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Two phase transitions have been found in poly(y-stearyl-L -glutamate) by using differential scanning
calorimetry (d.s.c.) and X-ray diffraction techniques. These transitions define the existence of three phases,
A, B and C, in order of increasing temperature. The A-B transition involves both the melting of the
side-chain crystallites and the rearrangement of the helices. The kinetics of side-chain crystallization and
those of the formation of phase B are determined by d.s.c. The side-chain mobility in phase A has been
studied by measuring the dielectric relaxation spectrum of the sample as a function of the degree of

crystallization.
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INTRODUCTION

Watanabe et al.! have made a systematic study of the
structure and thermal behaviour of a series of poly(n-
alkyl-glutamate)s including paraffin side chains of up to
18 carbon atoms. Although the polypeptide backbone
adopts the rigid conformation of the « helix in all cases,
it is the constitution of the side chain which actually
determines the supramolecular organization of the
polymer. A crystalline microphase made up of side chains
appears when they contain 10 or more methylene units.
Consequently, a biphasic microstructure is generated in
which the o« helices become aligned in layers with the
side-chain crystallites located between them (phase A).
The melting of the paraffin crystallites causes a complete
reordering of the microstructure, which usually gives rise
to a cholesteric liquid phase (phase C). Although in
certain cases evidence exists that the process occurs
through an intermediate hexagonal phase made up of
double helices (phase B)':?, neither the formation
mechanism nor the structure of these phases is in general
well characterized. In particular, for poly(y-stearyl-L -
glutamate) (PSLG), the microstructure described for
phase A is characterized by an interlayer distance of
32.7 A*, with approximately half of the polymethylene
side chain incorporated in the paraffin microphase with
a triclinic structure. Only the transition A—C has been
observed in the thermal treatment of this system!.
Further evidence of the main chain conformation and
the side chain crystallization and melting temperature
were obtained recently by Yamanobe et al.> by means
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of 13C nuclear magnetic resonance (n.m.r.) experiments
on PSLG.

This paper reports a study on the crystallization
process and mobility of the side chains of PSLG using
differential scanning calorimetry (d.s.c.), X-ray diffraction
and dielectric measurements. It shows that, in keeping
with the behaviour observed in other poly(y-alkyl-L -
glutamate)s with shorter side chains, an intermediate B
phase seems to be adopted by this polymer.

EXPERIMENTAL

The sample used in this study was supplied by Professor
K. Yoshioka of the University of Tokyo. It was obtained
by transesterification of poly(y-methyl-L -glutamate)
(M, ~5x 10*) with stearyl alcohol using hydrogen
chloride as the catalyst. The 200 MHz 'H n.m.r. spectrum
is as expected for this polymer and no signal correspond-
ing to the methyl carboxylate group was detected. On
the other hand, gel permeation chromatography (g.p.c.)
of this sample in dichloromethane proved that the
transesterification reaction proceeded with no significant
degradation. Elementary analysis proved that a replace-
ment of at least 95% of the methyl ester groups had been
achieved.

Films =30 um thick were used throughout this work.
They were obtained by slow evaporation of a solution
of the polymer in dichloromethane. The remaining
solvent was removed by immersion in ethanol and drying
under vacuum until constant weight was achieved.

The calorimetric measurements were made with a
Perkin—Elmer DSC 4 differential scanning calorimeter
on a single encapsulated sample. All the thermal
treatments were carried out inside the calorimeter. The
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dielectric measurements were made with a capacitor
bridge General Radio 1620 A, using a sample metallized
with colloidal silver.

The X-ray digrams were registered on flat films in a
Statton type camera (W. Warhus, Wilmington, DE,
USA) using Ku copper radiation filtered with nickel and
provided with a temperature control stage. The accuracy
of the thermal measurement is + 5°C. Polymer films were
placed with the surface either parallel (edge view) or
normal (transverse view) to the X-ray beam direction.
Continuous X-ray diffractograms were recorded in a
Siemens D-500 diffractometer with Ka(w) radiation
provided with a TPK-A Park heating stage and a
scintillation counter.

