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The direct photolyses in the two wavelength regions and the biacetyl-photosensitized decomposition have

been studied for 1,1’-azo-n-propane and 2,2’-azo-isopropane.

The value of k4/k., the ratio of the disproportiona-

tion rate to the combination rate of free radicals, has been found to be slighlty dependent on the exciting wavelength

as for n-propyl and isopropyl radicals.

The higher the exciting energies, the larger the ratio ky/k..

From the

quenching study of biacetyl phosphorescence, it was found that the energy of the excited biacetyl molecule was

transferred to the azopropane molecule at every collision.

The disproportionation and combination of alkyl
radicals have been the object of many investigations.
In the preceding work on the photodecomposition of
vinyl iodide in the gas phase,” we found the slight
energy dependence of ky/k., the ratio of the rate of
disproportionation to that of combination reactions of
vinyl radicals as in the case of CH,S radicals.?

In the present work, we have carried out the direct
photolyses in the two wavelength regions and the
biacetyl-photosensitized decomposition of 1,1’-azo-n-pro-
pane and 2,2'-azo-isopropane in order to study the
energy dependence of the n-propyl and isopropyl
radicals produced. The effect of the excess energy of
n-propyl and isopropyl radicals on the ratio of ky/k,
has been examined.

The photosensitizer, biacetyl, has been used for
exciting azopropane to an excited state lower than the
excited states caused by direct absorption in the UV-
range or by mercury-photosensitization.

In the preceding papers of this series®% we reported
the benzene-photosensitized photolysis of nitrous oxide
and the biacetyl-photosensitized photolysis of dimethyl-
nitrosoamine, where the reactants were excited to the
triplet states lying in the lower level comparing with
the excited singlet states produced by direct absorption.
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Since the lowest triplet level of biacetyl has been
known to be 56 kcal/mol,% the n-propyl and isopropyl
radicals produced by the biacetyl-sensitized photolyses
of the corresponding azopropanes should have much
less excess energy compared with the case of direct
photolyses.

The phosphorescence of biacetyl was found to be
quenched effectively® by azoalkanes indicating high
efficiency of energy transfer from the biacetyl molecule
in the triplet state to azoalkane molecules.

Experimental

Azo-n-propane and azo-isopropane were obtained from
Merck Sharp and Dohme of Canada Ltd. and were purified
by vacuum distillation and stored at low temperature in the
dark. The absorption spectra of azo-n-propane and azo-iso-
propane in the vapor phase are shown in Fig. 1.

The apparatus was similar to that of the previous work?
and a high intensity light source, USH-500D high pressure
mercury lamp manufactured by Ushio Electric Co., was used
for the sake of the predominance of radical-radical reactions
with high concentration of the free radicals excluding radical-
molecule reactions.’?

For the direct photolysis, Toshiba UV-35 and UV-29
filters were used. When UV-35 was used, 366 nm line of
the mercury lamp was almost exclusively effective for the
photolyses of both azo-n-propane and azo-isopropane. By
use of UV-29 filter, about ten percent contribution from
334 nm line was estimated for the excitation of azo-n-propane
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Fig. 1. Absorption spectra of azo-isopropane and azo-n-
propane.

and about thirty percent contribution from 302, 313, and
334 nm lines for the excitation of azo-isopropane. Highly
monochromatic light was not available to excite the reactants
because high intensity of the light source was necessary for
high concentration of free radicals. All of the runs were
carried out at room temperature in the dark room. Before
the analysis of the reaction products, unreacted azopropanes
were condensed by a cold trap cooled at —20°C. The
separated products were analyzed by a gas chromatograph
using a column packed with dimethylsulfolane on alumina,
and by a Hitachi RMU-5 mass spectrometer when necessary.
The emission measurements for quenching were carried out
in the dark room. The exciting light was 436 nm line of a
mercury lamp and the phosphorescence emitted by biacetyl
in the absence and presence of azopropanes was measured by
a grating monochromator and 1P28 photomultiplier with
TR-8651 electrometer of Takeda Riken Ind. Co. Ltd.

Results and Discussion

The reaction products obtained were N,, CsHg,
C;H,, and CgH,, in the direct photolysis and biacetyl-
sensitized photolysis of both azopropanes. The product
hexane was n-hexane in the photolysis of 1,1’-azo-n-
propane and 2,3-dimethylbutane from 2,2’-azo-isopro-
pane, respectively. In all of the runs, the amounts of
C;Hg and C;H, were found to be equimolar.

Under high light intensity conditions of this work,
the reaction scheme may be rather simplified as follow-
ing because radical-molecule reactions can be neglected
due to the high concentration of the free radicals.

For the direct photolysis, the reaction scheme may be
proposed as follows:

C,H,N,C,H, + v — C;H,N,C;H* (1)
CaH7N2C'3H7* — N; + G;H;- + G;H;- (2)
k
— CgH, + CH, (3)
C;H,- + G;H,- ‘* ke
—— CgHy, (4)

For the biacetyl-sensitized photolysis, the following
processes seem to produce propyl radicals:

B+ W — B¥ — B¥* (5)
B** + C,H,N,C;H, — B + C,H,N,C,H** (6)
CH;N,GH,** —— CgH,- + CiHy- + N, (™)

here, B means biacetyl and the symbols *, ** denote
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excited singlet and triplet states, respectively. Accord-
ing to the reaction scheme shown above, equimolar
amounts of C;Hg and C3Hg should be produced, which
is supported by the experimental results obtained.

