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ABSTRACT Block copolymers are generally polydisperse, and the molecular weight distribution of a block 
copolymer has a profound effect on ita micellization behavior in solution. When the block copolymer 
concentration is lower than the mixed criticalmicelle concentration [cmc(mix)], the insoluble block is assumed 
to adopt a spherical collapsed conformation. This leads to the proposal that the association energy of the 
collapsed spheres can be described by the Hamaker equation, Le., that the interaction energy is proportional 
to the radius of the spheres. From this model, a relationship between the cmc of each component and the 
length of the insoluble block can be obtained. This relationship is used in combination with a treatment of 
mixed micellization to account for the dependence of the cmc(mix) on the insoluble chain length and on ita 
polydispersity, and satisfactory results are obtained for the poly(styrene-b-isoprene)/n-hexadecane and poly- 
(styrene-b-sodium acrylate)/water systems. From this model, the single chain fraction of the block copolymer 
can be calculated as a function of the total block copolymer concentration. The molecular weight distributions 
of the single chain and the micellar fractions can also be obtained. The cmc(mix) was found to decrease as 
the polydispersity index increases. The single chain fraction and molecular weight distributions of the single 
chain and the micellar fractions are found to be influenced by the dependence of the cmc of each component 
on the insoluble chain length. 

Introduction 
The micellization process of block copolymers in solvents 

selectively poor for one of the is generally 
considered to resemble that of low molecular weight 
amphiphilic molecules in aqueous or organic rnedia.gl3 In 
very dilute solutions, block copolymers exist as single 
chains. When the concentration of the block copolymer 
reaches a critical value, the so-called critical micelle 
concentration (cmc), block copolymer molecules begin to 
associate to form micelles, with the insoluble block in the 
core and the soluble block pointing outward. The critical 
micelle concentrations of block copolymers are normally 
muchlower than those of low molecular weight surfactants 
and are thus quite difficult to determine experimentally. 
Only in recent years has significant progress been made 
in applying some sensitive experimental techniques such 
as light scatteringl&ls and fluorescence probes17-19 to the 
measurements of cmc’s. Size-exclusion chromatography 
(SEC) was also used to determine the single chain and 
micellar fractions at  different insoluble and soluble block 
lengths.20t21 A number of theoretical treatments on block 
copolymer micelles have appeared,2236 and some of them 
address the phenomenon of the critical micelle concen- 
tration.23-26*30*34f36 In spite of this extensive effort, several 
problems still remain to be addressed theoretically, 
especially when one considers the block copolymer micelles 
in comparison with their low molecular weight counter- 
parts: 

1. Block copolymers are not monodisperse; even at  a 
polydispersity index of 1.03, the best achieved by use of 
anionic polymerization techniques, the distributions of 
the polymers are still very broad compared to those of 
monodisperse low molecular weight surfactants. Figure 
1 shows the molecular weight distributions of a series of 
polymers of different polydispersities; Gaussian distri- 
butions are assumed in this example. For a polymer with 
an average chain length of 100 repeat units and a 
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Figure 1. Illustrative molecular weight distributions (Gaussian 
function) of polymers with an average chain length of 100 repeat 
units and polydispersities of 1.03, 1.05, 1.10, 1.30, and 1.80. 

polydispersity index of 1.03, there are only 2.3% of the 
polymer molecules with exactly 100 repeat units. Among 
the other 97.7% of the polymer molecules, 1.95% and 
1.18% have 90 and 80 repeat units, respectively. It is 
obvious that in block copolymer solutions we are always 
dealing with mixed micelles consisting of block copolymers 
with different chain lengths. In the theoretical treat- 
ments,2236 block copolymers are generally assumed to be 
monodisperse. 

2. For most low molecular weight surfactants in aqueous 
medium, the free energy of micellization (AGO = R T  In 
cmc) is proportional to the length of the alkyl chain.a12 
However, the free energy of micellization of a block 
copolymer is normally not proportional to the length of 
the insoluble block.1s19 Experimentally, weak depend- 
encies have been found, but no theoretical treatment 
accounts quantitatively for this behavior. 

3. It is known that when the concentration of the 
polymer is lower than the critical micelle concentration 
(cmc), the insoluble block of the single chain polymer 
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collapses to form the so-called monomolecular 
The associations of these collapsed single chains to form 
micelles should be quite different from those of uncollapsed 
low molecular weight surfactant molecules. 

