research, 5, 142 (1952);
(b) M. Anbar, J. Amer. Chem. Soc., 83, 2031 (1961).



Photochemistby of Peroxodiphosphates

Phosphate was identified by precipitation
(NH4PO04- The overall stoichiometry then is

of Mg-

2PV - + 2HaOD —» 02+ 4HPO4-

The oxygen evolved from peroxodiphosphate solutions
photolyzed in H®D contained 6.00 + 0.11% HD 18 after
correction for the water of hydration of Li 2D 8-4HD,
whereas the true O18content of the solvent HD was
found to be 6.14 + 0.16%. Thus, within the stated
error limits, all of the evolved 0 2 derives from the
solvent water.

The photolysis of peroxodiphosphate in water, carried
out as described in the experimental section, was found
to be first order in peroxodiphosphate, as shown by the
linearity of plots of log [P]r vs. irradiation time over
two half-lives or more, throughout the pH range 3-11.
Representative plots are presented in Figure 1. Here

Figure 1. First-order plots for decrease in peroxodiphosphate
concentration as a function of time at pH 9.0. The runs are for
PiOs4-in: O, pure water; [, water with ethanol; and A, water
with 2-propanol.

[P]t is the total concentration of peroxodiphosphate
species, regardless of degree of protonation.

The overall quantum yield € was found to be essen-
tially invariant with pH, in the absence of added phos-
phate or metal ions other than alkali ions, as shown in
Table | and Figure 2. The quantum yields were calcu-
lated on the basis of [P]r using the known quantum
yield of 0.60 for the photodecomposition of peroxodi-
sulfate6to calibrate the photolysis system. The molar
extinction coefficients of HBPD &-4 (n = O, 1, 2, 3) are
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Table I: Dependence of the Overall Quantum Yields ($1) for
Photodecomposition of Peroxodiphosphate upon pH°

|W\
pH* T

3.12 0.020 0.81
4.96 0.020 0.80
6.42 0.020 0.80
7.84 0.020 0.78
9.10 0.020 0.80
11.40 0.020 0.81
13.35 0.020 0.80
13.74 0.020 0.78
« T = 25°

Figure 2. Plots showing the quantumyield as afunction of pH.
The smoothed curves connect the data for photolysis with:

A, purewater; 0, water with ethanol; and O, water

with 2-propanol.

identical to within 2%, an indication that the transition
moment for the peroxide absorbance is not greatly af-
fected by the protonation of sites several atoms away.
Thus, pH variations of quantum yields which are calcu-
lated on the basis (i.e., [P]r) are expected to reflect the
dependence of the reaction on hydronium or hydroxyl
ion concentration; surprisingly, no such variation was
observed.

The data of Table Il show that ¢Tis independent of
[P]F in the range 0 < [P]r < 0.050 M. In addition,
4t does not vary with radiation rates giving rise to light
absorptions in the range 3.8-5.0 X 10¥6photons sec-1.

Since P043- is a product of the reaction and since
Tsao and Wilmarthé had found that in the photolytic
decomposition of peroxodisulfate the addition of moder-
ate amounts of both acid and sulfate decreased the quan-
tum vyield, we have investigated the effects of added

The Journal of Physical Chemistry, Voi. 74*No. 28, 1970
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Table 11: Dependence of the Overall Quantum Yield
for Photodecomposition of Peroxodiphosphate on
Initial Peroxodiphosphate Concentration [P] Tl

IP]t* pH* ore°

0.020 11.40-13.74 0.80"
0,0403 c 0.77
0.0281 c 0.80
0.0174 « 0.80
0.0120 ¢ 0.79
0.0098 ¢ 0.81

= 25°, DbAverage of three values. eEnough NaOH

added to bring pH to 13.

Table 111: Dependence of the Overall Quantum Yield ($)
for the Photodecomposition of Peroxodiphosphate in
Water upon pH in the Presence of Added Phosphate

[Plry [PO.'-Jr]
pH1 M
2.50 0.020 0.400 0.83
3.31 0.020 0.400 0.79
5.38 0.020 0.400 0.81
6.39 0.020 0.400 0.79
6.60 0.020 0.400 0.81
7.55 0.020 0.400 0.80
8.50 0.020 0.4Q0 0.62
9.59 0.020 0.400 0.57
11.10 0.020 0.400 0.60
«T = 25°

phosphate and acid in the P2 8- photolysis. The
results as shown in Table 111 indicate that there is no
appreciable effect on I for acidic or neutral solutions,
but $tis depressed by added P 043- in basic solution.

In order to compare more directly the results for the
peroxodiphosphate photolyses with those for peroxodi-
sulfate, we have photolyzed peroxodisulfate in the pres-
ence of added sulfate and also added phosphate. As
shown in Table IV, addition of either S04- or P043-

Table 1V: Dependence of the Overall Quantum Yield
(4¢) for the Photodecomposition of Peroxodisulfate in
Water upon Added Sulfate or Phosphate*'6

[Sirl [SOm"Jry, [P0>|\>'/-|]T>,

pH* M M *T°
11.80 0.020 0.400 0.0 0.40
7.00 0.020 0.400 0.0 0.59
2.51 0.020 0.400 0.0 0.17
10.59 0.020 0.0 0.400 0.43
8.31 0.020 0.0 0.400 0.42
5.98 0.020 0.0 0.400 0.52
2.62 0.020 0.0 0.400 0.50
°T = 25°. 6][Slyl = SD&- total concentration, regardless

of degree of protonation. c Relative quantum yield based on
4x = 0.60 assumed for photodecomposition of S2s2- in pure
water.
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resulted in a decrease in the quantum yield in both acidic
and basic solutions from the value of §Tin neutral solu-
tions in their absence.

The effect of added P 043- on the value of €I in basic
solutions prompted us to compare the extent of ex-
change between P043- and P2 &- in photolyzed and
nonphotolyzed solutions by adding 3P-labeled P 043~
to P2 8- at various pH values from 0.90 to 9.38. The
data of Table V show the results of this experiment.

Table V: Exchange of P2between Phosphate and
Peroxodiphosphate under Dark and Photolytic Conditions*'6

A[P,08 -]

['»PO«*-Iri, [Plrt nonphoto-  A[PaOs4-]
pH* M M lyzed photolyzed
9.38 1.0 X 10-3 0.020 206 265
6.54 1.0 X 10-3 0.020 230 206
2.65 1.0 X 10-3 0.020 255 280
0.90 1.0 X 10-3 0.020 218 317

“T = 25° 6Samples were photolyzed for 5 min before
separation. Activity A is in counts min-1 ml-1, and result

from triplicate experiments corrected for background of 74
counts min-1.

The average counts (min-1 ml-1) for a photolyzed sam-
ple (sum of all pH values) is 267 while it is only 227 for
the nonphotolyzed samples. For complete exchange of
labeled phosphate the counting rate should be about
1000 counts min-1. The average difference between
photolyzed and nonphotolyzed samples was about 40
counts min-1; thus the apparent exchange under these
conditions is about 4%. The exchange percentage is
believed to be larger than our experimental error; how-
ever, it was not deemed sufficient to warrant further
study.

When the photolytic reaction was carried out, the
absorbance usually decreased exponentially and plots of
log [P]r vs. time irradiated were linear for two half-lives
or more. With one sample of peroxodiphosphate, how-
ever, the absorbance often initially increased, followed
by an exponential decrease. Typical absorbance vs.
time irradiated curves for the normal case and for the
experiments with the one preparation (all in deionized
water and carbonate-free base) are shown in Figure 3.

This behavior suggested the presence of an inter-
mediate formed from an impurity in the one batch of
peroxodiphosphate. The initial absorbance was more
obvious in basic solution than in neutral solution. No
distinct maxima or minima in the spectra were observed,
but the spectrum appeared to be an enhancement of the
peroxide spectrum. The enhancement of absorption
was found to be as much as three times that of the per-
oxide present, and the maximum effect obtained was in
time intervals from 30 sec to 180 sec, being sample-
dependent. In addition, for those samples in which
this phenomenon was observed we noted that 0 2evolu-
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TIME IRRADIATED firin)
Figure 3. Plots of absorbance at 240 nm as a function of

irradiation time for: (—) purified PAV~ in water, and (— )
PjO&- containing asmall amount of cupric ion in water.

tion continued for periods of an hour or more after
termination of photolytic exposure, whereas oxygen
evolution normally ceased shortly after cessation of
photolysis. After a number of experiments, it was
found that the behavior could be matched if a drop of
0.001 M copper(ll) solution was added to the peroxo-
diphosphate solution to be photolyzed. It seems likely
that the intermediate is a copper(lll) and peroxodi-
phosphate complex. No further study of this complica-
tion was carried out.

Photolysis in Presence of Alcohols. The reactions be-
tween photoexcited peroxodiphosphate in water and
2-propanol and ethanol separately were studied in the
pH range 2-13.5. The primary final products of the
oxidations of 2-propanol and ethanol are expected and
found to be acetone and acetaldehyde, respectively.
They were identified by their characteristic ultraviolet
absorptions at 268.0 and 278.0 nm, respectively. In
all cases absorbances at long reaction times (tm) cor-
responded to concentrations of acetone or acetaldehyde
above 90% of the initial peroxodiphosphate concentra-
tion. After each timed exposure to 235.7-nm radiation
at 25°, the spectrum of the reaction solution was mea-
sured. As shown in Figures 4 and 5, for each reaction,
spectra taken after consecutive exposures contained a
good isosbestic point for roughly the first two half-lives.
This point is 266 nm for ethanol, and for 2-propanol two
points, at 257 and 295 nm, are observed. The second
(295 nm) isosbestic point for the 2-propanol reaction was
not observed unless carbonate was rigorously excluded
from the solution. Since the carbonate absorption max-
imum is in the far-ultraviolet,11it seemed probable that
the difficulty was due to an impurity rather than the
carbonate itself.

In the course of the first 1.5 half-lives the formation
of acetone (or acetaldehyde) was 98-100% of the loss of
peroxodiphosphate, and at long times (f-*m =») the prod-
uct concentration corresponded to ca. 0.9 [Pjrk This
behavior led us to photolyze the product acetone at 0.3
M under analogous pH and temperature conditions.
The loss of acetone during 9 X 103sec of photolysis was
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Figure4. Spectra at various irradiation times for photolysis of
P1(V ~ and agueous ethanol at pH 10.86.

Figure 5. Spectra at various irradiation times for photolysis of
PZV “ and 2-propanol at pH 11.76.

15%. The alcohols alone do not appear to undergo any
significant photolytic reaction under these experimental
conditions.

The decomposition of peroxodiphosphate was first
order in [P]r, as observed in the absence of alcohol, with
irradiation rates which give absorption rates of 3.8 X
1036 photons sec-1 in the reaction cell at the initial
peroxodiphosphate concentration used. Plots of log
[P]r vs. irradiation time were linear, in the presence of
either 2-propanol or ethanol, for two half-lives or longer.
Dissolved oxygen was found to have an inhibiting effect
which is pH dependent, but the nature of this inhibi-
tion, whether a chemical or solubility effect was not in-
vestigated; and oxygen was rigorously excluded in ex-

(10) Details are presented in R. J. Lussier, Ph.D. Thesis, Brown
University, 1969.
(11) E. Hayon and J. J. McGarvey, J. Phys. Chem., 71, 1472 (1967).
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periments leading to the results given in the tables of
this paper.

The quantum yields for these reactions were found to
be dependent upon both the initial pH and the alcohol
concentrations, but in rather different ways. The
guantum yield is independent of the alcohol concentra-
tion, in the case of each alcohol, if the alcohol concen-
tration is above a limiting value which is different for
the two alcohols; some of the data are given in Table V1.

Table VI: Dependence of the Quantum Yield for the
Peroxodiphosphate Photolytic Oxidation of 2-Propanol
and Ethanol upon Alcohol Concentration

Initial Alcohol concn,
pH M
2-Propanol
11.40 0.8716 1.7
11.40 0.6550 1.7
11.40 0.3258 1.7
12.10 0.1394 1.7
13.00 0.0697 1.7
11.75 0.0523 1.4
Ethanol
11.50 0.6870 1.08
11.50 0.3430 1.11
11.50 0.1720 1.09
10.30 0.1374 1.07
10.10 0.0916 1.04
10.10 0.0687 0.86
I* = 0.02 M; = o

For the reaction with 0.020 M peroxodiphosphate at
pH values in the 10-13 range, the limiting concentra-
tions have been estimated to be 0.06 M for 2-propanol
and 0.08 M for ethanol.

The pH dependence of the quantum yields, however,
is rather striking in view of the results in the absence of
alcohols. The quantum yields in the range 9.5-13.0
were found to be constant; under these conditions, §1
is 1.7 = 0.1 for the 2-propanol photolysis and 1.05 *
0.08 for that of ethanol. As the pH is lowered below
9.3 the quantum yield increases until about pH 4, where
a maximum quantum yield is reached. For 2-propanol
the maximum quantum yield is about 43, while for
ethanol it is about 27; data are presented in Table VII.
Note that the ratio of the quantum yields for the two
alcohols in acid (pH 4) is about the same as the ratio of
the quantum yields for the two alcohols in basic solu-
tion; this ratio is about 1.6. The overall pH depen-
dence of the quantum yield is given in Figure 2 for both
alcohols. The curves for the alcohol reactions in Fig-
ure 2 have about the same shape, with the increase and
leveling off of the quantum yield occurring at about the
same pH for both alcohols; thus the principal difference
is in the values of the quantum yields.
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Table VII: pH Dependences of the Quantum Yield for the
Peroxodiphosphate Photolytic Oxidations of
2-Propanol and of Ethanol

-2-Propanol--——————--» e Ethanol-
pH* ire pH* <h
13.45 1.7 13.60 1.10
13.00 1.7 13.11 1.09
12.75 1.7 12.55 1.09
11.41 1.7 11.89 1.06
10.85 1.7 11.28 1.01
10.41 1.7 10.10 1.04
9.60 1.7 9.49 1.09
9.50 1.7 8.51 2.2
7.85 5.2 7.50 4.7
6.10 8.8 6.45 5.3
4.40 30.8 5.01 15.9
4.11 35.4 5.20 11.1
3.70 39.4 4.52 26.3
2.50 36.4 3.80 26.3
241 42.4 3.11 27.9
2.00 32.2 271 25.9
2.00 28.0
«[PIT —0.020 M; [2-propanol] = 0.0697 M; T =

[P]r*= 0.020 M; [ethanol]] = 0.0916 M; T = 25°

Discussion

Mechanism for Photolysis in Water. The experi-
mental results have shown that the reaction is first order
in [P]r, with respect to photolytic exposure; that re-
actions involving H+(aqueous) or OH*" (aqueous) do
not influence the quantum yield; that a small amount of
phosphorus exchange occurs between P2 84- and P043-;
and that essentially all of the oxygen derives from the
solvent water. Furthermore, the value of ¢4 is on the
order of one. We propose the following mechanism,
consistent with the results, for the aqueous photolysis
(with the asterisk denoting a molecule in an excited
state).

PD&m+ hv-" *PD& ¥ 2P 042- @

P042 + HD HPCV- + OH- (@)
P04«2- + OH--A- PO& + OH- ©)
2P04-2- PdV- @

20H- -">h 22 (@)

2HD2 02+ 2HD ®)

One of the differences between this mechanism and
the one proposed for the peroxodisulfate decomposition
is the omission of a reaction between H2 2and P2 & -.
This reaction may occur but our data do not demand it.
The present mechanism also differs in the second and
third steps. The reaction between phosphate radical-
ion and water apparently does not reach equilibrium,
since inhibition by phosphate plus acid does not occur.
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It is proposed that reactions 2, 3, and 4 account
for the loss of PO4&-. These three steps are com-
peting reactions with step 3 only becoming impor-
tant in basic solution. The reverse of reaction 3 is
postulated as being the reason for the inhibition by
phosphate ion in basic solution and the small amount of
phosphorus exchange. Apparently, this type of elec-
tron exchange becomes less important as the degree of
protonation of phosphate increases.

The primary source of the oxygen is postulated to be
the decomposition of hydrogen peroxide. Reaction 6
only indicates the overall stoichiometry and does not
imply a simple decomposition of hydrogen peroxide.
Hydrogen peroxide (and peroxomonophosphate, if
formed) must be decomposed rapidly since they could
not be detected.

Photolysis in Presence of Alcohols. From the experi-
mental data it appears that there are several mechan-
istic paths operating, with the acidity of the solution
(and therefore the degree of protonation of peroxodi-
phosphate) influencing the nature of the reaction.
From the known photochemical behavior of peroxides,45
the inhibition by dissolved oxygen,2 the general re-
actions of radicals,13 and the experimental data, the
following mechanisms are proposed.

Basic Solution. In basic solution (pH ~9) the quan-
tum vyields in the presence of 2-propanol and ethanol
were 1.7 and 1.05, respectively. Since both values are
greater than the quantum yield of 0.80 observed for the
photolytic decomposition of peroxodiphosphate in aque-
ous solution, then a multistep process is probably in-
volved and attack of an organic radical intermediate on
the peroxodiphosphate must occur. The proposed
mechanism is step 1above plus the following.

pod2 - (CH3XLHOH

HPO2~ + (CH3XLOH (7)

(ch3XZoh + pZ2y- -X
(CH3ZO + P04-2 + HPOL (8

(CH3XTOH + P04-2 (CH3ZO + HP(V- (9)

2(CH3XOH L (CH3ZTHOH + (CH3XTO (10)

fell
2P04-2~ —mPD 8- (11)

The two propagation steps (eq 7 and 8) are reasonable
in view of the observations on reactions of several alco-
hols with peroxides (ref 2, 4, 5d, 12-14). All three
termination steps (eq 9 through 11) are consistent with
the kinetics and the stoichiometry, but the step

2(CH3DOH — > HOC(CH3 X (CH3DH

is excluded by the stoichiometry. The same type of

mechanism can be invoked for the ethanol oxidation.
The increase of quantum yield in the presence of alco-

hol is accounted for by the ks step wherein the organic
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radical attacks peroxodiphosphate ion. Nevertheless
the chain length is still short, which is similar to the
results obtained for photolysis of hydrogen peroxide in
the presence of alcohol.14 In that study, the data for
2-propanol and ethanol were found to be consistent with
a termination step such as eq 10.

An obvious step that might have been included (but
was not) in the alcohol oxidations (since it was used in
the proposed mechanism for water oxidation) is eq 2.
Steps such as eq 7 are known to be very rapid in the re-
actions of sulfate radical-ion with alcohols.5d Also, the
step of eq 2 would be nearly athermal whereas steps such
as eq 7 should be exothermic by about 20 kcal mol-1; D
therefore, we expect that kj A> 2

Acid Solution. In acid solution, a longer chain ob-
tains as indicated by the increase in quantum yield for
alcohol oxidation; no comparable increase in the water
oxidation was observed. The quantum vyield in the
presence of alcohol began to increase about pH 9, and
then kept increasing until about pH 4. The quantum
yield appeared to undergo no further increase below
pH 4. The first protonation of P2 84- begins to occur
ataboutpH 9, and at pH 4 the concentration of HP D &-
reaches its maximum.lab The proposed mechanism in
acid and neutral solution is similar to the mechanism
proposed in basic solution, and it is given below.

HPD&- + hv-"> *HPD&- — 2HPO04= (H)

hpod - + (CH3ZXHOH
H®P04 + (CH3XZOH (70

(CH3XOH + HPD -
(CH3XO + hdo4 + HPO04- (80

HPOr- + (CH3XOH
HP04 + (CH3ZO (90

2(CH3XCOH (CH3XO + (CH3XTHOH (100

It is to be noted here that the exact nature of the steps
isuncertain. A detailed study might, for example, dis-
tinguish between the various termination steps. Also,
such a study might clarify the reason that pH (or its
kinetic equivalent, protonation of peroxodiphosphate)
causes a marked change in quantum yield. The attack
of the organic radical presents another problem, i.e., the
correct choice between the alternative transition states

(12) (a) D. L. Ball, M. M. Crutchfield, and J. O. Edwards, J. Org.
Chem., 25, 1599 (1960); (b) J. O. Edwards, A. R. Gallopo, and J. E.
Mclsaac, Jr., J. Amer. Chem. Soc., 88, 3891 (1966); (c) J. E. Mclsaac,
Jr., and J. O. Edwards, J. Org. Chem., 34, 2565 (1969); (d) A. R.
Gallopo, Ph.D. Thesis at Brown University (1967); (e) L. R. Sub-
baraman and M. Santappa, Proc. Indian Acad. Sci., 64, 345 (1966).

(13) (a) E. S. Huyser and D. C. Neckers, J. Amer. Chem. Soc., 85,
3641 (1963); (b) E. S. Huyser and C. J. Bredeweg, ibid., 86, 2401
(1964).

(14) J. Barrett, A. L. Mansell, and R. J. M. Ratcliffe, Chem. Com-
mun., 48 (1968).
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might be made on the basis of an appropriate study,
such as that carried out by Huyser and coworkersi3on
the induced decomposition of dialkyl peroxides in var-
ious media.

We have postulated the existence of the phosphate
radical-ions P04~ and HP 04~ on the basis of the chem-
istry of our reactions and also on the basis of the anal-
ogous chemistries of hydrogen peroxide and peroxodi-
sulfate. There is, moreover, independent evidence for
the phosphate radical-ions in the peroxodiphosphate
oxidation of vanadyl ion,Id in flash photolysis of phos-
phates,5and in the polymerization of vinyl monomers
by peroxodiphosphate alone or in the presence of
iron(11) complexes.®

Other Points. Our data are sufficient to clarify the
general behavior of the peroxodiphosphate photolyses.

Kh. AI-Ani and David Phillips

There are, however, some unresolved points which
should be the subjects of further investigation such as
(1) the nature of the termination steps, particularly in
the acid range for alcohol oxidation, (2) the nature of
the copper-containing intermediate, (3) the low quan-
tum vyields for alcohol oxidation (compared with the
chain length 2000 for 2-propanol oxidation by peroxodi-
sulfate), (4) the specific sites of radical attack in the
propagation, and (5) the difference in quantum yield
between the alcohol oxidations in basic and acidic solu-
tion.

After completion of our manuscript, it came to our
attention that Wilmarth and his coworkers also investi-
gated the photochemistry of the peroxodiphosphates.
The results of the two investigations, where they over-
lap, were similar.T7
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Photophysical processes occurring when pentafluorobenzene vapor is excited at 2700, 2650, 2540, and 2480 A
have been investigated. The quantum yield of fluorescence is very small, being £40 = 0.04, tF® = 0.017,
438D = 0.015, 428= 0.016, and increases at the shortest wavelengths with increase in inert gas pressure. Use
of the biacetyl sensitization and cts-but-2-ene techniques indicate that a short-lived triplet state of penta-

fluorobenzene is also formed under these conditions.

reported.

Introduction

The photochemistry of several fluorinated aromatic
molecules has aroused interest of late. This class of
compounds is an interesting series in that all of its
members are volatile liquids, enabling a complete
study of the effect of substitution upon radiative and
nonradiative processes to be carried out in the gas
phase. Early work on monofluorobenzenel indicated
that the fluorescence yield was similar to that of benzene
when excited at 2540 A, and the average yield of sensi-
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Some results on pentafluoropyridine are also briefly

tized phosphorescence from biacetyl at this wavelength
was given as 0.136. This indicated a triplet state yield
of 0.88. However, use of spectrofluorometric tech-
niques to repeat this work indicated that the sensitized
phosphorescence yield was much smaller, giving an
apparent triplet state yield of 0.3.2 This latter result

* To whom correspondence should be addressed.
(1) 1. Unger, J. Phys. Chem., 69, 4284 (1965).

(2) M. E. MacBeath, G. P. Semeluk, and I. Unger, ibid., 73, 995
(1969).
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has been verified,3 and the low value has been shown to
be caused by singlet quenching of the fluorobenzene by
the biacetyl, coupled with difficulties due to the geom-
etry of the optical system in measuring emission
yields. These difficulties can be avoided by using the
sensitization of the cis-trans isomerization of but-2-ene
as a quantitative measure of aromatic triplet state
formation, and a value of the triplet state yield at sev-
eral wavelengths was obtained for fluorobenzene using
this compound.4 This result has.also been checked3
and found to be correct within 10%. Moreover, the
apparent singlet self-quenching observed in emission
measurements has been shown 'to be absent by use of
the but-2-ene technique.3

Spectrofluorometric techniques have also been used
to estimate the fluorescence and triplet state yields of
the difluorobenzenes,56 1,2,4- and 1,3,5-trifluoroben-
zenes,7 and recently the tetrafluorobenzenes.8 Mea-
surements of quantum yields of fluorescence and mean
radiative lifetimes were found to be consistent with
values expected from a consideration of the symmetry
properties of the nominal excited and ground states of
the molecules. It was noticed that upon progressive
fluorination the fluorescence yields of substituted ben-
zenes gradually reduced in value, that of hexafluoro-
benzene being very small,9in agreement with values for
other perfluoroaromatics.10 Moreover, as the number
of fluorine atoms in the aromatic ring increased, the
apparent lifetime of the triplet state was reduced such
that difficulty was experienced in obtaining an estimate
of the triplet state yield by chemical quenching tech-
niques.

It seemed of interest to study the photochemistry of
pentafluorobenzene in order to allow data on the com-
plete series of fluorinated benzenes to be compared.
We report here the results of experiments carried out to
measure the fluorescence yields and triplet state yields
of pentafluorobenzene in the gas phase at 25° at several
exciting wavelengths. A preliminary report of this
work has been given.1l

Experimental Section

The apparatus was similar to that used in the past,49
and consisted of a conventional high-vacuum system for
gas handling, an optical system for selection of exciting
wavelengths and detection of absorption and emission
of radiation, and a chromatographic setup for analysis
of starting materials and products.

The gas handling system was evacuated down to
better than 10_4 Torr using an Edwards ISC 30A rotary
pump with a glass mercury diffusion pump. Springham
greaseless stopcocks were used throughout. The reac-
tion vessel was a 60 mm long cylindrical quartz cell of
30-mm diameter, with a centrally placed 20-mm circular
side T-window and a cold finger underneath. The
vessel was attached to the vacuum system via a Pyrex-
quartz graded seal and a Springham 4-mm stopcock.

47

Light from a Hanovia S-100 medium pressure mercury
lamp was focused on to the entrance slit of a Hilger
and Watts D 330 grating monochromator fitted with
a Bausch and Lomb grating blazed at 300 nm and giving
a reciprocal dispersion of 25 nm/mm. Light at the
selected wavelengths was then focused into a narrow
parallel beam which passed through the reaction vessel
and was monitored on an RCA 935 phototube. Light
emitted at right angles to the exciting beam was sensed
by an RCA 1P28 photomultiplier tube. Photocurrents
were displayed on a Victoreen 1001 electrometer, and
the power supply for the photomultiplier tube was an
A.E.l. Type R1184. Coming filters CS 3-71 and CS-54
were interposed between the 1P28 tube and the reaction
vessel to isolate the required regions of the spectrum
and cut down scattered incident radiation.

Chromatographic analysis was performed on a Pye
series 104 chromatograph using flame ionization detec-
tion. Separation of the cis and trans isomers of but-2-
ene was achieved using a 3.5-m column of 3.5-mm in-
ternal diameter packed with saturated silver nitrate in
ethylene glycol adsorbed on 60-80 mesh Celite. Analy-
ses of the purity of the starting material were carried out
on a3.5-m Carbowax 20 M column.

Emission quantum yields were measured relative to
benzene as a standard. The quantum yield of ben-
zene fluorescence at 2540 A was taken as 0.18.122 Trip-
let state yields for pentafluorobenzene at various wave-
lengths were also measured relative to that for benzene
at 2540 A 0of 0.7.13

Absorption spectra of pentafluorobenzene were taken
on a Unicam SP 800 spectrophotometer, and emission
spectra on a Farrand Mk 1 spectrofluorometer.

Materials. Pentafluorobenzene was obtained from
Ralph N. Emanuel Ltd. It was shown by vapor phase
chromatography to contain 0.4% impurity. Distilla-
tion in vacuo reduced this, and the material was used
without further purification.

Benzene was obtained as chromatoquality from
Matheson Coleman and Bell. It contained no impuri-
ties detectable by chromatographic techniques.

(3) Kh. Al-Ani and D. Phillips, to be submitted for publication to
J. Phys. Chem.

(4) D. Phillips, ibid., 71, 1839 (1967).

(5) F. W. Ayer, F. Greiss, G. P. Semeluk, and I. Unger, Ber. Bunsen-
ges. Phys. Chem., 72, 282 (1968).

(6) J. L. Durham, G. P. Semeluk, and I. Unger, Can. J. Chem., 46,
3177 (1968).

(7) G. P. Semeluk, R. D. S. Stevens, and I. Unger, ibid., 47, 597
(1969).

(8) 1. Unger, private communication.

(9) D. Phillips, J. Chem. Phys., 46, 4679 (1967).

(10) H. M. Rosenberg and S. D. Carson, J. Phys. Chem., 72, 3531
(1968).
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International Conference on Photochemistry, New York, Sept 1969.
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cis-But-2-ene was obtained from Cambrian Chemi-
cals Ltd. It contained 0.07% frans-but-2-ene as an
impurity and was used without attempts at further
purification.

Biacetyl was obtained from British Drug Houses Ltd.
It was found to be pure and was stored in a blackened
bulb at room temperature.

Oxygen was prepared on the vacuum line by heating
Analar grade potassium permanganate.

Cyclohexane was spectroquality obtained from British
Drug Houses Ltd. It was found to contain 0.2% im-
purity.

Sulfur Hexafluoride. A cyclinder of this gas was
obtained from Matheson Ltd. It was shown to be
approximately 99% pure and was used without further
purification.

Results and Discussion

Fluorescence of Pentafluorobenzene. Figure 1 shows
the absorption and fluorescence spectra of pentafluoro-
benzene compared with those of monofluorobenzene and
hexafluorobenzene. It can be seen from Figure 1 that

Figure 1. Absorption and fluorescence spectra of some
fluorinated benzenes. Path length = 1 cm; C@49- concn =
0.9 X 10-3 mol I.-1; CsFsH concn = 3 X 10~3mol. I.-1.

in pentafluorobenzene, as in hexafluorobenzene, there
is no evidence of the vibrational structure readily seen
in fluorobenzene in absorption. It can also be seen
that although the position of the first absorption band
in all three compounds is similar, the onset of the second
band shifts to longer wavelengths upon progressive
fluorination, such that in hexafluorobenzene absorption
at wavelengths in the region of 250 mm must produce
two excited states, as noted previously.9 However,
this complication is absent in pentafluorobenzene and
integration of the area under the absorption curve for
the first band allows an estimate of the mean radiative
lifetime of the first excited singlet state of 1.35 X 10~7
sec. Pentafluorobenzene and fluorobenzene both be-
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long to the C*v point group for which the radiative
transition from the 1Bi excited state to the 4Ai ground
state is orbitally allowed. The radiative lifetime for
pentafluorobenzene obtained above is close to that ob-
tained for fluorobenzeneland for other fluorinated ben-
zenes belonging to the same point group.66' 4

The fluorescence spectrum of pentafluorobenzene
excited in the first singlet band is seen to be a broad
structureless band extending to much longer wave-
lengths than that of fluorobenzene. It closely resem-
bles the emission spectrum of hexafluorobenzene in this
respect. On a frequency scale, the fluorescence spec-
trum is a reasonable mirror image of the absorption
spectrum and the position of the 0-0 transition can be
estimated to be at about 275 nm.

The fluorescence emitted by pentafluorobenzene is
very weak compared with that of benzene or fluoro-
benzene. There can be difficulties in interpretation of
results on fluorescence quantum yields in aromatic mole-
cules which have a very structured absorption spec-
trum, but since pentafluorobenzene shows only a broad
structureless absorption band, it is permissible to apply
corrections to crude values of apparent quantum yields
of fluorescence to account for the geometry of the view-
ing system. When these are performed, the values
for the fluorescence yields of pentafluorobenzene ex-
cited at four different wavelengths showed little detect-
able variation with pressure over the limited pressure
range available (1-25 Torr). The mean values of the
fluorescence yields are shown in Table I.

Table I:  Quantum Yields of Fluorescence of
Pentafluorobenzene, 4+ in the Pressure
Range 0-25 Torr, 25°

Wavelength,

nm $
2720+ 25 0.041 £ 0.004
265.0+2.5 0.017 £ 0.002
254.0+2.5 0.015 + 0.002
248.0+ 2.5 0.016 £ 0.002

At all wavelengths studied, addition of various inert
gases caused the fluorescence quantum yields of penta-
fluorobenzene to increase slightly. The equations of
the best straight lines for the various added gases are
shown in Table Il. Oxygen differed in that it appar-
ently quenched the fluorescence slightly.

These results may be explained by the following sim-
ple reaction mechanism.

A + hv—*7Am 1)
Am—> A or product 2)
‘A.+ A—> A0+ A ?3)

(14) D. Phillips (unpublished results).
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Table Il : Effect of Added Gases upon
for Pentafluorobenzene”

Wave- Pressure,
length, range,
nm Added gas Equation of line Torr
272 + 2.5 Cyclohexane 4f = 0.041 + 3.49 [M] 0-50
272 £2.5 SF, = 0.041 + 2.28 [M] 0-140
262 + 2.5 Cyclohexane = 0.018 + 1.04 [M] 0-50
265 +2.5 SF6 $F = 0.018 + 0.37 [M] 0-140
265 £ 2.5 cis-Butr2-ene &F = 0.018 + 0.37 [M] 0-140
265+ 2.5 02 3> = 0.018 + 0.49 [M] 0-100
254 + 2.5 Cyclohexane sr = 0.015 + 0.73 [M] 0-50
254 £2.5 sf6 »F = 0.015 + 0.11 [M] 0-140
254 £+ 2.5 cis-But-2-ene <+ = 0.015 + 0.19 [M] 0-140
254 £ 25 02 «~ = 0.015 - 0.15 [M] 0-100
248 + 2.5 Cyclohexane No discernable trend 0-50
248 + 2.5 SFe 3f = 0.019 + 0.08 [M] 0-140
248 +2.5 m-But-2-ene sr = 0.019 + 0.12 [M] 0-140
248 + 2.5 02 < = 0.019 - 0.25 [M] 0-100

* Pressure of pentafluorobenzene = 5 Torr throughout. [M]
= concentration of added gas in mol/l.-1. It has been assumed
that the quantum yield of fluorescence of pentafluorobenzene at
a pressure of 5 Torr is the same as the value extrapolated to
zero pressure. If any real self-quenching is subsequently shown
to occur, the value of at zero pressure of inert gas shown in
this table must be adjusted accordingly.

+ M —> A0+ M @)
0— > A or product (5)
‘Ao — » A - hv (6)

Ao — » 3, @)

where A = aromatic, superscripts refer to multiplicity,
subscripts to vibrational energy content, and M =
added gas.

Application of the steady state approximation to
this scheme vyields the equation for the fluorescence
yield at various wavelengths of

(h[A] + MM]) fa
F (fcj[A] + fa[M] + fa) fa+ fa+ fa) W

Provided that fa » f3[A] » f&4[M], this equation
can explain the linear dependence of «r upon pressure
of inert gas observed at most wavelengths. It should
be noted that at the different wavelengths, excited sing-
let aromatic molecules are prepared with differing
amounts of vibrational energy; thus the various values
of fawill be different at each wavelength, e.g., at 248 nm
fA[M] appears to be vanishingly small. The results
imply that the major route for vibrational relaxation is
via collision with ground state aromatic molecules; this
conclusion has been reached in other studies. It can
be noted that as the vibrational energy content of the
initially excited state increases, process 4 competes less
effectively with process 2. Process 2 has been written
as either an internal conversion to the ground state, or
as formation of a chemical product, possibly an isomer.
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The “Dewar” isomers of pentafluorobenzene have been
observed in the photolysis of pentafluorobenzene,®
although quantum yields have not been determined.
In the hexafluorobenzene system, which behaves simi-
larly,1617 the Dewar isomers correlate with the excited
triplet state however;8B thus the “Dewar” isomers ob-
served in the present system may also arise from the
triplet state rather than the singlet. This point re-
quires clarification by construction of correlation dia-
grams for aromatics belonging to the C2s group and
will be carried out in a later communication. It suf-
fices to say that isomerizations are likely to arise if the
aromatic distorts greatly upon absorption. Inspection
of the positions of the absorption and emission maxima
in the spectra of both pentafluorobenzene and hexa-
fluorobenzene indicates that there are considerable
differences in the geometry of the ground- and excited
singlet states of both molecules. It appears not un-
reasonable therefore to write process 2 as an isomeriza-
tion and it is hoped to test this hypothesis in subsequent
experiments. Reaction 5 has been included be-
cause even at wavelengths close to the 0-0 band,
fluorescence and triplet state yields are small.

The observed quenching of the fluorescence of penta-
fluorobenzene by oxygen may be explained by the
following two additional steps.

A0+ ()*(%-) —>A + 0CA, or % +) 9)
A0+ 02%~) —mA0+ 0% ~) (10)
The additional alternative processes
*o+ 0% -) —* A0+ 0,0a,) (11)
‘At+ 024B,-) — A+ 022,-) (12)

have been ruled out in the benzene system,19 and may
thus also be unimportant here. The quenching effect
should lead to an exponential drop in pentafluoroben-
zene fluorescence with increase in oxygen pressure.
However, the effect is small, and the experimental val-
ues can be represented by a linear drop.

Triplet State of Pentafluorobenzene. The relative
merits of the two techniques available for estimation of
triplet state yields of aromatic molecules in the gas
phase, those of the sensitized phosphorescence of bi-
acetylDand the cis-trans isomerization of but-2-ene,21'2

(15) E. Ratajczak, P. Cadman, and A. F. Trotman-Dickenson,
submitted for publication in J. Chem. Soc. A; E. Ratajczak, Rocz.
Chem., 44, 447 (1970).

(16) 1. Haller, J. Chem. Phys., 47, 1117 (1967).

(17) A. Bergorni and F, Gozzo, Chim. Ind., 50, 745 (1968).

(18) D. Biyce-Smith and H. C. Longuet-Higgins, Chem. Commun.,
593 (1966).

(19) D. R. SneUing, Chem. Phys. Lett., 2, 346 (1968).

(20) H. Ishikawa and W. A. Noyes, Jr., J. Chem. Phys., 37, 583
(1962).

(21) R. B. Cundall and T. F. Palmer, Trans. Faraday Soc., 56, 1211
(1960).

(22) R. B. Cundall and A. S. Davies, Progr. React. Kinet., 4, 149
(1967).

The Journal of Physical Chemistry, Vol. 74, No. 33, 1970



4060

have been discussed many times. In brief the mechar
nisms of the methods are shown below.

A, + M —% 870 (13)
3A0—> A (or isomer) (14)
8o+ B—"mA + B (15)

B—>B+ hwp (16)

B —=B 17)

where B = biacetyl.
In the present system, this leads to an expression for
the sensitized phosphorescence yield (4>s) of

(MA] + MMj) for
(h + h[A] fA[M]) (f6+ fe+ hi
M [B] fd6
. . (18)
(M + fd5[B]) (fcie + kn)
The triplet state yield, 4T, is given by
(MA] + MM] h,
19)
(h + h[A]l]+ MM]) (ki + fc6+ M
Thus
M[B]
$ ~ * (20)
(ku + M[B]) (M + kn)
kw/(ku + kn) is known, and provided a sufficiently

high pressure of biacetyl is used in the system such
that M[B] ku, measurement of $s can yield the
triplet state yield of the aromatic.

With cis-but-2-ene

80 + cts-Bu—>A + Bu (21)
Bu — > cis-Bu (22)
Bu —"mtrans-Bu (23)

where Bu = but-2-ene.
The quantum yield of formation of the trans isomer
4e—t is given by

pore  (@IAT+ MM]) K,
T (ki + MA] + f4M]) @S+ fe+ M
M [cis-Bu] ha
i o (24
(ku + kn[cis-Bul]) (fc2+ fgjs)
Thus
kn[ds-Bu 6
$T = [ ] ) e (25)
(ku + knfcts-Bul]) (hi + hys)

Again, knowing M/M + ka, and provided ka[cis-
Bu] » ku, the triplet state of the aromatic may be
measured. For many aromatics it is possible to arrange
that a sufficient pressure of the triplet quenching gas is
present in the system such that none of the aromatic
triplets decay via reaction 14. However, for hexa-
fluorobenzene it was found that this process is so rapid
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Figure 2. Quantum yield of sensitized phosphorescence from
biacetyl (3,) against biacetyl pressure. Pressure of
pentafluorobenzene - 5 Torr.

that saturated vapor pressure of biacetyl is unable to
compete and totally quench out the triplet state.9
Similar results have been obtained with pentafluoro-
benzene, as shown in Figure 2. Even at high pressures
of added biacetyl a radiationless decay process of the
pentafluorobenzene triplet dominates, and it is thus
impossible to determine the triplet state yield. Similar
results have been obtained for 1,3,5-trifluorobenzene.7
The use of efs-but-2-ene leads to a similar situation,
as seen in Figure 3. Addition of even 130 Torr of
czs-but-2-ene does not produce a leveling off in the
sensitized yield of trans isomer, indicating that reac-
tion 14 still dominates over reaction 21 at this pressure.
Because the experiments do not lead to a value for the
triplet state yield of pentafluorobenzene, a value for
k<a/hi + M, the so-called branching ratio, has not been
determined in the present system. Instead the value for
benzene of 0.5 has been accepted. Moreover, compli-
cations due to the interaction of the quenching gas,

Figure 3. Quantum yield of sensitized cis-trans isomerization
of but-2-ene ($,-t) against m-but-2-ene pressure. X 2650 A,
pentafluorobenzene pressure = 5 Torr.
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either biacetyl or cfs-but-2-ene, with the singlet state
of the aromatic have been ignored, since these effects
have been shown to be small (c/. Table 2).

The fact that the pentafluorobenzene triplet state
appears to sensitize the cis-trans isomerization of but-
2-ene deserves comment, since it implies that the elec-
tronic energy level of the aromatic triplet must lie
above that of the olefin. However, simple Huckel
orbital calculations6 show that the triplet level of the
fluorine-substituted benzenes should decrease upon
progressive fluorination, and competitive quenching
experiments show that the triplet energies of 1,2,4-
trifluorobenzene7 and all of the tetrafluorobenzenes8
are lower than that of the butene. Nevertheless,
hexafluorobenzene has been shown to sensitize the
cis-trans isomerization of but-2-ene, 9% although this
has been attributed to an impurity in the aromatic.23
Since hexafluorobenzene phosphoresces weakly in
EPA glass,9an estimate of the energy level of its lowest
triplet, at least under these conditions, is possible. The
onset of the phosphorescence is at around 3.50 nm,
corresponding to an energy of around 3.5 eV, which is
higher than that of the olefin, at 3.12 eV. Unfor-
tunately, in the case of the pentafluorobenzene no
phosphorescence was detectable in EPA glass at 77°K,
thus no check can be made on the triplet energy level.
Localized orbital calculations of the type developed by
MurrellZindicate that the triplet level of pentafluoro-
benzene should lie lower than those of hexafluoroben-
zene and 1,2,3,4- and 1,2,3,5-tetrafluorobenzene and
the compound may thus have an energy level lower
than or at least close to that of the olefin.}4 If this is
the case, an alternative explanation for the observed
sensitized cis-trans isomerization of the but-2-ene
must be sought. A possible alternative is energy trans-
fer from the triplet state of the aromatic initially formed
by intersystem crossing from the singlet state (26).
This triplet is vibrationally excited, and could lead to
fragmentation of the olefin to form free radicals (27),
which will then induce a chain cis-trans isomerization
in the olefin.

An+ cis-Bu —"mA + Bum (26)
Bum— »R = (27)

R- + cis-Bu —"®R-Bu- (28)
R-Bue—> R m+ cfs-Bu (29)
—*mR- + frans-Bu (30)

Results similar to those have been obtained in other
systems such as fluorobenzene3 and trifluoromethyl
substituted benzenes,¥ in which it can be shown that
the quantum yield of cis-trans isomerization of the
but-2-ene is independent of aromatic over a pressure
range from 20 to 2 Torr, but below 2 Torr there is a
dramatic increase in the rate of isomerization which can
only be due to a chain mechanism. These results
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imply that vibrational relaxation of the aromatic triplet
is achieved principally by collision with ground-state
aromatic molecules. In the present system it is obvious
that the lifetime of the pentafluorobenzene triplet is
very short; thus a chain mechanism might be expected
to persist at higher aromatic pressures than in the
fluorobenzene case. It is thus not unreasonable to
expect such effects at the pressure of 5 Torr of aromatic
used here. However, if a chain mechanism is opera-
tive, the rate at which quenching of the aromatic trip-
lets by the olefin is achieved should be less than the
observed rate of cis-trans isomerization of the olefin.
This can be tested by competitive quenching experi-
ments in which a mixture of pentafluorobenzene and bi-
acetyl are mixed with an increasing pressure of cis-but-
2-ene. It hasbeen shown that the olefin does not in any
way interact with the triplet biacetyl;1 therefore any
quenching of the sensitized phosphorescence of the
biacetyl observed must be due to an interaction of the
olefin with the aromatic triplet state. Figure 4 shows the
results of such experiments. Slight quenching is ob-
served, but the extent of this quenching is not as large as
the corresponding observed rate of cis-trans isomeriza-
tion of the olefin. These observations are in accord
with the chain mechanism proposed above.

With the long irradiation times used here and the
low yields of trans-isomer formed, there exists the
possibility that the observed cis-trans isomerization
occurs as a dark reaction, as has been noted in some

Figure 4. Quenching of sensitized phosphorescence of biacetyl
by addition of as-but>-2-ene; 2 Torr of pentafluorobenzene,

10 of Torr biacetyl, X 2650 A. Dotted curve is result

expected if frons-but-2-ene arises only via energy transfer from

aromatic. Experimental curve indicates that chain mechanism
must also be important.

(23) R. B. Cundadl, private communication.

(24) M. Godfrey and J. N. Murrell, Proc. Roy. Soc. Ser. A, 278, 57,
64, 71 (1964).
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systems.Z3 We have attempted to check for this by
carrying out blank runs and also by carrying out the
experiments with a random selection of pressures of
m-but-2-ene, to minimize any effect of cumulative for-
mation of trans during storage. The results indicate
that the effect is real.

We have also carried out a few experiments on penta-
fluoropyridine. No fluorescence was detectable with
our system, indicating that the compound has a fluores-
cence yield of much less than 10_3. Clearly, as in the
case of pyridine itself, some process occurs which de-
pletes the excited singlet state with a rate constant of
ii>108 sec-1 (if the absorption in pentafluoropyridine
is attributed to a x~x* transition, giving a value for the
radiative lifetime of 1 X 10~8sec).

The possibility that the process which competes with
fluorescence is an intersystem crossing to a triplet state
must be considered. In the case of pyridine itself®
attempts to measure the quantum yield of triplet state
formation using the sensitization of the cis-trans iso-
merization of but-2-ene2l led to the conclusion that
such yields were small in the region of n-x* absorption
and very small in the region of x-x* absorption. How-
ever, it must be noted that the success of this method
depends upon the lifetime of the triplet state to be
measured. It has been shown that for fluoroaromatics
with short-lived triplet states even a very high concen-
tration of olefin does not capture all of the aromatic
triplets. It is thus essential in any study to carry out
an investigation of the effect of pressure of added olefin
in order to obtain meaningful estimates of triplet state
quantum yields for aromatics. Unfortunately this was
not done in the original study on pyridine,2Land the low
result obtained may in part be due to an insufficient
pressure of olefin. The biacetyl sensitization tech-
nique also gave no positive results when applied to
pyridine, but this may again be in part due to addition
of insufficient pressure of the triplet quencher. In the
present system we have not attempted the olefin tech-
nique because of experimental difficulties in measuring
small quantities of the trans olefin in the presence of
large amounts of the cis isomer. The results obtained
upon the addition of biacetyl to perfluoropyridine are
illustrated in Figure 5. At 2480 A and 2540 A no sensi-
tized emission from the biacetyl was visible, but at
2650 A a very weak phosphorescence was observed
which increased linearly with increasing pressure of
biacetyl.

Since we have not measured the ratio of fluorescence
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5. Sensitized phosphorescence yield <, against biacetyl
e. Pressure of perfluoropyridine =
; X2650 A

of biacetyl to phosphorescence, it is not valid to assume
that the weak emission observed in these experiments
is due to triplet-triplet energy transfer between per-
fluoropyridine and biacetyl. However, if this were the
case, the apparent triplet state yield of the pentafluoro-
pyridine under these conditions would be of the order
of 0.02.

The results above indicate that the perfluoropyridine
may behave in a similar fashion to pyridine itself and to
heavily fluorinated benzenes, in that it has a low (in this
case zero) fluorescence yield and possibly avery short-
lived triplet state whose quantum yield cannot be de-
termined by conventional triplet quenching techniques.
The mechanism by which the excited states of per-
fluoropyridine dissipate their energy cannot be eluci-
dated with the present experimental techniques and
must await the completion of more sophisticated ki-
netic spectroscopy systems at present under develop-
ment.
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The photolysis of PFAT in argon matrices at 4°K produced absorptions at 831.4 and 852.1 cm-1 which are

assigned to the stretching modes of the PF2free radical.
when the products of the thermal decomposition of PZ4 are isolated in argon matrices.

An absorption at the lower frequency is also observed
Photolysis of PF4

results in broader absorptions (5-10 cm-1) at 834.0 and 843.5 cm-1 which are ascribed to perturbed PF2

radicals which are not able to diffuse far from the site of the original PZ=4 molecule.

Seven strong infrared

absorptions at 967, 924, 898, 811, 751, 580, 399, and a weaker absorption at 408 cm-1, are assigned to the
species PF3=P F formed by the photolysis of PZ4

Introduction

Unlike its nitrogen analog, P24 does not exist in
equilibrium with its monomer PF2in detectable quan-
tities at room temperature. Electron spin resonance
experiments2 and mass spectrometric data3 show that
PF2is only formed in detectable quantities when the gas
is heated to 200 and 350°, respectively. The eventual
products of the gas phase thermal decomposition are
PF3and PF (polymer).45

The radical PF2 has been observed2 by the spin
resonance technique both from in situ photolysis and
gas phase thermal decomposition in avariety of matrices
at 20°K. The photolysis and thermal decomposition
of PFH yield PF2radicals2and H atoms in quantities
easily detected by spin resonance. No evidence was
obtained suggesting the formation of the HPF radical.
F atoms in matrices are not observable by esr studies.

Experimental Section

PZ4 was prepared by the reaction of PF2A with
mercury as reported by Rudolph, Taylor, and Parry.6
PFH (PF2D) was prepared7 by the reaction of PF2
with PH3(PD3J3 and an excess of mercury.

The apparatus used throughout is a standard double
dewar cooled by liquid helium, with Csl inner and
outer windows for infrared studies and a quartz window
in the rotatable lower section for ultraviolet irradiation
purposes. The glass spray-on line was connected by
means of a 0.25-in. Swagelok fitting with a Teflon
ferrule at the corner of the cell.

A General Electric H4 mercury lamp and a water
filter were used to photolyze the samples. Thermal
decomposition was initiated on a 3-mm diameter helix
of 0.005-in. tungsten wire containing ~20 cm of wire
in 11-mm Pyrex tubing extending from 9 to 5 cm from
the end of the spray-on line. The calculated total
pressure in this section during sample decomposition is
2 X 10~3 cm. Experimentally this arrangement
decomposed ~20% of a PZ4sample when the wire was

heated to about 800°. The wire was electrically
heated by means of a variable transformer and a 12-V
filament transformer. The spray-on rate was regulated
with two greaseless Teflon stopcocks and monitored
with a mercury manometer. The deposition rate from
a 2-1. sample bulb was nominally 1 mmol/hr of total
matrix plus reactant.

The temperature of the inner Csl window was
monitored by a chromel-constantan thermocouple8
potted into the cesium iodide with Woods metal. The
temperature of the tungsten helix was estimated -pia it,s
color temperature.

Infrared spectra were taken on a Beckman IR-12
spectrometer and ultraviolet data obtained from a Cary
Model 11 ultraviolet-visible spectrometer.

Experiments with PF2H. PFX was not decomposed
by radiation of wavelength longer than 250 nm (the
Csl cut-off point). However, photolysis through a
quartz window (X >210 nm) led to a 75% drop in
PFZ absorption intensity after 7.5 hr. See Figure 1
The electronic transitions of PFZH are centered at 260
nm and at 218 nm. The argon to PFH ratio (M/R)
was around 900. Three new absorptions appeared at

* To whom correspondence should be addressed at Gulf Research
and Development Co., P.O. Drawer 2038, Pittsburgh, Pa. 15230.
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(i) (i)

900 800 900 800
CmM'1

Figure 1. PFXH behavior on photolysis in an argon matrix

(M/R = 900) at 4.2°K: (i) before photolysis, (ii) after
7.5 hr irradiation, X >210 nm.

795, 831.4, and 852.1 cm-1, as the PFH concentration
dropped. The first absorption, which is not assigned,
was weak and disappeared during the photolysis. The
other two, we believe, are the stretching modes of PF2
The resulting spectra are shown in Figure 1. The
ultraviolet absorption spectrum of PF was identified by
comparison with the gas-phase data.9 In the matrix a
band of 0.02 absorbance unit, of half width 22 nm
centered at 330 nm was observed. A separate experi-
ment using PFH and PFZD showed no observable
isotope shift on the 853 or 795-cm~' absorptions. This
leads to the conclusion that they are not due to a hydro-
gen containing species. The 832-cm_1 region was
obscured in the deuterated sample by the overlapping
absorptions due to a phosphorus-fluorine stretching
mode of PF2H and PF2D. The radical PFH therefore
seems to be absent from the products. It was not
detected in the esr investigation in which PF2 and H
atoms were the only observable products of photoly-
sis.2

A chart showing the intensity behavior of the PFZH,
PF3 and PF2absorptions with photolysis time is shown
in Figure 2. Only 75% of the PF2H photolizes, and
the concentrations of PF2H, PF3 and the new PF2
species remain almost constant as the photolysis time
increases beyond about 6 hr. This is apparently a
dynamic equilibrium controlled by atomic diffusion
around each photolysis site.

During this photolysis, the intensities of the PF3
absorptions at 850.5 and 887 cm-1 increase with time
indicating migration of fluorine atoms in the matrix.
After 7.5 hr of photolysis, the ir absorbances show that
for each 100 PFZ2H molecules photolized, approximately
8 molecules of PF3are formed. This ratio is similar to
that calculated for the fraction of PF2H having another
PFZH unit as a nearest or next nearest neighbor.

We believe this defines the average extent of fluorine
atom migration in this photolysis experiment since free
migration would result in a continuous increase in the
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Figure 2. Intensity behavior of infrared absorptions with
time, on photolysis of PFH (X >210 nm): V, PF3887 cm-1
absorption; O, PFH 839.6 cm-1 absorption; 9, PFH 828
cm-1 absorption; 0, PF2831.4 cm*“labsorption; A, PF2852.1
cm-1 absorption).

PF3absorption. The photolyses of PF2and PF are the
probable sources of fluorine atoms.

One hour of irradiation of the partially photo!yzed
sample with X >250 nm led to a decrease in the in-
tensities of the absorptions at 852.1 and 831.4 cm-1 by
23%. The intensities of the PF3and the PFZ2H bands
which are not overlapped by PF2 absorptions did not
change, showing that these concentrations remain
constant. This behavior is similar to the results of
photolysis of the NF2 radical.0 Irradiation (X >250
nm) produces a decrease in the intensity of the NF2
stretching fundamentals, an increase in the NF3 con-
centration, and the observation of NF. The parallel
behavior on photolysis is further evidence that the two
infrared absorptions at 852.1 and 831.4 cm-1 are due to
the PF2radical. Wavelengths greater than 250 nm
are effective in photolizing PF2 but do not produce
PF2from PFZH.

Solan5 has reported the rapid photolysis of PF in
xenon matrices and apparently a less rapid photolysis
in krypton. Thus, ultraviolet evidence for PF from
the photolysis of PFH in argon is somewhat surprising.
The data are consistent if fluorine atom diffusion away
from the photolysis site is the limiting step in the de-
struction of the PF radical; i.e., there is no activation
energy for atom combination. The photolysis rates are
generally consistent with the expected ease of fluorine
atom migration in the various matrices. From the
gas-phase result9 of Douglas and Frackowiak (AG(¥/2
= 837 cm-1) we might expect the PF vibrational

(9) A. E. Douglas and M. Frackowiak, Can. J. Phys., 40, 832
(1962).

(10) J. J. Comeford and D. E. Mann, Spectrochim. Acta, 21, 197
(1965).
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Table I:  Photolysis of PFH in an Argon Matrix
at 4°K (M/R = 900, 2.9 /»mol of PFZH)

After

deposi- After
tion, Absorb- 7.5 hr, Absorb- Assign-
cm*"l ance cm-1 ance ment
365 0.02 365 0.01 pfh
334 384 SiF4

0 7956 0 Transient
803.5 803.5 j PFH ag-
806.0 806.0 ) gregate
812 812 ) =
828.0 0.57 828.0 0.32» pfh

0 831.4 0.31« pf2
838 0.28 838 0.06 )
839.6 0.42 839.6 0.1051[ pTh
849.8 0.01 849.8 0.265« PF3

0 852.1 0.21» pf2

0 887 0.05 pf3
1000 1000 Impurity
1014 0.05 1014 0.01 PFH
1022 0.18 1022 0.13 PFAH, SiF.
2270 0.21 2270 0.04 PFH

“ Overlapping absorptions. 6Maximum absorbance of 0.02.

fundamental to lie beneath the lower frequency PFZH
fluorine stretching absorption at 829 cm-1. We have
no clear evidence for this but the intensity of this
absorption remains rather high throughout the photoly-
sis period.

A summary of the infrared observations is shown in
Table I. No new bands which could be attributed to a
PF2 bending mode appeared in the low-frequency
spectrum, and no new bands are found in the region
associated with p(P-H). The infrared spectrum of HF
was not observed probably because it does not absorb
strongly in the infrared.

Matrix Reactions
A simple set of reactions consistent with the observa-
tions s
h/250 nm > X

*mPF2+ H ()
diffusion

PFoH ~

WZSO nm ~ X

pF2~ > PE 4 F (b)
diffusion
hv
PF P+ F ¢
diffusion ( )
PF24- F —eee — " pf3 (d)

Except for the formation of PF3 no evidence for
atomic diffusion from one photolysis site to another
could be observed. HF was not observed and PFH
which was expected from reaction “e” is not observed.
PFH might be photolizable and thus not attain a
significant concentration.

diffusion

PF + H - » PFH Q)

40

The observed equilibrium indicated by reaction a
was unexpected. It shows that H atoms do not diffuse
rapidly through an argon matrix to form H2 This
would have resulted in 90% destruction of the PFZH in
3 hr. Thus, even H-atom diffusion is not free but is
either very slow or of a limited range. Indeed, large,
stable, hydrogen atom signals were observed in the esr
studies of the photolysis of PF2H in argon at 20°K.2

Studies on PF2A and PF3

PF2 in an argon matrix was found to be stable
toward ultraviolet photolysis with X >210 nm. The
thermal decomposition of PF2A was shown not to be a
useful source of PF2 The only positively identified
product was PF3 A 16% conversion to PF3 was
obtained using the external heater wire described above.
Using a quartz tube (1 cm long by 1.5 mm i.d.) inside
the cold cell heated by a coil of platinum wire, the
conversion to PF3was only 2% at a tube temperature
approaching 1300°. Isolation was reasonably good
using a dual spray-on arrangement. The observed
absorptions of PF2X species in argon matrices at 4°K
are shown in Table I1.

Table 11:  Frequencies (cm-1) of Some PF2X Species
Isolated in Argon Matrices at 4.2°K

PFJH“ PF.D PFI Assignment
2270 1656 374 v(PX)
837.5
839.7 840 843 r.(PF)
827.0 329 835 (PP
828.0
6 7124 ? Mas(PX)
1022 764 c n>.(PX)
365 361 408 5%(FPF)

“ Moderately intense absorptions are observed at 807 and
1014 cm-1 which are apparently due to PFZH aggregates.
bUnpublished results of Dunning and Taylor from Raman
studies of pure liquid samples indicate <MPX) for PFH is at
960 cm-1 and for PFD is at 706 cm-1. ' Raman studies on
liquid PF2 indicate that the missing frequency WgPF2) is at
202 cm-1. (See ref 4.)

PF3 similarly was not decomposed by ultraviolet
radiation with X >210 nm. Attempts to decompose
the PF3 thermally using an external hot wire were
unsuccessful.

Experiments with PZF4

Photolysis of P>F.u Photolysis of a matrix deposited
sample of M/R = 1600 with a GE H4 mercury lamp
with the Pyrex cover retained (thus allowing radiation
of X >300 nm to pass) produced no observable change
in the infrared spectrum after 30 min. Photolysis of
the sample through the Csl windows using the same
lamp but with the Pyrex cover removed (X >250 nm)
leads to the drastic changes after 30 min shown in
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Figure 3. Behavior of P4 (M/R = 1600) on photolysis in
an argon matrix at 4.2°K: high-frequency region (i) before
photolysis, (ii) after 30 min irradiation X >250 nm. A =
PFH, B = PFS C = PF4 X, Y = new species.

Figure 4. Behavior of PF4(M/R = 600) on photolysis in

an argon matrix at 4.2°K: low-frequency region (i) before
photolysis, (ii) after 30 min irradiation x >250 nm. A =
PFH, B = PF3 C = PF4 X = new species. (This spectrum
is of a partially thermally decomposed sample containing 10
times as much PF3and twice as much PF4

as that of Figure 3.)

Figures 3 and 4. The bands labeled A are due to
PFZ2H impurity and do not change in intensity on
photolysis in this wavelength region. A summary of
the infrared observations is given in Tables 111 and IV.
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Table H1: Wave Number and Absorbance Data
Associated with Figure 3 on the Photolysis of
PF4(M/R = 1600, 5.0 Mol of PF4)

~---—--Cold deposition——. — After irradiation— .

cm-1 0D cm-1 oD Assignment
751 0.105 X
811.0 0.05 X
819.6 0.638 819.6 0.00 pF4
827.9 0.232 828.0 0.23 pfah
832.5 0.15 ?
834.0 0.14 pF2
834.4 0.65 835.4 (bk)* p2F4
839.6 0.18 839.6 0.18 pfh
842.4 0.04 842.4 (unobsd)6  pfa
839.3 0.09 pf2
849.8 0.15 849.8 0.28 pf3
862.2 0.02 862.2 0.02 pfdpf2
887 0.06 887 0.11 PF,
898 0.13 X
924 0.31 X
928 0.03 928 0.03 Impurity
932 0.03 932 0.03 Impurity
963 0.02 963 (unobsd) PF2PF2
967 0.09 X
996 0.015 996 0.015 Impurity
1014 0.01 1014 0.01 PFH
1023 0.02 1023 0.02 pfh

* (bk) denotes band unresolvable from noise. 6 (unobsd)
denotes band unobservable because of neighboring absorptions.

Table IV : Photolysis of PF4(M/R = 600, Time
30 min, Data Associated with Figure 4)

Cold deposition— . —After irradiation—

cm-1 oD cm-1 oD Assignment
349 0.040 349 0.070 pf3
364 0.088 364 0.028 pfoh, poF.
374 0.047 374 0.032 pfa
384 0.024 384 0.01 SiF4
39 0.052 X
408 0.034 408 0.050 PFA, X
484 0.11 484 0.19 PFS
505 0.01 505 0.01 PF2DPF2
580 0.095 X

The PZ4electronic absorptions are observed centered
at 299, 260, and ~200 nm.

The absorptions due to P2F4 at 835 and 820 cm-1
have disappeared and the 364-em-1 absorption, which
is overlapped by PFZH, has decreased showing the
complete photolysis of PF4 Eight absorptions labeled
X in Figures 3 and 4 have appeared. One of these
lines is on top of the 408-cm-1 absorption of the PF2
impurity. During the photolysis period there is an
increase in intensity of the PF3 absorptions in the
stretching region, but the ratio of their absorbances
remains constant. Thus, no new species absorbing
strongly at 887 or 850 cm-1 is produced.

When the PZ4 had been destroyed by photolysis,
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Figure 5. (i) Infrared spectrum of the photolysis products
of PF4(X >250 nm) and (ii) after warming this sample to
20°K and recooling to 4.2°K (M/R = 1600). A = PFZH,
B = PF3 C = PF4 X,Y = new species.

absorptions at 834.0 and 843.5 cm-1 were observed in
the spectrum (labeled Y in Figure 3). On warming
a sample to 20°K with external infrared lamps, these
absorptions disappeared into the background, and
PZ4 was reformed. See Figure 5. The absorptions,
due to the regenerated P24 could be destroyed by
photolysis. In one experiment, the thermal contact
deteriorated after an initial photolysis which had
produced both X and Y absorptions. Subsequent
photolyses resulted in temperature increases (as in-
dicated by the window thermocouple), erratic destruc-
tion of Y, with reformation of PZ=4 and photolysis of
PZ4 with formation of Y. Some reordering in the
matrix and apparent aggregate formation is indicated
by the change in slope of the base line in Figure 5 and by
shoulders appearing at 833 and 841 cm-1. However,
except for 924 cm-1, the X absorptions were not
affected by warming to 20°K. The maximum ab-
sorbance of the 924-cm_1 absorption was reduced on
slight warming of the matrix; however, the line broad-
ened at the same time. The 820-cm-1 absorption is
also broader than the original PZ4absorption.

The disappearance of the absorptions at 834.0 and
843.5 cm-1 (the Y bands) on warming the sample to
20°K, and the concurrent appearance of PZF4 suggests
that these infrared absorptions are due to two PF2
species trapped in the same matrix cage. The increase
in temperature provides the activation energy for
recombination. Radicals larger than the fluorine atom
are believed to be too large to diffuse through the argon
matrices below ~35°K. Photolysis resulting in fission
of a P-P bond would leave the phosphorus containing
products within a short distance of one another,
perhaps only rotated. This is believed to be the reason
for the breadth of the Y absorptions and for the
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differences between these frequencies and the fre-
guencies observed for the PF2radical produced photo-
lytically from PFH. In the PZ4 experiment the
mutual perturbation of the two species within the same
matrix cage leads to a different vibrational potential
surface than in the isolated case. The effect of such a
perturbation should be greater for the antisymmetric
stretching mode than for the symmetric counterpart.
On this basis, we therefore suggest that for PF2 V3> vi.
This result is analogous to observationsilon SiF2 where
V3> Vi- For the first row difluorides, CF2 NF2 and
OF2 vi > s, however.2 A summary of the vibra-
tional data on PF2is shown in Table V.

Table V: PF2Frequencies (Argon Matrix)
Perturbed, Unperturbed,®
cm-1 cm-1
PF2vi 834.0 831.4
PF2\2 843.5 852.1

“ Using a FPF angle of 99° and assuming a separation of n
and \2 (unobserved), force constants for the stretching modes are
calculated to be h = 4.93 mdyn/A and ku = 0.17 mdyn/A.
Reversing the above assignment leads to k, = 4.94 mdyn/A and
ku = 0.42 mdyn/A.

An increase in the intensity of both PF3absorptions
on photolysis stoichiometrically implies formation of
the PF radical. Its ultraviolet absorption spectrum
was, however, not observed. Only one twentieth of
the photolized PZF4resulted in PF3formation. Again,
the PF3formation is only a minor side reaction to the
primary photolysis process. That the amount pro-
duced is approximately equal to the nearest and next
nearest neighbor reactant molecules in the matrix is
perhaps fortuitous.

The Primary Product of PF4
Photolysis (the X Bands)

The absorptions labeled X in Figures 3 and 4 are
apparently associated with one chemical species. They
disappear rapidly at the matrix diffusion temperature
(~39°K) indicating that X is a reactive species.
Warming the sample to 20°K, which causes the re-
formation of some PZ4 did not affect these absorp-
tions.

