AIChE

IBN Partition between St Monomer/Polymer and Water and Its
Application in Miniemulsion Polymerization Initiated by AIBN

Yue Shang and Guo-Rong Shan
State Key Laboratory of Chemical Engineering, Dept. of Chemical Engineering, Zhejiang University,
Hangzhou 310027, China

DOI 10.1002/aic.12806
Published online December 9, 2011 in Wiley Online Library (wileyonlinelibrary.com).

Isobutyronitrile has been selected as a stable substitute for the 2-cyano-2-propyl radical originating from 2,2'-
azobis(isobutyronitrile) to study the behavior of this radical in miniemulsion polymerization. The partition of
isobutyronitrile between styrene monomers/polymers and water has been investigated by carrying out equilibrium
experiments under different conditions. Prediction based on a published kinetic model using the newly measured partition
coefficient has also been compared with published experimental data and prediction based on the partition coefficient of
2,2"-azobis(isobutyronitrile). The partition coefficients for isobutyronitrile were found to be 10.98 for the styrene/water
system and 4.34 for the polystyrene/water system, respectively. The partition coefficient was found to be unaffected by
selected conditions. The model prediction based on the partition coefficient of isobutyronitrile agreed well with the
published experimental data, thus, indicating that the partition coefficient of the primary radical should be used in
theoretical calculations rather than that of the initiator. © 2011 American Institute of Chemical Engineers AIChE J, 58:

3135-3143, 2012
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Introduction

Different emulsion polymerizations (including microemul-
sion, macroemulsion, and miniemulsion) are not distin-
guished by the particle size, but the synthesis mechanisms.
Antonietti and Landfester' had summarized the difference
between these emulsion polymerizations. Scheme 1 illus-
trates the different emulsion polymerization process vividly.
In emulsion polymerizations, water-soluble initiators are of-
ten employed. Under these circumstances, primary radicals
originating from the initiator propagate in the aqueous phase
to reach to a critical length (becoming surface-active oligo-
meric radicals) before being absorbed by micelles or drop-
lets.” In micro- and macroemulsion polymerization, oligo-
meric radicals usually enter into micelles leading to micelle
nucleation. In miniemulsion polymerizations, however, oligo-
meric radicals prefer to enter into monomer droplets and
monomer swelling particles, leading to so-called droplet
nucleation.'

In the past few decades, oil-soluble initiators have also
been widely employed in emulsion polymerization, espe-
cially in miniemulsion polymerization.>™ Compared to
water-soluble initiators, their location shifts from the aque-
ous phase to the organic phase. Indeed, oil-soluble initiators
have their own functions in emulsion polymerization that are
not seen with water-soluble initiators. An initiator that is
highly insoluble in water could be used to suppress Ostwald
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ripening of the monomer droplets in miniemulsion polymer-
ization.*” Such initiators are advantageous in producing sta-
ble organic-inorganic hybrid latex particles in miniemulsion
polymerization stabilized by an anionic surfactant.®” Silanol-
functionalized latex has also been synthesized by miniemul-
sion polymerization using an oil-soluble initiator.® Such ini-
tiators can also be applied when nonionic latex products are
desired.

Most researchers assume that the mechanism of emulsion
polymerization initiated by water-soluble initiators is no lon-
ger applicable here, and much effort has been made to clar-
ify the mechanism of emulsion polymerization initiated by
oil-soluble initiators. Indeed, there is still an ongoing debate
in the literature about the predominant source of effective
radicals in emulsion polymerization using oil-soluble initia-
tors. In the certain kinds or stages of emulsion polymeriza-
tion (e.g., interval II, III in macroemulsion polymerization,
seeded macroemulsion polymerization, and miniemulsion po-
lymerization), the particle number is constant, and the
kinetics of the polymerization is related only to the concen-
tration of monomer in the particle, the size of the particle,
and the average number of radicals per particle. However,
the most important parameter is the last one. Primary radi-
cals derived from decomposition of the oil-soluble initiator
in the latex particle will undergo desorption, propagation,
and mutual termination, while the small fraction of initiator
dissolved in the aqueous phase will act as a water-soluble
initiator. Some research groups have suggested that the free
radicals responsible for particle nucleation originate from the
small fraction of oil-soluble initiator dissolved in the
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Scheme 1. Comparison of different emulsion polymer-
izations (a) macroemulsion polymerization,
(b) miniemulsion polymerization, and (c)
microemulsion polymerization.’