4. In a number of block copolymer systems, it has been 
found that both the molar mass and the hydrodynamic 
radius of micelles are larger near the critical micelle 
concentration.7*3UO Intrinsic excimer fluorescence of poly- 
(styrene-b-ethylene/propylene) in n-alkanes indicates that 
the micellar cores near the cmc are highly swollen by the 
solvent; as the polymer concentration increases, solvent 
molecules are increasingly driven out of the micellar cores, 
resulting in a shrinkage of the cores.4o 

The effect of molecular weight distribution on the single 
chain and micellar fractions, as obtained from size- 
exclusion chromatography for block ionomer micelles, was 
addressed previously in an approximate manner by 
Desjardins and Eisenberg20 and by Zhong et a1.21 I t  was 
assumed that block copolymers with insoluble blocks 
longer than a critical length are located in the micellar 
phase, while those with insoluble blocks shorter than the 
critical length exist as single chains. This simple model 
accounted for the size-exclusion chromatography results 
of poly(styrene-b-sodium acrylate) block ionomers in 
tetrahydrofuran (THFL21 However, in that model, the 
possible partitioning of block copolymers of the same 
length between the micellar phase and the solution phase 
was not taken into consideration. 

The preceding paperlg reported the most recent results 
of critical micelle concentration data of block polyelec- 
trolytes obtained in this laboratory. For poly(styrene4- 
sodium acrylate) with short styrene blocks and longsodium 
acrylate blocks (block polyelectrolytes) in water, the critical 
micelle concentrations at different styrene block lengths 
were obtained from fluorescence techniques. In the block 
polyelectrolyte micellar systems, the free energy of transfer 
of a block copolymer molecule from the solution phase to 
the micellar phase was found to be a nonlinear function 
of the number of repeat units in the insoluble block. 

In the present paper, a more general model is proposed 
for the micellization of block copolymers in solutions, and 
the above four questions will be addressed. Poly(styrene- 
b-isoprene)/n-hexadecane15 and poly(styrene-b-sodium 
acrylate)/waterlg systems will be treated, and the model 
will be used to account for the dependence of the mixed 
critical micelle concentration on the number of the repeat 
units in the insoluble block. The single chain concentration 
of the block polymers as a function of the total concen- 
tration and the molecular weight distributions of the single 
chain and the micellar fractions will be calculated. A 
subsequent publication will address micellization of block 
ionomers composed of short ionic and long nonionic blocks. 

Mixed Micellization 
For low molecular weight surfactants, a number of 

models for mixed micellization have been developed for 
multicomponent s y s t e m ~ ; ~ l - ~ ~  most of these are based on 
the pseudo-phase-separation a p p r ~ a c h . ~ l - ~  The compo- 
sition of a mixed micelle of nonionic surfactants with 
polydisperse ethylene oxide chains was also treated 
theoretically by Warr et al.46 In that paper, the polydis- 
persity of the soluble block was considered since the 
insoluble block was the monodisperse alkyl chain. The 
effect of the polydispersity of the soluble block on the 
micellization behavior is generally much smaller than that 
of the polydispersity of the insoluble block. The paper by 
Warr et al.46 predicts that the dependence of the mixed 
cmc of polydisperse nonionic surfactants on the average 
ethoxyl chain length is approximately the same as that of 
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the cmc of monodisperse nonionic surfactant on the ethoxyl 
chain length. The mixed micelle model developed by 
Holland and R ~ b i n g h ~ ~ p ~  for low molecular weight sur- 
factants provides a relatively straightforward approach 
to systems containing a large number of different com- 
ponents. This model appears to be the most suitable one 
to be extended to polydisperse block copolymer systems. 
In the present paper, the model of Holland and R ~ b i n g h ~ ~ l ~  
will be used to account for the polydispersity effect of the 
insoluble blocks on the micellization process of block 
copolymers in solutions. 

In a micellar solution of monodisperse block copolymer, 
the chemical potential of the polymer in the micellar phase 
pio(mic) is equal to that of the polymer in the single chain 
form, according to the pseudo-phase-separation model. 

(1) 

where Ci is the critical micelle concentration of the 
monodisperse polymer and pio is the standard chemical 
potential for the polymer in solution. In this case, the 
activity coefficient of the single chain is assumed to be 
unity. When the polymer is in a mixture with other 
polymers or the polymer is a component of a polydisperse 
system, its chemical potential in the solvent phase is given 
by 

(2) 
where Cis is the concentration of the polymer in the solvent 
phase (single chain). On the other hand, the chemical 
potential of the polymer in the mixed micellar phase is 
given by 

(3) 
Ineq 3, x i  is the mole fraction of the polymer in the micellar 
phase and f i  is the activity coefficient. At equilibrium, 
the chemical potentials of the polymer in the solvent phase 
and the micellar phase should be equal, pi(mic) = pi, and 
from eqs 1-3 we have 

pio(mic) = pio + RT In Ci 

pi = pio + RT In C: 

pi(mic) = pio(mic) + RT In f ix i  

ci” = fiXiCi (4) 

