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ABSTRACT Particle nucleation is the forcing function in
emulsion polymerization reactions and as such it plays a
significant role in the development of most of the properties
of the final latex. The locus of nucleation in emulsion poly-
merization remains a contentious issue. Recent develop-
ments in the spectroscopy of emulsions strongly suggest that
the locus of particle nucleation is a population of small
nano-droplets of size range between 30–100 nanometers in
diameter. These nano-droplets are generated independently
of the rate of initiator decomposition and appear to be

functions only of the emulsification conditions. In this paper
the simulation studies leading to the identification of the
nano-droplet population are described. The theoretical evi-
dence suggesting that the nano-droplets are the main loci of
particle nucleation is presented and along with the recom-
mendations for the experimental work. © 2006 Wiley Periodi-
cals, Inc. J Appl Polym Sci 100: 2847–2857, 2006
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INTRODUCTION

Emulsion polymerization is a process of considerable
industrial importance used in the manufacture of a
wide range of products including paints, toners, ad-
hesives, coatings, and other synthetic materials. It has
applications in bioseparations through the functional-
ization of latex particles and offers great promise for
the synthesis of nanomaterials. Particle nucleation is
the forcing function in emulsion polymerization pro-
cesses, and as such, it plays a significant role in the
development of most of the properties of the final
latex.1 Particle nucleation is not fully understood and
therefore remains an area of active research.1,2 A com-
plete understanding of the nucleation mechanism will
ultimately enable the definition of optimal operating
conditions to control the properties of the final latex.

The main locus for particle nucleation in emulsion
polymerization is a subject of considerable contro-
versy. Different theories advocate different loci.1,2 Be-

cause the nucleation mechanism is highly influenced
by the compositional and size characteristics of the ac-
tual nucleation sites, it is very important to identify and
characterize them. This research effort primarily seeks to
address the identification of the nucleation locus. The
analysis and the results are reported in two parts.

A summary of accepted nucleation mechanisms and
their limitations is presented in part I together with a
new approach and the measurement techniques for
the identification and characterization of the initial
reaction conditions. Computer simulations and exper-
imental data are also presented and discussed within
the context of particle nucleation. In the backdrop of
this discussion, a hypothesis for a likely nucleation
locus is presented. This hypothesis is based on infer-
ences drawn from simulation studies and from exper-
imental observations that suggest the presence of a
previously unidentified population of nanodroplets
ranging in size from 30 to 100 nm. According to this
study, the most likely locus for particle nucleation is this
previously unidentified population of nanodroplets.

Part II focuses on the description and the reasoning
behind the experimental efforts used to support the
hypothesis proposed in part I. The effects of the initial
emulsification conditions on the droplet populations
are also reported in part II.

Definition of terms

To facilitate the presentation and discussion of this
work, the following terms are defined:
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Nanodroplets: Small droplets of the monomer
ranging from 30 to 100 nm in diameter.

Time zero condition: Condition of the reaction mix-
ture before the initiator is added (the beginning
of the reaction). At time zero, the monomer is the
dispersed oil phase in water, and this renders an
oil-in-water emulsion.

Micelles: Aggregated molecules of surfactants, typ-
ically a few nanometers in diameter.

Swollen micelles: Micelles containing the monomer
and ranging from 5 to 10 nm in diameter.1

Particle/polymer particles: Particles or droplets
with either dead or growing polymer chains,
ranging from 20 to 80 nm in diameter.1

Monomer droplets: Droplets of the monomer, rang-
ing from 1 to 10 �m in size.1

Particle number: Number density of any particulate
population: micelles, swollen micelles, polymer
particles, monomer droplets, nanodroplets, and
so forth.

Oligomeric radicals: Radicals containing three to
five monomer units.

Forcing function: Cause of a particular response in
a given process.

Proposed nucleation mechanisms

As previously indicated, there are several particle nu-
cleation theories, each of which postulates different
molecular or particulate entities as the main nucle-
ation loci.1–4 This section briefly discusses the ac-
cepted theories of particle nucleation in emulsion po-
lymerization and their limitations. A detailed review
can be found elsewhere.5

The particle nucleation theories proposed to date
can be classified into three main groups depending on
the locus for particle formation: micellar nucleation,1–4

homogeneous nucleation, and coagulative nucleation.
These theories have been formulated on the basis that
the reaction mixture at time zero consists of micelles,
monomer-swollen micelles, monomer droplets, and a
continuous phase (water) containing the initiator and
dissolved monomer.