RESULTS AND DISCUSSION

Phase transitions in PSLG

The structural changes which occur in PSLG when it
is heated from room temperature up to 120°C have been
followed by X-ray diffraction and d.s.c. Figure I shows
a d.s.c. thermogram in which two transitions at =63 and
~89°C can be seen. These define the existence of the
three phases A, B and C in accordance with the general
behaviour observed in poly(y-n-alquil-L -glutamate)s.
The increase in enthalpy associated with the A-B
transition is ~70 J g~ !; that corresponding to the B-C
transition is only ~1J g~ !. In both cases the increase
in enthalpy was found to depend on the thermal
history of the sample, as will be seen later.

An X-ray diagram at 25°C of a PSLG film registered
with the radiation parallel to its surface is shown in Figure
2a. A Debye—Scherrer diagram with the same spacings
is obtained when the radiation is incident perpendicular
to the surface of the film (Figure 2b). Analysis of these
diagrams agrees essentially with the layered structure
proposed by Watanabe! if it is assumed that the
crystallites adopt an uniplanar orientation in the sample.
The intense equatorial reflection with a spacing of ~32 A
clearly corresponds to the interlayer distance and
characterizes the phase A present at this temperature.
Heating above 63°C causes both the disappearance of
every reflection arising from the crystalline paraffin
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Figure 1 D.s.c. thermogram of a sample of PSLG maintained at 120°C
for 10 min and cooled at 40°C min~! to 15°C
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Figure 2 X-ray diagrams obtained from a film of PSLG under the
following conditions: (a) 25°C, edge view; (b) 25°C, transverse view;
(c) 75°C; (d) 120°C. In both (a) and (b) the orientation of the film is
vertical

microphase and the shortening of the equatorial spacing
to 26.8 A. A partial loss of orientation is observed in
addition (Figure 2c). When the heating process is
followed under a polarizing optical microscope, a
momentary disappearance of the birefringence is observed
at 63°C. This is spontaneously recovered as soon as the
temperature rises by a few degrees. Such an observation
suggests that the A-B transition implies not only the
melting of the polymethylene side chains but also a
rearrangement of the helices within the crystals.

The diagram registered at 120°C (Figure 2d) consists
of a single diffuse reflection centred at 24.7 A, which seems
to indicate that a subsequent microstructural modifica-
tion must be involved in the B-C transition. Definitive
evidence of the displacement of the 27 A reflection to a
spacing of 24.7 A is obtained by following the evolution
of the radial profile of the X-rays diffracted by a film of
the sample subjected to temperatures from 90 to 120°C
(Figure 3). In the parent polymer, poly(y-dodecil-L -
glutamate), meridional reflections characteristic of a
double helix have been observed within the temperature
range of the existence of phase B2, In PSLG we have not
observed changes in the birefringence at temperatures
where the B-C transition occurs, which would be
expected if a double to single helix conversion had taken
place. Moreover the X-ray diagrams obtained in phase
B do not show any evidence for a double helix. Although
our experimental results are insufficient to characterize
the structural forms present in phases B and C, they do
allow us to conclude that at temperatures higher than
the melting temperature of the side chains, helices are
able to arrange themselves in modes defined by spacings
at 26.8 and 24.7 A, respectively. Therefore, the thermal
transition observed by d.s.c. at 89°C is made to
correspond to the interconversion of these two different
arrangements. Such structural change could merely imply
a reordering in the packing of the helices due to the
different interlocking model followed by the side chains
in each case.
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Figure 3 Radial profiles of X-ray diffractograms of PSLG film taken
at different temperatures: , 90; ———~, 95; ——., 100; ——-,
110; - - - -, 120°C

X-ray diagrams at room temperature of samples which
had been heated previously to 75 or 120°C reveal that
phase A is recovered in both cases. It has also been proven
by d.s.c. that the thermograms can be reproduced for a
similar thermal history beginning with annealing at
120°C. On the contrary, thermal treatments at lower
temperatures significantly affect the phase transitions, as
described below.

