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From Fig. 1 the intensity ratio 3'P/2!P=0.22, while
from Fig. 2 the ratio 3'5/2:.5=0.22, background
corrections having been made in both cases. The first
ratio is within 5%, of that obtained by Skerbele and
Lassettre.” The second ratio cannot be checked by
any previous determination, but it is obvious from the
figure that the accuracy cannot be high.

* Supported by the U.S. Air Force Office of Scientific Research
under Grant AFOSR-61-63.
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N an investigation® of the pulse radiolysis of aqueous
benzene solutions it was shown from spectral,
kinetic, and chemical evidence that the reaction of the
hydroxyl radical with benzene was that of ring addition
to form the hydroxycylohexadienyl radical. This con-
clusion was subsequently confirmed? by the identifica-
tion of this species from its ESR spectrum in flow
experiments with aqueous benzene solutions. In the
pulse radiolysis work! the optical absorption spectra
of the (OH)C¢Hg- radical and other substituted cyclo-
hexadienyl radicals were observed and the absolute
rate constant for OH addition to benzene was deter-
mined.

We have extended this investigation to the deter-
mination of the absolute rate constants for the reaction
of the hydroxyl radical with toluene and benzoic acid,
and have repeated the determination for benzene in
acid solution. All experiments were done at pH 3 in
de-aerated aqueous solutions acidified with perchloric
acid. The experimental techniques have been de-
scribed.!® The reaction with benzene was monitored
at 313 my, the absorption maximum, and with toluene
at 313 and 308 mgy, near the reported! maximum in
the absorption spectrum. The reaction with benzoic
acid was monitored at several wavelengths from 313
to 360 my, but principally at 340 and 350 mgu. The
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transient absorption in aqueous benzoic acid solution
has a maximum at 350 mu with a band half-width of
about 25 mu. In all experiments the monitoring light
had a bandwidth of 2.4 mu as determined by the slit-
width of the monochromator used.

In the case of the two volatile compounds, benzene
and toluene, the reaction cell had a negligible gas
volume compared to the liquid volume in order to
minimize any uncertainty in the concentration of the
reactants. The benzene concentration was checked in
the master solutions as well as after the runs by absorp-
tion spectrophotometry.* The uncertainty in the con-
centration may be as much as 109, to 159,. The
benzoic acid concentration was also checked by absorp-
tion spectrophotometry?; the uncertainty here is very
small. The range of concentration covered was: benzene
(0.8 to 3.5)X10*M; toluene (1.9 to 2.5)X10™M;
benzoic acid (1.6 to 3.5) X10~*M. The ratio of the
initial concentration of hydroxyl radical to that of the
aromatic molecule was 0.02 or less.

The formation rate curves for all three solutions
were first order. The absolute rate constants obtained
at 25°C are:

k(M gec™)
(3.32:0.8) X 10°

Reaction
(1) OH+CeH;

(2) OH+CeH;CH, (3.0=£0.7) X 10°

(3) OHH-CH;COOH (2.1£0.3) X 10

Since the hydroxyl radical is the more rapidly diffus-
ing reactant, and the reaction in all three cases is
primarily ring addition, it would be expected that the
three rate constants be comparable, as is indeed the
case. The fact that 2:22k, is consistent with the earlier
spectral observations,! which indicated that ring addi-
tion, in the case of toluene, is predominant over side
chain abstraction, although there may be a small con-
tribution® to k, from the benzyl formation reaction.
Thus,

k2=kadd.+kabstr.; with kadd.>>kabstr.-

In the radiation chemistry of aqueous benzoic acid
solutions, both dicyclic products and hydroxylated
benzoic acids (in all three ring positions) are found.™
The evidence is thus consistent with a reaction inter-
mediate containing the hydroxyl radical. It should,
however, be stressed that, judging from the results
for aqueous benzene,'”? the relationship between the
primary organic free radicals formed and the final
stable products is quite complex and by no means
fully understood.

