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Characterization of a Dissociative Excited State in the Solid State: 
Photochemistry of Poly(methy1 methacrylate). Photochemical 
Processes in Polymeric Systems. 5+J 

Amitava Gupta,* Ranty Liang, F u n  Dow Tsay, and  Jovan Moacanin 
Energy and Materials Research Section, J e t  Propulsion Laboratory, California Institute of 
Technology, Pasadena, California 91103. Received March 27, 1980 

ABSTRACT: Quantum yields of principal photoprocesses on direct excitation of poly(methy1 methacrylate) 
have been measured a t  303 K in vacuo. Radicals formed on bond cleavage following excitation have been 
characterized by ESR spectroscopy. Product analyses have been carried out by GC, GC-MS, and FT IR 
spectroscopy. A mechanism of photodegradation with the following principal features has been proposed 
in order to interpret these data: (1) The ester side chain undergoes photolytic bond cleavage with unit efficiency 
and (2) most chain radicals decay through recombination with small radicals. 

Introduction 
Photodegradation of poly(alky1 acrylates) and poly(alky1 

methacrylates) has been the subject of several detailed 
studies.24 For poly(methy1 methacryalte), PMMA quan- 
titative rate data exists mainly for temperatures of 423 K 
and above, a temperature regime which is characterized 
by complete unzipping of the polymer chain following 
initiation of chain scission through photolysis. The initial 
process of electronic excitation has not been understood 
completely, since the lowest absorption band in PMMA 
has not been yet assigned to a specific electronic transition. 
MacCallum et al.4,5 observed that the quantum yield of 
scission (and unzipping) processes depends on the weight 
of the polymer film being exposed to radiation in the 
temperature range 433-473 K, a result which may be in- 
terpreted in terms of some type of secondary photolysis 
or an energy-transfer process. Measurements of quantum 
yields of photoproduct formation at room temperature (25 
f 3 O C )  were reported by Fox and others. These data 
indicate a high quantum efficiency of photolytic bond 
cleavage a t  the ester side chain, while the tertiary carbon 
radical CH2C(CH3) may be depleted either via rear- 
rangement to the “propagating radical” or by combination 
with small radicals. 

A comprehensive mechanism of photodegradation of 
PMMA is expected to incorporate the identity and quan- 
tum yields of primary processes following excitation and 
also a description of the processes which result in the 
eventual decay of the radicals generated through pho- 
toexcitation. Measurement of rates of primary photo- 
processes in aliphatic esters is only infrequently available 
in the literature.’+ The first n l r *  singlet in simple esters 
has an extinction coefficient of 45-50 a t  the band maxi- 
mum which occurs at 220-230 nm. Bond cleavage follow- 
ing excitation is quite efficient, but there is no information 
on the relative photoreactivity of the first excited singlet 
and the first triplet state. 

The fate of radicals generated through the initial 
bond-cleavage process is more complex: a few represent- 
ative processes for PMMA are illustrated in Scheme I. 
Although the tertiary carbon radical I is a key interme- 
diate, it has not been definitely identified in the ESR 
spectrum of irradiated PMMA at room temperature.’@13 
Hence it is believed that process 6 is rapid a t  room tem- 
perature. ESR spectra on irradiated PMMA has a complex 
structure mainly characterized by the “nine-line spectrum” 
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due to the propagating r a d i ~ a l . ~  Methyl, acetyl, formyl, 
and formate radicals have also been identified in frozen 
samples (77 K). 

In this paper, we report on the quantum yields of for- 
mation of photoproducts and chain scission as well as 
quantum yields of formation of the major radicals formed 
on bond cleavage. The rate of formation (or concentration) 
of various radicals has been plotted against radiation en- 
ergy flux deposited a t  77 K so that products of primary 
photolysis can be distinguished from those arising from 
secondary photolysis. Estimates of decay ratios of certain 
key radicals may be made by using the rate data so that 
the fraction of radicals decaying through recombination 
can be obtained. 

Experimental Section 
(4-8) X lo6] was obtained 

by freeradical polymerization and also by thermal polymerization 
of methyl methacrylate. 2,2’-Azobis(isobutyronitrile) was used 
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Figure 1. Absorption spectrum of PMMA in fluid solution. The 
extinction coefficient at 270 nm, calculated assuming infinite chain 
length (i.e., no end-group absorption), is approximately 0.2 L mol-' 
cm-'. 

as the initiator in these runs. The polymer was purified by 
repeated reprecipitations and extraction with methanol. It ex- 
hibited a single molecular weight peak in the high-performance 
liquid chromatogram and its IR spectrum matched spectra 
available in the literature. 

