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ABSTRACT: The structural parameters of monodisperse AB diblock copolymer micelles in homopolymer 
of type A are derived by minimizing a simple free energy expression. The core is found to consist almost 
entirely of B blocks of the copolymer molecules, with radius 1~ depending primarily on the degree of po- 
lymerization of that block, ZCB. le scales as l~ 0: ZCA’IZCB”, where ZCA is the dp of the copolymer A block, 
0.67 S v S 0.76, and p is small and negative, -0.1 5 p 5 0. Similarly the corona thickness lA is found to depend 
primarily on the copolymer A block, varying as ZcAW, with 0.5 5 w 5 0.86. The physical origin of these exponents 
is discussed, and the stretching parameters of the polymer chains are obtained. The swelling of the corona 
by homopolymer of low molecular weight (2, << 2cA) is also described. The theory is applied to an analysis 
of recent small-angle neutron scattering data for the polystyrene/polybutadiene system, and excellent agreement 
with experiment is demonstrated. The critical micelle concentration is calculated and shown to be dominated 
by an exponential dependence on X ~ C B ,  where xm is the Flory-Huggins interaction parameter. As a general 
result, the importance of the copolymer composition is emphasized; every property of the system depends 
on either ZC, or ZcB or both, but never on just the total molecular weight. 

1. Introduction 
Recent experimental work’ on the structure of block 

copolymer-homopolymer blends using small-angle neutron 
scattering (SANS) affords a unique opportunity to test 
modern theories of micelle formation in these systems. 
Previously we have developed a simple model of AB di- 
block copolymer micelles in selective small-molecule sol- 
vents.2 In this paper our earlier work is generalized to 
include “dilute solid solutions” of diblock copolymers of 
arbitrary composition in a homopolymer matrix. Re- 
markably good agreement with the SANS measurements 
of Selb et  al.’ is obtained. There are no fitted parameters 
in our model. 
Our model assumes that both the corona and core of the 

micelle are homogeneous, as shown in Figure 1, allowing 
us to write down the free energy density of the system 
quite simply without any integrals over density profiles. 
Minimization of the free energy with respect to the 
structural and compositional parameters of the micelle 
gives the optimum values of the core and corona radii, as 
well as the aggregation number of copolymer molecules per 
micelle. These quantities are shown to depend not only 
on the total molecular weight of the copolymer, but, more 
significantly, on the individual blocks CA and CB. 
As an added result, we find that allowing for copolymer 

in solution between micelles has very little effect on the 
calculated size parameters, but it is important in deter- 
mining the critical micelle c~ncentration.~ 

In section 2 we begin with a detailed description of the 
model. The general trends with the molecular weights of 
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each block of the copolymer and of the homopolymer are 
explored in section 3a. We find that the homopolymer is 
almost completely excluded from the core of the micelle 
for a wide range of molecular weights. The core radius and 
corona thickness are found to scale primarily with the 
molecular weights of the CB and CA blocks of the co- 
polymer, respectively. The values of the important ex- 
ponents are derived from the analytical expressions given 
in section 2. In particular the penetration and stretching 
of the A blocks of the corona by homopolymer of small 
molecular weight is discussed quantitatively. Section 3b 
and Tables I-V compare the results of our calculations for 
the system of polystyrene/polybutadiene copolymers in 
polybutadiene homopolymers with the SANS measure- 
ments of Selb et al.l The critical micelle concentration is 
discussed in section 4, and section 5 contains the conclu- 
sions. 
2. Description of Model 

Each micelle is modeled by a spherical core of radius lB 
surrounded by a corona of thickness lA ,  as indicated in 
Figure 1. The unit cell is a sphere of radius R and is 
defined as the volume which on average contains one 
micelle. Each of the three regions is assumed uniform 
throughout. The number fraction of copolymers which 
remain in solution in re ion 3 between the micelles is 
denoted by F3c, while FMg = 1 - F3c is the fraction in the 
micelles. The copolymers which are in micelles are as- 
sumed to have their joints localized at the interface, with 
the polystyrene block, labeled CB, stretched in toward the 
center, and the polybutadiene, or CA block, in the corona. 
The core radius lB and the corona thickeness l A  are pro- 
portional to the average end-to-end distances of the CB 
and CA blocks, respectively. Polybutadiene homo- 
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In these equations the superscript specifies the region and 
for each copolymer block (pcx(l) = pc,(L)/po, where pOI is the 
density of the pure component K and pC>) is the density 
of component CK in region i. In region 3, 
with poc defined by 

= Pc'3'lPoc, 

ZC/POC ZCA/POA + ZCB/POB (2-2) 

with Zcr the degree of polymerization of block CK, and Z, 
= ZCA + ZCB. For the homopolymer, M~A(')  = p-('/pOA. 

