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ABSTRACT: The dependence of the heat capacity on temperature measured in DSC heating scans after 
different thermal histories in poly(methy1 methacrylate), poly(ethy1 methacrylate), and poly(buty1 
methacrylate) is reported. These results are analyzed with the help of a phenomenological model for the 
evolution of configurational entropy under arbitrary histories. The possibility of obtaining material 
parameters from the experimental results is discussed. The dependence of the relaxation times in 
equilibrium conditions on temperature is calculated for the three polymers and compared with the results 
of the main viscoelastic and dielectric relaxation processes reported in the literature. The width parameter 
of the Kohlrausch-Williams-Watts relaxation function is also calculated for the three polymers of this 
series. 

1. Introduction 
Structural relaxation is the process by which amor- 

phous materials in the glassy state approach a state of 
thermodynamical equilibrium when held at constant 
environmental conditions. The process can be detected 
through the time evolution of thermodynamic properties 
such as specific volume or enthalpy, as well as through 
mechanical, dielectric, and other physical properties. 
The study of the structural relaxation process by means 
of differential scanning calorimetry (DSC) attracts much 
attention because of the high reproducibility of the 
thermal histories of the experiments and the simplicity 
of the experimental procedure. 

In DSC a sample is subjected to a more or less 
complicated thermal history, which starts a t  a temper- 
ature TO higher than the glass transition temperature 
Tg, with the sample in thermodynamical equilibrium, 
and involves stages with heating or cooling at constant 
rates as well as isothermal stages, finishing at a 
temperature TI below Tg. Then, the heat capacity of 
the sample is measured during a heating scan a t  a 
constant rate between TI and TO. The c&T) curve thus 
obtained depends on the thermal history and contains 
information about the structural relaxation which has 
taken place previous to the measurement and during 
the measurement scan itself, In particular, when the 
thermal history involves an isothermal stage at a 
temperature close to  Tg, the c,(T) curve shows a 
characteristic peak that overlaps the glass transition 
(Figure la), but with a lower temperature of the 
isothermal treatment a peak in the c,(T) curve at 
temperatures below Tg (Figure lb) does show up some- 
times. Both types of behavior have been explained in 
terms of the approach of the enthalpy to equilibrium 
values during the measuring ~ c a n . l - ~ ~  The shape and 
the temperature of these peaks strongly depend on the 
time and temperature of the isothermal treatment 
previous to  the measurement. 

In ref 15 a modification of the phenomenological 
model of Scherer and Hodge16J7 was proposed to follow 
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Temperature 

Temperature 
Figure 1. Sketch of the c,(T)  curve measured after an 
isothermal annealing (a) at a temperature close to Tg and (b) 
at a lower temperature. The open circles represent the c,(T) 
curve measured after cooling the sample at a high rate from 
a temperature above Tg (see text). 

the evolution of the configurational entropy during the 
structural relaxation process. It is a model with four 
fitting parameters based on three main assumptions: 
the use of the reduced time as a variable in the 
equations of the model, a Kohlrausch-Williams-Watts- 
like (KWW) relaxation function18 to  account for non- 
exponentiality, and the use of the Adam-Gibbslg theory 
extended to nonequilibrium conditions to express the 
dependence of the relaxation times on temperature and 
structure during the structural relaxation process. The 
difference with the Scherer-Hodge model lies in the 
variable chosen to follow the process, which is in our 
case the configurational entropy, S,, instead of the 
fictive temperature, Tf. The evolution of the configu- 
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rational entropy in response to a thermal history that 
consists of a series of temperature jumps from Ti-1 to 
Ti at time instants ti followed by isothermal stages, is 
given by 

where 5 is the reduced time 

and ti = &ti). The function t is the extension of the 
Adam and Gibbs one to  nonequilibrium conditions: 

and the relaxation function is assumed 
type: 

= exp(-P) 

In equilibrium 

where TZ is the Gibbs-DiMarziozO structural tempera- 
ture at which the configurational entropy in equilibrium 
vanishes and Ac,(r) is the configurational heat capacity, 
usually assumed to be the difference between the 
experimental values of the heat capacity measured at 
temperatures above and below the glass transition 
interval. The model contains four material constants: 
B ,  Tz,  and A in (3) and (5) and p in (4). All of them are 
assumed to be independent of the thermal history. 

