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ABSTRACT: By using the time-resolved small-angle light scattering (TRSALS) technique, we present
the real-time measurement of the physical gelation process for a crystalline polymer. To investigate the
growth kinetics, a complete picture of the gel structural formation should be differentiated into the
nucleation and growth of the microgels, the diffusive aggregation of the microgels, the percolation in
cluster-cluster aggregation process, and the late-stage coarsening by the Ostwald ripening process. We
propose some phenomenological functions to describe the hierarchical structure of the nucleation gels.
The modeling of the late-stage gel structure could be built upon the following three relevant categories:
the structure of the primary particle, the nonfractal local structure of a random packing of the nearest
neighbors, and the fractal correlations between the particles constituting the aggregates. The model is
able to reproduce the overall behavior of Hv and Vv scattering intensity distributions over the experimental
q range and holds the truth of the gel structural development in the late-stage coarsening process.

Introduction

Undeniably, the mechanisms of structural formation
of polymer physical gels are very complex. The ex-
tremely subtle gelation phenomena still have not been
fully elucidated. In studying the formation of gel struc-
ture, two interrelated subjects may be considered: (1)
the formation of three-dimensional network structure;
(2) the nature of network junction point in gel. The first
subject pointed out that gelation is the phase transition
(critical phenomena). The essential physical feature of
a gel is its geometrical connections, and hence theoreti-
cal progress generally emphasizes percolation phenom-
ena to gelation theory.1-3 In addition to this, the
community interested in polymer gels is the nature of
network junctions. The junctions can be created by the
permanent chemical cross-link or appropriate physical
influences [i.e., first-order phase transition (crystalliza-
tion and liquid-liquid phase separation), some specific
molecular association (polar, complex, or colloid), or the
result of entanglements].4 In the present study, we
confine our attention to the case of gels associated with
phase transition (both percolation phenomena on the
formation of three-dimensional network structure and
first-order phase transition on the local junction-form-
ing) and deserve explicit emphasis that the gelation is
typically governed the coupling of several phase transi-
tions.

Most studies of gelation behaviors have focused on
phase behavior (the structure and thermal properties
of the junction points by using neutron scattering, X-ray
diffraction, DSC, etc.) and structural morphology (the
equilibrium structure of the gels by using optical
microscopy or SEM) in physical gels.5,6 However, in this
paper we will not follow the current trend. We would
like to look at the gel structural development from a
different angle, such as the real-time observation from
the “mesoscopic (∼µm)” point of view. Thus, it is not
necessary for the purpose of this paper to enter into a

detailed discussion for the chemical structure of polymer
chain, solvent type, molecular weight of polymer, lattice
of polymer chains in a crystal, and degree of crystallin-
ity. What we wish to show in this paper is how to
illustrate a reasonable and clear phenomenological
model especially on the structural formation of nucle-
ation gel.

In our previous study,7 we report the first real-time
observation of crystal nucleation and concentration
fluctuation during the physical gelation process of a
crystalline polymer and prove that the spontaneous
concentration fluctuation by spinodal decomposition is
not a prerequisite for the formation of large-scale
heterogeneous gels. In contrast with spinodal gels, now
we call it nucleation gels. The present paper is a sequel
to the previous paper. We show new and completed data
on the time evolution of the Vv scattering and calcula-
tion in both the Hv and Vv scattering functions as well
as a phenomenological model to describe hierarchical
structure and late-stage coarsening of nucleation gels.

Experimental Section

Materials. The crystalline polymer used in this study is
poly(vinylidene fluoride) (PVDF) powder (Mw ) 2.75 × 105 and
Mw/Mn ) 2.57, Aldrich Chem. Co.). The solvent was a mixture
of tetra(ethylene glycol) dimethyl ether (TG) and LiCF3SO3

salt. The salt was added to give an O:Li ratio (oxygen atoms
in the TG:lithium atoms in the salt) of 12:1. The polymer gel
electrolytes were prepared by quenching 4 g dL-1 homogeneous
PVDF solution from 433 K to the gelation temperature 303
K.

Probing Structure by TRSALS. Small-angle light scat-
tering is one of the most useful real-time techniques to study
mesoscopic disordered systems that present inhomogeneities
on length scales at the order of the wavelength of light or
larger.8-13 However, most of the light scattering measurements
in aggregation systems were concentrated on polarized (Vv

scattering) or unpolarized conditions, while the depolarized
condition (Hv scattering) gave a treatment only for simply
structural models (i.e., growth or deformation of polymer
spherulites,14 anisotropic rod,15 and interspherulitic interfer-
ence in the relative dilution limit). In the work, we would try
to expand the depolarized scattering technique into an ag-

* Corresponding author: Fax +886-2-27376544; e-mail
poda@mail.ntust.edu.tw.

5596 Macromolecules 2004, 37, 5596-5606

10.1021/ma049361f CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/02/2004



gregation system and first combine Hv with Vv scattering to
interpret the complicated structural development of the poly-
mer physical gels.