Because one of our primary objectives is testing the 
model against experiment, we use the appropriate rofer- 
ence densities. For polybutadiene, we take4 

1/154.09[1.0968 + 8.24 X 10YT - 273)]) mol cm-3 (2-3) 

wbere Tis  the temperature in kelvins, and for polystyrene5 

poB = 1/{104.15[0.9199 + 5.098 X W4(T - 273) + 

POA = 

2.354 X 10-'(T - 273)' + 
(32.46 + 0.1017(T - 273))/MCB]) mol ~ m - ~  (2-4) 

where Mcs is the molecular weight of the B block. Thus, 
the temperature dependence and, in the case of the 
polystyrene, the molecular weight dependence of the ref- 
erence densities are included. The Kuhn statistical lengths 
for the two components are bA = 0.68 nm and bs = 0.71 
nm for polybutadiene and polystyrene, respectively." 

The fraction of the total volume occupied by region i 
is denoted G,". In terms of the copolymer fractions FMc 
and F3', and the overall homopolymer and copolymer 
volume fractions wo and 'pco, we have 

GIV = (lB/RI3 

G2" = ( ( 1 ~  + l s ) / R ) 3  - GIV 

G3" = 1 - (GIv + G,") (2-5) 

and eq 2-1 become 

FMcfB(Vco/Giv) -F F i H A ( ~ ~ O / G i " )  = 1 

FMcfA((pco/GZv) + F Z ~ ~ ( P H A ~ / G ~ " )  = 1 

FSC(e0/G3") + F3HA(~Ao/G3v) = 1 (2-6) 

where for each component j. = (Zcsoc)/(Zcpo.), and the 
overall volume fraction of component CK is cpc: = f,eo. 

We express the free energy per unit volume of the mi- 
celles relative to the random state 

Ag = ( G m m ~ e  - GrandorJ/PoBkBTV (2-7) 

as a sum of six terms. In (eq 2-7), Vis the volume of the 
system, pOB a reference density (corresponding to poly- 
styrene in ow problem), and k, Boltzmann's constant. 
The first five contributions to Ag are discussed in more 
detail in ref 2. 

The first and largest term accounts for the polymer- 
polymer interactions. In the random state, the CB co- 
polymer blocks (overall volume fraction fs(pco) interact with 
the CA copolymer blocks cfA%o) and the HA homo- 
polymer. When micelles form, within the core a fraction 
FMc of the CB blocks interacts with a fraction PIHA of 
homopolymer. Outside the micelles the remaining fraction 
F3c of CB blocks interacts with the same fraction of CA 
blocks and the fraction F3HA of the homopolymer. The 
difference in the interaction free energy can he written as 
follows: 

gmt = - X ~ B V C ~ V A V ~ ~ [ ~  - (F3c)'/G~vl + 
mAo(l - FMcFIHA/GIV - F3CF3HA/G3')l (2-8) 
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Figure 1. Cross section of a spherical micelle consisting of AB 
diblock copolymers in a matrix of A homopolymer. Except for 
very low molecular weight homopolymers, the core (region 1) waa 
found to consist almost entirely of B blocks, so that wB"' 1, 
 HA'^' 0. Furthermore, very little co olymer was found to 
remain in solution (region 31, so that = 0, ~ 1 * ( ~ )  = 1. In 
the corona (region 2), the stretching of the A block was in the 
range 1 5 q 5 2, with volume fractions enerally falling in the 

done for polystyrene/polybutadiene copolymers and poly- 
butadiene homopolymers, with the identification A s hutadiene, 
B = styrene. 

polymers, labeled HA, can be in any of the three regions; 
the fraction of homopolymer in each is denoted F,HA. 

For a given overall volume fraction of copolymer, the 
free energy of the micelles relative to a random uniform 
distribution of copolymers is calculated. This theoretical 
expression is then minimized with respect to the inde- 
pendent parameters which determine the micelle dimen- 
sions, as well as the amount of homopolymer and co- 
polymer in each of the three regions. If the free energy 
is positive, the micelles are unstable or metastable; if it 
is negative, then they are stable. The critical concentration 
pCdt is essentially the overall volume fraction of copolymer 
p> for which this free energy difference vanishes. Thus, 
our model is a generalization of the earlier work of Noo- 
landi and Hong,2 the major differences being that homo- 
polymer rather than solvent is used, some copolymer can 
remain in solution between the micelles, i.e., in region 3, 
and in particular we treat arbitrary copolymer composition; 
i.e., we do not restrict ourselves to the case ZcA = ZcB. 

The model also extends the work of Leibler, Orland, and 
Wheeler: who allowed for some copolymer to remain in 
solution, but neglected localization of the copolymer jointa 
to the interfacial region of the micelle, assumed no hom- 
opolymer penetrated into the core, and kept ZcA = Zcm 

The polymers are assumed to be incompressible, so that 
in each region the volume fractions sum to unity: 

range 0.05 5 'pcA(zl 5 0.25, = 1 - % . AU calculations were 

(pcs(l) + MIA(l) = 1 
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The Flory x parameter for polystyrene-polybutadiene is 
based on the work of Roe and Zina 

