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Summary: Statistical copolycarbonates containing different bisphenol
Aftetramethyl bisphenol A (BPA/TMBPA) molar ratios were synthesized by
polycondensation reaction between a mixture of the two bisphenols and phosgene.
The reaction conditions were selected for producing polymers having comparable

molecular weights (M, ~9000 g/mol) but different composition, and the same

composition but different molecular weights.

The calorimetric properties of the products were investigated by differential
scanning calorimetry (DSC) and dynamical-mechanical thermal analysis
(DMTA). In particular, the effect of the copolymers molecular characteristics on
the glass transition temperature (Tg) and the related relaxation processes were
studied.

DMTA was employed for evaluating the effect of macromolecular structure on
the y low temperature relaxation peak.

Keywords: copolymers; enthalpy relaxation; glass transition temperature;
polycarbonate

Introduction

Understanding the correlation between structure and properties, is a fundamental requisite for
tailoring the performances of the polymeric materials, as a function of the final application. In
the case of aromatic polycarbonates, the knowledge of these relationships is essential to
design high performance materials that could be employed in the field of optical devices for

data transport and storage [1].
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In this work the thermal properties of aromatic polycarbonates, synthesized starting from
bisphenol A (BPA) and/or tetramethyl bisphenol A (TMBPA), were studied. In particular, the
influence of polymer chemical structure and average molecular weight on the glass transition
temperature (Tg) was investigated by differential scanning calorimetry (DSC) and the
experimental data were compared to the Fox and Fox-Flory equations {2,3].

Since amorphous polymers below their T, are not at equilibrium and their structures
continuously relax in attempt to reach the equilibrium state, the structural recovery behaviour
of the materials having the same M, but different BPA/TMBPA molar ratio was
characterized on the basis of the Tool-Narayanaswamy-Moynihan (TNM)/Kohlraush-
Williams-Watts (KWW) model [4]. In the model there are four independent parameters: the
apparent activation energy (4h*), the non-linearity parameter (x), the non-exponentiality
parameter (f) and the pre-exponential factor (7). Experiments at different cooling rate [5]
were carried out to evaluate A#* and an estimation of x and £ was proposed using the
normalized upper peak height [6]. The glass transition phenomena were also interpreted in the
light of the fragility concept originally proposed by Angell [7]. The Ah* parameter of the
model was discussed in term of the relationship between relaxation and copolymer
composition.

Finally, the macromolecular structure influence on low temperature y transition was studied

by dynamical-mechanical thermal analysis (DMTA).

Result and discussion

1. Materials

Homo-polycarbonates and statistical copolycarbonates containing different bisphenol
Altetramethyl bisphenol A (BPA/TMBPA) molar ratio were synthesized by polycondensation
reaction between bisphenol(s) (or a mixture of two) and phosgene. The reactions (see scheme)
were carried out at 5°C in toluene, using amines as acid acceptors [8]. The reaction conditions
were selected for obtaining materials with different BPA/TMBPA content but analogous
number average molecular weight (M_ ~9000 g/mol), or same composition but different M, ;
this is essential if the effect of the macromolecular structure and molecular weight on thermal

properties must be studied.
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The composition of all copolymers was evaluated by "H-NMR and FT-IR spectroscopy while
gel permeation chromatography (GPC) and viscosity measurements were carried out to

determine the molecular masses.
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The molecular characteristics of some synthesised polymers are summarized in Table 1.

Table 1. Molecular properties of polycarbonates synthesized.

Sample BPAY TMBPA® M, » M, P
%-mol %-mol g/mol g/mol
P-TBPA - 100 9060 18830
P-TBPA - 100 4970 9370
P-TBPA/BPA 50/50 50 50 5980 9640
P-TBPA/BPA 50/50 50 50 8020 18820
P-TBPA/BPA 50/50 50 50 8470 23820
P-TBPA/BPA 05/95 95 50 9420 20820
P-BPA 100 - 2370 4110
P-BPA 100 - 12000 22600
P-BPA 100 - 18700 31000
P-BPA 100 - 23000 38400

% calculated from 'H-NMR spectra.
® GPC data evaluated using polystyrene standards.
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2. Thermal properties and glass transition phenomena of materials

2.1. Molecular structure and T,

The influence of copolymer composition and number average molecular weight on glass
transition temperature was studied by DSC. In Figure 1.a the T, values of the copolymers
having M, =9000 g/mol were plotted as a function of TMBPA content and in the same figure
the experimental data were compared with the Fox prevision [2]. Higher stiffness of the
polymeric chains was observed when the tetrametyl bisphenol A content increases, being
136°C, 161°C and187°C the Tg values for P-TBPA/BPA 5/95, P-TBPA/BPA 50/50 and P-
TBPA, respectively. It should be noticed that the difference between the experimental and
theoretical data is substantially due to the lower T, value of 5/95 P-TBPA/BPA copolymer
(136 °C), respect to BPA homopolymer (140 °C).