In a multicomponent system, mixed micelles are assumed 
to form at  a critical concentration, the so-called mixed 
critical micelle concentration or cmc(mix). At the cmc- 
(mix), the concentration of a component in the single chain 
form is given by 

C/ = aicmc(mix) ( 5 )  
where ai is the total mole fraction of the component in the 
block polymer mixture. In combination with C:xi = 1 and 
eq 4, we have 

The molecular weight distribution of polymers prepared 
by anionic polymerization techniques can be described by 
either Poisson or Gaussian distribution functions. For 
block copolymers, the situation becomes more complicated 
since either block consists of a distribution of different 

However, it is known that the cmc(mix) is 
mainly determined by the length of the insoluble block 
when the length of the soluble block reaches a certain 
value.lg In the present paper, only the effect of the 
insoluble block length is considered, and the distribution 
in the soluble block is assumed to have little effect on the 
cmc(mix). If a Gaussian distribution is assumed for the 
insoluble block, the mole fraction of the ith component is 
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given by 

ai = (2.rr)-'/'u-' exp[-(Ni - iV)'/2u2] (7) 

where - u = - n w  DP (DP /DP, - 1)1/2  = E,(PI  - 1)1/2  and N 
= DP,. DP,, DP,, and PI  denote the weight- and 
number-average degrees of polymerization and the poly- 
dispersity index, respectively. 

According to mass balance, the mole fraction of the ith 
component in the micellar phase is related to its mole 
fraction in the mixture, ai, ita single chain concentration 
Cia, the total concentration of the mixture, C, and the total 
single chain concentration S (S = Cf. Cis) 

(8) 
Substituting Cia in the numerator from eq 4 and combining 
with E: x i  = 1 yields a simple relationship: 

--- 

x i  = (sic - C,")/(C - S) 

aiC 
$c+  f ici-s =1 (9) 

It has been found that, for nonionic surfactants and for 
surfactants with the same sign of charge, the mixing is 
almost ideal,43t52 i.e., f i  = 1. This should also apply to the 
present cases of block copolymers mixtures. If the critical 
micelle concentration, Ci, and mole fraction of each 
polymer, ai, in the mixture are known, S can be obtained 
from eq 9 as a function of total concentration C. Once S 
is known, the single chain concentration of the ith 
component, Cis, and its mole fraction in the micelle, x i ,  
can be calculated by use of the following equations. 
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c >> CMC CCCMC c=cMc 

aif ic ic 
c + tici - s ci" = 

aiC 
c + fiCi - s x i  = 

In a block copolymer system, if the molecular weight 
distribution and the critical micelle concentration of each 
component are known, the mixed cmc, the total and 
individual single chain concentrations, and the mole 
fraction of each component in the micellar phase can be 
calculated using eqs 6 and 9-11, respectively. On the other 
hand, we could also use the mixed cmc determined 
experimentally to obtain the relationship between the cmc 
of an individual component (Ci) and the insoluble block 
length, as will be discussed below. 

Micellization Process of Block Copolymers 

a monodisperse block copolymer is given by 
According to eq 1, the free energy of micellization for 

AGio(mic) = rio(mic) - piD = RT In Ci (12) 
For a homologous series of low molecular weight surfac- 
tants, the free energy of micellization is proportional to 
the number of methylene groups. The relationship 
between the critical micelle concentration, Ci, and the 
number of methylene groups, Ni, generally obeys the 
equational2 

log Ci = a'Ni + b' (13) 
where a' and b' are constants. However, for most block 
copolymer systems, the relationship between the cmc and 
the number of the repeat units in the insoluble block 
deviates significantly from the above equation.18Jg The 
collapse of polymers in poor solvents has been a subject 
of investigations for many years.- At temperatures well 
below the 8 temperature, coil-to-globule transitions occur 
in highly dilute polymer solutions before interchain 

Figure 2. Schematic representation of the micellization process. 

aggregation takes place.61 In block copolymer solutions, 
it has also been suggested that the insoluble block might 
collapse even when the polymers are in the single chain 
state.36a7 

