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&methylene carbons in PTO (T2G2) and crystalline c-(TO), 
experience identical numbers and types of y-gauche interac- 
tions. 

(45) Groth, P. Acta Chem. Scand. 1971, 25, 725. 

(47) This is a consequenceqB of the conservation of total s and p 
character of the sp3 molecular orbitals around >C<. 

(48) Huheey, J. E. Inorganic Chemistry; PrincipEes of Structure 
and Reactivity; Harper and Row: New York, 1972; Chapter 

(46) Reference 39, Chapter 4. 4. 
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ABSTRACT In air-equilibrated CHzClz or in CH2C12/CC14 solutions, the irradiation of the poly[bis(4- 
benzoylphenoxy)phosphazene], [NP(OCBH4COCBH&..,,, induces chain scission and degradation of the mac- 
romolecule. This process is believed to originate from the breaking of peroxy radicals formed by reaction 
of oxygen with phosphorus macroradicals derived from unreacted P-Cl groups in the phosphazene polymer. 
Evidence is given that the benzophenone ketyl radical, the primary photochemical species formed during the 
photolysis of BzPOP dissolved in hydrogen-donating solvents, is responsible for the formation of phosphorus 
macroradicals. In the absence of molecular oxygen. bimolecular processes, leading to extensive cross-linking 
and gel formation, prevail. 

Introduction 
The photochemical and photophysical behavior of 

poly(organophosphazenes) (POPS) has attracted consid- 
erable attention in recent years'+ owing to the substitutive 
synthetic approach used for the preparation of these 
polymers. The method, in fact, offers the unique oppor- 
tunity of obtaining a large variety of different macro- 
molecules just by changing the nucleophiles which sub- 
stitute the highly reactive chlorine of a polymeric pre- 
cursor, poly(dichlorophosphazene).6*6 Due to the charac- 
teristics of the phosphorus-nitrogen "double bond" present 
in these polymers,' chromophores appended to the poly- 
(phosphazene) backbone maintain almost unaltered their 
spectroscopic and photochemical properties, so that the 
photoreactivity of the resulting POPs appears to be dom- 
inated by the photochemical characteristics of the sub- 
stituents. 

In 1979 we started a series of investigations on the 
photoreactivity of aryloxy- and arylamino-substituted 
POP, both in solution and in film, with the aim of shedding 
some light in the photochemistry of these materials.'Js4 
From these studies it came out that, in all the investigated 
POPs, the photoreactivity is originated from the first ex- 
cited singlet state of the chromophore bonded at  the 
phosphazene chain; moreover, it was clear that the pres- 
ence of molecular oxygen in the irradiated polymer dire& 
the overall photoreaction toward the degradation, while 
in the absence of oxygen cross-linking prevails. Finally, 
it was demonstrated that the formation of charge-transfer 
complexes between side substituent groups on the phos- 
phazene backbone and high electron affinity halogenated 
solvents introduces in the photochemistry of these poly- 
mers alternative pathways for the degradation or cross- 
linking which enhance significantly the photoreactivity of 
these materials. 

Further investigation on the photophysical behavior of 
both aryloxy- and arylamino-substituted cyclo- 
phosphazenes and poly(phosphazenes) revealed the ex- 
istence of intramolecular interactions between excited- and 
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ground-state chromophores on the phosphazene backbone, 
leading to the emission of excimeric  specie^.^^^ 

Parallel studies on the photochemistry and photophysics 
of POPs performed by Allcock2 and Webber,lo respectively, 
substantially confirmed our results. 

Recently," we synthesized and characterized a new 
polymeric p h o s p h e n e  material, the poly[bis(6benzoyl- 
phenoxy)phosphazene], [NP(OC6H4COC6H6),],, BzPOP, 
in which two benzophenone moieties are attached to the 
phosphorus atoms of the phosphazene chain. 

