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Abstract 

Measurements have been made of the relative rates of formation of azacyclohepta- 1,2,4,6-tetraene and disappearance of the starting material 
in the photolysis of phenyl azide in Ar, CH4 and 3-methylpentane matrices. With narrow band light (A = 280 + 5 rim), formation of the ring 
expanded product lagged behind the decomposition of the azide by a distinct and reproducible amount in the early stages of the photolyses in 
CH4 and 3-methylpentane. Full arc photolysis (a > 200 nm), on the other hand, resulted in a linear relationship between growth of product 
and disappearance of starting azide. No similar wavelength dependence was observed for the photolysis in argon. This is clear evidence that 
the photolysis in the hydrocarbon matrices proceeds in part to triplet phenylnitrene, which can subsequently absorb a second photon to give 
the azacycloheptatetraene. Vibrational coupling between the initially formed singlet phenylnitrene and the host material, which should be 
much more efficient in CH4 and 3-methyipentane than in the monatomie argon, is proposed to account for the observed difference in behaviour 
in the matrix hosts. 
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1. Introduction 

1. !. History 

The photolysis and thermolysis of phenyl azide (PhN3) 
and its derivatives and analogues have been studied for many 
years [ 1,2]. The reactions have been investigated in the gas 
phase, in liquid solutions and in frozen matrices. For such an 
apparently simple system, a surprising amount of controversy 
has been generated. For the photolysis of PhN3 in solution, 
one group [ 3 ] has claimed that an autocatalytic chain dis- 
sociation occurs at concentrations above about 2 x 10 -4 M, 
with quantum yields for the disappearance of PhN3 rising to 
the order of 1000. This has been contested [4-7],  but a 
modelling study, taking into account light intensity, mass 
transfer and sampling time, seems to have reconciled the 
apparently contradictory results from the various laboratories 
[8]. 

Investigations of the photolysis of phenyl azide in frozen 
matrices were originally intended to help in the understanding 
of the processes in fluid media, by allowing the spectroscopic 
characterization and identification of key reactive interme- 
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diates. Even these, however, provided apparently contradic- 
tory results. The first of such experiments were carried out 
by Reiser et al. [9-12],  who photolysed a number of aryl 
azides, including PhN3, in organic glassy matrices at 77 K. 
These workers found that the primary photoproducts were 
stabilized under these conditions, and recorded their UV- 
visible absorption spectra. The spectra were independent of 
the solvent and disappeared when the matrices were softened 
at 90 K or above. They were assigned to the corresponding 
nitrenes (cf. 2). At about the same time, ESR studies indi- 
cated that aryi nitrenes had triplet ground states [ 13], 
although photolysis of the azides probably first generated 
singlet excited nitrenes [ 14]. 

Some years later, Chapman and Le Roux [ 15 ] photolysed 
phenyl azide in Ar matrices at 8 K, and were able to record 
the IR spectrum of the major photoproduct, which had a 
strong band at 1895 cm- l. There were several possibilities 
for the matrix photoproduct of PhN3 (see Scheme 1): the 
singlet or triplet nitrenes (S-2, T-2), the bicyclic azirine 3, 
and the azacycloheptatetraene (or didehydroazepine) 4. Of 
these, only 4, with its strained ketenimine structure, could 
account for the 1895 cm-  ! IR band. In our laboratory, similar 
azacycloheptatetraenes were subsequently observed as the 
major photoproducts from a series of matrix isolated 3- and 
4-substituted phenyl azides, and the presence of a nitrogen 
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photolysis of monocyclic aryl azides, so there is uncertainty 
whether 3 is an energy minimum or energy maximum on the 
pathway from S-2 to 4. 

Platz has recently made a convincing attempt to combine 
most of the experimental results so far obtained to give an 
overall understanding of both the photolysis and thermolysis 
of phenyl azide [2]. Nevertheless, in the previous papers 
dealing with the problems related to phenyi azide photolysis, 
the possibility that the chemical nature of the solvent or matrix 
host might significantly influence the reaction pathway seems 
unresolved. This has prompted us to report the findings which 
are presented in this paper. 

atom in the functional group giving rise to the 1895 cm- 
band was confirmed by IsN labelling [ 16]. 