The specific heat capacity of glass transition increases with tetrametyl bisphenol A content,
too. In fact AC, of 0.235 (J/g°C), 0.267 (J/g°C) and 0.270 (J/g°C) were obtained respectively
for 5%-mol, 50%-mol and 100%-mol of TMBPA.
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Figure 1. a) effect of TMBPA content on the T, and the Fox prevision; b) effect of M, on T,
of polycarbonates of bisphenol A (P-BPA).

The influence of number average molecular weight on Tg for materials with the same
composition has been also evaluated. In general, for all materials, T, increases with IT/I—n until

an asymptotic value (T(c0)) is attained and the observed Ty does not vary with the molecular
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weight. This is expressed in the following equation, given by Fox and Flory [3], with the limit
of an overestimation of Ty(0) for a material having high molecular weight [9]:

Ty = Tg(0) - /M, 0y
where Tg(c) is the limiting T, at high molecular weight and k is a constant related to the
volume of chain ends.

In Figure 1.b the T, as measured by DSC is plotted as a function of 1/M_ for polycarbonate
of bisphenol A (P-BPA). The slopes and intercepts evaluated with equation (1) for samples
containing 0, 50 and 100 mol-% of TMBPA are summarized in Table 2.

Table 2. k parameter and Ty(0) evaluated using the Fox-Flory equation.

Copolymer k10 T
(gK/mol) ®
P-BPA 1.75 437
P-TBPA/BPA 50/50 1.70 453
P-TBPA 1.51 477

It should be observed that k decreases if the TMPBA content increases, suggesting that the
free volume of the end groups plays progressively a less role. This fact could be explained

considering that if the chain stiffness increases the end groups mobility decreases.

2.2. Enthalpy relaxation

The procedure adopted here for the analysis of DSC data follows a well-recognized approach.
Tt is assumed that the relaxation time(s) (z) for enthalpy relaxation depends on both the
temperature (T) and the structure of the glass, identified by its fictive temperature (Ty),
according to the so called Tool-Narayanaswamy-Moynihan (TMN) equation [10]:

L""Jr(l-x)Ah'} @

(T, T)=1,€
( f) [} Xp|: RT RTf

where 17 is the value of 7 in equilibrium at infinitively high temperature, Ak" is the apparent
activation energy for enthalpy relaxation, and x (0<x<1) is the non-linearity parameter
identifying the relative contributions of temperature and structure to the relaxation(s) time.

Equation (2), though, is written for a single relaxation time and it is well known that a

distribution of the relaxation times is required to describe the relaxation kinetics [11]. A
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continuous spectrum can be introduced by means of the stretched exponential function or

Kohlrausch-Williams-Watt (KWW) equation [12]:

Y
90 = exp{— [;) } 3

The exponent S (0<6<1) is the non-exponentiality parameter inversely proportional to the
width of the corresponding distribution of relaxation times, and 1 is given by eq.(2).

Equations (2) and (3) when combined with a constitutive kinetic equation in which the rate of
approach to equilibrium is proportional to the departure from equilibrium, are sufficient to
describe the response of a glass to any thermal history.

The intention, here, is to evaluate the apparent activation energy Ak, introduced in (2), in
order to estimate the effect of the copolymer composition on the relaxation processes. In this
respect, a set of experiment in which the sample is cooled at different constant rates before
immediately scanning in DSC is required. As example, Figure 2.a shows the behaviour of P-
TBPA. The dependence of the Tt from the cooling rate g, may be written as follows [13]:

_an*_dfindgp]
R dUT,

)

The Ty for a given cooling rate is obtained by the equal areas method [14] and Ak is then
evaluated from the slope of the plot of In[|g.|] vs [1/77], as illustrated in Figure 2.b. The results

for all the samples tested are summarized in Table 3.

Table 3. Ah" evaluated for copolymers having different composition.