This polymer proved to be an excellent triplet-state 
energy donor in heterogeneous phase,'l able to photosen- 
sitize some reactions, occurring in the triplet state, like the 
trans $ cis iaomerization of stilbene and of piperylene, the 
cycloaddition of indene, and the valence isomerization of 
norbornadiene to quadricyclene. 

During these processes, however, it has been found that 
BzFOP undergoes a certain degree of insolubilization: the 
suspicion arose therefore that BzPOP could exhibit a 
completely different photoreactivity, compared to that of 
other aryloxy-substituted phosphazene polymers. Owing 
to the high efficiency by which the triplet state of BzPOP 
is populated,l' a photoreactivity of this polymer completely 
different from that of other aryloxyphosphazenes is not 
unexpected. This is in agreement also with the fact that 
substantial differences in chemical reactivity are expected 
for S1 and T1 states of an electronically excited molecule, 
due to the rather different nuclear structure and electronic 
distribution of the two states.12 

Therefore, we believed it was useful to investigate the 
direct photochemistry of the BzPOP in solution, and in 
this paper, we discuss research in this field. 

Experimental Section 
The synthesis, characterization, and spectroscopic properties 

of the BzPOP have already been reported elsewhere." As pre- 
viously stressed, the content of unsubstituted chlorine in the 
BzPOP ranged to 1.1%. 

Tetrahydrofuran (THF), CH2C12, isopropyl alcohol, cumene, 
benzene, and CC14 were Carlo Erba solvents, analytical grade, and 
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Figure 1. UV spectral variations following irradiation of poly- 
[bis(4-benzoylphenoxy)phosphazene] in CHzClz solutions. Irra- 
diation times: 0, 1, 5, 10, 15 min. 

were purified according to the 1iterat~re.l~ 
The UV and IR spectrophotometric measurements were per- 

formed with Perkin-Elmer spectrophotometers Models 320 and 
399, respectively. 

For the gas-chromatographic determinations of the photolysis 
products, a Perkin-Elmer Sigma 3B gas chromatograph was used. 

The lifetime measurements of BzPOP excited triplets were 
performed by detecting the phosphorescence with a single photon 
counting apparatus (Applied Photophysics). The triplet and ketyl 
radical absorption spectra were obtained with a flash photolysis 
apparatus based on a N2 laser (Lambda Physics) and a pulsed 
xenon lamp as analyzing beam. 

The weight average molecular weight (aw) were measured by 
means of a Sofica spectrogoniodiffusometer and a Waters GPC 
apparatus. 

Viscosity measurements were carried out in a Desreux-Bishoff 
suspended level viscosimeter at 25 * 0.5 "C with quartz walls. 
The polymer solutions in the viscosimeter were irradiated with 
an XBO 900-W lamp, whose light was filtered with a cut-off filter 
at 300 nm. 

Unless otherwise specified, all the photochemical reactions of 
the BzPOP have been run in air-equilibrated solutions. 

Quantitative analysis of the hydroperoxidic groups in the ir- 
radiated BzPOP has been performed according to the procedure 
described by Carlsson and Wiles.I4 

Results and Discussion 
Since the original discovery of Ciamician and Silber15 

that benzophenone in ethanol is reduced by the action of 
the sunlight to  benzpinacol, the photophysical and pho- 
tochemical behavior of this molecule and its derivatives 
has become one of the deepest investigated topics in the 
field of organic photochemistry. 

It is now well established12 that light excitation of the 
molecule results in the production of excited triplet, which 
is formed from the corresponding singlet with almost un- 
itary intersystem-crossing efficiency. This state may 
transfer its excitation energy to other molecules to induce 
photosensitized reactions or may react in the presence of 
molecules able to  supply hydrogen atoms bringing about 

(nm) 

Figure 2. Spectral variations of the n,r* absorption band of (a) 
free benzophenone, (b) hexakis(4-benzoylphenoxy)cyclo- 
phosphazene, and (c) poly[bis(4-benzoylphenoxy)phosphazene], 
in CHzClz solutions. In all cases the irradiation times were 0,0.5, 
1, 2, 3.5, and 7.5 min. 