Reiser's group had not been mistaken in identifying their 
reactive species as nitrenes, however. It was discovered that 
phenyl azides with two ortho substituents--pentafluoro- 
phenyl azide and 2,6-dimethylphenyi azide (5)--did not give 
azacycloheptatetraenes as the main products when photo- 
lysed in Ar or N2 matrices [ 17]. Instead, the trapped photo- 
products had no very distinctive IR absorptions, could be 
made to react with CO to give the corresponding phenyl 
isocyanates, and were thus identified as the ground-state trip- 
let nitrenes, e.g. "1"-6. Making use of this fact, Leyva et al. [ 4 ] 
examined the photolysis of Phlq3 and a number of di-ortho- 
substituted derivatives in EPA solution at 77 K, and showed 
that in these conditions the triplet nitrenes and not the aza- 
cycloheptatetraenes are the major products, even in the case 
of phenyi azide. 

This work led to a surprising conclusion for the photolysis 
of phenyl azide: that in solutions at ambient temperature, the 
only trappable intermediate is the azacycioheptatetraene 4; 
that in frozen solvents at 77 K, the major photoproduct is the 
triplet nitrene T-2; and that in Ar or lq2 matrices at 8-20 K, 
it is the azacycloheptatetraene which again predominates. 
Hayes and Sheridan went some way towards resolving this 
paradox, by showing that careful selection of photolysis 
wavelength allows the triplet nitrene to build up in even in 
Ar and lq2 matrices [ 18 ]. They were able to assign the IR 
spectrum of matrix isolated T-2, and follow its secondary 
photolysis at long wavelengths (A > 450 nm) to give 4. They 
proposed that, on excitation, T-2 could regain the singlet 
manifold via upper triplet levels and thus isomerize to 4 via 
S-2. They also suggested that, in most previous matrix exper- 
iments, the conditions of photolysis would have ensured that 
all "1"-2 generated would have undergone this secondary pho- 
tolysis. These findings still left open the question why Reiser 
et ai., with unfiltered Hg arcs of various kinds and quite short 
photolysis times, were able to generate nitrenes in organic 
glasses at 77 K, apparently as the major products of azide 
photolysis. 

Azirines similar to 3 have been observed in the matrix 
photolysis [19] and solution flash photolysis [20] of 
naphthyl azides, and in solution for pyrenyi azides also [ 20]. 
Such azirines have apparently never been observed following 

1.2. The influene. ° o f  matrix host material 

When excited state PhN3 loses N 2, the nitrene formed is 
initially in the excited singlet state (S-2) with a considerable 
amount of excess vibrational energy. If this vibrational energy 
is not quickly dissipated into the surrounding medium, the 
singlet nitrene will have plenty of activation energy to sur- 
mount any energy barriers on the singlet surface connecting 
S-2, 3 and 4. In these circumstances, the ring expanded prod- 
uct 4 is likely to be favoured. On the other hand, if the excess 
vibrational energy of the singlet nitrene is rapidly transferred 
to the reaction medium, the lifetime of S-2 will be prolonged 
and intersystem crossing to the ground-state triplet nitrene 
(1"-2) will become competitive. 

Vibrational coupling between an excited guest species and 
a matrix host is likely to be much more efficient ;,f the host 
material is a molecular species, with its own numerous vibra- 
tional levels, than if the host is a monatomic species such as 
At. On this argument, it would be expected that, independent 
of temperature, frozen organic glasses, such as those used by 
Reiser et al. [ 9-12 ], would favour the formation ofT-2, while 
solid Ar, as used by later workers [ 15,16], would favour the 
direct formation of 4, in accord with observation. This matrix 
effect has been proposed by Leyva et al. [ 4], and investigated 
by Hayes and Sheridan [ 18] in a comparison of the 334 nm 
photolysis of PhN3 in At, N2 and 2-methylbutane matrices. 
With 334 nm light, T-2 was found to be the major primary 
photoproduct in all three matrices, and no medium effect was 
detected. The results we present in this paper, which arise 
from a comparison of the 280 nm photolysis of PhN3, .do now 
provide experimental support for the postulated effect. 

2. Results and discussion 

2.1. Matrix hosts 

In order to investigate the influence of matrix host material 
on the photolysis of PhN3, we decided to compare the rate of 
appearance of the characteristic v (C -C=N)  band of 4 with 
the rate of disappearance of the v (N3),,s band of the azide in 
Ar, CH4, 3-methylpentane (3-MP) and other organic matri- 
ces at 12 K--the base temperature of our low temperature 
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ceil. Whereas Ar, CH4 and 3-MP formed glassy matrices with 
acceptable optical quality when condensed at 12 K, other 
organic solvents triedwn-pentane, n-hexane, n-heptane, 
cyclohexane, methylcyclohexane, 2,2,4-trimethylpentane, 
THF, and t-butyl chloride--all gave microcrystalline matri- 
ces of very poor optical quality. Our experiments were there- 
fore confined to the first three matrix hosts. 

