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ABSTRACT: The effect of rigid polymer content, tetrafluoroethylene (TFE), within elastomer polymer on
the coalescence behavior of suspended rubbery particles during fast, diffusion-limited cluster-cluster
aggregation (DLCA) has been studied in this work. This is achieved by first measuring in situ the time
evolution of the average hydrodynamic radius of the clusters using dynamic light scattering and then applying
the Smoluchowski kinetic approach, based on population balance equations (PBE), to simulate themeasured
kinetics using the only unknown parameter, the fractal dimension (representing the structure of the clusters),
as the fit parameter. It is found that the so-obtained fractal dimension is well correlated to the TFE fraction of
the polymer, with a value equal to 3 in the absence of TFE and 1.7 when 75% TFE is present in the polymer.
The former indicates full coalescence of particles during aggregation and the latter negligible coalescence,
corresponding to typical fractal clusters obtained under DLCA conditions. When the aggregation tempera-
ture is varied from25 to 70 �C, no changes in the predicted values of the fractal dimension have been observed.
This is explained by considering that TFE is present in the form of rigid TFE-rich domains, dispersed in the
flexible elastomer phase within the particles, whose content determines the coalescence extent during
aggregation. The cluster structure information obtained from the PBE simulations is then confirmed by
cryogenic electron microscopy. It is therefore concluded that measuring the DLCA kinetics combined with
the PBE simulations can be well applied to investigate the coalescence behavior of elastomer particles.

1. Introduction

Elastomer colloids are synthetic nanometer-sized soft particles
in dispersion, which may undergo deformation or even coales-
cence, when they have physical contact. Such behavior can be
advantageous, e.g., in latex film formation,1-3 or disadvanta-
geous since it may lead to uncontrolled cluster growth during
solid-liquid separation for recovery of the elastomer after
polymerization. Above the glass transition temperature, Tg,
elastomer may flow (polymer chain interdiffusion) much before
reaching its liquid state.1,4,5 In recent studies,6,7 it has been found
that fluorinated elastomer particles with Tg ≈ -20 �C coalesce
during their aggregation at 25 �C. In practical applications,
elastomers are often manipulated through the composition of
the polymerized monomers to tune the material properties, e.g.,
polymer viscosity, glass transition, etc., which alters the polymer
flowability and thus particle coalescence. It is therefore of
practical importance to know the effect of polymer composition
on the coalescence disposition of elastomer particles.

Fast, diffusion-limited cluster-cluster aggregation (DLCA)
under stagnant conditions is a rather simple and well-studied
physical process.8-10 It can be realized by completely destabilizing
the colloidal system using a salt. Under DLCA, the only transport
mechanism for particle collision is diffusion, and the sticking prob-
ability is close to unity for all particles. Numerous studies10-26 have
shown that for rigid particles this process follows a certain universal
behavior (e.g., power-law time evolutionof average cluster size, and
the cluster fractal dimensionDf varies about 1.7 to 1.8). Moreover,
it has been proven14,16,17,22-25,27,28 that the Smoluchowski kinetic
approach, based on population balance equations (PBE), can well

reproduce the time evolution of the average cluster size, with theDf

value independently measured as the only model parameter. The
same approach has been recently used tomodel aDLCAprocess of
elastomer particles.7 It was found that also in the case of full
coalescence the time evolution of the average hydrodynamic radius
of the clusters, determined in situ by dynamic light scattering
(DLS), is correctly predicted if Df=3 is used. All these results
motivate us to consider that by measuring the DLCA kinetics
combined with the PBE simulations, using the fractal dimension as
the only fit parameter, one can well quantify the coalescence extent
of elastomer particles based on the predicted Df value.

Therefore, in this work we apply this methodology to investi-
gate the coalescence behavior of five fluorinated elastomer
colloids of different polymer composition. For independent
verification, the cluster structure is also spot-checked by image
analysis of electron micrographs prepared in cryogenic condi-
tions. The obtained results confirm the reliability of the proposed
methodology.