Scheme I 

N on 

the photooxidation of these species and the formation of 
benzophenone ketyl radicals. 

Our previous work on the characterization of the poly- 
[4-benzoylphenoxy)phosphazene] ,11 as a high molecular 
weight triplet sensitizer active in heterogeneous phase, has 
shown that the photophysical characteristics (absorption, 
emission spectra, and triplet energy) of the above com- 
pound are more similar to those of the free benzophenone 
rather than to those of the 4-hydroxybenzophenone. 

This is supported by the behavisr of benzophenone- 
substituted phosphazenes when irradiated in hydrogen- 
donating solvents. The irradiation of BzPOP, hexakis(4- 
benzoy1phenoxy)cyclophosphazene (the cyclic trimeric 
derivative which can be considered the oligomeric analogue 
of the high molecular weight po1yphosphazenel6), and 
benzophenone in deaerated methylene chloride solutions 
leads to the spectral variations shown in Figures 1 and 2. 
A decrease of the solution optical density for wavelengths 
< 300 nm and an increase for wavelenghts > 300 nm were 
observed for the three compounds, the extent depending 
on the molecular structure. This confirms that the pho- 
toreactivity of phosphazene-supported benzophenone is 
like that of the free benzophenone. These spectral vari- 
ations are attributed" to the formation of products re- 
sulting from different couplings of radicals formed by in- 
teraction of the triplet benzophenone and hydrogen-do- 
nating molecules, as shown in Scheme I. 

For the phosphazene-appended benzophenones, this 
hypothesis was confirmed by the absence of any spectral 
variation when the hexakis(4-benzoylphenoxy)cyclo- 
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Figure 4. Transient absorption spectra following light excitation 
of a CH2ClZ solution of poly[bis(4-benzoylphenoxy)phosphazene]: 
(0) immediately after the laser pulse and (0) 100 ps after the laser 
pulse. 

(nm) 

Table I 
Triplet-State Quenching Rate Constants (M-I s-l) of 

Benzophenone, 
Hexakis(4-benzoylphenoxy)cyclophosphazene, and 
Poly[bis(4-benzoylphenoxy)phosphazene] in CHzClz 
Solutions by THF, Isopropyl Alcohol, and Cumene" 

isopropyl 
compound THF alcohol cumene 

benzophenone (7.2 ps) 6.7 X lo6 1.5 X lo6 1.3 X lo6 
hexakis(4-benzoylphenoxy)cyclo- 7.9 X lo6 2.4 X lo6 1.4 X IO6 

BzPOP (1.5 ps) 4.8 X lo6 1.9 X lo6 0.5 X lo6 
phosphazene (1.8 ps) 

The lifetime (q,) in pure CHZClz, is given in parentheses. 

phazeneI3 and poly[bis(4-methylanilino)phosphazene],4 as 
well as for polystyrene,18 the addition of CHC13 or CC14 to 
THF solutions of the polymer strongly modify their re- 
activity. In the presence of halomethanes, a larger quantity 
of radicals is formed by light excitation, which is the result 
of charge-transfer processes between the ground and the 
first excited singlet state of the polymer and the elec- 
tron-acceptor molecules (CHC13 and CC14). 

For BzPOP, ground-state interaction with the solvent, 
due to charge-transfer phenomena, can hardly be eviden- 
ced by variation in the absorption spectrum (differences 
C 5% are observed in the absorption spectrum of BzPOP 
on going from CH2C12 to solutions of 6 M CC14 in CH,Cl,). 

Since triplet states have a low polar character compared 
with that of the corresponding ~ ing le t s , ' ~ ,~  charge-transfer 
interactions between a molecule in the excited triplet state 
and an electron-donor or -acceptor molecule are unfavored. 