The optical arrangement of the TRSALS apparatus has been
described previously.7 A plane-polarized laser beam (5 mW
He-Ne laser having a wavelength of 632.8 nm) was used as
the incident source, and the polarization direction of the beam
was varied by a half-wave plate. The sample cell was placed
on TMS-600 heating stage (Linkam Scientific Co.), and the
scattered light intensity of the sample was directly imaged
through a Fourier lens and an analyzer onto the CCD camera
(Apogee Instruments Inc., AP 7p with a 512 × 512 pixel
sensor). The digitized images were transferred the real-time
processing to a personal computer. In our design the angular
range for which reliable data can be collected is about θ )
0.5°-20°, corresponding to q ) 0.124-4.942 µm-1 and length
scale 1.27-50 µm [q ) (4πm1/λ) sin (θ/2), where q is the
scattering vector, λ is the wavelength of incident light, and
m1 is the refractive index of an isotropic medium].

Gelation Time. The test tube tilting method was used to
determine the gelation time tgel, which was defined by observ-
ing cessation of liquid flow inside the test tube when it was
tilted, and the gelation time was monitored just after the test
tube was put into the thermostatic bath.

Results and Discussion

Scattering Patterns of the Nucleation Gels.
Figure 1 shows a series of Hv (left) and Vv (right)
scattering patterns during isothermal gelation. It is
interesting that the time changes in the shape of the
present Hv patterns can be divided into three stages:
(1) a four-leaf-clover pattern in early stage (see Figure
1a-c); (2) a four-crescent-moon pattern in medium stage
(see Figure 1d); (3) a double structure in final stage (see
Figure 1e,f), which includes both four-leaf-clover and
four-crescent-moon shapes at low and high angle range,
respectively. In contrast to the complicated Hv scatter-
ing, we see only a monotonic decay of the scattering
intensity with θ and a nearly circularly symmetrical Vv
scattering pattern. Simultaneously, the time changes
in the present Vv patterns are also unexciting except
for the striking increase with concentration of the
intensity distribution on the center of the pattern. The
similar scattering patterns have been observed in our
previous paper for 6 g dL-1 PVDF gels.7 We have
pointed out that the initial pattern with the four-leaf-
clover shape implies the growth of the optically aniso-
tropic spheres, and the conversion of the pattern from
the four-leaf-clover to the four-crescent-moon shape with
the emergence of new first-order peak is the main
characteristic of the anisotropic-to-isotropic transition.
In terms of the birefringent transition, it seems reason-
able to suppose that the origins of the patterns in Figure
1 are produced by aggregation of isotropic spheres.
However, we should not overlook that the crystallite act
as the major junctions in the gel networks.7,16,17 We miss
the point if we regard the complicated pattern evolution
merely as the birefringent transition of the spheres.
Thus, there is room for argument on these points, and
below we would propose a more precise account of these
problems.

To clarify this issue at once, we show how the
birefringence of the sphere affects the Hv and Vv
scattering patterns. A series of the Hv (top) and Vv
(bottom) scattering patterns calculated from eqs A5-
A9 are shown in Figure 2a by taking the sphere radius
a0 as 4 µm, the relative index µ as 0.993, and the
refractive index of the medium m1 as 1.433 (see Ap-

pendix A). For the sake of qualitative discussion, the
scattered intensity distributions of the calculated pat-
tern were shown by arbitrary units. The extreme left
patterns (∆µ ) 1) are for a polymer spherulite (a
strongly birefringent sphere) and show the typical four-
leaf-clover Hv pattern with the 2-fold symmetrical Vv
pattern. These patterns correspond to what would be
predicted by SR theory.14 The extreme right patterns
(∆µ ) 0) corresponds to the light scattering by a
amorphous sphere (a optically isotropic sphere). For Hv
scattering, we see a first-order peak with the four-leaf-
cover shape at the center of the pattern, superimposed

Figure 1. Time evolution of Hv (left) and Vv (right) scattering
patterns showing the isothermal gelation for 4 g dL-1 PVDF-
TG-LiCF3SO3 solution at 303 K.
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on many higher-order peaks with the four-crescent-
moon shape. On the other hand, we see only a circularly
symmetrical Vv scattering pattern. As seen in the figure,
when the birefringence of the sphere is decreased, the
changes in the shape of the Hv and Vv scattering pattern
are observed. Figure 2b shows the experiential scatter-
ing patterns taken at 3408 s in the sol state. The first
point to notice is that the experiential scattering pat-
terns in Figure 2b look the same as the calculated
scattering patterns for the birefrigent sphere (the
middle patterns, ∆µ ) 0.01). Thus, there is no disagree-
ment on the point that the Hv and Vv scattering give
the conclusive evidence for the aggregation of birefrin-
gent spheres in the present gel system. We can imagine
that crystallites or fibrils act as junction points for the
intermolecular cross-linking within the polymer-rich
droplets, leading to the formation of the microgels and
approximate dispersion of the hard spheres in the
solution. The schematic representation of the birefrin-
gent sphere (or rather the microgel) is shown in Figure
2c. Let us now return to the main: whether we can
regard the complicated pattern evolution shown in
Figure 1 as the birefringent transition of the spheres
or not.

