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ABSTRACT: A scattering modeling approach is used to clarify the formation of the thermoreversible
polymer gel with a fibrillar network. We find that the gelation has to do with the spatiotemporal evolution of
the so-called “coherent structure”—the nonlocalized, fibril nucleation via the fluctuation instability and fibril
growth coupled with a cooperatively coarsening concentration wave—and is a direct consequence of the
spinodal crystallization far from equilibrium in the solution. The present result rejects the common opinion
that the gelation is nothing more than the percolation problems and poses an interesting question about the
entropy-driven crystallization.

1. Introduction

Thermoreversible polymer gels are often considered to be a
percolating network formed through physical association of long-
chain molecules.1-5 Further, one can make the jump from the
junction structure to the network properties, because no char-
acteristic mesostructure is a consequence of the self-similarity of
the percolating network. This view explains why, except for the
rheology,6 the experiments7,8 over recent decades always remain
on the microstructure in terms of the classification proposed by
Flory9 anddeGennes.10However, the frequently observeddiverse,
hierarchical morphologies have proved that the polymer gelation
is not that simple right from the start.11-14

Is the thermoreversible gelation nothing more than a percola-
tion problem?Recent researches on the colloid gels15 and the low-
molecular gelators16-18 have suggested that the gelation can arise
from some self-organizing/assembling processes driven by phase
transitions—not really percolating. Interestingly, some experi-
mentalists have presumed somewhat similar mechanism in poly-
mer systems in spite of no enough evidence.19 While all seem to
question the universality of the percolation theory, there should
not be any ambiguity in the answer. For variety gel systems,many
theorists go a long way to give an exact description of their
universality class in phase transitions.3-5 The idea behind the
percolation theoryhas a very intrinsic problem.Namely, the gelation
as a critical phenomenon, the theory expects a well-defined sol-
gel “phase” boundary in the equilibrium phase diagram.20,21 On
the other hand, a new problem upraises: if the thermoreversible
polymer gels are taken out from the percolationuniversality class,
where will they belong? Hence, we contend that a more precise
experiment, based on tracing the morphogenesis, is needed to
identify the most important factor for the polymer gelation.

Forming a fibrillar network is a very widespread phenomenon
in the polymer gels and the low-molecular gelators. It is accepted
for the gelators that the fibrillar structure is due to the crystalline
fibril branching17,18 and may be depicted by the solidification.22

Naturally, this seems logical for polymer, because the crystal-
lization does occur in most polymer gels.6-8 However, a similar

observation does not automatically guarantee a similar origin
and process. The solidification has no thought for the entangle-
ment complexity of polymers, not to mention the fact that the
mechanism does not by itself expect—how does the topological
connectivity occur? Obviously, the crux lies in how the fibril
growth brings the topological connectivity on the mesoscale.

There are two mechanisms for the thermoreversible gelation
with fibril structure. One is the bond percolation by fibril
junctions (a typical phase transformation in polymer solutions);
another is the self-organization/assembly by fibril aggregation/
evolution (an nonequilibrium phenomenon). However, the ex-
periments based upon equilibrium thermodynamics are not
possible to tell which one is most nearly in agreement with the
fact. Thus, we proposed a judgment. If the gelation is character-
ized by the fibril nucleation covering over the entire transient
network instantaneously (i.e., the bonding probability depends
only on the nucleation kinetics), it is a percolation process; if not,
it relies on when and how do the molecular topological entangle-
ment pin the self-organizing/assembling processes. Tracing the
evolving fibrils by the depolarized small-angle light scattering
(d-SALS) technique can provide an access tomodel the system in
questions.23 In this paper, we use a qualitatively reliable full-
scattering-pattern analysis to perform a systematic stepwise
survey of the gelation process.24,25 By reconstructing the whole
process, the present work would not only answer how the fibrils
self-organize into the network but also clarify what the nature of
the morphogenesis in that process is.

2. Experimental Methods

2.1. Materials. The fibrillar network was prepared by syndio-
tactic polystyrene (s-PS) (syndiotactic content of over 99.9%,
Mw = 2 � 105, Mw/Mn = 2.8, Idemitsu Petroleum Co. Ltd.)
dissolved in o-xylene, and then by quenching the homogeneous
solution (C= 0.5 g dL-1) from 408 K to the gelation tempera-
ture 323 K.