Micellar nucleation mechanisms consider that the
majority of particles are formed from the population
of monomer-swollen surfactant micelles. The rate of
particle nucleation is directly proportional to the mi-
cellar concentration and to the rate of capture of rad-
icals by the micelles; which is function of the diffusiv-
ity of the oligomeric radicals.1–4

Hansen, Ugelstad, Fitch, and Tsai put forward a
theory of homogeneous nucleation commonly called
the HUFT theory.1 In this case, the particles are initi-
ated directly in the continuous phase from initiator
radicals and dissolved monomer.

Coagulating events and the HUFT theory have been
combined to form the homogeneous and coagulative

nucleation theory,1,6–9 which proposes that particle
nucleation involves at least two mechanistic steps, as
opposed to the single-step process required for micel-
lar nucleation or for homogeneous nucleation. The
first step is the formation of the precursor particles
due to homogeneous nucleation. The second step is
the formation of mature particles by the aggregation
of the precursor particles. The rate of coagulation of
the precursor particles is a function of their size and
composition.1

The majority of the mechanisms proposed to date
work in some instances and have suffered criticism for
those cases in which the proposed models have been
shown to be inadequate; for example; Gilbert1 and
Napper and Gilbert6 discussed the limitations of the
micellar nucleation theory, whereas Herrera Ordonez
and Olayo2 presented the limitations associated with
the homogeneous and coagulative nucleation theory.
In general, the main problem with all models pub-
lished to date is that they contain many parameters
relative to the observable (measurable) quantities ac-
cessible through the measurements, as indicated by
Gilbert:1 “with limited or inappropriate experimental
data, one can readily find evidence in support of prac-
tically any mechanism”.

Much of the difficulties encountered in obtaining
information on nucleation mechanisms can be attrib-
uted to the lack of information on, or measurements
of, variables that relate directly to the nucleation phe-
nomena. In particular, experimental data on the initial
distribution, composition, and number density of the
particle populations present at the beginning of the
reaction are not available. Furthermore, inferences on
the nucleation mechanism from early-time particle
size distribution (PSD) data are not reliable because
the time constant for particle nucleation is much
smaller than the time constant for sampling the PSD.
For example, Giannetti10 argued that most of the
mechanistic information inferred from early-time PSD
obtained from the experiments performed by Lichti et
al.2,10 is unreliable because of the stochastic broaden-
ing of the PSD that occurs after nucleation stops.

It is evident from the literature reports that knowl-
edge of the PSD at the beginning, or at the early stages
of the reaction, is critical for the identification of the
nucleation loci and hence the nucleation mechanisms.
Furthermore, it is also evident that, in addition to the
measurement of the size distribution, reliable esti-
mates of the particle counts must be obtained.

There are several techniques available for the char-
acterization of the particle/droplet size distribution:
Electron microscopy, angular laser light scattering,
photon correlation spectroscopy, and dynamic light
scattering are among the most widely used. Unfortu-
nately, these techniques do not provide direct esti-
mates of the particle counts, and in the case of electron
microscopy, extensive sample preparations (i.e., vac-
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uum evaporation) may be required, particularly when
monomer-rich polymer particles are to be analyzed or
when the dispersed phase has a high vapor pressure.
Commercially available light scattering techniques are
quite powerful and can be used directly for online
applications. However, standard monochromatic light
scattering techniques have difficulties resolving broad
PSDs because the scattering contribution from large
particles or droplets overwhelms the contribution to
the total scattering from small particles when a mixed
population of large and small particles is present.

