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Dielectric Measurements of Poly(y-alkyl L-glutamate)s in the Solid State

as a Check of Applicability of the Two Phase Model
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ABSTRACT: Molecular motions of the following series of poly(y-alkyl L-glutamate)s (PALG)s
in the solid state were studied by the method of dielectric measurements; poly(y-methyl L-glutamate),
poly(y-ethyl L-glutamate), poly(y-propyl L-glutamate), poly(y-butyl L-glutamate), poly(y-amyl L-
glutamate), and poly (y-hexyl L-glutamate). Each sample exhibits a dispersion near 0°C due to side-
chain motions. The time-temperature superposition principle was applicable for obtaining the
master curve for all samples. The shift factor was well represented by the WLF-equation. The
dispersion temperatures of PALG were found to monotonously decrease with increase in the number
of carbons in the side-chain alkyl group. Kirkwood’s sech-law was applied to obtain the parameter 4,
which represents the degree of the breadth of the distribution of the relaxation time. It was found that
the distribution of the relaxation time broadens with the increase in the number of carbons in the side-
chain alkyl group. These results are discussed in terms of a two phase model in which the rigid o-

helical backbone chain is embedded in the flexible side chain.
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Since the time molecular motions of poly(a-amino
acid)s in the solid state were first investigated,! a
considerable body of experimental data has been
accour-lated by the methods of nuclear magnetic
resonance,””* dynamic mechanical,* "8 and dielec-
tric measurements.*® ~'* According to these results,
even in the solid state, long side chains of the a-
helical poly(a-amino acid) undergo considerable
motions while the main chain in the a-helical struc-
ture remains rigid. These results indicate that certain
properties of the a-helical poly(a-amino acid) having
the long side chain can be explained if we regard the
polymer as a composite system of two independent
parts, the side chain and the a-helical backbone
chain.

The coaxial two phase model consisting of the
rigid a-helical core and the flexible side chain sur-
rounding it has been proposed to account for the

* Present Address: Emerson & Cuming Japan K. K.,
Kuriyama-cho, Yubari-gun, Hokkaido 069-15, Japan.

**  Present Address: Hokkai Can Manufacturing Co.
Ltd., Iwatsuki 339, Japan.

solution properties of poly(y-benzyl L-glutamate)
(PBLG)'® and for the temperature dependence on
the X-ray diffraction intensity of lateral reflections
for poly(y-methyl L-glutamate) (PMLG) and PBLG
in the solid state.'® The two phase model had also
been adopted to explain the thermal behavior of
some a-helical poly(a-amino acid)s having long side
chain.®

It may be considered from the view point of this
two phase model that the o-helical poly(x-amino
acid) having flexible side chains has a similar struc-
ture as the conventional semicrystalline polymer
composed of both amorphous and crystalline re-
gions or the amorphous polymer containing the rigid
filler. That is, the side chain of poly(x-amino acid)
corresponds to the amorphous region of the semi-
crystalline polymer and the a-helical backbone chain
to the crystalline region or filler. Thus, the a-helical
poly(z-amino acid) having a long side chain may
behave in a way similar to the Semicrystalline
polymer with a small degree of crystallinity and the
filled amorphous polymer having a small fraction of
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fillers. The increase in the length of the side chain of
the a-helical poly(x-amino acid) may be regarded as
a decrease in the degree of crystallinity and in the
fraction of the fillers.!”

In this work, in order to examine the applicability
of the two phase model to the a-helical poly(x-amino
acid) in the solid state, dielectric measurements were
performed for six poly(y-alkyl L-glutamate)s
(PALG)s which have a varying number of carbons in
the alkyl group at the end of the side chain.

We examined the effects of the variation of the
side chain length on the solid state properties of
PnALGs in a manner similar to that for examining
the semicrystalline polymers, i.e., as a function of the
degree of crystallinity.

The polymers used in this work and their abbre-
viations are given as follows: poly(y-methyl L-gluta-
mate) (PMLG), poly(y-ethyl L-glutamate) (PELQG),
poly(y-propyl L-glutamate) (PPLG), poly(y-butyl L-
glutamate) (PBtLG), poly(y-amyl L-glutamate)
(PAmLG), and poly(y-hexyl L-glutamate) (PHxLG).

