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ABSTRACT: The core–shell morphology of polyacrylate latex particles containing a flu-
oropolymer in the shell was characterized via the fluorescent nonradiative energy trans-
fer (NRET) technique. This technique enables one to follow the extent of mixing of
fluorescently labeled latex particles during film formation. The comparison between
the film formation behavior of fully labeled core–shell particles and partially labeled (no
probe in the shell) core–shell particles showed evidence of the core–shell morphology of
our particles. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 2409–2419, 1997

INTRODUCTION Another example is when the polymers forming
the core and the shell phase separate totally or

Core–shell latex particles have many applica- partially in the film. Due to differences in hydro-
tions in the chemical, biological, and pharmaceu- phobicity or in surface tension, one of the poly-
tical industries. In the chemical industry, for in- mers might preferentially migrate to the surface
stance, they are often designed to confer different during film formation. The migration of one of
properties to a final material. In the original core– the polymers to the surface can present a great
shell particle, one of these properties is carried economical advantage in surface coating if this
by the core and the other by the shell. This implies polymer is expensive.1 Indeed, only a small quan-
that the polymers forming the core and the shell tity of this polymer (originally in the shell for in-
are somewhat different in nature (Tg , chemical stance) will then be needed. This polymer will
composition). Therefore, in the final material, i.e., confer on the surface the desired property (hydro-
after film formation, the polymer chains of the phobicity, light reflection), while the other poly-
original particles are rarely totally mixed, but mer (originally in the core) will then serve, e.g.,
form, rather, a heterogeneous material where the as a mechanical support for the coating. They are
two types of polymers can be distributed in vari- two main objectives to be considered in this kind
ous fashions. The polymer originally comprising of problem: (i) first to try to tailor structured par-
the shell can form, e.g., a uniform matrix in which

ticles in which one polymer is at the center of thethe cores stay intact and are uniformly distrib-
particle and the other polymer is at the peripheryuted in the matrix. This happens, for instance,
and (ii) next to obtain the desired polymer, and,when the Tg of the core is higher, and the Tg of
thus, the desired property, at the surface of thethe shell, lower, than the temperature at which
final film. The aim of the work presented here wasthe film is prepared.
to examine the first aspect of this problem.

The synthesis of core–shell particles is notCorrespondence to: J. Lang.
straightforward and its success depends on manyContract grant sponsor: Elf Atochem.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/122409-11 parameters, as, for instance, the method of syn-
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thesis (batch, stage polymerization, semicontinu- drophobic than an entirely hydrogenated film. In
the present study, we investigated the internalous), the degree of incompatibility between the

shell– and the core–polymer or their glass transi- structure of these core–shell particles using parti-
cles with different shell thickness and differenttion temperature, Tg , the relative affinity of these

polymers for the water phase, the relative solubil- labeling of the core and of the shell.
ity of the monomers in water, or the relative in-
terfacial tension between the two polymers and
between each polymer and the water phase. Al- EXPERIMENTAL
though rationalization of the morphology of com-
posite particles was suggested by Sundberg and Materials
collaborators,2,3 prediction of the morphology of

The monomers, butyl acrylate (BA) and trifluor-core–shell particles is not easy and this is why
oethyl methacrylate (TFEM), were gifts from Ato-many methods are employed to try to determine
chem, styrene (St) was a gift from the EAHPthe internal structure of core–shell latex parti-
(Strasbourg), and butyl methacrylate (BMA) wascles. Among these methods, the most often used
purchased from Aldrich. The initiators, potassiumis transmission electron microscopy (TEM),
persulfate (KPS), was purchased from Aldrich.which is also one of the first methods employed
Sodium hydrogen carbonate (NaHCO3) was fromfor this purpose in the early 1970s.4–6 TEM was
Prolabo and the surfactant, sodium dodecyl sul-used for many subsequent structural studies of
fate (SDS), from Touzard and Matignon. SDS wascore–shell latex particles.1,7–13 Other methods,
recrystallized thrice from mixtures of water andlike small angle neutron12,14,15 or X-ray16–18 scat-
ethanol. All other compounds were of the besttering, high-resolution NMR,19,20 or titration
grade available. The donor, (9-phenanthryl)-methods,21,22 were also used. Dynamic mechanical
methyl methacrylate (PheMMA), and the ac-spectroscopy measurements23–25 and atomic force
ceptor, 9-anthryl methacrylate (AnMA), weremicroscopy26 gave other evidence for the existence
synthesized following the recipe given else-of structured core–shell particles. Recently, fluo-
where.32 Water was freshly deionized and distilledrescence nonradiative energy transfer (NRET)
before use.was used to investigate the internal structure of