Their intensities relative to that of the initial P24
intensity seem to be roughly constant over a dilution
range of 1:450 to 1:1600. The relative intensities of
the X absorptions were constant for all experiments.

Since diffusion of a phosphorus-containing unit
through an argon matrix at 4°K is an unlikely event,
the observation of four i“P-F) absorptions among the

(11) J. W. Haatie, R. H. Hauge, and J. L. Margrave, J. Amer.
Chem. Soc., 90, 2536 (1969).
(12) D. E. Milligan and M. E. Jacox, J. Chem. Phys., 47, 703 (1967).
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bands labeled X suggests a biphosphorus species and
an isomer of PZF4 Their roughly constant intensity
relative to PZF4over a large dilution range precludes
reaction of two PZF4units.

The vibrational frequencies suggest one fluorine
bound to an essentially trivalent phosphorus atom
with a low-stretching frequency (811 cm-1) and three
nonequivalent fluorine atoms bound to a pentavalent
phosphorus atom with high-stretching frequencies
(898, 924, 967 cm-1). A species which fits these
requirements, and which may be an intermediate in the
decomposition of PZ4 is the novel compound PF3=PF.
A similar intermediate has been envisaged13 for BZX14
It is interesting to note that the derivative (CH33® =
PCF3has been synthesized.4 A comparison with some

other PF3—X species is shown in Table VI. The ob-
Table VI: Infrared Absorption of Some Pv
Species (Frequencies in cm-1)
X PF®©" PFjs* Motion PF,6
967 »(PF,)
898 900 940 »(PF,) 1029
924 873 695 »(PF,) 948
811 »(PF)
751 1415 847 »(PZ)
580 485 402 «(PF,) 534
408 473 440 «(PF,) 575
399 345 276 p(PF.)

« From K. Nakamoto, “Infrared Spectra of Inorganic and
Coordination Compounds,” Wiley, New York, N. Y., 1963,
p 112. hFrom J. P. Pemsler and W. G. Planet, Jr., J. Chem.
Phys., 24, 920 (1956).

servation of four r(P-F) absorptions implies that non-
equivalence of the three fluorine atoms in the PF3group
and this would be the case if the Pm-F bond were not
colinear with the PlIr-Pv bond. The absorption at 751
cm-1 may be r(P-P). The increased bond order in
this species would result in a higher P-P stretching fre-
quency than 541 cm-1, observed6in PZ4 The lack of
isotopic data however, prevents a more conclusive vi-
brational assignment.

It is not probable that any of the 967, 924, and 898
cm-1 absorptions are overtones or combination bands.
They are the most intense absorptions in the spectrum,
which is generally a feature of fundamentals. Further,
P2F4 and the other molecules studied in this work do
not have unusually intense overtones and combinations.
The weaker 811 cm-1 absorption could be an overtone
of the 408 cm-1 fundamental but even this seems un-
likely for the reasons stated above.

It is also unlikely that all of the infrared allowed
stretching modes will be observed for any given mole-
cule. However, this is the case for all of the phosphorus
fluorine molecules we have studied and is the most rea-
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sonable assumption which can be made to explain the
observed spectra.

Solan6has observed similar absorptions in the photol-
ysis of PZF4in krypton and xenon matrices. We be-
lieve his absorptions result from the formation of
PF3F and are not due to PFS as he suggests. The
most conclusive evidence for this is that the new absorp-
tions are independent of the sample dilution and only a
small amount of PF3is formed in the photolysis.

Thermal Decomposition of PZF4

P24 diluted with argon, was leaked through the
Teflon stopcock, through the heater section, and the
products condensed on the inner Csl windown at 4.2°K,
at a rate of approximately 3000 cm3cm/hr. Intensity
changes occurred in the r(P-F) region of the infrared
spectrum when the heater temperature was -~7500,
but resolution of any new bands due to the decomposi-
tion products was difficult due to the proximity of the
P24 PF3 PFA, and PF2H absorptions. PF3is a de-
composition product of PZ4 and PF2, and PFH are
sample impurities. A yellow solid (similar to the de-
composition product of many phosphorus-fluorine com-
pounds and referred to as PF polymer) was formed on
the glass around the heater. This is presumed to form
concurrently with the PF3

At a dilution of M/R = 600 there was evidence for a
new absorption of around 831.5 cm-1 in the thermal
decomposition products. This absorption was easily
detected after the PZ4was photolized to PF®PF. This
is in excellent agreement with the 831.4 cm-1 absorption
observed on the photolysis of PF2H and assigned to the
unperturbed PF2radical. The other stretching mode of
PF2at 852.1 cm-1 is covered by the large excess of PF3
formed in the thermal decomposition.

Photolysis of these partially decomposed samples
gave identical results to those described earlier.

PZF4Reactions

From the above discussion we may summarize the
results of the thermal and photolytic decomposition of
PZ4as follows

hv (A>250 nm)

P2F4 < * 2PF2(cage) (1)
(20°K)
hv (X>250 nm) _ —
PXF4 --memmmmemmeeeee- >pf3FE pf 2
hv (\>250 nm) __V . .
e > (PF3-)- PF) (cage) 3)

2PF2(cage) — » PF -|- F - PF2 »
(PF3+ PF) (cage) (4)

Most of the PF3is formed early in the photolysis,
thus reaction 3 seems to be more important than reac-

(13) J. Feeney, A. K. Holliday, and F. J. Marsden, J. Chem. Soc.,
356 (1961).

(14) A. B. Burg and W. Mahler, J. Amer. Chem. Soc., 83, 2388
(1961).
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tion 4. The fate of the resulting PF has not been de-
termined, since the ultraviolet spectrum of PF is not
observed, and the earlier esr studies show no evidence
for phosphorus atoms which would be formed by further
photolysis. The P and/or PF fragments would remain
close to the formed PF3molecule, and this perturbation
may result in broad, undetectable spectra.

PF4—*m2PF2 (5)

PF4-V PFa+ PF 6)

The thermally decomposed samples passed through
5 cm of 7-mm glass tubing before expanding inside the
cell. Only a small fraction of the formed radicals ever
reached the cold window. The relative importance of
(5) and (6) therefore could not be determined.

Experi-

45

ments using heated tubing inside the cell resulted in
some aggregation of PFaand PZ4 These aggregates
have broad intense infrared absorptions that effectively
block the infrared spectral region of greatest interest
and the experiments are of no value. Solan6has used a
better furnace design and has evidence for having iso-
lated PF and further evidence for having isolated PF2
from the thermal decomposition of P2F4

Acknowledgments. We wish to thank Mr. Harvey
Schiller for the sample of PF2 and Dr. Ralph Rudolph
for several useful discussions. Dr. David Solan has
generously provided us with a copy of his thesis and
other information and criticisms which have been most
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National Science Foundation.

Effect of Various "Dry Electron” Scavengers on the Radioluminescence

of Indole in Polar Solution

by H. B. Steenl

Norsk Hydro's Institute for Cancer Research, Montebello, Oslo S, Norway (Received May 19, 1970)

The electron scavengers HD 2 CICHZZOOH, CChCOOH, and NaNO03have been found to reduce significantly
the yield of the X-ray-induced phosphorescence of indole in ethylene glycol-water glass at 77° K when present
in concentrations >0.1 M. The reactions involved obey homogeneous competition kinetics.  Since the major
fraction of this phosphorescence is supposedly due to the geminate recombination between positive indole ions
and nonhydrated electrons (e-), this effect is attributed to the reaction between the electron scavengers and
e_. No effect of HCL was found. This is in agreement with the hypothesis of Hamill that HDag+ is un-
reactive toward e_. The relative scavenging constants determined by the present experiments agree with
those obtained for what is believed to be e_ by picosecond pulse radiclysis of aqueous solutions, while they are
significantly different from the scavenging constants reported both for “mobile electrons” in strongly acidic

glasses as well as for eag_inwater.

Considerable experimental evidence exists that radia-
tion-induced electrons in frozen aqueous media are able
to react with molecular entities while they are still in the
mobile presolvation state.23 However, the exact
nature of these “mobile electrons” is still obscure.4 Re-
cently Hunt, et al.,56 have performed picosecond pulse
radiolysis studies of aqueous solutions at room tempera-
ture which seem to demonstrate that the precursor of
the hydrated electron, i.e., presumably the nonhydrated
electron, reacts efficiently with a variety of hydrated
electron scavengers except Hag+. These phenomena
are now attracting renewed interest in consideration of
a new model for the radiolysis of water proposed by
Hamill.78 A major assumption of this model is that

electrons may react with molecular entities prior to
hydration, that is while they are still moving with ther-
mal energies as quasifree particles. According to this

(1) Fellow of the Norwegian Cancer Society.

(2) (@ P. N. Moorthy and J. J. Weiss, Advan. Chem. Ser., SO, 180
(1965); (b) L. Kevan, ‘‘Radiation Chemistry of Aqueous Systems,”
G. Stein, Ed., Wiley, New York, N. Y., 1968, pp 21-71.

(3) T.Sawai and W. H. Hamill, J. Phys. Chem., 73,2750 (1969).

(4) P. N. Moorthy, C. Gopinathan, and K. N. Rao, Radiat. Eff.,
2,175(1970).

(5) R. K. Wolff, M. J. Bronskill, and J. W. Hunt, submitted for
publicationin J. Phys. Chem.

(6) J. W. Hunt, etal., private communication.
(@ W. H. Hamill, J. Chem.Phys., 49, 2446 (1968).
(8) W. H. Hamill, J. Phys. Chem., 73,1341 (1969).
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hypothesis these “dry electrons” (e-) should in general
react with molecules which are scavengers of hydrated
electrons (eag-) with the important exception of Hag+
which should be essentially unreactive toward e-.
The rate constants of such scavengers toward e~ are
generally expected to be different from those valid for
e It is of considerable interest to see if this can be
experimentally verified and, if so, to obtain the relevant
rate constants.

In the present communication we report experiments
which seem to support the above hypothesis. Thus,
we have studied the effect of various electron scavengers
on the radioluminescence of indole in a polar solution at
77°K. The basis for these experiments is our previous
studies of the X-ray-induced luminescence of various
aromatic molecules in similar solutions9-11 from which it
was concluded that approximately 90% of the phos-
phorescence observed during X-irradiation at 77°K re-
sults from the recombination between an ionized solute
molecule and an electron, the radiative process being
the Ti — So transition of the neutral solute molecule.
This recombination appears to be a geminate process
which takes place before solvation occurs. Hence, the
effect of various additives on this X-ray-induced phos-
phorescence should provide a simple test of their effici-
encies as scavengers of e-. It should be emphasized
that our previous data seem to exclude that any sub-
stantial part of the X-ray-induced phosphorescence ob-
served here results from solvent-solute energy transfer,
e.g., from trapping of positive holes by solute molecules
followed by neutralization. Thus, a reduction of the
X-ray-induced phosphorescence caused by the compe-
tition for positive holes between the solute and the
scavenger can be disregarded in the present case. Re-
actions between positive solute ions and scavenger mole-
cules are also ruled out since neither one is able to diffuse
in the solvent under the present conditions.

The solvent was a 1:1 mixture of ethylene glycol and
water which appears as a rigid and completely trans-
parent glass at 77°K. The concentration of indole was
2 X 10-3 M. The scavengers were HD 2 C1CH2
COOH, CCI-iCOOH, NaN03 and HC1 which were mixed
into the sample solutions within a few minutes before
cooling to 77°K. The samples were irradiated in a vac-
uum with 50-keV X-rays at a dose rate of approxi-
mately 50 rads/sec and the emission spectrum was re-
corded during irradiation. In order to correct for the
possible effects of the scavengers on the radiative prop-
erties of the solute, we measured also the relative quan-
tum yields of the fluorescence and phosphorescence in-
duced by 270-nm uv fight. Thus, it was found that
NaNO03 CCfiCOOH, and HD 2markedly reduced these
yields. The apparatus and experimental procedure
have been described elsewhere.9

The yields of fluorescence and phosphorescence were
obtained by integration of the respective spectral bands.
Taken separately these bands were identical for the two
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types of irradiation and, apart from the reduction in
intensity, they were not affected by the presence of any
of the scavengers except NaNO03 For both types of
irradiation NaNO3produced an additional fluorescence
band which presumably reflects the presence of a charge-
transfer complex involving the excited solute.

The vyield, FT, of X-ray-induced excitation of the
phosphorescent triplet level is calculated from

\% < ° YP
T O PFP T )

where FPis the yield of X-ray-induced phosphorescence
and $Fand 4pare the quantum yields of the uv-induced
fluorescence and phosphorescence, respectively. The
superscript denotes the yields observed with no scaven-
ger present. Equation 1is valid only provided the rate
of intersystem crossing from the fluorescent singlet level
to the phosphorescent triplet level is independent of the
scavenger concentration.

It was found that, with one exception, all the scaven-
gers studied significantly reduced F«, hence indicating
that reactions between scavengers and e- can compete
with recombination. The exception is HC1 which, in
agreement with Hamill's hypothesis, gives no noticeable
reduction of Ft when present in a concentration of
2 M.

The appropriate Stern-Volmer graphs are presented
in Figure 1. It can be seen that the quenching of the
X-ray-induced triplet excitation, that is, supposedly the

SCAVENGER CONCENTRATION (MOL)

Figure 1. Stern-Volmer graphs of the yield of
X-ray-induced excitation of the phosphorescent triplet level
of indole in ethylene glycol-water glass containing

various electron scavengers at 77°K.

(9) H.B. Steen, Photochem. Photobiol., 6,805 (1967).
(10) H.B. Steen, Radiai. Res., 38, 260 (1969).
(11) H.B. Steen, ibid., 41, 268 (1970).
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Table 1°
cn’', rei k',drei
Scavenger C,TJtf-i units f(Q M-1 units
H202 1.0 (1.7)6 1.0 1.6 1.6
CICHZ00H 1.1 (1.5) 0.9 1.6 0.85
ccbcooH 0.26 (0.5)' 0.29 6.6 1.1
NaNOa 0.31 (0.45)6  0.26 55 1.4
HC1 >10 <0.2 3.0

“The scavenger concentration Cn needed to reduce the yield
of X-ray-induced triplet excitation to 37% and the corresponding
guenching constants kq. The numbers in parentheses are those
obtained by Hunt, et al., and C3 are these values normalized
so as to match the present value for HZD2 k' are the relative
rate constants for ea~. hSeeref5. ‘ Seeref6. dSee ref 12

quenching of e~, obeys homogeneous competition kinet-
ics within the range of concentration studied. The
quenching rate constants obtained from the slopes of
these curves are given in Table | together with the scav-
enger concentrations needed to reduce FTto 1l/e. The
latter values are compared to those found by Hunt,
et al., for these scavengers in water at room temperature.
It can be seen that the quenching efficiencies are some-
what smaller under the latter conditions. This can be
accounted for by the longer lifetime of the nonhydrated
ions in the highly viscous solvent used in the present
experiments. However, it appears that when compared
on a relative scale the quenching efficiencies obtained
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here are approximately the same as those found by
Hunt, et al. This result strongly indicates that the
numerical data obtained by these two types of experi-
ments indeed refer to the same reactions, namely the
scavenging of e_.

From Table | it appears that the quenching rate con-
stants obtained here are reciprocally quite different from
those known for eag~ from pulse radiolysis measure-
ments.2 Kevan2 reports that the relative rate con-
stants which he obtained for the scavenging of mobile
electrons by various electron scavengers in strongly
acidic glasses at low temperatures are fairly similar to
those known for eag~. Hence, it seems indicated that
the nonhydrated electrons observed by Hunt, et al., and
in the present work are different both from the mobile
electrons discussed by Kevan as well as from the hy-
drated electrons.

In view of the high “solute” concentrations charac-
terizing living organisms, reactions involving “dry elec-
trons” are likely to have particular importance in radio-
biology.

Acknowledgments. The author is deeply indebted to
J. W. Hunt for a series of stimulating discussions which
initiated the present work. Valuable discussions with
M. Kongshaug are also appreciated.

(12) M. Anbar, and P. Neta, Ini. J. Appl. Radial. Isotop., 18, 493
(1967).
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Effect of the Solvent on the Kinetics of Diazotization¥

by Z. A. ScheUylb

Department of Chemistry, University of Utah, Salt Lake City, Utah 84-112 (Received January 26, 1970)

It is shown in methanol-carbon tetrachloride mixtures at 0° that the reaction rate expression developed for

diazotization of aniline in pure methanol by Schmid, et al., is further resolvable.

Omitting simplifying assump-

tions concerning the degree of dissociation of the electrolytes present in the reaction mixture, one can detect
protonic catalysis which was not found in the earlier work. A rate equation involving H+ catalysis is pre-
sented. This equation follows automatically from Schmid'’s reaction mechanism proposed in methanol, that
can be confirmed also in methanol-carbon tetrachloride mixtures up to 60% CCh v/v (20 = 15.00). For
solvents with lower dielectric constant, the possibility of Ph-NH-NO “m Ph-N:N-OH being rate controlling
is suggested. Kinetic data have been obtained in pure carbon tetrachloride using an extrapolation method,
although the reaction is heterogeneous in this medium. The effect of changing dielectric constant of solvent

on the reaction rate is also discussed.

Introduction

The kinetics and mechanism of diazotization in
aqueous solution is well described through the works
of Ingold, et al., and Schmid, et al.2 The latter also
investigated this reaction in methanol.3 Summarizing
the results obtained in water and in methanol, diazoti-
zation is the N-nitrosation of primary aromatic amines
resulting in diazonium salts. It is an electrophilic
substitution, with nitrosyl ion, NO+, as substituent,
which can be furnished either as such or in bound form
attached to a BrOnsted base. The possible or actual
carriers of NO+ in N-nitrosation are the following

NO+, NO-OH2+, NO-X,
NO «NOa, NO «N02 NO «OH (1)

arranged in order of increasing basic strength of the
combined base. The nitrosating agents are usually
formed from nitrous acid, and the overall reaction of
diazotization in an actual experiment can be formulated,
for example, as

PhNH2+ 3HX + NaN02—>
[PhN2]+X- + NaX + 2HD + HX (2

where X represents a halogen. An excess of acid is
necessary to prevent the formation of diazotates from
the diazonium ion [PhN2]+. Assuming the nitrosating
agent has been supplied, then the first (rate-determin-
ing) step of diazotization is the attack of the agent on
the lone-pair electrons of the primary amine followed
by a sequence of fast steps ending in diazonium ion.

slow

PhaNH2+ NO+—>
Ph-NH2-NO+ —

| |
Ph-V‘IH-NO + H+
Ph-N:N-OH @)

1
[Ph-N:N]+ + OH-

The Journal of Physical Chemistry, Vol. 74, No. 28, 1970

In water as the reaction medium, the first five species
of (1) are the actual nitrosating agents. Accordingly,
the reaction rate equation contains five terms or less
depending on experimental conditions. In methanol,
NO-OH2+ is replaced by NO-CH3OH+ (solvated
nitrosyl ion or protonated methyl nitrite), and the
only actual agent is NO-X. Using aniline and hy-
drochloric acid as two of the reactants, the reaction
rate in methanol can be expressed according to Schmid
and Muhr by the simple equation3

= d(PhN2+) =
di

AOIHCiI2[PhNH3+] [CHONO] [CI- ] (4)

with parentheses symbolizing total and the brackets
real concentrations, respectively. kOis a reaction rate
coefficient and s nci is the mean activity coefficient of
HCL1.

By changing solvent from water to methanol, the
reaction mechanism and the rate expression simplify
drastically. Although the chemical properties of the
two solvents are related to a certain extent, their
dielectric constants D differ substantially (o n,020° =
80.36, -DchiOnd = 33.73). In the present work a
systematic study has been performed on the effect of
changing dielectric constant on reaction rate and
mechanism of diazotization. Also, the effect of ex-
treme changes of reaction medium, e.g., using an aprotic
solvent, has been investigated. A series of methanol-
carbon tetrachloride mixtures was chosen as solvent

(1) (a) This article is based upon the doctoral dissertation presented
to the faculty of Vienna Technical University in 1967. Also pre-
sented in part at the 24th Northwest Regional Meeting of the
American Chemical Society in Salt Lake City, Utah, June 1969.
(b) Correspondence should be addressed to Department of Chemistry,
The University of Georgia, Athens, Ga. 30601.

(2) Cf. the review article by H. Schmid, Chem.-Ztg., Chem. App., 86,
809 (1962), and references cited therein; E. D. Hughes, C. K. Ingold,
and J. H. Ridd, J. Chem. Soc., 58 (1958).

(3) H. Schmid and G. Muhr, Monatsh. Chem., 93, 102 (1962).
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Figure 1. Dielectric constant of the methanol-carbon
tetrachloride system at different temperatures.

for this purpose, instead of using several solvents,
possibly with quite different chemical properties.
The advantages of this system are based on the fact
that CH30H and CCI4 are miscible in all proportions.
Thus, the dielectric constant of the mixture is variable
continuously over a wide range (Figure 1). Conse-
quently, any continuous monotonic function with the
general form

4" = /(D) = ~(composition of the mixture) (5)

can be accurately interpolated between a few data
points, if 4"is property of a substance or chemical system
dissolved in the mixture. Since CC14 can be regarded
inert even against NOC1, it acts only as an indifferent
diluent, and the chemical properties of the solvent
determined by the component methanol are retained
for any composition of the mixture (excluding pure
CCl4). In addition, since the composition of the mix-
tures lies between pure methanol and carbon tetra-
chloride, one may compare the kinetics in a medium
already studied (pure methanol) with those in an
aprotic solvent.

Experimental Section

A. Chemicals. All reagents used were analytical
grade (purchased from Merck or Riedel de Haen) or
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were purified by conventional methods. The concen-
tration of the methanclic NaN 02 solution was checked
according to Fischer.4 NOC1 was obtained from the
Matheson Co., analyzed by the Addison-Thompson
method,6 and purified from N24 with potassium
chloride.6 The concentration of NOC1 in pure CCfi
has been determined by oxidation-reduction titrations.
The methanolic HNOs was prepared by titration of a
methanolic AgN 03 solution with methanolic HC1 with
cooling and excluding light. p-Hydroxyazobenzene
was prepared by Oddo and Puxeddu’s method.7

B. Apparatus. The dielectric constants were mea-
sured at 20° by using Dipolmeter WTW Type DM 01,
and D values for other temperatures were obtained
through linear extrapolation by using literature data.8
The optical density data were obtained on a Zeiss
Spektralphotometer PMQ 1l. The temperature was
controlled to £0.05° with an Ultra Kryostat UK 30.

C. Kinetic Experiments. The reactions were ini-
tiated by rapid mixing of two thermostated solutions
resulting in a 100-ml reaction mixture. One of the
two solutions contained aniline, acid (HC1 or NHO03,
and in some cases NaCl and/or NaC104 and the other
NaNO02 or NOC1, respectively. The progress of dia-
zotization has been followed by extracting samples
from the reaction mixture and determining the dia-
zonium ion concentration eolorimetrically. Reaction
in the extracted samples was quenched with the same
volume of a strong alkaline methanolic phenol solution
with a large excess of phenol. This quenching pro-
duces instantaneous formation of p-hydroxyazobenzene
with theoretical yield with respect to the diazonium
ion concentration. The optical density of these solu-
tions was measured at the wavelength of the absorption
maximum of the dye (Xmex400 mix) and concentrations
were obtained from the linear calibration curve. The
molar decadic absorptivity of the dye («max™  2.748 X
104 M~I cm-1) was determined to be independent of
the composition of the reaction mixture after quenching,
ranging from pure methanol to 50% CC14v/v.

In long runs, the amount of diazonium ions produced
and detected did not reach the theoretical yield (Figure
2), owing to slow decomposition of nitrous acid and
diazonium ions and to side reactions of the latter. The
two conceivable significant side reactions of diazonium
ions are their hydrolysis and their N-coupling with un-
changed amines to give diazoamino compounds. To
eliminate these possible systematic errors the initial
reaction rates VO have been determined throughout in

(4) W. M. Fischer, Z. Anorg. Allg. Chem., 78, 134 (1912).
(5) C. C. Addison and R. Thompson, J. Chem. Soc., 218 (1949).

(6) C. W. Wittaker, F. O. Lundstrom, and A. R. Merz, Ind. Eng.
Chem., 23, 1410 (1931).

(7) G. Oddo and E. Puxeddu, Chem. Ber., 38, 2755 (1905).

(8) “Handbook of Chemistry and Physics,” 44th ed, The Chemical
Rubber Publishing Co., Cleveland, Ohio, 1963, p 2613; Landolt-
Bornstein, “Zahlenwerte und Funktionen,” Vol. 2, Part 6, 6th ed,
Springer-Verlag, Berlin, 1959, p 632.
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Figure 2. Yield of diazonium ion (as p-hydroxyazobenzene) vs.
time in atypical long run.

Figure 3. Example for the graphical determination of the
initial reaction rate vo.

this work by extrapolating the measured average rates
to time zero (Figure 3).

Results and Discussion

A. Most of the kinetic experiments have been done

in CH30OH-CCI4 mixtures 1:1 by volume, at 0°. The
order of reaction with respect to the different reactants
and to the ionic strength 7 = ‘A S zi2i has been de-
termined by the van’'t Hoff method. Varying succes-
sively the initial concentration @ of each component
and keeping all other parameters constant at the same
time, the slopes of the curves log VOvs. log @ (Figure 4)
give the order with respect to each component. Vary-
ing the initial concentration of aniline, sodium nitrite,
hydrochloric acid, and the initial ionic strength (Figure
4), one obtains the proportionality

vo & (PhNH2o(NaNO02o(HCl)oX V (6)

where 0.365 > x > 0.098 and — 1.394 < y < —0.311,
the latter indicating negative salt effects. Varying
(Cl-)o and (H+)0 (Figure 4) instead of (HC1)Q the
proportionality (6) can be replaced by

V0 @ (PhNH2,(NaN020(Cl-)o(H+)oZ " @)
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Figure4. Determination of the order of reaction with respect
to the reactants: curve 1, PANEU; 2, NaNO02 3, HC1; 4,1;
5and6, Cl-; and7and 8, H+.

where 0 < z< 1, indicating protonic catalysis not found
in pure methanol.3

Now let us consider some aspects of the experimental
technique used in pure methanol, aswell as in the pres-
ent work. The variation of the initial concentration
of a single component, say chloride ion, at a time can
be achieved with the usual balancing-of-concentrations
method only if values of the degree of dissociation a
of electrolytes present in the reaction mixture are known
or if all values of a are equal. The knowledge of a
is indispensable also for the calculation of ionic con-
centrations and activity coefficients. A complete
dissociation of all electrolytes was assumed in meth-
anol.3 This assumption is, however, unjustified, since
for all electrolytes in solvents of lower dielectric con-
stant, dissociation is incomplete at accessible concen-
trations.9 The degrees of dissociation of HC1, NaCl,
and NaCICh at 0° in pure methanol and in CH30OH-
CCl4 mixture (1:1 by volume) have been estimated
based on conductance measurements,0 where each
electrolyte was alone in the solution under its own
ionic strength. Values of a have been found to deviate
substantially from each other and from unity in meth-
anol. In the CH30OH-CCI4 mixture (TV = 19.1)
dissociation is ever more incomplete; however, the a
values for all three electrolytes are equal (the maximum
deviation is less than 0.02) and are approximately
constant (a = 0.6 * 0.02) within the range of ionic
strength 1.55 X 10-3 to 3.35 X 10-2 M. Since no
information is available about the degree of ionization
of PhNHs+ClI-, it has been assumed to be the same as
that of HC1, NaCl, and NaC104 Failure to consider
incomplete dissociation in methanol may account for
the fact that no H+ catalysis was detected in this sol-
vent.

B. Mechanism and Rate Equation.
postulate a reaction mechanism which is in accord
with the empirical rate expression 7, consider all pre-
liminary reactions which have gone to completion or

(9) R. M. Fuoss and C. A. Kraus, J. Amer. Chem. Soc., 55, 476
(1933).

(10) Z. A. Schelly, Dissertation, Vienna Technical University, 1967.

To be able to
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have attained their equilibrium positions, respectively,
at zero time. Because of the large excess of methanol,
HC1 H+ + CI" KH 8)

NaN02+ H+ HNO2+ Na+ 9)
CH®H + HNO2N CH3ONO + HD (10)
reactions 9 and 10 are very fast and complete, so that
(NaN(\)0=* [CHSONO]0 (11)

In addition, we have the equilibria

PhNHs+ "PhN H 2+ H+ Kx (12)
PhNH2eHC1 ~ PhNHs+ + CI- K, (13)
CH3ONO + H+ CH3ONOH+ Kz (14)

CH3ONOH+ + ci- "

CH30H + NOC1 K4 (15)

The equilibria 8,13, and 15 are replaced by

HNOa H+ + NO3- (16)

PhNH2«HNO3 ~  PIINH3+ + NOa- a7)

CH3ONOH+ + NO3-~ CH3OH + N2 4 (18)

if HNO3 is used instead of HC1 and no CI- ions are pres-
ent in the mixture. However, no diazotization occurs
in the absence of halogen ions, indicating that CH3
ONOH+ and N2 4 do not N-nitrosate aniline, unlike
their action in water. The equations for equilibria
14 and 15 may be combined so that

CH30H + NOC1

CH30ONO + H+ + ClI- K6 (19)

where = (K3X K4)“1

Based or. expression 7, the actual diazotizing agent
must be a species, for which the real concentration
increases with increasing (NaNO2Q (Cl-)Q and (H+)Q
Indeed, in such a case, equilibria 14 and 15 will
be shifted in a direction favoring the formation of
NOC1. Thus, one can postulate the rate-determining
step as being the same as in pure methanol,3followed by

PhNH2+ NOC1—* PhANHNO+ + CI" (20)

fast steps given in eq 3. This results in the reaction
rate equation

v = K[PhNH2][NOCIl/pknhd noc.//* (21)

where K is a rate constant and
ficient of the activated complex.

is the activity coef-

Considering that
(PhNH2 = [PhNH2] +

[PIINH3+] + [PhANHrHCI] (22)

[NOC1] can be calculated from equilibrium 19, and
the real concentrations in eq 22 from the equilibria 12
and 13, respectively. Substituting the calculated
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values into eq 21, and (a) equating the activity coef-

ficients of nonelectrolytes to unity, (b) neglecting the

dependence of the activity coefficients of electrolytes

on their ionic radii, and (c) symbolizing /H+ X fci-

by/Hci2 one obtains the rate equation

V= KKf, '00HCH 1 KdH+HC1-] X
Ki + [H+] + ~"TH +][C1-]/hci2

(PANH2 [CHONO]/hci2  (23)

where och.oh is the activity of methanol. Equation 23
follows automatically from the proposed mechanism.
It is compatible with the empirical rate law 7, if one
transforms the latter, accounting for the incomplete
dissociation of the electrolytes, and utilizing eq 11

Ve [H+]2[CI-]“(PhNH2,[CHDNO]IP' (24)

Now 0.8 < w< 0.9and0.082 <z'< 0.22.
Comparing eq 4 and 23, it is obvious that f0in (4) is
further resolvable, thus

fTO[PhANH3+] = fcKB-‘acmoH-1 X
Ki[H+](PhNH2 (25)
Ki + (H+] + ’-&éH +][C1-]/hci2

Since the thermodynamic equilibrium constants K\,
Ki, and K6at 0° in eq 23 are not known, the rate con-
stant k cannot be calculated, Hence, instead of k the
coefficients k' and k" given by

k' = kKrl Y (26)
KI + [H+] + 1[H+][C1-]/HG2
k" = fc'[H+] 27

have been calculated and plotted vs. | (Figure 5). k'
is approximately constant at I > 0.035 M, in compari-
son with k", which can be considered constant only at
very small ionic strength where | < 0.0125 M.

Figure5. Kk'and k" vs. the ionic strength/.
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Figure 6. Log \WOvs. D at different temperatures.

C. Variation of the Temperature and the Composition
of the Solvent. In these experiments the initial con-
centrations of all reactants were kept constant, and
only the temperature or the dielectric constant of the
medium was varied (Figure 6). With decreasing
polarity of the solvent the reaction rate shows a steep
increase. There are several arguments that would
predict the opposite result. (1) The activity co-
efficients fall with decreasing D of the solvent, which
should lead to a smaller rate (cf. eq 21). (2) If the
activated complex is more polar than the reactants, the
rate constant k should decrease with the D value of the
medium.1l The activated complex in the present case
is certainly more polar than the reactants since the
products are ionic (see eq 20). (3) The activation
energy in an ionization reaction does not change rapidly
from solvent to solvent; however, the entropy of
activation is always negative and becomes more nega-
tive as the polarity of the solvent decreases. Thus the
rate of reaction should increase with the polarity of
the solvent.2 (4) The preliminary equilibria 8, 12,13
and 13 are shifted with decreasing D in favor of associa-
tion of the species, tending to diminish [PhNHZ2 and
[NOC1], which also should lead to a smaller rate.

However, all these effects (1 through 4) are over-
whelmed by the enhancement of the reaction rate
caused by the decrease of the activity of methanol,
och,oh (See eq 23), and by the displacement of equilib-
rium 19 in favor of higher NOC1 concentration, in
accord with decreasing dielectric constant of the
medium. Also the weaker solvation of the reactants
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% CCl4 viv

Figure 7. The activation energy f?avs. composition
of the solvent.

amine and NOC1 with decreasing polarity of the solvent
contributes to the increase of the reaction rate.

D. Activation Energy. The calculated activation
energies are plotted vs. composition of the solvent in
Figure 7. The insensitivity of the activation energy
Fa to the dielectric constant of the medium, in the
range between pure methanol and 60% CCh v/v, is
a further support for the proposed mechanism, since
this property of the activation energy is characteristic
for reactions producing ions. If the medium contains
more than 60% CC14 v/v, Fa decreases significantly
because the reactants are less solvated since methanol
is not present at sufficient concentration, and/or
another step producing no ions becomes rate controlling.
If the latter is the case, this step is presumably the
rearrangement of the nitrosamine Ph-NHNO —»Ph-
N:N-OH (cf. eq 3), probably involving the proton-
ation and subsequent deprotonation of the solvent.
With decreasing methanol content of the medium the
proton transfer becomes more and more difficult. By
choosing the right experimental conditions4 the
tautomerization can be slowed down to such an extent
that diazotization practically stops at the nitrosamine
stage. Consequently, rate eq 23 is valid with certainty
only up to 60% CC14v/v in accord with the mechanism
proposed for pure methanol as solvent, and confirmed
in CH30OH-CCI4 mixture, 1:1 by volume.

E. The diazotization of aniline with NOC1 in pure
carbon tetrachloride® results in a heterogeneous mix-
ture, because all polar products such as [PhNZ2]+Cl~,

(11) Cf. A. A. Frost and R. F. Pearson, “Kinetics and Mechanism,”
2nd ed, Wiley, New York, N. Y., 1965, p 140.

(12) Reference 11, p 137.

(13) Ki of equilibrium 12 decreases with decreasing polarity of the
solvent; e.g., in water at 0° Ki = 7.5 X 10~5 (K. J. Pedersen, Kgl.
Danske Videnskab. Selskab, Mat.-Fys. Medd., ¢4, 9 (1937); 15, 3
(1937)) in comparison with Ki =3 X 107 in methanol at 2° (H.
Schmid, A. Maschka, and W. Melhardt, Monatsh. Chem., 99, 443
(1968)).

(14) PhNHNO as intermediate in diazotization was proved in ethyl
ether at —78° by its uv spectrum by E. Mduller and H. Haiss,
Chem. Ber., 96, 570 (1963). Under such experimental conditions
the nitrosamine can be preserved for days.

(15) On the diazotization of aniline with NOC1 in ethyl ether, cf.
E. Bamberger, Chem. Ber., 27, 668 (1894).
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PhNH2-HCI, and HXD precipitate instantaneously,
excluding the applicability of homogeneous kinetics.
In such a case, one has to account also for transport
phenomena and for the development of new phases and
interfaces. However, by extrapolating the results
obtained in CH30OH-CCI4 mixtures, where no precipita-
tion occurs, one can readily obtain rate data (V) for
100% CCl4 as medium (Figure 6). This is possible
since all reaction rates determined in the mixtures, as
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well as the values obtained for CC14 are initial rates,
and at time zero diazotization is, even in a medium
with Ho» = 2.291, a homogeneous reaction.
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The specific rates of reaction of H atoms, Zn+, Cd+, and Ni+with Ru(NH3 &3+ were determined. The mech-

anism of reduction of hexaammine complexes by hydrogen atoms is discussed.
atoms might penetrate the ligand sphere and form a seven coordinated transition state.

It is suggested that hydrogen
The redox potentials

of the Zn+Zn2+and Cd+Cd2+ couples are estimated as being equal to 2.0 + 0.4and 1.8 + 0.4V, respectively.

The specific rates of the reactions of hydrogen
atoms,2-4 monovalent zinc, cadmium, and nickel ions,6
and hydrated electrons56 with a series of cobalt(lll)
complexes have been measured recently. It was found
that the reactions of eag with all of these complexes are
diffusion controlled. However, for the other strong re-
ducing agents, many of the reactions are slower than
diffusion controlled and the trend of reactivity toward
the different complexes is similar to that found for the
much slower reactions by mild reducing agents, e.g.,
Cr2+, Ru(NH3®&+, and V2+. The results were inter-
preted as indicating that whereas hydrogen atoms
react only via the inner-sphere mechanism,2-4 the mono-
valent ions have varying mechanisms, being outer
sphere for Zn+ and mostly inner sphere for Cd+ and
Ni+. Hydrogen atoms are expected to react always
via the inner-sphere mechanism as a reaction via the
outer-sphere mechanism would yield either the non-
hydrated H+ ion and therefore be an endothermic pro-
cess or require a very high free energy of activation in
order to obtain the hydrogen atoms in the configuration
of the hydronium ions. However, it was found that H
atoms react readily with Co(NH3&+23 though it is

generally agreed that the latter complex can be reduced
only via the outer-sphere mechanism.7

With the hope of obtaining more information on the
mechanism of reduction of hexaammine complexes by
strong reducing agents, the specific rates of reaction of
Ru(NH3 8+ with H atoms, Zn+, Cd+, and Ni+ have
been measured. The choice of this complex ion was
made because its reduced form, while having nuclear
configuration similar to the analogous cobalt complex,
has a completely different structure, having low spin
configuration and no electrons in the eg orbitals. Re-
duction of this complex by Cr2+ and V 2+ have been re-
cently measured.89

(1) To whom correspondence should be addressed.

(2) G. Navon and G. Stein, J. Phys. Chem., 69, 1390 (1965).

(3) M. Anbar and D. Meyerstein, Nature, 206, 816 (1965).

(4) J. Halpern and T. Rabani, J. Amer. Chem. Soc., 88, 699 (1966).

(5) D. Meyerstein and W. A. Mulac, J. Phys. Chem., 73, 1091
(1969).

(6) The specific rates of reaction with eag~ are tabulated in M. Anbar
and P. Neta, Int. J. Appl. Radial. Isotopes, 18, 493 (1967).

(7) H. Taube and E. S. Gould, Accounts Chem. Res., 2, 321 (1969).

(8) J. E. Endicott and H. Taube, J Amer. Chem. Soc., 86, 1686
(1964).
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Experimental Section

Reaction with Hydrogen Atoms. Hydrogen atoms
were produced in the gas phase and introduced into the
aqueous solution using an apparatus which has been de-
scribed previously.1011 The reduction yields of Ru-
(NH36+ were determined following Endicott and
Taube9by addition of Co(NH3&r(C10,i)2 standard so-
lution and determining its reduction spectrophoto-
metrically at 252 my. taking e = 1.64 X 104M~I cm-1
for Co(NH33®Br2+ at this wavelength. The calcula-
tions of rate constants have been done according to ref
12. The dose rates of introduction of hydrogen atoms
into the solution were determined before and after each
experiment by following the reduction of 10-3 M K%
Fe(CN)6 solution.12-14 The dose rates were in the
range of 1.2-2.4 X 10-4 M~I with a reproducibility
better than 10%. The concentration of Ru(NH36C13
was 0.01 M in all experiments. This was determined
by weighing and spectrophotometrically confirming the
value e = 530 M-1 cm-1 at 276 m/n.B No other elec-
trolyte was added to the reaction solution. The reac-
tion time was 15 min for each experiment. The cal-
culated rate constant was independent of dose rate.

Reactions with Monovalent Zinc, Cadmium, and
Nickel lons. The reactions with the monovalent cat-
ions were studied by the pulse radiolysis technique.
The experiments were carried out by using pulses of 200-
mA, 5-MeV electrons with a duration of 0.2-1.2 isec
obtained from the linear accelator of the Hebrew Uni-
versity of Jerusalem. The experimental setup has
been described in detail elsewhere. 6

The monovalent zinc, cadmium, and nickel ions were
formed by the reduction of the corresponding bivalent
ions by the hydrated electrons. The specific rates of
reaction of the monovalent cations with Ru(NH363+
were determined by following the decay of the light ab-
sorption due to the monovalent cations in the presence
of different concentrations of Ru(NH363+ in the range
of 0.05-0.6 mM. Divalent zinc, cadmium, and nickel
ions were present as sulfate salts at a concentration of
0.02 M. The experimental procedure has been iden-
tical with that described earlier.6

Materials. Ruthenium(I1l1) hexaammine chloride
from Johnson, Matthey, and Co. was used after two
further recrystallizations from dilute hydrochloric
acid.1718 All other chemicals were of analytical grade.
Water was triply distilled.

Results and Discussion

The results are summarized in Table I. The specific
rates of reaction of H atoms, Zn+, Cd+, and Ni+ with
Co(NH36+ and Co(NH364D 3+ as well as those of
Crag2+ and Vap+ with the same oxidants are included
for comparison. The uncertainty in the absolute values
of the specific rates of reaction of hydrogen atoms deter-
mined by the present method may amount to a factor of
2.2 However, their relative values are reliable to a
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Table I: Specific Rates of Reduction of RU(NH3) &+,
Co(NH363+, and Co(NH3HD 3+°

=Y} RUNHIo+  Co(NHB)'+ Co(NHi)HD» +
Cro+  0.416 IS1 8.9 X 1061 05*
y2+ 0256 42e 3.7 X 10-3" 05°
Ni + 4.0 X 108/ <5 X 1xh <5.106h
Cd+ 1.8+ 0.4e 22 X 109/ 1.72 X 108* 6.2 X 108*
Zn+ 2.0+ 04C 2.2 X 109/ 8.4 X 1xh 156 X 10sh
H 2.28¢ 1.8 X 106/ 1.85 X 108i"14.5 X 106*!

“ Specific rate constants at room temperatures expressed in
units of M-I sec-1. bReference 4. ' See text. dy = 7.4 X
10-3; ref9. ‘/i = 53 X 103 ref8. 1Present work, maximal
standard deviation £+15%. The rates of H atoms aty = 0.06;
of Ni+, Cd+, and Zn+aty = 0.08. V = 04; ref25. hRefer-
ence 5. *Reference 2. ' Radiation chemical measurements of
this rate constant gave the values of 1.6 X 106 (ref 3) and an
upper limit of 1.3 X 105iff-1sec-1 (ref4). ky = 1.2; H. Zwickel
and H. Taube, J. Amer. Chem. Soc., 81, 1288 (1959). 1Radia-
tion chemical measurement gave an upper limit of 1.0 X 106
M-1 sec-1 (ref 4).

higher degree. Particularly in the present case, where
the three constants for H atoms given in the table have
about the same magnitude, the approximations used in
the calculation of the rate constants (such as the ig-
noring of possible scavenger depletion) will affect the re-
sults to the same degree. One may conclude that the
reported ratio of the rate constants for the reduction of
Rum and Colll hexaammines by atomic hydrogen,
which is 1.0, is correct within the experimental error of
about £20%.

It is evident from Table | that the specific rate of
reaction of all the reducing agents studied, excluding
hydrogen atoms with Ru(NH3@&+, are considerably
higher than those with Co(NH36&3+ and Co(NH35
H2 3+. This is correct even for the reactions with
Zn+ and Cd+ which approach the diffusion-controlled
limit (2 X 109 M~I sec-1) for these reactions.6 The
reduction of Co(NH36+ and Ru(NH38&+ by other
metal ions are commonly believed to proceed via the
outer-sphere mechanism.7 The difference in reactivity
between Co(NH3&+ and Ru(NH36+ is attributed to
the difference in their electronic configuration and not
to the small difference in their redox potentials.

(9) J. E. Endicott and H. Taube, Inorg. Chem., 4, 437 (1965).

(10) G. Czapski and G. Stein, J. Phys. Chem., 63, 850 (1959).

(11) G. Czapski, J. Jortner, and G. Stein, ibid., 65, 956 (1961).

(12) G. Navon and G. Stein, ibid., 69, 1384 (1965).

(13) G. Czapski and G. Stein, ibid., 64, 219 (1960).

(14) G. Navon and G. Stein, ibid., 70, 3630 (1966).

(15) H. Hartmann and C. Buschbeck, Z. Phys. Chem., 11, 120
(1957).

(16) Internal Report of Accelerator Laboratory, Hebrew University,
Jerusalem, Israel.

(17) T. J. Meyer and H. Taube, Inorg. Chem., 7, 2369 (1968).

(18) The same order of magnitude for the ruthenium(ll,111) hexa-
ammine exchange rate constant was obtained (G. Navon, unpub-
lished work) by using MN nmr line broadening technique.
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It has been pointed out by Orgel19that electron trans-
fer reactions to Colll complexes are expected to be slow
for two reasons. Octahedral Coll complexes have the
electronic configuration t2fg2as compared to t~60f Colll
complexes. The change of the cobalt spin multiplicity
from 1 to 4 during the reduction of Colll is one reason
for a slow process. The second reason is that the two
electrons in the egorbitals, having an antibonding char-
acter, should cause an increase in Con-ligand bond
lengths as compared to these in the Colll complexes.
Therefore, the reorganization energy during the elec-
tron transfer should be appreciable. On the other
hand, the ruthenium complex has a low spin con-
figuration in both Il and Ill oxidation states. Fur-
thermore, as only the “nonbonding” tyorbitals are in-
volved in the electron transfer process, there is reason to
believe that the bond lengths in the two oxidation states
do not differ appreciably. The difference between the
cobalt and ruthenium complexes in relation to electron
transfer reactions is also determined by the large
difference in the specific rates of self-exchange between
the di- and trivalent complexes which are less than
3.3 X 10“12 M 1 sec-1 in the case of cobalt hexa-
ammines and equal to 8.2 X 102 M~I sec-1 for the
analogous ruthenium complexes.1718

The equality between the specific rates of Rum and
Colll hexaammines by hydrogen atoms indicates that
these reactions are not governed by spin selection rules
and also not by reorganization energies as required by
application of the Franck-Condon principle to electron
transfer reactions.2l It has to be concluded therefore
that the reductions by hydrogen atoms do not proceed
via the outer-sphere mechanism. This conclusion
seems reasonable if one considers the high amount of re-
organization energy which is required for the formation
of HY+ from an H atom in a single step. An inter-
mediate complex of H atom with the oxidizing agent,
with a subsequent group transfer, or a reaction with the
surrounding water molecules is therefore likely to
occur. Such a mechanism rather than outer-sphere
electron transfer seems to be common to all reduction
reactions of atomic hydrogen in aqueous solutions.2-4'#4
Atomic hydrogen has an exceptionally high redox
potential of about E° = 2.28 V in aqueous solution.2223
This makes its reactions with Co(NH36+ and
Ru(NH3 &+ very exergonic, with free energy changes of
about —55 kcal (taking E° = 0.1 V for both cobalt2d
and rutheniuml7 hexaammines). However, this very
large gain in free energy does not seem to account for the
similar reactivity of the cobalt and ruthenium com-
plexes toward the hydrogen atoms. For instance,
Zn+ and Cd+ which also have high redox potentials
(see below) react faster with ruthenium hexaammine in
comparison with the analog cobalt complex.

Another exceptional behavior of atomic hydrogen is
in the reduction of Co(NH3@4D 3+, which proceeds
more slowly than the reduction of Co(NH3&+. (See
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Table 1.) This is in contrast to all other reducing
agents whose reduction rates toward the above com-
plexes have been measured as yet. V2+2% Cr-
(dipy)2+,2 and Ru(NH338+8are known to react with
Co(NH3& D 3+ about 102 times faster than with Co
(NH38&+. This fact has been taken® as an evidence
that these complexes react by the same mechanism
which is by outer-sphere electron transfer. It is inter-
esting to note that a factor of about 102is also predicted
from Marcus’ theory, taking redox potential values of
E° = —0.33Z and -0.1 V2 for Co(NH38H2 3+ and
Co(NH363+, respectively, and assuming the same re-
organization energy for these two complexes. Cr2+
reacts with Co(NH3®HD 3+ faster than with Co
(NH3 8+ by a factor of about 104 This has been as-
cribed2 to the availability of the electron pair on the
water oxygen for an inner-sphere reaction. The fact
that hydrogen atoms react with Co(NH38HD 3+ at a
slower rate than with Co(NH36+ shows that the
available electron pair of the water molecule is not im-
portant for the attack by hydrogen atoms and elim-
inates a bridged mechanism involving the coordinated
water molecule.

Two possible alternative mechanisms of reaction can
be suggested, (a) A hydrogen abstraction

M(NH3&+ + H — » M(NH3&NH3+ + H2 (1)
followed by
M(NH3BNH3B+ + 2HD —>
M(NH3&+ + NH2OH + H3)+ (2)

Other oxidation products of NH2 might be obtained.
This mechanism seems as unreasonable as the reaction

M(NH36+ + OH —> M(NH3SNHB+ + HD (3)

in which the free energy gain is much larger than in
reaction 1, is slow, or does not occur.29 (b) Hydrogen

(19) L. E. Orgel, Report 10th Solvay Conference, Brussels, 289
(1956).

(20) Estimated for room temperature (reference 8) from the results
of D. R. Stranks, Discuss. Faraday Soc., 29, 73 (1960).

(21) For areview see: R. A. Marcus, Annu. Rev. Phys. Chem., 15,
155 (1964); N. Sutin, Annu. Rev. Nucl. Sci., 12, 285 (1962).

(22) G. Navon, Ph.D. Thesis, Jerusalem, Israel, 1965. The value
usually quotedZ3for this potential, E° = 2.10 V, is that of the half-
reaction Hgas *» Hag+ + eag~ The value E° = 2.28 V has been
estimated for the more relevant half-reaction Hag — Haqg+ + eaq_,
assuming equal solubility for atomic and molecular hydrogen in
water. Note that even a factor of 5 in the assumed solubility of
atomic hydrogen amounts only to a change of 0.04 V in the estimated
E°.

(23) For example, “Handbook of Chemistry and Physics,” 43rd ed,
Chemical Rubber Publishing Co., Cleveland, Ohio, 1961; J. H.
Baxendale, Radiat. Res. Suppl., 4, 114 (1964).

(24) W. M. Latimer, ‘Oxidation Potentials,” Prentice-Hall, New
York, N. Y, 1952.

(25) A. Zwickel and H. Taube, J. Amer. Chem. Soc., 83, 793 (1961).
(26) A. Zwickel and H. Taube, Discuss. Faraday Soc., 29, 73 (1960).
(27) R. G. Yalman, Inorg. Chem., 1, 16 (1962).

(28) H. Taube, Advan. Inorg. Chem. Radiochem., 1, 1 (1959).

(29) D. Katakis and A. O. Allen, J. Phys. Chem., 68, 1359 (1964).

The Journal of Physical Chemistry, Vol. 7J, No. 23, 1970



4070

atoms, being very small, might penetrate the coordina-
tion sphere of the central cation and become a seventh
ligand in the transition state. (That this is possible
has been checked on a scale model of the complexes.)

Although the latter mechanism seems to be the most
probable for the reaction of hydrogen atoms with hexa-
ammine complexes, it should be noted that this mech-
anism does not fully explain the fact that the specific
rates of reaction of H atoms with the Ru(NH3 &+ and
Co(NH 383+ are equal.

The redox potentials of the monovalent cations can
be roughly estimated from their specific rates of reaction
with Co(NH36&+ and Ru(NH3&3+ if one assumes that
these reactions are outer-sphere ones and that the
Marcus theory can be applied to them. According to
Marcus,2 the specific rate of reduction, K\2can be cal-
culated using the relations

kn = (fcufajruf)/’;

log/ = (log ifi3d74 log (knk-n/Z2 (4)

where kn and kn are the specific rates of exchange
between the oxidized and reduced states of both
reactants, Ku is the equilibrium constant of the reac-
tion, and Z = 1011 M~1I sec-1.

For rate constants (fcos) approaching the diffusion-
controlled limit (fcdi»), the following equation must be
taken into consideration.3)

koos 1 K& 14 fediff 1 (5)

The activation-controlled constant k”t is the one cal-
culated by eq 4. Considering the limiting rate con-
stants obtained for the reactions of monovalent metal
ions with cobalt and ruthenium complexes (Table I and
ref 5), the rate constants of Zn+ and Cd+ with Ru-
(NH3 &+ can be taken as the diffusion-controlled rate
constant, i.e. fodin = 2.2 X 109 M~I sec-1. Cobalt
hexaammine(ll-111) exchange rate constant is known
to be less than 3 X 10“ 2ZM~Isec-1.20 Only limits can
be given for the monovalent-divalent exchange rate con-
stant k2 As an upper limit, the value 1 X 109 M~I
sec-1, which approaches the diffusion-controlled limit
can be taken and a value of k2= 1 M~I sec-1 seems to
be a generous lower limit for such cations having the
exchanging electron in an s orbital. Using eq 4 and 5
and the known redox potential of the Co(NH3&+
Co(NH3#8&3+ couple the values E° = 2.0 + 0.4 V and
E° — 1.8 £+ 0.4 V are calculated for the redox poten-
tials of the Zn+/Zn2+ and Cd+/Cd2+ couples, respec-
tively. These values are in fair agreement with the
values estimated from thermodynamic data;3li.e., 2.5-
3.2 V for Zn+ and 1.9-2.5 V for Cd+. The same cal-
culation carried out for the Ni+/Ni2+ couple taking
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ft2 = 4.0 X 10sM -1 sec-1 for the Ni+ + Ru(NH363+
reaction, kn = 8 X 102 M-1 sec-1 for the Ru-
(NH3&+/3+ exchange reaction,1718 and assuming 1 <
k2< 109M~I sec-1 yields E° = 0.7 £+ 0.4 V. How-
ever, in the case of nickel ions it is not clear that the as-
sumption of k2 = 1 Af-1 sec-1 is a lower limit as Ni+
has a d9 configuration with a possible Jahn-Teller dis-
tortion which does not apply to Ni2+ with the d8con-
figuration. Therefore, E° for the Ni+/Ni2+ couple
might approach the upper limit (1.1 V) of the estimated
value. The redox potential for the Ni+/Ni2+ esti-
mated from thermodynamic data3l is much higher
(2.7 V) than that obtained in the above calculations.

The redox potentials thus obtained for the Zn+/Zn2+
and Cd+/Cd2+ can be used to check the Marcus theory
for calculating the specific rates of reaction of the hy-
drated electron® with the divalent cations. From
these specific rates of reaction and Marcus’ theory, the
redox potentials of the couples Zn+/Zn2+ and Cd/Cd2+
were estimated as EO= 1.0V and E° 0.5 V, respec-
tively.2 The discrepancy between the latter values and
the values estimated in this study is too large to be ad-
justable by the assumptions. This together with ear-
lier suggestions based on kinetic data®-3indicates that
the Marcus theory is rather limited in explaining the
reactions of hydrated electrons.

Finally, from the redox potentials of the couples
Zn+/Zn2+and Cd+/Cd2+estimated in the present work
and from the known2 redox potentials of 0.76 and 0.40
V for the couples Zn°/Zn2+ and Cd°/Cd2+, respectively,
the redox potentials of the couples Zn°/Zn+ and CdQ
Cd+ can be estimated as E° = —0.5 + 04V and E°
= —10 £ 0.4, respectively. These negative values
might explain why there is no evidence for the forma-
tion of monovalent zinc or cadmium ions in the dissolu-
tion of the metals or the electrolytic reduction of the
divalent cations in aqueous solutions in the absence of
stabilizing ligands.
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The gas phase reactions of methyl benzoate and methyl formate with hydrogen bromide and hydrogen iodide
in the temperature range 340-430° are shown to yield the corresponding carboxylic acid and alkyl halide as

major products.
halide and methanol.

Introduction

Stimson and coworkers2 have previously postulated
that the gas phase reactions of methyl esters with HBr

RCOOMe + HBr~»

RCOBr + MeOH (mechanism 1)

proceed via the acyl bromide and methanol. Appre-
ciable amounts of MeBr were also formed, which was
presumed to be formed from the further reaction of
MeOH.

MeOH + HBr MeBr + HD (@)

During a study of the reactions of iodine atoms with
methyl formate3 and methyl benzoate,4 we observed
that Mel was produced with excess HI. The reaction
was followed in situ using spectroscopic techniques,
but there was no evidence for the formation of benzoyl
iodide from methyl benzoate. The reaction of
PhCOOMe with HBr was similarly investigated, and
only trace amounts of PhCOBr were detected. In this
paper, we present our results for PhCOOMe and
HCOOMe and propose an alternate mechanism for the
formation of Mel or MeBr. With methyl trimethyl-
acetate, this is shown to account for several discrep-
ancies in the kinetics of the reaction with HBr.28

Experimental Section

Materials. Methyl benzoate and methyl formate
from Eastman Kodak and Matheson benzoyl bromide
were fractionated on the vacuum line until gas chro-
matographically pure. Matheson anhydrous HI and
HBr were similarly purified by fractional distillation
on the vacuum line.

Apparatus. The reaction was investigated in a
cylindrical quartz reaction vessel, thermostated with air
inside a heated aluminum block. The ultraviolet and
visible absorption of the reacting species was monitored
with a Cary Model 15 spectrometer, as described pre-
viously.6 Pressures were measured with a Pace differ-
ential transducer using helium as a buffer between the

The methyl ester-hydrogen halide system has been previously reported to yield only acid
The relative amounts of products from the two mechanisms are compared.

metal diaphragm and the reaction mixture. For runs
below 360°, the reaction vessel was conditioned by the
polymerization o: 120 Torr of CZF4 with di-ferf-butyl
peroxide in the vessel at 200°. Above 360° the Teflon
coating was unstable, and a carbon coating was de-
posited by pyrolyzing pentene for several hours at 440°.

A reaction vessel, packed with pieces of glass tubing
so that the surface-to-volume ratio was eight times that
of the unpacked vessel, was also used for several runs.
The surface of this vessel was treated as for unpacked
vessels. Rates measured in the packed vessel, as deter-
mined from halogen and noncondensable gas formation,
and overall pressure increase were always faster than
in the unpacked vessel. Reproducible results could
not be obtained, in spite of repeated attempts to con-
dition the vessel. Even at temperatures below 350°,
noncondensable gases were formed from PhCOOMe in
the presence of HBr and HI.

Procedure. The reaction vessel was evacuated to
below 10~4Torr prior to arun. The required pressure
of degassed PhCOOMe or HCOOMe was admitted to
the reaction vessel by heating the storage vessel. After
the reagent had been pumped from the heated inlet
manifold, HI or HBr was added to the reaction vessel
and the total pressure was measured. Owing to the
higher vapor pressure of HCOOMe, it was added to the
HI1 or HBr in the majority of runs. Reaction times
were determined from the synchronous chart drive and
an electric timer. With HI the absorption was followed
at 260, 270, and 490 mp, and at 250 and 260 miu with
HBr. The optical density of PhCOOMe, PhCOOH,

(1) (&) This work was supported in part by Grant AP 00353-04 of
the Public Health Service, Division of Air Pollution; (b) Post-
doctoral Research Associate; to whom correspondence should be
addressed.

(2) (@ J. T. D. Cross and V. R. Stimson, Aust. J. Chem., 21, 687
(1968); (b) D. A. Kairaitis and V. R. Stimson, ibid., 21, 1711 (1968).

(3) R. K. Solly and S. W. Benson, Int. 3. Chem. Kin., 1, 427 (1969).
(4) R. K. Solly and S. W. Benson, ibid., submitted.

(5) R. Walsh and S. W. Benson, J. Amer. Chem. Soc., 88, 4570
(1966).
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PhCOBr, Mel, MeBr, HI, and HBr was determined
prior to the reaction studies and used to follow the
course of the reaction.

The pressure of the reaction mixture was determined
by nulling both sides of the differential transducer with
He to the estimated reaction pressure. The reaction
vessel was momentarily opened to one side of the trans-
ducer, and any small difference between the actual and
estimated pressure was measured on an oil manometer.
By this means, absolute pressures could be measured to
0.1 Torr.

After the He had been pumped from the inlet mani-
fold, the contents of the reaction vessel were condensed
in a liquid nitrogen cooled trap. Uncondensed gases
were concentrated in a gas buret with a Toepler pump.
The liquid nitrogen condensate was fractionally dis-
tilled by replacing the liquid nitrogen with an ethanol-
liquid nitrogen slush bath (HBr reaction mixture) or
an acetone-liquid nitrogen slush bath (HI reaction
mixture). The distillate, consisting mostly of HBr or
HI, was discarded. The distillate from a salt-ice bath
was condensed in a gas pipet with liquid nitrogen prior
to gas chromatographic analysis from the vapor phase.
Only polymeric residue remained from the HCOOMe
reaction mixture, and no attempt was made to analyze
this further. The residue from the PhCOOMe reaction
mixture was washed from the trap with hexane, and the
hexane solution was analyzed by vpc. The residue
from some runs was washed from the trap with water.
Recrystallization from water gave white crystals having
an infrared spectrum (NacCl disk) identical with that of
an authentic sample of benzoic acid. A sample of
benzoyl bromide was mixed with water and worked up
under the same conditions as used for the reaction mix-
ture residue. No evidence for hydrolysis to benzoic
acid could be detected.

All vpc analysis was on an F & M Model 810 gas
chromatograph equipped with both thermal conductiv-
ity and flame ionization detectors. Permanent gases
were analyzed on a molecular sieve column, the salt-ice
distillate on hallcomid and silicone oil columns, and the
hexane solution of the residue on silicone gum rubber.

Results and Discussion

The reaction of PhCOOMe with HBr was followed
spectroscopically over the range 245-300 nm. The rate
of change of absorbance at 349° was very small. Con-
sidering the absorbance changes as being due solely to
reaction 2, only 4% of the PhCOOMe had been con-
verted into PhCOBr after 21 hr (run 1, Table 1). At

PhCOOMe + HBr PhCOBr + MeOH (2)

250 nm, «(PhCOBr) « 10«(PhCOOMe) » «(HBr)
and «(MeBr), and the absolute detection limit for
PhCOBr is 0.02 Torr. On increasing the reaction tem-
perature to 384°, the maximum conversion of
PhCOOMe into PhCOBr was 3% after 100 min (run 4).

The Journal of Physical Chemistry, Voi. 71, No. 28, 1970

Richard K. Solly and Sidney W. Benson

The reaction mixture from runs 1 and 4 was con-
densed in a liquid nitrogen trap and worked up as de-
scribed in the Experimental Section. At least 16 prod-
ucts were detected by vpc analysis. The major com-
ponents had peaks with the same retention time as
MeBr and PhCOOH, with a peak corresponding to
PhCOBr being a minor component. No attempt was
made to quantitatively analyze the condensation prod-
ucts, as many are probably formed in the liquid phase.
The PhCOOH was further identified by recrystallization
from water and comparison of the infrared spectrum
with an authentic sample. In ablank run, it was found
that at least 5 mg of PhCOOH was required to obtain
recrystallization. This is equivalent to a conversion of
a minimum of 30% of the PhCOOMe into PhCOOH.

The mechanism proposed by Stimson and coworkers
(mechanism 1) offers no route for the formation of
PhCOOH. We propose this is formed by a concerted
mechanism analogous to reaction 1.

RCOOMe + HBr

RCOOH + MeBr (mechanism 2)

The results reported by Cross and Stimson2afor the
reaction of MeICCOOMe with HBr are based solely on
mechanism 1. They obtained fall-off from pseudo-

Me3COOMe + HBr~ Me3LCOBr + MeOH (3)

Me3COBr f-C4H8+ CO + HBr 4

first-order behavior in MeC3COOMe, as would occur if
Kzwas a rapid preequilibrium, and fdrate determining.
However, thermodynamic considerations show that
their suggestion (of reaction 4 being reversible) is in-
correct. Reaction —4 is negligible compared to reac-
tion 4. Their order dependence on Me3COOMe is
first order at low concentrations and zero order at higher
concentrations. Small additions of MeOH and H2
decreased the rate of CO formation, but larger concen-
trations had no further effect. If we apply the steady-

Me3COBr + ROH Me3CCOOR + HBr (5)

state approximation to reaction 3, 4, and 5, the rate of
formation of f-C4H8is given by

d[f-CH8] =
df

K4[HBr](f3[MeIlCOOMe] + fc_s[MeCCOOR])
[MeOH] + ki + h [ROH]

In deriving this expression, reaction —4 is assumed to

be negligible. For the case where ROH = MeOH, the
rate simplifies to
d[f-C4H8] fA3[HBr][Me3 COOMe]
df " fc_,[MeOH] + A4 (}

It may be seen that the pseudo-first-order rate in HBr
is invariant. Similarly, the inhibiting effect of small
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Table I: Reaction of PhCOOMe with HBr
Temp, [PhCOOVE, [HBr]«, Time,
Run °c Torr Torr sec
i 349.4 10.3 36.9 76000
2 349.5 14.0 33.0 45600
3 383.9 11.0 31.9 3400
4 383.8 11.0 44.2 6000
Table 11: Reaction of PhCOOMe with HI
Temp, [Ph(II]Vb]«, [H|], Time,
Run °c Torr Torr sec
5 349.5 12.8 39.8 2300
6 385.1 10.5 43.6 2300

amounts of added MeOH should also be invariant first
order.

The observed kinetics for the reaction of Me3
CCOOMe with HBr may be better explained by mecha-

MesCCOOMe + HBr Me3_COOH + MeBr (6)

Me3CCOOH + HBr
f-CJdle + CO + HD + HBr (7)

nism 2. Reaction 7 has previously been reported by
Cross and Stimson.6 The inhibiting effect of MeOH is
in esterifying the acid. The esterification of Me3

Me3xCOOH + MeOH
Me3COOMe + HD (8)

CCOOH with isopropyl alcohol in the presence of HBr
has previously been observed.7 The formation of iso-
propyl trimethylacetate on addition of isopropyl alcohol
to a reaction mixture of Me3ICCOOMe and HBr has also
been reported.8

Reactions 6, 7, and 8 do not offer an explanation for
the fall-off from first-order behavior with high HBr con-
centration or the inhibiting effect of HD. These effects
would suggest that reaction 6 is partly surface catalyzed.
Small concentrations of HBr will have first-order ab-
sorption characteristics, while larger concentrations
will tend toward zero order. The effect of HD is to
compete with Me3CCOOH and HBr for reactive surface
sites. This is also subject to a surface saturation effect,
and the order dependence will tend toward zero at high
H2D concentrations.

At 384° in the reaction of PhCOOMe with HBr
(Table 1), there is a small pressure increase and the
formation of noncondensable gases. This is probably
due to radical reactions resulting from the presence of

trace amounts of bromine and bromine atoms.
PhCOOMe + Br- PhCOOCH2+ HBr (9)

PhCOOCH, —> PhCO + CHD (10)
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CH,
H’(I]Br, TiI'TE, AP, Time, +[[CI])
Torr sec Torr sec Torr
0.45 1450 0.0 1650 0.0
0.50 1600 0.0 1800 0.1
0.32 3200 +0.1 3400 0.4
0.35 7000 +0.7 7450 11
Time, [, ol [0
Torr sec Torr Torr Torr
+0.25 2600 6.8 7.5 0.6
+2.2 2650 29 3.0 2.8
PhCO —> Ph- + CO (ID
PhCO + HBr~ PhCHO + Br (12)
PhCO + Br,~ 1 PhCOBr + Br- (13)
Ph + HBr il PhH + Br- (14)

As expected from reactions 9-14, peaks with retention
times corresponding to benzaldehyde and benzene were
detected in the reaction products.