2.2. Scanning Electron Microscopy. The freeze-dried network
was prepared as follows: the homogeneous s-PS/o-xylene solu-
tion was quenched from 408 to 323K for 1 day to form awet gel,
and then thewet gel was placed into the freeze-drying equipment
(Emitech Ltd., K775X Turbo Freeze-Dryer with LN2 Fed Cold
Stage) at 138 K. Under a vacuuming condition (1� 10-5 mBar)
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formore than 1 day, the freeze-dried networkwas obtained. The
morphology of the freeze-dried network was investigated by
scanning electron microscopy (SEM; Hitachi S-3000N).

2.3. Time-Resolved d-SALS. The optical arrangement of the
apparatus has been described previously.23 A 5 mW polarized
He-Ne laser was used as the incident source, and the polariza-
tion direction of the beam was adjusted by a half-wave plate.
The beamwas then spatially filtered, expanded, and shined onto
the sample. The sample cell was placed on the temperature
controlled stage (Linkam Scientific Co., THMS-600), and the
scattered light intensity was directly imaged through the Fourier
lens and an analyzer onto the CCD camera (Apogee Instru-
ments Inc., Alta U2000 CCD camera). The digitized images
were transferred the real-time processing to a personal computer.
In present study, the reliable data are about scattering angle
θ = 0.87-21.5�, corresponding to q = 0.22-5.57 μm-1.

2.4. Time-Resolved FT-IR. The time-resolved infrared spec-
trumwasmeasured at a resolution of 1 cm-1 with aNicolet 6700
FT-IR Spectrometer (Thermo Fisher Scientific Inc.). The s-PS/
o-xylene solution was enclosed in a HT-32 heated demountable
cell with 0.5 mm path length spacer inserted between two KBr
windows. The crystal form of the s-PS fibril is δ phase with a 21
helical conformation corresponding to a regular TTGþGþ

sequence,26 and the conformational-sensitive band of the se-
quence is at 572 cm-1;26-28 thus, thewavenumber range scanned
was set to 568-576 cm-1 to trace the band.

3. Results

3.1. Scattering Modeling of the Fibrillar Network. Figure 1a
shows theSEMmicrographand the correspondingdepolarized
scattering pattern of the s-PS/o-xylene gel. As shown in
Figure 1b, left, sketch, the network can be modeled as the
rigid fibrillar skeleton connected by the soft entangled junc-
tion. In the common practice of the d-SALS experiment, the
structural identification of the scatterers is accomplished by
comparison with theoretical form scattering, like theMurakami
et al. anisotropic rod model.29 As shown in Figure 1b, right,
the theoretical pattern (the rod lengthL=5 μm) is similar to
the experimental one, but the length estimation differs
markedly from the SEM observation (ca. 1 μm). Undoubt-
edly, the present pattern should be richer in structure. In
early works,30 it is implicitly assumed that the structure scat-
tering can be excluded from d-SALS. Later, we knew that the
structural information does exist and can be extracted by our
scattering modeling approach.24,25

For the scattering from an evolving hierarchical structure,
giving the explicit analytical form of the scattering pattern is
rather difficult or even impossible. Instead, the scattering mod-
eling is a compromising phenomenological approach which can
lead to a better understanding of the interrelation/interaction
between scatterers at different timing and hierarchy during the
process.Beforebuildingarealisticmodel,wewould like todefine
two terms: form factor and structure factor. The form factor is
the scattering intensity for a scatterer alone and is related to the
shape and scattered ability of it. The structure factor is scattering
intensity for the interference of the scatterers and is referred to
the spatial arrangement of them. Besides, the form factor also
describes the scatterers’ level in the hierarchical structure. If the
density-density correlation functions of two structures have the
convolution relationship,31,32 the sub one names as the form
factor. Let us return to our main subject. Considering many
crystalline fibrils create a topological connectivity and then
show a highly correlated evolution. The model needs two
form factors to define the fibrils and their correlation; one
more structure factor is needed to characterize the large-scale
inhomogeneities of the network, as shown in Figure 1c.