Laser flash photolysis experiments on BzPOP degassed 
solutions in methylene chloride confirm that a benzo- 
phenone-type triplet state is formed, with nearly unitary 
yield, following light excitation. In Figure 4 are reported 
the transient absorption spectra of a CH2C12 solution of 
BzPOP immediately after the laser pulse (0) and 100 ps 
after the end of the laser pulse (a). The spectra are 
practically identical with those obtained, in the same ex- 
perimental conditions, by flashing solutions of free ben- 
zophenone or of benzophenone trimer with the same op- 
tical density. With the reasonable hypothesis that the 
molar extinction coefficients for the T-T absorption are 
similar for the three molecules, the conclusion can be 
drawn that the triplet state of the benzophenone chro- 
mophore appended to the phosphazene backbone is pop- 
ulated with practically unitary yield. 

The lifetimes, in CH2Clz solutions, of the triplet state 
of the cyclophosphazene- and poly(ph0sphazene)-bonded 
benzophenones are reported in Table I together with those 
of the free benzophenone, for comparison purposes. The 
lifetime of the phosphazene-appended benzophenone is 
shorter than that of the free chromophore, supporting the 
hypothesis'l that in the polymer an interaction between 
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an excited chromophore and a chromophore in the ground 
state is operative. 

The spectrum 0 in Figure 4, which is formed as evolu- 
tion of the spectrum 0, is that of the ketyl radicals, whose 
structure is 

N OH 

--!+==&~~ 
i 

formed by hydrogen abstraction from the solvent by the 
triplet nr* state of the ketone. The formation of this 
radical is favored by the addition of hydrogen-donating 
molecules whose quenching rate constants on the triplet 
state are also reported in Table I. The values obtained 
for the free benzophenone and the phosphazene-appended 
benzophenone are very similar, and the same trend, i.e., 
a decrease of k4 on going from THF to isopropyl alcohol 
to cumene, is observed for the three compounds. This 
could be interpreted as an evidence that, in CH2C12, the 
BzPOP has an extended structure in which the benzo- 
phenone moieties are quite easily accessible to small 
molecules present in solution. 

The presence of "good" hydrogen donors strongly mod- 
ifies the photochemical behavior of CHzClz solution of the 
polymer, as shown in Figure 3 (curves 3-5). 

At relatively low THF concentrations (0.82 M), in fact, 
the viscosity of the solution exhibits a very weak decrease 
at  short irradiation times, followed by a small increase for 
longer illuminations. However, by increasing the concen- 
tration of THF in solution up to 2 M, the photochemical 
behavior of the BzPOP changes markedly: after a short 
induction period a t  the beginning of the photolysis, 
characterized by an almost constant viscosity of the solu- 
tion, the viscosity increases very steeply, reaching a con- 
stant value at  roughly 3-h irradiation. After this point no 
further increase of the viscosity is observed even for the 
THF concentrations of 4 M. This effect is clearly related 
to the amount of THF present in solution and is indicative 
of the onset of a photocross-linking process and of an 
increase of the BzPOP molecular weight. 

Photocrw-linking has been found also when the BzPOP 
is irradiated in air-equilibrated CHzClz/isopropyl alcohol 
solutions or in deaerated CH2C1,; in these cases, however, 
the effed. is very striking since extensive gel formation has 
been observed after short periods of illumination. 

In light of previously reported results, i.e., the absence 
of free chromophore in the irradiated solutions and the 
increase of molecular weight in CH,Cl,-containing variable 
amounts of easily hydrogen-donating molecules, an overall 
photoreaction pattern, which could reasonably explain the 
photochemical behavior of BzPOP in solution, is reported 
in Scheme 11. 

The light absorption by the benzophenone moieties 
bonded to the polyphosphazene chain induces first the 
formation of excited benzophenone triplets on the polymer, 
from which ketyl radicals are generated by hydrogen ab- 
straction from the solvent(s). 