2.2. Irradiation wavelength 

The irradiation wavelength was chosen so as to maximize 
the chance of the triplet phenylnitrene (T-2) accumulating 
in the matrices. The optimum wavelength for the experiments 
would thus be one at which PhN3 photolysed rapidly but at 
which T-2 had little or no absorption. PhN3 has Am~, at about 
250 nm, with structured absorption to about 350 nm [ 10]. In 
the conditions of our matrix experiments, we have found that 
photolysis of PhN3 is unacceptably slow with A > 320 rim, 
and, indeed, the previously reported photolysis with 334 nm 
light [ 18 ] seems to have involved very long irradiation times 
(e.g. 40 h.). We thus needed an estimate of the region of 
smallest absorption by T-2 in the range 250-320 rim. 

Fig. l (a)  shows the UV-visible absorption spectrum of 
the photoproduct of PhN3 in an Ar matrix at 12 K~ The spec- 
tram has sharp features at 231 and 235 rim, a broad shoulder 
at about 255 nm, but little significant absorption at longer 
wavelengths. In these conditions, the major photoproduct is 
known to be 4 [ 15,16], and the twisted nature of this mole- 
cule accounts for the short wavelength Am~ observed. In 
contrast, photolysis of 2,6-dimethylphenyl azide (5) in Ar 
or N2 matrices yields predominantly 2,6-dimethylphenyini- 
trene (T-6) [ 171; the UV-visible spectrum of 6 in Arat 12 K 
is shown in Fig. 1 (b). This has a strong absorption at 246 nm, 
and structured absorptions with maxima at 290, 302, 384 and 
516 nm. In the region between 270 and 600 nm, to which the 
earlier experiments were confined, these absorptions closely 
resemble those already reported for triplet 2,6-dimethylphen- 
ylnitrene (T-6) trapped in glasses at 77 K [4]. There is also 
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Fig. 1. UV-visible absorption spectra (background subtracted) of Ar matri- 
ces at 12 K: (a) azaeycloheptatetraene 4 from complete photolysis of PhN3 
(Ar/PhN3= 1000) with ~>200 nm (31 rain); (b) triplet 2,6-dimethyl- 
phenylnitrene (1"-6) from complete photolysis of 5 (matrix ratio not deter- 
mined) with ~t > 200 nm (4 rain). 

a close resemblance in the region 220--410 nm to the spectrum 
reported by Reiser for triplet phenylnitrene (T-2) [ 10]. The 
spectrum of Fig. 1 (b) can thus be confidently assigned to T- 
6, and is the most complete electronic absorption spectrum 
of this species so far reported. It has been shown that the UV- 
visible absorptions ofT-6 and T-2, in the region 270--600 nm, 
are very similar when these species are generated in EPA at 
77 K [ 4 ]. We therefore conclude that the UV-visible absorp- 
tions ofT-2 in Ar matrices will be very similar to those ofT-6. 

It is apparent from Fig. 1 (b) that a suitable wavelength for 
reasonably rapid photolysis of PhN3, which must lie in the 
range 250-320 nm, cannot be chosen for a region where T-2 
does not absorb significantly. The optimum choice seems to 
be at about 270-280 nm, where there is a minimum in the 
absorption of T-6 and, by inference, T-2. We therefore 
selected the line at 280 nm in the output of the high pressure 
Hg arc for our photolyses, with a monochromator slit setting 
of+ 5 nm. 

2.3. Phomlysis of PhN+ in Ar, C H  4 and 3-MP matrices 

PhN3 was isolated in Ar, 3-MP and CH 4 matrices at 12 K 
and photolysed with light of A = 280_+ 5 nm. The progress of 
the reaction was followed by monitoring the growth of the 
characteristic IR band of 4 at 1893 (Ar) or 1890 cm-~ (3- 
MP and CH4) and the disappearance of the strongest com- 
ponent of the asymmetric azide stretch at 2137 (Ar), 2131 
(3-MP) or 2134 cm-~ (CH4). In a separate set of experi- 
ments, similar photolyses were carried out with the full Hg 
arc ( A > 200 nm). 