The use of the configurational entropy in the model 
equations avoids the calculation of the fictive temper- 
ature, which needs a previous assumption on the form 
of the dependence of the configurational heat capacity 
with temperature. Equations 1-5 are valid for any 
form of Ac,(T), which makes it easy t o  study the 
influence of this form on the overall fit of the model to 
the experimental results and on the ensuing values of 
the material parameters. 

Many different equations have been proposed for this 
dependence: from the consideration of Ac, as independ- 
ent of temperature to  complicated phenomenological 
equations to describe the heat capacity of the glass of 
the liquid in a broad temperature intervalz2 or the 
equation deduced from the Gibbs-DiMarzio theory.z0121 
The equations more frequently used in the simulation 
of the structural relaxation process are 

Ac,(T) =A, + AzT 

and J 
(6 )  

(7) 

The modeling of the entropy relaxation in polycarbon- 
ate15 has shown that the model reproduces the experi- 
mental DSC results with almost the same overall good 
accuracy when (6 and 7) are used for Ac,(T), or even 
when Ac, is considered as a constant. Nevertheless the 
value of the parameter T2 found by the search routine 
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is quite dependent on the expression used for AcJT). 
The most significant discrepancy between the model 
prediction and the experimental c,(T) curves is the peak 
occurring in the model c,(T) curve after an isothermal 
annealing at a temperature very close to the glass 
transition temperature Tg: this peak is much higher in 
the theoretical curve than in the experimental one. 

In this work we present experimental DSC results on 
poly(methy1 methacrylate), poly(ethy1 methacrylate), 
and poly(buty1 methacrylate) and analyze, with the help 
of the model predictions, the possibility of determining 
material parameters for these polymers (independent 
of the thermal history) and the relationship between the 
parameters of the model and the molecular structure 
of these polymers. 

2. Experimental Section 
Poly(methy1 methacrylate) (PMMA, M ,  = 350 000) and poly- 

(ethyl methacrylate) (PEMA, M ,  = 250 000) from Polysciences 
Inc., and poly(buty1 methacrylate) (PBMA) Elvacite 2044 from 
DuPont were used in this study. All the samples were molded 
at about 75 deg above their Tg t o  sheets approximately 0.3 
mm thick, from which the samples for the DSC experiments 
were cut out. The samples were dried in a vacuum to a 
constant weight at about 60 deg above T,. 

Calorimetric experiments were carried out in a Perkin- 
Elmer DSC4 differential scanning calorimeter calibrated with 
indium and sapphire standards, and data were collected in a 
TADS 3700 station. For each polymer a single sample of about 
10 mg encapsulated in an aluminum pan was used in all the 
experiments. 

All thermal treatments were performed in the calorimeter, 
and they all started with an  annealing a t  a temperature To 
for 10 min to ensure that the polymer was in equilibrium and 
erase the effects of previous thermal histories (TO = 150 "C in 
PMMA, 130 "C in PEMA, and 90 "C in PBMA). Whenever 
the thermal history included an isothermal annealing at 
temperature T,, the cooling rate to attain T, was qc = 40 "C/ 
min in the experiments carried out on PMMA and qc = 20 "C/ 
min in the cases of PEMA and PBMA. These were the highest 
cooling rates for which the whole cooling process was under 
control of the temperature programmer (the highest control- 
lable cooling rates depend on the difference between the 
temperature interval of the experiment and the temperature 
of the aluminum block of the apparatus that acts as a cold 
focus. Thus it is higher in the case of PMMA, for which the 
experimental interval-due to its higher T,-was higher than 
in the cases of PEMA and PBMA). After an annealing time t. 
the samples were cooled again a t  the rate qc until the 
temperature TI selected for the start of the measuring scan 
(2'1 = 50 "C in PMMA, 30 "C in PEMA, and 10 "C in PBMA) 
and then heated a t  10 "C/min to To. The heat flux was 
measured only on heating, and the c,(T) curve was calculated 
from it. We will call hereafter reference scan the one carried 
out on heating at  10 Wmin  after a cooling at qc from TO to 
Ti. 