Figure 3a shows the three-dimensional map-surface
plots of the experimental Hv scattering patterns taken
at 31 309 s (gel state) and (b) the calculated one for ∆µ
) 0. We are confronted by two difficulties. The first is
that the theoretical prediction of sharp higher-order
peaks as shown in Figure 3b is not observed in the
experimental Hv scattering patterns. The second is that
the experimental intensity ratio of first to second
scattering order (see Figure 3a) is much larger than the
theoretical prediction of an isotropic sphere (see Figure
3b). The complicated pattern evolution, as we have seen,
is not quite as simple as previously suggested. However,
looking briefly at the time evolution of scattering profiles
may help us to account for the origins of these patterns.

Time Evolution of the Scattering Profiles. Figure
4 shows the time-resolved Hv scattering profiles at æ )

Figure 2. (a) Calculated Hv (top) and Vv (bottom) scattering patterns for a birefringent sphere as a function of the relative
birefringence ∆µ. The sphere radius is 4 µm, the relative index µ ) 0.993, the refractive index of the medium m1 ) 1.433, and the
scattering angle θ ) 10°. (b) Experimental scattering patterns at sol state. (c) Schematic representation of the birefringent sphere.

Figure 3. Three-dimensional map surface plots of the Hv
scattering patterns: (a) experimental pattern at 31 309 s; (b)
the calculated pattern for a amorphous sphere [the parameters
are the same as in Figure 2a for ∆µ ) 0].
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45°. The first point to notice is that the peak intensity
gradually rises, and the peak position shifts toward a
smaller q range in early stage (t < 140 min). Following
by this peak growth stage, we observe a counterintuitive
process with the reverse growth of the peak position and
a decrease in its intensity. At the same time, this
process accompanies by conversion of the Hv scattering
pattern from a four-leaf clover to a four-crescent-moon
shape (see Figure 1a-d). Our previous paper grouped
above two processes together as the initial stage of
gelation (i.e., sol stage).7 In this stage, the nucleation
process of birefringent sphere is governed by the cou-
pling of the local concentration fluctuation and polymer
crystallization. Given that the nuclei growth in early
stage is sufficiently isolated and exists the inhomoge-
neous density distribution of crystallites within the
sphere (also called internal disorder18), we may attribute
the counterintuitive process with conversion of the
shape of the Hv scattering pattern to the slightly
decreased birefringence of the sphere. We do not want
to go into the minor details at the moment. However,
we would like to particularly emphasize that the
contribution of the internal disorder to decrease in the
birefringence of the spheres is limited. Phenomenologi-
cally speaking, the view of the birefringent transition
from an anisotropic sphere to a completely isotropic
during the gelation process is unsatisfactory. The
experimental results (see Figure 3) also support this
view.

On the other hand, in late stage of gelation (t > 140
min, i.e., gel stage), the time-resolved Hv scattering
profiles yield two peaks with different length scales. We
identify the two different peak-growth modes: a steady-
state mode, following by the initial peak in sol stage (t
< 140 min), and a fast mode, a new first-order peak with
a steep rise in its intensity. In contrast to the complex
peak-growth behavior of the Hv scattering, Figure 5
shows the time-resolved Vv scattering profiles at æ )
45°. As the nuclei grow, the IVv,q∼0 value, evaluated at
the beam stop limit q ) 0.132 µm-1, steeply rises to the
peak about 120 min, the beginning of the counterintui-
tive process obtained from Hv scattering (Figure 4).

After a marked increase in intensity, it indicates a
nucleation and growth process, the IVv,q ∼ 0 shows a
slight rise.

Figure 6 shows examples of the double-logarithmic
plot of IVv(q) vs q for both sol and gel state. In the sol
state (t ) 3129 s), the figure shows the typical Vv
scattering intensity distribution fitting with the calcu-
lated form factor for a homogeneous sphere by using
eqs A5, A7, and A8. The form factor was calculated with
a0 ) 3.35 µm, µ ) 0.993, ∆µ ) 4 × 10-4, and m1 ) 1.433.
The parameters a0, µ, and ∆µ have been adjusted in
order to get the best fit between the calculated form
factor and the experimental data. The result also
implicates that no interparticle aggregation was ob-
served at least in the nucleation and growth stage.
However, the essential physical feature of the gels is
its geometrical connections. The Vv scattering from gel
stage should provide a starting point to explain this
singular gelation behavior.

Figure 4. Time evolution of Hv scattering profile at æ ) 45°
a for 4 g dL-1 solution after a temperature jump from 433 to
303 K.

Figure 5. Time evolution of Vv scattering profile at æ ) 45°
for a 4 g dL-1 solution after a temperature jump from 433 to
303 K.

