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GRAPHICAL ABSTRACT

The process of sol-to-gel transition involves two kinetics regimes that lead to a gel regime as described by the Ideal Gel Point (IGP) theory.
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ARTICLE INFO ABSTRACT
Article history: We present investigations of the kinetics of the colloidal sol-to-gel transition by combining small angle
Received 3 June 2019 static light scattering (SASLS) and dynamic light scattering (DLS) techniques. Dilute monomer volume
f\e‘”seddlgz é”/l\y 20]920]9 fractions were used to allow for a full investigation of the gelation to obtain all possible kinetic regimes.
A‘c/(;?g Lele Onlm“eglzlit Augst 2019 Our data verify the predictions of a kinetic theory, the ideal gel point (IGP) theory, where three regimes of
8 kinetics are expected. We observe the first regime, the well-known cluster-dilute regime, with a kinetic
p &5 exponent of z=1. Followed by a cluster-dense regime with an enhanced kinetics and z ~ 2. Finally, a
Aey ‘;Veoratsi‘o N gelation regime is observed where the aggregate growth slows and ceases to grow at the IGP predicted
Gilgatii I size, Rgc. These results quantitatively verify the IGP theory. We conclude that kinetic description provides
Light scattering a complete theory of the gelation process from sol to gel.
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1. Introduction

When colloidal and aero-colloidal dispersions of solid particles
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the mean aggregate size to grow faster than the mean aggregate
nearest neighbor distance during aggregation. With this, the aggre-
gate size can overtake the neighbor distance leading to a state in
which the entire volume of the dispersion is completely filled by
aggregates; this is the colloidal, or aerosol, gel. These gels have
physical properties different than the dispersed state. This process
is not only fascinating physics, but also such gels are common in
nature and are useful to a wide variety of applications [1].

The fractal nature of the aggregates is described by the mass-
radius scaling law:

N = ko(Rg/a)™ (1)

where N is the number of monomers in the aggregate (aggregate’s
“mass”), R, is the aggregate’s radius of gyration, k, is the prefactor,
and a is the monomer radius.

Aggregation can be classified into two limiting regimes, diffu-
sion limited and reaction limited cluster-cluster aggregation, DLCA
and RLCA, respectively [2]. In DLCA aggregates stick together with
high probability when they meet and the resulting fractal dimen-
sion of the aggregate is ~1.8. In RLCA aggregates stick together
with lower probability when they meet, and the resulting fractal
dimension of the aggregate in the RLCA can reach up to ~2.1 [2].
With the appropriate aggregation kernel, both the DLCA and RLCA
regimes are governed by the mean-field Smoluchowski equation
(SE) [3,4]:
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where n(N) is the number density of aggregates with N monomers
in an aggregate, and K(i,j) is the aggregation kernel which controls
the rate of the aggregation. Usually K(i,j) is a homogenous function,
K(ci,cj) = ¢’K(i,j), where c is a constant and % is the degree of
homogeneity.

For DLCA the growth kinetics couple the number of monomers
per aggregate N to the time via a power law N ~ t* where z is the
kinetic exponent. The SE predicts that the aggregation kernel
homogeneity A, which determines the size distribution [4,5], and
the kinetic exponent z, are related by z = 1/(1 — ). Thus, the kinet-
ics and the resulting size distribution are linked together [6]. Note
that this relationship derives from the SE. For DLCAA=0and z=1
[7-10].

The SE assumes that the system is cluster-dilute, which means
that the mean nearest aggregate neighbor separation R, is much
greater than the mean aggregate size R, i.e. Ron > Rg. these two
fundamental length scales grow with different functionalities with
N (R ~ NV’ and R,, ~ N"%) causes the system to gel. The
gelation process will bring the aggregates relatively close together
into the cluster-dense regime where the mean nearest neighbor
separation is comparable to the mean aggregate size (Ryn < 10Rg).
This “cluster-dense” regime can be quantified with the aggregate
volume fraction which becomes on the order of 1% when cluster-
dense. Simulation studies [10] in the cluster-dense regime for the
DLCA situation showed that both the effective aggregation kernel
homogeneity 2 and the kinetic exponent z increase from their clus-
ter dilute limits in a universal fashion with the normalized free vol-
ume Q; the kinetics speed up. This happens while keeping the
relation z = 1/(1 — 1) satisfied. Ultimately, when the aggregate vol-
ume fraction is equal to one, . = 1/2 and z = 2. There is a significant
experimental literature that supports the description above.
Enhanced kinetics have been observed during salt induced aggre-
gation of spherical colloids [11,12] and aqueous suspension of pro-
teins [13]. Enhanced aggregation kinetics were observed in a dense
soot aerosol of a heavily sooting flame [14]. Dhaubhadel et al. [15]
studied dense aerosol aggregation to find enhanced kinetics and z
values as high as 2.3.

