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A structural relaxation process similar to that in amorphous polymers has been found in
poly(y-benzyl-L-glutamate). Its kinetics has been determined by differential scanning calorimetry and
modelled using a phenomenological model. The parameters characterizing the shape and temperature
dependence of the distribution of recovery times have been compared with those describing the dielectric
relaxation process, occurring in the same range of temperatures. The process is ascribed to conformational
rearrangements of the side chains and is responsible for the glass transition and the WLF behaviour of

the dielectric relaxation described in the literature.
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INTRODUCTION

The main chain of poly(y-benzyl-L-glutamate) (PBLG)
in the solid state adopts an a-helicoidal conformation
when the polymer is obtained by casting from a
helicogenic solvent!'2. The «-helices are ordered in a
hexagonal lattice forming a paracrystalline phase in
which the side chains occupy the inter-helix space!~". No
definite structure has been detected in the side chains,
and a liquid-like behaviour has been proposed for them
when considered as a separate phase from the helices®!°.

Several properties, which usually characterize amor-
phous materials, are present in PBLG and are ascribed
to molecular movements of the side groups; thus a
mechanical and dielectric relaxation process has been
observed at temperatures above ambient. The depend-
ence of the temperature of the maximum with frequency
corresponds to the Williams—Landel-Ferry (WLF) be-
haviour, which is found in the «-relaxation of amorphous
polymers and other glass-forming materials and is
associated with the glass transition. This relaxation has
been studied extensively and is assigned to the onset
of side-chain movements when the temperature in-
creases''~!2, A change in the slope of the specific volume
versus temperature plot at 15°C has also been reported
and related to a corresponding change of slope of the
inter-helix distance versus temperature plot”'¢. Both
experimental facts lead to the idea of the existence of a
glass transition in the side-chain phase of the polymer.

The glass transition in amorphous polymers reflects
the transition between the liquid state, in which the
material is in thermodynamic equilibrium, and the glassy
state, not in equilibrium. A sudden change in the
temperature of the polymer is followed by a relaxation
process in which the specific volume, enthalpy and other
physical properties attain new equilibrium values. This
process is known as a structural relaxation process. When
the recovery time of the structural relaxation is much
smaller than the experimental time, the observed states
of the material are always in equilibrium states, and the
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polymer is said to be in the liquid state. When the
recovery time is of the order of magnitude of the
experimental times, states not in equilibrium are detected
and the polymer is said to be in the glassy state. The
transition between liquid and glassy states occurs in the
range of temperatures in which the structural recovery
time (which increases when the temperature decreases)
attains the order of magnitude of the experimental times.

The glass transition is closely related to the structural
relaxation. The aim of this work is to prove that the
origin of the transition found in PBLG is a structural
relaxation process similar to that observed in amorphous
polymers, characterizing this process by means of
differential scanning calorimetry. The dielectric relaxa-
tion spectrum will also be characterized in order to
establish a relationship between dielectric and structural
relaxation processes.

EXPERIMENTAL

The film (30 um thick) of PBLG with a degree of
polymerization of 1820, prepared by casting from
dichloromethane solution, was kindly supplied by Profes-
sor T. Nakagawa from Meiji University, Japan. The
sample was dried in vacuo for several days before
measurements were carried out. The i.r. spectrum
measured with a Perkin-Elmer 781 infra-red spectro-
meter is characteristic of the a-helical conformation in
the main chain.

Dielectric measurements were carried out in a GenRad
1620 A capacitor bridge, in the range of frequencies
between 60 Hz and 100 kHz. The sample used was gold
metallized.

