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ABSTRACT: It has long been assumed a priori that in polystyrene latex systems monomer and polymer mix 
completely and uniformly, whereas we have compiled evidence to the contrary. For example, seeded emulsion po- 
lymerizations, beginning with the second stage monomer charge in equilibrium saturation with seed, generate 
particles with a core-shell structure in which the second generation polymer overcoats the first. To  explain our 
observations we have suggested that monomer actually encapsulates the seed polymer under equilibrium satura- 
tion conditions rather than swelling it uniformly. In this paper we explore the molecular-thermodynamic factors 
which govern particle morphology. The primary forces appear to originate with the restrictions which the polymer 
molecules experience in the confined habit of the latex particle as they attempt to occupy their favored random- 
coil conformations. These forces are described by a surface-dependent free energy of restricted volume term and 
then compared to the volume-dependent free energy of mixing. Model thermodynamic calculations account for a 
simple encapsulation model comprised of a core with polymer and limited monomer uniformly mixed surrounded 
by the remaining monomer in a shell. The level and influence of polymer segment adsorption a t  the particle- 
water interface is probably negligible. We consider the form of the overall polymer segment density distribution; 
both experimental and theoretical analysis indicates that this distribution should be high in the central region of 
the particle and drop to near zero a t  the particle-water interface. 

As is well known, styrene and polystyrene are fully 
compatible and ordinarily form homogeneous solutions. 
Furthermore, if the styrene monomer in such a homoge- 
neous solution were polymerized, both the initially pres- 
ent and the newly formed polystyrene would be uniformly 
mixed within the other in the final product. We have dis- 
covered a system which constitutes an exception to the 
foregoing generally accepted pattern of behavior, namely, 
styrene-polystyrene latexes. 

The earliest clue of any unusual behavior stemmed from 
our kinetic studies of styrene emulsion polymerizations.% 
In the past, it had been generally accepted that styrene 
and polystyrene are uniformly mixed in a polymerizing 
latex particle; but, in order to reconcile our results we 
proposed that a growing latex particle is actually a hetero- 
geneous entity whose morphology could be approximated 
by a core-shell model. In this model a monomer-rich shell 
surrounds a polymer-rich core and the monomer-rich shell 
serves as the major locus of polymerization. 

In order to gain further support for the core-shell model 
and to elucidate the factors controlling particle morpholo- 
gy, we next undertook2b a series of seeded styrene emul- 
sion polymerizations in which polystyrene latexes (poly- 
mer I) were saturated with fresh styrene (monomer 11) and 
equilibrium was attained before the second-stage poly- 
merization (converting monomer I1 to polymer 11) was ini- 
tiated. Potassium persulfate was the usual initiator, and 
the weight fraction monomer in the second-stage charge 
was about 0.73. Two methods were employed to distin- 
guish between the first- and second-generation polysty- 
rene: butadiene tagging coupled with ultramicrotomy and 
osmium tetroxide staining plus tritiated styrene tagging 
coupled with autoradiographic detection techniques. To 
reiterate, for emphasis, the important features of these 
seeded polymerizations are that polymers I and I1 as well 
as monomer II are fully compatible and ample time (48 
hr) was allowed for the attainment of equilibrium satura- 
tion before polymerization was reinitiated. Contrary to 
what one might have expected, polymers I and I1 were not 
uniformly mixed in the final latex particles, but polymer 
I1 overcoated polymer I in a core-shell fashion. Further- 
more, the core diameters corresponded to the original seed 
diameters, and there was no evidence of appreciable poly- 
mer I-polymer I1 interpenetration between the core and 
shell; hence, the major portion of polymer I1 located with- 

in the shell. These morphological features were found to 
persist over a wide range of conditons: namely, viscosity- 
average molecular weights from 20,000 to lo7, particle di- 
ameters from ca. 500 to 6500 A, and butadiene level in the 
monomer I1 charge from 0.7 to 50 wt %.3 

The fact that a definite particle morphology persists 
even when the second-stage polymerizations emanated 
from a condition of equilibrium saturation suggests that 
particle morphology is controlled by molecular thermody- 
namic factors and not by a diffusion-controlled kinetic 
mechanism .2b Theoretical arguments have been presented 
that also discount the possibility of control by a kinetic 
mechanism .4  ,5 

In order to explain the core-shell morphology we postu- 
lated that a t  equilibrium saturation before the second 
stage polymerization is initiated, monomer I1 overcoats or 
encapsulates polymer I rather than swelling it uniformly. 
By way of an alternate explanation we also considered the 
possibility that polymer I and monomer I1 are uniformly 
mixed at  saturation and that it is the growth mechanism 
which leads to the core-shell structure. 

