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ABSTRACT: The factors controlling the core-shell supramolecular structure inside latex particles were
investigated in a seeded styrene emulsion polymerization by small-angle neutron scattering (SANS). Seed
latexes of deuterated polystyrene (polymer I) were swollen with an equal weight of protonated styrene monomer
(monomer II) and equilibrated. Latex particles of about 700-800 A in diameter contained polymers with
weight-average molecular weights ranging from 2 X 10¢ to 8 X 105 g/mol. SANS measurements were done
on the latex dispersions in the swollen state, at intermediate conversion, and after the complete conversion
of the second-stage polymerization. The existence of segregation was identified as highest in the swollen
state and decreasing somewhat as polymerization proceeds. The particle-water interface can be described
as a repulsive wall in the de Gennes and Cassasa sense, leading to a concentration gradient of polymer I.
This produces a polymer-rich core surrounded by monomer-rich shell. Both SANS results and the theoretical
segment density profile indicate that the extent of segregation depends on the relative ratio of the chain radius
of gyration to the particle radius, going through a maximum when this ratio becomes about 0.2. The kinetics
of emulsion polymerization should be modified to allow for the repulsive wall effect and concomitant segregation.

Introduction

Earlier theoretical treatments of emulsion polymerization
have generally assumed that partly polymerized particles
were swollen uniformly with monomer, monomer and
polymer being fully miscible in all proportions and
homogeneous. However, the field has also been con-
troversial. Williams and co-workers!™ postulated a core—
shell model in which a monomer-rich shell surrounds a
polymer-rich core under equilibrated swelling conditions,
the outer shell serving as the major locus of polymerization.
On the contrary, Gardon and others presented kinetic
evidence for uniformly swollen latex particles.>7

For polymer solutions Casassa and Tagami,?® de
Gennes,19-12 and Richmond and Lall? estimated the
reduction in entropy of chain arrangements inside a
confined geometry, describing the interface as a repulsive
wall. This results in a depleted polymer layer near the
wall. They found that the reduction in entropy depends
on the chain dimensions and the confining geometry. Allain
et al.1* demonstrated the existence of a depletion layer near
the repulsive wall by optical observation.

Small-angle neutron scattering (SANS) can be applied
to latex systems to examine chain conformation, the extent
of molecular segregation, and other morphological features
inside the particle, as in the case of bulk systems.!>17 The
necessary contrast for SANS is provided by substituting
deuterium for hydrogen in probe polymer chains without
significantly altering the chemistry of the system under
investigation.

Linne et al.!819 first showed the existence of molecular
segregation in polystyrene latexes via SANS, important
variables being the molecular weight of the polymer and
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the particle size. Linne et al.!319 also found that polymer
chains having high molecular weight are constrained inside
a relatively small-sized particle, because the relaxed chain
dimensions are much larger than the particle size. Under
these conditions, uniform molecular mixing was thought
as forced mixing due to the reduced entropy. In the
previous paper in this series,?’ molecular segregation was
investigated by SANS. The final morphology of the
polystyrene latex varied from uniform molecular mixing
to that of considerable supramolecular structure, depending
on the relative ratio of chain dimensions to the particle
diameters.

However, the formation mechanism of supramolecu-
lar structures such as possible core—shell morphologies is
not yet clear on a quantitative basis. There are two
possibilities of core—shell morphologies in the final latex
particles. One is a diffusion-controlled kinetic mechanism.
The newly formed polymer molecules are likely to be close
to the particle surface even though the monomer is
distributed uniformly throughout the particle, because the
monomer diffuses to the site of polymerization and the
polymer moves only by addition of monomer molecule.2!
The other model involves a polymer-rich core and a
monomer-rich shell in the swollen state, with the con-
centration gradient remaining during the polymerization
of the added monomer. This segregation was ascribed to
the very bad mixing thermodynamics of having chain loops
and ends protrude into an aqueous phase.18-20

In this paper, the formation process of supramolecul-
ar structures is considered. The seed particles are
composed of deuterated polystyrene (polymer I). A series
of seeded styrene emulsion polymerizations was prepared
by varying the molecular weight of the polymer I and the
amount of styrene (monomer II). SANS measurements
were done in the equilibrium swollen state, at intermediate
conversion, and after the complete conversion of the added
protonated styrene. The segregation process is thought
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to arise from the “repulsive wall” effect of Casassa®® and
de Gennes.!0-12 This strengthens the thermodynamic
mixing approach and provides ready-made analytical
methods to quantitatively describe the depleted layer.