EXPERIMENTAL

Various PALGs were synthesized by an ester
exchange reaction of PMLG(Ajicoat A-2000) with
corresponding alcohols. The degree of substitution
was checked by proton NMR spectra. For all
samples, the exchange reaction was achieved almost
completely.

Films of all samples for dielectric measurements
were prepared by casting from concentrated chloro-
form solutions on a glass plate at room tempera-
ture. The infrared spectra of films of PALG exhibited
amide V band at about 615—620 cm ™', indicating
that in the film, the backbone chain of PALG isin the
oa-helical form.

Silver electrodes were vacuum-deposited on both
surfaces of film to assure complete electric contact.
Each film was set in the measuring cell and evacuated
at a temperature of some 120°C until the dielectric
constant remained unchanged.

The dielectric constant and loss factor were meas-
ured using an Ando Denki TR-1C bridge with a
lock -in amplifier LI-573 of NF Circuit Design Block
Co., Ltd. and an Ando Denki WBG-5 oscillator.
Measurements were made over a frequency range
from 30Hz to 300kHZ and within a temperature
range from —150 to 100°C.

984

Y AMASHITA, and K. HIKICHI

RESULTS AND DISCUSSION

Figures 1(a) and (b) show the temperature de-
pendence of tand measured at a frequency of 1 kHz
for PMLG, PELG, and PPLG and for PBtLG,
PAmLG, and PHxXLG, respectively. Each sample
shows two dielectric dispersions, the one located in
the vicinity of 0°C and the other located at about
—150°C. For PMLG the dispersion observed in the
vicinity of 0°C was considered due to the onset of the
micro-Brownian motion of the whole side chain,*¢
and the dispersion observed at about —150°C was
due to the oscillational motion of the side chain on a
small scale.*'8-1° Dielectric dispersions observed for
other samples will be assigned to the same origins as
for PMLG.
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Figure 1. Temperature dependence of tand for (a)
PMLG (O) PELG (@), and PPLG (©) and (b) PBtLG
(@), PAmLG (@), and PHXLG (®) measured at a
frequency of 1kHz.
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The temperature region of the dispersion near 0°C
seemed to shift to lower temperatures on increasing
the side-chain length, while that the dispersion
at about —150°C remained unchanged for all
samples measured. In this paper, we will discuss only
the dispersion near 0°C.

‘-2.0 ' 0 ‘20 40

T-Ts (°C)

Figure 2. b plotted against temperature for PMLG
(O), PELG (@), PPLG (©), PBILG (@), PAmMLG (@),
and PHxLG (). Full curve represents the universal
WLF-equation.

For all samples measured, the time-temperature
superposition principle was found to be applicable to
obtain the master curve. Figure 2 shows the shift
factor by, used in the superposition procedure, as a
function of temperature. In this figure, the full curve
represents the universal WLF-equation?®

oy —886(T=T) "
(e) -
T 0L +(T—T)

For each sample, the temperature dependence of b
is found to be well expressed by the WLF-equation, if
an appropriate choice of the standard temperature
T, is made.

In Figure 3, the temperature dependence of the
relaxation strength Ae¢ is shown. The relaxation
strength was determined by the Cole—Cole plot. For
all samples, Ae¢ decreases with increasing temper-
ature.

These behaviors of both b and Ae¢ against tem-
perature indicate that the dispersions observed near
0°C for all samples studied have a resemblance to the
primary dispersion related to the glass transition of
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Figure 3. The relaxation strength plotted against tem-
perature for (a) PMLG (O), PELG (®), and PPLG (©)
and (b) PBtLG (@) PAmLG (@), and PHXLG (®).

the amorphous polymer, as in the case of PMLG and
other poly(glutamate)s.*©

Figure 4 shows the dispersion temperature T,
defined as the temperature of maximum tand, as a
function of the number of carbons of the alkyl group
in the side chain. As is expected by the glimpse of
figure 4, T, is found to decrease with the increase in
the side-chain length. This suggests that the side-
chain motion is released at lower temperatures as the
number of carbons in the alkyl group increases.

