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ABSTRACT: The internal structure of core—shell latex particles, containing a fluoropolymer in the shell,
was determined by the fluorescence nonradiative direct energy transfer (NRET) technique. Contrast
was achieved by labeling the core and the shell with fluorescent dyes, a donor and an acceptor, respectively
and inversely. Donor fluorescence emission intensity was recorded in dilute latex dispersions. Analysis
of donor fluorescence decay was carried out by choosing a donor concentration profile within the particles.
The analysis revealed the absence of a sharp boundary between the core and the shell, but rather a
diffuse interface, which was quantified to within a few tens of nanometers for our ca. 230 nm diameter
particles. The scale of this interface was changed by varying the compatibility between the core and the

shell.

I. Introduction

Characterization of the internal structure of core—
shell latex particles is an outstanding problem of
considerable importance with direct relevance for ap-
plications in the chemical, biological, and pharmaceuti-
cal industries. There is therefore a need for techniques
that provide information on the distribution of the
polymers which form the core and the shell of the
particle.

Previous works have shown that the synthesis of
core—shell latex particles is not straightforward and
that success depends on many factors, such as the
synthesis (batch, stage polymerization, semicontinu-
ous) or the degree of incompatibility between the
polymers which form the core and the shell of the
particles. Other parameters can influence the internal
structure of core—shell particles such as the relative
interfacial tension between the two polymers and be-
tween each polymer and the water phase, or the rate of
transport and the solubility of monomers, oligomers, and
radicals in water. Although a rationalization of the
morphology of composite particles has been suggested
by Sundberg and collaborators,! prediction of the mor-
phology of core—shell particles is still not possible and
therefore many methods are employed to probe the
detailed internal structure of core—shell latex particles.
Among the methods most often used is transmission
electron microscopy (TEM), which was one of the first
methods employed for this purpose in the early seven-
ties.2~* TEM has been used for many subsequent struc-
tural studies of core—shell latex particles.5~12 Other
methods such as small angle neutron!t13.14 or X-ray5-17
scattering, high-resolution NMR,8 or titration meth-
0ds!®20 have also been used. Dynamic mechanical
spectroscopy?'=2% and atomic force microscopy?* were
also employed to show evidence of core—shell morphol-
ogy. Recently, fluorescence nonradiative energy trans-
fer (NRET) has been used to investigate the internal
structure of core—shell particles.?526

* To whom correspondence should be addressed.

T Institut Charles Sadron.

+ ELF-Atochem.

® Abstract published in Advance ACS Abstracts, December 15,
1996.

S0024-9297(96)00392-0 CCC: $14.00

In this article we describe the synthesis of core—shell
latex particles whose cores are formed of poly(butyl
methacrylate) (PBMA), with shells comprised of poly-
(butyl methacrylate-co-butyl acrylate-co-trifluoroethyl
methacrylate) (PBBT), and we examine the internal
structure of these particles by means of NRET. For the
analysis of the data we use a simple concentration
gradient model for the distribution of the donor- and
acceptor-labeled polymer chains inside the particles.

I1. Experimental Section

A. Materials. Butyl acrylate (BA) and trifluoroethyl
methacrylate (TFEM) were obtained from Atochem, styrene
(St) is a gift from the EAHP (Strasbourg), butyl methacrylate
(BMA) and potassium persulfate (KPS) were purchased from
Aldrich, sodium hydrogen carbonate (NaHCOg) is from Pro-
labo, allyl methacrylate (AMA, cross-linking agent) and azobis-
(isobutyronitrile) (AIBN) are from Fluka, and sodium dodecyl
sulfate (SDS) is from Touzard and Matignon. SDS was
recrystallized three times from mixtures of water and ethanol.
All other compounds were of the best grade available. The
donor, (9-phenanthryl)methyl methacrylate (PheMMA), and
the acceptor, 9-anthryl methacrylate (AnMA), were synthe-
sized following the recipe given elsewhere.?” Water was freshly
deionized and distilled before use.

