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ABSTRACT: Thermoreversible gelation of poly(y-benzyl-oa-L-glutamate) in toluene has been studied by
differential scanning calorimetry and by static and dynamic light scattering. For high molecular weights,
this system tends to form clear gels when rapidly cooled to low temperatures and more cloudy gels for
guenches to temperatures near or slightly above ambient. Differential scanning calorimetry measurements
on low-mass polymers show that the melting temperature and also the width of the melting transition
depends upon both concentration and type of quench. Gels quenched rapidly to —10 °C melt at lower
temperatures, and more sharply, than gels formed slowly at 25 °C. A series of autocorrelation functions,
intensity measurements, and visual observations during slow gelation at 30 °C showed that a clear gel
formed first, followed by a slightly cloudy gel and partial heterodyning. For visible light at commonly
used scattering angles, the apparent fractal dimension of clear and cloudy gels was not dramatically
different, a rather extended structure being indicated in either case. Dynamic light scattering
measurement during stepwise cooling was used to follow the decrease in apparent diffusion and increase
in the gel fraction, as defined on the dynamic light scattering time and distance scales. On melting
either clear or cloudy gels, an estimate of the melting temperature could be identified from the power
law behavior of the autocorrelation function. The power law regime spanned 3—5 decades of time.
Parameters associated with the line shape of the correlation function echoed the results of differential
scanning calorimetry on low-mass polymer: a sharp melting transition was observed for the rapidly
guenched gel, while the slowly cooled gel melted in a complex fashion over a broader temperature range.

These observations reflect the competition between connectivity and phase transitions.

Introduction

Thermoreversible gelation is one of the most poorly
understood aspects of polymer science. Random flight
polymers, by virtue of their great flexibility, can easily
form multifunctional crystalline or semicrystalline cross-
links to stabilize a gel network, so it is at least easy to
visualize gelation. Itis less clear how rodlike polymers
can participate extensively in intermolecular cross-links,
and yet rodlike polymers often do gel.1=® This is not
only a curiosity, but a matter of practical significance.
During fiber and film fabrication, rodlike polymer
solutions are often quenched into nonsolvents, causing
gelation and inhomogeneities that can adversely affect
performance. Production of three-dimensional objects
from rodlike polymers may be facilitated by polymer
gelation, followed by solvent removal. A wide variety
of gel structures is available, and the potential exists
for new materials processed from them.

Good model systems for thermoreversible gelation are
always hard to find. Lacking configurational entropy,
rods are even more sensitive to poor solvent conditions
than are other polymers. Since its behavior in good
solvents is largely understood,”=23 the helical polypep-
tide, poly(y-benzyl-a-L-glutamate), PBLG, is a common
choice for studying rodlike polymer gels.23:6:24=33 |In this
paper, we use differential scanning calorimetry (DSC)
and static and dynamic light scattering (SLS and DLS)
to explore the wide range of behavior that can occur in
PBLG/toluene.

Background

PBLG is nonionic and very rigid.%® It aggregates end-
to-end in toluene, even at high temperatures.3* When
toluene solutions above some critical concentration are
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Figure 1. Schematic phase diagram for rodlike polymers
showing isotropic (Iso) and liquid crystalline phases (LC). The
diagonal dashed line shows a hypothesized connectivity transi-
tion. See text for the other symbols.

cooled, real gels form: samples of reasonable size cease
to flow on any reasonable time scale. For example, a 1
cm? gel will not flow visibly over a period of many years
when tilted on its side. If cut with a sharp knife, it will
not heal. Miller and co-workers®24 suggested that
liquid—liquid phase separation takes the lead role in
gelation. Structures formed during phase separation
were supposed to lose fluidity and thereby stabilize the
gel. Optical microscopy confirmed apparently connected
structures in some PBLG/toluene gels,?5 in PBLG gels
in N,N’'-dimethylformamide, DMF,2” and in DMF—water
mixtures.?6 Evidence from other systems*535 also vali-
dates Miller's suggestion that microphase separation
can play a role in rodlike polymer gelation.

The rodlike polymer phase diagram predicted3637 by
Flory appears in Figure 1. Isotropic and liquid crystal-
line phases coexist over a narrow concentration range
in good solvents but are widely separated in poor
solvents. These general features have been con-
firmed,1%20 but actual systems may be much more
complex.2%38 In particular, rods immersed in poor
solvents often fail to dissolve. When brought from good
solvent to poor solvent conditions, they often gel.®
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Several facts about PBLG/toluene suggest that phase
separation cannot describe the process entirely. Wide
angle X-ray diffraction showed diffuse halos from dilute
PBLG/toluene gels, and films dried from gels gave only
weak reflections.?® Low-angle light scattering experi-
ments?® failed to confirm that spinodal decomposition
occurred. Thermal transitions are weak (see below).
Russo et al.?> hypothesized that entanglements might
stabilize the gel phase. Evans and Edwards* had
advanced a theory wherein concentrated solutions of
rods of a finite diameter undergo a jamming effect and
cease to diffuse. This purely athermal theory was
developed and extended*! as a model of the glass
transition. Since liquid crystals can be formed by
evaporating a dilute solution in appropriate solvents,
the putative jamming must be subverted by the liquid
crystal transition under equilibrium conditions. Self-
diffusion studies of PBLG in a good solvent also show
that diffusion never ceases in the isotropic regime.*2
Only under nonequilibrium conditions can rod jamming
be a plausible mechanism for gelation. The occasional
appearance of birefringent regions in aged (several
months) PBLG/toluene gels suggests that the gels could
indeed be a nonequilibrium state trapped en route to
full phase separation. Preliminary DLS measurements
revealed residual motion in the post-gelation regime,®
but this need not represent diffusion.*?

