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ABSTRACT: The appearance of a maximum in the intensity of scattered light at a nonzero wave vector
for systems undergoing a polymerization-induced phase separation (PIPS) has been considered in the
past as conclusive evidence of the presence of a spinodal demixing mechanism. However, recent results
from light scattering studies of colloidal aggregation and phase separation in aqueous biopolymers systems
and polymer blends prove that the maximum may also be generated by a nucleation-growth process (NG).
The origin of this scattering behavior is the presence of a layer surrounding dispersed-phase particles
that contains less solute concentration than the bulk (depletion layer). We apply this concept to a system
undergoing PIPS through an NG mechanism. The analysis is constrained to the generation of a diluted
dispersion of spherical particles where concentration profiles around particles may be analytically derived.
Both Rayleigh—Gans and Mie scattering theories are used to describe the patterns of scattered light. It
is shown that in a diffusion-controlled growth process a maximum will appear in the scattered light
pattern at a nonzero wave vector. This maximum increases in intensity and shifts to lower values of the
wave vector as the population of particles grows. For particular cases where the continuation of nucleation
leads to a decrease in the average size of the particles, the maximum may shift to higher values of the
wave vector, as recent experimental evidence has demonstrated. For the diluted dispersion, situations
where the usual patterns ascribed to NG are obtained, i.e., scattered intensity decaying from the zero
wave vector, are (a) the absence of diffusion control in the growth process, (b) starting solutions that are
very diluted in the component that will be phase separated, and (c) generation of a very broad distribution

of particle sizes.

1. Introduction

Polymerization-induced phase separation (PIPS) is a
process by which an initially homogeneous solution of
a modifier (rubber, thermoplastic polymer, liquid crys-
tal, etc.) in a mixture of monomers becomes phase
separated in the course of reaction. PIPS is used to
obtain rubber-modified thermosets, thermoset—thermo-
plastic blends, polymer-dispersed liquid crystals, etc.
Two reviews of this field have been recently published.!:2

Phase separation in the pregel state is the result of
the change in two different contributions to the free
energy of mixing: (a) a decrease in the entropic contri-
bution due to the increase in the oligomer size and (b)
a change in the interaction parameter with conver-
sion.3# In the postgel stage an elastic energy contribu-
tion has to be included in the analysis.> A convenient
way to represent the evolution of the system is through
a conversion vs composition transformation diagram at
constant temperature, generated from free energy vs
composition curves at different conversions.?~® Figure
1 shows such a diagram. The dashed line represents a
formulation that enters the metastable region at a
particular conversion in the polymerization reaction.
Point A represents a metastable condition, whereas
points B and C are the corresponding equilibrium
concentrations.

Phase separation in the metastable region may pro-
ceed through a nucleation-growth (NG) mechanism. The
possibility that this mechanism takes place depends on
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Figure 1. Binodal and spinodal curves in a conversion vs
composition transformation diagram at constant temperature.
The critical point and the locations of stable, metastable, and
unstable regions are shown.

the relative rates of phase separation and polymeriza-
tion:

K = phase separation rate/polymerization rate

If K — oo, equilibrium is instantaneously reached and
the system evolves along both branches of the binodal
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curve. If K— 0, no phase separation will be observed
until the spinodal curve is reached and spinodal demix-
ing (SD) takes place. Actual K values lead to trajecto-
ries that may be fully located in the metastable region,
in which case phase separation takes place exclusively
by an NG mechanism, or that may enter the unstable
region, implying that SD has to be considered to account
for the morphologies generated. However, according to
Inoue, 119713 the NG mechanism cannot take place at
all because homogeneous nucleation is an extremely
slow process. The appearance of a maximum in the
scattered light intensity at a nonzero wave vector is
consistently considered as conclusive evidence of the
presence of SD.114 Several authors have interpreted
their experimental results in this direction,1516 while
other authors insist on the possible presence of an NG
mechanism to account for the observed experimental
trends.”17=27 For a particular system described by an
NG mechanism, a peak in the scattered intensity at a
nonzero wave vector was observed.?®

In this context, it must be accepted that either the
picture of phase separation occurring entirely through
NG is incorrect or the consideration of the presence of
a maximum in the scattered light as the hallmark of
spinodal demixing may be questioned.