The sample used in calorimetric experiments, weight
8.90 mg, was sealed in an aluminium pan. The same
sample was used in all the measurements. A Perkin—
Elmer DSC 4 calorimeter with a data station model 3600
was used. The thermal history of the experiments, carried
out in the calorimeter, started with annealing at 40°C
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for 10 min to ensure that the sample was in equilibrium
and also to eliminate the effect of previous thermal
histories. The sample was then cooled at 40°C min~!
until the ageing temperature T,, held at this temperature
for an ageing time t,, cooled again at 40°C min~! to
—50°C and then heated at 20°C min~! to 40°C. Data
were collected only on heating. The specific heat was
calculated by comparison with the result of a measuring
scan on a sapphire standard sample. The C(T) curve
measured after a thermal history with ¢, # 0 will be called
an ageing scan and the one with ¢, = 0 a reference scan.

RESULTS AND DISCUSSION

Figure 1 presents an example of the specific heat curves
measured after ageing and a reference scan. The curves
are similar to those found in amorphous polymers. The
glass transition appears in the range of temperatures
between — 10 and 40°C. The glass transition temperature
of ~26°C, calculated by the intersection of the enthalpy
versus temperature curves in the liquid and glassy states,
is higher than the value reported by dilatometric
experiments*, as happens in other polymers'>'S. The
increment of eathalpy suffered by the polymer during the
isothermal stage of the thermal history (Ah,) was
calculated from the difference between the ageing and
reference scans as described in ref. 15, The evolution of
the enthalpy with ageing time at T,=10°C and T, =
—5°C is represented in Figure 2. Again a plot similar to
that for amorphous polymers is obtained, showing the
non-equilibrium behaviour of the polymer at these
temperatures. The values of Ah, are practically indepen-
dent of the ageing temperature, which can be attributed
to the ageing time range used. The influence of T, will
be more apparent at higher ageing times!”.

Several phenomenological models have been proposed
for the structural relaxation, based on the idea of a
distribution of recovery times that is both temperature-
and structure-dependent!3-21,
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Figure 1 Curves of specific heat measured after ageing at T, = 10°C
for t, = 50 min (broken curve) and the reference scan (full curve). The
shaded area equals the increment of enthalpy of the sample during the
isothermal stage

*The omset glass tramsition temperature is 17°C, closer to the
dilatometric one
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Figure 2 Experimental enthalpy increment due to ageing at T, = 10°C
(O) and T,= —5°C (@), and the model predictions for the same
thermal histories, T, =10°C (a) and T,= —5°C (a). There are no
significant differences between both T, in either the experimental
behaviour or the model predictions. The full curve characterizes the
experimental behaviour and the broken curve the model predictions

The isothermal enthalpy recovery is described by
means of a decay function!8-2! following the Williams—
Watts?? form:

ta B
b, ta>=exp[—( j %) ] (1)

where 7 is a function of the temperature and of the
separation from equilibrium, the latter usually repre-
sented by means of the fictive temperature, T;. Several
expressions have been tested for 7(T, T;)'®2%3, In this
work, we will use the one recently proposed by Hodge?°
and deduced from the Adam and Gibbs?* theory:

D
= aoo{gri ) @

A, D and T, are three adjustable parameters, which also
define the values of t corresponding to equilibrium

(T=T,):
" -D
e cxP(R(T— T2)> ®)

The parameter B in (1) defines the width of the
distribution of recovery times, so a total of four
parameters characterize the structural relaxation process.

A reference temperature Ty is defined in this work as
the temperature at which the value of 7°equals 1 s, so:

—-D
A=z 7) @

Ty is a more useful parameter than A for the interpreta-
tion of the results because it is close to the experimental
temperature range.
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Figure 3 Experimental curves of dT;/dT for several thermal histories.
The full curve represents the best fit found with the model. The broken
curve represents the best adjustment found keeping fixed the parameters
Ty =32.62°C, T, = —41°C and D=6 kcal mol™!. {a) Result without
ageing (t, =0); (b) T,=10°C, t, = 100min; (c} T,= —5°C, t,=100
min; (d) T, = 10°C, t, = 500 min; () T, = —5°C, ¢, = 500 min

The experimental data are usually represented in terms
of the fictive temperature. Its derivative with respect to
temperature acts as a normalized specific heat:

4T, _ (G~ GiT)

dT (G — G UTh)
where C,(T) and C,(T) are the specific heats of the
liquid and the glass respectively.

