3698

'
/C—-——C —> CD;=CH—C=C—D + HD (2a)
CD,—=CH D
H
/
CD,=C H —> CD;—=C—C=CD; + H;
¢ l (2b)
CD, CD,=CD—C=CD

stable molecule. The diminution in the yield of vinyl-
acetylene on the addition of oxygen is puzzling. Per-
haps radicals such as the one formed in the first step of
(2b) can react with oxygen.

The reactions described here are somewhat similar
to the thermal rearrangements observed in 7-deuterio-
1,3,5-cycloheptatriene.!? Since the photochemical reac-

(12) A. P. Ter Borg, H. Kloosterziel, and N. Van Meurs, Proc. Chem.
Soc., 359 (1962); Rec. Trav. Chim., 82, 717 (1963).

tions of butadiene in the vapor phase have been shown*
to take place from the vibrationally excited ground state
that is formed by internal conversion from the initially
produced singlet excited state, the rearrangements
observed in the present instance are also thermal
processes. The principal difference between the two
systems is that in 1,3,5-cycloheptatriene there is no
chemical change which accompanies the migration of
deuterium (or hydrogen), whereas in butadiene there is
always a chemical change. In butadiene one migration
of hydrogen has to be followed by a second migration
if the molecule is to be regenerated. This pathway may
be prohibited to a highly excited (ca. 100 kcal/mole)
molecule such as the one that is produced by internal
conversion from the upper singlet state. The extension
of these results to other conjugated diene and triene
molecules should be of considerable interest.
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product appears to be a valence isomer of benzene, tentatively identified as “benzvalene.”
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The quantum yield of disappearance of benzene vapor at 1849 A is 0.9 = 0.3. The major irradiation

Addition of diluent

N, reduces the rate of formation of the product but, up to 50 mm total pressure, increases its maximum concen-

tration.

served, as well as considerable amounts of polymeric or carbonaceous deposit on the cell walls.

Small amounts of fragmentation products, i.e., methane, ethane, ethylene, and acetylene, are also ob-

These products

may be formed in the secondary photolysis of “benzvalene.”

he photochemistry of benzene has been studied in

the gas phase,2—¢ the liquid phase,™#% and the solid
phase;® however, little is known of the products or
mechanism of its decomposition. In the solid phase,
Gibson suggested that 1,3,5-hexatriene was a product,?
while Bryce-Smith reported the formation of fulvene
in the liquid phase. In the gas phase Noyes® re-
ported that below 2000 A the only volatile products
formed were hydrogen, acetylene, and methane. He
also concluded that the only major nonvolatile product,
the solid material always found on the windows of a
benzene photolysis cell, was most probably an acet-
ylene polymer similar to cuprene. Shindo and Lipsky*
have recently observed the ultraviolet spectrum of a
product of the 1849-A photolysis of benzene vapor

(1) Author to whom communications should be addressed.

(2) (a) J. E. Wilson and W, A. Noyes, Jr., J. Am. Chem. Soc., 63,
3025 (1941), and references included therein; (b) G. Porter and F. J.
Wright, Trans. Faraday Soc., 51, 1469 (1955).

(3) 1. N. Pitts, Jr,, J. K. Foote, and J. K. S. Wan, Photochem. Photo-
biol., 4, 323 (1965).

(4) K. Shindo and S. Lipsky, International Conference on Photo-
chemistry, Tokyo, Japan, 1965.

(5) J. McBlair and D. Bryce-Smith, Proc. Chem. Soc., 287 (1957).

(6) H. J. F. Angus, J. McBlair, and D. Bryce-Smith, J. Chem. Soc.,
2003 (1960).

(7) A. B. Wells, Nature, 204, 182 (1964).

(8) G. E. Gibson, N, Blake, and M. Kalm, J. Chem. Phys., 21, 1000
(1953).

which was similar in appearance to that of biphenyl
vapor.