The situation, at which the aggregates fill the available volume
and “touch”, i.e. when the aggregate volume fraction equals unity,
is expected to be a special point in the sol-to-gel transition.
Although the exact definition of the volume fraction is somewhat
arbitrary, to calculate it we have chosen to assume that all the
aggregates are the same size, a size given by their perimeter radius,
R, =[(Ds+2)/Df]'?R,, and they have spherical symmetry. These
conditions could vary, but the overall functionalities on R, and D¢
should be good. This definition worked very well in our simula-
tions [16,17]. We shall call the point where this volume fraction
equals unity the Ideal Gel Point, IGP. With this definition and based
on our previous work, the IGP theory identifies three regimes of
aggregation kinetics [16]. Initially, if the monomer volume fraction
is small, the destabilized sol (colloid or aerosol) will find R, > R,
the cluster-dilute regime [7-10] with two independent length
scales, Rg and Ry, As aggregation proceeds, Rg will grow faster than
Rnn because Df< d; hence eventually these two length scales will
become comparable to each other. Hence they act as one effective
length scale and enter the cluster-dense regime [10,15]. Ulti-
mately, with aggregation, the IGP is reached [16]. The condition
that the aggregate volume fraction, as described above, equals
unity at the IGP leads to the aggregate size at the IGP, Rg, as:

_ 1/(3-Dy)
Rec = alf ,mko(Dy/(2 +Dp))*?1

3)
where f, , is the initial monomer volume fraction, which is con-
served throughout the aggregation. Wu et al. [12] results validate
the Ry dependence on fyp,.

Experiments with soot aerosols [15,18-20] and colloids under
certain conditions [21] indicate that at the IGP, the resulting aggre-
gate morphology is a hybrid composed of DLCA aggregates with a
fractal dimension of 1.8 assembled into a larger superaggregate
with a fractal dimension of 2.5. Simulations show that if the con-
stituent DLCA aggregates are treated as supermonomers with
mean size Ry, the superaggregates are isomorphic with clusters
formed via the static percolation models with a fractal dimension
of 2.5, and these superaggregates appear as a separate phase in
the size distribution [22]. Percolation is a static theory hence does
not describe the kinetics of the sol-to-gel transition. Nevertheless,
recently, it has been shown that percolation is a natural result of
kinetic aggregation, thus unifying the kinetic and percolation
descriptions of gelation [22,23].

Light scattering is a non-invasive method to probe the kinetics
of the sol-to-gel transition. Combining Eq. (1) with N ~ t* one can
find that R; ~ t%Pr. This will be used to find the z exponent not
only in the cluster-dilute regime but also in the cluster-dense
regime as the mean field SE holds up to the IGP as shown by Fry
et al. [10]. On the other hand, the scattered intensity of an aggre-
gating system I(q) is a function of the scattering wave vector q,
where q = (4m/4)sin(0/2). Here X is the wavelength of the scat-
tered light, and 0 is the scattering angle. It can be shown [24] that
for any system with no multiple scattering artifacts, the scattered
intensity I(q) can be expressed as I(q) ~ N¢ I(q) where 1(q) is the
scattered light of one cluster and N is the number of clusters in
the system (N.=Npn/N, Ny, is the initial number of monomers).
At small q values, i.e. q ~ 0, I(0) ~ N2 [24]. Thus for the entire sys-
tem 1(0) ~ N N2, But NN = N, which is conserved throughout the
aggregation process, thus I(0) ~ N. Combining this with the power
law kinetics for DLCA aggregates one gets [(0) ~ t%.