2. Theoretical Background

2.1. The PBEModel. Aggregation, resulting from irrever-
sible sticking of colliding particles, can be conveniently de-
scribed as subsequent second-order processes by following the
Smoluchowski approach.29 The mass or population balance
equations (PBE) may be written in discrete form as29-32

dNi

dt
¼ -

Xjmax

j¼1

Ki, jNiNj þ 1

2

Xi-1

j¼1

Ki-j, jNi-jNj ð1Þ

where Ni is the number concentration of i-fold clusters, i.e.,
composedof iprimaryparticles, andKi,j is the kernel (matrix of
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rate constants). For aggregation of completely destabilized
particles, where the sticking probability is close to unity
and independent of the cluster size, the typical form of
the kernel is30,31,33-37

Ki, j ¼ KB

W

ði1=Df þ j1=Df Þði-1=Df þ j-1=Df Þ
4

ð2Þ

In the first term, KB is the so-called Smoluchowski rate
constant for primary particles29,35

KB ¼ 8kT

3μl
ð3Þ

where kT is the thermal energy and μl the dynamic viscosity
of the dispersant. W in eq 2 is the Fuchs stability ratio,
which accounts for remaining colloidal interactions,35,38-43

including the hydrodynamic resistance caused by the
squeezing of the fluid during particle approach. Under
DLCA conditions, since electrostatic repulsion is comple-
tely screened,W is basically a constant, with a typical value
around 2.3,16,33,34,44-49 The second term in eq 2 represents
the effect of the sizes of colliding clusters on the aggregation
rate through their diffusivity and colliding cross-section
area, which is obviously a function of the cluster structure
expressed by the fractal dimension, Df. It follows from eq 2
that aggregation of small with large clusters is preferred,
leading to a rather narrow (bell shaped), self-preserving
cluster mass distribution (CMD).31,34,50-52

The most attractive feature of the kinetic approach can
be seen when we rewrite the PBE (eq 1) in dimensionless
form:34,53

dXi

dτ
¼ -

Xjmax

j¼1

βi, jXiXj þ 1

2

Xi-1

j¼1

βi-j, jXi-jXj ð4Þ

where Xi (= Ni/N1,0) is the dimensionless cluster number
concentration and

τ ¼ tN1, 0KB=W ð5Þ
defines the dimensionless time, with N1,0 (= 3φ/[4πRp

3]) the
initial number concentration of primary particles. Then, the
kernel (eq 2) is reduced to

βi, j ¼ ði1=Df þ j1=Df Þði-1=Df þ j-1=Df Þ
4

ð6Þ

It can be seen from eqs 4-6 that with the dimensionless time
the evolution of the dimensionless CMD depends only on
one parameter, Df. This implies that if DLCA processes
produce clusters of the same structure (Df), no matter which
material, concentration and size of the particles, and coagu-
lant type one is using, all the kinetic data (e.g., time evolution
of the average hydrodynamic radius) collapse onto a single
master-curve, when they are plotted in terms of the dimen-
sionless time τ.7,18,24,53-55 It is this feature that motivates us
to use DLCA experiments for investigating the coalescence
behavior of elastomer particles.

2.2. Simulation. The quantity that we choose to monitor
the DLCA kinetics is the time evolution of the average
hydrodynamic radius of the growing clusters, ÆRhæ, which
is measured by in situ dynamic light scattering at a given
angle, θ, or scattering wavevector, q. Then, the connection
between the CMD, Ni or Xi, computed from the PBE, and

ÆRhæ is given by56

ÆRhæ ¼
P

Nii
2PiðqÞP

Nii2PiðqÞRh, i
-1

ð7Þ

where Pi(q) and Rh,i are the form factor and hydrodynamic
radius of the cluster with mass i. For a spherical cluster,
Pi(q) is calculated according to Lorenz-Mie theory57,58 and
Rh,i= i1/3Rp (Rp is the radius of the primary particles). In the
case of a fractal cluster,Pi(q)=P1(q)Si(q), whereP1(q) is the
form factor of the primary particles and Si(q) the cluster
structure factor, computed via the Fisher-Burford expres-
sion in this work59,60

