






8 .3. Stable Free Radical Compounds 

It is possible that the absorbance of the film-im­
mediate~y following exposure to ultraviolet radiant 
ene~'gy IS the absorbance of a relatively stable free 
rad~cal ,v:hose tructure can shift to a higher order of 
c~mlllgatlOn on s~orage in the dark, only to be reac­
tIvated by ultravlOlet radiant energy at a later time. 
uch possible mechanisms might b e of the types: 
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Both compounds would be relatively nonvolatile at 
the temperatures of the exposure and storaO'e condi­
~ions used in t!lis work. Infrared spectra otthe films 
111 a post-radIated state were nearly identical with 
spectra of the films made immediately followinO' an 
exposure period. Therefore, no change in carb~nyl 
or hydroxyl content between the two states could 
be so detec ted; but such a change might be too small 
to be measurable by this method. 

The reaction occurring in the dark is not contin­
uously progressive as is the reaction in ultraviolet 
radiant e.nergy in the sense that most of the storage 
degrada~lOn products after anyone exposure are 
forme~ 111 the first 75 he of storage and very little 
more IS formed eve!l a~ter as many as 64 days of 
storage. The reactIOn 111 the dark does not seem to 
affect the rate of degradation by ultraviolet radiant 
ener~y, "J:>ut the reaction in ultraviolet governs the 
~eactlon 111 the dark. In the first place the reaction 
111 the dark requires a J?I'evious S- l sunl~mp exposure 
for It to occur. SpeCImens of the pure film and of 
the mOl~omer-containing film were stored for 4 
months ill the dark at room temperature with no 
other treatment, and their ultraviolet transmittance 
showed no change during that time. Second, the . 
amount. of storage product formed at anyone time is 
proportIO~lal to th? total number of hours of exposure 
to ultravlOlet radIant energy r eceived at that time. 
EveJ? thou~h an. exposure to ultraviolet energy im­
mechatcly followmg a storage period seems to coun­
ter~ct the effect ?f storage, the following storage 
penod shows an illcrease in the development of 
stor~i?e product over the previous period due to the 
addltlOnal exposure to ultraviolet radiant energy. 
These ~acts seem to support the assumption of the 
formatlOn Oll exposure to ultraviolet radiant energy 

of relatively stable free radicals which shift to struc­
tures of more conjugation on storaO'e' the latter are . t' b , , 
III urn, reactIvated and more free radical formed by 
further exposure to ultraviolet radiant energy. 

These "stable" free radicals probably can exist 
because th e polymer is exposed and measured in the 
solid sta~e. Eyidence f?r the presence of long-lived 
free radICals ill matel'lals of riO'icl or crystalline 
structu~'~ is increasing day by day [14].1 The lack 
of moblbty of polymer chains in a material which is 
held below its glass-transition temperature 8 1s the 
mo~t logical explanation for entrapment of free 
radlCals on the eud of polymer chains. Termination 
reactions of such radicals are extremely slow due to 
such low mobility, and t~le s~ow diffusion of 02>.7gen 
and other gaseous matenals mto such a mass would 
also severely limit the rate of r eaction of these 
materials with the active parts of the polymer in 
the interior of the sample. 

The presence of tyrene monomer in the polymer 
app.arently augments the degradation of the polymer 
cham, as well as producing monomer oxidation prod­
ucts, such as formaldehyde and bemaldehyde 
through free radical reactions [15, 16]. In the case 
studied here, the additjon of styrene monomer to the 
polymer has resulted in degradation of the sample, 
as followed by ultraviolet tran mission m easure­
ments, at a rate almost double that of the pure 
polymer (see table 2 and fig. 17). Infrared m easure­
ments made on the fIlms after the total exposure of 
290 hI' to ultraviolet radiant energy from an S- l 
sunlamp showed a very appreciable difference b e­
tween ~he two films; the carbonyl and hydroxyl 
absorptIOn bands of the monomer-containinlg film 
~re almost double t~l?Se of t he pure film . Figure 20 
Illustrates these differences as well as the other 
spectral change which occurred. The carbonyl 
group absorptance is shown in the region of 5.7 to 
6.0J.L and that of the hyd1'02>.71 in the r egion of 2.85J.L. 
The pectrum of each film after 290 hI' of S- l un­
lamp radiation is shown in this figure along with a 
spectrum of an untreated film which is common to 
both. This comparison is possible because the" 
monomer that was added and remained in the one 
!J.lm was insufficient to cause any change in th e 
illfra~ed spectrum of the untreated polymer, although 
suffiCIent. to effect an appreciable change in the 
degradatlO~.. The increase in degradation caused 
by the addltlOn of monomer is not noticeable in the 
rates computed from the ultraviolet transmission 
measuremen ts after approximately 200 hI' of expo­
~ure to S.- l .sunlamp radiant energy. This change 
m rate mdlCates that the added. monomer had 
probably completely reacted by that time and thence 
the degradation of this film proceeded as in the pure 
film. 

7 Such e:vidence was su!nmal'ized by William O. Baker of the Bell 'I'elephone 
Laboratones, Murray Hill, N. J ., ill a lecture at the Polytechnic Institute of 
Brooklyn .on January 17, 1953, entitled " Entl'apped Polymer R adicals." 

8 Sometimes called second,ol'drr transition temperature. 
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FW U RE 20 . Effect of exposure to 1'adiant en e7'gy on the i nfrared transmittance of polystyren e films . 