The purpose of this paper is to test experimentally the IGP
kinetic theory. Unlike many previous studies of the sol-to-gel tran-
sition, we start with a very small monomer volume fraction. This
allows not only avoiding the multiple scattering artifacts, but also
to start the transition in the cluster-dilute regime and hence fully
investigate the broad range of kinetics. We find that the gelation
of a dilute ensemble of spherical particles with isotropic attractive
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forces evolves through three successive growth regimes to yield a
kinetically arrested gel.

2. Experimental methods

The experiments were performed with both non-gelling (aggre-
gating) and gelling systems. Carboxyl modified polystyrene
spheres (Molecular Probes) with a diameter of 40 nm, as measured
by DLS, were suspended in the buoyancy matching medium of
H,0/D,0. These particles are electrostatically stabilized by the
well-known, Derjaguin-Landau-Verwey-Overbeek (DLVO) poten-
tial The electrostatic repulsion and the van der Waals attraction
constitute the DLVO potential [25,26]. For stable colloids the elec-
trostatic repulsion creates a barrier in the total potential [27].
Changing the ionic strength of the solution acts to reduces the
repulsion barrier [28,29]. If the barrier is reduced to a sufficient
level, then the Brownian motion of the particles is capable of over-
coming the electrostatic barrier. Then the particles, when in close
proximity of each other, can bind together via the van der Waals
attraction. In this experiment we choose MgCl, (Sigma-Aldrich),
a convenient ionic salt, to destabilize the particles. Manely et al.
gave an expression to find the gravitational strain value on a clus-
ter [30] and Gisler et al. showed that colloidal aggregate gels break
under external strains >0.45 [31]. Following Manely et al., calcula-
tions for our system indicate the cluster size at which this critical
strain is reached is ~80 pm, which is much higher than the mea-
sured size in our experiment.

The non-gelling, aggregating system was very dilute, with a
monomer volume fraction f, ;, = 6.8 x 1075, hence non-gelling for
weeks. This system stayed in the cluster-dilute regime during the
whole experiment (~18 hrs). Data was collected at different times
after the onset of aggregation, a time that will be called the waiting
time, ty. The gelling systems had monomer volume fraction of the
order 10~ For these systems the kinetics was slow enough to
allow for detecting all aggregation regimes from the onset of aggre-
gation up to the gel formation within feasible experimental times.

To probe the structure and dynamics we combined small angle
static light scattering (SASLS) and dynamic light scattering (DLS) to
operate simultaneously. The SASLS set up is similar to that of Ferri
[32]. A 512 pixel photodiode array (PDA) (Hamamtsu, model
$3902-512) was used for light detection in the SASLS set up. The
detectable range of the scattering angle in SASLS was 0.1-14° cor-
responding to a scattering wave vector q range between ca.
0.03 pm~! to 3.8 um~'. A focused beam of 1 =532 nm in vacuo
(Laserglow, model R533001GX), vertically polarized passed
through the sample. For DLS the scattered light was collected via
a photomultiplier tube (PMT) (Precision Instruments, model
3262RF) and the signal was correlated using a using a ALV-5000
multiple-tau digital correlator. The PMT was placed on a movable
arm to change scattering angle between 22° and 90° alternatively,
which corresponds to q =6 pm~! and 22.1 pm™!, respectively. For
gel studies both DLS and SASLS were used, whereas for the aggre-
gation experiment (non-gelling) the forward scattering was too
weak to be detected by the SASLS detector. DLS yields an apparent
radius R,pp. The results of Lindsay et al. [33] indicate that the
apparent radius is the true hydrodynamic radius, Ry, if qRy<1. As
qRy — 1, rotational diffusion can affect the decay rate of the
dynamic correlation function and the apparent radii R,pp, appear
smaller than the true R,. When gRy, >1, R, is smaller by a factor
of ~2.25. However, we have noticed in the literature some exper-
imental data deviate from this correction for qR, > 10. [30,33-
35]. Sandkohler et al. [36] introduced a scattering model that
accounts for the contribution to the internal dynamics of fractal
clusters. Their model allows to describe the previously measured
experimental data and correct for the deviation that was observed

for qRy, > 10. We used the Lindsay et al. results for qR,, < 10 and the
Sandkohler et al. results for qRy, > 10 to obtain the true Ry. For a
non-gelling (aggregating) experiment in the cluster-dilute regime,
the true hydrodynamic radius Ry, which is obtained from two dif-
ferent scattering angles (22° & 90°) gives experimental
z=0.94 +0.04 hence 1. =0.06 + 0.04 when D¢=1.8 is used. This is
in excellent agreement with the values of z=1 & A =0 expected
for DLCA in the cluster-dilute regime. Furthermore, the maximum
Ry value measured was ~ 10 pm which is much smaller than the
theoretical Ry ~ 200 pm calculated using Eq. (2) [16]. Hence this
system was indeed non-gelling and remained a suspension of
freely diffusing fractal aggregates. For the gelling experiment
SASLS and DLS (at 90° scattering angle) were performed
simultaneously.

