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ABSTRACT 

Glass transition temperature Tg has been measured by DSC for several fractions of 
poly(benzylmethacrylate) (PBzM), poly(2-thienylmethyl methacrylate) (PTiM) and poly(2- 
selenolylmethyl methacrylate) (PSeM) and for one fraction of poly(2-furfurylmethyl 
methacrylate) (PFM) and poly(tetrahydrofurfurylmethy1 methacrylate) (PHFM). The effect 
of the nature of the side group on Tg is discussed. Various relationships between number 
average molecular weight M,, and TB have been established. Linear relationships between Tp 
and In P (P = degree of polymerization) have been obtained for some of the systems studied 
here. 

INTRODUCTION 

The glass transition temperature Tg is important in the characterization of 
polymers, as it can be altered in various ways [l]. Thus, in vinyl polymers 
the introduction of different side groups, flexible chains, bulky groups, 
samples with different tacticities, polarities or molecular weights, etc. pro- 
duces noticeable effects on Tg [2-71. Several empirical relationships have 
been developed to describe the dependence of Tg on molecular weight in 
order to obtain the value of Tpcm,, i.e. the value of Tg for samples of 
sufficiently high molecular weight where Tg becomes independent of the 
molecular weight. Linear relationships between Tg and the logarithm of the 
degree of polymerization P have also been reported recently [7,8]. 

Recent work in our laboratory has focused on the preparation, solid state 
and solution properties of poly(methacrylates) with aromatic rings of differ- 
ent aromaticity in the pendant ester group [9-121. Furan, thiophene, 
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selenophene and tellurophene form a very interesting series of four stable 
aromatic ring compounds which differ in the nature of the hetero atom [13]. 
The nature of the side group has been found to have a marked influence on 
chain rigidity u [9-121. This factor should also be reflected in Tg values for 
the polymers, since the rigidity of the polymer chain should have an 
important effect on the cooperative motions contributing to the glass 
transition temperature. 

In this paper we report on the glass transition temperatures of fractions of 
different molecular weight of poly(benzy1 methacrylate) (PBzM), poly(2- 
thienylmethyl methacrylate) (PTiM) and poly(2-selenolyl methyl methacry- 
late) (PSeM), and one fraction of poly(2-furfurylmethyl methacrylate) (PFM) 
and poly(tetrahydrofurfurylmethy1 methacrylate) (PHFM). In order to com- 
pare the real Tg values for this family of poly(methacrylates), various T,-M,, 
relationships were tested to obtain the glass transition temperature at 
infinite molecular weight Tgcm,. The effects of the nature of the heteroatom 
and of chain rigidity on Tg for the first three members of the series were 
then analysed. 

EXPERIMENTAL 

Monomer and polymer preparation 

Methods for monomer and polymer preparation and characterization 
were as previously reported [9-111. Polymerizations were achieved in similar 
conditions, i.e. in benzene solution under vacuum using AIBN as initiator at 
323 K, in order to ensure similar tacticities. 



139 

Polymer characterization 

The polymers were fractionated by fractional precipitation at 298 K, 
using benzene-methanol as solvent-precipitant pair. 

The weight average molecular weight J4, and the polymolecularity index 
M,/M, were determined by size exlusion chromatography (SEC) using a 
Pet-kin-Elmer high performance liquid chromatograph equipped with a 6000 
psi (0.84 Pa) pump, a differential refractometer LC-25 and a 175 ~1 injector. 
Five columns (three Waters Associates UltraStyragel (103, lo4 and lo5 A) 
and two Shodex 805/S and 803/S) were used in series. Samples were eluted 
with THF. The apparatus was calibrated using polystyrene samples of 
narrow molecular weight distribution, characterized by light-scattering mea- 
surements. The flow rate was 1 ml mm’ and the volume of the injected 
polymer solution was always 5 ~1. A universal calibration curve was used for 
the treatment of the data. Analysis of the elution data was performed 
according to the Rabek treatment [14]. The number average molecular 
weight M,, was determined in chlorobenzene at 333 &- 0.001 K by membrane 
osmometry in a Hewlett Packard high speed membrane osmometer (Model 
502). A Knauer VP0 osmometer (Model 11) equipped with a universal 
thermistor probe was used for fractions of low molecular weight. 