B. Latex Synthesis. The latex particles were synthesized
by semicontinuous free radical emulsion polymerization using
potassium persulfate as initiator and following a procedure
described by Zhao et al.?” First a latex seed was prepared and
next the rest of the components were slowly added in two steps.
In each of the slow steps, the aqueous phase (containing the
KPS and the SDS) and the organic phase (the monomers) were
added separately to the reactor. The polymerization temper-
ature was 80 °C. The slow steps were performed over about
5 h each, next the dispersion was left at 80 °C, gently stirring,
for an additional 10 h. The donor (acceptor) was added with
the monomers during the first slow step following the seed,
and the acceptor (donor) during the second slow step. This
second step was started 1 h after the end of the addition of
the components of the first step, to allow the consumption of
all the monomer of the core before starting to feed the shell
monomers. During this period of time, the emulsion was
maintained at a temperature of 80 °C. The molar concentra-
tion ratio [donor or acceptor]/[monomers] was 0.01.

The latex particles were synthesized from BA, BMA, and
TFEM monomers. The recipes and polymerization conditions
are given in Table 1. The main characteristics of the latexes
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Table 1. Recipes and Polymerization Conditions for the Core—Shell (CS1 to CS9) Latex Synthesis

step composition (g) Cs1 Cs2 CS3 Cs4 Cs5 Cs6 CS7 CS8 CS9
seed (batch) water 45.05 45.11 44.93 45.08 45.15 45.07 44.88 45.18 45.02
(80 °C) KPS 0.0425 0.0419 0.0428 0.0417 0.0422 0.0427 0.043 0.0421 0.0426
SDS 0.0302 0.0305 0.031 0.0316 0.0311 0.0304 0.0309 0.0303 0.0313
NaHCO3; 0.082 0.081 0.082 0.08 0.081 0.082 0.082 0.08 0.082
BMA 2.92 2.915 2.93 2.93 2.925 2.91 2.92 2.935 2.92
first slow water 14.05 13.95 10.1 9.9 10 10.2 10.1 10 13.9
step (5h) KPS 0.025 0.024 0.018 0.0176 0.0182 0.0179 0.018 0.025
(80 °C) AIBN 0.05
SDS 0.241 0.237 0.139 0.141 0.14 0.138 0.14 0.07 0.08
BMA 15.73 15.7 11.54 11.55 11.53 11.56 11.52 6.24 10.84
AMA 0.58
BA 1.85 1.72
styrene 3.47 3.14
PheMMA 0.305 0.224
AnMA 0.289 0.213 0.212 0.214 0.213 0.213 0.288
second slow water 6.05 6 10.1 10.15 9.95 10.05 10.1 10 5.95
step (5h) KPS 0.0105 0.011 0.0175 0.018 0.0183 0.0177 0.018 0.0178 0.0181
(80 °C) SDS 0.08 0.081 0.137 0.0141 0.0139 0.014 0.0142 0.0142 0.04
BMA 1.28 1.275 2.192 2.185 2.191
BA 1.42 1.41 2.4 2.41 3.11 2.41 3.12 1.82
TFEM 4.04 4.05 6.92 6.93 8.43 6.93 11.55 8.42 4,92
PheMMA 0.122 0.223 0.206 0.205 0.204 0.206 0.122
AnMA 0.115 0.198

Table 2. Symbols Used in the Text, Composition of the Particles and Diameter Measured by AFM, and Theoretical Core
Radius and Shell Thickness, for the Synthesized Latex Particles (Phe = Phenanthrene-Labeled Polymer Chains and An
= Anthracene-Labeled Polymer Chains)

theoretical
core—shell theoretical chemical composition measd particle core radius? shell thickness®
latex structure (wt %) core shell diam (nm) (nm) (nm)
cs1 74-26 PBMA(AN) PBBT1(Phe) 250 113 12
CS2 74—26 PBMA(Phe) PBBT1(AnN) 260 118 12
CS3 56—44 PBMA(AnN) PBBT1(Phe) 272 112 24
cs4 56—44 PBMA(Phe) PBBT1(An) 260 107 23
CS5 56—44 PBMA(An) AIBN PBBT2(Phe) 360 148 32
CSs6 56—44 PBMA(AN) PBBT2(Phe) 232 96 20
AMA 5 wt %
CS7 56—44 PBMA(AnN) PTFEM(Phe) 274 113 24
cs8 56—44 P(BMA—BA—St)(An)  PBBT2(Phe) 290 119 26
54—-16—30 wt %
Cs9 74-26 P(BMA—BA—St)(An)  PBBT2(Phe) 284 128 14