The states of a block copolymer with one collapsed block 
at  concentrations below the cmc, equal to the cmc, and 
above the cmc are represented schematically in Figure 2. 
At concentrations below the cmc, all the block copolymers 
are in the single chain form. At the cmc, the collapsed 
blocks begin to associate to form loose aggregates. In this 
stage the insoluble blocks remain in their individual 
collapsed states in order to maintain an equilibrium with 
the single chains. A significant amount of solvent is 
trapped in the micellar cores, and the sizes of the micelles 
are larger than those in the later stage (C >> cmc). This 
model is in agreement with the observations of the larger 
and solvent-swollen micelles near the c ~ c , ~ ~ O  Bednar et 
al. also pointed out in their study of micellization kinetics 
of block copolymers that in the dissociation process the 
first step is a rapid influx of solvent molecules into the 
micellar core and the second step is a separation of 
copolymer molecules.69 As the concentration of the block 
copolymer increases, the equilibrium shifts in favor of the 
micellar form. The insoluble blocks in the micellar cores 
rearrange to find their low-energy conformation, and the 
solvent molecules are gradually driven out of the micellar 
cores. At higher polymer concentrations, large collapsed 
micellar cores consisting ,of many insoluble blocks are 
present together with a few "buds" (individual collapsed 
insoluble blocks) on their surfaces, as indicated by Halperin 
and A l e ~ a n d e r , ~ ~  to maintain the micelle-single chain 
equilibrium. When the block copolymer reaches a much 
higher concentration region where the intermicellar in- 
teractions become important, the micelle-single chain 
equilibrium is perturbed due to the formation of long- 
range superstructures.39~70 However, the high concentra- 
tion region is beyond the scope of the present paper. 

The driving force for the micellization of block copol- 
ymers is generally considered to be due to van der Waals 
intera~ti0ns.l~ For the association of two spherical col- 
loidal particles with the same size, the free energy of 
interaction could be accounted for by use of the Hamaker 
equation71 

AGatt = -AHR/12H (14) 
where AH is the Hamaker constant, which is dependent 
on the material, as well as on solvent and temperature,72 
R is the radius of the colloidalspheres, and H is the distance 
between the surfaces of the two particles. Equation 14 is 
valid only when the spheres are very close (HIR << 1). If 
more than two colloidal particles are associated, the total 
interaction energy should also be proportional to R, the 
radius of the colloidal particles, according to eq 14. It is 
obvious that, if the aggregation number is large enough, 
or is infinitely large as defined in the pseudo-phase- 
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Table I. Block Copolymer Systems Used and the Least-Squares Fitting Results. 
block copolymer Mvi NPS PIPS cmc(mix) a b X 2  

PS-b-PI 24 600 67 1.08b 2.67 X 1P (40 OCP 
PS-b-PI 
PS-b-PI 
PS-b-PI 
PS-b-PANa 
PS-b-PANa 
PS-b-PANa 
PS- b-PANa 
PS-b-PANa 
PS-b-PANa 
PS- b-PANa 
PS- b-PANa 

46 600 83 
26 800 125 
54 228 122 

6 
11 
14 
23 
28 
40 
86 
110 

1.09 
1.10 
1.06 
1.18 
1.13 
1.16 
1.14 
1.09 
1.13 
1.09 
1.08 

1.15 x iw (40 0cj15 -1.65 3.55 0.03 
4.90 X 10-8 (40 OC)16 
8.08 X 1P (40 OC)15 
1.6 X 1od 
1.6 X 10-8 
1.6 X 10-8 

1.0 x 10-8 
5.0 x 10-7 

2.5 x 10-7 
1.3 x 10-7 
5.6 X le 

-0.68 -4.02 0.49 

a The values of a and b can be determined with relatively good accuracy. The x2 values are very sensitive to the variations in a. For instance, 
in the PS-b-PANa system, near the minimum changes in a and b by 0.1 lead to variations in x2 by ca. 0.1 and ca. 0.01, respectively. The errors 
of a and b are estimated to be ca. 15% when the errors of the cmc values are within 50%. The polydispersity indexes of the polystyrene blocks 
are assumed to the same as those of the block copolymers. The cmc(mix) values are obtained from the extrapolation at  lo00 unite of PANa 
from the plots of cmc(mix) as a function of PANa repeat unita.19 The cmc(mix) values were determined at  room temperature.19 

separation model, the free energy of transfer of a polymer 
from the single chain state to the micellar state is 
independent of the aggregation number since the insoluble 
block interacts only with those in its close proximity. Thus, 
for the association of a monodisperse block copolymer at  
the cmc, the free energy of micellization should be 
proportional to the radius of the collapsed insoluble blocks 
instead of to the number of repeat units in the insoluble 
block. Since the effect of the soluble block length to the 
cmc(mix) is relatively small compared to that of the 
insoluble block length, in the case where the soluble block 
length is kept almost constant, the contribution from the 
soluble block to the total free energy of micellization can 
also be assumed to be a constant. In the cases where the 
soluble block is nonionic, the contribution from the soluble 
block includes a negative enthalpic term (AHo) and a 
positive entropic term (-TAS”) due to the losses of 
translational and rotational freedom. Thus, the total free 
energy of micellization for a block copolymer with a 
collapsed insoluble block can be written as 