(2-9) 

with T measured in kelvins. 
The interaction between the copolymer CB and CA 

blocks within the micelle is incorporated via the interfacial 
term. The expression used is a simple one tested against 
numerical self-consistent calcuIations in ref 7, with the 
modification that in the present case there is no third 
material as solvent. Anticipating our resulta, we find that 
in virtually all cases, (ocB(~) 1 0.98, so for the interfacial 
tension we assume pCB(l) = 1, leading to a free energy 
contribution 

xAB E x = -0.0835 + 7 3 / T  

- - - - - - - ---------------___ 

Y 31B2 
g1=-- P O ~ B T  R3 

(2-10) 

with 

Y / P O ~ B T  = ( X  /e) "'b (2-11) 

where b is an average Kuhn statistical length. In these two 
expressions it is assumed that the molar densities of each 
pure component pOn are the same, p,,. In the present case 
we have taken po = pOB. The analysis also gives a simple 
expressiQn for the width of the interface, d 

d = (2/3x)'/'b (2-12) 

The localization of the molecules involves restricting 
fractions FiHA of homopolymer to regions i, the fraction 
F3c of copolymer to region 3, and the fraction FMc of co- 
polymer such that the joints are in the interfacial region 
between the core and the corona. The entropy of mixing 
and localization of joints give the following contributions 
to the free energy: 

POA WAo 
g, = - -(FIHA In (F1HA/Glv) + 

POB ZHA 
FZHA ln (F2HA/G2v) + F3HA In (F3HA/G3V)J (2-13) 

The blocks of the copolymers in the micelles are also 
stretched along the radial direction, resulting in a decrease 
in the entropy, the so-called "elastic energy", which is given 
by the Flory expression 

where 

(2-16) 

Finally, we include a term which corresponds to the 
translational entropy of the micelles themselves3 and is 
obtained by using a simple lattice model 

gt, = - - FMC(ln (GIv + G27 + 
POB NMzC 

(G3'/(GlV + G2v)) In G37 (2-17) 

where N M  is the number of copolymer molecules per mi- 
celle. This contribution to Ag is generally 2-3 orders of 
magnitude smaller than each of the others. 
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Figure 3. la and 1~ as a function of &A, for ZHA = 60 and two 
values of ZCB, with ZcA ranging from 25 to 2000. 

The total free energy to be minimized is the sum of the 
above contributions 

With the condition of incompressibility, eq 1, there are four 
independent variables, which we found convenient to take 
as Zg, ZA, R, and F M c .  The procedure for minimizing the 
free energy is described in the Appendix of ref 2. 
3. General Trends and Comparison with 
Experiment 

a. General Trends. In this section, we explore the 
general trends predicted by the model, examining first the 
dependence of the micelle properties on the various mo- 
lecular weights and temperature. The micelle cores consist 
almost entirely of polystyrene blocks of the copolymer; the 
homopolymer volume fraction satisfies (oHA(~) < 0.001 for 
Z H A 1  60, rising to at most 0.02 for Zm = 30. Furthermore, 
away from the critical concentration, most of the co- 
polymers are localized in the micelle; the volume fraction 
of copolymer remaining in solution is correspondingly 
small. 

Figures 2 and 3 exhibit the dependence of both the core 
radius 1B and corona thickness ZA on the molecular weights 

& = gint + gI + gS + gJ + gel + gtr (2-18) 
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Figure 4. 1B (upper three curves) and 1~ (lower three curves) as 
a function of the degree of polymerization of each block for ZCA 
= ZcB = Z c / 2 .  As in Figure 1, the curves are terminated on the 
left at the value for which the critical concentration rises to cpco 
= 0.05. 

of the CB and CA blocks, respectively. For lB, a scaling 
relation is obeyed very closely over the entire range shown, 
which spans 3 orders of magnitude in molecular weight. 

The index v is only slightly dependent on the molecular 
weights, lying in the range 0.67-0.76. The value of 1~ slowly 
decreases with increasing Z C A ,  -0.1 < < 0, although the 
index v is nearly independent of Z C ~  This does not reflect 
a change in volume fraction in the core; for the case of 2, 
= 60, cpCA(l) 1 0.999. Rather, the number of copolymer 
chains aggregated into each micelle decreases as ZCA in- 
creases. 

The corona thickness lA also exhibits a power law de- 
pendence on Z C A  

lA a &AW (3-2) 

but is a fairly flat (non-power-law) function of Z C B .  
However, the index w depends on all of ZCA,  Z C B ,  and 2,. 
The last of these dependencies is clear from Figure 4. For 
small ZCA, w N 0.5, and in fact 1A is just the unstretched 
length lA = (ZCA/3)1 /2bA.  As Z C A  increases, the stretching 
increases, CYA > 1, so LA increases at a rate faster than ZcA’/2,  
and w increases to as much as 0.86 for the cases shown. 

Figures 2-4 serve to illustrate that the micelle param- 
eters are determined not only by the total molecular 
weight, but more importantly by the individual blocks CA 
and CB. This point is further emphasized by Figure 5, 
where both 1B and the total micelle radius (ZB + IA) are 
plotted as a function of polystyrene fraction for fixed total 
degree of polymerization 2,. The main point is that 1B and 
lB + l A  can vary greatly for given Zc, depending on the 
relative sizes of the two blocks. In fact, in the case of rather 
large Zc, the total micelle radius for ZC = 2000 with Z C B  
>> Z c A  can be larger than for Zc = 4000 with Z C A  >> Z C B .  
We believe this is not an artifact of the model, because the 
comparison of our calculations with the experimental re- 
sults indicates that the theory underestimates the depen- 
dences of 1B on both Z c B  and Z C A .  