Theory for SANS

The SANS technique can be used to measure both
domain sizes and individual chain dimensions with such
domains in multiphase systems. The general equation for
the coherent scattering cross section in an incompressible
blend of two-phase systems can be described as the simple
addition of the domain scattering and the molecular
scattering, which is given by the cross section dZ/dQ,7
which is the probability that a neutron will be scattered
in a solid angle, Q, per unit volume of the sample. Thus

%(K) = X(1 - X)(ay - ap)*N,P,(K) +

[ -3 +aX V,12Pr(K)
ay(l- apX - a5

H D 8 Vs \%
where subscripts p and s represent the p species and the
s species, respectively, K represents the momentum
transfer vector (K = (47/)) sin (6/2)) where A is the
neutron wavelength and 4 is the scattering angle, X is the
deuterated mole fraction of the p species, ag and ap are
the respective scattering lengths of protonated and deu-
terated structural unit, Ny = (pNaMw¢/mp?), p and My,
are the density and the weight-average molecular weight
of the p species, N, is Avogadro’s number, ¢ is the volume
fraction of the p species in the sample, mp is the molecular
weight of the deuterated monomer, a; is the scattering
length of a structural unit of the s species, V, and V; are
the monomer molar volumes of the p and s species, and
V is the total sample volume. The quantity Pp(K) is
proportional to the total scattering from a blend where the
p species is fully deuterated (X = 1) and can be analyzed
to give the dimensions of the individual phase structure.
The quantity P;(K) is the Debye single-chain form factor
given by

(1)

2
(KRy)*

where R, is the radius of gyration for a single chain.

P(K) =

[(KR)*-1+exp(-K°RD)] (2)

Bates et al.22725 studied single-chain scattering in a
polystyrene-block-polybutadiene diblock copolymer system
by selecting a suitable value of X for the p species so that
the quantity in the square brackets of the second term of
eq 1 is zero. This condition is known as the phase-
contrast matching condition. They found a higher level
of scattering than predicted for uniform molecular mixing
inside the phase domains, especially in the lower angular
range of the SANS data, and concluded that the deuter-
ated polybutadiene chain portions undergo clustering in
the spherical domains.

Latex systems display a distinct similarity in scattering
behavior to block copolymers; i.e., they constitute multi-
phase systems due to the existence of the aqueous phase
and the soap surrounding the latex particles. The soap
effect, other extraneous interfacial effects, incoherent
scattering, etc., can be corrected by appropriate blank
subtraction.?27 After blank correction, the second term
of eq 1 can be replaced by the spherical scattering of latex
systems. Thus, the total scattering cross section can be
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b
%ﬁ(K) =X(1-X)ay- aD)szPl(K) + Alpu(1-Y) +

punY ~ opX + pig(1 ~ X)1265VaPy(K) (3)

where A is a SANS calibration constant, Y is the mole
fraction of D20 in the aqueous phase, puy and pmp are the
scattering length densities of HoO and deuterium oxide,
pu and pp are the scattering length densities of proto-
nated and deuterated polymer, respectively, ¢g is the
volume fraction of the latex particles having radius R, and
VR is the volume of the particle (Vg = (4/3)7R3). Insome
of the present systems, the monomer, styrene, is present
in various amounts. The extension of eq 3 to the case
where monomer (or solvent) is present?? is discussed in
Appendix .

The quantity P2(K) is the spherical-scattering form
factor given by

Py(K) =

[3(sin (KR) - KR cos KR) 12 @)

(KR)®

When the quantity X in eq 3 equals zero or unity, eq 3
represents only spherical scattering. Several studies
characterized the core—shell structure in latex particles of
immiscible systems by contrast matching of the core or
the shell with the aqueous medium.28-30

Like the block copolymer systems studied by Cohen and
co-workers,22-25 the single-chain dimensions inside latex
particles can be determined on the basis of contrast
matching between the aqueous medium and the particles
by using the appropriate mixture of D;O and H;O. When
the average contrast factor of the aqueous medium is
matched to that of the particle in which deuterated and
protonated chains are uniformly mixed, the second term
of eq 3 will cancel out, leaving only the single-chain
scattering.

However, when there is a concentration gradient of deu-
terated and protonated chains or molecular segregation
exists inside the particle, the second term of eq 3 will not
vanish completely, because the contrast between the
aqueous medium and the particle cannot be truly matched.
Neither of the terms in eq 3 exactly represents the
scattering from the supramolecular structure. In this case,
the zero-angle scattering intensity, [dZ/d2](0), reflecting
molecular segregation, will be much higher than expected
on the basis of uniform molecular mixing inside the
particle. Hasegawa et al.3! and Matsushita et al.32 studied
the contrast mismatching caused by concentration
fluctuations in a mixture of protonated and deuterated
polystyrene inside the lamellar structure, but the exact
equations that account for the concentration gradient
quantitatively have not been derived.

The present paper studies the molecular segregation
inside latex particles under different contrast matching
conditions between the aqueous medium and the particle.
The most important quantity is the zero-angle scattering
intensity, [d2/dQ](0), which is proportional to the number
of segregated chains per particle.