AGio(mic)/2.303RT = log Ci = a”Ri + b” (15) 
where a” and b” are constants. Since the volume of a 
highly collapsed single chain is proportional to Ni, the 
number of repeat units in the insoluble block, the radius 
of the sphere is related linearly to It is also known 
that in the poor solvent region the radius of a flexible 
chain is given b y 1  

where 7 = (2’- 0)/0; 0 is the theta temperature. Therefore, 
a t  a constant temperature the relationship between cmc 
and the number of repeat units in the insoluble block can 
be expressed as 

log ci = UNi1’3 + b 

When Ni is very small, it is difficult for the polymer 
(oligomer) to adopt the collapsed conformation; equation 
17 is valid only when Ni is longer than the minimum chain 
length for the polymer to collapse. This minimum length 
is obviously dependent on the polymer, the solvent, and 
the temperature. We are not aware of any study on 
conformations of oligomers in poor solvents. I t  is also 
anticipated that in the case of long insoluble blocks, 
although most of the units would collapse in poor solvents, 
some of the units near the diblock junction most likely 
exist in an extended form. These effects on the critical 
micelle concentration will be discussed later. By substi- 
tuting Ci into eq 6 and assuming activity coefficient fi = 

1, we have 
n 

cmc(mix) = {~(ai/expl,(aNi1/3 + b1)I-l (18) 
i 

The values of a and b in eq 18 can be calculated from a 
least-squares fitting procedure once cmc(mix) is deter- 
mined as a function of the average number of repeat units 
in the insoluble block. On the other hand, if a t  a particular 
concentration the single chain fractions of a number of 
block copolymers with different insoluble block lengths 
are known, as determined from SEC,20*21 a and b values 
can be obtained by substituting eq 17 into eq 9. When the 
relationahip between Ci and Ni is known, S, Cp, and xi a t  
higher block copolymer concentrations can be further 
calculated using eqs 9-11, respectively. At higher polymer 
concentrations, the insoluble blocks may rearrange in the 
micellar cores to form more compact ones through 
interpenetration, as illustrated schematically in Figure 2. 
The free energy of micellization or the relationship between 
Ci and Ni at  these concentrations may not be exactly the 
same as that a t  the cmc(mix). However, in the present 
study this difference is assumed to be very small in the 
concentration range investigated and is not taken into 
consideration in the calculations. 

In the following sections, two block copolymer micellar 
systems, poly(styrene-b-isoprene)/n-hexadecane and poly- 
(styrene- b-sodium acrylate)/HzO, will be subjected to the 
above theoretical treatments. a and b values in eq 17 will 
be determined in these systems by minimization of x2, 
which is defined as 

x 2  = c ( l o g  cmc(mix),,p, - log cmc(mix)d)2 (19) 

Poly(styrene-b-isoprene)/n-Hexadecane Systemlb 
The compositions, polydispersity indexes, and mixed 

cmc’s of four poly(styrene-b-isoprene) block copolymers 
in n-hexadecane are given in Table I, together with values 
of a and b and x2 obtained by fitting eq 18 to the 
experimental data. In these calculations, the polydisper- 
sity indexes of the insoluble blocks are assumed to be the 
same as those of the whole block copolymers. In principle, 
if polydispersity indexes of the whole block copolymer 
and of one of the blocks were known, the polydispersity 
index of the other block could also be c a l c ~ l a t e d . ~ ~ ~ ~  
However, in this case, only the polydispersity indexes of 
the whole block copolymers were given. Also, in the 
calculations, the effect of a soluble block (polyisoprene) 
on the cmc(mix) is assumed to be constant regardless of 
the length. The plot of experimental and theoretical cmc- 
(mix) vs number of polystyrene repeat units is shown in 
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Figure 3. Theoretical and experimental valuesl'j of log cmc- 
(mix) as a function of the insoluble polystyrene block length for 
poly(styrene-b-isoprene) in n-hexadecane. The theoretical curve 
was generated using a polydispersity index of 1.08 for all the 
samples. 
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Figure 4. Single chain concentrations as a function of the total 
block copolymer concentration at different polydispersity indexes 
in the poly(styrene- b-isoprene)/n-hexadecane system. 

Figure 3. In the fitting procedure, polydispersity indexes 
corresponding to the polymers were used to obtain one set 
of a and b values. In Figure 3, the theoretical curve is 
generated by use of a polydispersity index of 1.08 for all 
the samples. Figure 3 shows an excellent fit between the 
calculated and experimental values, indicating that eq 18 
provides a satisfactory account for the dependence of cmc- 
(mix) on the number of repeat units of polystyrene. 

