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ABSTRACT: A small-angle X-ray scattering (SAXS) study of a model copolymer latex, composed of styrene
and pentabromobenzyl acrylate (PBBA, 40 wt %), is presented. The contrast variation method employed
in this study was shown to be a sensitive probe for inhomogeneity in the particles. The separation of the
homogeneous function allows direct calculation of the size distribution of the spherical particles (volume
average diameter, 26.7 ( 1.3 nm). The SAXS analysis reveals a particle’s inner structure described as
a continuos copolymer phase, of composition being slightly richer in PBBA, within which domains of
polystyrene are randomly distributed. The volume fraction of the polystyrene domains was estimated as
11 vol % and their characteristic length as 5.1 nm.

Introduction

Emulsion copolymerization has been widely used in
the industry for production of polymeric materials with
tailored properties. It is well-known that the level of
homogeneity of the copolymer is an important factor
determining the physical properties of the material.1
Heterogeneity on the molecular level, arising both from
the statistical nature of the copolymerization process
and from the composition drift occurring along the
reaction course, have been extensively studied both from
the theoretical2,3 and the experimental4-7 points of view.
Yet, remarkably little quantitative information is avail-
able on heterogeneity on the colloidal scale, determining
the morphology of a latex particle.
Small-angle scattering techniques, capable of detect-

ing nano-scale heterogeneity within a latex particle, can
be useful tools for structural analysis. The contrast
variation method8,9 is particularly suitable for cases
where no a priori information related to the particle’s
inner structure is available. As a first step, a straight-
forward indication of a particle heterogeneity can be
obtained by recording several scattering curves, each
having a different scattering density of the dispersing
medium. The scattering curves of homogeneous sys-
tems are essentially independent of contrast, simply
scaling as the contrast is changed. If, however, any
inner structure exists in the colloidal particles, changes
in contrast will alter the angular dependence of the
scattered intensity. A quantitative analysis of these
changes allows better determination of the particle
shape and, at the same time, yields some quantitative
measures of its inner structure.
In a recent publication,10 a model for the scattering

pattern of a dilute dispersion of particles having an
irregular inner structure, made of randomly distributed
two phases, was presented. In the present study, this
model is used in small-angle X-ray scattering (SAXS)
experiments for quantitative determination of the inner
structure of a model copolymer latex, composed of
styrene and pentabromobenzyl acrylate (PBBA). These
copolymers have a single glass transition temperature,11
i.e., homogeneous on the macroscopic level. Yet, kinetic
measurements showed that the chemical composition
slightly changes during the reaction course, which might
result in heterogeneity on a nanometric scale.

Experimental Section
Materials. The styrene monomer (Riedel de Haën) was

washed with a 5 wt % sodium hydroxide aqueous solution. The
PBBA monomer (Bromine Compounds Ltd., Israel, technical
grade) was purified by recrystallization from hot toluene. All
the other chemicals were of analytical grade, used as received.
A mixed surfactant system of sodium dodecyl sulfate (anionic,
BDH) and Triton X-100 (nonionic, Bio LAB Ltd.) was em-
ployed. Potassium persulfate, K2S2O8 (Riedel de Haën) was
used as an initiator and potassium hydroxide (Frutarom,
Israel) as a pH regulator. Water was deionized and distilled.
Polymerization. Emulsion copolymerization of styrene

with PBBA was previously described by Yuan et al.11 Emul-
sion polymerization was carried out in a 2 L stirred glass
reaction vessel, at a constant bath temperature of 70 °C, under
nitrogen. The quantities of the ingredients are shown in Table
1. The latex was prepared by a dropwise addition procedure
of the monomer mixture, at a rate of about 1 g/min, to the
reaction vessel containing all other ingredients. The polym-
erization process was continued for 4 h after the monomer
mixture addition, to complete the reaction.
Characterization. The solid copolymer was recovered by

drying the latex, extracting the surfactants with hot methanol
and distilled water, drying in a vacuum oven at 60 °C, and
finally hot-pressing in a compression mold. Density measure-
ments were performed according to ASTM D792 (method A).
The density of the copolymer was found to be 1.41 g/cm3.
Latex particles were observed with a JEOL 2000FX trans-