Differential scanning calorimetry 

The glass transition temperature Tg was measured using a Perkin-Elmer 
Model DSC-1B differential scanning calorimeter. Polymer samples were 
dried in vacua prior to measurement. Samples (lo-15 mg) were weighed into 
the aluminium DSC pans. Dry nitrogen was used as purge gas, and thermo- 
grams were obtained in the range 300-500 K at a scan rate of 16 K mini. 
Regular calibration of the instrument was carried out using metal standards. 

Before measurement of the glass transition all samples were first heated to 
the upper temperature limit (500 K) and quenched to the starting tempera- 
ture, in order to minimize differences in thermal history. The glass transition 
was located as a baseline shift on the thermogram and’ Tg was estimated 
from the point of intersection of the sloping portion of the curve resulting 
from the baseline shift. 

RESULTS AND DISCUSSION 

DSC measurement were performed for several fractions of PBzM, PTiM 
and PSeM, in order to determine the relations between Tg and M, for these 
polymers. The dependence of Tg on iI4, for the three polymers is shown in 
Fig. 1, and the values of Tg for fractions of different molecular weight (or 



3.4 

32 

IU 20 30 LO 

Mll .1o-5 

Fig. 1. Variation of TI with number average molecular weight M,, for PBzM (A), PTiM (w) 
and PSeM (0). 

degree of polymerization P) are summarized in Table 1. As can be seen in 
Fig. 1, all three systems show a regular behaviour in the sense that Tg 
increases with increasing molecular weight. The range of molecular weights 
covered by our samples of PSeM is lower than that for PBzM and PTiM (see 
Table l), so determination of Tpcm, is more difficult, but the variation of Tg 
with M,, for PSeM reachs the asymptotic value very early (see Fig. 1) and 
therefore this can be related to Tgcm,. 

Figure 2 shows the variation of Tg with Mll, and Fig. 3 the variation of 
Tgpl vs. IkILl according to the classical relations of Flory-Fox and Ueber- 
reiter and Kaning, respectively, given by the known relationships [14,15] 

Ts = T&m, - K/M,, (1) 

and 

l/T, = l/T,,,, + C/M* (2) 

where K and C are constants for each system, dependent on the polymer 
structure. 

These relationships could be used to determine Tgcm, values for the 
various polymer samples. Although representations such as those in Figs. 2 
and 3 might be expected to be linear, deviations from linearity have been 



141 

TABLE 1 

Glass transition temperatures Tg, number average molecular weights M,, polydispersity 
indices M,/M, and degree of polymerization P for different fractions of PBzM, PTiM and 

PSeM 

Fractions 

Fl F2 F3 F4 F5 F6 F7 

PBzM 
M,, x1O-5 

Ms./M, 
P x1o-3 

Ts (K) 

PTiM 
M, x 1O-5 

Mw /Mn 
P x10-3 

Ts (K) 

PSeM 
M,, x lo-’ 

M,/M, 
P x1o-3 

Ts (W 

4.61 2.82 2.50 1.73 1.05 0.53 - 
1.42 1.32 1.33 1.32 1.26 1.41 _ 

2.63 1.61 1.43 0.98 0.60 0.30 _ 

340 335 334 330 326 320 - 

5.25 4.57 2.81 2.36 1.96 0.40 _ 

1.29 1.20 1.21 1.25 1.08 1.20 - 
2.86 2.50 1.54 1.30 1.08 0.22 - 

347 345 340 338 336 328 _ 

1.41 0.75 0.56 0.38 0.25 0.15 0.11 
1.33 1.33 1.33 1.26 1.28 1.30 .1.28 
0.62 0.33 0.24 0.17 0.11 0.07 0.05 

332 331 330 329 327 323 320 

- -1 
Mn - 1o-5 

32- 
I I I I 1I _d 

10 20 30 
- Mn -‘. 105 

Fig. 2. Variation of Tg with the inverse of M,, for PBzM (A), PTiM (m) and PSeM (0). 
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Fig. 3. Variation of T;l with A4;’ for PBzM (A), FTiM (m) and PSeM (0). 

shown to arise, depending on the range of molecular weights considered 
[7,8]. For instance, it is very common to find that both relationships deviate 
from linearity at very high molecular weights [7,8,16]. Several studies in this 
area show linear relationships [2,7,8,17,18], but this could be due to the fact 
that the range of molecular weights covered by these systems do not 
represent a sufficiently extended range of A4, to allow detection of deviation 
from linearity. 