Figure 6. Plot of log IVv(q) against log q obtained from the
two time regimes: “sol” stage (t ) 3129 s) and “gel” stage (t )
49 166 s). The calculated form factor for a homogeneous sphere
represents the best theoretical fits for the experimental points
in sol stage. The sphere form factor is calculated with a ) 3.35
µm, µ ) 0.993, ∆µ ) 4 × 10-4, and m1 ) 1.433.
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Fractal Nature of the Gel Structure. The struc-
ture of aggregates and gels is highly disordered, and it
can be described in terms of statistically scale invariant.
The self-similar clusters are well described by the
relation19-21

where N is the number of primary particles or mono-
mers in the aggregate, k0 is the constant, Rg is the
radius of gyration of the aggregate, a0 is the particle
radius, and Df is the fractal dimension. According to the
sticking probability, two limiting regimes of the ag-
gregation process have been identified, namely, diffu-
sion-limited cluster-cluster aggregation (DLCA) with
Df = 1.75 and reaction-limited cluster-cluster aggrega-
tion (RLCA) with Df = 2.1.22 The structural formation
of the nucleation gels may be considered as a direct
consequence of the fractal aggregation of the isolated
microgels. A more general procedure for describing the
fractal morphology of an aggregate is use of the notion
of the spatial density-density correlation function 〈δφ-
(0)δφ(r)〉.23 The overall density-density correlation func-
tion of an aggregate can be expressed as the convolution
of the single-particle correlation function and the pair-
correlation function. As usual, the scattered intensity
I(q) from such aggregate can be written as24

where P(q) is the form factor, i.e., the scattering
intensity for a spherical particle alone, and S(q) is the
structure factor, i.e., the spatial arrangement of the
particles within an aggregate. Here P(q) is directly
related to the shape and the scattered ability of the
particle, and it can be expressed by eqs A5 and A6. The
structure factor displays a scaling behavior for qa0 , l
, qRg as S(q) ∼ q-Df. This result is often used to
determine the fractal dimension of a fractal object. As
seen in Figure 6, in the gel stage (t ) 49 166 s), the data
clearly show a power law behavior at small q region,
i.e., IVv(q) ∼ q-Df, reflecting the fractal correlation of the
microgels, while at high q region, the q-4 Porod behavior
with weak oscillation is characterized by the form factor
of the individual microgel.25-27

Growth Kinetics. To investigate the growth kinetics,
the quantitative analysis of the data of Hv and Vv
scattering is reported in Figure 7. The first point to
notice is that the growth of the fractal dimension shows
two different characteristic time regions, as shown in
Figure 7a. There is a marked increase in the Df value
from ∼1 to 1.75, the value of the DLCA model, and this
increase slows down at the time across the macroscopic
gelation, tgel. At longer time, the Df value slowly rises
continuously until it is close to 2.1, the value of the
RLCA model. Strictly speaking, the fractal description
and its power law form (eq 1) are valid only in a
statistical sense and reveal a greater deviation for the
small clusters. However, a series of three-dimensional
simulations of fractal-like clusters, containing limited
numbers of primary particles per cluster, were carried
out by Yang and Biswas, and the statistical averaging
over a large number of clusters revealed that average
fractal dimension decreases as the cluster size de-
creases.28 Thus, the marked increase in the Df value can
be attributed to the growth of cluster size during the
fractal aggregation of the microgels. As time elapses,
when the number of the particles is present above a

critical volume fraction, the cluster-cluster aggregation
processes will lead to form a space spanning structure
and gelation occurs. On the other hand, for each
measurement of the Hv intensity distribution, we de-
termined the peak intensity Im and the corresponding
characteristic wave vector qm, as shown in Figure 7b.
Comparing the scattering results with the gelation time,
some distinct features can be seen. The gel structural
formation consists of four major stages: (1) an nucle-
ation and growth in regime I, (2) a fractal aggregation
of the microgels in regime II, (3) a percolation in
cluster-cluster aggregation process in regime III, and
(4) a ripening process in regime IV.

In early stage of the nucleation and growth [regime I
(a)], both Im and qm values exhibit nearly power-law
growth behavior with time (Im ∼ tâ, qm ∼ t-R: R ) 0.90,
â ) 4.54). In late stage of the nuclei growth [regime I
(b)], we observed a counterintuitive process, attributed
to the inhomogeneous density distribution of crystallites
within the microgels. We have already discussed these
behaviors fully in either the preceding section or our
previous paper7 and may leave the details to the
complicated aggregation behavior. In the nucleation and
growth stage, the following picture is widely accepted.
The nuclei grow by simple accretion from the oversatu-
rated surrounding solute by downhill diffusion, having
a positive diffusion coefficient. We may reasonably
expect that the nuclei growth will be stopped when the
process exhausts the resources of the oversaturated
solute in surroundings. Thus, the cluster-cluster dif-
fusive aggregation will be relieved as a main process to
dominate the structural development (see regime II).
When the gel point is approached, a strong overlap
between the fractal-like clusters with the percolation