core–shell particles.27,28

In contrast to the internal structure, the rates Latex Synthesis
and mechanism of film formation of core–shell
particles have been only scarcely investigated so The latex particles were synthesized by semiconti-

nuous free-radical emulsion polymerization usingfar. The only extensive studies were done using
the NRET method.29–31 They showed that the potassium persulfate as the initiator and follow-

ing a procedure described by Zhao et al.32 For therates of polymer chain migration in dry films of
acrylate core–shell latex particles can give useful synthesis of the homogeneous particles, a latex

seed was first prepared and the rest of the compo-information on the internal structure of the parti-
cle. For such particles, the TEM, for instance, nents, including the donor (PheMMA) or the ac-

ceptor (AnMA), was next slowly (starving condi-could not be easily employed, since a selective
staining of the core or of the shell of the particles tions) added to the seed. For the synthesis of the

composite (core–shell) particles, a latex seed waswas hard to achieve. The NRET method appeared,
therefore, particularly useful for the study of the first prepared and, next, the rest of the compo-

nents was slowly added in two steps. The donorinternal structure of core–shell particles whose
core and shell are made of the same type of or the acceptor was added during the first slow

step following the seed and, in some cases, duringpolymer.
The present study concerns core–shell latex the second slow step. This second step was started

1 h after the end of the addition of the componentsparticles whose core is formed of poly(butylmeth-
acrylate) (PBMA) and the shell of poly(butyl of the previous step, to let all the monomer of the

core to be consumed before starting to build upmethacrylate-co-butyl acrylate-co-trifluoroethyl
methacrylate) (PBBT). The ultimate goal in syn- the shell. During this period of time, the emulsion

was maintained at the temperature of the poly-thesizing these structured particles is to use only
very little fluorinated monomer and to obtain merization, 807C. In each of the slow steps, the

aqueous phase (containing the KPS and themost of the fluorinated copolymer at the surface
of the final film, which will then be more hy- SDS) and the organic phase (the monomers)
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Table I Recipes and Polymerization Conditions for the Homogeneous (H1 and H2) and Core–Shell
(CS1 and CS8) Latex Synthesis

Composition
Step (g) H1 H2 CS1 CS2 CS3 CS4 CS5 CS6 CS7 CS8

Seed (batch)
(807C) Water 45.1 45 45.2 44.8 45.1 44.9 45.2 45.1 44.9 45.1

KPS 0.0429 0.0427 0.0428 0.0428 0.0429 0.0428 0.0426 0.0429 0.0428 0.0427
SDS 0.0308 0.0303 0.0305 0.0306 0.0307 0.0305 0.0307 0.0305 0.0306 0.0307
NaHCO3 0.0816 0.082 0.0818 0.0815 0.0816 0.0818 0.082 0.0819 0.0816 0.0817
BMA 2.93 2.92 2.93 2.93 2.92 2.93 2.93 2.92 2.93 2.93

First slow step
(5 h) (807C) Water 14.03 13.94 14.02 14.1 13.98 14.01 10.01 9.97 10.12 10.05

KPS 0.025 0.0255 0.0247 0.0252 0.0248 0.0251 0.0181 0.0178 0.0182 0.0183
SDS 0.24 0.2 0.235 0.21 0.242 0.202 0.142 0.139 0.140 0.141
BMA 15.72 15.75 15.68 15.65 15.75 15.71 11.56 11.54 11.55 11.57
PheMMA 0.304 0.305 0.303 0.224 0.223
AnMA 0.289 0.292 0.288 0.213 0.212

