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Multimonomer Partitioning in latex Systems with 
Moderately Water-Soluble Monomers 

H. A. S. SCHOONBROOD,' M. A. T. VAN DEN BOOM,' A. 1. GERMAN,'** and J. HUTOVIC2 

'Laboratory of Polymer Chemistry, Eindhoven University of Technology, PO Box 51 3, 5600 M B  Eindhoven, 
The Netherlands, 'Sydney University Polymer Centre, School of Chemistry, University of Sydney, 
Sydney, NSW 2006, Australia 

SYNOPSIS 

Simple equations describing monomer partitioning in latices during intervals 2 and 3 in 
emulsion polymerization with any number of low to moderately water soluble monomers 
were derived from the extended Morton equation by making various assumptions. It appears 
that it is mainly the combinatorial entropy of mixing that governs the partitioning behavior, 
and that other contributions to the free energy of the monomers in the polymer particles 
are marginal. Experimental results with styrene, methyl methacrylate, and methyl acrylate 
confirm the validity of the assumptions. In interval 3 of emulsion polymerization the sum 
of all contributions to the free energy of the monomers in the particles other than the 
combinatorial entropy of mixing can be taken as a constant that is dependent only on the 
monomer composition in the particles and independent of the degree of swelling of the 
particles. The only parameters one needs to know to calculate the monomer concentrations 
in all phases with help of the derived equations, are the saturation concentrations of each 
monomer in the polymer particles, and the saturation concentrations of each monomer in 
the aqueous phase. 0 1994 John Wiley & Sons, Inc. 
Keywords: multimonomer partitioning emulsion copolymerization 

I NTRO D UCTlO N 

The introduction of more than one monomer in 
emulsion polymerization systems is becoming more 
and more important in the manufacturing of emul- 
sion polymers. This is simply a result of the recog- 
nition that a combination of several monomers in a 
polymer can result in a wide variety of properties. 
In quite a lot of cases these properties are superior 
to the ones obtained by homopolymerizing the single 
monomers. To make a better polymer by copoly- 
merization one should be able to control the con- 
sumption rates of each monomer, i.e., one should be 
able to control composition drift, as this phenom- 
enon often leads to inferior products. One of the 
prerequisites for controlling composition drift is 
knowledge about the thermodynamic partitioning 
of each monomer between the phases that constitute 
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an emulsion polymerization system (polymer, 
aqueous, and monomer phases). It is the thermo- 
dynamic partitioning that governs the concentration 
of each of the monomers in the polymer phase, where 
most of the polymerization takes place. In this article 
we present the full equations that describe the par- 
titioning of any number of monomers during inter- 
vals 2 and 3 in emulsion polymerization. The equa- 
tions are based on simplifications to the original 
Flory-Huggins lattice model and Morton's equation. 
We will give results of experiments with three 
monomers that confirm the validity of the derived 
equations. 

THEORY 

In the first section we will summarize the work of 
other investigators and briefly discuss the more re- 
cent work of Maxwell et a1.lS2 and Noel et aL3 who 
dealt with the partitioning in emulsion systems with 
one or two monomers. In the second section we will 
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derive equations that describe the partitioning of 
any number of monomers in an emulsion system. 

Partitioning with One and Two Monomers 

Several researchers have tried to model monomer 
partitioning. Morton, Kaizerman, and Altier, using 
the Flory-Huggins expression for the free energy of 
m i ~ i n g , ~ - ~  derived an expression for the saturation 
swelling of polymer particles by one monomer [ eq. 
(111: 

Mip is the partial molar free energy of the monomer 
in the polymer phase. The first two terms denote 
the contribution of the combinatorial entropy of 
mixing (denoted configurational entropy by Flory) , 
the third the heat of mixing and any contributions 
to the entropy of mixing arising from specific inter- 
actions (standard state entropy change) .7 This term 
will be referred to as residual free energy of mixing. 
The fourth term represents the surface free energy. 
The volume fraction of polymer in the polymer phase 
is up, M ,  is the number-average degree of polymer- 
ization of the polymer (usually very large), x the 
Flory-Huggins interaction parameter, Vi the molar 
volume of the monomer, y the interfacial tension 
between particle phase and aqueous phase, and r is 
the radius of the particle. This equation will here- 
after be referred to as Morton equation, as is cus- 
tomary in literature. Vanzo, Marchessault, and 
Stannet' took into account the aqueous phase to 
describe partial swelling, as was later done by Gar- 
don,g setting the left-hand side of eq. (1) equal to 
In ( Caq/ the partial molar free energy of the 
monomer in the aqueous phase (C,, is the concen- 
tration of monomer in the aqueous phase, and C,,,. 
is the saturation concentration in the aqueous 
phase). The result is the so-called Vanzo equation. 
Ugelstad et a1.l' extended the Morton equation to 
be able to describe the monomer partitioning with 
more than one monomer. 