In this paper attention focuses primarily on the seeded 
styrene emulsion polymerizations.2b We accept as defini- 
tive the experimental evidence that the second-generation 
polymer overcoats the first-generation polymer in the final 
latex. It remains to establish the mechanism by which 
this overcoating process occurs. Here we review and clari- 
fy the arguments for the two possible mechanisms already 
suggested and present additional thermodynamic argu- 
ments supporting the encapsulation model. Another 
mechanism might be operating which has not been sug- 
gested. No definitive theoretical explanation or experi- 
mental evidence is yet available to decide between the 
two possibilities; but a t  this time the weight of the evi- 
dence appears to favor the encapsulation model. 

One of the difficulties and sources of uncertainty faced 
in this work is that we are attempting to infer a morphol- 
ogy for the saturated latex particle from studies of the 
final latex product. Although, the detailed morphology of 
the saturated state remains obscured because of this limi- 
tation certain elements of the gross morphological features 
readily emerge, and these are the features we wish to dis- 

Another bit of factual information is germane to the 
ensuing discussion, Recall from the studies of van den Hul 

cuss. 



Vol. 7, No. 3, May-Juno 1974 Segment Distributions in Saturated Polystyrene Latex Systems 305 

and Vanderhoffs plus Ottewill7 that with persulfate initia- 
tion the major portion of sulfate end groups remains on the 
surface of the particle#s--even through successive genera- 
tions of seeded polymlerizations. This means that nearly 
all the polymer molecules are bound to the particle water 
interface by their chain ends. 

I. Proposed Mechanisms for the Overcoating Process 
A. Growth-Oriented Mechanism. As a possible expla- 

nation one could postulate that  monomer and polymer are 
uniformly distributed a t  equilibrium. Upon reinitiation, 
growth of a polymer clhain begins a t  the surface as an oli- 
gomeric sulfate radical enters the particle. Continued 
growth occurs in the vicinity of the interface because the 
polymer chains are anchored to the particle surface. As 
monomer I1 in the vicinity of the interface is consumed, 
monomer I1 in the central region diffuses toward the poly- 
merization site, displacing polymer I chains toward the 
central region of the particle. Hence, as polymerization 
progresses, polymer I1 chains grow and remain in the periph- 
eral region by virture of their attachment to the surface 
while polymer I chains collect in the center. 

This explanation encounters serious difficulties because 
polymer I and polymer II chains are identical. They are 
both attached to the surface and they both assume ran- 
dom-flight conformations (subject to the physical con- 
straints imposed by the crowded and confined habit of the 
latex particle). A chain segment associated with a growing 
polymer I1 chain is not imbued with any properties to dis- 
tinguish it from chain segments associated with polymer I 
chains or inactive polymer I1 chains. The incorporation of 
tritiated styrene as a tagging agent does not impart a dis- 
tinction with respect to driving forces for diffusion or 
phase separation. We have argued e l ~ e w h e r e ~ b , ~  that the 
use of butadiene does not impart distinguishing properties 
with respect to either diffusion or phase separation. 
Hence, there are no property differences between polymer 
I or polymer II chains that can serve as a driving force for 
diffusion or spontaneous phase separation. This implies 
that if growth of a polymer I1 chain caused a depletion of 
monomer 11 in the vicinity of the particle surface and dif- 
fusion from the centrad region to the particle surface, both 
polymer I and polymler 11 chain segments should be dis- 
placed toward the center without discrimination. Hence, a 
well mixed initial particle environment should not lead to 
the sharply defined core-shell regions observed in the final 
particle. 

Another matter to discuss is the relative mobility of the 
various reacting species. If polymer diffusion did occur, it  
would have to operatle against the built-up concentration 
gradients as the selective migration proceeded, and this 
diffusion would have to occur in a very viscous environ- 
ment which would become increasingly viscous and even- 
tually glass like as the polymerization progressed to com- 
pletion. 

B. The Encapsulation Model. Alternatively, one could 
postulate that  monomer 11 does not uniformly swell the 
particle but the majoir portion of monomer 11 is located in 
the peripheral region a t  saturation. Upon reinitiation mo- 
nomer II converts to polymer II in the peripheral region, 
thus forming a core-shell structure. This model is similar 
to the growth oriented mechanism just discussed in that 
both require the second stage polymerization to occur in 
the vicinity of the particle surface. The encapsulation 
model requires the establishment of polymer I-monomer 
I1 gradients prior to repolymerization whereas the growth- 
oriented model requires the establishment of polymer I- 
polymer I1 gradients during the second stage of polymer- 
ization. We have just argued against the latter, and we 

devote the remainder of this paper to describing how mo- 
nomer-polymer gradients might form upon saturation. 