Second slow step
(5 h) (807C) Water 6.1 6.02 6.05 5.98 10.2 10.05 9.98 10.01

KPS 0.0105 0.0112 0.0108 0.011 0.018 0.0178 0.0181 0.018
SDS 0.101 0.0802 0.1 0.0805 0.141 0.1396 0.1405 0.1402
BMA 1.28 1.282 1.278 1.281 2.19 2.185 2.191 2.188
BA 1.412 1.408 1.407 1.411 2.411 2.408 2.412 2.407
TFEM 4.042 4.06 4.038 4.051 6.92 6.93 6.93 6.92
PheMMA 0.122 0.2086
AnMA 0.1154 0.192

were added separately to the reactor. These slow CS4, CS7, and CS8) . Finally, the two homoge-
neous PBMA latexes synthesized contain eithersteps were performed in about 5 h each; next,

the dispersion was left at 807C, with gentle stir- the donor (H1) or the acceptor (H2) of energy.
Proper labeling of the polymer chains wasring, for an additional 10 h. The molar concen-

tration ratio [donor or acceptor ] / [monomer] checked using a UV detector coupled to a GPC
apparatus.was 0.01.

The homogeneous particles are made of poly-
(butyl methacrylate) (PBMA). The core of the

Latex Particle-size Measurementscore–shell particles was made of pure PBMA, and
the shell of the statistical copolymer, of poly(butyl Films were prepared by casting 2–3 drops of dis-

persion (25 wt% solid content) onto freshlymethacrylate-co-butyl acrylate-co-trifluoroethyl
methacrylate) (PBBT). The composition of the cleaved mica plates and allowed to air dry. Parti-

cle diameters were determined from the heightPBBT was 60, 21, and 19 wt % or 54.6, 25, and
20.4 mol % of TFEM, BA, and BMA, respectively. profile (see Fig. 2) on latex dry films by atomic

force microscopy (AFM) working in the heightThis composition of the shell was chosen in such
a way that its Tg matches the Tg of the core, equal mode, which means that the force exerted on the

film by the cantilever during scanning was keptto 34{ 37C. The recipes and polymerization condi-
tions are given in Table I, and the main character- constant. The diameter of the particles was ob-

tained from the average distance between the cen-istics of these latexes are reported in Table II.
Tables I and II indicate that two types of core– ter of two adjacent particles (represented by the

triangles in Fig. 2b), using the AFM software.shell particles were synthesized which differ by
the way the core and the shell of the particles For each latex studied, at least 30 values were

measured to obtain the average diameters givenhave been labeled. They are schematically rep-
resented in Figure 1. In Type I, the core and in Table II. The accuracy in the determination of

the particle diameter is around 5%. The AFM usedthe shell were labeled with the same probe, the
donor in latex CS1 and CS5 and the acceptor in was a Nanoscope III from Digital Instruments,

Inc., Santa Barbara, CA. The piezoelectric trans-latex CS2 and CS6 (see Table II ) . In Type II,
only the cores of the particles were labeled (CS3, lator could scan a maximum surface area of 12
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Table II Symbols Used in the Text, Composition, and Diameter of the Particles Measured by AFM
and Theoretical Core Radius and Shell Thickness for the Synthesized Latex Particles

Theoretical
Measured

Chemical Composition Particle Core Shell
Theoretical Diameter Radiusa Thicknessb

Latex Structure (Wt %) Core Shell (nm) (nm) (nm)

H1 Homogenous 100 PBMA(Phe) 232 — —
H2 Homogenous 100 PBMA(An) 220 — —
CS1 (Type I) Core–shell 74-26 PBMA(Phe) PBBT(Phe) 232 105 11
CS2 (Type I) Core–shell 74-26 PBMA(An) PBBT(An) 234 106 11
CS3 (Type II) Core–shell 74-26 PBMA(Phe) PBBT 269 122 13
CS4 (Type II) Core–shell 74-26 PBMA(An) PBBT 249 113 12
CS5 (Type I) Core–shell 56-44 PBMA(Phe) PBBT(Phe) 226 93 20
CS6 (Type I) Core–shell 56-44 PBMA(An) PBBT(An) 240 99 21
CS7 (Type II) Core–shell 56-44 PBMA(Phe) PBBT 230 95 20
CS8 (Type II) Core–shell 56-44 PBMA(An) PBBT 258 106 23

(Phe) stands for phenanthrene-labeled polymer chains, and (An), for anthracene-labeled polymer chains.
a Calculated from the measured particle diameter and the quantity of core–polymer introduced during the synthesis.
b Calculated from the measured particle diameter and the quantity of shell–polymer introduced during the synthesis.