Guinier has shown that the scattering from any isotropic
substance, including spherical scattering, can be ap-
proximated in the low-angle region by an exponential
function. According to Guinier approximation, eq 3 in the
low-angle region (KRg; « 1) can be expressed by3

ds ds
Fo ) =3500) exp(-K’R,’/3) )]

For a sphere, radius a is related to the radius of gyration,
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a’ = (5/3)R,’ (6)

The quantity, [dZ/d2](0), is determined at zero angle by
plotting In [[dZ/dQ}(K)] vs K2, a linear relation being
expected.

The quantity N; is defined as the extent of segregation

dz
S0 ]SANS(exptl)

(7

s =

dz
55(0) ]GPC(calcd from GPC)

where [[dZ/dQ)(0)]gpc is calculated from the GPC exper-
imental molecular weight. It represents the theoretical
value that would be obtained when there is uniform
molecular mixing inside the particle. It is calculated by
using the first term of eq 3, substituting the known
molecular weight determined by GPC.

For bulk polystyrene, the radius of gyration for single
chains depends on the molecular weight by343%

R, =0.275M,"* (8)
and the chain end-to-end distance by
F=V6R, = (0.674M,/* C)]

For large chains in small latex particles, some of the ex-
amples treated below, Rg and 7 are reduced or constrained
by the actual size of the latex particle.

Experimental Section

All latex particles were prepared by a seeded emulsion
polymerization by using a bottle polymerization technique. The
protonated and deuterated styrene monomers (Aldrich Co. and
Cambridge Isotope) were purified by removing the inhibitors on
neutral alumina and stored at 4 °C until used. The water (H;0)
was doubly distilled, and the deuterium oxide (D;0, 99¢¢) was
used as received (Chemical Dynamics Co.). A seed latex composed
of deuterated polystyrene was synthesized in the first step at 60
°C. The formulations were based on a 36-g mixture of the D;O
and H,0 for the aqueous phase, the composition of the deuterium
oxide being variable in each series of experiments as explained
below; 2 g of deuterated styrene monomer, 0.06 g of sodium lau-
ryl sulfate (anionic surfactant), 0.6 g of Triton X-100 (nonionic
octylphenoxyethyl surfactant; Rohm and Haas Co.), 0.1 g of
potassium persulfate (initiator), and 0.015 g of potassium
hydroxide (pH regulator). The molecular weight of the seed latex
within each series was varied by adding carbon tetrachloride as
a chain-transfer agent.

After the seed latex of deuterated polystyrene was synthesized,
protonated styrene monomer was added and 48 h was allowed
to swell the latex particles to equilibrium. No additional
polymerization occurred during this time.

The molecular weights of the seed particles were analyzed by
gel permeation chromatography (Waters), being taken by the
average of three measurements. The swollen particle sizes were
analyzed by a photon correlation spectrophotometer (Coulter Ny),
and transmission electron microscopy, TEM (Philips 300), was
used to characterize the particle size and its distribution on the
seed and after completion of the polymerization of the added
monomer. The Coulter Ny values averaged slightly larger than
the TEM values, by approximately the difference in density
between the partially and fully polymerized latexes.

The SANS experiments were performed on the SANS facility
at the National Bureau of Standards. A neutron wavelength of
8.0 A and a sample-to-detector distance of 3.6 m were used. A
multibeam-converging collimation system was used to increase
the neutron intensity on the sample. All latex samples, including
the blanks, were diluted to 5 solid content and placed in liquid
spectroscopy quartz cells having 0.2-cm pathways. Calibration
of the SANS instrument was done by silica gel absolute intensity
standard. In all cases, the recorded intensities for the samples
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Table I
Sample Characterization

mol wt of
seed latex polym seed

sample My(GPC) My(GPC) radius

particle radius (ag, &)
molar swelling ratio

ID X 103 x 1073 (ay), A 100 2.0 3.0
S-1 250 800 295 365
S-2 130 404 295 365 425 480
S-3 110 320 295 365
S-4 62 200 305 380
S-5 28 100 305 380
S-6 16 58 305 390 440 495
S-7 12 40 330 410
S-8 6 20 410 505
21009 swelling by new monomer.
Table I1
SANS Studies on Swollen Latex Particles before
Polymerization
latex scaling extent of
sample ID ratio (Rg/aw) segregation (Vy)
S-1 0.68 21
S-2 0.48 43
S-3 0.42 43
S-4 0.32 61
S-5 0.23 89
S-6 0.17 100
S-7 0.14 83
S-8 0.08 31
Table III
SANS Studies on the Latex Particle during and after the
Polymerization
latex scaling extent of
sample ID ratio (Rg/aqw) conversn, % segregation (IN,)
S-2 0.48 0 43
I-2 0.48 42 12
C-2 0.48 >98 10
S-4 0.32 0 61
1-4 0.32 42 30
C-4 0.32 >98 23
S-6 0.17 0 100
1-6 0.17 42 35
C-6 0.17 >98 20

and the blanks were radially averaged and converted to absolute
values through a calibration constant. The coherent intensities
of the samples were obtained by subtracting the intensities of
the corresponding blanks.