aqueous continuous phase, while primary radicals produced
within the latex particle will mainly suffer rapid mutual ter-
mination.””"" On the other hand, other groups have proposed
that one of the two newly generated primary radicals will
desorb out of the particle before bimolecular termination can
occur. Hence, the remaining radicals will propagate with the
monomer in the particle.>'*'? The results of other authors
support the desorption theory, but their findings simultane-
ously confirm that the desorbed radicals and radicals derived
from the oil-soluble initiator dissolved in the aqueous phase
also play important roles in the initiating process.14

2,2’-Azobis(isobutyronitrile) (AIBN) has been frequently
used as an initiator for the polymerization of vinyl mono-
mers. Meanwhile, it is one of the most extensively studied
azoalkanes because, in contrast to peroxide initiators, it
decomposes into a nitrogen molecule and a pair of 2-cyano-
2-propyl radicals without other byproduct radicals.">™"" 1t
usually serves as a typical oil-soluble initiator, and can be
used in many circumstances. Many literature reports focus-
ing on emulsion polymerization using oil-soluble initiators
often cite AIBN as the chosen typical initiator,'-12-1418.19
Also, mathematical models always employ parameters per-
taining to AIBN, especially employing the partition coeffi-
cient of AIBN between the organic and aqueous phases,
which is the main difference from other oil-soluble initiators.
From the viewpoint of suppressing Ostwald ripening, for
example, the solubility of the initiators is important. Where
as the radical desorption is mentioned in literature modeling
the process of miniemulsion polymerization, it is more suita-
ble to pay more attention to the primary radicals originated
from the initiator, but not the initiator itself

AIBN -2 N, +2(CH3), CCN

In this study, we present results from experiments per-
formed to measure the partition coefficients of isobutyroni-
trile (IBN) between styrene (St) and water, and between
polystyrene (PSt) and water. IBN was selected because its
chemical structure most closely resembles that of the 2-
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cyano-2-propyl radical, differing only in the additional
hydrogen atom. Experiments were also performed to deter-
mine the influences of temperature, pH, oil/water ratio, hexa-
decane, and surfactant on the partition between St and water,
and of the particle size, nature of the surfactant, and mono-
mer content on the partitioning between PSt particles and
water. To the best of our knowledge, the partition coeffi-
cients of IBN between styrene monomers/polymers and
water and the influences of the aforementioned factors on
IBN partitioning have not hitherto been reported in the liter-
ature. Furthermore, measuring the partition of IBN will be of
great help for understanding the partition behavior of the 2-
cyano-2-propyl radical. However, the partition behavior of
the 2-cyano-2-propyl radical directly affects the radical de-
sorption in emulsion polymerization, further the average
number of radicals per particle and the polymerization
kinetics. The newly measured partition coefficient was sub-
sequently applied in a mathematical model to calculate the
kinetics of miniemulsion polymerization initiated by AIBN,
and the results were compared with experimental data.

Experimental Section
Materials

Distilled water was used in all experiments. St (99.5%)
was first washed with two portions of 10% aqueous NaOH
solution to remove quinone inhibitor, then further washed
with distilled water until the washings became neutral, dried
over Na,SO, for 1 h, and then over CaCl, for a further 24 h.
Crude St was distilled under reduced pressure. Typically,
some copper powder was added to a three-necked flask
equipped with a capillary tube and a Vigreux distillation col-
umn. The pressure was maintained at 5.33 kPa by a pump
attached to the outlet of the condenser. The middle part of
distillate was collected and kept in a refrigerator before use.
AIBN was recrystallized twice from ethanol. IBN (98.9%),
potassium persulfate (KPS), sodium dodecyl sulfate (SDS),
hexadecyl trimethylammonium bromide (CTAB), hexade-
cane (HD), hydroquinone (HQ), tetrahydrofuran (THF), hy-
drochloric acid, NaOH, Na,SO,, and CaCl, were used as
received.

IBN partitioning experiments

All partition experiments were carried out in a 50 cm’®
jacketed glass vessel equipped with a thermometer. St/IBN/
water partition experiments were carried out by charging the
partitioning vessel with water, IBN, St, and other substances
as necessary. The contents were stirred with a magnetic agi-
tator and heated to the desired temperature by means of a
water bath. The pH of the aqueous phase was adjusted by
adding a few drops of hydrochloric acid or aqueous NaOH
solution. Partition was allowed to maintain for at least 30
min to ensure the attainment of phase equilibrium.