1 12 mm2. The spring constant of the cantilever terpretation rests on the assumption that the par-
ticles are spherical and that no second nucleationwas 0.58 N m01 . Besides the determination of the

particle diameter, AFM allows one to appreciate has occurred, in particular during the synthesis
of the shell.the shape and the polydispersity of the particles

and to follow the evolution of the particle size dur-
ing synthesis (an example is shown in Fig. 3).

Latex Films for Energy-transfer MeasurementsAFM images revealed that all particles investi-
gated in this study were spherical with a very low Films used for the study of polymer chain migra-
polydispersity in size and that no second nucle- tion were prepared by mixing stoichiometrically
ation had appeared. Indeed, the increase in the the corresponding donor- and acceptor-labeled
size of the particles during the synthesis was latex particles and by casting 2–3 drops of the
found to be in agreement with the amount of mixed dispersion (25 wt% solid content) onto
monomer introduced during the first and the sec- quartz plates and allowed to air dry. Dry films
ond slow steps of the polymerization assuming were about 100 mm thick. Films were kept under
that the number of particles did stay constant. argon during annealing. Annealing was made at
This control was necessary to give a reliable inter- 907C for various periods of time (see Figs. 6–9
pretation to the fluorescence data. Indeed, our in- for annealing times) . After each period of an-

nealing, the fluorescence decays were recorded
by keeping the films at 107C, which is much be-
low the Tg of the polymers, to avoid any kind of
chain migration during the fluorescence decay
measurements.

Fluorescence Decay Measurements

Phenanthrene (donor) fluorescence decay traces
were recorded with a single photon counting appa-
ratus.33 The film samples, mounted on a home-
made solid holder, were excited at 298 nm. TheFigure 1 Schematic representation of the two types

of core–shell latexes used in this work. emission light was collected through a band pass
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Figure 2 (a) AFM top view (size: 2 1 2 mm2) of a CS2 latex film and (b) height
profile taken along the line shown on the top view image.

ceptor-labeled polymer chains are distributed intofilter (Schott) centered at 366 nm to minimize
three domains as shown in Figure 4. In domainsthe uptake of scattered and acceptor (anthracene)
1 and 2, no mixing has yet occurred during an-emitted light.
nealing. These domains contain the donor (do-
main 1) and the acceptor (domain 2) alone. In
domain 3, donor- and acceptor-labeled polymerANALYSIS OF THE FLUORESCENCE
chains are mixed, as a result of interparticle chainDECAY CURVES AND MODELING
diffusion, and energy transfer occurs in this do-OF FILM FORMATION
main. Thus, the donor fluorescence intensity de-
cay is due to the two distinct domains 1 and 3.Analysis of the Fluorescence Decay Curves
Although this approach is an approximation, itfrom Latex Film
was shown to be very useful in the study of latex

Several analyses of the donor fluorescence decay film formation.27–32,34–42

data obtained using the nonradiative energy More recently, other models were proposed to
transfer method to follow polymer chain interdif- improve the analysis of the fluorescence decay
fusion across an interface were proposed. Winnik data. These models mainly take into account the
and collaborators were the first to use fluores- fact that, in contrast to the model shown in Figure
cence nonradiative energy transfer for the study 4, there is not a sharp front between unmixed and
of polymer chain diffusion in latex films.29,32,34–38 mixed domains. Indeed, a nonuniform concentra-

tion profile of the donor- and acceptor-labeledIn their model, they assumed that donor- and ac-

Figure 3 AFM top views of CS4 latex films during synthesis: (a) after formation of
the seed; (b) after formation of the core; (c) the core–shell particles at the end of the
synthesis. Images size: 1 1 1 mm2.
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their calculation shows that the simplified formal-
ism used by Winnik and collaborators underesti-
mates the effective polymer self-diffusion coeffi-
cient. It will be seen that the absolute value of
the polymer diffusion coefficients is not involved
in our study.

