
INFIXENCE OF HIGH ENERGY RADIA~ONONTHEGLASSTRANSITION 
OF POLY(MEI-HYL M3ZHACRYLATE)’ 

Chemical changes produced by irradiation of crystalline polyme~~can be 
monitored quantitatively by DTA measurements of the melting point_ The purpose of 
the present work is to investigate whether or not similar information can be obtained 
for a non-crystalline polymer by measurements of the glass transition temperature 

(T,)- 
Atactic poly(methy1 methacrylate) (P-W%%) was exposed to 13%s prays. 

After degassing and heat treatment, samples were scanned using a DuPont 990 
Thermal Analyzer- By -either the conventional or a tangent data analysis technique, 
Zf_, measurements not only agreed with previously reported data up to a dose of 75 
Mrad but also were cxtendcd up to 500 Mrab Moreover, the empirical plot of T= vs 
&$; l agreed with data obtained by free-radical polymerization and was judged to be a 
suitable calibration curye for estimating the radiation damage from DTA measurc- 
merits. For samples of PMMA prepared both by irradiation and by frez+-adic+ 
polymcr&tion, the dependence of Tf on molecular wei@t best fitted the theoretical 
expression of Gibbs- Using a reduced variables plot, the present results for irradiated 
PMMA compared well with synthesized vinyl polymers, substantiating the dominant 
of simple chain fracture. 

An understanding of the effect of radiation on polymers depends upon the 
manner in which irradiation affects molecule motion’, In this regard, a number of 
studies have been made on the influence of high enew radiations on melting transi- 
tions by the convenient technique of difKerential t$ermal a&ysis (DTAl, Here, the 
depression of the melting tempera- co&d be.correlated qwntitativeiy with the 
total cheinical changes produced by irradiation2.‘This correlation is relatively simple 
m all chetical change$.snch as fracture and cros4inking of the polymer 
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mokcules, uniformly cause a depression of the melting point. Such a reduction can be 
punted quantitativeIy by reference to a form of the CIapeyron equation. 

I5 contrast, the infiuence of radiation on the gIass trm5sition temperature (TJ is 

more compkx, since 7” is not depressed by all chemical changes. For exampie, cross- 
Iinking etevates the temperature of this transition3. In order to minimize this complexi- 
ty, poIy(methyi methacrylate) (PMMA) was chosen for study because crossIinking 
has been demonstrated to be negligibIe, relative to fracture of the polymer molecules, 
for at Ieast Iow doses of radiation*- ‘. 

Previously, the depression of the TS in PMMA after irradiation has been 

invatigated using DTA by Thompson’. The study included stereoregular polymers, 
in addition to conventional atactic samples, up to a dose of 75 Mrad. More recentiy, 
Pratt followed the radiation-induced depression of TL in a commerciaI atactic PMMA 
by means of a mechaniczd torsion pendulum ‘. Apart from the anomalous behaviour 

after Iow doses, attributed to the presence of residual monomer, the depression of Tz 

per unit dose was in agreement with the value reported by Thompson. These efforts 
were preceded by the detaikd study of Reevers and White in which the temperature 
dependence of the refrastive index was used to determine the TI of PMMA*. UtiIizing 
a wide range of molecular weights prepared by free-radical polymerization, these 
results conformed totheFox-FIory relation (foriti, 2 104) and to theGibb’sexpression 
(in which V, = O-025 and E = 0.98 kcaI/moIe segments), overall. 

The objective of the present work is to extend the scope of investigation on 
transitional changes to inciude the radiation-induced changes in 7YI of PMMA down 

to the oligomer region and to compm these changes with those obtained by free- 
radicaI poIymerization_ 

A sheet of PtMMA (PIexi_@as G, Rohm and Haas Company, Philadeiphia, PA, 

U.S.A.) of thickness 0.3 cm uas cut into samples 0.75 cm x 1.5 cm. The samples were 

exposed in air to prays from a 135Cs source (dose rate = 0.8 Mrad/h; ambient 
temperature = 35°C). These sampIes w:ere not immediately suitable for DTA runs 
because gas, which formed during irradiation, caused foaming on heating. To prevent 
either the thermocouple or the materiaf from being expelled from the sample tube, 

the brittle irradiated samples were crushed into small pieces and packed into a 

standard DTA macro tube (27 mm long x 4 mm od.). Gas was removed, along with 
any other low molecular weight voIatiks such as monomer, by heating at 150°C in 

vacuum (< IOe3 torr) for 2 l/2 h. 
After cooIing overnight to room temperature, the 3 mm high CyIinder of poly- 

mer R= penetrated with a hot DTA thermocouple and immediately quenched in 

liquid nitroam Using glass beads as a reference material, DTA scans were made in a 
nitroggen atmosphere from -60 to +16O”C at a heating rate of 2O”C/min (DuPont 
990 DTA). Although this heating rate resulted in somewhat higher Tz values than the 

true TV the shift was assumed to be independent of molecular weight (cf, Ts data of 