Final latex samples for SANS analysis were prepared as follows.

Contrast Matching to the Whole Swollen Polymer
Particle. Series S Samples. The composition of the swollen
latex particles was 50/50 mol % of deuterated polystyrene and
protonated styrene monomer (1:1 molar swelling ratio). With
the mixture of D;0/H,0 (64/36 mol %), the average contrast
factor of the aqueous medium was matched to that of the swollen
latex particle. A master batch of D;0/H,0 was used for all
samples and blanks to reduce minor errors from experimental
composition changes. After equilibration, the series S samples
were prepared in the swollen state without further polymerization;
see Tables I and II.

Series I Samples. In the series I samples, the swollen latex
particles were allowed to react partially by stopping the
polymerization in the intermediate stage by quenching the
temperature, the unreacted monomer being left inside the latex
particles; see Table III.

Series C Samples. In the series C samples, the polymerization
of the swollen latex particles was continued to complete
conversion; see Table III. The conversion was determined by
gravimetric analysis. Molecular weights were determined via GPC
on the seed latexes and after final conversion. The results are
shown in Table IV. Asin the previous paper,? the final molecular
weights are close to the seed molecular weights.
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Table IV
Molecular Weights of Polymers in Seed and Final Latex
Particle
seed latex final latex

sample ID Mu(GPC) X 10° Mu/M, M.(GPC) X103 M./M,

C-2 404 3.1 408 3.5

C4 200 3.2 220 3.5

C-6 58 3.6 61 3.8
Table V

Results When the D;O/H>0 Ratio Matches the Whole
Swollen Particle

molar latex scaling extent of
sample ID  swelling ratio  ratio (Rz/as)  segregation (IN,)
S-2-a 1.0 0.48 43
S-2-b 3.0 0.37 93
Table VI
Results When the D;0/H,0 Ratio Matches Styrene
molar latex scaling extent of
sample ID  swelling ratio  ratio (R;/aw)  segregation (N,)
H-6-a 1.0 0.17 1820
H-6-b 2.0 0.15 1330
H-6-¢ 3.0 0.14 1220

As shown in Table V, one sample (S-2) of the series S was
prepared additionally in the swollen state, but the molar swelling
ratio was increased to 3. Accordingly, the composition of the
swollen latex particles was 25/75 mol % of deuterated polystyrene
and protonated styrene monomer. For this sample, a mixture
of Dy0/H,0 (44.4/55.6 mol %) was used to match the average
contrast factor of the swollen latex particle.

The blanks were synthesized in exactly the same way as
mentioned above, except that mixtures of deuterated and pro-
tonated styrene monomers were used. The blank seed was a
statistical copolymer of deuterated and protonated styrene, which
was swollen with the same monomer mixture.

Contrast Matching to the Second Monomer. Series H
Samples. The series H samples were prepared in the swollen
state like the series S samples, but the molar swelling ratio was
varied from 1 to 3 to have different particle sizes, keeping the
same molecular weight of polymer I; see Table VI. In this case,
the average contrast factor of the aqueous medium was matched
to that of the added protonated styrene monomer, with a mixture
of D;O/H;0 of 26/74 mol %. The blanks were prepared with
100¢: protonated styrene. The blank seed composed of proto-
nated polystyrene was swollen with protonated styrene monomer.

Results

All SANS measurements were done on diluted latex
dispersions of 5% solid content to avoid the interparti-
cle interference and maximize the signal-to-noise ratio.36
Measurements were made in the range of 25-50 mol %
deuterated polymer, based on solid content, in order to
minimize the beam time requirements. Figure 1 shows a
Debye plot of the raw data for sample S-1. Three
theoretical curves based on single-chain scattering are
shown for comparison. These are the P;(K) scattering
curves based on (1) the GPC M,, and the corresponding
value of Ry; (2) the actual (d2/dQ)(0) value and the R,
value from (1); and (3) the actual (dZ/dQ)(0) value and
the experimental R, for the equivalent sphere. The fit of
the three possibilities to the experimental data is so poor
that the data cannot be analyzed by single-chain scattering
relationships. The strong scattering intensities at low
angles (K < 0.01 A1) reflect a possible molecular seg-
regation inside the latex particle.

Figure 2 shows a Guinier plot in terms of In (dZ/dQ)
vs K% A straight line was obtained through the low angles
based on Guinier approximation. The intercept value,
dZ/dQ(0), proportional to the number of segregated
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Figure 1. Debye random-coil fitting with experimental data for
sample S-1: (@) SANS raw data, (—) theoretical P;(K) scattering
curve.
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Figure 2. Guinier plot at low-angle portions for sample S-1.

molecules, was determined by extrapolation to zero angle
with a least-squares fitting; and the equivalent sphere
radius, R, of the segregated region was determined from
the slope. For sample $-1, (dZ/d2)(0) yields M SANS =
1.7 X 107 g/mol, and for M,GPC = 8.0 X 105 g/mol, N, =
21. The radius R value, as determined from the slope, was
200 A. These values were used to obtain the theoretical
spherical scattering curve for P;(K) in Figure 3. Also
plotted are the experimental data. Agreement is only
obtained at low angles, although slight shoulders, matching
theory, can be seen. However, those shoulders are at the
limit of experimental error.

