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ABSTRACT: Two-stage melting of the dilute gels of poly(γ-benzyl L-glutamate) in benzene has been
studied by differential scanning calorimetry, wide-angle X-ray diffraction, and small-angle X-ray scattering
using synchrotron radiation. Differential scanning calorimetry measurements show that the traces on
heating exhibit two endothermic peaks at about 25 °C and at about 31 °C, thereby indicating the melting
of two types of aggregates, while those on cooling exhibit no exotherm even at 0 °C, thereby indicating
a large thermal hysteresis. Wide-angle X-ray diffraction measurements show that the profiles yield little
of interest other than diffuse halos from the solvent except a diffuse small-angle scattering, thereby
indicating that the aggregates do not contain a solid crystalline phase but a crystal-solvate phase. Small-
angle X-ray scattering measurements show that the two-stage melting of the aggregates can be attributed
to a melting first of the bundles of three rods and then of the bundles of two rods and that, above the
two-stage melting temperature, the gels transform into the dilute and isotropic solutions, in which the
poly(γ-benzyl L-glutamate) stiff chains are randomly dispersed and do not interact with each other. We
suggest that the intermolecular interactions causing the bundles to aggregate are induced by the solvent.

Introduction

It is well-known that poly(γ-benzyl L-glutamate)
(PBLG) forms aggregates in very dilute solutions of
some helicogenic poor solvents such as benzene, toluene,
mixed solvents of dioxane with fatty acids, or benzyl
alcohol1-7 and thermoreversibly gels above some critical
concentration.8-17 Although the aggregation can be
characterized by the side-by-side and head-to-tail types,
and their combinations, its role in gelation has not been
well-understood. In this paper, we focus our attention
on the gelation of dilute solutions, because that of
concentrated solutions exhibits a complex behavior. In
particular, we are interested in revealing the mecha-
nism of a two-stage melting observed in the dilute gels
of PBLG in the dioxane/water and benzene systems,12
because microcellular foammaterials prepared from the
gels have the potential for many applications such as
filters, controlled release media, catalytic substrates,
artificial skin and blood vessels, and three-dimensional
reinforcements for composites.
Jackson and Shaw attributed the two-stage melting

to a melting first of crystals and then of the liquid
crystalline (LC) phase.12 They discuss the relationship
between phase separation and gelation and suggest that
phase separation is occurring by nucleation and growth
rather than spinodal decomposition, over the concentra-
tion range they consider. However, it has been pointed
out that the appearance of the two-stage melting is
puzzling, taking into account crystals identified only by
a single melting endotherm in the differential scanning
calorimetry (DSC).13 Furthermore, these authors also
presented another possible explanation based on the
observed foam morphology.12 However, the form mor-
phology may be greatly influenced by the solvent

removal after gelation. No one knows to what extent
the drying process modifies the gel nascent structure.
Therefore, in order to reveal the mechanism, it is
desirable that various measurements containing some
novel experimetal techniques are performed on the
nascent state.
Present study is aimed at understanding the mech-

anism of the two-stage melting of the dilute gels of
PBLG in benzene. We first explore further evidences
on the two-stage melting applying following nondestruc-
tive techniques to the nascent gels: DSC, wide-angle
X-ray diffraction (WAXD), and small-angle X-ray scat-
tering using synchroton radiation (SR-SAXS) measure-
ments. We discuss the mechanism of the two-stage
melting of the gels from the view-point of dissociation
of the assembly of parallel rods.

Experimental Section
Materials. The sample of PBLG was synthesized by the

N-carboxy anhydride method using triethylamine as the
initiator in dioxane.18 The sample was recovered by precipi-
tating with ethanol and drying in vacuo. Molecular weight
was determined from the intrinsic viscosity in dichloroacetic
acid using the relation given by Doty et al.1 The viscosity
average molecular weight of PBLG is about 33 × 104. The
benzene was guaranteed reagent grade from Kanto Chemical
Co. and purified. The gel samples were prepared by quenching
into cold water above the freezing point of benzene after
dissolving at 90 °C for 2-3 days.
DSCMeasurements. Transition temperatures and heats