SiðqÞ ¼ 1þ 2q2R2
g, i

3Df

 !-Df=2

ð8Þ

whereRg,i is the cluster radius of gyration. BothRh,i andRg,i

of the individual clusters are calculated based onDf as given
in the literature.61,62

The computation of the CMD from eqs 1-3 is accom-
plished on a grid structure, linear for the first 10 integer sizes
and then logarithmic.32 Convergence of the numerical solu-
tion and self-preserving behavior of the calculated CMD
have been verified previously.63 Simulation of the ÆRhæ
evolution is achieved by setting a proper value for the fractal
dimension Df.

3. Experiments

3.1. Colloid Aggregation. The Stable Colloids.All the latices
used are aqueous dispersions of fluorinated elastomer particles,
supplied by Solvay Solexis (Italy), which are produced by
copolymerization of vinylidene fluoride and hexafluoropro-
pylene with different amounts of tetrafluoroethylene (TFE).
Even though the TFE contents range from 0 to about 75%, the
polymer phases have a similar glass transition temperature, Tg,
of approximately -20 �C, unless specified differently. On the
basis of the supplier information, viscosity differences are
characterized by the so-called Mooney viscosity μM in terms
of ML(1 þ 10) at 121 �C, measured according to the standard
test method ASTM D1646.

The first two colloids aremade of TFE free particles, referred to
as TFE0-A and TFE0-B, respectively, synthesized via emulsion
polymerization and stabilized with perfluoropolyether-based car-
boxylic surfactants. Both colloids consist of rather monodisperse
primaryparticleswith radii ofRp=60and 55nm (asmeasuredby
light scattering) for TFE0-A and TFE0-B latices, respectively.
Because of differences in polymer molecular weight, the corre-
spondingMooneyviscosities of the twoparticle types aredifferent,
μM = 27 and 101 MU, respectively.

The third latex is similar to the above two but contains 20%
TFE in the polymer phase and is accordingly denoted as TFE20.
It is stabilized by the same surfactants, but also a small amount
of fixed charges (20% of the total charges) exists due to
dissociation of polymer chain end groups. Those particles have
a μM value of 66 MU and a radius of Rp=31 nm.

The last two latices contain a TFE fraction of about 75% in
the polymer phase; thus, they are termed as TFE75-A and
TFE75-B. Both are produced by surfactant-free polymeriza-
tion, thus stabilized only by the fixed charges originating from
the dissociation of carboxylic end groups of the polymer chains.
The TFE75-A has aMooney viscosity of μM=78MUandTg≈
0 �C, while TFE75-B has μM = 200 MU and Tg ≈ -20 �C. The
primary particles of both latices are rather monodisperse and
have a similar size with Rp ≈ 100 nm.

Aggregation Experiments. The colloids were completely de-
stabilized by protonation of the carboxylic groups on the surface
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using nitric acid (HNO3) at sufficiently high concentrations
(1-5 times of the critical coagulant concentration, CCC) to
surely establish aggregation under the DLCA regime. The
original latices as well as the HNO3 solution (analytical grade)
were diluted properly with deionized water, purified through a
Millipore Simpak 2 column, and filtered through 0.1 μm Acro-
disc syringe filters (Pall, UK), before pouring them together at a
ratio of 1 to 4. The final particle volume fractionswereφ=3.0�
10-5 and 1.0 � 10-5 for TFE0-A and TFE0-B, φ= 5.0 � 10-5

for the TFE20, and φ=5.0� 10-6 and 1.0� 10-5 for TFE75-A
and TFE75-B, respectively. After mixing the colloid with the
coagulant solution, the aggregation system (50 mL) was equili-
brated for a few seconds before it was portioned into two glass
vials. One vial was used for particle size measurement by
dynamic light scattering, and the second was stored upside-
down. The vials were turned and exchanged for measurement
every 10-20 min. Such a procedure is necessary in order to
prevent effects of particle sedimentation, which is possible due
to the rather high polymer densities (about 2 kg/L) with respect
to water. For experiments at temperatures above 25 �C, all
solutions and dispersions were stored in a temperature-
controlled chamber, and also the light scattering cell was heated
through an external circuit with a thermostat.