A possible answer to this controversy arises from
colloidal aggregation studies using light scattering?®:3°
which are based on results of previous publications
dealing with the growth of semiconductor nanocrystals
in a glassy matrix.3! In these studies it was found that
the scattering intensity profile 1(g), with g being the
magnitude of the scattering wave vector, q = (4x/1)
sin(6/2), 1 the wavelength of the incident light in
vacuum, and 6 the scattering angle, exhibited a peak
value I, at a nonzero wave vector gm, with I, increasing
and gm, decreasing in the course of the growing process.
A scaling behavior of I(g), somewhat similar to that
observed in SD, was evidenced. The physical origin of
the peak of 1(q) lies in the fact that the aggregates grow
by depleting a region surrounding the aggregate. Mass
conservation applied to the volume enclosing the cluster/
crystal plus its depletion region leads to 1(0) = 0 and,
consequently, to the presence of a peak in I(q) as was
theoretically modeled.3° The presence of the peak does
not imply any ordering in the spatial arrangement of
clusters/crystals.

Very recently, Tromp and Jones3? reported experi-
mental results for the off-critical phase separation and
gelation in solutions of gelatin and dextran. Phase
separation leading to a distribution of isolated dextran-
rich spheres in a gelatin-rich matrix was followed with
small-angle light scattering. A maximum in the light-
scattering pattern was observed, which was modeled
following Carpineti et al.,%0 i.e., the scattering of a dense
nucleus surrounded by a dilute depletion layer.

In another recent paper, Balsara et al.33 studied the
early stages of nucleation and growth in a polymer blend
located in the metastable region of the phase diagram
by time-resolved neutron scattering (SANS). At inter-
mediate stages of the phase separation, a scattering
maximum developed and the intensity increased rapidly
with time. One possible explanation of this maximum
was the formation of a depletion zone around the
growing clusters.3*

We will show that the presence of a depletion layer
surrounding growing particles may explain the presence
of a maximum in the pattern of scattered light obtained
during PIPS. The shift of the peak’s intensity and
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angular position during the evolution of the population
of dispersed-phase particles will be discussed. However,
the analysis will be restricted to the case of a diluted
dispersion, i.e., a situation in which depletion layers do
not get in contact. Work is in progress to extend the
analysis to concentrated dispersions. Preliminary re-
sults indicate that it is possible to generate a maximum
in the pattern of scattered light without the need to rely
on the existence of depletion layers. This will be the
object of a next publication.

2. Theory

2.1. Depletion Layer. Let us consider the system
placed at point A (Figure 1), inside the metastable
region. At these conditions, nucleation is taking place,
leading to particles of radii R (critical radius). In fact,
the size of these nuclei may be on the order of the largest
species of the modifier distribution (e.g., a rubber), as
arises from simulations using a phase separation
model.®725 Nucleation may be thus considered as a
heterogeneous event, as suggested by Binder.3®> The
modifier (e.g., a rubber) concentration inside the particle
is pﬁf), expressed in terms of mass of A per unit volume
and read at point C in Figure 1 (in fact, the concentra-
tion that minimizes the free energy is located somewhat
to the right of point C,%7 but we will neglect this small
shift in the present analysis). The modifier concentra-
tion at the interface is the equilibrium concentration,
P&, read at point B in Figure 1.

The pa(r,t) profile in the region surrounding a particle
of constant radius R, may be obtained by solving the
differential mass balance written with constant values
of the overall density (p) and the diffusion coefficient
(D). The general problem to be solved is that of a
moving boundary in a medium where composition varies
with both position and time.