Before samples were withdrawn from the partition vessel,
the agitation was stopped and the mixture was allowed to
stand isothermally for at least 45 min to permit complete sep-
aration of the small oil droplets suspended in the aqueous
phase. The oil layer and the aqueous solution of the lower
layer were withdrawn with syringes, transferred to respective
volumetric flasks, and weighed. Then, a known quantity of
THF was added as an internal standard for gas chromatogra-
phy (GC, Agilent 6890 equipped with INNOWAX capillary
column), which also served as a solvent preventing phase
separation when the samples were cooled. Samples were then
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Table 1. Summary of the Partition Experiment Recipe for Each System

Equilibriums Water (g) IBN (g) Miniemulsion (g) St (g) Temperature (°C) HD (g) pH HQ (g)
1 42.5 0.0335~0.1214 7.5 70 - 7 -

2 42.5 0.0607 7.5 50~80 - 7 -

3 42.5 0.0607 7.5 70 0~0.45 7 -

4 34~46 0.0607 16~4 70 - 7 -

5 42.5 0.0607 7.5 70 - 1.5~10 -

6 0.0335~0.1214 run a®, 40 - 70 - 0.02
7 0.0335~0.0911 run b*, 40 - 70 - 0.02
8 0.0335~0.1214 run c*, 40 - 70 - 0.02
9 - 0.0911 samples of run b* at different - 70 - - 0.02

time intervals, 40

%run a, b, ¢ refer to miniemulsion stated in Table 2

subjected to GC analysis by the internal standard method uti-
lizing a relative mass correction factor for peak areas.

PSt/water/IBN partition experiments were carried out
under the same operating conditions. Miniemulsion (prepared
as in the following description) and IBN were introduced
into the partitioning vessel, and a small amount of HQ was
added to prevent postpolymerization of the miniemulsion.
After the mixture had reached equilibrium, samples were
withdrawn and centrifuged at room temperature. The aque-
ous phase was carefully transferred by means of a syringe to
a volumetric flask and weighed, and then a known quantity
of THF was added. The ‘“‘solid phase” was collected up and
treated as described earlier. A small amount of “solid
phase” solution in THF was used for GC analysis; the re-
mainder was dried in a vacuum oven at 110°C to determine
the solid content therein, which was then used to determine
the actual particle content in the “solid phase”. The compo-
sitions for the partition experiments on St/IBN/water and
PSt/water/IBN are listed in Table 1. In Table 1, each equilib-
rium represents a group of experiments, and “~”’ means the
variation of independent factors of that group.

Miniemulsion preparation

First, the costabilizer was dissolved in the monomer to
form the oil phase. This oil phase was then added to an aque-
ous solution containing the surfactant, and the mixture was
pre-emulsified by vigorous magnetic agitation for 30 min in
an ice bath, then homogenized to form nanodroplets through
sonication for 10-20 min using a pulsed sequence (10 s soni-
cation followed by 5 s break) with a 560 W duty cycle under
magnetic agitation in an ice bath. The miniemulsion was then
introduced into the jacketed reactor and purged with nitrogen.
The temperature was raised to 70°C, and an aqueous solution
of KPS was fed into the reactor to start the polymerization.
During the polymerization process, samples were withdrawn
at specific time intervals, as appropriate. For polymerizations
initiated by AIBN, the initiator was predissolved in the oil
phase before the pre-emulsification and homogenization steps
required to generate the miniemulsion. Typical compositions
and experimental conditions for the miniemulsion polymeriza-
tion are given in Table 2. The particle size was measured by
dynamic light scattering (DLS, Zetasizer 3000HSA, Malvern)

at 25°C at a fixed scattering angle of 90°. The conversion of
different samples are determined gravimetrically.

Results and Discussion
Definition of partition coefficient

Partition coefficient is frequently used in emulsion polymer-
ization and for accurately assessing the monomer concentration
in the aqueous phase and monomer-swollen particles.20 Because
the concentration of water-insoluble monomers in the aqueous
phase is quite low, Henry’s law may be used to describe the
phase equilibrium between the monomer-swollen particles and
the aqueous phase, which should yield a straight line passing
through the origin, the slope of which may be taken as the parti-
tion coefficient. Hence, IBN partition coefficients for the St/IBN/
water and PSt/IBN/water systems may be defined as

[IBN]

org
. =7 1
Morg IBN [IBN]uq (@)]

where [/BN] represents the concentration of IBN in mol/dm>
the subscript org denotes the organic phase (St represents
styrene, and p represents PSt particles), and ag represents the
aqueous phase. For a simple measurement, the partition
coefficient may be directly obtained by dividing the
concentration of IBN in the organic phase by the concentration
in the aqueous phase. For a more rigorous measurement,
different amounts of IBN were added to generate pairs of
concentrations, and a straight line through the origin was
fitted, its slope being the required partition coefficient.