In order to  compare the effect of the different thermal 
treatments on the three polymers, the annealing temperatures 
were selected to be more or less in the same location in the 
temperature interval of the glass transition. The glass transi- 
tion temperature Tg was calculated from the reference scan, 
as the temperature of the intersection of the enthalpy lines 
corresponding to equilibrium and to the glassy state, known 
as the fictive temperature in the glassy state Tf,. It is defined 
by (see ref 23) 

where cp(T) is the specific heat capacity measured during the 
experimental scan, cpl and cpg are the specific heat capacities 
of the liquid and the glass, respectively, Tc is a temperature 
high enough in the liquid state, and T1 is a temperature low 
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Figure 2. Experimental c,(T) curves measured on PMMA 
after thermal histories that include an isothermal annealing 
at 80 "C for 1037 min (a), 100 "C for 1350 min (b), and 110 "C 
for 2500 min (c) and after cooling at 1 Wmin (d) and 40 "C/ 
min (e). The solid line represents the prediction of the model 
with Ac, according to  (6), B = 2000 J/g, and the remaining 
parameters as shown in Table 2. The circles correspond to 
the experimental values. 

Table 1 

PMMA 107 0.898 -0.001 64 0.28 0.32 106.4 
PEMA 70 0.747 -0.001 53 0.22 0.27 75.5 
PBMA 37 0.703 -0.001 63 0.20 0.24 62 

enough in the glassy state; in our work it is the temperature 
selected for the start of the measuring scans. 

The values of Tg =, Tf for the three polymers are given in 
Table 1. The annealing temperatures were fixed as Tg - 27 
"C, Tg - 7 "C, and Tg + 3 "C, the annealing times were around 
1000 min in the two lowest temperatures and around 2000 
min in the highest one. The fitting routine also employed the 
c,(T) curve measured after a cooling at 1 Wmin and the 
reference scan. 

3. Results 
The c,(T) curves measured for the three polymers 

after the five thermal treatments described in the 
experimental section (Figures 2-4) show several com- 
mon features. A peak appears in the curve measured 
after cooling at 1 "C/min, but no peak appears in the 
reference scan. The isothermal treatment at the lowest 
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Figure 3. Experimental c,(T) curves measured on PEMA 
after thermal histories that include an isothermal annealing 
at 43 "C for 1000 min (a), 63 "C for 1000 rnin (b), and 73 "C 
for 2500 min (c) and after cooling at 1 "C/min (d) and 20 "C/ 
min (e). The solid line represents the prediction of the model 
with Ac, according to (6), B = 2000 Jig, and the remaining 
parameters as shown in Table 3. The circles correspond to 
the experimental values. 

annealing temperature, Tg - 27 "C, produces a peak 
within the glass transition interval in the c,(T) curve, 
whereas the isothermal annealing at Tg - 7 "C and Tg + 3 "C produces a peak which overlaps the high 
temperature side of the glass transition interval. The 
peak appearing after the annealing at the highest 
temperature is lower than the one corresponding to the 
annealing at Tg - 7 "C even if the annealing time is 
greater because at this temperature the initial state of 
the isothermal stage, reached after the cooling from TO, 
is closer to equilibrium the higher the annealing tem- 
perature is. In fact, the c,(T) curve measured in PBMA 
after the annealing at Tg + 3 "C does not show a peak. 