of transition were determined by means of a Seiko DSC 120
instrument equipped with a thermal analysis data station.19
It is reported that this calorimeter is perhaps 10 times more
sensitive than calorimeters commonly used for bulk poly-
mers.17 DSC pans specially designed for liquids were used,
and sample weights were approximately 50 mg. The pans
were weighted before and after testing to assure that solvent
was not lost. The DSC measurements were carried out at a
constant rate of 0.25 °C/min. The concentrations of PBLG
were prepared in the range 0.5-7.7 wt %.
WAXD Measurements. The WAXD measurements were

performed on a MAC Rotating Anode (M18XHF-SRA) at 50kV
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and 300mA using Cu KR radiation. The range of the scatter-
ing vector, h, equals to (4π/λ) sin θ was 0.8-25 nm-1, where λ
is the wavelength used and 2θ is the scattering angle.
Exposure time of 1200 s was used. The diffracted X-ray signal
was detected by using a MAC imaging plate system (DIP220).
The diffraction angle was calibrated by measuring the WAXD
pattern of NaCl as a standard. The sample was sealed in a
3-mm-thick plate cell with mica windows of 15 µm thick. The
concentration of PBLG, i.e., 20 wt %, was selected because it
is necessary to increase the concentration of dilute gels in order
to allow a distinction between solid crystalline or crystal-
solvate phase, considering the fact that the WAXD patterns
of dilute gels are smeared out by the scattering from the
solvent.10 The temperature range was 15-70 °C, and each
temperature indicated a constant temperature within 0.01 °C.
SR-SAXS Measurements. The application of the SR-

SAXS to a system with low contrast is very powerful for
revealing structures in the intermediate length scale. The
SR-SAXS measurements were performed by using the instru-
ment installed on the beam line 10C of the Photon Factory,
National Laboratory for High Energy Physics, Tsukuba,
Ibaraki, Japan. The wavelength was 0.1488 nm. The range
of h was 0.1-4 nm-1. Exposure times of 200 s were used. The
scattered X-ray signal was detected by using a one-dimensional
position sensitive proportional counter. The scattering angle
was calibrated by measuring the SAXS pattern of dried
collagen as a standard. The details of the optics and instru-
ments are given elsewhere.20
The samples were contained in 20-mm-long pyrex tubes with

internal and external diameters of 2.6 and 2.8 mm o.d.
respectively. The concentrations of PBLG were 3.0 and 6.7
wt %. The temperature range was 10-41 °C for 3.0 wt % and
13-80 °C for 6.7 wt %, and each temperature indicated a
constant temperature within 0.1 °C.
SR-SAXS Data Analysis. If aggregates of PBLG mol-

ecules in benzene behave as a long rod, the radius of gyration
of the cross section, Rc, is then estimated from the scattered
intensity of the cross section {hI(h)}c21

where Ic(0) denotes the amount of scattering matter in the
cross section on the absolute scale.

Results
Differential Scanning Calorimetry. The DSC

traces on heating are shown in Figure 1. The DSC
traces on heating exhibit two endotherms at about 25
°C and at about 30 °C,19 thereby indicating the melting
of two types of aggregates. On the other hand, the DSC
traces on cooling exhibit no exotherm in this concentra-
tion range even at 0 °C. This suggests that the PBLG
solution is supercooled and it needs a time for the
gelation. A hysteresis larger than approximately 25 °C
was observed. Jackson and Shaw observed only a single
DSC endotherm at about 27 °C for the gels formed by
1-10% PBLG in benzene,12 although they observed the
two-step decrease in rheological measurements for the
solution of 1% PBLG in benzene. Our present result
indicates that the sensitivity of their calorimeter was
insufficient to detect two endotherms.
Figure 2 shows plots of the two peak positions (Figure

2a) and the two melting enthalpies (Figure 2b) as a
function of PBLG concentration. As the concentration
of PBLG increases, both melting temperatures slightly
increase (Figure 2a), while the two melting enthalpies
linearly increase with the concentration (Figure 2b).
Since the number of aggregates indicating cross-linking
points is proportional to the concentration, the bonding
energy, proportional to the melting enthalpy divided by
the concentration, is independent of the concentra-

tion.22 It is then noted that the slope of the melting
enthalpy at about 25 °C is few times larger than that
at about 30 °C, thereby suggesting that the bonding
energy forming the aggregates at the lower transition
is larger than that at the higher transition. However,
the DSC result does not allow a distinction between
solid crystalline or crystal-solvate phase.
Wide-Angle X-ray Diffraction. TheWAXD profiles