SANS results for the S series in the swollen state are
listed in Table II. None of SANS data gave single-chain
characteristics on the basis of uniform molecular mixing,
indicating that there exists a concentration gradient of the
seed polymer and the added monomer inside the latex
particle in the swollen state. The extent of segregation
is seen to vary according to the ratio R;/ay of chain radius
of gyration to the particle radius ay with both numerator
and denominator calculated as weight-average values.

SANS data in Table III reveal how the extents of
segregation vary during and after the polymerization of
the added monomer in the second stage. The quantity N,
in Tables II and III was plotted against the ratio Rg/ayw
in Figure 4. Figure 4 shows that the extent of segregation
is highest in the swollen state, decreasing somewhat as
polymerization proceeds. However, regardless of the
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R=200 A

Kx10’
Figure 3. Spherical scattering fitting with experimental data

for sample S-1: (®) SANS raw data, (—) theoretical P5(K)
scattering curve.
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Figure 4. Effects of the latex scaling ratio on the development
of supramolecular structure during second-stage polymerization:
(@) 0% conversion in the swollen state, () 42% conversion, (W)
complete conversion (>98%).

second-stage conversions, the quantity N, goes through a
maximum at R,;/ay about 0.2.

The existence of a maximum in the segregation when
Rg/aw is about 0.2 is also shown in Tables V and VI, by
increasing the swollen particle size at fixed molecular
weights. Sample S-2 in Table V shows that the extent of
segregation increases as the ratio R;/aw decreases, when
the ratio R;/a,, is larger than 0.2. Sample H-6 in Table
VI shows that the extent of segregation decreases as the
ratio Rg/a, decreases, when the ratio R,/ a is smaller than
0.2. These results can be visualized in Figure 4, by
increasing or decreasing the ratio R,/ a in regions higher
or lower than 0.2.

Latex-Water Interface as a Repulsive Wall

Joanny et al.?” and de Gennes!!:!2 discussed the
concentration profile of confined polymer solutions between
two flat walls and in cylindrical tubes by considering the
interface~polymer interactions. The interface constitutes
a repulsive wall, leading to a depletion layer near the wall
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such that the concentration of polymer vanishes at an ideal
surface and increases to the bulk concentration in the
interior. Cassasa and co-workers®® computed the loss of
conformational entropy in terms of the average chain
fractions remaining inside the confined boundary. These
concepts have already been applied to such problems as
gel permeation chromatography and the coagulation of
latexes. These same ideas, using spherical geometry, will
now be applied to the interior structure of latexes.

The segment density profile of the polymer chains inside
the swollen particle can be estimated by applying the work
of Cassasa on polymer segment distribution in the presence
of a repulsive wall.?10 The required chain statistics is given
by the diffusion equation

dPy(r) b,
""aN— = '6“V PN(Y‘) (10)
R} = Nb*/6 (11)

where Pn(r) dr is the probability for finding a random flight
of N steps within a spherical differential volume element
dr at a distance r from the center and b? is the mean-
square step length.

The first step in finding the segment density distribution
in a confining sphere is to find the probability, Py(r/
r’,a), that a chain starts at r’ and ends at r such that the
chain residues within a nonperturbing boundary defined
by the surface of a sphere with radius a. The necessary
boundary condition is that the probability Py(r/r',a)
vanishes over the surface of the particles, which in this case
represents the repulsive wall.

As discussed by Cassasa,® the first step is equivalent to
calculating the temperature at a radius r at time ¢ due to
an instantaneous spherical surface heat source of strength
unity generated at a radius 7’ at ¢t = 0, the isotropic solid
being initially at zero temperature and the surface being
kept at zero temperature for all t. From the classical theory
of heat conduction, Py(r/r’,a) for a sphere of radius a is
given by

Py(r/ra) =

@

. nwxr’ _ nwr 9 9 2
2 sin —— sin — exp{—n“r“(R,/a)*} (12)
2rar’rio=t a a o/

To obtain the segment density profile as a function of
the distance s from the center of the spherical particle,
we look at a chain starting from an arbitrary point r’,
reaching s in m steps and extending to an arbitrary point
r in another n — m steps.

The probability that the two subchains of m and n -
m segments do not touch the surface at a is the product
of the individual probabilities. This probability, which is
expressed as the number of mth segments per unit volume
at s, is also the mth segment density profile, C,,(s), for all
the chains in the particle and can be formally expressed
as

Cols) = 167° PP, (/s,0) dr f P, (' /s,0) dr (13)

Using the probabilities defined in eq 12 and integrating
over r yields

4 2 = = -1 ptq
o = AT (22 i (22)

wlsip=lg=1 P4q a a

—7I’2b2

6a?