Maxwell et a1.l made some assumptions in the 
Vanzo equation that led to major simplifications [ eq. 
( 2  ) 1. The results of these assumptions for the one 
monomer system are that the partial swelling, es- 
pecially at higher volume fractions of polymer, can 
be described by combinatorial entropy of mixing 
only, i.e., the first two terms on the left-hand side 

of eq. ( 1 ) , taking all other terms as a constant cor- 
rection term [ corr. in eq. ( 2 )  ] that can be calculated 
from the saturation value of the monomer concen- 
tration in the polymer phase. And this parameter is 
readily accessible from experiment. 

ln(1 - u p )  + up + corr. = In - [::d ( 2 )  

In a second article Maxwell et a1.2 worked on the 
partitioning in a two-monomer system, using the 
extended equation by Ugelstad et a1.l' as an expres- 
sion for the partial molar free energy of monomer i 
in the polymer phase [ eq. (3a)l .  For the partial mo- 
lar free energy of monomer i in the droplet phase 
they also used an expression based on the Flory- 
Huggins lattice theory [ eq. (3b) ] (neglecting the 
surface free energy term because of the relatively 
high droplet radii), assuming this can be used to 
describe the mixing of two low molecular weight 
components, and for the aqueous phase they applied 
the right-hand side of the Vanzo equation [ eq. (3c) 3 .  

uip, uid are the volume fractions of monomer i in the 
polymer and droplet phase, mu is the ratio of the 
molar volumes of monomers i and j ,  x i j  is the Flory- 
Huggins interaction parameter between monomers 
i and j ,  xip is the interaction parameter between 
monomer i and polymer, Ci, is the concentration of 
monomer i in the aqueous phase and Ciaq,s,h its sat- 
uration value if there are no other monomers pres- 
ent. Maxwell et a1.' discussed the difficulties that 
are inherent with the use of these equations. They 
made an attempt to simplify these equations in a 
similar way as they did with the one-monomer sys- 
tem.' Noel et al.3 used the same equations and sim- 
plifications to derive simple equations for the partial 
swelling with two monomers. We will briefly go 
through these simplifications: 

1. mij and its equivalents were set equal to 1, 
because the differences in molar volumes for 
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many monomers are small. The ratio of the 
molar volume of monomer i and the molar 
volume of polymer, mip, and its equivalents 
were set equal to zero, because the molecular 
weight of the polymer is much larger than 
that of the monomers. 

2. The contributions of the residual free energy 
of mixing to the partial molar free energy of 
mixing two monomers in the monomer or 
droplet phase, i.e., the third term on the right- 
hand side of eq. (3b), are negligible compared 
to all other terms. 

3. For the contributions of the residual free en- 
ergy of mixing to the partial molar free energy 
of mixing the monomers with the polymer in 
the particles one can assume the interaction 
parameters for monomer with polymer to be 
equal for each monomer. The contribution of 
the residual free energy of mixing to the mix- 
ing of the two monomers in the particles, 
represented by XQ, then can be assumed to 
be negligible, as with the mixing of the 
monomers by themselves in the droplet 
phase. 

Applying these assumptions to eqs. (3a),  (3b) and 
(3c) and their equivalents for monomer j and rear- 
ranging (for a more detailed treatment see Refs. 2 
and 3) leads to the following equations, valid under 
saturation conditions: 2,3 

Equation (4a) indicates that the saturation value of 
the concentration of monomer i in the aqueous phase 
in the presence of monomer j is linearly dependent 
on the fraction of the monomer in the droplet phase. 
Since the molar volumes of all monomers are taken 
to be similar, eq. (4a) leads to eq. (4c). Note that 
the mole fractions in the polymer phase ( f i p )  are 
related only to the monomers, not to the polymer 
( f i p  = u i p / ( u i p  + u j p ) ) -  

f i p  = fid (4c) 

Because Maxwell et al.' observed a linear depen- 
dence of the total monomer concentration in the 
particles on the monomer mole fraction in the par- 
ticles, they assumed that the total monomer con- 
centration is equal to the sum of the individual 

monomer concentrations, and linearly dependent on 
the mole fractions. This leads to eqs. (4d) and (4e): 

where Cip,s,h is the saturation value of the concen- 
tration of monomer i in the polymer phase if only 
monomer i is present, C , ,  is the concentration of 
monomer i in the polymer phase in the presence of 
monomer j ,  and r denotes that the quantity is a t  its 
saturation value at  the mole ratio r (  = u i P / u j p  or f i p /  

&,) in the polymer or droplet phase. Cp,s is the total 
monomer concentration in the particles. 

Similar expressions were derived by Noel et al.3 
to include partial swelling: 

In ( uip ) + up + corri ( r )  = In - [ 2 : , h ]  ( 5c ) 

The correction factor is assumed to depend only on 
the monomer mole ratio in the particles, whether a t  
saturation or not, i.e., the value of corri is indepen- 
dent of up or degree of unsaturation. 

Maxwell et al. and Noel et al. showed in their 
articles that the resulting equations hold for several 
monomer systems [methyl acrylate (MA) -styrene 
(S) , MA-butyl acrylate (BA) , BA-S, vinyl acetate- 
MA]. The validity of eq. (4c) for methyl methac- 
rylate (MMA) and S was already established by 
Nomura et al.," although they did not derive it 
theoretically. Aerdts et al." studied the behavior of 
MMA and S in swelling poly ( MMA-co-S) , poly- 
butadiene, and heterogeneous polybutadiene-co- 
[ poly ( MMA-co-S) 1. They found that the equations 
derived by Maxwell et al. were still valid, even 
though the polymer systems were very heteroge- 
neous, confirming that the type of polymer does not 
seriously influence the mixing of the monomers. 