The differences between the results obtained in the 
different polymers lies mainly in the width of the 
temperature interval in which the glass transition takes 
place, which grows as the side-chain length of the 
polymer increases in the sequence PMMA-PEMA- 
PBMA. This fact is more apparent when the influence 
of the thermal treatment is analyzed in a plot of the 
difference between the c,(T) curve measured after a 
thermal treatment and the reference scan. Such a plot 
in some way separates the effect of the isothermal 
annealing from the effect of the cooling from equilibrium 
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Figure 4. Experimental cp(T) curves measured on PBMA 
after thermal histories that include an isothermal annealing 
at 11 "C for 1000 min (a), 31 "C for 1000 min (b), and 41 "C 
for 2500 min (c) and after cooling at 1 "C/min (d) and 20 "C/ 
min (c). The solid line represents the prediction of the model 
with Acp according to (61, B = 2000 J/g, and the remaining 
parameters as shown in Table 4. The circles correspond to 
the experimental values. 

to  the temperature of the start of the heating scan. 
Figure 5 shows these plots for the three polymers, 
normalized with the increment of heat capacity in Tg 
to enhance the comparison. The details of the calcula- 
tion of Acp(Tg) are given below. The characteristic shape 
of these plots8v24,25 corresponding to cp(T) curves meas- 
ured after isothermal annealings can be appreciated. 
The difference cp(T) - cp ,,AT) is negative in the low- 
temperature part of the glass transition and then 
becomes positive, showing the characteristic peak a t  a 
temperature which depends on the annealing time and 
annealing temperature. It is very clear that the peaks 
in these curves get significantly wider and lower as the 
side-chain length increases. The difference in the peak 
of the curve measured after the annealing at Tg - 27 
"C in the three polymers is small than in the rest of the 
annealing treatments, but the effect is still present. 

The dependence on temperature of the equilibrium 
heat capacity cpl(T) was determined by least-squares 
fitting the experimental values of c,(T) at temperatures 
higher than Tg + 20 "C to a straight line. In a similar 
way, the heat capacity corresponding to the glassy state, 
cpg( T), was determined by fitting the experimental 
results at temperatures below Tg - 30 "C t o  a straight 
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Figure 5. Difference between the cp(T) curve of the reference 
scan and the curves measured after an isothermal annealing 
at Tg - 27 "C (m), Tg - 7 "C (O), and Tg + 3 "C (0) (see text) 
for (a) PMMA, (b) PEMA, and (c) PBMA. 

line. A linear dependence of the specific configurational 
heat capacity with temperature, as in (61, is thus 
assumed. The values of A1 and A2 were determined 
for each polymer as averages of the values found in all 
the experimental scans and are shown in Table 1. The 
specific configurational heat capacity at Tg,  also given 
in Table 1, decreases in the sequence PMMA-PEMA- 
PBMA, in good agreement with that found by other 
authors.22B26 Nevertheless, our values are lower than 
those reported in these references, probably due to  the 
fact that in the present work the straight line for cpg(T) 
is determined in a temperature interval quite close to  
the glass transition. Since, according to  the data 
recommended in ref 22, the slope of the cpg(T) curve 
increases with temperature, the determination of cpg(T) 
from experimental values at lower temperatures would 
lead to smaller values of c,,(T) within the temperature 
interval of the glass transition. 

4. Discussion 
The modeling has been carried out by replacing the 

cooling and heating stages by a series of 1 deg temper- 
ature jumps followed by isothermal stages with a 
duration fixed to  lead to  the same overall rate of 
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Table 2. Model Parameters Found by the Search 
Routine in PMMA for Each Value of B and Each 

Expression for Acc,(T) 
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B (J/g) /? 1nA (s) TZ ("C) Tg - TZ ("C) D 
Acp(T) as in Eq 6 

500 0.26 -26.9 64 43 4 
1000 0.30 -39.6 48 59 8 
2000 0.32 -53.3 23 84 16 
3000 0.34 -60.7 3 104 24 
4000 0.36 -66.4 -13 120 31  
5000 0.38 -70.6 -27 134 40 

Ac, Independent of Temperature 
2000 0.30 -45.8 6 101 22 

Acp as in Eq 7 
2000 0.32 -51.8 14 93 19 

Table 3. Model Parameters Found by the Search 
Routine in PEMA for Each Value of B and Each 

Expression for Acc,(l? 

