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ABSTRACT: Polymerization-induced phase separation was described using a phase transformation
diagram in conversion vs composition coordinates, where metastable and unstable regions were located.
Phase separation through a nucleation-growth (NG) mechanism, in the metastable region of the phase
diagram, was described with the usual constitutive equations. A distribution of particle sizes was
generated as a function of conversion. Different possible composition profiles inside and outside the
particles were predicted, leading to refractive index profiles associated with individual particles.
Representative sets of particles were properly located in the scattering volume, and the light scattering
pattern of the ensemble was generated. A maximum at a wave vector q * 0 was present in the following
cases: (a) at low concentrations of dispersed-phase particles when a depletion layer surrounded the
particles and (b) at high concentrations of dispersed-phase particles due to the correlation produced by
the location of individual scatterers in a constrained space. Both effects generated a maximum in the
scattered intensity at q * 0, even for broad particle-size distributions. The position of qmax increased
with the concentration of dispersed-phase particles. For systems that do not exhibit coarsening effects,
the light scattering peak will initially shift to the right and then grow in intensity at a constant value of
the wave vector, when nucleation becomes negligible. Coarsening produces a shift of the scattering peak
to the left, while increasing its intensity. Therefore, the presence of a maximum in the light scattering
pattern should no longer be indicated as the hallmark of spinodal demixing, as is frequently stated in
the literature.

1. Introduction
Polymerization-induced phase separation (PIPS) is a

process by which an initially homogeneous solution of
an unreactive component in reactive monomers becomes
phase separated in the course of polymerization. The
initial process of phase separation occurs via the mech-
anism of nucleation-growth (NG) in the metastable
region of the phase diagram or by spinodal decomposi-
tion (SD) if the system becomes unstable.

The phase separation process can be followed by light
scattering experiments that measure the time (t) evolu-
tion of the scattered intensity, I(q,t), where q is the
magnitude of the scattering wave vector, q. SD is
characterized by the appearance of a peak in I(q,t) at a
particular qmax * 0. In most cases the intensity of the
peak increases while qmax shifts to lower q values as
phase separation proceeds. The presence of a maximum
in the light scattering pattern is usually referred to as
a hallmark of SD.1-3 In contrast, if phase separation
takes place by NG, it is normally expected that I peaks
at q ) 0 and then decreases monotonically until a
diffraction maximum is encountered. These types of
maxima are only found when either the particles are
large or the measurement range in q space is broad,4 a
situation that is not of interest in this investigation.
However small particles growing by an NG mechanism
may still show the presence of a scattering maximum
at a qmax * 0 in relatively narrow q ranges as we have
recently shown.5 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, DL). As the solute segregated
to the dispersed particles was originally contained in
the DL, the external region keeps the initial solute
concentration. This picture is constrained to the gen-
eration of a diluted dispersion and may be only used in
the initial stages of a PIPS. The aim of this publication
is to complement the previous one5 by extending the
analysis to the whole range of the phase separation
process occurring by an NG mechanism. We will show
that a maximum in light scattering at qmax * 0 may be
also expected by the presence of a spatial correlation6

effect always present at high volume fractions of par-
ticles even for broad distributions of particle sizes.
Therefore, the presence of a maximum in I(q,t) at qmax
* 0 should not be automatically ascribed to the presence
of SD.

The manuscript is organized as follows. First a model
of phase separation by nucleation and growth will be
discussed. It will enable us to locate metastable and
unstable regions in a phase transformation diagram and
to predict the evolution of the particle-size distribution
in the course of polymerization along the metastable
region. The NG model is basically the same as that
used to predict the distribution of dispersed-phase
particles in rubber-modified thermosets.7-9 To analyze
the effect of polydispersity in the particle-size distribu-
tion, a simplified version of the NG model that generates
monodisperse distributions will be also used. As the
model only predicts the evolution of average composi-
tions in both dispersed and continuous phases, in a
subsequent section different possible composition pro-
files inside and outside the particles will be considered.
This leads to refractive index profiles associated with
individual particles. Then, representative sets of par-
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ticles present at different conversions in the polymeri-
zation reaction will be used to partially fill the scattering
volume. Then the light scattering pattern of the en-
semble will be generated. Factors leading to the pres-
ence of a maximum in the intensity of the scattered light
at qmax * 0, will be discussed.

2. Model of Phase Separation by Nucleation and
Growth

2.1. Phase Transformation Diagram. To obtain
the particle-size distribution along the polymerization,
it is first necessary to generate a phase transformation
diagram showing stable, metastable and unstable re-
gions.