In an article by Maxwell et al.I3 a sensitivity 
analysis was made showing that deviations from the 
simple and very straightforward correlations as de- 
scribed by eqs. (4a-e ) and (5a-c) are within exper- 
imental error if the simplifications ( m i j  equal to one, 
x terms negligible, surface free energy negligible ) 
are pursued, i.e., if the full equations (3a-c) are ap- 
plied. 
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Multimonomer Partitioning with Moderately 
Water-Soluble Monomers 

The foregoing section dealt with the partitioning of 
one or two monomers. In the following we shall ex- 
tend the work of Maxwell et al.lT2 and Noel et aL3 
to obtain equations valid for any number of mono- 
mers, n. In deriving these equations we shall see 
that the simplifications made by Maxwell et al. to 
the Morton equation for systems with one monomer 
and to the extended equations of Ugelstad for sys- 
tems with two monomers, can be applied equally 
well to systems with three or more monomers. This 
follows from the fact that the assumptions, made by 
Maxwell et al., leading to rather simple equations 
describing partial and saturation swelling, 1-3 can be 
extended to systems with three monomers or more 
without any further assumptions. 

We shall adopt eqs. (6a-c) as the basic equations 
that are valid for the systems at hand: 

P n-1 n 
-- m i ~  - ln(uip) + up + c xvu; + c c ujpukp 

RT j=l j=l k=j+l 
j+ i  j t i  k#i  

n 

x (Xj j  + Xjk - Xjk) + 2 ujpupxjj + - 2yv (6a) 
j=1 rR T 
j#i 

In these equations we let i ,  j ,  and k be 1, 2, . . . , n 
- 1, n. The number of monomers (or more generally 
low molecular weight compounds) is n, whilep rep- 
resents the polymer in the latex particles. Eq. (6a) 
was derived from the equation developed by Ugelstad 
et a1.l' taking into account the following: We as- 
sumed that the molar volumes of the monomers are 
comparable, so that we can set mi for each pair equal 
to 1 [assumption ( 1 ) , see above]. We replaced Vi 
by V, the molar volume of a monomer. It is also 
justified to set mip for each monomer equal to 0, 
since the molecular weights of the polymers are 
much larger than those of the monomers. Further- 
more, the interaction parameters xip with polymer 
were taken to be similar for all the monomers [as- 
sumption (3) ,  see above]. 

If the interaction parameters for monomer with 
polymer are the same for each monomer, then it 
should be equally valid to set the interactions for 
each pair of monomers, represented by Xij etc., equal. 
In the following all Xij etc. are therefore replaced by 
x. We denote this by assumption (3a). 

Equation (6b): It was recently shown experi- 
mentally14 that for 0.5 < mc < 2, eq. (6b) (which is 
very simple in use) can replace eq. (3b) (or rather 
its equivalent for n monomers). Since we assume 
that mij = 1 in this article, we can use fa  and uid 

interchangeably. 
Equation (6c): In principle eq. (6c) is a simpli- 

fication of the following, more general expression: 

where pi is defined as the activity coefficient of 
monomer i ,  valid a t  Cia,, /3! is defined as the activity 
coefficient at some standard state, and Cya, is the 
concentration at that standard state. The standard 
state can be defined as the saturated state. However, 
for concentrations of only a few molar or less, this 
expression reduces to eq. (3c). We will therefore 
continue to use eq. (6c) rather than (6c'). 

Let us consider the monomers x and y, where x 
and y can be anything between 1 and n. We subtract 
eq. (6a) for monomer x from its equivalent for 
monomer y: 

and eq. (6b) for monomer x from its equivalent €or 
monomer y 

and eq. (6c) for monomer x from its equivalent for 
monomer y 

Cxaq -) Cyaqsh (7c) 
RT 
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Rearranging eq. (7a) leads to the following: 

This subtraction can be performed with any combi- 
nation of monomers 1 to n. It is important to realize 
this, since this fact will be used in the following con- 
siderations leading to the same type of equations as 
those derived by Noel et al. Therefore, the consid- 
erations in the next section apply to any monomer. 

Saturation Swelling with n Monomers 

Under saturated conditions the following equation 
holds: 

( 9 )  

Eqs. (6b) and (6c) with the right-hand equality of 
eq. (9)  give for monomer x: 

In this equation c denotes the saturation value of 
the pertaining quantity a t  that particular compo- 
sition c of the monomer mixture in the particle or 
droplet phase. Noel et al. used r to denote this ( r  
stands for ratio in their work), but since we are de- 
riving equations applicable to more than two mono- 
mers, it may be simpler to use c instead, c standing 
for composition. c represents a particular set of mole 
fractions in particles and/or droplets: c = { f l ,  f 2 ,  

. . . , f n }  . Since eq. ( 10) was derived from eqs. (6b) 
and (6c),  this equation must hold for any monomer. 