69—11—20 wt %

a Calculated from the measured particle diameter and the quantity of core polymer introduced during the synthesis. ? Calculated from
the measured particle diameter and the quantity of shell polymer introduced during the synthesis.

are reported in Table 2. In most cases the core of the composite
particles was made of pure PBMA and the shell of the
statistical copolymer PBBT (poly(butyl methacrylate-co-butyl
acrylate-co-trifluoroethyl methacrylate)). The composition of
the shell was chosen in such a way that its T, matches the Ty
of the core, equal to 34 & 3 °C. Two different copolymers for
the shell were used, called PBBT1 and PBBT2 in Table 2. The
composition of the PBBT1 was 60, 21, and 19 wt % of TFEM,
BA, and BMA, respectively (latex CS1 to CS4), and the
composition of the PBBT2 was 73 and 27 wt % of TFEM and
BA, respectively (latex CS5, CS6, CS8, and CS9). This latter
copolymer was richer in fluorinated monomer than the first
one. In the case of CS8 and CS9 the core was made of a
copolymer containing styrene with the addition of butyl
acrylate in order to maintain its Ty at 34 °C.

Modifications to the above procedure were made in some
cases. For latex CS5, AIBN was used as initiator for the
synthesis of the core of the particles, and for latex CS6, a small
quantity (5 wt %) of the cross-linking agent, allyl methacrylate,
was added during the synthesis of the core. The shell of the
latex CS7 is made of pure poly(trifluoroethyl methacrylate)
(PTFEM, T4 = 80 °C). In this case the Ty of the shell is
different from the T, of the core.

Each latex synthesized for this study carries a different
label in the core and in the shell. The donor is located in the
shell and the acceptor is in the core for CS1, CS3, and CS5 to
CS9, and inversely for CS2 and CS4. These labelings are
schematically shown in Figure 1. Proper labeling of the

Donor (Phe) B8 Acceptor (An)

CS1,;CS3

2;CS4
CS5 to CS9 C82;C8

Figure 1. Schematic representation of the labeling of the
various core—shell particles synthesized.

polymer chains was checked using a UV detector coupled to a
GPC apparatus.

C. Latex Particle Size Measurements. Films were
prepared by casting 2—3 drops of dispersion (25 wt % solid
content) onto freshly cleaved mica plates and allowing these
to air dry. Particle diameters were determined on latex dry
films by atomic force microscopy (AFM) from the particles
height profile using the AFM software, as shown in Figure 2.
The AFM was working in the height mode, which means that
the force exerted on the film by the cantilever during scanning
was kept constant. The model used was a Nanoscope 111 from
Digital Instruments, Inc., Santa Barbara, CA. The spring
constant of the cantilever was 0.58 N-m~*. The diameters of
the particles synthesized in this work are given in Table 2.
Besides the determination of the size of the particles, AFM
allowed an evaluation of the shape and the polydispersity of
the particles. It also allowed following in an easy way the
evolution of the size,?528 and thus of the number of particles
in the course of the latex synthesis. AFM images revealed
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Figure 2. AFM top view (a) (size: 2 um x 2 um) and height
profile (b) of CS3 latex film. The height profile is taken along
the line shown on the top view image. The diameter of the
particles (272 nm) is obtained from the average distance
between two adjacent triangles, which indicate particle cen-
ters, using the AFM software. For each latex studied, at least
30 values have been measured to obtain the average diameter
given in Table 2 for the various core—shell particles.

that all particles investigated in this study had a spherical
shape and a very low size polydispersity (see Figure 2a) and
that no second nucleation had occurred. Indeed, it was
important to check that no second nucleation had occurred
during the synthesis, and in particular during the synthesis
of the shell, and that the particles were spherical in shape,
rather than half-moon shaped for instance, since otherwise the
interpretation of the fluorescence data, which is based on
spherical core—shell particles, would have been meaningless.

