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ABSTRACT

Glass transition temperature (Tg) studies on poly-o-methyl-
styrene having Mn values ranging from 2.9 x 10° to 7.0 x 10*

were carried out with the DSC-2 differential scanning calorim-
eter. The variation of Ty (at ¢ = 1°K/min) with M, obeys

the relation, Tg_ (°K) = 453 - 3,1 x 105/Mn. The enthalpy

change AH ohserved near the glass transition temperature
drops to zero for zero annealing time and zero extrapolated
heating rate conditions, suggesting that it is not necessary to
postulate a first order transition to account for energy absorp-
tion. Operating with longer annealing periods or low heating
rates yields similar trends as far as the AH values are con-
cerned. Tg extrapolated to zero AH for zero extrapolated heat-

ing rate conditions was found to increase with increasing anneal-
ing time.
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INTRODUCTION

The glass transition temperature Tg of polymers has been the sub-

ject of numerous studies during the past decades. The principal ob-
servations retained from the literature and pertaining to these studies
are discussed in recent review articles [ 1-3]. The glass transition
process is generally defined as an apparent second-order transition
originating from kinetic [ 4-7) or thermodynamic [ 8, 9] limitations
on the rates of internal adjustments required by changes in tempera-
ture. This is further confirmed from the experimental data, which
show that the measured Tg values vary on changing both the heating

[ 10-16] and the cooling rates [ 17, 18]. Furthermore, the time and
temperature of annealing [ 19-23] used to condition a polymer sample
prior to making a Tg measurement are known to affect the final value,

The Tg of polymers are also dependent on their molecular character-

istics, e.g., molecular weights [ 4-7, 15, 24, 25], substituents and their
bulk size [ 1, 26-30], tacticity [ 24, 31-34], and polydispersity [ 15].

In an earlier report from this laboratory [ 15] in which the effects
of molecular weight and polydispersity on the glass transition temper-
ature of polystyrene had been studied with a Perkin Elmer DSC-1
differential scanning calorimeter, it was speculated that the glass
transition phenomenon carried with it a positive heat effect, at least
in the case of polystyrene, where an experimental enthalpy of 0.6
cal/g was obtained at conditions extrapolated to zero heating rate.

To verify this unusual observation whereby enthalpy was associ-
ated with the Tg of polystyrene, it was thought of interest to see if

similar results would be obtained with a better instrument and a
different polymer. With this in view, Tg measurements were made

on poly-o-methylstyrene by use of the more recent DSC-2 instrument,
which enables one to obtain Tg values at very low heating rates. The

results of this study are the subject of the present communication.

EXPERIMENTAL
Materials

Anionicaily prepared [ 35, 36] poly-a-methylstyrene samples show-
ing unimodal molecular weight distributions by gel-permeation chro-
matography (GPC) and having number-average molecular weights Mn

ranging from 2.9 X 10° to 7.0 X 10* were used in the present study (see
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Table 1 for polymerization data). The GPC instrument was calibrated
with monodisperse poly-a-methylstyrene samples whose weight-
average molecular weights Mw were calculated from intrinsic viscosity

data obtained at 30°C in toluene by using a relation reported in the
literature [ 37].

Tg Measurements

The Tg values were determined with a Perkin- Elmer model DSC-2

differential scanning calorimeter equipped with an auto-zero scanning
device that provides near-perfect base lines. The polymer samples,
weighing 10 mg each, were placed in standard DSC aluminum pans.
A similar but empty aluminum pan was used on the reference side of
the instrument. Both sample and reference pans were closed with
aluminum covers and sealed with the special press designed for the
purpose. The pans were then placed in the cell compartments of the
DSC instrument, where a continuous stream of pure dry helium is
made to flow at a rate of 20 cm®/min. In order to have a homogene-
ous polymer sample, it was heated for a few seconds to a tempera-
ture 30°C above the Tg estimated from a preliminary run. After

homogenizing, the sample was quenched through the glass transition
region at a rate of 320°K/min as is suggested in the literature [ 3].
After quenching, Tg values of the polymer samples were determined

by heating these at various rates. Measurements were also made on
annealed samples where prior to quenching, the samples were heated
for given times at a temperature slightly below their Tg.