It should be noted that since the refractive index of the TFE75
particles (near 1.34) is very close to that of water, the intensity of
the light scattered by the colloids is too low to get reasonable
statistics for the light scattering measurements. Thus, we have
added urea into the system (at a level of 2.0 mol/L) to increase
the difference in refractive index between the particles and the
dispersant. Such a modification is unnecessary in the cases of
TFE0 and TFE20 particles, which have a refractive index of
about 1.37.

3.2. Colloid Characterization. Dynamic Light Scattering.
The average cluster size of the aggregating dispersions was
monitored in situ by dynamic light scattering (DLS).56,64,65

The employed solid-state laser, Ventus LP532 (Laser Quantum,
UK), emits a beamof λ0=532 nmwavelength, and the scattered
light was detected at an angle of θ = 90� in a BI-200SM
goniometer (Brookhaven Instruments). The corresponding
scattering vector is defined by q= 4πn0/λ0 sin(θ/2), with n0
representing the refractive index of the dispersant. The mea-
sured intensity trace autocorrelation function was processed by
the BI-9000AT digital correlator and software (Brookhaven
Instruments) to return the average translational diffusivity, ÆDæ,
which gives the average hydrodynamic radius of the clusters
according to the Stokes-Einstein relation:

ÆRhæ ¼ kT

6πμlÆDæ
ð9Þ

Viscosity and refractive index of the disperse media for all the
aggregating systems, modified by coagulant and urea, were
estimated based on information in the literature.66

Electron Microscopy and Image Analysis. Soft polymer par-
ticles tend to deform and coalesce when they get into contact,

e.g., by capillary forces when the latex is dried.1,2 As can be seen
from the conventional scanning electron microscopy (SEM)
images, presented in Figure 1, upon drying at ambient condi-
tions (25 �C), the TFE0 and the TFE20 particles spread and
form continuous polymer films, while the TFE75 particles do
not. However, at least some deformation can be observed for the
TFE75 particles. Therefore, to correctly evaluate the structure
of the elastomer aggregates during aggregation, we have vitri-
fied and visualized the samples in supercooled conditions (cryo-
SEM).67

For sample preparation, a droplet of an aggregating disper-
sion is fixed by a 10 μm gold grid (spacer) between two sapphire
discs and then frozen in a high-pressure freezing machine, HPM
010 (BAL-TEC, Liechtenstein), at about-160 �C. The vitrified
specimen is transferred via the BAL-TEC airlock shuttle system
VCT 10068 to the freeze-etching unit BAF 060 from BAL-TEC,
where the continuous phase is sublimated under high vacuum at
-80 �C (within half an hour) followed by coating with tungsten
(e3 nm). Images are recorded on a Gemini 1530 FEG scanning
electron microscope (Zeiss, Germany) equipped with a cold
stage.

Because of the very elaborate preparationwork, the described
procedure has been applied only to spot-check dispersions
containing large aggregates (i.e.,>1 μm) at 25 �C. The obtained
micrographs allow an independent determination of the cluster
structure by analysis of the projected areas. Note that dense and
tenuous aggregates require different ways of extracting the
three-dimensional fractal dimension,Df. For dense objects with
Df>2, one may measure the projected perimeter, P, and the
area, A, of several clusters and scale them according to69,70

A� P2=Dpf ð10Þ
where Dpf denotes the perimeter based two-dimensional fractal
dimension, which can be converted into the desiredDf, through
semiempirical correlations given in the literature.70,71 In the case
of tenuous aggregates, one can exploit the fact that for Df < 2
the projection area is proportional to the cluster mass, M.9,72

Then, evaluation of the area or mass for characteristic sizes,
L, (box count method8,72-74) allows to extract Df from the
scaling8,9,69,74

M � LDf ð11Þ
The free software, ImageJ (http://rsbweb.nih.gov/ij/), has been
applied to convert cryo-SEM into binary images and to
measure the perimeter and the area. Moreover, the software
provides a tool to extract the fractal dimension,75 which has
been used after calibration of its operating parameters.