Recent work on the spectroscopy and energy-
transfer processes of electronically excited benzene®-!2
and its simple homologs has shown that the energy
absorbed by benzene in its first absorption band
(23002700 A) is efficiently dissipated by photophysical
processes (i.e., internal conversion and/or emission),
while that absorbed in its second and third bands
(Amax at 2200 and 1800 A), cannot be accounted for by
such processes. For reference, a benzene spectrum
complete with band assignments is shown in Figure 1.
As the photochemical data for benzene are inadequate
and even somewhat ambiguous in the lower wavelength
regions, and in view of the implications of the recent
spectroscopic data, we felt it desirable to attempt a
new study utilizing the newer analytical methods which
have become available since Noyes’ early work.

Experimental Section

Two reaction cells and concomitant irradiation systems were qsed.
Cell 1 was a 50-mm Pyrex tube, blown closed at one end, with a

(9) C. L. Braun, S. Kato, and S. Lipsky, ibid., 39, 1645 (1963).

(10) W. A. Noyes, Jr., and I. Unger, Pure Appl. Chem., 9, 461 (1964).

(11) W. A. Noyes, Jr., Proc. Acad. Sci. (Lisbon), 3 (1964).

(12) R. Hunt, E. F. McCoy, and J. G. Ross, Australian J. Chem., 15,
591 (1962).
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Figure 1. Liquid phase ultraviolet absorption spectrum of benzene

including symmetry assignments of the three bands. Extinction
coefficients are in units of mole 1.-1 cm~1,
Suprasil window attached by Glyptal at the other end. Its volume

was 279 ml. At the opposite end from the window, a 2-mm capil-
lary tube led to a “T’’ from which samples could either be removed
to a gas chromatograph by means of a Pratt-Purnell valve!?
or the cell could be evacuated or filled from a conventional vacuum
line which was carefully kept free of mercury to avoid mercury-
sensitized reactions at 2537 or 1849 A. The cell was irradiated at
1849 A with the uncollimated beam from a flat, helix-wound
Hanovia SC 2537 lamp which had the same diameter as the cell.
The gas space between the lamp and the cell (ca. 5 mm) was flushed
with N, to reduce absorption of the 1849-A light by atmospheric
0,. No attempt was made to remove 2537-A light as no reaction
leading to noncondensables (& < 0.001) or condensables (& <
0.01) was observed on irradiation at 2537 A. No shutter was used;
therefore zero time for a run was taken as the time of introduction
of the sample into the cell. The cell temperature was controlled
by use of a heating tape wound around the reaction zone of the cell.
Temperature was measured by a thermocouple in a thermal well 2
mm from the cell window.

Cell 2 was a Pyrex “T”’ cell of ca. 300-ml volume which was filled
on a mercury-free vacuum line and then placed in the Cary 15
sample compartment, modified as shown in Figure 2. Benzene
pressure was kept in the region of 55-66 X 102 torr for all runs
in cell 2 by filling from a benzene reservoir held at —64° by a
chloroform-slush bath. Actual pressures were obtained by de-
termining the absorbance of the cell contents in the Cary 15 at
2000 A and using the extinction coefficient ep0a = 0.360 cm—1
torr—1.1¢ The cell windows transmitting the Cary 15 light beam
were of optical quartz; the third window through which the sample
was irradiated was of Suprasil. The same helical Hg lamp was
used as that employed for the runs with cell 1. The light beam was
passed through a 4-in. long, 2-in. diameter piece of blackened
“Hexacell”’ aluminum aircraft structural material between the lamp
and the cell. The honeycomb structure of this material conven-
iently provided an approximately collimated beam of light. The
air space between the lamp and cell was again purged with N,
to reduce O; absorption of 1849-A radiation.

Chemicals. Benzene was Matheson Chromatograde, purified
further by preparative chromatography and stored under vacuum.
Nitrogen was prepurified grade, purified for some runs over Cu
held at 450° to remove the last traces of Q.. N;O was Matheson
CP grade used without further purification.

Actinometry. Actinometry was only attempted with cell 1.
The photolysis of N;O, shown in the literature to give &y, = 1.4
at room temperature,'®~17 was followed by gas chromatography
using a 13X molecular sieve column and a thermal conductivity
detector, both at room temperature. The pressure of N;O at the
start of each run was adjusted so that the effective cell length (i.e.,
to 999, absorption of 1849-A light) was the same as in the cor-
responding benzene runs. Because of the deposition of the opaque
polymeric product on the cell window during each run, the actinom-
eter runs were alternated with the benzene runs, and only initial

(13) G. L. Pratt and J. H. Purnell, Anal, Chem., 32, 1213 (1960).
(14) API Project No. 44.