Combining eqs. (7b) and (8) we find for saturated 
conditions: 

+ X (  uYp,. - u , ~ , ~ )  = 1 

As did Maxwell et al. and Noel et al. we can state 
that the interaction parameter x is small relative to 
the other terms when mixing monomers (assump- 
tion 3) .  Applying this to the left-hand equality of 
eq. ( 11) gives: 

Because this applies to any pair of monomers, the 
following holds also, if we take assumption ( 1 ) into 
account: 

This is an important result, because it means that 
the polymer in the particles has no influence on the 
mixing of the low molecular weight components, 
simply because only the combinatorial entropy of 
mixing is important. Equation (13a) applies to any 
component. The work of Maxwell et a1.2 and Noel 
et al.3 clearly showed that eq. (13a) is valid for two 
monomers. Since we made the same assumptions as 
they did, we expect the equation to hold for systems 
with more than two monomers, since it was derived 
from the same type of equations, but referring to 
any number of monomers. As was pointed out by 
Noel et al., the sensitivity analysis performed by 
Maxwell et a1.,13 showed that the equation can be 
used, even if not all assumptions hold. 

If we can assume that the total monomer con- 
centration in the particles is linearly dependent on 
the fractions of the monomers in the droplets or 
particles,2 we get the following expression for the 
total monomer concentration, CP,.: 

n 

c p , s  = C f i p c i p , s , h  
i = l  

( 13b 

n 

‘XP,C = fxp,c = i = l  2 f ip ,cCip,s ,h (13c 

From eqs. (10) and (13a) we get: 

Note that is not only dependent on the mole 
fraction of x, but also on the value of the fractions 
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of all other components ( { f i  , . . . , f n }  ) . Cx.,c is only 
dependent on the mole fraction of x, and indepen- 
dent of the other fractions. This reflects the basic 
difference between the thermodynamical behavior 
of the aqueous phase and the monomer and polymer 
phases. The aqueous phase is so dilute that the 
monomers do not influence each other [which is why 
eq. (6c') reduces to eq. (612) ] ; in the monomer and 
polymer phases, the monomer concentrations are so 
high that they strongly influence each other. The 
latter can be simply illustrated by the following ex- 
ample. With eqs. (13b-c) it can easily be shown that 
the addition of monomer y (under saturated con- 
ditions) to the particles that already contain mono- 
mer x ,  can increase the concentration of monomer 
x to a value greater than Cxp,s,h if the ratio c x p , s , h /  

cy,,s,h is smaller than 0.5, and inequality (13e) holds: 

This is shown in Figure 1. In the aqueous phase the 
addition of another monomer always decreases the 
concentration of the first monomer. Equations ( 10) 
and (13a-d) are very simple to use and characterize 
the saturated system completely. 

Partial Swelling with n Monomers 

For partial swelling (interval 3 in emulsion poly- 
merization, when no monomer droplets are present ) 
we have: 

w i p  _ U i a q  

RT RT 

Combining this with eqs. ( 7c) and (8) applying as- 
sumption (3)  we find for monomer x: 

From this we get: 

With eq. (13d) this leads to: 

This means that the concentrations of all mono- 
mers in the aqueous phase in interval 3 will be 

.. 
0.0 0.2 0.4 0.6 0.8 1 .o 

fxp,c (4 
Figure 1. The saturation concentrations in the polymer particles of two monomers for 
which inequality (13e) holds. Crp,s ,h  = 2 mol/L, c y p , s , h  = 8 mol/L. cxp,c > Cxp,$ ,h  for fzp,c 
> 1/3. 



MULTIMONOMER PARTITIONING 23 17 

equally far from saturation. By definition the fol- 
lowing holds as well: 

Cxaq,c and c,p,c are very easily calculated from Cxaq,s,h 

and C,p,s,h if all fXp are given. The above-mentioned 
equations only give relative concentrations in the 
polymer and aqueous phases. To obtain the absolute 
values of the concentrations in the aqueous and 
polymer phase, one has to go back to eqs. (6a) and 
( 6c), applying assumption ( 1 ) , and taking all terms 
except the combinatorial entropy of mixing together. 
This results in the next expression: 

In ( uxp) + up + corr, ( c )  = In - [ l z , h ]  (17‘) 

The correction term corr, ( c )  represents the terms 
for the contributions of the surface free energy and 
the residual free energy of mixing. Maxwell et al.’ 
and Noel et al.3 showed that all these terms can be 
taken constant a t  every degree of unsaturation, pro- 
vided that the composition of the monomer mixture 
( c )  does not change, i.e., all f x p  stay the same. It is 
therefore assumed that this term can be calculated 
from the saturation values of uxp, up and Cxaq, at 
composition c [ eq. ( 17d) 1. In turn these can be easily 
calculated from Cxag,s,h and from Cip,s,h for each 
monomer i = 1 . .  . n.  

corr, ( c )  = -In ( u , ~ , ~ )  - up,c + In - [:::.:I (17d) 