Two mechanisms were considered: the fibril aggregation/
branching and the fluctuation coupling. The former is not

new13,18 and holds for the following case, as shown in Figure 2
top. First, either an aggregate or a branching object requires
“an” origin,18 and the fractal characteristic should be de-
tected and analyzed. Second, if the cluster is formed by the
aggregation, it will be a two-stage process, i.e., the fibril
growth and then aggregation. In the present study, however,
no fractal was observed, and the fibrils grew to join one
another as a continuous process. Hence, a new fluctuation
coupling mechanism goes as follows: the “growing” fibrils
are spread out and embedded in nonlocalized concentration
waves posed by them. As shown in Figure 2 bottom, in addi-
tion to the fibril form factor (Murakami et al.’s model), the
Debye-Bueche fluctuation model33 as another form factor
provided a suitable formalism to describe the fibrils’ correla-
tion. By its very nature, the Debye-Bueche model is often
used to analyze the spatial inhomogeneity and makes no
reference to the correlation between the discrete fibrils.
Nevertheless, just these fibrils give rise to mesoscopically
observable inhomogeneity. Given such a “mixing,” the scat-
tered intensity should be expressed by the sum of these two
terms. Furthermore, because of a polymer chain inevitably
participating in several fibrils, as the fibril growth, the
topological entanglement would join the fibrils up. So we
treated the structure factor as a loose assembly of such fibril

Figure 1. (a) SEM micrograph (left) and the representative half-
depolarized scattering pattern (right) of the fibrillar network, preparedby
0.5 g dL-1 s-PS/o-xylene solution at 323 K. (b) Left: the sketch of the
fibrillar skeleton. Right: the theoretical patterns of the crystalline fibril
by Murakami et al.’s model29 for different fibril lengths (L=1 and
5 μm). The parameters used are the anisotropies of the fibril δ=1, the
polar angle of the rod axis ω0 = 0�, and the refractive index of the
mediumm1 = 1.503. (c) Hierarchical structure of the fibrillar network.
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clusters/domains. The model is then given by

IHvðq,jÞ ¼ SðqÞ½NPRod
Hv ðq,jÞþPDBðqÞsin2 2j� ð1Þ

where IHv(q,j) is the depolarized scattered intensity (where q
is the scattering vector, andj is the azimuthal angle), S(q)=
1- βe-(γξsq)2 is the structure factor of the spatial correlation
between each cluster (where ξs is the correlation length, and β
and γ are the amplitude and the range of the correlation,
respectively),13 N is the number of the fibrils, PHv

Rod(q,j) =
(kπLδ/4)2[p2(cosω0)]

2 P~ (qL,j) is the form factor of the
crystalline fibril given by theMurakami et al.’s model [where
k is related to the absolute intensity, L is the fibril length, δ is
the anisotropies of the fibril,ω0 is the polar angle of the fibril
axis, p2(x)is the second order Legendre function, andP~(qL,j)
is the scaled form factor],29 PDB(q) = 4πKξDB

3 ÆηDB
2 æ/(1 þ

q2ξDB
2 )2 is the Debye-Bueche factor (where K is a constant,

ξDB is theDebye-Bueche correlation length, and ÆηDB
2 æ is the

mean-square fluctuation),33 and sin2 2j is the “optical
transmission” property of the analyzer from the scattering
matrix theory.34,35

The model consists of 11 parameters (i.e., constants k, K,
ω0, γ, and δ; time-dependent parametersN,L, β, ξs, ξDB, and
ÆηDB

2 æ). How to better determine their values is a problem,
especially in an absolute intensity fitting. However, for a
semiquantitative analysis, we set K = 1 and δ = 1, and
combined k andN to be a floating intensity coefficient in the
fitting. In the Murakami et al.’s model, if the polymer in the
fibril has a helical conformation, the angular dependence
of the d-SALS pattern is independent of ω0;