(15) W. A. Noyes, Jr., J. Chem. Phys., §, 807 (1937).

(16) M. Zelikoff and L. M. Aslchenbrand, ibid., 22, 1685 (1954).
(17) R. M. Martin and J. E. Willard, ibid., 40, 2999 (1964).
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Figure 2. Alignment of cell 2 for photolyses carried out in the Cary
15 sample compartment.

CARY CELL COMPARTMENT

rates of appearance of products and disappearance of benzene were
accepted as meaningful.

Product Analysis. Products from cell 1 were analyzed by gas-
liquid chromatography using H; flame detection. For low-boiling
products, i.e., CH,, CoHo, etc., a 20-ft long column of 20 % Squalane
on 60/80 Chromosorb W was used at 50°, Benzene concentration
was followed using a 15-ft long 5% SE 30 on 60/80 firebrick column
at 100°,

Results

The runs shown in Table I were made using cell 1.
The benzene concentration was followed as a function of
time, and the initial rate of disappearance of benzene was
then obtained by establishing the slope of the benzene
concentration vs. time plot at zero time. These, in
turn, were compared to N,O actinometer runs, carried
out prior to each irradiation, to establish the quantum
yield of disappearance of benzene. Runs were 40-100
min in total length depending upon the light intensity
available for the run. The conversion of benzene at the
first points obtained on these runs was approximately
5%. The initial slope determination was imprecise
because of the relatively long period (ca. 12 min)
between samples required by the chromatographic
analysis system. Thus the estimates of error in
Table I are relatively high estimates of absolute error.

The quantum yields of appearance of acetylene were
obtained in a similar manner. In this case the de-
termination of the original slope was more precise, as
samples could be removed at smaller time intervals,
leading to lower estimates of error. The data are shown
in Table II.

A major, as yet unidentified, irradiation product was
observed to form at a high initial rate reaching a
relatively low maximum concentration. By comparing
retention times of this product on both Ucon-polar
and Squalane columns, we suggested that the productis a
highly unsaturated Cg hydrocarbon, perhaps a valence
isomer of benzene.? This product will be referred to here
as {-C¢He. Its retention time on Ucon-polar does not
correspond to that given in the literature for “Dewar”’
benzene; the relative retention time of “Dewar”
benzene vs. benzene is 0.47 while that of i-CsHj; is 0.93.
Similar data are unavailable for other benzene isomers.

Qualitative photolyses in cell 1, using an Hanovia
SH lamp with a water filter passing radiation longer

(18) E. E. Van Tamelen and S. P. Pappas, J. Am. Chem. Soc., 85,
3297 (1963).
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Table I. Quantum Yields of Benzene Disappearance at 1849 A
(18)0, (PCeHe)O, Total
Temp, quanta torr X pressure,
Run °C sec™! $eH, 102 torr
1 85x5 6.6 X 1014 -1.1%£0.3 86 8.6
2 355 3.0 X 105 —-1.0%£0.3 82 8.2
3 35+ 5 1.8 X 1015 —0.8+0.3 94 9.4
Table II.  Quantum Yields of Acetylene from Benzene Irradiation at 1849 A
Total (Z3)o,
Temp, (Posme)os pressure, quanta
Run °C torr X 103 torr sec™! (®Po,m:)0
4 35£5 78 7.8 5.7 X 101 0.010 = 0.005
5 35£5 75 7.5 4.7 X 101 0.015 3= 0.005

than 1920 A, also showed decomposition of benzene.
However, when a saturated NaCl solution was sub-
stituted for the water filter, the rate of disappearance of
benzene was reduced by about 100-fold. Comparison
of the emission of these two lamp-filter systems showed
that the light responsible for the reaction was a band
from 1920 to 2200 A, with a maximum at about 2100 A.

