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Two negatively charged polystyrene latex dispersions with particles of similar diameter (around 100
nm) but different surface charge density (1.7 µC/cm2 for CG18 and 2.3 µC/cm2 for CG5) were compared
in terms of their surface morphology. Since they were synthesized in the presence of a redox initiator
(potassium persulfate/sodium metabisulfite), particles bore sulfate and sulfonate charged groups at the
surface. Fluorescence decay measurements were performed in situ on these latex samples, using a pair
of fluorescent cationic dyes adsorbed onto the surface: Rhodamine 6G (R6G) as the energy transfer donor
and malachite green carbinol hydrochloride (MG) as the acceptor. Since the kinetics of the direct nonradiative
energy transfer process between the dyes is sensitive to the donor and acceptor distributions, fluorescence
decay measurements provide information about the binding distribution of the cationic dyes, which reflects
the distribution of the negative charges at the latex particle surface. For the highly charged sample (CG5),
we found a dye distribution reflecting an interface thickness with an average value of δ ) 2.9 ( 0.2 nm.
For the CG18 sample, having a lower surface charge density, a thinner dye distribution was evidenced,
with an interface thickness δ ) 2.0 ( 0.1 nm. The broadening of the distribution with the increase of surface
charge density was interpreted in terms of the steric hindrance and the electrostatic repulsion between
the charged polymer chain ends extending into the aqueous medium.

Introduction
Many properties of colloidal particles in aqueous sus-

pensions are determined by the presence of surface
chemical groups and by the particle whole charge,
resulting from the ionization of those groups. In the case
of polymer latex particles, their surface properties play
an important role in most of the current applications,
especially in thebiomedical field,where latexmicrospheres
offer suitable functionalized supports for the binding of
biomolecules (enzymes, antibodies, DNA fragments,
etc.).1-3

A considerable amount of work have been devoted to
the characterization of the latex surface using various
techniques,4 among them (i) conductometric titration, a
method which has been widely developed in order to get
information on the nature and quantity of surface charges
(mostly those originating from the initiator decomposition
during the latex synthesis); (ii) the soap titration method
which consists of measuring the molecular surface area
of a given surfactant and using it to characterize the
particle surface polarity; (iii) electrokinetic measurements,
used for investigating the behavior of electric surface
charges, particularly as a function of pH and ionic strength.

Despite their numerous applications, not much is known
about the detailed structure of the surface of the so-called

hard latex particles. First, experimental evidence for the
existence of an uneven surface was brought by Hull and
Vanderhoff,5 who carried out studies on polystyrene (PS)
latex particles as prepared and after the aqueous disper-
sion was heated under pressure up to 120 °C (significantly
above the Tg of the polymer). Electron microscopy and
nitrogen gas adsorption (BET) measurements before and
after heating showed a decrease of the surface area of the
particles, giving clear evidence that the surface became
more smooth. Later on, the concept of “hairy layer” was
introduced by Van den Put et al.6 in order to interpret the
salinity dependency of the electrokinetic measurements
of sulfate-charged polystyrene particles. Such a surface
layer was indeed considered to be composed of flexible
chains with terminal sulfate groups, the repulsion between
these charged end groups increasing with decreasing ionic
strength, then causing the hairy layer to expand into the
aqueous media. Chow et al.7 also invoked either the
roughness of the latex particles or the hairy nature of its
surface in order to explain the differences in the electro-
phoretic mobility of original and heat-treated carboxylated
latexes. Finally, in another study,8 the dielectric increment
of PS colloidal particles (measured by dielectric spectros-
copy) was found to come into agreement with theoretical
calculations for smooth particles9,10 after the latex was
heated under pressure above its Tg. This indicated that
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the hairy layer of the original latex particles became
insignificant after the latex had been heated.

There are not many techniques that allow one to
characterize the surface of latex particles dispersed in
water. One can use tritrations to determine the density
of functional groups such as COOH. Electrophoretic
measurements provide access to the charge density.
Scattering methods (neutrons, X-rays) are sensitive to
surface roughness, but we are not aware of any studies
that have specifically examined this feature of the latex
surface. Techniques based upon fluorescence spectroscopy,
especially those involving energy transfer, show consider-
able promise for characterizing the surface of colloidal
particles. These techniques can provide valuable informa-
tion especially in situ, under conditions representative of
the applications of latex particles. Fluorescence decay
measurements were performed by the Yamasaki group in
Japan, to characterize phospholipid vesicle samples in
situ.11 A pair of fluorescent dyes was adsorbed onto the
surface of these vesicles, and the kinetics of the dipole-
dipole direct nonradiative energy transfer (DET) process
between these dyes was studied. Since the energy transfer
kinetics are sensitive to the donor-acceptor pair distribu-
tion, these experiments could provide information about
the vesicle surface, since the binding process of the dyes
depended on the structural features of the surface.