For illustration purposes we will consider a pseudo-
binary system consisting of a solution of a rubber
(component 2) in a stoichiometric diepoxy (B2)-diamine
(A4) reactive solvent (component 1). The Flory-Hug-
gins equation may be used to describe the free energy
of mixing per unit volume:

where R is the gas constant, T is the absolute temper-
ature, ø is the interaction parameter, φ1 and φ2 are,
respectively, the volume fraction of thermoset (epoxy-
amine) and rubber, and Vh 10 is the initial molar volume
of the thermoset defined as

The mass density of the reactive solvent, F1, is assumed
constant and its number average molar mass is given
by

The ratios of molar volumes are defined as

While z2 remains constant along polymerization, z1
increases with conversion p (eq 4 is valid in the pregel
stage of the A4 + B2 step polymerization in the absence
of intramolecular cycles).

A typical rubber-modified epoxy-amine system is
selected,8 with the following values for the parameters
defined in eq 1: Vh 10 ) 277.1 cm3/mol, z2 ) 13.9, and

A temperature T ) 393 K is selected to illustrate the
system’s behavior.

Binodal and spinodal curves are obtained from eq 1
following usual procedures.7-9 Figure 1 shows the
resulting phase transformation diagram in conversion
vs volume fraction coordinates, up to the gel conversion
(pgel ) 0.6). It may be assumed that most of the phase
separation process takes place in the pregel region.7-9

2.2. Distribution of Particle Sizes. As shown in
Figure 1, starting from an initial volume fraction
(composition) φ20, the system enters the metastable
region at the cloud-point conversion (pcp) located on the
binodal curve. Once in this region, phase separation
may proceed through an NG mechanism. The evolution

of the average composition of continuous and dispersed
phases, φh2c and φh2D is determined by the competition
between phase separation and polymerization rates.

A model describing the evolution of morphological
parameters (concentration of dispersed-phase particles,
particle-size distribution, volume fraction of dispersed
phase), together with average compositions of continu-
ous and dispersed phases, is available in the literature.7-9

It will be used to generate the distribution of particle
sizes along conversion for the particular system under
study. Only the most relevant features of the model will
be described in what follows.

The nucleation rate is expressed by

where NT is the volumetric concentration of particles
(generated with a critical radius Rcr), D is the diffusion
coefficient of the rubber in the thermoset, which depends
on conversion, N0 is an adjustable parameter, k is the
Boltzmann constant and ∆Gcr is the free energy barrier
necessary to overcome formation of nuclei of critical
radius Rcr. ∆Gcr and Rcr may be calculated with the
following expressions:

where ∆GN is the free energy change per unit volume
associated with the phase separation process (calculated
from the Flory-Huggins equation7-9), and σ is the
interfacial tension given by10

φ2N is the instantaneous composition of the segregated
phase at a particular conversion p (calculated from the
Flory-Huggins equation7-9), and φh2c is the average
volume fraction of the rubber remaining in the continu-
ous phase at the same conversion (Figure 2). In fact, it

∆G ) (RT/Vh 10)[(φ1/z1) ln φ1 + (φ2/z2) ln φ2 + øφ1φ2]

(1)

Vh 10 ) Mh n,10/F1 (2)

Mh n,10 ) (MA4 + 2MB2)/3 (3)

z1 ) Vh 1/Vh 10 ) Mh n,1/Mh n,10 ) 1/(1 - 4p/3) (4)

z2 ) Vh 2/Vh 10 (5)

ø ) 0.336 + 69.457/T (6)

Figure 1. Binodal (B) and spinodal (S) curves in a conversion
vs composition transformation diagram at T ) 393 K. The
critical point and the location of stable, metastable and
unstable regions are shown. A predicted trajectory arising from
a nucleation-growth phase separation mechanism is plotted.
φh2c indicates the average rubber composition remaining in the
continuous phase, while φh2D means the average rubber com-
position in the dispersed phase. φ2R and φ2â are the equilibrium
compositions. φ20 is the initial composition, and pcp is the cloud-
point conversion.

dNT/dt ) N0D exp(-∆Gcr/kT) (7)

∆Gcr ) 16πσ3/(3|∆GN|2) (8)

Rcr ) 2σ/|∆GN| (9)

σ(mN/m) ) 0.153(z2/z1)
0.5(φ2N - φh 2C)3.85 (10)
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is the low values of interfacial tensions predicted by eq
10 that makes phase separation by an NG mechanism
possible.9

For the particular system under study, the following
values were taken: N0 ) 1.54 × 1016 cm-5 and

where D0 ) 10-11 cm2 s-1 Pa s K-1 and

The viscosity of the continuous phase, η, increases with
conversion becoming infinite at pgel. Equation 12 ap-
proximately fits the experimental behavior for the
particular system under consideration;8 N0 and D0 have
the same values as those previously used for the same
system.8

When the system evolves through the metastable
region, particle growth occurs because of the driving
force (φh2c - φ2R) which tries to restore the system to
equilibrium conditions.