Photolyses in “T”’ cell 2 were monitored continuously
with the sample beam of the Cary 15 spectrophotometer.
An absorption peak at 2420 A was found to increase
during a photolysis; this was followed as a function of
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Figure 3. Increase of product absorbance with time. The pressure
of diluent nitrogen is shown with each curve.

time. Initial benzene pressures for all runs in this
cell were 55-66 X 108 torr, and diluent N, was added
to various total pressures. The plots of absorbance at
2420 A. vs. time for these runs are shown in Figure 3.

The ultraviolet spectrum of the product is shown in
Figure 4. Maximum conversion in these runs was
approximately 309,. In the dark, the absorbance of
the product dropped very slowly, indicating that at
these low pressures it was relatively stable at room
temperature.
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Figure 4, Ultraviolet spectrum of i-CH,.

The absorbed light intensity decreased by a factor of
one-third during this series of runs as estimated by
comparing two identical runs at the start and end of the
series and assuming that rate of appearance of i-
CsH¢ was proportional to light intensity. By further
assuming that this reduction was linear with irradiation
time, the rates of products appearance for all runs were
normalized to a single light intensity in order to facili-
tate their comparison.

Discussion

In accord with Wilson and Noyes,?® we find that the
major ultimate product of the 1849-A vapor phase
photolysis of benzene is a carbonaceous or polymeric
deposit on the walls and windows of the reaction vessel.
We also confirm their low quantum yields of the dis-
sociative products methane and acetylene as well as
observing traces of ethane, ethylene, and what appeared
to be toluene. Hydrogen, reported as a product by
Wilson and Noyes, was not determined since a hydrogen
flame detector was used in our analysis. While these
fragmentation processes are minor at 1849 A and,
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within experimental error, absent at 2537 A, the quan-
tum yield of disappearance of benzene at 1849 A is
about 0.9 £ 3. As noted earlier, this is consistent with
the spectroscopic data of Braun, Kato, and Lipsky.
Although we have no specific information as to the
extinction coefficient of i-C¢Hs at 2420 A, it would
appear that it represents a major portion of the dis-
appearing benzene. In considering its possible struc-
ture, we note that recent studies of the photoisomeri-
zations of polyalkylbenzenes!®—2¢ have proved that
alkyl group migrations are accompanied by ring carbon
migrations. The mechanisms proposed involve valence
isomers of the substituted benzenes, particularly the
“Dewar” benzene (I), ‘“benzvalene” (II), and “priz-
mane” (III) structures. Direct comparison of these
studies with our work on benzene is complicated by the

D & &

differences in wavelengths and monochromatic char-
acter of the light employed. In all of the polyalkyl-
benzene isomerizations cited, light above 2000-A wave-
length was used, while we have used the Hg resonance
radiation at 1849 A. This difference may not be as
important as one might expect. Thus, as seen in
Figure 1, 1849-A radiation is absorbed in the 'E,,
band of benzene. Since the electronic spectra of the
polyalkylbenzenes, particularly the poly-#-butylbenzenes,
are similar to benzene but shifted toward the red from
benzene by as much as 200 A, the electronic states with
which we are dealing in this study may be similar to
those involved in the alkylbenzene isomerizations,
where the wavelengths of light were slightly longer
than ours. Recognizing the possible pitfalls of the
comparison, it is not unreasonable to suggest that in
our vapor phase system it has been possible to form and
stabilize a molecule of structure similar to the inter-
mediate responsible for the isomerization of the alkyl-
benzenes.

Of the possible structures, one can eliminate ‘“‘Dewar”’
benzene based on chromatographic evidence and based
on its lack of an ultraviolet absorption maximum
in the 2400-A region.'® ‘“Prizmane” can also be
eliminated based on an extrapolation of the known
ultraviolet absorption of 1,2,3-tri-z-butyl-4,5,6-tri-
fluoroprizmane. 25 1,3,4-Trifluoro-2,5,6-tri-z-butyltri-
cyclo[2.1.1.05¢]hex-2-ene2® (i.e., a substituted benz-
valene) does, however, have an ultraviolet absorption
maximum at 2320 A (e 2500 1. mole~! cm™!), sug-
gesting that its unsubstituted parent might absorb at
2400 A. One further benzene isomer, fulvene (IV),
also has an absorption maximum at about 2400 A
(€ 14,000 1. mole—! cm—*)?¢ and must be considered as a

(19) E. E. van Tamelen and S. P, Pappas, J. Am. Chem. Soc., 84,
3789 (1962).