Figure 4 illustrates the effect of polydispersity on the 
relationship between the total single chain concentration 
S and the total block copolymer concentration for poly- 
(styrene-b-isoprene) with an average of 67 styrene units. 
The values of S were obtained from eq 9. When the total 
block copolymer concentrations are below the cmc or the 
cmc(mix), all the polymers are in the single chain form 
and the total concentration of the single chains equals 
that of the block copolymer. For a monodisperse block 
copolymer (PI = LOO), the total single chain concentration 
remains constant after the polymer concentration reaches 
the cmc. However, for polydisperse block copolymers, the 
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Figure 6. Single chain fractions as a function of the total block 
copolymer concentration for poly(styrene-b-isoprene) with an 
average of 120,80, and 40 styrene repeat units and polydispersity 
indexes of 1.08 in n-hexadecane. 

single chain concentrations continue to increase above the 
cmc(mix), and with increasing polydispersity indexes, more 
pronounced increases in the single chain concentrations 
are observed. The values of cmc(mix) for polydisperse 
polymers are substantially lower than the cmc for the 
monodisperse polymer, even at a polydispersity index of 
1.03, the best ever produced by the anionic polymerization 
technique. This is clearly due to the fact that contributions 
to the cmc(mix) from the block copolymers with a 
polystyrene chain longer than 67 repeat units are signif- 
icantly larger than those from the block copolymer with 
a polystyrene chain equal to 67 repeat units, as is also 
indicated in eq 18. The higher the polydispersity index, 
the lower the cmc(mix). It is thus not surprising that one 
obtains different cmc(mix) values for block copolymers 
with very similar soluble and insoluble lengths but slightly 
different polydispersity indexes. 

It is of interest to note from Figure 4 that the 
discontinuities in the total single chain concentrations at 
the cmc(mix) are not very clear for polydisperse block 
copolymers, especially for block copolymers with poly- 
dispersity indexes higher than 1.05. Thus, techniques that 
monitor the concentrations of the single chain, such as 
surface tension and conductivity, are not suitable for the 
determination of cmc(mix) of block copolymers. However, 
techniques which are sensitive to the presence of micelles, 
such as fluorescence probes and light scattering, should 
be more suitable for cmc(mix) measurements. 

The single chain fractions of three poly(8tyrene-b- 
isoprene) copolymers with an average of 40,80, and 120 
styrene units at different total concentrations are given 
in Figure 5. In these cases, a polydispersity index of 1.08 
is assumed for all three polymers. As shown in Figure 5,  
the single chain fractions equal 1 up to the cmc(mix) and 
begin to decrease above that point. For the block 
copolymer with an average of 120 styrene units, the single 
chain fraction decreases to approximately 10% when the 
total polymer concentration becomes about 2 orders of 
magnitude higher than the cmc(mix). It is also obvious 
that the decrease in the single chain fraction with total 
concentration is faster for block copolymers with shorter 
polystyrene chain lengths. 

The single chain concentrations of an individual com- 
ponent in a polydisperse block copolymer can also be 
calculated using eq 10. For a block copolymer with an 
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Figure 6. Single chain concentrations of individual components 
with 40,67, and 80 styrene repeat units ae a function of the total 
block copolymer concentration for poly(styrene-b-isoprene) with 
an average of 67 styrene repeat units and a polydispersity index 
of 1.08 in n-hexadecane. 

average of 67 styrene units and a polydispersity index of 
1.08, single chain concentrations for components with 40, 
67, and 80 styrene units are presented in Figure 6 as a 
function of the total polymer concentration. For the block 
copolymer with 40 styrene units, the single chain con- 
centration increases gradually over the entire concentra- 
tion range. No discontinuity is observed at  the cmc(mix) 
for the block copolymers with 40 and 67 styrene units, 
which is not surprising since, a t  a polydispersity index of 
1.08, the change at  the cmc(mix) is very small in the plot 
of total single chain concentration vs total concentration 
(Figure 4). While the single chain concentrations of the 
components with short insoluble blocks continue to 
increase after the cmc(mix), the single chain concentrations 
of the components with longer insoluble blocks decrease 
with the total concentration after the cmc(mix). This can 
be understood on the basis of the equilibrium between 
single chains and micelles. At  the cmc(mix), the micelles 
mainly consist of block copolymers with long insoluble 
blocks; Le., the fractions of polymers with longer insoluble 
blocks in the micelles ( x i )  are higher a t  the cmc(mix). As 
the concentration is increased, more copolymer molecules 
with shorter insoluble blocks incorporate to the micellar 
phase. Thus, the xi values of the copolymer molecules 
with longer insoluble blocks decrease at  higher concen- 
trations. According to eq 4, the single chain concentrations 
of these components should also decrease at  higher total 
block polymer concentrations. 