Figure 3 shows the dT;/dT curves calculated from the
specific heat curves measured after ageing at 10°C and
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—5°C for times ranging between 100 and 500 min. For
the ageing temperature of 10°C the peak in d7;/dT
overlaps the high-temperature side of the transition and
shifts towards high temperatures when the ageing time
increases, as expected for an ageing temperature close to
T,. The curves measured after ageing at —5°C show a
peak at lower temperatures within the range of the
transition. These peaks reflect an increase of the enthalpy
at those temperatures, moving in the opposite direction
to that of approaching equilibrium, and have been related
to the memory effect®>.

The thermal histories of the experiments have been
computer-simulated using the expressions (1) and (2).
The cooling or heating stages were substituted in the
computer program by a series of steps of 1°C and
isothermal stages leading to the same average thermal
history. The four parameters of the model were adjusted
to the experimental results using the Nedler and Mead
method?®.

A strong correlation between the four parameters of
the model was found, so several ensembles of values of
the parameters fit the experimental curve with similar
accuracy. This has been detected in other models and
polymers!®-27,

In this work the fitting procedure was the following.
The curves measured after thermal histories with the
highest ageing time at 10°C and —5°C were fitted with
fixed values of the parameter D looking for the best
adjustment when changing the other three parameters.
On both series of curves a systematic dependence of T,
with D was found. The value of Ty is nearly independent
of D and f changes slightly (more clearly for T, = — 5°C).
The results are shown in Table 1. It is interesting to note
that different pairs of values of D and T, lead to similar
curves of t°¢ versus 1/T in the experimental range of
temperatures of the ageing experiments.

A value of D=6kcal mol™ ! is the one which best
reproduces the low-temperature ageing peaks at T,=
—5°C with a reasonable fit of the curves as a whole. It
was thus selected in the fit of the curves corresponding
to the rest of the ageing times. The values of the
parameters are given in Table 2 and in Figure 3 the
calculated curves are represented by full curves.

The systematic changes of the parameters of the model
have also been reported in other polymers in different
phenomenological models?”+28, and it is difficult to give
an interpretation of this within the framework of the
theory. Nevertheless the equilibrium curves correspond-

Table 1 Parameters calculated at a single ¢, of 500 min (62 is the
residual error variance)

D
T, t, (kcal Ty T,
C) (min) mol™!) (°C) 0 B é
10 500 3 35.0 —233 0.23 0.00331
10 500 4 36.2 —-29.0 0.22 0.00245
10 500 5 35.0 —345 0.24 0.00110
10 500 6 34.7 —384 0.24 0.00007
10 500 7 34.6 —43.8 0.25 0.00005
10 500 8 345 —49.2 0.25 0.00006
-5 500 5 31.7 —30.3 0.27 0.00410
-5 500 6 324 —36.6 0.30 0.00145
-5 500 7 31.6 —433 0.31 0.00113
-5 500 8 319 —-50.2 0.32 0.00095
-5 500 9 321 —56.7 0.33 0.00079
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Table 2 Parameters calculated with a fixed value of D = 6 kcal mol ~!