Figures 2 and 3 show this behaviour. Thus, in the case of PSeM, for which 
only a narrow range of molecular weights is covered, we find linear relation- 
ships; but with PBzM and PTiM, for which a wider molecular weight range 
is covered, we can see an exponential increase of Tg with increasing 
molecular weight (see Fig. 2) and a decrease of Tg (see Fig. 3). Unfor- 
tunately it was impossible to obtain higher molecular weights for PSeM and 
lower molecular weights for PBzM and PTiM in order to represent T,-h4, 
data over the entire range of A4, and allow a clearer demonstration of this 
trend, which seems to be general for systems composed of vinyl or con- 
densation polymers [7,8]. Therefore when deviations from linearity take 
place, Tgcm, cannot be determined directly by extrapolation from straight 
lines to infinite molecular weight, but only by extrapolation of the curve or 
by taking into account only high molecular weights and extrapolating the 
resulting straight lines. These last two methods for the determination of 
T gems have been demonstrated in previous papers [7,8]. Table 2 summarizes 
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TABLE 2 

Values for infinite glass transition temperature TsCm, determined using eqns. (1) and (2) and 

by extrapolation of the curve or straight line considering only high molecular weights, rigidity 
factor CT, molar volume of the aromatic ring V, and aromaticity A of the pendant group 

Polymer T P(W) (K) a Ve Ae 

a b c d (cm3 > 

PBzM 345 348 346 346 2.32 88.8 13.93 
PTiM 353 355 353 356 2.41 78.9 11.56 
PSeM 333 - 333 _ 2.90 85.2 10.44 

a From eqn. (1) considering only high molecular weights. 
b From eqn. (1) and extrapolating the curve. 
’ From eqn. (2), considering only high molecular weights. 
d From eqn. (2) and extrapolating the curve. 
e Aromaticity obtained from ref. 13 and determined by NMR measurements. 

the Tg(cq values obtained using eqns. (1) and (2) and both these extrapola- 
tion methods. As can be seen, no significant differences obtain between the 
different systems. Table 2 also summarizes values of the rigidity factor u for 
the polymers, taken from the literature [9,11]. 

The values of TgCrnj for the various polymer samples decrease in the order 
PTiM > PBzM > PSeM. A higher value of TaCm, might have been expected 
for PSeM given the high value of u for this polymer, but this is an 
abnormally high value of u [ll]. On the other hand, Table 2 indicates that 
there is no correlation between Tpc_,, and u or molar volume V or aromatic- 
ity A. It could be that PBzM is not comparable with the other polymers 
from the thermal point of view, despite its being the first aromatic member 
of the series. For this reason we determined Tg for a sample of poly(furfur- 
ylmethyl methacrylate) (PFM) and found this to be higher than that for 
PTiM. This would seem to indicate that the nature of the heteroatom has 
some influence on the magnitude of Tg. 

Figure 4 shows the variation of In Tg as a function of the inverse of the 
degree of polymerization P, following the Fox-Flory [14] treatment de- 
scribed for poly(styrene). Again a linear relationship is obtained for PSeM 
and curves for PBzM and PTiM. From these plots it is possible to determine 
b,, a parameter related to the apparent activation energy for viscous flow 
E,, according to the classical relation 

Tg = Tpw exd - W5MA (3) 

where M, is the molecular weight of the monomer unit and P the degree of 
polymerization. It is also possible to obtain Tpcm, from this equation. Table 3 
summarizes the b, and Tgcm, values obtained from these plots. It can be 
seen that these Tpcm, values are similar to those obtained using eqns. (1) and 
(2). The values of b, are higher than those previously reported for other 
aromatic poly(methacrylates) [7] but the value for PSeM is similar to that 
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Fig. 4. Variation of In Tg with the inverse of the degree of polymerization P-’ for PBzM (A), 
PTiM (W) and PSeM (0). 

reported for poly(methy1 methacrylate) (2.1 kcal mol-‘) [7]. On the basis of 
these results we can assume that the temperature coefficient of the.viscosity 
depends on the side chain structure of the polymer, as has been found for 
other groups of vinyl polymers [7]. This behaviour has been explained in 
terms of the rate of internal relaxation (mobility), which depends on the 
internal configurational structure (and on the associated free volume). 
Therefore the influence of the side chain structure should be reflected in b,, 
as it is in this family of polymers. 