Before proceeding, we review briefly the experimental 
evidence favoring an encapsulation model. (a) The notion 
of a monomer-rich interfacial region, perhaps a few hundred 
hngstroms thick, is in accord with core-shell model which 
we postulated on the basis of kinetic evidence.2a (b) The 
growth-oriented model is based on the fact that initiation 
occurs a t  the particle-water interface; and, since the 
chain is permanently bound there, it  continues to grow in 
a region close to the interface. In the encapsulation model 
initiation at  the interface and attachment of the polymer 
chain to the interface are of secondary importance. Of pri- 
mary importance is the initial distribution of monomer I1 
and polymer I. To distinguish between these two explana- 
tions we performed a seeded polymerization experiment in 
which an oil-soluble initiator (benzoyl peroxide) was used 
to initiate the second stage of growth. The prevalence of 
the core-shell morphology in the final latex again favors 
the encapsulation mode1.m 

11. Thermodynamic Considerations 
As previously stated, the fact that a definite particle 

morphology persists even when the second stage of poly- 
merization emanates from equilibrium saturation condi- 
tions strongly suggests that particle morphology is con- 
trolled by molecular thermodynamic factors. The remain- 
der of this paper is devoted to exploring this view point. 

Of overriding importance is the fact that we are dealing 
with a microscopic thermodynamic system and not one of 
macroscopic proportions. In such a system, forces operat- 
ing a t  or near the interface can outweigh those which op- 
erate within the volume of the system. For a given level of 
particle saturation, we assume that the surface free energy 
remains constant. Two opposing forces are in operation. 
The volume-dependent free energy of mixing causes mix- 
ing and conformational constraints cause demixing. We 
have previously introduced the latter as “entropic consid- 
erations.” 2b The demixing force is surface area depen- 
dent, and it originates in the long-chain conformational 
properties of the polystyrene molecules and their interac- 
tions with the particle interface. 

Note that two kinds of polymer segment density distri- 
butions must be considered: one describes the overall dis- 
tribution within the particle for all the molecules and the 
second describes the conformations of the individual mol- 
ecules. Of paramount importance in establishing the over- 
all polymer segment density distribution is the desire of 
the individual polymer molecules to occupy random-coil 
conformations. In the case of the saturated latex particle 
the ability of the individual chains to occupy their pre- 
fered conformations is hindered by the confined and 
crowded habit of the latex particle and by the fact that  all 
chains are attached to the interface. We shall discuss this 
problem later in this paper. Recognize a t  the outset that 
in order to achieve a uniform overall segment density dis- 
tribution, the density distribution for that portion of mol- 
ecules near the interface must be unnaturally compressed. 
Only those molecules located near the center-sufficiently 
distant from the interface-can have a Gaussian segment 
density distribution. 

A distribution model more entropically favored would 
consist of a dense central network of entangled, coiled 
polymer chains surrounded by a peripheral shell consist- 
ing of a dilute network of polymer chains whose centers of 
mass were sufficiently far removed from the interface so 
as to allow them to occupy their prefered random-coil 
conformations. 

The general problem of describing restricted-chain con- 
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Figure 1. A random polymer chain between two impenetrable, 
parallel plates, separated by a variable plate distance 6 ,  attached 
by one chain end to the left-hand plate. 

formations within a thermodynamic framework suitable to 
the present situation has been provided by Meier.8 His 
work provides a means of quantitatively comparing the 
free energy of mixing to the free energy resulting from 
what we have referred to as “entropic considerations.”2b 

Meier has calculated the free energy of restricted uol- 
ume, AGv(6) of a polymer molecule between two parallel 
plates separated by a distance, 6 ,  compared to the free en- 
ergy if the plates were infinitely separated (Figure 1). The 
plates are impenetrable and their surfaces are nonin- 
teracting with respect to the polymer. In this analysis the 
molecule is attached to one plate a t  one chain end. For a 
flexible long-chain molecule, such as polystyrene, ran- 
dom-flight statistics are applicable. The required chain 
statistics are generated by the diffusion equation 

awmlarv = ( P / G ) V ~ W ( F )  (1) 
for W(7) the probability of the end-to-end distance being 
7, for N segments of length 1. 