N ) k0(Rg/a0)
Df (1)

I(q) ∼ P(q) S(q) (2)

Figure 7. (a) Time evolutions of the Df obtained from IVv(q)
decays as a power law function, IVv(q) ∼ q-Df at low q regime
as reported in Figure 6. (b) Gelation study by the Hv scattered
condition. The left abscissa corresponds to the peak intensity
Im (Im,I, solid circle; Im,II, solid triangle) while the right one gives
the characteristic wave vector qm (qm,I, open circle; qm,II, open
triangle) as a function of time after a temperature jump.
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in cluster-cluster aggregation process will be observed
as shown in regime III. Conceptually, the fractal-like
clusters growth close to the gel point can be described
in terms of bond percolation models.24 We may consider
a simple picture that the centers of fractal-like clusters
occupy all sites of a three-dimensional periodic lattice,
and then each bond between the close-packed fractal-
like clusters is formed randomly with probability. The
point we wish to emphasize here is that the percolation
transition has a characteristic of critical point in the
physical sense. However, the measuring tgel clearly
reveals the existence of a wide time region. We may
tentatively refer the broadening of the percolation
transition to the size distribution effect of polydisperse
fractal aggregates.

In late stage of gelation (t > tgel), it would be expected
that the structural development behavior is restrained
by the macroscopic gelation. But it is interesting to note
that the regime IV shows excessively complicated
structural development behavior. We see a slow rise in
Df (Figure 7a), two different peak growth modes (Figure
7b), and the complicated Hv scattering patterns (Figure
1e,f). We can safely state that the new nuclei or some
new structure is unlikely to appear in this stage. On
the other hand, to regard the excessively complicated
structural development behavior merely as arrange-
ment or growth of microstructure such as crystallites
or fibrils texture within the microgels is also unsatisfac-
tory. The most likely explanation for the behavior in
regime IV is that some ripening processes accompanied
by the restructuring of the fractal-like clusters occur in
late stage of gelation process. In next section, our
concern is to consider what a reasonable model and the
corresponding structural characteristics for the nucle-
ation gels are.

Modeling of Late-Stage Gel Structure. A more
fundamental picture of the gel structure in late-stage
ripening processes should be built upon the explicit
assumption of four relevant categories: the structure
of the primary particle (the microgel), the nonfractal
local structure of the nearest neighbors, the short-range
fractal correlations, and the long-range intercluster
correlations. As q range is limited, the long-range
intercluster correlations could not be discussed here.
Thus, we can substantially simplify the complexity of
the model. We would propose some phenomenological
functions to describe the hierarchical model of the
nucleation gels. In the preceding section we pointed out
that the structure of the microgel can be quantified
through the single particle form factor (see Appendix
A). For the present, we shall confine our attention to
the specific form of the nonfractal local structure and
the structure of the fractal aggregates. The gelation is
considered as a direct consequence of the growth of
fractal aggregates (see Appendix B). The general be-
havior of the S(q) can be classified into the following
regions: qê e 1 (Guinier region, where the Rg of the
aggregates can be determined using the Guinier plot),
1/ê < q < 1/a0 (fractal region), and qa0 > 1 (asymptotic
region, where S(q) = 1 and one sees only the scattering
due to the individual particles).

In addition to the fractal correlations, it is interesting
to note the nonfractal local structure of the nearest
neighbors within an aggregate. We can say with fair
certainty that the nonfractal local structure acts an
important role in determining the physical properties
of the ultimate structure of the gels. To further inves-

tigate the effects of the nonfractal local structure on the
S(q), Hasmy et al.26 showed that the general behavior
of the nonfractal local structure (i.e., the particles are
arranged as in a random packing of the hard spheres)
can be explained in terms of the center-to-center inter-
particle distance distribution function with Fourier
transform S∞(q) ∼ 1 + z sin x/x (where z is the
coordination number of nearest neighbors for each
particle and x ) 2qa0). As expected, S∞(q) exhibits a
broad minimum followed by a damped oscillation at the
high q region (qa0 > π). The oscillations can be at-
tributed to the presence of nearest neighbors in the
hard-sphere contact with the particle at the origin. We
may expect that the concept of the oscillation function
introduced above helps account for the underlying
origins of the complicated Hv scattering behavior in
regime IV. However, because of the strong disorder and
the particle size polydispersity in the present system,
these oscillations are highly damped and can be ignored.
In addition to this, from the structural development
point of view, since the hard-sphere packing effect was
fixed by the early stage of the aggregation process
(regime II), it could not account for the excessively
complicated structural development behavior observed
in regime IV. Thus, we need a new oscillation function
to explain the dynamics of the local structural develop-
ment in late-stage gelation.