TABLE 3 

Values of TBcm, and b, for PBzM, PTiM and PSeM, obtained from eqn. (3) 

Polymer %=I a b, 
WI (kcal mol-‘) 

($ 
b 

PBzM 345 
PTiM 353 
PSeM 333 

a Obtained from the straight line. 
b Obtained from the curve. 

40.6 _ 

50.3 357 
2.2 349 
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Fig. 5. Variation of Tg with In P for PBzM (A), PTiM (m) and PSeM (0). 

On the other hand, a linear relationship is found between Tg and the 
logarithm of the degree of polymerization [7,8,19], according to the relation 

Tg= T,(O)+K' In P (4 

where K' is a parameter dealing with the polymer structure and T,(O) the 
characteristic temperature of the monomer unit related to the apparent Tg of 
the monomer. Figure 5 shows the variation of Tg with In P. Clearly, linear 
relationships are obtained, but for PTiM and PSeM two regimes are ob- 
served with a critical value of molecular weight after which the variation of 
Tg follows a different trend. Similar results have been found in the case of 
poly(styrene) over a wide range of molecular weights [19] where three’values 
for K' are obtained, and recently for some poly(methacrylates) of very low 
molecular weights [20]. In the case of PBzM, a linear relationship is obtained 
with only one value for K'. Table 4 summarizes the values of T,(O) obtained 
by extrapolation to P = 1 taking into account both regimes for PSeM and 
PTiM. These T,(O) values seem to be overestimated if we take into account 
that the monomers are liquids at room temperature. Nevertheless, a direct 
correlation between T,(O) and the rigidity factor CJ is found, i.e. T,(O) 
increases as the rigidity factor increases. This result could be a consequence 
of the effect of the heteroatom on the conformational behaviour of these 
polymers, which seems to be the principal factor influencing their thermal 
behaviour and more important than other parameters of the lateral group 
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TABLE 4 

Values of T,(O) and K’ obtained from Fig. 5 by extrapolation to P = 1 for PBzM, PTiM and 
PSeM 

Polymer T,(O) a T,(O) b K 
,a 

K’b 

(K) W 

PBzM 267 
PTiM 287 

PSeM 317 

a From first repime. 
b From second regime. 

_ 9.21 - 

301 7.23 5.03 
287 2.31 8.47 

such as molecular volume V or aromaticity A. It would be interesting to 
compare the thermal behaviour of a more extended family of these chal- 
cogenides containing polymers. Unfortunately the oxygen-containing poly- 
mers furfuryl (PFM) and tetrahydrofurfuryl (PHFM) are insoluble and it is 
therefore not possible to obtain fractions of different molecular weights in 
order to investigate the influence of molecular weight on thermal behaviour. 
Nevertheless, the insoluble polymers show higher Tg values, i.e. 384 and 378 
K for PFM and PHFM, respectively. If we assume that these are Tpcm, 
values we can suggest a correlation between chalcogenides containing poly- 
mers, in the sense that Tg decreases as the atomic volume of the hetero atom 
increases and the molar volume of the side ring decreases. 

CONCLUSIONS 

The results of this study indicate that the various T,-M, relationships 
show deviation from linearity for PBzM and PTiM. Linear relationships are 
found for PSeM, but this is probably due to the narrow range of molecular 
weights used. Nevertheless, the values for Tgcm, obtained using the various 
relationships (including the exponential Fox-Flory equation [14]) are simi- 
lar, which would indicate that these relations are useful for this purpose. The 
b, parameter, which is related to the apparent activation energy of viscous 
flow E,, can be determined using the Fox-Flory equation. A linear relation- 
ship is found for the variation of Tg and In P. This seems to be a general 
relation for different families of polymers [7,8] but it would be necessary to 
cover a wider range of molecular weights to confirm that this is the case. The 
nature of the side chain structure has been found to have a marked effect on 
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