The current study is motivated by one troubling and
longstanding observation: the turbidity of a PBLG/
toluene gel depends greatly on the temperature and rate
of quench. A hot solution rapidly cooled in an ice bath
will gel almost instantaneously and scatter just margin-
ally more than the starting solution. The very same
hot solution cooled to a temperature near 30 °C will gel
slowly and become visibly cloudy. This observation,
which is consistent with recent work on PBLG/benzyl
alcohol by Cohen and Dagan,?® was interpreted previ-
ously by one of us? in terms of the “completeness” of
phase separation, with the clear gel produced quickly
at low temperature being less completely phase sepa-
rated than the high-temperature gel (i.e., the clear gel
is “pinned” earlier, for whatever reason). Indeed, a clear
gel could be made without any phase separation at all.
Such a process implies the existence of specific interac-
tions among the rods, so that the system can simply
convert to a connected network under appropriate
conditions. Such networks should not differ physically
from chemical gels, which are often modeled by percola-
tion simulations.*445 We shall sometimes refer to
uniform networks formed as a result of pure connectiv-
ity transitions as “percolation networks” to distinguish
them from thermoreversible gels generally, which may
also include structures formed as a result of incomplete
phase separation. In Figure 1, a connectivity transition
is superimposed on the Flory phase diagram. The
location and even the very existence of the line depend
on solvent—polymer2°:38 and polymer—polymer specific
interactions. To the right of the dotted line, the system
becomes a space-filling, interconnected gel without any
change in the local concentration of polymers, except
at cross-links. This type of construct has long been used
in random flight polymers and covalent gels to describe
the competition between gelation and phase separa-
tion.44—46

Referring again to Figure 1, if a system initially at
point Sy (S for “sol”) is cooled, it may cross the dotted
line to become a gel at point P; (P for “percolation
network”). The actual character of the gel may be
determined by kinetic effects. If the connectivity transi-
tion occurs rapidly, further cooling will not lead to gross
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phase separation, although local concentration fluctua-
tions may become amplified and slowed.*” If the con-
nectivity transition is slow, cooling rapidly to point LL;
(LL for liquid—Iliquid separation) could lead to phase
separation. It is possible to imagine a different situa-
tion. Beginning at point S,, we may arrive at point LL;
before crossing the percolation threshold. Depending
on whether LL lies above or below the spinodal curve,
and depending upon the rate of cooling, the mutual
friction factor of the polymers, and the strength of the
thermodynamic driving forces, it could be possible to
reach the point P, without significant phase separation.
In such a case, the connectivity transition would prevent
phase separation. A system so prepared could, upon
heating to release the specific interactions that stabilize
the percolation network, phase separate.*® Even with-
out heating, a quenched system may slowly find its way
to the equilibrium phase-separated state if the forces
supporting the percolation network are weak.

Other approaches involving phase separation or other
transitions have appeared. Arnauts and Berghmans*®
overlaid glass transition and phase separation plots in
their treatment of gelation. Ren and Sorensen®® have
considered the relation between gelation and vitrifica-
tion more formally. The recent treelike theory of
Tanaka and Stockmayer>! specifically treats the com-
petition between gelation and phase separation. It does
not allow for loops but includes other realistic features
(e.g., many chains tethered to a common cross-linking
site, as in thermoreversible gels of crystallizable poly-
mers). The liquid—liquid part of the phase diagram may
acquire a cusp near the intersection with the dotted
percolation line. The theory successfully predicts the
sudden onset of gelation due to high junction multiplic-
ity and makes solid predictions for the thermodynamic
order of the connectivity process. In particular, revers-
ible gelation of polydisperse polymers is a second-order
transition, with a finite discontinuity in the osmotic
susceptibility that should affect scattering intensity.

The ability to form gels with or without obvious
evidence of phase separation makes PBLG/toluene an
appealing system to study the competition between
phase separation and connectivity. Much has changed
since the system was last studied.?> Correlator ad-
vances due largely to Schatzel (see section 2.4.3 of ref
52) enable DLS meaurements over 10 decades of time.
There have appeared new scaling interpretations of DLS
data from systems near the gel point>® and a framework
for generating the correct ensemble average correlation
functions in torpid, “nonergodic” systems.>* It now
becomes tempting to think about thermoreversible
gelation as we do about other physical transitions—i.e.,
to search for the unifying themes. For example, scaling
concepts have been applied to polysaccharide gels.5®

Dynamic Light Scattering in Gels

This section provides a background for the DLS
experiments, which require special precautions at and
beyond the gel point. For a detailed treatment, consult
refs 54, 56, and 57. In fluid solutions, DLS follows the
ebb and flow of spontaneous concentration fluctuations.
A spatial Fourier component of the concentration, c(q,t),

is selected by the instrument to match the spatial
frequency and direction of the scattering vector, g,
whose magnitude is q = 4an sin(0/2)/Ae, with n the
solution refractive index, 0 the scattering angle, and 4o
the incident wavelength in vacuo. Data are usually
gathered under homodyne conditions®85° and analyzed
under the assumption of a Gaussian-distributed light



7404 Tipton and Russo

field with the aid of the Siegert relation:?