Two sources of radiation were used in this study: (a) light from 
a low-pressure Hg arc, >99% of the flux occurring at 2537 A, and 
(b) a pulsed laser beam at 266 nm, used to irradiate samples at 
77 K. PMh4A films [(&lo) X cm in thickness] were cast from 
spectroquality CHzClz and were always pumped overnight im- 
mediately prior to being placed in a quartz tube and sealing off 
under vacuum. Subsequent to exposure, solvent was introduced 
through a break seal, the polymer was completely dissolved, and 
the solution was chilled at -10 O C  for 1 h before the tube was 
opened and the solution analyzed. Product analysis was carried 
out by GC, GC-MS, and high-performance LC. The latter was 
also used to measure changes in molecular weight of the sample. 
Actinometry was performed with an o-nitrobenzaldehyde acti- 
nometer"J5 and also by carrying out spectroradiometric mea- 
surements. Samples were also irradiated in sealed ESR tubes at 
77 K and then transferred to the ESR cavity for measurement 
at 77 K. Radical concentrations were measured as a function of 
the number of pulses used. Samples were then thawed (300 K) 
and the radical concentration was measured again. 

Results 
Figure 1 shows an absorption spectrum of PMMA. 

Rates of formation of methanol and methyl formate are 
plotted as function of irradiation period in Figure 2. The 
linear plots indicate that competitive absorption arising 
from photoproducts is not significant in these runs. For 
higher conversions, strong deviations from linear behavior 
were always found, the average yields becoming smaller 
at higher conversions. Figure 3 shows the corresponding 
plot for chain scission, measured on the same films. The 
molecular weight data obtained by using polystyrene 
calibration curves were treated by the usual method, i.e., 
M2/M: - 1 = &Il = &.Jtco, where co is the number of 
polymer chains present initially and I is the intensity of 
absorbed light. For good results absorbance of the film 

TIME OF IRRADIATION (HR) 

Figure 2. Methanol and methyl formate formation as a function 
of exposure period, measured on a gas chromatograph (20 f t  X 

in., Poropak Q, FID). 

0 1 2 3 4 5 6 7  

TIME OF IRRADIATION (HRJ 

Figure 3. Plot of &f2/Mn aa a function of exposure period. 
Quantum yield of ch_ain scission was calculated from the slope, 
using the equation M;/&fn - 1 = &Ztco, where co is the initial 
number of chains in the film being exposed. 

should be kept low and was maintained a t  10.1 in our 
experiments. It is also necessary to uniformly irradiate 
the whole film. A typical ESR spectrum after a few laser 
pulses is shown in Figure 4a. The signal is quite weak, 
and no significant measurements could be made at irra- 
diation levels of fewer than 10 pulses (1 pulse is approx- 
imately equivalent to 1.6 X photons absorbed). Figure 
4b shows signals due to  radicals accumulated after 150 
pulses, and Figure 4c shows the typical nine-line spectrum 
obtained on warming the sample to 300 K. Spectral sim- 
ulation was used to identify and quantitate CHO, .CH,CO, 
CH,, and COOCH, as well as the propagating radical in 
the composite spectrum (Figure 4). Table I gives the 
quantum yields of various species and photoproducb. The 
yield of the propagating radical was calculated from the 
spectrum of the thawed sample. The yield of the propa- 
gating radical at room temperature is much less, possibly 
because recombination with small radicals is more efficient 
at room temperature. Schnabel e t  al." measured the rate 
of molecular weight decrease in a fluid solution of PMMA 
following excitation by a 2-ps pulse of 15-MeV electrons. 
They observed two mechanisms of chain scission corre- 
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Figure 4. ESR spectra of solid polymer films irradiated with a 
265-nm laser beam at 77 K: (a) spectrum recorded at 77 K after 
10 pulses; (b) spectrum recorded at 77 K after 150 pulses; (c) 
spectrum recorded when sample was thawed to 300 K and then 
cooled back to 77 K. 

Table I 
Quantum Yield Data 

- ~ 

photoproduct 
or photoprocess 

CH,OH 
HCOOCH, 
methyl radical 
propagating radical 
propagating radical 
chain scission 
monomer 
formate radical 
formyl radical 
acetyl radical 

quantum yield 

0 . 0 6 " ~ ~  (10%) 
0.92" (10%) 
0.083 
0.048 
0.014c 
0.05" (10%) 

0.70b 

0.044 z d  

0.01" (20%) 

0 . 0 1 2 b ~ d  

a PMMA films irradiated at 2537 A under high vacuum 
at 25 "C. PMMA films irradiated with the fourth har- 
monic of Nd-Yag laser (266 nm) at  77 K under vacuum; 
ESR spectra recorded on frozen samples, Room tem- 
perature. Average for 150 pulses. 