D
T, t, tkeal Ty T,
C) (min) mol™") (°C) C) B é*

- 0 6 28.6 —244 0.22 0.00376
10 10 6 30.6 —350 0.34 0.00482
10 20 6 327 —40.2 033 0.00440
10 50 6 313 —409 0.29 0.00097
10 100 6 325 ~37.6 0.30 0.00415
10 200 6 34.2 —42.6 0.25 0.00094
10 500 6 347 —384 0.24 0.00007

-5 10 6 30.8 —39.5 0.33 0.00105
-5 20 6 31.0 —424 0.31 0.00079
-5 100 6 310 —389 0.31 0.00168
-5 200 6 31.1 —36.3 0.33 0.00311
-5 500 6 324 —36.6 0.30 0.00145
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Figure 4 Equilibrium values of 7°%. The open circles are values found
in dielectric measurements, t° = 1/w,,,. The values found in calorimetric
experiments for the different thermal histories are between the two full
curves. The broken curve is the average curve used for the last
adjustment (see text)

ing to the parameters obtained for different thermal
histories fall in a narrow strip in the diagram of log ¢*¢
versus 1/T (Figure 4). The curve with parameters
D =6kcalmol ™!, T, = —41°C and T = 32.62°C can be
taken as an average. When the different curves are fitted
with these values of D, T, and Ty, a value of § ranging
between 0.25 and 0.36 is found (Table 3) with an
acceptable fit to the experimental curves (broken curves
in Figure 3). The dependence of § on the thermal history
cannot be avoided without an important separation of
the calculated curve from the experimental points.

It can be concluded that the t°? curve marked in
Figure 3 by a broken curve and a value of § ranging
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between 0.25 and 0.36 gives a good description of the
structural relaxation of PBLG. These values will be
compared below with the ones found in the dielectric
relaxation.

The values of Ah, predicted by the model are higher
than observed experimentally (Figure 2). In the model
predictions the influence of T, on Ah, within the
experimental ageing times is small, as happens with the
experimental values.

The dielectric relaxation spectrum of PBLG shows a
prominent peak at temperatures above the glass transi-
tion temperature. Figure 5 shows the ¢” (imaginary part
of the complex dielectric permittivity) curves determined
in the range of temperatures between 15.5 and 74.5°C.
The Williams-Watts?? decay function can also be
used to model the dielectric relaxation in equilibrium
conditions:

o(1) = exp[ — (t/7)"] (5)

and the complex dielectric permittivity can be calculated
by means of:

s:‘(w—)—&=f°° <_m) exp(—iwt)dt  (6)
€0 — Eqp d

As in structural relaxation, the single parameter f3

— U

Table 3 The B parameters that give the best fits using the average t
curves

Ta tl TB tﬂ
(°C) (min) g 6’ (°C)  (min) B é’
10 10 035  0.00565 -5 10 032 0.00281
10 20 033 0.00474 -5 20 028  0.00268
10 50 030  0.00095 -5 50 035  0.00371
10 100 030  0.00623 —-5 100 031 0.00171
10 200 026 0.00156 ~5 200 032 0.00374
10 500 025 000642 —-5 500 029 0.00227

1
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defines the shape of the distribution of relaxation times.
This distribution and the plot of ¢”/(¢q — £,) vs. log(wt,)
or &' /ey vs. log(f/f,) are only dependent on the value
of B. A series of those curves were determined by Williams
et al.*® A master curve ¢”/el, vs. log(f/f,,) obtained from
our results is represented in Figure 6. The superposition
is good at the maximum and on the high-frequency side
of the curves, but scattering is marked on the low-
frequency side. On this plot, the curve corresponding to
the model with §=0.35 is represented. The agreement
between the model and the experiment is excellent on
the high-frequency side of the master curve. The value
of f is very close to that found in the structural relaxation
process, indicating that the width of the relaxation time
spectrum which governs both processes is very similar.

The maximum of the model curves appears at a
frequency slightly below 1/1,. Nevertheless the difference
is small and a good approximation to 14, in order to
compare it with the equilibrium recovery times of the
structural relaxation, is 1y = 1/w,, = 1/27f,, f,, being the
frequency at which &” goes through the maximum.

In Figure 4 the values of log(zy) for the different
temperatures are represented. The characteristic curva-
ture of this plot, corresponding to WLF or Vogel
behaviour, is apparent. As found in amorphous polymers,
there is no coincidence between the equilibrium recovery
times determined by means of the dielectric and structural
methods; nevertheless the range of temperatures is very
different in this experiment and low-frequency dielectric
or mechanical measurements would be necessary to reach
further conclusions.