8.4. Oxidation Products 

The mechanisms that have b een postulated for the 
deg-radation of polystyrene in ultraviolet radiant 
energy, however, are probably not all the possible 
reactions because polystyrene most likely is not a 
lineal' hydrocarbon polymer. It has been shown to 
contain o),,'ygen in the chain [17]. Portions of cata­
lysts, when used , are also part of the chain. All these 
factors of}'er weak links for the initiation of degrada­
tion and also can alter the products formed on ex­
posure to ultraviolet radiant energy , ' depending on 
their type and number. The presence of a multi­
component system is borne out in part by the fact 
that the absorption curve in the region 290 to 400 
mJ,t for the exposed samples does not exhibit a sharp 
absorption peak, but rather a broad band, indicating 
a mix ture of compounds n,bsorbing in this general 
region. 

Boyer [18] has described many of the factors 
affecting the ul traviolet absorbance of a degraded 
halogen-containing copolymer. Those factors ap­
plicable to the explanation of the absorbances noted 
in the present case of ' degraded polystyrene in­
clude an inductive effect of the conj ugated systems 
on each other, the influence of the presence of a 
mixture of isomers, the coexistence of many degrees 
of conj uga tion, and the positional isomerization of 
double bonds. However, because of the presence of 
the phenyl groups and the oxidized structures in 
polystyrene, a long lineal' conjugated system is not 
required to produce the absorbance noted above 
300 m).! as is necessary in aliphatic polymers in the 
absence of air. Boyer also s tates that in the case 
of exposure to light, it will be those regions of the 
chain that have already developed unsaturation 
and conj ugation that will absoro radiant energy 
most s trongly and over a progressively widening 
spectral band. Although the oxidation and produc­
tion of nnsaturation may be a random process ini-

tially, the localization of absorbed energy probably 
then promotes unsaturation in adjacent monomer 
units leading to the formation of further conju­
gated systems. 

The most reasonable approach to understanding 
the s teps of the reac tion in ultraviole t radiant energy 
would be to study more simple parent compounds 
than polystyrene. Styrene monomer, cumene, and 
b enzaldehyde appear to be the most likely com­
pounds for initial study of oxidation mechanisms 
promoted by ultraviolet radiant energy. Investiga­
tions of the reactions occurring in th e dark followinlS 
exposure to radiant energy should be s tudied with 
pure materials of defin itely known structure which 
are solids at th e temperatures used . Such com­
pounds are typified oy n-dotriacontane and a similar 
branched saturated hydrocarbon. .Materials whose 
glass-transition temperatures are above room tem­
perature would be desirable at the start. This 
factor would increase the possibility of obtaining 
entrapped free radicals in the mass of th e material. 

9. Effect of Thermal Energy on 
Transmittance 

The initiation of degradation in these experiments 
was apparently induced by the ultraviolet radiant 
energy and not by the approximately 60° C tempera­
ture at which the exposures were conducted. It 
has been pointed out previously that 2 hI' of heat 
at 60° C in air following a s torage period in 
which absorption occurred will not eliminate any 
of the absorption band formed during storage. 
Heating at this temperature in the absence of ultra­
violet radiant energy will not cause degradation of 
the polystyrene such as that caused by exposure 
to ultraviolet radiant energy at 60° C . 

Specimens of the pure film and of the monomer­
con taining film which had been stored for 4 month 
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in the dark at room temperatW'e were heated in an 
air oven at 60 to 63° C for a total of 290 hr. Ultra­
violet transmi sion measurements after intermittent 
heat and torage period showed no long wave­
length absorption band and almost no change at all 
in the over-all spectrum. The fUrns also did not 
exhibit s,ny discoloration. Previous infrared meas­
urements on films subjected to 100° C for 200 hr [2] 
did not show any production of carbonyl or hydroxyl 
absorption bands or any other spectral change. 

10. Summary and Conclusions 

Pure polystyrene film exposed to 290 hr of ultra­
violet radiant energy from an S-l sunlamp at 60 ° C 
in air was degraded as shown by decreased ultra­
violet transmittance. The absorbance increased 
linearly with exposure time and the greatest rate of 
increase was calculated to be at wavelengths shorter 
than 300 mJL. 

Storage of pW'e polystyrene film in the dark in 
air at room temperature following exposW'e to an 
S- l sunlamp cau cd the development of a definite 
broad absorption band with a maximum at 340 mJL. 
Subsequent expo ure to ultraviolet radiant energy 
caused the elimination of the absorption band de­
veloped on storage. 

The formation of the post-radiation products was 
govemed by the S- l radiant energy; storage without 
previous ultraviolet exposure caused no change in 
the ultraviolet spectrum. The formation of the 
storage products, howev er, did not alter the rate of 
degradation by ultraviolet radiant energy. 

Exposure of the polymer film to heat at 60° C in 
air for 290 hr with intermittent storage caused no 
change in the ultraviolet spectrum, the degradation 
sbown by films exposed to S- l radiant energy at this 
temperature being induced by the S-l radiant energy 
and not by the accompanying heat. 

The addition of monomer to pure polymer did not 
change the pattem of degradation, as shown 
by ultraviolet spectropho tometry, but did cause the 

l over-all degradation to occur at an increased rate; 
the accelerated rate held until all the monomer was 
apparently spent and thence the reaction proceeded 
as for pure polymer. 

Reactions of the type that may account for the 
absorption curves noted on exposure to ultraviolet 
radiant energy and on subsequent storage are 
postulated. 

The shape of the ultraviolet absorption curves of 
the plU'ified polymer after exposme to ultraviolet 
radiant energy and subsequent storage closely resem­
bles the shape of the initial spectra obtained on com­
mercial polystyrene samples, which indicates that 
the impurities in the commercial products are of the 
same chemical types as those produced on exposure 
of pure polymer to ultraviolet radiant energy and 
subsequent storage. In most cases the commercial 
samples absorbed more strongly than the degraded 
pW'ified polymer. 
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