The differential volume increase of a generic particle
of radius Ri may be written as

where kφi is the mass transfer coefficient given by7-9

From eqs 13 and 14, the growth-rate law for a generic
particle may be derived:

Using the available experimental equation for the
polymerization kinetics of the particular diepoxide-
diamine system,11 it is possible to replace time (t) by
conversion (p), thus expressing the evolution of mor-
phological parameters as a function of conversion. The

following parameters may be obtained by solving the
NG equations: Ni(Ri) (distribution of particle sizes), NT
(total particle concentration), VD (volume fraction of
dispersed phase), and φh2D (average rubber volume
fraction in the dispersed phase). The average rubber
composition in the continuous phase, φh2c, is obtained
from the following mass balance:

A simplified version of this model, leading to a
monodisperse distribution of particle sizes, NT(R), may
be generated. In this case, it is the differential increase
in the volume fraction of dispersed phase that is
calculated:

Solving eqs 7 and 17 leads to VD and NT as a function
of conversion. R arises from

Regarding the average composition of dispersed phase
particles, it is observed in Figure 1 that φh2D becomes
relatively distant from the equilibrium value φ2â because
no mass is allowed to return to the continuous phase
(the epoxy-amine species are assumed to remain
trapped in the rubbery-rich dispersed phase particles).
But as the φh2D(p) trajectory enters the metastable (and
even unstable) region, a secondary phase separation
may (must) take place inside dispersed domains. To
account for this possibility in the light scattering model,
two extreme cases will be considered in the following
section: (a) homogeneous particles with composition
φh2D(p), meaning that secondary phase separation pro-
duces such a fine dispersion that the particle appears
homogeneous at the wavelength of visible light; (b)
bilayer particles consisting of a rich-thermoset core
(radius Rci, composition φ2R) surrounded by a rubbery
shell (thickness Ri - Rci, composition φ2â). Both φ2R and
φ2â are the equilibrium compositions for the particular
conversion p; Rci is determined by a mass balance giving
φh2D as the average composition of the particle. A
secondary phase separation inside dispersed phase
particles has been frequently reported in the litera-
ture.12

Composition profiles outside dispersed phase particles
may be also considered, as discussed in the next section.

3. Composition Profiles Inside and Outside
Particles

The model of the previous section provides us with
variables that partially supply the information needed
to calculate the light scattering profiles of the growing
particles. This information can be completed in part
by defining the composition profiles inside and outside
the particles.

Inside the particles, two possibilities are considered.
First, one in which two new phases are segregated,
forming a core rich in thermoset and a shell rich in
rubber (bilayer particles). The second one considers the
particles as homogeneous.

Outside the particles, three cases are considered. The
first takes into account that the medium, i.e., the
continuous phase, is homogeneous. The second consid-

Figure 2. Free energy of mixing per unit volume as a function
of rubber volume fraction for a particular conversion in the
metastable region; φ2R and φ2â are the equilibrium composi-
tions, φh2c is the actual average composition of the continuous
phase, φ2N represents the instantaneous composition of the
segregated phase, and ∆GN is the free energy change per unit
volume associated with the phase separation process (maxi-
mum difference between the ∆G curve and the straight line
that is tangent to this curve at φh2c).

D )
D0T

η
(11)

η ) 0.1(1 - p
pgel

)-2.5
(Pa s) (12)

4π
3

dRi
3

dt
) kφi(4πRi

2)(φh2c - φ2R) (13)

kφi ) D
Ri

(14)

Ri

dRi

dt
) D(φh2c - φ2R) (15)

φ20 ) (1 - VD)φh2c + VDφh2D (16)

dVD

dt
) 4π

3
Rcr

3 dNT

dt
+ kφ4πR2NT(φh2c - φ2R) (17)

R ) ( 3VD

4πNT
)1/3

(18)
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ers that the particles grow at the expense of a depletion
layer that surrounds them. This last situation is only
possible if a very diluted dispersion of particles is
considered. When the concentration of particles grows,
the formation of a depletion layer is no longer possible
because the particles are too close to each other. In that
case one should expect the formation of a complicated
contour of concentrations, which depends now not only
on the mass balances around each particle but also on
the distribution of the growing particles in space. In
this work this complex situation will not be further
addressed. Instead, the effect of a thin film surrounding
the particles containing less rubber composition than
the bulk will be analyzed for the case in which the
volume fraction of particles is high enough to preclude
the formation of a real depletion layer.

The combination of these different alternatives for the
composition profiles gives rise to a number of cases that
could be studied. Only four of the possible alternatives
will be considered here: homogeneous particles in a
homogeneous medium, homogeneous particles with a
depletion layer, homogeneous particles with an arbi-
trary coating film, and bilayer particles in a homoge-
neous medium.

3.1. Homogeneous Particles. If the medium is
also homogeneous, the average rubber composition in
the medium, φh2c, together with the average rubber
composition in the particle, φh2D, is all one needs to
calculate the refractive indices in both phases,

where n0 and np are the refractive indices of medium
and particle, respectively, and nA and nB are the
refractive indices of rubber and thermosetting polymer,
respectively (for the present study the following values
were taken: nA ) 1.49, nB ) 1.61).