The first question to be discussed is what the phe-
nomenological difference between the microgels growth
in regime I and the ripening in regime IV is. Most of us
would accept that in regime I the microgels grow by the
simple accretion from the oversaturated surrounding
solute. However, this process does not be observed in
regime IV. In contrast to our system, a wide variety of
other systems present the same features in late-stage
of the aggregation, growth, or coarsening.29-32 These
phenomena are driven by the system trying to minimize
its interfacial free energy, resulting in an increase of
the average domain size and a decrease of the total
number of droplets. In principle, two different processes
have been used to describe the droplet growth in late
stage. The first, known as Ostwald ripening, is at-
tributed to Lifshitz and Slyozov33 and Wagner,34 who
considered the noninteracting limit with the volume
fraction φ f 0 for the immobile droplets. According to
this model, the mass transport between the stationary
droplets is governed by a thermodynamic driving force
(i.e., the chemical potential of a droplet is proportional
to its radius of curvature; thus, the molecules detach/
evaporate from a small, high-curvature droplet and
diffuse/condense onto another large, low-curvature drop-
let in the vicinity).29,30 The second model considered the
coarsening via dynamic coalescence of the diffusing
droplets.31,32 In this model, the droplets undergo random
Brownian motion, and growth occurs when two droplets
accidentally collide and coalesce to increase the mean
droplet size. Recalling our earlier discussion, the gela-
tion process can be governed by the hard-sphere-like
colloid aggregation, and the cluster diffusion is re-
strained by the macroscopic gelation. We can say that
the liquidlike coalescence between two droplets is not
observed in the present system. Thus, Ostwald ripening
clearly appears to be a better model than dynamic
coalescence for interpreting the structural development
in regime IV. This feature of late-stage ripening is
schematically illustrated in Figure 8a. Let us consider
the following processes. The hard-sphere-like microgels
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aggregate to form fractal clusters, which ultimately
constitute a three-dimensional network structure. Be-
cause of the broad particle size distribution and the
hard-sphere contact in system (i.e., high specific surface
area), the system tries to minimize its interfacial free
energy by Ostwald ripening. Therefore, the mass trans-

port takes place via polymer dissolution from small
particles and reprecipitation in the surface of backbone
of the gel network or in the necks between the particles.
Besides reducing the interfacial free energy, this process
is also accompanied by a stiffening of the weak network
structure.

Modeling of the scattering function using the actual
structure of the gels is too complicated. In view of this,
a simple model is developed to account quantitatively
for the local structural feature and the kinetic late-stage
ripening process. In this model only the relationship
between the two particle hard-sphere contacts has been
considered, and the coarsening of the two contact
spheres of a size a0 is shown in Figure 8b. A sphere
doublet is formed by Ostwald ripening process, and the
growth of the sphere doublet can be characterized by a
single time-dependent length parameter ar(t). Here, we
were first to decouple the effects of the nonfractal local
structure away from the general expression of the S(q)
to the P(q) and then calculate the P(q) of the two
interpenetrated spheres (see Appendix C).

As described above, the hierarchical model of the
nucleation gels can be built upon the explicit assumption
of four relevant categories. After several trials, we
propose some phenomenological functions which are

Figure 8. (a) Sketch of the late-stage coarsening model. (b)
Schematic representation of the two interpenetrated spheres.

Figure 9. Behavior of the normalized scattered intensity distribution obtained from the experimental points in gel stage (æ )
45°) as a function of the wave vector q (open circle). The dashed line corresponds to the structure factor of the fractal aggregates
S(q) (eq B2) for a single aggregate containing 200 particles (a0 ) 3.4 µm) and the fractal dimension Df ) 1.86. The dash-dotted
line corresponds to the form factor of the two interpenetrated spheres (Ostwald ripening) [PVv

d (q): eq C3; PHv

d (q): eq C4] for the
overlapping parameter F ) 0.64 (ar ) 5.34 µm), µ ) 0.993, ∆µ ) 6.9 × 10 - 5, and m1 ) 1.433. The product of S(q) and P(q)
represents the best theoretical fits for the experimental points in the gel stage. (a) Hv scattered condition. (b) Vv scattered condition.
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able to reproduce the overall behavior of Hv and Vv
scattering data over the experimental q range. Figure
9 shows the comparison of the experimental normalized
scattered intensity distribution with the calculated one
by eqs 2, B2, C3, and C4 in regime IV. Our full model
is described by six parameters: a0, µ, ∆µ, F, Df, and N.
Each of best-fit parameter values is shown in the
caption. It is interesting to note that for the gels studied
in the present work the experimental q range was
located within the crossover between the fractal and the
Porod regime. Since the crossover between fractal and
long-range intercluster correlations could not be ob-
served, the number of primary particles in an aggregate
was determined by supposition, and this value is
insensitive in the present q range. We may note, in
passing, that, in contrast to the Vv scattering, the Hv
scattering is more sensitive to the local structural
feature of the aggregates. Similarly, the calculated Hv
scattering pattern for our phenomenological model is
given in Figure 10. In contrast to the calculated Hv
scattering pattern for a sphere (Figure 10a and calcu-
lated by eq A6), the calculated Hv scattering pattern
(Figure 10b) with the corresponding three-dimensional
map surface plot (Figure 10c) for our proposed model
clearly shows the double structure, and the calculated
results almost agree with the experimental one (see
Figure 1f). More noteworthy is that the model holds the
truth of the gel structural development in late-stage
ripening processes. It seems reasonable to conclude that
the slow rise in Df value of regime IV can be regarded
as a consequence of late-stage ripening. Earlier in this
paper, we left the problem of two different kinetic
growth modes untouched. At present, the excessively
complicated structural development behavior observed
in regime IV (see Figure 4) is successfully reproduced