Fig. 2 shows IR spectra recorded during the photolysis of 
PhN3 in 3-MP at 12 K, and Fig. 3 shows the quantitative 
results from two typical experiments with PhN3 in 3-MP 
matrices with narrow band and full arc irradiation. The split- 
ting of the v(N3),,, band into at least three components at 
2131, 2100 and 2085 cm -1, as shown in Fig. 2(a), is due 
mainly to Fermi resonance [ 21 ]. Matrix site effects are small: 
for example, these three components of u(N3)as of PhN3 are 
found at 2134, 2103 and 2090 cm- ~ in CH4 matrices, and at 
2137, 2101 and 2087 cm-~ in N2 [22]. Fig. 3(a) shows that 
photolysis with the full arc (A > 200 nm) resulted in a linear 
relationship between growth of product am'.disappearance of 
the azide, indicating that no significant build up of an inter- 
mediate such as T-2 occurred. Photolysis with narrow band 
light (A = 280 5:5 nm), however, resulted in a definite lag in 
the formation of 4, shown as a downward curvature of the 
plot in Fig. 3(b). These experiments were repeated several 
times, with consistent results. It is concluded, therefore, that, 
with narrow band 280 nm light, photolysis of PhN3 in 3-MP 
matrices gives both the azacycloheptatetraene 4 and an inter- 
mediate, probably T-2. Similar results were obtained with 
CH4 matrices; Fig. 4 shows typical results. 

With Ar matrices, experiments conducted in the same way 
showed no significant difference between the photolyses with 
unfiltered or narrow band light. In both sets of photolysis 
conditions and in repeated experiments, only a linear rela- 



210 i.R. Dun.~:in et al. / Journal of Photochemistry and Photobiology A: Chemistry 102 (1997) 207-212 

aA 

1.0 

I 2131 

(b )  
0.0 / I I I ~ I 

2200 2100 2000 1950 1900 1850 

Wavenumber I an d 

Fig. 2. IR absorptions (background subtracted) in the region 2200-1850 cm- t for 3-MP matrices at 12 K containing PhN3 (3-MP/PhN3 = 1000): (a) before 
photolysis; (b) after 25 rain photolysis with A > 200 nm. For clarity, spectrum (a) is offset by 0.3A. 
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Fig. 3. Increase in absorbance of i,(C=C=N) of 4 at 1890 cm- '  (AA(4)) 
against decrease of absorbance of v(N3).- of PhN3 at 2131 cm -I 
( -AA(PhN3))  during photolysis of PhN3 in 3-MP atl2K (3-MP/ 
PhN3=I000): (a) photolysis with X>200nm; (b) photolysis with 
A=280+5 nm. 

tionship between appearance of 4 and disappearance of PhN3 
resulted. Thus, for the matrix photolysis of PhN3, a distinct 
difference has been established for the medium effect of Ar, 
on one hand, and 3-MP and CH4, on the other. This difference 
is in accord with what was expected from considerations of 
vibrational coupling between the initially formed, vibration- 
ally excited, singlet nitrene S-2 and the surrounding matrix 
medium (see above). 

The effect is unlikely to be due solely to the rigidity of the 
matrix host, since Ar and CH4 have similar melting points 
(83.3 and 90.7 K, respectively) and softening points (35 and 
45 K, respectively) [23], while 3-MP melts at the much 
higher temperature of 267 K. If matrix rigidity were the main 
factor, Ar and CH4 would be expected to show similar matrix 
effects with 3-MP considerably different. 

It is probably significant that this matrix effect has been 
detected in the photolysis of P h N  3 with 280 nm but not with 
334 nm light. The higher photon energy of the former may 
produce S-2 with a critically larger amount of vibrational 
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Fig. 4. Increase in absorbance of v(C=C=N) of 4 at 1890 cm- t (AA(4)) 
against decrease of absorbance of v(N3),, of PhN3 at 2134cm -~ 
(-AA(PhN3)) during photolysis of PhN3 in CH4 at 12K (CHJ  
PhN3=I000): (a) photolysis with A>20Onm; (b) photolysis with 
~ =280:1:5 nm. 

energy, thus revealing the effects of the different matrix hosts. 
Notorious 'specific laboratory effects' cannot, however, be 
completely ruled out. These can include (i) variations in 
matrix deposition methods, influencing the properties of the 
matrices, such as light scattering and the state of aggregation 
of the 'isolated' molecules, (ii) lamp ageing, resulting in 
ostensibly similar light sources having significantly different 
spectral distributions, and (iii) window quality, giving rise 
to varying filtering effects. We have sought to minimize the 
chance that these are determining factors in the differences 
observed in our experiments and those carried out in other 
laboratories: a genuine medium effect seems to have been 
observed. 