3. Results and discussion

Fig. 1(a) shows the static scattered intensity I(q) vs. q for a gel-
ling sample (f,,=3.8x 10" and salt concentration [MgCl,]
=10 mM). The power law slope is evidence of fractal aggregates
with a fractal dimension Df=1.78 +0.05 formed via DLCA. The
dynamic field correlation function f(q,t) vs t in Fig. 1(b) shows
complete relaxations over all times to indicate that the gelling sys-
tem remains ergodic. This indicates that the excursions of the seg-
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Fig. 1. Light scattering results for the gelling sample (f,;, = 3.8 x 107* & [MgCl,]
=10 mM) at various waiting times (t,,) after aggregation initiation. (a) SASLS
measured I(q) vs q. The slopes at large q imply D¢=1.78 + 0.05. (b) DLS measured
dynamic structure factor f(q,t) vs t for the same gelling sample shown in (a). The
insert shows the stretching exponent f vs ty.
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ments within the gel is greater than q~', so the scattering appears
ergodic [37]. The solid fit lines in Fig. 1(b) are the fit to a stretched

exponential f(q,t) ~ exp(—t/t)", where t is the relaxation time
and B is the stretching exponent. The insert is a plot g vs. t,. Ini-
tially B takes a value of 1, then drops below that at t,, ~ 5 min.
The B<1 behavior indicates hindered motion of the diffusing
aggregates [38,39].

The SASLS provides I(q) vs q graph at different t,,. Each I(q) vs. q
provides a measure of the intensity at small q values at that t,,. The
hump at smaller q values is due to cluster-cluster anti-correlation
[40] which occurs when in the cluster-dense regime [41]. It will be
further established below that all the SASLS measurements were
taken when the system was in the cluster-dense regime. We will
assume that the value of I(q) at the peak of each hump is the value
of the intensity at small q. We will call it I(0). SASLS can also be
used to find R, from Guinier analysis. f(q,t) vs. t can be used to find
Ry, assuming Stokes-Einstein Brownian motion of the aggregates. It
is known that R, ~ 0.77R, for aggregates in the dilute regime [42].
For the purpose of identifying a general trend of kinetics one may
assume Ry, ~ Rg. Then, each of Ry, Rg, & 1(0) can probe the kinetics
because I(0) ~ t*and R, ~ R, ~ t*/Dr,

Fig. 2 plots Rg, Ry, and 1(0) versus the waiting time t,, for the gel-
ling colloid with f, ;, = 3.8 x 10~ and salt concentration of 10 mM.
The three different kinetic regimes are demonstrated. The first
regime is immediately after the onset of aggregation and continues
up to a time we will call it a transition time ty.,ns ~ 5 min. After
that, there is enhanced aggregation representing the second
regime. Finally, the kinetics slows down drastically at the “round-
ing off time” where t,, ~ 80 min. R,, I(0), and R, vs. t,, graphs
obtained from SASLS and DLS were in support of the second and
the third regime. The first regime was detected only by the DLS
because the aggregate sizes were below the range of the SASLS
setup.

The first regime obtained from the Ry, vs. t,, plot (Fig. 2) gives a
kinetic exponent z=0.98 + 0.07 hence L ~ 0 as expected for a
cluster-dilute case [7-10]. At the second regime, which begins at
terans ~ 5 min, the data (Ry, Rg and 1(0)) indicate a kinetic exponent
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Fig. 2. Temporal evolution of Ry, R, 1(0), and f,. for the gelling sample (f,,
m=23.8 x 107* and salt concentration [MgCl,] = 10 mM). Ry, vs. t,, shows the three
different regimes, Rg and 1(0) vs t,, further support the 2nd and 3rd regimes. Solid
lines are fits to these symbols and their slopes, m, and corresponding dynamic
scaling exponents, z = mDg for Rg o 1, VS. tyy and m = z for I(0) vs. t,,, respectively. The
D¢ value used is 1.78 as measured in Fig. 1 (a) and Ry was calculated using Eq. (2)
and marked with black dashed line. The experimental error in D gives a range of Rg,
¢ values as indicated by the highlighted area in the graph. The star symbols
represent the evolution of the volume fraction of the clusters, f, ., calculated using
Eq. (4).