(20) A. W. Burgstrahler and P. Chien, ibid., 86, 2940 (1964).

(21) A. W. Burgstrahler, P. Chien, and N. O. Abdel-Rahman, ibid.,
86, 5281 (1964).

(22) E. M. Arnett and J. M. Bollinger, Tetrahedron Letters, 3803
(1964).

(23) K. E. Wilsbach and L. Kaplan, J. Am. Chem. Soc., 86, 2307 (1964),

(24) L. Kaplan, K. E. Wilsbach, W. A. Brown, and S. S. Yang, ibid.,
87, 675 (1965).

(25) H. G. Viehe, R. Mereny, J. F. M. Oth, J, R. Sanders, and P.
Valange, Angew. Chem. Intern. Ed. Engl., 3, 755 (1964).

(26) J. Thiec and J. Wiemann, Bull. Soc. Chim. France, 23, 177
(1956); 24, 102 (1957).
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Figure 5. Relative initial rates of formation of i-C¢H; as a function
of nitrogen pressure.

possible product, particularly in view of the observa-
tions of Bryce-Smith and co-workers in the solution
phase.%® If indeed our intermediate has the same
structure as that responsible for the alkylbenzene isom-
erizations, the most probable of the two possible com-
pounds is benzvalene, as it would be expected to
isomerize easily to benzene?s while fulvene would
not.

While lack of specific identification of the i-C¢Hs
formed in this system is a hindrance to establishment of
a specific reaction mechanism, on the basis of the meas-
ured relative initial rates of its formation and the
effects of pressure on these rates (Figure 2), one can
propose the following mechanism at 1849 A

CeHs + hv —> CoH('Eny) )

CsHo('Ern) —> i-CoHe* 1)

M + CeHg('E,) —> CgH; or products other than i-C¢Hg  (2)
M + i-CeHeg* —> i-CH, 3)

i-C¢H¢* —> products other than i-C¢H; or benzene )

where the asterisks represent either electronically or
vibrationally excited molecules.

Recent evidence® ¥ 2 suggests that no photophysical
processes are responsible for energy dissipation when
benzene is excited with light below approximately
2400 A. Therefore spectroscopic photophysical proc-
esses of benzene in the !E,, state are neglected. As-
suming the steady-state approximation for (i-CesHg)*
and the C¢H¢('E,,), we obtain

L kke | k[M] | Ky
(Ri-cero kiks ki k{M]

where (R;.c,u,)o is the initial rate of formation of the
intermediate. As (Ri-CeHa)O = K(dA2420)o/dt = K(RA)O

I, {1 kiks = ki [M] kq

X (RA>0 ¥ ke T h T kM
The 7, normalized values of (1/Ry), are plotted uvs.
Py, in Figure 5. The straight-line dependence of
(1/Rp)o with Py, indicates that kfM/k, >> ka/kiM]
within the pressure range studied. In other words, the
collisional quenching of the excited benzene molecule
is very rapid in comparison to its conversion to an
excited i-C¢Hs, and, that once this conversion has

(27) W. A. Noyes, Jr., private communication.
(28) J. A. Poole, J. Phys. Chem., 69, 1343 (1965).
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taken place, the collisional relaxation of i-C¢H; is
much faster than further reaction of i-C¢Hs. This
perhaps explains why this i-C¢H¢ is not observed in
condensed phases. At high pressures, as in solution, its
rate of production would be vanishingly low. Finally,
the eventual drop in concentration of i-C¢Hjs, as shown in
Figure 2, can be attributed to its secondary photolysis
or sensitized decomposition by excited benzene.

This in conjunction with its low rate of production
would, of course, reduce its steady-state concentration
in condensed phases to unobservable levels.
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Abstract:

Mean-square dipole moments have been calculated for oxyethylene chain molecules RO(CH;CH;O).R,

where R = H or GH;and x = 1-120, using a rotational isomeric state model with neighbor dependence. In a
previous study of polyoxyethylene, the mean extension of the chain and its temperature coefficient were used to ob-

tain statistical weights for rotational states about skeletal bonds.