Here, we apply and extend the same idea to the case of
latex particles dispersed in water. Binding a pair of
appropriate dyes to the surface of latex particles dispersed
in water, the resulting energy transfer between the dyes
can be interpreted directly in terms of the roughness or
fuzziness of the particle surface. Such experiment would
indeed be sensitive to the morphology of the interface on
a scale of 2-15 nm, depending on the value of the Förster
critical energy transfer distance, R0, of the dyes used.12,13

In anionic latex systems, the binding distribution of
cationic dyes would also reflect the distribution of charges
on the latex surface and thus the structure of the latex/
water interface.

A previous study of dipole-dipole direct nonradiative
energy transfer (DET) involving rhodamine 6G (R6G) and
malachite green carbinol hydrochloride (MG) adsorbed
onto poly(butyl methacrylate) (PBMA) latex particles of
300 nm diameter14 demonstrated that the fluorescence
decay profiles could be fitted to the Klafter and Blumen
(KB) equation for energy transfer.15 This equation was
initially derived for fractal systems but was applied
phenomenologically to systems of restricted geometry. One
of the fitting parameters in the KB model is an “apparent
dimension” which often takes a fractional value in this
type of analysis. As pointed out by Yang,16 the apparent
dimension d obtained when using the KB model to fit
fluorescence decay curves of dyes in systems of restricted
geometry depends on the characteristics of the dye
distribution. In the study of Nakashima et al.14 this
“apparent dimension” was found to be close to d ) 2. This
is expected for dyes randomly distributed on a flat surface,
when the sphere radius of curvature is much larger than
R0. The analysis of the DET data also indicated a random
distribution of the dyes at the particle surface.14

Similar experimental results were obtained from 300
nm diameter polystyrene (PS) latex particles.17 An ap-
parent dimension of d ) 1.8 was obtained both from the
Rhodamine B-MG pair and the R6G-MG pair. This value
suggested that the latex surface was flat on a molecular
scale but that the distribution of the dyes was heteroge-
neous, suggesting a heterogeneous charge distribution on
the latex surface.

In this work we study two samples of negatively charged
polystyrene latex particles of similar diameter (around
100 nm) but with a different surface charge density (1.7
µC/cm2 for sample CG18 and 2.3 µC/cm2 for sample CG5).18

Since these latex particles were synthesized in the
presence of a redox initiator (persulfate/metabisulfite
complex), the PS chain ends bear a sulfate or a sulfonate
charged end group extending into the aqueous phase.19,20

Cationic dyes (R6G as the energy transfer donor and MG
as the acceptor) adsorb on these anionic surfaces even
when present at very low concentrations.

In our experiments, we first measured adsorption
isotherms of R6G and MG onto latex samples CG18 and
CG5 in order to obtain some information about the
distribution of the dyes at the surface and their partition-
ing between the aqueous and the PS phases.21 The results
showed that, at the low dye concentration used for energy
transfer experiments, the dye molecules are mainly
adsorbed onto the latex surface (>98%). In addition, the
adsorption isotherms were of Langmuir type, which
indicated that the dyes adsorb on equivalent sites of the
latex surface, independently from each other and in a
noncooperative way.

To gain deeper structural information about the nature
of the latex surfaces, a new model that considers the energy
transfer between excited donors and acceptors distributed
on the latex particle interfacial layer is proposed. It
represents a special case of the more general model
describing direct energy transfer in systems in which the
distribution of donor and acceptor dyes is characterized
by spherical symmetry.22-26 This model takes into account
the size and shape of the domains in which the dyes are
distributed and the variation of their concentration over
the domains. In the present case, this variation is related
to the distribution of adsorbed dyes at the interface, which
reflects the hairiness or roughness of the particle surface.
We assume that this distribution may be described by an
inverse hyperbolic cosine function,27 and we interpret the
results in terms of the thickness of the interface layer.