417 

polystyreneg)_ After run 1, the DTA tube w-as quenched in liquid nitrogen and a 
second run made. Subsequent scans were in dose agreement with run 2 and are not 

reported_ 
Preliminary evidence of any crosslinking resulting from prolouged irr%lktion 

was sought by 13C Fourier transform NMR spectroscopy (Varian XGlOOl with 
broad band proton decoupling_ Using D-chloroform, isoviscosity soiutions of PUMA 
were prepared in IO mm o-d. tubes and scanned at 25.2 MHz 

Number average molecular weights of low mokcular weight samples, resulting 
from high doses of radiation, w-ere determined by vapour phase osmometry using 
chloroform at 35°C (Perkin Elmer Model 1 I5 MoIecular Weight Apparatus). 

In order to determine any changes in tactic&y due to irradiation., samples were 

dissolved in chloroform and deposited as films on a sodium chioride window. Ratios 

of absorbanccs at 9.45 pm and 7.25 pm were compared and the “percent syndiotactic” 
polymer calculated from the calibration of Baumann et al.” (Perkin Elmer Model 

457 Grating I&a-red Spectrophotometer) (cf- ref_ 1 I)_ 

The difference in appearance of DTA scans for slowly cooled (run 1) and 

0 so to0 150 200 
TCC) 



59 x 105 
59 x 101 
3.1 x IW 
33x101 
1.7 x IW 
1.4 x IW 
X.4 x 1w 
x3x w 
8.3 x Iof 
72x 1w 
7_2x103 
s_Ox101 
3.6 x 103 
22XIW 
22x 101 
22x lot 
22x 103 
19 XI01 
19 x IB 
I-9X103 
1.6 x 101 
14 x XW 
I.6 x IO' 
I-4 x 18 
IA x 107 
l-4 x 1w 
1.3 x ?o= 
13 x IW 
13 xlof 
12XIW 
12XIot 
i2 X 1W 

HE0 
100.0 
97_0 
90.0 
85_0 
835 
81.0 
69-O 
650 
69.0 
741) 
59.0 
63.0 
63-O 
59-O 

z:: 
48.0 
59-o 
56-O 
48.0 
531) 
49-o 
63-O 
61.0 
545 

121.0 
12.25 
110-O 
IOS.0 
103_0 
920 
975 
99_0 
98-O 
875 
85.0 
79-O 
80-O 
66-O 
65-O 
62_0 
69_5 
55.0 
59-O 
62_0 
49_5 
515 
56.0 
480 
56J 
55.0 
55.0 
525 
54-O 
56.0 
545 
4&O 

rapidfy quenchai (run 2) samples is typical for polymers and has heen interpreted in 
various ways’*’ 13_ However, for present purposes only, a decision concerning the 
definition of a value of TL must be made Foilowing a convention set by Keavney and 
Eberlin in an early application of DTA to determine TL of polymers’*, a prelkkuy 
choice could be to take the intersedion of lines drawn through the baseI.& and the 
descending trace as shown in Fig 1. The additional decision- of choosing between 
runs 1 and 2 (or subsequent runs) is not critiml at high VaIues of mokcular weight, 
but as the molecular Wright decreases, the difference is sometimes xonsiderabIe 
(Table 1). Since a preference for either run 1 or run 2 could not be j&iCed, the 
decisionwasmadetotakethemeanofscans1 and2.Thesevaluesareshownplotted 
against the reciprocal of mokuIar weight in Fig 2(a) (solid cirdes)_ 
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2 InfIucncc of RI~-~ on the Ti of EMMA (con*atid method). (a) comparison of prcsakt 
data <a) prepred by radiation degradation with previous data I&cnrs and Wbitc’J (ON prqs=d 
by fnr-radical porymerira tion_ (b) Comparison of present data &f_ Table I) with theory. Chsvc 1, . 
cqn, (1) with Tzo = 3s7KandK=21 x 105;cum2,eqn,<2)with~~=0_o;L5zads=097 
kcaS/moIe 9xmcxW an-w 3, cqn. t.2) with Yo = 0.025 and CT = 1.0 kcal/mo!~ stgmcnts 