Proposed approach

To identify the particle nucleation loci, in addition to
an effective particle characterization technique, it is
necessary to establish the state of the reacting mixture
at the time of addition of the initiator (time zero). At
this point, the reacting mixture is essentially a liquid–
liquid emulsion. In contrast to previous studies,1–4 in
which inferences on the initial conditions were made
on the basis of data sampled during early stages of the
polymerization reactions, we propose to characterize
the initial conditions of the reaction mixture through
the study of liquid–liquid emulsions; ultraviolet–vis-
ible (UV–vis) spectroscopy techniques are ideally
suited for this purpose and offer the following advan-
tages:

1. Modern spectrometers are equipped with diode
array technology, which enables the acquisition
of the complete ultraviolet–visible–near-infra-
red (UV–vis–NIR) spectra with excellent wave-
length resolution.11–15

2. The short measurement times of modern spec-
trometers enable real-time continuous monitor-
ing applications.15–20

3. The resolution in terms of particle size near-
infrared is proportional to the size parameter �
(� � D/�, where D is the particle diameter and
� is the wavelength). Therefore, spectroscopy
measurements over a broad range of wave-
lengths result in a large dynamic range for par-
ticle analysis. For example, if the complete UV–
vis–NIR spectrum is acquired (190–1100 nm),
populations of particles with sizes ranging from
a few nanometers to a few micrometers can be
simultaneously analyzed.15–29

4. In addition to the dynamic range for scattering,
the absorption component, due to the presence
of naturally occurring chromophores and/or la-
beled molecules, provides quantitative informa-
tion for the estimation of the concentration of
the chromophoric groups.21–29

As a first step in the study of the initial reaction
conditions, preliminary spectroscopy data from emul-

sion polymerizations have been analyzed and com-
pared with the theoretical simulations of their spectra.

SPECTROSCOPY INTERPRETATION MODEL

The equation that relates the transmission measured at
a given wavelength �0 [�(�0)] and the normalized PSD
for homogeneous particles [f(D)] is well known:30

���0� � Np���

4��
0

�

Qext�m��0�,D�D2f�D�dD (1)

where � is the path length, Qext corresponds to the Mie
extinction efficiency, and Np is the number of particles
per unit of volume. The total extinction efficiency
{Qext[m(�0),D]} is a function of the optical properties of
the particles and suspending medium through the
complex refractive index [m(�0)]:31

m��0� �
n��0� � i���0�

n0��0�
(2)

where n(�0) and �(�0) represent the real and imaginary
components of the complex refractive index of the
particles, respectively, and n0(�0) represents the real
refractive index of the suspending medium.

Under the assumption that the fundamental scatter-
ing model described in eqs. (1) and (2) applies to
mixtures of particles, it is proposed to approximate the
complex reacting mixture present in emulsion poly-
merizations by the consideration of M groups or pop-
ulations,32 each of which will be characterized by its
corresponding scattering and absorption components.
The characteristic dimensions of a population with its
corresponding optical properties will largely define
the scattering contribution to the observed spectrum,
whereas the absorption contribution will be defined
by the chemical composition of the population, in
particular by its chromophoric content. For example,
the following groups may be considered distinct pop-
ulations: the monomer-swollen polymer particles,
monomer droplets, micelles, free emulsifier, and so
forth. The total scattering and absorption components
of the spectrum will be given by the weighted sum of
the contributions from the M populations. With this
approach, it is possible to formulate and test hypoth-
eses concerning the location and properties of the
chromophoric groups and the scattering elements con-
tained in the reacting mixture.

Under these approximations, the turbidity spectrum
of an emulsion can be written in terms of M distinct
populations:32

���0� � Np���

4��
i�1

M

xi�
0

�

Qexti�mi��0�,D�D2fi�D�dD (3)
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where mi is the complex refractive index and xi (i � 1
3 M) is the number fraction corresponding to each
population such that

�
i�1

M

xi � 1 (4)

The real and imaginary parts of the complex refrac-
tive index are functions of the chemical composition
and can be calculated as a weighted sum of the con-
tributions from the chromophores within each popu-
lation:

ni � �
j�1

Ni

	ijnij (5)

ki � �
j�1

Ni

	ijkij	 (6)

where 	ij represents the mass fraction of the jth chro-
mophore contained in the ith population; ni and ki

correspond to the real and imaginary refractive indi-
ces of each population, respectively; and Ni represents
the total number of chromophoric groups in the ith
population. Assuming volume additivity, the total
concentration (ctotal) of any chromophoric group can
be readily calculated in terms of the concentration of
each population (ci):

ctotal � �
i�1

M

ci (7)

The additivity of the optical properties applies only
within each population. Adding the scattering contri-
butions represented by eqs. (3)–(6) closes the total
mass balance for each chromophoric group.