A series of fluorescence decays were measured for each
of the two samples of charged latex, with a constant
concentration of donors and increasing amounts of ac-
ceptors adsorbed onto the latex surface. The decays were
analyzed with the proposed model of energy transfer, from
which the width of the interface and a two-dimensional
average acceptor concentration at the interface were
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determined. These two parameters were correlated with
thesurfacemorphologyof the latexparticle.Foranarrower
distribution, the width of the particle/water interface is
smaller and the surface is smoother.

Experimental Section
Materials. Rhodamine 6G (R6G), 99% pure, and Malachite

Green carbinol hydrochloride (MG), 85% pure, both from Aldrich,
were used as received. Fluorescence spectra showed no trace of
impurities in the fluorescence of the dyes.

The latex particles were synthesized by an emulsion polym-
erization process using sodium dodecyl sulfate (SDS) as emulsi-
fier.18 The redox couple used as initiator (K2S2O8/Na2S2O5) is
responsible for the polystyrene chain ends (-SO3

- and -SO4
-

as well as some OH and COOH groups coming from hydrolysis
and subsequent oxidation of some sulfate end groups). The
diameters of the CG18 and CG5 particles are 97 and 99 nm,
respectively, with a narrow particle size distribution (1.02 for
both samples) as deduced from transmission electronic micros-
copy measurements (Table 1). Their surface charge density was
determined by conductometric titration as 10.45 µequiv/g (1.7
µC/cm2) for CG18 and 14.2 µequiv/g (2.3 µC/cm2) for CG5, which
corresponds to 9.4 and 6.9 nm2 per ionic group for CG18 and
CG5, respectively. Knowing that the surface area occupied by
one R6G or MG molecule corresponds to around 1.25 nm2, we
conclude that each cationic dye is adsorbed on one negative charge
only.

Steady-State Fluorescence Measurements. Steady-state
fluorescence measurements were carried out in a Spex Fluorolog
2 spectrofluorimeter. Fluorescence spectra were corrected for
the sensitivity of the detecting system, using a correcting curve
obtained with a calibrated tungsten lamp. The self-absorption
of the fluorescence emission was minimized using a front-face
configuration and a 2 mm thick cell. The spurious light of the
naked latex particles was around 1% of the fluorescence intensity
measured for the latex suspension containing adsorbed R6G, at
the same excitation and emission wavelengths.

Samples for Energy Transfer Measurements. Stock
solutions of a mixture of the donor and the acceptor were prepared
in purified ultrafiltered water. The concentration of donor (R6G)
was kept constant at 2 ×10-6 M, and the concentration of acceptor
(MG) was varied in the range (8-72)×10-6 M for the experiments
with CG18 and in the range (4-40) × 10-6 M for CG5.

For the series of experiments with latex CG18, samples were
prepared mixing 0.4 mL of latex, 0.2 mL of water, and 0.2 mL
of a dye solution, so as to obtain a final latex concentration of 2.4
wt %, a final donor concentration of 0.5 × 10-6 M, and a final
acceptor concentration ranging from 2 × 10-6 to 18 × 10-6 M.
For the series of experiments with latex CG5, samples were
prepared mixing 0.2 mL of latex and 0.2 mL of a dye solution,
so as to obtain a final latex concentration of 2.4 wt %, a final
donor concentration of 1 × 10-6 M, and a final acceptor
concentration ranging from 2 × 10-6 to 20 × 10-6 M. The pH of
all samples was 3.0.

At high dye concentration, dye aggregation is detected in the
mixtures. Consequently, only the decays corresponding to the
samples with 2 × 10-6-14 × 10-6 M of MG and with 2 × 10-6-12
× 10-6 M of MG were analysed in the case of CG18 and CG5,
respectively.

Time-Resolved Fluorescence Experiments. The fluores-
cence decay measurements were obtained by the single photon
timing technique.28 The system consists of a Nd:YAG laser
(Coherent Antares 76-s) that synchronously pumps a cavity-
dumped DCM laser (Coherent model 700) delivering pulses of
about 6 ps and variable repetition rate. The output from the
DCM laser was frequency-doubled to 300 nm, which was used
to excite the donor, R6G. A microchannel plate photomultiplier
(Hammamatsu R155640-1) was used to detect the fluorescence
at 552 nm, which was selected by a monochromator. The scattered
light was substantially reduced using sharp cutoff filters at the
entrance of the photomultiplier. Each decay was recorded with
around 16 000 counts in the channel of maximum intensity. The
instrumental response function (fwhm of 107 ps) was determined
using a Ludox dispersion in water.