A limiting case of the problem is to consider a pseudo-
steady-state in the layer surrounding the particle (t >
Rn2/zD). This hypothesis is frequently stated in the
analysis of growth laws3¢ and may be shown to be valid
for particles with sizes comprised in the range of
nanometers to microns and time scales typical of the
PIPS. Under this condition, the mass balance reads

d/dr (r* dp,/dr) = 0 1)

with pa = p&Y at r = Ry and pa = p for r — w. In
order to avoid the asymptotic convergence to the initial
concentration, the solution will be truncated assuming
that pa = p¥ at r = Ry and setting the Ry value
through a mass balance. This leads to

[oR) — pallloR) — pXV] = (Ur — URM(UR, — 1/R,)
2)

This is the same concentration profile proposed by
Tromp and Jones,32 on an empirical basis, to fit their
experimental 1(q) vs q curves.

Therefore, the diffusion-controlled growth of particles
predicts the generation of a depletion layer of thickness
R4 — Rn, where the modifier concentration decreases
from the bulk value o to p?. The R4 value may be
obtained from eq 2 and the mass conservation principle:

[ — PRV — o] = 2(1 = RYRYIRYR,)* +
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As can be visualized from Figure 1, usually [o%
p%9] (segment AB) is significantly smaller than [p{"
(0)] (segment AC), particularly for off-critical composi-

tions. Values of Ry4/R,, for simulation purposes will be
taken in the range R4/Rn, = 2—10, implying that AB/AC
varies from 0.5 to 0.0185. Solutions that are very
diluted in the modifier, i.e., low values of p, will lead
to large R4/Ry, ratios due to the necessity of increasing
the radius Ry to fulfill the mass balance.

Equations 2 and 3 are also valid for a diluted
dispersion, such that the initial composition, pSf), still
persists outside the depletion layer of every individual
sphere. The model is valid up to a particular volume
fraction of the dispersed phase, ¢, limited by g™ = (R,/
Ra)3.

2.2. Light Scattering Pattern of the Growing
Particles. The proposed model gives rise to an en-
semble of scatterers that consists of coated spherical
particles which are randomly located. The coat of these
coated particles is the depletion layer. The theory of
light scattering by spherical particles is well-known and
can be found in textbooks.3’~3° Here we will only give
a brief account of what is relevant for this work.

As we are considering a diluted dispersion, the
particles in the ensemble behave as independent scat-
terers; i.e., there is no systematic relation between the
phases of the waves scattered by different particles.
Then, only the light scattered by one particle needs to
be considered. The total light scattered by the ensemble
will be just the sum of the light intensities scattered by
each one of the individual particles.

When the difference in refractive indices between the
particles and the surrounding medium is small and the
particles are not too large, Rayleigh—Gans (RG) scat-
tering can be successfully used to describe the light-
scattering pattern, 1(q), of ensembles of spherical par-
ticles. Indeed, this is normally done when light patterns
of phase-separating systems are modeled.32

RG scattering leads to analytical expressions for the
intensity of light dispersed by one spherical particle.
This intensity i(q), corrected by the polarization factor,
I(q) = i(g) 2/(1 + cos? 0), for incident unpolarized light,
is given by:

() ~ [%” [RaAn(r) r sin(ra) dr| )

where An(r) = n(r) — ng is the relative refractive index
profile inside the particle and R4 is the radius of the
particle (considered as the core plus the depletion layer).

When the difference in refractive index is not small
or the particles are large compared with the wavelength
of the incident light, instead of eq 4 the full solution of
the Maxwell equations for a single particle must be
considered. This solution is known as the Mie theory.
Analytical solutions using this theory for particles of
different regular geometries are available in the litera-
ture. In particular, the solutions for homogeneous
spherical particles and coated spherical particles can be
found in Bohren and Huffman.3” Unfortunately, the
coated spherical particles in our problem have variable
refractive indices along the coat, and to our knowledge,
there is no closed solution for this problem in the
literature.