When either a coating film or a depletion layer is
present, the average composition of the rubber in the
medium is the result of averaging a composition profile
in which the rubber composition is lower than the
average close to the particle and higher far from it.

Assume that the particle-size distribution at any
arbitrary conversion p, may be represented by a set of
N pairs, N being the number of different sizes present
in the distribution, including the particle radius, Ri, and
the corresponding number of particles per unit volume
of sample, Ni, for each size. This leads to the following
expression for the volume fraction of particles in the
sample

Assume also that a coating film of thickness (Rdi - Ri)
is enclosing particle i, where Rdi is in principle arbitrary.

The rubber concentration profile outside the particle,
φ2i(r), follows a hyperbolic profile arising from the
solution of the differential mass balance:5

where φ2R is the equilibrium rubber composition at r )
Ri (at the particular conversion p) and φ2c is the
particular rubber composition for r g Rdi (φ2c > φh2c).

The average rubber composition in the coating films
of all particles, φh2(coat), may be obtained by integrating
eq 22:

The following mass balance of rubber holds:

from which φ2c may be obtained.
If n0 is now the refractive index of the medium outside

the coatings, eq 19 can still be used with φh2c replaced
by φ2c. Inside the coatings the refractive index is now
a function of radius, r, which may be calculated from
eqs 19, 20, and 22:

Until now the thickness of the coating has been
selected arbitrarily. If, instead, a depletion layer (to the
expense of which the particles grow) is considered, the
thickness of this layer can no longer be arbitrary. By
applying the mass conservation principle, we obtain

In this case φ2c is equal to φ20.
Figure 3 schematically represents the different cases

analyzed here for homogeneous particles.
3.2. Bilayer (Core-Shell) Particles. Only the

case in which the medium is homogeneous will be
considered here. In the core and shell model the
composition of the core and shell are φ2R and φ2â,
respectively. Using a mass balance around the particle,
the radius of the particle core, Rci, can be calculated as
a function of the average composition in the particle,
φh2D:

As before, n0 is given by eq 19; the refractive index of
the shell, np

(s), is given by eq 20 with φh2D replaced by

n0 ) φh2cnA + (1 - φh2c)nB (19)

np ) φh2DnA + (1 - φh2D)nB (20)

VD )
4

3
π∑

i)1

N

NiRi
3 (21)

φ2c - φ2i

φ2c - φ2R
) (1

r
- 1

Rdi

1
Ri

- 1
Rdi

) (22)

φh2(coat) ) φ2c -

(φ2c - φ2R)

∑
i)1

N

Ni(Rdi
2Ri + Ri

2Rdi - 2Ri
3)

2 ∑
i)1

N

Ni(Rdi
3 - Ri

3)

(23)

[1 -
4

3
π∑

i)1

N

NiRi
3]φh2c ) [43π∑

i)1

N

Ni(Rdi
3 - Ri

3)]φh2(coat) +

[1 -
4

3
π∑

i)1

N

NiRdi
3]φ2c (24)

ndi(r) ) nAφ2i(r) + nB[1 - φ2i(r)] )

n0 + (n0 - np)
(φ2c - φ2R)

(φh2D - φ2c)

(1r - 1
Rdi

)
( 1
Ri

- 1
Rdi

)
(25)

Rdi ) 1
2{[9 + 8(φh2D - φ2c

φ2c - φ2R
)]1/2

- 1}Ri (26)

Rci ) Ri[φh2D - φ2â

φ2R - φ2â
]1/3

(27)
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φ2â; and the refractive index of the core, np
(c), is given by

eq 20 with φh2D replaced by φ2R.

4. Distribution of Particles in Space

When the volume fraction of particles in the system
under study is such that the position of the growing
particles is no longer uncorrelated, the resulting light
scattering pattern will be highly dependent on how the
particles are arranged in space. A model to predict light
scattering patterns of rather concentrated systems must
include not only the information of the individual
particles with regard to shape and refractive index
profiles but also the information required to have a
complete picture of the relative positions of the particles
in the ensemble.

The model proposed here considers that the positions
of the particles in the sample are selected randomly
from the allowed sites. As particles fill the sample, the
number of allowed sites is reduced, increasing the
correlation between the centers’ positions. The shape
of the sample is assumed to be a square slab of thickness
2Rmax and side l, where Rmax is the radius of the largest
particle. It is also assumed that the centers of the
particles are all on the same plane. This last assump-
tion reduces the computational load because, in terms
of relative positions, the problem becomes bidimen-
sional, while it keeps a three-dimensional nature in
regard to the individual particles.

The particle-size distribution, Ni(Ri), obtained from
the phase separation model is needed to completely
specify the sample. If Np is the number of particles used
to perform the computations with the model and NT )
∑i)1

N Ni is the total number of particles per unit volume
of sample, then

Note that Np can be arbitrarily selected. However, it
should be high enough to make the sample statiscally
representative and low enough to make the computa-
tions feasible.