[p’m + ¢*(n-m)]{ (14)



Macromolecules, Vol. 23, No. 21, 1990
1.5

o Rg/ee.68

NORMALIZED SEGMENT DENSITY, Cls/a)

0.0 —

00 02 04 06 08 1.0
NORMALIZED RADIAL DISTANCE, s/a

Figure 5. Normalized segment density profile of the polymer
chains in a sphere of radius a.
Introducing the variable

u=m/nsuchthat0 <u <1 (15)

and the dimensionless or normalized radial distance s/a,
we can rewrite eq 14 in the form

1)P*9
C,s/a) = —ZZ( ) sin (E) sin (q—ﬁ) X

w2s?p=1 g=1 a a
—7r2R’2

2 [p%u + gX(1-wl( (16)
a
To obtain the average segment density profile in the
particle, one must average Cy(s/a) over all the segments
in the chain:

Cls/a) = §;'C,(s/0) du (17)

In order to compare profiles at different values of R,/
a, it is necessary to normalize the segment density profile
such that

f ax(s/aC(s/0) d(s/) (18)

accounts for all the segments in the particle. Thus we can
express the normalized segment density distribution, C(s/
a), as

C(s/a)
C(s/a) = - — (19)
4 §.}(s/a)*C(s/a) d(s/a)
such that
4 §;}(s/a)°C(s/a) d(s/a) = 1 (20)

With the lowest, intermediate, and largest values of R;/a
from Table IT the normalized segment density distributions
were calculated and are shown in graphical form in Figure
5. The curves at low R;/a show a uniform sigmoidal
density from the center of the sphere toward the surface,
dropping off only close to the surface. Near the particle
center the errors may be appreciable, making the segment
density values questionable.

The segment density distribution is very sensitive to an
Rg/a ratio between 0.08 and 0.68, the experimental range
studied in this work. At the lower value uniform molecular
arrangement is predicted except very near the wall, while
at higher values the segments seem to be depleted further
from the surface.
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This explains that molecular segregation inside the
swollen particle depends only on the ratio Rg/a. This
corresponds to the SANS results, especially in the lower
regions of the ratio R;/a below the maximum point in
Figure 4. As the ratio R;/a — 0, uniform molecular mixing
is obtained because the repulsive wall effect disappears
in this limiting condition.

Discussion

Should Segregation in Latexes Always Exist?
SANS results indicate the extent of segregation decreases
as the polymerization of the added monomer continues to
complete conversion; see Figure 4. Self-diffusion and other
mechanisms are thought to affect the extent of segregation
during the second-stage polymerization. Several cases can
be explained on the basis of the result.

1. Owing to the presence of unreacted monomer inside
partially polymerized latexes, the glass transition
temperature of polymer solution is lower than the reaction
temperature, self-diffusion being facilitated. This tends
to decrease segregation. However, as the polymerization
proceeds to complete conversion, the polymer solution may
become more glassy, decreasing the effect of chain
diffusion.

Therefore, the supramolecular structure cannot be
expected in a fully polymerized latex having a glass
transition temperature lower than the reaction tempera-
ture. The polymer chains inside the particle will be
uniformly mixed by self-diffusion during the polymeri-
zation.

As an interesting side point, one must consider the
molecular weight distribution. According to the above
model, short chains will prefer positions close to the surface,
while longer chains will be in the interior; see Figure 5.
This could possibly influence the physical and mechanical
behavior of latex films that are incompletely interdif-
fused during molding.

Of course, in the neat molten latexes, with mixing of the
deuterated and undeuterated species of the same molecular
weights and distribution, there can be no concentration
gradients because of the requirement of uniform density.

An important determinant of self-diffusion is the
molecular weight of the polymer chains, because the self-
diffusion of linear chains is inversely proportional to the
square of molecular weight. At very low molecular weights,
the concentration gradient of polymer chains inside the
swollen particle may disappear rapidly due to self-
diffusion during the polymerization. This effect is different
from the small region of concentration gradient expected
at a repulsive wall.

2. If the polymer becomes insoluble in monomer, then
polymer chains move according to the phase-separation
mechanism. An example is the polymerization of vinyl
chloride via latex formation.

3. If the polymer crystallizes during the polymerization,
another type of supramolecular structure will appear.

4. If the polymer is attracted to the interface, perhaps
by water-soluble mers, or ionic groups, then polymer chains
will be arranged along the particle surface. An example
is the polymerization of sodium sulfonated styrene via latex
formation.