Structure of the Polymer Interface

Not much is known about the detailed structure of the
surface of latex particles. The expected hairiness or
fuzziness is presumably due to charged or polar surface
chain end groups extending into the aqueous media.4 We
model the structure of the latex particle surface, using an
hyperbolic cosine distribution function to describe the
distribution of charged groups at the surface. This type
of distribution function is usually applied for describing
interfaces in polymer blends and was first derived for
strongly segregated planar systems by Helfand and
Tagami (HT).27 In the present work we modified this
expression to account for the spherical shell geometry of
the latex particle surface. For modeling DET in charged
latex particles, we will assume that the surface roughness
can be described by the thickness parameter δ of the
modified hyperbolic cosine distribution profile P(r) across
the polymer/solvent interface:

where δ is the interface width defined as in the original
HT model, r is the radial distance, Rs is the radius of the
latex particle, and nv is a normalization constant (with
units of volume since it is the integral of the distribution
function over the whole volume where this function is
defined),

In Figure 1 we present a cartoon of the latex particle
surface, showing the distribution of charged polymer chain
end groups at the surface of a latex particle of radius Rs
(Figure 1, top). The density profile of the charged groups
at the interface is described by eq 1 (Figure 1, middle).
The thickness of the interface is defined as δ from the
intercepts of the tangent line at the inflection point of the
polymer density profile (Figure 1, bottom). Although the
thickness of the interface is defined as δ, a spherical shell
of width δ only contains about 60% of the adsorbed dyes.
To account for 90%, 95%, and 99% of all the adsorbed
dyes, we need to consider spherical shells with widths
approximately equal to 2.5 δ, 3 δ, and 5 δ, centered at Rs
(Figure 1, middle). This means that when considering an
interface of thickness δ, about 40% of all the adsorbed
dyes are outside the spherical shell of width δ centered
at the particle surface.

(28) Phillips, D.; O’Connor, D. V. In Time Correlated Single Photon
Counting; Academic Press: London, 1984.

Table 1. Latex Characteristics

latex CG18 latex CG5

particle diameter:
QELSa 99 nm 105 nm
TEMb Dn 94.7 nm 97.7 nm

Dw 97.1 nm 99.2 nm
Dw/Dn 1.025 1.015

surface charge density: 10.45 µequiv/g 14.20 µequiv/g
1.7 µC/cm2 2.3 µC/cm2

charged groups/nm2: 0.106 0.144

charged groups/particle: 3150 4400
aQELS: quasi-elastic light scattering. bTEM: transmission elec-

tronic microscopy.

P(r) ) 1
nv cosh[2(r - Rs)/δ]

(1a)

nv ) 4π∫0

∞ r2

cosh[2(r - Rs)/δ]
dr (1b)
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Energy Transfer Kinetics
For a dipole-dipole coupling mechanism, Förster12,13

showed that the rate of energy transfer w(R) between an
excited donor and an energy acceptor depends very
strongly on their separation distance, R

where τD is the donor fluorescence lifetime when only
donors are adsorbed at the surface of the latex particles.
R0 is the critical Förster distance, with R0 ) 6.7 ( 0.1 nm
for the present system,14 and κ2 is a dimensionless
parameter related to the relative orientation of the donor
and acceptor transition dipole moments. Previous results
indicated that the dyes adsorbed at the surface of the PS
particles were immobile during the experimental time
scale for energy transfer. Therefore, the dipoles are
assumed to be randomly oriented and “frozen” during the
transfer time, to which corresponds the value κ2 ) 0.476.29

Although this value is calculated for an infinite medium,
this is a reasonable approximation for the case of an
interface which is thick compared to R0.

According to eq 2, for independent donor-acceptor pairs
at constant separation distanceR, the donor decay function
is still monoexponential but faster than the decay of the
donor in absence of acceptor molecules.

On the other hand, if the donors are transferring energy
to a random distribution of acceptors, the donor decay
function will have a stretched exponential form,

where â ) d/6, d is the Euclidean dimension of the space
in which the chromophores are distributed, and P is a
parameter proportional to the local concentration of
acceptors. This expression was first derived by Förster12,13

for DET in three dimensions (d ) 3) and later extended
to one (d ) 1) and two (d ) 2) dimensions by Hauser et
al.30 Klafter and Blumen31 showed that eq 4 also describes
DET for donors and acceptors embedded in an infinite
fractal lattice. Here, d is equal to the fractal (Hausdorff)
dimension of the lattice.