Acp(T) as In Eq 6 
500 0.27 -29.5 22 48 6 

1000 0.29 -40.4 2 68 11 
2000 0.31 -52.6 -26 96 21 
3000 0.33 -59.9 -46 116 32 
4000 0.35 -63.5 - 65 135 42 
5000 0.35 -68.3 -78 148 53 

Acp Independent of Temperature 
2000 0.28 -45.6 -47 117 31  

Acp as in Eq 7 
2000 0.31 -52.5 -35 105 27 

Table 4. Model Parameters Found by the Search 
Routine in PBMA for Each Value of B and Each 

Expression for Acc,(T) 

Ac,(T) as in Eq 6 
500 0.25 -26.7 -18 55 7 

1000 0.26 -35.3 -41 78 13 
2000 0.28 -44.7 -72 109 25 
3000 0.29 -49.8 - 94 131 38 
4000 0.30 -53.3 -112 149 51  
5000 0.31 -56.8 -125 162 61  

Acp Independent of Temperature 
2000 0.26 -40.4 - 98 135 42 

Acp as in Eq 7 
2000 0.29 -46.3 -82 119 32 

temperature change as in the experiments. The con- 
figurational entropy was calculated in time instants t k  
by means of (l), and the relaxation time at this instant 
is then calculated using (3). This value of the relaxation 
time is used to calculate the reduced time at the 
subsequent time instant &+I, according to (2). After 
each temperature jump the reduced time was evaluated 
at'time instants t k  = 0.001*2k s, with integer k. 

The model contains four fitting parameters: p, A, Tz, 
and B. There is a clear correlation between these 
parameters,15 as happens also in the models of Nara- 
y a n a s w a m y - M o y ~ u h a n ~ ~ ~ ~ ~ ~ ~ ~  and S~herer-Hodge.8~~J',~~ 
Thus, several, quite different, sets of four parameters 
lead to nearly identical model predictions of c,(T) curves 
for a given thermal history. A least-squares search 
routine that considers all the parameters as variable 
leads to nonsensical results. To solve this incon- 
venience, one of the parameters must be kept constant 
while the remaining three are being calculated. Such 
a fixed value of one of the parameters could perhaps be 
obtained from a different independent experimental 
technique or theoretical consideration. Or, simply, an 
arbitrary value can be assigned to it and its influence 

50 70 90 
Tern perature(°C) 

Figure 6. c,(T) measured on PEMA after a thermal history 
that includes an isothermal annealing at 43 "C for 1000 min. 
Model calculations with B = 500,2000, and 4000 J/g (and the 
remaining parameters according to Table 2) are shown in solid 
lines. The peak appearing in cp at approximately 72 "C 
decreases for increasing values of B; this identifies the different 
curves. The experimental results are represented as open 
circles. 

on the value of the remaining parameters, determined 
by the search routine, can be studied. The last was the 
method followed in this work. The value of the param- 
eter B was kept fixed, and p, Tz, and A were determined 
by a simultaneous least-squares fit to the five experi- 
mental cp(T) curves in Figure 2, 3, or 4, depending on 
the polymer under consideration. The Nedler and 
Mead31 search routine was used. The simultaneous fit 
to the complete set of experimental results reflects the 
idea that the parameters must be material constants, 
independent of the thermal history and thus valid for 
all of them. 

The set of three parameters determined in the search 
routine depends systematically on the value of B 
selected, as shown in Tables 2-4. The curves predicted 
by the model with any one of the sets of parameters 
shown in Tables 2-4 are very similar to those shown 
in Figures 2-4. The only exception is the c,(T) curve 
measured after an isothermal annealing at Tg - 27 "C. 
In this case, the curves predicted by the model with B 
less than 2000 J/g are higher than the experimental 
ones, as shown in Figure 6 for PEMA (the three 
polymers show exactly the same behavior). 