To some extmt, the scatter of I& values in Fis Z(a) was attributabXe -to the 
diEculty of choosing a basehc bccausc of the rapid!y changing curvature prior to the 
cudothenn of the DTA trace.. Similar difktdties have been encountered &violls!y in 
DTA work on other polymers:For example, an alternative approach Was qsexit&l by 
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Rudin and Bugin in related studies on the infiuence of molecuku weight of poly- 
styrenes on TI- The% the Tf was designated by the temperature at which the longest 

straight iine segments of the peak sides intersect& In the present work, the modifi- 
cation chosen difiers only slightly from conventional practice_ Here, T, is taken as the 
lomrtern~~ at which the tract separa~ from a line drawn through the descend- 
ing slope of the wdothemz. Rest&s obtained by this “tangcut? method are shown in 
parentheses in Figs_ 3(a) and 3(b), along with values obtained by the conventional 
method. These comparisons are rllustrated for traces which allow ~onabk defini- 
tion by tither method Nowever, since in many easels _the conventional method gave 

more equivocal results, the tangent method was. preferred (Table 2 and Fig- 3)- 
The values of molecular weight in Tables 1. and 2 were ca.kuIate&on the 



following assumptions_ First, that cro&nk.ing is negligible; second, that the polymer 
mole&es are fractured randomly along their length by irradiation (jn a reaction 
involving simultaneous formation of gas); and third, that the yield of fractnres is 
directly proportional to dose - or, more specifically. that 1.7 fracture5 occur per 
100 eV of absorbed energy (1 Flrad = 6 x i0’ 9 eV/g)- Previously*, these assumptions 
were rigorously shown to be good approximations up to a dose of 10 Mrad. More 
recently5, further evidence has been obtained that these assumptions are valid in 
estimating the number average molecular weights up to a dose of at kast 40 B&ad_ 
In the present work, the dose range has been extended ten-fold, re-opening the question 
of validity of these three assumptions_ 

Prehminary evidence for the occurrence of crosslinking was sought by an 
examination of the NMR spectra_ Results for unirradiated PMMA were similar to 
those reported previousIy by Johnson et al_ I ‘_ Against a background of line broade- 
ning, the spectra of irradiated samples provided no evidence of additional structures 
which increased in intensity with dose and which were consisteat with the formation 
of groups of the general type -CH,-CH,-_ Conceivably, such groups could be formed 
from the repeat unit of PMMA (I) by elimination of hydrogen gas and yield a variety 
of crosslinked structures such as IL However, this would not constitute unequivocal 
evidence of crosslinking because such groups might also be formed by the recombina- 
tion of free radicals after main chain fracture @II)_ Since a laborious program of work 
with model compounds would be required to distinguish between structures as 
cioseiy related as II and III. this line of investigation was sussded in favour of 
another discriminating technique, vapour phase osmometry. 
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Vapour phase osmometry (VPO) provides direct measurements of number 
avefagtf molecular weight, La Table 3, results show that these measurements are 
comparable with the values caicuh&ed on the assumptions stated eadier. Thus even 
after Such enormous doses, crosslinking is very &ah in comparison with chain 
fra If from the data in Table 3 the ratio of crosslinks to fi-ac& is caIculated, 
a ratio of only 0.1 to 0.2 is obtained even after doses as high as 450 to 500 Mrad For 
doses iess than 10 Mm& Shultz previously calcuiati a ratio of less than 0-I from a. 
comparison of solution viscosity and l.ight.scattering data4_ 



TABLE3 

0 82 Nmt 
80 h’one eiasnt 
I37 77 
252 80 
327 Noneevident 
450 1,270 1,630 
500 I.160 IJIO 

In addition to the explicit assumptions concerning changes in mokcular weight, 
there are also implicit assumptions that no other changes occur which would afkct 

T, The most important of these is tacticity~ since the glass transition of isotactic 

PMMA is known to occur at a much lower temperature (CL 4YQ1 ’ than the 

qndiotactic poiymer (CL 160”C)6_ While there is NM& evidence that the isotactic 

polymer is racemixed by irradiation* 6,, the present m.fku-ed data on the atactic 

polymer (which is predominantly syndiotactic) indicates that tactic&y is little influ- 

enced by irradiation (Table 3). 
In sununaryz the experimental results show that the dependence of 7’.‘. on the 

molecukr weight of PMMA can be studied using irradiated samples up to very high 

doses. At the highest doses studied, crosslinking may result in slightly higher values 
for TS than would normaliy be observed for a completely linear polymer. 

A number of theories have been proposed to account for the dependence of TS 
on molecular weight and have been dkussed in relation to PMMA by Beeven and 

Whitef According to the “free voIume7’ theory of Fox and Flory, the relationship is 

given by eqn- (1) There, T,_ is the glass transition temperature of a polymer of 

inlkite number average molecular weight, Tz is the value for a polymer of molecular 
weight &f, and K is a constant”’ ’ *_ 

Ts = Th - g- (1) 

In Fig- 2(a), the experimental data of Beevers and White (open circles) is 

compared with the present data (solid circks). For their data, a straight line was 
drawn with a slope of 21 + O-2 x IO’ and an intercept of 387 & 1, as shown in- 
Fig 2(b)_ Both Thompson6 and Pratt’, working with specimens having a higher 
range of molecular weights, ass’gned comparable values. A similar initial slope could 
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have been assigned on the basis of the present work, but in view of the much greater 
range of moiecular weights cover& a more general expression was sought. 