The set of eqs. (17a-d) can be used to characterize 
the unsaturated case, just as eqs. (13a-d) can be 
used for the saturated system. The only parameters 
that need to be known are the values for each Cxaq,s,h 

and Cxp,s,h * 

EXPERIMENTAL 

Chemicals and Seed latex 

The following monomers were used in our experi- 
ments: styrene, methyl acrylate, and methyl meth- 
acrylate, all p.a., Merck (Germany). If these mono- 
mers were applied in partitioning experiments, they 
were used as received. Hydroquinone (Merck) was 
added to prevent polymerization. If polymerizations 
were carried out with these monomers (i.e., for seed 

latices), they were firstly distilled to remove inhib- 
itor by vacuum distillation (and stored at 4OC). The 
seed latices were prepared with sodium dodecyl sul- 
fate (Fluka, Switzerland) or Aerosol MA80 as 
emulsifier, sodium bicarbonate (p.a., Merck) as 
buffer, sodium persulfate (p.a., Fluka) as initiator, 
and n-dodecyl mercaptan (p.a., Merck) as chain 
transfer agent. The latices that were used were a 
poly ( methyl acrylate ) latex [ PMA, average diam- 
eter 120 nm (dynamic light scattering)] and a 
poly (styrene ) latex [ PS, diameter 86.6 nm (trans- 
mission electron microscopy) ]. 

Monomer Partitioning and Phase Separation 
Experiments 

For these experiments we mixed a seed latex with a 
monomer mixture and added extra water. This was 
then left to stand for 24 h without agitation, to pre- 
vent possible coagulation. Part of this mixture was 
subsequently transferred to tubes, which were put 
in an ultracentrifuge. For the experiments with the 
PMA latex a Centrikon T-2060 was used at 45,000 
rpm for 1-2 h. When the PS latex was used the 
ultracentrifuge was a SorvalP OTD-65, at 50,000 
rpm for 5 h. The temperature during centrifugation 
could be controlled. Separation occurred and rep- 
resentative samples of each phase were then ana- 
lyzed with gas chromatography (GC) Carlo Erba 
GC 6000 VEGA Series 2 using 2-propanol, iso-butyl 
methacrylate, and toluene as internal standards or 
a Hewlett-Packard 5890 with butyl acrylate as an 
internal standard. 

It appeared to be difficult to take representative 
samples of the aqueous phase in interval 2 (with 
monomer droplets present). After centrifuging the 
tubes, the monomer phase was situated on top, the 
aqueous phase was in the middle part, and the swol- 
len polymer phase was found on the bottom of the 
tube. (In case of S and PS the polymer phase was 
situated between the monomer phase and the 
aqueous phase.) To take a sample of the aqueous 
phase, a needle had to be inserted through the drop- 
let phase, so care had to be taken to avoid pollution 
with monomer droplets. A sample of the polymer 
phase could not be taken without the inclusion of 
some remains of the aqueous phase. Additionally, it 
appeared that the swollen polymer phase still con- 
tained some “interstitial” aqueous phase, i.e., it was 
not possible to completely separate the aqueous 
phase from the particle phase, possibly because the 
particles retain their round shape during ultracen- 
trifugation. This problem was overcome by drying 
part of the polymer phase (with included water) to 
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determine the solid content. This was used to correct 
for the amount of water in the sample of polymer 
phase that was analyzed with GC. However, this 
means that if there is an equilibrium amount of wa- 
ter present in the particles, this cannot be measured, 
and it is treated similarly as the water that ends up 
in the particle phase as a result of the separation 
method. After determination of the amount of water 

in the sample, this was excluded from the calcula- 
tions of monomer concentrations, and by assuming 
that this amount of water contained the same 
amounts of monomer as the aqueous phase, we also 
corrected for an extra amount of monomers in the 
particles. This amount is usually very small, because 
of the relatively low concentrations of the monomers 
in the aqueous phase. 

I .o 

0.8 

0.6 
A 

Y 

0 n 
0.4 

0.2 

0.0 

A 

Y 

0.0 0.2 0.4 0.6 0.8 1 .o 

(b) fMAd,c (-) 

Figure 2. ( a )  Mole fraction of S in the particle phase ( fsp,e) versus mole fraction of S 
in the droplet phase ( f s d , e )  in the system S-MMA. The solid line is the prediction by eq. 
( 13a). ( b )  Mole fraction of MA in the particle phase ( fMl \p , c )  versus mole fraction of MA 
in the droplet phase ( fMA+) in the system MA-MMA. The solid line is the prediction by 
eq. (13a). 
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RESULTS AND DISCUSSION 

The monomer system we investigated to check the 

This section is divided into two parts: swelling with 
two monomers and swelling with three monomers. 

- 

Swelling with Two Monomers validity of the various assumptions made in the the- 
ory section for the n monomer systems is styrene 
( S ) -methyl acrylate (MA) -methyl methacrylate 
( MMA) (these are all low to moderately water-sol- 
uble monomers). All experiments were done at  2OOC.  

