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ABSTRACT: The equilibrium segregation of deuterated polystyrene-poly(2-vinylpyridine) diblock copolymers 
to interfaces between high molecular weight polystyrene and poly(2-vinylpyridine) homopolymers was measured 
by forward recoil spectrometry. The dependence of the integrated segregation on the equilibrium copolymer 
concentration in the PS phase is compared to predictions from a mean-field theory in which the copolymer 
chemical potential is the relevant parameter. Predictions from the theory are quantitatively accurate for 
values of the copolymer chemical potential, which are below a certain limiting value associated with the formation 
of block copolymer micelles. The segregation behavior in the regime where micelles are present is complicated 
by a strong tendency for micelles to segregate to  the free polystyrene surface and by a weaker tendency for 
micelles to segregate to the interfacial region. Values of the copolymer chemical potential at the micelle transition 
are obtained from a careful analysis of the data and are in reasonable agreement with predictions from a 
simplified theory of micelle formation. 

Introduction 
The behavior of phase-separated polymer systems is 

governed to a large extent by the interfacial properties. 
One important parameter is the interfacial tension, y ,  
which determines the thermodynamic stability of a curved 
interface. Small values of y are desirable if an immiscible 
polymer blend is to consist of a dispersion of small second- 
phase particles in a continuous matrix phase. Rubber- 
toughened plastics are an example where such a dispersion 
is desirable. Impact toughness of these materials is 
enhanced by the inclusion of a dispersion of small rubber 
particles as a second phase, but only if there is good 
adhesion between the rubber particles and the glassy 
matrix phase.' The mechanical stability of the interface 
between immiscible polymers, determined by the specific 
molecular structure in the interfacial region, is therefore 
another important factor that  must be considered in 
addition to the interfacial tension. 

One method of producing mechanically stable, low- 
energy interfaces is to add small amounts of diblock 
copolymer to the phase-separated system. The block 
copolymer is designed such that each block has a preferen- 
tial affinity for a different homopolymer, with the result 
that the copolymer segregates preferentially to the interface 
between homopolymers. The  interfacial excess of 
copolymer is related to y through the Gibbs adsorption 
equation. For dilute copolymer solutions terms involving 
the chemical potentials of the homopolymers can be 
ignored, giving 

where vi is the interface excess of copolymer in chains per 
unit area, pc is the copolymer chemical potential, and 70 
is the interfacial tension in the absence of block copolymer. 
A decrease in the interfacial tension of polymer mixtures 
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in the presence of block copolymer has been observed 
e~perimentally.~J 

Block copolymers also increase the mechanical strength 
of an interface by increasing the number of molecular 
entanglements between the two phases. The width of the 
interface between strongly incompatible polymers is quite 
small, and very few entanglements will be formed in this 
region. When block copolymer is added to the system, the 
effective width of the interface is increased by the 
penetration of the blocks into the homopolymer phasese4 
More entanglements will be formed across this larger 
interfacial region, giving rise to an increased interfacial 
strength as has been verified by direct measurement5 and 
by consideration of the mechanical properties of phase- 
separated blends in the presence of block ~ o p o l y m e r . ~ ~ ~  

Segregation of block copolymer to  homopolymer 
interfaces has been inferred from the results mentioned 
above and has been observed qualitatively by transmission 
electron microscopy.8 Here we directly measure the 
amount of the equilibrium interfacial block copolymer 
segregation in a well-characterized model system consisting 
of diblock copolymers of deuterated polystyrene (dPS) and 
poly(2-vinylpyridine) (PVP) a t  interfaces between PS and 
PVP homopolymers. 

Experimental Section 
The chemical structures of PS, PVP, and dPS-PVP block 

copolymer are shown in Figure 1. We used high molecular weight 
homopolymers with degrees of polymerization Nh-p and Nh-pvp 
equal to  approximately 6000. These polymers had narrow 
molecular weight distributions, with M,/M,, < 1.1 for the PS 
homopolymer and M,/M,, < 1.2 for the PVP homopolymer. We 
refer t o  the  copolymers by the  number average degrees of 
polymerization of the dPS  and PVP blocks, for example, 391- 
68, where 391 is N d p ,  the degree of polymerization of the dPS  
block, and 68 is NepVp, the degree of polymerization of the PVP 
block. 