Under the Mie regime the pattern of scattered light
can be obtained from
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1@ ~ ["S11(a.Ry) f(Ry) dRy (5)

for incident unpolarized light. Here, Si; is the (1,1)
element of the scattering matrix of a coated sphere of
outer radius Rg,%” and f(Ry) is the number distribution
of outer radii of the particles in the sample. The effect
of polydispersity introduced by f(Rg) in eq 5 can be easily
incorporated into eq 4 of the RG approximation. In all
our calculations the ratio of the outer radius to the inner
radius Ry, in a given sample was taken to be the same
for all particles.

In principle, RG and Mie scattering are suitable
candidate models to compute the light patterns of the
growing particles. With RG it is possible to impose a
profile of a refractive index for the depletion layer, such
as the one calculated in the previous section. Under
the Mie regime all sizes and refractive indices can be
considered, but the coat is constrained to have a
constant refractive index.

3. Results and Discussion

3.1. Model Selection. In order to select a light-
scattering model for this study we have calculated 1(q)
for different cases. This initial test was conducted using
typical values of particle size and depletion layer
thickness.

Refractive indices were assigned for this test and for
the rest of the calculations as follows. For the continu-

ous phase with concentration pf), no = 1.6 (a typical

value of some epoxyamine matrices?®). For the dis-
persed phase with concentration pg‘), n, = 1.5 (a typi-

cal value of some rubber modifiers*!). For the depletion
layer, the refractive index is taken as a linear function
of composition:

Ng(pa) = 1.6 + 0.1[X) — pa /o’ — o1 (6)

where pa varies from pA) to p
By substituting egs 2 and 3 in eq 6, ng may be written
as

ny(r) = 1.60 + 0.2[R,/r — R/RG/(R4/R,)* +
2(R/Ry) — 3] (7)

Equation 7 gives the nqg profile to be used in the RG
approximation.

On the other hand, to employ the Mie scattering
theory, an average concentration in the depletion layer
will be assumed in order to have a homogeneous coat.
This is given by

P2 = [ ipalr) v drl [ ®)

Substituting eq 2 into eq 8, solving, and using eq 3, we
obtain

[0 — PRVIPR — PR = VIRJR)’ — 11 (9)

The average refractive index of the depletion layer is
obtained by substituting eq 9 into eq 6 to give

& = 1.6 + 0.1/[(RyR,)° — 1] (10)

Thus, nga") varies from 1.6143 for R¢/R, = 2 to 1.6001
for R¢/Rn = 10.
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Figure 2. Normalized light-scattering intensity spectra of

monodisperse particles of R, = 500 nm and R4/R, = 4,
predicted by three different models: (a) RG with nq(r), (b) RG

with n®), (c) Mie with n®".

The initial test was conducted for a sample of mono-
disperse particles with R, = 500 nm and Rg = 2000 nm
(R4/Rn = 4). Equations 7 and 10 for R4/R,, = 4 give the
values of refractive index of the depletion layer to be
used; i.e., ng(r) = 1.596 + 7.407/r for the RG theory and

n&) = 1.6016 for the Mie theory (eq 5).

In Figure 2 light patterns are calculated for three
different cases: RG scattering with ng(r) (eq 4), RG
scattering with n®) (eq 4), and Mie scattering with
n®) (eq5). The light profiles thus obtained are similar
to each other. Apart from the different positions of the
maxima, the only strong difference is between the RG
profiles and the Mie profile. The former vanish at zero
angle, whereas the latter has its first local maximum
at zero. This feature makes this profile qualitatively
different from those calculated using RG; i.e., linear
combinations of RG profiles will always vanish at zero
angle; however, linear combinations of Mie profiles may
even take the maximum in intensity to disappear. As
we are considering the conditions under which a maxi-
mum at a nonzero wave vector appears in the light-
scattering pattern, the Mie model is better suited than
the RG approximation; i.e., when the mass balance
associated with the depletion layer is replaced in the
RG model, the intensity will always be zero at g = 0,
meaning that a maximum at a nonzero wave vector will
be present. From now on, the results presented are
based on the assumption that scattering obeys Mie
theory for a homogeneous particle surrounded by a
homogeneous coat.