(q,t)-1(gq,0)0
9@, = % = 1+ fig¥q.0)?

The angular brackets indicate a time average, and g®-
(q,t) is the normalized electric field autocorrelation
function, E*(q,t)-E(q,0)IE(q,0)A. For a single, simple
diffuser, g¥(q,t) decays with lag time, t, as an exponen-
tial: g®(q,t) = exp(—Tt), with a decay rate I' = 2D,
where Dy, is the mutual diffusion coefficient. The
instrument parameter, f, lies between zero and unity,
depending mostly on the number of coherence areas
detected.50

An ideal gel could be made by chemically cross-linking
polymers that are already dissolved at a concentration
in the strongly overlapped regime, without otherwise
altering the structure. The scattering from such a gel
would be virtually identical to that of the nascent
polymer solution. The system would differ from a
concentrated polymer solution mainly in that some of
the polymers cannot really diffuse; their self-diffusion
is zero. Nevertheless, there still occur fluctuations in
the local, instantaneous concentration, and the apparent
mutual diffusion coefficient from DLS is related to the
gel modulus.*3

Real gels may exhibit complex DLS behavior. Slow
fluctuations may exist, often associated with large
inhomogeneities, high scattered intensity, and strong
angular dependence. There are two approaches.56:57
One may assume the inhomogeneities to be truly
immobile and let them serve as a heterodyne source.5859
In addition to the dangers implicit in the assumption,
one must also ensure that the reference beam provided
by the inhomogeneities is much stronger than the
scattering arising from the fluctuating component. The
other option is to treat the gel as a nonergodic medium.
This approach recognizes that each small region of space
has an average concentration, and fluctuations about
that average are restricted by the gel structure, so that
a time average from a single region is not representa-
tive. At a particular point in the scattered field, the
electric field is no longer a random, zero-mean quantity.
Many such subvolumes must be sampled in order to
validate the application of the usual Siegert relation-
ship.

In the “short-cut” sampling method,>*57 only one time-
averaged autocorrelation function, g(TZ)(q,t), is carefully
measured, ideally by first selecting a “speckle” in the
scattered field having average brightness. The true
ensemble-averaged autocorrelation function, gg)(q,t),
is constructed using statistical properties of the scat-
tered radiation, compiled from comparatively rapid
intensity measurements made on many speckles. To
bring different speckles into the small area observed by
the detector, the sample is moved slightly. In the
present work, we instead follow the “brute force”
method,5 wherein g{(t) is measured many times from
different speckles and averaged, as described in the
following section. This slower method is preferred for
systems where the “frozen” intensity component is not
really permanently frozen, as in gels near the transition
point. Most of the data are presented in terms of the
ensemble-averaged, second-order autocorrelation func-
tion, g(Ez)(q,t). As the zero-mean, Gaussian properties
of the scattered field are preserved by the multispeckle

averaging process, g(Ez)(q,t) obeys a Siegert relationship:
g(a,) = 1 + fig@,t) .
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Experimental Section

Differential Scanning Calorimetry. A Seiko DSC 120
was used, which is perhaps 10 times more sensitive than
calorimeters commonly used for bulk polymers. A low molec-
ular weight PBLG (M = 16 000, Sigma No. 85F-5031) was
studied to increase concentration and sensitivity. Bulk solu-
tions of various concentrations were melted at ~90 °C and
guenched to either —10 °C or ca. +25 °C. The heating rate
was 2 °C/min. Additional details appear in the supporting
information.

Light Scattering Sample Preparation. The preparation
of clean gel samples is described in the supporting information.
Briefly, since PBLG aggregates in toluene, samples were
dissolved in DMF for clarification and then exchanged back
to toluene. Sample clarity was checked by viewing the
scattered and refocused light at about 100 times magnification
using the observation port on the DLS instrument.

Light Scattering Protocol. The light scattering setup
consisted of a vertically polarized helium—neon laser (15 mW,
Spectra Physics SP-124b), photomultiplier tube (EMI 9863b),
and an ALV-5000 correlator. The temperature was main-
tained to +0.01°C with a Hart Scientific model 2100 controller.
Multiple runs were always measured, using the symmetric
normalization scheme.5? For samples near or beyond the gel
point, the cell was rotated a random amount between runs,
either by hand or with a stepping motor (model MCMSE from
Ludl Electronic Products). The duration of the individual runs
should exceed greatly the correlation time of the slowest
process. In gels, this can be difficult to judge. The best method
is to ensure that the coherence parameter (after ensemble
averaging when necessary) matches that determined from a
strongly scattering, ergodic sample using the same instrument
settings. Visual inspection of each individual run enabled
deletion, before averaging, of any measurement that might
have been corrupted by dust or data overflow errors. Very
few runs had to be deleted. For fluid samples, a simple
average was constructed. In principle, fluid samples can be
measured in a single, long run. Breaking the acquisition into
multiple runs limits the time scale of the processes that can
be studied, but offers other advantages (among them, identi-
fication of outlier data and a population estimate of uncertain-
ties). The proper ensemble average for nonergodic samples
was performed using a method suggested by ALV for con-
verting the multiple g®(q,t) data sets to a single estimator of
g(Ez)(q,t). The ensemble averaged data for most of this paper
were the result of 20—200 runs; this selection is justified below.

