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ABSTRACT Identification of the main nucleation sites and
characterizing them in terms of their size and composition is
prime objective of this research effort. Different nucleation
sites have been proposed as the most likely nucleation sites
by various researchers. Recent advances in the development
of the spectroscopic techniques enable comprehensive char-
acterization of the emulsion at the beginning of the reaction.
In this paper, we present the experimental evidence of the
existence of a previously unidentified nano-droplet popula-

tion of size range 30 to 100 nm in diameter using spectro-
scopy. Presence of about seventy to eighty percent of the
dispersed phase in the nano-droplet population and large
interfacial area make them the most probable particle nucle-
ation loci in emulsion polymerization processes. © 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 100: 2858–2866, 2006

Key words: emulsion polymerization; particle nucleation;
UV-vis spectroscopy

INTRODUCTION

Particle nucleation is the forcing function in emulsion
polymerization reactions, and as such, it plays a sig-
nificant role in the development of the properties of
the final latex. The nucleation mechanism for particle
formation is not fully understood, and it is a subject of
considerable controversy.1,2 In part I of this work,
inferences drawn from theoretical simulations and ex-
perimental observations are presented to advance the
hypothesis that a likely locus for particle nucleation is
a previously unidentified population of nanodroplets
ranging in size from 30 to 100 nm. Part II of this work
focuses on the description of the experimental efforts
used to support the hypothesis proposed in part I and
explores some of the experimental conditions known
to affect the nanodroplet population.

To identify the locus of particle nucleation, 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 the techniques reported
elsewhere1,2 in which inferences on the initial condi-
tions are made on the basis of data sampled during
polymerization, we propose to characterize the initial
conditions of the reaction mixture through the study
of liquid–liquid emulsions with ultraviolet–visible
(UV–vis) spectroscopy. The experiments reported
herein were conducted with nonreacting model sys-
tems. The effects of the emulsification conditions on
the initial droplet populations were investigated; the
results and observations from the experimental inves-
tigation are reported and discussed together with the-
oretical considerations and recommendations for fu-
ture work.

EXPERIMENTAL

Model system

In the context of this study, a model emulsion system
consists of continuous and discrete phases that ap-
proximate the dispersion characteristics of the emul-
sions prepared in the reactors before the beginning of
the polymerization reactions. The molecules incorpo-
rated in the model system are selected so that they
have physicochemical properties similar to those of
the monomers but optical properties favorable to the
detection of the different particle populations and
chromophoric groups present in the mixture. Under
similar emulsification conditions (temperature, pH,
and surfactant concentration), dispersed phases hav-
ing similar physicochemical properties (viscosity, sol-
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ubility, and density) display similar dispersion char-
acteristics.1 Liquid–liquid emulsions of a homolog se-
ries of alkanes ranging from C7 to C70 have been
investigated to explore the dispersion characteristics
of potential model systems,3 and as can be appreciated
in Table I, the dispersion characteristics of decane and
its relevant physicochemical properties4–8 are suffi-
ciently close to those of styrene4,5,9,10 and butyl
methacrylate4,5,11–13 to provide an adequate reference
system. Therefore, decane was used as the oil phase
(dispersed phase) in this study. In addition to its phys-
icochemical properties, decane is transparent through-
out the UV–vis portion of the spectrum, lending itself
to the use of labeled emulsifiers, such as sodium do-
decyl benzene sulfonate (SDBS), which has distinct
absorption bands between 200 and 300 nm. The optical
properties of both decane and SDBS provide a good
contrast to the continuous medium [phosphate buffer
saline (PBS)] for transmission spectroscopy measure-
ments.

Materials and equipment

PBS, used as the continuous phase, was obtained from
Florida Blood Services (St. Petersburg, FL). Spectral-
grade decane and SDBS were obtained from Sigma
Aldrich (St. Louis, MO). HCl and NaOH were ob-
tained from Fisher Scientific (PA).