z>2, as shown on the graph, a value that is higher than the
expected z = 2 by the IGP theory. However, a correction of the time
scale is appropriate. The correction involves recognizing that the
second temporal regime did not start at t,, =0 but rather near
the transition time ty s ~ 5 min as indicated by the data. When
we plot Ry, Rg & I(0) vs. the ty—tyans as indicated by the unfilled
symbols in Fig. 3, we find that both radii give an exponent
z=187+0.14 to imply Ar=047+0.04, and I(0) gives
z=1.8010.2 to imply % =0.44 + 0.06. These three measurements
are in good agreement with IGP predictions for the cluster-dense
regime to have 1<z <2 before the IGP is reached. In Figs. 2 and
3 the growth of both R, and Ry starts to drastically slow down
and rounds off near the cluster size of 9 +3 um. The fractal col-
loidal gels are fragile, such that any gentle shaking can cause the
gel to collapse. Thus tests of rigidity or measurement of the shear
modulus cannot be used to determine the gel point. Nevertheless,
the sol to gel transition is over when the transition ceases, i.e.
when temporal evolution of key parameters stops. That is why
we define the region of rounding off in the Rq, Ry, vs. t,, graph to
indicate the time at which the system starts to gel. The cluster size
of 9+ 3 um is in good agreement with the theoretical value of the
radius of gyration at the IGP calculated to be Ry =7.5+1.8 um
using Eq. (3) and indicated by the highlighted area. After the
rounding off time, Ry and Ry, start to take slightly different values.
This difference might be due to a couple of factors. One might be
due to the correction that was made to the DLC apparent radius
in an attempt to obtain the true hydrodynamic radius, R, as
described in the experimental section. Another reason could be
the cluster-cluster anti-correlation affecting the Ry SASLS measure-
ment. On top of that, gelation adds to the complexity of the scatter-
ing system as the clusters are no longer individual and
interdigitation might be taking place.

Computer simulations [10] show that the enhancement of the
kinetics is due to the crowding in the cluster-dense regime, where
crowding was measured by the normalized cluster free volume Q.
We wish to represent our data in terms of the cluster volume frac-
tion (f, ) which is defined as the ratio of the volume occupied by
the clusters to the total volume of the system (Vsys), in other words
fu.c = 1-Q. With the assumption that Ry ~ Ry, the measured Ry, value
can be used to find the number of monomers per cluster in Eq. (1).
Knowing the total number of monomers in the system N, the
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Fig. 3. Temporal evolution of Rg, Ry & I(0) Vs. ty—tyans With their slopes (dashed
lines) and corresponding z values. tyans is the time at which cluster-dilute
transitions to cluster-dense (tyans ~ 5 min in Fig. 2). The Df used is 1.78 as measured
in Fig. 1 (a) and Rg g was calculated using Eq. (2) and marked with dashed line. The
experimental error in D gives a range of Ry values as indicated by the highlighted
area.
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Fig. 4. Temporal evolution of R, Ry for the gelling sample (fym=3 x 104
destabilized with different amounts of MgCl,. Ry, vs. t,, shows the three different
regimes, R vs t,, further supports the 2nd and 3rd regimes. Solid lines are fits to
these symbols. The red dashed line is to guide the eye when regime1 transitions to
regime2. Ry was calculated using D values, summarized in Table 1, & Eq. (3), then
graphed vs t,y at which “rounding off” i.e. IGP occurs as big color coded circles. The
black dashed line is used to guide the eye. Summary of the Dy, slopes in regime1 and
corresponding z values are found in Table1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