The last step is to build the sample by allocating into
the volume defined for the sample, NiNp/NT, particles
of radius Ri, for i ) 1, ..., N.

5. Light Scattering Profiles
The light scattered by an arrangement of Np spheres

immersed in a homogeneous medium illuminated by
incident light of wavelength λ0 and intensity Ii is given
by13

where q ) qf - q0, qf being a vector of magnitude (2π/
λ0)n0 that points from the center of each particle to the
point where scattered light is detected and q0 a vector
of magnitude (2π/λ0)n0 that points in the direction of
the incident light, q is the magnitude of q (q ) |q| )
(4π/λ0)n0 sin(θ/2), θ and φ are the angles that determine
the coordinates of the point where the scattered light
is detected, ri is the position vector of the center of
particle i, j is the imaginary number, and Fi(q) is the
form factor of the individual particles.

For elastic single scattering by particles with spheri-
cal symmetry the form factor can be calculated as

where n(r) is the refractive index profile inside the
particle. Note that the particle includes, in general, any
layer surrounding the real particle.

Equation 29 can be arranged for calculations as

with

where xi and yi are the components of vector ri.
For the multilayered spheres described in the previ-

ous sections, the form factors can be calculated using
eq 30 and eventually eq 25:

Homogeneous Particles

with

Figure 3. Schematic diagram of the composition profiles
surrounding a homogeneous particle of radius R for different
cases: (i) homogeneous medium; (ii) depletion layer of thick-
ness (Rd2 - R); (iii) coating film of thickness (Rd1 - R).

l ) ( Np

2RmaxNT
)1/2

(28)

Is(θ,φ) ∼ |∑
i)1

Np

Fi(q)e-jq‚ri|2Ii (29)

F(q) ) 1
q∫0

Rd[n(r) - n0]r sin qr dr (30)

Is(θ,φ) ∼ {(∑
i)1

Np

Fi(q) cos Ri)
2 + (∑

i)1

Np

Fi(q) sin Ri)
2}Ii (31)

Ri ) q‚ri ) -2π
λ0

(xi cos φ + yi sinφ) sin θ (32)

Homogeneous medium: Fi(q) ) (np -n0)Ri
2 j1(qRi)

q
(33)

Coating film or depletion layer:

Fi(q) ) (np - n0)[(1 - γi)Ri
2 j1(qRi)

q
+

γiRdi
2 j1(qRdi)

q
+ γiRdi

(cos qRdi - cos qRi)

q2 ] (34)

γi )
(φ2c - φ2R)Ri

(φ2â - φ2c)(Rdi - Ri)
(35)

j1(F) )
(sin F - F cos F)

F2
(36)
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Bilayer (Core-Shell) Particles

These formulas have been derived in the past by other
authors. In his book, Kerker14 presents a complete
discussion about form factors of objects with spherical
symmetry, which contains the cases analyzed here.

Note that in the particular case of identical particles
Fi(q) is a common factor in eq 29 that gives

where

is the structure factor that contains the information
about correlation between the centers’ positions. If
these positions are totally uncorrelated, as is the case
in diluted systems, this structure factor tends to Np, the
number of scatterers, and only the information concern-
ing the form factor of each particle appears in the light
scattering pattern, as will be shown.

When the particles are polydisperse, the separation
indicated in eq 38 is no longer possible and eq 29 must
be used. Despite this fact, the two length scales
corresponding to particle mean size and mean distance
between centers still appear in the light scattering
pattern.

To have I vs q plots as normally reported, the
computations performed with eq 31 were averaged over
the φ coordinate and smoothed along the θ coordinate
as follows:

All the reported light scattering patterns were calcu-
lated using eq 40 after selecting a proper number of φ’s
(Nφ) and a smoothing range 2NF∆θ, where ∆θ is the step
in the θ coordinate. The averaged-smoothed patterns
were also normalized to express them per unit scatter-
ing volume.

6. Results and Discussion
The phase separation model has been solved for two

different values of φ20 (0.0497 and 0.1595). For φ20 )
0.1595 a high concentration of particles is obtained at
the end of the phase separation process. For φ20 )
0.0497 the concentration of dispersed phase particles
remains low during the whole conversion range.

6.1. High Concentration of Particles. This case
is represented by a formulation with φ20 ) 0.1595.

6.1.1. Monodisperse Particles. The simplified
version of the phase separation model that considers the
particles as monodisperse will be considered first.
Figure 4a shows the predicted trajectory in the conver-
sion vs composition transformation diagram while parts
b and c of Figure 4 represent the evolution of volume
fraction of the dispersed phase, particle concentration,

and particle radius. It is observed that the trajectory
lies very close to the binodal curve in the whole
conversion range.