4. Results and Discussion

4.1. DLCA Kinetics of the TFE-Free Elastomer Colloids.
Aggregation experiments with the two TFE0-latices were
carried out at 25 �Cat differentHNO3 concentrations to first

Figure 1. Conventional SEMimages, obtainedbydryingof stable (a)TFEO, (b)TFE20, and (c) TFE75 latices at 25 �C.Film formation, due to particle
fusion, indicates sufficient polymer flowability for the first two latices. In the third case (TFE75 latex) the primary particles resist against capillary
pressure upon drying and conserve their identity, which indicates much higher polymer rigidity.
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determine the critical coagulant concentration, CCC, above
which the size evolutions become independent of the HNO3

concentration, and thus to establish the DLCA regime. Both
TFE0-A and -B latices have the same CCC of about 0.3 mol/
L HNO3, as is expected because similar amounts of the
carboxylic surfactant have been used. Then, time evolutions
of the average hydrodynamic radii, ÆRhæ, have been deter-
mined for at least three HNO3 concentrations above the
CCC (in the range of 0.3-1.5 mol/L). The results were then
averaged and are shown in Figure 2. The obvious faster size
evolution of the TFE0-A with respect to the TFE0-B latex
results from its particle volume fraction that is 3 times larger.
As discussed in the Theoretical Background section, a proper
comparison in the aggregation kinetics between the two
latices is obtained by plotting the ÆRhæ values as a function
of the dimensionless time τ defined by eq 5, which includes all
the effects of variations in particle concentration, tempera-
ture, viscosity, etc., on the aggregation rate. Note that we use
W values close to 2 in order to get the best overlapping of the
kinetic data in τ. The possible small tuning in the W value
reflects all kinds of errors during the course of the experi-
ments.

The result of replotting the kinetic data in Figure 2 as a
function of τ is shown in Figure 3 (symbols). It turns out that
the two sets of ÆRhæ data from the TFE0-A and -B latices
collapse onto a single master-curve. This indicates that the
DLCAof theTFE0-Aand -B latices follows the samekinetics,
andmore precisely, the clusters formed by the two latices have
the same structure (Df). The next step is to estimate the Df

value through simulation of the master-curve using the PBE

approach, where Df is the only fit parameter. The excellent
agreement of the calculated result is shown in Figure 3 by the
solid curve, and the obtained value for the fractal dimension is
Df = 3.0. Moreover, it is well-known10,12,14-18,20,22-26,72 that
in DLCA the size evolution follows the power law, and the
scaling exponent is given by 1/Df. In fact, the log-log plot
of our data in Figure 3 in the region of large τ values has a
slope of 1/3.

From the obtained Df value of 3, we can conclude that
complete coalescence occurs during the DLCA process for
the TFE-free elastomer particles in TFE0-A and -B latices
at 25 �C, regardless of different polymer viscosities (μM=27
and 101 MU, respectively).

To prove the cluster structure information from the PBE
simulations, cryo-SEM images of clusters formed after an
aggregation time of 60 min in the case of the TFE0-A latex
are presented in Figure 4. It is clear from the sphere-like
shape of the clusters that the elastomer particles coalesce
completely upon aggregation at 25 �C; thus Df = 3.0 is
confirmed.