D. Latex Particles for Energy Transfer Measure-
ments. The study of the internal core—shell structure of the
particles presented in this paper was carried out with latex
particles dispersed in water at a very low concentration, about
0.2 wt %. Thus, there was a very low probability for energy
transfer between particles. Therefore, the NRET results
reported here concern isolated particles only.

E. Fluorescence Decay Measurements. Phenanthrene
fluorescence decay traces were recorded with a single photon
counting apparatus.?® Latex dispersions, placed in a squared
cell, were excited at 298 nm. The emission light was collected
through a band pass filter (Schott) centered at 366 nm to
minimize the uptake of scattered and acceptor (anthracene)
emitted light. All measurements were performed at 10 °C,
i.e. below the Ty of the polymers, to avoid any kind of evolution
in the particles during the illumination time.

I11. Analysis of the Fluorescence Decay Curves
from Latex Dispersion and Modeling of the
Particle Core—Shell Interface

A. Analysis of the Fluorescence Decay Curves
from Latex Dispersions. As will be seen, our analysis
of the donor fluorescence decay is based on a distribution
profile of the donor- and acceptor-labeled polymer chains
inside the particles. However, for comparison we have
also used the simplified model proposed by Winnik and
collaborators?”-30-35 which assumes that the donor in-
tensity decay is due to two distinct regions, one region
where the donor-labeled polymer chains are far away
from any acceptor-labeled polymer chain, and another
region where the donor- and acceptor-labeled polymer
chains are mixed. Only in this latter region does energy
transfer occur. This model has been found very useful
for the study of polymer chain migration between
adjacent particles in latex films.25-28.30-41 |t has already
been transposed to interpret energy transfer occurring
inside latex particles,2>26 where the core polymer was
labeled with the donor and the shell-polymer with the
acceptor, as shown in Figure 3. Using this model, the
interpretation of the donor intensity decay is derived
from the Forster equation? of NRET and based on the
fact that the donors and the acceptors are static during
the fluorescence measurements. The energy transfer
depends only on the average donor—acceptor distance
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Figure 3. Schematic representation of the simplified model
with two uniform concentrations for the donors (D), and for
the acceptors (A), inside a latex particle. Regions 1 and 3
contain only donor- and acceptor-labeled polymer chains,
respectively. Region 2 contains a mixture of donor- and
acceptor-labeled polymer chains. The donor fluorescence in-
tensity comes from regions 1 (second term in eq 1) and 2 (first
term ineq 1).

in the range 0—50 A, for the couple phenanthrene—
anthracene used in this work, which is small compared
to the particles size (see Table 2). The donor fluores-
cence decay Ip(t) is expressed by the sum of two
contributions, weighted by the preexponential factors
B; and B,. B; is associated with the domain where the
donor is mixed with the acceptor (region 2 in Figure 3),
and B, with the domain where the donor is without any
acceptor in its vicinity (region 1 in Figure 3):

I5(t) = B, exp((—t/r) — p(t/n)'?) + B, exp(-tir) (1)

In eq 1, p is a time-independent parameter propor-
tional to the local concentration of acceptor (see eq 4
below) and 7 is the donor fluorescence lifetime, found
equal to 46 ns in a dispersion containing only donor-
labeled particles. Bi, B, and p are obtained by fitting
eq 1 to the fluorescence decay data using a nonlinear
weighted least-squares procedure. An apparent vol-
ume fraction of mixing f'y, is defined from B; and By,
equal to