Theoretical prediction

Relationship  between IBN partition coefficient and
Henry’s law constants in the St/IBN/water system. The
whole partition system is a heterogeneous closed system.
Each phase may be considered as a homogeneous closed
system. Therefore, the phase equilibrium criterion is

A1 ~(2 rM) .
fU=fD = =fM(i=1,2,..,N) @)
where f' is the component fugacity, subscript i is the

component symbol, and superscript (M) is the phase mark.
In our system, i = 3 and (M) = 2.

Table 2. Recipes for Miniemulsion Polymerization

Water SDS CTAB St HD KPS AIBN Particle size Final conversion
Runs (g) (g) (g) (8) (g) (g) (8) pH (nm) (%)
a 170 0.15 - 30 0.9 0.2 - unbuffered 131.2 97.47
b 340 0.12 - 60 1.8 0.4 -—- unbuffered 182.8 94.78
c 170 - 0.0758 30 0.9 - 0.2428 unbuffered 171.2 94.12
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The IBN concentration used in all experiments was quite
low (lower than 0.25 wt % with respect to the total reagent).
Hence, Henry’s law could be simplified as

M
f1591v) = Hign sotvent * XiBN M 3)

where Hgnsoivent 15 the Henry’s law constant of IBN in
solvent, x;pn s 1s the mole fraction of /BN in phase M.
Inserting Eq. 3 into Eq. 2 leads to

HipN water ~ XIBN St

= @)

XIBN water

Hipn s

If a small amount of IBN does not affect the density of St
and water, and x;py . 1s quite small, the concentration of
IBN in the St and aqueous phase will be

XIBN St * Pst XIBN water * Ps;
IBN|, =——— and [[BN|,, =———> 5
[ ]St MWSt an [ ]wutcr Mwwater ( )

where Mw is the molecular weight, and p is the density.

From the definition of partition coefficient in Eq. 1, we
get to

HlBN,warer _ XIBN St MWST " Pwater

Pst Mwwat(’r

Q)

= = Mgt IBN
Hipn st XIBN water

Equation 6 is the final expression relating the Henry’s law
constants and the partition coefficient. If the Henry’s law
constants of IBN in water and St are known, the partition
coefficient may be calculated according to Eq. 6. Con-
versely, if the partition coefficient of IBN between St and
water and one of the Henry’s law constants are known, the
other Henry’s law constant may be predicted.

Simple Model Predicting the Partition Coefficient between
PSt and Water. Morten,21 Vanzo?> and Gardon et al.?’
have studied latex particles saturated by monomer, which
had limited solubility in the aqueous phase, and a model was
deduced to predict the monomer concentration in monomer-
swollen particles and the aqueous phase, the so-called Vanzo
equation (Eq. 7)

1
1 P 2V - VVp [M}aq
ln(l—v,,)-i—v,,(l—M—n) 1t TRT =In ]

aq.sat

@)

where v, is the volume fraction of polymer in the particle, M,
the number-average degree of polymerization, R is the gas
constant, 7 is the temperature, y is the Flory-Huggins
interaction parameter, V,, is the partial molar volume of the
monomer, 7 is the particle-water interfacial tension, rg is the
unswollen radius of the particle, [M],, the concentration of
monomer in the aqueous phase, and [M], ., the saturation
concentration of monomer in the aqueous phase.

In order to study the partition of primary radicals in the
latex particles, more simplification may be obtained. In
experiments to determine the partition of primary radicals,
M, is always large and its multiplicative inverse is substan-
tially smaller than 1. Therefore, the second term on the left-
hand side could be simplified as v,. This simplification has
been testified as being reliable by Maxwell et al.>* The pri-
mary radical concentration is always quite low in swollen
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particles. For example, for one radical in a 100 nm particle,
the concentration is 3.17 x 10~ mol/dm>, which means that
the polymer fraction always equals approximately 100%.
Hence, we could insert v, = 1 in the last three items on the
lefthand side. However, v, = 1 could not be inserted into
the first term on the lefthand side, because In(1-v,) will
become a large negative value when v, is close to 1. At the
same time, if correlative parameters are inserted into the last
item on the lefthand side, its value will be considerably
smaller than the second and third terms. Therefore, the last
term on the lefthand side will be ignored as well. As a
result, Eq. 7 may be simplified as

[M],,
In(l—v,)+1+y=1In = (8)
( P) <[M]aqﬁsaf
which may be rewritten as
[M]
L — L ©)

m M = =
P MLy Mgy exp(1+ 1)

where py, is the density of the monomer. Equation 9 is the
most simplified model for determination of the partition
coefficient of a monomer between latex particles and water
when the concentration of monomer in the latex particles is
low. From Eq. 9, we can predict that the partition coefficient
will only depend on the saturated solubility of the model
substance and its interaction with the polymer.