As the surface containing the attached chain is brought 
closer to the other surface, the volume available to the 
chain decreases; and as a result, certain chain conforma- 
tions will be excluded. At a separation distance, 6 ,  the 
fraction of allowable chain conformations will just be 
equal to the probability Plr(6) that all elements of the at- 
tached chain are within a distance 6 of the surface com- 
pared to when the other surface is a t  infinity. This proba- 
bility can be determined from the diffusion equation as 
follows. First obtain the conditional probability 
Wv(x,r;x‘,0;6)dV of finding the free end of the chain of N 
segments in the volume element dV at x,r in cylindrical 
coordinates when the first end is at  x = x‘ and r = 0. The 
boundary conditions for this problem are 

(2 ) 
These conditions also exclude from the ensemble those 
conformations for which any of the segments has reached 
the boundaries at  x = 0 or 6 .  

The solution to eq 1 and 2 is normalized for 6 = =. 
Since we want the first chain end to be a t  x = 0 we let x ’  
+ 0. With the solution for W,(x,r;O,O;G)dV, we find &(a)  
as follows 

W,(O, r; x’, 0; 6 )  = W,\(&. r; x‘, 0; 6) = 0 

P,(6) = 2 r J w  Jm W J x ,  r;  0,O; 6)rdrdx (3) 
r=O x - 0  

From the Boltzman relation 

AG,(d) = -TAS,(6) = -kT In (P.\(6)) (4)  

where A (6) corresponds to our “entropic consider- 
ations.’’ The result obtained is as follows 

which is shown graphically in Figure 2. From this result it  
is seen that if a long-chain molecule is confined in too 

LGu/kT 

l 0 O C  

0 . 2  3 . 4  0.6 0.8 . . o  1 . 2  

b / h  

Figure 2. Free energy of restricted volume us. distance of plate 
separation per mean-square end-to-end distance. 

small a space, i.e., 6 -+ 0, a large positive free energy 
would result rendering that situation thermodynamically 
unlikely. 

Considerable difficulty is encountered in obtaining a 
numerical solution for eq 5 for 6/h < 0.27. The solid line 
in Figure 2 is Meier’s solution. We have duplicated his so- 
lution and extended it to 6/h = 0.218 with AG,/kT = 
32.15, shown as the solid point. The dashed line is the ex- 
trapolation used in our model calculations. We are cur- 
rently attempting to extend the calculations to lower 
values of 6 /h. 

The analogy between the situation Meier described and 
the situation under consideration is depicted in Figure 3. 
Instead of a variable plate separation, we have a variable 
shell thickness. With 6 = 0 mixing is complete and a uni- 
form segment density distribution is obtained. The maxi- 
mum value of 6 is obtained with pure polymer core and a 
pure monomer shell. With intermediate values of 6 ,  we 
will assume as a first approximation that uniform mixing 
of monomer and polymer occurs in the core and only mo- 
nomer is found in the shell. As we will consider later, 
some intermixing does apparently occur and the sharp in- 
terface required to define 6 in the context of Meier’s anal- 
ysis does not in reality exist. Likewise the internal core- 
shell interface (corresponding to the right-hand plate in 
Figure 1) is not in reality impenetrable. All these approxi- 
mations are required, however, in the ensuing calcula- 
tions. 

The accepted concept for latex-monomer swelling is 
that equilibrium is reached when the change in free ener- 
gy of mixing and the change in surface free-energy bal- 
ance.9 510 Analytically this concept is expressed as 

AG. = AG,V + AG,s (6) 

where P G, is the free energy of saturation, A G, is the free 
energy of mixing, A G y  is the change in surface free ener- 
gy, s is the surface area, and V is the particle volume. At 
saturation dAG, = 0 and AG,dV = -AG,ds as stated. 
The Flory-Huggins equation is employed to represent 
A G, . Considering the difficulties involved in obtaining 
independent estimates of the parameters and the weak- 
ness of the Flory-Huggins theory, reasonably good experi- 
mental corroboration has indeed been obtained for eq 6. 
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Table I 
System Fret! Energy A G ~ / R T  Comparing Free Energy of Restricted Volume to That of Mixing 

[MI = 0.73 

us. Reduced Shell Thickness at [MI = 0.40 and 0.73 

[MI = 0.40 

6 AG,/RT - AG,'/RT AGFIRT. - aGM ' / R T  A G F / R P  
(A) s / h  AG,/kT x 10-16 x 10-16 x 10-16 x 10-16 x 10-16 

10 0 . 0 2 6  > i o 5  > 5 . 2 8  0.1674 >5.115 0 , 2 0 7 4  >5 .073  
30 0 .079  105 5 . 2 8  0 .1604 5 .120  0 .2066 5 .073  
50 
70 
90 

100 
120 
140 
150 
200 

a aGF/RT = 

0 . 1 3 1  
0 . 1 8 3  
0 . 2 3 6  
0 . 2 6 2  
0 .314  
0 . 3 6 6  
0 . 3 9 3  
0 .524  

AG,/RT 

500 
70 
32 
22 
1 4 . 5  
10 

8 . 6  
4 . 2  

i- AG, '/ R T.  