f'm=By/(B; + B, 2

More recently, other models were proposed to improve
the analysis of the donor fluorescence intensity decay
obtained using the NRET method to follow polymer
interdiffusion across an interface. The sharp interfaces
between donors, donors plus acceptors, and acceptors
have been replaced by concentration gradients of the
donors and of the acceptors. Concentration gradients
have been taken into account in the more recent models
proposed by Winnik and collaborators,*344 which lead
for instance to the recovery of the acceptor or of the
donor concentration profile during film annealing. Yek-
ta et al.*> have given a general equation of the fluores-
cence decay under the condition where the donors and
acceptors have a nonuniform concentration profile with
planar symmetry. Simulations of the donor fluorescence
intensity decay were done by Dhinojwala and Torkel-
son.*6 Assuming a Fickian diffusion of the polymer
chains through a planar interface, they showed that the
fluorescence intensity decay provides excellent sensitiv-
ity for determining the polymer self-diffusion coefficient.
They also proposed the use of the normalized efficiency
of energy transfer, coupled with a Fickian concentration
profile of the donors and acceptors, to analyze the
transient fluorescence data. The final result of their
calculation shows that the simplified formalism used by
Winnik and collaborators underestimates the effective
polymer self-diffusion coefficient.
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A concentration gradient occurs inside core—shell
latex particles during synthesis and can be further
modified upon annealing of the core—shell latex par-
ticles.2® In order to characterize the internal structure
of our core—shell particle after synthesis, we have
assumed a radial concentration profile of the donor- and
acceptor-labeled polymer chains inside the composite
(ideally a core—shell) particle. The distributions of the
donors, Cp(r), and of the acceptors, Ca(r), along the
radius, r, of the particle have been introduced in the
classical Forster equation (3),%2 in 1o and p, respectively:

I5(r,t) = 1, exp((—t/) — p(t/r)"?) ®)

and this equation was fitted to the experimental fluo-
rescence decay data. In eq 3, lg is a quantity propor-
tional to the donor concentration Cp(r), 7 is the donor
lifetime, and p is given by

p = 48NR,*7*2C ,(r)/3000 = qC(r) (4)

where  represents an orientation factor equal to
0.8452,% N is the Avogadro number, Ry is the Forster
characteristic distance equal to 23 A in the present
study, and Ca(r) is the acceptor concentration.

Notice that eq 3 simply replaces eq 1 used in the
previous model where a uniform distribution of the
donor in regions 1 and 2 (see Figure 3) was assumed.
This is the first, obvious and best improvement of the
model which can be made, as also suggested else-
where. #2746 Equation 3 represents the fluorescence
emitted by a population of donors of a given concentra-
tion Cp(r), in the presence of a population of acceptors
of a given concentration Ca(r), situated a distance r from
the center of the composite particle. Therefore the
fluorescence emitted by the entire composite particle is
given by

1) = f; Cot) exp[~+ — aCp(r)()  Jar* ar (5)

where R is the particle radius. Equation 5 represents
the theoretical fluorescence decay curve which should
fit the experimental data; the adjustable parameters,
P(i), are those describing the donor and acceptor con-
centration profiles. Equation 5 is valid, of course, for
any particle concentration. One has simply to normalize
the theoretical and experimental fluorescence intensity
decay curves at time t = 0. Another remark is that the
concentration profiles must fulfill the condition that the
total number of donors and acceptors in the particle
stays equal to the number of donors and acceptors
initially introduced in the particle during polymeriza-
tion, as the adjustable parameters P(i) vary. Another
condition is that the total concentration of donors and
acceptors in each infinitely small volume dv(r) around
r is constant. This last condition can be written as

Calr) = Cy — Cp(N) (6)

where Cp is the donor and acceptor concentration
introduced in the synthesis for the core and the shell of
the particle. Thus, only the concentration profile of the
donor is needed.

The time-independent adjustable parameters P(i)
were obtained by fitting eq 5 to the data, using a
nonlinear weighted least-squares procedure based on
the Levenberg—Marquardt method.*® The modeling of
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Figure 4. Schematic representation of the donor concentra-
tion profile, C(r), versus r used for the best fit of eq 5 to the
fluorescence decay data. At the inflection point: r = R; and
the slope = S(RJ).

the core—shell interface was done using the following
concentration profiles for Cp(r).