The emulsions were prepared in a 500-mL glass
reactor. An electric temperature controller was used to
adjust the heat of the jacket to maintain a desired
constant temperature inside the reactor. Two baffles
were added to the reactor to break the vortex due to
agitation. The stirrer rod passed through the central
opening of the reactor lid. A motor rotated the stirrer,
providing constant agitation at 500 rpm. The rate of
rotation was verified with a stroboscope for each ex-
periment. A sample slip stream, drawn continuously
from the reactor with the help of the sample pump,
was sent to the dilution system, in which it was di-
luted with the suspending medium.14 The tempera-
ture of the diluent was kept the same as that of the
emulsion. The flow rates of the diluent stream and the
sample slip stream were such that the transmission
spectrum of the diluted emulsion always was within

the linear range of the spectrometer system used to
monitor the emulsions continuously. The spectrome-
ter was a Hewlett–Packard HP8452A UV–vis spec-
trometer (Palo Alto, CA) with a resolution of 2 nm.
The sample cell holder of the spectrometer was also
maintained at the desired temperature with a model
C5700820 electrical temperature controller manufac-
tured by PerkinElmer (Wellesley, MA). All hoses and
tubes were insulated with glass fiber to minimize heat
losses. The pH of the suspending medium and the
diluent was monitored with a Fisher Accumet 610 pH
meter. The two surface tensiometer probes, through
which nitrogen was bubbled, were placed in the reac-
tor to measure the interfacial tension of the emul-
sion.11 Figures 1 and 2 show the schematics of the
experimental setup.

Methods

The emulsions were prepared in PBS. The pH of PBS
was adjusted with either HCl or NaOH. The emul-

TABLE I
Comparison of Relevant Physical Properties of Styrene,

Butyl Methacrylate, and Decane

Physical property Styrene Butyl methacrylate Decane

Density (g/cm3) 0.906 0.889 0.73
Vapor pressure

(mmHg) 5 4.9 1.4
Interfacial tension

(dyn/cm) 27.7 28 30.4
Viscosity (cp) 0.675 0.832 0.863

Figure 1 Schematic of the experimental setup for the ex-
periments with model systems.

Figure 2 Schematic of the experimental setup including the
dilution system for the experiments with model emulsion
systems.
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sions were prepared by the addition of 150 mL of the
suspending medium to the 500-mL glass reactor
placed in the temperature-controlled jacket (Figs. 1
and 2). An additional 30 mL of the appropriate sur-
factant solution was added to the suspending me-
dium. The surfactant solution was prepared at the
concentration dictated by the experimental design (see
the Experimental Design section). The contents in the
reactor were heated until the desired temperature was
reached. At this point, 160 mL of decane was added.
The reactor contents were kept under continuous ag-
itation at 500 rpm to form the emulsion. After it was
verified that the emulsion was stable, it was sampled
for analytical purposes. A sample of the emulsion
inside the reactor was pumped into the dilution-mea-
surement system (Fig. 2) with a rotary peristaltic
pump. The spectrum of the emulsions was continu-
ously monitored. At the desired time intervals, the
spectra were saved for further analysis.

Emulsion stability

To determine the time required to obtain a stable
emulsion, experiments were performed at room tem-
perature with the emulsion prepared (see the previous
section) at pH 7 and with a surfactant-to-oil (S/O)
ratio of 0.0307. At the end of the emulsion preparation
cycle, the emulsion was sampled offline and online at
various time intervals. The transmission spectra re-
corded at different sampling times were compared
after normalization.2,15 The changes in the normalized
transmission spectra reflect, in this instance, changes
in the droplet size distribution.2,15 The shape of the
transmission spectrum of the emulsion changed as a
function of time. The emulsion was assumed to have
reached stability once the spectral features remained
constant. For the range of experimental conditions

used, at approximately 2 h 15 min after decane addi-
tion, the shape of the spectrum remained constant,
and this indicated that the stability of the emulsion
had been achieved. Figure 3 shows typical changes in
the observed normalized optical density (OD) at a
wavelength of 252 nm as a function of time. After the
emulsion achieves stability, the normalized OD at 252
nm remains unchanged as the time progresses. Figure
4 show a comparison of the normalized online and
offline spectra after stability has been achieved. The
spectra are undistinguishable once the emulsion has
reached stability The distinct narrow peaks present in
the higher wavelength region are known artifacts of
the lamp and hence are disregarded during the decon-
volution analysis of the measured spectra (see the next
section). It is noteworthy that the mean diameter of the
small-droplet populations remained fairly constant
throughout the stabilization process, whereas the
mean diameter of the large-particle populations and
their corresponding mass fraction of oil changed sig-
nificantly. Once the emulsion stabilizes, these values
remain statistically constant along with the shape of
the spectra.