Table I1 
ESR Parameters of Radicals Generated 

in Laser-Irradiated PMMA 
proton hyperfine 

coupling 
radical P values constants. G 

CHO 2.003 i 0.001 126.0 i 2.0 
CH3 2.004 i 0.001 23.0 i 1.0 
CH,CO 2.006 i 0.001 18.0 i 1.0 

CH, I 
I 
COOCH, 

-CH,-C. 2.004 i 0.001 22.6 t 1.0 

sponding to  two different rates, one fast  (half-life ap- 
proximately 20 ps) and the other relatively slow (half-life 
approximately 3 ms). It is possible to ascribe these two 
rates to processes 6 and 7, respectively, in Scheme I. Table 
I1 gives t h e  g values a n d  hyperfine coupling constants of 
the various radicals found in PMMA, in approximate 
agreement with literature. Figure 5 shows the rate  of 
formation of the propagating radical as a function of the 
number of pulses incident on  t h e  sample. This graph has 
three regions, a linear region, a nonlinear region, and a 
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Figure 6. Plot of relative intensity of the propagating radical 
as a function of the number of laser pulses used to excite the solid 
films at  77 K. 
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Figure 7. FT IR difference spectra of polymer films exposed to 
light from a medium-pressure Hg arc. The film was placed be- 
tween two NaCl disks which were clamped together loosely and 
then placed in a sample holder equipped with a quartz window. 
The holder was purged with high-purity N2 before irradiation and 
disassembled inside the N2-purged sample compartment of the 
spectrometer, so that the sample was never exposed to air sub- 
sequent to the first exposure. 

region where the radical concentration reaches an as- 
ymptotic value. Figure 6 shows plots of concentration of 
.CH,CO, CHO, and the propagating radical vs. the number 
of pulses incident on the sample. Figure 7 shows some FT 
IR spectroscopic da t a  on  irradiated PMMA films. These  



Vol. 13, No. 6, November-December 1980 

Scheme I1 
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films were ultrathin (11 wm) and were directly deposited 
on a NaCl window prior to irradiation in a nitrogen at- 
mosphere. Actinometry could not be performed under 
these conditions since a precise evaluation of the radiation 
energy absorbed by the PMMA film could not be made. 
The difference spectra indicate that for very short exposure 
periods a carbonyl peak grows in a t  1705 cm-' which de- 
creases in intensity on longer exposure, but there is no 
significant increase in absorption in the 1200-cm-' region, 
which corresponds to the ester C-0 stretch. The ester 
side-chain groups undergo photolytic cleavage during the 
same time, as shown by a systematic decrease in intensities 
of the C=O stretch (1720 cm-') and C-0 stretch (1215 
cm-'). 

Discussion 
The absorption coefficient of the solid film at 2537 A, 

5.6 cm-l, is in approximate agreement with that reported 
by Ma~Cal lum.~  The long-wavelength peak may be real- 
istically assigned to the first triplet,16 since the first excited 
(nlr*) singlet is expected to occur at 22Ck230 nm, and have 
a higher extinction coefficient (240). I t  may also be due 
to end-group absorption, although no molecular weight 
dependence could be detected on the extinction coefficient 
of the tail absorption (Figure 1). This assignment may be 
further tested by performing spectroscopy in the presence 
of a solvent containing heavy atoms, e.g., CHzBrz or bro- 
mocyclopropane. 

The most important conclusion which can be drawn 
from the quantum yield data is that 

4 . c ~ ~  + ~ C H ~ O H  + ~ H C O O C H ~  1.0 f 0.1 (1) 

This equation indicates that the excited state of PMMA 
is dissociative and undergoes bond cleavage with unit ef- 
ficiency. This result shows that the unique photostability 
of PMMA to solar irradiance at ground level is due to the 
fact the PMMA absorbs very little, if any, of AM 1 solar 
irradiance. 

The relative quantum yields of CH30H and HCOOCH3 
(and of C H 3  and COOCH,) indicate that process k3 is the 
most efficient bond-cleavage process. This result differs 
quite dramatically from data on simple esters such as 
methyl acetate and methyl propionate,'* which indicate 
that, while bond-cleavage processes are indeed efficient, 
the cleavage mainly results in the formation of methoxy 
radicals and hence methanol is the major product. For 
example, in methyl propionate $J'/(& + 43) is 4.2 at 34 OC, 
when &, 42, and 43 are defined as quantum yields of the 
processes described in Scheme 11. Dissociation from the 
excited state is believed to be also fully efficient in phenyl 
acetate, and the reactive excited state has been identified 
as the first (n--7*) singlet.ls 