4.2. DLCA Kinetics of the Low TFE Elastomer Colloid.
The colloidal system TFE20, with 20% TFE in the polymer
phasewas also destabilized byHNO3. Similar to the TFE0-A
and -B latices, the CCC for HNO3 is again about 0.3 mol/L.
The DLCA experiments were conducted at a HNO3 con-
centration of 1.0 mol/L and at three temperatures of 25, 50,
and 70 �C. Figure 5 displays the ÆRhæ evolutions, obtained by
averaging at least two runs. The results clearly indicate that
the aggregation rate increases as temperature increases. To
examine whether the faster aggregation rate due to higher
temperature results only from decreasing dispersant viscos-
ity or also from a cluster structure variation with tempera-
ture, let us again plot the ÆRhæ evolutions in Figure 5 as a
function of the dimensionless time τ, as shown in Figure 6.
Note that in τ the viscosity values for the disperse medium

Figure 2. Time evolutions of the average hydrodynamic radius, ÆRhæ,
for TFE0-A latex (9) at φ= 3.0 � 10-5 and TFE0-B latex (0) at φ=
1.0� 10-5, underDLCAconditions atT=25 �C,destabilizedbyHNO3.

Figure 3. ÆRhæ evolutions in Figure 2, replotted as a function of the
dimensionless time τ, defined by eq 5. The solid curve is the PBE
simulation with Df = 3.0.

Figure 4. Cryo-SEM images of the clusters formed by the TFE0-A
latex particles in DLCA at 25 �C.

Figure 5. Time evolutions of ÆRhæ forDLCAof the TFE20 latex at φ=
5.0 � 10-5, destabilized by HNO3 at three different temperatures.
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were estimated based on the HNO3 aqueous solution,66

which are μl = 0.91, 0.56, and 0.41 mPa s at 25, 50, and
70 �C, respectively. It is remarkable to see that all the ÆRhæ
data obtained at three different temperatures collapse onto a
single master-curve, revealing that the differences in Figure 5
are indeed only due to temperature and dispersant viscosity
effects, and the clusters formed at the three temperatures
have the same structure.

Again the ÆRhæ evolution in the double-logarithmic plane
in Figure 6 follows the power law at large τ values, and
considering that its slope equals 1/Df, we obtain aDf value of
2.7. In fact, by applying the PBE approach to simulate the
ÆRhæ evolution in Figure 6, as shown by the solid curve, we do
obtain the same fractal dimension, Df = 2.7. Since the
obtained Df value is smaller than 3 but substantially larger
than 1.7, as would be typical for clusters of rigid particles
formed under DLCA conditions, we can conclude that
considerable coalescence does occur for the TFE20 particles,
but its extent is smaller than that in the case of TFE0
particles. This can be attributed to the presence of 20%TFE.

The cryo-SEM technique has also been used to indepen-
dently validate the structure of TFE20 clusters. The image,
shown inFigure 7, indicates strong coalescence of the TFE20
particles, but obviously the cluster is not spherical, confirm-
ing incomplete coalescence. By evaluating the projection
area and perimeter of 40 objects, we have obtained the
scaling of area versus perimeter, as presented in Figure 8.

The corresponding slope of the double-logarithmic plot is
equal to 2/Dpf (= 1.71 in Figure 8), which defines the two-
dimensional (perimeter-based) fractal dimension, Dpf ≈
1.15. From the measuredDpf, by applying the semiempirical
correlations from the literature,70,71 we have obtained the
three-dimensional (mass) fractal dimension, Df = 2.7. This
again confirms the Df value obtained above from the PBE
approach.

The absence of a temperature influence on the structure of
the TFE20 clusters in the temperature range of 25-70 �C
deserves some further discussion. Having observed partial
coalescence at 25 �C, one would expect an increase in
coalescence extent with temperature. The fact that this is
not the case could be explained by considering that TFE is
not homogeneously distributed along the polymer chains,
since otherwise the polymer viscosity should be sensitive to
the temperature increase, leading to changes in the coales-
cence extent. Instead, polymerized TFE (PTFE) chains
might be present as a different phase inside the particle
(e.g., in form of rigid TFE-rich domains dispersed in the
main elastomer phase). Since PTFE is a crystalline polymer,
the TFE-rich (e.g., impure PTFE) domains inside the elasto-
mer particles are the key resistance against coalescence. Since
their rigidity is not altered in the given temperature range,
it follows that the coalescence extent is independent of
temperature.