The block copolymers were synthesized via anionic polymeri- 
zation in T H F  a t  temperatures between -55 and -65 "C, with 
cumyl potassium as the initiator. The reaction and all distillations 
were carried out under purified argon. The  deuterated poly- 
styrene block was polymerized first, and a small amount of this 
polymer was removed prior to  the addition of vinylpyridine 
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Figure 1. Chemical structures of the polymers used in this study: 
(a) polystyrene, (b) poly(2-vinylpyridine), (c) diblock copolymer 
of deuterated polystyrene and poly(2-vinylpyridine). Here, R1, 
RP, and RS are initiator fragments from the anionic polymerization, 
which are similar in size to the repeat units. 

Table I 
SEC Characterization of the Block Copolymers 

N c . ~ ~ - N ~ ~ ~  M , / M ,  (dPS block) M,/M,, (overall) 
391-68 1.03 

355-125 1.07 
1300-1 7 3 1.04 

1.03 
1.07 
1.07 

monomer. The number-average degree of polymerization and 
polydispersity of the polystyrene precursor were measured by size- 
exclusion chromatography (SEC). Relative volume fractions of 
PVP and dPS in the copolymers were measured by forward recoil 
spectrometry (FRES).S-11 The number-average degree of 
polymerization of the PVP block is given by 

1 vol. fraction of PVP 
"? = Ned,,( vol. fraction of dPS 

An estimate of the overall polydispersity of the block copolymers 
was obtained by SEC. These values are approximate, due to 
problems associated with adsorption of the block copolymer onto 
the chromatographic columns. The characteristics of the 
copolymers used are summarized in Table I. 

Interfaces between thin films of PS and PVP homopolymers 
were created in the presence of dPS-PVP block copolymer. Two 
sample geometries were used in order to assess the importance 
of kinetic limitations associated with the formation of block 
copolymer micelles. In the constant-concentration geometry, 
shown in Figure 2a, copolymer diffuses toward the interface from 
an initially uniform concentration of copolymer chains and mi- 
celles in the PS layer. In the interface excess geometry, shown 
in Figure 2b, block copolymer diffuses away from an initial excess 
of block copolymer chains at the interface. Sufficiently long 
annealing times produce an interface excess of block copolymer 
chains in equilibrium with a uniform concentration of chains and 
micelles in the PS phase. If equilibrium with respect to the PS 
phase is truly attained, the final interfacial copolymer excess will 
depend only on the final copolymer concentration in the PS phase 
and not on the initial sample configuration. 

All samples were prepared by first spin casting 2000 8, of the 
PVP homopolymer from a glacial acetic acid solution onto a 
polished silicon substrate. The uniform concentration samples 
were prepared by spin casting a 4000-A layer of the PS homo- 
polymer containing a small amount of copolymer directly onto 
the PVP layer from a toluene solution. The interface excess 
samples were prepared by spin casting a 600-8, film containing 
approximately 30% block copolymer onto the PVP layer. A 
4000-A layer of the PS homopolymer was then spun onto a glass 
slide, floated off onto a water bath, and picked up on top of the 
previous two layers. All samples were annealed in vacuo at 178 
"C. The distributions of block copolymer in the samples were 
measured by depth profiling the deuterium in the block copolymer 
by FRES as described in previous publications.9-11 
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Figure 2. Two different sample geometries, showing the 
copolymer distributions prior to the annealing step: (a) constant 
concentration geometry, (b) interface excess geometry. 

Results and Discussion 
The formation of micelles in the polystyrene phase 

competes with the segregation to the interface, and an 
accurate interpretation of our results can only be obtained 
if the effects of micelle formation are understood. The 
PS-copolymer solutions from which the samples were cast 
did not contain micelles. These micelles form during the 
spin-casting process and during the subsequent high- 
temperature anneal. As described in Appendix 1, mi- 
celles form at lower values of the copolymer chemical 
potential, pc ,  when the smaller block forms the core rather 
than when the larger block forms the core. The copolymers 
used in this study have PVP blocks that are shorter than 
the corresponding dPS blocks, so micelles will form in the 
PS phase at lower values of pc  than are necessary for the 
appearance of micelles in the PVP phase. The copolymer 
chemical potential increases as the volume fraction of 
copolymer in the PS phase, &p, increases. Micelles appear 
in the PS phase when pc  reaches the critical value, pcmcPS, 
at which point &p = &&'s, the critical micelle concentra- 
tion in the PS phase. Further increases in &Pa increase 
the concentration of micelles in the system but do not lead 
to appreciable increases in pc or the concentration of free 
block copolymer chains.12 The copolymer chemical 
potential remains pinned at  values that are too low to lead 
to  the  formation of micelles in the  PVP phase. As 
described in the next section, the solubility of free block 
copolymer chains a t  a given value of pc  is an exponentially 
decreasing function of the  molecular weight of the  
incompatible block. The copolymers that we have used 
have NdPs >> Nepvp. For all reasonable values of pc ,  the 
solubility of the block copolymer chains in the PVP phase 
is therefore exceptionally low and can be neglected. 