B. Modeling of the Core—Shell Interface. The
distribution of the donor from the center to the surface
of the particle is assumed to present a sigmoidal shape
given by

Ar"
"+ B

Cp(n) = (7)

where only two of the three parameters A, n, and B are
independent, the third one being imposed by the fact
that the number of donors introduced in the particles
in the course of the synthesis must stay constant during
the least-squares procedure. This means that there are
only two adjustable parameters in the fitting of eq 5 to
the fluorescence decay data.

It can be shown that the parameters A and B can be
replaced by the parameters C(S) and R;. C(S) repre-
sents the value of the donor concentration atr =R, i.e.,
at the surface of the particle; C(S) is equal to or smaller
than Cy. R; is the value of r at the inflection point of
the sigmoid. As can be seen in Figure 4, the parameters
C(S) and R; have a straightforward physical meaning,
which is not the case for the parameters A and B.

We have chosen C(S) and R; as the adjustable
parameters in eq 5, n being given by

Cpor = Codn(R® — R )3 (8)
Coc= [FA" 4ar? dr ©)
beJonyg

where A and B are functions of C(S), R;, and n.
Equation 8 represents the number of phenanthrene
groups introduced in a particle during the synthesis,
whereas eq 9 is equal to the total number of phenan-
threne groups calculated along the distribution profile.
With C(S) and R; as adjustable parameters we had
difficulties in obtaining a rapid or even a good conver-
gence of the least-squares fit. The choice of another pair
of adjustable parameters led to the same difficulties.
Therefore, for each fixed R; value, the value of C(S)
corresponding to the minimum value of %28 ¥, was
determined. The variation of ym versus R; went through
a minimum which provided the pair Rj and C(S) giving
the best fit of eq 5 to the fluorescence decay data.

1V. Results and Discussion

A first indication of the degree of interpenetration
between the core and the shell polymers is obtained
from the analysis of the decay data with egs 1 and 2.
The volume fractions of mixing, f'n, obtained from eq
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Table 3. Values of the Fraction of Mixing, f'mc, Calculated by Assuming a Sharp Interface between the Core and the
Shell of the Particles, of the Fraction of Mixing, f'm, Measured from the Fluorescence Decay Curves Using Eq 2, of the
Radius, R, of the Particles Measured by AFM, of the Value of r, R;, Corresponding to the Inflection Point of the
Concentration Profile, of the Slope, S(Ri)/Co, of the Concentration Profile at r = R;, of fis and of C(S)/Cy Obtained from
Model Il As Described in the Text

latex, core—shell f'mneat S(Ri)/Co (nm~1)
probe interface f'm measd R (nm) measd n Ri (nm) x 100 fis C(S)/Co
CS1, An—Phe 0.17 0.92 125 8.4 110 1.7 0.56 0.65
CS2, Phe—An 0.06 0.47 130 7.9 130 2.6 0.61 0.77
CS3, An—Phe 0.08 0.77 136 6.0 121 2.2 0.75 0.97
CS4, Phe—An 0.06 0.53 130 7.5 110 2.2 0.77 0.98
CS5, An—Phe 0.06 0.77 180 4.2 200 1.7 0.73 0.95
CS6, An—Phe 0.09 0.72 116 7.9 96 2.5 0.78 0.96
CS7, An—Phe 0.08 0.75 137 4.6 147 2.3 0.74 0.98
CS8, An—Phe 0.07 0.54 145 14.0 118 3.2 0.84 1
CS9, An—Phe 0.15 0.79 142 13.2 133 3.7 0.71 0.92
2, are compared in Table 3 to the fraction of mixing, 10 T l ' '
I(t) €, l -

f'me, calculated by assuming a sharp interface between
the core and the shell of the particles, and an energy
transfer between donors and acceptors taking place over
a distance equal to 50 A. One sees that the measured
f'm values are always larger than the value for perfect
core—shell particles. There is therefore a diffuse inter-
face between the core and the shell of the particles.