On the other hand, if the blocks are varied proportion- 
ately, then 1B a Z&”, and 1A a ZcW, ignoring the small Z c B  
dependence of l k  This behavior is exhibited in Figure 4. 
It is interesting to note that for this special case, ZB exhibits 
a dependence on ZC which is close to the 2 / 3  power law 

- 
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120 4000 ----- 
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Figure 5. Core radius lB (lower curve of each pair), and total 
micelle radius le + LA (upper curve of each pair) as a function of 
polystyrene fraction for a given total degree of polymerization 
Zc, for 0.05 I Z,B/Zc 5 0.95. Near the upper limit of ZCB ap- 
proaching Zc, micelles may be unstable relative to other mor- 
phologies. No attempt has been made to calculate where this 
might occur. 

( a )  (b) 

Figure 6. Micelle structure for varying ZHA and ZCA, with con- 
stant ZCB. If the molecular weight of the homopolymer is large 
compared with that of the A block of the copolymer, i.e., ZHA >> 
ZCA, then there is very little stretching of the copolymer in the 
corona as shown in part a With 2, small relative to ZcA as shown 
in part b the stretching of the A block increases as the homo- 
polymer penetrates more into the corona. There is also an ac- 
companying small decrease in the number of molecules per micelle, 
leading to a reduction in the size of the core, and an increase in 
the total number of micelles. For very small ZHA, there may be 
some penetration of the core by the homopolymer, Le., (oHA(~) N 

0.02 when ZHA = 30. 

found in ref 2 as well as in ref 3 for “very strong 
incompatibilites”. Figure 4 also serves to exhibit the effect 
of homopolymer molecular weight. Decreasing Z H A  pfo- 
duces a small reduction in lB, and a somewhat larger in- 
crease in 1A, particularly for large ZcA. consequently the 
stretching of the corona, (YA, increases as Z C A  increases or 
Z H A  decreases. 

Figure 6 compares schematically the case of a relatively 
small ZcA and large 2, (Figure 6a) with the case of large 
Z c A  and small 2, (Figure 6b). In Figure 6a, the short CA 
blocks are unstretched (CYA l), with virtually no pene- 
tration of the core by the homopolymer. However, when 
&A is small relative to &A, the large CA blocks become 
stretched (aA > l), and there can be some small homo- 
polymer volume fraction ( o H A ( ~ )  in the core. Furthermore, 
the core radius decreases (see later discussion), and since 
the core volume fraction cpCB(l) remains very nearly unity 
the aggregation number NM 0: 1 B 3 / z C B  also decreases. 
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The previous results can be understood physically 
through a simple analysis. For simplicity consider the case 
bA = bB = b and poA = p O ~ ,  in which case f ,  = zc,/zc for 
each block. Since the homopolymer is virtually excluded 
from the cores, we may put (pcB(’) = 1, FIHA = 0, with little 
error. Now since tpcB(l) = f ~ t p c ~ F ~ ~ / G ~ ’ ,  we have 

(lB/R)3 = (zcB/zc)(pc°FMc (3-3) 

thus fixing the ratio lB/R. The “interaction” part of the 
free energy, which is the largest in magnitude, and the only 
significant negative term contributing to Ag, is given by 

-X (ZcB /zc)FMctpco (3-4) 

which is independent of the micelle parameters 1~ and 1 ~ .  
Equation 3-4 is just the reduction in energy when the 

fraction FMc of copolymers in the micelle cores no longer 
interacts with other copolymers or homopolymers. 

We also drop the localization term of order F3c In F3c, 
as well as the translational entropy of the micelles, and 
again use tpCB(’) N 1, to give for the total free energy 

A g m -  - +  

‘YB ‘YA 

The entropy of localization of the homopolymer should be 
negligible if Z H A  is large, or if the volume from which it 
is being excluded is small, i.e., ZcA is small. In this case 
the entropic contribution from the homopolymer can be 
dropped from eq 3-3, and the resulting expression mini- 
mized with respect to 1B and 1A, giving 

1~ = (x/6)”6Zc~2/3b(1 + o ( l / Z c ~ ~ / ~ ) )  (3-6) 

and for ZcA << Z H A  

LA = ( Z C A / ~ ) ’ / ~ ~  (3-7) 

The small contribution of O( l/ZCB1/3) above arises from 
the copolymer localization term in Ag. The physical result 
is that the core radius is determined primarily by a balance 
between the stretching of the core block and the interfacial 
tension between the core and the corona. On the other 
hand, when the localization entropy of the homopolymers 
can be ignored, the CA block is not stretched, and so the 
corona thickness is determined by the unperturbed corona 
block. 