mission electron microscope (TEM) at an acceleration voltage
of 100 kV. Samples were prepared by drying a drop of diluted
latex on a carbon-coated copper grid.
SAXS measurements were performed with Cu KR radiation

using a compact Kratky camera having a linear position
sensitive detector system (Raytech) with pulse-height discrimi-
nation and a multichannel analyzer (Nucleus). The entrance
slit to the collimation block was 10 µm, and the slit length
delimiters were set at 15 mm. The sample to detector distance
was 26.4 cm. Latex samples were placed in cylindrical quartz
cells (A. Paar Co., 1 mm path length).
The electron density of the dispersing medium Fm (e/nm3)

was varied by means of adding sucrose to the latex samples,
which were diluted to about 1.5 vol %. Fm was calculated using
the equation given by Digenouts and Ballauff :12
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Table 1: Polymerization Recipe

component quantity (g)

water 1620
styrene 48
PBBA 32
K2S2O8 4.5
SDS 2.7
Triton X-100 27
KOH 0.675
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where c is the weight percentage of sucrose in the solution.
The sample temperature was kept at 25 °C by means of a

temperature controller (A. Paar Co.). Primary beam intensi-
ties were determined using the moving slit method of Kratky
and Stabinger13 and subsequently using a thin quartz monitor
as a secondary standard. The scattering curves, as a function
of the scattering vector h ) 4π sin θ/λ (where 2θ and λ are the
scattering angle and the wavelength, respectively), were
corrected for counting time and for sample absorption. The
constant background was determined separately for each curve
using the Porod law and subtracted.

Modeling of the SAXS Intensities
The scattering intensity from a dilute system of particles

of identical shape (which is overall isotropic) can be regarded
as the sum of the intensities scattered by the individual
particles. In the most general form, the total scattering
intensity per unit volume of sample i(h), normalized to the
scattering intensity of a single electron, is given by14-16

where æ is the volume fraction of the particles in the sample,
fv(R) dR is the volume of particles having a size between R
and R + dR per total volume of particles, F(h,R) is the
structure factor of a single particle having size R and volume
V0(R):

where F*(h,R) is its complex conjugate, F(r) is the local electron
density, and 〈 〉 represents averaging over all possible orienta-
tions.
If the chemical composition is identical for all particles, the

scattering intensity can be split into three contrast-indepen-
dent “basic functions”:8,9 the homogeneous part ih(h) deter-
mined by the particle shape, the heterogeneous part ii(h), and
the cross term iih(h):

where the contrast is defined as ∆F ) Fj - Fm and the average
density Fj is given by

Often actual data is acquired using an incident beam having
a specific geometry (i.e., slit). In this case the measured (so-
called smeared) intensity is(h) is related to the theoretical
intensity by the following integral:14,15

where P(t) is the shape of the beam. Since eq 6 describes a
linear operator, then eq 4 is equally valid for “smeared”
intensities.

Results and Discussion
The smeared SAXS intensities measured at different

contrasts are displayed in Figure 1. As can be seen,
changes in the contrast affect both the intensity and the
angular dependence of the scattered radiation, indicat-
ing inhomogeneity of the latex particles. The TEM
micrographs, such as the one shown in Figure 2, reveal
the spherical shape and the size polydispersity of the
latex particles but do not show any further structural
details. Thus, additional information related to the

particles’ inner structure is most easily obtained from
the basic functions.
The forward scattering is(0), determined for each

curve separately using a Guinier plot, is plotted in
Figure 3, vs the electron density of the dispersing
medium. The average density, determined from the
minimum point of that plot (which corresponds to the
match point, where Fj ) Fm), was found to be 405.6 e/nm3.
Note that the minimum forward scattering does not
vanish. This indicates that the average density is not
identical for all particles.17-19 An estimate for the width
of the average density distribution can be obtained from
the minimum value of is(0)17,18 Since, however, the
particles are relatively large, the uncertainty in the
extrapolated values is(0), which are more pronounced
near the match point, might lead to a poor approxima-
tion. In the following section an alternative procedure
that may be more accurate for large particles is pro-
posed.
The basic equation of the contrast variation method

(eq 4) can be rewritten in the form

where the three Fm-independent functions Ih(h), Iih(h),
and Ii(h) are defined, using eqs 4 and 7, as

where Rk is the size of the kth particle and Fjk its average
density. As iih(0) ) ii(0) ) 0, extrapolation of these
functions to h ) 0 yields two measures of the average
density:

Figure 1. Smeared SAXS scattering intensities obtained from
1.5 vol % latex at different contrasts. Legends indicate the
weight percentage of sucrose in the solution.