Copolymer M, Ah” R
(g/mol) (kJ/mol)
P-TBPA 9060 1592 0.992
P-TBPA/BPA 50/50 8470 1522 0.992
P-TBPA/BPA 05/95 9420 1415 0.996

Since the relaxation is a highly co-operative process, the measured apparent activation energy
is not in itself representative of the activation energy of the fundamental molecular process. In
fact, it can be shown [15] that the primary activation energy E, of the fundamental molecular

process is related to the apparent activation energy through the non-exponentiality parameter:

E,=an'p ®
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The implication is that for any given primary process, the broader the distribution of the

relaxation times is, the greater will be the co-operativity necessary between molecular

segments participating in the relaxation, and the greater will be the apparent activation energy.
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Figure 2. a) Heating scans at 10°C/min for P-TBFA sample (6.5 mg) cooled at the rates
indicated against each curve and immediately reheated in the DSC. All the cooling and
reheating scans, concerning an experiment, were run on the same sample. Only a part of the
complete scans from 137 to 330°C are shown here for clarity. b) Plot of In(cooling rate) vs
reciprocal fictive temperature for cooling traces shown in a). The full line represents the least-

squares fit to the data.
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As reported in Table 3, an increase of the T-PBFA content in the copolymer correspond to an
increase of 4h" value. These results could be also interpreted in terms of fragility concept,
developed by Angel in 1985 [16] for classifying the simple glass forming liquids behaviours.
In this view, strong liquids are characterised by stable structure and properties that do not
dramatically change from the liquid state to the glassy state. On the other hand, for fragile
liquids such structures are unstable and properties changes are more evident. This is valid for
the thermodynamic response (e.g. specific heat capacity) and the transport properties (e.g.
viscosity).

Generally, the fragility can be defined from the relaxation time associated with the glass
transition, plotted as a function of T,\T: in this representation, it describes the departure from
the linear Arrhenius behaviour (strong liquid). The fragility parameter (m) corresponds to the
limiting slope of the curve described above. While it is known that m increases with T [17]
and the transition temperatures of P-TBFA/BFA 5/95, P-TBFA/BPA 50/50 and P-TBPA are
respectively 136°C, 161°C and 187°C, we can deduce that at higher content of TMPBA in the
copolymers corresponds a higher fragility.

In this respect, the experimental data reported in Figure 3 show an increase both of AC, and
enthalpy relaxation peak, going from 5% to 100% of TMPBA. These increase of fragility with
the number of the methyl groups can be attributed to the modified ability for intermolecular
coupling or cooperativity due to the introduction of steric constraints. In fact, as Plazeg and
Ngai pointed out [18], there is a clear correlation between fragility and cooperativiy parameter
determined in the coupling theory. In this view, compact chemical structures with less steric
hindrance will be less fragile than other will.

An estimation of the non-linearity (x) and non-exponentiality (f) parameters introduced in
equations (2) and (3) is also proposed. The same set of cooling rate experiments for the
evaluation of 4h* may be used to estimate the parameters £. As shown in Figure 2.a, for each
cooling rate the heating scan displays the so-called upper peak [19].

The normalized heat capacity (Cp,") at the upper peak temperature (7;) can be evaluated
using the definition of the normalized heat capacity (C,") reported in the following equation:

c,(n)-c,, (1)
AC

p

O ©®
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where AC,, is the heat capacity increment between the glassy and liquid state. Since Cy,; and
Cpg are both to a certain extent temperature dependant, the evaluation of AC, needs to be
made at a specified temperature. Here, AC, was found at the fictive temperature of

unanneated samples cooled at 10°C/min.
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Figure 3. Comparison of the heating scans at 10 °C/min ot the bis phenol A (BPA) and
tetramethyl bisphenol A (TMBPA) copolymers cooled at 1.2 °C/min.

The magnitude of C," at the upper peak depends on the ratio of cooling rate (¢.) to heating
rate (g»), on the parameter 5, and, to a lesser extent, on the parameter x. The theoretical
dependence of C,,” on log(lg.l/gs) for various combination of values of 8 and x [19] are
reported in Figure 4.a and 4.b, while experimental curves relative to P-TBPA, P-TBPA/BPA
50/50 and P-TBPA/BPA 5/95 are reported in Figure 4.c. By comparing experimental data
with theoretical curves, we can estimate that £ and x for all analyzed samples lie in the range:
x<0.4 and 0.456<f<0.6. 1t should be noted that the Cp,,,N curve of the P-TBPA is the highest,
while those related to P-TBPA/BPA 50/50 and to P-TBFA/BPA 5/95 are nearly

superimposed, suggesting a higher # value for the homopolymer.