0 .0264  
0 .0037 
0 .0017 
0 .0012  
0.0008 
0 .0005  
0.0005 
0 ,0002  

UNIFORMLY MIXED 
CORE: MONOMER + 
POLYMER 

Figure 3. Encapsulated htex  particle used in model calculations. 
*Free energy of mixing for the shell volume is neglected in the 
calculations. 

This is not to say, however, that  it  completely represents 
the situation. 

We suggest generalizing eq 6 by including Meier's term 
for the free energy of yestricted volume AG,(6) which the 
polymer chains experience near the interface, where 6 re- 
fers to the shell thickness. Equation 6 then becomes 

A G ,  = AG,V -+ AG,s i- AG,(6)s ( 7 )  

As shown in Figures 2 and 3 if uniform mixing occurs 6 - 
0, AG,/kT  rises steeply, approaching infinity, and the 
hG, term in eq 7 domiinates the others. Since LG, is posi- 
tive, AGq would likewise become positive and mixing 
would be unlikely. On the other hand, as 6 approached 
its maximum value AG,/kT  - 0, and eq 7 would reduce 
to eq 6. The latter rationale is in accord with the fact that  
eq 6 is a reasonable approximation under equilibrium sat- 
uration conditions. Model calculations described in the 
next paragraph support this assertion. 

We have considered the free energy of demixing a model 
latex particle from a homogeneous system to one with a 
core comprised of monomer and polymer uniformly mixed 
and a shell comprised of only monomer. The free-energy 
change of such a transformationA G F / R T  is given by 

AG,!RT = ( A G , ' / R T )  -+ n ( A G , J k T )  ( 8 )  

0.1543 -0 .127  
0 .1471 -0 .143  
0 .1390 -0 .137  
0 .1343 -0 .133  
0 .1237 - 0 , 1 2 3  
0.1108 -0 .110  
0.1034 - 0 . 1 0 3  
0 .0466  -0 ,0462  

0 .2045  
0 .2046  
0 .2042  
0 .2029  
0 .2017 
0 .2016  
0 .2003  
0 .1962 

- 0 . 1 7 8  
-0 .201  
-0 .203  
- 0 , 2 0 2  
-0 .201  
-0 .201  
-0 .200  
-0 .200  

[ V  -- 7 3  n l n l " " "  a: 93& 
-I_. 2 

EO 3 0  50 a?"  
S H E L I  THICILYESS I A  

Figure 4. Free-energy curves showing a minimum for 6 # 0 for 
two monomer concentrations. 

where AGm' is the free-energy change due to demixing 
that occurs when a shell of thickness 6 forms and n is the 
number of polymer molecules attached to the particle sur- 
face. Presented in Table I and Figure 4 are the results of 
calculations for two levels of monomer swelling. See the 
Appendix for details. Observe that a minimum in free en- 
ergy occurs a t  shell thickness values of 70 A and 90 A for 
the 0.40 and 0.73 values of weight fraction monomer, re- 
spectively. These equilibrium values of shell thickness 
place about 19.3% of the total monomer in the shell for 
the 0.40 case and about 35.6% for the 0.73 case. Note from 
Table I that  a t  equilibrium the AGv term is small com- 
pared to AG,' in accord with our preceding rationale. In 
general AGv(6)  can be neglected in two circumstances: in 
macroscopic systems where sJV - 0 and when 6 >> h ,  
where h is the root-mean-square end-to-end3distance. The 
latter arises when 6 is large or when molecular weight be- 
comes sufficiently low. 

The foregoing calculations should not be construed as 
proof of the encapsulation phenomenon. We have simply 
concocted a model thermodynamic system that predicts 
phase separation because of the importance of restricted 
volume effects. Nonetheless we believe the model renders 
valuable insights into the factors governing latex particle 
morphology . 
111. Segment Distributions near an Interface with 
Segment Adsorption 

An assumption used in the last section was the absence 
of any adsorption interactions. Such interactions would 
cause the segment distribution to skew away from the 
core toward the interface. In this section we consider in a 
general way the segment distributions for a polymer chain 
located near an impenetrable flat interface, allowing for 
segment adsorption a t  the surface. DiMarzio and 
McCrackinll have determined the segment density distri- 
butions for long-chain flexible molecules, which have one 
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F.-.-- -. ,istribution of density p ( z )  ". vy.J.L.cr segments us 
distance z from the surface for various values of adsorption energy 
for chains of 200 segments. For adsorption energies less than the 
critical value of kT In 2, the curves have similar shapes and pass 
through a maximum. Far adsorption energies greater than 0.693 
kT, most segments lie close to the surface. 