If the single chain concentrations of all the components 
in the polydisperse copolymer system are calculated, one 
can obtain the molecular weight distributions of the 
copolymers in the single chain and the micellar states. 
Figure 7 shows the molecular weight distributions of the 
single chain and the micellar fractions of a polydisperse 
poly(styrene-6-isoprene) with an average of 67 styrene 
units and a polydispersity index of 1.08 at  concentrations 
of 5 and 10 times the cmc(mix). The theoretical value of 
the cmc(mix) for this system is 3.24 X 10-4 M. As shown 
in Figure 7, at a concentration of 5 times the cmc(mix), 
most of the copolymers with insoluble blocks longer than 
90 styrene units and shorter than 40 styrene units mainly 
reside in the micellar and solvent phases, respectively. At  
a concentration of 10 times the cmc(mix), concentrations 

I I 1 I I 
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Figure 7. Molecular weight distribution of the single chain and 
the micellar fraction for a poly(styrene-b-isoprene) with an 
average of 67 styrene repeat units and a polydispersity index of 
1.08 at 5 and 10 times the cmc(mix). 

of copolymers with 30-100 styrene units shift in favor of 
the micellar phase, while most of the copolymers with 
styrene chains shorter than 30 styrene units still remain 
in the solvent phase. 

Poly(styrene-b-sodium acrylate)/H2019 
It has been shown in the preceding paper that the cmc- 

(mix) of the block polyelectrolyte poly(styrene-b-sodium 
acrylate) depends significantly on the length of the 
insoluble polystyrene block. A description of the samples 
and the fluorescence technique used to determine the cmc's 
can be found in that paper. Here only the results of poly- 
(styrene-b-sodium acrylate) with an average of lo00 sodium 
acrylate units but different numbers of styrene units will 
be treated (Table I). Similar to the previous case, the 
polydispersity of the soluble block is assumed to have little 
effect on the cmc. The effect of the soluble polyelectrolyte 
block on the cmc(mix) has been shown, in the preceding 
paper, to be much smaller than that of the insoluble 
polystyrene block. 

Experimental cmc(mix) values, fitted using eq 18, are 
shown in Figure 8 together with the fits as a function of 
the insoluble polystyrene chain length. The theoretical 
curve was generated using a polydispersity of 1-10. The 
relationship between the cmc of the block polyelectrolyte 
and the chain length of the insoluble block was found to 
be log Ci = -0.68Ni'/3 - 4.02. This relationship is valid 
only when the insoluble block is in the collapsed form, i.e., 
when Ni is larger than a certain value. For the case of 
block polyelectrolytes in water, it was also suggested that 
log Ci should be proportional to Ni2/3.36 However, if this 
relationship is used, the value of x 2  is much higher ( x 2  = 

+ b). 
The negative value of the b term (-4.02) may be due to 

the styrene units near the diblock junction; these units 
may exist in an extended form. In the case of poly(styrene- 
b-isoprene)/n-hexadecane described earlier, the contri- 
bution of some extended styrene units near the diblock 
junction may not have such a significant effect on the 
cmc. In the block polyelectrolyte/water case, the inter- 
actions between styrene and water are much stronger than 
those between styrene and n-hexadecane and the presence 

0.78 for log Ci = d V i 2 I 3  + b vs x2 = 0.49 for log Ci = u N ~ ' / ~  
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Figure 8. Theoretical and experimental values of log cmc(mix) 
as a function of polystyrene block length for block polyelectrolytes 
poly(styrene-b-sodium acrylate) in water.19 The experimental 
values are given for the block polyelectrolytes with an average 
of lo00 sodium acrylate repeat unita.lB The theoretical curve 
was generated using a polydispersity index of 1.10 for the 
polystyrene block. 

- 
Np,=40 

0.8 , I I I I 1 

X 
[r) 0 . 2 1  

0.0 I I I I I I 
0 2 4 6 a 10 

CxlO' M 
Figure 9. Single chain concentrations as a function of the total 
block copolymer concentration at different polydispersities for 
poly(styrene-b-sodium acrylate) with an average of 40 styrene 
repeat unita in water. 
of a few styrene units in the extended form may lead to 
a substantial decrease in the cmc. The effect of the 
insoluble block may be considered as the sum of two 
contributions. One is due to the interactions between the 
collapsed styrene block, which can be described by use of 
the Hamaker equation (eq 14), and the other is the 
interaction involving the extended styrene units near the 
diblock junction. Detailed investigations on the confor- 
mation of the styrene block are clearly needed in the future. 