The reaction of PhCOOMe + HI was also investi-
gated (Table 11); but this system is greatly complicated
by radical reactions. As with HBr, PhCOOH was a
major component of the reaction product. However,
even at 350°, appreciable amounts of iodine and meth-
ane were formed. In the PhCOOMe-alkyl halide reac-
tion system, whereas bromine atoms will preferentially
abstract hydrogen atoms, iodine atoms will preferen-
tially abstract iodine atoms, with a subsequent branch-
ing of the iodine atom concentration. Consequently,
CH4 was the major component of the noncondensable

gases. Appreciable quantities of CO were also formed,
Mel (- T Me- - 12 (15)
Me- + HI MeH + |- (16)

but this may follow from a radical abstraction reaction
analogous to reaction 9, or from the concerted mecha-

nism 1. Any MeOH formed is also subject to radical
PhCOOMe + HI PhCOIl + MeOH (17)
PhCOIl + I- PhCC + 12 (18)
decomposition8 or esterification with PhCOOH. The
CHDH + I- CHOH (19)

CHDH + 12 ICHDH + I- (20)

(6) J. T. D. Cross and V. R. Stimson, J. Chem. Soc. B, 88 (1967).
(7) J. T. D. Cross and V. R. Stimson, Aust. J. Chem., 21, 701 (1968).
(8) J. T. D. Cross and V. R. Stimson, ibid., 21, 713 (1968).
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Table III: Reaction of HCOOMe with HBr
Temp, [HCOOMes, [HBrl, Time, AP, Time, [MeBr], [CH4), [col,
Run °C Torr Torr 860 Torr sec Torr Torr Torr
7 384 .4 90.4 42.6 1450 13.4 1650 9.4 3.9 13.4
8 434.7 16.5 41.8 2500 9.2 2700 6.9 10.5
Table IV: Reaction of HCOOMe with HI
Temp, [HCOOMels, [HIJ, Time, AP, Time, L], [CH4), [coj,
Run °C Torr Torr sec Torr sec Torr Torr Torr
9 339.8 91.0 44.0 950 6.4 6.9 2.0
10 383.5 70.0 58.0 850 9.2 1070 5.1 8.7 10.4
11 383.5 7.0 40.8 1000 0.8 1300 1.1 0.9 1.3
Table V: Reaction of MeOH with HBr
Temp, [MeOH]Jo, [HBr], Time, AP, Time, [MeBr], [CO],
Run °C Torr Torr Torr sec Torr Torr
12 431.9 9.1 51.6 3100 0.0 3500 3.1 0.0
ICH,OH — CH,0O + HI (21) imately 10.? The average concentration ratio, [X,]/
. HX], was less than 0.005 for the bromine system and
CHO + I == CHO + HI (22) approximately 0.05 for the iodine system, the halogen
CHO + I, == ICHO + I (23)  concentration being measured in the visible region of
the spectrum. The low concentration of Br, is due to
ICHO — HI + CO (24)  the preferential abstraction of hydrogen atoms by Br-,

area of the peak with the same retention time as MeOH
was less than 0.019, of that due to Mel in reaction 6.
The instability of MeOH in the system was shown ex-
perimentally by adding 1 Torr to a reaction mixture at
385°. Less than 0.01 Torr was recorded at the flame
ionization detector after the normal workup procedure.
TFfurther evidence for mechanism 2 was found in the
reaction of HBr and H1 with methyl formate. The
formation of methyl halide may be measured in situ,
the absorption no longer being obscured by the aromatic
species. As may be seen from Tables III and IV, ap-
preciable quantities of methyl halide were formed with
both HBr and HI. There are three possible routes
for the formation of MeBr or Mel. It may be formed
following radical abstraction from methyl formate.?

HCOOMe + X- = COOMe + HX  (25)

COOMe == CO, + Me- (26)
Me: + X; == MeX + X (27)
Me- + HX = MeH + X. (28)

Reactions 25 and 26 have been discussed previously,?
and the rate is determined by the concentration of X..
However, competition between reactions 27 and 28 is
the critical factor determining the rate of formation of
MeX. The ratio of the rate constants ky/kss is approx-
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compared to preferential abstraction of iodine atoms by
I.. In the bromine system, for which the ambiguity is
less owing to the low Br; concentration, any Me- radi-
cals will be trapped as MeH and will not form MeX.

Another route for the formation of MeX is from
reaction —28. The H;C-H bond strength is 104 kcal/
mol,3:1% compared to 93 for H-COOMe.? Furthermore,
the average concentration of HCOOMe was at least 20
times that of CH4, so that reaction —30 will not compete
with reaction 27.

A third route for the formation of MeX is from re-
action 29. This reaction has been previously observed

MeOH + HX = MeX + H:0 (29)

by Cruickshank and Benson!! and postulated by Cross
and Stimson?® to explain the formation of MeBr in their
system. However, a blank run in our system (Table V)
showed that the rate of reaction 29 was too slow even at
432° to explain the formation of MeBr. The MeBr,
and probably part of the Mel, must be formed by the
molecular mechanism 2.

HCOOMe + HX = HCOOH + MeX (30)

(9) D. M. Golden and S. W. Benson, Chem. Rev., 69, 125 (1969).

(10) C. A. Goy and H. O. Pritchard, J. Phys. Chem., 69, 3040
(1965).

(11) F. R. Cruickshank and S. W. Benson, tbid., 73, 733 (1969).
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The formation of CO may be regarded as evidence for
a concurrent reaction by mechanism 1. However, CO

HCOOMe + HX = HCOX + MeOH (31)
HCOX — HI + CO (32)

may also be formed from the decomposition of formic
acid. Arrhenius parameters have been reported for

HCOOH — H,0 + CO (33)
HCOOH + HX == HCOX + H,0 (34)

reaction 33,2 but they are not consistent with a homo-
geneous reaction. By analogy with other systems,®
reaction 34 is likely to occur in the temperature range
380-430°. Considering run 7, and assuming all the
HCOOH decomposes to CO and H,O, the maximum
amount of CO formed via reaction 30 is 9.4 Torr. As
the measured amount was 13.4 Torr, at least 4 Torr
must be formed via reaction 31.

Conclusion

The formation of benzoic acid from methyl benzoate
is indicative that mechanism 2 is a prominent route in
the gas phase decomposition of methyl esters in the
presence of HBr or HI. Further evidence for this
mechanism is found in the formation of significant
quantities of MeBr or Mel from the gas phase reaction
of methyl formate with HBr or HI.
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By direct measurement of the formation of PhCOBr
in the PhnCOOMe-HBr system, mechanism 1 was found
to be a minor reaction. In the HCOOMe-HBr sys-
tem, upper and lower limits for the ratio of mechanism 1
to mechanism 2 may be established by assuming no
decomposition of HCOOH to CO, and 1009, decom-
position to CO, respectively. Equating the amount of
HCOOH to MeBr, in run 7 the upper and lower limits
are 1.4:1 and 0.4:1, respectively.

Our experience with the packed reaction vessel and
the inhibition effects reported by Cross and Stimson?
for the Me;CCOOMe-HBr system would suggest that
these reactions are at least partly heterogeneous. Con-
sequently, in this paper the emphasis has been on prod-
uct identification, rather than kinetic analysis.

The free energy of the reaction forming RCOOH and
MeX is also greatly favored over that for formation of
RCOX and MeOH. Considering the PhCOOMe-HBr
system, and using group values'? for the thermodynamic
parameters which have not been reported, the free-
energy change at 350° for mechanism 1 is 4.8 keal/mol,
compared to —6.2 keal/mol for mechanism 2.

(12) P. G. Blake and C. Hinshelwood, Proc. Roy. Soc., Sec. A, 255,
444 (1960).

(13) S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen,
H. E. O'Neal, A. S. Rodgers, R. Shaw, and R. Walsh, Chem. Rev.,
69, 279 (1969).

Kinetics of the Shock-Initiated Decomposition of 1,1-Difluoroethylene

by J. M. Simmie!* and E. Tschuikow-Roux!

Department of Chemustry, University of Calgary, Calgary, Alberta, Canada

(Received May 6, 1970)

The decomposition of 1,1-difluoroethylene has been studied in a single-pulse shock tube over the temperature
range of 1290 to 1700°K at total reflected shock pressures of about 3 to 4 kTorr and reaction dwell times of

about 1072 sec.

of HF with the first-order rate constant given by £ = 1044*1'1 exp[— (86,000 = 6800)/RT] sec™™.

At low conversions, below 1480°K, the principal reaction is the unimolecular elimination

At tem-

peratures in excess of 1500°K, corresponding to extents of reaction greater than 5%, the mechanism becomes
very complex with over 18 products being observed.

As recently as last year (1969) it was possible to state
in a review? of the pyrolysis of alkyl halides in the gas
phase that “the direct investigation of the pyrolysis of
alkyl fluorides containing a B-carbon-hydrogen bond
has not yet been achieved.” However, of late there
has been an upsurge of interest in the pyrolytic dehy-
drofluorination reactions of fluorohydrocarbons. Suc-
cessful pyrolysis of ethyl fluoride? and 1-chloro-1-

fluoroethane* has been reported in static systems and of
the series CH;CH,F;_; (: = 0, 1, 2) in a flow system.?
In addition, two different kinds of shock tube techniques

(1) (a) Postdoctorate Fellow, 1968-1970; (b) to whom correspon-
dence should be addressed.

(2) A.Maccoll, Chem. Rev., 69, 33 (1969).

(3) M. Day and A. F. Trotman-Dickenson, J. Chem. Soc. A, 233
(1969).
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have been used to study dehydrofluorination reactions.
In direct studies in this laboratory, we have observed
HF elimination from vinyl fluoride® and 1,1-difluoro-
ethane,” while Cadman, et al.* using competitive
methods, have reported the Arrhenius parameters for a
number of alkyl fluorides. These latter authors have
also included more detailed results of previous work =10
which was based on the application of the Rice-Rams-
perger-Kassel-Marcus (RRKM) theory of unimolecular
reactions to chemically activated molecule decomposi-
tion data.

Chemical activation studies of a number of fluoro-
alkanes are referenced in a recent paper by Chang and
Setser!! on the unimolecular reaction and collisional
deactivation of chemically activated 1,2-difluoroethane.
Considerably more information on the critical energies
for HF elimination, determined by the application of
nonequilibrium RRKM theory to chemical activation
data, is shortly to be published for the following com-
pounds:'? CH;CH,CHFCH;; CH;CF.CH;; CH;CH.-
CH;Fs_{ (‘L = 0, 1), CHtFa__iCHIFa_j (1 = 1,] = 1, 2 and
1= 2,7 = 2),and CH;CCIH,F._, ¢ =0, 1).

Studies of a more fundamental nature on the product
energy states have been performed by Clough, et al.!?
They have examined the vibrational energy distribu-
tion of HF, eliminated from nonthermally activated
CH;CF; and CH.CF,, in a fast-flow system. They
find that the hydrogen fluoride eliminated from Hg-
(6%P1) photosensitized activation of CH,CF, has con-
siderable excess vibrational and rotational energy.
They suggest that the ‘“reverse” activation energy is
channeled into the vibrational mode and that the rota-
tional excitation arises from a highly repulsive transition
state.

This paper is the second in a series of studies on the
kinetics of hydrogen fluoride elimination reactions of
alkenyl fluorides.

Experimental Section

Both the modified single-pulse shock tube and the
general techniques employed have been fully described
in previous communications.4.1

1,1-Difluoroethylene was obtained commercially
(Matheson, 99.09%, stated minimum purity) and tested
for impurities by mass spectrometry and gas chroma-
tography. No significant (<£0.5%) impurities were
detected; in particular monofluoroacetylene was below
the limit of detectability (estimated at <10 ppm).
Reaction mixtures of 1.0 and 2.69, difluoroethylene in
argon (Matheson, 99.9989, stated purity) were used for
kinetic data below 1480°K, and total product analysis
above 1500°K, respectively. Samples of the reacted
mixture were drawn in the usual manner and analyzed

= 0D 8 gas chromatograph (Varian 1700; 12-ft column of

silica gel at 75° with a flow rate of 30 ¢cm® He min—?)
equipped with flame ionization detectors. For analysis
of the products of high-temperature runs, the contents of
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part of the low-pressure side of the shock tube (isolated
by a ball-valve) were pumped through a copper coil
immersed in liquid nitrogen. The trapped compounds
were then transferred to Pyrex ampoules which were
later sealed off in vacuo. These were then run through
a coupled mass spectrometer—gas chromatograph (ms-
gce).

Results

The decomposition of 1,1-difluoroethylene in shock
waves is complex. We have quite arbitrarily divided
the pyrolysis results of 1,1-C.H,F. into two ranges:
(a) the high-temperature region, above 1500°K, and
(b) the low-temperature region <1480°K.

A. High-Temperature Results. Shocks into 2.69
1,1-C,H,F; in argon generating reflected-shock temper-
atures of more than 1500°K for dwell times of about 1
msec gave over 18 detectable volatile products and, in
addition, deposited a carbon film on the walls of the
shock tube. The major volatile products are listed in
Table I in the order of their elution from a silica gel

Table I: Analysis of Products from High-Temperature
Shocks of 1,1-C.H,F,

Product Evid
identity

C:H,
C:HF
CzF‘
C:H,
C.H,F,
CH, |
CHF,|
CH,F
CZHaFa
CHF: (7)
CH,

(3]
o
g

++

Reactant

4+ ++++

++++++

(4) P. Cadman, M. Day, A. W. Kirk, and A. F. Trotman-Dickenson,
Chem. Commun., 203 (1970).

(6) D. Sianesi, G. Nelli, and R. Fontanelli, Chim. Ind., 50, 619
(1968).

(6) J. M. Simmie, W. J. Quiring, and E. Tschuikow-Roux, J. Phys.
Chem., 74, 992 (1970).

(7) E. Tschuikow-Roux, W. J. Quiring, and J. M. Simmie, #bid.,
74, 2449 (1970).

(8) A. W. Kirk, Ph.D. Thesis, University of Wales, Aberystwyth,
1968.

(9 J. A. Kerr, A. W. Kirk, B. V. O'Grady, D. C. Phillips, and A. F.
Trotman-Dickenson, Discuss. Faraday Soc., 44, 263 (1967).

(10) A. W. Kirk, A. F. Trotman-Dickenson, and B. L. Trus, J.
Chem. Soc. A, 3058 (1968).

(11) H. W. Chang and D. W. Setser, J. Amer. Chem. Soc., 91, 7648
(1969).

(12) A. W. Kirk, private communication.

(13) P. N. Clough, J. C. Polanyi, and R. T. Taguchi, Can. J. Chem.,
in press. We thank Professor Polanyi for a preprint of this paper.

(14) J. M. Simmie, A. J. Quiring, and E. Tschuikow-Roux, J. Phys.
Chem., 73, 3830 (1969).

(15) E. Tschuikow-Roux, J. M. Simmie, and W. J. Quiring, Astro-
naut. Acta, in press.



4016

have been used to study dehydrofluorination reactions.
In direct studies in this laboratory, we have observed
HF elimination from vinyl fluoride8 and 1,1-difluoro-
ethane,® while Cadman, et al.* using competitive
methods, have reported the Arrhenius parameters for a
number of alkyl fluorides. These latter authors have
also included more detailed results of previous work,8-10
which was based on the application of the Rice-Rams-
perger-Kassel-Marcus (RRKM) theory of unimolecular
reactions to chemically activated molecule decomposi-
tion data.

Chemical activation studies of a number of fluoro-
alkanes are referenced in a recent paper by Chang and
Setser1l on the unimolecular reaction and collisional
deactivation of chemically activated 1,2-difluoroethane.
Considerably more information on the critical energies
for HF elimination, determined by the application of
nonequilibrium RRKM theory to chemical activation
data, is shortly to be published for the following com-
pounds:]2 CH3CH2CHFCH3, CH3CF2CH3, CH:CH.-
CHiFa-i ¢« = 0,1), CHiFs_jCHIiF3i (i=1,j = 1,2 and
i=2,j=2),andCHsCCIH” (i = 0,1).

Studies of a more fundamental nature on the product
energy states have been performed by Clough, et al.u
They have examined the vibrational energy distribu-
tion of HF, eliminated from nonthermally activated
CH:CFs and CH.CF., in a fast-flow system. They
find that the hydrogen fluoride eliminated from Hg-
(63Pi) photosensitized activation of CH.CF. has con-
siderable excess vibrational and rotational energy.
They suggest that the “reverse” activation energy is
channeled into the vibrational mode and that the rota-
tional excitation arises from a highly repulsive transition
state.

This paper is the second in a series of studies on the
kinetics of hydrogen fluoride elimination reactions of
alkenyl fluorides.

Experimental Section

Both the modified single-pulse shock tube and the
general techniques employed have been fully described
in previous communications.14 5

1,1-Difluoroethylene was obtained commercially
(Matheson, 99.0% stated minimum purity) and tested
for impurities by mass spectrometry and gas chroma-
tography. No significant (~0.5%) impurities were
detected; in particular monofluoroacetylene was below
the limit of detectability (estimated at ~10 ppm).
Reaction mixtures of 1.0 and 2.6% difluoroethylene in
argon (Matheson, 99.998% stated purity) were used for
kinetic data below 1480°K, and total product analysis
above 1500°K, respectively. Samples of the reacted
mixture were drawn in the usual manner and analyzed
*0n a gas chromatograph (Varian 1700; 12-ft column of
silica gel at 75° with a flow rate of 30 cm3 He min-1)
equipped with flame ionization detectors. For analysis
of the products of high-temperature runs, the contents of
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part of the low-pressure side of the shock tube (isolated
by a ball-valve) were pumped through a copper coil
immersed in liquid nitrogen. The trapped compounds
were then transferred to Pyrex ampoules which were
later sealed off in vacuo. These were then run through
a coupled mass spectrometer-gas chromatograph (ms-

gc).
Results

The decomposition of 1,1-difluoroethylene in shock
waves is complex. We have quite arbitrarily divided
the pyrolysis results of 1,1-CHZ2 into two ranges:
(a) the high-temperature region, above 1500°K, and
(b) the low-temperature region ~1480°K.

A. High-Temperature Results. Shocks into 2.6%
1,1-C2HZF 2in argon generating reflected-shock temper-
atures of more than 1500°K for dwell times of about 1
msec gave over 18 detectable volatile products and, in
addition, deposited a carbon film on the walls of the
shock tube. The major volatile products are listed in
Table | in the order of their elution from a silica gel

Table I:  Analysis of Products from High-Temperature
Shocks of 1,1-CHZF2

Product e Evidence-

identity gc ma
ch, +
chf +
CF, +
c2h, +
ch 2F2
cxh 2\
chTg
c 2h»F
ch £3
CAHF2(?)
CiHj

+ o+

Reactant

+ o+

o+ o+ o+ o+ o+

(4) P. Cadman, M. Day, A. W. Kirk, and A. F. Trotman-Dickenson,
Chem. Commun., 203 (1970).

(5) D. Sianesi, G. Nelli, and R. Fontanelli, Chim. Ind., SO, 619
(1968)

(6) J. M. Simmie, W. J. Quiring, and E. Tschuikow-Roux, J. Phys.
Chem., 74, 992 (1970).

(7) E. Tschuikow-Roux, W. J. Quiring, and J. M. Simmie, ibid.,
74, 2449 (1970).

8) A. W. Kirk, Ph.D. Thesis, University of Wales, Aberystwyth,
1968.

9 J. A. Kerr, A. W. Kirk, B. V. O'Grady, D. c. Phillips, and A. F.
Trotman-Dickenson, Discuss. Faraday Soc., 44, 263 (1967).

(10) A. W. Kirk, A. F. Trotman-Dickenson, and B. L. Trus, J.
Chem. Soc. A, 3058 (1968).

(11) H. W. Chang and D. W. Setser, J. Amer. Chem. Soc., 91, 7648
(1969)

(12) A. W. Kirk, private communication.

(13) P. N. Clough, J. C. Polanyi, and R. T. Taguchi, Can. J. Chem,,
in press. We thank Professor Polanyi for a preprint of this paper.
(14) J. M. Simmie, A. J. Quiring, and E. Tschuikow-Roux, J. Phys.
Chem., 73, 3830 (1969).

(15) E. Tschuikow-Roux, J. M. Simmie, and W. J. Quiring, Astro-
naut. Acta, in press.
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column at 75° together with the nature of the evidence
for their presence. In the case of positive gc(+) evi-
dence this means that the retention time of an authentic
sample was determined and compared with the unknown
compound. For a positive mass spectroscopic identi-
fication, agreementwith the literature was sought.

B. Lovi-Temperature Results.
the reaction at elevated temperatures meant that kinetic
data could only be sought at low conversions, in the
range of 0.03-5% decomposition. Initial driven gas
pressures of 115-150 Torr and driver gas pressures of ca.
4 KTorr gave reflected shock temperatures and pres-
sures of 1290-1480°K and 3.1-3.5 kTorr, respectively.
In this range of conditions monofluoroacetylene, CHCF,
was the major product of the reaction. Hydrogen fluo-
ride cannot be detected in our apparatus for reasons dis-
cussed previously.67 Small quantities of ethane,
ethylene, and acetylene were also formed. We believe
that ethane, ethylene, and to some extent acetylene are
formed from impurities in the driven gas, argon, since
(i) shocking pure argon (i.e., no sample present) also
gave these compounds in comparable yields, whereas
similar shocks into oxygen or nitrogen gave much re-
duced vyields; (ii) insertion of a molecular sieve-silica
gel trap at Dry Ice temperature (—78°) between the
argon cylinder and the shock tube again diminished the
yields of CHG CH4 and CH2 In our previous work67
trace quantities of these compounds had been noted as
a puzzling feature. Their occurrence is now satisfac-
torily explained; in any case, they are unlikely to have
significantly perturbed our major findings, particularly
since in those sets of runs generally lower temperatures
were employed.

To obtain kinetic data it was assumed that the rela-
tive gc response for CHCF and 1,1-CH F2mixtures was
unity, since an authentic sample of monofluoroacetylene
was unavailable to us. This is not an unreasonable ap-
proximation because the relative response factor for the
mixture CH2plus CHF was 1.0 £ 0.1. With this
assumption, and the further one that the decomposition
was first order in 1,1-CHZ2 the rate constant k was
evaluated from the integrated rate law

k= (1/ta) In (1 + [CHF]/[CHF2)

The kinetic results are shown in Table Il. The Ar-
rhenius equation is shown in Figure 1, in comparison
with that found in the dehydrofluorination of vinyl
fluoride,6and is given by

log (fc, sec") = 144 + 11 - (86,000 + 6800)/2.3RT
The error limits quoted are standard deviations.®
These data were not corrected for temperature changes
caused by the heat of reaction, nor was the cooling
correction applied since (a) both these corrections are
small in our apparatus¥4and (b) the data are not suffi-
ciently precise to warrant such treatment.

The complexity of

Table I'1: Results

feeeeee Mach no.— — Fi, Ti *d, mC:FF] |4'T,]
Wwn V\LL kTorr OK msec [1,1-CUHF,] sec”1l

2.499 1.365 3.27 1482 1.00 451 44.1

2.493 1.359 3.24 1476 1.02 3.97 38.2

2.469 1.367 3.09 1463 1.02 3.54 341

2444 1.349 3.21 1428 0.87 1.76 20.1

2.433 1.340 3.13 1414 0.86 115 133

2433 1.340 3.16 1411 0.88 1.09 12.3

2.367 1.326 3.53 1341 0.83 0.408 4.91
2.346 1.315 3.20 1318  0.75 0.281 3.74
2.363 1.315 331 1333 0.84 0.177 2.U
2351 1.320 3.23 1321 0.74 0.142 1.92
2.365 1.309 3.13 1329 0.84 0.154 1.83
2.342 1.308 3.40 31 0.87 0.077 0.89
2.336 1311 3.30 1317 0.82 0.055 0.67
2.347 1.295 3.27 1311 0.82 0.053 0.65
2311 1.316 3.32 1287 0.69 0.031 0.45

Thermochemistry

The enthalpy of formation of fluoroacetylene is not
at all well established. JANAF tables®6reports AHf°-
(CHCF, g) = 30 = 15 kcal mol-1, whereas two empiri-
cal methods of estimation1718 give « 9.5 kcal mol-1.
There are strong indications that fluoroalkenes19 and,
afortiori, fluoroalkynes, do not obey a nearest-neighbor
interaction only group scheme, so that the estimated
values may be widely in error. Nevertheless, since
Bryant’s methodX7 gives reasonable values for AHf°-
(CHF) and Atffe(l,1-C HZF2, we select AHf°(CHCF,
g) = 10 kcal mol-1 as a basis for discussion. The heat
of formation of 1,1-difluoroethylene has been deter-
mined by bomb calorimetry by Neugebauer and Mar-
graved and by Kolesov, et al.,n as —77.5 and —79.6
cal mol-1, respectively. These values have been recom-

(15a) Note Added In Proof. In apreliminary communication [J.
M. Simmie and E. Tschuikow-Roux, Chem. Commun., 773 (1970)]
the Arrhenius parameters were reported as: log (A, sec-1) = 131
and E = 335 kJ mol-1 or 80 kcal mol-1. Subsequent work, how-
ever, revealed a slight oversight in data reduction. This fact plus
additional runs lead to the revised values given in the present
paper.

(16) “JANAF Thermochemical Tables,” The Dow Chemical Co.,
Midland, Mich., 1965, and addenda to date.

(17) From W. M. D. Bryant's modification of the method of J. W.
Anderson, G. H. Beyer, and K. M. Watson. The values for the
various group contributions are taken from G. J. Janz, “Thermo-
dynamic Properties of Organic Compounds,” Academic Press, New
York, N.Y, 1967.

(18) From J. L. Franklin’s method. Group equivalent values taken
from J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron,
K. Draxl, and F. H. Field, “lonization Potentials, Appearance
Potentials, and Heats of Formation of Gaseous Positive lons,” U. S.
Department of Commerce, NSRDS-NBS 26 (1969).

(19) S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen,
H. E. O'Neal, A. S. Rcdgers, R. Shaw, and R. Walsh, Chem. Rev.,
69, 279 (1969).

(20) C. A. Neugebauer and J. L. Margrave, J. Phys. Chem., 60, 1318
(1956).

(21) V. P. Kolesov, A. M. Martynov, S. M. Shtekher, and S. M.
Skuratov, Zh. Fiz. Ehim., 36, 2078 (1962).
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Figure 1. Temperature dependence of rate constants: ------ ,
1,1-difluoroethylene; —, vinyl fluoride.6

puted by Lacher and Skinner2 using revised values for
Ai7f°(HF, aq) and AHf°(CF4 g), and they recommend
AHf(LI-CHZF2 g) = —825 + 2.4 kcal mol-1. To-
gether with the well known6 enthalpy of formation of
HF(g), AHi°® = —64.8 kcal mol-1, the enthalpy change
for the reaction is given by

CHZXF2 CHCF + HF AH° = +28 kcal mol-1

Discussion

Several possible primary processes can be envisioned
in the thermal decomposition of 1,1-difluoroethylene.
Homolytic bond breaking could include C-H, C-F, and
C=C scission

CHZXF + F (1)
*CHCF2+ H )
‘CH2+ :CF2 ©)]

Since the C-H, C-F, and C=C bond dissociation ener-
gies are approximately 104,23 111,23 and 12524 kcal
mol-1, respectively, homolysis is unlikely to be im-
portant unless primary scission is followed by a radical
chain process. Molecular elimination of hydrogen
fluoride is the only reasonable alternative, and the data
observed in the low-temperature region, i.e., at low con-
version, support this view

CHXF2—» CHCF + HF @)

At higher temperatures free-radical reactions increase
in importance to such an extent that compounds such as
diacetylene C4H2are formed. This latter compound is
a typical constituent of the high-temperature pyrolysis
of hydrocarbons, particularly in the thermolysis of
acetylene.®
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It is clear from the results that the decomposition of
1,1-difluoroethylene is complex. In contrast, it was
found that molecular elimination of HF is the dominant
process in the pyrolysis of vinyl fluoride6for up to 30%
reaction, proceeding with an activation energy of ~71
kcal mol-1. The present data yield an estimate of
about 86 kcal mol-1 for the activation energy for 1,1-
CHZF2decomposition. This value can be shown to be
of the right magnitude by comparing the rate constants
for both systems. At 1323°K, the mean temperature
of the two studies, log /&JiiF » 2.30 and log /ochZ2 ~
0.19; if the preexponential factors are assumed to be
equal then, since Ec,h,f = 70.8 kcal mol-1, EGhZ2 ~
84 kcal mol-1. This estimate can, of course, only be
taken as an approximate guide to the true activation
energy, but it does indicate that the activation energy
for 1,1-difluoroethylene is significantly greater than
that for vinyl fluoride. Jeffers and ShaubZ® have used
a single-pulse shock tube and Tsang’'s competitive tech-
nigueZ to determine the cis-trans isomerization rate
constants of 1,2-difluoroethylene. From their data
lower limits of 69 and 66 kcal mol-1 for the activation
energies of decomposition can be estimated2Bfor the cis
and trans isomers, respectively.

Increasing fluorination at the a-carbon atom for CH2
CFiH2.i (i = 1, 2) thus appears to lead to anincrease in
the activation energy for HF elimination. The same
trend is found in the series of fluoroethanes CH3CFiH3 i
(i = 1, 2, 3) where the substitution of a fluorine atom
for hydrogen leads to a simple tenfold decrease in the
relative rate constants; i.e., foei is 1:0.13:0.0104 and
1:0.10:0.0096 at 1200°K. For the corresponding alkyl
chlorides and bromides the rate constants increase with
increasing a-halo substitution2 (fcrei are 1:8.2:32 and
1:9.6: — at 700°K, for chlorides and bromides, respec-
tively). It is now certain that this effect in the alkyl
fluorides can be attributed to an increase in the activa-
tion energy4rather than to a decrease in the preexponen-
tial factor.6 Such a statement is supported by calcula-
tions48on chemical activation data using the nonequi-
librium RRKM theory and, from consideration of the

(22) L. R. Laeher and H. A. Skinner, J. Chem. Soc. A, 1034 (1968).

(23) ZXCFXH-H) = D(CHZXZH-H) = 104 kcal mol"1from J. A.
Kerr, Chem. Rev., 66, 465 (1966); H(CHXF-F) « D(CHXH-F) =
111 kcal mol-1 from ref 6.

(24) J. S. Shapiro and F. P. Lossing, J. Phys. Chem., 72, 1552
(1968) .

(25) E. F. Greene, R. L. Taylor, and W. L. Patterson, Jr., ibid., 62,
238 (1958).

(26) P. M. Jeffers and W. Shaub, J. Amer. Chem. Soc., 91, 7706
(1969) .

(27) W. Tsang, Ini. 3. Chem. Kinetics, 1, 245 (1969), and references
therein.

(28) Jeffers and ShaubXhave shown that side products are negligible
for up to 20% isomerization at temperatures of ~1350°K. Hence
fcdec i fciaom/10. At 1340°K  js—»trans ~ 860 sec-1 and therefore
¢decOl5 i 86 sec-1; if the A factors are approximately equal then
Edeod ~ 69 kcal mol-1 since EiBntis = 62.8 kcal mol-1. If Adeccis >
AisomoB = 1013 17sec-1 and is nearer to the “normal” value of 10136
sec-1, then Edeccl” i 71 kcal mol-1. A similar argument can be
used to deduce Edeotral® ~ 66 kcal mol-1.



Shock-Initiated Decomposition of 1,1-Difluoroethylene

effect of replacing H by F on the vibrational frequency
pattern and hence on the A factors using the O’Neal
and Benson method.® This is not to say that the ex-
perimental values for the HF elimination activation
energies determined by Cadman, et ah,4 are necessarily
correct. In particular, their value for 1,1-difluoro-
ethane of 66.6 kcal mol-1 seems rather high since we
have found7Fhf = 61.9 + 1.8 kcal mol“ 1for CHXHF2
nevertheless the general trend shown must be correct.
Maccoll’s ion-pair hypothesisd® and its associated em-
pirical correlations are not all that useful in predicting
the correct order of reactivity for polyfluoroalkanes and
alkenes. He has shown,3Lfor example, from a consider-
ation of the interplay of electromeric and inductive
effects that a-fluoro substitution augments the rate of
HF elimination while /3-substitution diminishesit. This
is contrary to what is observed in a-fluoro-substituted
fluoroalkanes as well as fluoroalkenes. We note, how-
ever, that an increase in the HF elimination activation
energy is paralleled by an increase in the carbon-fluorine
heterolytic bond strength for a given series, CH>F:
60, 222 and CHHF2 62-67, 262; CH&: 71, 250
and CHZF2 86, 259, where the values quoted are the
activation energy and the heterolytic bond dissociation
energy2in Kkilocalories per mole, respectively.

Benson and coworkers33-35 have developed an electro-
static model (point-dipole) for quantitative prediction of
the activation energies of four-center addition reactions,
>C=C< + HX -* >CH—CX< and —<>=€— +
HX *m—CH =C X—,which, allied with thermochemical
data on the enthalpy of reaction, can be used to predict
HX elimination activation energies. We7 have found
evidence, as have others,¥ to suggest that the model is
not too successful when the alkene or alkyne is highly
polar. In this case for 1,1-difluoroethylene

4079

Et

CHZXF2"

Er

CHCF + HF

the point-dipole model predicts an activation energy3 of
E{~ Et+ AHt- 51 + 28 = 79 kcal mol-1 which is in
moderate agreement with the observed value of ~86
kcal mol-1. However, the thermochemistry is so un-
certain that no definite conclusion can be drawn.
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Estimates of Energy Deposition for the T-for-H Reaction:8
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The substitution of energetic T* for H in CH3NC produces such energetic molecules of CHZINC* that none
(<1 in 300) are stabilized by gas phase collision prior to isomerization to CHZ'CN or decomposition to CHZT

plus CN.

From experiments at 5 atm pressure of argon, it is concluded that less than 1% of the

CHZINC* molecules have 3.8-eV excitation energy or less. Substitution trajectories corresponding to excita-
tion energies of less than 2-3 eV are apparently forbidden by the detailed dynamics of the substitution process.
The substitution of T* for H in CHEN forms molecules of CHZTCN* sufficiently energetic to undergo the
thermally unobserved reverse isomerization to CHZI'NC* in small yield. This yield is only observed experi-
mentally under the rapid collisional stabilization conditions of liquid phase densities. Estimates of level
densities for CHZINC* and CHZICN* at energies high enough for rapid isomerization predict a nonzero
experimental yield for CHZINC in the gas phase, in disagreement with the observations.

Introduction

The replacement of a hydrogen atom in a hydrocar-
bon by an energetic tritium atom from nuclear recoil is
accompanied by the deposition of substantial amounts
of internal energy in the resulting tritium-labeled
molecule, frequently in amounts sufficient to cause
secondary decomposition or isomerization.2-1 De-
tailed study of such T-for-H substitution in cyclobu-
tane, i.e., measurement of the complementary pressure
dependence of C-C4H7T and its decomposition product
CH2=CHT, led to an estimate of 5 eV as the median
excitation energy for C-C4H7T* molecules formed in
this system.2 At the lowest pressures conveniently
usable (about 5 cm) for neutron irradiation of gaseous
cC4Hs5 approximately 54% of the C-C4H7T molecules
had undergone secondary reaction, while the remaining
46% were found as C-C4H7T. The latter, stabilized
molecules could be inferred to possess any amount of
energy from zero to the maximum incapable of causing
appreciable secondary reaction—for the decomposition
of C-C4H7T* with an activation energy of 62.5 kcal/mol,
any excitation energy below about 100 kcal/mol does
not lead to appreciable decomposition at 5 cm.6

We have sought to extend our information about the
lower range of energies of excitation possible from such
T-for-H reactions through the use of a different target
molecule with a lower energy barrier toward secondary
reaction. The availability of detailed pyrolytic studies
of isomerization of methyl isocyanide to methyl cya-
nide—with an activation energy of 38 kcal/mol—made
methyl isocyanide an excellent target molecule for
such investigations.7-9 The sequence of reactions ex-
pected for such a recoil tritium system includes the
primary substitution reaction (1) and the subsequent
competition for CH2TNC* between collisional deex-
citation (2) and isomerization (3). If the excitation
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energy were sufficient, one might also anticipate the
further decomposition of either CH2TNC* or CH2T-
CN*, as in (4). Among other products routinely
anticipated from recoil tritium reaction with CHNC
are the abstraction product, HT, and the radical sub-
stitution reaction forming CH3T .34

T* + CHNC —» CH2TNC* + H (1)
CHITNC* + M —» CHZNC + M 2
CHIJTNC* —> CHZICN 3)

CHZTNC* or CH2TCN* —> CHZI + CN  (4)

We have also briefly investigated the reactions of
energetic tritium atoms with methyl cyanide to deter-
mine whether the reverse of reaction 3 can be experi-
mentally detected, i.e., the energetically “uphill” and

(1) (a) This research was supported by Atomic Energy Commission
Contract No. AT-(ll-1)-34, Agreement No. 126, and formed part
of the material submitted in the Ph.D. Thesis of C. T. Ting, Uni-
versity of California, Irvine, Calif., 1969. (b) To whom correspon-
dence should be addressed.

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

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

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

(5) The chief limiting factor is the necessity for stopping an ap-
preciable fraction of the tritium atoms in the gas phase. Tritium
atoms recoiling from the reaction 8e(n, p)T have an energy of 192,000
eV and a range of about 1 cm in c-CiEU at a pressure of 7cm. Con-
venient irradiation of several samples in the same neutron flux (for
monitoring of absolute yields) has been confined for us to bulbs of
about 2 cm in diameter.

(6) R. W. Carr, Jr., and W. D. Walters, J. Phys. Chem., 67, 1370
(1963).

(7) F. W. Schneider and B. S. Rabinovitch, J. Amer. Chem. Soc.,
84, 4215 (1962).

(8) F.W. Schneider and B. S. Rabinovitch, ibid., 85, 2365 (1963).

(9) D. C. Tardy and B. S. Rabinovitch, J. Chem. Phys., 48, 1282
(1968).
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thermally unknown isomerization of CH2TCN* to
CH2TNC, following T-for-H substitution in CH3CN,
asin (5) and (6).

T* + CHaCN — > CHZTCN* + H (5)
CHITCN* —> CHZINC (6)

Experimental Section

Recoil Tritium Experiments. The preparation, irra-
diation, and analysis of samples followed regular proce-
dures, utilizing as tritium sources the nuclear reaction
3He(n, p)T in gas phase experiments, and éeLi(n, a)T in
the liquid phase.3'4 The upper limit on pressure in gas
phase samples was set by the characteristics of the stan-
dard vacuum line used in these experiments.

Radiogas Chromatography. The standard analytical
techniques of radiogas chromatography were ap-
plied, 1011 using a 3-ft column of 4% tetraglyme coated
on Fluoropak 80. This column gave a good separation
of the labeled polar products, with only moderate “tail-
ing” problems as illustrated in Figures 1and 2. Molec-
ular HT and the light hydrocarbons were separated with
a propylene carbonate-on-alumina (PCA) column.
The illustrated separations utilized a column-switching
techniquell inwhich HT and CH3T passed through both
the Fluoropak column (twice) and the PCA column,
while all others passed only through the Fluoropak col-
umn.

Preparation of Methyl Isocyanide.2 Methyl isocya-
nide was formed by dropwise addition of M-methylform-
amide (Matheson Coleman and Bell, chromatoquality)
into a solution of toluene-p-sulfonyl chloride (Eastman
Organic Chemicals) and quinoline (Matheson Coleman
and Bell, synthetic grade) at 75° and 60 mm pressure,
and purified first by distillation and then by preparative
gas chromatography. It was stored in the dark to
avoid photoinduced polymerization reactions.

Time (Min)

Figure 1. Radiogas chromatogram of radioactive products
from recoil tritium reaction with CHNC in the gas phase:
CHNC, 16 cm; argon, 5 atm; 02 3 cm. Upper line:
radioactivity; lower line: thermal conductivity; inset:
expansion of radioactivity graph in the region of CHNC peak.
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Figure 2. Radiogas chromatogram of radioactive products
from recoil tritium reaction with CHNC in the liquid phase,
U-scavenged. Upper line: radioactivity; lower line:
thermal conductivity.

Methyl cyanide (spectroscopic grade) was supplied by
Eastman Organic Chemicals and was used without fur-
ther purification.

Results and Discussion

Gas Phase Yield of CHZTNC. The yield of CHZITMC
is negligibly low in all gas phase experiments, as shown
in Table I. Upper limits on the CHZINC yield have
been estimated from the fluctuations in measured radio-
activity inthe CH3NC region on the tail of the CHZITOH
peak, as illustrated in Figure 1. In these 0 2scavenged
experiments, CH2IOH is undoubtedly evidence for an
abundant yield of CHZT from the decomposition of
CH2TNC* and/or CH2TCN*, the two sources being in-
distinguishable insofar as CHZT formation is concerned.

In contrast, both CH2ITCN and CH2INC are found
in all liquid phase experiments, as shown in Table I.
(We draw no conclusions without extensive further ex-
perimentation from the apparent difference in (CH2T-
CN/CH2TNC) ratio for 12 and DPPH-scavenged sam-
ples.)

We assume, from the observation of CHZINC in the
liquid phase and by analogy to a wide variety of other
recoil tritium systems (hydrocarbons, alkyl halides, al-
cohols, etc.),3-4 that; reaction 1 actually occurs as a pri-
mary step in the gas phase and that the CH2TNC*
molecules so formed have a brief existence following this
substitution event. The absence of CHZINC among
the detectable labeled products in the gas phase then
leads to a simple qualitative conclusion about the ener-
getics of this reaction. Essentially all CH2TNC* mole-
cules formed by the substitution of T-for-H in CHINC
are left with so much excitation energy that they isom-

(10) J. K. Lee, E. K. C. Lee, B. Musgrave, Y.-N. Tang, J. W. Root,
and F. S. Rowland, Anal. Chem., 34, 741 (1962).

(11) J. W. Root, E. K. C. Lee, and F. S. Rowland, Science, 143, 676
(1964).

(12) J. Casanova, Jr., R. E. Schuster, and N. D. Werner, J. Chem.
Soc., 4280 (1963).
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Table | :
Irradiation conditions CHJTNC
Gases (cm)*“
CHaNC (16) <0.05
CHaNC (16), 02(3) <0.05
CH3NC (16), 02(3), Ar (380) <0.05
Liquids
CHaNC 19.8
CHsSNC + 12 30.4

“ Each gas sample also contained 1-2 cm of 3He.

erize (and/or decompose) prior to a stabilizing collision
with another gaseous molecule. Since such collisions
occur in about 10~9to 10-10 sec, the molecular lifetimes
for CH2TNC* formed in this system fall overwhelm-
ingly into the time scale of ~10-10 sec.

The conversion of molecular lifetimes into molecular
excitation energies can be accomplished by assuming
that the excited molecules decompose through equilib-
rium unimolecular decay, as treated theoretically by
Rice, Ramsperger, Kassel, and Marcus.13’14 This as-
sumption of the applicability of RRKM theory is on
shakier grounds than in the earlier cyclobutane system,
for we do not have any evidence here for excited mole-
cules with lifetimes of ~ 10-9sec. However, estimates
of minimum, excitation energies corresponding to maxi-
mum lifetimes in the 10-10 sec region are probably of
satisfactory validity. If an excited molecule were to
survive for 10~ 10 sec, we believe that the RRKM calcu-
lation is a plausible method for evaluation of the corre-
sponding excitation energy. If anexcited molecule were
to survive for only 10_u or 10-12 sec, we assume only
that such molecules have more excitation energy on the
average than those which can exist without stabilizing
collisions for 10 or 100 times longer. Whether a reac-
tion occurring in 10 ~ 12 sec represents random unimolec-
ular decay corresponding to the RRKM assumptions is
a moot point and is not involved in our estimates of
minimum excitation energies.

Excitation Energies. The RRKM rate constant for
isomerization of CH3NC* to CH3CN has been given as
a function of excitation energy by Tardy and Rabino-
vitchoand extended to higher excitation energies by the
same methods.16 In this calculation, the excitation en-
ergies corresponding to various rate constants are
(sec” ] kcal/mol): 108 43; 109 55; 1010 78; 2 X 101,
120. (For our semiquantitative purposes, we ignore
the small isotopic difference in the rate constant for
isomerization between CH3NC* and CH2TNC* at
equivalent excitation energies. Detailed calculations
are also available for CD3NC*.8

The observed gas phase yields of excited RT* mole-
cules from the reaction of T* with RH can be expressed
as the integral of
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Relative Yields of Labeled Products from the Reactions of Recoil Tritium Atoms with Methyl Isocyanide

-Products (HT = 100)-

CHZICN CHIT CiHsT ch2toh
7.6 3.7 3.7 <0.01
8.4 3.6 <0.06 1.3

15.9 4.3 <0.03 1.8
14.3 7.2 <0.1 <0.05
11.6 9.6 <0.3 <0.03

r®« n(E)w dE
J B (w + fe)

in which n(E) is the distribution of excitation energies
for RT* following the substitution reaction, KE is the
rate constant for removal of RT* by secondary reac-
tion, and mis the rate of collisional deexcitation in recip-
rocal seconds. In the case of CH2TNC* from CH3NC,
the value of this integral is zero within the limits of er-
ror, and the only quantitative evaluation that can be
made is a lower limit on the energy of excitation for
these molecules. We assume that the processes of en-
ergy loss in collisional deexcitation of these molecules
are the same as for the thermally excited molecules on
which the RRKM calculations are based. The calcu-
lation also assumes that RT* cannot be reformed by re-
versal of the initial secondary reaction; this question of
reversibility is discussed in detail below.

By assuming a monoenergetic “spike” of excitation
energies, an upper limit can be placed on the fraction of
CH2TNC* molecules in this spike by calculating its
fractional stabilization together with the requirement
that the overall fraction of stabilized molecules must
not be detectable in radio gas chromatographic analyses
such as Figure 1.  Since CH2TNC* molecules with 2 eV
excitation energy or less are essentially completely stabi-
lized at 16 cm pressure, the detection limit that CH2T -
NC/CHZICN < 1:150 furnishes directly the conclu-
sion that less than 1 molecule in 150 of CH2TNC* has
2 eV or less excitation energy. For higher excitation
energies, the fractional limits are less restrictive since
complete stabilization would not be anticipated at 16
cm pressure. Nevertheless, the limits are quite infor-
mative: not more than 1 in 50 has less than 2.8 eV en-
ergy; not more than 1in 10 has less than 4 eV excitation.
Clearly, the overwhelming percentage of T-for-H sub-
stitution reactions with CH3NC create very highly ex-
cited molecules of CH2TNC*.

(13) D. L. Bunker, “Theory of Elementary Gas Reaction Rates,”
Pergamon Press, Elmsford, N. Y., and Oxford, 1966.

(14) B. S. Rabinovitch and D. W. Setser, Advan. Photochem., 3, 53
(1964).

(A5) C. T. Ting, Ph.D. Thesis, University of California, Irvine,
Calif., 1969.
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Assuming that the measured eollisional stabilization
efficiencies are the same at higher energies as those
found in thermal experiments (Ar is 0.17 as efficient as
CH3NC),9the experiments with 5 atm of argon are the
equivalent of about 81 cm of CH3NC, and the average
eollisional frequency is almost 1010 sec-1. The corre-
sponding estimates for excitation energy limits are then:
less than 1 molecule in 300 of CH2TNC* has less than
2.4 eV while not more than 1 in 100 has less than 3.8-eVV
excitation energy after primary substitution of T-for-H
in argon-moderated CH3NC. It is perhaps worth em-
phasizing that no evidence has been obtained for the
stabilization of any molecules of CHZINC in any gas
phase experiments. Thus, the statement that <1% of
CH2TNC* molecules have 3.8-eV excitation energy is
only an upper limit upon the fractional yield, and no evi-
dence exists that any molecules have as little as 3.8-eV
excitation energy.

The most important conclusion arising from these ex-
periments is the simple, qualitative statement that the
mechanism of replacement of H by energetic T is essen-
tially limited to trajectories in which energy deposition
of several electron volts must occur for the resulting
molecule. Of course, this statement is strictly appli-
cable only to the particular case of CH3NC, but the
ubiquity of substantial excitation energies for a large
fraction of many other T-for-H molecules leads us to
believe that the statement is of general application:
trajectories involving substitution of T-for-H with prod-
uct excitations less than 2-3 eV are essentially forbidden
by the detailed dynamics of the substitution process.

Compatibility of Various Excitation Energy Distribu-
tions Following T-for-H Substitution. The conclusion
that <1% of CH2TNC* molecules have 4 eV or less of
excitation energy is not completely incompatible with
the published data on the decomposition of excited c-
C4H7T*, but it does impose severe constraints on a dis-
tribution of excitation energies designed for simulta-
neous satisfaction of both sets of data. The fractional
survival of c-C4H7T at 0.1 atm implies that about half of
such molecules have less than 5 eV excitation energy,
and our present scant knowledge of such processes can-
not automatically eliminate a distribution of excited
molecules heavily weighted between 4 and 5eV. How-
ever, the C-C4H7T* and CHS3T* distributions, the latter
obtained from T* + CHA4 16,17 are not mutually compat-
ible, nor have we any present theories for such T-for-H
reactions which would imply that the same distribution
of excitation energies should result from T-for-H sub-
stitution in all molecules.

We believe that these apparent differences in excita-
tion energy distributions can be explained either by (a)
genuine differences in energy deposition, varying with
the structure of the molecule involved; or (b) by errors
introduced through extrapolation of RRKM rate con-
stants far beyond the energies for which they have been
shown to fit experimental data. (Basically, most of
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these constants are fitted to thermal data and corre-
spond to excitation energies not too far above the respec-
tive activation energies.) These suggestions are not
mutually exclusive, and we, in fact, believe that both
are quite likely to be partially correct hypotheses.
However, the possible error in long extrapolations from
2 to 4-5 eV or higher prevents any firm conclusion that
the excitation energy distributions must be different for
the excited T-for-H products in CH4 c¢-C4H8 and/or
CH3NC.

The Reactions of Energetic Tritium Atoms with Methyl
Cyanide. Radiogas chromatographic analysis of the
labeled products from recoil tritium reactions with CH3
CN shows the formation of both CHZICN and CH2T-
NC in I2scavenged liquid phase samples, with a CH2T-
NC/CHZICN ratio of about 0.04. Gas phase experi-
ments again fail to show any stabilized CH2TNC. Fol-
lowing the direct T-for-H substitution reaction (5) with
CH3CN, an excitation energy of 80-100 keal/mol should
be sufficient to cause isomerization of CH2TCN* to
CH2TNC* —activation energy = 38 + 17 = 55 kcal/
mol—and insufficient for decomposition to CHZI
+ CN.18 However, the excited molecules of CH2TNC*
just formed obviously possess sufficient energy to re-
isomerize back to the original CH2ICN and will do so
unless stabilized by collision. The 17 keal/mol differ-
ence in activation energies is sufficiently large that the
reisomerization should be very much faster than the
original isomerization itself.

Reversible Isomerizations: The Nonequilibrium Para-
dox. Most other measurements of secondary reactions
following recoil tritium substitution have involved de-
composition into two fragments,2-4 and entropy consid-
erations ensure that reversal of this process has a negli-
gible probability for occurrence. However, the newly
isomerized molecules in this study still contain all of the
original atoms and all of the excitation energy and are
potentially capable of reisomerization back to the origi-
nal structural arrangement. For example, when a mol-
ecule of CH2TNC* with 100-kcal/mol excitation energy
isomerizes to CH2TCN* with a rate constant of approxi-
mately 5 X 1010 sec-1, the newly formed molecule of
CH2TCN* now possesses 117 keal/mol excitation en-
ergy above the ground state of CHZICN and is easily ca-
pable of reisomerization to CH2TNC. Presumably,
these isomerizations should proceed back and forth es-
tablishing an equilibrium to be disturbed only by re-
moval of some of the excitation energy by collision with
another molecule. If this deexciting collision were to
remove all of the excitation energy, or at least sufficient

(16) D. Seewald and R. Wolfgang, J. Chem. Phys., 47, 143 (1967).
(17) Y.-N. Tang and F. S. Rowland, J. Phys. Chem., 72, 707 (1968).
(18) The heats of formation of CHsNC and CHjCN are given as
35.9 and 19.1 keal/mol, respectively, for a difference of 16.8 kcal,/
mol. Using Afff = 111 keal/mol for CN, the decomposition to
CHs + CN is endothermic by 109 and 126 keal/mol for CHsNC and
CHaCN, respectively; see S. W. Benson, “Thermochemical Kinetics,”
Wiley, New York, N. Y., 1968.
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energy to prevent further isomerization, then the deex-
citing collisions might be expected to leave stabilized
CHZTCN and CHZINC with the proportions present
in the isomerization equilibrium.

The two molecules, CHINC and CH3XN, have very
similar vibrational frequencies, 19 as befits two such simi-
lar molecules, and hence have quite similar patterns of
level densities when compared to the respective ground
states. Crudely, one can estimate that the rates of
isomerization from CHZINC to CHZICN and reverse
will have the same A factors and will differ only in the
activation energies of the reactions. If, for example,
the isomerization from CH2INC is given by

Ex Y-I

E* + a)

fci

for an excitation energy Akcal/mol greater than the po-
tential barrier, then the reverse isomerization from
CHZT CN should be given by

x4 17 y-1
a A'll E*e+ 17+A5/’
<m

The (3N — 6) degrees of freedom ensure that s has the
same value of 12 for both molecules, while the similari-
ties in vibrational frequencies require that A = A"
Consequently, this calculation indicates an equilibrium
ratio of states for CH2ZTNC/CHZICN of {(E* + A)/
(Ex + 17 + A)]1L or approximately 1:9 for A = 40
kcal/mol—corresponding to a rate constant of about
10Dsec-1 for isomerization of CH2TNC* and about 109
sec-1 for the return. Lesser values of A provide some-
what higher ratios but no longer correspond to rate con-
stants sufficiently fast to guarantee even one initial
isomerization prior to the first gas phase collision.
Even for A = 5 kcal/mol, the level density ratio is only
1:40, while the corresponding isomerization rate con-
stant of 108sec-1 would clearly result in the stabilization
in the gas phase as CHZINC of >90% of such initially
excited molecules. A serious paradox arises from the
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<1:300 ratio of surviving CHZINC and CHZICN
molecules—a level density of < 1 :300 does not occur for
simple calculations at any energy corresponding to
favorable competition for isomerization vis-a-vis imme-
diate collisional stabilization of the newly formed excited
molecule.

The partial isomerization of CH2TNC* to CHZICN
in the liquid phase is reasonable since many initially
formed CH2TNC* molecules will be eollisionally stabi-
lized before isomerization can occur. The small yield
of CHZINC from CH2TCN* is also consistent with this
picture, for simple calculations such as given above indi-
cate that excitation energies of 100-110 kcal/mol for
CH2TCN* (A = 45-55 kcal/mol) correspond to equilib-
rium ratios of CH2TNC/CHZTCN of less than 1 :10, and
stabilization by collision of a fraction of such molecules
is sufficient to account for the observed liquid phase
yields of CH2TNC.

An explanation for the failure to find some CHZITNC
in the gas phase (e.g., 1:9 to 1:40 relative to CH2TCN),
as indicated by these simple equilibrium calculations, is
not given here. The question of the energy loss per col-
lision of the excited molecule does not enter into this
qualitative problem: while an excited molecule of
CH2TCN* or CH2TNC* may very well not lose more
than 10-15 kcal/mol in its initial collision, there is no ex-
citation energy for which isomerization can occur that
satisfies the <1 :300 ratio in observed yields. Accurate
level density calculations do not change the quantitative
discrepancies between equilibrium predictions and ob-
served yields either, and we conclude only that the com-
plete absence of CHZI'NC in the gas phase seems para-
doxical and without adequate explanation at the present
time.

(19) M. G. K. Pillai and F. F. Cleveland, J. Mol. Spectrosc., S, 212
(1960). The doubly degenerate \g(e) is 361 cm-1 for CHjCN vs.
270 cm-1 for CHjNC, while the nondegenerate n(at) and n(ai) are
2267 vs. 2166 and 920 vs. 945 cm-1 for the same comparison. The
remaining five frequencies (three doubly degenerate) vary by less
than 1% each between these two molecules. Data for tritiated
species are not available.
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The radiation-induced decomposition of KNO3dispersed in a KBr matrix has been studied to determine the

mechanism of energy transfer in these systens.

It is observed that —G(NO03) is as much as 100 times that

for the pure salt depending on the concentration of KNO3in the system. The enhanced decomposition of
the KNO3in these systems is due to the transfer of energy but the matrix material with an energy gap less than
4.0 eV is ineffective in causing enhanced decomposition, indicating the importance of the role of excitons in the
energy transport process. Further support for exciton mechanism is found in temperature dependence studies

and preirradiation of the matrix material.

Jones2 has shown that when k no3: embedded in a
KBr matrix (similar to KBr pellet technique for ir
studies) is irradiated, the decomposition of KNO3is far
in excess of that which occurs in the pure salt when the
energy absorbed by the KN O03is calculated on the basis
of its electron fraction in the total system. The cause
of the increased decomposition of KN O3 in this system
is presumably due to some of the energy absorbed by the
KBr being transferred to the KN0O3 Energy transfer
by “inert” systems is well known. For example when
organic compounds (azoethane, hexane, isopropyhexane,
to name a few) adsorbed on silica are irradiated, it is
observed that the decomposition of the adsorbate is very
large compared to the decomposition of the pure mate-
rial3 (again the energy absorbed by the adsorbate is cal-
culated on the basis of its electron fraction in the total
system). Although the evidence for energy transfer in
these systems is substantial, there appear to be some
conflicting data concerning the mechanisms. Sagert
and Robinson4and Wong and Willardeéhave interpreted
their results in terms of electron migration, whereas
Rabe, Rabe, and Allen3infer that their results can best
be interpreted on the basis of exciton transfer.

We have investigated energy transfer in systems com-
posed of nitrates embedded in various inorganic ma-
trices both as a function of temperature and composi-
tion in an attempt to resolve the mechanism of energy
transfer in these systems.

Experimental Section

Reagent grade chemicals were used as purchased ex-
cept for KBr. The KBr was recrystallized several
times in triply distilled water and dried in a vacuum
oven at 100°. Pellets were prepared by grinding to-
gether a known amount of the salts and forming in a
Beckman Die at 25,000 psi (we will refer to this method
of making pellets as the “grinding” technique). Pel-
lets were also formed using the technique of Jonesé by
adding a small amount of a solution of the additive
(KNO3 for example) to a slurry of the matrix material
and drying, with stirring, using an infrared lamp as the

heat source. For example, about 1 cc of adilute KNO3
solution would be added to a slurry of KBr, the slurry
stirred until dry. The resulting powder was heated in
avacuum oven at 100° for 24 hr and then pelleted in the
usual manner of making a KBr pellet (this technique
will be referred to as the Jones method). Jones deter-
mined by this method that up to about 0.2 mol % ni-
trate ion could be introduced into the KBr lattice. The
grinding technique also resulted in N0O3_ being intro-
duced into the KBr lattice; however, the amount was
usually small, the majority of the nitrate being dis-
persed as small crystals in the KBr matrix.

Nitrite was determined by the method of Shinn. In
this method sulfanilamide is diazotized and coupled with
iV-(1-napthyl)ethylenediamine hydrochloride to form
a colored azo compound. The molar extinction coef-
ficient at 536 m/x was 52,000. Ferric ion was deter-
mined by direct absorption at 305 m/x using a molar ex-
tinction coefficient of2201.

Dosimetry was determined by ferrous sulfate oxida-
tion using a G value (molecules of product formed per
100 eV absorbed) of 15.45 molecules of ferrous ion oxi-
dized per 100 eV absorbed. The radiation source was
a cylinder of cobalt-60. Most irradiations were per-
formed using a rotating sample holder placed inside the
center of the source which ensured uniform irradiation.

The dose absorbed by the KN O3 in the various sys-
tems was calculated on the basis of its electron fraction
in the total system; i.e., absorbed dose X mole fraction
of KNOs X electrons per mole of KNO3electrons per
mole of matrix material. No correction was made for

(1) (a) Research conducted under the auspices of the U. S. Atomic
Energy Commission Contract No. AT(40-1)-3660; (b) to whom
correspondence should be addressed.

() A.R. Jones, J. Chem. Phys., 35, 751 (1961).

(3) For general reference see J. G. Rabe, B. Rabe, and A. O. Allen,
J. Phys. Chem., 70, 1098 (1966), and E. A. Roja and R. R. Hentz,
ibid., 70, 2919 (1966).

(4) N. H. Sagert and R. W. Robinson, Can. J. Chem., 46, 2075
(1968).

(5) P. K. Wong and J. E. Willard, J. Phys. Chem., 72, 2623 (1968).
(6) A. R. Jones and R. L. Durfee, Radiat. Res., 15, 546 (1961).
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the differences in the mass absorption coefficients of the
dosimeter solution and the various samples (matrix
material plus nitrate).

Results

Pellets made from different sources of KBr gave dif-
ferent quantitative results, but qualitatively the results
were the same. By this is meant simply that the effect
of temperature, preirradiation of the KBr, doping, etc.,
qualitatively gave the same results with the different
sources of KBr; however, absolute G values were diff-
ferent. For example, a sample of KBr used as pur-
chased gave a G value of 26 for a 0.05 wt % KNO3 pel-
let irradiated to an absorbed dose of 0.172 X 1021 eV/qg.
Pellets made from recrystallized KBr and irradiated
similarly gave a Gvalue of 68; pellets prepared using the
method of Jones with recrystallized KBr containing the
same wt % KNO3 gave a G value of about 100 for an
absorbed dose 0f 0.172 X 1021eV/g. The bulk of our ex-
periments was done with KBr recrystallized three times
from triply distilled water using the grinding technique;
however, we also include experiments done with other
sources of KBr which will be identified in the appropri-
ate discussion.

&'(No 2~) as a function of absorbed dose at varying
percentages of KNO3 in the KBr matrix is shown in
Figure 1. The highest G value observed was 169.5 at
an absorbed dose of 0.172 X 1021eV/g for apellet formed
by grinding together KN 03and KBr to give afinal con-
centration of 0.005 wt % KNO3 As can be seen,
G(NO02~) is very sensitive to absorbed dose; G(N02)
being virtually constant beyond an absorbed dose of
about 1 X 1021 eV/g of KNO3 The results shown in
Figure 1 are mean values of two or more pellets formed
from the same mixture irradiated simultaneously; i.e.,
a known amount of KN 03 is added to a known amount
of KBr and the mixture is ground to a fine powder, the
resulting mixture providing sufficient material to form
seven to ten pellets. The results from pellets formed
from a particular mixture irradiated to the same dose
seldom differed by more than 10%, the usual repro-
ducibility being better than 5%.

Energy transfer to other nitrates was also determined
to be certain that this effect was not unique to KN03
The decomposition of other nitrates in KBr and RbBr
matrices is summarized in Table I. Some of the re-
sults obtained with KNO3 in the same systems are in-
cluded for comparison. The results givenin Table | are
for an absorbed dose of 0.172 X 1021 eV/g.

The decomposition of KN O3 dispersed in a variety of
matrices was done to determine the relationship of ease
of energy transfer in these systems and the energy gap
of the matrix material. All pellets contained the same
wt % KNO3 (0.05%), and all were irradiated to the
same absorbed dose (0.172 X 1021 eV/g). These re-
sults are summarized in Table 1. In the NiO and ZnO
systems there was small amount of decomposition of
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Figure 1. (?(N02-) as afunction of absorbed dose
for pellets of varyingwt % KN 03

Table |
Mole fraction DOSE,

System of nitrate eVig G(NOi-)
NaNO03(pure) 0.172 X 102 0.24
NaNOa-KBr 0.692 X 10“3 0.172 X 1024 87.6
NaNOa-RbBr 0.92 X I0"3 0.172 X 1021 266.2
Ba(NOs)2 (pure) 0.172 X 102 1.89
Ba(N032KBr 0.227 X 10“3 0.172 X 102 52.5
Ba(N032RbBr 0.315 X 10“3 0.172 X 102 230.0
KNO3 (pure) 0.172 x 102 1.47
KNOs-KBr 0.582 X I0"3 0.172 X 102 68.0
KNOs-RbBr 0.529 X 103 0.172 X 1024 274.0
AgNOs (pure) 0.172 X 102 ~ 0 .15%
AgNOs-KBr 0.05 X 10“3 0.172 X 102 65.3

“Data from T. H. Chen and E. R. Johnson, J. Phys. Chem.,
GG, 2249 (1962).

KNO3 however, both of these oxides when irradiated
interfered with the determination of nitrite ion by the
Shinn method. It is apparent, however, that matrix
material with an energy gap less than 4.0 eV was not
effective in causing decomposition of KN03

The effect of temperature on the decomposition of
KBr pellets containing 0.05 wt % KN 03 was also deter-
mined. These results are summarized in Table 111 and
Figure 2.

An Arrhenius plot of the data (Figure 2) gave an
activation energy of 6.63 kcal/mol. A plot of the data
using a different source of KBr (KBr as purchased)
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Table 11
First
exciton
absorption Energy
peak (eV) gap of
for the matrix
matrix material,
System G(NOQi-) material ev
LiBr-KNO03 50.4 7.0 8.5
NaBr-KNOs 13.3 6.5 7.7
KBr-KNOs 68.0 6.6 7.8
RbBr-KNOa 274.8 6.47 7.7
CsBr-KNO03 263.4 6.63 7.8
KF-KNO, 71.3 9.8 10.9
KC1-KNO03 25.5 7.7 8.5
MgO-KNO03 68.2 7.3 7.3
NiO-KNO03 Some 3.7 3.7-3.9
ZnO-KNOs Some 3.44 ~3.9
TiOr-KNOs Less than 2.0 3.25 3.2
Table I11: Effect of Temperature on the Decomposition

of KBr-KNO03Pellets Containing 0.05 Wt % KNO03

Temp, Absorbed dose,
°C eV/g Mean G(NOi~)
25 0.172 X 102 68.0(68.0)"
100 0.181 X 102 207.0(66.8)
150 0.195 X 102 340.3 (64.5)

° Since the absorbed dose varied in these experiments, the
figures given in parentheses are for the room temperature decom-
position of pellets containing 0.05 wt % K N 03irradiated to the
absorbed doses shown.

Figure 2. G(NC>2~) as a function of temperature.
Results are for pellets containing 0.05wt % KNO03
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gave a curve, which although it had different G values,
at the different temperatures, had the same slope. This
value is far in excess of the activation energy observed
for the radiation-induced decomposition of pure KNO03
or other nitrates. The values found by Cunningham
for pure KNO3was 1.63 kcal/mol. (?(N02)) at an ab-
sorbed dose of 0.172 X 102LeV/g for pellets containing
0.05 wt % KNO3irradiated at —192 and 0° were ap-
proximately the same as G(N02~) for samples irradiated
similarly at 25°. Dosimetry at the low temperatures
was not as accurate as at the higher temperature; how-
ever, it was unlikely that the error exceeded +15%.
These results would indicate that there are two processes
which occur, one of which requires no thermal activation
or at most afew hundred calories per mole.