Figure 6. Average number ("1 of contacts with the surface us. the 
energy of adsorption in units of kT for chains of 50, 100, and 200 
segments. The theoretical C U N ~  for infinite chain lengths (a) is 
alsoshown. 

chain end fixed to a surface, as a function of distance, 
molecular weight, and attractive energy of the surface. 
Monte Carlo methods were used in the execution of their 
model calculations.12 Figure 5 displays the polymer seg- 
ment density as a function of distance from the surface for 
various values of attractive energy; Figure 6 shows the av- 
erage number of segment contacts a t  the surface as a 
function of attractive energy with chain length as a pa- 
rameter. The pertinent feature of their results is that for 
energy values of -tlhT < ca. 0.6 the polymer segment 
density p ( z )  approaches zero and the number of adsorp- 
tion contacts approaches one a t  the surface of attachment. 

The low values for adsorption contacts and segment 
density for values of -e < ea. 0.6 hT indicates that there 
is very little polymer near the surface even for systems 
where the interaction energy is the same magnitude as the 
energy associated with van der Waal's type forces. 

The result for e = 0 is particularly interesting in that 
the mean square end-to-end distance, R2, can he calculat- 
ed directly. The resulting mean-square end-to-end dis- 
tance is twice that of the same polymer in the absence of 
an interface. Thus, the wall forbids all conformations from 
crossing it, thereby giving preference to conformations on 
just one side. Since many conformations that would have 
crossed the wall are forbidden, there will be a low segment 
density near the wall and the maximum segment density 
will shift away from the wall. 

The experimental evidence produced for the styrene- 
polystyrene latex system under study shows that there is 
low concentration of polymer in the peripheral region of 
the latex. This. behavior would be expected for systems 
with low values of interaction energy ( -c /hT < 0.6). 
Based upon the organochemical structures of the system 
under investigation, we would expect the interaction to he 
minimal. We cannot conceive of the polystyrene segments 

Figure 7. Ultra-thin cross-section of a latex particle containing 10 
wt % butadiene in the monomer Il charge. The core-shell mor- 
phology is clearly discernible. Secondary morphological features- 
care inclusions and ring around the care-arise from polymer I- 
polymer IS incompatibility and are evidence that the core does 
contain 8ome monomer I1 at saturation. 

participating in any kind of hydrogen bonding or chemad- 
sorption with the hydrophilic interface or its surfactants. 
In .fact, polystyrene, like most hydrophobic polymers, 
would he expected to he repelled by water as evidenced by 
its high contact angle with water. Thus, for the system of 
interest the adsorption energy of polymer segments with 
the surface is probably low. 

IV. Overall Segment Density Distribution 

We now consider the experimental evidence and theo- 
retical arguments which hear on a description of the over- 
all segment density distribution. Several elements of the 
experimental evidence could have been reconciled by a 
model consisting of a solid polymer core surrounded by a 
pure monomer shell: e.&, the kinetic evidence that 
prompted the postulation of a core-shell morphology. 
Such an extremely distributed structure can he rejected 
on a t  least two counts. Van den Hul and VanderhoffG plus 
Ottewill' have shown for persulfate-initiated styrene 
emulsion polymerization that nearly all of the polymer 
chain ends are located on the surface. If the hulk of the 
polymer is located in the core and the polymer chain ends 
locate on the surface, then polymer chain segments must 
permeate the intervening monomer layer. 

A pure polymer core can be excluded as well. Satura- 
tion seeding experiments of the sort described here with 
sufficient butadiene-ca. 10%-to introduce polymer- 
polymer incompatihility'3 and oil-soluble initiator runsa 
form the bases for this assertion. With reference to incom- 
patibility effects13 Figure 7 shows an ultra-thin cross-sec- 
tion obtained for seeded polymerizations containing 10% 
butadiene in the monomer I1 charge. The core-shell struc- 
ture is clearly evident. One can also observe dark gains in 
the core which are attributable to the polymer-polymer 
incompatibility introduced during the second stage of po- 
lymerization. That is, some of the 9010 styrene-hutadi- 
ene comonomer II mix must have located in the core re- 
gion during saturation and polymerized largely in situ to 
produce a copolymer incompatible with the polystyrene of 
the first generation core. 