St/IBN/water system

Understanding the partition of IBN between St and water
directly clarifies the partition behavior of 2-cyano-2-propyl
radicals and the mechanism in the early stage of emulsion
polymerization, such as the origin of the radicals responsible
for nucleation. It is for this reason that the partition experi-
ments were performed.

Partition Coefficient. The partition of IBN between St
and water at 70°C at various concentrations is shown in Fig-
ure 1. It is apparent that the partition of IBN is linear over
the range of concentrations studied, which is in accordance
with the theoretical analysis by Henry’s law. The slope of
the straight line is 10.98. It is much lower than the reported
partition coefficient of AIBN between St and water (ms; 478y
= 115).9 When the oil content was 15%, the AIBN mole-
cules in the aqueous phase only constituted 4.7% of the total
amount, while the IBN molecules in the aqueous phase con-
stituted 34%. This means that in emulsion polymerization
the AIBN molecules may stay in the particles, but the pri-
mary radicals derived from the decomposition of AIBN pre-
fer to desorb from the particles and reside in the aqueous
phase. Actually, the solubility of IBN in water (3.48 wt %)
is quite high compared to that of AIBN (0.04 wt %).**
This is expected since AIBN contains more hydrophobic
groups compared to IBN, which should reduce its solubility
in water. Also, the polar group (-CN) and its isostructural
form will render IBN (and, hence, the 2-cyano-2-propyl radi-
cals) more water-soluble such that they preferentially reside
in the aqueous phase rather than the oil phase.

Temperature. The appropriate temperature range for
emulsion polymerization is 50-80°C, as this gives a moder-
ate AIBN decomposition rate so as to provide radicals con-
tinuously and a rapid propagation rate for the monomer. In
this temperature range, it seems that the partition coefficient
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Figure 1. Partition of IBN between St and water at

70°C.

is independent of the temperature, as shown in Figure 2. In
idealized models, the solubility of an organic solvent in
water will increase with increasing temperature, as is the
case with St.?® Nevertheless, temperature really has no effect
on the solubility of IBN in water over a wide range.”> At the
same time, IBN and St are mutually soluble, which implies
that the solubility of IBN in St will not change with temper-
ature. These phenomena may reasonably explain why the
partition coefficient is not affected by the temperature.
Another reasonable interpretation arises from Eq. 6. The par-
tition coefficient is related to the ratio of the Henry’s law
constants of IBN in water and the St. The Henry’s law con-
stant is related to temperature and pressure. In our experi-
ments, the pressure is constant (atmospheric pressure), and
the Henry’s law constant is only dependent on temperature.
The Henry’s law constant always increases with temperature.
Therefore, the Henry’s law constants of IBN in both phases
may increase, and the quotient of the two will probably
remain constant, and, hence, also the partition coefficient.
On the basis of Eq. 6, the partition coefficient and the two
Henry’s law constants could be calculated reciprocally.
Henry’s law constant for IBN in water at 25°C is Hgn water
= 303 kPa.”’ If we assume that the partition coefficient is
still 10.98 at 25°C, the corresponding value for IBN in St is
Hipns, = 4.10 kPa.

Hexadecane (HD). HD is an efficient co-stabilizer in
miniemulsion polymerization. In a typical composition, 3-5
wt % HD is used to prevent Ostwald ripening. In our experi-
ments, the HD content was varied over this typical range.
The results of experiments performed to clarify the effects
of added HD on the partition of IBN between St and water
at 70°C are summarized in Table 3. It can be seen from Ta-
ble 3 that the data obtained from experiments performed

20 10
—M—Partition coefficient

15 b —@=IBN water solubility ] 8
B—E— 16 éﬁ
1 O | .‘—. ] (=)
4%

S .\‘_.——-. -
42
1 " 1 i 1 A 1 0

O " "
40 50 60 70 80 90
Temperature ("C)

Figure 2. IBN partition coefficient between St and
water and solubility at different temperature.
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Table 3. Measured Partition Coefficient for IBN with
Different Content of HD in Oil

HD content (wt%) Partition coefficient

0.00 10.98
3.50 10.25
5.67 10.15

with added HD are almost the same as those obtained earlier
without HD. This implies that the addition of HD will not
affect the partition of IBN between St and water.