The value for %, differs slightly from the earlier
value! for OH addition to both benzene and benzene-ds,
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and is considered to be the more accurate value because
of greater certainty in the benzene concentration.

* Based on work performed under the auspices of the U.S.
Atomic Energy Commission.

t Present address: Radiation Research Laboratory, Mellon
Institute, Pittsburgh, Pennsylvania,
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ECENTLY much interest has been shown, both

theoretically and experimentally, in the rotational
relaxation of polyatomic molecules. The rotational
relaxation theories of Parker! Wang Chang and
Uhlenbeck,? and Sather and Dahler® suggest that the
rotational energy levels of linear molecules are excited
more efficiently than those of spherically symmetric
molecules. This is broadly confirmed by the ultrasonic
measurements of Holmes, Jones, and Pusat* and by
the thermal transpiration measurements of O’Neal and
Brokaw.® Since the carbon dioxide and nitrous oxide
molecules are linear, it is expected that they should
have efficient rotational relaxation processes which
would have an appreciable effect on sound propagation
only at high frequency/pressure ratios. Further, vibra-
tional relaxation of both these molecules occurs at
relatively low f/p(~20 kc/sec-atm for CO; and
~250 kc/sec-atm for NyO) so that the effects of this
above 10 Mc/sec-atm are negligibly small thus facili-
tating the analysis of the results. Zartman® has meas-
ured sound absorption up to 85 Mc/sec-atm in carbon
dioxide. Below 30 Mc/sec-atm his absorption measure-
ments are in good agreement with the combined
theoretical vibrational relaxation-viscothermal absorp-
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tion. At higher f/p the measurements are less accurate,
but suggest that there might be an excess absorption
over the viscothermal, which could be due to rotational
relaxation.

In this letter a detailed investigation of sound propa-
gation in carbon dioxide and nitrous oxide at high
f/p is reported. The nitrous oxide (British Oxygen,
99.99%,) was dried over phosphorous pentoxide and
further purified by triple distillation at liquid-nitrogen
temperature. No attempt was made to further purify
the carbon dioxide (British Oxygen, 99.99%). Both
gases were dried continuously over phosphorous pent-
oxide throughout the measurements. Measurements
at 25°C were made in the range 10-1000 Mc/sec-atm
with condenser transducers at a frequency of 100
kc/sec and pressures down to 0.05 mm Hg. The vis-
cothermal effects were estimated with the Burnett
theory as described in Holmes, Jones, and Pusat.t In
both gases the dispersion measurements were in agree-
ment with the Burnett theory but the measured absorp-
tion showed a slight excess throughout the whole f/p
range. This excess was interpreted as being due to
rotational relaxation and was analyzed with the usual
expressions (Herzfeld and Litovitz”). The total visco-
thermal-relaxation effects were calculated with the
expressions suggested by Greenspan.® The theoretical
curves showing best agreement with the absorption
measurements suggest that Z, (approximately the
number of collisions for rotational equilibrium to be
established) is ~1.3 to 2 collisions for both carbon
dioxide and nitrous oxide. The effect of such a relaxa-
tion process on the total dispersion is small and the
combined relaxation—-viscothermal dispersion curve lies
within the scatter of the experimental points.

The above collision numbers are in agreement with
theoretical values for prolate spherocylindrical mol-
ecules. Sather and Dahler? have shown that the most
important parameter in determining Z, for such mole-
cules is a=m1?/81, where m is the molecular mass, L is
the cylinder length, and 7 is the moment of inertia.
For carbon dioxide a=0.69 and for nitrous oxide
a=0.73, from which Z,=3.2—34. If the attractive
part of the intermolecular potential is taken into
account (Sather and Dahler?), the Z, values are reduced
to 2.5 collisions, in agreement with the experimental
values.

The present collision numbers are also in agree-
ment with values obtained with other experimental
techniques. Thermal transpiration measurements by
O’Neal and Brokaw® in carbon dioxide gave Z,=2.4,
while the shock-tube measurements of Andersen and
Hornig! indicate a small collision number, probably
less than 1.5 collisions for both gases.
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