Kinetics of the formation of phase B

The evolution of the B-C transition peak with
temperature in the range between the two transitions has
been followed after different treatment times at 75°C by
using d.s.c. The sample was previously heated to 120°C
and maintained at that temperature for at least 10 min
to eliminate any effect of previous thermal histories. Then
it was cooled at 40°C min~! to 75°C and maintained at
this temperature for a time ¢ and finally cooled, at
40°C min ! again, to 55°C. Scans were then carried out
between 55 and 120°C. Figure 4a shows how the peak
B-C moves towards higher temperatures with a simul-
taneous increase of the transition enthalpy (Figure 4b)
as the treatment time is lengthened. This clearly indicates
that the number of helices in phase B increases with
treatment time. It can reasonably also be concluded that,
in the range of temperatures between the two transitions,
the two modes of packing for the helices which we have
identified as phase B and phase C must coexist. The
considerable spread along the equator displayed by the
~27 A reflection in X-ray diagrams taken from samples
at temperatures within such a range is in agreement with
that interpretation.

Kinetics of the crystallization of the side chains

The kinetics of the crystallization of the side chains
was studied by carrying out isothermal crystallizations
at slightly different temperatures, and also by measuring
the melting enthalpy after different thermal histories,
including annealing at different temperatures and times.

In the first type of test the sample was heated to 120°C
and maintained at this temperature for 10 min. Then it
was cooled at 80°C min~! to the corresponding crystal-
lization temperature and the flow of heat, Q, was
measured as a function of time (Figure 5). The value of
the heat flow extrapolated to infinite time was taken as
the baseline for the integration of these curves*> to obtain
the conversion percentage for each crystallization time:

X(t)=ftht/wadt
0 0
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The values of X (t) can be adjusted by using the Avrami
model®

1 — X(t)=exp(—Kt")

giving a value of 2.5 for the coefficient n.

Treatment at temperatures lower than 47.5°C affécts
both crystallinity and crystalline mlcromorphology, as
shown by the changes observed in the area and shape of
the melting peak. The sample was maintained at 120°C
for 10 min and then cooled at 40°C min~*' to 20°C. A
thermal scan up to 120°C was taken. Figure 6a shows
the thermograms obtained after annealing at 30°C. It can
be seen that the melting peak for the side chains is not
significantly affected either in position or height but a
shoulder appears between 30 and 55°C which is repre-
sentative of the melting of crystals of a significantly
smaller size than those formed during cooling (which
melt at ~63°C). Annealing therefore favours the forma-
tion of small crystals without enlarging those crystals
formed at higher temperatures. On the other hand,
treatment at 47.3°C produces an increase in the tempera-
ture of the maximum as well as in its intensity, which is
interpreted as an increasing in size of the crystals formed
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Figure 4 (a) D.s.c. thermograms near the B-C transition measured
after different treatment times at 75°C; 1, 0; 2, 12; 3, 30; 4, 60; 5, 300;
6, 780 min; sweep started at 55°C. (b) Increase of B—C transition
enthalpy as a function of treatment time; sweep started at 30°C
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Figure 5 Thermograms of isothermal crystallization of PSLG at

different temperatures: 1, 49; 2, 48.5; 3, 48; 4, 47.5°C
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Figure 6 D.s.c. thermograms of PSLG for different treatment times:
(a) 30°C; 1, no annealing; 2, 10 min; 3, 60 min; 4, 15 h. (b)47.3°C; 1, no
annealing; 2, 30 min; 3, 15 h; 4, 9 days

during the cooling stage (Figure 6b). In all cases annealing
increases the total transition enthalpy due to an increase
in the content of crystalline fraction in the sample. Figure
7 shows a practically linear dependency of melting
enthalpy on annealing time at temperatures <47.5°C.
The behaviour described coincides qualitatively with

that found in low density polyethylene”®. Obviously the
melting temperature in PSLG is considerably lower due
to the fact that the crystallites are much smaller.
However, the fact that crystallization takes place in a
space bounded by the helices and the links in the side
chains with the helices limit mobility of the chains does
not appear to change qualitatively the kinetics of the
crystallization process.