By contrast, when should segregation of a core-shell
nature be expected? The data to date provide several
suggestions: (1) that the relaxed polymer chain dimensions
be a reasonable fraction of the latex size; (2) that the
polymer be soluble in the monomer; and (3) that a reason-
able fraction of monomer remain in the system at the time
of measurement.
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With regard to this last, the extent of segregation
remaining after 100% conversion depends on the glass
transition temperature, as discussed elsewhere.

Ionic End Groups. Also, the effect of ionic chain end
groups on the extent of segregation should be considered.
With persulfate initiation, it has been reported that 1.0-
1.6 surface sulfate end groups for each polystyrene molecule
are produced, the other end groups being buried. However,
a polymer chain maintained near the surface cannot occupy
a random-coil conformation because the repulsive wall of
the particle-water interface. Therefore, in this case, the
polymer chains inside the swollen latex tend to be centered
in the particle like a core—shell structure, with their sulfate
end groups at the surface, whereas if 2.0 sulfate end groups
per polystyrene molecule were on the surface of the particle
and the particle size were large enough, about or above
0.5 um, then inverse core-shell morphology might be
expected.

The above assumes every chain has at least one, maybe
two, sulfate end groups, depending on the ratio of
termination by combination vs termination via dispro-
portionation. This is true when no chain-transfer agent
is employed. Inthe present case, carbon tetrachloride was
used to control the molecular weight at various levels. At
zero concentration of carbon tetrachloride, a weight-
average molecular weight of 800 000 g/mol was obtained.
For the highest carbon tetrachloride concentration
employed, 10% by weight based on monomer, a weight-
average molecular weight of 20 000 was obtained; see Table
I. Thus, the larger number of chains for the lower
molecular weight samples contain no ionic end groups and
are relatively free to position themselves anywhere in the
latex particle.

As shown in Figure 4, the extent of segregation, N;, goes
through a maximum, depending on the ratio R;/a4. It
should be pointed out why a maximum segregation exists
inside the latex particles at a R;/aw of about 0.2.

Case of Large Chains. When a polymer chain with
a large ratio #/D (>>1) is constrained in a cylindrical tube
of diameter D, contacting with a repulsive wall, de Gennes!®
showed that the chain end-to-end distance parallel to the
tube axis is equivalent to that in the relaxed state; that
is, constraint does not affect the components of the random
motion parallel to the tube axis. In latex particles with
spherical geometry, Linne!®1® found that the polymer
chains of very high molecular weights were constrained
in the relatively small latex particles by a factor of 2-4 from
the relaxed chain dimensions, leading to uniform molecular
mixing inside the particle. Long chains cannot be arranged
inside a small particle without touching a repulsive wall
at the particle-aqueous interface. At very high molecular
weights, entropic forces of isotropic compression become
dominant and apparently force molecular mixing inside
the particle.

A maximum segregation inside the particle exists when
the repulsive forces from the interface are balanced with
the entropic forces of mixing.

Kineties of Emulsion Polymerization. Most re-
searchers accept that the main polymerization loci in
latexes are uniformly swollen particles at equilibrium with
the aqueous phase.*®4! Besides temperature, initiator
concentration, etc., kinetic models depend solely on the
monomer concentration in the particles.

The present study indicates that the monomer con-
centration depends additionally on both polymer molecular
weight and particle diameter in terms of the ratio R/ ay,
so that the classical uniformity criterion is not always
satisfied. Consequently, there is a significant regime of
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practical importance in which a polymer-rich core and a
monomer-rich shell exist. The kinetic interpretations of
experimental data have generated significant controversy,ls
while others have reconciled their kinetic data in terms
of an existing monomer-rich shell.#2 Without having
systematic kinetic data available in this regime, the authors
can only speculate on the kinetic effect of a monomer-
rich shell during polymerization.

a. Batch Polymerization. During the constant-rate
period, monomer is supplied to the particles from the
monomer droplets in the aqueous phase. With persul-
fate initiator, the initiation takes place in the water phase
and the oligomeric radical is captured by the particle. This
free radical encounters a monomer-rich shell environment.

The polar end stays at the particle surface, and without
chain transfer, the polymer preferentially propagates into
the more monomer-rich parts of the particle, reducing the
monomer concentration gradient. The gradient quickly
converges to a limiting equivalent shell thickness and
concentration, which is then maintained by the constraint
of the “repulsive wall effect” for the growing segments. On
the other hand, as described above, the larger number of
chains are formed through chain transfer and may have
no ionic end group such as sulfate. Thus, several forces
are constantly interplaying, producing opposing effects.

b. Semibatch. In a semibatch system, the monomer
feed rate is normally larger than the reaction rate and
therefore monomer builds up in the reactor. Wessling*?
has shown that this monomer buildup is equal to the
monomer residing in the constant thickness shell layer of
the particle. This picture is consistent with conclusions
based on the current experiments.

In summation, the kinetics of emulsion polymerization
should be modified to allow for the repulsive wall effect
and concomitant polymer chain segregation within the latex
particle.