29 thus we set
ω0 = 0�. The structure factor, γ, is given by

γ ¼ 1

2
ffiffiffi
π

p σ- 1

where σ is the ratio of the cluster size to their average distance
(if σ=1, the clusters are closely packed; if σ<1, the clusters
are close but not in contact; if σ> 1, the clusters overlap).13

Considering the loose assembly of the clusters,σ<1seems to
be reasonableness; thus we set σ = 0.67 (γ = 0.42). For the
remainder time-dependent parameters, formally, there may
be not just one solution but a range, corresponding to “one”
scattering pattern (two-dimensional, space case). The valid-
ity of the modeling is limited to the selection of these
parameters, because the results may reflect in part the way
in which those were selected. Nevertheless, it is possible
with appropriate constraints during analysis, like refer to
the real-space SEMmicrograph. On the other hand, onemust

not forget that we face a spatiotemporal evolution (three-
dimensional case); only the physical clarity of these solutions
appears to be continuous on the time scale and can thus
represent a “right” answer. Figure 3 shows that themodeling
results agree well with the experimental patterns—even includ-
ing the background.

3.2. Morphogenesis of Self-Organizing Network. Figure 4
is plotted to test the dynamical scaling of the scattering
function. The combined form factors should fall onto a single
master curve when the Debye-Bueche term just reflects the
spatial correlations of the fibrils themselves. Interestingly, the
scaled scattering functionswerenot foundtobe time-independent

Figure 2. Scattering modeling of the fibrillar network.

Figure 3. A comparison of the experimental (left half, a series of
quarter patterns) and the best-fitted theoretical (right half) scattering
patterns.
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but were slightly shifted toward high qL. The asynchronous
behavior implies that the “individual” Debye-Bueche fluc-
tuation, as a cooperatively coarsening concentration wave,
was “coherent” with the growing fibrils. Figure 5 depicts the
so-called coherent structure. On the other hand, as time goes
on, the scaled intensity decreased and developed a peak
indicating the emergence of distinct fibrils and definite net-
work from the fluctuation background.

Although the gelation obviously had to do with the
coherent structure evolution, how the fluctuation is coupled
with the fibril growth was still unanswered. What is its origin?
Assuming a thermal fluctuation in the initial homogeneous
background, its wavelength, if related to the coupling, should
be close to ξDB at the fibril nucleation. We can use the

Ornstein-Zernike equation I(q) = I(q = 0)(1 þ q2ξOZ
2 )-1

to test whether such background fluctuation exists.31 Figure 6
shows the Ornstein-Zernike plot and the speckle pattern
before the fibril nucleation. The point to observe is that the
characteristic fluctuation length-scale (∼0.5 μm) was also
shown in other polymer gel systems.36-41 This would be
considered later.

Figure 7 shows the result of a systematic stepwise survey of
the time-resolved scattering patterns. At first glance, the
process was classified into four regimes: (i) the fluctuation
stage (t < tnucl, where tnucl is the nucleation time defined by

Figure 4. Reduced scattering functions (j = 45�) of our fibrillar
network model. The solid lines are the base-fitted theoretical scattering
function, and the dash-dot line is the scaled form factor of the fibril by
Murakami et al.’s model. The inset shows the behavior and interaction
between three scattering factors.

Figure 5. Schematic representation of the coherent structure.

Figure 6. Ornstein-Zernike plot of the data for the initial background
scattering and the speckle pattern.

Figure 7. All scattering modeling parameters from a systematic step-
wise survey of time-resolved scattering patterns.
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the remarkable change in the scattering invariant, QHv =R
0
¥IHv(q,j = 45�) q2 dq); (ii) the coherent evolution stage

(tnucl < t < tcluster, where tcluster is the onset of connecting
between the growing fibrils defined by β f 0); (iii) gelation
stage (tcluster < t < tgel, where tgel is the gelation time deter-
mined experimentally by the fluidity observed); (vi) aging
stage (t > tgel). As expected, ξDB tended smoothly toward
ξOZ at tnucl. This convergence implies that a triggering source
as a thermal fluctuation with a band of specific wavelengths
was needed to generate the polymer fibrillar network. In
other words, given such the characteristic fluctuation in the
initial background, the subsequent nucleation and growth of
the fibrils then amplified the fluctuation so that the network
emerged gradually. In the coherent evolution stage, the
increase of ÆηDB