EXPERIMENTAL

Materials

Styrene monomer was obtained from Aldrich Chemi-
cal Co. (St. Louis, MO). The surfactant sodium lauryl
sulfate and the initiator potassium persulfate were
obtained from Sigma Chemical Co. (St. Louis, MO)
Sodium bicarbonate, used as a buffer for maintaining
the pH of the reaction mixture, was obtained from J. T.
Baker Chemical Co. (NJ).

For the experiments with decane–water–sodium do-
decyl benzene sulfonate (SDBS) emulsion systems, de-
cane and SDBS were from Sigma–Aldrich (St. Louis,
MO).

Reactor and sampling system

Successful sampling of liquid–liquid emulsions and
emulsion polymerization reactions, in terms of repre-
sentative sampling and sample integrity, can be ac-
complished with the reactor configuration and the
automatic sampling and dilution system described by
Sacoto and coworkers.18,19 Figure 1 shows the sche-
matic of the reactor and the dilution system that en-
ables real-time continuous spectroscopy measure-
ments of the reacting mixture.

Spectroscopy measurements

Online and offline transmission UV–vis spectra were
recorded with a diode array spectrometer (HP 8452-A,
Hewlett–Packard, Palo Alto, CA) with an acceptance
angle lower than 2°. All measurements, unless other-
wise indicated, were conducted at room temperature
with a 1-cm-path-length cuvette.

Normalization of the spectra

To eliminate concentration and particle number ef-
fects, both the measured and calculated transmission
spectra were normalized with the integral of the op-
tical density evaluated between 230 and 820 nm:32

���� � �
�0���

�
�i

�f

�0���d�� (8)

where �i and �f are the initial and final wavelengths,
respectively, selected for normalization. This step en-
ables the direct comparison of the spectral features
without an independent estimation of the number of
particles.

Figure 1 Schematic of the automatic sampling and dilution
system used for online continuous monitoring of emulsion
polymerizations and liquid–liquid emulsions (see refs. 18,
19, and 26).
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Optical properties

The optical properties of the continuous phase [refrac-
tive index n0(�0)] under the reaction conditions were
estimated with the expression developed by
Scheibener.33 These values are in good agreement with
the values reported by Celis.34 The optical properties
of styrene monomer were approximated from its mea-
sured solution spectrum and the Kramer–Kronigs
transforms.30,31 The optical properties of decane at
different temperatures were estimated with the Sell-
imeir–Drude equation.34 The procedures for calculat-
ing the optical properties of the continuous phase and
decane are detailed elsewhere.5

Scattering calculations

The Mie scattering efficiencies in eq. (3) were evalu-
ated with a computer program that includes multi-
wavelength spectral calculations and has been
adapted to calculate distributions of particle sizes.15

This program has been extensively tested against
available computer codes and published tables.15

Emulsion polymerizations

The monomer-in-water emulsions were prepared ac-
cording to the recipe given in Table I. In a 1-L jacketed
reactor, 662 mL of water was initially added to the
reactor and was followed by the buffer, sodium bicar-
bonate, and the surfactant, sodium lauryl sulfate. Sty-
rene monomer was then added to the contents of the
reactor. The contents of the reactor were emulsified at
60°C and 300 rpm. After emulsification, the polymer-
ization reaction was started with the addition of the
initiator, potassium persulfate. The reaction was run
in an inert atmosphere of argon. A sample slip stream
of the emulsion was continuously drawn from the
reactor and pumped into the dilution system to bring
the concentration of the reacting mixture within the
linear range of the spectrometer.18,19 The reacting mix-
ture was then continuously monitored. At the desired
sampling intervals, the spectra were stored for further
analysis.

RESULTS

Figure 2 shows a typical normalized transmission spec-
trum of the styrene-in-water emulsions before the addi-
tion of the initiator (time zero). Note that the ordinate
corresponds to the normalized optical density. As indi-
cated previously, the measured optical density was nor-
malized with eq. (6) to eliminate the effect of the particle
concentration.32 After normalization, the observed spec-
tral features are functions only of the size distribution of
the droplet populations present in the emulsion.32 The
experimentally measured spectra show two distinct re-
gions: a scattering-dominated region at longer wave-
lengths (300–820 nm) that reflects a broad droplet size

Figure 2 Normalized transmission spectrum of a typical styrene-in-water emulsion before the addition of the initiator (time
zero condition).