of a 20 wt % PBLG gel on heating as well as that of
benzene at 23 °C are shown in Figure 3. These profiles
yield little of interest other than diffuse halos from the
solvent except SAXS in a range of h smaller than 4
nm-1. The profile for liquid benzene shows three diffuse
halos at spacings of 1.17 (a small peak), 0.597 (a large
diffuse peak), and 0.39 nm (a shoulder), which are in a
simple ratio of 1:1/2:1/3. The appearance of these
spacings is considered to be an evidence that benzene
molecules strongly interact with each other and behave
as a cluster with an ordered structure observed in the
solid benzene.23 It is noted that a point of inflection at
about 2.9 nm is observed in the profiles below 30 °C,
and it disappears above 35 °C, indicating the disap-
pearance of aggregates. Furthermore, a previous X-ray
photograph of PBLG film cast from benzene showed a
diffuse and weak diffraction ring, from which a degree
of crystallinity of 8% was estimated.24 Thus, WAXD
results may be interpreted by the melting of the
aggregates within a crystal-solvate phase. It is pointed
out that a crystal-solvate phase is not necessarily
poorly organized.25
Small-Angle X-ray Scattering Using Synchro-

tron Radiation. The temperature variations of the
Guinier plots of the cross section at two concentrations
of 3.0 and 6.7 wt % are shown in Figures 4 and 5,
respectively. Each Guinier plot shows a straight line
at a limited range of h2, which was obtained with data
points between the arrows in the figures by the least-
squares method. On heating, both the initial slope and

Figure 1. DSC traces for PBLG in benzene at a heating rate
of 0.25 °C/min: 1 (1.0%), 2 (2.0%), 3 (3.0%), 4 (4.0%), 5 (5.0%),
and 6 (7.7%). Solutions are cooled rapidly from 90 °C and
annealed at 10 °C for 24 h.

{hI(h)}c ) Ic(0)exp(-h
2Rc

2/2), hRc < 1 (1)
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the intercept at each concentration drastically decrease
across the transition temperature at about 31 °C. On
the other hand, these values on cooling slightly decrease
until 10 °C is reached, as shown in Figure 6.

Parts a and b of Figure 6 show the temperature
variations of the values of Ic(0) and Rc estimated by
applying eq 1 to each straight line indicated in Figures
4 and 5, respectively. It can be seen that the aggregates
are almost formed by the side-by-side type, because the
values of the cross sections of Ic(0) and Rc at low
temperature are clearly larger than those at high
temperature. This result is in agreement with the
previous result of electric birefringence.3-5 Both Ic(0)
and Rc decrease in two steps, indicating two-stage
melting. The two-stage melting is observed at about 25
°C and at about 30 °C for both 3.0 and 6.7 wt % PBLG
gels. It is noted that above the higher-temperature
transition, the value of Rc does not depend on the
concentration of PBLG and almost equals the radius of
gyration of the cross section of a single R-helix of PBLG
(rc ) 0.48 nm).26 A large hysteresis of approximately
22 °C was observed for the 6.7 wt % PBLG gel, in
agreement with the result of large hysteresis observed
in DSC measurements.

Figure 2. Plots of peak temperatures (a) and of melting
enthalpies (b) of the transitions obtained on the heating of
PBLG in benzene as a function of PBLG concentration.

Figure 3. WAXD patterns for a 20 wt % PBLG in benzene.

Figure 4. Temperature variations of the Guinier plots of the
cross section for PBLG in benzene at a concentration of 3.0
wt %: (a) covering a range of temperature from 10.2 to 29.6
°C; (b) covering a range of temperature from 33.7 to 41.2 °C.
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Discussion

We discuss the mechanism of the two-stage melting
of the dilute gels based on the above results. DSC
identified the melting of two aggregates. WAXD identi-
fied the microstructures of aggregates, in which they
are composed of crystallike structure as in a co-crystal
with solvent molecules. On the other hand, SAXS can
characterize the structure in the intermediate length
scales, between that of large-scale inhomogeneities and
that of microstructures.
Mechanism of Two-Stage Melting Revealed by