Beevers and White a&o considered that their data better fitted other theoretical 
equations, namely those derived from statistical mechanics. These equations are 
unwieldy but as they were misstated they are detailed as foIIows. 

WexpB P 
1 + 2exp/? 

-in[CIt2expfl= -- 
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v, m yo ln2P+P--1 -- - 
P-2 l-V* P-2 P-2 1 @I 

28 exp B 
1 + 2expj3 

- In[l + 2expj?J = (3) 

x 1 
[ 1 In V, i (I + v,) In 

[ 
(x -t 1) 1 - VO i 1 

13 
+ In 3(X + 1) 

=-- - x-3 I-V, 2x &/ _ 
0 x 1 

Equation (2) was derived by Giib~.‘~ on the assumption that the -@ass transition 
occurs when the temperature becomes low enough so that the rotation of segments of 
the backbone chain ceases, i.e. when the con5gurational entropy becomes zero. This 
enerw barrier to segmental rotation, E, is contained in the terms fi = ---E/~I’.,. in 
which k is IdoItzmarm’s constant. As for the other terms, V. is the factional free 
volume at 7” whiie P is the degree of polymerization (~,JlOO for PMMA). EquatmnS * 1 

(3) is a refinement of eqn. (2) derived by Gibbs and Di Marziozo in which x = 2P. 
FoUowing Giib% su_~on, Beevers and White assumed V, = 0.025 and 

obtained E =. I.66 kcal,lmcle segments using the Gibbs-Di Mar60 equation (T,_ = - ..- 
385 K). However, a better fit to their data was obtained from the original Gibbs 
equation us.mg V, = 0.025 and c = 0.98 kcalj&ole segments (‘T, = 390 K). Using 
eqn. (2), the present, more extensive data yields E = 0.97 kwmole segments (T, = 
385 K) when T, is defined by the ‘Conventional” DTA method [curve A, fig. 2(b)] 
and& = 1.0 kcal/mole segments (T, = 395 K) when TS is de&red by the “tangent” 
method [E-g- 3(c)]. I n view of more recent perspectives on the applicability of eqns. 
(2) and (3) to the glass transition and to questions about the choice of an appropriate 
value for the free volume fraction, furthet refinement is unwarran ted”. Instt 
emphasis is placed on the good agreement with the previous data of Beevers and WhZte 
in which samples werr prepared from polymers synthesized under a variety of 
conditions. That agreement is consistent with the opinion that factors other than 
number average-molecular weight e.g. tacticity and molecular weight distribution, 
can be neglected. 

PERSPECTIVE 

The present work shows that radiation-induced changes in PMMA can be 
monitored over an extremeiy wide range of dosrs by.meas urements of Tr As antiti- 
pated from previous but-more Emited work, the behavior of PMMA is especially 
simple because radiation-induced croSnXng is negligible in comparison with chain 



Fis_ 4. Inffurrmr of the mean redprocal dcgra of polymaktion (FE) on the rcduad pxamcms 
(TUFT,,) for gktsy polymms whm 8% 2 l-2 x IO=. a, Present data on PMMA (Tg, = 395 IQ 
(convemional method); Q. Bawrs snd Whit@ on PLMMA (T& = 387 K); & Uekmita aad 
Kauig” on Es (7 lo = 373 K); 0, Pcnin 6 al.” on PVC (T& = 352 K). 

fracture- This simpIicity may be shown by comparing the current data with earlier 
results for linear polymers. Using a plot of the reduced variables, TJT=_. t;ersus the 

mean reziprocaf degree of polymerization, Fig_ 4 shows that the synthesized PM-MA’, 
. poIystyrene2’, and polyvinyl chIoridez2 share a common relationship with the 

irradiated PMMA down to H, - 2 x 103. Below this molecular weigh& cIepartures 
occur on the reduced variable plot for the three vinyl polymers, presumably a result of 
the ever increasing role which their diffix side and end groups pIay in segmentaI 
motion- It would be interesting to find how other irradiated poIymers difZer with 
respect to Fig_ 4_ Ia this regard, both poIystyrene23 and poIyv, ,I chI~ricIe~~~ 25 are 
known fo have a more complex radiation chemistry than PMMA, including a high 
ratio of cro.ssJ.inks to fracture. 
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