RESULTS AND DISCUSSION

In Fig. 1 are shown typical DSC thermograms of an unannealed
poly-o-methylstyrene (sample 3), obtained in the glass transition
region at different heating rates, q (°K/min). The T _ values deter-

mined as suggested in the literature [ 3] at the ACp/2 point {the

change in heat capacity with glass transition) were found to increase
with increasing values of q. To compare DSC data with values ob-
tained by other techniques (e.g., DTA), a standard procedure was
adopted whereby the Tg values were measured at several heating

rates after which the extrapolated Tge values at a heating rate of

1°K/min were obtained from plots of log q versus 1/Tg. The
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dH/d® m.cal / sec { arbitrary scale)
- _
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FIG. 1. Typical DSC-2 thermograms of unannealed poly-a-
methylstyrene (sample 3) obtained in the glass transition range at
various heating rate (q): (1) 80°K/min; (2) 40°K/min; (3) 20°K/min;
(4) 10°K/min; (5) 5°K/min; (6) 2.5°K/min.

principal experimental results on the T_ values of poly-a-methyl-
styrene samples with Mn ranging from 2.9 X 10° to 7.0 X 10* are sum-

marized in Table 2. The values of Tg were found to increase with
increasing Mn'

In Fig. 2 is shown a plot of Tge as a function of Mn' Tge increases
up to a point beyond which it remains essentially constant (Tgw). The

critica}l value of the molecular weight is located in the vicinity of 6 to
7x10%,
A plot of Tge as a function of l/Mn, shown in Fig. 3, yielded a

straight line corresponding to Eq. (1).

o - 5
Tg, ("K) =453 - 3.1x 10 /M, (1)



‘[e1] m.ﬁ /q - & = b So1 :uoljenbe ayj Sursn Lq sonrea kuﬂonwbxm«

o
% 5% 15% G gsh 237 9G¥ 85 ¥ 1)) g
m 417 1437 217 G'6CH G'9G¥ g'86h 269 g
9 8¥b 127 6¥¥ G HG¥ 142 65 ¥ 9°66 1
m 227 o LYY 127 G 0G¥ 237 b'oF 221
4 4274 oFb LYY 6%¥ 0S¥ G'gG¥ L6 61-1
m, 227 (327 ¢ 'LYb 0S¥ 1§32 ] 2 pce z9
g vy S HhP Lb¥ 6v¥ 0S¥ G'gs¥ zoe ST
m, %47 S 9b¥ 127 8h¥ 0S¥ ge¥ £%2 8-
e LEY LEV 8ev 1827 S Zh¥ ShY 61 g-IW
m (3474 (N2 147 127 6¥¥ 6% 181 6-IN
m (437 1237 LEY 1847 127 1%% 44 01-IN
1637 M43 geh vey G'sed S'LEY 6°01 ¢-3
06€ 16¢€ £6¢ G'G6E L6¢ S'00¥ #'9 1T-W
L8¢ L8¢ 68¢ 16¢ £6¢ 96¢€ LY SI-1
69¢ pLE GLE pLE pLE 9Lg 9'¢ 911
19¢ 29¢ £9¢e $9¢ 5 99¢ 89¢ 0°¢ PI-IN
1§73 %3 She 374 Lve 0S¢ 62 g
o(3,) upur urw urw urw ww ol x W odureg
1=b  /jq.5¢=D /A,6=D /d,01 =D /A,02=D /A,0p =D
o~ 93
g ® L (1,) 3

YS1eMm Teos[oN Yim pue b o1y Sunjeay oY) upm

1102 AJtenuer G2 t¥ :80

8

¥ papeo junog

L Jo uonjeraep ‘g JIdV.L



08: 44 25 January 2011

Downl oaded At:

GLASS TRANSITION TEMPERATURE. II 173

T L LA T T T T TTT1

450 | o o0e-a—"

400 - 7

]
350 + T
.