For swelling with the pairs S-MA and S-MMA of 
various polymer latices the validity of the assump- 
tions made in this work was already 

0.0 0.2 0.4 0.6 0.8 1 .o 

(a) fsp,c (-1 

0.0 0.2 0.4 0.6 0.8 1 .o 

(b) f ~ ~ p , c  (-1 
Figure 3. ( a )  Monomer concentrations in particle phase (C,) of S ( CSp,e) ( 0 )  and MMA 
( C M M A ~ , ~ )  (A) ,  and total monomer concentration ( C,,s) (0) in the system S-MMA. Solid 
lines were calculated with eqs. ( 13b) and ( 13c), values for Cxp,s,h were calculated from these 
data. (b) Monomer concentrations in particle phase (C,) of MA (CMAp,e) ( 0 )  and MMA 
( Chl~Ap,~) ( A  ) , and total monomer concentration (C,,,) (0) in the system MA-MMA. Solid 
lines were calculated with eqs. (13b) and ( 13c), values for Cxp,+,h were calculated from these 
data. 
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We checked whether the simplified equations also 
applied to the S-MMA system and the MA-MMA 
system on a PMA latex, which were also used in the 
three monomer swelling experiments. This is shown 
in Figures 2-4. It can be seen in Figures 2 ( a )  and 
2 ( b )  that also for these systems the mole fractions 
of monomers in the monomer droplets and polymer 

particles are the same [ eq. ( 13a)l. The deviation 
from ideal behavior can be attributed to errors in 
the gas chromatography. As was noted by Noel et 
al.,3 the deviations from ideality that occur when 
one uses the full equations and reasonable values 
for all X i j  are comparable to errors that are usually 
found for gas ~hromatography.'~ This means that 

0.15 I 

0.00 I/ I I I I 

0.0 0.2 0.4 0.6 0.8 1 .o 

0.15 

0.00 
0.0 0.2 0.4 0.6 0.8 1 .o 

(b) f ~ ~ p , c  (-) 

Figure 4. ( a )  Concentration of MMA in the aqueous phase ( C M M A ~ , ~ )  versus mole fraction 
of MMA in the particle phase ( fMMAp,c) (S-MMA system) for which eq. ( 13d) predicts a 
straight line. The solid line is a linear fit which gives the value for CMMAap,s,h. (b)  Concen- 
trations of MA ( 0 )  and MMA ( V )  in the aqueous phase ( C , , , , )  versus mole fraction of 
MA in the particle phase ( fMAp,c) (MA-MMA system) for which eq. ( 13d) predicts a straight 
line. The solid line is a linear fit which gives the values for CMAap,s,h and CMMAap,s,h. 
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one cannot distinguish between the simplified equa- 
tions and the full equations, and that application of 
eq. (13a) is appropriate even in the case where the 
assumptions do not hold. Figures 3 ( a )  and 3 ( b )  
show that also eqs. (13b) and (13c) hold. Thus the 
assumption that the total monomer concentration 
is a linear function of the mole fraction in the par- 
ticles is valid. By fitting the data for Cp,s with a linear 
line in Figures 3 ( a )  and 3 ( b )  we found the values 
for the saturation concentrations of all monomers 
in the particles of the PMA seed we used (Table I). 
For comparison we also indicated the values that 
were found by other investigators: Van Doremaele 
et al., l5 Nomura et al., l1 and Aerdts et a1.12 Although 
it is not strictly possible to compare these values, 
since the polymers in the seeds and the applied tem- 
peratures are different and the surface properties 
will most likely be different as well, it is still possible 
to discern rough trends. For instance, one could ar- 
gue that with decreasing polarity of the monomer 
(going from MA to S ) the swellability also decreases. 
However, there is no such trend for the polarity of 
the seed polymer, i.e., with decreasing polymer po- 
larity ( going from PMA to PS ) the swellability with 
a certain monomer does not change regularly. This 
might be explained by the fact that a t  saturation 
the volume fraction of polymer in the particles is 
lower than the volume fraction of the monomer and 
therefore the type of monomer has a larger influence 
than the type of polymer. Typical values for the vol- 
ume fraction of polymer are: 0.37 for S in PS and 
0.24 for MA in PMA. Furthermore, the comparison 
tells us that the relative low value we found for S in 
PMA (3.49 mol/L, up,. = 0.6) is not much lower 
than what was found for BA in PMA or S in PS by 
Van Doremaele et al. With the saturation concen- 
trations and eq. (13c) we calculated the lines for 
Cxp,c. In both figures there is excellent accord with 

Table I. Saturation Concentrations of Several 
Monomers (C,,,,,) (mol/L) in Different Polymer 
Particles" 

Polymer MA MMA BA S 

the experimental data. The monomer concentrations 
in the aqueous phase under saturated conditions are 
linearly dependent on the monomer fractions in the 
droplets or polymer particles [Figs. 4 ( a )  and 4 (b)  ] 
as predicted by eq. (13d). We ommited the concen- 
trations of S in the aqueous phase, although they 
were measured. They were found to be very low, as 
expected from the saturation concentration of S in 
the aqueous phase, but the reproducibility was not 
very good because of the low values. The accordance 
between theory and experiment indicates that the 
mixing of these monomers with the polymer in the 
particles is mainly determined by the combinatorial 
entropy of mixing. It is now firmly established that 
all assumptions made in this work and in that of 
Maxwell et al. and Noel et al. are valid the most 
common monomers in emulsion polymerization. 