These statistical weights, with minor modifica-

tion, are shown to give dipole moments in good agreement with measured values over a wide range of molecular

weight,
ethylene.

he rotational isomeric state model has been notably
successful in the interpretation of the random coil
configurations of an impressive list of long-chain mole-
cules: polyisobutylene,! polyethylene, 3 poly(dimethyl-
siloxane),* polyoxymethylene,? polyoxyethylene,® poly-
peptides,” and vinyl polymers of both regular and ir-
regular steric structure.® In these cases, the efficacy of
the model was put to test by comparison of calculated
and measured values of (i) the characteristic ratio
(r*)o/nl? of the mean-square end-to-end distance of
the chain unperturbed by long-range interactions to
the same mean-square dimension »/? in the idealization
that all skeletal bonds of the chain are freely jointed,
and usually also of (ii) the temperature coefficient d
In {r2)o/dT of these unperturbed dimensions. Experi-
mental methods permit the determination of these two
quantities only for high molecular weight materials.
Recent advances in theory? permit calculation of the
mean-square moment which is the resultant sum of any
set of vector quantities associated with the respective
skeletal bonds of a chain molecule, irrespective of its
degree of polymerization. The mean-square dipole
moment of a chain molecule consisting of units having
(1) O. B. Ptitsyn and Yu. A. Sharanov, Zh. Tekh. Khim., 27, 2744,
2762 (1957); C. A. J. Hoeve,J. Chem. Phys., 32, 888 (1960).
(2) A. Ciferri, C. A. J. Hoeve, and P. J. Flory, J. Am. Chem. Soc.,
83, 1015 (1961); C. A, J. Hoeve, J. Chem. Phys., 35, 1266 (1961); K.
Nagai and T. Ishikawa, ibid., 37, 496 (1962).

(3) A. Abe, R. L. Jernigan, and P. J. Flory, J. Am. Chem. Soc., 88,
631 (1966).

(4) P. J. Flory, V. Crescenzi, and J. E. Mark, ibid., 86, 146 (1964).

(5) P. J. Flory and J. E. Mark, Makromol. Chem., 75, 11 (1964).

(6) J. E. Mark and P. J. Flory, J. Am. Chem. Soc., 87, 1415 (1965).

(7) D. A. Brant and P. J. Flory, ibid., 87, 2791 (1965).

(8) P.J. Flory, J. E. Mark, and A. Abe, ibid., 88, 639 (1966).

(9) P. J. Flory, Proc. Natl. Acad. Sci. U. S., 51, 1060 (1964); P. J.
Flory and R. L. Jernigan, J. Chem. Phys., 42, 3509 (1965).

A comparatively large, positive temperature coefficient of the dipole moment is predicted for polyoxy-

dipole moments is such a quantity. It can be measured
with considerable accuracy over a wide range of mo-
lecular weight. This experimental quantity is therefore
ideally suited for a test of theory in the interesting region
of short chain length, where the properties of a chain
molecule change most rapidly with molecular weight.
An important step in this direction is the successful
interpretation’® of the dipole moments of «,w-dibromo-
n-alkanes in the low molecular weight region, using
statistical weights calculated from spectroscopic in-
vestigations on n-alkanes and n-alkyl bromides and
supported by the statistical analysis of the polyethylene
chain. >3

This paper is concerned with mean-square dipole
moments of chain molecules having dipolar skeletal
bonds. Specifically, dipole moments of oligomers and
polymers of oxyethylene are calculated using statistical
weights appropriate for the interpretation of (r2)o/nl?
and d In {r?)o/dT of polyoxyethylene. The interde-
pendence of bond rotational states, manifested in the
repression of conformations in which neighboring bonds
adopt gauche rotational states of opposite sign, is taken
into account as described previously.® Calculations
are compared with experimental results reported in the
literature.

Theory

Rotational Statistical Weights. The polyoxyethylene
chain is shown in its planar trans conformation in
Figure 1. The end groups R for the two series of
homologs to be considered are C;H; and H. The

(10) W. J. Leonard, R. L. Jernigan, and P. J. Flory, ibid., 43, 2256
(1965).
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