The role of surface in the energy transfer process was
studied by varying the surface-to-volume ratio of the
pellets and by irradiating pellets in different atmo-
spheres. Changing the surface-to-volume ratio was ac-
complished by simply changing the pellet thickness.
A fivefold decrease in the surface-to-volume ratio pro-
duced about a 20% increase in G(NO2); however,
a small error in dosimetry was present which could well
account for most of this increase. The effect of ambient
atmosphere was studied by irradiating pellets containing
0.05 wt % KNO3in air, vacuum, helium, N2, and HD.
Pellets were placed in ampoules, sealed to avacuum line,
and evacuated under gentle heating to remove adsorbed
gases. The pellets v/iere maintained under vacuum for
about 5 hr prior to adding the respective gases. Irradi-
ating the pellets under vacuum, in air, or in helium pro-
duced no significant change in (?(N02~). A small de-
crease (less than 8%) in G(NO2) was observed for
samples irradiated in an atmosphere of N2 (about 2
atm pressure) or HD (about 25 mm pressure).

Cunningham? had observed a decrease in (?(N02~)
in KN 03doped with varying amounts of Ag+. He at-
tributed the decrease in G(N02~) to the scavenging of
low-energy electrons by the Ag+, thus preventing dis-
sociative electron capture by nitrate ions. The effect
of doping with Ag+ was studied in the KBr-KNO03sys-
tems using a 0.2 wt % solution of AgBr in KBr made by
adding aweighed amount of AgBr to molten KBr. The
melt was cooled and ground to a fine powder. Pellets
containing 0.05 wt % KNO3(based on the weight of the
AgBr-KBr) were then made and irradiated to varying

doses. The results are summarized in Table 1Y.
Table IV : Effect of Doping on G(N02-)in KBr-KNO03Pellets
G(NO,-)
Absorbed dose, Ag +doped
eVlig pellets Undoped
0.172 X 102 138 68
1.032 X 1024 43.6 17.0

(7) J. Cunningham, J. Amer. Chem. Soc., 85, 2716 (1963).
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The effect of annealing and preirradiation on the
matrix material indicated that the ability of the KBr to
transfer energy could not be completely destroyed by
preirradiation. Pellets containing 0.05 wt % KNO3
were prepared by mixing the KN03with KBr that had
been previously irradiated to a total adsorbed dose of
1.032 X 102 eV/g. The pellets so made were then
irradiated to an absorbed dose of 0.172 X 102l eV/g.
G(NO02) decreased to 60% of the value of that for pel-
lets made with the normal KBr and irradiated to the
same absorbed dose. If the irradiated KBr was an-
nealed at 170° for 48 hr prior to forming a pellet,
(€(N0 2) was raised to its usual value. This effect was
confirmed in a number of experiments. The decrease in
G (v o 2-) as aresult of preparing pellets with irradiated
KBr could be magnified by using KBr that had been
irradiated to larger absorbed doses than that referred to
above; however, in no case could 6r(N02~) be reduced
to less than 30. This may be due to the fact that the
heat generated in the pelleting process is sufficient to
cause some annealing of the irradiated KBr.

Discussion

The data reported here we believe support an energy
transfer mechanism involving exciton transfer rather
than one involving dissociative capture of low energy
electrons. Nitrate ions show two absorption bands in
the uv. There is anintense band at 2630 A and another
less intense band at 3000 A. Absorption of energy in
these regions induces dissociation of the nitrate ion to
give nitrite plus oxygen atoms.89 It would appear

no3 no2 + O

therefore that a minimum of about 4 eV is required to
cause dissociation of nitrate ions. The position of the
first exciton absorption peak in the various matrix
materials is shown in Table Il. Although there does
not appear to be a direct correspondence between the
energy of the absorption peak and efficiency of energy
transfer, there is no doubt that a certain minimum
energy is required to effect energy transfer. NiO, ZnO,
and Ti02with absorption peaks at 3.7, 3.44, and 3.05 eV,
respectively, have essentially zero efficiency in this
regard. We do not know why the CsBr and RbBr
lattices should exhibit such substantially greater
efficiency that the other bromate lattices. Possibly this
may be due to the purity. It is not due to the ease of
exchange of NO3~ ion with bromide (as occurs in the
grinding process) since pellets made using Jones’ tech-
nique give essentially the same results.

The data shown in Table | indicate that it is the
matrix lattice that affects the extent of nitrate ion de-
composition; i.e., G(N02) has a mean value of about
70 for nitrates in the KBr lattice and about 250 in RbBr
lattice. It appears therefore that the cation associated
with the different nitrates does not play any significant
role in these systems.
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The loss of ability of KBr and other matrix mate-
rials3to transfer energy as aresult of irradiation appears
to occur at an absorbed dose of about 0.5-1 X 102leV/g.
We attributed this, for several reasons, to the buildup
of exciton-trapping sites which prevents further transfer
of energy as the primary cause rather than the occur-
rence of a back-reaction of nitrite with the oxygen
simultaneously formed.

Pellets made with preirradiated KBr show a decrease
in G(N02 ) of about 60% compared to pellets made
with ordinary (or irradiated and subsequently annealed)
KBr. This indicates to us that something has occurred
to the KBr when irradiated which decreases its ability
to transfer energy. The number of low-energy electrons
produced per unit of energy absorbed should be the
same regardless of whether the KBr has been preirradi-
ated or not. Hence, unless there is some species pro-
duced in KBr during irradiation which can scavenge
these low-energy electrons, we are inclined to believe
that holes, electron excess centers, and other trapping
sites that are known to be produced in the alkali halides
act as exciton-scattering centers and so prevent the
energy transfer process.

Rabe, Rabe, and Allen,3in their studies on the radi-
ation-induced decomposition of azoethane adsorbed on
silica gel, determined a direct relation between the
buildup of F center concentration (as determined by
chemical analysis) in NaCl and the decrease in azo-
ethane decomposition (azoethane adsorbed on silica gel)
as a function of adsorbed dose (see Figure 3). The con-
centration of F centers appears to saturate in NaCl and
other halides at an absorbed dose of about 0.5-1.0 X
102LeV/g and at saturation the concentration is about
0.5 X 10Bcm-3.31011 Electron excess (color centers)
and defect centers (holes) were also observed in the
KBr-KNO03 system using the method of Burns and

Figure 3. The decomposition of azoethane adsorbed on

silica gel and electron excess center formation as a

function of absorbed dose; from J. G. Rabe, B. Rabe, and A. O.
Allen, 3. Phys. Chem., 70,1098 (1966).

(8) L. K. Narayanswamy, Trans. Faraday Soc., 31, 1411 (1935).
(9) P. Doigan and T. W. Davis, J. Phys. Chem., 56, 764 (1952).

(10) M. Hasckaylo and D. Otterson, J. Chem. Phys., 21, 552, 1434
(1953).

(11) W. G. Burns and T. F. Williams, Nature, 175, 1043 (1955).
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Williams. 1L Pellets containing 0.05 wt % KNO3were
irradiated to varying doses and added to K| solutions,
and the concentration of 13~ was determined colori-
metrically. Nitrite ion reacts in these systems in a
complex manner, and though we were unable to obtain
good quantitative data, the results certainly indicated
that these centers are formed in the KBr-KNO03system
during irradiation and that the initial concentrations of
these centers are proportional to absorbed dose. Ladov
and Johnson22 in their studies on the oxygen isotope
effect in the radiolysis of KNOsinvoke an energy trans-
fer mechanism to explain the abnormally high isotope
effect observed in the initial stages of the decomposition.
They too observed that the energy transfer process
falls off with increasing absorbed dose and appears to
become insignificant at an absorbed dose of about
0.5 X 102LeV/g. They attributed this decrease to a
buildup of trapping sites in the KNO3 lattice which
prevents further energy transfer. From their data they
estimate that the number of these trapping sites is
about 0.5 X 10Bcm-3. Recently Yarnada, Hasegawa,
and MiuraBreported on the formation of anion radicals
on y-irradiated silica gel. 02 S02 C02 and tetra-
cyanoethylene (TONE) were added to silica gel which
had been previously irradiated, and the signals for 02~
C02, S02-, and (TONE)- were detected. These
authors observed a substantial increase in signal
strength for the radical anions when the silica gel with
the adsorbate was postirradiated with uv light in the
2000-4000-A range. This was interpreted as being due
to the electrons trapped in the silica gel being released
and migrating to the surface forming anion radicals.
These results would appear to indicate that silica gel
readily traps electrons into relatively deep lying traps
(3-4 eV) since light above 4000 A was relatively inef-
fective in releasing these trapped electrons. The evi-
dence therefore appears to indicate that electron ex-
cess centers and or electron defect centers are involved
in the process which inhibits energy transfer in these
systems.

As to the possibility that back-reaction (N02~ +
yD2— >N03) is responsible for the decrease in
G(N 02 ) with absorbed dose, it is observed that for an
absorbed dose 0f 0.172 X 102leV/g the pellets containing
0.005wt % KN 03have undergone 4.3% decomposition,
whereas those containing 0.05 and 0.3 wt % KN O3have
undergone 1.03 and 0.6% decomposition, respectively.
The per cent decomposition (based on nitrite found) as
a function of absorbed dose is shown in Figure 4. It
is apparent that the onset of a large decrease in (?(N02 )
occurs at approximately the same dose and is inde-
pendent of the concentration of NO2~. Unless some
unusual mechanism is invoked for the radiation-induced
back-reaction it would be impossible to account for such
alarge variation in per cent decomposition with concen-
tration. In pure KNO3 G(NO02-) decreases with ab-
sorbed dose as a result of the back-reaction; however,

Figure 4. Per cent decomposition as a function of
absorbed dose in pellets containing various
concentrations of KNOj,

in the dose range of 0.172-2.8 X 102LeV/g, G(N02~)
shows only an 8% decrease.

As indicated previously a plot of G(N02~) vs. temper-
ature appears to give two curves which intersect at
about 25°. At the low-temperature side the curve has
essentially zero slope or at most aslope which would give
an activation of about 200 or so cal/mol. The photo-
chemical and radiation-induced decompositions of the
azides also exhibit this phenomenon.14% The temper-
ature coefficient observed in these studies for the decom-
position above 0° is far in excess of that observed for the
radiation-induced decomposition of pure KNO3 ;
hence, the observed activation energy must be related

(12) E. N. Ladov and E. R. Johnson, J. Amer. Chem. Soc., 91, 7601
(1969).

(13) Y. Yamada, A. Hasegawa, and M. Miura, Bull. Chem. Soc.
Jap., 42, 1836 (1969).

(14) J. M. Groocock and F. C. Tompkins, Proc. Roy. Soc., Ser. A,
223, 267 (1954).

(15) H. G. Heal, Tram. Faraday Soc., 53, 210 (1957).
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to some other process. The effect of temperature on
the decomposition of KNO03in the KBr-KNO03system
cannot be explained on the basis of F center destruction
since the activation energy for removal of an electron
from an F center to the conduction band requires about
1.5-2.0 eV, which is far in excess of the 0.13 eV found
in these studies. This amount of energy, however, is
more in line with the energy required to remove an elec-
tron from an excited F center (or other electron traps).
It is also in line with the activation energies observed in
photoconductivity studies. The effect of temperature
could possibly be interpreted in terms of enhanced dif-
fusion (or exchange of nitrate ion into the KBr lattice);
however, some annealing experiments appear to indicate
that this cannot be the reason for the enhanced decom-
position at the higher temperature. Another possibility
is the effect of temperature on the absorption peaks. It
is generally observed in the alkali halides that exciton
absorption peak energies shift toward lower energies as
the temperature is raised. We do not appear to find
1:1 correspondence with efficiency of energy transfer
and the energy of the exciton absorption peak in the
different bromides; however, we do not know how the
presence of lower energy bands in a particular lattice
will affect its ability to transfer energy. We are in-
clined to associate the observed activation energy with
removal of electrons from excited trapping sites (cor-
responding to a loss of electron excess and defect cen-
ters) since this amount of energy is more in line with this
type of process. These sites then no longer act as ex-
citon trapping sites and, hence, the increased decom-
position.

The increase in G(N02~) when the KBr matrix mate-
rial is doped with Ag+ ion is difficult to assess. The
absorption spectra of Ag+-doped KBr show three new
bands, 5.12, 5.35, and 5.8 eV.6 These levels are all sig-
nificantly lower than those in pure KBr or KBr at
higher temperatures (by about 20-25%). Even though
there appears to be no correlation between ease of en-
ergy transfer and exciton absorption peak energies, our
studies are not sufficiently extensive to preclude the
possibility that this substantially lower energy (5.12 eV)
or the introduction of impurity levels may be sufficient
to cause enhanced energy transfer in the KBr matrix
material.

The decrease in G(NO02~) with increasing KNO03
(Figure 5) concentration appears best explained on basis
of an increase in scattering centers (defects) introduced
into the KBr. Gibbon and Kuczynskil have shown
that the pelleting process in pure KC1 and K1 produces
grain boundaries which may act as defect sinks; i.e., F
center concentration is greatly enhanced when newly
pressed pellets are irradiated; however, annealing can
decrease this. In the pelleting process there is a dis-
tortion of the KBr lattice at the KNO3KBr interface
causing defects which can act as exciton-scattering
sites. Increasing the amount of KNO3 increases the
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WEIGHT PERCENT KNO3

Figure 5. <?(N02~) as afunction of wt % K N 0 3for
different absorbed doses.

number of these defect sites since the pellets are made
by thoroughly mixing microcrystals of KN03and KBr
and pressing these into pellets.

The evidence for energy transfer via excitons we be-
lieve is substantial. The results of Sagert and Robin-
son4and Wong and Willardé may, at least to some ex-
tent, be also explained by low-energy electrons being
trapped on the surface. These electrons are released
during the irradiation process on the surface or in cer-
tain defect sites close to the surface. Lunsford and
Jaynel819 were able to detect trapped electrons and
radical ions such as C02_ and 02_on MgO which had
been irradiated with 2537-A light. This energy (4.9
eV) is far below the first exciton absorption peak in
MgO, and hence, these electrons arose from impurity
states in the MgO. Electrons so trapped in surface
states may react with adsorbed molecules, providing
the electron affinities of the molecules are sufficiently
high to cause capture as in the case of 02to form 02~ or
dissociative capture as in the case of NO. Our ex-

iIe) J. H. Schulman and W. D. Compton, “Color Centers in Solids,”
Macmillan, New York, N. Y., 1962, pp 175-178.

(17) C. F. Gibbon and G. C. Kuczynski, J. Chem. Phys., 46, 814
(1967).

(18) J. H. Lunsford and J. P. Jayne, J. Phys. Chem., 69, 2182
(1965) .

(19) J. H. Lunsford and J. P. Jayne, J. Chem. Phys., 44, 1487
(1966) .
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periments with N2 and H2, though negative, do not
exclude the possibility of the role of surface electrons in
our studies since our degassing procedure may not have
been adequate. They do, however, indicate that scav-
engeable electrons play a minor role in the decomposi-
tioninthe KBr-KNO0 3system. Scavengeable electrons
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are present on the surface of irradiated alkali halides
since it is known that when ethylene is distilled onto
irradiated NaCl which has been degassed by simple
evacuation, the irradiated salt will induce polymeri-
zation in the ethylene,lindicating the presence of elec-
tron excess and defect centers on the NaCl surface.

Thermal Decomposition of the Perchlorate lon in a

Potassium Chloride Matrix1

by I. C. Hisatsune* and D. G. Linnehan

Department of Chemistry, Whitmore Laboratory, The Pennsylvania State University,
University Park, Pennsylvania 16802 (Received June 15, 1970)

The thermal decomposition of CIO4- isolated in a pressed KC1 disk has been studied by infrared spectroscopy.
Although all previous investigators have reported only first-order deccmposition kinetics, we found the decay
to be a second-order reaction, 2C10.i~ — 2C103~ + 02 with Arrhenius parameters of log A (M_1sec-1) =
1290 + 0.13and E = 44.31 + 0.43 kcal/mol for the temperature range 450-550°.  In this temperature range,
Cl10a also decomposed by a second-order process with a reaction activation energy of about 30 kcal/mol.
The only observable product in the infrared spectrum of the latter reaction system was a small amount of
ClOs'. When CIOs- and ClOa~ were present together in appreciable concentrations, the decay of both ions
was no longer a second-order reaction but followed a reaction order closer to one. However, the first-order
rate constants varied from run to run by about one order of magnitude depending on the relative concentra-
tions of both ions. No BrOa- was detected during the decomposition of CICh in a KBr matrix, and the rates
were comparable to those from the KC1 matrix. The decomposition in a KI matrix produced C108 and 104",
and the rates were faster by about two orders of magnitude.

Introduction

The existence of numerous publications describing the
decomposition of solid potassium perchlorate, including
the most recent one by Cordes and Smith,2 suggests
that the kinetics of this well studied reaction is not yet
understood. Indeed, the activation energies reported
for this reaction extend from a low value of 37 kcal/mol
to about 70 kcal/mol,34 and, although there seems to
be a universal agreement that the decomposition is a
first-order reaction, the Arrhenius frequency factors
vary by about ten orders of magnitude.35 Since it
appeared to us that more experimental data from the
measurement of sample weight changes or of the evolved
gases during the reaction are not likely to clarify the
decomposition mechanism, we have restudied this reac-
tion by the more direct method of infrared spectroscopy
which enables us to measure simultaneously the changes
in concentrations of the reactant C1O4- and the inter-
mediate C103 .2 To facilitate the infrared measure-
ment and to reduce the difficulties arising from multi-
ple phases6usually present in the decomposition of pure

KCI04, we have employed the alkali halide pressed
disks as the reaction media.7 We present here the
results from a kinetic study of the perchlorate ion iso-
lated in the KC1 matrix

Experimental Section

The potassium halides used as matrices were Harshaw
infrared optical grade salts. Fisher reagent grade

* To whom all correspondence should be addressed.

(1) This work was supported by PHS Grant EC-97 from the Environ-
mental Control Administration and by Grant AFOSR-907-67 from
the AFOSR(SRC)-OAR, USAF.

(2) H. F. Cordes and S. R. Smith, J. Phys. Chem., 72, 2189 (1968).

(3) A. E. Simchen and A. Glasner, Bull. Soc. Chim. Ft., 20, 127
(1953).
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Ann. N. Y. Acad. Sci., 79, 971 (1960).

(5) A. Glasner and A. E. Simchen, Bull. Soc. Chim. Fr., 18, 233
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(1965).
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KC103was used directly, but KC104 came from three
different sources. Sample | was a portion of the mate-
rial used earlier by Seward and Otto8in their study of
the perchlorate decomposition in fused sodium hydrox-
ide. This sample had been prepared by two recrys-
tallizations of the Fisher reagent grade salt and subse-
quent drying of the crystals at 180-190° in a vacuum
for seven days. The dried crystals had been pulverized
and then stored in a desiccator. The source of sample
Il was Matheson Coleman and Bell (MCB) reagent
grade compound, and it was recrystallized once from an
ion-exchanged distilled water. Four recrystallizations
of MCB reagent gave sample I11.

The experimental procedures for the fabrication of
the pressed KC1 disks containing C104 in high dilution
and for the use of these disks in the decomposition study
are described in detail elsewhere.9 Most of the original
experimental data are summarized in the same refer-
ence. We have also reported earlier the matrix isola-
tion of C104 ion in a KC1 lattice.7

Results

Matrix Isolation of CIOt~. Whether KC104 was
dispersed in the KC1 disk by the freeze-dry method or
by the grinding technique,7the initial ir spectrum of the
disk showed only abroad band in the C1-0 stretch region
near 1120 cm-1. However, as the disk was heated to
decompose the solute, this broad band was replaced by
a pair of sharp bands at 1133 and 1119 cm-1. In KBr
and K1 matrices freeze-drying alone was sufficient to
produce similar sharp pairs of bands at 1123-1109 cm-1
and 1112-1099 coirl, respectively. Previously, Kry-
nauw and Schutte had observed and assigned the
band pairs in KBr and KI, and we make asimilar assign-
ment of the KC1 matrix band pair to the degenerate
stretch fundamentals of the matrix isolated 3104 and
3C104~ ions.

Since the matrix isolation of the perchlorate ion in
KCL1 and the concomitant growth of the 1133-1119 cm-1
band pair could not be produced without considerable
decomposition of the solute, there was no correlation
between the observed peak optical density of the band
pair and the initial solute concentration in the unheated
disk. Thus, the concentration calibration curve nec-
essary for the kinetic study was constructed by taking
the integrated intensity of the band pair in KC1 to be
the same as that in the KBr matrix where the solute can
be isolated without decomposition. This assumption
of similar integrated intensities in these two matrices
appears reasonable in view of the intensity values found
for the matrix-isolated cyanate ion.11l Also, the 'KffCh-
ir band in KC1 (1133 cm-1) had a band width of 3.8
cm-1 compared to a width of 4.2 cm-1 in a KBr matrix
(1123 cm-1) while the band width in KI (1112 cm-1)
was 5.2 cm-1. For the integrated intensity of the de-
generate stretch band of C104~ in KBr, we took the
experimental value reported by Krynauw and Schutte.D
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Table | : Peak Molar Extinction Coefficients of C104~
Infrared Bands in Potassium Halide Matrices”

-~ Extinction coefficient, M~ i cm "k--oeeeeee

KCl KBr K1

m(“ Cl) 9550 + 260* 9550 * 260 5890 + 50
(1133) (1123) (1112)

rsPCl) 3320 £ 100» 3320 + 100 2030 £ 20
(1119) (1109) (1099)

*AFCL3CN) 900 + 100» 500 + 150

(640) (628)

“Values in parentheses are peak frequencies in cm-1. 1See
text for origin of these values.

These authors also measured the integrated intensity in
K1, which we confirmed experimentally.

The peak molar extinction coefficients, (1/CL) log
lo/1 where C is the molar concentration and L is the
path length in centimeters, of the ir bands of C104~ ion
in the potassium halide matrices are summarized in
Table 1. The peak optical density calibration points
for KBr fell on the same Beer's law line as did those for
the KC1 matrix, so the same extinction coefficient is
listed for both matrices. The degenerate bend funda-
mental, which showed no isotopic components, was not
measured for the KBr matrix but its intensity appeared
to be similar to that for the KC1 matrix.

Peak molar extinction coefficients for the C103~ ion,
a reaction intermediate, were determined also by as-
suming equal integrated intensities in both KC1 and
KBr matrices. From the integrated intensities re-
ported by Krynauw and Schuttelfor this ion in KBr,
we obtained peak extinction coefficients in KC1 of 3240
+ 40, 1280 + 10, and 250 £+ 100 M~I cm"1for 331,
1015 cm-1), V3@BC1, 1005 cm-1), and iq(3l, 31, 956
cm-1), respectively.

Decomposition of C10\~ in KC| Matrix. In the early
phase of this investigation, matrix isolation of the C104
ion was effected simply by heating a newly pressed KCI
disk at about 370° for several days until the solute
exhibited only the sharp band pair at 1133 and 1119
cm-1. This process caused much decomposition of the
solute and the formation of the C103 ion before the
kinetics could be studied quantitatively. Also, the low
initial optical density of the 1133-cm-1 band permitted
the decay kinetics to be followed only for a short reac-
tion period, and the presence of the CIO3- ion intro-
duced additional complications since this intermediate
itself was found to decompose into the C104 ion. The
optical density changes appeared to follow first-order

(8) R. P. Seward and H. W. Otto, J. Phys. Chem., 65, 2078 (1961).

(9) D. G. Linnehan, “The Thermal Decomposition of the Per-
chlorate lon in a Potassium Chloride Matrix,” M.S. Thesis, Pattee
Library, The Pennsylvania State University, Dec 1969.

(10) G. N. Krynauw and C. T. H. Schutte, Z. Phys. Chem. (Frank-
furt am Main), 55, 121 (1967).

(11) V. Schettino and I. C. Hisatsune, J. Chem. Phys., 52, 9 (1970).
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Figure 1. First-order decay rate constants for ClO«- in KC1
matrix: A, sample |; O, sample Il; 0O, run P-28 (Figure 4) of
sample I11; A, from KC10r-KCI disks.

kinetics, and both 1133 and 1119-cm-1 bands gave
similar rate constants. However, the experimental
points showed considerable scatter and often a notice-
able decrease in the decay rate toward the end of the
reaction. Furthermore, C104 samples | and Il gave
rate constants differing by about one order of magnitude
as shown in Figure 1. Sample | disks which gave the
lower rate constants were characterized by a relatively
high concentration of the C103 intermediate (0.1 to
0.3 optical density unit for the 1015-cm-1 band) while
the maximum C103- optical densities observed during
the reaction in sample Il disks were all less than 0.1.
One unusual sample I disk (run no. 137) gave a first-
order rate constant at 507° which fell among the sample
Il values (see Figure 1), but the maximum optical den-
sity of the C103- ion during this run was only 0.071, well
below those found in other sample | disks.

To increase the initial concentration of the matrix
isolated C104 and at the same time to minimize the
formation of the C103 intermediate, the experimental
procedure of disk fabrication was modified. We found
that these requirements were essentially met by disks
prepared from powder mixtures that had been heated
at about 400° for several hours prior to pressing. Addi-
tional sample Il disks and some sample 111 disks were
prepared by this new procedure, and most of these
disks now showed a second-order decay of the 1133 and
1119-cm-1 bands. An example of this second-order
C104 decomposition is illustrated in Figure 2 for a
reaction carried out at 522°. The intermediate C103
ion was still formed during this decomposition, and its
1015-cm-1 band optical density is plotted against that
of the reactant 1133-cm-1 band in Figure 3. The cor-
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Figure 2. Second-order decay of ClIO*- (sample I1) in KC1
matrix at 522°: ¢, “ClO,- (k = 4.5 M -1 sec-1); O, 3C10(-
(k = 3.9 M-1sec-1). Data from 1.00-g disk of

13 mm diameter.

Figure 3. Changes in optical densities of C103- and C10<-
ions at 522°. Data from kinetic run of Figure 2 but the mass
of the KC1 disk is 0.400 g.

rected optical densities7 in this figure correspond to
those from a KCL1 disk weighing exactly 0.4 g while the
standard disk weight was taken as 1 g for the data in
Figure 2.

The maximum observed in the chlorate concentration
for reactions at temperature above about 500° was often
greater than that shown in Figure 3, and experimental
points from such a run gave a poor fit to the second-
order Kinetic equation. In fact, its reaction order anal-
ysis indicated that the decomposition of the C104 ion
was approximately second order during the growth
stage of the C103- ion but it changed to an order closer
to 1 during the decay stage of C103-. In runs where
the C103 maximum was high and near the beginning

The Journal of Physical Chemistry, Vol. 74, No. 23, 1970
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Figure 4. First-order decay of 1.58 mg/g of KC104in KC1 at
510°: O, run P-28; ¢, run P-32. See text.

of the reaction, the overall reaction order for C104~
decay was often neither first nor second but had an
intermediate value. Run P-32 of Figure 4 is an exam-
ple of a decomposition in which the reaction order was
about 1.5. In this run, as well as in run P-28 shown in
the same figure, the weak degenerate bending mode fun-
damental at 640 cm-1 had to be used to follow the initial
part of the reaction. Both runs were made with disks
containing identical initial concentration of the solute,
but P-32 disk was made from a preheated powder,
whereas P-28 disk was not preheated. The infrared
spectrum of the latter disk resembled the spectrum of
crystalline KCI04 throughout most of the decomposi-
tion. The first-order rate constant from run P-28 is
included in Figure 1.  Much C103 was present in both
disks during the reaction.

The second-order rate constants from sample 11 and
111 disks showing relatively low yields of C103 inter-
mediate are summarized in Figure 5. We have also
calculated and displayed in this figure (opened circles
and triangle) second-order rate constants from the ini-
tial rates of reactions which showed a first-order C104
decay and gave low C103 concentration during the
reaction (Figure 1). The Arrhenius parameters from
the least-squares fit of these data were log A (M-1 sec-1)
= 1290+ 0.13andE = 44.31 + 0.43 kcal/mol. The
solid line drawn through the points in Figure 5 corre-
sponds to these Arrhenius parameters, and a line with
the same activation energy has been inserted in Figure
1 for the sample Il data points. The first-order fre-
quency factor for the latter data is about log A (sec-1)
= 9.2
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Figure 5. Second-order decay rate constants for CIO*- in KC1
matrix: ¢, sample II; m, sample IIl; O, from sample |1
first-order data (Figure 1); A, from run 137 data (Figure 1).

The stoichiometric relationship between C104 and
C103 was determined from optical density correlation
plots like that shown in Figure 3. From seven disks
which gave second-order decay kinetics, the d[C103- ]/
d[C104- ] ratios from the growth and decay stages of
the C103 ion were —0.92 db 0.13 and +1.9 + 0.2,
respectively.

Decomposition of CIOt~ in KBr and K1 Matrices.
The decomposition of C104 in KBr and KI matrices
was examined qualitatively. No Br03 was detected
during the reaction in KBr, but much C103 was pro-
duced. As in the KC1 case, disks with low C103- con-
centrations gave second-order decay Kkinetics while
those with high concentrations of this intermediate
followed a reaction order closer to one. The decompo-
sition rates and rate constants for the KBr matrix,
however, were comparable to those obtained from the
KC1 disks.

First-order kinetics was observed for the decay of
ClOs4- ina Kl matrix. The rates were about two orders
of magnitude greater than the rates in the KC1 matrix.
Consequently there was very little decay of the interme-
diate C103, and 1.06 £ 0.12 mol of this ion was pro-
duced from each mole of C104 . One mole of iodate
ion was also produced in this reaction from 2.8 + 0.6
mol of CIO4- .

Decomposition of C103~ in KCI Matrix. Qualitative
study of the decomposition of C103- isolated in a KCI
matrix was also carried out. This reaction was found
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to be second order in C103~ with a rate constant of 1083
exp(—30 kcal/RT) M ~1sec-1 for the temperature range
450-550°. The C104_ion was observed as a minor
product (*10% vyield), but in four disks its concentra-
tion was sufficient to follow the decomposition. The
C104~ decay was first order, and the rate constants
which fell into two sets according to the concentration
of C103~ present during the reaction are included in
Figure 1.

The rates of second-order decay of C103- in KBr and
K1 matrices were comparable to the rates in the KC1
matrix. However, when a high concentration of C104~
was present with the C103 as in the case shown in
Figure 3, the decay of the latter ion in both KC1 and
KBr matrices was not a second-order but approximately
a first-order reaction.

Discussion

A decomposition mechanism for the C104 ion, which
is consistent with our experimental results, must include
the following bimolecular reactions.

- 2C103 - 02 )

C104 + cio*- 2

Reaction 1 is suggested by the observed second-order
decay of C104 in kinetic runs where [C103- ] was low
during the reaction and by d[C103 ]/d[C104] =

—0.92 + 0.13 for the growth stage of C103- interme-
diate (see Figure 3). The detection of C104 during the
decomposition of C103- isolated in a KC1 matrix and
the second-order kinetics of this decomposition when
the concentration of C104 intermediate was low sug-

gest reaction 2. The second product of this reaction
is presumably unstable and cannot be trapped in the
matrix at our decomposition temperatures of 450-550°.

Our experimental data also indicate that reactions 1 and
2 may be the principal steps in the formation and decay
of the intermediate C103 during the decomposition of
C104-. Since the rates of formation and decay of the
intermediate C103- are the same at the observed maxi-
mum in [C103], we have fci[C104 na = f2[C103—jna 2=
Our experimental values9 of fi, [Cl03~]nax, and
[C104 Jmexgive ki = 1094exp[—32 kcal/RT] M -1sec-1
which is in reasonable agreement with the second-order
decomposition rate constant obtained from KC1 disks
with C103 .

When the concentrations of C104~ and CIOs- were
comparable, the decomposition of C104 was no longer
a second-order reaction (Figures 1 and 4). Reactions
1 and 2 show that such deviations are expected, but
they do not provide an interpretation of the approxi-
mate first-order decay of C104 observed under these
experimental conditions. Neither are these equations
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adequate to explain the first-order decay of C103- when
[C104 ] was relatively high. More extensive kinetic
studies of the decompositions of C103-, C102 , and per-
haps CIO- are necessary to determine what additional
reactions to include with reactions 1 and 2 to provide a
satisfactory interpretation of our Kinetic data on C104 .

The decomposition rates of C104 in the KBr matrix
were not markedly different from those in KC1. Thus,
reactions 1 and 2 appear to be the principal steps in the
KBr matrix also, and the effect, if any, of the chloride
ion in the decomposition of C104- is comparable to that
of the bromide ion. However, our experimental results
from the KI matrix indicate that the iodide ion accel-
erates the decomposition of C104 more so than it does
the decay of C103 . In this matrix the experimental
reaction stoichiometry was

3C104 + |- —> 3C10s- + 103 3)

and the decay of C104 was a first-order reaction.

Apparently, there has been no report in the literature
of a second-order decomposition kinetics of the perchlo-
rate ion. However, Cordes and Smith2 have recently
interpreted their first-order Kinetic results in terms of
reaction 1 as being a homogeneous bimolecular solid
state reaction. They proposed for this reaction a tran-
sition state with a reasonable structure (03C100C1032-.
Their first-order rate constants varied by about one
order of magnitude depending on the sample as did ours,
and they consistently observed C 02as a minor product.
This gas was also observed in some of our disks which
exhibited a gray color. It appears that carbon-con-
taining impurities in reagent grade salts, in the labora-
tory atmosphere, and in distilled water may be the
sources of the C02gas.72 The success we had in reduc-
ing the initial [C103 ] by preheating in air the KC104
KC1 powder mixture before pressing may be due in part
to the elimination of some carbon impurities by oxida-
tion. Although impurities are known to affect strongly
the decomposition of the perchlorate ion, the kinetics
observed by previous investigators may be influenced
by the presence of the chlorate ion in their reaction
systems.
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Ultrasonic absorption spectra have been determined for aqueous solutions of polyethylene glycol, a linear
molecule which assumes a random coil configuration, as a function of molecular weight (62-20,000) and fre-

quency (1.5-163 MHz).
of multiple relaxation processes.

The broad frequency range employed in this investigation revealed the presence
Similarities between the absorption dependence upon frequency and molecu-

lar weight of polyethylene glycol and dextran, another macromolecule which assumes a similar spatial con-

figuration in solution, are pointed out.

It is concluded that the observed ultrasonic absorption cannot be

fully accounted for by shear viscoelasticity and that the presence of a bulk viscosity must be taken into account.

Introduction

The ultrasonic velocity of propagation and absorp-
tion coefficient characteristic of aqueous solutions of
macromolecules are of interest in the fields of physical
chemistry and biophysics to the extent that these prop-
erties are useful in studying the kinetic behavior of
chemical and structural equilibria having reaction rate
constants between 10~9and 10~4sec.2a These equilibria
may be perturbed by changes in temperature, pressure,
or density produced by the sound wave. The molecular
process whose characteristic time determines the rate at
which equilibrium is restored, after the perturbation, is
referred to as a relaxation process.2d It has been ob-
served that perturbations of configurational equilibria
may result in significant acoustic absorption3and def-
inite changes in absorption and velocity that correlate
with structural alterations have also been reported.46
This study was undertaken to continue the investigation
of the ultrasonic absorption spectra of aqueous solutions
of macromolecules which assume similar configurations
but which differ chemically. Polyethylene glycol
(PEG), asynthesized long-chain flexible macromolecule,
was chosen for this purpose since it assumes a random
coil configuration in aqueous solution as does another
macromolecule, dextran, which has already been
studied.67 In addition, since PEG is readily obtainable
in several narrow molecular weight fractions, the effect
of polymerization on the acoustic properties of the
solution could be studied.

Theory

The adiabatic propagation of a longitudinal acoustic
wave through a fluid medium results in time-varying
localized perturbations in thermodynamic equilibria at
rates which depend on the sound frequency, /, and max-
imum interaction for any particular equilibrium occurs
when/ = /o = where r is the characteristic re-
laxation time of the reaction being perturbed. This
leads to a time lag between an applied pressure and the
resulting change in density. Consequently, molecular
energy level populations are perturbed at the expense of
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acoustic wave energy, and the process results in absorp-
tion. The absorption that is experimentally observed
may result from multiple independent or coupled relax-
ation processes which can yield a spectrum of relaxation
times.

Shear viscosity was one of the first properties to be
recognized as responsible for the absorption of sound in
fluids.8 Although it was realized at the time that a
liquid may possess bulk viscosity as well, this was not
considered, as no direct method was available for its
measurement. The well-known equation describing
the absorption of sound by a viscous liquid is

2x22
« = ~N~N(vv + Vrt») (1)

where pand Vare the undisturbed density and the low-
frequency speed of sound, and v and a are the bulk and
shear viscosities, respectively. Variation in the vis-
cosity with frequency is due to relaxation; however,
for water the viscous relaxation times are thought to be
of the order 10_I2 sec,9Dwhich is almost two orders of
magnitude beyond the currently attainable range of
acoustic measurements.
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mitted by L. W. K. in partial fulfillment of the requirements for the
Ph.D. degree in Electrical Engineering, University of Illinois, 1968.
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Dispersion of Ultrasound in Biological Media” in “Biological Engi-
neering,” H. P. Schwan, Ed., McGraw-Hill Book Co., New York,
N. Y., 1969; (b) M. Eigen and L. deMayer, “Relaxation Methods”
in “Technique of Organic Chemistry,” Vol. 8, part 2, S. L. Friess,
et al., Ed., Interscience, New York, N. Y., 1963.
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(4) L. W. Kessler and F. Dunn, J. Phys. Chern., 23, 4526 (1969).
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The shear viscosity exhibited by a dilute solution of
long-chain flexible polymers results from the frictional
resistance opposing the flow of solvent molecules past
polymer segments and the resistance to perturbation of
the configurational equilibrium of the polymer. Fur-
ther, the bulk viscosity is due to resistance of the
polymer molecules against changing the volume they
occupy in the solvent in response to a pressure change,
and it is dependent on solvent-polymer interactions
which may not affect the shear viscosity. Adequate
physical models which would predict the observed
frequency dependence of bulk viscosity have not yet
been developed for aqueous systems because of the in-
adequate knowledge of the specific solvent-polymer
interactions. The polymer model used to calculate the
dynamic shear viscosity consists of a linear arrangement
of N + 1lidentical beads each having mass m connected
alternately by N massless link segments. 1l If complete
flexibility is allowed at each bead, the mean-squared
distance between the ends of the chain, L2 is given by
the statistical random walk result for large N n

D = Sow (2)

where 5@ is the mean-squared segment length. Since
complete flexibility cannot be allowed, b®is replaced by
5eff2-

The dynamic shear viscosity of an infinitely dilute
solution of Gaussian coiled polymers is given by 1213

Vv =W+ ~ kK T £ — (3a)
M w k=11 + 7«Tk

VE= v+ W (3b)

where w is the shear viscosity of the solvent, C is the
concentration of polymer molecules, Mwis the weight-
average molecular weight of the polymer, Aa is Avo-
gadro’s number, T is the absolute temperature, K is
Boltzmann’s constant, and the summation is carried
out over all N segments of the polymer. In eq 3b, r?"
can be considered as elasticity. The relaxation time,
Tk, depends on hydrodynamic interactions12-16 which
may be taken into account by the expansion parameter2
«by

@)
The relaxation times are given by
My,V0bI]0
Tk yVopl ®)
NaKTXk

where [7o is the intrinsic viscosity of the solution at
o= 0, given by

Mo = (2.84 X 103— (6)

and the XKs are tabulated as a function of ein ref 14.
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Ultrasonic Technique

The amplitude of a plane, progressive sinusoidal wave
decays exponentially as it propagates through a lossy,
homogeneous, infinitely extended medium according to

P(x,t) = POexp(—ax) exp \i(bit — kx)] @)

where P is the instantaneous value of the acoustic pres-
sure amplitude as a function of distance x and time t,
and k is the wave number. The pulse technique
employed in this study to measure the absorption
coefficient in liquids simulates the free field condition
expressed by eq 7 for finite sample sizes, provided that
the pulse length in the medium is short compared with
the acoustic path length. In addition, the error in the
absorption coefficient due to the spectrum of frequencies
associated with a pulse train is negligible if the pulse is
at least 30t/u sec in length.6

Two techniques were employed in the present study
to measure the absorption coefficient over the frequency
range from 1.5 to 163 MHz. The first technique,1718
an automated version of that orginally described by
Pellam and Galt,’6 can be employed into the low
megahertz frequency range depending on the magnitude
of the absorption relative to the attenuation due to
diffraction. For example, for a 1-in. diameter trans-
ducer the above considerations limited operation to
9 MHz. Over the frequency range from 9 to 69 MHz
two matched 3-MHz fundamental frequency X-cut
quartz transducers are set parallel and coaxial to each
other in the liquid to be studied. Each transducer is
edge-mounted with its front face in direct contact with
the liquid and its back face exposed to an air-filled cav-
ity. One transducer emits pulses of ultrasonic energy,
while the other transducer is employed as a detector.
The acoustic path length is varied by displacing one
transducer relative to the other at constant velocity.
The amplitude of the received acoustic pulse varies ac-
cording to eq 7, and the amplitude of the electrical signal
from the receiving transducer is recorded on a logarith-
mic recorder whose chart displacement is synchronized to
the moving transducer. Over the frequency range from
75 to 165 MHz, a pair of 15-MHz fundamental, X-cut
quartz transducers bonded to fused quartz delay rods
are substituted for the 3-MHz transducers.

In this variable path length technique, the absorption
could be determined to within +3% in water over the
approximate frequency range from 15 to 100 MHz.

(11) C. Tanford, “Physical Chemistry of Macromolecules,” Wiley,
New York, N. Y, 1961.

(12) B. H. Zimm, J. Chem. Phys., 24, 269 (1956).
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(14) V. Bloomfield and B. H. Zimm, ibid., 44, 315 (1966).
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(16) J. R. Pellam and J. K. Galt, J. Chem. Phys., 14, 608 (1946).
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111, 1966.

(18) L. W. Kessler, S. A. Hawley, and F. Dunn, J. Acoust. Soc.
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Figure 5. BesGfit single relaxation curve for M, 20,000
and 4500, above 10 MHz.

To elucidate the mechanism(s) responsible for the
ultrasonic absorption, the contribution of dynamic
shear viscosity must be considered. Heretofore it was
thought that such a process was unimportant for this
material for two reasons.5 First, on the basis of their
data (which were all above 10 MHz), the mechanism
was concluded to be a single relaxation process, and
second, the relaxation times predicted theoretically
were more than an order of magnitude larger than those
observed. Contributing to this last factor is an error
in their calculation of Tk wherein the static viscosity of
the solution 1] is used in place of that of the solvent,
r20.26

The dynamic shear viscosity contribution to the
absorption coefficient is discussed below on the basis of
the Bloomfield-Zimm theory.¥ Subsequent compar-
ison with the contribution predicted by the Rouse
theoryB and the Zimm theory2 resulted in only slight
differences in the overall absorption. PEG molecules
are assumed to be extended, nonfree-draining, flexible
polymers and each structural unit is assumed to be the
monomer unit, although larger segments could also have
been used.1l The effective segment length, 6€ff, is cal-
culated from the ratio of the intrinsic viscosity, pre-
dicted on the basis of 60 for nonfree-draining coils,
to that observed, and from eq 6 and 2 the following re-
lationship is obtained

n =|>T (ii)
1"J0o0bs Lreffd
The intrinsic viscosity was reported in agueous solutions

of PEG at 20.0028 and found to be related to molecular
weight by the following relationship

Mobs = 2.0 + 0.033(MW-2 12)

Table 1 lists the properties of PEG polymer chains used
to compute the relaxation times, and Table Il lists the
relaxation times for the first four modes of viscoelastic
relaxation. The viscoelastic absorption is evaluated
from the following equation where Aas is the difference

Aas 1565 X 10-5 ", rk

13
CP ~ Mw h 1+(n2rlQ()
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Table I : Properties of PEG Polymer Chains
b1, ulLe e,
'\4/, N cclg cclg A 6
20,000 455 43.2 11.7 6.78 0.14
4,500 102 16.1 5.48 6.30 0.15
1,450 33 8.23 3.16 6.07 0.184
400 9 4.47 1.63 6.16 0.306

“ Intrinsic viscosity calculated from eq 12.
cosity calculated from eq 6.

b Intrinsic vis-

Figure 6. Computed absorption due to shear viscosity relaxation.

in the shear absorption coefficients between the solution
and the solvent, and this result is plotted in Figure 6
for the three highest molecular weight fractions.
Comparison of Figure 6 with the experimentally
observed results (Figure 1) suggests that the dynamic
shear viscosity alone does not describe completely the
observed ultrasonic absorption since the theoretical
prediction accounts for only a fraction of that actually
observed. For this comparison, the ordinates of
Figures 1 and 6 are related by the equation A = As
—84 X 10~T7sec2cm-1 cc g~1for a solution of concen-
tration 0.2 g/cc. Since the frequency dependence of
the absorption due to shear viscoelasticity may not be
an unreasonable description of that observed, con-
sidering the high concentrations of the solutions em-
ployed, it appears possible, as suggested by Hawley and
Dunn,6that the normal modes of the molecule deter-
mine the mode of coupling to other relaxation processes.
The absorption, not accounted for by shear viscoelastic
relaxation, can be accounted for by volume viscosity
due to thermal or structural relaxation processes.®
Thermal relaxation occurs if the temperature fluctu-
ations which follow the sound wave perturb a molecular

(28) C. Sadron and P. Rempp, J. Polym. Sci., XXIX, 127 (1958).

(29) J. Lamb in “Physical Acoustics,” Vol. XI, Part A, W. P. Mason,
Ed., Academic Press, New York, N. Y., 1965, Chapter 4.
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Table I'l1: Predicted Relaxation Times for Shear Viscoelastic Relaxation
Mw ri, sec T2 sec T8 sec Hsec
20,000 16 X 108 4.9 X 10“8 2.5 X 10~8 1.6 X 10-«
4,500 12 X 10-» 3.7 X 10"* 1.9 X 10-» 1.2 X 10-«
1,450 23 X 10“D 7.0 X 10-¢ 3.6 X 10-“ 2.2 X 10-¢
400 42 X 10-1 12 X 10-'1 6.3 X 10“11 3.8 X 10“1

equilibrium. Typical examples of such a process are
chemical relaxation and rotational isomerism. Thus
far, however, each thermal relaxation process observed
has been best described by a single relaxation time.
Structural relaxation occurs when the hydrostatic
pressure or density fluctuations disturb a molecular
level configurational equilibrium which results in a
volume change, i.e., a pressure-dependent arrangement
of atoms in the solution. Structural relaxation is
usually characterized by a broad spectrum of relaxation
times® and is probably responsible for the excess
absorption in aqueous solutions of PEG. At high
frequencies, however, the nonzero limiting value of As
of 171 X 10“ IZcm-1 sec2cc g“ 1could also be due to an
internal viscosity of the polymer chain,’6but the data
available do not permit the magnitude of this contri-
bution to be calculated.

Two possible mechanisms of structural relaxation in
aqueous PEG solutions are considered. First, gv can
be due to perturbation of the polymer-solvent complex
by the sound wave. More specifically, either the
structure of the hydration layer surrounding the
polymer chain or the amount of hydration is pressure
dependent. This mechanism has already been attrib-
uted to the excess absorption in aqueous solutions of
dextran6and has also been proposed for PEG.% Second,
7v can be caused by a perturbation of the short-range
structural configuration of the polymer chain which
would result in a change in the radius of gyration of
the flexible polymer. Two structural configurations
exist for PEG, the zig-zag and the meandering forms,3
for the low and the high molecular weight fractions,
respectively. On the basis of entropy considerations
the meandering form resides in a higher energy level,
and it is possible that when the higher molecular weight
fractions are subjected to ultrasonic stress, the struc-
tural equilibrium is shifted toward the zig-zag config-
uration. Suppose that each segment of the polymer
chain that occupies the meandering form can be con-
sidered as a unit which is capable of structural relaxation
in the ultrasonic range. Then, if interactions between
units can be neglected, the ultrasonic absorption would
be linearly dependent on the number of units present.
Since the structure of all the high molecular weight PEG
chains is predominantly the meandering configuration,®
the number of relaxing units relative to the molecular
weight of the polymer is constant. Therefore, on the
assumption that the absorption is determined by the

presence of relaxing units, the absorption in aqueous
solutions of high molecular weight fractions of PEG
would depend on the mass concentration of the solution
and not upon the molecular weight. This type of behav-
ior is supported experimentally by Figure 7 which shows
that above Mw 4500, A is independent of molecular
weight. Since the lower molecular weight fractions are
composed of smaller percentages of meandering struc-
tures, the absorption per concentration decreases. This
molecular weight dependence is similar to that observed
for dextran6 except that in that case the absorption
approaches that of the monomer at higher frequencies,

Figure 7. Dependence of absorption on molecular weight:
ffl, all frequencies; 0,6 MHz; +, 10MHz; 0,30MHz;
A, 60MHz.

whereas in PEG it does not. This could be due to
additional relaxation processes that occur in a higher
frequency range or due to an internal viscosity of the
polymer. Also, with regard to the presence of relaxing
units it is noteworthy that the absorption spectrum for
Mw 1450 approaches that for M w4500 and Mw 20,000
at about 35 MHz in both Figures 1and 6. In contrast,
viscoelastic theory predicts that the absorption spectra
for Mw 4500 and Mw 20,000 should begin to diverge
substantially in the neighborhood of 10 MHz, but this

(30) G. O. Curme, “Glycols,” Reinhold, New York, N. Y., 1952,
pp 180, 181.
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is not observed experimentally. This implies the

possibility of distinct relaxation processes occurring

over the frequency range investigated.
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Hexavalent molybdenum in the oxide form incorporated either by impregnation or coprecipitation into mag-
nesium oxide, alumina, or magnesium aluminate, and subsequently reduced at elevated temperatures was
investigated by electron spin resonance spectroscopy (esr), and its catalytic activity was tested by the vapor
phase aldol condensation of n-butyraldehyde. The yield of certain products was found to correlate with the
esr signal intensity, both showing the same functional dependence on molybdenum content that reached a

maximum at 9 wt % in MoO.,.

The esr spectra showed considerable variation with preparation procedure,
nature of support, pretreatment, and reduction temperatures.
identified as Mo5+, and spectral parameters were extracted.
odd isotopes of molybdenum were observed in the solid samples.
served in the isotropic spectra resulting from the acid solutions of the catalysts.

The species responsible for the esr signal were
No hyperfine structure components due to the
However, such a hyperfine structure is ob-
When frozen, these acid solu-

tions yield highly anisotropic spectra which are described by an axially symmetric spin Hamiltonian.

Introduction

Catalytically active species are often paramagnetic
and, therefore, can be studied by esr spectroscopy.
Possible information that can be obtained about the
active species includes qualitative identification of the
valency and the nature of the site occupied, quantita-
tive determination of the active species, and elucidation
of the role of such variables as nature of support, calci-
nation temperature, preparative procedure, reduction
conditions, etc., on the appearance of the spectra. The
availability of such information, of course, would be
very significant in that it could provide some insight
into fundamental aspects of heterogeneous catalysis.
However, the extraction of the pertinent spectroscopic
parameters from polycrystalline samples (catalysts) is
seldom an easy task. For, unlike well-defined single
crystals, powder spectra can have all the complications
of the solid state (e.g., anisotropy of g and hfs) for which
there is little hope of separating these various compli-
cating effects. When esr spectroscopy is used to study
catalysts, a number of questions arise. Might not the
spectroscopic parameters be expected to change radi-
cally with the nature of the support? How severe are
changes that are introduced by variations in calcination
temperatures, reduction temperatures, or in preparation
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procedures such as coprecipitation and impregnation?
Can the valence and nature of the active site be identi-
fied unambiguously? Can the various spectroscopic
parameters be correlated with criteria of catalytic ef-
ficiency and selectivity of the systems for various reac-
tions? We have studied the spectra of molybdenum
oxide in a number of hosts in an attempt to answer
some of these questions.

Molybdenum (V) in suitable media has been found to
catalyze the polymerization of ethylene and has been
studied by esr spectroscopy. A correlation between the
esr spectra and the catalytic activity has been estab-
lished.1 Spin resonance of Mo(V) has also been re-
ported in the host lattice of Ti0O2and in aqueous acid
solutions.3 The catalytic activity of molybdenum
oxide, particularly of Mo2 6 has not been extensively
explored. Mo003 BiD3Mo003 and some nonstoichi-
ometric Mo oxides have been used in the catalytic oxi-
dation of 1-butene to butadiene.4 The oxidation of

(1) V. A. Dzs’ko, E. M. Emel'yanova, Yu. |. Pecherskaya, and
V. B. Kazanski, Dokl. Akad. Nauk SSR, ISO, 829 (1963).

(2) (@ R.-T. Kyi, Phys. Rev., 128, 151 (1962); (b) T.-T. Chang,
ibid., 136, A1413 (1964).

(3) M. M. Abraham, J. P. Abriata, M. E. Foglio, and E. Pasquini,
J. Chem. Phys., 45, 2069 (1966).
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other olefins has been studied by Adams,5and Sachtler
and de Boer6have studied the conversion of propylene
into acrolein on bismuth molybdate. During these re-
actions, the reduction of hexavalent molybdenum and
later oxidation is postulated, and the formation of
pentavalent molybdenum is not excluded.4 The case
for the catalytic importance of molybdenum and the
pertinence of esr spectroscopy as a tool in such studies
have been well established. Our main concern in this
study has been to define and to understand the spectral
changes that occur and to evaluate the extent to which
such information may be of help in catalytic problems.

Experimental Section

Sample Preparation. The molybdenum oxide-MgO
samples used in the present work were prepared by first
precipitating Mg(OH)2upon mixing a hot solution of
Mg(NOj)2with NaOH solution. The precipitate was
dried at 100° for several hours and then wetted with a
solution of ammonium molybdate and dried again at
100°. The dried sample was heated in air at 500° until
it was completely dehydrated. Then it was reduced in
a current of hydrogen at the required temperature for
2 hr. Reduction has been carried out at 200, 400, 490,
and 600°. AID3molybdenum oxide and MgAID 4
molybdenum oxide samples were prepared by a proce-
dure similar to the above using Bayerite and magnesium
aluminate as the starting materials.

Molybdenum oxide-MgO samples were also made by
coprecipitation. A mixture of magnesium nitrate and
ammonium molybdate solutions was treated with
NaOH solution till the pH reached 11. Presumably,
the molybdate gets precipitated as magnesium molyb-
date along with Mg(OH)2 The liquid phase was re-
moved by filtration, and the subsequent treatment of
the precipitate was similar to the procedure described
above.

To prepare the acid solution of the samples, the re-
duced product was dissolved in concentrated HC1 and
warmed. Any undissolved portion was removed by
filtration, and the filtrate was diluted to appropriate
volume such that the resulting solution was 10 M in
acid.

Esr Measurements. The esr measurements were per-
formed on a Varian Y4500 spectrometer operating at
9.5 kMHz. The magnetic field was modulated at 100
kHz, and the first derivative of the spectra was recorded.
Peak-to-peak modulation amplitudes from 2to 5 G were
used in recording the spectra. The sample tubes were
of Pyrex glass of 4 mm o.d. and 2 mm i.d., and they were
filled with the powder in air to a height greater than the
depth of the resonant cavity, evacuated under moderate
vacuum, and sealed. The magnetic field was measured
with a proton gauss meter. In addition, a spectrum in
the K-band region has also been obtained. A sample
of pitch in KC1 (1%) was used as a calibration standard.

The integrated intensities were obtained by double
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integration of the first derivative spectra using a com-
puter program. The relative values of intensities in
arbitrary units are reported. In several samples we
have measured the number of spins per gram using the
dual sample cavity and a mechanical mixture of MoC15
A1D 3 as intensity standard. We have obtained the
X-band spectrum of one of the samples at 77°K using
the Varian liquid nitrogen Dewar (V-4546) and at vari-
able temperatures from room to —160° at intervals of
20°. We have also studied the same sample at room
temperature at different microwave power levels.

The solution spectra were obtained by using either
the Varian flat quanz electrolytic cell or by placing the
solution in a Pyrex glass capillary which in turn is
placed in a quartz esr tube. The latter arrangement
was used to get the spectrum of frozen solutions. Re-
frigeration was achieved by using the Varian liquid
nitrogen, low-temperature accessories.

Catalytic Activity. The catalytic activity of the sam-
ples was tested using the vapor phase aldol condensation
of n-butyraldehyde. A 15-cc sample was packed into
a reactor and treated with hydrogen at 375° for 5 hr.
Then the temperature was reduced to 250°, n-butyral-
dehyde was introduced with hydrogen as the carrier gas,
and the reaction was carried out for 2 hr. The liquid
products were collected and analyzed on a gas chroma-
tograph. The catalytic activity was expressed in terms
of milligrams of product formed per gram of catalyst in
the course of 2hr. The BET surface areawas measured
with nitrogen at liquid nitrogen temperature and com-
pared with catalytic activity.

Results and Discussion

The first derivative of the esr absorption was recorded
for molybdenum supported on MgO, alumina, and
MgAID4 The samples were prepared either by co-
precipitation or impregnation and were subjected to
various pretreatments in addition to reductions being
effected at various temperatures. Considerable spec-
tral changes take place, and these will be discussed
below in detail.

In our experiments with sample preparation, it was
found that the unreduced sample had the color of the
carrier material, and the reduced samples were darker
in color, the degree of coloration depending on the con-
centration and the carrier material. In the case of
magnesium oxide as the calcination temperature was
increased, the color deepened and became bluish at
1000°. The spectra of AID3molybdenum oxide and
MgO-Mo03containing 8% M o003are shown in Figure 1
The width between points of maximum slope is 79 G
with AlD 3as the carrier material, 76 G in MgAID 4, and

(4) (a) Ph. A. Batist, C. J. Kapteijns, B. C. Lippens, and G. C. A.
Schuit, J. Catal., 7, 33 (1967); (b) Ph.A. Batist, B. C. Lippens, and
G. C. A. Schuit, ibid., 5, 55 (1966).

(5) C. R. Adams, Proc. Int. Congr. Catal., 3rd, Amsterdam, 1964. 1>
240 (1965).

(6) W. H. M. Sachtler and N. H. de Boer, ibid., 1, 252 (1965).

The Journal of Physical Chemistry, Voi. 74, No. 23, 1970



4104

Figure 1  Esrspectraofs% Mo00s3in (a) MgO and (b) A0 3
34 Gin MgO. (The concentration of M0O3in MgAI2 4
is 1%.) The lines are definitely asymmetric, and the g

value with MgO as the carrier material is 1.928, 1.929
on Al203, and 1.927 on MgAID 4  There is no significant
variation in the g value with the carrier material. Mea-
surements carried out at 23 kMHz also gave an asym-
metric line (Figure 2) with a width between points of

Figure 2. Esrspectraofs% MoOsin MgO in K-band region.
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maximum slope of 50 G. The g value is equal to 1.923.
The equality of g at two frequencies is an indication that
we are dealing with true asymmetry and not a broaden-
ing due to the superposition of different esr signals with
slightly different g values.

There is no definitive evidence as to the environment
of Mo6+, but molybdenum is probably on the surface
coordinated to the carrier material, and the larger mag-
netic moment of ZA1l may be responsible for the larger
width in the case of A1D 3and magnesium aluminate.

Molybdenum can exist in any of four valences 6+,
5+, 4+, and 3+ corresponding to d°, d1 d2 and d3con-
figurations. Hexavalent molybdenum is diamagnetic
and, therefore, gives no esrsignal. Tetravalent molyb-
denum, even if it were paramagnetic, w'ould not be ex-
pected to be observed except at very low temperatures.
Also, it would be expected that any observed resonance
due to d2would have a large zero-field splitting and,
therefore, a very broad signal.7 Indeed, to the best of
our knowledge, the spectrum of Mo(IV) has not been
observed. Therefore, the observed signals must be due
to Mo(Y) and/or Mo (I11).

Several studies of esr spectra of Mo(l11) have been
reported. Griffiths, Owen, and Ward8 have studied
hydrated and unhydrated chloro and fluoro complexes
of Mo(Ill) and report isotropic g values around 1.96.
Landry9 has studied Mo(ll1) in aluminum-zinc phos-
phate glass and reports a very broad spectrum with a
strong peak at geff of 5.19. Ramaseshan and Suryan
have studied an unhydrated chloro complex of Mo(l11)
and have observed resonance at gett — 1.76. The two
extreme values differing largely from g = 2 are effective
or experimental values, and they reflect large zero-field
splittings and crystal field effects. The true g value of
Mo(lll) is around 1.96. Thus, Mo3+in less than cubic
symmetry can be readily eliminated as a contributor to
the resonances reported here. However, the possibility,
in principle at least, remains that Mo3+ has diffused in
the cubic MgO lattice and is contributing to resonances
observed here. It is our contention that these reso-
nances are predominantly, if not exclusively, due to
Mo (V). Thisisconsidered at some length below.

Hexavalent oxide of Mo has been reduced by H2at
500° for long periodsIland has been examined by X-ray.
No phase corresponding to the oxide M00O15 has been
observed, from which it is reasonable to conclude that
it is improbable that hexavalent molybdenum oxide can
be reduced to trivalent oxide by hydrogen around 500°.
We have studied the samples at low temperatures and

(7) (& K. D. Bowers and J. Owen, Rept. Progr. Phys., 18, 304
(1955); (b) R. J. Kokes, “Experimental Methods in Catalytic
Research,” R. B. Anderson, Ed., Academic Press, New York, N. Y.,
1968, pp 436-475.

(8) J. H. E. Griffiths, J. Owen, and I. M. Ward, Proc. Roy. Soc.,
Ser. A, 219, 526 (1953).

(9) R. J. Landry, J. Chem. Phys., 48, 1422 (1968).
(10) S. Ramaseshan and G. Suryan, Phys. Rev., 84, 593 (1951).
(11) L. Kihlborg, Acta Chem. Scand., 13, 954 (1959).
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at different microwave power levels. As the temper-
ature is lowered, there is only enhancement of signal
intensity, without any appearance of additional lines.
Although we were unable to saturate the signal, a linear
increase in the signal amplitude with microwave power
is observed. These results suggest that the samples
studied contain predominantly, if not exclusively, one
paramagnetic species capable of resonance absorption at
room temperature. As already mentioned, we have
used three different supports and have studied several
samples which are precalcined to different temperatures
prior to reduction.  Despite these variations, the reso-
nance absorption is always observed aroung ¢ = 1.928.
If Mo(ll1) were present to any significant extent, one
would expect the spectra to show some changes as a
function of calcination temperature and nature of sup-
port. Intuitively at least, one expects that at the
higher precalcination temperatures the Mo(lll) spin
diffusing into the cubic MgO lattice is more numer-
ous than at the lower temperature and, therefore, some
more pronounced absorption around g = 1.96. Sim-
ilar arguments can be made for the various supports and
the amounts of total Mo incorporated into the lattice.
But no such variations in the gett are observed at all.
The constancy of the g value can thus be taken as an
indication that a single species is predominantly re-
sponsible for the observed resonance. Results of inde-
pendent weight loss measurements in our laboratory by
microbalance techniquesRindicate that supported Mo03
on reduction gives mainly tetra- and pentavalent oxides.
All these arguments may not prove the exclusive pres-
ence of Mo(V), but they strongly indicate that if
Mo(lll) is indeed present, it must be present in very
small amounts compared to Mo(V). The solution spec-
tra of these materials provide additional corroborative
evidence to support this contention. This evidence
will be presented below.

The appearance of the signal itself as well as the in-
tegrated total intensity depends very significantly on
the amount of molybdenum, on reduction temperature,
and on precalcination temperature. The integrated
intensities of the esr signal as a function of Mo03con-
centration are shown in Figure 3 for the samples pre-
pared by impregnation. Figure 4 shows the same vari-
ation for the samples prepared by coprecipitation and
calcined prior to reduction, under the same reduction
condition specified above. From these results, it may
be observed that for a given reduction temperature or
calcination temperature, the integrated intensity
reaches a maximum at about 9% of Mo03 and for a
given concentration, more spins are produced when re-
duced at 600° than at 490°. The effect of calcination
temperature on the signal intensity is marked at 900 and
1000° while at other temperatures there is no appre-
ciable change. The decrease in intensity at 900 and
1000° is definitely due to the evaporation of M0o03 and
samples containing M o03could be heated to as high as
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Figure 3. Dependence of integrated esr signal intensity on total
molybdenum content at reduction temperatures:
(a) 490° and (b)600°.

o 5 0 5
% MoO)

Figure 4. Dependence of integrated esr signal intensity on total
molybdenum content at different calcination temperatures.

800° without any significant loss of the oxide. Since it
was observed that the reduction proceeds to a greater
extent at 600° than at 490°, a 9% sample in MgO, pre-
pared by impregnation, was reduced at 200, 400, and

(12) K. S. Seshadri, F. E. Massoth, and L. Petrakis, J. Catalin
press.
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Figure 5. Esr spectraof9% M o03in MgO reduced at two
different temperatures: (a) 400° and (b)600°.

600°. The esr spectra of the latter two samples are
shown in Figure 5. There is practically no reduction
at 200°. The signal arising from the sample reduced at
400° is less intense, narrower, and more symmetrical
than the signal from the sample reduced at 600°. As
the reduction temperature is increased, more spins are
produced, increasing interaction among themselves and
the host material and thus broadening the signal. In
Figure 5b shoulders are observed on the low-field side of
signal.

Distinct spectral changes are also observed with in-
creasing calcination temperatures. The spectra of a
reduced sample in MgO at two calcination temperatures
are shown in Figure 6. There is no significant change
in the width between points of maximum slope and in g
value. But at calcination temperatures of 700° (Fig-
ure 6a, ¥ = 1.926) or lower, the spectra are very much
similar to the one shown in Figure 5b. The shoulders
disappear as the calcination temperature is increased to
800° (Figure 6b, g = 1.928), and they are not observed
in the sample reduced at 400° (Figure 5a). They are
also not observed in the case of A1D3 and MgAID 4
Similar spectral features have been observed by Poole,
et al.,3and they have attributed such shoulders to dif-
ferent phases. The X-ray spectra of our samples show

The Journal of Physical Chemistry, Vol. 74, No. S3, 1970

K. S. Seshadri and L. Petrakis

Esr spectraof MgO-Mo03at two different
(a) 700° and (b) 800°.

Figure 6.
precalcination temperatures:

only the pattern due to MgO, and so we cannot with
certainty attribute the shoulders to different phases.
These shoulders are probably due to clusters. When
reduced at 400°, the Mo(V) ions are at low concentra-
tion, and so they are isolated. As the reduction temper-
ature is increased, more spins are produced, favoring the
formation of clusters. At a still higher precalcination
temperature, molybdenum oxide is probably redistrib-
uted on the surface; when the spins are produced, they
are isolated, precluding the formation of clusters. On
the surface of A1D 3 the spins are isolated perhaps by
other species like OH groups adsorbed on the surface.
It is known#that on prolonged evacuation at 800°, all
the OH groups are removed from the surface of MgO
while only about 80% of them are removed from that
of A1D 3% Based on this observation, it is reasonable
to assume that the A1D 3surface is covered to a greater
extent with OH groups and possibly water molecules at
a given temperature than MgO surface. In any case,
since this spectral feature is dependent on temperature
and surface characteristics, it cannot be due to different
orientations of crystal or molecular axis with respect to
the external magnetic field.