Oil Content. In emulsion polymerization, different solid
contents are applied under different circumstances. Hence,
the influence of solid content that is, oil content is consid-
ered. The monomer concentration and primary radical con-
centration in each phase are all so-called intensive proper-
ties. An intensive property is the one that is not related to
the extensive property, which is quantity of the reactant in
this system. For this reason, the oil content will not influence
the IBN concentrations in the organic and aqueous phases,
and hence will not affect the partition coefficient. The results
of experiments supporting this interpretation are presented in
Table 4.

pH. Sometimes, in order to obtain a more stable emul-
sion polymerization process or other functional structures
besides latex particles, it is necessary to adjust the pH of the
aqueous phase. Hence, we also performed experiments to
determine whether the pH of the aqueous phase influences
the partition of IBN between St and water. Data collected at
various pH values of the aqueous phase are listed in Table
5. In these experiments, both acidic and alkaline conditions
were examined. It can be seen from Table 5 that pH has no
effect on the partition of IBN, even under strongly acidic
conditions. As pH represents the H" or OH™ concentration
in an aqueous solution, high and low pH values also mean
greater ionic strength. IBN is not dissociated in an organic
solvent, and no ion can be released from the IBN molecule.
Consequently, the H' or OH™ concentrations will not affect
the solubility of IBN.

PSt/IBN/water system

To clarify the partition behavior of 2-cyano-2-propyl radi-
cals in the whole emulsion polymerization process, we also
conducted experiments to measure the partition coefficient of
IBN between PSt and water.

Partition coefficient. Experimental data on the partition
of IBN between PSt and water are presented in Figure 3.
The concentrations of IBN in the aqueous solution and the
PSt particles show a linear relationship. The slope of the
straight line passing through the origin is 4.34, which means
that the partition coefficient is 4.34, smaller than that in the
St/IBN/water system. The variation in the partition coeffi-
cient from St to PSt indicates that the driving force of radi-
cal desorption increases continuously as the polymerization
progresses. IBN is not a solvent for PSt, which is one

Table 4. Measure Partition Coefficient of IBN with Different
QOil Content

Oil content (Wt%) Partition coefficient

7.58 10.42
14.92 11.01
24.87 10.87
3245 10.20

DOI 10.1002/aic 3139



Table 5. The Influence of pH on the Partitioning

pH Partition coefficient
10.00 10.30
7.00 10.89
4.00 10.53
1.50 10.90

possible reason why the partition coefficient for the PSt/IBN/
water system is smaller than that for the St/IBN/water sys-
tem. As stated in the theoretical prediction section, the parti-
tion coefficient in the PSt/IBN/water system is only affected
by the saturation concentration of IBN in water and the
Flory-Huggins interaction parameter between PSt and IBN.
The saturated concentration of IBN in water is 3.54 wt %.%
The only unknown parameter is the Flory-Huggins interac-
tion parameter. Unfortunately, its value is difficult to deter-
mine and depends on the volume fraction of polymer. How-
ever, the concentration of IBN in the system is quite low
and will not change too much, and the Flory-Huggins inter-
action parameter may remain constant, allowing its predic-
tion according to reference®® for a polar solvent and a non-
polar polymer

Vs

T RT

(s — 2p)* + -

% (t5—2¥)| +034 (10

Here, Vy is the molar volume of the solvent, Ag is the non-
polar solubility parameter of the solvent, Ap is the nonpolar
solubility parameter of PSt, 15 is the polar solubility of the
solvent, ¥ is a parameter determined experimentally that
relates to JApts, and T" is the actual temperature.

The parameter values used in the prediction are listed in
Table 6. The Flory-Huggins interaction parameter between
PSt and IBN estimated from Eq. 10 is 0.61. This value is
larger than 0.5, and PSt is not soluble in IBN. The results
are consistent with the Flory-Huggins criterion for complete
solvent—polymer miscibility, that is, if the solvent—polymer
system is miscible, the Flory-Huggins interaction should be
less than 0.5. The partition coefficient was then calculated
from the most simplified equation mipg, ;zN = 4.35. This pre-
dicted value is in good agreement with that determined
experimentally.

Particle Size.