The overall agreement between the experimental 
results and the theoretical predictions is quite good for 
the three polymers. It is noteworthy that the model 
predicts a peak in the c,(T) curve after an annealing at 
Tg + 3 "C always higher than the experimental, as found 
also in p01ycarbonate.l~ It has been impossible to fit 
simultaneously this curve and the ones measured after 
different thermal histories. This must be interpreted 
as a failure in some of the model's hypotheses. It does 
not seem likely that the problem lies in the assumed 
shape of the relaxation function, because this would 
affect any thermal history in a similar way. It could 
happen that the behavior of the relaxation times in 
states very close to equilibrium departs from the as- 
sumed form, since it is in the case of the isothermal 
annealing at temperatures within the high-temperature 
side of the glass transition interval where this anomaly 
is detected. 

The parameter /3 that characterizes the shape of the 
relaxation function is quite independent of the value of 
B selected for the fitting procedure, but the parameters 
A and T2 clearly correlate with B. When B increases, 
TZ diminishes and the absolute value of In A increases. 
Thus there are still different sets of four parameters 
that lead to model c,(T) curves which are very similar 
among themselves and very similar to the experimental 
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results. It seems that the only DSC experiments that 
can give information to choose the correct set of param- 
eters are the heating scans measured after annealings 
at low temperatures. Still, in the case of the scans 
performed in this work, a very broad interval of B values 
would have to  be accepted. 

Although the value interval for B used in the calcula- 
tions of this work is very broad, the results of different 
experimental techniques, mainly viscoelastic or dielec- 
tric experiments in the main relaxation region, can 
supply arguments to  reduce significantly the uncer- 
tainty in the determination of this parameter (and, with 
it, that of the rest of the parameters of the model). As 
B increases, the difference Tg - TZ also increases, 
attaining very unrealistic values; thus when B = 3000 
Jlg, Tg - Tz is above 100 deg for the three polymers 
(see Tables 2-41, values higher than what is found by 
viscoelastic or dielectric techniques in these and other 
 polymer^.^^,^^ Values of B below 1000 J/g give rise to 
peaks too high in the c,(T) curve measured after 
annealing a t  Tg - 27 “C. Even so, the uncertainty in 
the determination of B is still great. Other kinds of 
experimental techniques or theoretical arguments based 
on common characteristics of glass-forming materials 
(or of some specific class of them, as are polymers) are 
needed alongside DSC to reach a precise determination 
of the parameter values. 

In spite of the uncertainty in the quantitative deter- 
mination of the parameters B, Tz, and A, still the DSC 
results contain significant information on the material 
behavior of these polymers. Within the interval of B 
values between 1000 and 2000 Jlg the B parameter can 
be determined to  be 0.33 f 0.02 for PMMA, 0.31 f 0.02 
for PEMA, and 0.27 f 0.02 for PBMA. No such 
determinations are available for the KWW relaxation 
function from dynamic-mechanical or dielectric tech- 
niques. The difficulty here for their calculation lies in 
the vicinity of the main relaxation and the highest 
temperature secondary relaxation in these materials. 
Still, the dependence of the side-chain length of the 
parameter /3 is analogous to what is found for the main 
dielectric relaxation in poly(methy1 acrylate), poly(ethy1 
acrylate), and poly(buty1 acrylate).33 It must be re- 
marked that the uncertainty in the numerical values 
of the parameters B, Tz, and A does not entail an 
uncertainty in the curve of the relaxation times in 
equilibrium, Zeq(T), determined by these three param- 
eters, 

with Szq(T) given by (5):  as shown in Figure 7, the 
f q ( T )  curves calculated with (9) for PEMA (the behavior 
in the other two polymers is exactly the same) with the 
different sets of parameters contained in Table 2 are 
practically coincident in the time interval relevant to 
the time scale of the measurements (the figure shows 
the time interval between and lo6 s). It can thus 
be stated that DSC determines uniquely the curve of 
equilibrium relaxation times versus temperature. Actu- 
ally, the values of the relaxation times involved in the 
calculation of the reduced times are the ones corre- 
sponding to out-of-equilibrium states and not those of 
the Zeq(T) curve, which represents a limit behavior. 
Nevertheless, since the model extends the validity of 
the Adam-Gibbs relationship to nonequilibrium states 
the behavior out of equilibrium is determined by the 
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Figure 7. Equilibrium-relaxation times (the value of the 
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for different values of B in PEMA (see text): (0) B = 1000 
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Figure 8. Equilibrium relaxation times calculated by (9) for 
the three polymers, with B = 2000 J/g and the remaining 
parameters according to Tables 2-4. 

same parameters that define the equilibrium behavior. 
Thus, the fact that different sets of parameters B, T2, 
and A define the same P ( T )  curve may explain why 
different sets of parametes determine the same c,(T) 
curve. 