If ZHA is small, or ZCA large so that the volume of the 
corona is significant, the configurational entropy of the 
homopolymer will tend to drive the homopolymer density 
toward a uniform value by stretching the CA blocks in the 
corona, thus maximizing the fraction of volume G2’. This 
can be done by increasing 1A or decreasing R,  which also 
results in a smaller core radius lB, since 1B a R to a good 
approximation. Note also that for a given tpco, larger ZCA 
(with ZcB fixed) corresponds to fewer copolymer molecules 
per unit volume and the overall stretching elastic free 
energy density is reduced. We thus have the physical 
picture (see Figure 6) that, for large ZHA and small Z C A ,  
the corona consists of unstretched CA copolymer blocks 
(with homopolymer also present) but that, as Z H A  is de- 
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Figure 7. Stretching parameters of the core block, aB (upper 
curve of each pair), and corona block, aA (lower curves), as a 
function of ZcA for different Zm and ZCB. Although the curves 
are shown for ZCA as small as 25, no comparison with other 
morphologies has been made (as in Figure 5 ) .  

creased or ZCA increased, the localization entropy term 
drives more homopolymer into the corona, causing it to 
stretah more, while the core shrinks a small amount. For 
given ZHA, the stretching should increase as ZcA increases 
because the larger corona means a larger gain in GzV for 
a given change in ‘YA, while for given ZCA, the stretching 
increases with decreasing ZHA due to the larger change in 
homopolymer entropy. 

In the remainder of this section we discuss the stretching 
parameters LYB and ‘YA defined by eq 2-16. Using the 
scaling relations for 1B (eq 3-1), with /I ranging from 0 (for 
small ZCA) to -0.1 (see Figure 3), and v = 2 / 3  (eq 3-6) we 
obtain 

‘YB a ZCB’I6 Z C A  << ZHA 

‘YB a ZCB~/~ /ZCA~. ’  ZHA << ZCA (3-8) 

Similarly, using 1A 0: ZcA‘, with o ranging from 0.5 (small 
ZcA) to about 0.85 (Figure 3) gives the approximate results 

a A  a ZCA’ ZCA << ZHA 

a A  cc ~ ~ ~ 0 . 3 5  ZHA << ZCA (3-9) 

The exact values of the exponents depend on p and v, but 
the general behavior is as shown in the full calculation, 
Figure 7, where it should be noted that each of cyA, CYB range 
over a factor of about 2. 

Finally, the volume fractions in the corona exhibit in- 
teresting behavior 

V C A ( ~ )  a N M ~ C A  / Vz (3-10) 

where NM is the number of copolymers per micelle and V2 
is the volume of the corona. Using lB 0: ZcB2/3, NM is a 
linear fraction of ZCB, giving 

tpc.~‘~’ a ZCAZCB/ Vz (3-11) 

For ZCA << ZCB, 1A << l g ,  then V,  4alB21A which scales 
as zCB4/3zCA’/2 (neglecting the ZcA dependence of 1B). On 
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Table I 
Molecular Characteristics of the Polybutadiene 

Homopolymers and Polystyrene-Polybutadiene Copolymers 
(Ref 1) 

homopolymer- mol wt ZHA 
M1 1600 30 
M2 3300 60 
M3 6500 120 

polybutadiene 
polystyrene block block 

block copolymer mol wt ZCB mol wt 

A 14 000 134 29 OOO 536 
B 14 000 134 15 000 277 

S 23 000 221 114000 2108 
D 23 000 221 46 000 850 

the other hand, for ZCA >> ZCB, Vz 
scales as N Z ~ ~ ~ . ~ .  Thus 

(4/3)dA3, which 

(&A(') OC zCA'/2/zCB'/3, ZCA << ZCB 

VCpCA(') OC zCB/zCA"5, ZCA >> ZCB (3-12) 

These powers are of course only approximate, but eq 3-12 
explains the behavior obtained from the numerical calcu- 
lation, shown in Figure 8. As ZCA - 0, (pcA(') -+ 0, and 
V C A ( ~ )  is smaller for large ZCB than for small ZCB. V C A ( ~ )  
reaches a maximum and then decays as a power law de- 
pending on the stretching, but now for a given ZCA, 
is larger for larger ZcB. There is also a significant de- 
pendence on the molecular weight of the homopolymer. 
For large Z,, the corona is stretched less, so the A block 
is in a thinner corona, causing an increase in (PCA(~). 

I t  is interesting to compare these redults with the con- 
clusions of Leibler et aL3 They found that for the case of 
ZcA = ZCB, ~cpcA(~) lies in the range 0.18-0.2 for their choices 
of xZc, and 2, = 52,. From Figure 6, we see that for each 
of ZCA = ZcB = 100 and ZcA = Zc, = 2000, ~cpcA(~) is close 
to this value, but that there exists wide variation for ZCA 
# 2,. In fact, these two special cases lie on opposite sides 
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Figure 8. Volume fraction of the block copolymers in the corona, 
(pCA(*), as a function of ZCA for different Z H A  and ZCB. 

of maxima in the ~cpcA(~) vs. ZcA relationship. 
b. Comparison with Experiment. Micelle core radii 

in the polystyrene/polybutadiene system have been mea- 
sured by using small-angle neutron scattering (SANS) by 
Selb et al.,l who concluded on the basis of the structure 
of the scattering curves that the micelles were spherical 
and monodisperse. The molecular characteristics of the 
three different homopolymers and four different co- 
polymers used in their work are summarized in Table I. 
Tables 11-IV compare the results of Selb et al. with our 
calculations, using the format and notation introduced by 
them. 