Low Conversions. At the very early stages of phase
separation the concentration of particles is very low and
the formation of a depletion layer is likely to occur.
Figure 5 shows the evolution of the light scattering
profiles in that condition. The particles are assumed
to be homogeneous and consequently the form factor
used is that of eq 34. The light scattering profiles show
a maximum at a wave vector different from zero. This
maximum slightly shifts to the left as conversion
increases and particle radius grows. The volume frac-
tion of dispersed phase particles is very low during this
stage and then the particles behave as if they were
independent scatterers. This can be verified by calcu-
lating the light scattered by a single particle. The
pattern so calculated follows almost exactly the light
pattern calculated for the ensemble, except close to the
origin. In that direction the light scattered by the
ensemble is always coherent and then the interference
peak must appear independently of the volume fraction
of particles.15 This result is also shown in Figure 5.
From above, it can be concluded that the maximum in
the light pattern is only a consequence of the presence
of the depletion layer.

Homogeneous medium:

Fi(q) ) (np
(c) - np

(s))Rci
2 j1(qRci)

q
+ (np

(s) - n0)Ri
2 j1(qRi)

q
(37)

Is(θ,φ) ∼ |F(q)|2|S(q)|2Ii (38)

S(q) ) ∑
i)1

Np

e-jq‚ri (39)

〈I(θk)〉f )
1

2l2Rmax

1

Nφ

∑
i)k-NF

k+NF

∑
j)1

Nφ

Is(θi,φj) (40)

Figure 4. Predictions of the phase separation model for the
case of a monodisperse distribution of particle sizes and φ20 )
0.1595: (a) evolution of the average composition in the
continuous phase; (b) volume fraction of dispersed phase as a
function of conversion; (c) particle concentration, NT (cm-3) and
particle radius, R (µm), as a function of conversion.
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For this particular case (i.e., diluted dispersion of
monodisperse spheres with depletion layers exhibiting
an hyperbolic variation of the refractive index), similar
calculations previously performed by Tromp and Jones16

showed the same type of results.
High Conversions. At high conversions the volume

fraction of particles grows to values in which the spatial
correlation among particles becomes important. In
Figure 6 the evolution in real space of part of the sample
that is being studied is shown for six values of conver-
sion. These values, which cover the whole range of high
conversions, correspond to stages 1-6 indicated in
Figure 4. The light scattering patterns are shown in
Figure 7 for different cases. Figure 7a shows the
profiles for the case of homogeneous particles in a

homogeneous medium (form factor of eq 33). Figure 7b
shows the profiles for the case of bilayer particles in a
homogeneous medium (form factor of eq 37). Figure 7c
shows the profiles for the case of homogeneous particles
surrounded by a coating film of thickness Rdi - Ri )
0.05Ri (form factor of eq 34).

In all cases a maximum in the light intensity at a
wave vector other than zero is observed. This maximum
can only be attributed to the correlation effect among
particles, because the light profiles corresponding to a
single particle are in all cases monotonically decreasing,
as shown on the same figures.

The position of the maxima in the light scattering
profiles is consistent with the values that can be
calculated for the much simpler problem of interference
by an ordered collection of slits using sin θmax, ) λ0/
(n0d) where d ) l/xNp is the mesh size of a grid of side
l where Np particles are regularly arranged. For
example, if this simple calculation is performed for the
pattern of Figure 7a labeled with 6, a value of qmax )
1.46 µ-1 is obtained. This value is in good agreement
with the qmax ) 1.42 µ-1 obtained from the same figure.
As d is proportional to 1/xNT, it is also clear that the
position of the maxima qmax ) (4πn0/λ0) sin(θmax/2) shifts
to the right as NT increases. This effect is observed in
Figure 7 during the first instants in which NT slightly
increases. As the volume fraction of particles increases,
the ensemble becomes more organized increasing the
correlation among the positions of their centers in the
scattering volume. This fact is evident in Figure 7, in
which the interference maximum, a sign of order,
becomes more acute as the volume fraction of particles
increases. While the volume fraction of particles in-
creases, the light intensity also increases for all wave
vectors. This is in direct relation to a concurrent
increase in particle size and refractive index contrast.

The main difference between the various models for
the particle and surrounding medium is that at a given
conversion the ratios of the maximum to the first
minimum are different. The highest ratio corresponds
to the model with coating film, a smaller ratio results
for the homogeneous model, the smallest being the one
associated with the bilayer particle model. The first

Figure 5. Evolution of the light scattering profiles (s) for
the case of a monodisperse distribution of particle sizes with
φ20 ) 0.1595, low conversions, and low volume fraction of
particles: (1) p ) 0.3512, (2) p ) 0.3517, (3) p ) 0.3521, and
(4) p ) 0.3526. Single particle model (‚‚‚).

Figure 6. Evolution in real space of the sample for the case
of a monodisperse distribution of particle sizes with φ20 )
0.1595, high conversions, and high volume fraction of particles,
for six different values of conversion.