As for the oil-soluble run, the shell obtained after poly- 
merization was smaller than would have been expected 
with a pure polymer I core indicating that some second- 
stage polymerization occurred in the core. Hence, some 
monomer must have located in the core during saturation. 

On the hasis of the experimental evidence reviewed in 
this paper we suggest the encapsulation model shown in 
Figure 8. The model incorporates sulfate end groups on 
the surface and chain segments that  permeate the mono- 
mer-rich shell. The individual chains are depicted in their 
preferred random-coil conformations. Also shown is our 
qualitative conception of how the overall segment density 
distribution might look-high in the central region, drop- 
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so, TESTATIVE 
ENCAPSULATIOK 

SO, YODEL so, 

so4 so4 

POLYYER SEGI”,EBT 
DENSITY DISTRIBUTION 

Figure 8. Tentative model for the encapsulation phenomenon. 
The SO+- end groups are located on the particle surface. The in- 
dividual chains occupy random-coil conformations-subject to 
the restraints imposed by the microscopic latex particle. The 
overall segment density distribution is high in the central region, 
drops off sharply, and approaches zero at the particle surface. 

ping off slowly a t  first and then suddenly to form an inter- 
facial region between the core and shell zones and finally 
approaching zero at  the particle-water interface. 

Additional work by Meier on spherical domain forma- 
tion in block copolymlersl4 gives some theoretical insights 
into the problem. Thie required assumptions are that end 
groups are fastened to the surface, that random-flight sta- 
tistics are applicable and that there is no significant ad- 
sorption energy betwleen polymer segments and the sur- 
face. The required chain statistics are generated by the 
diffusion equation for W(N,?,?’,R), the probability of find- 
ing the free end of a chain of N segments a t  ? with the 
fixed end a t  ?’. R is the particle radius. The appropriate 
boundary condition for chains confined to the interior is 

U‘( N, R,  7, R )  = 0 (9) 

which also excludes from the ensemble those conforma- 
tions for which any segment has reached the boundary at  
R. The segment density, p of a single chain of UA segments 
is obtained by summing Wover N 

O A  

p(a,; F, 7. R )  = W (  N ;  F. F’, R )  (10) 

The total (overall particle) segment density M (uA ;?, R )  is 
the sum of the number densities p contributed by each 
chain in the particle with the chain origin ?’ fixed a t  the 
surface. Overlap of adjacent molecules causes the angular 
dependence of segment density to become negligible for 
more that 24 chains whose origins are equidistant from 
each other on the surface of the sphere. The normalized 
density is 

.v = 1 

C!’ = ( r) 47rR’ n 
U A N ,  

where N A ,  the number of chains, is independent of chain 
length for U A  > 20 and negligibly dependent on placement 
of the chain end for r’/r > 0.9. 

Figure 9 (curve a )  :shows Q‘ as a function of radius r / R  
for (uA12)1’z/R, the ratio of the root-mean-square end-to- 
end chain distance to the particle radius, equal to 0.6 (an 
intermediate value for the situation under consideration). 
The region of low density at the center of the particle is a 
region of very high energy and will not occur. It arises 
from the use of purely random-flight statistics and would 
be smoothed out by chain perturbations if the solution po- 
tential (free energy of mixing) were included in the calcu- 
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Figure 9. Relative density of segments for h / R  = 0.6. (oAP)’ * / R  
= h /R .  

lation (a far more difficult problem). The effect of the 
wall is lost as one approaches the particle center, allowing 
unconstrained polymer segment-monomer mixing. This 
surface free mixing near the center will decrease free ener- 
gy and smooth out concentration gradients. The solution 
potential in effect pulls chain segments toward the center. 
The result is a nearly uniform density of segments over 
most of the particle which drops sharply to zero a t  the 
outer surface. Curve b of Figure 9 shows this distribution 
qualitatively. T h b ,  in accord with the experimentally de- 
rived model depicted in Figure 8, Meier’s analysis shows 
an overall segment density distribution for the saturated 
latex particle which is high in the center and drops to zero 
a t  the surface. 