A typical copolymer distribution for an unannealed 
constant-concentration sample is shown in Figure 3. The 
broadening of the edges of the distribution arises from the 
convolution of the true distribution with the instrumental 
resolution function, a Gaussian with a full-width a t  half- 
maximum of 800 A. The copolymer distribution for a 
constant-concentration sample of the 391-68 copolymer 
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Figure 3. Copolymer distribution in a typical constant 
concentration sample prior to the annealing step. 
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Figure 4. Copolymer distribution from a 391-68 constant- 
concentration sample after an 8-h anneal at 178 "C. For this 
sample &p, the final equilibrium copolymer concentration in the 
PS phase, is 2.1 % .  The interface copolymer excess, zi*, 
corresponds to the hatched area and is equal to 100 A. 

after an 8-h anneal at 178 " C  is shown in Figure 4. 
Interface excess samples give identical results, indicating 
that these annealing conditions give an equilibrated 
interface for this block copolymer. The samples with the 
355-125 copolymer were also found to be in equilibrium, 
although annealing times of several days were required. 

Because the depth resolution of FRES is not sufficient 
to resolve details within the segregated layer, we measure 
zi*, the total excess copolymer a t  the interface, corre- 
sponding to the hatched area in Figure 4 and defined as 

(3) 

where & is the local copolymer volume fraction and q p  
is the copolymer volume fraction in the bulk PS phase in 
equilibrium with the segregated layer. The interfacial 
copolymer excess in chains/area, vi, is obtained from zi* 
by dividing by the copolymer molecular volume. 

The volume fraction of copolymer in the PS phase in 
equilibrium with the segregated layer in Figure 4 is 2.1 ?6 . 
A very different situation occurs when the final equilibrium 
volume fraction is 5.8%, as shown in Figure 5. There is 
a large amount of copolymer that segregates to the free 
polystyrene surface, giving rise to  a surface copolymer 
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Figure 5. Copolymer distribution from a 391-68 constant- 
concentration sample after an 8-h anneal at 178 "C. The final 
equilibrium co olymer concentration in the PS phase is 5.8%, 
with zi* = 155 1. There is also a surface copolymer excess, z.*, 
equal to 200 A. 
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Figure 6. Interface (0-1 and surface (A- - -) copolymer excesses 
as functions of the equilibrium copolymer volume fraction in the 
PS phase: (a) 391-68 copolymer, (b) 355-125 copolymer. The 
solid and dashed lines are aids to the eye, whereas the symbols 
represent the actual measured values. 

excess, z8*, and the corresponding us. Here z,* and Zi* are 
defined by evaluating the integral in eq 3 in the vicinity 
of the appropriate segregated layer. In Figure 6a Zi* and 
zg*,  or alternatively vi and us, for the 391-68 copolymer are 
plotted as functions of the  equilibrium copolymer 
concentration in the PS phase. Similar plots for the 355- 
125 copolymer are shown in Figure 6b. Figure 7 shows the 
copolymer concentration profile for a uniform concentra- 
tion sample of the 1300-173 copolymer after a 6-day anneal 
at 178 "C. The depleted regions adjacent to the segregated 
layers indicate that this sample is not fully equilibrated. 
The measured values of 210 A for zi* and 74 A for z,* are 
therefore only approximations to the true equilibrium 
values. 

As illustrated by parts a and b of Figure 6, there is a 
critical value of below which there is no surface 
copolymer excess. The existence of this transition indicates 



Macromolecules, Vol. 23, No. 22, 1990 

0.24 0'30r----l 
Segregation of Block Copolymers 4783 

The arguments presented above can be applied to any 
preexisting interface. In general, there will be two such 
interfaces: the interfacial block copolymer layer and the 
surface segregated layer. The tendency for micelles to 
segregate to these layers depends on the detailed shapes 
of the dPS profiles within the micelles and within the 
segregated layers. With these ideas in mind, the results 
presented in Figure 6 can be understood in terms of the 
differing behaviors of individual chains and micelles. The 
segregation of free chains to the PS-PVP interface is 
uniquely determined by p,, which rises rapidly with the 
copolymer concentration until 4cmcPs is reached, a t  which 
point it remains fixed a t  pcmcPS+ The formation of mi- 
celles is therefore associated with a plateau in the interface 
segregation of the free chains and by the onset of surface 
segregation of the micelles themselves. Inspection of parts 
a and b of Figure 6 indicates that this transition occurs 
a t  copolymer volume fractions of 4.5% for the 391-68 
copolymer and 1% for the 355-125 copolymer. The 391- 
68 copolymer exhibits a sharp increase in the interface 
segregation for copolymer concentrations greater than 
4cmcp, which we attribute to the preferential segregation 
of micelles to the interfacial layer. 