The first feature to note is the degree of overall agree- 
ment in the magnitudes of the core radii. The largest 
discrepancy between experiment and theory is -21% and 
is typically more like -10%. Second, the qualitative 

Table I1 
Influence of the Polybutadiene Homopolymer on the Core Radius l e  (nm) of the Micelle" 

ZCA = 277, Z ~ B  = 134 ZCB = 221, ZCA = 850 
cop. D at  2% cop. D at 5% cop. B at 2% 

matrix ZUb samule 1FIe lRt sample IRE 1Bt sample lBe lBt 

M1 30 1D2 11.7 11.2 1D5 10.1 11.2 1B2 9.6 8.8 
M3 60 3D2 14.3 11.8 3D5 11.5 11.8 3B2 11.5 9.1 
M6 120 6D2 15.2 12.4 6D5 13.5 12.4 6B2 12.3 9.3 

a The superscripts e and t refer to experimental and theoretical values, respectively. 

Table I11 
Influence of the Polybutadiene Content of the Block Copolymer on the Experimental and Theoretical Core Radii, l ee  and 1 ~ '  

(nm), of the Micelle 
copolymer 2% in matrix M3 (2, = 60) 2% in matrix M1 (ZHA = 30) 

ZCB &A sample LEC lBt sample lBB lBt 

A 134 536 3A2 10.5 8.6 1A2 8.5 8.2 
B 134 277 3B2 11.5 9.1 lB2 9.6 8.8 

S 221 2108 3S2 12.0 10.9 
D 221 850 3D2 14.3 11.8 

Table IV 
Influence of the Total Molecular Weight of the Block Copolymer on the Core Radius l e  (nm) of the Micelle (Experimental 

and Theoretical) with Zcr/Zce Approximately Constant 
copolymer 2% in matrix M1 (ZHA N 30) 2% in matrix M3 N 60) 

Z C  ZCAIZCB sample he LEt sample [BE 1Bt 

D 1070 3.85 1D2 11.7 11.2 3D2 14.3 11.8 
A 670 4.00 1A2 8.5 8.2 3A2 10.5 8.6 
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Table V 
Experimental and Corresponding Theoretical Powers for 

the Core Radii, l e  a: Z C A ~ Z C B " ~  
homo- 

polymer copolymer expt theory 
Z H A  Z C B  ZCA Ye p' vi 

30 134-221 536-850 0.81 0.70 
30 134 277-536 -0.18 -0.09 
60 134-221 536-850 0.75 0.69 
60 134 277-536 -0.14 -0.07 
60 221 850-2108 -0.19 -0.09 

"The calculation of the experimental values is described in the 
text. An uncertainty of f0.2 nm in the measured le would produce 
an uncertainty of -f0.05 in p and f O . 1  in Y. 

dependence of lB on the degrees of polymerization of the 
various components is correct: lB tends to increase with 
increasing ZcB (Tables 11-IV), but decreases as either ZcA 
(Table 111) or 2, (Table 11) increases. On the other hand, 
an experimentally observed decrease in ZB with increasing 
copolymer concentration is not reproduced by our model, 
presumably because we do not include interactions be- 
tween micelles. 

The experimental dependence of lB on the molecular 
weights can be quantified through the power law rela- 
tionship eq 3-1. In Table 111, copolymers denoted A and 
B each have ZCB = 136, while copolymers S and D each 
have ZCB = 221, enabling one to extract the exponent p. 
As found theoretically and summarized in Table V, p is 
small and negative and depends a little on (possibly all of) 
ZHA, ZCB, and the range of ZcA (see also Figure 3). The 
experimental values are in the neighborhood of -0.17, 
about twice the values we predict theoretically for these 
molecular weights. In Table V we have indicated that an 
uncertainty in the measurements of f0.2 nm would imply 
an uncertainty in the extracted index of about f0.05. This 
simply indicates how errors in 1B would be reflected in 
uncertainties in p. 