Fm ) 332.79 + 1.2827c (1)

i(h) ) æ∫0∞ fv(R)V0(R)
〈F(h,R)F*(h,R)〉 dR (2)

F(h,R) )∫V0[F(r) - Fm]e
-ih‚t dr (3)

i(h) ) (∆F)2ih(h) + (∆F)iih(h) + ii(h) (4)

Fj ) 1
V0
∫V0F(r) dr (5)

is(h) )∫-∞

∞
P(t)i(xh2 + t2) dt (6)

i(h,Fm) ) Fm
2Ih(h) + FmIih(h) + Ii(h) (7)

Ii(h) ) ∑
k

[Fjk
2ih(h,Rk) + Fjkiih(h,Rk) + ii(h,Rk)] (8a)

Iih(h) ) -∑
k

[2Fjkih(h,Rk) + iih(h,Rk)] (8b)

Ih(h) ) ∑
k

ih(h,Rk) (8c)

〈Fjk〉 ≡
∑
k

FjkV0
2(Rk)

∑
k

V0
2(Rk)

) -
Iih(0)

2Ih(0)
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where V0(Rk) is the volume of a particle of size Rk. The
ratio 〈Fk〉/(〈Fjk2〉)1/2 can be used as an estimate of the width
of the average density distribution.
The whole set of experimental data was used for the

calculation of the functions Ih(h), Iih(h), and Ii(h) of eq
7. For each experimental point hi, a multivariable
linear regression procedure was employed, using the six
known values of Fm (and Fm2) as the independent
parameters. The functions Ih(h), Iih(h), and Ii(h) ob-
tained by this procedure were then extrapolated to zero
angle by the Guinier function. This procedure yields
more accurate evaluation of the low-angle region of the

derived functions and hence of their extrapolation to
zero angle. From eq 9, values of 〈Fk〉 ) 403.4 and
(〈Fjk2〉)1/2 ) 427.9 e.u./nm3 were obtained, i.e., about 6%
difference between the two measures of the average
density.
As a first assumption, the influence of the average

density distribution was neglected. From the measured
(“slit-smeared”) scattering patterns at different con-
trasts, the smeared basic functions were calculated. For
this purpose, a regression procedure was applied to eq
4, using Fj ) 403.4 e/nm3 with ∆Fi and ∆Fi2 as the
regression parameters.
The homogeneous function ihs(h), calculated by this

procedure, is displayed in the lower curve of Figure 4.
This reflects only the shape and size of particles. The
curve does not exhibit any minima or maxima, due to
polydispersity of the latex particles and the effect of the
finite dimensions of the incident beam. Since the shape
of the latex particles is known to be spherical, the

Figure 2. TEM micrograph of the styrene/PBBA copolymer latex particles. Bar indicates 100 nm.

Figure 3. Calculation of the average density using the
contrast variation method. The forward scattering vs electron
density of the medium.

〈Fjk
2〉 ≡

∑
k

Fjk
2V0

2(Rk)

∑
k

V0
2(Rk)

)
Ii(0)

Ih(0)
(9)

Figure 4. The calculated smeared homogeneous and hetero-
geneous basic functions.
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homogeneous part of the scattering curve in polydis-
persed systems is given by14,16

where Φ(hR) is the shape factor:

The correction for the dimensions of the primary beam
(length and width) and the calculation of size distribu-
tion were carried out by the method of indirect Fourier
transformation of Glatter,20-22 using the program ITP.
The desmeared intensity ih(h) is shown in the lower
curve of Figure 5, together with the curve obtained by
the transformation procedure (solid line). This proce-
dure yields the size distribution displayed in Figure 6,
for whom the volume average diameter is 26.7 ( 1.3
nm and the number average diameter is 22.6 ( 1.1 nm.
For comparison, the number average diameter deter-
mined from the TEM micrograph (Figure 2) was found
to be 23.5 nm.
The calculated (smeared) heterogeneous function iis(h)

is displayed in the upper curve of Figure 4, and the

desmeared function ii(h) is shown in the upper curve in
Figure 5. Various structural models, describing a radial
distribution of the electron density within the latex
particle, can be proposed. These include core-shell
structure, multilayer structure (reflecting both composi-
tion changes and the absorbed surfactant layer), and
gradual changes in electron density in the radial direc-
tion. Test calculations have shown that none of these
models could give a reasonable fit to the experimental
data. A different type of heterogeneity is an irregular
inner structure, namely two phases that are randomly
distributed within the particle. The scattering pattern
of spherical particles having an irregular inner structure
was recently presented10 in a form amenable for analy-
sis using the contrast variation method. According to
that model, the heterogeneous part of the scattering
curve may be represented as

where F1 and F2 are the electron densities of phases 1
and 2, respectively, æ1 is the volume fraction of phase 1
with respect to the particle volume, ê is the character-
istic length of the inner structure. The derivation of eq
1210 resulted from the application of the model of Debye,
Anderson, and Brumberger23 for a random two-phase
structure to a system of particles with a random two-
phase inner structure dispersed in a surrounding me-
dium. It is applicable for values of the scattering vector
on the order of 1/ê or larger. The desmeared function
ii(h), shown in the upper curve in Figure 5, could be
easily fit by this model, as shown by the solid line. The
fit yields a value of ê ) 4.68 nm for the characteristic
length of the inner structure.
The composition of the two phases within the particles

cannot be determined directly from scattering measure-
ments. However, some insight may be obtained by
evaluating specific situations. The mean-squared den-

sity fluctuations within the particles η2 can be ob-
tained from the invariant of the total scattering pattern
at the match point. This equals the invariant of the
inhomogeneous function ii(h) in eq 4, denoted
Qi ≡ (1/2π2)∫0∞ii(h)h2 dh. The invariant for a three-
phase system has been described by Wu.24 For a dilute
system, where the volume fraction of the dispersing
medium is nearly unity, the mean-squared fluctuations
are given by the following:

One might suspect that each monomer was polymer-
ized separately, leading to the formation of two phases
of the immiscible homopolymers. For this situation, the

value of η2, calculated from the composition and the
electron densities of the pure components (æ1 ) 0.77 and
F1 ) 339.8 e/nm3 for the PS phase and F2 ) 664.8 e/nm3

for the poly(PBBA) phase) should be 18 560 e.u./nm6.
From the invariant of the heterogeneous function, a

value of η2 ) 499.4 e.u./nm6 is obtained, which is more
than an order of magnitude smaller. Thus, it has been
concluded that intermixing of the components does exist.
However, although the value of the average density Fj
) æ1F1 + (1 - æ1)F2 is known, SAXS analysis cannot

Figure 5. Desmeared homogeneous and heterogeneous basic
function. Solid lines represent the theoretical intensities.

Figure 6. Volume distribution of the latex particles, calcu-
lated using ITP.

ih(h) ) 4π
3

æ∫0∞fv(R)R3Φ2(hR) dR (10)

Φ(hR) ) 3
sin(hR) - hR cos(hR)

(hR)3
(11)

ii(h) ) 8πê3æ
æ1(1 - æ1)(F1 - F2)

2

(1 + h2ê2)2
(12)