Results and Discussion

Differential Scanning Calorimetry. The absence
of measurable enthalpies in previous studies,225 unlike
the PBLG/DMF/H,081 and PBLG/benzyl alcohol328:32
systems, was partly responsible for speculation that
gelation in PBLG/toluene might be due to entangle-
ments. This now seems unlikely, as discussed above.
If entanglements are not responsible for gelation, a DSC
signal would be reassuring. DSC transitions are evident
in the present study. To enhnace sensitivity for quan-
titative measurements, a more highly soluble low-M
sample (PBLG-16000) was studied. The temperature
of the first change in the derivative curve was identified
as the beginning of the peak and the melting temper-
ature. For the gels made at 25 °C, Tpei is fairly
uniform; see Figure 2. Quenching to —10 °C leads to
lower melting temperatures that decrease with increas-
ing concentration. The error bars from repeat runs indi-
cate better reproducibility for the —10 °C gels than for
the 25 °C gels. Reproducibility was quench rate depen-
dent in other DSC studies.®? Guenet and McKenna®3
reported that isotactic polystyrene/decalin gels which
were melted and re-formed by rapidly quenching to 0
°C have more poorly defined melting endotherms than
those allowed to form at 14 °C. This contrasts with
our PBLG results. The gels studied by Guenet and
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Figure 2. DSC melting temperatures for gels made under
both quench conditions, at various concentrations of PBLG-
16000 in toluene.
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Figure 3. DSC peak widths for melting of gels made under
both quench conditions, at several concentrations of PBLG-
16000 in toluene.

McKenna are believed to be formed by solvent bridging
between the polymers and it is hypothesized that by
rapidly quenching the sample, the network is “far from
being perfect.” (ref 62, p 13) The large uncertainties
for the slowly quenched gels in Figure 2 may indicate
that the polymer rods are at different stages of phase
separation. Care was taken to ensure that the aging
time was kept constant for all concentrations and all
runs.

The temperature at which the derivative signal
returned to its baseline was chosen as the end of the
peak. Figure 3 shows that the DSC transitions broaden
as the polymer concentration increases at either quench
temperature. Also, the —10 °C quench gels melt over a
slightly wider range of temperatures, but with better
reproducibility, than do the 25 °C gels. Figure 4 shows
the enthalpy of melting in mJ/mg of polymer as a
function of concentration (w/w %). This would be more
accurately measured upon cooling. Only the results for
the —10 °C gels are shown; large uncertainties obscure
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Figure 4. Enthalpy of melting for gels made by rapid quench
to —10 °C, at various concentrations of PBLG-16000 in toluene.

any conclusion for the 25 °C gels. The enthalpy for the
—10 °C quench gel increases linearly with concentration.
At a concentration of 0.49 + 0.32%, the enthalpy of
melting is zero. This may indicate the critical concen-
tration, c*, for gel formation. Even though the error is
large, the measured c* is surely lower than ¢c* = 5.44 +
1.0% calculated from intrinsic viscosity®* (c* = [#]1) and
much lower than c* = 20% calculated from the radius
of gyration (c* = 3M/4nNaRg® where Na = Avogadro's
number and Ry = rod length/+/12).55 The small c* is
probably due to end-to-end aggregation of PBLG in
toluene.3* These DSC results show conclusively that
there is an enthalpic interaction. This is not a sufficient
condition for a connectivity transition, but it is a
necessary one in a system lacking covalent links or
permanent entanglements. Although all the DSC stud-
ies used highly turbid, low-M PBLG gels, weak endo-
thermic transitions were also evident on melting gels
of the higher-M PBLG samples used for light scattering.
A more sensitive calorimeter would be desirable for
guantitative work on high-M gels.

Overview of Light Scattering Experiments. Five
different light scattering experiments were performed.

(1) A kinetic experiment followed changes in intensity
and correlation functions after cooling from 90 to 30 °C.

(2) Angular dependence of scattered intensity was
measured for both clear and cloudy gels.

(3) The formation of a cloudy gel on cooling was
studied in a stepwise temperature series. At each
temperature, brute force ensemble average correlation
functions were taken at various angles. The dependence
of Dm, on T was obtained, along with other parameters,
such as apparent gel fraction.

(4) A cloudy gel was melted in small temperature
steps. At each step, the ensemble-averaged correlation
function at a single angle was generated by the brute
force method.

(5) Step 4 was repeated for a clear gel.

Kinetic Light Scattering. A 0.01 g/mL solution of
PBLG-66000 in toluene was heated to 90 °C and then
placed in the light scattering instrument (1o = 632.8 nm,
6 = 60°), where the temperature was held constant at
30 °C. Intensity and the apparent coherence parameter,
f, from single, temporally averaged correlation functions
were taken at 10 min time intervals over a 12 h period.
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Figure 5. Intensity and apparent coherence parameter for
0.01 g/mL of PBLG-66000 in toluene, as a function of time
since cooling from 90 to 30 °C. Data were collected at 6 = 60
°C.