The parameter P in eq 4 also depends on the average
relative orientation of the donor and acceptor dipole
moments κ2

where c∆ is the number of acceptors in a ∆-dimensional
sphere of radius R0 and Γ is the gamma function. For one,
two, and three dimensions, ∆ equals the Euclidean
dimension d of the space where the chromophores are
distributed. In the case of DET in a fractal lattice, c∆ has
no clear meaning.

When donors and acceptors are distributed in a re-
stricted volume in which all donors occupy equivalent
positions, Blumen, Klafter, and Zumofen derived a general
expression32

where æ(t) is the donor survival probability with respect
to DET, V is the volume of the spherical shell containing
all donors and acceptors, p is proportional to the local
acceptor concentration, F(R) is the probability distribution
of finding a donor-acceptor pair separated by a distance
R, and w(R) is the rate of energy transfer given by eq 2.
This expression can be integrated for a number of cases,
including D and A distributed on the surface of a sphere,
for which the donor survival probability with respect to
DET, æ(t), is given by33,34

(29) Baumann, J.; Fayer, M. D. J. Chem. Phys. 1986, 85, 4087.

(30) Hauser, M.; Klein, U. K. A.; Gösele, U. Z. Phys. Chem. (Munich)
1976, 101, 255.

(31) Klafter, J.; Blumen, A. J. Chem. Phys. 1984, 80, 875.
(32) Blumen, A.; Klafter, J.; Zumofen, G. J. Phys. Chem. 1986, 84,

1397.
(33) Levitz, P.; Drake, J. M.; Klafter, J. J. Chem. Phys. 1988, 89,

5224.
(34) Klafter, J., Blumen, A., Drake, J. M., Eds.; Molecular Dynamics

in Restricted Geometries; Wiley: New York, 1989.

Figure 1. Schematic view of the distribution of charged
polymer chain end groups at the surface of a latex particle of
radius Rs (top). The density profile of the charged groups at the
interface is described by eq 1 (middle). The thickness of the
interface is defined as δ from the intercepts of the tangent line
at the inflection point of the polymer density profile (bottom).
Although the thickness of the interface is defined as δ, a
spherical shell centered at Rs with width δ contains only about
60% of all the charged groups. To include 90%, 95%, and 99%
of all the charged end groups, we need to consider spherical
shells with total widths 2.5 δ, 3 δ, and 5 δ, respectively (middle).

w(R) ) R
R6

(2a)

R )
3R0

6
κ

2

2τD
(2b)

ID(t) ) exp(- t
τD

) exp[-w(R)t] (3)

ID(t) ) exp(- t
τD

) exp[-P( t
τD

)â] (4)

P ) c∆(3κ
2

2 )â

Γ(1 - â) (5)

ID(t) ) exp(- t
τD

)æ(t) (6a)

æ(t) ) exp(-p∫V
{1 - exp[-w(R)t]}F(R) dV) (6b)
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where CA is the acceptor surface density and Rs is the
radius of the sphere.

Equation 7b can be expressed as23

where g2D ) P(t/τD)1/3 is the exponent in eq 4, for energy
transfer in an infinitely extended two-dimensional space.
Because of the (R0/Rs)4 factor in the second term on the
right-hand side of eq 8, this and higher terms of the series
expansion become insignificant for values of Rs > R0.
Consequently, for spheres that are large compared to R0,
DET for donors and acceptors homogeneously distributed
at the surface can be described by eq 4 with â ) 1/3, which
corresponds to the case where donors and acceptors are
randomly distributed in a two-dimensional space.

For more complex systems of restricted geometry,
particularly those in which there is a distribution of
nonequivalent donor positions, eq 4 is usually known as
the KB equation and used as a phenomenological expres-
sion for data analysis.14,17 Under these circumstances, â
loses its meaning in terms of a dimensionality of space
and appears to be sensitive primarily to edge effects of the
confined geometry.16,25,26