TABLE I
Emulsion Polymerization Recipe

Nano pure distilled water 662 g
Styrene 228 g
Sodium lauryl sulfate 10 g
Sodium bicarbonate 1.0 g
Potassium persulfate 1.0 g
Temperature 60°C
rpm 300
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distribution and an absorption-dominated region at
shorter wavelengths (190–300 nm) in which the absorp-
tion due to the phenyl moiety and the double bond of the
styrene monomer are known to be present. The portion
of the spectrum in which styrene absorption dominates
is shown in the insert (Fig. 2). The spectral features of the
absorption component of the experimental spectrum do
not reflect pure styrene monomer absorption; instead,
these features closely resemble those present in the sim-
ulated spectra of small-droplet populations (Fig. 3).

SSNSITIVITY ANALYSIS

With eqs. (3)–(7), it is possible to investigate the ex-
pected spectral response of individual components
known to be present in the emulsion polymerization
reacting mixtures and to assess the relative contribu-
tion of each component and/or population to the total
spectra. Figures 3–6 depict the changes in the simu-

lated transmission UV–vis spectrum of a hypothetical
two-component styrene-monomer-in-water emulsion.
Considerable changes are reflected in the shape of the
simulated spectrum as a result of changes in the mean
diameter and standard deviation of the droplet pop-
ulations. Also, the mean droplet sizes correspond to
populations known to be present in emulsion poly-
merizations.1 Figures 3 and 4 illustrate the three main
features of the transmission spectra when both ab-
sorption and scattering are present. Styrene monomer
is a strong chromophore, with the main absorption
bands due to the phenyl group and the vinyl double
bond appearing between 200 and 300 nm. For small
particle sizes, the absorption component dominates,
and the absorption bands due to the monomer are
clearly discernable. The spectral region between 300
and 820 nm reflects primarily the scattering effects;
therefore, as the size of the particles increases, there is
a concomitant increase in extinction. As the particle
size increases and scattering dominates over absorp-

Figure 3 Predicted changes in the shape of transmission
spectra of styrene-in-water emulsions as functions of the
standard deviation of the droplet size distribution and the
constant mean diameter.

Figure 4 Predicted changes in the shape of transmission
spectra of styrene-in-water emulsions as functions of the
mean droplet diameter and the constant standard deviation
of the size distribution.

Figure 5 Predicted changes in the shape of transmission
spectra of large droplets of styrene-in-water emulsions as
functions of the mean droplet diameter and the constant
standard deviation of the size distribution.

Figure 6 Predicted changes in the shape of transmission
spectra of large droplets of styrene-in-water emulsions as
functions of the standard deviation of the droplet size dis-
tribution and the constant mean droplet diameter (Dn).
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tion, the features of the absorption bands decrease
until, as shown in Figures 5 and 6, the absorption
bands practically disappear. It is also apparent from
Figures 3–6 that as the breath of the size distribution
increases, the spectral features become smoother. This
is due to the averaging of the spectral features. An
important observation can be made at this point in
reference to the experimentally measured spectra (Fig.
2). If the styrene monomer were present only in large
droplets, the spectral features due to absorption
would not be discernible. The fact that there is absorp-
tion suggests that the monomer is either in solution or
contained in small particles. Furthermore, because the
measured absorption features do not correspond to
pure monomer absorption, the experimental data sug-
gest that the monomer may be partitioned between
monomer droplets, monomer in solution, and a pop-
ulation of relatively small droplets (nanodroplets).

Because the presence of one or more droplet popula-
tions is directly related to the partitioning of the surfac-
tant among the droplet populations, experimental mea-
surements and simulations were conducted with a
model emulsion system consisting of decane and SDBS
as the surfactant. Decane was selected because it has
physicochemical properties within the range of commer-
cial monomers of interest and it does not have strong
chromophoric groups that would overlap with the phe-
nyl moiety of the surfactant (SDBS). Figure 7 shows a

typical normalized UV–vis spectrum of a decane emul-
sion measured with the same system. Notice the absorp-
tion features between 200 and 300 nm, which are due to
the phenyl moiety of the surfactant (SDBS), and the
broad scattering features between 300 and 820 nm,
which are due to the size distribution of the large-droplet
population (5–10 �m).5,34

Extensive simulations and spectral deconvolution
efforts have demonstrated that it is possible to ade-

Figure 7 Comparison of the measured and calculated spectra of a decane-in-water emulsion with SDBS as the emulsifier.34

The spectral features due to the emulsifier can be observed in the wavelength region of 240–280 nm.