The amount of CO and C,H, were found to be neg-
ligible in the biacetyl-photosensitized reaction, meaning
that the side reactions of the biacetyl photodecomposi-
tion could be left out of account probably because of
the extremely large quenching cross section for biacetyl
by azopropanes as described later.

Since the greaseless system was not available in the
present work, complete separation of hexane has not
been achieved. The corrected value of the rate of
hexane formation was estimated by the difference
[N,]-[C3Hg] assuming a material balance between the
products as described in the photolysis of 2,2'-azo-
isobutane.®) This procedure for the estimation of
hexanes was found reasonable by a blank test and by
the fact that the ratio between the direct photolysis
products was in good agreement with the results of the
greaseless system work reported by Terry and Futrell?
when the wavelength range for excitation was arranged
similar to their conditions.

TABLE 1. PHOTOLYSIS OF AZO-ISOPROPANE
Illumination time: 2~10min

P Products (micromole)
ressure

Filter kqlk.
(Tor) N, GH, GH, GCH,

uUuvVv-29 20.15 54.50 22.16 21.92 32.34 0.685
20.18 43.62 18.13 18.30 26.49 0.712
19.86 25.96 10.77 10.94 15.19 0.709
20.11 13.96 5.60 5.57 8.36 0.671

UV-35 19.65 46.48 18.00 17.64 28.48 0.631
19.98 36.40 13.92 15.48 22.48 0.619
19.95 30.58 11.72 12.31 18.86 0.621
19.62 21.09 8.22 8.63 12.87 0.639

Table 1 shows the results of the direct photolysis of
azo-isopropane using UV-29 and UV-35 filters. The
value of k4/k. was obtained by taking the ratio [CyHg]/
{[No]-[CsHg]) equal to [C3Hg]/[CgHy,] assuming a
material balance as described above. Table 2 shows
the results of the direct photolysis of azo-n-propane.

The amounts of the photolysis products were found
to be proportional to the illumination time, which

TABLE 2. PHOTOLYSIS OF AZO-n-PROPANE
Illumination time: 2~10 min

Products (micromole)

Filter  Lressure kolk,
(Tor) N,  GH, GH, CgH,

UVv-29 22.20 9.89 1.23 1.12 8.66 0.143
20.01 14.89 1.89 1.78 12.92 0.146

UV-35 20.60 25.02 2.80 2.80 22.22 0.126
20.60 19.48 2.15 2.10 16.33 0.124
20.10 9.74 1.06 1.03 8.68 0.122
20.25 27.31 3.01 3.19 24.30 0.124
20.40 32.00 3.51 3.74 28.49 0.123

8) D. G. L. James and R, D. Suart, Trans, Faraday Soc., 65, 175
(1969).
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TABLE 3. BIACETYL-SENSITIZED PHOTOLYSIS
OF AZO-ISOPROPANE

Filter: Toshiba VY-43.

Illumination time: 10~20min

Reactant Biacetyl Products (micromole)

pressure pressure —_—— kylk.

(Torr)  (Torr) N, GCH; CH, CH,,
19.91 27.30 1.75 0.44 0.42 1.33 0.33
19.57 26.80 2.17 0.43 0.48 1.69 0.25
25.00 0.87 0.17 0.17 0.70 0.24

20.28

TABLE 4. BIACETYL-SENSITIZED PHOTOLYSIS
OF AZO-n-PROPANE

Filter: Toshiba VY-43.

Illumination time: 10~20 min

Reactant Biacetyl Products (micromole)

pressure  pressure kylk,
(Torr) (Torr) N, GCH; CH; GCH,,
20.65 30.58 0.602 0.033 0.033 0.569 0.07
12.98 22.95 1.041 0.046 0.046 0.995 0.05
16.14 22.86 1.014 0.034 0.034 0.980 0.04

means that all the reaction products were produced
in the primary process, not in the secondary process.

Tables 3 and 4 show the results of the biacetyl-photo-
sensitized decomposition of azo-isopropane and azo-n-
propane, respectively. The quantum yields of N, for-
mation were obtained for the direct photolysis by
UV-35 and for biacetyl-photosensitization, as shown in
Table 5. The quantum yields by biacetyl-photosen-
sitization are about one tenth smaller than that by
the direct photolysis.