V. Conclusions 
Seeded styrene emulsion polymerizations generate latex 

particles in which the second-generation polymer over- 
coats the first in a core-shell fashion. Two possible expla- 
nations for this observed morphology were considered: a 
growth-oriented mechanism and monomer encapsulation 
of the seed particles a t  equilibrium saturation. The exper- 
imental evidence and theoretical rationale we have pre- 
sented support the encapsulation model. The primary 
forces controlling particle morphology are apparently de- 
rived from the conformational properties of the polysty- 
rene molecules and their interactions with the particle- 
water interface. This hypothesis was used to devise a 
model thermodynamic system that accounts for an encap- 
sulated morphology consisting of a core with monomer 
and polymer uniformly mixed surrounded by a pure mo- 
nomer shell. We argue that the level and effect of polymer 
segment adsorption a t  the particle-water interface is 
probably negligible and that, accordingly, the individual 
segment density distributions should be skewed away 
from the interface as the polymer molecules attempt to 
occupy their preferred random-coil conformations. Various 
elements of the overall segment density distribution were 
considered, and a conceptual model for the encapsulated 
latex particle a t  equilibrium saturation was presented. An 
essential feature of this model is an overall polymer seg- 
ment density distribution which is high in the central re- 
gion of the particle and falls to near zero at  the particle- 
water interface. 
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VI. Appendix 
Free-Energy Calculations for Styrene-Polystyrene 

Latex Systems. These model calculations are based on a 
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particle size and molecular weight characterized by exper- 
iment. Particle radius R, = 980 = 2.585 X 106, and 
M n  = 0.783 x lo6 (based on Mv/Mn = 3.3).15 TWO 
(weight fraction) monomer levels were used: 0.73 (satura- 
tion) and 0.4. 

From a mass of monomer and polymer uniformly mixed 
at  a given weight fraction of monomer [MI, remove 
enough material to form a sphere of radius R. The sphere 
is to consist of a core of monomer and polymer uniformly 
mixed and shell of pure monomer. Hence, a free energy of 
mixing SGm‘/RT will result from this segregation. Since 
the long-chain molecules are bound to the particle inter- 
face and they are confined near a surface, there will be a 
free energy of restricted volume A G,/RT. Other free ener- 
gies such as that of surface formation and placement of 
chain ends on the surface will be constant in this analysis. 
Essentially, we are concerned with the effect demixing has 
in reducing volume restriction of the polymer molecules 
within the spherical domain. 

The PGm’/RT term in eq 8 can be approximated by the 
Flory-Huggins relation 

AG,’/RT = N,’ In u,’ + N?‘ In v?/ + xv,’uL/ (A-1) 

where x = an interaction parameter, N1’ = moles of mo- 
nomer in core, N2’ = moles of polymer in core, VI’ = vol- 
ume fraction of monomer in core, u2’ volume fraction of 
polymer in core. The moles and volume fractions will be 
expressed in terms of the hypothetical shell thickness, 6 ,  
of pure monomer. These will in turn allow us to relate 
A GF/RT to 6 .  x was assigned a value of 0.42. 

The radius R of the swollen latex particle can be found 
by direct use of the definition of weight fraction of mono- 
mer 

4 
3 d R 3  - Rm3)pm 

(A-2) 4 [MI = 
- r ( R 3  - Rm3)p, + 37~R, , Jp~ 3 

where Roo is the radius of the “dry” latex seed. With R 
known one can then partition the system into a polymer 
core swollen with monomer to thickness Ro and a pure 
monomer shell of thickness 6 in which R, = R - 6 .  

4 
3rRoo3pp 

N2’ = ~ = moles of polymer, (A-3) 
M 2  all in the core 

%r(R3  - ( R  - d)’lpm 
N,“ = = moles of monomer 

M ,  in the shell (A-4) 

= overall moles of 
1 N,’MLM] 

N, = - 
M1 - monomer in the system 64-51 

then 
N l ’=  N ,  - N,“ (A-6) 

where M1 is the molecular weight of monomer and M2 is 
the molecular weight of polymer. The volume fractions 
are given as follows 

ul’ = Nl’ 
N,’ + x N ~  

and (‘4-7) 
u2’ = 1 - v,’ 

where x = M2/M1 

To calculate the second term of eq 8, we assumed that 
n is equal to twice the total number of moles of polymer 
in the system, since all molecules are attached to the sur- 
face a t  both ends. The energy term ( A G v / k T )  is found di- 
rectly from Figure 2 as a function of (6/h) ,  where h is the 
mean end-to-end distance of the polymer. Extrapolation 
was used for 6/n < 0.2. Recognize that ( S G v / k T )  has been 
determined for planar geometry, but we use it only be- 
cause this function is not available for spherical systems. 
This value should be more pronounced in spherical systems 
as curvature will restrict the polymer conformations in 
more than one dimension. The value of h is based on one- 
half the molecular weight of the polymer, since all poly- 
mer chains are attached to the interface a t  both ends. For 
a polystyrene molecule of Ma = 0.220 x 106 in a good sol- 
vent, &, the mean radius of gyration, is 115 A and h is 
328 A. ( A G F / R T )  is tabulated us. 6 in Table I and plotted 
in Figure 4 for values of [MI = 0.40 and 0.73. 
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