The finding that 7,,,,, decreases with an increase in
the number of carbons of the side-chain alkyl group
seems to have good correlation with the observations
that T,,,, of the primary dispersion decreases with a
decrease in the degree of crystallinity for the semi-
crystalline polymers or with the decrease in the
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Figure 4. The dispersion temperature T, asa function
of the number of carbons in the side-chain alkyl group.

fraction of fillers for the filled amorphous poly-
mer.?!22:23 The decrease in T,,,, with an increase in
side-chain length suggests a decrease in the in-
teraction between the crystalline region (correspond-
ing to the a-helical backbone chain) and the amor-
phous region (the side chain).

In Figure 5, the master curve of the loss factor for
PALGs are compared. Here, the loss factor is
normalized with respect to its maximum value and
the frequency is reduced with respect to the value at
which the maximum loss occurs. Experimental poi-
nts were omitted for the sake of clarity. The slope at
the higher-frequency side of the master curve of the
loss factor represents approximately the slope in the
wedge-type region of the retardation spectrum ex-
cept for sign. In the retardation spectrum, the slope
of 1/2 has been predicted based on Rouse’s Bead-

R /(€R Jmax]
o

Log €
A

Log [fby/(fbr)max]

Figure 5. Comparison of master curves of the loss
factor. Figures in the diagram represent the number of
carbons in the side-chain alkyl group of PALG. The slope
of line A corresponds to that theoretically predicted for
the amorphous polymer.
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spring model, which well represents the characteris-
tic features of the relaxation behavior of many
amorphous polymers. In this figure, the line A
corresponds to the slope of 1/2 in the retardation
spectrum.

It has been known that the distribution of the
relaxation time of the primary dispersion of the
semicrystalline polymer or the filled amorphous
polymer is broadened by the increase in the degree of
crystallinity or the filler content.??23 It is apparent
from Figure 5 that PMLG shows the broadest
distribution of the relaxation time, and that the slope
on the higher-frequency side of the master curve
approaches the slope of A as the side-chain length
increases.

Ishida, et al. examined the primary dielectric
dispersion of the semicrystalline polymers as a
function of the degree of crystallinity** and discussed
their results in the light of Kirkwood’s sech-law,?’

&"[€" may =seCh [ (f//ma)] 2

where & is a parameter representing the breadth of
the distribution of the relaxation time. d=1 cor-
responds to Debye’s dispersion; the smaller the value
of a, the broader the master curve. They found that &
decreases monotonously with an increase in the
degree of crystallinity.

Kirkwood’s law is simply rewritten as,

cosh™! (‘Sumax/su):d In (.//f:‘-nax) (3)

In Figure 6 is shown the left hand side of eq3 as a
function of the logarithm of the reduced frequency in
the higher-frequency region. In the region under
discussion of the master curve, Kirkwood’s sech-law ‘
holds well, according to the linear relation between
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Figure 6. The left hand side of eq3 cosh™" [ pay/€”]
plotted against the logarithm of the reduced frequency.
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the both sides of eq 3. The slope of the plot in the
figure gives the value of the parameter, 4.

0.1F o o -

Figure 7. & as a function of the number of carbons of
the alkyl group in the side chain of PALG.

In Figure 7, the parameter, &, is plotted against the
length of the side chain. It is clearly observed that the
value of & increases as of the side-chain length
increases. These results accord well with those of
Ishida’s work, if the increase in the side-chain length
is regarded as eqivalent to the decrease in the degree
of crystallinity.

The fact that variations in T,,, and & of PALG
with the side-chain length have good correlation with
T .., and & of the semicrystalline polymer and/or the
filled amorphous polymer suggests that it is not
unreasonable to explain the dielectric behavior at
least in terms of the two-phase model, if the change in
the side-chain length is assumed to correspond to the
variation in the degree of crystallinity or of the
fraction of fillers. Certainly the two-phase model is
suitable for application to the understanding of the
properties of the a-helical poly(a-amino acid).
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