Comparison to Mean-Field Theory 
A mean-field theory can be used to describe the phase 

behavior and interfacial properties of the PS homopoly- 
mer/PVP homopolymer/dPS-PVP diblock copolymer 
system. We begin with an expression for the free energy 
density of a homogeneous mixture in terms of the volume 
fractions of the different components. The  volume 
fractions of the individual copolymer blocks are 4dPe for 
the dPS block and &pvp for the PVP block. The volume 
fractions of the PS and PVP homopolymers are C$h-p and 
$h-pvp, respectively. It is helpful to define the quantity 4 , 
which is the overall volume fraction of PS (or d P 6  
segments, given by 4p = +dp + 4 h - p  A similar quantity, 
4pvp, is defined such that 4pvp = &-pvp 4h-pVp. The zero 
free energy state is a hypothetical unmixed state in which 
there is no interaction between copolymer blocks. The free 
energy density, f ,  can be written in terms of three x 
parameters, which describe the thermodynamic interactions 
between the three different segment types 

Figure 7. Copolymer distribution from a 1300-173 constant- 
concentration sample after a 6-day anneal at 178 "C. The 
depletion zones adjacent to the segregated layers indicate that 
the sample is not fully equilibrated. The hatched regions 
correspond to zi* = 210 8( and z,* = 74 8( and do not necessarily 
correspond to the equilibrium values of these quantities. 

that segregation of individual copolymer chains to the 
surface does not account for the observed surface segre- 
gation. The onset of surface segregation at  the critical 
value of 4,p must instead be associated with the formation 
of an organized copolymer assembly that has an affinity 
for the free surface. The fact that individual copolymer 
chains do not segregate to  the polystyrene surface is 
consistent with the expectation that the polar PVP has 
a higher surface tension that the nonpolar PS. 

We attribute the appearance of the copolymer assembly 
at the surface to the surface segregation of block copolymer 
micelles. There are two potential driving forces for this 
surface segregation, the first being the tendency for the 
system to reduce the number of sharp interfaces that are 
present. The number of available polymer conformations 
in the presence of such an interface is sharply reduced, 
resulting in an increased free energy that is completely en- 
tropic in origin. The interface between the micellar corona 
and the surrounding high molecular weight homopoly- 
mer is similar in width to the homopolymer radius of 
gyration, and there will be a certain interfacial tension 
associated with this in te r fa~e .~  The overall free energy of 
the system can be reduced by placing the micelles a t  the 
free PS surface, thereby reducing the corona-homopoly- 
mer interfacial area. 

A second driving force for the surface segregation of 
dPS-PVP block copolymer micelles arises from enthal- 
pic interactions between normal and deuterated poly- 
styrene. Isotopic blends of normal and deuterated 
molecules do not mix ideally but are influenced by the 
finite polarizability difference between C-H and C-D 
bonds.13 This polarizability difference gives rise to an 
unfavorable interaction between the two species and to 
a slightly lower surface tension for the deuterated 
component. The resulting tendency for deuterated chains 
to segregate to a free surface is counterbalanced by the 
entropy of mixing. Surface segregation of the deuter- 
ated component has been observed in isotopic blends of 
high molecular weight polymers, where the entropy of 
mixing is quite low.l4 The PVP core of a dPS-PVP block 
copolymer micelle is shielded from the surrounding homo- 
polymer by the corona, so that micelles behave in some 
ways as if they were very high molecular weight dPS 
polymers. The isotopic effect therefore gives rise to a 
tendency for these micelles to segregate to the free surface. 