Further corroborative evidence that the observed
spectra on the various surfaces are due to molyb-
denum(V) is provided by the results obtained from
studying the HC1 acid solution spectra of these samples

(13) C. P. Poole, W. L. Kehl, and D. S. Maclver, J. Catal., 1, 407
(1962).
(14) P. J. Anderson and P. L. Morgan, Trans. Faraday Soc., 60, 930
(1964).
(15) J. B. Peri, Actes Conor. Int. Catalyze, 2°, Paris, 1960, 1333
(1961).
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both at room and lower temperatures. The character-
istics of the spectra definitely indicate the presence of
Mo(V). The room temperature spectrum shows a
sharp line due to the even isotope on which is superim-
posed an isotropic fine structure of six lines due to the
odd isotopes. By inspecting the spectra, values for g
and A are obtained directly, and they are 1.948 + 0.004
and 53.6 + 1.0 G, respectively. The complex spectrum
at a lower temperature can be described by the spin

H = gufiH's, T gtm *S KT Hysy) T
AlJSz + B(I"Sx + lySy)

Hamiltonian where S = ¥2and | = 0 for even isotopes
and | = 6@ 2for odd isotopes. By examining the spec-
trum we have obtained (\ = 1.960, gL —1.937 +0.004,
A =830+ 10,andB = 448 + 3.0 G. Our values
are in good agreement with g0\ = 1.96, g+ = 1.938 +
0.005, A = 80, and B —49 G reported by Garif'yanov
and Fedotov,’6 who have studied aqueous solutions of
(NH4aMMoCls) and gn = 1.972 + 0.004, gL = 1.942 +
0.005, A =81+ 1, and B = 34 + 4 G reported by
Abraham, et al.,.3who have investigated reduced HC1
solutions of m 0oos. The values from our low-tempera-
ture spectra yield g = V*2]gL + |gn]) = 1.945 and
‘A(JA] + RXB) = 57.5 and agree within experimental
error with the experimental values of g and A measured
at room temperature. We have also recorded the spin
resonance spectra of molybdenum pentachloride in hy-
drochloric acid solution. The values of g and A are
1.945 + 0.001 and 50.4 + 1.0 G, respectively, which
again are in good agreement with g and A values of
M 003+~MgO acid solutions at room temperature.

The acid solution of the reduced samples in all proba-
bility contains the complex [Mo0OCI5]2-. We have
observed the formation of green and brown solutions
when the solid samples are dissolved in HC1. Though
both the green and the brown solutions contain Mo(V),
the brown solution invariably gives a weaker esr signal
than the green solution. There is enhancement of sig-
nal intensity when the brown solutions are diluted with
acid. Hare, et al.,11 have studied the esr spectra of
(NH42MoOClI5) in HC1 solutions ranging from 12to 2m
in acid and have compared their results with the mag-
netic susceptibility measurements by Sacconi and Cini®8
and electronic spectral results by Haight.19 They have
concluded that the acid solution contains several
species, all containing pentavalent molybdenum, out of
which only the monomer of M o003+ gives an esr spec-
trum. Its concentration is 100% in 12 M acid solu-
tion, decreases with decrease in acid concentration, and
reaches zero in 2 m acid solution. This scheme would
be in agreement with our observations. Also, we have
observed a 1:1 correspondence in the variation of signal
intensity in the solid and in solution with per cent M00O3
when 4, 9, and 14% M00O3A1203samples were dissolved
in HC1 and diluted to the same concentration in acid.
This would seem to rule out the possibility of any equi-
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Figure 7. Correlation of the activity of M0O3+MgO
with signal intensity.

libria among different valence forms of Mo in solid sam-
ples.

The catalytic activity of the samples prepared has
been tested using the vapor phase aldol condensation of
n-butyraldehyde. In Figure 7 the activity of the
Mo03+~MgO, the integrated intensities of the sample,
and BET surface area are plotted against the molyb-
denum oxide content in the sample. Several products
are formed during the reaction, but the yield of 2-ethyl-
hexenal, since it is the major product, has been used to
express the catalytic activity. Within the accuracy of
measurement, surface area practically remains con-
stant with concentration. In another set of experi-
ments, the catalytic activity of Mo03+ AlD3 was
tested, and the results are given in Figure 8. With
Al203 as the carrier material, two new products in signif-
icant amount were formed, and the yield of one of
them, identified as a cyclic ketone with a molecular
formula C2H20, is used to express the activity. In
both situations, the catalytic activity as measured in
each case by the amount of the main product has the
same functional dependence on M0O3 content as the
intensity of the esrsignal. The existence of such a cor-
relation, of course, cannot automatically be construed
as having established a direct relationship between the
Mo5+ and this particular reaction. For example, the
different distribution of products for the two different
supports studied is evidence that other factors probably
enter the picture. It is interesting, nevertheless, that

(16) N. S. Garif'yanov and V. N. Fedotov, Zh. Strukt. Khirn., 3,
711 (1962).

(17) C. R. Hare, I. Bernal, and H. B. Gray, Inorg. Chem., 1, 831
(1962).

(18) L. Sacconi and R. Cini, J. Amer. Chem. Soc., 76, 4239 (1954).
(19) G. P. Haight, Jr., J. Inorg. Nucl. Chem., 24, 663 (1963).
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Figure 8. Correlation of the activity of M 0 O3+i7-Al2 3with
signal intensity.

in both of these situations a maximum in esr signal
intensity and degree of conversion appears at the same
point, i.e., about 9% MoOs in the support. This is
indicative, of course, that at least common factors af-
fect both the Mo5+ production and the degree of con-
version. It is interesting to speculate as to why the
intensity itself should reach a maximum at all. This is
not unique and has been observed both with free-radical
ions and transition metal ions. A likely possibility is
that dimerization may be taking place or perhaps com-
plexation, e.g., with surface impurities, and thereby
guenching the paramagnetism of the samples. Dimer-
ization also changes the configuration of Mo(V) from
d1to d2 and for reasons mentioned above the resonance
signal due to the latter is hard to observe at room tem-
perature leading to decrease in paramagnetic signal in-
tensity. Alternatively, it might be argued that for the
relatively lower Mo(V) content in the higher Mo-
containing samples, there might be present some bulk
Mo Os which on reduction would not form Mo(V) but
rather M0022 Magnetic susceptibility measurements
of solid samples should be able to resolve some of these
problems.

The number of spins per gram in some representative
samples (1.1-4.9 X 10'9spins) is similar in magnitude to
what has been reported by Dzs'ko, et al.,1lin their molyb-
denum work and is comparable to what has been re-
ported by Kazanski and Turkevich2l in their work on
chromium (V).

The spent samples, after their catalytic efficiency had
been tested, were examined by esr spectroscopy and
there was an enhancement in signal intensity and a de-

The Journal of Physical Chemistry, Vol. 74, No. 23, 1970

K. S. Seshadri and L. Petrakis

crease in half-width. In addition, in the case of A1D 3
the esr spectrum contained a free-radical signal indicat-
ing coking on A1D3 The enhancement of the signal
may be partly due to further reduction by hydrogen.
X-Ray spectra of fresh and spent samples show only
lines due to MgO, but the lines in the spectrum of spent
samples are more intense. Diffusion of surface species
into the lattice is likely to enhance the intensity of X-ray
lines. Such changes will isolate the paramagnetic
species, thus decreasing the half-width of the esr signal.
Molybdenum has several isotopes (92, 94, 96, 98, and
100) with I —0 and isotopes (95 and 97) with | = 6 2
The latter constitute ~25% of the total naturally
abundant molybdenum. One would then expect to see
hyperfine structure in the spectra in which case one
could have an additional handle in the attempt not only
to conclusively identify the species giving rise to the
resonance but also, and more importantly, provide some
guantitative indication of the sites occupied. At no
time—including our own measurements—has the hfs
due to the I = @ 2isotopes of molybdenum been ob-
served except in single crystals at liquid N 2temperature.
It is known that the energy levels of Mo6+ are similar
to those of V4+ and Ti3+. The five degenerate orbitals
are split into an upper doublet and a lower triplet by
cubic field. Fields of lower symmetry further split the
triplet into a lower singlet and an upper doublet. In
solution, this splitting is facilitated by an axially sym-
metric field, and since resonance is observed at room
temperature, this splitting must be sufficiently large
ensuring a long relaxation time. But at room temper-
ature, an isotropic spectrum is observed with a sharp
central line which strongly suggests that the cubic
field is stronger than the axial component. If a sim-
ilar situation existed in solids also, we should have ob-
served resonance with hyperfine structure. Our at-
tempts to bring out the hyperfine structure by varying
the preparative procedure and going to very low concen-
trations have not been successful. MoB+ has been
studied in rutile2where the local symmetry of each Ti
ion is orthorhombic, and it has been concluded that Mo
ions go into host lattice substitutionally. For Mo(V)
in rutile, absorption has been observed only at 77° and
4.2°K. Our samples are by no means solid solutions,
and we have observed resonance at room temperature.
Griffiths, et ah,8 have studied the esr spectrum of
K3[Mo(CN)8] powder and have observed a line at g =
2.005 £+ 0.005. The eight cyanide molecules lie on the
corners of a dodecahedron, and on a crystal field model
the five d orbitals are split into a lower singlet and an
upper quartet at much higher energy. The separation
is so large it corresponds to a long relaxation time per-
mitting resonance absorption even at 290°K. The

(20) J. Masson and J. Nechtschein, Bull. Soc. Chim. Fr., 3933
(1968).

(21) V. B. Kazanski and J. Turkevich, J. Catal., 8, 231 (1967).
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conditions in our samples probably are quite similar.
Mo(V) isin anelectric field of very low symmetry facili-
tating spin resonance absorption at room temperature.
This introduces anisotropic conditions. This and di-
pole-dipole interactions probably combine to suppress
the hyperfine structure.

In one of our experiments, the sample was heated to
400° in vacuo and at this temperature was exposed to
air, resulting in decrease in esr signal intensity. This
suggests that M o003+ is on the surface. We suspect
that this decrease is due to partial oxidation of M 003+
The line width remains unchanged, which is reasonable.
Any substantial change in the line width is unlikely
following only a slight oxidation of pentavalent molyb-
denum. Mo03+ is supposed to be unstable, and as it
is formed, it gets coordinated with the surface atoms
and is stabilized. By extracting the magnetic param-
eters from the observed signal, it is possible to under-
stand the local electric field in which Mo(V) is situ-
ated. The analysis of the line can be done by fitting
the experimental spectrum to a theoretical function by
a computer program. We have observed that a better
fit is obtained when all the three components of the g
tensor are different. This suggests that the field is of
very low symmetry or the paramagnetic species are in
environments of different symmetry.

We have calculated a spectrum using the computer
program described by Johnston and Hecht2 with “ex-
perimental” g\ = 1.891 and g+ = 1.940 to fit an ob-
served spectrum of M0o03+MgO, and the best fit was
obtained with complete anisotropy of g tensor, gx =
1.945, gy = 1.939, and gz = 1.877. It is likely that the
initial choice of g+ and d\\will influence the final fit.
So we varied gx and g\ within reasonable limits and
always ended up with completely anisotropic tensor.

4109

Summary and Conclusions

The main thrust of this work has been to provide a
detailed look into the nature of paramagnetic species of
bulk catalysts. There is no doubt that esr spectroscopy
can be a powerful tool in the study of systems of cata-
lytic interest. Important changes appear in the spectral
features due to the nature of the support, the method
of preparation, pretreatment, and reduction conditions.
Spectroscopic parameters such as g and hfs can identify
the species responsible for esr signals and indicate the
symmetry of the site occupied. More detailed calcu-
lations with spectra, hopefully richer in detail than those
reported here (e.g., working with nuclear species, such
as niobium with higher abundances of nuclei with non-
vanishing nuclear spins so the hfs might be observed),
and in situ experiments to observe spectral changes upon
treatment should provide definite, quantitative deline-
ation of the correlations between the paramagnetism of
the species and catalytic conversions reported here.
Finally, the definite changes in the spectral features
observed here, besides the promise they hold, also warn
that considerable care must be exercised in making com-
parisons and drawing conclusions about the precise role
of particular paramagnetic species in catalytic reac-
tions.
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The dependence of the molecular constitution of dilute vitreous Se-S and Se-Te alloys upon alloy concentra-
tion has been elucidated1by applying to these alloys the concept of equilibrium copolymerization developed
by Tobolsky and Owen,2 and modified by Myers.3 Raman spectroscopic evidence justifying this approach
is reviewed. Sample calculations of the relative abundances of selenium monomer (Seg), comonomer (mixed
SeySg.K or Se/fe8 z octaatomic rings), and copolymer (mixed Se-S or Se-Te chains) are shown and the results
compared with those obtained by Raman spectroscopy. Sample calculations of copolymer chain length are
also included and the interpretation of glass transition temperatures in terms of these new results is discussed.

A recent paper by Schottmiller, et al.,1on the effects
of valency on electrical transport in vitreous binary
alloys of selenium has identified the importance of ther-
modynamic and spectroscopic measurements in the
elucidation of transport mechanisms in amorphous
materials. The results of such experiments have
achieved special significance in the case of dilute sele-
nium alloys containing the isoelectronic additives S and
Te. For these systems it was found possible to corre-
late the electron transport properties directly with the
composition-dependent variation of the Se8 monomer
concentration estimated from thermodynamic argu-
ments. These thermodynamic estimates were based on
the theory of equilibrium copolymerization developed
by Tobolsky and Owen2and modified by Myers.3 The
same calculations permitted generation of the relative
abundances and degree of polymerization of all the
molecular species present in the alloy. Strong support
for the validity of the results has been derived from
laser Raman spectroscopy and from calorimetric deter-
minations of the glass transition temperature. The
purpose of this paper is to explain the significance of the
Myers modification of the Tobolsky-Owen theory and
to demonstrate, through sample calculations, the appli-
cation of the modified theory to the Se-S and Se-Te
alloys. The importance of laser Raman spectroscopy,
both for identifying the molecular species present and
for assessing their relative abundances, is reiterated and
the interpretation of glass-transition temperatures in
terms of the new results is discussed.

Equilibrium Copolymerization Theory. The copolym-
erization of sulfur with selenium and of tellurium with
selenium may be assumed to follow case Il of the gen-
eral theory described by Tobolsky and Owen; i.e., in the
liquid phase monomer A copolymerizes with monomer
B through the following reactions to form an activated
polymeric species as the final product.
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(initiation)
KA 4
A A* b”™ :b*
(propagation)
Ka Kb
A+ A* A2* B + B* B2*
Ka Kb
A+ B*N AB* B+ A*~ BA*
Ka Kb
A+ A,B* APHB ft* B+ ABf*~ AR

According to Tobolsky and Owen, KA', KB'and KA KB
may be taken as the equilibrium constants for the ini-
tiation and propagation reactions, respectively, of the
corresponding homopolymerization equilibria. In the
case of the sulfur-selenium copolymerization these
workers assumed the initial monomer species to be the
octaatomic ring molecules Sy and Se8identified in the
homopolymerizations. Myers3 has shown that this
assumption leads to poor agreement between observed
and calculated values of the polymerization transition
threshold temperature in sulfur-rich sulfur-selenium
alloys. Better agreement is obtained when the exact
nature of the copolymerizing species is taken into ac-
count, i.e., when the copolymerization is assumed to
involve S8and SeZ6 (the latter being the most abundant
selenium-containing ring observed spectroscopically
in sulfur-rich alloys).4 In the Myers calculation this
required that the propagation equilibrium constant for
homopolymerization of Se8 be replaced by the corre-
sponding equilibrium constant for SeZS6 The latter

(1) J. Schottmiller, M. Tabak, G. Lucovsky, and A. Ward, J. Non-
Cryst. Solids, 4, 161 (1970).

(2) A. V. Tobolsky and G. D. T. Owen, J. Polym. Sei., 59, 329
(1962).

(3) A. T. Ward and M. B. Myers, J. Phys. Chem., 73, 1374 (1969).
(4) A. T. Ward, ibid., 72, 4133 (1968).
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was estimated by assigning to the SeZS6 equilibria the
entropy of propagation of S8and the enthalpy of propa-
gation of Se8; i.e. the configurational change occurring
during the propagation reaction was assumed to be
insensitive to the presence of two “foreign” atoms in
the 8-membered ring while the enthalpy change was
assumed to be determined by the strength of the weak-
est bond.

Raman Spectroscopy. In order to extend these ideas
to the alloys of present interest it was first necessary to
identify the probable participants in the copolymeriza-
tion. Thiswas achieved by Raman spectroscopic char-
acterization of the appropriate melt-quenched glasses.
Details of the experimental method may be found in the
paper by Schottmiller, et al.1

The results of the Raman investigation are shown in
Figure 1 where portions of traces of the anti-Stokes
region Raman spectra are shown for various alloy com-
positions in the Se-S and Se-Te systems. Each trace
has been normalized to the same maximum peak inten-
sity because experimental variables, particularly optical
geometry, effectively prohibit comparisons of absolute
scattering intensity. The relative intensities of Raman
peaks in the same trace do, however, provide a unique
indication of the composition dependence of the molec-
ular structure.

The characteristic spectrum of either melt-quenched
or evaporated amorphous selenium in the 150-400-cm_1
region consists of a single, well defined peak at 250

Figure 1. Normalized anti-Stokes Raman spectra of vitreous
Se-Te and Se-S alloys.
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cm-1, attributed to the high-frequency symmetric vibra-
tion of Se8Bmonomer ringséwith a shoulder at 235 cm-1
attributed to Se, polymeric chains. Inspection of
Figure 1 reveals that addition of S to Se introduces a
new spectral feature at 355 cm-1 which contributes
2-3% of the total scattering from Se0.%50065 and 9% of
the total scattering from SeosoSo.20- Similarly, in the
case of Se-Te alloys, addition of Te introduces only one
new feature, a well defined peak at 216 cm-1 which
contributes 20% of the total scattering from Se0.%Te00®%
and 40% of the total scattering from Se0.9TeQio.

The line width of the new feature for both types of
alloy is slit-width limited and compares closely with
that of the peak at 250 cm-1 due to Se& Raman spec-
tral features in this region associated with fundamental
vibrations of polymeric entities are generally much
broader than this,14 and are not slit-width limited.
Consequently, in both cases, the new feature may be
assumed to be due to a monomeric rather than to a
polymeric species. This, together with the identifica-
tion of SeyS8 y monomers in sulfur-rich S-Se alloys,4is
considered good evidence for the existence of similar
mixed octaatomic rings in the alloys under considera-
tion; i.e., the Raman line at 355 cm-1 in Se-S alloys is
assumed to be associated with the high-frequency sym-
metric Axmode of the ring SeyS8 y and the line at 216
cm-1 in Se-Te alloys is assumed to be associated with
the corresponding mode of the ring SezTes z. The
values of Y and Z have been determined by a frequency
interpolation method discussed in a previous paper.4
According to this method the normal vibration frequen-
cies of mixed rings vary as the reciprocal square root of
the molecular weight modified by a factor which takes
into account the composition dependence of the force
constants. For example, in the case of SezTe8 z.

PSezTe8z _ _ A(B —2
B L 8

where vindicates vibrational frequency and M indicates
molecular weight. A is a constant determined by sub-
stituting Z = 0. This substitution requires a knowl-
edge of the vibration frequencies of the hypothetical
molecule Teswhich, unlike its sulfur and selenium ana-
logs appears to be incapable of stable existence at room
temperature. Accordingly, the Te§Ai) frequency has
been estimated by assuming that, for the Ax modes:
vijvse» = vsjvs, = 0.53. The validity of this
assumption is supported by the observation that a
similar relationship holds for the Ai modes of the ex-
tended trigonal chain molecules S,, Sc,, and Te,,: viz.

rTe,/rgg, = rse,/rs, = 0.51

Making the appropriate substitutions in eq 1leads to
the value A = 0.32. Figure 2 shows VvSzresz (Ai)

(5) G. Lucovsky, A. Maoradian, W. Taylor, G. B. Wright, and R. C.
Keezer, Solid State Commun., 5, 113 (1967).
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Figure 2. Variation of the octaatomic Se ring vibration
frequency with degree of substitution of S or Te for Se.

calculated as a function of Z using thisvalue of A. The
corresponding data for r&rsg,. (Ai) taken from ref 4 are
plotted on the same scale. Comparison of the fre-
quency values of 216 and 355 cm-1 observed for the
Se-Te and Se-S alloys, respectively, with the curves
plotted in Figure 2 leads to the conclusion Z = 6 and Y
= 3, T.e., the relevant mixed ring species are assumed
to be SeeTe2 and Se3S5.  Actually, as will be shown
later, the end result does not depend critically on Z or Y.

Sample Calculations of Molecular Abundance. The
relative abundances of selenium rings, mixed rings, and
copolymer chains as a function of alloy composition may
now be calculated by making the appropriate substitu-
tions in the following equations.

KaA + KbB = 1 @)
raO- ai KaA 3
Uo- BJ KbB ©)

Here AQ BO are the concentrations, in mol kg-1, of
the alloy components prior to copolymerization and
A, B are the corresponding concentrations in the alloy
at the temperature of interest. A complete derivation
of eq 2 and 3 may be found in the paper by Tobolsky
and Owen.2 k. and « », the equilibrium constants
for the propagation reactions described previously, are
calculated from the relationship

ASO AH°
g K’ ~r RT @)

For Se-S alloys the propagation reactions involve Se,
and Se3S6.  The corresponding parameters are

Ses
ASp° = 5.47 cal deg mol-1

AHP = 2.27 kcal mol-1
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Table I : Equilibrium Constants for Copolymerization
Initiation and Propagation Evaluated at the Melting
Point for Se-S and Se-S Alloys

Atomic Ty,

%s °K Ka Kb Ka' Kb’
0 490 1.52 8.3 X 10"7
5 483 1.47 0.97 5.7 X 10"7 5.7 X 10-7
10 473 1.39 0.92 3.3 X 10-° 3.3 X 107
15 468 1.36 0.90 2.6 X 10"7 2.6 X 107
20 458 129 0.83 1.5 X 10-7 1.5 X 10"7
Atomic
% Te
0.2 490 8.3 X 10-7 2.4 X 10“%
1 490 8.3 X 107 2.4 X 10«
2 490 152 219 8.3 X l0-7 2.4 X 10-'
5 490 152 2.19 8.3 X 10"7 2.4 X 104
8 500 159 228 1.4 X 10« 5.4 X 10“4
10 500 159 2.28 1.4 X 10« 5.4 X 10“4
Se3Ss

AS® = 4.63 cal deg mol-1
AHP = 2.27 cal deg mol-1

where subscript p indicates propagation. These values
are also taken from the Tobolsky-Owen paper. Note
that SesS6 is assigned the propagation enthalpy of Ses
and the propagation entropy of S8

Recall that the temperature of interest is taken to be
the melting point temperature because it is the molec-
ular configuration in equilibrium at this point which is
assumed to be frozen on cooling to the solid' state.
Values for the melting points of Se-S alloys have been
taken from the work of Ringer.6 These, together with
the corresponding values of KA and KB are shown in
Table | as a function of nominal alloy composition.

Consider now 100 atoms of the alloy Se0.%5006
existing as Se3Se6 and Ses prior to copolymerization.
The atomic distribution is as follows.

S(as Se3sH Se(as Se3sH Se(as Se§
5 3 92

This corresponds to a weight per cent of Se3S5 = 0.0516
and aweight per cent of Seg = 0.948. Using the molec-
ular weights Se3Se = 397 and Ses = 632 these weight
percentages convert to the initial concentrations Ao(Se§
= 1503 mol kg-1 and 50(Sess§ = 0.13 mol kg-1.
Equations 2 and 3 may now be solved simultaneously
giving A (Se§ = 0.634 mol kg-1, R(Se386 = 00s85 mol
kg-1

Consider now the initial and final atomic distribu-
tions per kilogram of alloy.

Se3S6 Ses SenSj
Initial 20.8g (S); 30.8g (Se) 94849 0.0¢g
Final 1099 (S); 1629 (Se) 400g 573 g

(6) W. E. Ringer, Z. Anorg. Chem., 32, 183 (1902).
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The initial and final contributions of Se36 and Se8
are known and therefore the amount of copolymer pro-
duced may be calculated because the total mass remains
constant. Furthermore, the amounts of S and Se in
the copolymer must correspond to the respective mass
decreases in the monomers. That is, the copolymer
contains (20.8 — 10.9g) = 9.9 g (S), equivalent to 0.039
mol of sulfur monomer, and 563 g (Se), equivalent to
0.891 mol of selenium monomer. This completes the
information needed to compute the mole fractions of all
the molecular constituents of the alloy. The identical
procedure has been used to calculate these mole frac-
tions for alloys containing 0-20 atomic % of sulfur
at intervals of 5 atomic %. The results are shown
graphically in Figure 3.

Figure 3. Atomic and molecular distribution in
vitreous Se-S alloys.

Application of the method to Se-Te alloys requires
additional assumptions concerning the enthalpy of
propagation for Se6le2 This species, for the same rea-
sons as discussed previously in the case of Se3j is as-
signed the enthalpy of propagation of the hypothetical
molecule Te8 (for which no thermodynamic data are
available). The necessary assumptions are: (1) that
the enthalpy of propagation for Tes is approximately
10% of the enthalpy of initiation as in the case of Se8
and S8 (2) the enthalpy of initiation for Te8is propor-
tional to the Te-Te single bond energy as in the case of
Se8and S8, and (3) the Te-Te single bond energy can
be estimated by bond length-bond energy correlations.
With these assumptions ETe- Te can be estimated as 32
+ 0.5 kcal mol"1giving Aiiinitiation = 19.4 + 0.3 kcal
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mol land A//prpegation — 1.9 kcal mol 1 The latter
is almost certainly an upper limit and, as will be shown
later, a downward revision of this figure can only lead
to an enhancement of the trends which evolve from the
equilibrium copolymerization calculation.

The appropriate parameters involved in Se-Te alloy
copolymerizations of Se8and Se6T e2are therefore

Se8
AISp0 = 5.47 cal deg mol"1
Allp® = 2.27 kcal mol"1

SeeTe2
A$p° = 5.47 cal deg mol-1
Ai/p® = 1.9 kcal mol"1

Values for the melting points of Se-Te alloys7and the
corresponding values of Kk and K a calculated accord-
ing to eq 4 are shown as a function of nominal alloy
composition in Table I. The procedure for calculating
the relative abundances of the various molecular and
polymeric constituents of Se-Te alloys now follows
exactly the procedure outlined earlier for the Se-S
system.

Consider the case of Seo.gTeo.i. The atomic dis-
tribution of 100 atoms of this alloy prior to copolym-
erization is as follows.

Te(as Se6led Se(as SeeTed Se(as Se8
10 30 60

This corresponds to a weight per cent of Se6Te2= 0.435
and a weight per cent of Se8 = 0.565. Using the mo-
lecular weights Se6Te2= 729andSe8= 632 these weight
percentages convert to the initial concentrations AQ(Se§
= 0.895 mol kg"land 50(Se6Te?2 = 0.596 mol kg"1l
Simultaneous solution of eq 2 and 3 gives A (Se§ =
0.357 mol kg"land f3(Seéle?d = 0.190 mol kg"1l The
initial and final atomic distributions per kilogram of
alloy are therefore

SeeTe2 Se8 SepTeq
Initial 152 g (Te); 283g(Se) 565g 0.0g
Final 48.5g (Te); 90 g (Se) 226 g 63559

Furthermore, the copolymer must contain (152 —
48.5 g) = 103.5 g (Te), equivalent to 0.101 mol of tel-
lurium monomer, and 532 g (Se), equivalent to 0.841
mol of selenium monomer. The mole fractions of all
the alloy constituents may hence be calculated. Mole
fractions for 2, 5, 8, and 10 atomic % Te alloys have
been calculated in this way and the results are shown
graphically in Figure 4.

(7) M. Hansen, “Constitution of Binary Alloys,”
New York, N. Y., 1968.

McGraw-Hill,
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ATOMIC PERCENT Te

Figure 4. Atomic and molecular distribution in
vitreous Se-Te alloys.

Sample Calculations of Chain Length

According to case Il of the Tobolsky-Owen equilib-
rium copolymerization theory, the copolymer number-
average chain length P in units of eight atoms is given
by

"(io - A) + (BO- B)l1& 5
KaA + KbB J ©)
In the case of Se-S copolymers Ka' = KB = K'(Se3

since the initial ring-opening reaction for both Se8and
SeP6 is assumed to involve fission of a Se-Se bond.
KP and Kb' are therefore determined by the thermo-
dynamic parameters appropriate to selenium, viz.

log Ka = log Ab = — - — (6)

Affic = 24.9 kcal mol“ 1, ASj° = 23.0 cal deg”“ 1mol*“ ],
and subscript | indicates initiation. For Se-Te copoly-
mers Ka' = K' (Se§ but Ab' = K'(SeélTe?d = K'(Tes)
because, again, fission of the weakest bond is assumed
responsible for ring-opening. The entropy of the ini-
tiation reaction is assumed to be the same for all eight-
membered chalcogenide rings, i.e., ASp —23.0 cal deg-1
mol-1, because the configurational change occurring
during ring-opening is essentially independent of the
nature of the ring atoms.8 The value of the enthalpy
of initiation for Te» (and SeGTe2, estimated previously
from the energy of the Te-Te single bond, is taken as
19.4 kcal mol-1. Thus, for Se-Te alloys Ka' and KB'
are again given by eq 6 except in the latter case AHj°
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Figure 5. Variation of number-average chain length with
composition in vitreous Se-S and Se-Te alloys.

= 19.4 kcal mol-1 and ASi° = 23.0 cal mol-1 deg-1.
Values of melting point initiation reaction equilibrium
constants so calculated are included in Table I. The
number-average chain lengths calculated according to
eq 5 are shown in Figure 5 for both types of alloy. The
logarithm of the absolute number-average chain length
(rather than the number-average chain length in eight
atom units) is plotted against nominal alloy composi-
tion in the dilute range.
Discussion

Inspection of the molecular abundances shown by
solid lines in Figures 3 and 4 reveals that the effect on
amorphous selenium of introducing the isoelectronic
additives S and Te is basically similar. The dominant
effect is a buildup of a single mixed ring species either
SeX5 or Se6Te2 accompanied by a corresponding de-
crease in the Se3 ring population. However, Te is
clearly much more effective than S in reducing the Se3
ring population; in Se-Te alloys the proportion of atoms
present as Se8rings is reduced to half its value in amor-
phous selenium at the point corresponding to ~12%
Te, whereas in Se-S this reduction would not occur
until the S concentration reached ~40%, assuming a
linear extrapolation. Note that, at any given concen-
tration of the isoelectronic additive, the proportion of
atoms present as mixed rings is higher in the Se-Te than
in the Se-S case, in qualitative accord with the Raman
scattering results. A more quantitative correlation
cannot be made at this time because of the difference in

(8) A. Eisenberg and A. V. Tobolsky, J. Polym. Sci., 46, 19 (1960).
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scattering efficiency of Te-Te and S-Se bonds. As
mentioned previously, the significance of these results
becomes apparent in correlations between molecular
structure and electrical transport properties suggested
by Schottmiller, et al.1 According to this work, the
composition dependence of the electron mobility, as
determined by time-resolved transient photoconductiv-
ity measurements on these and other vitreous binary
alloys of selenium, appears to correlate quantitatively
with the composition dependence of the Se8ring con-
centration. Additional calculations based on the as-
sumption of the existence of Se4S4or SeZS6 instead of
Se3H, and of Sebrel3instead of Se6Te2 do not signifi-
cantly alter these conclusions. Indeed, a variation of
+ 1lin Y or of —1 in Z causes a deviation of less than
*+ 5% in the curves shown in Figure 3. Apparently the
form of these curves depends only on the presence of at
least one S-S or Te-Te bond in the comonomer. A
variation of +1 in Z would, however, give rise to a some-
what different situation because of the lack of a Te-Te
bond in the Se7Te species.

In addition to these changes in monomer concentra-
tion there is a significant change in the fraction of atoms
present in polymeric form. The polymer fraction de-
creases in the case of Se-S and increases in the case of
Se-Te as the concentration of alloying additive is in-
creased. As pointed out by Myers and Felty,9 this
variation should be reflected in the composition depen-
dence of the glass transition temperature. That this
is indeed the case is supported by the correlation in
Figure 6 which shows a plot of glass transition tempera-
ture, Tg, against polymer fraction. The Te data were
obtained by Myers and Felty9 and by Myers1 using
differential scanning calorimetry. While the plot is
not linear, the continuous increase in Tgwith polymer
fraction in a composition range where the number-
average chain length may be varying dramatically (see
Figure 5) strongly suggests that Ts is not sensitive to
chain length when the chains are sufficiently long, e.g.,
greater than 103atoms. However, it would seem rea-
sonable to suppose that, for a system such as Se-Te in
which the polymer fraction is increasing linearly while
the chain length is decreasing logarithmically, even-
tually a composition will be reached where the influence
of chain length will dominate the behavior of Tg At
this point Ts should decrease rather rapidly so that
stable glass formation at room temperature in the Se-Te
system should become increasingly difficult as the Te
concentration is increased. Conversely, it should be
easier to grow Te-rich than Se-rich Se-Te single crystals
as has indeed been found by Keezer, Griffiths, and
Vernon.1l

Inspection of the atomic distributions shown by
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Figure 6. Variation of the glass transition temperature with
polymer fraction in Se-S and Se-Te alloys.

dashed, broken, and dotted lines in Figures 3 and 4
reveals that for any nominal alloy concentration S
enters eight-membered rings preferentially while Te
enters copolymer chains preferentially. This trend is
consistent with the known preference of elemental sul-
fur for the eight-membered ring state at all tempera-
tures below 160° and the known preference of elemen-
tal tellurium for the extended chain state in the solid
and liquid phase. As mentioned previously the effect,
if any, of a downward revision of the initiation and
propagation enthalpy values for Se6Te2can only be in
a direction favoring the tendencies indicated above.
Actually, the effect of changing HVv® is almost insignifi-
cant: a 0.1 kcal decrease producing a net change in
the atomic distribution of less than one atom per hun-
dred for each specie. However, decreasing HiO by the
same proportion, i.e.,by 1kcal, produces a decrease in
the number-average chain length of about 25%.
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ing unpublished data on the glass transition tempera-
tures of Se-Te alloys.
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Previous studies on the apparent molal volumes < and adiabatic compressibilities 4xm of organic N-containing
ions have been extended to aliphatic dialkylamines, the related (cyclic) piperidines, and pyridines. In the
case of tetraalkylammonium salts, new data obtained down to low concentrations by means of a dilatometer
are reported, and at the lowest concentration §¥ begins to vary with concentration according to the Debye-
Huckel limiting law. With hydrophilic alkylammonium ions, the concentration dependence of < is more
like that of simple inorganic salts. The 4x(§ behavior of di-n-alkylamine salts shows alternations of the
value of €K9 with increasing number of CH2 groups, but pyridine and piperidine and their homologs give

linear relations. The relative électrostrictions at the N+ centers are also evaluated for various organic N+
cations. On the basis of 4k(s>measurements on tetraalkylammonium and pyridine salts an extrapolation
method is proposed that enables estimation of the individual ionic contributions in the observed <« <>values

for the salts.

Introduction

In previous papers23we have shgwn how the com-
plementary use of partial molal volume V and apparent
molar adiabatic compressibility 4%k (s>studies on aque-
ous solutions of organic ions can give interesting infor-
mation on specificities in ion-solvent interaction con-
nected with the structure of the organic solute and on
the reciprocal effects which arise in the solvent due to
the reaction of the solute ions on the processes deter-
mining the lattice structure equilibrium in the solvent
(solvent structure promotion and structure breaking4
and the associated changes in spin-lattice relaxation
times§. Previous work has been concerned with simple
inorganic ions,6 tetraalkylammonium (TAA),27-11 and
alkylaminium salts2 as well as salts derived from pyri-
dine and its homologs.3'1218

In the present paper we report extensions of the pre-
vious investigations2-8 with regard to determinations
of the apparent molar functions $v and 4 (s>for piperi-
dine salts and the neutral bases and for a series of other
selected salts chosen with regard to specificities in their
interaction with the solvent, e.g., the series of dialkyl-
ammonium hydrohalides and triethyl- and triethanol-
ammonium bromide. Additivity relations in the
pyridine and TAA series have also been investigated
particularly in the case of 4k(s) measurements. Here,
a system for examining the results is required which will
enable, by means of a suitable extrapolation procedure,
individual ionic contributions in EK(§ or 4>°k<) to be
derived in an analogous way to that developed for the
individual ionic partial volumes.11

Experimental Section
1. Preparation and Purification of Compounds for
Study. TAA and pyridine salts were purified and re-
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crystallized as described previously.31112 Reagent
grade piperidine and 1-methylpiperidine were distilled
under a nitrogen atmosphere at reduced pressure prior
to use. Piperidinium and 1-methylpiperidinium chlo-
rides were prepared by bubbling dried HC1 gas into a
cold (0°) solution of the respective bases in ethanol
under a nitrogen atmosphere. The products were
recrystallized from ethanol, and their compositions
were checked by means of a Cl- analysis. 1,1-Di-
methylpiperidinium iodide was prepared by slowly
adding methyl iodide to a solution of 1-methylpiperidine
inethanol. The productwas recrystallized from ethanol
and the purity was checked by |- analysis. Piperi-

(1) (a) Commonwealth Visiting Professor (1969-1970) at the Uni-
versities of Southampton and Newcastle-upon-Tyne, England; (b) to
whom correspondence should be addressed at Ottawa.

(2) B. E. Conway and R. E. Verrall, J. Phys. Chem., 70, 3952
(1966); see also R. E. Verrall and B. E. Conway, ibid., 70, 3961
(1966) .

(3) B. E, Conway and L. H. Laliberti, “Hydrogen Bonded Solvent
Systems,” A. K. Covington and P. Jones, Ed., Taylor and Francis
Ltd., London, 1968, p 139.

(4) G. Nemethy and H. A. Scheraga, J. Chem. Phys., 36, 3401
(1962).

(5) G. Engel and H. G. Hertz, Ber. Bunsenges. Phys. Chem., 72, 808
(1968) .

(6) J. Padova, J. Chem. Phys., 40, 691 (1964); see also F. Vaslow,
J. Phys. Chem., 70, 2286 (1966); 71, 4585 (1967).

(7) L. A. Dunn, Trans. Faraday Soc., 64, 2951 (1968).

(8) F. Franks and H. T. Smith, ibid., 64, 2962 (1968); 63, 2586
(1967) .

(9) W. Y. Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964).

(10) L. G. Hepler, J. M. Stokes, and R. H. Stokes, Trans. Faraday
Soc., 61, 20 (1965).

(11) B. E. Conway, J. E. Desnoyers, and R. E. Verrall, ibid., 62,
2738 (1966).

(12) B. E. Conway and R. G. Barradas, Blectrochim. Acta, 5, 319,
349 (1961).

(13) B. E. Conway and L. G. M. Gordon, J. Phys. Chem., 73, 3609
(1969) .



Solute and Solvent Structure Effects

dinium iodide was prepared in solution by titrating
piperidine with aqueous HI. The HI had been purified
by distillation from red phosphorus. The I- content
of the HI solution was established by a volumetric
analysis.

Diethyl-, di-n-propyl-, and di-n-butylammonium
chlorides were prepared by bubbling dry HC1 gas into
an ethanolic solution of the amine. Reagent grade
diethylamine, dipropylamine, and dibutylamine were
each distilled under a nitrogen atmosphere, the dibutyl-
amine at reduced pressure. The hydrochlorides were
recrystallized from an ethanol (10%)-diethyl ether
mixture, and the purity was checked by CIl- analysis.

Triethylammonium and triethanolammonium bro-
mides were prepared by bubbling HBr gas into a cold
solution of the amine in ethanol. The first salt was
recrystallized from ethanol and the second from
3:1 ethanol-water mixture. The melting points
agreed with literature values. Tetramethylammonium
tetrafluoroborate obtained from Aldrich Chemicals
was recrystallized from hot water. The tetra-n-alkyl-
ammonium bromide series from CH3 to M-C4H9 were
Eastman reagent grade materials which were recrys-
tallized as described previously.1l

2. 4v and <K(s) Measurements.
described2 techniques were employed; a differential
ultrasonic velocity apparatus described earlier2 was
used to evaluate the difference of speed of ultrasound in
the solvent and solution at a given temperature, from
which the §x<) was determined at various concentra-
tions. Special attention was given to improving the
uniformity of temperature of the long bath2 by pro-
vision of multiple stirrers in the outer and inner solution
baths and a special extended heater system (Figure 1).
All measurements were conducted at 25 =+ 0.010.

The solutions to be studied were made up directly in
the test vessel by adding weighed amounts of solute to a
known weight of solvent. The concentrations (molali-
ties) were converted into molarities by means of density
data which had been obtained previously in §v mea-

SHR
EHASOGENEH-
rrrrpl/FLANOE
j..——BOLT
BB CENRAL_BDFEION
Figure 1. Schematic representation of mechanical assembly

used in differential velocity measurements, and details on
the test vessel used.

The previously
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surements. Loss of solvent by evaporation was mini-
mized by keeping most of the long opening along the
top of the test vessel covered with a Plexiglas lid.

The velocity differences AU were obtained with an
absolute accuracy of £0.02 m sec-1. Test runs were
performed on KC1 solutions and a value of —45.5 X
10-4 ml (g-mol bar)-1 was obtained for the partial
molar adiabatic compressibility. This compared
favorably with the results of Owen and Kronick, —44 +
1 X 10-4 ml (g-mol bar)-1 4 and those of Gucker,
etal.,5—45.6 X 10-4ml (g-molbar)-1.

The 4w measurements were made by means of the
differential buoyancy balance employed previously2
using the techniques referred to in an earlier paper2
for attainment of maximum accuracy. Determina-
tions of 4v down to concentrations below 0.02 M were
necessitated in the case of TAA salts for attainment
of the Debye-Hiickel limiting law region so that reliable
extrapolations to infinite dilution could be made. For
this purpose, measurements were made between 0.05
and 0.002 M by means of a special magnetically oper-
ated dilatometer described elsewhere. The dilatom-
eter was maintained in a water thermostat at 25°
controlled to £0.001° in a large cupboard thermostated
to £0.5°. Corrections for the compression caused by
the hydrostatic head of liquid in the capillary of the
dilatometer were negligible for most measurements.

3. Hydrolysis Corrections. Since the piperidines are
strong bases, their salts did not hydrolyze (K&ca.
7 X 10-12), and no corrections to the volumes and
compressibilities were required, as was the case with
the pyridinium salts.3 The neutral bases, on the other
hand, react with water significantly to form the pro-
tonated species (Kb = 1.32 X 10-1 for piperidine).
If the measurements are made in alkaline solution, it
can be shown that the degree of hydrolysis a is
K s/Coh-, where Cok- is the concentration of KOH in
the solvent. For piperidine in 0.1 N KOH, a = 0.0132
and since no K b value was available for 1-methylpiperi-
dine the same a value was assumed to hold. The above
considerations led to corrections of 0.1 and 0.15 ml in
the apparent molar volumes of piperidine and 1-methyl-
piperidine, respectively.

Results

1. Extrapolation Procedures, a. Partial Molar Vol-
umes. Extrapolations of the §v¥ data were carried out
by means of the following equation2 11

- 1.868cv*= V2 + jC (D)

using the limiting slope given by Redlich and Meyer.T7

(14) B. B. Owen and P. L. Kronick, J. Phys. Chem.., 65, 84 (1961).

(15) F. T. Gucker, C. L. Chernick, and P. Roy-Chowdjury, Prcc.
Nat. Acad. Sei. U. S., 55, 12 (1966).

(16) B. E. Conway and L. H. Laliberté, Trans. Faraday Soc., in
press.
(17) O. Redlich and D. M. Meyer, Chem. Rev., 64, 221 (1964).
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Extrapolations of ¥ as a function of C'7 were also
carried out.

b. Partial Molar Adiabatic Compressibilities. An
equation for apparent molar adiabatic compressibility
can be obtained by differentiating eq 1 with respect to
pressure and neglecting thejc term, i.e.

or
<BKE) = <K(S) + Ek(S)cvk ()
where
/ 6Sv  ~Sv\
O \dP + 2/

[Ifthe tenureis included and differentiated, an equation
similar to eq 2 results but with the additional term
[(bjZdP) + j(i]c. In the case of neutral solutes both
the $v and <k (s> data were plotted empirically as a
function of c for lack of any theoretically justified
extrapolation equation. ]

Since jSs is a function of concentration, the slope
(SK(S should not be constant; however, this variation is
less than the uncertainty in the slope for the concentra-
tion range used in this work, so that eq 3 can be re-
garded as linear in c'/2.

2. Partial Molar Volumes, a.
Centers. The <v data for the piperidinium salts were
plotted according to eq 1 and V° values were obtained.
These data are given in Table 1. The slope of the plots

Table 1: Values of F2 andj in Eq 1
VP :0.05, j £ 0.02
Salt ml (g-mol) -1 ml 1 g-mol“*

1,1-Dimethylpiperidinium
iodide

1-Methylpiperidinium
chloride

Piperidinium chloride

158.68 O0.0uptoc= 0.40
125.51 0.0uptoc= 0.55

106.67 0.0uptoc —0.75

VP, (dov/dc)c—vb

Compound ml g-mol-1 ml 1 g-mol *
Piperidine in 0.1 N KOH 91.10 0.0
1-Methylpiperidine in 0.1 109.91 0.0

A KOH

of the apparent molar volume vs. ¢ h for all three salts
approaches the limiting law value in the concentration
range studied as shown in Figure 2. Also given in
Table | are the V° values for the two corresponding
neutral bases obtained from the plot shown in Figure 3.

The partial molar volumes of selected n-alkylam-
monium halide salts were examined to study further the
specific structural effects associated with coordination
of N + centers by alkyl groups and H atoms and thus to

The Journal of Physical Chemistry, Vol. 74, No. 28, 1970
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Figure 2. Plot of v — 1.868c1’ as a function of concentration
for 1,1-dimethylpiperidinium iodide, 1-methylpiperidinium
chloride, and piperidinium chloride at 25°.

Figure 3. Plot of apparent molar volume <3, as a function of
concentration for piperidine and 1-methylpiperidine
in0.1N KOH at 25°.

complement the volume data already gathered in this
Iaboratoryzgﬂ and by others/-10-18 for related com-
pounds. The apparent molar volumes of the salts in
the series RZ\IHZ:l, where R = CZ—|5, n-Ca-|7-, and
ii-C4H 9, were determined and are shown in Figure 4.
As may be seen from Figure 4, the deviations from the
limiting law slope of 1.868 mi1 1.1 (g-mol) increase
with increasing size of the R group. In Figure 5 the
plot of 4¥ against c'f2 for (HOCZ—|43\IH+Br- shows
that the introduction of a polar-OH group into the alkyl
residues of the molecule causes it to behave like a
“normal” 1:1 electrolyte as opposed to the behavior of
(02—| BANHBr (Figure 5) which exhibits a large negative
deviation from the Debye-Hiickel limiting law for 12’/
The f 2 data for the compounds shown in Figures 4 and
5 are listed in Table 1. The P2 datum for MBANBF4
is also included in Table I1I.

(18) J. E. Desnoyers and M. Arel, can. J. Chem., 45, 359 (1967).
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Figure 4. Plot of apparent molar volume $v against c ls1for
(CiH1),NHjCI((C&H,).NH.CIl, and (CH 9N H X lat25°.

Figure 5. Plot of apparent molar volume <£v againstc'» for
triethanolammonium and a plot of apparent molar volume <v
against c'Mor triethylammonium bromide at 25°.

b. Quaternized N+ Centers. The partial molar
volumes of tetraalkylammonium (TAA) salts have been
studied extensively, both in this laboratory211 and
elsewhere.7-1019 The present measurements were
primarily confined to the high dilution region, i.e.,
0.002 < ¢ < 0.01 M; however, because of the type of
dilatometer used,Bit was also necessary to have accu-

4119

Table Il : Values of vc for a Series of Alkylammonium Salts
VP = 0.05 ml
Salt (g-mal) “«
NHAC1 36.27
(CHONH2L 106.73
(N-CHPONHXI 138.66
(n-CHs)sNHBr 170.68
(CHHYNHBTr 146.17
(HOCHAYNHBT 147.28
(N-CH,)NHBr« 193.65
(CH3ANBF4 132.60

“ Derived from the data of Conway and Verrall2 for the CI*
and 1“ salts.

rate § data in the region 0.10 < ¢ < 0.5 M. Therefore
the existing data in this high concentration region were
extended and augmented where needed.

The first member in the series, (CH34\Br, exhibits
a positive slope (dBv/dc 1) at quite high (<0.1 M) con-
centrations and has been shown to follow the Debye-
Hiickel limiting lawD quite well. Dilatometric mea-
surements were carried out on (CHYH54ANBr, (n-CHI4
NBr, and (ft-C4H9ANBr in HD and in one case in DD
at 25°. The results for (CHG4NBr in DD have also
been reported elsewhere.’6 Figure 6 shows the behavior
of v plotted against ¢ 2for (CHHANBr in HD and
D2. The relation is linear up to ¢ = 0.04 M and has
a slope of 1.65 + 0.2 ml I.'/s (g-mol)- /!, the <v plots
for DD being parallel to those of HD in this concen-
tration range. The present results for (w-C3H7)4NBr

Figure 6. A plot of apparent molar volume 4vagainst c 1 2for
tetraethylammonium bromide inH2D and DD at 25°.

(19) H. E. wirth, J. Phys. Chem., 71, 2922 (1967).
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Figure 7.

Figure 8.

have been plotted in Figure 7 together with those of
Wen and Saito9 and Franks and Smith.8 The plot of
vagainst ¢'/! goes through a maximum with (d”~v/dc/)
being positive below ca. 0.015 M. The limiting law
slope is not reached even at the high dilutions used, the
highest positive slope being ca. +0.7 + 0.2 ml 1.1
(g-mol)_,/!. The concentration range over which a
straight line of positive slope can be drawn is so small

The Journal of Physical Chemistry, Voi. 74, -VO. 83, 1970

Plot of apparent molar volume < against cl 2for tetra-»-propylammonium bromide in HD.
A; buoyancy balance, A ; Wen and vSaito $ ,9Franks and Smith,8 — .

Plot of apparent molar volume 4v against <+*for tetra-n-butylammonium bromide in HD at 25°.
dilatometer, A; buoyancy balance, O; Conway and Verrall,11m; Dunn,7«; Franks and Smith,8

L. H. Laliberté and B. E. Conway

Present results: dilatometer,

Present results:

that a scatter of £0.02 ml (g-mol)_1in gvintroduces an
appreciable uncertainty in the value of the slope. Dil-
atometrie measurements on (n-C4H 94NBr have recently
been reported®and are in agreement with the results of

the present determinations on this compound
(Figure 8).

(20) L. A. Dunn, Trans. Faraday Soc., 64, 1898 (1968).
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Table 111 : Values of V2 for the Tetra-n-alkylammonium
Bromides in HD at 25°

°, ml (g-mol)

Salt a b c
(CH3)ANBr 114 .264 114.40 114.25
(CHBANBr 173.70 £0.05 173.65 173.6 £0.10
(n-CH,)ANBr 239.38 £0.05 239.15
(Nn-CAH9YMNBr 300.41 £0.10 300.35 300.40

° Present work; <+ data obtained dilatometrically down to
¢ = 0.002 M. 6Franks and Smith;8 <v data obtained on
magnetically operated densitometer down to ¢ = 0.002 m.
Hepler, Stokes, and Stokes;l0 < data obtained dilatometrically
downtoc = 0.0l m. Dunn;7 0Vdata obtained dilatometrically
down to ¢ = 0.0015 m. cWirth;16 4., data obtained dilato-
metrically down to ¢ = 0.002 m. dConway, Verrall, and
Desnoyers;ll <> data obtained on a differential buoyancy
balance down to ¢ = 0.01 M.

The results for 1V obtained in this study on the TAA
bromides have been listed in Table 11l together with
the data of other workers, where extrapolations were
made from sufficiently high dilutions. As may be seen
from Figures 6 and 7 and also from Table 111, there is
good agreement between the present results and those
of other workers. For results obtained at high di-
lutions, measurements obtained dilatometrically are
the most precise; for example, good agreement in the
OVdata was found for n-BudNBr and EtANBr where two
dilatometric determinations could be compared
(Table I').

C. Apparent Molar Adiabatic Compressibilities.
t«(S data for the piperidinium salts were plotted
according to eq 3 (Figure 9a) and the 0°« <> and Sk(s)
values obtained are shown in Table IV. The plot is
linear for piperidinium chloride but for 1-methylpiper-
idinium chloride the linear section extends only to
¢ = 0.10 M. The 0k<) data for the two neutral piper-
idines in 0.1 N KOH were plotted as a function of con-
centration (Figure 9b) and the 0°k(s> together with the
limiting slopes (dOK(s)/dc), are shown in Table IV.

The 0Ok(@ data for the alkylammonium salts were
plotted according to eq 3, and the O0k<)0values, together
with the slopes Skcs), were obtained. These data are
shown in Table IV and are plotted in Figures 9c and 9d.
Also included in Table IV are 0°k(s) data for the salt
MeiNBF-t which was investigated on account of the
similar ionic radii of its cation and anion.

Discussion

1. Limiting Law Behavior and the Dependence of 0V
on Concentration. To examine structural effects in the
partial molar volume of organic salts at infinite dilution,
it is necessary to make extrapolations to unusually low
concentrations on account of the anomalous concentra-
tion dependencell of 0V (negative slope) exhibited, e.g.,
by TAA salts above 0.04-0.05 M. The anomalous
slopes SYarise on account of the long-range hydrophobic

The
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Table IV : Values of IOtyms and <X(s>° in Eq 3 (25°)
I0V'Kk(S) * Sk (8),
0.25, ml (g- ml1+2(g-
Salt mol bar) _1 mol)3/2bar"1
Piperidinium chloride -22.0 +8.6
1-Methylpiperidinium -20.9 +15.0
chloride

(CHONHZ!L -25.1 +4.0
(N-CHTNNHXI -17.9 + 3.8
(ra-C4HYNHXI -25.0 + 11.0
NHAC! -25.6 +18.0
(CH53NHBr -5.6 +7.4
(HOCH4NHBTr -8.6 +9.0
(CH,)ANBF4 +18.0 +7.0
(CH3AND +3.3 +17.2

Values of 10D°k(S and (dOK(S)/dc)c_>0 (25°)
for Neutral Piperidines

10M0°K(S) =t (dOK(S)/dc)e-H>,
0.25, ml (g- ml 1 (g-
Compound mol bar) ~I mol"lbar")
Piperidine in 0.1 N -0.40 0.0
KOH
1-Methylpiperidine in +0.30 +0.7
0.1 N KOH

From the data of Verrall and Conway.2

interactions which the cations of these salts exhibit in
water. Figures 6, 7, and 8 show the situation with
regard to OV from previous work in this and other
laboratories in relation to the new dilatometric data
obtained at very low concentrations. Evidently the
Ov data approach OV with the correct slope providing
that data are obtained at sufficiently high dilutions.
Figure 8 shows the situation more clearly in the limiting
law region for HD and D2 (c/. ref 16) with the plots
based on many points. With the more hydrophilic
secondary and tertiary n-alkylammonium, pyridinium,
and piperidinium salts, the limiting law slope was
already approached at concentrations >0.01 M and in
some cases dOv/d c'/2retains the normal positive sign up
to moderate concentrations. Various interpretations
of the anomalous slopes have been given.111921

2. Additivity in the Volumes. Comparison of V,°
values in a series of related compounds studied in a
given solvent provides a good basis for examination of
the additivity (or deviations therefrom indicating
specificities and solute-solvent interactions) of the
volume function since the solute molecules are always
present in corresponding states (e.g., comparison of
volumes of substances in the pure compounds at a
given temperature is not so satisfactory since the com-
pounds under these conditions are not in corresponding
states nor are the intermolecular interactions usually
comparable; in excess of solvent, these interactions are
more nearly constant). In previous work2 1l we have

(21) R. N. Diamond, J. Phys. Chem., 67, 2513 (1963).

The Journal of Physical Chemistry, Vol. 74, No. 23, 1970



4122

0 10 20 30 40 50 0
d (@N\olOARr)i

Figure 9.
I-methylpiperidinium chloride at 25°.
piperidine and 1-methylpiperidine in 0.1 N KOH) at 25°.
(C,H9,NH>CL, (n-CjHj*NHICI, and (n-CiHOsNHICl at 25°.
c'/>for (CjHsSJINHBr and (HOCZH53NHBYT at 25°.

examined the additivity of v- for TAA cations, for
pyridine and its homologs, and for the derived salts.3
The additivity can be characterized by a b coefficient211
which measures the specific volume increment per gram
of CH2groups in successive additions of CH2in various
homologous series of ions or corresponding neutral
molecules.

The data for the RINH2+ series, where R is varied
from methyl to n-butyl, together with that for the
RNH 3+ series studied by Desnoyers and Arel18 (where
R varies from methyl to n-octyl) lead in both cases to
b values which are considerably lower than those
for the methyl-substituted ammonium ion series
[Mei-zNHs+J.2 This reflects the greater shielding effect
(with respect to hydration) of the higher alkyl sub-
stituents in these two series.

The RNH3X and R2NH2X series of salts differ from
the TAA halides in that there must be a significant
électrostriction term in their volumes due to the direct

The Journal of Physical Chemistry, Vol. 74, No. 33, 1970
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(a) Plot of apparent molar adiabatic compressibility <k <s) as a function of concentration for piperidinium chloride and
(b) Plot of apparent molar adiabatic compressibility $K(S> as a function of concentration for
(c) Plot of apparent molar adiabatic compressibility ji>K(S) against for
(d) Plot of apparent molar adiabatic compressibility $K(S) against

accessibility of the N + center. Assuming that the TAA
salts do not themselves cause any électrostriction,2 it
is possible to determine the (relative) électrostriction
caused by the partially alkyl-substituted salts men-
tioned above. This was done by measuring the de-
viation at a given value of the molecular weight of the
cation W+ (i.e., for isomeric ions) of the volume of the
salt concerned from the line characterizing the linear
additivity relationllfor the TAA salts. The results of
these calculations are shown graphically in Figure 10,
where the relative électrostriction Fe(+) caused by the
cation is plotted against its molecular weight. In the
series of RNH3X salts,8 the électrostriction reaches a
constant value of —3.5 ml (g-mol)-1 after R becomes
larger than an n-propyl group. If the substituent is
smaller than a propyl group, the influence of the field
at the charge center can evidently still be manifested
in the average properties of a water molecule at that
coordination position. From the results obtained on
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Figure 10. Plot of relative électrostriction F e<#) caused by
re-alkylammonium cations against molecular weight w+ of the
cation. (Zero line for the ordinate axis, Fe<t) = 0, corresponds

to a reference line for the T AA salt series.) Data for the
Me4-:iNHi + series are from previous work of Conway and Verrall.2

the R2NH2CI salt series studied in the present work, it
is apparent that when the two R groups are larger than
CJRthe électrostriction is virtually eliminated. This
must be attributed to the ability of the two alkyl groups
to shield the positive charge on the nitrogen center.
However, it is of interest to note that when only one
alkyl group is present,18even when it is a long chain,
appreciably more électrostriction remains (Figure 10).
Behavior similar to that observed with the dialkyl-
ammonium salts was found with the trialkylammonium
ions EtNH+ and (n-Pr)aAH+. The series of methyl-
substituted ammonium ions studied by Conway and
Verrall2 show, however, the effect of progressive
blocking of the charged center.

The difference in b values in going from the methyl-
ammonium series to the TAA series suggests that each
CH2 group eliminates a degree of électrostriction of
solvent equivalent to 14 X (1.115 — 1.284), i.e., —2.37
ml mol-1. This is equivalent (c/. the previous calcula-
tions2) to the effect of a local field of ca. 2.7 X 105esu
which is reasonable for an exposed NH+ center (radius
ca. 1.05 A), since 90% of the électrostriction arising at
charged centers of small radius can be shown to occur
within one HD diameter from the center.2 A similar
calculation for the pyridine-HCI salts showed3 that
substitution of methyl groups on the pyridine ring
adjacent to the charged nitrogen eliminated an électro-
striction of solvent equivalent to —1.6 ml mol-1. This
lower value of the decrease in the électrostriction
reflects the indirect nature of the blocking effect at the
charged center which arises in the case of the ring-sub-
stituted pyridinium ions. With the W-methylpyr-
idinium salts, effective primary hydration of the charged
nitrogen is prevented; for this case, ring substitution
eliminates only —0.42 ml mol-1 of électrostriction.
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Figure 11. Plot of <°’k (s>against the molecular weights of cations
in the series of hydrochlorides studied.

Similarly, in the R2NH2+ and RN H 3+ series, the addi-
tion of CH2groups is being made at some distance from
the charged center, so that only ca. —0.50 ml mol-1
of net électrostriction is eliminated per CH2 group
added.

3. Partial Molar Adiabatic Compressibilities,
Additivity and Structural Effects. In discussing the
trends in the compressibility results, the model proposed
previously2 and applied to hydration of various ions28
has been employed, where electrostricted water around
small ions and the supposed “icelike” water surrounding
hydrophobic solutes was regarded as essentially incom-
pressible, while “structure-broken” water was assumed
to be relatively more compressible. A more dynamical
picture of the ion-water interactions is afforded by the
nmr spin-lattice relaxation behavioréwhich provides a
complementory characterization of these thermody-
namic effects in terms of individual molecular proper-
ties, e.g., ions which increase structure or so-called
“icelike” -ness in water, increase the relaxation times.

The values of the apparent molar adiabatic compress-
ibilities &x(s>at infinite dilution for the series of hydro-
chloride salts of various bases studied were plotted
against the molecular weights of the cations and are
shown in Figure 11. Also included in this figure are
data for the methyl-substituted ammonium ion series
from CHINH3+ to (CH34N+, determined by Conway
and Verrall.2 In the ring-substituted pyridine-HCI
series,3<k(s) also increases in a linear manner with the
molecular weight of the cation, W+, and the same trend
is observed with the two piperidine-HCI salts. In the
series MeANH2 to n-BulNH2, the behavior is more
complex and illustrates the rather structure-specific
effects which determine 0°k<).

While the methylaminium ion series (NH.t+ to
MedN+) shows2auniform trend of €k (s)° with increasing

(22) J. E. Desnoyers, R. E. Verrall, and B. E. Conway, J. Chem.
Phys., 43, 243 (1965); Z. Phys. Chem. (Leipzig), 230, 157 (1965).
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coordination of the N+ center by CH3 groups, the
behavior of the secondary aminium ions R2NH2+ from
R = Me to R = n-Bu shows an alternating change of
#°K(S) (well outside experimental error) between suc-
cessive members of the series. In particular, the change
from hydrophilic to more hydrophobic hydration as the
alkyl chains are lengthened occurs in a nonlinear manner
because of the asymmetrical structure of the salts and
leads to the observed alternating <tk©» values. The
hydration behavior of the N+ center is evidently very
susceptible to its local environment, and it is apparent
that the compressibility variations from one type of
ion to another are much more sensitive than are the
volume variations (Figure 10) to specificities of structure
of the molecular ions and to the solvent structure4and
related changes5which such ions produce in water.

b. Extrapolation Procedure for Individual lonic Com-
pressibilities. In the present work, we have been con-
cerned with developing a method for obtaining absolute
individual ionic partial molar adiabatic compressibilities.
An extrapolation procedure was developed by Conway,
Verrall, and Desnoyers1ifor determination of individual
partial gram ionic volumes. The values so obtained
are in quite close agreement with the results of recent
ultrasonic potential measurements of Zana and
Yeager.Z3 A related method was developed for indi-
vidual <« (s) values and is presented below.

The total partial molar volume of a salt at infinite
dilution can be written

21° = V+° + V-° )

where V+° and F_° are the individual partial molar
volumes at infinite dilution of the cation and anion,
respectively. The volume of the cation can further be
broken down into various contributions

f+° = An(+ + FWH+ F<) B

where Fin(+) is the intrinsic volume of the ion; Fe(#) is
the électrostriction of the solvent caused by the field of
the ion and will be negligible for the series of TAA ions,
while FS+) is the structural contribution to the volume
due to the inclusion of the ion in a cavity in the solvent
(negative effect) and to any increase in “icelikeness” of
the solvent (positive effect). There is evidence that the
term Fe(+ only becomes important for n-BudNBr, in
which case it is negative. 45

The partial molar adiabatic compressibility is the

pressure derivative of the partial molar volume at
constant entropy

which can be written as

0°K(S) = F+

lv +°\ dp A3 T @@ (@
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Figure 12. Plotof &°k<>at infinite dilution against the
molecular weight of the cations for a series of
tetra-n-alkylammonium iodides (based on data of ref 2)
(O) and pyridinium iodides (*).

where the term —(1/P+0) (dF+°/dP)sis a specific com-
pressibility and will be written as j8+°. For the series
of salts, MedN 1 to PraAN1,2and for four A-alkyl-substi-
tuted pyridinium iodides,302 is essentially a constant
equal to the total partial molar compressibility divided
by the total partial molar volume. The observation
that/32 isapproximately constantimplies that the nature
but not necessarily the extent of hydration remains
constant in the series. In fact 106 = —0.7 1.0
bar-1 for the series of iodide salts referred to above.
Equation 7 can therefore be written as

<tK©S) = Fin(rrar + Ducs)o (8)

where Fe(+) and FS+) have been assumed to be negli-
gible for the reasons discussed above. Finally, eq 8
can be written with Fin<t in terms of W+ if we assume
that Vin(+) = W+/d+, where d+ is a proportionality
constant having the dimensions of density and implying
that the ions in the series have the same mean density.

tK(s>- TF+~MN + £%(sh-) 9)

The data were plotted according to eq 9 (Figure 12) and
a fairly straight line was obtained up to the IF+ value
corresponding to (n-Pr)ANBr. From the intercept, a
value of +6.0 £+ 1.0 X 10-4 ml (g-mol bar)-1 was
obtained for <% (s).i-. A similar plot using the pre-
viously published data2for the TAA bromides yielded
a value of —3.8 £+ 1.0 for I04°K(s),Br-. These two
results agree with the thermodynamically determinable
difference in 10V °K(S between an iodide and a bromide
salt with a common cation, as listed in Table V. In
the above plot, the datum for (n-Bu)4NBr does not fall
on the line and, in fact, exhibits a more negative com-

(23) R. Zana and E. Yeager, J. Phys. Chem., 70, 954 (1966); 71, 521
(1967).

(24) F. J. Millero and W. Drost-Hansen, ibid., 72, 1758 (1968).
(25) M. E. Friedman and H. A. Scheraga, ibid., 69, 3795 (1965).
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Table V: Values of Individual Partial Gram lonic Volumes,
Compressibilities, and Expansibilities

10 x

100 X (ov'ioA
laveiod  ( 4p s

Vcion \ aTt Jp, + 10,

+ 0.2, ml ml (g-mol ml (g-mol

lon (g-mol) -* deg) “>6 bar) -1 °

H+ -5.7 -1.2 -3.9
NHF 12.8' -3.0 + 13.4
CH3:NH3+ 30.2 + 10.0
(CH3NH 2+ 48.9 +7.6
(CH3NH + 67.0 +5.9
(CH3AN + 83.4' + 3.1 + 3.8
(CH9N + 142.8' + 5.2 +4.4
(CHNAN+ 208.5° +9.3 + 8.3
(C,h 9 + 270.1° + 17.5 + 17.9
(CHHYNH 2+ 83.1' + 13.0'
(CH,)NH2+ 115.1' +5.7"
(CHYNH 2+ 147.1' +12.8'
b 4 49.0' -21.8"
Cl- 23.6 + 4.8 + 12 2
Br- 30.9 +3.5 +3.8
I- 42.2 -6.0"
K+ 3.2' + 3.5 +33.3"
Pyridinium 67.4' +6.4"
1-Me-pyridinium 84.6' +7.5"
1,2-Di-Me-pyridinium 100.4' +6.1"
1,2,6-Tri-Me-pyridinium 116.0" +5.6"
1-Et-pyridinium 101.8' +8.0"
Piperidinium 83.1' +9.8"
1-Me-piperidinium 101.9' +8.7"

1,1-Dimethylpiperidinium 116.5

* Conway and Verrait2 6Millero and Drost-Hansen. 24

' Present results.

possibility2 (c/. ref 24 for the expansibility which
deviates similarly for this ion).

It has been mentioned above that the £&°k<>reflects
more sensitively than do the volumes any specificities in
ion-solvent interactions. Hence, it must be recognized
that the procedure for evaluation of individual ionic
contributions in <(s) may not be so unambiguous as
in the case of the analogous extrapolation of V° data.
For example, a progressive structural contribution
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Fs(#) in (), varying with molecular weight of the
cation, might still be present in the data of Figure 12.
However, since the data for the pyridinium series as
well as for the TAA series, which have rather different
molecular structures, seem to fall with reasonable con-
sistency on the same line, the procedure seems justified.
Within the above limitations, we estimate that the un-
certainty in the <°K(s value for the iodide ion inwater at
25° is £1.0 X 10-4 ml (g-mol bar)-1 as indicated in
Table V.