2 æ and the diffusion-limited dynamics ξDB ∼
t1/3 confirmed that the evolution depended on the “uphill”
diffusion like the intermediate-stage spinodal decomposi-
tion.42 While, the interface-controlled growth L ∼ t1 indi-
cated that there was no need for long-range diffusion around
the growth front of the embedded fibrils, for their dynamics
became local. Ultimately, with the fibril growth the topolo-
gical connectivity appeared and led to the heterogeneous
network (see Figure 7, β and ξs). Here, we also noticed that
L(t = tgel) ≈ ξOZ was interesting in that it shows that the
initial fluctuation not only triggered the coherent structure
but also, to a large extent, predetermined the final fibrillar
skeleton.

4. Discussion

4.1. Comparison with the Previous Opinion. From a phase
transition point of view, the experimentalists attempt to
answer the origin of the polymer fibrillar network.36-41, 43-45

A fundamental understanding of the thermodynamics, the
kinetics, and the mechanism of the gelation is therefore of
great importance. However, recent studies on thermody-
namic equilibriummicrostructures (junctions) andmorphol-
ogies (networks)6-8 and on global kinetics43-45 do not fill the
gap in our knowledge on the formation mechanism. Some
experiments have been carried out in order to search for the
factors controlling themicrostructures andmorphologies.36-41

The point is that the gelation is due to the competition-
cooperation between the crystallization and the phase se-
paration in the polymer solution. Namely, the process is
initiated via the spinodal decomposition and subsequent
crystallization in the bicontinuous polymer-rich phase.39,40

The main evidence comes from analyzing the wide-angle
light scattering (WALS) data of the early stage concentration
fluctuations in terms of Cahn’s spinodal theory.46 While
there can be no doubt about the existence of the fluctuation,
we divide on the relevance of the mechanism.

First, the extrapolation spinodal point determined in
Cahn’s way is kinetic, but whether the thermodynamic
miscibility gaps are precisely those observed in kinetic ex-
periment is a problem.36-41 Second, the light scattering peak
provides access to an analysis of the spinodal structure at
each evolution stage—fluctuation, transition, and coarsening,47

but no observed spinodal structuremay be questionable. In a
number of experiments, especially those time trace observed
by the WALS,36-41 the crystallization/gelation intervenes at
the fluctuation stage of the spinodal decomposition, leading
to a “physical pinning.” Such the pinning effect retains the
initial fluctuation structure (wavelength∼0.5 μm) in the final
gel morphologies which coincidentally agrees with our ob-
servation in section 3.2. Clearly, even though the early stage
fluctuation is approximately described by Cahn’s spinodal
theory, its formation might be of a rather different origin.

Now that our “coherent” picture could rationalize the pre-
vious observation, we might argue that the complex concept
of the competition-cooperation of themultiphase transitions
are not required in order to explain the experimental data
presented.

4.2. When Does the Coherent Structure Occur? We may
safely assume that its condition is related to Lc (the critical
length of the fibril nucleus) and ξOZ, which give a criterion
when combined with the intrinsic persistence length of the
polymer, p, as p< Lc < ξOZ. When Lc . ξOZ, the details of
the fluctuation do not matter, and then the “classical”
crystalline nucleus forms and grows locally. If Lc < ξOZ,
the nucleating fibrils seem roughly equivalent to the diffuse
nucleusofCahnandHilliard’s nonclassical nucleation theory48,49

or the wave packet of Binder and Stauffer’s cluster-dynamics
approach.50 The two “non-classical” pictures would perhaps
explain why the Cahn’s spinodal theory can self-consistently
describe the early stage fluctuation observed by the previous
WALS experiments. Pursuing further the cause of the co-
herence drives us to the problem about the spinodal crystal-
lization in bulk polymers.51-53 The situation shows some
similarity to the coherent structure formation presented here.
In Ryan et al.’s SAXS experiment51(also see Kaji et al.52), they
found a fluctuation-induced anomalous scattering at the
early stage crystallization which implies the observation of
a spontaneous fluctuation process rather than a sudden
nucleation event. By taking into account an additional
correlation effect induced by topological entanglement of
polymers, Muthukumar’s kinetic model gives a reasonable
overall account ofRyan et al.’s disputed data.53 In hismodel,
the nucleation instability is embodied in the “intrinsic”
properties of polymers, but the way is in fact ignoring the
general metastable character of the polymer crystallization.
As we see it now, the Muthukumar model may be inap-
propriate or at least incomplete. In view of this, let us then
consider another possibility: whether under certain circum-
stances, the “extrinsic” fluctuations can be strong enough to
vanish themetastability and then the spinodal crystallization
can occur.