Figure 3 Normalized OD at 252 nm measured as a function
of time (OD remains constant after the emulsion has stabi-
lized).

Figure 4 Comparison of typical offline and online normal-
ized OD spectra of a decane-in-PBS emulsion after the emul-
sion has reached stability (the narrow widths above 450 nm
are artifacts due to the lamp emission).

TABLE II
Experimental Conditions

Experimental
conditions

Temperature
(°C) pH S/O

1 50 2 0.0154
2 60 2 0.0154
4 60 10 0.0154
5 50 2 0.046
6 60 2 0.046
7 22 10 0.046
8 60 10 0.046
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Experimental reproducibility

Full replicate experiments performed at the center
point confirmed that the total variance of the system
was adequate for the discrimination of the main ef-
fects. In addition, three replicate measurements of the
transmission spectra were obtained for the emulsion
prepared at each of the conditions reported in Table II.
The mean transmission spectrum and the 95% confi-
dence intervals were calculated from the pooled vari-
ance estimates of all the replicates. The 95% confi-

dence intervals reported herein reflect the measure-
ment error, the sampling error, and the uncertainties
introduced by temperature and flow fluctuations in
the system. In Figures 5–9, the upper and lower
bounds of the 95% confidence transmission spectra are
reported along with mean transmission spectra. The
spectral signals beyond the bounds of the confidence
intervals are regarded as statistically different.

Figure 5 Comparison of the normalized mean OD spectra
with the 95% confidence interval of a decane-in-PBS emul-
sion system at two different emulsifier concentrations at
50°C and pH 2 (amplified short wavelength region). The
effect of the emulsifier concentration on the spectral features
can be readily appreciated.

Figure 6 Comparison of the normalized mean OD spectra
with the 95% confidence interval of a decane-in-PBS emul-
sion system at two different emulsifier concentrations at
60°C and pH 10 (amplified short wavelength region). The
effect of the emulsifier concentration on the spectral features
can be readily appreciated.

Figure 7 Comparison of the normalized mean OD spectra
with the 95% confidence interval of a decane-in-PBS emul-
sion system at 60°C, with two different pH values, and with
a low S/O ratio (0.0154; amplified short wavelength region).
The effect of the pH on the spectral features can be readily
appreciated.

Figure 8 Comparison of the normalized mean OD spectra
with the 95% confidence interval of a decane-in-PBS emul-
sion system at 60°C, with two different pH values, and with
a high S/O ratio (0.046; amplified short wavelength region).
The effect of the pH on the spectral features can be readily
appreciated.
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Optical properties

As indicated in part I of this study, the optical prop-
erties of the continuous phase [refractive index n0(�0)]
under the reaction conditions were estimated with the
expression developed by Scheibener.16 The optical
properties of the styrene monomer were approxi-
mated from their measured absorption spectra and the
Kramer–Kronigs transforms.17,18 The optical proper-
ties of decane as functions of temperature were esti-
mated with the Sellimeir–Drude equation.3,19 The de-
tailed procedures for calculating the optical properties
are reported elsewhere.14

Spectral deconvolution

The emulsions were characterized in terms of the
droplet size distribution, droplet number density, and
droplet composition for each population in the dis-
persed phase. These parameters were obtained from
the deconvolution of the measured transmission spec-
tra for each set of experimental conditions with the
interpretation model reported in part I of this series.
The model was implemented within a standard Mar-
quardt–Levenberg least-squares algorithm.20 A mass-
balance constraint on the oil concentration was ap-
plied as part of the optimization algorithm to resolve
the spectra. Typically, the spectra were analyzed be-
tween 280 and 900 nm. This was done to minimize the
effects of the unresolved absorption bands due to the
emulsifier.