Using the values of <%ko) ion determined above, a
scale of values for other ions may be derived. These
data, together with the individual partial gram ionic
volumes F°ianand expansibilities6 24 E °ion, are summa-
rized in Table V.

The quantity —(0 F°ion/dP) is made up of three terms
which involve the pressure derivatives of Fi,, Fe and
Vs.  (dVin/dP) will be negative or close to zero since it
involves the compressibility of the ion itself and the
dead space between the ion and the solvent molecules.
For the larger TAA ions, Fe(+) will be negligible; there-
fore, we are left with a relatively large positive value
for (dF8(+)/dP). Thisisin accord with current thoughts
about the hydration of hydrophobic groups, since the
structural volume term, Fs, is thought to be made up of
a positive contribution due to the local enhancement of
structure in the solvent and a negative contribution due
to the inclusion of the ion in cavities formed in the
solvent. If, as has been proposed, Fsis negative, 2425
positive values of (dFS+)/dP) and (c)Fs(+)/d T )2 would
indicate that the enhancement of solvent structure
ceases to be significant with increasing temperature and
pressure from which it is to be concluded that the ions
are less able to influence the formation of solvent cages.
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The limiting currents for Mn(l11), Co(ll), Ni(ll), Cu(ll), and Zn(ll) ions were measured, using sodium poly-
acrylate as a supporting electrolyte. These data are used to obtain diffusion coefficients for the metal ions.
It is to be noted that the diffusion coefficients are quite small in comparison to those for metal ions with simple
inorganic salts as supporting electrolytes. It is shown that sodium polyacrylate is adsorbed on the surface
of the dropping mercury electrode. In view of these results, a simple model is proposed for the diffusion. A
metal ion is coordinated with carboxylic groups on the sodium polyacrylate molecule and repeats jumping
from one to another site, thus being transferred to the electrode. On the basis of the above model, the free
energies of activation for the diffusion were estimated, using Eyring’'s theory. The values of the free energy
are strongly dependent on the species of the metal ions. It should be noted that the free energy of complexation
for these ions varies in a quite similar way. The effects on the free energy of activation for the diffusion of
the addition of sodium perchlorate and of the change in the degree of neutralization of polyacrylic acid are

consistent with the results obtained from the potentiometric titration.

These results show that the model

proposed above is reasonable for the system under investigation.

Introduction

The polarographic method is useful in elucidating
transport processes for metal ions in solution. Miller
and his coworkersl-4 have recently investigated the
effects of polyelectrolytes adsorbed on the surface of the
mercury dropping electrode on the polarographic cur-
rents of inorganic depolarizers, using polyvinylpyridine,
bovine serum albumin, or DNA. Lapanje and Oman
have investigated the binding of cadmium or thallous
ion with polystyrenesulfonic acid, polyacrylic acid, or
pepsin.

In the present study, the limiting currents for Mn(11),
Co(ll), Ni(ll), Cu(ll), and Zn(ll) ions are measured,
using sodium polyacrylate (Na-PA) as a supporting
electrolyte. From these data the diffusion coefficients
for the metal ions are obtained, using llkovifi’'s equation.
A simple model is proposed for the diffusion, and the
free energy of activation for the diffusion has been es-
timated for the metal ions on the basis of the above
model. The present results will be useful in discussing
transport processes in biological systems.

Experimental Section

Samples. Sodium polyacrylate (Na-PA) is purified
by the following processes. Na-PA is precipitated with
methanol from the aqueous solution and redissolved in
1 N sodium hydroxide. After repeating this procedure
five times, the product is dried in vacuo. The sample
thus obtained is dissolved in distilled water and passed
through a column of the acid-type cation-exchange
resin. Finally, the eluate is neutralized using a stan-
dard NaOH solution. The carboxylic content of
Na-PA is determined by this titration. The degree of
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polymerization of the sample which is used in the pres-
ent experiment is about 2700-7500.

Apparatus and Procedure. The d.c. polarograms are
obtained using a Yanagimoto polarograph Model P8-A,
the scan rate being 5 min/V. Current-time curves
during the single drop life at a fixed potential are ob-
tained using an apparatus which has been constructed
in this laboratory9 and spectrum computer Model
JRA-5 of the Japan Electron Optics Co. The flow
rates of mercury are 1.62 and 1.72 mg at mercury col-
umn heights of 60 and 70 cm, respectively. Dissolved
oxygen is removed as usual by bubbling nitrogen gas
through the solution. Sample solutions for the mea-
surement of polarographic current are prepared by
mixing the standard solution of Na-PA with that of
metal ions. The concentration of metal ions was deter-
mined by titration with EDTA. Sample solutions con-
tain 3.6 X 10~2N Na-PA and about 1 m | of metal
chlorides. Solutions of polyacrylic acid at various de-
grees of neutralization are prepared by adding sodium

* To whom correspondence should be addressed.

(1) 1. R. Miller, J. Phys. Chem., 69, 2740 (1965).

(2) Y. F. Freiand I. R. Miller, ibid., 69, 3018 (1965).

(3) M. A. Frommer and I. R. Miller, ibid., 72, 2862 (1968).
(4) 1. R. Miller and D. Bach, Biopolymers, 4, 705 (1966).

(5) S. Lapanje and S. Oman, Makromol. Chem., 53, 46 (1962).

(6) S. Lapanje, S. Oman, and C. Miklavc, “Physicalishe Chemie
Biogener Makromolekile,” Vol. Il, Akademie-Verlag, Berlin, 1964,
p 55-60.

(7) S. Lapanje, Biopolymers, 2, 585 (1964).
(8) S. Lapanje, ibid., 4, 85 (1966).

(9) S. Fujiwara, Y. Umezawa, and T. Kugo, Bull. Chem. Soc. Jap.,
41, 2223 (1968).
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hydroxide to solutions of polyacrylic acid. All polaro-
graphic measurements are made at 22.5 + 0.5°.

Results and Discussion

Formation of the Adsorbed Layer. The limiting cur-
rents of metal ions are strongly reduced when Na-PA
is used as a supporting electrolyte. As a typical ex-
ample, the polarogram of the CoCl2Na-PA system is
shown in Figure 1, where the reduction wave for the
Co(ll) ion is obtained at about —1.6 V. It should be
noted that the current intensity for this system is very
much smaller than that for usual systems where sup-
porting electrolytes are simple inorganic ions. In
Table I, the current intensities for the systems which

L - L o) I j !t om

Qv ' “0Sv “ljDv _ _1lsv ~2Dv
oW " vs Mercury Pool Electrode
Figure 1. Polarogram of Co(Il)ionwith Na-PA asa

supporting electrolyte. i\ denotes the intensity of
limiting current: 1mM CoCl2and 0.036 N Na-PA.

Table 1 : The Intensities of the Limiting Current
for Several Systems with Supporting Electrolytes
of 0.5 N NaClOi and 0.036 N Na-PA

Intensity, Intensity,
mA, of IXA, of
NaCloO,, Na-PA,
0.5 N 0.036 N Ratio
(A) (B) B/A
MnCI2 1 mM 6.1 0.23 3.8 X 10“2
CoCI2 1 mM 5.4 0.25 4.6 X 10-2
NiCl2 1 mM 6.2 0.20 3.2 X 102
CuCl2 1 mM 5.1 0.02 0.4 X 10-2
ZnCl2 1 mM 5.7 0.15 2.6 X 10“2

contain 3.6 X 10~2N Na-PA are compared to those
for the systems which contain 0.5 N NaC104 As seen
in Table 1, the intensities observed in the former sys-
tems are one-tenth to one-hundredth of those for the
latter systems.

These results suggest that Na-PA is adsorbed on the
surface of the mercury electrode, inhibiting depolarizers
to reach the electrode surface. In fact, each drop of the
dropping mercury electrode keeps its spherical form on
the mercury pool of the counter electrode without
merging in it. Measurements of the current-time
curve have been shown to be useful in investigating
adsorption phenomena on the surface of the dropping
mercury electrode. According to Kuta and Smaller,10
the current-time curve has a sharp peak at the initial
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Figure 2. Current-time curve at —15 V in the system of
ZnCl2Na-PA: 1mM ZnCl2and 0.036 A Na-PA.

M

Effect of neutral salts on the limiting current
1mm ZnCl2or CoCl2 0.036 N Na-PA,

Figure 3.
for Zn(Il) or Co(ll) ion:
and 10-60 mM NaClICh.

period when the surface coverage is incomplete. The
current-time curve for the ZnCI2Na-PA system is
given in Figure 2, where a very short but relatively
high impulse can clearly be seen at the initial period.
The intensity of this impulse increases almost propor-
tionally to the square root of the mercury column
height. Hence, it can be concluded that the surface of
the dropping mercury electrode is covered with the
adsorbed layer of Na-PA after the impulse is depressed.

Characterization of the Limiting Current. Although
the systems under investigation show a high resistance
of about 70 ki2, a contribution from the migration cur-
rent could not be detected. As shown in Figure 3, the
limiting currents for the Zn(ll) and Co(ll) ions are in-
creased by the addition of sodium perchlorate. This
result eliminates the possibility of a contribution from
the migration current; if the limiting current involves
this contribution, the current intensity must decrease
by the addition of the neutral salt. It is well estab-
lished that the migration current increases with an in-

(10) J. Kuta and |I. Smoller, Progr. Polarography, 1, 41 (1962).
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M
Concentration of TICIOi
Figure 4. Effect of the iR drop of the solution on the limiting

currentfor Zn (Il)ion: 1mM ZnCh, 0.036 N Na-PA,
and 0-5 mm TICIOA4.

crease in the iR drop of solutions (exaltation effect).1l
As shown in Figure 4, the limiting current for the Zn(I1)
ion does not change on addition of the T1(l) ion to the
solution. These results confirm that the migration
current does not make an important contribution to the
limiting current.

The intensity of the diffusion current may be given by
llkovic’s equation

L= 4VB (¢ ) ~nFDIhCm /ti/ @)

where dis the density of mercury, mthe rate of the mer-
cury flow, D the diffusion coefficient, and f the drop
time. If eq 1holds for the systems under investigation,
the current intensity should be proportional to the
square root of the mercury column height, n. Fig-
ure 5 shows the dependence of the current intensity on
the mercury column height. This result is consistent
with eq 1

The log i vs. log t plot of the current-time curve for
the ZnCl2Na-PA system is given in Figure 6. This
plot satisfies Ilkovic's relation; i.e., log i is proportional
to log twith a slope of ¥#». If the kinetic current con-
tributes to the limiting current under investigation, the
slope of this plot should deviate from % and approach
to 23.10 The slopes observed for the other ions are also
found to be ¥e. The above results clearly indicate that
the limiting current for the Na-PA system is diffusion
controlled, obeying eq 1.

Diffusion Coefficients. Using eq 1, the diffusion coef-
ficients of metal ions in the solutions of Na-PA were
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h — =

Figure 5. Dependence of the intensity of the limiting current
on the mercury column height: 1mm CO0Cl2and 0.036 N
Na-PA. Mercury column height, h, 40-80 cm.

(o]
O)
----- i) 1 —L—
log t —"
Figure 6. Logi vs. logtplotforthe ZnCk-Na-PA system

at —15V: 1mm ZnCl2and 0.036 N Na-PA.

obtained. Table Il summarizes the values of D, the
diffusion coefficient, for Mn(l1), Co(l1), Ni(ll), Cu(ll),
and Zn(ll) ions in the Na-PA systems. All these sys-
tems contain 3.6 X 10-2 N Na-PA and about 1 m |
metal chlorides. The values of D at mercury column
heights of 60 and 70 cm agree with each other within
experimental error. Since the limiting current is small
in the case of Cu(ll) ion, the error of the D value is
larger than those in the other systems. In Table I, it
is to be noted that the values of D are strongly depen-
dent on the species of ions. Small D values are obtained

(11) See, for example, J. Heyrovsky, “Principle of Polarography,”
Academic Press, New York, N.Y., 1960.



Diffusion of Several Transition Metal lons

4129
Table |1: Diffusion Coefficients for the Systems with Na-PA As a Supporting Electrolyte
lon h, t, —E, Id, C, D,
species cm sec \A A mol/oc cm2sec
MnClj 60 3.6 1.8 0.235 X 10“« 1.00 x 10-' (9.5£0.3) X 10-'
70 3.1 1.8 0.240 X 10-6 1.00 X 10-* (9.5£0.3) X 109
CoClj 60 3.9 1.7 0.250 X 10-" 1.01 x 10-« (1.0£0.2) X 108
70 3.4 1.7 0.270 X 10-* 1.01 X 10-« (1.1£0.2) X 10-'
NiClj 60 4.2 1.5 0.195 X 10“6 1.09 X 10-« (5.2+0.2) X 10-'
70 3.6 1.5 0.200 X 10-' 1.09 X 10 (5.3£0.3) X 10~9
CuCcuU 60 5.2 0.5 0.020 X 10-' 1.00 X 10-« (6+3) X lo*n
70 4.4 0.5 0.020 X 10"~ 1.00 x 10-' (6+3) X 10-11
Z11C12 60 4.4 1.5 0.155 X 10-« 0.956 X 10 (2.4£0.3) X 10-9
70 3.9 1.5 0.160 X 10-~' 0.956 X 10-« (2.4£0.3) X lO"9

a E is a potential at which the drop time and current intensity are measured.

for Cu(ll) and Zn(ll) ions which have been shown to
form strong coordination bondswith carboxylic groups.]2
This point will be discussed in more detail later.

Mechanism of the Diffusion of Metal lons. The re-
sults of Table Il are specific for the systems with the
supporting electrolyte of Na-PA. It has been shown
that these metal ions form complexes with Na-PA.1318
If the metal ion-Na-PA complexes are transported as
a whole, diffusion coefficients should be almost inde-
pendent of the ion species. In contrast to this, free
ions would contribute only to a small extent to the
limiting current, because the complexation constants
are quite large in these systems.17

In view of the above results, a following model is pro-
posed for the transport process of ions. Metal ions
form complexes with carboxylic groups in Na-PA which
is adsorbed on the surface of the dropping mercury
electrode, and the metal ions jump from one site to
another. Then, the diffusion coefficients may be related
to the rate of crossing the potential barrier intervening
the two sites. According to Eyring’s theory,18the dif-
fusion coefficient may be given as

where h, k, T, and R mean the Planck constant, the
Boltzmann constant, the absolute temperature, and the
gas constant, respectively. AG?* is the free energy of
activation for diffusion, and X is the distance between
the successive equilibrium positions.

When the value of X is taken to be 3 A, which is the
distance between the
Na-PA, AG* can be
values. In Figure 7,
with the free energies

neighboring carboxylic groups in
calculated from the observed D
AG* thus obtained is compared
of complexation of the metal ions
with malonic acid and succinic acid. 119 These dibasic
acids were chosen as model chelating reagents for
Na-PA. As Figure 7 shows, the dependence on ionic
species of AG * is quite similar to that of the free energy
of complexation, —AG/. It should be noted that AG*
is the difference in free energy between the complex-

Figure 7. Free energies of activation for diffusion compared

to the free energies of complexation: Ac  free energy of
activation for diffusion in the system with the supporting
electrolyte of 0.036 A Na-PA; —AGf, free energy of complexation
with succinic acid or malonic acid.

forming state and the transition state. These results
are consistent with the mechanism proposed above.
A schematic representation for the above model is drawn
in Figure 8.

(12) G. H. Nancollas, "Interactions
Elsevier, Amsterdam, 1966, p 185.

(13) F. T.Wall and S. J. Gill, 3. Phys. Chem., 58, 1128 (1954).
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(1955).
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(16) J. V. Mclaren, J. D. watts, and A. Gilbert, J. Polym. Sci.,
Part C, 16, 1903 (1967).
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the complexation constant is in the range 10910n for a polyacrylic
acid-copper complex, the complexation constant being defined as
K [Cu(C0OO0)2]/ [CuJ+][-COO -]2.

(18) S. Glasstone, K. J. Laidler, and H. Eyring,
Rate Processes,” McGraw-Hill, New York, N. Y.,

"The Theory of
1941.

(19) V. S. K. Nair and G. H. Nancollas, J. Chem. Soc., 4367 (1961);
A. McAuley and G. H. Nancollas, ibid., 989 (1963); A. McAuley
and G. H. Nancollas, ibid., 4458 (1961).
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cc¢cor cC OO0 "

Figure 8. Schematic representation for the diffusion of divalent
ions in the adsorbed layer of Na-PA.

Dependence of AG* on the Concentration of an Added
Salt and the Degree of Neutralization of Polyacrylic Acid.
The values of AG* are much larger than the free energy
of complexation of malonic acid or succinic acid. It
has been shown in divalent metal ion-polyacrylic acid
systems, that electrostatic free energy greatly enhances
the free energy of complexation.1420 This suggests that
AG* for the diffusion discussed in the previous section
contains a contribution from the electrostatic free en-
ergy. As Figure 3 shows, a large increase is observed in
the limiting currents for the metal ions when NaC104is
added. This result suggests that the barrier for dif-
fusion of the metal ions is lowered by the addition of the
neutral salt, which partially shields the electrostatic
field produced by the carboxylic groups in the polyions.

Furthermore, when the degree of neutralization of
polyacrylic acid is decreased, the intensity of the limiting
current for the ions is increased. This is because AG*
is reduced with a decrease in the number of ionized
groups in the polymer molecule.

The influences of ionic strength and of the degree of
neutralization on the electrostatic free energy have been
studied by many workers by means of potentiometric
titration.2L In general, the pH of a polyacid solution is
expressed in terms of a change in electrostatic free en-
ergy corresponding to the ionization process as

pH = pKO- log [1 - a&)/a] + 0.mAGel/RT (3)

Figure 9. Relationship between A(?e and the ionic strength of
the solvent at various degrees of neutralization of polyacrylic
acid. Each value of AGsi is obtained from data of Nagasawa
and his coworkers22using eq 3, where the value of pK 0is

assumed to be 4.32. The values of AGe are those extrapolated
to infinite dilution of the polymer. Csdenotes the concentration
of sodium chloride.
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AGel-~* Kcal/M

Figure 10. Relationship between AG* for Zn(Il) and Co(ll)
ions and AGe at various concentrations of neutral salt. Sodium
perchlorate (10-90 mM) is added as a neutral salt to the system
where 1mm ZnClj or COCI2is used as the depolarizer and 0.036
N Na-PA isused as the supporting electrolyte.

Figure 11. Relationship between AG* for Zn(Il) and Co(ll)
ions and AGei at various degrees of neutralization (a = 0.4-0.9);
1m M of ZnCk or COCI2is used as the depolarizer.

where PKOis the negative logarithm of the intrinsic dis-
sociation constant, a is the degree of neutralization,
and AGei is the change in electrostatic free energy of the
system. If the value of pAo is estimated by extrapolat-
ing a to zero, AGei can be evaluated from the potenti-

(20) H. Morawetz, "High Polymers,” Vol. XX I, Wiley, New York,
N. Y, 1965.

(21) See, for example, S. A. Rice and M. Nagasawa, "Polyelectrolyte
Solutions,” Academic Press, New York, N. Y., 1961.
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Figure 12. Relationship between AG~ for Zn(ll) and Co(ll)
ions and A(?e at various degrees of neutralization (a = 0.4-0.9).
Sodium perchlorate (40 mm ) is added to the systems

at various degrees of neutralization.

ometric titration. Nagasawa and his coworkers2 re-
ported the titration curves for polyacrylic acid at var-
ious ionic strengths. From these data, the relationship
between AGei and the ionic strength of the solvent at
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various degrees of neutralization of polyacrylic acid can
be obtained as shown in Figure 9. Using the results of
Figure 9, the values of AGei corresponding to the present
experiment are obtained. Figure 10 shows a AG* vs.
AGei plot, where AG™* is obtained for Zn(l1) and Co(ll)
ions, using the Na-PA systems containing 10-90 M
NaC104 Figure 11 shows a AG* vs. AGel plot when the
degree of neutralization of polyacrylic acid is varied
(a = 0.9-0.4). In Figure 12, the result is shown when
40 m | of sodium perchlorate is added to the systems at
various degree of neutralization. In Figures 10-12, it
is clearly exhibited that AC?* is proportional to AGei
with a slope of about unity. These results indicate that
a decrease in AG* comes from that in AGei. In other
words, the present results are consistent with the re-
sults obtained from the potentiometric titration.

In conclusion, it appears that the present model for
the diffusion is reasonable for the system under in-
vestigation.

Acknowledgments. We are greatly indebted to Dr.
Y. Arata for valuable discussions.

(22) M. Nagasawa, T. Murase, and K. Kondo, J. Phys. Chem., 69,
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The electronic spectra of Se03®~, HSe03 , Se04£-, and HSe04 were analyzed by studying their response to
environmental effects. The first absorption band in each spectrum is assigned to an allowed sub-Rydberg
transition involving the nonbonding electrons on the oxygen atoms. In the spectra of Se03~, HSe03~, and
Se04~ this band is followed by a charge-transfer-to-solvent (ctts) band. The ctts bands of the dinegative
ions appear to be twice as sensitive as that of HSeOs" towards solvent effects, whereas their temperature
sensitivities are nearly the same. pH and temperature effects yield some thermodynamic data on the equi-
libria HSeO,,~ H+ + SeO,-2. The vertical ionization potential and the effective crystallographic radius
of HSe03~ are derived from the analysis of solvent effects on its ctts band. Under the conditions employed

the uv spectra do not reveal the formation of new species, such as dimers or esters.

The aim of this research is to examine the effect of
electrical charge on electronic spectra of closely related
anions. Solutions of mono- and dinegative oxyanions
of selenium, readily converted into each other by pH
adjustment, display considerable absorptions in readily
accessible spectral regions. The solutions are rather
stable and pure tetraalkylammonium salts can be
prepared that dissolve in alcohols and acetonitrile.
Thus environmental effects on the spectra could be
studied in detail. Some studies of this type were

already conducted with oxyanions of phosphorus,1but
their scope was somewhat limited owing to relatively
low absorptions and insolubility of the salts employed
in pure organic solvents.

Previous information on the spectra of oxyselenides2
is meagre and in some discord with our results. Here

(1) M. Halmann and I. Platzner, J. Chem. Soc., 1440 (1965); H.
Benderly and M. Halmann, J. Phys. Chem., 71, 1053 (1967).

(2) H. Ley and E. Kénig, Z. Phys. Chem. Abt. B, 41, 365 (1938).
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we present an analysis of electronic transitions in Se03-~,
HSe03~, Se04&-, and HSe04 . The first three display
charge transfer-to-solvent (ctts) transitions; this gives
us an opportunity to examine environmental effects on
ctts bands of polyvalent anions and compare them with
theory.3 Some thermodynamic data are derived from
spectroscopic results.

Experimental Section

Materials. The NaZe03(B.D.H.) was recrystallized
from concentrated aqueous solution by adding acetoni-
trile. A second recrystallization proved to have no
effect on the spectrum. NaHSe03 (B.D.H.) was re-
crystallized from CH3CN; both materials exhibited the
same spectrum at the same pH.

N(C2HH§4HSe03and (N(C2HH42 Se03were prepared
by neutralization of HXSe03 (Riedel-De Haen) with a
solution of N(CH§4AOH (Fluka, Purum; some yellow
impurities were removed from this solution by several
extractions with CHXN); pH 6 and 10.5 were chosen
as end points for their preparation, respectively. Water
was expelled under reduced pressure and the dry mate-
rials recrystallized from CHXN. The biselenite was
then dried under vacuum at 40°. The selenite was
redissolved in a solution of N(C2HYH40H, water evap-
orated, and the material was thoroughly dried. In this
way an excess of N(CZH540H was added to the selenite;
the pH of 10_3 M in water was 10.5. This was done so
as to avoid conversion of Se032- to HSe03 in the or-
ganic solvents employed.

NaZze04 (Analar) was used without further purifica-
tion. (N(CZHs)4d2Se04was prepared by neutralization
of HXSe04 (Riedel De Haen) with N(CH§4LH (pH 6
as end point), the material crystallized from concen-
trated solution by adding CHXN, rinsed with CHXN,
and dried under vacuum at 40°.

The purity of tetraethylammonium salts was checked
by measuring their spectra in aqueous solutions; the
spectra were identical with that of the sodium salts (see,
e.g., Figure 5, which also indicates that N(C2H§40H
present in excess did not contribute to the absorption).
The tetraethylammonium salts were used to introduce
the oxyselenide ions into organic solvents. The fol-
lowing experiment was performed to check the identity
of ionic species in CHIXN: further addition of N(C2
H540H to selenite had no effect on its spectrum while a
little concentrated HC104changed the spectrum to that
of biselenite in the same solvent. Concentrated HC104
was also used to convert Se042- to HSe04~ while adding
only little HD to the organic solvent. (The pH of
acidic solutions was below 1, as measured with indicator
paper.)

The organic solvents were of spectroscopic grade.
Special care was taken to dry CH3CN because traces of
water exerted a considerable effect on the spectra of
Se03- and Se04-. For this purpose CHXN (Mathe-
son Coleman and Bell) was shaken with anhydrous

The Journal of Physical Chemistry, Vol. 74, No. S3, 1970

A. Treinin and J. Wilf

CaSo04for 70 hr. (Similar results were obtained with
CuS04) Water was triply distilled, DD (99.7%,
Fluka, Puriss) was used without further purification,
and all other materials were of Analar grade.

Measurements. Spectra were measured with a 450
Perkin-Elmer spectrophotometer equipped with a ther-
mostated cell compartment to keep temperature con-
stant within £ 0.1°. Absorption cells with 10 mm, 1
mm, and variable path length (down to 0.1 mm) were
employed. Absorbance up to 1.8 could be read without
distinct deviations from Lambert’'s law. The instru-
ment was flushed with N2for measurements below 190
nm.

pH was measured with a Metrohm pH meter (ApH
+ 0.01). Perchloric acid, phosphate, and borate buffers
were employed to vary the pH in the range 0-11.5.

Results

All the oxyselenide ions were found to obey Beer’s law
over all the wavelength region studied. Range of con-
centrations studied was 10 2-10-4 M in water and in
organic solvents. With HSe03_in water the law was
checked from 10~5M to 1 M and no deviation was
detected; this is in contrast to the behavior of HS03~,
which dimerizes to S2 %~ under such conditions.4
Another difference lies in the stability of HSe03~ to-
wards oxidation by 02 no change in spectra was dis-
played by air containing solutions after 48 hr, while
HS03_ was considerably oxidized under the same treat-
ment.

From the pH effect on the spectra of aqueous systems
the thermodynamics of

HSeOn ~ H+ + Se<V- (1)

could be studied.
A sharp isosbestic point is exhibited by the selenite
system (Figure 1). The selenate system appears to

10 20 20 20 it
X m

Figure 1. Isosbestic point displayed by the
HSe03_-Se0 3~ system.

(3) A. Treinin, J. Phys. Chem., 68, 898 (1964).
(4) R. M. Golding, J. Chem. Soc., 3711 (1960).
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Table I:  Thermodynamic Data for the Equilibrium HSeO,,~ <>H+ + SeO,,2~
o HSeOa- H+ + Se0s2--------------- e HSeO,- H+ + SeOi2~
Present Previous Present Previous
T, °C work data work data
PK 10 8.50 + 0.02 1.80 + 0.02 1.826
20 8.43 +0.02 8.06 1.84+0.04 1.866
25 8.39 + 0.03* 8.32* 6.60* 1.886
1.70 + 0.0D
30 8.37 + 0.03
50 8.23 + 0.03
AG° (kcal/mol) 25 114+ 0.4 2.5
AHO (kcal/mol) 25 2.8+ 0.2 1.1« -2.2*¢
AS° (eu) 25 -29 £ 2 -26.5° -16.3*

“From the plot of pk against I/T.
reference for more data.
Covington and J. V. Dobson, J. Inorg. Nucl. Chem., 27,1435 (1965).

Figure 2. Typical “titration curves” displayed by the
HSe03 -Se032_and HSe0<”-Se042- systems.

reach such a point below 185 nm (see Figure 3). Figure
2 shows a typical “titration curve” for each system.
The pK of equilibrium 1 was determined by means of
the approximation

ifi = pH —log O~ D m Vi
P P g D — Dseo,2 1+ Vi

where DUBN- DSni- and D are the absorbance val-
ues of the system when present in its acidic form, alka-
line form, and at the given pH, respectively; the last
term is the simplified correction for log 7Hseo,-/
7seo,2 (7 = activity coefficient). The ionic strength
| was calculated by successive approximations from the
amounts of electrolytes introduced and equilibrium
constants. The second term on the right (eq 2) was
determined from plots of DsSe0,- — D against D —
-DSo,,2 at the same pH and different wavelengths.6
Calculations were carried out for three pH values within
pK £ 1.0. From the dependence of pK on temperature
Affic and A$i° were determined for HSe03_ (Table ).
The values of A at various temperatures were taken

)

“W. M. Latimer, “Oxidation Potentials,” 2nd ed, Prentice-Hall, Englewood Cliffs, N. J., 1952, p 83.

6 “Stability Constants,” Special Publication No. 17, The Chemical Society, London; see this

dA. K.

Figure 3. Absorption spectra of the oxyselenide ions at 20°.

from ref 6. The results with HSe04~ were less reliable
(low pH and high ionic strengths, up to 0.3 M); pK
appeared to increase with temperature but AH and AS
could not be determined. The results are summarized
in Table I; agreement with previous data is satisfactory.

Environmental Effects. Figure 3 records the spectra
of oxyselenides in water. HSe03~, Se0®-, and SeO*2-
each displays two overlapping quite intense bands (des-
ignated A and B), which are best resolved in the spec-
trum of HSeO,i~. The two bands respond differently to

(5) See e.g., J. Jortner and G. Stein, Bull. Res. Counc. Isr., Sect. A,
6, 239 (1957).

(6) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
ed, Butterworths, London, 1959, p 468.

2nd
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10 20 210 20

A, nm

Figure 4. Temperature effects on spectra of the
oxyselenide ions.

Figure 5. Solvent effects on the spectrum of Se03~.

changes in environment, the single band of HSe04~
exhibiting the band-A-type of behavior.

Figure 4 shows effects of temperature on the spectra
and Table Il records —d(hv)/dT at various absorp-
tivities. Band B is somewhat more sensitive with
—d(hv)/dT ~ 20 cm-1 deg-1 regardless of ionic charge.
The difference in d(hv)/dT brings about a shift in the
isosbestic point for Se03--HSe03_ to longer wave-
lengths with rise in temperature.
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Figure 6. Solvent effects on the spectrum of HSeCb .
10 20 210 20 20
X, M
Figure 7. Solvent effects on the spectrum of SeCV- .
Figure 8. Solvent effects on the spectrum of HSeCh- .

A more pronounced distinction between A and B is
shown by solvent effects (Figures 5-8). Band A under-
goes the regular “blue shift” with hv increasing in the
order CHXN < glycol < ethanol < HD ~ DXD. On
the other hand, the order for B is: CH3IXN < HD <



Electronic Spectra of the Oxyanions of Selenium in Solution

Table Il1: Spectral Data and Environmental Effects”
€ -d(fev)/dr,
lon M_1cm*“1 cm"ldeg"l
Se0- 3000 (A) ii
5000 (A) 6
6000 (B)
6500 (B)
8000 (B)
9000 (B) 19
HSeOa- 1000 (A) 8
2800 (B)
3300 (B) 19
4000 (B)
6000 (B)
Se<V- 100 (A) 13
300 (A) 11
650 (B)
700 (B) 20
HSeO,- 300 (A) 15
500 (A) 17

“ A and B signify the first and second absorption bands, respectively.

X and I~, onreplacing HD by DD. ¢ See reference 8.

D2 < ethanol < glycol, i.e., the characteristic sequence
for ctts transitions.7 The opposing effects of alcohols
on A and B bring about the separation of A as a distinct
band and so some of its properties could be determined
(Table 11).8 In CHXN both bands are considerably
red shifted and in the case of HSe03 band B also
emerges well defined with Xrex = 191 nm and erex 5600
M~1 cm-1 (Figure 6). On gradually adding water to
CHZXCN or alcohol the whole spectrum is shifted (Figure
9) in a way which indicates that the effect is essentially
physical. Thus under the conditions employed no new
species are formed which absorb in this region, like
dimers or esters.9

The ctts nature of B is clearly demonstrated in Figure

190 200 210 220 230
\, nm
Figure 9. Band A of HSeOa~ in mixed solvents: water (1),

water + 50% ethanol (2), water + 50% methanol (3), water +
95% ethanol (4), water + 95% methanol (5).
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Xmax, emax, And
oscillator strength f.

A in ethanol: 206 nm,
5100 M ~1 cm-1,/ =

1.5 0.12
1.5»
2.0»
1.9»
A in ethanol: 211 nm,
1.0 1800 M ~I cm~\f =
5.5 X 10~2
1.2» B in CHXN: 191 nm,
0.9» 5600 Af_1cm*“l/ =
0.17
A in ethanol: 199 nm,
450 m ~1 cm-1,/
1.45, 2.0» 9.8 X 10'3
2.0»

»The ratio of solvent shifts i>,/Arr for the oxyselenide ion

hOmaxCr), kcal/mole

Figure 10. hv of the oxyselenide ions at the specified
absorptivities against hvmax(I~) in the same solvents (20°).

10 which records transition energy at a specified absorp-
tivity against /irmex of I- in the same solvent i.e.,
against the ctts value of the solvent.10 Mixed solvents
were not included in this correlation because in the same

(7) M. J. Blandamer and M. F. Fox, Chem. Rev., 70, 59 (1970).

(8) / was calculated using the approximation / = 4.32 X 10-i X
1.06 emax An/, (C. Sandorfy, “Electronic Spectra and Quantum
Chemistry,” Prentice-Hall, Englewood Cliffs, N. J., 1964).

(9) A. Simon and R. Paetzold, Z. Anorg. Allgem. Chem., 303, 46
(1960); R. Paetzold and E. Ronsch, ibid,., 315, 64 (1962); R. Paet-
zold, ibid., 325, 47 (1963).

(10) 1. Burak and A. Treinin, Trans. Faraday Soc., 59, 1490 (1963).
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mixture the solvation layers of 1- and SeON~ should
have different compositions, that of SeOB2- being much
richer inwater. Indeed, a little water added to solution
of Se0- and Se04&- in CHXN had a striking effect on
their spectra, bringing them close to that in water
(Figure 7), whereas the effect on I- in CHXN was
relatively small. However, added solutes do fit into
the lines (Figure 10), showing that at the concentrations
employed the light absorbing ions are essentially sur-
rounded by water molecules. The relatively large ef-
fect of sucrose and C104~ is also typical for ctts transi-
tions. 11

The slopes of the lines in Figure 10 (designated /S are
also recorded in Table Il. They measure the sensitiv-
ity of band B to solvent effects at the specified absorp-
tivity.0 With the pair HD-D 2D /3 could be deter-
mined farther from the overlap zones of B with A
(Table I1).

Discussion

The high energy bands of Se03~, HSe03-, and
Se042- (bands B) display the characteristic properties
of ctts bands. However, detailed information concern-
ing these bands is rather limited because only the as-
cending branches were observed, and they are over-
lapped by other bands. The solvent sensitivity /3 and
—d(hv)/dt are known to depend on absorptivity e (or
more correctly on i/enmex); the former increases® and
the latter decreases2with e. Thus strict comparison
with theory is impossible if craxis unknown. The over-
lap problem is more serious than that of resolving the
spectrum into its components. The proximity of a ctts
state to another excited state is likely to result in their
“mixing,” i.e., in their losing some of their “pure” char-
acter. Still some support to the theory can be inferred
from our results.

A. For anions with radii Rx~ Rj- and charges —1
and —2, dmax should be close to 1 and 2, respectively.3
This is in agreement with our results for the ratio of
solvent shifts Avx/Avi-, on replacing HD by DD (Ta-
ble Il). For dinegative ions the values of d derived from
Figure 10 are appreciably lower (Table Il). This is
probably due to (i) overlap effects (with Se03* at e ~
6000 the pair HD-D 2D also yields d = 1-5); (ii) traces
of water still present in the organic solvents.

B. The little dependence of d(/ir)/d< on charge (Table
1) is also in accord with theory.3

Knowing hvntx of HSe03 in CHEN (150 kcal/mol)
we could estimate its vertical ionization potential E and
its effective crystallographic radius R (thermochemical
radiusl3. When CHXN is replaced by H2D, hv of
11Se03~ (at 1 2800 M~Icm-1) is shifted by 10 kcal/mol.
Assuming that this also applies to the peak (a shift of
10.4 kcal is displayed by hvn®& of I- ) we obtain
Agmx(HSeO,-) = 160 kcal/mol. From the parameters
of the lines in Figure 10, E can be evaluated. The
theoretical expression for the intercept isD
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intercept - E —fiEi + 34(d — 1) (kcal) (3)

The intercept of the line for HSe03~ is 24 kcal/mol;
putting d = 1 and Ei- = 71 kcal4we obtain E =
4.15 eV. (The electron affinity pertaining to equi-
librium configuration should be somewhat lower.) The
theoretical expression for hvnmiX of a ctts band in
aqueous solution isb

fow = E- L+ 0.77e2r0- 158 (eV) 4)

where L is the solvation energy of the radical and r0 =
1.251?. Inserting ikex = 6.95 eV, E = 4.15eV, L =
0.3 eV (as that of several polyatomic radicals®y, we
derive 77Hpo3 = 1.9 A. The same value can be esti-
mated from other crystallographic data:6 Rsoj- =
2.0 A; adding to it the difference Rseos- — Rsos- =
0.13 A, we estimate _:2.15 A On protonation
the radii of C03~ and S042- are reduced by 0.22 and
0.24 A, respectively; assuming the same effect for
Se032-, we obtain Rnseo~ 1.9

The low-energy bands of the four oxyselenide ions
appear to be allowed sub-Rydberg transitions involving
excitation of the nonbonding electrons on the oxygen
atoms to antibonding orbitals mainly centered on the
selenium atom. Such transitions should display the
regular “blue shift” type of solvent effects and can be
rather sensitive to temperature. This agrees with our
results, but the effect of protonation is rather perplex-
ing. The transition energy of band A follows the order
HSeOn < Se0,2-. The opposite order is expected
since protonation involves complete binding of a pair
of nonbonding electrons. Indeed the opposite order is
displayed by the systems7 S04&~-HS04-; S032--
HS03; CO03®-HCO03; HPO04&-HZP04 More-
over, the ctts bands of the oxyselenides behave regu-
larly7 with hv increasing in the order: Se04&- <
HSe04-, Se03 < HSe03 and Se03 < Se042-.
Following is a possible explanation of this anomaly.

Se042&- and Se03- possess the same valence shell
configurations as S042- and S02~, respectively. Their
lowest energy transitions involve degenerate orbitalsT
which should split when the symmetry is lowered.
Such splitting was actually observed in the spectra of
several tetrahedral anions, e.g., Cr04- when proton-
ated,18 the low-energy component of HCr04~ having
lower transition energy than the correlated band of
Cr04£-. This may also be the case with the oxyselenide

(11) G. Stein and A. Treinin, Trans. Faraday. Soc., 56, 1393 (1960).
(12) G. Stein and A. Treinin, ibid., 55, 1091 (1959).
(13) A. F. Kapustinskii, Quart. Rev. (London), 10, 283 (1956).

(14) R. S. Berry, C. W. Riemann, and G. N. Spokes, J. Chem. Phys.,
37, 2278 (1962).

(15) G. Stein and A. Treinin, Trans. Faraday Soc., 55, 1086 (1959).
(16) G. A. Krestov, J. Struct. Chem., 3, 391 (1962).
(17) R. Manne, J. Chem. Phys., 46, 4645 (1967).

(18) A. Carrington and M. C. R.
(1963).

Symons, Chem. Rev., 63, 443
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ions, where mixing of this component with the ctts state
can contribute to its relatively high intensity and shift
it further to the red. A similar analysis was given to
the spectrum of SD -,19but the spectra of S04L- and
HS04" were interpreted only in terms of ctts transi-
tions.7 The nature of electronic transitions in SO3-
and HSO03~ is still unknown; formation of solvated
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electrons on excitation cannot be taken as a criterion for
ctts transitions. A detailed examination of environ-
mental effects on the spectra of oxysulfide and oxy-
telluride ions is now being conducted in our laboratory.

(19) R. Sperling and A. Treinin, J. Phys. Chern., 68, 897 (1964).
(20) L. Dogliotti and E. Hayon, ibid., 72, 1800 (1968).
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The formation of ions and excited states of pyrene has been investigated using 347.1-nm light from a Q-switched
Korad KIPQ ruby laser. In hydrocarbon solutions transient absorbing species were observed which by life-
time and spin-orbit coupling studies were assigned to singlet-singlet and triplet-triplet transitions. Three
singlet maxima were observed at 470 nm, 365 nm, and 254 nm; the latter corresponds to a bound state above
the gas-phase ionization potential of pyrene. Oxygen was found to react with both the singlet and triplet
states with the following rate constants: K(,+ps> = 1.9 X 10DM-~I sec-1, &(ot+pt) = 2.4 X 109M~I sec-1.
It was also found that oxygen efficiently enhances the intersystem crossing. In methanol and ethanol solu-
tions of pyrene in addition to singlet and triplet states of pyrene, solvated electrons and positive ions of pyrene
were observed. The ionization of the pyrene was found to occur by a biphotonic process; possible mechanisms

for this process have been considered.

Introduction

The photolysis of solutions of pyrene has been of
interest to the photochemist for many years, mainly
because of the long lifetime of the singlet excited state
and because of the relative ease with which this excited
singlet state forms excimers. The absorption spectrum
of the triplet state has been characterized by flash pho-
tolysis2 and steady-state methods,3while recently the
spectrum of the excited singlet state and excimer have
been observed by laser photolysis4-6 and flash photol-
ysis.7 A recent study8has also indicated that ioniza-
tion of pyrene is possible by multiphotonic processes at
high light intensities. The object of the present study
is to investigate the role of solvent and light intensity in
the formation of excited states and ions in the photol-
ysis of solutions of pyrene.

Experimental Section

Cyclohexane and 3-methylpentane 3MH (Phillips
Petroleum Co.) were dried prior to use by passage
through a 3-ft column of activated alumina. Ethanol
(1.S.U.) and methanol (Mallinckrodt) were analytical
grade and were used as received. Distillation of the

alcohols from solutions containing the sulfate salt of
2,4-dinitrophenylhydrazine, to remove aldehydes, gave
identical results to the untreated material. Pyrene
(Eastman Organic Chemical Co.) was purified by two
recrystallizations from ethanol and was resublimed
under vacuum prior to use. Xenon, helium, oxygen,
carbon dioxide, nitrous oxide, and sulfur hexafluoride
were obtained from Matheson Scientific Co. The py-

*To whom correspondence should be addressed at Chemistry
Department and Radiation Laboratory, University of Notre Dame,
Notre Dame, Ind. 46556.

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

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

(3) W. Heinzelmann and H. Labhart, Chem. Phys. Lett., 3, 20 (1969).
(4) J. R. Novak and M. W. Windsor, Proc. Roy. Soc. Ser. A, 308,
95 (1968).

(5) G. Porter and M. Topp, ibid., 315, 163 (1970).

(6) C. R. Goldschmidt and M. Ottolenghi, J. Phys. Chem., 74, 2041
(1970).

(7) Y. Nakato, N. Yamamoto, and H. Tsubomura, Chem. Phys.
Lett., 2, 57 (1968).

(8) S. B. Babenko, V. A. Benderskii, and V. |. Goldanskii, JETP
Letters, 10, 129 (1969).
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rene solutions were prepared by the syringe technique
which has already been described in detail.9

The laser photolysis apparatus and analytical tech-
niques have already been described for the 265-nm out-
put of a quadrupled neodymium laser.10 In this work
a ruby rod was used in the same Korad KIPQ laser
system. The total output of the frequency-doubled
light at 347.1 nm was measured as 80 mJ using a T.R.G.
bolometer. In order to obtain high photon densities
the 347.1-nm beam was focused onto the irradiation
cell by means of a suitable focal length quartz lens.
The energy input to the photolysis cell was measured by
using solutions of anthracene in cyclohexane of iden-
tical optical density at 347.1 nm to the solutions under
investigation. The yield of the triplet of anthracene
was measured spectrally, using emax4a2s ' = 65,000 L
M~I cm-1,11 corresponding to a “triplet) = 0.7. This
provides a measure of the energy input to the system
under the prevailing experimental conditions.

Pyrene in Cyclohexane. Two typical oscilloscope pic-
tures of the transitory species observed in the laser pho-
tolysis of deaerated pyrene in cyclohexane are shown as
A and B in Figure 1. A is taken at 360 nm and shows a
species which is produced with the 15-nsec laser pulse,
subsequently decaying exponentially. B, taken at 415
nm, shows a species which grows in intensity following
the laser pulse and also the fluorescence observed in the
absence of the analyzing light beam. If the OD at the
end of the laser pulse and OD at several microseconds
are plotted vs. wavelength the spectra shown in Figure
1 are obtained. The spectrum at the end of the pulse
shows three distinct maxima at 254 nm, 365 nm, and
470 nm. (In order to obtain the spectra at X<300 nm, it
was necessary to use very low concentrations of pyrene
(~10~6 M) since at higher pyrene concentrations the

Figure 1. Transient absorption spectra obtained by 347.1-nm
laser photolysis of 1.4 X 10-4 m pyrene in cyclophexane: O,
spectrum at end of laser pulse, band pass 1.2 nm; ®, spectrum
after 1y sec (X5), band pass 1.2 nm. NB [pyrene] = 10~6m
for X <300 nm. A, oscilloscope trace taken at 360 nm; B,
oscilloscope traces taken at 415 nm upper trace with light on,
lower trace with light off.
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Figure 2. The effect of pyrene concentration on the first-order
decay rate of the pyrene singlet absorption monitored in
cyclohexane solutions at 470 nm.

ground-state absorption precludes observation of tran-
sient species.) The spectrum at several microseconds
after the pulse shows maxima at 415 nm, 480 nm, and
525 nm and is in agreement with that attributed to the
triplet state of pyrene.2 The intensities of both spectra
increase linearly with the laser intensity over a fivefold
range.

The general shapes of the spectra in Figure 1 are not
changed by pyrene concentration; however, the rate of
decay of the end of pulse spectrum increases with pyrene
concentration above 10-4 M. The decay of the short-
lived absorption monitored at either 257 nm, 365 nm, or
470 nm is always identical with that of the fluorescence
monitored at 400 nm. A plot of the rate of decay of the
spectrum vs. pyrene concentration is shown in Figure 2.
The data suggest that the spectrum at the end of the
pulse is that of the excited singlet state of pyrene, and
that the fluorescence at 400 nm is monomer fluorescence.

The effect of pyrene on the lifetime is then due to ex-
cimer formation

pyrene — Ps— PT-f fluorescence 1)

Ps + pyrene ~__excimer 2

The rate of decay of the excited singlet is given by k =
h + Kk2[pyrene] which gives fa = 2.36 X 106sec-1 and

(9) J. K. Thomas, S. Gordon, and E. J. Hart, J. Phya. Chem., 68,
1524 (1964).

(10) R. McNeil, J. T. Richards, and J. K. Thomas, ibid., 74, 2290
(1970).

(11) E. J. Land, private communication.
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Figure 3. The effect of xenon concentration on the first-order
decay rate of the pyrene singlet absorption monitored at 470
nm in 1.4 X 10~4m pyrene in cyclohexane solutions.

k2 = 7.1 X 109M-1 sec-1. These values are in good
agreement with those obtained by Birks, et al.,u from
fluorescence measurements.

Effect of Xenon on Singlet Decay. The rate of decay
of the excited singlet spectrum is also increased by the
presence of xenon gas in solution with a concomitant
increase in the rate of growth and yield of the triplet
state. The variation of the first-order rate constant
with xenon concentration for a solution of 1.4 X 10-4 M
pyrene is shown in Figure 3. The reactions contribut-
ing to this decay are (1) and (3).

pyrene® + Xe — > pyrene triplet 3)

The data in Figure 3 give h as 1.84 X 107M -1 sec-1,
which compares favorably with the value of 2.2 X 107
M~I sec-1 obtained by fluorescence measurements in
ethanol.13

Effect of Oxygen in Singlet and Triplet Decay. Oxy-
gen also increases the rate of decay of the singlet excited
states, the relevant data being shown in Figure 4. If
the reaction rate of the singlet with 02is kt, then fo4 =
1.9 X 100M -1 sec-1 from Figure 4.

PO+ 02— » PT @)

Oxygen also reacts with the triplet state, the relevant
data being shown in Figure 5. If this rate constant is
h, then k&= 2.4 X 109M -1 sec-1 from Figure 5.

PT+ 02—™mPyrene (5)

A point of special interest here is the fact that as the
rate of reaction with 0 2of the singlet is much faster than
the triplet with 02 it is possible to monitor the triplet
yield immediately following the laser pulse under condi-
tions where the singlet reaction with oxygen is com-
plete. Figure 6 shows the end of a pulse spectrum ob-
tained with 10-4 M pyrene in cyclohexane and 10-2 M
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Figure 4. The effect of oxygen concentrations on the first-order
decay rate of the pyrene singlet fluorescence monitored at 400
nm in 1.4 X 10-4 M pyrene in cyclohexane solutions.

Figure 5. The effect of oxygen concentration on first-order
rate of decay of the pyrene triplet absorption monitored at
415 nm in 1.6 X 10-4 M in pyrene in cyclohexane solutions.

oxygen; this is identical with that obtained at long times
in the absence 0f 02 Note however that in the absence
of 0 2(oscilloscope trace taken at 415 nm for 1.0 X 10-4
M pyrene in argon-saturated cyclohexane) following an
initial downward deflection of the trace caused by
fluorescence the triplet absorption signal grows steadily
over a period of about 600 nsec. In the presence of
0 2(oscilloscope trace taken at 415 nm for 1.0 X 10-4 M
pyrene in oxygen-saturated cyclohexane) the triplet sig-
nal rises to its maximum value (about twice the value of
that in the absence of 02 almost instantaneously (~20
nsec) owing to an enhanced rate of intersystem crossing
and then rapidly falls again because of oxygen quenching
of the triplet state. Clearly oxygen strongly enhances the

(12) J. B.
(1967).
(13) A. R. Horrocks, A. Kearvell, K. Tickle, and F. Wilkinson,
Trans. Faraday Soc., 62, 3393 (1966).

Birks and H. Munro, Progr. React. Kinet., 4, 239
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Figure 6. End of pulse transient absorption spectra obtained by
347.1-nm laser photolysis of oxygen-saturated pyrene solutions:
X ,1.0 X 10-8 M pyrene in cyclohexane, land pass 1.2 nm; O,

1.0 X 10-6 m pyrene in methanol, band pass 1.2 mn. A, an
oscilloscope trace taken at 415 nm for 1.0 X 10-4 M pyrene in
argon-saturated cyclohexane; B, oscilloscope trace taken at 415
nm for 1.0 X 10“4m pyrene in oxygen-saturated cyclohexane.

rate of intersystem crossingfrom singlet to triplet in pyrene.
In view of the slow rate of fluorescence emission and of
intersystem crossing in the absence of 02 it is fair to
conclude that, in the presence of 0 2essentially all the sin-
glet states are converted to the triplet state in a period
of 20 nsec or less. Thus, in the presence of 02 the
triplet yield is unity. The observed twofold enhance-
ment by oxygen then implies a quantum yield for triplet
of about 0.5 in the absence of oxygen. This is consis-
tent with a value of 0.56 reported for 10“4 M pyrene
solutions by other workers.3 Essentially similar data
were also obtained using 3MH as a solvent.

Pyrene in Ethanol and Methanol. The transitory
spectra obtained in the laser photolysis of pyrene in
methanol are shown in Figure 7. Analogous data are
obtained in ethanol solution. A comparison of these

Figure 7. Transient absorption spectra obtained by 347.1-nm
laser photolysis of 1.0 X 10-4 M pyrene in methanol: ©,
spectrum at end of laser pulse, band pass 1.2 nm; ®, spectrum
after 1 nsec, band pass 1.2 nm. A, oscilloscope trace taken at
630 nm; B, oscilloscope trace taken at 630 nm

with 10~2M acid added.
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data with those in cyclohexane, Figure 1, shows the
two excited singlet peaks at 252 nm and 360 nm, while
the peak at 470 is now shifted to 450 nm. Another
broad absorption is obtained in the red part of the spec-
trum. The triplet spectrum also shows the 450-nm
band. A and B in Figure 7 show the decay of the red
band monitored at 630 nm in methanol solution (A) and
in methanol solution containing 10-2 M perchloric acid
(B). This band is destroyed by acid while the singlet
and triplet spectra and the 450-nm band are unaffected.
Typical scavengers of solvated electrons, e.g., nitrous
oxide, carbon dioxide, and SF§ also remove the red ab-
sorption band; hence it is suggested that this is the
absorption of the solvated electron in methanol. Pulse
radiolysis studiesl4show that the absorption of the sol-
vated electron isindeed similar to that obtained from 550
to 650 nm in the present work with a peak at 650 nm.
The 450-nm band may be identified as the cation of
pyrene, which has a peak in this region also.’ In agree-
ment with this assignment, the 450-nm peak decays
more rapidly in solutions saturated with ammonia and
at high concentrations of alkali. The yield of solvated
electrons depends on the square of the light intensity
over a threefold range. The yield of excited singlet
state and solvated electrons vs. pyrene concentra-
tion is shown in Figure 8. At low concentrations up to

PYRENE

Figure 8. Yield of pyrene singlet monitored at 360 nm and
yield of solvated electrons monotored at 630 nm in methanol as
a function of pyrene concentration: O, electron yield; 0O,
pyrene singlet yield.

10-4 M both singlet and electron yield increase in an
identical manner with increasing pyrene concentration.
At higher pyrene concentrations the electron yield in-
creases less rapidly than the singlet yield. This may be
explained as being due to the higher optica] densities at
concentrations above 10~4M, leading to lower effective
light intensities, which affect the electron yield to a
greater extent than the singlet yield due to the depen-
dence of the former yield on (intensity).2 It may be
concluded that the electron yield and excited singlet
yield show similar dependence on pyrene concentration.

(14) J. K. Thomas, Radiat. Res. Rev., 1, 183 (1968).

(15) W. Ij. Aalbersberg, G. J. Hoijink, E. L. Mackor, and W. P.
W eijland, J. Chem. Soc., 3052 (1959).
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Essentially similar data were obtained using ethanol as
a solvent.

Xenon gas does not affect the yield of positive ion or
the electron yield, while oxygen or 0.1 N CH3 does not
affect the positive ion yield. Both these solutes lead to
enhanced triplet yields and a greatly reduced singlet
lifetime.

It may be added that solvated electrons are produced
in the laser photolysis of 10~4 M 1,2-benzanthracene,
anthracene, and TMPD in methanol. With anthra-
cene and TMPD the singlet lifetime is considerably
shorter than the pulse duration.

Discussion

The laser photolysis of pyrene in cyclohexane and in
ethanol leads to transitory spectra which may be as-
cribed to singlet-singlet and triplet-triplet transitions
of pyrene. The spectrum of the triplet is identical with
that obtained by conventional photolysis techniques
while a part of the excited singlet spectrum agrees with
previous laser work5 (470 nm peak) and flash photol-
ysis6 (365 and 470 nm peak). An additional peak is
observed at 254 nm which lies at an energy 8.6 eV above
the ground state. Thisis~1.0 eV above the gas-phase
ionization potential of 7.5 eV. No significant absorp-
tion is seen at a point in the spectrum corresponding to
the gas-phase ionization potential, i.e., X<~300 nm. The
sharp symmetrical peak of the 254-nm band indicates
a transition to a bound state of pyrene which is well
above the gas-phase ionization potential. The acceler-
ated decay of the excited singlet state by xenon and
pyrene is in quantitative agreement with similar mea-
surements using the fluorescence of the excited singlet
state. The accelerated decays of the excited singlet
and triplet state by oxygen are reminiscent of similar
oxygen effects with other molecules. The present data
clearly show that the reaction of oxygen with the
excited singlet state of pyrene efficiently produces the
triplet state, rather than an intermediate complex or
direct quenching.

In alcohol solutions the solvated electrons and cations
of pyrene are produced along with excited states. The
dependence of the ionic yield on the square of the light
intensity shows that a biphotonic process is operating
here. Three biphotonic mechanisms may be consid-
ered: (@) the absorption of asecond 347.1-nm photon by
the excited singlet state, (b) the absorption of a second
347.1-nm photon by the triplet, and (c) a direct two-
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photon absorption by the ground state to give a high
energy state which ionizes.

The first process (a) may be ruled out as CH3 and
02 which make the lifetime of the excited singlet short
compared to the pulse, have no effect on the positive ion
yield. It may be argued that the ionization in the case
of anthracene is similar to that in pyrene because anthra-
cene shows similar behavior even in the absence of
excited singlet quenchers owing to its inherently short
singlet lifetime which is much shorter than the pulse
length. Mechanism (b) involving the triplet state is
also unlikely as the production of triplet states in pyrene
by intersystem crossing is 100 times slower than the
pulse duration. Consequently, there is little triplet
present during the laser pulse. The presence of 02
increases the triplet yield by twofold and produces it in
a short time compared to the pulse. However, 02has
no effect on the pyrene cation yield. From these exper-
iments it must be concluded that mechanism (c) is
responsible for the production of ions.  The customary
calculations® of biphotonic processes in organic mole-
cules show that the yield of ionization in the present
experiments should be 104 smaller than that found ex-
perimentally, since the absorption cross section for two
photon absorption via a virtual intermediate state is
exceedingly low. However, these calculations are ap-
plicable to a system which is transparent to the laser
photons, whereas pyrene does actually absorb light at
the 347.1-nm laser wavelength. The energy of a state
corresponding to the absorption of two 347.1-nm laser
photons is 7.25 eV, i.e.,, ~0.3 eV below the gas-phase
ionization potential of pyrene. It may be concluded
that the 0.3 eV of energy necessary to ionize the 7.25-eV
state is provided by the solvation energy of the electron
which amounts to about 1.7 eV in alcohols. An alter-
native way of expressing this is to say that in alcohol
solutions the effective ionization potential of pyrene
might be appreciably less than the gas-phase value,
perhaps by as much as 1.7 eV, the solvation energy of
the electron. Then in this case the direct absorption of
two 347.1-nm photons will produce direct ionization of
the pyrene. However, the electron is not solvated in
hydrocarbons at room temperature, which explains the
lack of photoionization in cyclohexane solutions.

Acknowledgments. G. West wishes to thank Argonne
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The stoichiometric relations proposed by Thusius and Taubelfor the production of N2from cobaltammines
induced by the decomposition of SAV -: H+ + Co(NH8§@H2+ + SD82- = Co2+ + V2N2 + 4NH4+ +
HD + 2S042° has been confirmed under conditions such that the production of C02is virtually eliminated.
The stoichiometric relation Conl:SD82_:N2 = 2:2:1 has been extended to Co(NH2)4OH223+ as sub-
strate. Production of N is also observed, amounting to 5% of the gas in the case of the pentaammine and
15% when the tetraammine is the substrate. When Co(NH3)20H2)43+ is substrate, aside from adventitious
CO2, 02is the only gaseous product. The stoichiometric relation Coln:S2082~:02was observed to be 2:2:3,
but it is not certain whether this is invariant with concentration conditions.  In the reaction producing N2only
that amount of SD & which would have decomposed in the absence of Colllisimplicated. For each of the am-
mines, it is assumed that S04~ produced in the decomposition of SD&* produces Colv. Nitrogen tracer
experiments show that the formation of the N-N bonds in N2is an intermolecular process, and it is suggested
that N2 arises from the production of NH in the coordination sphere of Colv. Nitrogen and oxygen tracer
experiments show that the formation of the N-O bond in ND is intramolecular. The reaction ColV—»
Co2+ + NHDH is suggested as the primary step leading to ND production. ColVis implicated as the agent
which takes NH to N2 and as producing isomerization in frans-nitrogen labeled Co(NHi) 3DHZ3+.

the reaction producing ND. The work has been ex-

Earlier studiesl have shown that the decomposition
of SD &- in the presence of Co(NH363+ or Co(NH36
OH23+ induces the reduction of the cobaltammine to
Co2+, with NH4+ and N2appearing as the major nitro-
gen-containing products. At low Colll concentration,
the rate of production of Co2+ increases with [Coll1],
but when this is in the millimolar range, the rate reaches
a saturation value determined only by the rate of the
reaction23

sDE = 2504- @)

The main net change in the rate saturation region for
the pentaammine as substrate is

H+ + Co(NH3®OHZ3+ + SD & =
Co2+ + yAN2+ 4NH4+ + HD + 2S02- (2)

It should be noted that only that amount of SD&_is
brought into reaction which in the absence of the co-
baltammine would have decomposed to S042- and 02

The experiments by Thusius and Taubel indicated
that N in minor amounts was also formed, but
conclusions on the contribution by this reaction and on
some other significant aspects of the chemistry of the
system were obscured by the fact that C02 arising
from the oxidation of adventitious organic matter, was
present in substantial amounts among the gaseous
products. We have returned to the study of these
systems and have succeeded in reducing the amount of
CO02so that it is only a minor component of the product
gases, making it possible to get quantitative data on
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tended to encompass the tetraammine and diammine
complexes of Col111, and it includes nitrogen and oxygen
tracer studies which help to clarify the mechanism of
production of N2and N2.

Experimental Section

Preparation of the Complexes. [Co(NH3®Hi]-
(ClOf)}e Carbonatopentaamminecobalt(l1l) nitrate4
was treated with cold 2 M perchloric acid, and the solid
which formed was recrystallized three times from 0.1
M perchloric acid. Anal. Calcd for [Co(NH330HZ]-
(C1043 H, 3.7; N, 154; C104 64.8. Found: H,
3.7; N, 15.3; C104 64.7.

irans-[Co(Wtf3 4 A tf30tf2)(C7043 The com-
pound [Co(NH3603]=03 was prepared according to
the synthesis of Werner and Gruger.6 A modification
of Sargeson’s procedure67was used for the synthesis of
the N-labeled complex.

[Co(NH3sS0 3]2S03 was dissolved in concentrated
hydrochloric acid and immediately precipitated with

* To whom correspondence should be addressed.
(1) D. D. Thusius and H. Taube, J. Phys. Chem., 71, 3845 (1967).

(2) 1. M. Kolthoff and J. K. Miller, J. Amer. Chem. Soc., 73, 3055
(1951).

(3) W. K. Wilmarth and A. Haim in “Peroxide Reaction Mech-

anisms,” J. O. Edwards, Ed., Wiley-Interscience, New York, N. Y.,
1962.

(4) A. Lamb and K. Mysels, J. Amer. Chem. Soc., 67, 468 (1945).
(5) A. Werner and H. Gruger, Z. Anorg. Chem., 16, 406 (1898).

(6) D. A. Buckingham, 1. I. Olsen, and A. M. Sargeson, J. Amer.
Chem. Soc., 89, 5129 (1967).

(7) A. M. Sargeson, private communication.
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ethanol. The precipitate was recrystallized from a
solution of concentrated hydrochloric acid and lithium
chloride, then from an ammoniacal solution with
ethanol, washed with ether, and treated with 3%
aqueous LiOH for 5 min. irans-[Co(NH34OH)S03]
crystallized upon the addition of ethanol.

Freshly prepared [Co(NH34OH)S03] (0.63 g) was
added to a solution containing 0.5 g BENHAC1 (99.5%
1BN) and 0.26 g of LiOH in 50 ml of HD. tram-[Co-
(NH341BNH3S03]C1 was crystallized from solution.
After 10 min ethanol was added to complete the crystal-
lization. After drying, the frans-[Co(NH34(IINH3-
SO03]C1 was dissolved in a solution of LiCl in concen-
trated HC1. The solution was heated on a water bath
for approximately 10 min. After cooling in an ice
bath, ethanol was added to precipitate trans-[Co-
(NH34(1BNH3C1]C12 This material was dissolved in
0.1 M HC104 and treated with a solution of mercuric
perchlorate. The resulting solution was ion-exchanged
and trans-[Co(NH34(INH30H?Z(C1043 was precipi-
tated with 72% HC104

The 1N-labeled complex was recrystallized twice

nd stored under vacuum in a desiccator at ca. 0°. The

precaution of keeping the temperature low was taken
in order to minimize isomerization of the complex.7

Proton nmr was used to determine the purity of the
complex using Sargeson’s peak assignments.6 No
ws-1BNH3 protons were observed. In addition, the
extinction coefficients at 490 and 345 m”™ were deter-
mined.8 The value of e found at X 490 and 345 nm
were 47.4 and 44.8, to be compared to the literature
values of 47.5 and 44.8.

[Co(AR340//22](C7043 This salt was prepared
by Schlessinger’'s procedure.9 Carbonatotetraammine
(30 g) was dissolved in 600 ml of cold deionized water
and 40 ml of 72% HC104was then added slowly. Pre-
cipitation of the salt was induced by the addition of
ethanol; the solid was collected and was further purified
by recrystallizing from dilute perchloric acid solution.
Anal. Calcd: H, 3.47; N, 12.14; C104 64.7. Found:
H, 3.51; N, 12.15; C104 64.7.

Equilibration' between cis and trans forms of the
tetraammine has been reported to be quite rapid.
Experiments done since this work was completed and
other auspicesl® suggest that the tetraammine exists
in the cis form. Attempts to prepare the trans form
have proved to be unsuccessful.

[Co(AH32(0OH24](C7043 The bluevariety of K[Co-
(NH32(C032] was prepared according to Mori’s pro-
cedure.ll K[Co(NH32C032] (10 g) was dissolved in
100 ml of cold 1M HC104 The resulting solution was
filtered and charged onto a thermostated column of
Dowex 50X2 100-200 mesh cation exchange resin.
Cold 1 M HC104 was used to elute Coll A violet
species was eluted with 2 M HC104 On the basis of its
spectrum and ion-exchange behavior we believe this
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material to be a dihydroxy bridged dimer of the diam-
mine; it will be reported on in greater detail in a sepa-
rate publication.

To obtain monomeric diammine, a solution of the
dimer was condensed using a rotary evaporator with no
external heating of the solution. After reducing the
solution to a small volume, it was further concentrated
on a vacuum line until solid material formed. The
solid is very hygroscopic and difficult to weigh; it was
immediately put into solution for later use.

Because of the difficulty in manipulating the solid,
analyses were performed on solutions. The ratios of
Cot:Col11: NH3in two separate preparations proved to
be: 1.00:0.99:1.98, 1.00:1.02:1.98. Cot represents
total cobalt and Co1ll represents that present in the 3+
oxidation state. The methods of determining these
guantities will be dealt with presently.

Stock Reagents. Water. Deionized water was dis-
tilled three times in consecutive glass stills, the first dis-
tillation being from alkaline permanganate. The water
was further treated by adding KZ2 8 3 g/1. of water,
refluxing for 8 hr, and then distilling the water. The
liquid so obtained was used for the persulfate reactions
and for recrystallizing the complex compounds used in
this research.

Cerium(lV). Primary standard grade ammonium
hexanitrato cerate, obtained from the G. Frederick
Smith Chemical Co., in HXS04served as the source of
Celv.

Iron(l1). Mallinckrodt analytical grade Fe(NH42
(S042-6HD dissolved in 2 A HX04was used as a re-
ducing agent.

Dichromate. Primary Standard potassium dichro-
mate (Mallinckrodt) was used in Co11l determinations.

Buffer System. In most of the experiments, a phos-
phate buffer was used, made up using AR sodium
monobasic phosphate and sodium dibasic phosphate.
The total level of phosphate was 0.054 M.