The analysis of the decay data, collected in the
present work for various nascent or annealed
films, was done as proposed in their first reports
by Winnik and collaborators.32,34,35 It has the ad-
vantage of simplicity, and although it is less so-
phisticated than more recent models, it gives good
information on the internal structure of the syn-
thesized core–shell particles, as will be seen in
the following. This analysis is derived from the
Förster equation47 of nonradiative energy trans-
fer and based on the fact that the donors and the
acceptors are static during the fluorescence mea-
surements. The efficiency of the energy transfer
is governed by the relation E Å R6

0 / (R6
0 / r6) ,

where R0 is the characteristic distance between
donor and acceptor, equals 23 Å for the couple
phenanthrene–anthracene used in the present
study, and r , the distance between the donor and
the acceptor. Thus, the energy transfer depends

Figure 4 Schematic representation of the earlier only on the average donor–acceptor distance in
model proposed by Winnik and collaborators32,34,35 for the range 0–50 Å, which is small compared to the
the interpretation of the polymer chain diffusion in la- particle sizes (see Table II) .
tex films. The donor fluorescence decay I (t ) is expressed

by the sum of two contributions, weighted by the
preexponential factors B1 and B2 , one whichpolymer chains develops during film annealing.

Models were proposed along this line which lead, comes from the domains where the donor is mixed
with the acceptor and the other which comes fromfor instance, to the recovery of the acceptor or of

the donor concentration profile during film an- the domains where the donor is without any ac-
ceptor in its vicinity (see Fig. 4), respectively:nealing.43,44 Use of these models implies a very

low concentration of donor-labeled particles com-
pared to the concentration of the acceptor-labeled I (t ) Å B1 exp[(0t /t ) 0 p (t /t )1/2 ]
particles in the film. Under this condition, we had / B2 exp(0t /t ) (1)very weak signals, leading to imprecise fitting pa-
rameters. Yekta et al.45 gave a general equation

In eq. (1), p is a time-independent parameterof the fluorescence decay under the condition
proportional to the local concentration of acceptor,where the donor and acceptor have a nonuniform
and t, the donor fluorescence lifetime that wasconcentration profile but which is of planar sym-
found equal to 46 ns in film containing only donor-metry. Interesting simulations of the donor fluo-
labeled particles. The parameters B1 , B2 , and prescence intensity decay were done by Dhinojwala
are obtained by fitting eq. (1) to the fluorescenceand Torkelson.46 Assuming a Fickian diffusion of
decay data using a nonlinear weighted least-the polymer chains through a planar interface,
squares procedure. An apparent volume fractionthey showed that the fluorescence intensity decay
of mixing f *m was defined from B1 and B2 ,32,34,35

provides excellent sensitivity for determining the
which is equal topolymer self-diffusion coefficient. They also pro-

posed to use the normalized efficiency of energy
f *m Å B1 / (B1 / B2) (2)transfer, coupled with a Fickian concentration

profile of the donors and acceptors, to analyze the
fluorescence transient data. The final result of This fraction was corrected for energy transfer
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CORE–SHELL LATEX PARTICLES. I 2415

taking place through a perfectly sharp interface
between the donor- and the acceptor-labeled do-
mains [ f *m( i ) ] and for energy transfer which oc-
curs when the donor and acceptor domains are
fully mixed [ f *m (` ) ] and replaced by a normalized
volume fraction of mixing fm given by eq. (3):

fm Å [ f *m 0 f *m ( i ) ] / [ f *m(` ) 0 f *m ( i ) ] (3)

The volume fraction of mixing f *m( i ) was mea-
sured using nascent films formed from a stoichio-