number of clusters N. = Ni,/N can be found under the assumption
of same size, spherical aggregates (the IGP assumptions). To find
the f, . we need to find the total volume of the clusters. Each cluster
occupies a volume that is contained within its perimeter. For the
assumption of spherically symmetric aggregate one may write
the perimeter radius R, = [(Ds + 2)/Df]'/?R,. Then the f, . can be cal-
culated as:
Fue(t) = (41/3)[(Dy + 2)D; ] Ne(ORZ (6)/ Vays (4)
When f, . vs. t, is graphed as shown in Fig. 2, the volume frac-
tion of clusters starts to increase from f, . =f,, =3 x 1074 at t,, =0
to about 1% when the kinetics is transitioning from that expected
for cluster-dilute to cluster-dense at t.,s. This explicitly demon-
strates that crowding enhances aggregation. The third regime is
when Ry, Rg, and 1(0) are all rounding off showing a drastic slowing
down in kinetics. The rounding off indicates the IGP. This rounding
correlates well with the f,. approaching unity. Afterward the f,
slowly increases above unity to indicate cluster interdigitation.
Fig. 4 shows Ry, & R vs t,, for a series of gel experiments with
fixed f,,=3x10"* but different MgCl, salt concentrations
(5mM, 7mM, 8 mM, 9 mM, 10 mM, 15 mM, and 20 mM). This is
in contrast to Fig. 2 which displays a detailed discussion of one
experiment. Static scattered intensity I(q) vs. q plots for these con-
centrations are not shown here, exhibit very similar behavior of
Fig. 1(a) except the power law regimes have different slopes for
different salt concentrations. The salt concentration and D¢ values

Table 1

are summarized in Table1. The higher values of salt concentrations
led to fractal dimensions of 1.73 and 1.8 to imply the DLCA regime.
On the other hand, for the smaller salt concentrations the fractal
dimensions were larger to imply the diffusion limited regime is
giving way to the reaction limited regime. At extreme RLCA, we
expect D¢~ 2.1 [2]. Nevertheless, both of these fractal dimensions
are significantly different than the spatial dimension, and that dif-
ference is the primary reason why the gel is formed.

Fig. 4 displays the growth kinetics for a wide range of MgCl,
concentrations. The same three regimes of kinetics as demon-
strated in Fig. 2 are found. The only exceptions are with the fastest
kinetics where cluster-dilute occurred too fast to be detected (the
15 mM and 20 mM cases), and for the slow kinetics where sedi-
mentation occurred before gelation (as the 5 mM case where sed-
imentation was observed at t,, ~ 1000 min), or probably in a
compatible time scale with gelation (as the 7 mM case where sed-
imentation was observed at t,, ~ 1300 min). Sedimentation
occurred for the 5 mM &7 mM runs due to the cluster size to which
the system can grow becoming comparable to the size at which the
critical strain is reached (as described in the experimental section).
This will affect the z values measured for these two experiments as
will be shown below. It is worth mentioning that for the rest of the
experiments sedimentation was either never observed or observed
at least up to the point t,, was more than 10 fold larger than the
time where the third regime started, i.e. IGP is reached.

The first regime slopes in Fig. 4 (Myegime1) and z values (Zregime1)
are summarized in Table1. The experimental z values are slightly
higher than, but within uncertainty of, the expected value of 1
for the cluster-dilute regime. Nevertheless, all dilute regimes are
followed by the enhanced kinetics of the dense regime which con-
tinues up to the rounding off regime where IGP occurs.

Another feature shown in Fig. 4 is the large color coded circles
which designate the IGP theory. These large circles were placed
in the following manner: at each gel experiment the waiting time
at which the third regime the “rounding off” regime occurred is
determined from Ry, & R,y rounding off. This is the time at which
gelation starts i.e. the IGP is reached. Then Eq. (3) is used to calcu-
late the theoretical Rq at the IGP i.e. Ry using the measured Dy val-
ues summarized in Table1. The figure shows that the third regime
the “rounding off” regime occurred at smaller Ry and R, with
higher salt concentrations. The higher salt concentration yields
smaller D¢; see Table 1. The IGP theory predicts a strong depen-
dence of Ry on Dy, Eq. (3). The smaller Df yields smaller Ry for
a fixed f, ,, and monomer size. This behavior is mapped very well
with the theoretical Ry values calculated from the IGP theory
for each experiment. The black dashed line is used to guide the
eye through these points.