Figure 7. Evolution of the light scattering profiles (s) for
the case of a monodisperse distribution of particle sizes with
φ20 ) 0.1595, high conversions, and high volume fraction of
particles for six different values of conversion as in Figure 6
for the following models: (a) homogeneous, (b) bilayer, and
(c) coating film. Single particle model (‚‚‚).
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decrease is due to an increase of the minimum, and the
second is due to a decrease of the maximum that
operates over the previous increase of the minimum.

It has also been observed that if the thickness of the
coating film is increased, the maximum becomes more
acute. However, this effect should not be confused with
the effect caused by a depletion layer. In the cases in
which the thickness of the coating film was substantially
increased, a notorious effect on the accentuation of the
peak was noticed but the single particle profile remained
almost unchanged. It could be concluded from this
observation that no depletion layer like effect was taking
place, but rather an increase in the correlation among
the positions of the particles, caused by an enlargement
of the pseudoparticles formed by the particle plus its
coating film, was responsible of this accentuation of the
peak.

Light scattering patterns similar to the ones shown
in Figure 7 have been reported in the literature for
epoxy-elastomer blends.3,17 According to our results
and without further evidence, these patterns could be
easily ascribed to an NG mechanism.

6.1.2. Polydisperse Particles at High Conver-
sions. The full version of the phase separation model
that considers the particle-size distribution has been
used here.

At low conversions, where the single particle approach
is valid, the results were similar to those obtained for
the monodisperse case; i.e., the presence of a maximum
is not related to the spatial arrangement of the particles.
The effect of polydispersity for the single particle
approach has already been reported in a previous
publication5 and will not be discussed here. The interest
is now focused on the only effect of polydispersity at high
conversions where the correlation effect noticed in the
monodisperse case could be partially or totally washed
out.

In Figure 8 the evolution in real space of part of the
sample that is being studied is shown for six values of
conversion. The corresponding particle-size distribu-
tions are shown in Figure 9. The light scattering
patterns are shown in Figure 10 for the same cases as
in Figure 7. As can be noticed, the same type of results
as in the monodisperse case are obtained. The effect of
polydispersity is to partially reduce the interference

effect that gives rise to the maximum at q * 0.
However, even though the particle-size distributions are
broad, the maximum in the light scattering pattern is
still clearly evident.

6.2. Low Volume Fraction of Monodisperse
Particles at High Conversions. This case is repre-
sented by a formulation with φ20 ) 0.0497. Again the
simplified version of the phase separation model that
considers the particles as monodisperse has been used
here. Figure 11a shows the predicted trajectory in the
conversion vs composition transformation diagram,
while parts b and c of Figure 11 represent the evolution
of volume fraction of the dispersed phase, particle
concentration, and particle radius. The trajectory lies
again close to the binodal curve during the whole
conversion range.

At low conversions where the single particle approach
is valid the results were similar to those obtained in
the high volume fraction case above; i.e., the presence
of a maximum is not related to the spatial arrangement

Figure 8. Evolution in real space of the sample for the case
of a polydisperse distribution of particle sizes with φ20 )
0.1595, high conversions, and high volume fraction of particles,
for six different values of conversion. Figure 9. Particle-size distributions corresponding to Figure

8.

Figure 10. Evolution of the light scattering profiles (s) for
the case of a polydisperse distribution of particle sizes with
φ20 ) 0.1595, high conversions and high volume fraction of
particles for six different values of conversion as in Figure 8
for the following models: (a) homogeneous, (b) bilayer, and
(c) coating film. Single particle model (‚‚‚).
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of the particles. The interest is now focused on the effect
of volume fraction of particles at high conversions.

In Figure 12 the evolution in real space of part of the
sample that is being studied is shown for three values
of conversion. The light scattering profiles correspond-
ing to these samples are shown in Figure 13 for the case
of homogeneous particles in a homogeneous medium.
The profiles that correspond to a single particle are also
shown on the same plot. Apart from the difference
always present at values of the wave vector close to zero,
only a slight departure of the “real” light scattering
profile from the single particle profile is noticed at other
wave vector values. This may be explained by the fact

that, even at the end of the transformation process, the
volume fraction of particles is still low enough that the
single particle model may nevertheless be a good ap-
proximation, and therefore, a secondary peak at q * 0
should not necessarily be observed during the course of
the transformation.

6.3. Systems under Coalescence or Ostwald
Ripening Effects. Factors leading to the presence of
a maximum in the scattered light at qmax * 0, are
independent of the constitutive equations used in the
NG model discussed in section 2; i.e., any model leading
to a high concentration of dispersed-phase particles,
even with a broad distribution of particle sizes, will
determine the existence of a correlation effect among
particles and the presence of a maximum in the light
scattering pattern.