Experimental design

The experiments performed with the model emulsion
systems were designed to explore the most important

process variables known to affect the emulsification
process. The selected process variables are the surfac-
tant concentration, pH, and temperature. The afore-
mentioned variables are expected to affect the emul-
sion characteristics, such as the stabilized interfacial
area,21 the composition of the dispersed phase,22 and
the size distribution of the discrete phase,21,22 and as a
result, the distributions of the nanodroplet and large-
droplet populations.21,22 The experiments were de-
signed as a skewed factorial design with two levels
and three variables with replicate experiments per-
formed at the center point. Table II lists the different
conditions under which the designed experiments
were performed. The upper and lower levels of the
S/O ratio were 0.046 and 0.0154, respectively. The
upper level of the S/O ratio was almost 1.15 times that
used in the standard recipe of emulsion polymeriza-
tion experiments,1,3 whereas the lower level was less
than half the surfactant concentration of the standard
recipe. In both instances, the surfactant concentration
was higher than the critical micelle concentration.
Therefore, the presence of micelles was expected in all
cases. To verify the presence of micelles, experiments
were performed with surfactant solutions at different
concentrations, as described by Shastry.14 The exis-
tence of a scattering component in the transmission
spectra of the surfactant solutions under different con-
ditions of the temperature, pH, and surfactant concen-
tration strongly suggests the existence of micelles un-
der these conditions.14 The range of pH levels was
decided on the basis of the dissociation characteristics
of the surfactant; the pKa value of the surfactant was
estimated to be 6.91 � 0.41.14,23 Therefore, to span the
range of protonated surfactant molecules to dissoci-
ated surfactant molecules, the lower pH level for the
suspending medium was set at pH 2, and for the other
end, pH 10 was selected.

The temperature levels were kept within the range
typical of commercial emulsion polymerization pro-
cesses. The higher and lower limits of the temperature
were chosen to be 60 and 22°C. A skewed design with
respect to the temperature was conducted to maxi-
mize the expected effects. Table II lists all the condi-
tions under which the emulsions were prepared.

RESULTS AND DISCUSSION

As expected from the design of the experiments, the
measured spectra of the emulsions and, therefore, the
relative populations of nanodroplets and large drop-
lets change dramatically as a result of the differences
in the emulsification conditions. Figures 5–9 illustrate
representative spectral differences in the transmission
UV–vis spectra of the emulsions prepared under the
emulsification conditions shown in Table II. Table III
lists, qualitatively, the effects of changes in the manip-
ulated variables on the characteristics of the droplet

Figure 9 Comparison of the normalized mean OD spectra
with the 95% confidence interval of a decane-in-PBS emul-
sion system at two temperatures, at pH 10, and with a high
S/O ratio (amplified short wavelength region). The effect of
the pH on the spectral features can be readily appreciated.
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populations. Table IV summarizes the quantitative de-
convolution results for all experimental conditions.

Typical comparisons of measured and calculated
spectra of the decane emulsions at the two extremes of
the range of experimental conditions are shown in
Figures 10 and 11. Details of the spectral deconvolu-
tion for all the experimental conditions are reported
elsewhere.14 The excellent agreement found between
the measured and calculated spectra further supports
the presence of at least two distinct droplet popula-
tions.

In addition to the deconvolution of the spectra, a
theoretical analysis was conducted for each of the
experimental points in the design to ascertain if the
emulsifier concentration could support the surface
area of the populations estimated from the spectros-
copy measurements. The results of this analysis are
tabulated in Table V.
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TABLE IV
Summary of the Experimental Results from the

Deconvolution of the Spectra

Experimental conditions
DS

(nm) �S

DL
(nm) �L WS

Decane emulsions
T � 50°C 109 0.11 3409 0.59 18.0
S/O � 0.0154
pH � 2
T � 60°C 106 0.15 3732 0.61 12.0
S/O � 0.0154
pH � 2
T � 60°C 98 0.08 3613 0.62 16.2
S/O � 0.0154
pH � 10
T � 50°C 32 0.09 3449 0.59 76.5
S/O � 0.046
pH � 2
T � 60°C 30 0.07 3773 0.6 79.9
S/O � 0.046
pH � 2
T � 22°C 31 0.11 3660 0.57 77.2
S/O � 0.046
pH � 10
T � 60°C 28 0.10 3575 0.59 80.6
S/O � 0.046
pH � 10