Figure 5 Schematic representation of the donor con-metric mixture of donor- and acceptor-labeled par- centration profile CD (r , t ) vs. the distance, r , from the
ticles and found to be very close to the theoretical center of the particle, for the core–shell particles of
value calculated from the known particle size (be- Types I and II during film formation.
tween 0.14 and 0.2 for the particles of Type I and
between 0.05 and 0.1 for the particles of Type II) .
The volume fraction of mixing f *m (` ) corresponds in Figure 5 for the particles of Types I and II, are
to fully mixed donor- and acceptor-labeled poly- therefore given by
mer chains. It was obtained from a latex film
formed from a stoichiometric mixture of donor-

f I
m Å

3
4pR3 *

`

R

C I
D (r , t )
C I

0
4pr2 dr (5)and acceptor-labeled particles, dissolved in THF,

and solution-cast onto a quartz plate and found
to be close to 0.97. This volume fraction of mixing and
is also the volume fraction of mixing which can
be found at an infinite annealing time of the film.

f II
m Å

3
4pR3

C
*

`

R

C II
D (r , t )
C II

0
4pr2 dr (6)

Modeling of Film Formation
respectively. In these equations, C I

D (r , t ) and
We have assumed, as done in other studies of film C II

D (r , t ) represent the concentration profiles of
formation,29–32,34–38 that chain migration upon the donor (see Fig. 5) in the films of Types I and
film annealing follows a Fickian diffusion. The II at time t , respectively, given by eq. (4).
concentration profile of the donor, at annealing
time t , is then given by relation (4) (Ref. 32):

RESULTS AND DISCUSSION

CD (r , t ) Å C0

2 Ferf F R / r
2(Dt )0.5G Typical donor (phenanthrene) fluorescence decay

curves in latex films were already presented in
several articles.32,35–38 Similar decay curves were

/ erf F R 0 r
2(Dt )0.5GG 0 C0

r SDt
p D0.5

obtained in the present work and will not be
shown. In Figures 6 and 7, we give the variations
of the volume fraction of mixing fm , deduced from
the decay curves using eq. (3), in films of homoge-FexpF0 (R 0 r )2

4Dt G 0 expF0 (R / r )2

4Dt GG (4)
neous and core–shell particles annealed at 907C.
Recall that each film was formed from a stoichio-
metric mixture of phenanthrene- and anthracene-where R is the particle radius, and D , the polymer

chain diffusion coefficient. This relation is valid labeled particles, which were either completely
labeled (Type I) or only labeled in the core (Typefor the particles of Types I and II as well, but

with Rc (radius of the core) instead of R for the II) . Indeed, the labeling of the core and of the
shell of the particle does not give any contrastparticles of Type II. C0 is the initial, homogeneous,

donor concentration at time t Å 0 in the particles between the diffusion of the core and the shell of
the particles since the core and the shell haveof Type I (C I

0 ) and in the core of the particles of
Type II (C II

0 ) . The fractions of mixing, represented the same Tg . On the contrary, as will be shown,
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cle should closely follow the curve corresponding
to the homogeneous particle and should deviate
only above this migration distance, when incom-
patibility becomes effective. In fact, as shown for
other core–shell latex particles,27,28 and in a re-
cent study of the internal structure of core–shell
particles similar to those synthesized here,48

there is certainly not a sharp interface between
the core and the shell of the particles. There is,
rather, a concentration gradient of the shell– and
core–polymer, from the surface to the center of
the particle. Therefore, some incompatibility
must already exist during the first steps of chain
migration. This can explain the lower values of fm

for the CS1–CS2 film, compared to the fm values
found for the H1–H2 film, at a short annealing
time.

On the other hand, the decrease of fm observed
when going from the CS1–CS2 film to the CS3–Figure 6 Volume fraction of mixing vs. annealing
CS4 film, at annealing times below 80 h, is easytime at 907C for films of particles (h ) H1–H2, (s )
to explain. Indeed, there is no labeling of the shellCS1–CS2, and (L ) CS3–CS4. The lines are guides for
in the CS3 and CS4 particles. Therefore, the diffu-the eyes.
sion process which involves the shell of the CS3
and CS4 particles cannot be detected in the fluo-
rescence measurements, even though polymercomparison between the results obtained with the

particles of Types I and II gives evidence that a chain migration occurs in the shell during anneal-
ing. Thus, the curve fm vs. annealing time for thegreat part of the polymer which should theoreti-

cally form the shell of the particles is indeed lo- CS3–CS4 film presents an apparent delay when
compared to the curve obtained for the CS1–CS2cated at the periphery of the particles.