Recent studies have noted that the metastability limit can
be realistic in supercooled liquids, if the system has strongly
viscoelastic effects.54,55 Cavagna et al.’s viscoelastic nuclea-
tion theory54 gives a kinetic spinodal temperature which
marks the relaxation time of the supercooled liquid exceed-
ing the nucleation time of the crystal. Considering amapping
between the relaxation time and the length scale (τ ∼ ξ2), we
analogueize to have a criterion Lc ≈ ξOZ in which the limit
exists. We can summarize the main ideas—if the critical
nucleus size corresponds to the characteristic wavelengths
of the initial fluctuation, or the nucleation time takes place
fairly close to the relaxation time of the polymer disentangle-
ment, the spinodal crystallization occurs and the coherent
structure is formed. At this point, our coherence criterion
could be regarded as a signature of the gradual transition
from the classical crystallization to the spinodal crystallization.

4.3. Hypothesis of Entropy-DrivenCrystallization. Just like
pattern-forming phenomena in dissipative systems,56,57 the
gelation was via the fluctuation instability, and the initial
fluctuation predetermined the final morphology. We may
wonder what “small effects” felt by polymer molecules
induce such a self-organizing process. Let us draw attention
to the conformational change of the s-PS during the fluctua-
tion stage, as shown in Figure 8a. The integrated IR intensity
of the regular TTGþGþ conformation emerged immediately
after quenching, increased linearly before any indication of
forming observable fibrils (t < tnucl), and approached only
asymptotically the gelation stage. Superficially, this observation
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seems to agree: whereas the polymer crystal is partially built
up with the intramolecular periodic structure, when a poly-
mer molecule is possible to self-organize into the regular
sequence, the next “crystallization” through intermolecular
packing of these sequences must proceed in a more contin-
uous and collective fashion as the “spinodal” process.58

However, two deep questions should be addressed. First,
what does drive the self-organizationwithin a polymermolec-
ule? Second, why does the solution show up as a long-lived
metastable state, despite its fluctuation instability? The
answers to both questions may lie in understanding how
the s-PS chain behaves in the solution. Nevertheless, the inst-
ability in the solution itself causes the experimental difficulties.
To avoid the problem, the comparable atactic polystyrene
(a-PS,Mw=2.116� 105,Mw/Mn=1.01, Sigma-Aldrich Inc.)
was used as a substitute [the intrinsic viscosity [η], which
characterizes the hydrodynamic specific volume of a poly-
mer coil, is 0.69 dLg-1 and the Huggins constant, which is
related to the structure of polymer coil (for the self-avoiding
chains, k < 0.52), is 0.488]. Inasmuch as the two polymers
are the stereoisomers, their behaviors should be essentially
identical at least at t = 0. Unexpectedly, in the present con-
dition, the gelation occurred at [η]C = 0.345 (much lower

than the hydrodynamic overlapped concentration, [η]C∼ 1)!
Obviously, the formation of the self-organized helix (i.e., the
regular TTGþGþ sequence of the s-PS) accompanied the
significant expansion of the s-PS coils and made gelation at
the dilute situation. FromDaniel et al.,27 the self-organizing
helix can be stabilized by o-xylene molecules intercalated
between the phenyl groups (the π—π interactions59). It,
however, seems rather doubtful that all was driven entirely
by such a “chemical” force. On the other hand, we were con-
cerned as to why the coil expansion is not an instantaneous
conformational transition but again a continuous process.