The effect of polydispersity on the relationship between 
the total single chain concentration and the total block 
copolymer concentration is shown in Figure 9 for poly- 
(styrene-b-sodium acrylate) with an average of 40 styrene 
units. It is clear that the effect of polydispersity on the 
single chain fraction is much smaller in this case compared 
to the poly(styrene-b-isoprene)/n-hexadecane system (Fig- 
ure 4). This is due to the fact that the dependence of the 
cmc on the insoluble block length is weaker in the poly- 
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Figure 10. Molecular weight distributions of the single chain 
and the micellar fractions for poly(styrene-b-sodium acrylate) 
with an average of 40 styrene repeat unita and a polydispersity 
index of 1.10 in water at 5 and 10 times the cmdmix). 

(styrene-b-sodium acrylate)/water systems (a = -0.68). The 
molecular weight distributions of the single chain and the 
micellar fractions a t  total block polymer concentrations 
of 5 and 10 times the cmc(mix) are given in Figure 10. In 
the calculations for this figure, the theoretical cmc(mix) 
value of 4.10 X M was used. The molecular weights 
of single chain and micellar regions overlap extensively, 
which is also due to the weaker dependence of the cmc on 
the insoluble block length. 

It should be noted that the present approach can in 
principle be applied to poly(styrene-b-ethylenelpropyl- 
ene)/n-decane,16 poly(styrene-b-ethylene/propylene)/n- 
octane,73 poly(styrene-b-ethylene/propylene)/5-methyl- 
hexane-2-0ne,~~ and triblock poly(oxyethy1ene-b-oxy- 
butylene-b-~xyethylene)/water~~ systems for which cmc- 
(mix) data are available. The studies of micellar systems 
of block ionomer poly(styrene-b-sodium acrylate) in non- 
aqueous media are in progress in this laboratory. 

Conclusions 
I t  is proposed that the association of the block copol- 

ymers in solvents selectively poor for one of the blocks is 
driven by the van de Waals interactions between collapsed 
insoluble blocks and that the interaction energy can be 
described by the Hamaker equation. Thus, for a mono- 
disperse block copolymer, the relationship between the 
critical micelle concentration and the number of repeat 
units in the insoluble block Ni is given by log Ci = aNi1I3 
+ b. By use of this relationship, the effect of polydispersity 
on the micellization process of block copolymers can be 
accounted for using a thermodynamic treatment analogous 
to that of Holland and R~bingh,4~ proposed for low 
molecular weight surfactants. Satisfactory results were 
obtained from the fitting of the present model to the 
dependence of cmc(mix) on the insoluble block length 
obtained experimentally for poly(styrene-b-isoprene)/n- 
hexadecane as well as poly(styrene-b-sodium acrylate)/ 
water systems. 

The cmc(mix) for a polydisperse block copolymer is 
dependent on the polydispersity index; the higher the 
polydispersity index, the lower the cmc(mix). The total 
single chain concentration of a polydisperse block copol- 
ymer increases with increasing total polymer concentra- 
tion. The discontinuity of the single chain concentration 
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at  the cmc(mix) is less significant a t  higher polydispersity. 
The weaker the dependence of the cmc on the insoluble 
block length, as expressed by the value of a, the smaller 
the effect of polydispersity of on the cmc(mix). In a block 
copolymer system, the single chain concentration of a 
component increases with increasing total concentration 
for components with insoluble block lengths shorter than 
the average but decreases with increasing total concen- 
tration for those with insoluble block lengths longer than 
the average. The molecular weight distributions of the 
single chain and micellar fractions can also be calculated 
by use of the present model. The single chain and micellar 
fractions overlap extensively with respect to the molecular 
weight of the insoluble block for systems studied here. It 
is anticipated that, for some block copolymer systems in 
which a small change in the insoluble block length leads 
to a large change in the cmc, as might be the case in block 
ionomers,20 the molecular weight of the single chain and 
micellar fraction would be very different. In such a special 
case, the critical micelle length concept21 can be applied. 

If the molecular weight distribution of the insoluble 
block is very narrow or if the cmc is only weakly dependent 
on the number of repeat units in the insoluble block, eq 
17 can be applied directly to cmc(mix); i.e., the log cmc- 
(mix) values obtained experimentally should be propor- 
tional to IW3, where N is the number repeat units in the 
insoluble block. Finally, mixtures of two or more poly- 
disperse block copolymers can also be treated with the 
present model simply by using ai as the mole fraction of 
the ith component in the mixture. 
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