Figure 6 shows the variation of fm vs. annealing film.
time for the mixtures of particles H1 and H2, CS1
and CS2, and CS3 and CS4. The general trend of
the three variations are similar. One observes an
increase of the volume fraction of mixing with in-
crease of the annealing time, as is generally the
case. However, one observes also a decrease of
fm at a constant annealing time going from the
homogeneous latex particles to the core–shell
particles. This decrease can be attributed to the
presence of a shell around the particles which
gives rise to a delay in the measured fraction of
mixing and, therefore, to a shift of the fm vs. an-
nealing time curves, as explained now.

H1–H2 and CS1–CS2 films are made of com-
pletely labeled particles. Therefore, the delay
which is observed going from the H1–H2 film to
the CS1–CS2 film comes probably from a partial
incompatibility between the polymers forming the
core and the shell of the CS1 and CS2 particles,
which slows down chain migration. One can think
that this incompatibility should appear, on the fm Figure 7 Volume fraction of mixing vs. annealing
vs. annealing time curve, only after chain migra- time at 907C for films of particles (h ) H1–H2, (s )
tion has covered a shell thickness. Below this mi- CS5–CS6, and (n ) CS7–CS8. The lines are guides for

the eye.gration distance, the curve of the core–shell parti-
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The observations made with the CS1–CS2 and
CS3–CS4 films are confirmed with the results
shown in Figure 7. Notice that the shell thickness
of latexes CS5 to CS8 is about twice the shell
thickness of latexes CS1 to CS4, and latexes CS7
and CS8 are only labeled in the core (see Table
II) . The decrease observed in Figure 7 from one
core–shell film to another is larger than in Figure
6. This comes from the larger shell thickness syn-
thesized in the CS5 to CS8 latexes compared to
the shell thickness in the CS1 to CS4 latexes. The
results in Figures 6 and 7 seem, therefore, to indi-
cate that the shell–polymer is indeed located at
the periphery of the particles. If core–shell parti-
cles would not have been synthesized, the curves
for the core–shell particles in Figures 6 and 7
would have been superimposed.

Another comment can be made which concerns
the value of fm at a long annealing time in Figures Figure 8 Volume fraction of mixing vs. annealing
6 and 7. One observes that fm reaches different time at 907C for films of particles (s ) CS1–CS2, and
plateau values, the largest one, close to 1, is for (L ) CS3–CS4. The dashed line is a guide for the eyes

for the CS1–CS2 film, and the continuous line is thethe H1–H2 film and the lowest one, close to 0.6,
variation of the volume fraction of mixing for the CS3–is for the CS7–CS8 film. The variation of the pla-
CS4 film predicted from the model as described in theteau values shown in Figures 6 and 7 can also
text.been explained by the presence, in the core–shell

particles, of a shell made of a polymer of a differ-
ent nature than the polymer in the core. Due to
some incompatibility between the two types of
polymers (PBMA presumably at the center and for the particles with the unlabeled shell (Type

II) have been simulated from the experimentalthe copolymer PBBT at the periphery), it turns
out that after some annealing time chain migra- values of fm found with the completely labeled

core–shell particles (Type I), using the modeltion becomes hindered and, therefore, fm reaches
a plateau value lower than 1. Moreover, the core– given in Figure 5. Recall that in this model Rc is

the radius of the core of a particle of radius R andshell particles in Figure 7 have a lower plateau
value than that of the core–shell particles in Fig- C I