The teq(T) curve, uniquely determined in this way 
from the DSC measurements, can itself be treated as a 
material function, instead of the quantities B, Tz, and 
A. As happens with the experimental c,(T) curves, this 
curve contains information on the behavior of the 
material not only at the temperatures at which the 
thermal treatment previous to the measuring was 
performed but also on the behavior at higher temper- 
atures, the temperatures at which, in the measuring 
scan itself, the system approaches equilibrium. This is 
the temperature interval where the peak in the c,(T) 
curve appears, and it covers from 20 to 30 deg above Tg 
(Figure 1). The teq(T)  curves shift toward lower tem- 
peratures in the sequence PMMA-PEW-PBMA, as 
Tg does. It is useful to  compare these curves on a plot 
with TdT as abscissa, Figure 8. In order to simplify 
the diagram only the curves calculated with the set of 
parameters with B = 2000 Jlg are shown. The curves 
cross each other at T.JT = 1, as Fq(T,) equals ap- 
proximately 500 s in the three polymers. At tempera- 
tures above Tg the slope of the curve Zeq(Tg/T) decreases 
as the side-chain length increases. The dependence of 
Zeq on temperature for the three polymers can be 
compared with the help of the fragility parameter 
introdcued by Ange11.34 From the plot of Figure 8 it can 
be said that the behavior becomes “stronger” in the 
sequence PMMA-PEMA-PBMA. Numerically, the 
fragility parameter D is given by the equation 
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DT2 reg = A’ exp - T - T2 (10) 

As D characterizes the curvature of the z“q(T)  curves, it 
can be calculated fron the parameters B, T2, and In A 
of our model. Thus, each set of parameters in Tables 
2-4 determines a value for D, which was found by least- 
squares fitting. The value accepted for D was the one 
that minimized the difference between the teq(T)  curves 
calculated from (10) and from (9) with the parameter 
values from Tables 2-4. Because of the form of (9) and 
(101, the values of B and D are closely related. For a 
k e d  value of B the fragility parameter D increases in 
the sequence PMMA-PEMA-PBMA. 

The shape of the Pq(T) curves a t  temperatures above 
Tg can explain the widening of the peaks shown in 
Figure 5 as the side-chain length increases. A strong 
dependence of the relaxation times with temperature 
leads to a more rapid approach to  equilibrium during 
the heating scan and in this way to narrower and higher 
peaks in c,(T). Of course this kind of argument has to 
be considered with care, since the approach to equilib- 
rium depends on many factors, including the whole 
previous history (in fact, the values used in the calcula- 
tion are not the equilibrium ones). Probably, the 
decrease of the value of the parameter p has an 
influence on the shape of the calculated cP(n curves too. 

The values of Zeq(T) determined by DSC can be 
compared with the ones determined with viscoelastic 
or dielectric techniques. Figure 9 shows the ZM us Tk/T 
plot, ZM(T) being the viscoelastic relaxation time ob- 
tained on the basis of the arbitrary assignment of a 
value of 100 s to  the relaxation time in Tg and calculat- 
ing the relaxation times at different temperatures from 
the shift factor ~ T ( T )  = z(Z‘)Iz(T,) given in ref 32. The 
values of Tg in this calculation were the ones given in 
ref 32. Figure 10 shows the plot of the dielectric 
relaxation times ZD us Tk/T for the three polymers in 
this work obtained from ref 35. The relaxation times 
were calculated from isochronous curves of the imagi- 
nary part of the complex dielectric permittivity, &’, in 
the main dielectric, or a, relaxation region. The recip- 
rocal of the angular frequency of the measurement was 
taken as the relaxation time a t  the temperature of the 
maximum of the ~”(79 curve. Since no data for Tg are 
available for the samples used in ref 35, the Tg value 
used to  draw the diagram of Figure 10 is the temper- 
ature of the maximum of the E” us T curve measured at 
0.01 Hz, with a procedure analogous to that employed 
for viscoelastic results. Differences between DSC, dy- 
namic-mechanical, and dielectrical relaxation times 
have been reported for different glass-forming materi- 