This entire experiment was repeated four times. A
sample trace is shown in Figure 5 from the first attempt.
Two peaks in intensity are clearly visible. The first
occurs 200 min after quench—i.e., at t; = 200. Inspec-
tion of the sample at this time revealed that a clear gel
had formed. The sample was tilted on its side for about
2 min and appeared solid. This qualitative indicator of
the gel transition depends upon the size and strength
of the sample, but gelation in any conventional sense
of the word had certainly occurred. The sample was
reinserted in the instrument, and the intensity de-
creased to nearly the pregel value. The intensity began
to increase again after t; = 350 min total time, reaching
a maximum value at t; = 550 min, followed by another
decrease. It is not certain whether further long-time
oscillations would have been observed, as in networks
of actin filaments.%¢ After 720 min the sample was
removed. The gel had changed from clear to slightly
turbid. A power meter placed at 0° scattering angle
showed no large decrease in transmitted light, indicat-
ing that the decreases in scattered light after about 220
and 550 s were not due to absorption or turbidity.

The intensity changes in Figure 5 are mirrored by
opposite trends in the apparent coherence parameter,
f. This was generally true in the three repeat runs, too
(not shown). However, the amplitude of the increase
in intensity and associated decrease in apparent coher-
ence varied from run to run. The time at which these
events occurred did not vary. The probable explanation
is that, at the end of each of the four runs, the gels all
had a nearly stationary speckle pattern. The overall
reduction in the apparent coherence and increase in
intensity depended upon whether the final scattering
volume produced a bright or a weak speckle at the
detector, which was set for moderately high coherence.
In the run shown in Figure 5, the system was initially
completely homodyne (f ~ 0.65, typical of strongly
scattering, fluid solutions for the particular detector
settings in use). At the end of the gelation, reasonably
good heterodyne efficiency was achieved (f decreased to
~0.02). Except for the gels at t; =0 and t; = 720 s, the
correlation functions used to obtain Figure 5 (and the
three repeats) were measured under mixed heterodyne—
homodyne conditions. Additionally, the intensity is
actually increasing during some of the runs. This is why
the f values have been referred to as “apparent”. Under
these conditions, correlation times cannot be used
quantitatively, but inspection showed that most of the
decay remains in the 1-10 ms time scale throughout
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Figure 6. Double log plots to obtain apparent fractal dimen-
sions, shown for two quench conditions producing clear and
cloudy gels.

the transition. Normalized, first-order correlation func-
tions for t; = O (computed as a pure homodyne mea-
surement, using the Siegert relation) and t; = 720 s
(computed under the assumption of a strong, stationary
local oscillator®859) showed a somewhat slower relax-
ation for the gel at 720 s, in addition to emergence of a
very slow decay. In two of the four repeat gelations,
the apparent coherence parameter decreased only by
about half as much as shown in Figure 5; gels generally
cannot be trusted to provide a good heterodyne source
for themselves. Despite their mixed homodyne—het-
erodyne nature, these Kinetic experiments showed that
a clear gel formed at early times at a high temperature
can evolve into a more cloudy one later. The intensity
increased just modestly upon formation of the clear gel.
One could argue that the small intensity bump (at about
200 s in Figure 5) results from looking at a weak speckle
at some time after formation of a turbid gel. It is the
visual observations that the system is clear at this time,
plus the consistency with which the small bump is
observed, that suggest a two-step process instead. Not
even one bump would be expected for a simple con-
nectivity transition. However, the thermodynamic theory
of Stockmayer and Tanaka does predict a weak increase
in intensity for the connectivity transition for a poly-
disperse system, which PBLG/toluene certainly is due
to aggregation and the intrinsic distribution of the
PBLG molecules.

Angular Dependence of Scattered Intensity.
The scattered intensity can provide important clues to
the structure of the gels. A combination of light and
neutron or X-ray instruments is usually required to
characterize all the important structural scales.5” Al-
though PBLG gels have been measured individually by
these methods,?252968-70 ng wide-range scattering en-
velope has been obtained. The present paper does not
remedy this problem but simply addresses whether or
not clear and cloudy gels differ in their g dependence
for scattering of visible light. Measurements were
conducted repeatedly by cooling a gel from 90 to either
250r 0 °C. Figure 6 shows typical results, obtained over
the range 32 < g Ynm < 210. The low values of the
power law slopes indicate a rather extended, “open”
structure for both gels, perhaps a bit more so for the
clear gel. The cloudy gel, with its very slightly larger
power law slope, may be a late attempt at phase
separation by a system that is substantially formed as
a gelatinous solid by a process not involving phase
separation. Compared to the process initially imagined
by Miller,224 the sequence of events is reversed. How-
ever, one should not generalize these results. They
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Figure 7. Double log plots of ensemble-averaged correlation
functions during a stepwise series of decreasing temperatures
for 0.005 g/mL of PBLG-91000 in toluene at 6 = 90°.

show what can happen, not what always happens. In
other solvents (e.g., wet DMF) it is certain that phase
separation happens first. At other concentrations,
cooling rates and molecular weights in PBLG/toluene,
the same is true. Variability in gel conditions probably
explains the different power law slopes observed.6.68.70