4.3. DLCA Kinetics of the High TFE Elastomer Colloids.
As mentioned previously, since the refractive index of the
particles in theTFE75-Aand -B latices is almost equal to that
of water, the scattered light intensity from the particles as
well as the clusters is too low to have good statistics for the
light scatteringmeasurements. Thus, we have added urea at a
concentration of 2.0 mol/L in all the aggregating systems to
increase the contrast for the DLS measurements. This also
increases the dispersant viscosity by 10%,66 which has been
accounted for in measurement and computation of ÆRhæ as
well as in the PBE modeling. Since both TFE75-A and -B
latices have a similar CCC of about 0.4 mol/L, the DLCA
experiments were carried out at aHNO3 concentration of 1.0
mol/L at all three temperatures (25, 50, and 70 �C). It is found
that, similar to the case of the TFE20 latex, the ÆRhæ incre-
ment increases as temperature increases for both TFE75-A
and -B latices, as shown in Figure 9. When all the ÆRhæ data
obtained for both latices at different temperatures are plotted
as a function of the dimensionless time τ, however, they all
collapse onto a single master-curve, as reported in Figure 10.
This means that the clusters formed by both TFE75-A and -B

Figure 6. All the ÆRhædata inFigure 5 replotted as a functionof τ, where
the solid curve is the PBE simulation with Df = 2.7.

Figure 7. Cryo-SEM image of a typical cluster formed by the TFE20
latex particles in DLCA at 25 �C.

Figure 8. Power-law scaling between perimeter and projection area
obtained from image analysis of 40 clusters formed by the TFE20 latex,
as shown in Figure 7, which allows to estimate the two-dimensional
perimeter-based fractal dimension Dpf.
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latices at different temperatures have the same structure. For
sufficiently large τ, the measured size evolutions will even-
tually obey the power-law scaling with a slope of 0.59= 1/Df,
and it follows that Df = 1.7, a typical Df value for ramified
fractal clusters underDLCAconditions.10-26 This means that
coalescence is negligible for both TFE75-A and -B latices at
different temperatures. In Figure 10, the solid curve is the PBE
simulation using Df = 1.7. The good agreement between the
experimental data and model predictions confirms the ob-
tained Df value.

At this point, it becomes crucial to verify the expected
tenuous, ramified structure of the clusters by the cyro-SEM
technique. By freezing a sample from the aggregation experi-
ment at 25 �C, we have obtained very clear pictures of the
fractal clusters, of which an example is shown in Figure 11.

Actually, the distinct boundaries among the particles in the
cluster demonstrate the absence of coalescence among the par-
ticles, although some deformation is apparent. Evaluation of
the projection area of the binary images, as shown inFigure 11,
for 15 clusters of micrometer size by box counting8,72-74 yields
Df=1.7( 0.1,which is again in goodagreementwith the value
from the PBE simulations.

It should be noted that it is not surprising for the particles
of the TFE75-A and -B latices containing a dominant
fraction of TFE (75%) to behave like rigid particles under
DLCA conditions if we recall the argument put forward
above for the TFE20 latex. Let us consider again that the
75% TFE are dispersed in the form of small domains within
the primary particles. Then, the volume fraction of TFE-rich
domains is well around the densest packing limit.76 This
would mean that the PTFE-like phase inside the primary
particles is jammed and the elastomer phase is located in the
void of the jammed phase. Therefore, under such conditions,
coalescence between particles could hardly occur.

To have a general view of the effect of the cluster structure
(due to the coalescence extent) on the aggregation kinetics,
we have summarized the ÆRhæ evolutions as a function of the
dimensionless time τ from all the three classes of particles in
Figure 12. As can be seen, the shape of the master-curve is
very sensitive to the fractal dimension (inverse of the scaling
exponent, SE). Since in the diffusion limit the fractal dimen-
sion is the only parameter in the PBE model, through the
DLCA experiments and then the PBE simulations, one can
reliably estimate the value of the fractal dimension, which
quantifies the coalescence extent of soft particles, as is the
case for our rubber colloid.