Having extracted p, we can then obtain v from the data 
of Table V, in which both ZCA and ZCB are varied (with 
approximately 50% polystyrene by weight in each case). 
Again there is good agreement between the experimental 
and theoretical results, with p being 0.75-0.81 experi- 
mentally, and somewhat less, 0.68-0.70, theoretically. Note 
also that the small changes in p and v with ZHA, ZCA, and 
ZCB are qualitatively in agreement. As a final check, the 
scaling relations and extracted indices are found to be 
consistent with the data of Table 11, where ZCA and Z C B  
are varied disproportionately. 
4. Critical Micelle Concentration 

We specify the critical micelle concentration by the 
copolymer volume fraction remaining in solution, 
when micelles are present. (It is clear from Figure 12 that 
this is essentially the same as the minimum overall volume 
fraction qco required for micelles to form.) This quantity 
is denoted by &Iit. The main results of the theory are 
exhibited in Figures 9-12. Figure 9 illustrates the de- 
pendence of qCdt on the molecular weights ZCB, ZCA, and 
ZHA. A striking feature is the very strong dependence of 
*dt on the CB block, decreasing by 2 orders of magnitude 
while ZCB increases by 50%. By contrast, the ZcA de- 
pendence is much slower, and qccrit increases with in- 
creasing ZCA. In fact, for small ZCA there is very little 
dependence, increasing to approximately Z C A ~ ~  for very 
large ZcA (Figure 9, middle panel). This result again serves 
to illustrate the importance of distinguishing between the 
two copolymer blocks, and not restricting attention to only 
the total molecular weight. From the lower panel of the 
figure it is also apparent that there is a significant de- 
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Figure 9. Variation of &Iit (%) with ZCB (upper panel), ZCA 
(middle panel), and ZHA (lower panel). 

pendence on the homopolymer molecular weight, partic- 
ularly for small ZCA. 

Much of this general behavior can be obtained analyt- 
ically. The enthalpic term has little effect on the micelle 
dimensions, being essentially independent of the size pa- 
rameters, but it is the predominant term for determining 
qccrit. Dropping again the homopolymer localization term 
and equating the remaining expression for Ag to zero re- 
sults in an equation for qcCrit with the solution 

10 100 1000 

Each term in the argument of the exponent can easily be 
identified; in order, they arise from the enthalpy, interfacial 
tension, stretching of the B block, and stretching of the 
A block. This equation facilitates understanding the 
mechanisms determining qcht, as well as illuminating the 
effects of each parameter. It is more general, and for these 
purposes more useful, than the corresponding one in ref 
3. 

The occurrence of the exponential and the prefactor are 
due to the nonlinear copolymer localization term. In order 
to obtain reasonable magnitudes for qCcrit in this expres- 
sion, all terms in the exponential must be included (with 
the exception of the last for small &A). However, the 
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Figure 10. Variation of &Iit [normalized to 9cCrit (0 "C)] with 
temperature. 

dominant ZCB and temperature dependences arise from 
only the first term, as seen from Figures 9 (upper panel) 
and 10. Thus, we have essentially an exponential depen- 
dence of the critical concentration on xZCB. 

1 and the above expression predicts 
a linear dependence on the total degree of polymerization 
Zc. Note that in this case &Iit scales with ZcA in such a 
way that cpcBo remains constant, since the overall volume 
fraction of CB block is related to the overall copolymer 
volume fraction qco by pCBo = (ZCB/ZC)(CC~. On the other 
hand, for large ZCA, the increase in CA block stretching 
(cYA) with ZcA leads to an additional dependence, consistent 
with the curve shown in the middle panel of Figure 9. 
Furthermore, a smaller 2, induces a larger aA for given 
ZCA, indicating an increase in edt with smaller Z,, again 
consistent with the figures. Of course, to properly include 
the homopolymer effects, the relevant entropy terms would 
need to be retained. In particular the lower panel of Figure 
9 is not correctly reproduced by eq 4-1. Here the solid and 
dotted lines show a strong decrease in with increasing 
homopolymer molecular weight, indicating the importance 
of the homopolymer entropy. The difference between the 
two curves reflects the ZCA dependence illustrated in the 
middle panel. 

Within our model there is a very strong exponential 
dependence of qCCTit on the temperature T as illustrated 
in Figure 10. For Z H A  = 60, ZCA = ZCB = 100, (pccrit in- 
creases by 3 orders of magnitude as the temperature is 
raised from 0 to 100 O C .  The approximation qCcrit 0: exp- 
(-xZCB) works well for changes in ZcB as well as temper- 
ature as shown explicitly in Figure 10. One consequence 
of this is that, for a given overall volume fraction qco, the 
volume fraction remaining in solution decreases expo- 
nentially as the temperature is decreased. 

The last two diagrams further examine the degree to 
which the copolymers aggregate into micelles. Figure 11 
illustrates the continuous increase in q C ( n ,  and corre- 
sponding decrease in FMc, as the temperature is raised 
toward the critical temperature. We point out that, even 

For small ZCA, CYA 
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Figure 11. Variation of the volume fraction of copolymers in 
solution, 9 ~ ( ~ ) ,  and the fraction of copolymers aggregated into 
micelles, FMc, with temperature. In each case the overall co- 
polymer volume fraction cpc0 is chosen so that the critical tem- 
perature for micelle formation is not far above room temperature. 
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Figure 12. Variation of qc(3) and FMc with overall copolymer 
volume fraction pco, at room temperature. 

as the transition is approached, the micelle parameters do 
not change significantly (there is some small smooth 
change due to the changing x); nor is there any further 
penetration of the micelles by the homopolymer. Rather, 
the number of micelles per unit volume decreases, with the 
unit cell radius R diverging at  the critical temperature. 