3. Conclusions 

For the photolysis of PhN3 with 280 nm light, our results 
show that, as matrix host materials, 3-MP and CH4 favour 
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formation of triplet phenylnitrene (To2) more than Ar at the 
same temperature. The most likely explanation of this effect 
has been proposed previously [4], and is that molecular 
matrix materials, with their own numerous vibrational levels, 
couple more strongly than monatomic hosts like Ar with the 
vibrationally excited singlet phenylnitrene (S-2) that is 
formed immediately upon N2 loss from electronically excited 
PhN3. Thus in 3-MP and CH4, vibrational deactivation of 
vibrationally excited S-2 will be significantly faster than in 
Ar, reducing the chance of this species surmounting energy 
barriers on the singlet surface leading to 3 and 4, and increas- 
ing the probability ofintersystem crossing to the ground-state 
triplet nitrene I'-2. 

3-MP and CH4 are non-polar molecules, and coupling 
between vibrationally excited S-2 and the matrix host is likely 
to be even more effective for polar hosts such as EPA, where 
dipole-dipole interactions and H-bonding can enhance vibra- 
tional energy transfer from the guest species to its surround- 
ings. We therefore conclude that the efficiency of vibrationa~ 
deactivation of S-2 should not be neglected as a factor in 
determining the reaction pathway in the photolysis ofphenyl 
azide. 

4. Experimental details 

4.1. Materials 

Research grade Ar ( >_ 99.9997%) and CH4 ( > 99.995%) 
were obtained from BOC Ltd. and used without further puri- 
fication. 3-Methylpentane (3-MP) (Aldrich, >99%) was 
redistilled by vacuum transfer into cooled ampoules (liquid 
N,), and degassed by several freeze-pump-thaw cycles. At 
room temperature, 3-MP was found to have a vapour pressure 
of about 130 mbar, and could therefore be used to make up 
gas mixtures with PhN3 by standard manometric techniques. 

Phenyl azide (1) was prepared by diazotization of phen- 
ylhydrazine [ 24 ], and 2,6-dimethylphenyl azide (5) by dia- 
zotization of 2,6-dimethylaniline followed by treatment with 
NaN3 [25,26]. Both azides were stored in a freezer until 
needed for the matrix experiments. 

4.2. Equipment 

The matrix isolation cold cell has been described in detail 
previously [27]. It consisted of a CsBr window enclosed in 
a vacuum shroud and cooled by an Air Products Displex, 
model CSA-202, closed cycle helium refrigerator. The vac- 
uum shroud was fitted with external KBr windows and was 
pumped to about 10-6 mbar. Temperatures were measured 
by means of (i) a hydrogen vapour bulb and (ii) a Chromel- 
Au--0.07 at.% Fe thermocouple connected to an Air Products 
APD-B temperature controller. The base temperature of the 
cell was 12 K. 

IR spectra were recorded on a Perkin-Elmer model 684 
grating instrument interfaced to a Perkin-Elmer 3600 data 

station. Maximum (16-fold) signal averaging was employed 
for the quantitative absorbance measurements. UV-visible 
spectra were recorded on a Shimadzu UV250 double mono- 
chromator instrument, which had a modified sample com- 
partment to accommodate the cold cell. 

Photolysis was achieved with an Oriel 200 W high pressure 
Hg arc. This was equipped either with a water filter with 
quartz windows ( 13 cm pathlength), to eliminate IR radia- 
tion and give light of A > 200 rim, or with an Applied Pho- 
tophysics high radiance f/3.4 monoehromator set to isolate 
light of 280__. 5 rim. 

4.3. Matrix deposition 

Phenyl azide (1) was sufficiently volatile at room temper- 
ature to be premixed with the host materials by standard 
manometric techniques. A matrix ratio (host/guest) of 1000 
was adopted for all the experiments reported in this study. 
The gas mixture was deposited on the cold window at 12 K, 
by admitting it into the vacuum shroud of the cold cell through 
a fine needle valve. 2,6-Dimethylphenyl azide (5) was insuf- 
ficiently volatile for this procedure, so it was sublimed onto 
the cold window from a glass side-arm, fitted with a vacuum 
valve and attached to the vacuum shroud, while host gas was 
separately but simultaneously deposited. In these circum- 
stances, matrix ratios could not be determined, but appropri- 
ate adjustments to the flows of both host gas and azide ensured 
good matrix isolation was achieved. 
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