Figure 8 Comparison of the simulated transmission spec-
tra of a decane-in-water emulsion (with SDBS as the emul-
sifier) for droplet populations of different sizes.

IDENTIFICATION OF NUCLEATION LOCI. I 2853



quately represent the spectral region between 300 and
820 nm with a broad droplet size distribution.34,35

However, the broad droplet size distributions are un-
able to explain the spectral features between 200 and
300 nm, and this leads to two unresolved issues:

1. The presence of the strong absorption bands
due to the emulsifier (Fig. 7) suggests that the
emulsifier must be in solution, micelles, and/or
small droplets (nanodroplets) because, as can be
appreciated from Figures 4 and 8, the absorp-
tion features of the emulsifier essentially disap-
pear for particle sizes greater than 50 nm.

2. The total concentrations of the oil phase, calcu-
lated on the basis of the broad droplet size

distributions estimated from the spectral region
between 300 and 820 nm, falls considerably
short (50–20%) of the known concentration of
the oil phase in the emulsion. This suggests that
the identification of the droplet populations is
incomplete.

Figure 9 Effect of the droplet size on the simulated spectra
of a decane-in-water emulsion consisting of small droplets
(10–50 nm). Note the changes in the spectral features and
amplitude as functions of the droplet size.

Figure 10 Comparison of the effect of the droplet size on
the simulated transmission spectra of a decane-in-water
emulsion (with SDBS as the emulsifier). Note the disappear-
ance of the absorption features as the droplet size increases.

Figure 11 Comparison of the effect of the particle structure
on the simulated transmission UV–vis spectra of a decane-
in-water emulsion with SDBS as the emulsifier. The droplet
size and the emulsifier/oil ratio are kept constant. Note the
changes in the spectral features and amplitude of the emul-
sifier absorption bands (240–300 nm) as functions of the
particle structure.

Figure 12 Comparison of the effect of the particle structure
on the simulated transmission UV–vis spectra of a decane-
in-water emulsion with SDBS as the emulsifier. The droplet
size (30 nm) and the emulsifier/oil ratio are kept constant.
Note the changes in the spectral features and amplitude of
the emulsifier absorption bands (240–300 nm) as functions
of the particle structure.
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To assist in the understanding how the oil phase
may be distributed among different droplet popula-
tions and how these populations may reflect the ob-
served spectral features, additional simulations aimed
at exploring the effect of the droplet size, and the effect
of the particle structure, on the spectra of n-decane/
SDBS have been conducted. Figures 9–14 show the
most important results. Figures 9 and 10 show the

effect of the droplet size on the main absorption fea-
tures of SDBS. As the size increases, the absorption
band at approximately 220 nm persists, in a manner
similar to the observations made for styrene monomer
(Figs. 3 and 4). The effects of the droplet size on the
absorption features due to the resonance structure of
the phenyl moiety in SDBS (230–300 nm) are shown in
Figures 8–10. As the droplet size increases, the absorp-
tion features decrease with respect to the contribution
of the scattering component, and at approximately 50
nm, the absorption features almost disappear alto-
gether. These results further suggest the presence of
smaller particles (nanodroplets) in the emulsions, par-
ticularly when it is noticed that the scattering features
arising from particles with sizes between 10 and 200

Figure 13 Comparison of the effect of the particle structure
on the simulated transmission UV–vis spectra of a decane-
in-water emulsion with SDBS as the emulsifier. The droplet
size (30 nm) and the emulsifier/oil ratio are kept constant.
Note the changes in the amplitude of the emulsifier main
absorption bands at approximately 210 nm as a function of
the particle structure.

Figure 14 Comparison of the effect of the particle structure
on the simulated transmission UV–vis spectra of a decane-
in-water emulsion with SDBS as the emulsifier. The droplet
size (50 nm) and the emulsifier/oil ratio are kept constant.
Note the changes in the spectral features and amplitude of
the emulsifier absorption bands (240–300 nm) as functions
of the particle structure.