1 IR N N W | 1 [ T '

Tge( °K)
.

Mn (X10°)

FIG. 2. Extrapolated Tge values (to q = 1) as a function of Mn'
See Table 2 for other data.
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FIG. 3. Extrapolated Tge values (to q = 1) as a function of l/ﬁn.
See Table 2 for other data.

Cowie and Toporowski [ 25], using the DTA technique, reported a
slightly different equation for their atactic poly-a-methylstyrene
samples:

Tg (°K) = 446 - 3.6 ¥ 10*"/14‘n (2)
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The poly-a-methylstyrene samples with M‘n > 6.4 % 10° used in
the present study obeyed Bernoullian propagation with a Pm of 0.26

(atactic polymers). The other samples, viz., B, M-14, L-16, and
L-15, had unimodal GPC molecular weight distributions, but their
NMR spectra recorded in o-dichlorobenzene at 100°C showed them
to be built up of two different types of polymers. These are thought
to originate from two different propagation steps, each obeying Ber-
noullian statistics but with different Pm (values ranging from 0.26 to

0.40). Though the stereoregularity in the above four polymers may
be slightly better than that present in the other samples listed in
Table 1, they can nevertheless be classified as atactic polymers simi-
lar to those of Cowie and Toporowski [ 25]. The difference in Tg

(446°K in the literature [ 25] and 453°K in the present study) thus
originates in all probability from the different techniques used in the
two studies.

In Fig. 4 are shown four DSC-2 thermograms obtained in the glass
transition temperature range at a q value of 5°K/min with poly-a-
methylstyrene (sample 3) annealed at 440°K during different periods
of time. The peak astride ACp near the glass transition temperature

is seen to increase with increasing annealing time. This endotherm
is thought to be a consequence of the delayed response of the polymer
in going from the glassy to the rubbery state as the temperature is
raised rapidly. The enthalpy continues to increase even after the Tg

of a given polymer is reached. This delayed change in enthalpy AH
depends, besides other factors, on the heating rate [ 10-16] and on the
temperature and time of annealing [ 19-23]. The values of Tg and AH

in Fig. 4 also show an increase with increasing annealing time.
In the study mentioned earlier [ 15] involving the variation of T

with ﬁn in the case of polystyrene, it was speculated that the enthalpy

change observed (AH) might not arise solely from the delayed response
of the polymer in passing from the glassy to the rubbery state but
might also be associated with the glass transition itself, which would
make the phenomenon a first-order transition having a positive heat
effect instead of the generally conceived second-order transition.

In an attempt to confirm the unusual observation made with poly-
styrene and the DSC-1 instrument, poly-a-methylstyrene (sample 3)
was studied on the DSC-2 instrument. The values of Tg and AH were

measured at six values of q following different annealing periods at a
temperature of 440°K. The results obtained are listed in Table 3.
Based on these data, three plots of enthalpy change AH versus heating
rates are presented in Fig. 5 for poly-a-methylstyrene (sample 3)
annealed for different periods of time. The results clearly show that
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{ arbitrary scale)
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dH/d®

430 450 470
Tg (°K)

FIG. 4. DSC-2 thermograms obtained in the glass transition range
at a q value of 5°’K/min for poly-a-methylstyrene (sample 3) annealed
for various periods: (1) zero hr; (2) 1 hr; (3) 3.5 hr; (4) 12 hr. See
Table 3 for other data.

at an extrapolated zero heating rate value, AH tends towards zero.
This is contrary to what was observed in the case of polystyrene [ 15],
where a positive AH value of 0.6 cal/g was obtained. The present re-
sults dealing with poly-a-methylstyrene clearly show that the glass
transition temperature is not a first-order transition.