DLS Experiments during a Stepwise Series of
Decreasing Temperatures Leading to a Cloudy
Gel. The experiments in this section were undertaken
in order to more nearly approximate equilibrium condi-
tions and give stable baselines for DLS. A molten
solution of PBLG-91000/toluene at 0.005 g/mL was
placed in the light scattering device at 90 °C. Measure-
ments were taken at several angles in the range 30° <
6 < 135°. The temperature was lowered by 5 deg,
followed by an equilibration time of at least 10 h, and
then the measurements at multiple angles were re-
peated. This procedure continued until a final temper-
ature of 25 °C was reached. The angle dependent aspect
of this study is not possible for a quickly forming clear
gel and would have been challenging to perform during
the already described kinetic quench to 30 °C.

Figure 7 shows the second-order correlation functions
at one scattering angle, 6 = 90°, individually normalized
by the value extrapolated to zero lag time to account
for the different optical settings used. As the temper-
ature is reduced, the correlation functions decay more
and more slowly until, at T = 25 °C, there is almost no
decaying portion in the measured time domain. These
results can be used to follow the gelation process. One
definition of a gel is a dilute system that does not flow.”®
It is not too big a stretch to equate the absence of flow
with the absence of diffusion for at least some of the
polymers present in the system. To use such a defini-
tion, both distance and time scales associated with flow
(or diffusion) must be given. A large tub of gelatin
might “flow” when turned on its side, whereas a sample
of the same constitution might never flow out of a fruit
cup. The distance scale appropriate to Figure 7 is 27/q
~ 300 nm. The fraction gelled, G, on a particular time
scale is given by (g@(qg,t) — 1)¥2. Choosing 1 s as the
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coefficients. Gel fractions were derived from the correlation
functions in Figure 7, as a function of temperature. The “gel”
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Figure 9. Convergence of decay rate and coherence factor
with the number of runs included in the ensemble average.
Inset: distribution of intensity.

time, the result is as shown in Figure 8. The 1 s limit
is about as long as the present data can support, due to
the acquisition time of each individual run in the brute
force averaging of the 20—40 runs at each temperature.
To demonstrate that the total number of correlation
functions is sufficient, Figure 9 shows how T and f
depend on the number of runs averaged for the worst
case, a fully formed cloudy gel. After about 50 runs,
each of duration 180 s, the decay rate is fairly steady,
and the coherence parameter, f, approaches 0.9, the
value obtained with an ergodic system, polystyrene in
toluene, for the same instrument settings. The distri-
bution of intensities N(I) (Figure 9, inset) has the
expected form®2 for a single random process, consistent
with the high-coherence detector settings used, which
did not subtend multiple speckles at one time. A 1ls
time scale and 300 nm distance scale are far shorter
than used in visual assessments of gelation, such as
tilting a 1 mL sample to observe flow within 1 h time
period. Both clear and cloudy PBLG/toluene gels qualify
according to such conventional criteria; as already
mentioned, samples remain inverted for many years
without any sign of flow. Nor are the gels easily broken
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Figure 10. Double log plots of the autocorrelation functions
for 0.005 g/mL of PBLG-91000 in toluene, collected at 8 = 90°
as the temperature is stepwise raised through the melting
transition of a cloudy gel.

by shaking. Figures 7 and 8 merely represent these
facts using DLS. The mutual diffusion coefficient,
obtained? as the initial slope of the average decay rate
of the correlation functions plotted against g2, decreased
almost monotonically with temperature during this
stepwise cooling experiment. The decrease began at
about 60 °C, well ahead of the increase in G, as shown
in Figure 8. Such a large decrease cannot be accounted
for by changes in toluene viscosity with temperature and
implies that increased aggregation accompanies tem-
perature reduction and precedes gelation.3* Although
the trends demonstrated in Figures 7 and 8 herald
gelation, the temporal and spatial ambiguity implicit
in flow-based or diffusion-based definitions are powerful
motivators to explore better methods to identify gels.
In the next section, undercooling and sample history
effects are minimized by studying the melting of gels
rather than their formation.

DLS upon Melting of a Cloudy Gel. Measure-
ments at a single scattering angle were taken at ~0.2
deg increments with brute force averaging of 40—50
runs. The individual time-averaged correlation func-
tions had a duration of 180 s; processes occurring on a
time scale longer than about 100 ms will not be
measured with high accuracy. Equilibration time be-
tween the 0.2 deg steps was 3 h. A scant few of the
correlation functions appear in Figure 10. Overall, the
correlation functions display more mobility at high
temperatures than at low, which is expected. However,
the behavior is not completely monotonic; the correlation
function at T = 50 °C lies above that at T = 49 °C,
qualitatively indicating a higher gel fraction at the
higher temperature. The correlation function at 49 °C
obeys a power law over 5 decades of time, marred only
by a ripple with a frequency of about 20 Hz. Although
it is possible to generate ripples by incorrectly setting
the correlator’s scaling facility, we believe the oscillation
is a real consequence of weak acoustic or mechanical
excitation of a very soft viscoelastic system near the gel
point. This phenomenon, seen previously,?* can be
exploited for measurements of gel moduli.”® We did not
pursue this possibility, as the cylindrical cells with
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round bottoms that were used do not provide a conve-
nient boundary condition for the analysis. The power
law behavior was not seen in the correlation functions
collected as the temperature was lowered leading to the
formation of this gel. This may be due to temperature
steps (5 deg) that were too large, or to kinetic effects
(supercooling) despite the long waits between temper-
atures. The power law slope in this region is —0.095 +
0.001, considerably smaller than the —0.27 reported by
Martin.5® Unlike other studies, the power law does not
extend beyond the gel point but exists only over a 0.4
deg temperature range. In the work of Martin, prior
to the gel point, the long-time correlation function
relaxes according to a stretched exponential:

9?(q,t) — 1 = exp[—(I'))"]

The stretching parameter, b, was found to be 0.67 for a
chemically covalent network of silica particles. For a
covalent polymer gel of PMMA,”* b was 0.26 + 0.02. In
the present experiment, there is only a hint of trunca-
tion, occurring at T = 47 °C (see Figure 10), which is
really on the wrong side of the transition for additional
motions to appear. This again indicates the nonmono-
tonic melting behavior of the cloudy gel. Perhaps the
measured correlation functions do not extend to long
enough lag times to exhibit the stretched exponential
tail at other temperatures. Improvements would come
at a considerable price using a conventional DLS
instrument. Correlation functions simultaneously mea-
sured at multiple speckles, as with a pixel-type detec-
tor,”® would be more efficient at long sample times.
Correlation functions are commonly converted into
decay spectra using Laplace inversion algorithms,’®
such as the popular CONTIN.?”78 It is supposed that
the electric field autocorrelation function can be fitted
as g(t) ~ fodl A(T) exp(—Tt) where the A(T) function
represents the amplitude associated with an exponential
decay with rate I'. Akin to a weighted sum of exponen-
tials, such a form will fit most monotonically decaying
data, including the correlation functions measured here.
CONTIN applies different levels of smoothness to the
solution, effectively tying together nearby “grid points”
at which A(I') is estimated. The program uses statistical
parameters to choose, supposedly, the smoothest dis-
tribution consistent with the data. Both CONTIN and
another Laplace inversion algorithm (a smoothed ver-
sion’ of exponential sampling®) were applied to several
data sets. For example, using 60 grid points, the chosen
CONTIN solution to the power law data of Figure 10
(at 49 °C) included six peaks spanning the frequency
regime 104 to almost 108 Hz. Amplitudes in the low-
frequency regime were poorly estimated in the chosen
solution. Typically, the EXSAMP algorithm gave a
similar but less detailed, more conservative distribution
than the chosen CONTIN solution. The several CON-
TIN distributions were not particularly stable to changes
in the smoothness parameter. Since there is no theo-
retical basis for a sum of exponentials anyway, the
Laplace inversion analysis was abandoned. Still, some
way of following the trends with temperature is needed.
It was decided to apply the very flexible stretched
exponential form to the early part of the autocorrelation
functions. The same criticism just leveled at Laplace
inversion—namely that there is no theoretical basis—still
applies, but at least the number of parameters is
reduced. The early parts of the correlation functions
were found to follow the stretched exponential form,
with b ~ 0.67 at temperatures above the gel point. At
temperatures below the gel point, b decreased to 0.45
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Figure 11. Decay rates from stretched exponential fits to the
early part of the correlation functions as a function of tem-
perature for stepwise lowering and raising of the sample,
respectively, to form and melt the gel. The inset shows the
melting behavior on an expanded scale from 48 to 51.5 °C.

4 0.11. The stretched decay rate, T, is another indicator
of the gel melting transition. This parameter was
determined throughout the melting transition, and also
for the data of the previous section on equilibrium
formation of the cloudy gel. The stretched exponential
decay rate exhibits about 14 deg hysteresis; see Figure
11. The I' parameter is not monotonic on melting.
Small fluctuations begin at 48.5 °C, followed by a large
increase at 52 °C. The rapid decay at 54 °C corresponds
to an ergodic correlation function and represents the
onset of macroscopic flow, as observed by tilting. Ac-
cording to T, the gel melts over a temperature range of
5.5 deg (i.e., from 48.5 to 54 °C). The gel melting
transition indicated by I' is broader and occurs at a
higher average temperature than that indicated by
power law behavior. The power law behavior is a more
definitive melting criterion, but the transition indicated
by T corresponded more closely to visual observation.
The single exponential cooperative diffusive mode in the
early times reported by Martin was not observed. Its
absence may be due to the polydispersity of the polymer
aggregates at even the highest temperatures, or to the
fact that our polymer molecules diffuse more slowly than
Martin’s monomers, so that cooperative diffusion over-
lays modes associated with the gel.