SR-SAXS. The present results of SR-SAXS support
previous results that the PBLG in benzene aggregates
side-by-side3-5 and indicate that the radius of gyration
of the cross section of the aggregates in the dilute gel
of 3 wt %, Rc, is about 1 nm below 25 °C, and as the
temperature exceeds about 30 °C, it rapidly decreases
from about 0.9 nm to about 0.48 nm. We assume that

the aggregates can be approximated by an isolated
assembly of parallel rods under the condition Rch < 1.
The expression for the intensity I(h) is then given by
introducing a swelling parameter γ defined by d/(2(21/2)‚
rc),27 in which d is the interrod spacing of PBLG and rc
is the radius of gyration of the cross section of single
R-helix mentioned above

where µL is the mass per unit length of rod and
T(2(21/2)γhrc), for the arrays of close-packed cylindrical
rods having the number N ) 2∼4, is given by28

Here, Jo and J1 are the Bessel function of the first kind
and, they are of zero and first order, respectively. By
developing the Bessel functions in eqs 2 and 3 for 21/2hrc
< 1 and x < 1, eq 2 reduces to

Figure 5. Temperature variations of the Guinier plots of the
cross section for PBLG in benzene at a concentration of 6.7
wt %: (a) covering a range of temperature from 13.1 to 32.0
°C; (b) covering a range of temperature from 34.0 to 79.6 °C.

Figure 6. Temperature variations of the values of Ic(0)/cp (a)
and Rc (b) for PBLG in benzene: 3.0H and 6.7H represent the
samples of 3.0 and 6.7 wt % on heating, while 6.7C represents
the sample of 6.7 wt % on cooling.

I(h) ) (πµL/h)[2J1(x2hrc)/x2hrc]2T(2x2γhrc) (2)

T(x) ) [2 + 2Jo(x)]/2
2 for N ) 2 (3-1)

T(x) ) [3 + 6Jo(x)]/3
2 for N ) 3 (3-2)

T(x) ) [4 + 10Jo(x) + 2Jo(xx3)]/42 for N ) 4 (3-3)

I(h) ) (πµL/h) exp{-h2rc
2[1 + 2γ2]/2} for N ) 2

(4-1)
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Rc in eq 1 is then given by

Here, rc can be evaluated from the radius of gyration of
the cross section above the higher temperature transi-
tion, while Rc is evaluated from the value below the
transition.
Table 1 compiles the calculated values of γ using eqs

5-1-5-3 for two values of Rc, 1.0 and 0.9 nm. Here, in
evaluating γ, we used the data at 3.0 wt %, because the
data at 6.7 wt % is largely influenced by the closer
packing of the PBLG molecules. From the requirement
of γ > 1, it is suggested that the maximum number of
chains that participates in the formation of bundles is
three. This result is not in agreement with the previous
results,29-31 in which four chains participate in the
formation of bundles but is in agreement with models
in which three polymer chains passed through a unit
cell. From Table 1, we select 1.12 as a critical value of
γ for the determination of N, because the value of γ is
always larger than 1, even if the value of 1.404 nm32,33

in the solid was used as the closest observed interrod
distance. The aggregates characterized by Rc ) 1.0 and
0.9 nm then correspond to bundles of three and two rods,
respectively. Accordingly, one can attribute the present
two-stage melting to a melting first of the bundles of
three rods and then of the bundles of two rods. Instead
of this, one may select a set of γ ) 1.29 and 1.12, which
means no change of N during the two-stage melting.
Then, the two-stage melting may be explained by a
partial melting of the cluster of benzene molecules.
However, it seems to be difficult to adapt this idea for
the explanation of the present results of DSC and
WAXD.
The requirement of γ > 1 indicates that the benzene

molecules are contained in the bundles of PBLG mol-
ecules. The aggregates of PBLG in benzene were
previously characterised by side-by-side type with rods
arranged in an antiparallel fashion.2-5 The aggregates
of the side-by-side type may have some relation with
the dielectric nature of solvent, considering the fact that
the dielectric constants of the solvents having the
aggregates of the side-by-side type are comparatively
small.6 Therefore, it is suggested that an electrostatic
interaction between the PBLG molecules via the ben-
zene molecules may play an important role in this type
of aggregation. Thus, the results of SAXS suggest that
the cross-links can be formed by solvent induction.
Furthermore, the solvent induction may explain the
nature of the intermolecular interactions causing the
bundles to aggregate.
Figure 7 shows a comparison between the experimen-