To explore the second regime Ry, and Rg vs. ty—tirans must be
plotted; hence the transition time ty.,s for all the experiments
must be determined. Fig. 4 shows ty.a,s for all runs except for the
15 mM and 20 mM experiments. To find ty.ns for these experi-
ments we did the following: from Fig. 4 we observed that the first
regime transitions to the second regime in a linear fashion in

Summary of the experimental results presented in Fig. 4. The fractal dimension Dy, the slope of regimel and regime2 (Myegime1 & Myegime2) With their corresponding kinetic

exponents values (Zregime1 & Zregime2)-

[MgCIZ] mM Df mregimel Zregimel mregimeZ Zregimez

5 2.05 £0.05 0.5%0.1 1.0£0.2 1.7+0.15 35%03
7 1.9+0.05 0.56 +0.1 1.1+£0.2 1.3+£0.05 25+0.1
8 1.85+0.05 0.6+0.1 1.1+£0.2 1.1+£0.05 20+0.1
9 1.85+£0.05 0.62+0.1 1.15£0.2 1.05+0.1 1.90.2
10 1.8 £0.05 0.6+0.1 1.1+03 1.05+0.1 1.9+0.1
15 1.73 £0.05 1.0+0.15 1.73+03
20 1.73+£0.05 1.0£0.2 1.73+£03
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Fig. 5. Temporal evolution of Ry, Rg vs. ty—tyans for the gelling samples (f,,
m=23 x 107%) destabilized with different amounts of MgCl,. tyans is the time at
which the cluster-dilute regime transitions to cluster-dense. ty.,s values are
determined experimentally for each run from Fig. 4. The solid lines are the fits to
the data points. Summary of the Dy, slopes in regime2 and corresponding z values
are found in Tablel.

log-log scale indicated by the dotted red line. By extrapolating this
line one can estimate tyans ~ 2 min and ~1 min for 15 mM and
20 mM, respectively. Fig. 5 shows Ry, and Rg Vs ty,~tirans and slopes
for the second regime (Myegime2) and the corresponding z values
(Zregime2) are summarized in Table 1. The kinetics during the sec-
ond regime is enhanced i.e. 1 <z <2 as indicated by the IGP theory
for all the experiments except for the 5 mM & 7 mM. As mentioned
above, the 5 mM and to less extend the 7 mM experimental z val-
ues in the second regime are affected by sedimentation.

An important concept that the IGP theory advocates is the exis-
tence of the two fundamental length scales, the average aggregate
size, R, ~ Rg, and average mean nearest neighbor separation Rp.
These grow with different functionalities with the number of

monomers per aggregate, R, ~ N'% and R,, ~ N"% which

10°F
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O R/Rnn-8mM
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Fig. 6. The temporal evolution of the ratio of the two fundamental length scales in
the system; aggregate size divided by the mean nearest neighbor distance, R/Ry;, vs.
tw. The vertical dashed black lines represent the transition time t.ns for each run as
determined from Fig. 4. The horizontal grey highlight represents the corresponding
range of R/R, at which tyans occurs for all the runs. The color red pointing down
arrows represents the time at which the “rounding off” occurs as determined from
Fig. 4 for each run. The red highlight shows the corresponding range of R/R,, at
which the “rounding off” i.e. the IGP occurs for all the runs. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

causes the system to gel. To follow the evolution of these two
length scales we first define a general size R ~ Ry, ~ Ry This is rea-
sonable given that our data support the fact that R, ~ R,. The mean
aggregate nearest neighbor separation is Rny= (Vsys/Nc)'’?, where
N¢ ~ Npy/N. Fig. 6 compares these two fundamental length scales
of the system by plotting the ratio R/R,, vs. tu. It shows that the
clusters grow relatively closer to each other with time. Notice that
at the transition time, tyans, R/Ryn~ 0.08-0.1 for all the runs,
marked by the grey highlight. This is consistent with the reported
value based on the IGP theory [16] of R,;, ~ 10R where the system
begins the cluster-dense regime. In addition, Fig. 6 shows that the
ratio R/R,, stops increasing in the range ~0.34-0.43 when the
kinetics slow drastically at the rounding off point (except for
5 mM where sedimentation occurred). This range has been high-
lighted in red and it is in an excellent agreement with IGP predic-
tion of Ry, ~2.3 Ry for fractal clusters with Df=1.8 to start
touching [16]. The question remaining: what is the meaning of
the points that occur beyond the IGP? Can these data represent
the degree of interdigitation? Recall, in Fig. 2 the cluster volume
fraction in the system grows beyond unity at later stages of gela-
tion to indicate interdigitation.