Figure 15 Comparison of the spectral features of the nor-
malized experimental spectrum of a styrene-in-water emul-
sion with those of a simulated spectrum consisting of large
and small droplets of different mean diameters added in
equal proportions.

Figure 16 Comparison of the spectral features of the nor-
malized experimental spectrum of a styrene-in-water emul-
sion with those of a simulated spectrum consisting of large
(3 �m) and small (30 nm) droplets added in several propor-
tions.
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nm also appear in the spectral region between 200 and
400 nm.

The structure of the particles may also play a role in
defining the spectral features of the emulsions.5 Fig-
ures 11–14 show a comparison of the absorption and
scattering behavior of the emulsifier (SDBS) in three
different configurations: as a true solution (Beer–Lam-
bert absorption), homogeneously distributed in the
droplets, and as a layer in core–shell particles. For the
simulations shown in Figure 12, the mass of emulsifier
per unit of volume of emulsion was kept constant for
the three configurations explored. A comparison of
the spectra shown in Figure 12 with the measured
spectra of decane emulsions (Fig. 7) clearly suggests
that, in agreement with the experimental observations
and with the simulations of styrene emulsions, most of
the emulsifier must be associated with particles in the
nanometer size range. Furthermore, the shape of the
measured SDBS peaks (230–300 nm) also suggests that
a core–shell structure would be the most appropriate
model for the interpretation of this portion of the
spectra.

Figures 15–17 have been used to further investigate
the effects of mixed particle populations on the spec-
tral features of styrene emulsions. Figures 15 and 16
show a comparison between typical measured spectra
and simulated spectra. The simulated spectra in Fig-
ure 15 were calculated under the assumption of equal
mass fractions of small particles of various sizes (30,
50, and 100 nm) and large-particle (3 �m) populations.
Figure 16 shows the contribution of each particle pop-
ulation and the effect of varying the relative particle
concentrations for the mixtures under consideration.
Figure 17 shows that, by the consideration of two
particle populations, nanodroplets and micrometer-
size droplets, it is possible to obtain adequate repre-
sentations of the measured spectra over a broad spec-
tral range. An unexpected result from this analysis is
the large mass fractions (�40%) of the oil phase re-

quired to be contained in the nanodroplet populations
to match the measured spectra. It seems surprising
that such large proportions of nanodroplets are re-
quired for the adequate representation of the spectra;
however, there are two important elements support-
ing this conclusion: the closure of the mass balance of
the oil phase and the consistency with the expectations
from the theory of light scattering. The scattering per
particle is much smaller for the nanoparticles than for
the micrometer-size particles; therefore, a much larger
number of the smaller particles will be required to
yield comparable signals. In addition, the behavior of
the absorption component supports not only the pres-
ence of nanodroplets but also the mass-balance con-
clusions.

CONCLUSIONS

The experimental data and the simulations reported
herein clearly suggest that there are at least two dis-
tinct particle populations present in emulsion poly-
merization reacting mixtures before the addition of
the initiator. These droplet populations can be readily
identified from the measured spectra and consist of a
previously unidentified population of nanodroplets
with mean sizes between 30 and 100 nm together with
a micrometer-size droplet distribution. The large mass
fraction of the oil phase (40 to 50%) contained in the
nanodroplet populations, with their concomitant large
surface area, makes them likely loci for particle nucle-
ation. It is also evident that the existence of a nano-
droplet population does not preclude the presence of
pure micelles and/or monomer-swollen micelles,
which could also act as loci for particle nucleation.
Similarly, the presence of a nanodroplet population
does not preclude homogeneous nucleation or other
competing nucleation mechanisms. What it does sug-
gest is a different distribution of the emulsifier among
the different particle populations present and a quan-
tifiable element that may assist in bridging the particle
nucleation theories proposed to date.

The identification of a well-defined nanodroplet
population has considerable implications, not only in
terms of particle nucleation but also in terms of the
stability of emulsions and the distribution of emulsi-
fiers. Therefore, we have undertaken a systematic
study of liquid–liquid emulsions under conditions
typical of emulsion polymerizations. The results of
that study are reported in part II of this work.5,36
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Figure 17 Comparison of the spectral features of the nor-
malized experimental spectrum of a styrene-in-water emul-
sion with those of a simulated spectrum consisting of large
(3 �m) and small (30 nm) droplets added in several propor-
tions.
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