The nature of the glass transition in amorphous
polymers can be understood by the application of
statistical thermodynamic theories. The thermodynamic
variables of a liquid in equilibrium are determined by
the number and energy of the possible configurations of
the chain molecules, through the partition configura-
tional function. The number of ways in which the chain
molecules can be packed in the bulk phase diminishes
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Figure 5 Dielectric relaxation spectrum &” vs. log(f): (a) (+) T =15.5°C, (x) T=249°C, (W) T=349°C, (a) T=44.8°C, (v) T =54.6°C, (O)
T=64.6°C, (@) T=745°C; (b) (O) T=204°C, (x) T=29.9°C, (W) T=39.8°C, () T=49.5°C, (v) T=59.6°C, (O) T = 69.4°C
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Figure 6 Master curve log(e”/¢y,) vs. log(f/fn). The full curve is the
curve calculated with the William—Watts model with § = 0.35. Points:
(O) T=15.5°C, (+) T=204°C, ((0) T=24.9°C, (a) T=29.9°C, (@)
T=349°C, (x) T=398°C, (0) T=448°C, (v) T=495C, (a)
T=54.6°C, (v) T=59.6°C, (@) T =64.6°C

when the temperature decreases, with smaller values of’

the configurational entropy.

An equilibrium second-order transition is predicted
when the configurational entropy vanishes, at tempera-
ture T, (ref. 30). Nevertheless this equilibrium transition
is not experimentally attainable because, when the
temperature decreases from well above T,, the time
required for the conformational rearrangements increases
as the number of available states for the polymer
decreases. This takes the material out of thermodynamic
equilibrium. The transition to the glassy state takes place
at a temperature about 50°C above the theoretically
predicted T,, when a critical value of the probability of
conformational changes is attained. This probability also
controls the viscoelastic or dielectric main relaxation
process in amorphous polymers and its dependence
on temperature, and yields the characteristic WLF
behaviour of the viscoelastic and dielectric mean relaxa-
tion times24-31,

In PBLG, the partition configurational function
should be mainly determined around room temperature
by the number and energy of the possible conformations
of the side chains, since no conformational changes in
the a-helices have been detected in this range of
temperatures®-32,

At high temperatures the number of states available
to the material is high, the interaction between close
chains being small. As the temperature decreases, the
inter-helix distance diminishes’. The number of ways of
packing the side chains together decreases because of this
proximity, and thus the probability of conformational
changes decreases. The process leading to the glass
transition can be understood analogously to what
happens in amorphous polymers.

When an electric field is applied to the material, the
orientation of the permanent dipole of the COO group
is produced by means of conformational rearrangements
of the side chains, and the dielectric relaxation times are
also governed by the probability of those rearrangements
leading to WLF behaviour.

The value of the g parameter, which defines the width
of the structural and dielectric relaxations, supports the
same molecular origin for both processes. The differences
found in the values of the equilibrium recovery time, also
‘encountered in amorphous polymers, have not been
explained so far.
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CONCLUSIONS

The PBLG exhibits, around ambient temperature, a
structural relaxation process that is characteristic of a
glass transition similar to that found in amorphous
materials. The structural relaxation process has been
characterized using the Adam-Gibbs-Vogel (AGV)
phenomenological model, showing a behaviour very
similar to that of amorphous polymers. The T, deter-
mined by d.s.c.is ~26°C. A dielectric relaxation appears
at temperatures above T,. The parameter characterizing
the width of the dielectric relaxation in the Williams—
Watts model is similar to the one which determines the
width of the recovery time distribution in the structural
relaxation process. Both relaxation processes are ascribed
to conformational rearrangements of the side chains in
the inter-helix space.
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