η2 ) æ1(1 - æ1)(F1 - F2)
2 ) Qi/æ (13)
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give a unique solution for F1, F2, and æ1 unless one of
the parameters can be determined by other means.
Due to the statistical nature of the random copolym-

erization reaction, each copolymer chain consists of
sequences of various lengths of the repeating units,
where the mean sequence length of each component is
determined by the overall copolymer composition. Small-
angle scattering techniques are not sensitive to hetero-
geneity on the molecular level.15 Yet, if long sequences
of one of the monomers are formed, they might phase-
separate and form a discrete phase, having a different
electron density than the surrounding copolymer. Thus,
phase separation might be an inherent property of the
copolymer, and it is likely that the discrete phase mainly
contains styrene segments, the major component in the
studied system. Another possibility is that long se-
quences are formed as a result of composition drifts. In
a batch reaction, the more reactive monomer disappears
faster, leaving a higher concentration of the less reactive
monomer which will be polymerized later in the cycle.
The composition of the formed copolymer obviously
changes in the opposite direction. Copolymers produced
by a semibatch reaction, like the one in the present
study, are expected to be more homogeneous, since the
continuous feed of the monomer mixture minimizes
composition drifts. However, once the monomer supply
is ceased, composition drift within the monomer-swollen
particles are inevitable. The reactivity ratios of PBBA
and styrene are not known, but the kinetic data
measured by Yuan et al.11 suggest that PBBA is more
reactive. Thus, composition drifts are also expected to
induce longer styrene sequences at high conversions.
Although it is hard to decide which one of the two

possible mechanisms dictates the phase separation, they
both lead to the same description: a major phase of
PBBA/styrene copolymer and a minor phase of polysty-
rene. The SAXS analysis results can now be re-
examined by setting a value of F1 ) 339.8 e/nm3 for the
polystyrene phase, which further allows direct calcula-
tion of the other parameters. This yields values of æ1
) 0.11 ( 0.018 and F2 ) 411.2 e/nm3. Namely, the
polystyrene phase is indeed the minor one, occupying
11 vol % of the particle, and the major phase has a
slightly higher electron density than the average value.
The characteristic length of the minority phase was
found to be ê1 ) ê/(1 - æ1) ) 5.1 nm and the charac-
teristic length of the major phase was ê2 ) ê/æ1 ) 41.8
nm. This suggests that the inner structure of the
copolymer can be described as a continuos copolymer
phase, its composition being slightly richer in PBBA,
in which domains of pure polystyrene are randomly
distributed. The characteristic length of the domains
is significantly smaller than the radius of gyration of a
polymer chain (about 14 nm for the studied copolymer,
Mw ) 2.5 × 105 g/g‚mol). It should be noted that the
derivation of the present model assumes a sharp
interface between the two phases. This may not be
strictly the case for a random copolymer in which a wide
distribution of sequence lengths exists. A wide bound-
ary region should result in deviatations from an h-4

scaling at large values of h. This is not observed in the
angular region studied.
Although the good fit to the model is an indication to

the existence of an irregular inner structure, the pos-
sibility that other structural details exist in the particle
has to be considered as well. The model predicts that
if the structure is “purely” irregular, the cross term will
have zero values throughout the whole angular range.

As can be seen in Figure 7, this condition is not fulfilled
for the studied copolymer. However, the contribution
of the cross term to the total scattering intensity is
negligible, as shown in Figure 8. The solid lines in this
figure were calculated assuming that iih(h) ) 0 for all h
values. The good fit to the experimental data confirms
the validity of the assumption. Thus, the deviation of
the cross term from zero values is probably a result of
the variation in the average composition and hence
electron density between the particles, an effect not
accounted for in the present model.

Conclusions

The contrast variation method was shown to be a
sensitive probe for inhomogeneity within copolymer
latex particles. The separation of the homogeneous
function allows direct calculation of the size distribution
of the spherical particles. The SAXS analysis reveals
an inner structure described by a continuous copolymer
phase, its composition being slightly richer in PBBA,
in which domains of pure polystyrene are randomly
distributed. This quantitative method fully describes
the particles’ inner structure, including the volume

Figure 7. The calculated cross term.

Figure 8. Smeared SAXS scattering intensities obtained at
different contrasts. The solid lines were calculated assuming
that iih(h) ) 0 for all h values. Legends indicate weight
percentage of sucrose in the solution. For the sake of clarity,
the curves were shifted vertically by multiple factors of 10.
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fraction of the domains and their characteristic length.
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