They are attributable to  the different.kind of 
motion in the relaxation process probed by each tech- 
nique. Thus, dielectric “sees” the motion of the perma- 
nent dipole, which is located in our case in the lateral 
chain. The fact that dynamic-mechanical tests are 
relaxation processes whereas calorimetric and dielectric 
ones are retardation processes must also be taken into 
account when comparing the results of these tech- 
n i q u e ~ . ~  Finally, the procedure used to determine the 
mechanical and dielectric relaxation times was not 
exactly the same as that used for the calorimetric times, 
and this may have some influence on the results. This 
was due to the fact that for the polymers of this work 
the secondary /3 relaxation overlaps the main relaxation, 
and makes difficult an accurate determination of the 
parameters of the KWW equation from isothermal 
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Figure 9. Viscoelastic relaxation times for PMMA, PEMA, 
and PBMA, see text. 
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Figure 10. Dielectric relaxation times for PMMA, PEW, and 
PBMA; see text. 

dielectric or mechanical data. In our results the simi- 
larity of the behavior of the relaxation times determined 
by viscoelastic, dielectric, and calorimetric techniques 
is quite clear and supports the ability of the DSC 
technique, combined with a model for the structural 
relaxation, to  determine important features of the 
behavior of materials in the vitrification process. 

The determination of material parameters from DSC 
experimental results relies on a series of assumptions 
of the model: the KWW relaxation function and the 
expression for the dependence of the configurational 
heat capacity on temperature are two examples. It is 
interesting to analyze the influence of these choices on 
the material parameters obtained. In this work we 
focus on the last mentioned assumption. 

As discussed in ref 15, there is not enough experi- 
mental evidence to adopt a specific expression for Acc,(T) 
and reject others. The equations of the model of the 
present work allow us to use different expressions for 
Acp(T) and to  compare the results of the fitting proce- 
dure. The calculations were conducted using (7), with 
the values of TgAcp(Tg) given in Table 1, and also by 
taking Acp as a constant independent of temperature. 
The value taken for Acp in this case was determined 
from (6), at the temperature Tg - 30 “C.  This takes 
into account that at temperatures above Tg - 30 “C the 
heat capacity is slightly dependent on the thermal 
history (Figure 5) and thus has a certain configurational 
contribution. This value is also included in Table 1 for 
the three polymers. In Tables 2-4 the values of the 
parameters found by the search routine with B = 2000 
Jlg and the different expressions for AcP(T) are shown. 
The influence of the expression for Acp(T) on the Zeq(T)  

curve is very small and is not shown. This lends 
additional support to the determination of the Zeq(T) 

curve as a material function from the DSC results. The 
main influence of the AcJT) curve is on the values of 
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T2 and A, because both parameters correspond to the 
limits of the f q ( T )  curve a t  temperatures quite far from 
the experimental interval. Actually, the different curves 
selected for Ac,(T) for a given polymer are quite similar 
in the temperature interval from Tg - 30 “C to Tg + 20 
“C but diverge significantly outside this interval. 

5. Concluding Remarks 
The model for the structural relaxation process here 

employed permits the determination of significant fea- 
tures of the material behavior in the temperature range 
of the glass transition from a limited set of experimental 
DSC results. A “calorimetric” f g ( T )  curve and the form 
parameter /3 of the KWW relaxation function can be thus 
determined. 

The slope of the f q ( T )  curve at temperatures above 
Tg decreases in the sequence PMMA-PEMA-PBMA, 
in good agreement with data of the viscoelastic and 
dielectric main relaxation. 

The /? parameter of the KWW relaxation function 
decreases as the length of the side chain increases in 
the sequence PMMA-PEMA-PBMA. 
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