Potassium Hydrogen Phthalate. Matheson Coleman
and Bell's alkimetric standard K.H.P. was used to
standardize NaOH solutions.

All other chemicals were readily available ACS
reagent grade and were used without further purifica-
tion.

Analyses

Cobalt(ll). Cobalt(ll) was determined spectro-
photometrically as the thiocyanate complex in acetone
according to Kitson’s method.12

CobaltiJll). Excess Fe(NH42S042in 2 A HXI04

(8) A. M. Zwickel, Ph.D. Dissertation, University of Chicago, 1954.
(9) G. Schlessinger, Inorg. Syn., 6, 173 (1960).

(10) (a) R. G. Yalman and T. Kuwana, J. Phys. Chem., 59,298 (1955);
(b) J. D. White and T. W. Newton, to be published.

(11) M. Mori, M. Shibato, E. Kyono, and T. Adachi, Bull. Chem.
Soc. Jap., 29, 883 (1956).

(12) R. E. Kitson, Ancl. Chem., 22, 664 (1950).
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was added to the Colll solution and back-titrated with
CrAD72- using sodium diphenylamine sulfonate as the
indicator.13

Total Cobalt (Cop).
Kitson12 method.

Persulfate. Excess Fe(NH42(S042in 2 AT H2SO4 was
added to the persulfate solution and back-titrated po-
tentiometrically with Celv.

Cerium(lV). The CelV concentration was deter-
mined spectrophotometrically using extinction coeffi-
cients measured by Robson4and Medalia and Byrne.5

Dichromate. A solution of potassium dichromate
was made alkaline with NaOH to convert the dichro-
mate to chromate and the concentration was spectro-
photometrically determined at 373 m™. %6

Iron(ll). Ferrous ion was determined potentio-
metrically with either CelV or CrD 72~ using diphenyl-
ammine sulfonate as an indicator.

Ammonia. A known volume of aguoammineco-
balt(l11) solution was reduced with FeS04 Sodium
hydroxide pellets were added and the liberated am-
monia was distilled into a standardized perchloric solu-
tion. The acid was then titrated with a sodium hy-
droxide solution with methyl red serving as the indi-
cator.

Chloride. Chloride was determined gravimetrically
as silver chloride. 7

HPSO. The Co2 equilibration method described by
Huntl8 was used to determine the 1 content of en-
riched water.

This was determined by the

Methods

Reactions with Persulfate. Water distilled from
persulfate was stored in a glass-stoppered bottle with a
cover over the stopper to prevent dust from contamina-
ting the neck of the bottle. Glassware which was used
for handling reagents was cleaned with a warm solution
of NaZrd7 in concentrated H2SO4, rinsed profusely
with water distilled from persulfate, and dried in an
oven at ca. 100°.

Cobalt complexes were recrystallized from perchloric
acid solutions, which were made from water distilled
from persulfate. A trace of sodium persulfate was
added to the cobalt solutions before heating to oxidize
organic impurities. Care was taken at all stages to
minimize contamination by particulate matter.

Kinetics of Reactions with Persulfate. For the reac-
tions with persulfate, the desired amounts of sodium
persulfate, disodium phosphate, and monosodium phos-
phate were added to redistilled (from persulfate) water
and the mixture was heated in a constant temperature
bath at 50° for 4 to 6 hr to oxidize organic impurities.
It should be noted that only 2% or so of the SD &-
decomposes in this interval of time. After cooling the
solution to room temperature, the pH was adjusted to
3.5 by dropwise additions of perchloric acid and sodium
hydroxide. The solution was heated for 1 hr at 50°.
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The cobalt complex was weighed from a weighing bottle
and added to a known aliquot of the persulfate solution,
which had been allowed to reach ambient temperature.

Upon dissolution of the complex, the solution was
placed in a constant temperature bath at 50° to initiate
the reaction. The initial rate of Coll production was
followed by taking aliquots from the solution, chilling,
and determining the amount of Co1l using the Kitson
method.12 Optical densities were determined with a
Cary 14 recording spectrophotometer. In all runs, the
sample optical density was corrected by using a Colll
ammine blank of appropriate concentration.

The initial rate of the reaction producing reduced
cobalt was determined from the slope of the plot Coll
vs. time. Rate constants for the process are defined as

= d[CoIX
di[SD &-]

Analysis of the Gaseous Products of the Reactions with
Persulfate. The reaction vessel consisted of a round-
bottomed flask with a constricted neck ending in a
standard top joint, and a side arm topped with break-
seal. The reaction vessel was cleaned with a warm
solution of NaZlrd 7in concentrated HZS04 and rinsed
profusely with quadruply distilled water. The vessel
was then filled with a persulfate solution and heated for
6 hr at 50°. The vessel was emptied, a known amount
of cobalt complex was added directly from a weighing
bottle, and then the persulfate solution of known con-
centration. The solution was degassed by vacuum
techniques, whereupon the vessel was sealed off at the
constriction with a torch.

The reaction was initiated by placing the vessel in a
bath at 50° and was allowed to proceed for a time vary-
ing from 15 to 60 min. The reaction was quenched by
freezing the solution in a Dry Ice-acetone bath. The
vessel was attached to a vacuum line, the break-seal
was opened, and the gas was transferred by means of a
Toeppler pump through a trap cooled in liquid nitrogen
to a gas buret where the amount of gas was measured.
The noncondensable gases were transferred to a Urey
tube. To collect the condensable gases, Dry Ice-ace-
tone was substituted for liquid nitrogen in the trap.

The gases were analyzed either by means of a mass
spectrometer or a gas chromatograph.

Results

Co(NHf)sOHp+. Some experiments were performed
to check on the rate law

(13) D. A. Skoog and D. M. West, “Fundamentals of Analytical
Chemistry,” Holt, Rinehart and Winston, New York, N. Y., 1963,
p 457.

(14) R. Robson and H. Taube, J. Amer. Chem. Soc., 89, 6487 (1967).
(15) A. 1. Medalia and B. Byrne, Anal. Chem., 23, 453 (1951).
(16) E. A. Deutsch, Ph.D. Dissertation, Stanford University, 1967.
(17) See ref 13, p 202.

(18) H. R. Hunt, Ph.D. Dissertation, University of Chicago, 1957.
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Table I:
[Sa0s2 -], (Co111), Time,
Expta M 10> M min
1 0.15 4.61 60.0
2 0.30 25.4 60.0
3 0.73 5.76 16.0
4 0.73 4.97 15.5
5 1.03 6.00 15.0
6 1.03 4.87 15.0
aT = 5°; pH 3.5; the reaction volume was 10 ml in all cases.

d[Co2+]

fo[SD &
dl [ ]

at concentrations of [SD &-~] higher than those used by
Thusius and Taube.1 In a series at 50° and pH 3.5
with [Col11] = 4 X 10“ 3M (note that the rate is within
5% of saturationlat 1 X 10-3 M Co11l) and with
[SD& ] = 0.15, 0.15, 0.53, and 1.03 M, Kk (sec*1 X
106§ was found to be 0.99, 1.00, 1.01, and 1.03, respec-
tively. As concluded in the earlier work, any contri-
bution to the reaction in the “saturation” region by a
second-order process is small indeed.

An experiment was performed to determine whether
significant complexation of Colll by S &- takes place.
A solution containing Co(NH350H2Z+ (5 X 10~3 M)
and KZ2 8(0.1 M) was heated at 50° for 2 hr and scans
of the absorption were made approximately every 15
min. The spectrum did not alter significantly with
time, except for the 10-15% decrease resulting from the
reduction of Col1l This is not a very sensitive test of
complex formation, but the experiment does indicate at-
least that there is no major complexation of Colll with
S 8&-.

The results of determinations of stoichiometry are
shown in Table I, and an analysis of the stoichiometric
data appears in Table I1.

Table Il : Stoichiometric Relations for
Co(NH3YD B+ + s &-

Equiv Equiv
oxida agents (N2+ Nb)
(ND) C/O”obed/ consumed, formed**
Expt (NTO + N2 Co2+calod X 10« X 106
| 0.051 0.94 16.2 16.7
2 0.044 0.94 32.5 33.5
3 0.041 1.02 21.2 20.6
4 0.042 0.98 20.8 20.1
5 0.061 1.00 27.7 26.7
6 0.061 1.04 27.6 26.0
0 [Co2+] + 2[SD&-] decomposed = -equiv [Com] and
[SD &-] used. [SD 8&-] decomposed was calculated using the

expression d[SD &-]/di = fe[SD&-] where k = 1.0 X 10-s
sec-1, the value measured in the absence of Colll 6 [jumol
of N2X 6 + MmofND X 8] = equivof (ND + N2 formed.
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Analytical Results on the Products of the Reaction of Co(NH38 H23+ with S &~

nmol of nmol of iimol of iimol of
Coa+ Nj ND CO?
5.40 2.59 0.14 0.02
10.90 5.27 0.24 0.04
7.21 3.25 0.14 0.05
6.75 3.17 0.14 0.02
9.18 4.07 0.26 0.26
9.24 3.98 0.26 0.26

The second column of Table Il show's that the N2
content is rather invariant to concentration conditions.
In the third column are shown values of the ratio
C 0 2+obsd/Co2caled Where Co2+Gicd is obtained on the
basis of assuming that 2 mol of Co2+ is produced for
each mole of N2 (c/. eq 2) and 4 mol for each mol of
N2 (the results are not sensitive to the stoichiometry
assumed for this reaction). The entries in column 4
are obtained by calculating the number of equivalents
of SAV ~ which would have decomposed in the absence
of Colll and adding to them the number of equivalents
of Com consumed, these together making up the num-
ber of equivalents of oxidizing agent consumed. The
last column shows the number of equivalents needed
to produce the N2and N2 which formed, 6 equiv being
required for each mole of the former and 8 each for each
mole of the latter.

An experiment was done by letting [Co(NH3 68 H2]3+
(10-2 M) react with SD &~ (1 M) in HZI® (1.52 atom%
enriched) for 15 min at 53° and pH 3.5. The cobalt
complex, persulfate ion, and phosphate were all used at
normal levels of enrichment. If there were no induced
exchange, the residual aquo complex would have pro-
ceeded 18% of the way to isotopic equilibrium with the
solvent. The N was found by mass spectrometric
measurements to contain 0.72 atom% 1. Making
allowancel9 for the incorporation of 18 into the com-
plex by spontaneous exchange, the result shows that
N2 derived no more than 17% of its oxygen from the
solvent. Though thereis a possibility that oxygen from
S & or phosphate appears in the N, it seems a re-
mote one and it will be assumed that the N2 derives its
complement of oxygen of normal isotopic composition
from the coordination sphere of the complex.

Two experiments were performed by heating trans-
Co(IBNH3(NH3L0H23+ (5 X 10"3M) in SD&- (0.2
M) at 50° and 53° for 60 and 100 min, respectively
(pH 3.5). In the first experiment the ratios 14N2
N IIN, 18N2 were determined and were found to be
16:8:1, precisely the value expected for random forma-
tion of nitrogen from one part of 19\ and four parts of

(19) H. R. Hunt and H. Taube, J. Amer. Chem. Soc., 80, 2642
(1958).
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14N. The CO02 content of the gas was too high to lead
to good values of the isotopic ratios in N20. Accord-
ingly, the gas obtained in the second experiment was
distilled onto solid NaOH to absorb C02 The ratio
14N 14N O, 14N BNO and 15N 14NO, 15N IBNO was found to
be 40:11:1. The BN content is much below that ex-
pected for random distribution of the isotopes.

The unreacted complex from the second experiment
was precipitated, dissolved in DMSO, and the proton
nmr spectrum was taken.6 This showed that the
1BNH3 was randomly distributed in the complex. A
blank experiment was done in which trans-Co(l5NH3-
(NH?3)20H23+ was heated for 110 min at 53° in a solu-
tion at pH 3.5 in the absence of S0&-. The proton
nmr of the cobalt salt showed that the 18N H3 label was
not scrambled in the experiment, and we thus conclude
that scrambling is induced by the decomposition of
SAV~. The blank, incidentally, confirms for rather
extreme conditions the conclusion reached by Bucking-
ham, et al.,6to wit, that substitution in the pentaammine
complex in acidic solution takes place without isomeri-
zation.

Co(NHz)i(OH2i3+. The rate of production of Co2+
in the reaction of Co(NH3)4(OH2 23+ with S20 &- follows
the pattern found with Co(NH3)50H23+. At low con-
centrations of Colll, the rate is sensitive to this varia-
ble, but becomes independent of it when [Colll] ex-
ceeds approximately 4 X 10-3 iff. (cf. Table II1.)

Table I11: Rate of Co2+ Production for
Co(NH340OH22+ + SXV-“

[SiOs-], [Co(NH.)4OH3Ji«+], ka X 10»,

M X 104 M sec"l
0.15 1.0 0.35
0.15 2.0 0.43
0.15 4.0 0.62
0.15 20.0 0.78
0.15 20.0 0.76
0.15 30.0 0.87
0.15 40.0 1.01
0.15 50.0 0.99
0.15 100.0 1.00
0.24 304.0 1.01
0.60 351.8 0.98
1.05 215.0 0.98
1.03 500.0 1.00

= 50.0% pH 35; k = (d[CO2+]/dO/[SD,jx].

The rate of reaction is strictly first order in [S20 &*]
over the whole range studied.

In Table 1V the results of experiments devoted to
determining the products of the reaction are sum-
marized.

The stoichiometry was analyzed just as it was for the
reaction of Co(NH3)50H23+ with S20 - and the results
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Table 1V: Analytical Results on the Products of the
Reaction of [Co(NH34OH22 3+with SV ~

[Co(NH«)4

(OH))Z»+,
[SjO««-], X 10», M6 Mhd8 M8
Expt® M M Co2+ No» N0 co2
1 0.15 0.45 5.44 2.20 0.57 0.02
2 0.24 5.07 8.60 2.88 0.85 0.03
3 0.24 11.9 8.62 2.63 0.80 0.02
4 0.24 2.45 8.68 2.70 0.90 0.04
5 1.03 2.4 36.5 12.63 2.27 0.10
6 1.03 4.96 24.0 8.28 1.53 0.90

«T = 50° pH 3.5. 8In all cases the volume is 10 ml and
the time is 60 min, except in number 6 where the time is 40
min.

Table V: Stoichiometric Relations for the Reaction
of Co(NH340OH223+ with SV -

Equiv Equiv

oxid agent (N2I|*N2))
N2) Co2-+obsd consumed formed
Expt ND + N2 Co2+calod X 106 X 106
1 0.21 0.82 16.2 17.8
2 0.23 0.94 25.9 24.1
3 0.23 0.96 25.9 22.2
4 0.25 0.97 25.9 24.9
5 0.15 1.06 110.5 93.9
6 0.16 1.05 73.4 61.9

are shown in Table V. The columns mean the same as
those in Table I1.

The ratios in the third column of Table V are cal-
culated on the basis that 2 mol of Co2+ are produced
for each mole of N2 and 4 mol for each mole of N20.
Except for experiment 1, which deviates from the others,
the values of Co2+0bsd/Co2+caiad are 1.0 within experi-
mental error. However, the contribution of the reac-
tion producing N20 is small enough so that when al-
lowance is made for experimental error, the ratio of 4:1
for Co2+to N2 cannot be taken as proven.

In column 4, the oxidizing agent consumed, as before,
is calculated as equal to the number of equivalents of
S20 8- having decomposed to S04~ in the time interval
of the experiment, together with the Colll reduced.
The entries in column 4 match those in 5 reasonably
well. The deviations in experiments 5 and 6 are partly
accounted for by the production of CO02 That in ex-
periment 1 is again unexplained. The agreement, such
as it is, in major part is accounted for by the stoichi-
ometry of the reaction producing N2 and again, the re-
sults are not a sensitive test of the stoichiometry pro-
posed for the production of N20.

Co(NH3T(OHz)ii+. Two experiments were done
with Co(NH3)2(OH24 and S20&-. The results of
Table VI show a striking change in stoichiometry com-
pared to the higher ammines. Oxygen now accounts
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Table V I: Product Analyses for
[CO(NH3ZOH243+ + sdo&- “

Equiv of
(Coin +
Si0s*-3 sd&) Equivofo2
iimol o /*mol of «mol of con- reduced formed
Co2+ 02 Cco02 sumed X 10 X 10'
5.92 4.12 0.09 5.4 16.7 16.5
5.60 4.12 0.09 5.4 16.5 16.5
°% = 50° pH 35 [SD&~] = 0.15 ™, [Coll] = 4.26 X
10 2m, time = 60 min, vol = 10 ml. 6 Caled from rate of

spontaneous decomposition.

for 97% of the gaseous products, and N2 and N2 are
each less than 1% of the gas.

Oxidation-reduction balance is quite satisfactory,
again on the basis that reaction 1 governs the extent of
reaction. Approximately 1 mol of Co2+ is formed for
each mole of S200 &- which disappears.

Discussion

The results we have obtained confirmi the stoichi-
ometry as expressed by eq 2 for the production of N2
from Co(NH3)50HZ3+. Because the production of N2
is the major net reaction at rate “saturation” also for
the tetraammine, we can conclude that in this case as
well the ratio of Colll consumed to S20 8‘ consumed to
Ni produced is 2 :2 :1, the equation for the net change
then being

Co(NH34OH2Z3+ + s20& =
Co2+ + VIiN* + 3NH4+ + 2HD + 2S04 (3)

The point needs perhaps to be emphasized again!
that the rate of production of Co2+ at saturation is
precisely Vs the rate of S04 production as measured
by the rate of decomposition of S20 8- in the absence of
Colll Thus, the total oxidizing capacity is accounted
for by the total rate of S04~ production, measured as
above, together with the Colll consumed. It follows,
then, that unless some oxidation products are left un-
accounted for, only the S20 8- which decomposes to
S04 is implicated in the net change. This, in turn,
means that no reactant (say Colll), no product (say
Co2+), and no intermediate attacks S20 &~ to bring
more into reaction than corresponds to the rate of
spontaneous decomposition.

Turning now to a consideration of the mechanism of
the reactions, we leave aside for the time being the
question of the identity of the radical, be it HO or S04 _,
which attacks Colll  For the immediate discussion
we need only assume that a powerful le_ oxidant is
present, capable of oxidizing Com to Colv. The earlier
work! indicates that the attack by the intermediate on
Com involves, in effect, the removal of a hydrogen atom
from a water molecule in the coordination sphere of the
complex and from coordinated ammonia when no water
molecules are present. Unless the immediate cobalt-
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containing product is decomposed instantly, and evi-
dence to be presented suggests that it does not do so,
the process is equivalent to generating ColV in the com-
plexion. The chemistry of the various reactions which
have been encountered will be considered in terms of
reactions of Colv.

To explain the 6e_ oxidation of NH3to N2 a consider-
ation of the constraints which govern the reactions of
these intermediates with other substances present in
the system is in order. The point has already been
made that the intermediates do not attack S20 8-; if
they did, more S20 8- would be brought into reaction
than corresponds to process 1. Owing to the high
reactivity of S04~ or HO, these species at saturation
are kept at very low concentration, and their reactions
with nitrogen or oxygen-containing intermediates are
extremely improbable. The two oxidants which it will
be necessary to consider as candidates for the oxidation
of N or O intermediates are Colll and ColV, the former
favored because of its higher concentration and the
latter because of its very much higher reactivity. As
will be shown, the stoichiometry in each case demands
that ColV rather than Colll be the intermediate active
in oxidizing the nitrogen and oxygen-containing inter-
mediates to stable products.

To understand the stoichiometry, it will be necessary
to assume that ColV is present at significant concentra-
tions, (high enough, that is, to oxidize intermediate
nitrogen radicals) and thus that it has a moderately
long lifetime. Other evidence for the conclusion is
provided by the experiments on the redistribution of
15N H3 between cis and trans positions in Co(NH35
OHZ3+ The decomposition of S20 8- has been shown
to accelerate the reaction enormously. This effect can
be understood if it be supposed that the isomerization
takes place readily in the ColV complex, and if, more-
over, electron transfer between Colll and ColV takes
place.

Co*(NH)EOH3+ + Co(NHISOH2B+ =
Co*(NH3BHZ3+ + Co(NH3IPOH3+ (4)

If reaction 4 occurs, each ColV during its lifetime can
bring about isomerization within a large number of
molecules of the Colll complex.

The significance of the experiment using trans-[Co-
(5NH3)(NH3)40H2)3+ in diagnosing the mechanism of
N2 formation is to some extent vitiated by the induced
isomerization within the molecule. But one important
conclusion can still be drawn. Since each molecule of
the complex contains only one 5NH3 the fact that
16N BN is formed in statistical proportions shows that
N-N bond formation is an inter-, rather than an intra-
molecular process. We concur with Thusius, et al.,1
in assuming that NH is produced by decomposition of
the COIV complex

Co(NH3B0H3+ Co2+ + NH ()

The Journal of Physical Chemistry, Vol. 73+ No. 23, 1970



4148

(Only the products of changes in oxidation state are
shown.) In view of the fact that the isotopic com-
position of the N shows that isomerization of the
complex is not instantaneous, we must assume that
there is virtually no discrimination between cis and
trans positions in oxidizing coordinated NH3 to NH, or
that there is randomization in solution by a process
such as *NH + NH4+ = NH + *NH4+ The stoi-
chiometry is accounted for if ColV oxidizes NH to N2
it being thereby reduced to Co(NH3)6OH23+

2ColV + 2NH = 2Com + N2 + 2H+ ()

but is violated if NH reduces Com, or if ColVis reduced
to Coll Reaction 6 as written has only stoichiometric,
not mechanistic, significance (it is possible, for example,
that NH produces N2H2 before it is oxidized).

The experimental basis for imposing the constraint
that the nitrogen intermediates do not attack S20 &-
has already been emphasized, but having suggested
NH as an intermediate, we are obliged to ask whether
it is reasonable that this species seek out ColV in prefer-
ence to S20&-, though the latter is present at much
higher concentrations. Not enough is known about
the chemistry of NH to support a critical evaluation of
the ad hoc assumption pertaining to the reactivity of
the species toward ColV and S20&-. It is perhaps
worth pointing out, however, that if NH is taken to be
in a triplet rather than singlet state, the assumption
that it is relatively unreactive to S20 8- does not ap-
pear to be as alarming as would otherwise be the case.

The stoichiometric results obtained on the production
of N are not nearly as clear cut as those for the pro-
duction of N2  For the pentaammine, the extent of the
reaction producing N D is so small that the data provide
no test of stoichiometry. Even for the tetraammine,
there are, as we shall see, difficulties in deciding upon
the stoichiometry. The experimental results were
examined on the assumption that four Co2+ are pro-
duced for each N20. The product ratio 4:1 under the
proviso that S20 2~ is the only oxidant in addition to
Colll and that the only redox products are Co2+,
S04&*, and ND would require the stoichiometry ex-
pressed by eq 7 for the reaction with Co(NH?3)4OH223+

3H+ + 2Co(NH34OHxy + + S0 & =
2Co2+ + VIND + 7NH4+ +
7HD + 2S02- (7)

The stoichiometry expressed by equation 7, however,
is not compatible with the rate data shown in Table I11.
Even were S20 8- consumed in the reaction only at the
rate corresponding to the spontaneous decomposition,
since two Colll are reduced for each S20 &- which re-
acts, the specific rate of Co2+ production at saturation
should be ca. 1.2 X 10-6 sec-1, whereas only 1.0 X
10-6 sec-1 is recorded.

Of the two kinds of data, stoichiometric and kinetic,
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the former seem the less dependable. This appraisal is
strengthened by the fact that experiment 1 of Table V,
which as has already been noted, deviates from the
others, is nicely compatible with a ratio of 2Co2+/N 20,
and thus with the rate data. It seems likely that the
products of reaction are not fully accounted for and,
moreover, that the additional reaction paths are not
reproducible from experiment to experiment. Further
experiments are called for searching for NO2 and
N 03~ among the reaction products.

Even with the important matter of stoichiometry
left in an unsatisfactory state, some rather definite
conclusions about mechanism can be reached. The
isotopic experiments show that the bulk of the oxygen
in N2 is derived from the coordination sphere of the
complex, and that there is a preference for nitrogen in
NH3 cis to HD in the complex to be converted to N20.
The calculation for the oxygen tracer experiment was
made on the assumption that water exchange between
the complex and solvent is not accelerated when S20 &-
is present, but in view of the induced redistribution
of NH3 in the coordination sphere, it is likely that oxy-
gen is also induced. Any such additional exchange
would mean that the actual extent of complex-oxygen
incorporation exceeds that calculated. Since isomeriza-
tion is known to take place, the actual preference for
ds-NH3 in forming N2 also exceeds that calculated.
The fact that there is any preference shows that the re-
distribution of NH3 was not complete by the time a
substantial amount of N2 was formed.

Since the nitrogen isotopic distribution in N2 is
different from that in N2 we conclude that NH is not
an intermediate in forming N20. (NH might be as-
sumed, for example, to attack water in the coordination
sphere of the complex). A reaction which is consistent
with all the evidence is the following

ferf-Co(l6NH3)(NH3)4OH3+ — > HANNOH + Co2+ (8)

where eq 8 expresses the observed preference for cis-
NH3 on N2 and, as before, it is assumed that ColV is
formed by the attack of S04 on Colll However, if
the stoichiometry embodied in reaction 7 is not insisted
upon, the stringent requirement that only ColV oxidize
the intermediates is relaxed. If, in fact, two rather
than four Co2+ are produced for each N20, NH2OH can
be taken as being oxidized to NH2H by S20&-, and
the rate data are now compatible with the stoichio-
metric data.

Reaction 8 assumes intramolecular bond formation
between N and 0, and as the reverse of oxidative addi-
tion can be called reductive elimination.0 What the
spin state of the cobalt is just prior to the bond rear-
rangement is a matter of some interest. It cannot be
taken for granted that Coiy remains in a low-spin con-

(20) It is likely that bond formation between 0 and N is preceded
by dissociation of a proton from NHS This process is probably facile
in the ColV complex by virtue of the high charge on the metal ion.
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figuration. The induced isomerization in Co(NH36
OHZ3+ indicates an unusual lability for the species and
therefore that a high spin state is close in energy to the
presumed low spin ground state.

When Co(NH32(OH243+ is acted upon by the radical
products of the decomposition of SDs2-, there is again
good balance between the number of oxidizing equiva-
lents (Colll + S04 produced by spontaneous decom-
position of SD -) and the equivalents of oxidized prod-
uct formed by 02 The induction factor given by the
ratio Co2+/S208- is found to be 1.1 in one of the ex-
periments and 1.0 in the other. If we take the factor
to be 1.0, the equation expressing the net change takes
the form

Co(NH3AHD)B+ + SAV - = Co2+ +
2NEU+ + HD + 2S04~ + 3D2+ H+ (9)

It is tempting to ascribe the abrupt change in
stoichiometry which occurs in changing from the tetra-
ammine to the diammine as substrate to NH3 being
lost from ColV diammine species before NH can be
produced or an N -0 bond can be formed. Ammonia
as the stronger field ligand is expected to stabilize a
low-spin state more than does water, and it would not
be surprising to find the high-spin state to be the ground
state of ColV when only two ammonia molecules are
left in the coordination sphere. Though these ideas
seem reasonable, we have difficulty incorporating them
into a mechanism which reproduces the stoichiometry
of reaction 7. Each S04 produced from S &- at
saturation will produce one Colv. If each ColV im-
mediately loses NH3 it is at once fated to become Co2+
(Co3+ aqueous, it should be noted, is unstable under
the experimental conditions), and thus the induction
factor would be 2.0. We have not found it possible to
devise a simple, reasonable mechanism consistent with
the induction factor of 1.0. An induction factor of 1.0
requires precisely x% of the ColV to be reduced to Co2+
and the other V2 to reappear as a Colll ammine com-
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plex. More work will need to be done varying the
conditions to see if the induction factor is invariant,
and moreover, to check into the possibility that triam-
minecobalt(l1)or tetraamminecobalt(l1l) complexes
form. There having been at the time no dependable
estimate of the rate at which equilibrium represented
by eq 10 is established

S04 + HO ~ S04 + HO + H+ (10)

Thusius, et al.,1 arbitrarily assumed that equilibrium
was maintained, and since [H+] and [S04 -] were both
low in their experiments, took HO to be the species
which attacks the Colll complex. The specific rate of
reaction 10 in the forward direction has been estimated
by Pennington and Haim2l as about 103 to 104 sec-1.
Since the specific rate for the reaction of S04 with the
cobaltammines is not known, even with a value for the
rate of reaction 10 on hand, it is impossible to decide
whether HO or S04 attacks the complex. At suffi-
ciently high Colll, sos4- will certainly be scavenged
before it can react with water. If we assume that al-
ready at the outset of the saturation region S04 reacts
with Com before producing HO, the data call for a
specific rate of the order 106 to 107 M ~1 sec-1 for the
reaction of S04 with a cobaltammine.

As mentioned before, if the intermediate is completely
scavenged by Co11], it is irrelevant, for the purposes of
stoichiometry, whether the intermediate is HO or
S04, but the point is itself of some interest and will
be worth investigating. Careful studies of the stoichi-
ometry and kinetics in the concentration region short of
saturation can help to settle the manner and can serve
as a check on some 0: the proposals of mechanism made
here.
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The catalytic activity of zinc oxide for hydrogenation of ethylene can be enhanced by treatment with hydrogen
above 300°. The activity of the oxide for hydrogenation is closely related to its activity for type A chemi-
sorption of hydrogen. This form of hydrogen chemisorption causes a slight decrease in the conductivity of
the oxide and appears to be covalently bound to the surface sites. The ionic form of hydrogen chemisorption
which accompanies the type A chemisorption at 60° does not take part in the hydrogenation reaction. Below
about 100°, ethylene adsorption leads to a slight decrease in the conductivity of the oxide, while at higher
temperatures the conductivity increases. At 60°, three forms of ethylene adsorption on zinc oxide can be dis-
tinguished. The first type which leads to a decrease in the conductivity of the oxide appears to be the active
form taking part in the hydrogenation reaction. The second type which increases conductivity is slow and
irreversible and is not participating in the reaction at 60°. The third form which has no effect on the con-
ductivity of the oxide appears to be physically adsorbed. The surface defects in the form of excess zinc atoms
produced by activation are considered to be the sites at which the type A chemisorption of hydrogen, the

associative chemisorption of ethylene, and the hydrogenation of ethylene take place.

Introduction

It has been shown1-3 that hydrogen chemisorption on
zinc oxide Is a complex process leading to simultaneous
formation of more than one chemisorbed species on the
surface. Ethylene chemisorption on metals4 and on
aluminab occurs both in “associative” and in “dissocia-
tive” forms. It is likely that ethylene on zinc oxide
also gives rise to these two forms of chemisorption. In
the present study an attempt is made to distinguish the
different forms of hydrogen and ethylene chemisorp-
tions and to determine the active forms responsible for
hydrogenation of ethylene on zinc oxide. Chemisorp-
tion and hydrogenation studies are combined with the
measurement of conductivity changes in the solid.

It has been suggestedl that the sites active in the
type A chemisorption of hydrogen on zinc oxide are also
responsible for the catalytic activity of the oxide for
hydrogenation reactions. That the catalytic activity
of zinc oxide for the H2D 2exchange reaction is closely
related to its activity for the type A chemisorption of
hydrogen has been shown. Whether a similar connec-
tion exists between this form of hydrogen chemisorption
and other hydrogenation reactions on the oxide is not
known. This point needs to be examined. In this
connection, it may be noted that, though both hydrogen
chemisorption and the H2D 2exchange reaction on zinc
oxide are affected by doping the oxide with mono- and
trivalent metals,67 a similar doping has no effect on the
rate of the CH4 + H2 = CZXH6 reaction catalyzed by
zinc oxide at 150°.8

Experimental Section
Chemisorption and conductivity changes were mea-
sured on a sample of zinc oxide powder (5.773 @) pre-
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pared by heating zinc oxalate in a current of dry oxygen
at 420°. The experimental setup and the cell used for
simultaneous measurement of chemisorption and con-
ductivity have been described elsewhere.3 The pres-
sure changes during chemisorption were followed with a
dibutyl phthalate manometer. Conductivity was mea-
sured using an a.c. bridge with a precision of 1% in the
range 1 ohm to 1 megohm at 10 kHz. A Pt—13% Rh-
Pt thermocouple was used to measure temperature.

Kinetic studies of the hydrogenation reaction were
carried out in a separate apparatus which included
arrangements for preheating and circulating the reac-
tion mixture. A 1.54-g sample of the catalyst was used.
The rate of the reaction was followed by measuring
pressure changes on a mercury manometer, and the
products were analyzed with a gas chromatograph.

Ethylene, prepared by dehydrating alcohol over
alumina, was purified by distillation at —130° and by
repeated freezing and evacuation. Hydrogen and
heliumwere purified as indicated earlier.3
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Results

Preliminary Experiments. Adsorption isobars for
hydrogen on zinc oxide have two well-defined maxima,
one at 50° (type A) and another at 230° (type B).
If type A chemisorption of hydrogen is responsible
for hydrogenation on zinc oxide as suggested earlier,1
then ethylene-hydrogen reaction should take place at
temperatures at which type A chemisorption occurs
rapidly. A few test runs made to check this revealed
that zinc oxide can catalyze the reaction even at room
temperature. Gas chromatographic analysis showed
ethane to be the only product, and the amounts of
ethane formed corresponded to those deduced from
the pressure changes. Since type A chemisorption of
hydrogen occurs rapidly and reversibly above 50°,
most of the kinetic runs of the hydrogenation reaction
were carried out above this temperature. Rims made
at 60° showed that the reaction follows first-order
kinetics both with respect to hydrogen and with respect
to ethylene.

Since the capacity of zinc oxide for type A chemi-
sorption can be enhancedl by heating the oxide in
hydrogen and evacuating above 300°, a few runs were
made with a fresh sample (1.54 g) to see how the varia-
tion in type A activity of zinc oxide affects the hydro-
genation reaction. Figure 1 gives pressure as a func-

Figure 1. Kinetics of the ethylene-hydrogen reaction on zinc
oxide at 60° at three different type A activities.

tion of time for three kinetic runs at 60° with stoichio-
metric mixtures of ethylene and hydrogen (32.2 mm
each). These runs were preceded by hydrogen treat-
ment and evacuation at 340° and followed by chemi-
sorption measurements at 50° (type A) and at 230°
(type B). The chemisorption measurements were
made by first measuring the amount of hydrogen ad-
sorbed in 1 hr at 50° and then raising the temperature
to 230° and noting the amount adsorbed at this tem-
perature after 1 hr. The initial pressure in all the
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Table |
Ethylene-
hydrogen
—————— Hydrogen chemisorption----—---« reaction
Type A, Type B, Initial rate,
ml (STP) ml (STP) mm/min
1 0.02 0.12 0.34
2. 0.03 0.43
3. 0.17 0.10 0.90

chemisorption experiments was 20.12 mm. The vol-
umes of hydrogen adsorbed along with the initial rates
of the ethylene-hydrogen reaction are given in Table I.
In the second chemisorption experiment, while heating,
the temperature of the catalyst went above 230°, and
so the quantity adsorbed as type B was not measured.

These results confirm that the hydrogenation activity
of zinc oxide is closely related to its activity for type A
chemisorption of hydrogen. There is hardly any
change in the type B chemisorption as has been noted
earlier.1

Hydrogen Chemisorption. The chemisorption ex-
periments were carried out after activating the oxide
(5.773 g) by repeated treatment with hydrogen and
evacuation at 340°. Between experiments the oxide
was evacuated for 4 hr at 340°. Figure 2 shows the
pressure dependence of conductivity and chemisorption
of hydrogen at 60°. The results are similar to those
found at 5008 except that the irreversible part of the
chemisorption is slightly more than that at 50°.
Chemisorption of hydrogen is accompanied by a slow
increase in conductivity. This conductivity change is
irreversible. It is not affected by desorption of hydro-
gen. Even evacuation for 0.5 hr at 60° does not di-
minish the conductivity. The irreversible part of the
chemisorption responsible for the conductivity change
is the ionic form which appears to be the same as the

Figure 2.
hydrogen chemisorption (B) on zinc oxide at 60°.
line in A represents the conductivity of the oxide
before chemisorption.

Pressure dependence of conductivity (A) and
The broken
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ir-inactive slow chemisorption9 observed by Eischens
and coworkers at room temperature. In the present
study it has been noted that the ionic form of hydro-
gen chemisorption occurs to a considerable extent at
room temperature and that its amount increases slowly
with time.

The reversible part of the chemisorption at 60°
corresponding to type A appears to be covalently bound
to the surface sites. Since this chemisorption is ac-
companied by the ionic form which causes an increase in
conductivity, it would be difficult to detect any con-
ductivity change caused by type A alone. The previous
resultsl on chemisorption kinetics showed that type A
chemisorption occurs even at —78°. Since the ionic
form of hydrogen chemisorption decreases with de-
creasing temperature, chemisorption and conductivity
measurements at —78° may show the effect due to type
A. Figure 3 shows the pressure dependence of con-
ductivity at —78°. Hydrogen chemisorption causes
a decrease in the conductivity of the oxide. The
points for decreasing pressures do not represent equilib-
rium values. Only 10 min was allowed for each point.
On evacuating for 15 min, the conductivity returns to
the base value, showing that the chemisorption is re-
versible.

Ethylene Chemisorption. In the experiments on
ethylene chemisorption and hydrogenation of ethylene,
the oxide was subjected to a standard pretreatment of
heating in hydrogen (100 mm) for 0.5 hr and evacuat-
ing for 4 hr at 340°. This treatment was found to be
sufficient to restore the activity of the oxide fully.

Large amounts of ethylene are adsorbed rapidly at
room temperature, and this decreases with increasing
temperature. Below about 100° ethylene chemisorp-
tion leads to a slight decrease in the conductivity of
the oxide, while at higher temperatures the conductiv-

Figure 3. Pressure dependence of conductivity for hydrogen
chemisorption at —78°.
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Pressure dependence of conductivity (A) and
The broken

Figure 4.
ethylene chemisorption (B) on zinc oxide at 60°.
line in A represents the conductivity of the oxide
before chemisorption.

ity increases. The kinetics of ethylene adsorption is
characterized by rapid initial adsorption followed by a
slow adsorption. At lower temperatures the slow
process is negligible, while at higher temperatures it
becomes appreciable. Thus at 30°, 99% of the ad-
sorption is over within the first minute, while at 200°
only 30% of the total quantity is adsorbed in the first
minute.

Figure 4 shows the pressure dependence of conduc-
tivity and chemisorption of ethylene at 60°. The
broken line in Figure 4A represents initial conduc-
tivity of the oxide before chemisorption. Most of
the conductivity drop has taken place with the very
first addition (gacs = 0.10 ml). Further adsorption
produces no change in conductivity. Toward the
end of adsorption and during desorption conductivity
change occurs in the opposite direction. On evacuat-
ing, conductivity does not return to its base value.
This shows that the adsorption responsible for the con-
ductivity increase is irreversible. If now fresh ethylene
is introduced into the cell, the conductivity drops again,
and the magnitude of the drop from the new base con-
ductivity is exactly equal to the original drop. On
evacuating immediately, the conductivity returns to
the new base value. These facts show that there are
at least three types of ethylene adsorption at 60°. The
first leading to a decrease in conductivity is fast and
reversible, the second causing conductivity increase is
slow and irreversible, and the third which forms the
bulk of the adsorption is fast and reversible and has no
effect on the conductivity.

Ethylene-Hydrogen If zinc oxide is
allowed to chemisorb hydrogen at 230° and then cooled

Interaction.

(9) Eischens, et al.,2attributed the ir-inactive slow chemisorption to
the formation of H+ ions on the surface. A similar conclusion has
been reached by us also.3 However, since they assumed that there
is no increase in the conductivity of the oxide, Eischens and co-
workers had to postulate a trapping mechanism for the conduction
electrons. The results presented here and in ref 3 show that there
is no need for assuming such a mechanism.
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to 60° without evacuating the gas, the enhanced con-
ductivity produced by the ionic form remains. On
evacuating the gas at 60°, the amount chemisorbed as
type A is removed while practically all of the ionic form
of hydrogen remains on the surface along with the
enhanced conductivity. If ethylene is now introduced,
a slight decrease in conductivity occurs as would hap-
pen on a bare surface. This shows that the part of
ethylene chemisorption responsible for the decrease in
conductivity is not affected by the presence of ionic
hydrogen on the surface. On evacuation, the conduc-
tivity increases again and reaches a value close to that
prevailing before the introduction of ethylene. This
indicates that there is little interaction between ionic
hydrogen and ethylene. This may be contrasted with
the behavior of oxygen toward the ionic form of hy-
drogen. If oxygen is introduced instead of ethylene,
the conductivity due to ionic hydrogen is destroyed
immediately and cannot be recovered by evacuation.

In Figure 5 are summarized the results of three ex-
periments on the interaction of adsorbed ethylene and
hydrogen at 60°. First hydrogen (PO = 22.60 mm)
was introduced into the cell, and the chemisorption
and conductivity changes were followed for 100 min.
Then ethylene (PO = 19.20 mm) was introduced on the
top of hydrogen, and the measurement of pressure and
conductivity changes was continued. In the second
experiment, the order of introducing the gases was re-
versed keeping the initial partial pressures the same as in
the first.  Since the adsorption equilibrium for ethylene
is reached rapidly, hydrogen was introduced after 20
min instead of after 100 min. In the third experiment,
a mixture of the two gases (in the same volume ratio)
was introduced. The results show that, irrespective of
whether the surface is bare or is covered with adsorbed
ethylene or hydrogen, the same kinetics is observed for
the ethylene-hydrogen reaction. Preadsorbed ethylene

Figure 5. Interaction between ethylene and hydrogen at the
zinc oxide surface at 60°. The zero of curve C is shifted up,
and the scale is shown inside the figure.
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Figure 6. Conductivity changes in zinc oxide produced by
ethylene and hydrogen and their interaction at 60°. These
measurements were carried out during the experiments
reported in Figure 5.

does not act as a poison. It may be noted that, under
the conditions employed here, the “dissociative” form
of ethylene chemisorption would be negligible. Pre-
adsorbed hydrogen also does not enhance the rate of
the reaction. This is in agreement with the results of
the kinetic studies carried out before and after covering
the surface with ionic hydrogen,; the rate of the reaction
is unaltered. Initial rates obtained from the curves in
Figure 5 give the same value for all the three cases,
which is close to 6.0 X 10Bmolecules/min. The initial
rates were obtained by extrapolating to zero time the
rates obtained after the first minute.

Figure 6 shows the conductivity changes observed in
the above three experiments. It is seen that the pres-
ence of the ionic form of hydrogen does not affect the
associative chemisorption of ethylene which leads to a
slight decrease in conductivity (curve A), whereas the
ionic form of hydrogen chemisorption is hindered by
the presence of adsorbed ethylene (curves B and C).
Discussion

The Nature of the Active Sites. It has been shown that
zinc oxide has to be activated by treatment with hydro-
gen at elevated temperatures for developing the activity
for type A chemisorption of hydrogen,1 for H2D 2
exchange reaction,7 and for hydrogenation of ethylene
(Figure 1). It is obvious that the active sites responsi-
ble for these catalytic processes are not present initially,
but are generated during activation. That hydrogen
causes a chemical reduction of the surface layers of the
oxide under the conditions of activation has been
noted.ID Removal of oxygen atoms from the basal
planes of the oxide crystallites would leave zinc atoms in
their lattice positions on the surface. It has been

(10) D. G. Thomas and J. J. Lander, J. Phys. Chem. Solids, 2, 318
(1957).
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shown that these excess zinc atoms act as surface donors
causing enhanced conductivity3 as do adsorbed zinc
atoms on zinc oxide.D The following equilibrium may,
therefore, be expected at the surface of an activated
oxide

Zn Zn+ + e- 1)

It is likely that the surface defects in the form of excess
Zn or Zn+ are responsible for the catalytic property of
the oxide. That the free electrons do not play any
significant role in the catalytic activity of the oxide is
indicated by the fact that altering the conductivity
of the oxide by doping with mono- and trivalent
metals8 and by hydrogen chemisorption (ionic form)
is without effect on the catalytic activity of the
oxide. Surface Zn2+ and O2- ions of the lattice have
been proposedll as possible sites for hydrogen chemi-
sorption. This is unlikely since the unactivated sur-
face (presumably stoichiometric) is inactive. Further,
because of its d configuration, Zn2+ is not likely to be
catalytically active. Kemball2 has shown that zinc
films have no catalytic activity toward the NH3D 2
exchange reaction.

Hydrogen Chemisorption. The catalytically active
type A chemisorption of hydrogen occurs rapidly and
reversibly in the low-temperature region, and above 50°
its amount decreases. At —78°, it appears to form a
stable covalent complex with the surface sites. The
slight negative conductivity effect produced by hydro-
gen chemisorption at —78° suggests that the active
sites are probably Zn atoms. In such a case, the equi-
librium 1 would be shifted to the left causing a decrease
in the free electron density. At higher temperatures,
the Zn(H2 complex would become unstable and lead to
the rupture of the Zn-H bonds facilitating the migra-
tion of the H atoms to other sites to give rise to ionic
chemisorption or desorption.

In the infrared spectrum of hydrogen chemisorbed
on zinc oxide at 30°, Eischens, et al,,2 have observed
two bands at 2.86 and 5.85 y. which they have attri-
buted to O-H and Zn-H vibrations, respectively. It
has been seen that both type A and ionic forms of
hydrogen chemisorption occur at this temperature.
It is likely that type A passes through other inter-
mediate stages before giving rise to the ionic form.
It would be, therefore, interesting to study the ir spec-
trum at —78° at which temperature a stable Zn(H2
complex appears to be formed. A knowledge of the
spectrum at —78° and its variation with temperature
should be helpful in determining the structure of the
complex and the changes which make it unstable and
reactive.

Ethylene Chemisorption. There are at least three
types of ethylene adsorption at 60°. The first which
occurs rapidly and reversibly and produces a decrease in
the conductivity of the oxide probably occurs as “asso-
ciative” chemisorption on the same Zn sites and pro-
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vides the surface species responsible for the hydro-
genation reaction. The second which occurs slowly
and irreversibly and produces a positive effect on con-
ductivity appears to be *“dissociative” chemisorption
and does not contribute to the reaction as happens on
alumina.6 The third which forms the bulk of the ad-
sorption at 60° is fast, reversible, and has no effect on
conductivity. This appears to be physical adsorption.
It may be assumed that the associatively chemisorbed
ethylene is in rapid equilibrium with the physically
adsorbed form.

Ethylene-Hydrogen The fact that the
same rate for the reaction is observed whether the sur-
face is bare or is covered with chemisorbed ethylene or
hydrogen shows that the slow chemisorptions of ethyl-
ene and hydrogen are not involved in the reaction.
Since the associative chemisorption of ethylene is not
affected by the presence of ionic hydrogen (Figure 6),
it may be inferred that the sites on which this type of
ethylene chemisorption takes place are different from
those involved in the ionic form of hydrogen. The
slight negative effect on conductivity produced by
ethylene suggests that the sites are probably Zn atoms.
It may also be noted that the presence of chemisorbed
ethylene interferes with the ionic form of hydrogen
chemisorption. This is understandable since, for the
ionic chemisorption, H atoms from Zn sites are re-
quired13 and these sites are engaged in ethylene and
hydrogen chemisorptions (associative and type A), and
the hydrogen from the sites is used up in the hydroge-
nation reaction. The assumption of competitive ad-
sorption of ethylene and hydrogen on the same kind of
sites is also in accordance with the observed kinetics of
the reaction.

Reaction.
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Addendum: Comments on the Papers
of Dent and Kokes

Recently A. L. Dent and R. J. Kokes have presented
their results on the chemisorption of hydrogen and
ethylene and hydrogenation of ethylene on zinc oxide
at room temperature [J. Phys. Chem., 73, 3772 and
3781 (1969)]. They have used infrared studies to
supplement the chemisorption and Kinetic measure-
ments. The two sets of results, theirs and ours, com-
plement each other. Some of the findings and con-
clusions are similar and others different.

Hydrogen Dent and Kokes also
find that hydrogen chemisorption on zinc oxide occurs
in two forms. Type | which corresponds to type A of

Chemisorption.

(11) E. Wicke, Z. Elektrochem., 53, 279 (1949).
(12) C. Kemball, Proc. Roy. Soc., Ser. A, 214, 413 (1952).
(13) V. Kesavulu and H. A. Taylor, J. Phys. Chem., 66, 54 (1962).
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this paper is fast and reversible and is the active form
taking part in the hydrogenation reaction. Type Il
which is slow and irreversible corresponds to the ionic
form. This does not participate in the hydrogenation
reaction. However, they find that the type Il has a
slight promotional activity on the reaction. On the
other hand, we find that the surface saturated with the
ionic form does not affect the rate of the reaction.
Resolution of this difference requires further study.
It may be that evacuation at 60° removes some of the
active form of type Il chemisorption responsible for
the promotional activity.

Dent and Kokes do not agree with the conclusion of
Eischens, et al.,2 that the slow, irreversible chemisorp-
tion (type Il) is “protonic.” However, the conduc-
tivity measurements3 show that this chemisorption is
protonic, supporting the conclusion of Eischens and
coworkers. The fact that this chemisorption does not
produce any appreciable change in the background
transmission probably indicates that the ir technique is
not as sensitive as the conductivity measurements in
detecting small changes in the carrier concentration.

Ethylene Chemisorption. Dent and Kokes have
noted: *“adsorption of ethylene gave rise to no ir
bands that were not masked by or ascribable to bands of
the unsaturated hydrocarbon.” They therefore con-
cluded that only one type of ethylene chemisorption

N OTE S

A Kinetic Study of the Reactions of Water

with Sodium and Cesium in Methylamine

by R. R. Dewald* and O. H. Bezirjian

Department of Chemistry, Tufts University,
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Kinetic measurements for the reactions of sodium
with water,12 alcohols,2-4 and other weak acids66 in
liquid ammonia led to the conclusion that these reac-
tions occur in the two stages represented by eq 1 and 2

ki
HA + NHS” NH4+ + A- @
ki
lex
NH4+ + eam — » NH3+ V A (7))

where HA represents water, ethyl, and eri-butyl
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occurs on zinc oxide at room temperature. On the
other hand, conductivity measurements show the
occurrence of three types of ethylene adsorption at 60°.
These forms also occur at room temperature, but, at
this temperature, the slow and irreversible form which
causes conductivity increase occurs much more slowly
than at 60°.

Active Sites. Dent and Kokes have presented an
interesting model of the active sites on zinc oxide.
The active sites, isolated Zn-0 pairs, are thought to be
formed when Zn2+ ions get embedded in the close-
packed O2- layer on 0001 face of zinc oxide. There
is no clearcut evidence in favor of their assumption
that no nonstoichiometry is involved in the formation
of the active sites. The possibility of removal of oxy-
gen from the surface layers under the conditions of
activation and evacuation employed by them cannot be
ruled out. Our model consists of isolated Zn atoms on
the surface produced by removal of oxygen during
activation and evacuation. The fact that hydrogen
retains its molecular identity in adsorption-desorption
and in hydrogenation is not consistent with the ir
spectrum obtained during hydrogenation. To get
more meaningful information from the ir data, it may
be necessary to study the spectrum at low temperatures
where the mobility of the chemisorbed species is re-
stricted.

alcohol, urea, and hydrazine. For a steady-state con-
centration of ammonium ions, the rate law

—d(M) = WMKHA)
di h(A~) + kt(M) (1

is derived where (eam ) = (M), the metal concentration.
On the other hand, kinetic data for the reaction of
cesium with water in ethylenediamine have been ana-
lyzed on the assumption that two parallel second-order
reactions are operative.78 Moreover, preliminary re-
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suits for the reaction of sodium with water in ethylene-
diamine indicate that the reaction is first order with re-
spect to sodium while apparently greater than first
order inwater.7®

Studies of the optical,9-14 electrochemical,16-18 and
magneticl3B9'20 properties of the alkali metals in pri-
mary amines indicate that the nature of these systems
differs markedly from the metal-ammonia system.
The observed properties of metal-amine solutions are
also very metal dependent in contrast to metal-am-
monia solutions. The nature of the metal-amine so-
lution has been a matter of considerable controversy of
which there is yet no general agreement.

Experimental Section

Methylamine (Matheson 99.8%) was purified by a
procedure described elsewhere1l8 Water samples,
starting with doubly distilled conductance water, were
prepared by a method already described.2

The progress of the reactions was followed conducto-
metrically. Bright platinum electrodes were found to
be suitable for making the measurements. The cell
constants were determined by established procedures.16f
The procedures used in preparing the metal-amine so-
lutions and taking the resistance measurements were
similar to that described elsewhere.l8 Temperatures,
—70°, were maintained by a Harris Manufacturing Co.
Model ILe BC2-075 convection fluid test chamber using
Dow Corning No. 200 silicone fluid.

The initial concentrations of the sodium- and cesium-
methylamine solutions were determined from reported
conductance data.18 Next, a fragile glass ampoule con-
taining the weighed water sample was broken, the so-
lution mixed, and the resistance of the mixture mea-
sured as a function of time. The resistance-time
data were evaluated following methods outlined else-
where.21

The stability of the metal-amine solutions in the ab-
sence of added water in this study can be considered to
be comparable to stability reported elsewhere.i8 In
one experiment with excess cesium ([Cs] ~ 1.4 X 10-3
M and [HD ]~ 8.0 X 10-4 M) the resistance of the so-
lution increased rapidly for about the first hour after
addition of the water and then resistance of the blue so-
lution was found to increase only by about 2% in 3 days
after the initial reaction period. Hence the results re-
ported herein should reflect the reaction of water with
the metal solutions and not the decay rates of the so-
lutions without water.

Results and Discussion

The reaction of cesium with water in methylamine
was found too rapid for study by our conventional
method at —50° using reactant concentrations similar
to those given in Table I. However, the rate was slow
enough to permit study at —70°. The kinetic data ob-
tained for the cesium-water reaction could best be ex-
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Table I: Kinetic Data for the Reaction of
Cesium with. Water in Methylamine

Run io»[Cd], iogmo], 10th,

no. M M M~I sec-1 kz/kz

66 1.56 4.85 4.0 3.6

82 2.11 2.31 3.8 4.0

88 2.43 8.06 4.2 5.5

90 2.49 5.93 4.7 1.9
4.2 £+ 0.3 3.8+ 0.5

° Average error.

plained in terms of reactions 1 and 2, where NH3is re-
placed by CH:NH., and eq 3. Figure 1 shows a semilog
plot of [Cs] vs. time for a typical experiment. The
solid line is the theoretical curve based on the calculated
values of h and k2/k3and eq 3, assuming (M) is the total
cesium concentration. The notation (M) used in this
report refers to the total metal concentration and not
any particular species that might be present in the metal
solution. The concentrations of A- used in eq 3 were
estimated from the stoichiometry of the equation

M + HA —* M+ + A- + 0.5H2 @

where M is either Cs or Na, and HA is water. Also,
more than one species9-14 is probably present in the
cesium solution and thus only part of the metal might be
functioning as the reducing agent. This may account
for the differences between the theoretical curve and the
experimental plot shown in Figure 1. Table | gives a
summary of the kinetic data for the reaction of cesium
with water in methylamine at —70°.

The reaction of sodium with water in methylamine
was found to be much slower than that for cesium.
This is evident from Figure 1. All experiments using
sodium metal were carried out using a large excess of

(7) L. H. Feldman, R. R. Dewald, and J. L. Dye, Advances in
Chemistry Series, No. 50, American Chemical Society, Washington,
D. C., 1965, p 163.

(8) J. L. Dye, Accounts Chem. Res., 1, 306 (1968).
(9) M. Gold and W. L. Jolly, Inorg. Chem., 1, 818 (1962).

(10) R. R. Dewald andJ. L. Dye, J. Phys. Chem., 68, 121 (1964).
(11) S. Matalon, S. Golden, and M. Ottolenghi, ibid., 73, 3098
(1969).

(12) M. Ottolenghi, K. Bar-Eli, and H. Linschitz, J. Chem. Phys.,
43, 206 (1965).

(13) L. R. Dalton, J. D. Rynbrandt, E. M. Hansen, and J. L. Dye,
ibid., 44, 3969 (1966).

(14) 1. Hurley, T. R. Tuttle, Jr., and S. Golden, ibid., 48, 2818
(1968).

(15) R. R. Dewald andJ. L. Dye, J. Phys. Chem., 68, 128 (1964).
(16) R. R. Dewald and J. H.Roberts, ibid., 72, 4224 (1968).

(17) R. R. Dewald, ibid., 73, 2615 (1969).

(18) R. R. Dewald and K. W. Browall, ibid., 74, 129 (1970).

(19) C. A. Hutchinson, Jr., and R. C. Pastor, J. Chem. Phys., 21,
7659 (1953).

(20) K. Bar-Eli and T. R. Tuttle, Jr., ibid., 40, 2508 (1964).

(21) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,”
2nd ed, Wiley, New York, N. Y., 1961, p 29.
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TIME, hr

Figure 1. Semilogarithmic plots of metal concentration vs.
time for the reaction of cesium and sodium with water at —70°
in methylamine: O, run no. 66, cesium; 0, run no. 65, sodium.

water such that its concentration could be considered
constant, and in all experiments the reaction was
pseudo-first order in the sodium concentration as shown
in Figure 1. A plot of the log of the pseudo-first-order
rate constant vs. log (H20) gives a straight line with
slope of unity. The rate constant is found to be 1.0 +
0.1 X 10-3 M ~1sec-1 at —70°. Table Il gives a sum-

Table Il1: Kinetic Data for the Reaction of
Sodium with Water in Methylamine at —70°

Run 10s[Na], io>h2j, 10»fc,
no. M M M~1sec-1
65 8.65 24.0 1.0
84 24.0 14.8 1.0
86 35.5 7.56 1.1

100 34.5 82.8 1.0

mary of the kinetic data for the reaction of sodium with
water in methylamine.

One possible explanation for the marked difference in
the observed kinetic behavior of sodium and cesium
with water in methylamine could be the difference in
the rates at which the reducing species formed by dis-
solution of the metals react with méthylammonium ion.
If the rate for the reaction of Na species with the méth-
ylammonium ion is slow, then the rate expression be-
comes

-d(Na) __
df \

fg (HQ) (Na)
(OH-) (}

Moreover, sodium hydroxide is probably only slightly
soluble in methylamine as in liquid ammonia,2 and the
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(OH-) term can be considered constant. This will
then lead to the observed pseudo-first-order kinetics
when [H20]Ji> [Na],

Solutions of sodium in amines exhibit predominantly
an absorption band at 660 nm10-14 with perhaps a very
small infrared absorption while solutions of cesium show
an infrared band (max~ 13,000 A) and another band at
about 975 nm.1823 General agreement appears to exist
in attributing the infrared band to a solvated elec-
tron.11-24 Recently, it has been suggested that the
bands at 660 and 975 nm should be attributed to Na-
and Cs~ metal ions, 11 respectively. These assignments
are also consistent with reported conductance data. 15-18
Therefore, we conclude that the difference in rates of
reaction 2 suggested in this work for sodium and cesium
solutions reflect the nature of the reactivities of the dis-
solved species.
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Vapor Phase Association of Methanol. Vapor

Density Evidence for Trimer Formation

by Venghuot Cheam, Sutton B. Farnham,
and Sherril D. Christian*

Department of Chemistry, The University of Oklahoma,
Norman, Oklahoma {Received March 25, 1970)

Recent reports from this laboratory have described a
method for treating several types of data on the asso-
ciation of alcohols by assuming the presence of only two
associated species—the linear trimer and the cyclic
octamer—as the predominant polymeric forms.1-2
Vapor pressure, infrared, and proton magnetic reso-
nance data for several alcohol-organic solvent systems
and PV T data for methanol vapor have been nicely
correlated by using this association model. Nonethe-
less, there is by no means general agreement regarding
the size or geometry of alcohol aggregates in either
vapor or condensed phases;3 therefore, we decided to

* To whom correspondence should be addressed.
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investigate the self-association of methanol using an
accurate vapor density technique developed in this lab-
oratory. One important advantage of the vapor den-
sity method—as opposed to spectral, heat capacity, or
PV T measurements, for example—is that values of the
average molecular weight of associating vapors can be
inferred directly from experimental data, independent
of any association model or functional form selected for
fitting data. This communication describes results
obtained for methanol vapor at 25°, at pressures rang-
ing from a few Torr nearly to saturation.

Experimental Section

The use and theory of silica microbalances have been
treated by numerous previous investigators. For ex-
ample, Johnson and Nash4used a magnetically operated
balance to study the vapor-phase association of acetic
and trimethylacetic acids. Bradley6 and Carmichael6
have described in detail the operation, performance, and
theory of various fused-silica balances. Our balance
frame and beam are similar to those described by Brad-
ley, except that at each end of the balance, Pyrex bulbs
are attached to the silica beam by means of graded
silica-to-Pyrex seals. At one end of the beam there is
a closed bulb and at the other an open bulb having
nearly the same total surface area.4 The balance fits
into a grease-free chamber, to which methanol samples
can be added through a mercury-covered, sintered-glass
disk;7 pressures are measured either with a mercury
manometer or a Texas Instruments Inc. precision pres-
sure gauge.l The entire apparatus is immersed in
a water bath controlled to £0.01°. The change in gas
density in the chamber is detected by observing the
change in height of a blackened pointer (attached to the
closed bulb) with a cathetometer (to £+0.01 mm).

The balance was calibrated by using pure nitrogen as
a standard; within the limits of accuracy attainable, it
was adequate to treat N2as an ideal gas. The gas was
bubbled through the glass disk until a density in the
desired range was obtained. After a few minutes, both
the pressure and the density reached constant values
and the pointer height, R, and the corresponding pres-
sure, pN2, were recorded. Series of pairs of values of R,
PN were obtained by adding or pumping out small
quantities of nitrogen. These data were fit by least-
squares analysis in the form

R —a+ 6Pn2+ GPh2+ dpNB D

to determine the empirical constants a, b, ¢, and d.
Following the initial calibration run, methanol vapor
was added to the system and sets of values of R and the
pressure of methanol, p, were recorded. Corresponding
to each measured value of R, it was possible to calculate
pN (the pressure of nitrogen required to give the same
density as that of the alcohol sample) by solving eq 1
numerically. This value of Pn/ (which was termed the
equivalent nitrogen pressure) could then be used to
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compute the vapor density or substituted into the ex-
pressions (M) = pn/Mni/p andir = pn/M n232.04 to
obtain the average molecular weight ((M)) and the
formal pressure (7r).8 After each series of measure-
ments on methanol, the system was recalibrated with
nitrogen in order to check the reproducibility of the
results. Values of pN consistent to within 0.04 Torr
were obtained in this way.

Results and Discussion

Figure 1 is a plot of the average molecular weight of
methanol as a function of total pressure at 25.00°. A
striking feature of the curve is that the limiting slope,
extrapolated to zero pressure, is quite small. It is diffi-
cult to see how any reasonable fit of the data could yield
a value of the dimer formation constant, Ki, greater
than about 5 X 10-6 Torr-1 or 1.0 1 mol-1.9

In analytically fitting data, we first considered only
the region from 0 to 90 Torr (in which it has been dem-

Figure 1. Molecular weight of methanol vapor as a function
of pressure at 25°.

(3) References to several vapor phase studies of methanol associa-
tion are given by N. S. Berman, A.l.Ch.E. J., 14, 497 (1968); con-
densed phase studies are cited by A. N. Fletcher and C. A. Heller,
J. Phys. Chem.,, 71, 3742 (1967), and in ref 1.

(4) E. W. Johnson and L. K. Nash, J. Amer. Chem. Soc., 74, 547
(1950).

(5) R.S.Bradley, J. Sci. Instrum., 30, 84 (1953).
(6) H. Carmichael, Can. J. Phys., 30, 524 (1952).

(7) A. A. Taha, R. D. Grigsby, J. R. Johnson, S. D. Christian, and
H. E. Affsprung, J. Chem. Educ., 43, 432 (1966).

(8) Formai pressure is defined as the total, or formai, concentration
of methanol multiplied by RT.

(9) The dimer formation constant, Kt, can be shown to be equal to
the limiting slope of a plot of (M) against p, divided by the molecular
weight of monomeric methanol (32.04).
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onstrated by a gravimetric adsorption experiment that
the adsorption of methanol vapors on Pyrex buoyancy
bulbs is not sufficient to interfere in vapor density ex-
periments).D If we assume that all the deviation from
ideal behavior is attributable to the formation of asso-
ciated species, it is possible to relate both the formal
pressure and the total pressure to the partial pressure of
the methanol monomer, pM by the equations

= Pm+ 2K2PMR + SKZPm3+ ... %))

P=Pm+ K,pm2+ K@m3+ ... ©))

in which the individual terms on the right-hand side
represent formal and partial pressures of the various
methanol species which are present. For any given
choice of assumed species, it is possible to choose an
initial set of values of the association constants and
solve eq 3 point by point to obtain trial values of pu.
Using these pm values and the assumed values of the
formation constants, one may calculate the expected
value of formal pressure, 7rjcaiod, fOr each point and com-
pute the root mean square deviation in formal pressure

I £ (X< - irddad)2
RMSD = \I — e

where par. is the number of parameters, for the entire
collection of n pairs of measurements.11 By means of a
numerical optimization procedure, it is possible to vary
the values of the association constants in such a way as
to determine the absolute minimum in RMSD, corre-
sponding to the best values of the association constants
for the given choice of assumed species.1

Table 1 shows results obtained with several plausible
selections of combinations of species up to 90 Torr of
methanol. Of the three single aggregate sets, the 1-3
model is the best choice. In the case of the 1-2-3 model,
Ki is a small negative number having a standard error
several times the value of the constant itself and Ks

Table I: RMSD and Equilibrium Constant Values for
Various Sets of Assumed Methanol Species at 25°

RMSD,
Species Equilibrium constants® b Torr
1-2 Kt = (7.46 £ 0.17) X 10-6 Torr-1 0.0621
1-3 K3= (461 + 0.08) X 10-7 Torr"2 0.0470
1-4 Ki = (3.69 + 0.08) X 10-9 Torr-8 0.0592
1-2-3 Ki (negative value)

K3 = (4.38 #c0.71) X 10-7 Torr-2 0.0474
1-2-3-4 Ki (negative value) 0.0477

K, = (9.0 £ 1.4) X 10-7 Torr-2
K t (negative value)

“ Uncertainties in equilibrium constant values are standard
errors. bK t refers to the equilibrium constant for the reaction
i-MeOH = (MeOHU
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nearly equals the value obtained using the 1-3 model.
The 1-2-3-4 model leads to negative values of K 2and KA
(—3 X 10~6Torr-1 and —2.1 X 10-9 Torr-3, respec-
tively) and an unexpectedly large positive value of K 3
(about double that obtained with the 1-3 or 1-2-3 mod-
els). Models involving species larger than the tetramer
(such as 1-3-6 and 1-3-8) did not lead to an improve-
ment in the statistical fit of data, and the formation
constants for the higher polymers are slightly negative.
In fact, no three or four species model provides a better
fit of data than the monomer-trimer model. Our data,
therefore, support the conclusion that the predominant
associated species, up to pressures of 90 Torr, is the
methanol trimer. The value of K d reported here is
approximately 10% smaller than that reported previ-
ously, based on PV T data.

Data at higher pressures were also correlated with
various association models. Adsorption errors may be
expected to become significant above 110 Torr, although
the microbalance was designed to compensate for ad-
sorption insofar as possible by using a counterbalancing
open bulb having nearly the same total surface area as
the closed buoyancy bulb. We estimate that uncom-
pensated adsorption effects, at pressures up to 116 Torr,
do not lead to errors in the reported (M) values of more
than 0.05. Using all data points for pressures less than
116 Torr, the following RMSD values were obtained for
various models which include the trimer: 1-3, RMSD
= 0.0537 Torr; 1-3-4, RMSD = 0.0535 Torr; 1-3-6,
RMSD = 0.0532 Torr; 1-3-8, RMSD = 0.0530 Torr;
1-3-9, RMSD = 0.0528 Torr. In all of these correla-
tions the computed value of K z agrees with the value
reported in Table I for the 1-3 model to within 10%; and
for all of the 1-3-n models, the relative concentration of
the n-mer (compared to trimer) is less than 10% at the
highest pressures.