Two additional points should be mentioned:

1. The polystyrene in this paper has M, up to 2.58 X
10° g/mol. It should be noted that the Flory-Huggins free
energy of mixing expression for a heterodisperse system
requires the number-average degree of polymerization.4?
Bates et al.#445 found excess SANS intensities in poly-
styrene mixtures due to H-D segregation; it is possible that
a slight effect is contained herein. However, calculations
for this molecular weight show an upper critical solution
temperature of about 150 K, well below the range of current
interest, 290 K and above.

2. Ullman* has given corrections for data where KR,
> 1. Inthe present case, the corrections were below 10%
and were thus ignored.

Conclusions

The present SANS experiments on polystyrene latexes
show that the development of supramolecular structure
arises from a concentration gradient in the swollen state,
between seed polymer and added monomer. The extent
of segregation is the highest in the swollen state, decreasing
as the polymerization of monomer continues. Molecular
segregation inside the latex particles is controlled by two
thermodynamic factors. One is the loss of conforma-
tional entropy due to a repulsion at the particle-aqueous
interface, as in the case of polymer solutions in contact
with an aqueous phase.

The theoretical segment density profile of the polymer
chains is high in the central region of the particle, vanishing
quadratically at the surface. This supports a polymer-
rich core surrounded by a monomer-rich shell. Both
experimental evidence and theoretical analysis indicate
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that the extent of segregation depends on the ratio R,/
ay. At very low molecular weights, the repulsive forces
from the interface diminish in scope. The entropic forces
dominant at very high molecular weights and small
particles cause mixing forces due to constraining. These
two opposing forces explain why a maximum segregation
exists at a ratio of Ry/aw of approximately 0.2.
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Appendix 1

The classical relationship for scattering intensity, I(g),
for homopolymers at low concentration c, using the single
contact approximation between different chains, was
derived by Zimm (A1) where Kj is a constant dependent

1(g) = KocMP(q) - 2A,McP*(q) (A1)

on the apparatus and the type of radiation, M is polymer
molecular weight, A; is the second virial coefficient, and
g is the magnitude of the wave vector, which can be written
as

= (4r/)) sin (8/2) (A2)

A is the wavelength of the incident radiation and 4 is the
scattering angle. P(g) is the normalized single-chain form
factor, which is defined

n’P(q) = g(q) (A3)

in which g(q) is the distribution function for the vector
distance between all the monomer pairs on the same chain
and n is the number of monomers per chain. Benoit has
looked at the more general problem of scattering from a
polymer solution at any arbitrary concentration (A2), and
he derived, for higher order contacts, a neutron scattering
model for a mixture of ordinary and deuterated polymers
in a solvent solution

I(q) = x(1 - x)(a - b)®Ng(q) +

1 + v(c)nG(q)] (44)

where x is the fraction of deuterated chains, N is the
number of polymer chains in a unit volume of solution,
a and b are the coherent scattering lengths corresponding
to the deuterated and protonated monomers, and v(c) is
the excluded volume between pairs of monomers. The
average scattering length is defined as

a=(a-s)x+(b-s)1-x) (A5)

where s is the coherent scattering length of the solvent.
In the semidilute regime, following the arguments of
Benoit, one can write the expression for the excluded
volume

1 b2 ]
+ —
vie) = N 5 5%, (A6)
where N is the total number of solvent and monomer
molecules, x is the polymer solvent interaction parameter,
and ¢; and ¢, are the solvent and polymer fractions,
respectively. There are two experimental conditions to
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consider in this paper: (a) deuterated polymer in proto-
nated monomer solvent, and (b) protonated and deuter-
ated polymer in the presence of protonated monomer. In
the first case x = 0 and the scattering equation reduces
to

N%g(9)*v(c)
- _ )2 b1 7
I(g) =(a-s) [Ng(q) 1+ 0(c)NeQ) (A7)
which can be written in the form
(@-$Tg) = —— + v(c) (A8)

Ng(g)

Since the excluded volume is related to the interaction
parameter and solvent swelling of the particle, the excluded
volume for the blank and the sample will be very close.
For this reason, one may argue that the blank correction
has reduced the effect of the excluded volume. If so, the
Zimm plot will indeed yield the SANS molecular weight
and radius of gyration. Inthe second case, when some deu-
terated polymer is present and the average scattering length
is adjusted to the theoretical zero, the scattering expression
becomes

I(g) = x(1 - x)(a - b)*Ng(g) (A9)
which again can be written
(@ - 1 - 2)xI Y(q) = ﬁ (A10)

to yield the molecular weight and radius of gyration from
the Zimm analysis.

In addition, the numerical values of N, bear comparison
to similar values delineated by Linne et al.!® and Yang et
al.,2% as well as shown in Table III of this work. In each
case, noting the value of the ratio R,/ay, similar values
were obtained. This supports the above finding that the
relations can be used continuously from a deuterated
polymer in a protonated monomer solvent to the blend of
the two polymers.
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