Styrene emulsions
T � 50°C 37 0.10 3246 0.20 36.8
S/O � 0.043
pH � 7

Butyl methacrylate emulsions
T � 60°C 38 0.10 3080 0.18 46.7
S/O � 0.043
pH � 7

DS � mean diameter of the nanodroplet population; DL
� mean diameter of the large droplet population; �S �
standard deviation of the nanodroplet population; �L �
standard droplet of the large population; WS � weight frac-
tion of the oil phase in the nanodroplet population; T � tem-
perature.
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Effect of the surfactant concentration

As could be expected, the S/O concentration had a
considerable effect on the size and concentration of the
nanodroplet population. As the S/O ratio increased,
the size of the nanodroplets varied from approxi-
mately 30 to 110 nm. The mean diameter of the small-
particle populations at the high S/O ratio was around
30 nm, whereas at a low S/O ratio, the mean diameter
was approximately 100–110 nm. Similarly, at low S/O
ratios, only 18% of the dispersed phase was present in
the small particles, whereas for the emulsion recipes
with a higher S/O ratio, more than 70–80% of the
dispersed phase appeared to be contained in the
small-particle population.

Effect of the temperature

The effect of the temperature on the mean diameter
and on the distribution of both droplet populations
was small, regardless of the surfactant concentration
or the pH. Although some differences could be ob-
served in the spectra, these remained within the sta-
tistical variability of the experiments, and no definite
conclusions can be drawn at this time.

Effect of the pH

The characteristics of the droplet populations also ap-
pear to be a weak function of pH over the pH range
investigated; the size distributions and the relative
concentrations of the populations present remained
largely unaffected by the large changes in pH. As in
the case of temperature, although some trends could
be observed in the spectra, these remained within the

statistical variability of the experiments, and therefore
no definite conclusions could be drawn.

The effects of the emulsification conditions on the
mean and standard deviation of the size distribution
corresponding to the small-particle population and on
the weight percentage of the oil phase contained in the
small-particle population are qualitatively summa-
rized in Table III.

Surfactant-stabilized area

The large mass fraction of the discrete phase contained in
the nanodroplet population suggests a much larger sur-
face area for stabilization than that anticipated from the
traditional description of the emulsions before the addi-
tion of the initiator. It is therefore important to assess if
the amount of emulsifier present can stabilize the surface
area estimated from the spectroscopy measurements.

Under the assumption that the literature values for
the surface area stabilized per molecule of emulsifi-
er1,24,25 are applicable, and with the spectroscopy-es-
timated surface area of the large-droplet population, a
mass balance on the emulsifier yields the concentra-
tion of the emulsifier available to stabilize the surface
area of the nanodroplet population.14 If the total sur-
face area of the nanodroplet population is divided by
the concentration of the emulsifier available to stabi-
lize it, the surface area stabilized per molecule of the
emulsifier is obtained. As can be appreciated in Table
V, these values (column 8) are in good agreement with
the literature values1 (column 7) for the emulsion rec-
ipes with low S/O ratios. For emulsions with high
S/O (rows 4–7 in Table V), the area stabilized per
molecule of the emulsifier increases dramatically as
the size deceases and the fraction of the oil phase in
the nanodroplet population increases. The increase in

Figure 11 Deconvolution of the comparison of a measured
transmission UV–vis spectrum of a decane-in-PBS emulsion
(S/O � 0.046, temperature � 60°C, and pH � 10). There is
excellent agreement between the measured and calculated
spectra as well as the spectral contributions of the large- and
small-droplet populations. The residual spectrum shows the
spectral features of the surfactant.