Swelling with Three Monomers 

Saturation Swelling 

We tested eq. (13a) for the three monomer system 
S-MMA-MA on the S latex. The results are shown 
in Figure 5, where we plotted the mole fraction of 
each monomer in the particle phase versus its mole 
fraction in the droplet phase, and it can be seen that 
there is good accordance between experiment and 
theory, as was the case for the two monomer systems 
with these monomers. For the same monomer sys- 
tem we measured the saturation concentrations in 
the aqueous phase as a function of the mole fractions 
in the particles as a test for eq. ( 13d). This is shown 
in Figure 6. We omitted the concentrations of S for 
the same reasons as with the two monomer system 
S-MMA. The average saturation concentrations for 
MA and MMA in the aqueous phase calculated from 
extrapolations in Figures 4 ( a )  and 4 ( b )  are 0.584 
mol/L for MA and 0.157 mol/L for MMA, and these 
values are in good accordance with the values that 
can be calculated from literature data.16 We used 
these values to predict both lines in Figure 6. For 
both MMA and MA eq. (13d) holds. 

P M A ~  8.37 5.81/6.38 - 3.49 
PMA15 7.9/8.44 - 3.82 5.58 
PBA15 8.75 - 5.49/6.06 5.36 
PSI5 6.22 - 5.44 4.15/6.62 
PS-MMA" - 6.9 
PS-MMA" - 6.9 - 

5.6 
5.6 

- 

a Note that the temperatures a t  which the concentrations were 
measured varied between 20 and 50°C. 

This work. 

Partial Swelling 

We did several experiments in interval 3 with S, 
MA, and MMA on both the PMA seed and the PS 
seed. The results are shown in Figures 7 and 8. In 
Figure 7 we depicted the ratio of the concentration 
of MMA in the aqueous phase and its saturation 
concentration at composition c versus the ratio of 
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0.0 

0 . o v  ' I I I I 
0.0 0.2 0.4 0.6 0.8 1 .o 

fxd,c (-) 

Figure 5. Mole fractions ( fzp, , )  of S (0) , MMA ( A ) ,  and MA ( 0 )  in the particle phase 
versus their respective mole fractions ( fXd,=)  in the droplet phase in the system S-MMA- 
MA. The solid line is the prediction by eq. (13a). 

1 
I 1 I I 

the concentration of MA in the aqueous phase and 
its saturation concentration at the same composition 
c .  The composition c in each case was calculated 
from the concentrations of all three monomers in 
the particles. According to eq. ( 17a) this should give 
a straight line as indicated in the figure. The good 

accordance indicates that both eqs. (17a) and (16) 
[ from which eq. ( 17a) was derived] are valid, which 
in turn indicates that the assumptions made to de- 
rive this equation are valid as well, i.e., partitioning 
is mainly determined by the combinatorial entropy 
of mixing. 

0.6 

0.4 

= : 
0 
E 
Y 

0" 

P 
0.2 

_._ 
0.0 0.2 0.4 0.6 0.8 1 .o 

%p,c (-1 
Figure 6. Concentrations of MA (A) and MMA ( A )  in the aqueous phase ( Cw,,) versus 
their respective mole fractions ( fxp , , )  in the particle phase for which eq. (13d) predicts a 
straight line. The solid line is the prediction by eq. ( 13d). 
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Figure 7. Ratio of the concentration in the aqueous phase of MMA and its saturation 
value versus the ratio of the concentration of MA in the aqueous phase and its saturation 
value: (0) PMA latex, ( 0 )  PS latex. The straight line is the prediction according to eq. 
(17a). 

However, in practice one needs to know the ab- 
solute values of the concentrations in both phases, 
for instance to model emulsion copolymerizations, 
or to calculate concentrations from mass balances. 
Equation (16) only gives the ratios of the concen- 

trations and volume fractions in the aqueous phase 
and particle phase. Noel et al.3 convincingly showed 
that taking all terms but the combinatorial entropy 
of mixing (residual free energy of mixing and the 
contribution of the surface free energy) together as 

0.20 

T 

0.00 v 1 I I 

0.00 0.05 0.10 0.15 0.20 

",p (-1 ( c a w  

Figure 8. Comparison of calculated values [ eqs. ( 17c) and (17d)l for the volume fractions 
in the particle phase ( vxp) with measured values for MA (0) and MMA ( 0 ) .  The diagonal 
line represents exact accordance between calculated and measured values. 
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a constant that is dependent only on the composition 
of the monomer mixture in the particles worked very 
well for the monomers VAc and MA on a VAc-MA- 
copolymer seed. In the theory section we derived 
equations that are based on this concept [ eqs. ( 17c) 
and ( 17d)l. 