Figure 9. Time evolutions of ÆRhæ for (a) the TFE75-A latex at φ =
5.0 � 10-6 and (b) the TFE75-B latex at φ = 1.0 � 10-5 in DLCA,
destabilized by HNO3 at three different temperatures.

Figure 10. ÆRhæ data, measured for the TFE75-A latex and for the
TFE75-B latex at different conditions, plotted versus the dimensionless
time τ. The solid curve is the PBE simulation with Df = 1.7.

Figure 11. Cryo-SEM image of a typical TFE75 cluster, grown at
25 �C. From the projection area (picture on the right side) the fractal
dimension of the object is estimated by the box counting method.

Figure 12. Summary of the ÆRhæ data under DLCA for all the latices
examined in thiswork as a function of the dimensionless time τ, where the
scaling exponent gives SE = 1/Df (straight lines). The symbols corre-
spond to the TFE0-A and -B latices at 25 �C (0), TFE20 latex at 25, 50,
and 70 �C (4), and TFE75-A and B latices at 25, 50, and 70 �C (O).
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5. Conclusions

In this work, we have studied the effect of polymer composi-
tion on the coalescence behavior of elastomer particles during
fast, diffusion-limited aggregation, for five different latices with a
similar glass transition temperature (about -20 �C) but with
different polymer viscosities (i.e., molecular weights) and tetra-
fluoroethylene (TFE) fractions within the primary particles. The
methodology used to quantify the coalescence extent is to
determine the fractal dimension (structure) of the clusters formed
during aggregation. In particular, we firstmeasure in situ the time
evolution of the average hydrodynamic radius of the clusters
using dynamic light scattering for each latex at different aggrega-
tion temperatures (25-70 �C). Then, we apply the Smoluchowski
kinetic approach, based on population balance equations (PBE),
to simulate the measured kinetics using the fractal dimensionDf,
the only unknown parameter, as the fit parameter.

It is found that the obtainedDf value from the PBE simulations
is well correlated to the TFE content within the primary particles,
with a Df value equal to 3 in the absence of TFE, 2.7 with 20%
TFE, and 1.7 with 75% TFE. These results indicate that in the
absence of TFE clusters coalesce completely during aggregation,
with Df = 3.0. Then, as the TFE fraction within the primary
particles increases, the coalescence extent decreases progressively.
At 75% TFE content, the particles do not coalesce, forming
basically fractal clusters as if theywere rigid particles. To confirm
the structure information obtained from the PBE simulations, we
have also made images of the clusters using the cryogenic
scanning electron microscopy technique. Both the shape of the
clusters and theDf values obtained from the image analysis are in
good agreement with the PBE results. It is therefore concluded
that measuring the fast, diffusion-limited aggregation kinetics
combined with the PBE simulations is a reliable methodology to
investigate the coalescence behavior of elastomer colloids for
example.

The insensitivity of the coalescence extent to the aggregation
temperature in the range between 25 and 70 �C supports that the
presence of TFE is the key factor controlling coalescence.
Furthermore, it reveals that the polymerized TFE (PTFE) is
probably not homogeneously distributed among the polymer
chains, and itmight be present in very small, segregated TFE-rich
domains within the primary particles. In this way, since the
PTFE-like phase is rigid in the given temperature range, it follows
that the coalescence extent does not change with temperature. It
should be noted, however, that the control of elastomer particle
coalescence by the polymer composition can be complementary
to the effect of fixed surface charges, which has been explored in a
parallel study77 by temperature-dependent cluster coalescence of
a TFE free elastomer colloid. Thus, manipulation of the bulk
polymer phase aswell as particle surface properties provides tools
to design rubbery materials with an adjustable degree of coales-
cence for various applications.
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