Figure 10 Deconvolution of the comparison of a measured
transmission UV–vis spectrum of a decane-in-PBS emulsion
(S/O � 0.0154, temperature � 50°C, and pH � 2). There is
excellent agreement between the measured and calculated
spectra as well as the spectral contributions of the large- and
small-droplet populations. The residual spectrum shows the
spectral features of the surfactant.
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the stabilized area per emulsifier molecule is consis-
tent with the expectation that the emulsifier efficiency
increases with its concentration.21 Furthermore, the
emulsifier requirements to stabilize the nanodroplet
populations are always smaller than the concentration
required for the emulsification of the difference be-
tween the total oil concentration and the fraction of oil
contained in large droplets. Because the known micel-
lar sizes and the sizes of monomer-swollen micelles
are much smaller than the sizes estimated for the
nanodroplet populations, the surfactant concentration
requirements are much higher for the same fraction of
discrete phase. This can be clearly seen in Table V
(columns 9 and 10), in which the required area for
stabilization per molecule of surfactant is shown as a
function of the micellar size. Clearly, the thermody-
namic arguments favor the presence of nanodroplets.
Therefore, it may be concluded that the presence of a
nanodroplet population, with its concomitant large
surface area, is feasible within the context of current
theoretical values for the emulsifier efficiency.

CONCLUSIONS

This study has shown that the formulation of emul-
sions for emulsion polymerization reactions is likely to
lead to the formation of two distinct droplet popula-
tions depending on the emulsification conditions: a

previously unidentified population of nanodroplets
ranging in size from 30 to 100 nm and a large-droplet
population ranging in size from 1 to 5 �m. It has also
been shown that a considerable fraction of the discrete
phase is contained within the nanodroplet population,
and this makes it a likely locus for particle nucleation.
The identification of the droplet populations was
made possible by the large dynamic range for particle
analysis available through spectrophotometric mea-
surements and by the use of model systems that not
only mimic the dispersion behavior of monomers but
also provide adequate contrast for the analysis.

The effects of emulsification conditions on the initial
droplet populations have been experimentally and the-
oretically investigated with a dual objective: first, to pro-
vide further inferences and validation with respect to the
presence of the nanodroplet populations, and second, to
explore the main emulsification variables in a prelimi-
nary attempt to characterize the sensitivity of the dis-
crete-phase distribution among the populations present.
As a result, a preliminary experimental map of the be-
havior of the droplet populations has been drawn. Also,
it has been shown, experimentally and in agreement
with the theory, that the main variable controlling the
discrete-phase distribution is the S/O ratio. Theoretical
calculations based on accepted values for the area stabi-
lized per molecule of surfactant further support the pres-
ence of the nanodroplet populations.

TABLE V
Comparison of the Surfactant Distribution Between the Populations Identified in the Dispersed Phase

Experimental
conditions

AT � 10�5

(nm2)
AS � 10�5

(nm2)
AL � 10�5

(nm2)
[S]L � 107

(g/mL)
[S]S � 107

(g/mL)
aL

(nm2)
as

(nm2) aM at 10 nm aM at 3 nm

T � 50°C 7.9 7.5 0.370 3.4 8.6 0.48 0.4 4.34 15.13
pH � 2
S/O � 0.0154
T � 60°C 4.3 4.0 0.230 2.1 5.4 0.48 0.35 3 10.00
pH � 2
S/O � 0.0154
T � 60°C 9.3 8.9 0.380 3.5 10 0.48 0.4 4.03 13.44
pH � 10
S/O � 0.0154
T � 50°C 344 344 0.330 3.0 82.5 0.48 1.88 6.18 20.66
pH � 2
S/O � 0.046
T � 60°C 449 449 0.294 2.7 91.7 0.48 2.21 6.47 21.58
pH � 2
S/O � 0.046
T � 22°C 435 434 0.402 3.7 100 0.48 1.94 6.26 20.88
pH � 10
S/O � 0.046
T � 60°C 420 419 0.290 2.6 82.5 0.48 2.29 6.53 21.77
pH � 10
S/O � 0.046

AT, total surface area; AS, surface area of the small droplet population; AL, surface area of the large droplet population; [S]L,
grams of surfactant; per milliliter of emulsion used to stabilize the large droplet population; [S]S, grams of surfactant per
milliliter of emulsion used to stabilize the small droplet population; aL, area stabilized per surfactant molecule for the large
droplets; aS, area stabilized per surfactant molecule for the nanodroplets; aM, area stabilized per surfactant molecule for
micelles (at the micellar diameters listed); T, temperature.
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Clearly, additional studies on the spectroscopy be-
havior of labeled emulsifiers are necessary together
with studies on both the emulsification of monomers
and polymerization reactions conducted under the
same set of conditions. These studies are underway,
and their results will be published shortly.
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