However, the shift of qmax with conversion will depend
primarily on the evolution of the concentration of
dispersed-phase particles; i.e., qmax depends on NT. In
the proposed NG model the coalescence of dispersed-
phase particles was considered negligible (in fact, a
coalescence term was introduced in eq 7, as in ref 7,
and it showed no effect due to the high viscosity of the
medium). No other coarsening mechanisms were con-
sidered. Therefore, NT could only increase or attain a
constant value when no driving force existed for nucle-
ation due to the proximity of the actual trajectory in
the metastable region to the binodal curve (Figure 4).

The presence of coalescence or other coarsening
mechanisms will determine a different evolution for NT.
In the late stages of phase separation, droplets evolve
so as to minimize their surface-to-volume ratio, thereby
minimizing the surface free energy. In this last stage,
known as Ostwald ripening or coarsening, the concen-
tration of dispersed-phase particles may be reduced by
the Lifshitz-Slyozov mechanism.18-21 In this case, the
ripening is driven by the size dependence of the solubil-

Figure 11. Predictions of the phase separation model for the
case of a monodisperse distribution of particle sizes and φ20 )
0.0497. (a) evolution of the average composition in the continu-
ous phase; (b) volume fraction of dispersed phase as a function
of conversion; (c) particle concentration, NT (cm-3) and particle
radius, R ( µm), as a function of conversion.

Figure 12. Evolution in real space of the sample for the case
of a monodisperse distribution of particle sizes with φ20 )
0.0497, high conversions, and low volume fraction of particles,
for three different values of conversion.

Figure 13. Evolution of the light scattering profiles (s) for
the case of a monodisperse distribution of particle sizes with
φ20 ) 0.0497, high conversions, and low volume fraction of
particles for three different values of conversion as in Figure
12 for the homogeneous model. Single particle model (‚‚‚).
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ity of droplets (smaller droplets are dissolved while
larger droplets grow). For such a system and assuming
the generation of a high volume fraction of particles,
light scattering patterns will show a maximum shifting
to the left due to the coarsening effect. An example of
this behavior has been recently reported for the thermal-
induced phase separation in a polymer-dispersed liquid
crystal (PDLC).22 For a particular poly(methyl meth-
acrylate)-LC formulation containing 40 wt % LC, a
thermal quench from 80 to 62 °C placed the system in
the metastable region of the phase diagram. A droplet
structure generated by an NG mechanism was clearly
observed by polarized optical microscopy. The average
diameter of droplets grew with time while the particle
concentration decreased, i.e., coarsening of the distribu-
tion was observed.

Light scattering patterns showed the presence of a
maximum at qmax * 0, shifting to the left with elapsed
time. This constitutes clear experimental evidence of
the correlation effect introduced by the presence of a
high volume fraction of particles generated by an NG
mechanism. This maximum was incorrectly assigned
to a diffraction effect.22 Secondary diffraction maxima
are negligible at high volume fractions of particles when
compared with maxima resulting from interference, an
effect not considered in the analysis by these authors.

7. Conclusions
In this work we have demonstrated that the presence

of a maximum in the light scattering pattern of a phase-
separating system at a wave vector q * 0, should not
be automatically ascribed to a system undergoing SD.
In fact, we have shown, through a fairly comprehensive
model, that a system in which phase separation pro-
ceeds through an NG mechanism may exhibit the
maximum during the whole transformation process. At
the beginning, when the volume fraction of particles is
low, the maximum may be caused by the presence of a
depletion layer that surrounds the particles. At higher
volume fractions the increased correlation produced by
the location of individual scatterers in a constrained
space may be responsible for the presence of the
maximum. Besides, the position of the maximum was
found to depend on the number of particles per unit
volume at high volume fractions, such that qmax in-
creases with NT.

It must be pointed out, however, that the form in
which the particles were accommodated, i.e., with all
the centers on the same plane, simplifies the computa-
tions but overestimates the order in the system. A real
three-dimensional simulation will give a closer picture
of the light scattering patterns.

We have also discussed the cases in which the
maximum is not present and concluded that below some
volume fraction of particles in the sample the system
behaves as normally expected for systems undergoing
decomposition through an NG mechanism; i.e., the light

pattern is a monotonically decreasing function of the
wave vector. In this case we do not discard the presence
of a maximum at the very early stage of the decomposi-
tion due to depletion layer effects.

Factors leading to the presence of a maximum in light
scattering patterns are independent of the NG-constitu-
tive equations used for the generation of the particle-
size distribution. For systems that do not exhibit
coarsening effects (i.e., coalescence or Ostwald ripening),
the light scattering peak will initially shift to the right
and then grow in intensity at a constant value of the
wave vector, i.e., when nucleation becomes negligible.
Coarsening produces a shift of the scattering peak to
the left while increasing its intensity, an effect that was
experimentally observed during a thermal quench of a
particular polymer-dispersed liquid crystal to the meta-
stable region.22
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