3.2. Influence of Model Parameters. Figure 3a
shows the size distributions assumed for the outer radii
of the growing particles, for different values of R4/Rn.
These distributions are Gaussian with a mean radius
of the growing core, R, = 125 nm, and a standard
deviation of 35 nm. The ratio R¢/R,, was taken as 2, 4,
6, 8, and 10. In Figure 3b the light-scattering patterns
of particles with radii as the mean radii of the distribu-
tions in Figure 3a are shown. The light-scattering
profiles corresponding to the size distributions of Figure
3a are displayed in Figure 3c. For the same number of
particles, as R4/Rp, is increased, the peak in the scat-
tering spectrum is shifted to the left and the intensity
increases. The spectra of the polydisperse particles are
shifted to the left with respect to those of the monodis-
perse ones. This can be anticipated because the larger
particles in the distribution, whose maxima occur at
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Figure 3. (a) Size distribution of outer radii of growing
particles (R, = 125 nm, ¢ = 35 nm), for different values of
R4/Rn. (b) Light-scattering intensity spectra of monodisperse
particles of the same radius as the mean radius of distribution
in part a, for different values of Ry4/R,. (c) Light-scattering
intensity spectra of polydisperse particles, with radius distri-
butions as in part a, for different values of R4/Rn.

(a) 10 (b)
0.004 - 375nm 8 800
150 Hik =
\ R g Ra=375nm
n
L I(a)
fR 100 @
Ry a.u.
0.002 |- 400
50
0.001 | 2 200
0.000 L 0 — 0
0 2505007501000 0 2 4 6 8
RyInm] alk™ al™

Figure 4. (a) Size distribution of inner _radii of growing
particles: R, = 375 nm (¢ = 105 nm) and R, = 500 nm (o =
140 nm). (b) Light-scattering intensity spectra of polydisperse
particles with depletion layers, with radius distribution as in
part a (R, = 375 nm), for different values of R4/R,. (c) Light-
scattering intensity spectra of polydisperse particles with
depletion layers, with radius distribution as in part a (R, =
500 nm), for different values of R¢/Rn.

smaller values of q, scatter more strongly than the
smaller particles.

In Figure 4 the light-scattering patterns obtained
using distributions with mean radii of 375 (standard
deviation 105 nm) and 500 nm (standard deviation 140
nm) are displayed. These results confirm the tendencies
observed in the example of Figure 3.

In all the examples above, a maximum in intensity
at a nonzero wave vector is observed. Its position in
the light pattern is essentially determined by the ratio
of outer to inner radii. As this ratio increases, the peak
moves to the left. This displacement may take the peak
out of the observation range of the instrument. This
will be the case for formulations very diluted in the
modifier that originate large R4/R,, ratios to fulfill the
mass balance (eq 3). However, this is not the only
instance in which the peak is not going to arise. In
Figure 5 log-normal distributions of growing particles
are used to generate light-scattering profiles. The
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Figure 5. (a) Lognormal size distribution of outer radii of
growing particles: R, =500 nm, R4/R, = 2, and ¢ = 0.3, 0.4,
0.6, and 0.8. (b) Normalized light-scattering intensity spectra
of polydisperse particles with depletion layers, with radius
distributions as in part a.
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Figure 6. (a) Size distributions of outer radii of growing
particles: Rgy = 500 nm and ¢ = 140 nm (t1); Rq = 1000 nm
and o = 280 nm (tz); Rg = 1500 nm and o = 420 nm (t3); Rq =
2000 nm and ¢ = 560 nm (t4), Ra/Rn = 4. (b) Light-scattering
profiles of the distributions in part a.

distributions are all of 500 nm of mean radius, with
standard deviations (as defined in a log-normal distri-
bution) of 0.3, 0.4, 0.6, and 0.8 nm. The light-scattering
profile for the more narrow distribution shows clearly
a maximum at a nonzero q. As the standard deviation
is increased and the distribution broadened, the maxi-
mum tends to shift to the left and to get blurred. For a
certain breadth of the distribution the peak disappears.
It is worth noting that this result can only be arrived
at if Mie scattering is considered. In the RG ap-
proximation the light profiles decay to zero at zero q in
all cases, and then any linear combination of them,
which is the basic operation needed to compute the
polydisperse cases, will also vanish at zero angle, giving
rise to the maximum in intensity at nonzero g.