in Figure 11. We see that the emergence and the steep
growth of new first-order peak are the main character-
istics of the coarsening process, and the two kinetic
growth modes can be characterized by a single time-
dependent length parameter ar(t). In view of this, maybe
we can consider how to expand this argument into the
scaling behavior of structure and growth kinetics, the
universal features in late-stage aggregation, growth,
and coarsening. We leave the matter open, and it will
be taken up in our next study.

Conclusion
In this work, we report the real-time observation of

the structural development of the nucleation gels. It is
clear that the experimental results are entirely different
from the general concept of the “spinodal gels” and also
imply that the spontaneous concentration fluctuation
by spinodal decomposition is not a prerequisite for the
formation of the large-scale heterogeneous gels. In
particular, we propose some phenomenological functions
which are able to reproduce the overall behavior of Hv
and Vv scattering over the experimental q range and
hold the truth of the gel structural development in the
late-stage coarsening process of the nucleation gels.

To investigate the growth kinetics, a complete picture
of the gel structural formation is schematically shown
in Figure 12. When an oversaturated crystalline-
polymer solution is quenched from high-temperature
disordered phase into a two-phase or multiphase meta-
stable region, governed by the coupling of the crystal
and concentration order parameters, the microgels is
formed by the process of nucleation and growth. We can
imagine that the crystallites or the fibrils act as junction
points in the microgels, leading to approximate disper-
sion of the hard spheres in the solutions [regime I (a)].
In the late-stage nuclei growth [regime I (b)], a unique
feature of the birefringent transition of the microgels
can be attributed to the inhomogeneous density distri-
bution of crystallites within the microgels. We can
reasonable expect that the nuclei growth would be
stopped when the process exhausts the resources of the

Figure 10. Calculated Hv scattering pattern for a sphere (a).
Calculated Hv scattering pattern (b) and the corresponding
three-dimensional map surface plot (c) for a model of the
Ostward ripening in colloidal gels. The parameters are the
same as in Figure 9.

Figure 11. Calculated Hv scattering profile at æ ) 45° during
the structure evolutions in the late-stage coarsening for
Ostward ripening. The parameters are the same as in Figure
9.
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oversaturated solute in surroundings. The cluster-
cluster diffusive aggregation would be relieved as a
main process to dominate the structural development
(regime II). When gel point is approached, a strong
overlap between the fractal-like clusters with the per-
colation in cluster-cluster aggregation process would
be observed (regime III). In late stage gelation (regime
IV), the system tries to minimize its interfacial free
energy by the coarsening process. The mass transport
takes place via polymer dissolution from small particles
and reprecipitation in the surface of the backbone of the
gel network or in the necks between the particles. At
the same time, this process is also accompanied by a
stiffening of the weak network structure. The point we
wish to emphasize is that the nonfractal local structure
acts an important role in determining the physical
properties of the ultimate structure of the gels.

In conclusion, we can expand the structural formation
of the nucleation gels into two individual topics: the
first is how to illustrate a reasonable phenomenological
model on the nucleation gels and the second is what the
thermodynamic essences and the corresponding kinetics
of the early-stage nucleation are (i.e., the coupling of
the local concentration fluctuation and the polymer
crystallization). Having got the structural model of the
nucleation gels amply established, we will shift the
emphasis away from structural morphology to the phase
behaviors. The thermodynamic essences and the corre-
sponding kinetics of the early-stage nucleation are little
understood. The questions of the coupling behavior of
the concentration and the crystal order parameter
should be explained appealing to either the thermody-
namic concept of the “spinodal nucleation”,35 where is
the non-mean-field-like behavior of the first-order phase
transition, or the kinetics concept of the “spinodal-
assisted crystallization”,8,36 where the conformation-
density (or concentration) coupling can induce a liquid-
liquid phase separation. Having made this distinction,
we will begin with a simple observation. TRSALS is one
of the most useful techniques to study the early-stage
fluctuation and phase behavior in two-phase or mul-
tiphase system. We need not elaborate on this point; it
is treated much more adequately in our next work.
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Appendix A
The problem of light scattering from a particle can