tal data at 20.7, 28.3, and 38.7 °C and the calculated
curves for eq 4 with Rc ) 1.0, 0.9, and 0.48 nm. The
comparison is made by means of a Kratky plot, because,
in this plot, the initial slope, the position of the

maximum of the intensity, and the width of this
maximum impose very severe checks on the present
analysis. As can be seen, the experimental data can be
satisfactorily explained by the application of eq 4. The
result suggests that there is only one radius in the
present gels. A deviation from eq 4 observed for the
data at 20.7 and 28.3 °C in a range of h larger than 1.5
nm-1 will be explained in the following section. On the
other hand, Guenet et al. observed in poly(methyl
methacrylate) gels that the radius found in the Guinier
range was in fact the superposition of two different radii
arising from two structures.34,35 It is suggested that the
structures of the present gels may be different from
theirs.
In the presence of the correlation between different

bundles, eq 2 is generalized by introducing a radial
distribution function g(r)27

in which n is the number of bundles per unit area.
If the bundles are separated by a distance dbb > Rc,

then there is a domain (dbb-1 < h < Rc
-1) where, by

considering g(r) ) 0 and developing the Bessel function
for hr > 1, eq 6 reduces to36,37

in which f(hdbb) is an oscillating function. For hdbb >>
1, eq 7 plotted by means of a Kratky representation
tends to36,37

in which A and B are constants depending on f(hdbb). It
is also noted that a maximum occurs in the Kratky plot
of eq 7 for hdbb < 1, though the location obviously

Figure 7. Kratky plots of h2I(h) vs h for a 3.0 wt % PBLG in
benzene at three different temperatures: 20.7, 28.3, and 38.7
°C. The broken, dashed, and solid lines stand for the calcula-
tion of eq 4 with Rc ) 1.0, 0.9, and 0.48 nm, respectively.

Table 1. Values of the Swelling Parameter γ as a
Function of the Number N of Rods

γ

N Rc ) 1.0 nm Rc ) 0.9 nm

2 1.29 1.12
3 1.12 0.97
4 0.91 0.79

I(h) ) (πµL/h)[2J1(x2hrc)/x2hrc]2T(2x2γhrc){1 -

2πn ∫r[1 - g(r)]Jo(hr) dr} (6)

I(h) ) (πµL/h) exp(-h
2Rc

2/2)[1 - 2πnh-0.5f(hdbb)]
(7)

h2I(h) ) Ah + B (8)

I(h) ) (πµL/h) exp{-h2rc
2[1 + 8γ2/3]/2} for N ) 3

(4-2)

I(h) ) (πµL/h) exp{-h2rc
2[1 + 4γ2]/2} for N ) 4

(4-3)

Rc
2 ) rc

2[1 + 2γ2] for N ) 2 (5-1)

Rc
2 ) rc

2[1 + 8γ2/3] for N ) 3 (5-2)

Rc
2 ) rc

2[1 + 4γ2] for N ) 4 (5-3)
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depends on f(hdbb). These predictions agree well with
what is found experimentally below the transition at
higher-temperature as shown in parts a and b of Figure
8.

Conclusions
The two-stage melting of the dilute gels of poly(γ-

benzyl L-glutamate) in benzene is not puzzling. That
is, DSC measurements show that the traces on heating
exhibit two distinct endothermic peaks at about 25 °C
and at about 31 °C, thereby indicating the melting of
two types of aggregates, while those on cooling exhibit
no exotherm even at 0 °C, thereby indicating a large
thermal hysteresis. WAXD measurements show that
the profiles yields little of interest other than diffuse
halos from the solvent except a shoulder at spacing of
about 2.4 nm, thereby indicating the melting of the
aggregates with a crystal-solvate phase. SR-SAXS
measurements show that the two-stage melting of the
aggregates can be attributed to a melting first of the
bundles of three rods and then of the bundles of two
rods and that, above the two-stage melting temperature,
the gels transform into the dilute and isotropic solutions,
in which the PBLG stiff chains are randomly dispersed
and do not interact with each other. As a result, the

intermolecular interactions causing the bundles to ag-
gregate are induced by the solvent.
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