DLS upon Melting of a Clear Gel. Brute force
ensemble averages of 50 individual runs, each of 180 s,
are shown in Figure 12. Data at lag times exceeding
about 100 ms become progressively less reliable. The
coherence parameter, after averaging, approached the
norm for the optical settings in use. As shown by the
inset, a power law regime extending over almost 3
decades of time is found at 49 °C with a negative slope
of 0.113 + 0.003. The slope slightly exceeds that
measured for the cloudy gel (Figure 10) but remains well
below the expected® 0.27. A more extended power law
regime might have been found at a temperature be-
tween the measurement steps of 1 deg. The power law
regime is truncated by a downturn of the correlation
function. The downturn appeared to have a stretched
exponential form,”2 as predicted.5®3 However, the lag
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Figure 12. Double log plots of the autocorrelation functions
for 0.005 g/mL of PBLG-91000 in toluene, collected at & = 90°
as the temperature is stepwise raised through the melting
transition of a clear gel.
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Figure 13. Stretched exponential fitting parameters for the
early part of the correlation functions of Figure 12 (clear gel;
stepwise melting).

times are an appreciable fraction of the total acquisition
time, so judgement on this point is reserved. The initial
part of the correlation function was fitted to a stretched
exponential, as for the cloudy gels. Unlike the cloudy
gel, the clear gel melted monotonically with ergodic
behavior beginning at 50 °C. Both stretched exponen-
tial fitting parameters, I" and b, for the early part of
these functions increase sharply at this temperature;
see Figure 13. This suggests that the cross-links
supporting the connectivity network were suddenly
released. Clear gels that are melted very slowly may
exhibit some cloudiness en route to a clear melted state.
This may be due to the formation of microgel aggregates
as the connectivity network is undone. Another pos-
sibility is that phase separation processes may begin
once the connectivity network is broken, in a process
conceptually similar to the crystallization that occurs
when a crystallizable polymer is warmed slightly above
the glass transition temperature, after having first been
rapidly cooled. The latter interpretation requires the
liquid—liquid phase boundary to lie above the con-
nectivity transition.
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Figure 14. Proposed schematic representation of gelation for
a cloudy gel. A clear gel may stop at the first step. Circles
indicate zones of interaction among the rods that give rise to
the DSC endotherms on melting.

A vexing problem is the difference in the present
power law slopes for either clear or cloudy gels from
those found for silica gels by Martin et al.5381 In their
study of poly(methyl methacrylate) chemical gels, Fang,
Brown, and Konak™ found good agreement with the
results of Martin et al.. Lang and Burchard>® found an
extended power law regime in thermoreversible gels of
tamarind gum. The exponent ¢ on t was somewhat
ambiguously determined. From their Figure 2 (showing
g®(q,1)) one computes for g@(q,t) the value ¢ ~ 0.68.
However, the authors appear to draw a favorable
comparison to the silica value of 0.27. If their Figure 2
is simply mislabeled regarding the order of the correla-
tion function being displayed, that would account for a
factor of 2 difference and the comparison would indeed
be favorable. Ren and Sorensen®® observed extended
power law correlograms in gelatin and interpreted these
results from the glass transition viewpoint. These
authors also found a g dependence for the power law
exponent, an issue not addressed during the melting
experiments of this paper.

Summary

The DSC provides direct evidence for enthalpic in-
teractions among the rods in PBLG/toluene gels, as
inferred from earlier solution studies.3* Whatever their
molecular nature, the very presence of such interactions
legitimizes an interpretation based partly on a con-
nectivity transition. While phase separation is surely
an important aspect of PBLG gelation in other solvents
and also in some PBLG/toluene gels, it is not the only
factor. The DSC results also mean that entanglements
are not required to explain why phase separation stops,
if once it does begin.

Apart from intensity, the scattering behavior of clear
and cloudy gels was similar for the scattering vectors
studied. We propose that cloudy gels begin as weakly
connected networks which oppose, but not with complete
success, microscopic phase separation at a later time.
The phase separation may intensify rod—rod interac-
tions. This would be consistent with the higher melting
temperatures for 25 °C gels compared to the —10 °C gels
of Figure 2. The proposed process for the cloudy gels is
depicted in Figure 14. For rapidly quenched, clear gels,
a more extensive percolation network may form that
better resists the tendency toward phase separation.
These observations underscore the importance of kinet-
ics in gelation.

During the formation of the cloudy PBLG/toluene gels
by slow, stepwise decreases in the temperature, the DLS
experiments of Figures 7 and 8 did not identify a sharp
gelation transition. Experiments conducted upon melt-
ing of clear and cloudy gels were more revealing. The
power law behavior observed in chemical gels®® was
found near the melting point for both clear and cloudy
gels. Although the power law regime extended for 3—5
decades of time, the power law slopes did not meet
expectation.
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Conclusion

The PBLG/toluene system can exhibit a wide variety
of behavior depending on gelation conditions. The
hoped-for notion of universality in the gelation of rodlike
polymers® is a casualty of the competition between
connectivity and phase separation. Moreover, the in-
terplay between these factors will depend on concentra-
tion, molecular weight, presence or absence of nucleat-
ing sites (“dust” which these samples lack), and cooling
rate (a function of sample size and shape). As if this
were not enough, another complexity lurks. Tanaka
and Stockmayer point out that connectivity is akin to
an order—disorder transition. In rodlike polymers, a
real order—disorder transition between liquid phase
exists. Its effect upon phase separation dynamics is
beginning to get attention,82-8 but theoretical treat-
ments so far ignore the simple connectivity transition
and sample history/kinetic effects. Although rodlike
polymers are among the simplest structures known to
form gels, they nevertheless exhibit a wealth of diverse
behavior and complexity in doing so.
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