Experiments were performed to determine the partition
coefficient of IBN with different particle sizes. Two latex

Table 6. Parameter Values used in Calculating Flory-
Huggins Interaction Parameter

Parameter Value Ref.
Vg(cm*/mol) 89.70 29
Js(kJ/mol)'*? 18.62 estimated from ref 29 and 28
J.p(kJ/mol)"? 18.60 28

ts(J/em?) 12 11.02 estimated from ref 29 and 28
Y(J/em?) 68.62 estimated from ref 28

samples were synthesized utilizing SDS as a surfactant (runs
a and b), while another was synthesized utilizing CTAB as a
surfactant (run c). The effect of particle size is shown in Fig-
ure 4. The particle size was increased from 131.2 nm to
182.8 nm, but the partition coefficient did not change with
the particle diameter. This was to be expected based on Eq.
9. The influence of the diameter is included in the last term
on the lefthand side of Eq. 7, and this term is a minor one
compared with the first three terms. Hence, the partition
coefficient could be used in all kinds of emulsion polymer-
izations without considering the particle size or the particle
growth during the polymerization. It also provides evidence
of the reliability of our simple model (Eq. 9).

Surfactant. That the partition coefficient will not be
affected by the particle size has previously confirmed. From
Figure 4, we could also deduce another conclusion, that is,
that the surfactant has no influence on the partition coeffi-
cient. This phenomenon is similar to the influence of pH on
the partition coefficient between St and water. Latex par-
ticles with SDS or CTAB as surfactants have negative or
positive charges on their surfaces, respectively. However,
IBN is a stable molecule that will not dissociate into ions,
and will not have an influence on the electronic charge.
Although the surfactant will somewhat change the composi-
tion of the latex particle (if we consider the polymer particle
and surfactant layer as a whole latex particle), the amount of
surfactant used in a miniemulsion system is extremely small.
Actually, such a small fraction of surfactant will not change
the partition coefficient at all, regardless of the property
changes that it induces.

Conversion. Last, and perhaps most importantly, the
influence of the polymerization conversion has a significant
effect on the partition coefficient. Latex particles with differ-
ent conversions imply that they are composed of different
amounts of St and PSt. The partition coefficient of IBN
between St and water is 10.98, while the corresponding coef-
ficient between PSt and water is 4.34. Hence, we can predict
that the partition coefficient of IBN between particles with

8 12
. = [31.2 nm SDS
10 e 171.2nm CTAB
_ep YA — .4 1828mmsDS
‘g R™=0.9974 “g 8
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Figure 3. Partition of IBN between PSt particle and Figure 4. Partition of IBN between PSt particle and
water. water differing by particle size and surfactant.
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Figure 5. Comparison of theoretical predictions and
the experiment measurements of IBN parti-
tion for latex particle with different conver-
sion of particles.

different conversions and water will be larger than 4.34, but
smaller than 10.98 and will decrease with increasing conver-
sion. The partition coefficients of IBN at different degrees of
polymerization conversion are displayed in Figure 5. From
Figure 5, it can be seen that the partition coefficient of IBN
decreases continuously from about 11 to about 4, which was
determined by performing partition experiments with sam-
ples from the same reactor but taken after different time
intervals.

Noél et al.** extended the Vanzo equation to predict the
partial swelling of latex particles with two monomers with
limited solubility in water through Eq. 11

vi _ [Mi]
v [M]]

[Mi}aq sat
L tag,sat. (1)
w M)

aq

aq,sat

where i and j represent the different monomers.

This equation indicates that if the partition coefficient of
one monomer and the saturated concentrations of both
monomers are known, the partition coefficient of the other
one may be predicted. Under our experimental conditions,
one of the monomers is St, the partition behavior of which
can be readily gleaned from the literature.>** Hence, the par-
tition of IBN at different degrees of polymerization conver-
sion is also plotted in Figure 5. The first and last prediction
points are in good agreement with the experiment. However,
obvious deviation is observed in the middle conversion
range. This deviation could be related to the simplification
within the deducing of Eq. 11. Fortunately, the deviation of
the partition coefficient between experiment and prediction
will not significantly affect the primary radical desorption
(which will be shown in the next section), so that Eq.11 may
be used because of its simple expression and readily accessi-
ble parameters.
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Figure 6. Assessment of the partition coefficient by
first principle mathematical model and Luo
and Schork’s experimental data.’* B (191.2
nm), A (250.2 nm), ¢ (234.0 nm with API) are
from Luo and Schork’s experiment'®; Solid
lines are from Autran’s model'® with newly
measured partition coefficient of this work.