The quantum yield of chain scission and the formation 
of propagating radical is very low compared with the yield 
of primary photoproducts. This results warrants the 
conclusion that most chain radicals (e.g., I) decay via re- 
combination with small radicals on photolysis a t  room 
temperature. That this recombination is also quite effi- 
cient at 77 K is indicated by the appearance of signals due 
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Table I11 
Comparison of Data from Fox et al.' and This Work 

quantum 
photoproduct yield 

this study monomer 0.01 
scission 0.05 

Fox et al. monomer 0.20 
scission 0.04 

to C H O  and .CH3C0 a t  about 50 pulses (Figure 6). 
Equations 2 and 3 may be used to illustrate the formation 
of precursors of these radicals in the system. 
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The plot in Figure 6 clearly demonstrates that COCH3 
and .CHO are formed via secondary photolysis. FT IR 
spectra (Figure 7) also indicate formation of carbonyl 
groups for short exposure periods since we find an increase 
in absorption a t  1705 cm-' but no significant increase in 
the absorption in the 1100-1200-cm-' region after 2-5 
seconds of exposure. On longer exposure secondary pho- 
tolysis takes place (eq 3 and 4) and the concentrations of 
aldehyde and ketonic groups reach a photostationary 
equilibrium. However, side-chain degradation soon reaches 
a point a t  which monitoring of these carbonyl groups is 
not possible by difference IR spectroscopy. The concen- 
tration profile of the propagating radical (Figure 5 )  reflects 
enhanced recombination processes such as eq 3, but the 
asymptotic behavior of this graph at high pulse rates 
strongly indicates that secondary photolysis of the prop- 
agating radical further reduces its concentration. Several 
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photochemical processes may be postulated as in eq 5 and 
6. Intriguing support for process represented by eq 5 

y 3  y 3  y 3  

- C H2-C * hv, C H 2 = Y  t - C H 2 - C *  4 5 )  
I I 
COOCH? COOCH3 COOCH3 

CH3 I .  y 3  
- c H ~ - c .  hv, - C H ~ - C  t O C H ~  - (6 )  

I II 

II 
0 

Ketene 

COOCH3 C 

comes from a comparison of Fox’s2 data with ours. This 
is given in Table 111. The quantum yields of chain scission 
are comparable, but the quantum yield of monomer for- 
mation is only about 0.01 in our study, while Fox et al. 
found this quantity to be 0.20. In other words, while we 
find approximately 0.2 unzipping steps per chain radical 
(i.e., approximately 80% of the chain radicals decay 
without forming any monomer), Fox found that there were 
approximately five unzipping processes per chain radical 
created by chain scission. It is noteworthy that a relatively 
broad-band source was used by Fox et  al. which could 
induce considerable long-wavelength (250-250 nm) ab- 
sorption by the propagating radical and induce unzipping 
via eq 5. Rates of some of these proposed abstraction 
processes (eq 2) may be significantly affected by the tac- 
ticity of the polymer chain. There is evidence that rates 
of degradation induced by exposure to an electron beamIg 
and ultraviolet radiation20 is significantly affected by the 
isomeric form in poly(methy1 methacrylate). Henry and 
Gardenerz0 observed that the rates of photodegradation 
of the isotactic and syndiotactic forms are significantly 
different. Their results also indicated that the number of 
bond breaks per gram of mixture of isomers was consid- 
erably less than what would be expected if each isomeric 
form was degrading independently. Our current work on 
this system involves an attempt to establish an unequivocal 
assignment of the lowest excited state of poly(methy1 

methacrylate) and study of the wavelength dependence of 
the quantum yields of various primary processes. 
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Polymerization of Trioxane Initiated by Isomeric 
2,4,5-Trisubstituted 1,3-Dioxolan-2-ylium Salts 

Zbigniew Jedliiiski* and  MirosYaw Gibas 
Department of Polymer Chemistry, Technical University, Institute Gliwice of Polymer 
Chemistry, Polish Academy of Sciences, Zabrze, Poland. Received March 27, 1980 

ABSTRACT: Polymerization of trioxane initiated by isomeric 2,4,5-trisubstituted 1,3-dioxolan-2-ylium 
hexafluoroarsenates was studied. The initiation was found to proceed by cationation. The influence of initiator 
nature on the rate of polymerization is discussed. 

The polymerization rate of some unsaturated derivatives 
of 2,4,5-trisubstituted 1,3-dioxolane (1) was found to de- 
pend on the type and configuration of the substituents.’ 
However, saturated analogues of 1 do not polymerize at  
all, although they react with triphenylmethylium salts, e.g., 
Ph3CSbC1,, to yield stable products.2 We stated previ- 
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ously3 that these products, i.e., the isomeric 2,4,5-trisub- 
stituted 1,3-dioxolan-2-ylium hexachloroantimonates, ex- 
hibited a catalytic activity toward the trioxane monomer, 
whereby the course of polymerization depended distinctly 
on the structure of the trisubstituted 1,3-dioxolan-2-ylium 
cation. 
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