Results of film formation?® show that the polymer that
was expected to form the shell of the particle at the end
of the synthesis was indeed located at the periphery of
the particles. This gives the sign of the concentration
gradient of the phenanthrene-labeled polymer chains to
use in the model. The concentration gradient is de-
creasing from the surface to the center of the particle
for latexes CS1, CS3, and CS5 to CS9, and increasing
for latexes CS2 and CS4. One must note that this
gradient might not simply result from a Fickian type
of diffusion of the polymer chains inside the particles.
It occurs inside the particles during the synthesis of the
shell. At that time the temperature of the core is 80 °C
(polymerization temperature), which is much above its
glass transition temperature (34 °C). Thus, some
monomers, oligomers, or small molecular weight grow-
ing polymer chains can probably migrate during syn-
thesis from the periphery to the center of the particles.
This process of diffusion involves different diffusion
coefficients, and there is no reason that a Fickian
process of diffusion, involving a unique diffusion coef-
ficient, would provide a model representative of this
gradient. In the absence of a good theoretical model,
the simple model described above has been used.

A. Internal Structure. Parts a and b of Figure 5
show the best fits of eq 5 with the model to the
fluorescence decay data for CS3 and CS4, respectively.
Between CS3 and CS4, the labeling of the core and of
the shell are inverted (see Table 2). It is worth noting
that the fits are good in both cases (Figure 5).

Some parameters characterizing the shell polymer
concentration profiles are given in Table 3. S(R)) is the
slope of the concentration profile at the inflexion point,
Ri. It increases as the stiffness of the shell polymer
concentration profile increases and is infinite for a
perfect core—shell particle. fis is the fraction of donor
comprising in the theoretical shell thickness of the
particle. It was obtained by integration of the donor
concentration profile inside the theoretical shell thick-
ness, divided by the total number of donors in the whole
particle. This parameter directly indicates to which
extent the synthesis of the core—shell particles was
successful. The values of C(S) have been normalized
to Co. A value of 1 for the ratio C(S)/Cy indicates that
the phenanthrene concentration at the surface of the

0.1

0.01

0.001
0 50 100 150 200 250

t (ns)
10 l I [ I
I® ),

0.1

0.01

0.001
0 50 100 150 200 250

t (ns)
Figure 5. Best fit (dashed line) of eq 5 to the fluorescence
decay data obtained with the model for the core—shell particles

CS3 (a) and CS4 (b) in dispersion. The insets represent the
donor concentration profile found for the best fit.

particle is equal to the concentration, Co, for a perfect
core—shell particle. In the case of CS2 and CS4 the
parameters in Table 3 characterize the anthracene
profile and not the phenanthrene profile.

The most interesting parameter is fis. Despite of the
diffuse interface between the core and the shell of the
particles, the values of fs indicate that more than 70%
of the polymer which should form the shell of the
particles is comprised in the theoretical shell volume
for CS3 and CS4, but only between 55% and 62% for
CS1 and CS2, due to their lower shell thickness. fis
would probably decrease with a further decrease of the
shell thickness, since it becomes more and more difficult
to keep the polymer for the shell in a narrow volume
around the core of the particle as the shell becomes
thinner. The ratio C(S)/Cy also decreases as one goes
from CS3 and CS4 to CS1 and CS2. Here again the
decrease is due to the lower shell thickness of the CS1
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Figure 6. Comparison of the donor concentration profiles
obtained for CS3 (full line) and CS8 (dashed line) from the
best fit of eq 5 to the fluorescence decay data.

and CS2 particles. Note that the latexes CS3 and CS4,
whose labelings are complementary, give very close
values for the parameters S(R;)/Cy, fis and C(S)/Co. Note
also that the values of R; are very close to the values of
the theoretical core radius R; given in Table 2. This
brings credibility to the model.