In the present system consisting of donors and acceptors
distributed in a spherical shell according to eq 1, the donor
dyes are in nonequivalent positions. Consequently, the
fluorescence decay rate depends on both the donor and
the acceptor distributions at the interface. According to
the distribution model for energy transfer in spherical
systems,22,25 the donor decay function for a delta-pulse
excitation will be given by

where Vs is the volume containing all donors in the latex
particle, τD is the intrinsic fluorescence lifetime of the
excited donor, and CD(r) and CA(r) are the concentration
profiles of donor and acceptor described by eq 1. For
experimental reasons, ID(t) can be determined only up to
an experimental factor, so that the donor concentration
profile can be set CD(r) ) P(r), being the distribution profile
P(r) defined in eq 1. The acceptor concentration profile
CA(r) should have units of number density and therefore
is given by CA(r) ) nAP(r), where nA is the total number
of acceptor molecules adsorbed on each latex particle. The
encounter radius, Re, is the minimum distance between
donor and acceptor and is usually set equal to the sum of
the donor and acceptor van der Waals radii.22,26

In the numerical evaluation of eq 9 using the distribution
function eq 1, some approximations can be made. The
integration over the volume Vs in eq 9a is calculated from
rD ) Rs - 2.5 δ to rD ) Rs + 2.5 δ (Figure 1).

The integration over R in eq 9b was calculated from Re
to about 3R0, because w(R) is a very sharply peaked
function of R for all accessible experimental times. The
donor and acceptor distributions, eq 1, are defined in terms
of an interface thickness δ but expands much further than
0.5 δ on each side of Rs (Figure 1). In the numerical
calculations, this function has to be truncated at a
reasonable value. We considered a range Rs ( 2.5 δ, which
corresponds to a region including 99% of all the dyes.26

Finally, a trapezoidal quadrature was used in the evalu-
ation of all the integrals since the more sophisticated
adaptive quadrature routines are unstable with respect
to multiple integral evaluation.35

Results and Discussion
Steady-State Fluorescence Experiments. To per-

formtime-resolved fluorescenceexperiments, it is essential
to select properly the experimental conditions so that the
donor molecules exhibit a well-defined lifetime. In par-
ticular, the formation of dimers must be avoided. Steady-
state measurements were carried out to follow the
formation and disappearance of dimers. Rhodamine dyes
form nonfluorescent dimers in concentrated solutions. In
very diluted solution dimer formation is negligible, but in
the presence of colloidal particles the dyes become
concentrated on the surface of the particles and dimer
formation is enhanced. In Figure 2 we show the depen-
dence of the fluorescence intensity of a R6G solution as
a function of the added amount of PS latex CG18. For low
latex concentration, the intensity decreases as the latex
concentration increases, due to the formation of dimers
at the particle surface. As the particle concentration
increases, the total amount of R6G dimers increases, up
to the point where most of the dye is adsorbed to the latex
surface. After that, the increase in latex concentration
increases the surface area available to each dye molecule,
reducing the probability of dimer formation and thus
increasing the fluorescence emission. At very high latex
concentration, the measured fluorescence intensity ap-
parently decreases again, probably as a consequence of
the high turbidity of the solution rather than some more
fundamental spectroscopic property of the system. The
data of Figure 2 show that R6G molecules do indeed bind
to the surface of the latex and that at high PS/R6G ratios
(latex concentration ) 2-50 g/L) the amount of dimer

(35) Lyness, J. N. SIAM Rev. 1983, 25, 63.
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Figure 2. Fluorescence intensity ratio I/I0 measured for a 1
× 10-6 M solution of R6G vs the concentration of PS latex
particles. The fluorescence intensity was measured at the
wavelength of maximum emission of R6G, I0 being the intensity
in the absence of latex particles.
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formation on the latex surface is negligible. The latex
concentration used in the fluorescence experiments de-
scribed here (24 g/L) is well within this limit.

Time-Resolved Fluorescence Experiments. Fluo-
rescence decay profiles of both CG5 and CG18 latex
suspensions containing only adsorbed R6G could be fitted
to a single-exponential function, with lifetime τD ) 4.5 ns.
Experimental donor decay curves of latex dispersions
containing different ratios of donor (R6G) and acceptor
(MG) dyes adsorbed onto the surface were first fitted to
eq 4.36 The obtained P values were found to increase
linearly with the acceptor concentration, as expected from
eq 5. Although the fitting of the experimental decays with
eq 4 revealed an apparent contamination from isolated
donor molecules, it was possible to recover a constant value
of the â parameter, with an average value of â ≈ 0.48.
This value corresponds to an apparent dimension d ≈ 2.9,
which gives us some indication that the spherical shell
containing the dyes adsorbed at the surface of the particle
is thick when compared to the value of R0 ) 6.7 ( 0.1 nm.
So, according to this analysis, most of the acceptors feel
an homogeneous distribution of donors around them.