In Fig. 4 it was noted that both Tg and AH of poly-a-methylstyrene

(sample 3) increased with increasing annealing time. These measure-
ments were made at a heating rate of 5°K/min. Data were also
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FIG. 5. Enthalpy change AH as a function of heating rate q for
poly-a-methylstyrene (sample 3) annealed for various periods:
(©) 10 min; (®) 1 hr; (2) 3.5 hr. See Table 3 for other data.

collected at other heating rates and are presented in Table 3. Based
on these data, plots of AH as a function of annealing time are presented
in Fig, 6 and this for four different heating rates. The results again
show that AH tends towards zero as the annealing time goes to zero.

In Fig. 7 are shown plots of AH (associated with annealing at
440°K) as a function of T , Each curve, obtained with AH values

determined at six different heating rates, shows a shift towards
higher temperatures with increasing annealing time. At the point
of intersection of any two curves, where AH and Tg are the same for

two different annealing times, the heating rate required to obtain a
given AH and T_ with a more annealed sample is always lower than

that required by the less annealed sample to attain the same values.
For instance, annealing at 440°K for 30 min, then heating at 15°K/
min (interpolated value) (fast heating) or annealing at 440°K for 12 hr,
then heating at 2.5°K/min (slow heating) yields the same AH and Tg

values. Thus, annealing a polymer sample for increasing periods of
time yields the same results (as far as AH and T _are concerned) as
decreasing the heating rate. &

The effect of fast cooling and slow heating during a Tg determination
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FIG. 6. Enthalpy change AH of poly-a-methylstyrene (sample 3)
as a function of annealing time measured at q values of: (© ) 2.5°K/
min; (®) 10°K/min; ( 2) 20°K/min; ( 4) 40°K/min. See Table 3 for
other data.

has been discussed by Wunderlich et al, [ 11] and by Roberts and
Sherliker [ 38], who suggested that under these conditions a relatively
larger number of holes are frozen in. On subsequent slow heating,
the polymer chains have sufficient time to rearrange to their equilib-
rium configurations involving smaller free volume fractions. On
heating rapidly, equilibrium is not achieved immediately since, at

the fast heating rate, insufficient time is available for the necessary
molecular rearrangements to occur. During this rapid heating
process, the polymer achieves its equilibrium free volume fraction
by absorbing heat as it does and producing an endothermic peak in

the thermogram. Because of the fast cooling and subsequent slow
heating, the diminishing fractional free volume reduces the excess
enthalpy required by the polymer. The introduction of annealing which
lowers the heating rate reduces the excess enthalpy of the polymer,
however, its Ty, with increasing annealing time, increases. Similar
results with annealing were also reported by Petrie [ 21].

CONCLUSIONS

The main conclusions to be drawn from this study may be summed
up as follows.
In the case of polystyrene and poly-a-methylstyrene samples having
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FIG. 7. Enthalpy change AH of poly-a-methylstyrene (sample 3)

as a function of Tg measured at various annealing times: (@) 30

min; (#) 1hr; (4)2hr;{(c) 3.5hr; and (®) 12 hr. See Table 3 for
other data.

the same F/l-n, the Tg of the latter is higher because of the increased

steric hindrance in it due to the substituent methyl group. Further-
more, the Tg of the latter is also higher than that of the former [ 15].
o0

The Tg values obtained with the DSC-2 instrument used in the
o«

present study are different from those reported by Cowie and
Toporowski | 25], who used the DTA technique.

The observed enthalpy change AH tends towards zero as the anneal-
ing time and the heating rate are reduced to zero, suggesting that it
is not necessary to postulate a first-order transition to account for
the energy absorption.

The use of longer annealing periods or lower heating rates yields
similar trends as far as the values of AH are concerned.

T _extrapolated to zero AH for zero heating rate (Fig. 7) was found

to increase with increasing annealing time.

Studies on the glass transition temperatures of poly p-isopropyl
a-methylstyrene and other substituted styrenes are in progress. Re-
sults will be reported in due course,
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