4. Conclusions

The studies that we presented here with low volume fraction
colloids allow enough time for the kinetic aspects of the sol-to-
gel transition to be observed in their entirety. We find that the
gelation of a dilute ensemble of spherical particles with isotropic
attractive forces evolves through three successive growth regimes
to yield a kinetically arrested gel. These results are in quantitative
agreement with the IGP theory and previous theoretical and simu-
lation studies [11,16-18]. This experiment also unifies gelation in
aerosols and colloids through the IGP theory. Here we stress the
evolution of the sol to the gel is described by kinetics. In the liter-
ature there are other descriptions of gelation: gelation is viewed as
a thermodynamic phase transition and a percolation phenomenon.

The thermodynamic description of gelation is based on analo-
gous behavior to phase transitions. For example, in studies of gel-
ling colloids Carpineti et al. [11] observed a peak in the static
structure factor S(q) at finite scattering vector q, a distinctive hall-
mark of spinodal decomposition when a liquid system is quenched
from the one phase to two phase regime. Note that such behavior is
seen in Fig. 1(a), above. They observed that the temporal evolution
of the structure factor at late stages of the colloidal aggregation
displayed dynamical scaling, a behavior consistent with a phase
transition. However, scaling did not occur during the early stages
of aggregation. The kinetics description provides an explanation
of these observations. Initially, in the cluster-dilute regime there
exists two independent length scales, Ry and Ry,. Given two inde-
pendent length scales, the structure factor cannot be scaled early in
the aggregation; consistent with the observation by Carpineti et al.
However, as aggregation proceeds, R, will grow faster than Ry,
because Df<d, and eventually these two length scales approach
each other [16]. This is the cluster-dense regime [10,15] with one
effective length scale; hence a spinodal-decomposition-like scaling
in the structure factor will appear. This is an artifact to the fact that
Rnn is comparable to Rq [41,43] caused by aggregation kinetics, not
thermodynamics.

The thermodynamic description of gelation was strongly sup-
ported by Lu et al. who studied a dense colloidal system of particles
made attractive via a polymer depletion interaction [44]. The poly-
mer concentration controlled the inter-particle interaction poten-
tial range and strength U relative to the thermal energy, U/KT.
This ratio, which is thermodynamic in nature, determined when
the gelation was initiated, after which an evolving spinodal-
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decomposition-like peak in the structure factor appeared. Lu et al.
concluded that gelation of spherical particles with isotropic, short-
range attractions is initiated by a thermodynamic instability that
triggers gel formation via spinodal decomposition. These observa-
tions can be easily explained by the high initial volume fraction of
monomers used in the experiment. The aggregating sol finds the
cluster-dense and subsequent gel regimes very soon after destabi-
lization, the thermodynamic instability. There is no time to see the
two aggregation growth regimes clearly visible in our diluter sys-
tem; their system simply appears to gel immediately after when
the depletion interaction is strengthened. In fact, for any sol, all
the thermodynamics really does is initiate the aggregation, after
that the whole evolution is kinetic. In light of their work we would
conclude that thermodynamics triggers gel formation and gelation
boundaries are thermodynamic; but the sol-to-gel mechanism is
kinetic.

Percolation theory [45] is another description of the sol-to-gel
transition. The evolution of sol to gel is modeled by adding sites
or bonds at random to a volume until the connectivity percolates,
i.e. a volume spanning cluster appears. Recent simulations from
our lab have demonstrated that aggregation kinetics leads to a sep-
arate phase of superaggregates with structure isomorphic with
percolation clusters [22,46]. Hence in a gelling sol, percolation is
a consequence of aggregation kinetics.

In summary, our work leads us to conclude that the sol-to-gel
transition (gelation) is a kinetic phenomenon well described by
the Ideal Gel Point theory. Thermodynamics can initiate the kinet-
ics when the interparticle interactions are comparable to the ther-
mal energy, kT. The kinetics ultimately leads to a second phase of
clusters distinct from the sol, and the clusters in this second phase
have a percolated structure.
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