To extract more information from the experimental
fluorescence decay profiles, Iexp(t), of the latex dispersions
containing adsorbed donor and acceptor dyes, the donor
decay profile ID(t) defined by eqs 1 and 9 has to be
convoluted with the instrument response function L(t)

where an is the decay intensity normalization factor, which
is necessary because Iexp(t) and L(t) are not experimentally
determined to absolute values.

There are only three fitting parameters in the model:
the decay intensity normalization factor an, the interface
thickness δ defined in eq 1a, and the two-dimensional
acceptor concentration at the interfaceC2D ) nAδ/nv, where
nA is the average number of acceptor molecules per latex
particle and nv is obtained from eq 1b.

The parameter C2D was used instead of the local three-
dimensional concentration C3D ) nA/nv to avoid the
correlation between the concentration and the interface
thickness during the fitting procedure. This correlation
is due to the dependence ofC3D on the width of the spherical
shell where the dyes are distributed: the variation of the
interface thickness parameter δ during the fitting pro-
cedure produces a change in the volume where the
acceptors are distributed, which changes their C3D con-
centration. On the other hand, C2D corresponds to the
projection of all the dyes on the particle surface of a sphere
of radius Rs and thus it is independent of the interface
width.

The critical Förster distance was kept to a fixed value,
R0 ) 6.7 ( 0.1 nm,14 the donor lifetime to the value obtained
from the decay of a dispersion containing only donor, τD
) 4.5 ns, and the encounter radius to Re ) 0.5 nm.25 For
the dipole-dipole relative orientation parameter we used
the average value κ2 ) 0.476 which corresponds to
randomly oriented dipoles, frozen during the transfer
time.29 Dyes adsorbed onto charges protruding into the
solution can be expected to be more mobile; however, the
amount of such dyes is small since these correspond to
chains in the tail region of the polymer density function
in Figure 1. Also, a change in the value ofκ2 has a minimum
effect on the final results.

To evaluate the quality of the fits, we calculated the
reduced ø2 as well as the weighted residuals and the

autocorrelation of residuals. Reduced ø2 values under 1.5
were obtained, with well-distributed weighted residuals
and autocorrelation of residuals, for all the experimental
decays. For instance, in Figure 3 we show the fluorescence
decay curves of the CG18 latex suspension, with 5 × 10-7

M of donor and two different acceptor concentrations: 2
× 10-6 and 1.4 × 10-5 M. The decays were fitted with eqs
1 and 9, leading to interface thickness values of δ ) 1.90
nm and δ ) 1.94 nm, with two-dimensional acceptor
concentrations (in number density) of C2D ) 3.07 × 10-3

nm-2 and C2D ) 1.60 × 10-2 nm-2. Three to four decays
were obtained for each latex suspension and dye concen-
tration and analyzed in the same way. Each decay was
analyzed four to five times using different initial values
for the fitting parameters, to ensure that an absolute
minimum in the reduced ø2 surface was obtained.

For the samples of the CG5 latex, the interface thickness
remains approximately constant for all acceptor concen-
trations used, with an average value of δ ) 2.9 ( 0.2 nm.
For the CG18 sample the value of the interface thickness,
δ ) 2.0 ( 0.1 nm, is also constant for all different acceptor
concentrations (Figure 4). The values of interface thickness
recovered fromtheanalysiswitheqs1and9areapparently
in contradiction with the results of the fitting with eq 4,(36) Charreyre, M. T., unpublished results.

Iexp(t) ) anL(t) X ID(t) (10)

Figure 3. Fluorescence decay curves of the CG18 latex
suspension with 5 × 10-7 M of donor (R6G) and two different
acceptor (MG) concentrations: (a) 2 × 10-6 M and (b) 1.4 × 10-5

M. The excitation was at 300 nm, and fluorescence signal was
collected at the wavelength of maximum emission of R6G (552
nm). The decays were fitted with eq 9, and the quality of the
fit was evaluated from weighted residuals.

Figure 4. Variation of the interface thickness δ with the bulk
acceptor concentration [A]. The interface thickness was obtained
by fitting the experimental decay curves of latex suspensions
CG18 (O) and CG5 (9).
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from which we inferred that the interface would be thick
compared to the R0 value corresponding to the dye couple
used (R0 ) 6.7 nm). However, we must keep in mind that
in order to include 99% of all the dyes adsorbed to the
particle surface, it is necessary to consider a spherical
shell of thickness ∆T ) 5 δ, which in the present case is
approximately ∆T ≈ 10 nm for the CG18 sample and ∆T
≈ 15 nm for the CG5 sample. This total thickness is
definitely larger than R0.