Figure 12 exhibits qJ3) and FMc as a function of eo. For 
cpco < (pCcrit, there are no micelles, so qc(3) = pCo. Above 
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,&t, cpc(3) = cpccrit, and all excess copolymer molecules 
aggregate into micelles. For the case of large Z C A ,  there 
is a range of cpco just below for which micelles exist, 
but addition of more copolymer results in a slight increase 
in cpc(3). However, this corresponds to a small range of cpco, 
and the transition becomes sharper with decreasing Z C ~  

5. Conclusions 
The experimental measurements by Selb. et al.’ of the 

core radius were analyzed and found to be consistently 
described by a scaling relationship 1B a ZCA”ZCB”, with 
-0.19 I p I -0.14 and 0.75 I v I 0.81. This behavior was 
well reproduced by the model, except that the magnitude 
of each of the exponents was slightly smaller, with -0.10 
I p I -0.07 and 0.68 I v I 0.70. The small variations in 
both the experimental and theoretical exponents exhibited 
the same trends with respect to changes in homopolymer 
and copolymer molecular weights. It was emphasized that 
the dominant dependence of lB is on the core block dp ZCB, 
not the total Zc, and in fact lB tends to decrease if the CA 
block molecular weight increases, rather than increase as 
it does when the CB block molecular weight increases. 
More generally, lB is not a single-valued function of only 
the total molecular weight. 

This behavior was evident throughout calculations over 
large ranges of molecular weight, with ZCB and ZcA varying 
up to 2000. Physically, the core radius is primarily de- 
termined by a balance between the stretching energy of 
the core and the interfacial free energy. In the corona, 
different mechanisms are important. For 2, >> ZCA, there 
is little stretching of the blocks in the corona, so that 1A 

( Z C A / 3 ) l / ’ b A .  However, for smaller Z H A  or larger ZCA, 
the homopolymer penetrates more into the corona, 
stretching the A blocks with the result that lA increases 
faster than This also has the effect of shrinking 

the core radius, 1B - ZCAF, where p is small and negative. 
In all cases, there was almost no homopolymer in the 

core of the micelle, and far from the critical concentration 
relatively little copolymer remaining in the region between 
micelles. The critical concentration itself was found to 
have primarily an exponential dependence on X B Z C B ,  and 
a simple expression for cpcrr‘t was exhibited. Physically, the 
ZCB dependence arises from the enthalpic interaction of 
the CB block of the copolymer with the homopolymer. By 
contrast, cpCcrit increases as ZCA increases. This reflects 
primarily the dependence of overall copolymer volume 
fraction cpco with Z C A  for a given cpc~’. 

Throughout, the composition of the copolymer, not just 
the total molecular weight, has been found to be important. 
Analyses which make specific assumptions, such as ZCA = 
ZCB, must be considered incomplete. 
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ABSTRACT Phase equilibria and spinodal decomposition of polystyrene/ polybutadiene blends are investigated 
by using the Flory-Huggins approximation and the Landau expansion of the free energy. Experimental cloud 
point curves extrapolated to infinitely slow heating and cooling rates are adequately explained by assuming 
a suitable power law dependence of the effective interaction parameter on temperature. Theoretical arguments 
stressing the configurational effects of a concentration gradient yield an expression for the gradient term that 
is substantially different from the de Gennes-Pincus formula. According to our calculations, the gradient 
term is a homogeneous quadratic form of the three interaction parameters of the binary mixture and has a 
much stronger molecular weight dependence. Finally, the interphase thickness and surface tension are evaluated 
near the critical point. In this limit, provided x has a power law dependence on temperature, the surface 
tension is found to be proportional to [(T,  - r)/T,]3/2M-1/2g(M), where g(M) is a constant only if all of the 
interaction parameters have the same temperature dependence. 

Introduction 
The spontaneous phase separation of amorphous glass 

and metal mixtures via a spinodal mechanism has been 
extensively studied. Since the initial work of Cahn and 
Hilliard,’ there have been numerous experimental and 
theoretical treatments of this problem. As is evidenced 
by the substantial amount of current research in this field, 
it is apparent that even for these small-molecule mixtures 
a complete description of the kinetics of phase separation 
is still not available. 

In contrast polymer/polymer mixtures have received 
relatively little attention. This is due in part to the small 
number of systems accessible to experimental observation. 
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Investigations on the phase separation kinetics in some 
high“ and lo@ molecular weight polymer mixtures have 
recently appeared in the literature. Joanny: de Gennes,’O 
and, later, Pincus” attempted to treat spinodal phase 
separation in polymers theoretically. Using scaling and 
reptation arguments they obtained a modified Cahn- 
Hilliard expression for the fluctuation wavelength am- 
plification factor describing both the thermodynamics and 
kinetics of phase separation. Their treatments predict the 
dominant features of the process; however, agreement 
between theory and experiment is not quantitative. 

Recent experimental studies on the spinodal decompo- 
sition of some low8 and highI2 molecular weight polymer 
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