Other methods of analysis to evaluate x and fvalues are reported. The results of a three
parameters curve-fitting method reported in Table 4 confirm our previously estimation. These
values are obtained minimizing the sum of squared differences between the experimental and
predicted C;"(7), using a home-made FORTRAN program [20,21].
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Figure 4. a) The theoretical dependence of Cp,,,N on log(ig./qy) for various combination of
values of f# and x=0,4 [19]. b) The theoretical dependence of Cp‘uN on log(lg.l/gy) for various
combination of values of x and $=0.3 [19]. ¢) Experimental curves of Cp,uN on log(lgV/qw)
relative to P-TBPA, P-TBPA/BPA 50/50 and P-TBPA/BPA 5/95. For each material AC, of
equation (6) was found at the fictive temperature of unannealed sample cooled at 10°C/min.

Table 4. x, B and 1, evaluated for copolymers with different composition.

Copolymer x B -Ln(w) R
(min)
P-TBPA 0.265 0.521 4183 0.983
P-TBPA/BPA 50/50 0.268 0.471 4248 0.982
P-TBPA/BPA 05/95 0.287 0.465 419.5 0.988

© 2005 WILEY-VCH Verlag GmbH & KGaA, Weinheim




27

The predicted and the experimental C,"(7) relative to P-TBPA/BPA 5/95, P-TBPA/BPA
50/50 and P-TBPA are reported in Figure 5.a, 5.b and 5.c, respectively. It should be noted that
all the experimental data are well fitted except the final part of the relaxation peak, where a
mismatch can be clearly observed. This is probably due to a bi-modal distribution of the
relaxation times, revealed by the non-symmetric shape of the peaks. In order to improve our
model prediction, a modified TNM modelling procedure that take in account a bi-modal

distribution of the relaxation times is in progress.

On the other hand, with the peak shift method an overestimation of x values, respectively
0.48, 0.48 and 0.45 for P-TBPA/BPA 5/95, P-TBPA/BPA 50/50 and P-TBPA, is obtained.

The limit of this method was previously described by McKenna and co-worker [22].
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Figure 5. Normalized heat capacity (CPN) vs. temperature (7) during heating at 10°C/min for
P-TBFA/BPA 5/95(a), P-TBFA/BPA 50/50 (b), P-TBFA (c), cooled at the rates indicated in
the legends. The keys represent experimental CPN heating curves, while solid lines are the CFN
heating curves calculated from the three parameters curve-fitting procedure.
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2.3. Effect of structure on y transition

DMTA analysis of homopolymers and copolymers was performed at different frequencies
(0.05 to 50 Hz) and temperatures (-150 °C to 140 °C). All materials evidenced a secondary
relaxation (y) below glass transition, in the low temperature range. The y peak temperature
presented a marked increase on increasing TMPBA content: T, = -95 °C, -93 °, -35 °C, + 60
°C (at 1.58 Hz) were recorded for P-BPA, 5/95 and 50/50 P-TBPA/BPA, P-TBPA
respectively (Figure 6).

v transition in P-BPA is attributed to cooperative motions of chain segments with a correlation
distance of about 7 monomeric units [23]. As long as TMBPA units in the copolymer are
closely spaced (less than about 7 BPA units) a marked increase of chain stiffness even in short
range motions is observed as indicated by the T, shift.

In the 50/50 P-TBPA/BPA copolymer, a v peak wider than in homopolymers was also
observed (Figure 6). This was attributed to a distribution in the length of the monomeric units

sequences as resulting from the random copolymerization reaction.
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Figure 6. Tan & peaks in the vy transition region of the copolymers at 1.58 Hz.
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Conclusions.

Statistical copolycarbonates containing different bisphenol A/tetramethyl bisphenol A molar
ratios were synthesized by stepwise polymerization. Products having analogous number
average molecular weight but different TMBPA content showed higher Ty when
tetramethylated monomer content increases; a linear trend of T, versus M, was observed.
This clearly suggests that a increment of macromolecular stiffness occurs increasing the
tetrametylated unit quantity.

This is also confirmed by the experimental values of 4#* which suggest the increase of the
methyl groups introduces a steric constraints modifying the ability for intermolecular
coupling or cooperativity.

An estimation of non-linearity and non-exponentiality parameters was performed comparing
the theoretical curves of the normalized upper peak height with the experimental data. The
estimated range for these parameters are in good agreement with the values obtained by fitting
method, already in progress.

The presence of tetramethylated units in the macromolecular chain strongly affects the shape
and the position of the y low temperature relaxation peak. In detail, wider peaks shified to

higher temperature are observed if the TMPBA content is increased.
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