Assessment of the newly measured partition coefficient

Recently, a first principle model was developed by Autran
et al.'® It successfully described miniemulsion polymeriza-
tion with AIBN as the initiator in the presence and absence
of an aqueous phase inhibitor (API) as proposed by Luo and
Schork.'* However, some differences in parameter selection
can be identified in the two articles.'*'® First, the propaga-
tion rate coefficient (k,) selected by Luo and Schork'* in
their experiments was 4198 dm?/mol-s, and they stated the
polymerization should be a 0-1 system and that the k, value
they chose is closest to the real k, value for their discussion,
while k, listed in Autran’s model was 22,500 dm?/mol-s.
Although Autran et al.'® did not state why they chose the k,
value, their group had also paid more attention to the propa-
gation-rate constant.”! So, each of them has their own rea-
sons. However, with Autran’s k, value, their model could
only predict the average number of radicals per particle, but
not the relationship between conversion and time. Second,
the propagation rate coefficient of adding a monomer to a
primary radical (k) is the same as k,, which is not men-
tioned in Luo and Schork’s article, and that k,; = k, may
lead to underestimation of the activity of the primary radical.
Hence, the model was recalculated by replacing some previ-
ous parameters by newly set parameters, including the parti-
tion coefficient of the primary radical. The parameters used
in the recalculation of Autran’s model were the same as
Autran’s parameters, except that k, = 4198 dm3/m01-s, kpr =
8k, k, = 4k,, and m; = mypy s, = 10.98. The recalculated
results are listed in Table 7 and Figure 6.

From Table 7 and Figure 6, it can be seen that the average
number of radicals per particle and the kinetics are consistent

Table 7. Summary of the Results of the Experiment from Luo and Schork'® of the Model Prediction from Autran et al.'® and

this Work
Experiment parameters from ref. '#
Conversion (%) NpX 10716 (parﬁCIeS) dp (nm) API ﬁcxp.,Luo ﬁmodcl,Aulmn ﬁmodcl,lhiswork
13 2.26 191.2 No 0.235 0.235 0.240
20 1.00 250.2 No 0.334 0.316 0.333
17 3.23 169.5 Yes 0.017 0.050 0.039
19 1.23 234.0 Yes 0.103 0.115 0.100
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Figure 7. Comparing of Luo and Schork’s experimental
data (250.2 nm)'* and Autran’s model'® with
different partition coefficient.

with the experiments by Luo and Schork."* This provides evi-
dence that the model is reliable and that the newly measured
partition coefficient may be used in describing miniemulsion
polymerization. Meanwhile, the influence of the partition
coefficient on the kinetics is shown in Figure 7. It is obvious
that if the partition coefficient of AIBN is selected in this
model,18 there will be great deviation between the theoretical
prediction and Luo and Schork’s expen'ment.14 A tiny change
in the partition coefficient will not significantly affect the
model results in Figure 7, and Eq. 11 maybe used for an
approximation when no direct experiment data are accessible.

Conclusion

IBN has been employed as a substitute for the 2-cyano-2-
propyl radical in exploring the partition behavior between
the organic phase and the aqueous phase and clarifying the
kinetics of miniemulsion polymerization. Partition coeffi-
cients of IBN between styrene monomers/polymers and
water under different conditions have been successfully
measured through respective partition experiments. The
newly measured partition coefficient has been employed in a
first principle model, which predicted the kinetics of minie-
mulsion polymerization quite well.

The partition coefficient of IBN between St and water is
10.98, which is considerably smaller than that of AIBN
between St and water. Besides, the partition coefficient is
not affected by temperature, the HD content in the organic
phase, the oil/water ratio, or the pH of the aqueous phase.
The partition coefficient could be analyzed in terms of
Henry’s law, and the Henry’s law constant for IBN in St
was calculated to be 4.10 kPa at 25°C. The variation in the
aforemnetioned partition experiments covers many aspects in
emulsion polymerization. Thus, it can be concluded that the
partition coefficient may be widely used in emulsion poly-
merization of St.

The partition coefficient of IBN between PSt and water
was measured as 4.34, even lower than that between St and
water. Some impact factors were also considered, including
the particle size, the nature of the surfactant, and the swel-
ling degree of the latex. As predicted, the particle size and
the nature of the surfactant were found not to influence the
partition. This result makes it convenient for us to directly
apply the partition coefficient to emulsion polymerizations
under different conditions. The partition coefficient between
swelling PSt and water decreases with decreasing swelling
degree, from about 11 to about 4. This trend provides
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evidence that the driving force of primary radical desorption
changes continuously throughout the whole polymerization
process.

The newly measured partition coefficient has been tested
by comparing the model prediction with the experimental
results of different authors. The model fits the experimental
data well when using the partition coefficient of IBN. Thus,
the partition coefficient of the primary radical (or its substi-
tute) should be used in mathematical models, not the parti-
tion coefficient of the initiator.
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