Figure 2 shows the phosphorescence spectrum of
biacetyl vapor in the absence and presence of quen-
chers. Ausloos and Rebbert reported much higher

TABLE 5. QUANTUMM YIELDS OF Ny FORMATION OBTAINED
BY DIFFERENT EXCITATIONS

Direct photolysis Biacetyl-photo-

Reactants wzg%ﬁurvl\rlr;? 5 sensitization
Azo-isopropane 0.664-0.04 0.084-0.02
Azo-n-propane 0.98+40.14 0.064+0.01

Intensity (arbitr. units)

550 6500
Wavelength (nm)

500

Fig. 2. Phosphorescence of biacetyl vapor (20 Torr, 20 °C).
Curve 1: pure biacetyl, Curve 2: with 0.038 Torr O,, Curve
3: with 3.7 X 10~* Torr azo-isopropane,
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cross sections of azomethane and azoethane than that
of oxygen for quenching the phosphorescence of bi-
acetyl.) In the present work azo-isopropane was found
to have higher cross section than azomethane for
quenching the phosphorescence of biacetyl. From the
Stern-Volmer plot of the quenching experiments, the
quenching rate constant k; was found to be 3x 101
I mol-1s-1, equivalent to the value of the effective
collisional cross section 6% of 45 x 10716 cm? taking the
lifetime of the excited triplet biacetyl molecule to be
10-35.9 The value of the quenching rate constant
k, suggests that the excited biacetyl molecule is quench-
ed at every collision with azopropane molecule meaning
high efficiency of energy transfer from excited biacetyl
to reactant azopropane.

Rather low quantum yield of the azopropane decom-
position in the case of the biacetyl-sensitized photolysis,
in spite of the high efficiency of energy transfer from
excited biacetyl to reactant azopropane, shows that
excited azopropane produced by biacetyl-photosen-
sitization is more easily deactivated than by the direct
photolysis.

TaBLE 6. DEPENDENCE OF THE RATIO k,/k, ON THE
EXCITATION ENERGIES FOR THE PRODUCTION
OF PROPYL RADICALS

Excitation Excitation
Reactant s energy kq/k
condition e
(kcal/mol)
Azo-isopropane Direct photolysis -
(UV-29 filter) 78~95  0.69
Direct photolysis
(UV-35 filter) 78 0.63
Blac‘erl-I‘)hoto- 56 0.97
sensitization
Azo-n-propane  Direct photolysis
(UV-29 filter) 78~95  0.15
Direct photolysis
(UV-35 filter) 8 0.12
Biacetyl-photo- 56 0.05
sensitization

Table 6 summarizes the k4/k. values obtained with
different excitation energies. The ratio k4/k. increases
with increasing excitation energies for both azo-iso-
propane and azo-n-propane, which means that k4/k.
increases with the increment of the excess energies
carried by propyl radicals produced by photolysis.
This tendency agrees with the results obtained in the
case of CHy,=CH-V and CH,S-? radicals produced by
the photolyses.

The processes (2) and (7) forming two propyl radicals
and one nitrogen molecule may be composed of two
successive one-bond fission steps:

C,H,N,C,H,* (or CoH,N,C,H,*¥)
— GH;N, + C;H, (8)
and succeedingly
CH,N, — GH, + N, 9)

Such two-step mechanism was previously confirmed

9) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 14,
48 (1960).
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in the case of the direct photolysis of azo-n-propane by
illumination of the molecular flow of the reactant in the
ion source of a mass spectrometer.10

The excess energies carried by propyl radicals were
estimated in the case of azo-isopropane since the dis-
sociation energy of the C—N bond of azo-isopropane has
been found to be about 33 kcal/mol.1)  From the value
of the C-N bond dissociation energy of azo-isopropane
and other thermochemical data, the upper limit of the
excess energy of the isopropyl radical may be estimated
to be 28 kcal/mol for the direct photolysis with UV-35
and 14 kcal/mol for biacetyl-photosensitization. Table
6 shows, anyway, the higher the excitation energies,
the larger the excess energies carried by propyl radicals
resulting in the increment of k4/k. values. The con-
siderably small kg4/k. values obtained in the biacetyl-
photosensitization might suggest the effect of the spin-
multiplicity difference besides the energy dependence

10) S. Yamashita and T. Hayakawa, This Bulletin, 46, 2290
(1973).

11) B. G. Gowenlock, J. R. Majer, and D. R. Snelling, Trans.
Faraday Soc., 58, 670 (1962).
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of kglk..

Since the effect of the addition of n-butane as third
body to the reaction system was found almost insig-
nificant, it was inferred that the hot propyl radicals
produced by the highly intense illumination reacted
each other before thermalization in accord with the
suggestion given by Thynne.?

It may be said that the disproportionation reaction of
free radicals is a kind of inter-radical hydrogen-atom
abstraction in the transition state.’®% From this view-
point the increment of the £,/k. values with increasing
excitation energies seems to be understandable since the
feasibility of hydrogen-atom abstraction by the free
radicals increases with the increment of the excitation
energies used for photochemical free radical forma-
tion,15:16)

12) J. C. J. Thynne, Proc. Chem. Soc., 1961, 68.

13) J. N. Bradley, J. Chem. Phys., 35, 748 (1961).

14) R.J. McNeal, ibid., 40, 108 (1964).

15) P. C. Kobrinsky and R. M. Martin, ibid., 48, 5728 (1968).

16) J. M. White, R. L. Johnson, Jr., and D. Bacon, ibid., 52,
5212 (1970).