be described by the particle’s scattering matrix37

where S1, S2, S3, and S4 are the four amplitude func-
tions. All information about the bulk optical properties
and the physical structure of the scatterer are contained
in the matrix. In general, we can regard the scattering
matrix as a certain optical component such as polarizer
and analyzer. A complete description of scattering
theory is to relate the electric vectors of the scattered
light {El, Er} to the incident light {El0, Er0} by a
scattering matrix S, such that

where l and r refer to the electric fields directions
parallel and perpendicular, respectively, to a horizontal
scattering plane, r0 is the distance between detector and
scatterer, k ) 2π/λ, and i ) (-1)1/2. In experiments, two
kinds of SALS measurement are commonly made: Hv
measurement where the scatterer is placed between two
crossed linear polarizers and Vv measurement where the
polarizers are uncrossed. It has been shown in the
small-angle approximation that38

and

where I0 is the incident light intensity and æ is the
azimuthal angle. For the spherical symmetric scatterer,
Van de Hulst37 showed that S3 ) S4 ) 0 for any
scattered angle, and S1 * S2 for θ > 0. Equations A3
and A4 then become

and

Figure 12. Schematic representation of the structural formation of the nucleation gels.

S ) [S2 S3
S4 S1 ] (A1)

[El
Er ] ) [S2 S3

S4 S1 ][El0

Er0
]exp(-ikr0)

ikr0
(A2)

IVv
)

I0

k2r0
2
|S1 sin2 æ + S2 cos2 æ +

(S3 - S4) sin æ cos æ|2 (A3)

IHv
)

I0

k2r0
2
|S3 sin2 æ - S4 cos2 æ +

(S2 - S1) sin æ cos æ|2 (A4)

IVv
)

I0

k2r0
2
|S1 sin2 æ + S2 cos2 æ|2 (A5)
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The light scattered by a homogeneous, spherical sym-
metric scatterer through a scattered angle θ is com-
pletely described by the components S1 and S2. Equa-
tions A5 and A6 predict the Vv scattering pattern with
2-fold symmetry and the Hv scattering pattern with
4-fold symmetry, respectively.

Meeten and Navard have be given the expressions for
S1 and S2 using the Rayleigh-Gans-Debye (RGD) light-
scattering approximation.38-40 The conditions defining
the validity range of the RGD approximation are gener-
ally stated as |µ - 1| , 1, 2ka0|µ - 1| , 1, and ka0 > 1,
where a0 is the spherical radius and µ is the relative
mean refractive index.37 If the birefringent sphere is
surrounded by an isotropic medium of refractive index
m1, then µ is defined by µ ) (mr + 2mt)/3m1 and the
birefringence index is defined by ∆µ ) (mr - mt)/m1,
where mr and mt are the radial and tangential refractive
indices of the sphere, respectively. The expressions for
S1 and S2 in the RGD approximation are then40

where the parameter u is defined by u ) qa0 and Si(u)
is defined by

The second term in eqs A7 and A8 will be zero for the
case where ∆µ ) 0, and the equations will reduce to
the familiar equations for the light scattered by an
isotropic sphere.

Appendix B

The assumption of scale invariance implies that the
pair-correlation function of the fractal aggregate in a
d-dimensional space can be written as20-22

where F is the number density of the particles in the
system and h(r/ê) is a cutoff function. h(r/ê) is close to
unity for r , l ê (where ê is the characteristic upper
cutoff size of the aggregate) and rapidly drops to zero
for r > ê. The form of cutoff function has been discussed
by many authors.20,41,42 The most used cutoff is the
exponential form h(r/ê) ) e-r/ê where the cutoff size is
related to the radius of gyration by ê2 ) 2Rg

2/[Df(Df +
1)].42 The structure factor S(q) and the pair-correlation
function g(r) are Fourier transform pairs and can be
expressed as follows:20

where Γ(x) is the gamma function.

Appendix C
Using a simplified geometry to represent the scat-

terer, Dubois et al.43 have given expressions for the
scattering by the randomly dispersed sphere doublets.
They approached the problem in which the sphere
doublet is approximated by two interpenetrated spheres
scattering independently. On the basis of this model,
the form factor of the sphere doublet can be written as43

and

where the RA - RB is the optical path difference from
the origins A and B of the two spheres to a point in the
scattering plane, and A is the cross-sectional area in the
case of the sphere doublet. The term in brackets is from
the interference between the two spheres. As seen form
Figure 8b, the sphere doublet is more like overlapping
spheres. We can also define an overlapping parameter
F(t) ) a0/ar(t). For two spheres in contact, F ) 1. If the
coarsening of two contact spheres, F < 1. The cross-
sectional area of the two interpenetrated spheres is

equal to A ) 2πar
2 - 2ar

2 arccos F + 2ar
2Fx1-F2.

From the phenomenological point of view, the arrange-
ment of aggregating particles in fractal clusters can be
qualitatively regarded as the sphere doublets oriented
with random dispersion in system. The form factor can
be written as43

where J0 is the zeroth-order Bessel function.
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