D (r , t ) and C II
D (r , t ) represent the concentration

profile of the donor for the Types I and II core–ure 6. This is in agreement with the larger shell
thickness of the core–shell particles in Figure 7. shell particles, respectively, as a function of the

distance, r , from the center of the particle, at aIndeed, these particles offer a more efficient bar-
rier to the interpenetration of the chain belonging annealing time t . The theoretical thickness, e , of

the shell of the particles is given by R 0 Rc . C0 isto the core of adjacent particles than do the core–
shell particles in Figure 6, which possess a thin- the initial donor concentration, after synthesis

and before film annealing, in the core (Type II)ner shell thickness. Only in the case of the homo-
geneous particles H1 and H2 is the interdiffusion or in the whole particle (Type I). The same donor

concentration was used in the synthesis of all par-between the chain belonging to adjacent particles
complete (plateau value close to 1 in Figs. 6 and ticles. The black and the striped parts in Figure

5 represent the polymer chains which have left7) since then the polymer chains belonging to ad-
jacent particles are the same and there is, there- the original latex particle, and, therefore, f I

m and
f II

m are the fraction of mixing for the particles offore, no hindrance for the migration of the chains
which could arise from a thermodynamic incom- Types I and II, respectively.

From the experimental values of fm( f I
m ) atpatibility. In summary, all the results shown in

Figures 6 and 7 concur to indicate that the parti- time t for the CS1–CS2 and CS5–CS6 films (see
Figs. 6 or 8 and 7 or 9 for film CS1–CS2 and filmcles CS1 to CS8 have probably a structure close

to the desired core–shell structure. CS5–CS6, respectively), we calculated the values
of D which satisfy eqs. (4) and (5). These valuesTo strengthen this conclusion, the values of fm
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the shell of the particles. The results concerning
this work will be reported elsewhere.48

CONCLUSION

The aim of this work was to obtain information
on the internal structure of core–shell latex parti-
cles. For this purpose, we used the NRET method
which has been previously extensively employed
for the study of chain migration between adjacent
latex particles during film formation. We studied
film formation with core–shell particles which
were labeled with an energy donor and an energy
acceptor either in the whole particle or only in the
core. An AFM image of all the particles synthe-
sized was also taken to check that no second nu-
cleation had occurred during the synthesis and,

Figure 9 Volume fraction of mixing vs. annealing particularly, during the second step, when the
time at 907C for films of particles (s ) CS5–CS6, and shell was synthesized. It was also very important
(n ) CS7–CS8. The dashed line is a guide for the eyes

to ascertain that the final particle was spherical.for the CS5–CS6 film, and the continuous line is the
If a second nucleation would have taken place, orvariation of the volume fraction of mixing for the CS7–
if no spherical particles would have been formed,CS8 film predicted from the model as described in the
our interpretation of the fluorescence data wouldtext.
have been meaningless.

We have shown that the monomers introduced
during the synthesis of the shell form a polymer
situated mainly on the outside layer of the parti-were next introduced into eqs. (4) (with R Å Rc ) cles. This conclusion was obtained from (i) theand (6), which then provided the theoretical val-
comparison between the rate of film formation forues of fm( f II

m) at time t for the core–shell particles
homogeneous particles and core–shell particlesof Type II (CS3–CS4 and CS7–CS8), assuming
and (ii) the analysis of the rate of film formationthe same diffusion coefficient, D , for the polymer
using a spherical Fickian model of diffusion forchains belonging to the particles of Types I and
the polymer chains of the core–shell particles car-II. The results are given in Figures 8 and 9 where
rying different types of labeling. This work shows,the continuous curves represent the theoretical
on a more general basis, a way to use the NRETvariations of fm , f II

m , vs. annealing time for the
method to gain information on the internal struc-polymer chains in the CS3–CS4 (Fig. 8) and in
ture of core–shell latex particles. This method isthe CS7–CS8 (Fig. 9) films (for the sake of clarity,
particularly useful when the core and the shell ofthe discrete theoretical values of fm has been re-
the particles are composed of polymers of a similarplaced by a smooth continuous curve). The agree-
nature.ment between the predicted variations of fm and

the experimental data is quite remarkable. This
P. M. thanks Elf Atochem for its financial supportresult strongly tends to indicate that the synthe-

and its interest in this work.sis has led to the formation of core–shell latex
particles. However, as pointed out already above,
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