Since these radicals have a considerably long lifetime 
(see Figure 41, they may survive long enough to allow a 
coupling reaction to occur, bringing about the cross-linking 
of the polymer and eventually gel formation. 

When the solvent used for the photolysis of the BzPOP 
has hydrogen atoms not easily abstractable, like in the case 
of CH2C12, only few radical species are formed, which have 
a reduced probability of encountering each other and of 

Scheme I1 
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inducing cross-links. On the other hand, they may have 
sufficiently long lifetimes to react with residual P-C1 
functions present in the polymer due to uncomplete sub- 
stitution of the parent (NPClJ,, originating phosphorus 
macroradicals (reaction 3 in Scheme II).21 

The same reaction is of course possible for the radicals 
"S" formed from the solvent molecules, generating "SC1" 
species. 

In the presence of molecular oxygen, the phosphorus 
macroradicals produced in this way may form polymeric 
peroxides whose thermal or photochemical breaking may 
induce chain scission and degradation of the macromole- 
cule. In this case, the general reaction sequence already 
reported for poly[bis(2-naphtho~y)phosphazene]~ and 
p0ly[bis(4-methylanilino)phosphazene]~ has been hy- 
pothesized also for the photochemistry of BzPOP in so- 
lution. 

The presence of hydroperoxidic functions in the irra- 
diated BzPOP has been shown by iodometric titration, 
according to the procedure proposed by Carlsson and 
Wiled4 -2.2 x lo-' mol of hydroperoxides are formed 
in 5 mg of BzPOP in CH2C12 after 10-h irradiation. 

I t  should be stressed, however, that the photochemical 
decomposition of the hydroperoxidic groups on the BzPOP 
by direct photolysis of these species seems to be unlikely, 
since their absorption is very low and overlaps with ben- 
zophenone n,r* transition. Since these groups are present 
in very large quantities in comparison to the formed hy- 
droperoxides, they prevent these functions from absorbing 
light directly and undergoing photochemical scission. 
Another reaction mechanism which may be put forward 
for explaining the decomposition of the PO-OH groups 
involves the energy transfer from the excited benzo- 
phenone triplets to the polymeric hydroperoxides, inducing 
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their scission, according to Scheme 111. Energy transfer 
from excited aromatic molecules to hydroperoxides has 
been reported in several  system^.^^-^^ In polymeric ma- 
terials, such a mechanism was proposed by GeuskenP for 
the photooxidative degradation of the polystyrene and by 
Guillet2' for the photooxidation of an ethylene-propylene 
copolymer. 

The photosensitized decomposition of hydroperoxidic 
groups on the phosphorus atoms should give rise to P-0' 
radicals, from which chain scission proceeds followed by 
degradation of the macromolecule. 

Conclusions 
In this paper the photolysis of the poly[bis(6benzoyl- 

phenoxy)phosphazene], BzPOP, in CH2C12, or CH2C12 
containing variable amounts of CC4, THF, or isopropyl 
alcohol solutions has been investigated. The irradiation 
of the BzPOP in CH2C12 or CH2C12/CC14 mixtures leads 
to degradation of the polymer, while in CH2C12-containing 
species which easily supply .hydrogen atoms (THF, iso- 
propyl alcohol) cross-linking and gel formation has been 
found. Flash-photolysis experiments indicate that, unlike 
poly(phosphazenes) previously investigated, the photo- 
reaction occurs from the first excited triplet state of the 
benzophenone chromophore. The triplet state gives ketyl 
radicals by hydrogen abstraction from the solvents. This 
species and/or the radical of the solvent react with residual 
P-C1 groups (present in BzPOP owing to uncomplete 
substitution of the parent (NPC12), with 4-hydroxy- 
benzophenone) and produce phosphorus macroradicals, 
from which degradation or cross-linking occurs following 
(a) the presence or the absence of molecular oxygen in 
solution and (b) the quantity of ketyl radicals present (high 
ketyl radical concentration favors, of course, cross-linking 
and gel formation). 
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