The fraction of the side chains involved in the
crystalline phase can be calculated as a quotient of the
experimental melting enthalpy and the estimated theoret-
ical fusion enthalpy after the Flory and Vrij® formula
given for other comb polymers!-'°'!. Assuming that the
total increase in enthalpy measured corresponds to the
fusion of the side chains (the small contribution from the
rearrangement of the helices accompanying this process
may be ignored!?!3), 32% of the total number of
methylene units of the side chains is estimated to
participate in the crystalline phase of the sample cooled
at 40°C min~! from 120°C (w, = 0.32). With annealing,
values for w, of up to 0.36 have been obtained. This
implies that an average of 5.7-6.5 methylene units per
side chain are incorporated in the crystalline phase.
Dielectric measurements provide further information in
relation to this point as they show how the mobility of
the chains depends on whether they are in the amorphous
or in the crystalline phase.

Dielectric relaxations

The dielectric relaxation spectra of poly(y-n-alquil-L -
glutamate)s are characterized by two relaxation pro-
cesses, known as y and f in order of increasing
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Figure 7 Increase in enthalpy of the A-B transition as a function of
treatment time at different temperatures: @, 25; O, 30; [J, 35; I, 40;
v, 47.3°C
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Figure 8 Dielectric loss tangent of PSLG measured after rapid cooling
from 70°C: A, 100 Hz; O, 1 kHz; O, 10 kHz
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Figure 9 Tangent of dielectric damping of PSLG measured at 60 Hz
after annealing for ([J) 3.5 days at 47°C, (A) 3.5 days at 30°C and (O)
without isothermal treatment

temperature. The first, assigned to local movements of
the side chains!#'13, is similar in origin to those observed
for polymethacrylates, polyacrylates or polyitaconates.
The B relaxation is associated with the cooperative
movement of the polymethylene segment as a whole
group'''®, and corresponds to the pseudo glass trans-
ition of the side chains!’. In PSLG, the B relaxation
appears as a very low intensity peak (Figure 8). In
polymers with 4—8 methylene units in the side chains,
the B relaxation has a much higher intensity'® '8, with
values for the dielectric loss tangent around 10 times
those observed for the y relaxation. Such comparatively
small values can be accounted for by assuming that the
B relaxation occurs in side chains with no methylene unit
in the crystalline phase, and indicates also that most side
chains must participate in such a phase.

The y relaxation of PSLG splits into two relaxations
at frequencies <1 kHz, which we will call y, and y, in
order of decreasing temperature. Their apparent activa-
tion energies are 26 and 11 kcal mol ™!, respectively. Both
the activation energy and the temperature at which it
appears strongly suggest that the y, relaxation is
associated with the single relaxation characteristic of
poly(n-alquil-L -glutamate)s with short side chains. The
appearance of the y, relaxation is related to the
crystallization process affecting the side chains. To
evaluate the effect of crystallinity on these two relaxations
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we have studied the dielectric spectrum of PSLG at
60 kHz after subjecting the sample to annealing at 47°C
for 3.5 days (w, = 0.34) and at 30°C for 3.5 days (w, = 0.36),
as well as a sample without annealing (w_, = 0.32). The
way in which the intensity of the y, relaxation increases
with the crystalline fraction while that of the y, relaxation
decreases is depicted in Figure 9.

We conclude that the y, relaxation can be attributed
to a crankshaft type mechanism arising not only in
completely amorphous side chains but also in those
partially crystallized but containing at least six consecu-
tive free methylene units. Indeed, the apparent activation
energy which is measured fully agrees with that expected
for this type of mechanism. Moreover, the crystalline
fraction data lead us to expect that an average of 9-10
methylene units per side chain must remain in the
amorphous phase. The striking intensification of the y,
relaxation with a small increase in crystallinity may thus
be interpreted as a consequence of the growth of the
crystals hindering the molecular movement in an increas-
ing number of chains. As the number of freely rotational
C-C bonds is reduced to below the minimum necessary
for the crankshaft mechanism to be able to operate, only
the y, relaxation would occur. Its activation energy is
presumed to be considerably greater and, therefore,
appears at higher temperatures.
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