3.3. Shift in Light Scattering Patterns during
PIPS. Now we will make the first reference to time by
postulating some hypothetical evolution of the distribu-
tion of the population of growing particles. Figure 6a
represents a narrow distribution of small particles
evolving in time by increasing its mean radius (125, 250,
375, and 500 nm) and its standard deviation (35, 70,
105, and 140 nm) while keeping depletion layers around
the cores. In this very simplified picture of the growing
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Figure 7. (a) Size distributions of outer radii of growing
particles: Rq = 2000 nm and o = 560 nm (t4); Rq = 1750 nm
and o = 554 nm (ts); Rg = 1667 nm and o = 526 nm (ts); Rq =
1625 nm and o = 507 nm (t7), Re/Rn = 4. (b) Light-scattering
profiles of the distributions in part a.

process we have assumed that the number of particles
remains the same along time. A fixed value of R4/R,, =
4 was assumed at every time instant. In Figure 6b the
light-scattering patterns corresponding to the distribu-
tions at times t;, t;, t3, and ty are displayed. The
spectrum at time t; cannot be distinguished at the scale
of the figure. The spectra for the larger times evolve
by increasing |, and shifting gm to the left with time.
This evolution could be easily ascribed to a system
undergoing SD, although it was generated by a random
dispersion of growing particles.

Another possible situation is depicted in Figure 7.
Here the results for a particular hypothetical evolution
of the system beyond t4 are shown. In this period from
t4 to t7, the continuation of the nucleation process makes
the distribution of sizes decrease its mean value and
broaden.?542 The number of particles is now increased
from t4 on. At time ts the number of particles is doubled
with respect to ty, at time tg it is tripled, and at time t;
itis quadrupled. The light-scattering spectra are shown
in Figure 7b where it can be noticed that the evolution
is such that I, increases with time and qn, shifts to the
right as time goes on. Experimental results showing
this trend have been recently reported.1®

4. Conclusions

Recent results from light-scattering studies of col-
loidal aggregation,?®20 phase-separation processes in
aqueous biopolymer systems,3? and polymer blends33
have been brought forward to give a possible answer to
a controversy on the mechanism of polymerization-
induced phase separation in a variety of systems.

The light-scattering patterns of a dilute dispersion of
randomly located growing particles with depletion lay-
ers have been investigated through simulations using
the results of Mie scattering theory for a homogeneous
core surrounded by a homogeneous coat. The results
show that, in many situations, a maximum in the
intensity of scattered light may be observed. This
maximum, which has been considered in the past as the
hallmark of SD, may arise also in a system where phase
separation occurs by an NG mechanism.

During PIPS there is a continuous evolution in the
size and number distribution of the population of
dispersed-phase particles. For the usual case where the
average size and the standard deviation increase, the
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I shifts to lower g values (a case frequently observed
and reported as arising from an SD mechanism). But,
for cases where nucleation prevails over growth, i.e., late
stages of phase separation in a high-viscosity medium,
the number of particles may increase with a corre-
sponding decrease in the average size. This produces
a shift of I, to higher g values (a case recently reported
and ascribed to nucleation-induced spinodal demixing?6).

For a diluted dispersion of spheres, NG will not lead
to a maximum in the scattered light at a nonzero wave
vector when (a) particle growth is not controlled by
diffusion, i.e., depletion layers are not produced; (b) the
starting solution is highly diluted, leading to large Rqy/
R, ratios; and (c) very broad distributions of particle
sizes are generated.
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