We believe that the vapor density results reported
here provide significant new information about the
extent and nature of the association of methanol.12
The important advantage of the buoyancy method is
that in fitting data with any given association model,
the only unknowns are the equilibrium constants for
formation of the various polymeric species. There are
no additional unknowm parameters, such as apparatus
constants or absorptivities and other constants specific
for individual aggregates, which tend to blur differences
in the models which are being compared for fitting data.
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A Proton Nuclear Magnetic Resonance Technique
for Determining the Surface Hydroxyl Content

of Hydrated Silica Gel

by Victor M. Bermudez

U. S. Naval Research Laboratory, Washington, D. C. 20390

(Received May 13, 1970)

The surface hydroxyl content of silica gel and other
silica-based adsorbents is of great theoretical and prac-
tical interest in studies of gas and liquid adsorption and
of catalysis. Several chemical and physical techniques
for measuring this quantity have evolved, but each in-
volves certain difficulties which make the accuracy of
the result open to question. Application of BET the-
ory to N2and H2 adsorption isothermsl suffers from
uncertainty about the effective area of an adsorbed
molecule and the uniformity of the surface coverage.
Quantitative reactions with the silanol group, using
D2,2 SOC12 BC13 A1CV CH4.i,4 BH6E8 Ca2+, and
LiAlIH46 are all subject to steric effects and questions
concerning the stability of the reaction products. Fur-
thermore, all these techniques are affected by the pore
size of the solid adsorbent. In this note, we propose a
simple nmr method which avoids all these complica-
tions; we discuss its range of validity and apply it suc-
cessfully to data obtained by Kamiyoshi,7 which are
particularly well suited to this approach.

The hydrated silica gel surface is covered with ran-
domly8 placed silanol groups (chemisorbed water) to
which molecular water is attached via hydrogen bonds
(physically adsorbed water). From the observation
that the transverse relaxation time of the silanol pro-
tons is constant over a wide range of temperature and
content of physically adsorbed water,810 it is known
that silanol groups are immobile and that silanol pro-
tons do not exchange among themselves. This is espe-
cially true when physically adsorbed water prevents the
formation of silanol-silanol hydrogen bonds.11 Woes-
sner and Zimmerman,2 quoting dielectric and nmr
relaxation results, show that physically adsorbed water
undergoes rapid reorientation with a time constant
similar to that of the liquid. It is also known91213
that, at room temperature and at coverages between
about 0.5 and 3 statistical monolayers of physically
adsorbed water, the longitudinal relaxation times of the
protons in the system,l the transverse relaxation time
of protons in the adsorbed layers, and the proton lifetime
at either site are all much greater than the transverse
relaxation time (T 2i) of a silanol proton, 2 X 10-4 sec.89
Under these conditions, it is also true that the difference
in line widths is very much greater than the difference in
chemical shifts of the protons in the two phases.

Under these circumstances, the observed line width
(1/ZY) is given by
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where P s is the probability that a proton will be found
in a surface silanol group and T2a is the transverse
relaxation time of the silanol proton. Writing P s in
terms of [OH] and [H2D], the concentration of surface
hydroxyl groups and of physically adsorbed water, in
units of g/100 g of gel, we obtain

T ,r - ™ T » -T » + ’I\:OY\_I|]1> i (2)

At this point it is necessary to comment on the range
of validity of the foregoing treatment. Equation 1 is
correct only in the limit of rapid exchange, when 2ir(Av)
<K 1/t, where Av is the difference in chemical shifts of
protons at the two sites and 1/r is the proton exchange
frequency. Woessner and Zimmerman12 estimate 1/r
to be about 103sec-1 and 5 (measured using a 26.5 MHz
spectrometer) to be somewhere between 0 and 4 ppm.
The quantity (2irr)-1 is equivalent to a chemical shift
of about 6.0 ppm. Although more than one resonance
can be distinguished below 0°, due to reduction of 1/r,
only a single signal is seen at room temperature.1517
Hence, the assumption of rapid exchange appears to be
correct, at least at room temperature and above, al-
though more precise knowledge of s would be useful.
Equation 1 is not applicable at high surface coverages,
those at which the protons in the adsorbed water
greatly outnumber the silanol protons and relaxation
times other than must be considered, or at low cov-
erages, less than about 0.3 monolayer, below which two
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Figure 1. Observed line width parameter vs. physically
adsorbed water content, obtained from ref 7. Values of 6
indicate fraction of a statistical monolayer (see text).

coexisting environmental states cannot be defined.2
However, at room temperature and between about 0.5
and 2 or 3 monolayers of physically adsorbed water, the
dominant contribution to line width comes from T and
eg 2 should fit the observed linewidth. Note that when
most of the silanol protons are replaced by Ca2+, the
resonance is much sharper at low adsorbed water con-
tent and much less dependent on the extent of cov-
erage.I7

Kamiyoshi7 has provided the necessary data for a
type of gel having a surface area of about 800 m2g.1
Figure 1 represents a plot of these data, which are qual-
itatively similar to those of other authors for gels of
unknown surface area.1719 The observed line widths
have been converted from field to frequency units
(Ao>(sec 1) = 2wAv = 26.75 X AH (in mG)). The
negative intercept can be traced to the method of deter-
mining water content, drying 6 hr at 110°, which re-
moves all physically adsorbed water but also dehydrates
some silanol groups and eliminates some internal water.
Hence, each point in Figure 1 is displaced too far to the
right on the concentration axis by about 15 g of H20/100
g of Si02based on the anticipated value of the intercept.
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Table I: A Comparison of the Results of Different Methods
for Determining the Surface Hydroxyl Content of Silica Gel

Surface
area 10~6mol

Method (m2g) ownm:2 Ref
HD adaorption/BET 658 6.1 1
DD exehange/mass spectrum 750 8.2 2
Reaction with BH6 820 9.5 5
Reaction with LiAlH« 634 10.1 6
Nmr 800 7.0 This work

This does not affect the slope, which is the parameter of
interest, and has taken into account in determining the
values of fractional surface coverage (8). A better way
to measure the adsorbed water content would be pro-
longed evacuation at room temperature, which removes
only the truly physically adsorbed water.2D

From the surface area of the gel, the known value of
T2 (2 X 1 0 sec), and the slope, paying attention to
concentration units, we obtain a value of surface hy-
droxyl content of 7.0 X 10~6molof OH/m2 In Tablel,
this result is compared with those obtained with gels of
similar surface area by other methods.

The data in Table I were obtained with different
gels; hence, the variation in the values of hydroxyl con-
tent reflects differences in the gels as well as in the meth-
ods of measurement. Nevertheless, it is clear that the
nmr method gives a resonable result and that it is much
less ambiguous than the other techniques, since it in-
volves measurements performed on the undisturbed
silica surface. It would be very useful to compare the
results of these different methods on the same type of gel.
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A Formulation of the Reaction Coordinate

by Reifichi Fukuil
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Since the discovery of orbital symmetry control23
in determining the favorable path of chemical reactions,
the concept of the reaction coordinate has been used in
the molecular orbital theory of chemical reactivity more
frequently than before. The symmetry arguments of
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Hydrocarbon Chemistry, Kyoto University, Japan.
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molecular orbitals (MO), in particular of the HO (high-
est occupied) MO and the LU (lowest unoccupied) MO,
have been made in relation to the favorable path of
chemical reactions,4-8 and the nature of HOMO-LUMO
interaction has been understood in connection with the
change of molecular geometry along the reaction co-
ordinate.90 The conservation of orbital symmetry
along the reaction coordinate has been discussed in
connection with the stereoselection rule.3-11

In this connection, it is desirable to formulate the
“reaction coordinate.” Although in actual sense this
can obviously never be a simple concept, a conventional
definition would be helpful. We tentatively define the
reaction coordinate as a curve passing through the
initial and the transition points and orthogonal to en-
ergy equipotential contour surface. A reaction co-
ordinate, defined as such, may be called “intrinsic re-
action coordinate.”

Let the number of nuclei of the reacting system be N .
There are 3N — 6 independent internuclear distances
which are enough to determine the potential energy w.
These variables are denoted by X(X2----- xm(n = 32V —86).
An equipotential surface can be given by a hypersur-
face in the n-dimensional X\Xi----- xnspace as c = W
(XiX2 --—- xn) with respect to a given electronic state in
which ¢ is a constant value of potential energy. The
points corresponding to the initial, final, transition, and
intermediate states must satisfy the condition

dxj dx2 dxn

These points together are referred to as “equilibrium
points.” The sets xt (i = 1, 2 ,-—- n) representing
these points are, respectively, denoted by £i(int),

Ntrars> an(j “nterm) i2 reactiOn coordinate as

defined above is given by a solution of the following

simultaneous differential equations which passes
through the points £i(nut), £i(trars), and
4 ‘oW ,
Xn
OXn @

The derivation of eq 2 is obvious. The tangential
plane of the surface c = w (xix2--- xn) at a point xi
isgivenby YI1sw 70x}){Xi —xt) = O where X (are the

1

current coordinates. If we represent a reaction co-
ordinate as Xi = Tiit), x2= T2t),-—- xn = Tn(t) using
a parameter t, the tangent of this curve at the point xt
willbe (X1- x)/(dTv/dt) = (X*- x2/{dTZdt) = -
= (X n —xn)/(dTn/dt), and the condition that this line
should be perpendicular to the above-mentioned tan-
gential plane is nothing but eq 2.

Since the reaction coordinate is orthogonal to the
tangential plane of the equipotential surface, the po-
tential energy value on this tangential plane has always
an extremumi3 at the point crossing the reaction co-
ordinate.
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Equation 2 is worthwhile since this will connect the
chemical concept of reaction path to numerical compu-
tation in combination with the recent growth of possi-
bility of obtaining the values of w for a reacting system
with a tolerable reliability. But this equation is also
useful in getting some qualitative information about
the nature of reaction coordinate.

Equation 2 represents an extremely simple fact that
the direction of displacement conforms to the direction
of “force,” namely the vector (—owW /oxi, —O0W /0x2
--------- ow /oxn). In this manner, at a nonequilibrium
point, the driving force for a configuration change acts
in the direction of extremum potential energy change.
The coordinate, p, in the direction of configuration
change at any point is thus simply given by

ow

— = extremum (©))

Op
If we designate the direction cosines of a coordinate as
kl2 -—--- In and regard the potential energy gradient in
this direction as a function of 1j eq 3 leads to the
relation

law _low _ = 10w

li OXi k axi In OXn
determining the 1/s for the reaction coordinate p at any
point.

Any nonequilibrium point on a reaction coordinate
has one direction satisfying eq 3. Along the reaction
coordinates the curvature of potential energy increase
has to be maximum with respect to the variation of di-
rection; this is a requisite for the occurrence of a chem-
ical reaction with an energy barrier to be overcome.

A particular situation may arise at an equilibrium
point £4at which all ow 7 oxt vanish. At a point close

to £ say + Ax,, however, we have

(2) K. Fukui, “Molecular Orbitals in Chemistry, Physics, and
Biology,” P.-O. Lowdin and B. Pullman, Ed., Academic Press,
New York, N. Y., 1964, p 513.

(3) R. B. Woodward and R. Hoffmann, ./. Amer. Chem. Soc., 87,
395 (1965), and their papers cited in Angew. Chem. Int. Ed. Engl., 8,
781 (1969).

f4) K. Fukui, Bull. Chem. Soc. Jap., 39, 498 (1966).
(5) K. Fukui and H. Fujimoto, ibid., 39, 2116 (1966).

(6) K. Fukui and H. Fujimoto, “Mechanisms of Molecular Migra-
tions,” Vol. 2, B. S. Thyagarajan, Ed., Interscience, New York, N. Y.,
1969, p 117.

(7) L. Salem, Chem. Brit., 449 (1969);
(1969).

(8) L. Salem and J.S. Wright, J. Amer. Chem. Soc., 91, 5947 (1969).

(9) K. Fukui and H. Fujimoto, Bull. Chem. Soc. Jap., 41, 1989
(1968).

(10) K. Fukui and H. Fukimoto, ibid., 42, 3399 (1969).
(11) R. G. Pearson, Theor. Chim. Acta, 16, 107 (1970).

Chem. Phys. Lett., 3, 99

(12) Here a stable initial state refers to the ground-state reaction.
In an excited state, the possibility of involvement of a chemical
relaxation which may start from a nonequilibrium point cannot
entirely be rejected.

(13) For this path to have a definite physical meaning of reaction
coordinate, this extremum should be an absolute minimum.
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W/dXi ~ X (d2w /dxtdXj)xt=(Ic Ax,
i

In order for this point to lie on one reaction coordinate,
it follows from eq 2 that

Axi Ax-i

which immediately leads to the secular equation

d —K @ W - bin =0
bn o2 — K= -- bin
bni bn2 bnn K
( OwW \
bji

TNdx{0 x jxt=(k

giving Axi by which we can determine the direction of
displacement. Accordingly, in this case we have in-
stead of eq 3

op2
as the condition to be satisfied by a reaction coordinate
p.X4 This means, similar to eq 3', that the direction
cosines Is of the reaction coordinate p are specified as
satisfying the relation

= extremum (G

&Q(ij 1V(\)lx} E‘ayj T

Indxri j UXj (4)
Once the system starts to displace along one of these
reaction coordinates, the route is controlled by eq 2
up to a transition-state or another equilibrium point.

At an equilibrium point, we have in general n direc-
tions which satisfy eq4. At a stable equilibrium point
(e.g., corresponding to £i(init), £t(fin), or £j(inem® d2w /
dp2is positive in the direction of all of n such directions.
At a transition-state point d2T/dp2is negative in di-
rection of the reaction coordinate and positive in the
others.

Lastly, it is interesting to consider the symmetry of
the reaction coordinate31l by the use of eq 2. Equa-
tion 2 prescribes completely the locus of the motion of
nuclei along the intrinsic reaction coordinate. Equa-
tion 2 shows that the direction of displacement of nu-
clear positions is in conformity with the direction of
gradient of the potential energy of the entire reacting
system. In other words, the reaction coordinate always
belongs to the totally symmetric representation of the
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point group to which the symmetry of the nuclear ar-
rangement belongs. Therefore, it is self-evident that
the symmetry, if any exists in the system, is conserved in
the deformation along the reaction coordinate. In
this way, it results that each reaction coordinate has a
definite symmetry of its own.

The relation between the symmetry possessed by a
system and the symmetry of the MQO’s associated with
that system is a matter of common knowledge. Ac-
cording to the group-theoretical requirement, the molec-
ular orbital symmetry is necessarily conserved along
one reaction coordinate throughout, provided the sym-
metry of the reaction coordinate is conserved through-
out. In this way, the 'principle of conservation of orbital
symmetry is derived fromeq 2. This in fact made possi-
ble the dexterous use of the correlation diagrams by
Woodward and Hoffmann.3

But it should be noted that the orbital symmetry is
conserved in relation to every possible reaction coordi-
nate which obeys the control of eq 2, no matter whether
it is of high energy or low energy. Therefore, the
principle of conservation of orbital symmetry itself
cannot tell us the reason why a particular reaction path
proves to be favorable and another unfavorable on the
correlation diagram. In order to explore this reason,
we have to look into the nature of the change in poten-
tial energy of the system along the reaction coordinate.

Bader18% and Pearsonl’ showed in regard to many
examples that at an equilibrium point the value of
dZTT/'dp2is seriously reduced if the reaction coordinate
p belongs to the same irreducible representation as the
direct product of the representations of HOMO and
LUMO of the entire reacting system. The mechanism
of self-accelerating reduction of the interaction energy
according to the proceeding of reaction along the reac-
tion coordinate has been clarified2'4-10 in relation to the
HOMO-LUMO interaction between the reactants. In
the case of two-molecule reactions, the interrelation
between these two approaches is self-evident. In intra-
molecular reactions, too the correspondence is a matter
of approximation if we use the partition technique6 in
the reacting molecule. The localized natureD of usual
chemical reactions almost permits us in many cases to
consider an intramolecular reaction as a reaction be-
tween two parts of one molecule.
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Intramolecular Hydrogen Bond Formation

in o-Trifluoromethylphenol

by Frank C. Marier, 111, and Harry P. Hopkins, Jr.*

Department of Chemistry, Georgia State University,
Atlanta, Georgia 30303 {Received June 24> 1970)

The formation of an intramolecular hydrogen bond
between a hydroxyl proton and a fluorine atom on a
neighboring group has received considerable attention
in recent years.1-7

Infrared studies on this type of system have been ham-
pered by the small shift in the OH stretching frequency
which is normally observed89when a hydrogen bond is
formed between a covalently bound fluorine and a hy-
droxyl hydrogen. All previous studies, to our knowl-
edge, have been performed on molecular systems in
which a five-membered ring results from the hydrogen
bond formation. The geometry of the five-membered
ring and the size of the fluorine atom present an un-
favorable situation for the formation of a hydrogen
bond, if formed at all,1-3'D in these systems. In an
effort to determine if intramolecular hydrogen bond
formation between a covalently bound fluorine and hy-
droxyl hydrogen is influenced by ring size, high resolu-
tion infrared studies were performed on o-trifluoro-
methylphenol, a system in which a six-membered ring
will be formed if intramolecular hydrogen bonding
occurs.

Experimental Section

The spectra were recorded with a Beckman IR-12
spectrometer and a VLT-2 variable temperature unit.
The trifluoromethylphenols studied were obtained from
the Peninsular ChemResearch, Inc., and purified by
vacuum distillation or sublimation. Samples of the
o-trifluoromethylphenol were triply vacuum sublimed
and sealed in glass ampoules under nitrogen until the
solutions were prepared. The final purity of the
o-trifluoromethylphenol was determined by a pH titra-
tion in aqueous solution to be 99% or better. In order
to prepare solutions containing a minimum quantity of
water, spectroscopic grade isooctane which had been
dried over molecular sieve was mixed in a dry bag under
nitrogen with the samples sealed in the glass ampoules.
The resulting solutions were then transferred to the
infrared cells in the dry bag under nitrogen. Compen-
sation for the solvent bands in the 3600-cm-1 region was
accomplished with a variable path length cell in the
reference beam of the spectrometer.

Results

The infrared spectra of phenol and the three isomers
of trifluoromethylphenol were recorded in the 3600-cm-1
region in isooctane solutions dilute enough so that no
intermolecular association could be detected. For phe-
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Figure 1 Infrared spectrum of o-trifluoromethylphenol in

isooctane in the 3600-cm-1 region.

nol and the m- and p-trifluoromethylphenols symmet-
rical bands with approximately Lorenztian shapes were
observed with maxima at 3619.5, 3617.5, and 3622.0,
respectively. The band corresponding to the OH
stretching mode for o-trifluoromethyphenol was asym-
metric and is shown in Figure 1. The observed spectra
could be reproduced by two overlapping Lorenztian
bands with maxima at 3606 and 3624 cm-1. A series
of spectra were determined for an identical solution at
several different temperatures. Using an iterative pro-
cedure, the relative areas of the bands were determined
and the ratio of the band centered at 3624 to that at
3606 was evaluated for each temperature studied. The
temperatures and the corresponding ratios are given in
Table 1.

The shoulder which appears on the band assigned to

* To whom correspondence should be addressed.

(1) H. Bourana-Bataille, P. Sauvageau, and C. Sandorfy, Can. J.
Chem., 41, 2240 (1963).

(2) A. W. Baker and W. W. Kaeding, J. Amer. Chem. Soc., 81, 5904
(1959).

(3) E. A. Allan and L. W. Reeves, J. Phys. Chem., 66, 613 (1962).

(4) J. H. Richards and S. Walker, Trans. Faraday Soc., 55, 220
(1959).

(5) P. J. Krueger and H. D. Mettee, Can. J. Chem., 42, 326 (1964).
(6) P. J. Krueger and H. D. Mettee, ibid., 42, 340 (1964).

(7) D. A. K. Jones and J. G. Watkinson, Proc. Chem. Soc. London,
2371 (1964).

(8) D. A. K. Jones and J. G. Watkinson, J. Chem. Soc. London, 2366
(1964).

(9) P.J. Krueger and H. D. Mettee, Can. J. Chem., 42, 288 (1964).

(10) L. J. Bellamy and R. J. Pace, Spedrochim. Acta, Part A, 25,
319 (1969).
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Table | : Ratios of the Integrated Intensity
of the trans to the eis Bands

Tenp,
°c Ratio
25 2.1333
10 1.8975
-15 1.4959
-25 1.3368
-30 1.2565

the OH stretching mode of o-trifluoromethylphenol is
assigned to the cis isomer where intramolecular hydro-
gen bonding could stabilize this conformation. If the
ratio of the extinction coefficients of the cis (3606 cm-1)
and trans (3624 cm-1) bands is approximately constant
over the temperature range studied, the ratios given in
Table I are related to the equilibrium constants for inter-
conversion merely by a constant. A plot of the log of
the ratios given in Table | vs. the reciprocal of the abso-
lute temperature is shown in Figure 2. From the slope
of the straight line obtained, the enthalpy difference
between the cis and trans conformation was determined
by standard thermodynamic relationship to be 1.4
kcal/mol.

Figure 2. A plot of the log of the ratios tabulated in
Table | vs. 1/T°K.

A separation of 18 cm-1 between the cis and trans
conformation is considerably less than that found for
intermolecular association of phenol with a covalently
bound fluorine9 (39.7 cm-1). However, the frequency
change is almost identical with that reported for the in-
tramolecular association postulated for monofluoroetha-
nol6(15.5 cm-1) and trifluoroethanol6 (19.0 cm-1). The
enthalpy difference derived from these data is signifi-
cantly smaller than found in the above examples (2.13,
2.07, and 3.32 kcal/mol, respectively). From these
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comparisons it appears that an increase in ring size from
five to six members does not influence appreciably the
magnitude of the hydrogen bond interaction.

These results cannot be adequately compared with
the o-fluorophenol system since the OH stretching mode
in this system appears to have no detectable asymme-
try. They do suggest, however, that the interactions
in the cis isomer of o-fluorophenol are too weak to result
in an observable frequency shift.

Diaphragm Cell Diffusion Studies with

Short Prediffusion Times

by Michael J. Pika.

Chemistry Department, University of Tennessee,
Knoxville, Tennessee 37916 {Received, May 27, 1970)

The diaphragm cell has proven to be a very useful
tool in the study of liquid diffusion.1-6 The basic fea-
ture of a diaphragm cell is the porous membrane, which
is usually a glass frit separating an upper and a lower
compartment containing liquids of different composi-
tion. If the concentration of diffusing species is ini-
tially zero in the upper compartment, the classical
analysis6 shows that from the duration of the diffusion
experiment, t, and the concentration of the diffusing
species in the upper and lower compartments at the
end of the run, denoted by w and F, respectively, the
diffusion coefficients may be calculated from the equa-
tion

1+ fw/v\
b = @)

1- w/vJ
Here, /3is a cell constant determined by calibration, and
/ is defined by

Fu + Fp/2

2
FL+ Fd?2 @

where Fuand F Lare the volumes of the upper and lower
compartments, respectively, and Fd is the volume of the
frit. The derivation of eq 1 assumes the concentration
distribution in the frit is linear throughout the experi-
ment, although it has been shown7 that as long as the

(1) J. N. Northrop and M. L. Anson, J. Gen. Physiol.,, 12, 543
(1928).

(2) A. R. Gordon, Ann. N. Y. Acad. Sci., 46, 285 (1945).
(3) R. H. Stokes, J. Amer. Chem. Soc., 72, 763 (1950).
(4) J. G. Albright and R. Mills, J. Phys. Chem., 69, 3120 (1965).

(5) R. Mills and L. A. Woolf, “The Diaphragm Cell,” Australian
National University Press, Canberra, Australia, 1968.

(6) See R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
Academic Press, New York, N. Y., 1959, Chapter 10.

(7) C. Barnes, Physics, 5, 4 (1934).
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initial concentration distribution is linear, eq 1 is still
valid in all practical cases.

For the purpose of developing an initial linear concen-
tration distribution, a prediffusion step is introduced
into the experimental procedure. In a tracer experi-
ment (he., where the diffusing species is present in small
concentration and moves in an essentially homogenous
environment), the upper compartment and the dia-
phragm are initially filled with solution devoid of tracer
species. Solution containing the tracer (labeled solu-
tion) is placed in the lower compartment, and diffusion
is allowed to proceed for prediffusion time, r. Next,
the solution in the upper compartment is removed, and
the compartment is rinsed with unlabeled solution.
Fresh unlabeled solution is then placed in the upper
compartment, and the actual diffusion run is started.
The assumption is that after a sufficiently long predif-
fusion time, the concentration distribution in the frit is
linear and eq 1 is valid.

The question is, of course, how long must the predif-
fusion time be to preclude serious error due to the failure
of eq 1. The usual procedureZ68 is to determine a
“rough but safe” lower limit for r from the Gordon in-
equality, D e/v- > 1.2, where D is the diffusion coeffi-
cient in cm2sec and I is the “apparent thickness” of the
frit (1 ~ 1.6 X actual thickness). For the usual type
of frit, 1 « 0.4cm, andifD = 2 X 10-6 cm2sec, tis of
the order of 3 hr. However, ifD = 2 X 10-6 em2sec,
the estimated preliminary diffusion time is 30 hr.
Thus, the diaphragm cell technique does not appear to
be practical when the diffusion coefficients are small,
particularly if short-lived isotopes are to be studied or
the solution undergoes slow chemical decomposition.
However, there is evidence which suggests that the
Gordon inequality overestimates the time required to
establish a linear concentration distribution.9

The purpose of this note is to present the results of a
combined theoretical and experimental investigation of
the effect of variation in prediffusion time on the
“apparent” diffusion coefficient calculated from eq 1
A theoretical “correction” to be applied to eq 1 for
short prediffusion times will be derived. Experimental
data will be presented which indicate the theoretical
correction is accurate within +30% or better. The
practical result of this study is that a prediffusion time
smaller by a factor of five than those given by the
Gordon inequality may be used without introducing
Serious error.

Theory

The following discussion refers to a tracer diffusion
experiment where the tracer is originally in the lower
compartment and is allowed to diffuse into the upper
compartment. The diaphragm is devoid of tracer at
the start of prediffusion. Both compartments are
taken to have the same volume. The theory developed
here is basically an extension of the earlier work of
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Barnes.7 The general procedure is to first evaluate the
concentration distribution in the frit at the start of the
diffusion run. The distribution function derived con-
tains a nonlinear term depending on r. Next, this
distribution function is used to relate the concentrations
of diffusing species in the upper and lower compartments
to the product Dt. Algebraic manipulation of the
resulting equation then yields the diffusion coefficient as
a sum of two terms. The first term is the right-hand
side of eq 1, while the second term is the theoretical
“correction” for a short prediffusion time. The sym-
bols used are defined as follows.

X= FdFu= FdF1

Vo = concentration of tracer in the lower compartment
at the start of the diffusion run (he., att = 0); Vo' =

concentration of tracer in the lower compartment at
the start of prediffusion; w T = concentration of tracer
in the upper compartment at the conclusion of pre-
diffusion; wo - 0 = concentration of tracer in the
upper compartment at the start of the diffusion run;
a = effective volume of a frit of unit area; Uo(x) =

concentration of a tracer in the frit at position x
(0 < x < a) at the conclusion of prediffusion (and at
the start of the diffusion run).

Barnes7 has given several solutions of the problem of
diffusion through a membrane based upon a solution of
Fick’s second law subject to the appropriate boundary
conditions. In the case where the concentration dis-
tribution in the frit is initially linear (gradient filled
case), Barnes’ equations reduce to eq 1 for all practical
purposes, with the cell constant being given by 3 =
2X(1 — X/6 + \245)/a2 Another situation considered
by Barnes was the case in which the frit is initially free
of tracer, and no prediffusion period is used. In this
case (solvent-filled case), omitting the small quadratic
terms in X and the vanishingly small series term, Barnes’
results may be written in the form

D = DI+ (1/i3c) In[(X - X/6)/I(1 - X/I2)] (3
where D 1lrepresents the value of the diffusion coefficient
calculated fromeq 1

We now consider the solution of the diffusion problem
in the more general case where the initial concentration
distribution in the frit is determined by the prediffusion
conditions. Our solution will correspond to the sys-
tematic retention of all significant terms linear in X;
the quadratic terms in X will be omitted. From the
equations given by Barnes, we find that the concentra-
tion distribution in the frit at the start of the diffusion
run is given by

(8) A. L. Geddes and R. B. Pontius in “Physical Methods of Organic
Chemistry,” Part 2, A. Weissbherger, Ed., Interscience Publishers,
Inc., New York, N. Y., 1960, p 895.

(9) R. Mills, L. A. Woolf, and R. O. Waats, A.l.Ch.E. J., 14, 671
(1968).
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Uo(x) = FO(I —x/a) + WrX/a —

~Fo'lfl") 2 sin (nirx/a)  (4)
n=i n
where
= Dn2irXa2 (n =12 ..) 5)
and
WT= (Fo72)(l - e-BDr) 6)

Following the procedure outlined by Barnes with Uo(x)
given by eq 4, and using the approximation Vo =
Vo in eq 4, we find
v = (FO2)[1 - 4X&/M*2+ WH/2Vo+
1 - 4X&/uw2 - TFIX/6Fo)e~B4d] (7)
TF= (FOl2)[1 - 4XSY{ w2+ W nr\/2vo -

@1 - 4XpZ w2 - TFX/6Fo)e-m ] (8)

with
©
n w2
odd
&= E N do)
n n2
even

Rearrangement of eq 7 and 8 to eliminate Fo and using
the good approximation, w T « FQ8Dr/2, yields the
desired result

D = D1+ (I/pt) In [(1 - «0/(1 - ai)] (11)

where D1 is, again, the value of D calculated from

eq 1. The symbols ai and a> represent the functions
a\ = (4Si/ v2 — ;3Dt/4i)\ (12)
a2= (4S2x2+ PDr/12)\ (13)

When ai and a2 are small compared to unity, the
function D - D 1may be simplified to
Xr 4

D —D1= ~ (Si -
Rt L/T2

Si) - RDr/3 14)

The presence of si and s 2 reflect the lack of “filling”
the frit to a linear concentration profile, while the pres-
ence of pDr reflects the partial “emptying” of the frit at
the start of diffusion when the upper solution containing
tracer is replaced with fresh unlabeled solution. The
terms involving Si and s2 may be significant if the pre-
diffusion time is very short, while the term in /3Dt is
significant only when the prediffusion time is of the
same order of magnitude as the length of the diffusion
run.

It should be noted that the calculation of D — D 1by
eqg 11 requires a preliminary estimate of D to evaluate
ax and o> As a first approximation, D = D1 may be
used to evaluate ai and a2 Also, the parameter a is
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needed to evaluate si and <& The approximation,
3= 2X/a2 may be used for this purpose.

It is a simple matter to verify that our solution
reduces to the solvent filled case as t -*m 0, as it should.
Whenr = 0,Si = T)1/n2= ir28, ands2= £ 1/n2=

n n

odd even
ir224. Therefore, as r 0, ai -*m X/2, a2-*m X/6, and
eqg 11 reduces to the solvent-filled case.

Experimental Section

To demonstrate the essential validity of eq 11, one
tracer diffusion run was made with each of two dia-
phragm cells. In each cell, a small volume of solution
containing trace amounts of 2ANa+, 4Ca2+, and &Y 3+
was added to the solution in the lower compartment.
For each cell, the concentration ratios W 7V were deter-
mined for the three isotopes by taking advantage of the
short half-life of 2Na+ and the counting characteristics
of the isotopes. Diffusion coefficients were then cal-
culated using eq 11. The diffusion conditions were
chosen so that the function b — D 1, for each isotope,
was significant for cell 1 but insignificant for cell 2'.

Magnetically stirred diaphragm cells of the Stokes
design,3 with Teflon bottom plugs,4 were used in the
experiments. The stirring rate was 60 rpm. The
calibration constants, /3 were evaluated in the usual
way by allowing 0.5 N potassium chloride to diffuse into
pure water.

The potassium chloride and sodium chloride were
reagent grade chemicals. The potassium chloride was
recrystallized once from water. All solutions were
filtered through a fine glass frit before use and were then
degassed. Triple-distilled water was used in this re-
search. The 1.00 m sodium chloride solution was pre-
pared from weighed quantities of the dried salt and dis-
tilled water. The radioactive isotopes, yttrium-88
and calcium-45, were obtained from the Isotopes Divi-
sion of Oak Ridge National Laboratory, Oak Ridge,
Tenn. The sodium-24 used in this research was pre-
pared by irradiation of reagent grade sodium carbonate
using the Oak Ridge research reactor at Oak Ridge
National Laboratory. The radioactive purities of the
yttrium-88 and of the sodium-24 samples were verified
by checking their respective 7 -ray spectra.

The following procedure was employed. Trace
amounts of the radioactive species, 2Na+, &Y 3+, and
4Ca2+ were added to 1.00 m sodium chloride in the
lower compartment. Diffusion was allowed to proceed
for a prediffusion time, r. The upper compartments
were then emptied and rinsed four times with 20-ml
portions of 1.00 m sodium chloride. The diffusion run
was begun when the final filling of the upper compart-
ment was started. Within a few hours after the con-
clusion of the diffusion run, “initial” counting rates
of weighed samples of the upper and lower compart-
ments were determined on a well type sodium iodide
scintillation counter. After sufficient time had elapsed
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for the sodium-24 to decay away, the same samples were
again counted on the sodium iodide counter to give final
counting rates. To detect a possible change of counting
efficiency between the initial counting period and the
final counting period, a standard solution of vttrium-88
was counted each time. The initial and final counting
rate data, plus the experimental observation that the O
decay of calcium-45 did not register on the sodium io-
dide counter, allowed calculation of X Na+ and X Y3+,
where X denotes the ratio w/Vv. Appropriate decay
corrections were made for decay of sodium-24 during
the initial counting period and for the decay of yttrium-
88 between the time of the initial counting period
and the time of the final counting period. To evaluate
X G2+, samples from the upper and lower compartments
were counted on a Model 314 EX Packard Tri-Carb
liquid scintillation counter using the scintillation cock-
tail described by Bray.D The experimentally deter-
mined counting efficiency of yttrium-88 on the Tri-Carb
(measured relative to the efficiency on the sodium iodide
counter) allowed the contribution of the yttrium-88
to the observed counting rates to be eliminated, since
the yttrium-88 counting rate on the sodium iodide
counter was known. Corrections for background were,
of course, applied in all of the counting experiments.
The counting rates were low enough so that coincidence
corrections were not needed. The experimental values
of X are given in Table | along with other relevant ex-

Table | : Experimental Parameters

Parameter Cell 1 Cell 2'
R 0.13985 0.12000
X 0.0148 0.013
/ 1.0124 0.9117
r, sec 2,28 X 103 3.765 X 104
t, sec 3.750 X 104 4.956 X 104
102X X(Na+) 3.172 + 0.014 3.878 + 0.027
102 X X(Ca2+) 1.887 + 0.012 2.420 + 0.019
102 X X (Y 3+) 1.454 +0.008 1.975 + 0.005

perimental data. The error limits on the X values
correspond to a 90% confidence limit, considering count-
ing errors only. To provide a test of the theory under
conditions where D — D 1 is large, both the prediffusion
time and the diffusion time for cell 1 were kept very
short, while the prediffusion time for cell 2' was long
enough for a linear concentration profile to be estab-
lished. Unfortunately, this procedure also has the
effect of making the results very sensitive to any small
disturbance of the frit during handling. However, past
experience in this laboratory indicates that the “error”
in the D 1 values reported here introduced by “frit dis-
turbance” should be less than the corresponding “error”
introduced by the uncertainty in the counting data.
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Results and Discussion

From the data in Table I, avalue of D | was calculated
using eq 1, and the “correction term”, b — DI, was
calculated using eq 11. To evaluate ai and at, the
value of D 1from cell 2' was used as an approximation
for D. The approximation, a2 = 2X//3 was used to
evaluate a2 The results of these calculations were
then combined to give a value of the diffusion coef-
ficient, D. Since, for cell 1, the “correction term” is
significantly larger than the experimental uncertainty
in the value of D, a test of the theory may be made by
comparing a diffusion coefficient obtained from cell 1
with the corresponding quantity obtained from cell 2.
The results of this comparison are given in Table 1lI,

Table II:  Comparison of Theory with Experiment: Tracer
Diffusion Coefficients in 1.00 N Aqueous NaCl at 25°
~-108(D — DI) theory—  -eeeeeee- 105>

lon Cell 1 Cell 2 Cell 1 Cell 2!

2N a+ 0.030 -0.004 1.247° 1.244'

HCa2+ 0.049 -0.002 0.773 0.777

88y3 + 0.056 -0.002 0.614 0.633

“ For sodium-22, 10?)Na+ = 1-236 [R Mills, Rev. Pure Appi.
Chem., 11, 78 (1961)].

where theoretical values of D — D1 and the corre-
sponding diffusion coefficients are listed. Each entry
represents the result of a single experiment. We note
that good agreement between the cell 1 and cell 2' dif-
fusion coefficients is found for both 2ANa+ and BCa2+.
For &y 3+, however, the cell 1 value is about 3.1%
lower than the cell 2' value. This difference may be
due to experimental error. However, the possibility of
a small defect in the theory cannot be ignored. More
extensive experimentation would be needed to settle
this point.  Since we expect no significant isotope effect
between 2Na+ diffusion and 2Na+ diffusion,1l it is
significant to note that the diffusion coefficient for 2Na+
determined in this research is in good agreement with
the literature value for ZNa+. With due consider-
ation of the experimental uncertainties, we conclude,
from the data, that the theoretical expression for b —
DI is in error by no more than ~30% for the range of
Dr values spanned by the data. Thus, the data, al-
though sparse, do demonstrate that the theoretical
expression for D — D 1is, at worst, semiquantitative.
Indeed, the expression forb —1)1may be quantitative.
However, in the absence of additional data, it would
seem advisable to restrict the use of eq 11 to systems

(10) G. A. Bray, Anal. Biochem., 1, 279 (1960).

(11) Preliminary measurements in this laboratory have indicated
that there is no significant isotope effect (i.e., above ~0.5% ) between
2N a+ and 2N a+ diffusion in 4.0 M NaCl. Therefore, we also
expect the absence of an isotope effect in 1.00 M NacCl.
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where an error of ~30% in D — D1 has a negligible
effectonD. In practice, this is not a serious restriction.
To carry out more stringent tests of the D — D cor-
rection, one should use diaphragm cells having values of
X considerably larger than the cells used here.

The results of this research demonstrate that one may
use prediffusion times significantly less than those cal-
culated from the Gordon inequality. For example, in
the case of Na+ diffusion in 1.00 M NacCl, the Gordon
prediffusion time is about 4 hr. Yet, as the data in
Table Il indicate, accurate diffusion data may be ob-
tained when the prediffusion time is only about 0.5 hr,
provided the correction term, D — D 1 isused. The
practical significance of this research is more obvious
when diffusion coefficients are very small. For exam-

COMMUNICATIONS TO

Photodissociation of an eag~ Complex in

Hydrogen-Saturated Alkaline Solutions

Sir:  We have discovered an unstable transient species
in continuously photolyzed H2saturated NaOH solu-
tions at pH 11. This species may be ionized by light
of wavelengths as long as 340 nm and produces eaq ,
the hydrated electron. Since the concentration of
e produced on photoionization increases with added
Na+ concentration, we tentatively attribute this species
to a dissociable complex involving Na+ and eag-
Assuming its structure to be (Na+-e~)agwe write

(Na+-e~)ag+ hv Naag+ + eaq (€D)]

However, at this stage, an impurity-eaq complex,
H -, or excited water cannot be excluded.

The apparatus used for creating and detecting this
species is diagrammed in Figure 1. It consists of a
sensitive eag~ detector, an Hg vapor lamp for generat-
ing a steady-state concentration of eaq~, and an analyz-
ing xenon flash lamp. The tungsten lamp (a), Suprasil
irradiation cell (b), 700-nm filter (c), photomultiplier
id), 400-channel analyzer (e), and XY recorder (f)
constitute the eag~ detecting system. With it we
may study transient eag~ signals with a sensitivity of
0.1 nilf. Hydrated electrons are continuously gener-
ated in the irradiation cell (b) at a rate of about 10 nm /
sec by a low-pressure Hg vapor lamp (g). A xenon
lamp (h) provides a 50-joule light flash of 30-psec
half-width and generates about 50 nM eaq when
placed at a distance of 20 cm from cell b. Lamps g
and h produce and transmit light down to <200 nm.
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pie, if D = 2 X 10-6 cmZsec, the Gordon prediffusion
time is about 30 hr for our diaphragm cells, which are
typical of those in common use. However, by using
the correction term, D —D 1 (assumed to be accurate
within 30%) diffusion data accurate to within 1% may
be obtained even when the prediffusion time is only 5 hr
and the diffusion time is 24 hr.
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donors of the Petroleum Research Fund, administered
by the American Chemical Society, and to the Univer-
sity of Tennessee Faculty Research Fellowship Fund
for partial support of this research. The author wishes
to thank Dr. G. E. Boyd and Oak Ridge National
Laboratory for the use of laboratory facilities.

THE EDITOR

We interpose Corning filters 0-52 and 0-53 in holder i
in order to absorb the shorter wavelengths. See the
inset of Figure 2 for the optical transmission proper-
ties of these filters. In juxtaposition with (i) about
300 nM ear is produced by the xenon flash without the
cutoff filters. The reliability of this unit is greatly
improved over the earlier modell by accumulating the
signals from several carefully controlled flashes for
each experiment. The ea signals are stored in the
400-channel analyzer and read out on an XY recorder.

Figure 1. Schematic drawing of eag~ photogeneration
apparatus: (a) tungsten lamp, (b) a 5-cm Suprasil
“irradiation cell” with an associated optical system
providing seven light passes (35-cm path length),

(c) a filter combination transmitting 700-nm light,
(d) photomultiplier, (e) 400-channel analyzer,

(f) XY recorder, (g) low-pressure Hg vapor lamp
with uv transmitting jacket, (h) xenon flash lamp,
and (i) light filter holder.

(1) K. Schmidt and E. J. Hart, Advan. Chem. Ser., 81, 267 (1968).
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Figure 2.
pickup), or 0-53, Hg lamp off, or 0-52, Hg lamp on, 1 A;

Communications to the Editor

Photodissociation of eaq complex in photolyzed ~-saturated solution of pH 11: curve 1, black filter (noise and
curve 2, 0-53, Hg lamp on, 1 A; curve 3, 0-53, Hg lamp on, 2 A;

curve 4, 0-53, Hg lamp on, 2 A, 10~2m NaC1l104added; curve 5, 0-52, Hg lamp on, 1 A, 10~2M NaCl04added. Inset:
transmission of Hg vapor lamp, xenon flash lamp, and Corning filters 0-52 and 0-53

Curves 1-5 of Figure 2 reveal our results. They are
traces of eag~ formation and decay curves averaged
from five xenon lamp flashes by the method described
above. They were taken with the Hg lamp operating
at a “normal” 1 A, at 2 A, or with a closed shutter so
that no light from the steady mercury lamp reached
the cell. Under this latter condition eaq is not pro-
duced by the xenon flash with filter 0-53, having a cut-
off at 280 nm, since the signal produced is identical
with that obtained with an opaque “black” filter.
We attribute the signal of curve 1 to noise and to elec-
trical and magnetic pickup by the photomultiplier
when the xenon lamp is discharged.

The eax signal from a species in the photolyzed
solution is evident by comparing trace 2 with 1. This
comparison demonstrates that eaq~ is generated by a
xenon flash at X >280 nm, but only when the solution
is being irradiated by the mercury lamp. The strength
of the signal also increases with current supplied to the
mercury lamp. (Compare traces 2 and 3.)

That Na+ enhances the signal is shown by comparing
trace 4 with 3 and trace 5 with 1. Traces 4 and 5
were obtained from the H2saturated pH 11 solution to
which 0.01 M NaC104was added. The comparison of

The Journal of Physical Chemistry, Vol. 74, No. 28, 1970

trace 3 with 4 shows that the eag signal is nearly
doubled by light of X >280 nm in the presence of
0.01 M NaC104 Even at 340 nm eat is generated in
these NaC104 solutions when the mercury lamp is on.
(Compare trace 5with 1.)

We interpret our results as the photodissociation of
an unstable (Na+-e~)agq complex and represent the
process by reaction 1. This “neutral” species has its
counterpart in the *“monomer” units postulated in
metal-ammonia solutions.2 Our assignment is chiefly
based on the enhancement by added NaC104 There
could also be a contribution from the C104 although
traces 2 and 3 show that C104 is unnecessary to pro-
duce the eaq~ signal.

The dielectron, (e2~)ag has been postulated as a
species dissociable into eag~ by light of X >800 nm.8
We may unequivocally exclude (e22’)aq as the species
responsible for our result. Because our flash lamp has
a high intensity of light of X >800 nm where (e2-)a
is believed to absorb, we would have obtained a signal

(2) W. L. Jolly, Advan. Chem. Ser., 50, 27 (1965).

(3) N. Basco, G. A. Kenney, and D. C. Walker, Chem. Commun.,
917 (1969).
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with a xenon flash transmitting light of X >340 nm
as long as the Hg lamp was on. The absence of a
signal using the 0-52 filter with the lamp on is the
basis for this conclusion. (See curve 1 of Figure 2.)

Other conceivable species could be impurities, H~,
and excited water. Impurities are difficult to exclude
since their concentration is increased with the addition
of NaC104 At this stage H~ is also a candidate, but
this ion may be easily tested by increasing the pH to a
point where the steady-state concentration of H atoms
is vanishingly small. Since our optical system trans-
mits light well into the first fundamental band of
water it is conceivable that a small concentration of a
dissociable “excited” water may contribute to this
effect. However, the large enhancement by Na+
indicates that this source of eaq_ is unlikely.

At the present time we know only that this species
absorbs around 300 nm. It is tempting to associate
it with the absorbing “monovalent” species produced
by ea reaction with bivalent ions such as Zn2+,
Cd2+, Mn2+, and Pb2+.4 Each of these “monovalent”
ions has an intense absorption band centered at 310
nm. We plan to investigate the photodissociation of
these ions by our apparatus.

If eaq forms a complex with Na+ a new area of
photochemical research opens up encompassing the
alkali and alkaline earth ions as well as other unstable
reduced complexes.

(4) G. E.Adams, J. H. Baxendale, and J. W. Boag, Proc. Chem. Soc.,
241 (1963).
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Trombay, Bombay, India

Argonne National Laboratory E.J. Hart

Argonne, ll1linois K. H. Schmidt
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Isentropic Compressibility of Ideal Solutions

Sir: In a recent publication,1 Blandamer and Wadd-
ington defined the excess isentropic compressibility
[(Ad)E] of a liguid mixture as the difference between
the observed isentropic compressibility [Ks'] and that of
an ideal solution [(As)id] as in eq 1. The isentropic
compressibility of an ideal solution was represented as
the mole fraction (xi) average of the isentropic compres-

(ADE= A.' - (A)id 1)
(KsOid = S Xi(E7)i° )
A.'= —(0©InvsOP). (©)]
At = —0OInvsopP)t @
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sibilities of the pure liquids [(Ad)i0]. Jacobson2 used
an expression similar to eq 2, but with volume fractions
instead of mole fractions. Neither of these expressions
is correct.

The isentropic compressibility of any solution is re-
lated to the isothermal compressibility [At] by the ratio
of the heat capacities at constant volume and constant
pressure, as ineq 5. The isothermal compressibility of
an ideal solution can easily be shown to equal the
volume-fraction (») average of the isothermal com-
pressibilities of the pure liquids, and the heat capacity
to equal the mole-fraction average of the heat capacities
of the pure liquids. For an ideal binary solution, the
isentropic compressibility is correctly represented by
eq 6. Values of Cv for the pure liquids can be calcu-
lated from cve°, At°. the molar volume, and the coeffi-

AY = K t(Cv/Cp) 5)

(As)id = (VIKE® + irAYXxXxYv + XXv°)/
(XICp° + xXPP) (6)
Cp- Cv = a2vT/Kt ©)

cient of thermal expansion [a = (d In v/dT)p], using
eq 7, as suggested by Lewis and Randall.3 Since
accurate values of K ° are not available for all liquids,
and since there is likely to be some discrepancy between
values of Ad calculated from sound velocity experi-
ments and those calculated from eq 5 and 7, we suggest
that the value of At° to be used for calculations of the
excess isentropic compressibilities based on sound veloc-
ity measurements might best be calculated from A s' for
the pure liquid.

In Figure 1, we show the excess isentropic compressi-
bilities calculated from eq 1 and 6 for the systems
methanol-water, ethanol-water, n-propanol-water, teri-
butanol-water, and acetone-water. On each of these
plots we indicate the composition at which the ultra-
sonic absorption is a maximum (PSAC).4 Blandamer
and Waddington attempted to show a correlation be-
tween the PSAC and the position of zero excess isen-
tropic compressibility in terms of the real and imagi-
nary components of the total isentropic compressibility.
A much more substantial correlation between the PSAC
and the position of the minimum excess isentropic com-
pressibility can be seen in our plots using the correct
expression for the ideal solution term. A striking
failure of this correlation is the absence of a PSAC for
the system methanol-water.

(1) M. J. Blandamer and D. Waddington, J. Phys. Chem., 74, 2569
(1970).

(2) B.Jacobson, Ark. Kemi, 2,177 (1950).

(3) G. N. Lewis and M. Randall (revised by K. S. Pitzer and L.
Brewer), “Thermodynamics,” 2nded, McGraw-Hill, New York, N.Y ,
1961, p 107.

(4) C.J.Burton, J. Acoust. Soc. Amer., 20, 186 (1948).
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Figure 1. Excess isentropic compressibilities for the systems:
(a) ierf-butyl alcohol-water at 27°. Data are scaled from graph
inref4. Density data are extrapolated from the data of A.
Doroshevski, J .Russ. Phys. Chem. Soc., 43,66 (1911); listed in J.
Timmermans, “Physico-chemical Constants of Binary Systems
in Concentrated Solutions,” Vol. 4, Interscience, New York, N. Y.
1960; (b) acetone-water at 20° (ref 2); (c) n-propyl
alcohol-water at 20° (ref 2); (d) ethanol-water at 20° (ref 2);

(e) methanol-water at 20° (ref 2). The vertical hash marks on
the curves indicate the composition at which the maximum
ultrasonic absorption occurs (PSAC, ref4).

(Dr. Blandamer has indicated to the editors that he
concurs with the authors’ comments on ref 1 of this
communication.)

* To whom correspondence should be addressed.
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Electronic Excitation Energy Transfer in
Dye—Polyanion Complexes

Sir:  The shift in the absorption spectra of cationic
dyes upon interaction with polyanions (metachromasia)

is the basis of a wide range of cytological and histochem-
ical methods for identifying these materials in cells and

The Journal of Physical Chemistry, Vol. 74, No. S3, 1970
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tissues.1 Dye aggregation, rather than interaction
between the ionic site and the dye, has been shown to be
the major driving force in such interactions.2 Changes
in the fluorescence properties of the dye have also been
noted, but this aspect has received little detailed study.
A limitation of the dye-binding technique in quantita-
tive study is the tendency of the emission to fade
rapidly.8 In emission studies attention has been mainly
devoted to DNA-acridine orange complexes, in an
attempt to understand the powerful mutagenic activity
of acridine dyes.4 Little is known about the mechanism
of fluorescence quenching of cationic dyes by poly-
anions, and this is the objective of our investigation.

When acridine orange is added to dilute aqueous solu-
tions of dextran sulfate or heparin the absorption and
emission spectra depend on the ratio P /D where P is the
number of available anionic sites and D is the number
of dye molecules in solution. When p/D ~ 1 the dye
has an absorption spectrum very similar to the aggre-
gated dye in polymer free solution. When P/D 1
the absorption spectrum is similar to that of the free
monomeric dye. Unlike the spectral shift to the blue
observed in absorption, increase of acridine orange con-
centration results in the buildup of a new emission
band at longer wavelengths arising from excited dimer
molecules. There is no detectable emission from
excited states of larger aggregates.

The main features of both the emission and absorp-
tion spectra can be explained by the theory of exciton
splitting.56 An upper singlet state of a monomer splits
on W-fold aggregation into an IV-fold band of levels with
a band width depending on the intensity of monomer
absorption as well as the relative orientations and sepa-
ration of the dye molecules. The behavior of acridine
orange molecules on interaction with the polyanions
mentioned above is consistent with this theory and with
the dye molecules forming laminar or card-pack aggre-
gates. Apart from the strong exciton coupling which
results in the blue shift in absorption, weak coupling is
to be expected and should lead to rapid excitation energy
transfer effects.

Experiments have been carried out on the quenching
of fluorescence from acridine orange bound to poly-
anions by very low concentrations (10-8 to 10-m) of
methylene blue or thionine. In Figure 1 the Stern-
Volmer plots for the quenching of acridine orange on
dextran sulfate fluorescence are shown. F is the

(1) For an evaluation see J. W. Kelly, Acta Histochem., Suppl., IS,
56 (1958).

(2) J. S. Moore, G. O. Phillips, D. M. Power, and J. V. Davies, J.
Chem. Soc. A, 1155 (1970).

(3) P. J. Stoward, “Luminescence in Chemistry,” E. J. Bowen, Ed,
Van Nostrand, London, 1968, pp 222.

(4) 1. Isenberg, R. B. Leslie, S. L. Baird, R. Rosenbluth, and R. Ber-
sohn, Proc. Nat. Acad. Sci. U. S., 52, 374 (1964).

(5) A. S. Davydov, "Theory of Molecular Excitons (trans. by M.
Kasha and M. Oppenheimer),” McGraw-Hill, New York, N. Y., 1962.

(6) M. Kasha, Radiat. Res., 20, 55, (1963).
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Figure 1. Stern-Volmer relationships for the quenching of the
fluorescence of dextran sulfate-acridine orange complexes by
methylene blue at various acridine orange concentrations.
Dextran sulfate concentration 2 X 10~4equivalent anionic
sites per liter.

Groatraion d aoidre aae (XIBN)

Figure 2. Variation of the Stern-Volmer constants, K sv, with
concentration of acridine orange for dextran sulfate-acridine
orange complexes.

fluorescence intensity in the presence of quencher and
F° the value in the absence of quencher. The values of
K sw (mole ratio units) which are given by the slopes of
the plots multiplied by the acridine orange concentra-
tion do not depend significantly on the P/D ratio in
the range 4-20, but increase with acridine orange con-
centration in the range 0.8-7 X 10~5Mm (Figure 2).
Table | summarizes K sv values obtained with both
methylene blue and thionine on two polyanions. The
exciting wavelength was chosen so that predominantly
acridine orange dye aggregates were excited and the
aggregation was unchanged by the small amounts of
methylene blue or thionine present. In addition no
evidence for the formation of mixed aggregates between
acridine orange and quenching dye could be found.

K sv measures the effectiveness of the methylene blue
and thionine in the deactivation of excited states which
give rise to dimer emission relative to the specific rate
of decay in the absence of quenching dye. The values
of Ksv are high and approach the maximum value of

4173
Table |
Acridine
orange KB
concen- (mole ratio
tration units)
Polyanion X 106M P/D Acceptor X io-£
Dextran sulfate* 5.3 10 Methylene Blue6 2.97
Dextran sulfate 5.5 4 Methylene Blue 3.03
Dextran sulfate 2.4 10 Thionine 2.24
Dextran sulfate 2.3 5 Thionine 2.59
Heparin 3.9 10 Methylene Blue 2.77
Heparin 3.6 5 Methylene Blue 2.84

“Temperatures: 24° (dextran sulfate); 20° (heparin).
b Acceptor concentrations varied between 10”8and 10“7m .

about 4 X 104 found for quenching of anthracene
fluorescence by naphthacene in anthracene crystals.78
“Energy hopping” between dye aggregates, similar to
that postulated for organic crystals, must occur until,
among other possibilities, trapping occurs at a dimer
aggregate and fluorescence from the lower level of the
first excited singlet state occurs.

Analysis of the results of the quenching experiments
with heparin shows that energy migration from one
polyanion-dye complex to another occurs. A typical
heparin molecule used in these experiments had a molec-
ular weight of about 104 and about 70 anion sites per
molecule. From results given in Table 1 an acridine
orange concentration of 3.9 X 10-5M and a mole ratio
of 1.9 X 10-3 for methylene blue to acridine orange
gives a 30% quenching. At p/D = 10 there is one
methylene blue molecule for each 5200 sites and there-
fore at least 22 heparin molecules must, on average, be
involved in each quenching act. If methylene blue
molecules were only able to quench excited states of
acridine orange on the same molecule as it was located
there would only be 1.5% quenching. It can be shown
by calculation that both diffusive and long-range Forster
type energy transfer are not sufficiently effective to
explain the observations under the experimental condi-
tions. There must be a weak or intermediate exciton
coupling between dye molecules on different polyanions
in clusters formed under the conditions of solution.
This interpretation is consistent with the lack of sig-
nificant change in the effectiveness of energy transfer
between aggregates when the P/D ratio is changed.
The effect of increasing acridine orange concentration
onthe value of K ,, is probably due to quenching of the
fluorescent dimer state by transfer to lower excited
levels of higher aggregate.

The demonstration of rapid electronic energy transfer,
apart from improving understanding of the behavior of

(7) J.B.Birks, “The Theory and Practice of Scintillation Counting,”
Pergamon, Oxford, 1964, p 259.

(8) D. C. Northrop and O. Simpson, Proc. Roy. Soc. Ser A., 234, 136,
(1956).
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dyes used in fluorescence microscopy and histochemis-
try, provides a valid model for energy transfer under
biological conditions. The extremely facile inter-
molecular energy transfer between aggregates, in partic-
ular, raises interesting possibilities about such pro-
cesses being operative in the connective tissue matrix,
where the polyanions are in similar association with a
range of polycations.

It has also been found possible to render dye-poly-
anion systems resistant to fading under conditions of
illumination. The small amounts of methylene blue or
thionine added do not affect the absorption spectra,
but seem to decrease the photodecomposition or photox-
idation reactions of acridine orange in the presence of
air. The decrease in fading brought about by meth-
ylene blue is much more marked than the quenching of
dimer fluorescence. This useful finding is consistent
with very rapid energy transfer involving a number of
excited states. The high efficiency of transfer makes it
possible for energy transfer from higher excited states
to occur.
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Chemical Equilibrium and the Anti-Helmholtz

Function. A Statistical Interpretation
Sir:  Recently Duffin and Zener have discussed the
problem of chemical equilibrium as formulated in the
language of geometric programming.l They establish
that the usual method of minimizing the Helmholtz free
energy with respect to concentration of products and
reactants is equivalent to maximizing an “anti-Helm-
holtz” function with respect to the activities of the
atomic species present in the system. They also give a
statistical mechanical interpretation of this approach in
terms of the method of Darwin and Fowler. The well
known relation between the *“selector variables” of the
Darwin-Fowler method and chemical activities suggests
an alternate statistical interpretation of their results
which clearly reveals the relationship between the
atomic activities and the anti-Helmholtz function.

Letei (i = 1tom) be the number of atoms of the Ah
atomic component in the system and z({e}) be the

The Journal of Physical Chemistry, Voi. 74, No. %S, 1970
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canonical partition function for the set of atomic com-
ponents {e]. The atomic composition of the system is,
of course, unchanged by chemical reaction. The
grand partition function H({ v}) isthen given by

2({vdh = {%}Z(H W« @

where vt is the chemical potential of the Ah atomic
species and 0 is the statistical temperature. The
function E({ v]) is essentially the Laplace transform of
z({ Ie }. Inverting the transform, we have

o>

where v'j can be conveniently chosen (within the con-
vergence limit) on the real axis of v}.

We can evaluate E by making use of the fact that the
only important contributions to E come from energy
levels which result from the atoms being associated in
stable species. Let nt (i = 1to n) be the number of
molecules of the Ah stable compound and write the
stoichiometric relations for the decomposition of mole-
cules to atoms in the form

n<ay = esO = 1tom)

where ai} are stoichiometric coefficients. Then

EM = ZZ({eyW ~ = 3
2 ({e} 0 ©)
where X, = irjeBiaii is the activity of the Ah molecular
species. In the last equality we have made use of the
fact that only atomic configurations corresponding to
stable compounds give an important contribution to the
sum. If we substitute eq 3 into eq 2 and evaluate the
resulting integrals by the method of steepest descents,
we obtain an expression for z in terms of the minimum
of the function z*({v\) = E/TrieBviei with respect to the
atomic chemical potentials {v}. This is equivalent to
the maximization of the anti-Helmholtz function F* =
—\1//3InZ* = ziv.iii — PV where PV is the pressure-
volume product.
As an example, in the case considered by Duffin and
Zener, when all the species are ideal gases, then

2 = ZMMXiM M ! = ex-pCriniTCjenn)
M

where z;: is the molecular partition function of the Ah
stable species. From eq 3 we have

z = M) v di™l exp(XMi7uei? b)e-i,"e*

which when computed by the method of steepest de-
scents yields the result of Duffin and Zener

;= rTir‘r{exp(XiZi?pe’\(ﬁ)'|
( T fiBHei )

(1) R.J.Duffin and C. Zener, J. Phys. Chem., 74, 2419 (1970).
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This is the statistical analog of the maximization of the
anti-Helmholtz function for the equilibrium between
reacting ideal gases.
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Intramolecular Energy Relaxation. A Novel

and Direct Test of the RRK-RRKM Postulate®*

Sir:  Working theories of unimolecular decomposition2
assume that internal energy relaxation occurs on a time
scale that is short relative to decomposition; effective
randomness of the internal energy distribution in ex-
cited molecules leads to the prediction of random inci-
dence of decomposition events. Considerable evidence
of various kinds and of varying degrees of cogency has
now been accumulated that supports the general valid-
ity of this postulate,3 although there can be no doubt
that failure must occur for sufficiently short-lived
species.

We have for some time been attempting to make an
even more direct and quantitative experimental test of
intramolecular energy relaxation than has hitherto ex-
isted. To this end we have applied the technique of
chemical activation in order simultaneously to sym-
metrize and activate a substrate molecule of interest.
The substrate finally chosen for study was hexafluoro-
vinylcyclopropane (HVC). Addition of CD2to HVC
produces symmetrical, vibrationally excited hexa-
fluorobicyclopropyl (HBC)

CF—XF—CF=CF2+ 'CD,—>
\ /
ch?2

CF2—CF—CF—CF2

\ / \ /
CH2 CD2 &)

where the asterisk signifies vibrational excitation. D-
atoms were used as a tracer to distinguish the original
and product rings and otherwise differ unimportantly
from H atoms. The excited HBC may decompose by
disruption of the product ring (eq 2a) which was the

CF2-CF—CF—CF2—> CF2-CF—CF=CD2+ CF2

\ / \ / \ /
ch?2 cd?2 ch?2
n (22)
—> CF2-CF—CF=CH2+ CF2
\ /
cd?2
an (2b)
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original site of activation or by rupture of the original
ring (eq 2b).4 Equal amounts of decomposition of the
two rings is direct evidence for internal energy random-
ization prior to decomposition. Variation of pressure
of the system and the rate of collisional stabilization
oof the hot HBC molecule (eq 3)

CF2—CF—CF—CF£+ M-A -

\ / \ /
ch?2 cd?2

CF2-CF—CF—CF2+ M

\ / \ /
CH2 CD2 [©)

provides a time scale against which the rate of internal
relaxation can be measured. Obviously one wishes to
shorten this time scale by pushing the system to higher
and higher pressures; this kind of experiment has the
advantage over others that have been made recently at
high pressure66 in that three-body effects which can
vitiate the latter6 as valid tests of the energy-random-
ization postulate will be self-canceling by the present
test.

In these experiments, HVC was prepared by the
photolysis at'2800 A of a ketene-perfluorobutadiene
mixture. This fluorocarbon system is preferable to its
hydrocarbon analog, which we first investigated, since
the reactions of methylene are cleaner with the fluoro-
carbon; also, decomposition of the hot product proceeds
uniquely by split-off of a CF2moiety,4rather than by a
variety of ring isomerization reactions that ensue for
the hydrocarbon analog. The HVC was purified and
photolyzed again with ketene-d2 in the presence of
excess CO bath gas which contained 0.5% 02 These
diatomics inhibited complicating reaction of any 3TH2
formed.78 After careful and complete gas chroma-
tographic separation of the tetrafluorovinylcyclopro-
pane products from all other components of the reaction
mixture, analysis was made with a MS9 mass spec-
trometer. Rupture of products I and Il by electron
impact produces cyclopropyl and vinyl ions and results

(1) (a) Work supported by the National Science Foundation; (b)
Standard Oil predoctoral fellow.

(2) (a) L. Kassel, “Kinetics of Homogeneous Gas Reactions,” Rein-
hold, New York, N. Y. 1932; (b) R. A. Marcus and O. K. Rice, J.
Phys. Colloid Chem., 55, 894 (1951).

(3) The first striking evidence was given by J. N. Butler and G. B.
Kistiakowsky, J. Amer. Chem. Soc., 82, 759 (1959); for a review see
L. D. Spicer and B. S. Rabinovitch, Ann. Rev. Phys. Chem., 21, 349
(1970).

(4) N.C.Craig, T. Hu, and P. H. Martyn, J. Phys. Chem., 72, 2234
(1968).

(5) D. W. Placzek, B. S. Rabinovitch, and F. H. Dorer, J. Chem.
Phys., 44,279 (1966).

(6) J. Aspden, N. A. Kawaja, J. Reardon, and D. J. Wilson, J. Amer.
Chem. Soc., 91,7580 (1969).

(7) B. A. DeGraff and G. B. Kistiakowsky, ibid., 71, 1553 (1967);
71,3984 (1967).

(8) J. W. Simons and B. S. Rabinovitch, J. Phys. Chem., 68, 1322
(1964).
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in ion peaks atm/« = 47 and 95 from | and m/e =45
and 97 from I 1; unfortunately, the masses corresponding
to the vinyl group do not have a unique origin and the
intensities of these peaks are confirmatory rather than
diagnostic.

The energy of the excited bicyclopropyl parent is not
known exactly but may be estimated to average 95-100

Table | : Product Ratios on Decomposition of HBC
Pressure,
mm 47/45* 95/976
0.80 1.07 + 0.08" 1.21 db 0.06"
1.0 1.07 + 0.06 1.21 + 0.05
4.0 1.06 + 0.10 1.24 + 0.08
9.2 1.12 + 0.03 1.23 + 0.04
20 1.18 + 0.03 1.22 £ 0.02
60 1.18 + 0.01 1.26 £ 0.02
310 1.10 £ 0.11

“Uncorrected mass spectral ratios. 613% of a 97 —%*95 over-
lay correction, only, applied; a more complete correction does not
change the ratio significantly. * Standard deviation of individual
analyses.

The Journal of Physical Chemistry, Vol. 74, No. 8S, 1970
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kcal mol-1; the tail of the energy distribution carries
energies to above 100 kcal mol-1. The critical thresh-
old for reaction is known9to be less than 50 kcal mol-1,
so that the excess energy above threshold is a like
amount in this case. Table | shows the product ratios
over a 100-fold range of pressures. Their constancy
with pressure variation is evident. A minor mass-
spectral H-D isotope effect may be expected to be pres-
ent but has no influence on the interpretation. The
highest pressure corresponds to a relaxation time for
collisional stabilization of ~10-1° sec. The validity
of the theoretical postulate regarding internal energy
randomization is borne out to the extent tested.

The work will be extended to higher pressures and to
reverse isotopic substitution.

(9) F.P.Herbert, J. A. Kerr, and A. F. Trotman-Diekenson, J. Chem.
Soc., 5710 (1965).
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