From a different angle, we all know that the preferred
polymer crystal is the chain-folded lamellar crystal.60 The
chain-folding not only is a most efficient way of packing
polymer chains but also satisfies the homogeneous nucleus
and the sharp interface as required for the classical nucleation
theory. In contrast, the fibril, a so-called “fringed-micelle
crystal,” could collapse due to the high cumulative strain
energy61 and the entropy effect of overhanging loose chains
at the sterically nervous transition-interface-layers. Thus, in
bulk crystallization, the fibril is forbidden on the kinetic
grounds.61,62 However, the fibril nucleation during the gela-
tion is certainly a different physical process. Now that the
fibril structure does not favor the minimization of the inter-
face energy, the global entropy maximization may be the
primary in its formation. Indeed, using the hard-sphere chain
model, the Prigogine-Flory-Patterson theory63 predicts
the entropy-driven phase separation to occur when the loss
in the mixing entropy is compensated by the translational
entropy increment.64,65 Snir and Kamien also show that a
purely entropic force can be enough to bend the stiff polymer
into a helix.66 So we suggest a hypothesis of entropy-driven
crystallization to understanding the fibril formation. Figure 8b
illustrates how this may arise.

We first consider a hard-sphere chain (self-avoiding chain)
surrounded by many depleting spheres (solvent molecules).
The excluded volume of the hard-sphere chain reduce the
free volume inwhich the depleting spheresmay live, as shown
in Figure 8b, left. Clearly, the only way to heighten the spheres’
free volume (translational entropy) at constant internal
energy is to allow the significant expansion of the hard-
sphere chain, while its conformational entropy ismore or less
lost. However, whether the translational entropy can have an
appreciable effect on the expansion of the hard-sphere chain
should depend on the polymer concentration. We predict
that the maximum translational entropy could be obtained
near the overlap threshold ([η]C ∼ 1), enough to outweigh
the loss in the conformational entropy. Even so, the stability
of the expanded hard-sphere chain still has to depend on its
persistence time. The stabilization can be done in two ways:
either by a higher activation energy barrier for the rotational
isomerization, or by the special chemical forces such as the
π-π interactions, as shown inFigure 8b,middle. Furthermore,
as the self-organizing helices grow beyond certain critical
length, the depletion attraction caused by them would be
sufficiently large to induce the fluctuation instability, as
shown in Figure 8b, right. We finally know why the solution
shows up as the long-lived metastable state.

5. Conclusions

This study has demonstrated that the morphogenesis of the
polymer fibrillar network, in fact, begins with the nonlocalized
spinodal crystallization far from equilibrium, continues with the
evolution of the coherent structure, and ends with the emergence
of the topological connectivity. All results reject the common
opinion. So we argue that the thermoreversible gelation needs to

Figure 8. (a) Real-time trace of the conformational-sensitive IR band
of the regular TTGþGþ sequence of the s-PS (572 cm-1) in the early
stage nucleation. (b) Entropy-driven crystallization in the polymer
solution. Left: The excluded volume effect leads to a crowded environ-
ment, and the maximum of the conformational entropy leads to an
inaccessible region or a closed chain loop to confine the degree of
translational freedom of the solvent molecules (the depleting spheres).
Middle: The solvents act as “side chain” affixed to the hard-sphere chain
to stabilize the self-organizing helix, thus favoring the global maximum
of the system’s entropy. Right: Again, the free-volume per depleting
sphere is larger in the ordered (the crystal) than in the disordered (the
self-organizing helix) phase.
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be reconceptualized for the future development of the field. In
placeof thepercolationmodel, the jamming—a“new”perspective—
is a good point which depicts a nonequilibrium fluid (sol)-
solid (gel) transitions due to the sudden arrest of particle or
molecule dynamics.66-69 To conclude, the polymer fibrillar net-
work should be regarded as a fibrillar-like, polycrystalline off-
equilibrium configuration which is frozen into a permanent state
by the jamming of polymer chains.70,71 On the other hand, with
the intricate phenomena uncovered partly, understanding how
the entropybehaves seems to be emerging immediately.Although
these call for further investigation, the present findings are enough
to kindle interest in reexamining the origin of the mesoscopic
complexity of soft matters.
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