The interface thickness parameter obtained for the
samples of CG18 latex is lower than for the CG5 sample.
This difference is interpreted in terms of a higher surface
fuzziness of the particles in the CG5 sample, which have
higher surface charge density. This relation is emphasized
by the fact that the ratio of interface thickness parameters
δCG18/δCG5 ) 0.69 ( 0.08 is very close to the ratio of surface
charge densities of the latex particles in the two samples
(0.74).

This result can be interpreted upon referring to the
mechanism of the emulsion polymerization involved in
the synthesis of the latex particles and more especially to
the “surface-anchoring” effect, a phenomenon discussed
by Gilbert37 to explain spatial inhomogeneities arising at
high conversion. In fact, during all the growing stage of
the particles, oligomers can exit out of each particle,
eventually grow in the aqueous phase, and reenter in
another particle. Then, if the particle is rubbery (inter-
mediate conversion), they can undergo a termination
reaction with a long propagating chain. On the contrary,
at high conversion, because of very slow diffusion, an
entering oligoradical is more likely to terminate with
another entering radical rather than with a propagating
chain, giving a double-charged chain anchored at the
surface and having much hydrophilicity. All these short
chains would be localized in a kind of “shell” around the
particle. For latex particles with small diameter, this
phenomenon should be more significant, and due to the

curvature effect and hence to steric constrains, the charged
ends of the anchored chains would be distributed within
a thicker layer “shell”.

Now, considering that latex CG5 is bearing 40% more
surface charges than latex CG18, the diffusion of the last
entering oligoradicals toward the surface will be slowed
by the presence of previously anchored charged chains.
Then, they will propagate longer in the aqueous phase
before anchoring at the surface, contributing to enlarge
the chain-ends distribution at the CG5 particle surface.
This might explain that the interface thickness determined
for CG5 would be higher than for CG18.

From the values of interface thickness δ and surface
concentration C2D, the volume concentration inside the
spherical shell surrounding the particle, C3D, can be
calculated. The values of C3D are very similar for both the
CG5 and CG18 dispersions (Figure 5). Since both disper-
sions had the same solid content, this means that the
local volume concentration of dye at the surface of the
particles only depends on the bulk amount of acceptor
used and that the dilution effect due to the difference in
interface thickness is impossible to differentiate for these
dispersions.

Conclusions

The proposed new model for energy transfer between
donors and acceptors distributed at the surface of a latex
particle according to a modified Helfand-Tagami equation
was successfully used to characterize the distribution of
dyes adsorbed at the surface of PS particles dispersed in
water. The distribution of the dyes reflects that of charged
sulfate groups at the particle surface. Interface thickness
values of δ ) 2.9 ( 0.2 nm and δ ) 2.0 ( 0.1 nm were
found for samples CG5 and CG18 exhibiting charge
densities of 2.3 and 1.7 µC/cm2, respectively. The ratio of
interface thickness values recovered from the analysis of
the fluorescence decays was found to coincide with the
ratio of surface charge densities determined by conduc-
tometric titration. Because of the “surface-anchoring”
effect, numerous charged PS oligomers are present at the
surface of the particles, forming a kind of “shell” around
the particles.37 For the sample with the higher charge
density, CG5, this outer layer is more dense (6.9 nm2 per
ionic group for CG5 compared to 9.4 nm2 for CG18).
Consequently, due to the increased steric constrains in
the packing of the polystyrene oligomers at the surface
and to the larger repulsion between the negative charges
of the chain ends, the oligomeric chains extend further
away from the surface. Therefore, the outer layer appears
thicker in this case.

Acknowledgment. J. P. S. Farinha and J. M. G.
Martinho acknowledge the support from ICCTI and FCT
through project PRAXIS/P/QUI/14057/1998. M. T. Char-
reyre acknowledges support from the Ministère Français
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Figure 5. Dependence of the three-dimensional acceptor
concentration inside the spherical shell surrounding the
particle, C3D, obtained by fitting the experimental decay curves
of latex suspensions CG18 (O) and CG5 (9) vs the bulk acceptor
concentration [A].
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