To check whether these equations can be used in 
the case of partially swelling a PS seed with S, MMA, 
and MA we did the following calculations: From ex- 
perimental data we calculated directly the compo- 
sition of the monomer mixture ( c )  in the particles, 
the volume fraction of polymer in the particles, and 
the concentrations of the monomers in the aqueous 
phase. With this information it is possible to cal- 
culate the correction terms for both MA and MMA 
with eq. ( 17d) (since the concentrations of S in the 
aqueous phase are very low, we did not check it for 
S )  . It is then possible to calculate the absolute values 
of the volume fractions of MMA and MA in the 
particle phase with eq. (17c). These volume frac- 
tions are then compared with the measured values. 
This comparison is displayed in Figure 8. Because 
we needed the values for Cjp, , , ,  for each monomer in 
the PS latex, we determined these in a separate ex- 
periment. If eqs. (17c) and (17d) are correct, the 
measured volume fractions should coincide with the 
calculated values (and lie on the diagonal). The ac- 
cordance between calculated and experimental Val- 
ues is quite satisfactory at low volume fractions. 
Since the calculations are in fact very sensitive to 
experimental errors (the accuracy of determining 
the weight fraction of polymer in these experiments 
was low) the data cannot support nor invalidate the 
assumptions leading to eqs. ( 17c) and (17d). Note 
that this does not invalidate the conclusion that the 
combinatorial entropy of mixing is the most impor- 
tant contribution to the free energy of mixing. 

Restrictions to the Assumptions 

The assumptions made in this and other works 1-3~12 

seem to be valid for monomers with moderate water 
solubility [including methyl methacrylate (MMA) , 
vinyl acetate ( VAc) , and methyl acrylate (MA) 3]. 
However, they have not yet been shown to hold for 
monomers with a higher water solubility than that 
of MA (ca. 0.6 M )  . Indeed one can expect that the 
assumption X i p  = X j p  no longer holds if one of the 
monomers has a high polarity, e.g., as is the case 
with very water-soluble monomers or monomers that 
are completely miscible in water like 2-hydroxyethyl 
methacrylate, since the interaction of the monomers 
with the polymers might not be similar enough for 
that equality to hold. The same goes for the as- 

sumption that X g  is small. In other words, there 
might be systems where enthalpy effects and entropy 
effects arising from specific interactions are not 
negligible compared with the combinatorial entropy 
of mixing as opposed to the systems that were 
checked by Maxwell et al. and Noel et al. It might 
be reasonable to take the solubility in water as a 
rough indication of the validity of the assumptions, 
since the water solubility is inter alia influenced by 
the polarity of the monomer. 

A further assumption is that the chemical poten- 
tial in the water phase can be described by In (ai ) 
= In ( C i a q / C i a q , s , h ) .  If the concentrations of the 
monomers in the water phase are low, i.e., if the 
mole fractions are close to 0, the activity coefficients 
are close to 1, and the equation holds. This is equiv- 
alent to saying that the monomers have to have a 
low to moderate water solubility. With higher con- 
centrations, as inevitably occurs with monomers 
that are miscible in water, deviations start to occur 
and the equation no longer holds and eq. (6c') has 
to be applied. 

Note that the monomers have to have a low to 
moderate solubility in water, but the equations per- 
taining to the polymer phase only hold if the mono- 
mers are solvents for the polymers as was explicitly 
stated by F10ry.~ This is, for instance, not the case 
with acrylonitrile that is not a solvent for its polymer 
and therefore does not swell it. However, this means 
that systems where there is a considerable amount 
of water imbibed in the particles, cannot be described 
by these theories, if water is not a solvent for the 
polymer, which is normally true because it is the 
actual basis for the existence of polymer latex par- 
ticles in water. One could argue that in systems 
where water plays a significant role in the polymer 
particles, enthalpic interactions are so strong that 
they cannot be neglected. The assumptions regard- 
ing the x terms in the theoretical development dis- 
cussed in the foregoing, are thus not valid. It should, 
therefore, be realized that in cases where polar, 
functional monomers are used in high concentra- 
tions, the theory probably does not hold. 

It is known that water dissolves to a limited extent 
in both polymers and monomers.16 The good accor- 
dance that was found between theory and experi- 
ment in the articles discussed in the f o r e g ~ i n g ' - ~ , ~ ~  
shows that a small amount of water in the particles 
does not seriously invalidate the theory. In practice, 
all the water that is found in the particles can be 
assumed to be part of the aqueous phase, rather than 
the polymer phase. In conclusion, if water is present 
only in limited amounts in the particles, it can be 
shown on both experimental and theoretical grounds 
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(Flory7) that the water should not be treated ac- 
cording to the Flory-Huggins theory, as was done 
by Tseng et a1.16 Ugelstad et a1.l' considered water 
in the particles in the same way, but noted that the 
use of the Flory-Huggins equation in this case seems 
to be open to doubt. 

CONCLUSIONS 

The experimental results that are presented show 
that all assumptions made in this work are valid for 
the systems investigated experimentally. Monomer 
partitioning with three monomers in intervals 2 and 
3 can be described very well with the simplified 
equations. It was shown that there are no additional 
assumptions to be made compared with the two 
monomer systems. This also indicates that the same 
equations also hold for systems with more than three 
monomers. Up until now it has been shown that 
systems with the monomers most commonly used 
in emulsion polymerization (styrene, methyl meth- 
acrylate, methyl acrylate, butyl acrylate, and vinyl 
acetate) comply very well to the various conditions 
set out in the assumptions made in the present and 
previous articles. 

The authors would like to thank Ian Maxwell and Lilian 
Noel for their useful comments. 
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