B. Optimization of the Core—Shell Interface.
The modifications to the synthesis of the core—shell
particles CS1 to CS4 described in Latex Synthesis were
made with the goal of sharpening the interface between
the core and the shell of the particles. Following the
synthesis undertaken by others,*® we reduced the hy-
drophilic character of the core polymer by using AIBN
as initiator for the polymerization of butyl methacrylate,
rather than KPS which give rise to ionic —SO4—
terminal groups, which can promote the contact of the
core PBMA with the water phase. This led to particles
CS5. We also tried to reduce penetration of the shell
polymer into the core of the particle by cross-linking the
core with 5 wt % allyl methacrylate. This led to
particles CS6. Finally, in the synthesis of particles CS7,
CS8, and CS9 we tried to increase the incompatibility
between the core and the shell. This was done by
synthesizing in latex CS7 a purely fluorinated shell
using TFEM as monomer, and by adding styrene in the
synthesis of the core of the particles CS8 and CS9. The
main characteristics of the particles CS5 to CS9 are
given in Table 2, whereas the results of the best fits
obtained with the model are reported in Table 3.

Particles Having a Core/Shell Weight Ratio
Equal to 56/44 (CS3 to CS8). Between CS3 and CS5
there is not much effect on the donor concentration
profile, as shown in Table 3. Very close values were
found for S(R;)/Cy, fis, and C(S)/Cy. The only difference
is the increase of the particle size when AIBN is used.
Table 3 also indicates that there is no modification of
the donor concentration profiles between the CS3 and
the CS6 or CS7 particles. In contrast to these results
a large difference in the value of the parameters is
observed between the CS3 and the CS8, i.e., as one
introduces styrene in the core polymer: S(R;)/Cp and fis
increase which indicates that the concentration profile
becomes sharper, and C(S)/Cy reaches the value of 1,
which indicates that the particle surface is fully covered
by the shell polymer. These results are clearly il-
lustrated in Figure 6 where the concentration profiles
obtained with CS3 and CS8 are shown: CS8 presents
a stiffer concentration profile than CS3.

Particles Having a Core/Shell Weight Ratio
Equal to 74/26 (CS1 and CS9). The introduction of
styrene in the core polymer of particles having a
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theoretical core/shell weight ratio equal to 74/26 led to
the same conclusion as above. Indeed, Table 3 shows
that S(R;)/Cy, fis, and C(S)/Cy increase between CS1 and
CS9. Thus, a narrower interface between the core and
the shell is found for the particle CS9 containing styrene
in the core.

The above results indicate that there is less diffusion
of the shell monomers, oligomers, or polymers from the
surface to the center of the particle during synthesis of
the latexes CS8 and CS9 than for any other latex
particles synthesized in this work. This comes from a
greater thermodynamic incompatibility between the
core and the shell of the particle upon addition of
styrene in the core during the synthesis.

V. Conclusion

The aim of this work was to obtain information on
the internal structure of core—shell latex particles from
the fluorescence NRET method which can be applied
in principle to any type of polymer, which is not the case
for other techniques like TEM for instance. The present
study has been carried out on latex particles in disper-
sion. The polymers forming the core and the shell of
the particles were labeled either with the acceptor in
the core and the donor in the shell or reciprocally.
Using a simple model for the concentration profile of
the shell polymer in the latex particles, a quantification
of the diffuse interface between the core and the shell
of the particles was possible. Good fits of the theoretical
fluorescence decay curve to the experimental decays
were found. Labeling of the core or of the shell of the
particles with the donor gave the same concentration
profiles. We have tried to improve the core—shell
character of the particles by introducing several modi-
fications to the synthesis. We avoided end charges on
the core polymer by using AIBN as initiator in the core
synthesis, we cross-linked the core with allyl methacry-
late to hinder the penetration of the shell polymer in
the core of the particle, and we tried to make the shell-
polymer less compatible with the core polymer by using
pure fluorinated monomer for the synthesis of the shell.
None of these modifications had any effect on the
distribution of the core and shell polymers inside the
particle. However, the core—shell character of our
particles was substantially improved by introducing
styrene during the synthesis of the core polymer. This
work also shows, on a more general basis, that the
fluorescence NRET method can be used to obtain
information on the internal structure of the core—shell
latex particles and is suitable for testing various syn-
thesis processes for the design of tailored core—shell
particles.
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