Xpe-pvp4h-pdpvp + Xdps-pvp4c-dps4pvp + Xdpa-p4dp&h-p  

(4) 

where PO is the segment concentration and N ,  is the total 
block copolymer degree of polymerization, given by N, = 
N d P e  + New The value Of  X d p r p  is approximately lP,15 
whereas the value of x ~ ~ - ~ ~ ~  is approximately 0.1 as 
determined from our results and from consideration of the 
heat of mixing data for small-molecule analogues of PS 
and PVP as described in Appendix 2. Contributions to 
Xdps-pvp arising from the isotopic interaction between the 
normal PVP segments and the deuterated dPS segments 
are expected to be of the same order as Xdp-ps. The most 
important interactions are between PS and PVP segments, 
and these interactions are essentially independent of 
whether or not the PS is deuterated. When the PS- 
PVP interactions are shielded, the small dPS-PS in- 
teraction may be dominant, as mentioned previously with 
regard to the segregation of dPS-PVP block copolymer 
micelles. We can neglect these small interactions when 
considering individual polymer chains a t  the PS-PVP 
interface, and here we make the approximations xp-pvp - - xdps-pv, xdps-p = 0 to obtain the following relation for 
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xps-pvp4ps@pvp (5) 
The copolymer chemical potential is given as follows:16 

By making the further assumption that xps-pvp is not a 
function of the volume fractions, we arrive at the following 
for pc: 

with K, = @h-ps/Nh-ps + @h-pvp/Nh-pvp + d c / N c .  The 
relevant volume fractions in the bulk PS phase are &ps, 
4pvpp, and 4pm. When the bulk PS phase consists of nearly 
pure homopolymer, Le., &pS << 1, 4pvpPe << 1, and 4psps = 
1, eq 7 can be rewritten to give the following for &pS: 

Equation 8 was derived from the assumption that the 
polymers mix uniformly and is therefore valid only when 
micelles are not present. When micelles are present, eq 
8 gives the volume fraction of free block copolymer chains 
in the PS phase. The mobility of block copolymer mi- 
celles in high molecular weight matrices is exceptionally 
low, and the transfer of copolymer chains across the PS 
layer is governed by the motion of the free block copolymer 
chains. The relatively weak dependence of the mobility 
of these free block copolymer chains on the chain degree 
of polymerization ( =NF2 for reptation) cannot explain the 
dramatic increases in the equilibration times with 
increasing Nc-pvp. Rather, i t  is the much stronger, 
exponential dependence of the concentration of free 
copolymer chains on Nc-pvp that is responsible for the 
slowing down of the equilibration process. 

A description of the length scale of a polymer chain must 
also be included if interfacial properties are to  be 
understood. Polymer chains in the melt obey Gaussian 
statistics, so that a single parameter can be used to 
characterize this length scale. The most convenient 
parameter is the statistical segment length, a, defined as 

a2 = (R2)/N (9) 
where (R2) is the mean-squared end-to-end distance of a 
polymer chain and N is its degree of polymerization. 
Neutron-scattering measurements have given 6.7 A as the 
statistical segment length for PS.17 The chain dimensions 
of PS and PVP in 8 solvents are nearly identical,I8 and 
we therefore assume that the statistical segment length 
for PVP is also 6.7 A. We also assume that PVP has the 
same segment concentration as PS, i.e., 9.40 X mol/ 
cm3 at  178 O C . 1 9  

The compositions of the bulk phases and the interfacial 
properties are completely specified by pc, x ~ ~ - ~ ~ ,  a,  and 
the molecular weights of the polymeric components. The 
profiles of the different polymer components across the 
interface, and the interfacial tension, are determined by 
solving a set of modified diffusion equations for various 
polymer chain probability distribution functions in mean 
fields that are themselves functions of the local composi- 
tion. The mean fields are obtained by expressing the local 
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Figure 8. Interface copolymer excess for the 391-68 copolymer 
as a function of copolymer volume fraction in the PS phase: 
measured values (e), and predictions from the mean-field theory, 
assuming xps-pvp = 0.11 (-). 

free energy density in the form of eq 5, with the require- 
ment that the density remains constant across the interface. 
The procedure is described in detail in the accompanying 
p~bl icat ion.~ 

We use xps-pvp as an adjustable parameter in order to 
obtain a good fit to the concentration dependence of zi* 
for the 391-68 copolymer. The experimental data are re- 
plotted in Figure 8, along with a theoretical curve obtained 
by assuming xp-pvp = 0.11. The concentration dependence 
of the surface tension as derived from the mean-field theory 
with xps-pvp = 0.11 is plotted in Figure 9. The theory gives 
3.04 dyn/cm for yo, the interfacial tension in the absence 
of block copolymer. The mean-field value of yo in the limit 
of infinite homopolymer molecular weight is given by20 

YO = apokBT(~/6)'iz (10) 
Equation 10 gives 3.20 dyn/cm for this infinite molecular 
weight limit, indicating that corrections to yo associated 
with the finite homopolymer molecular weights are small. 

Polydispersity of the PVP block length can complicate 
the interpretation of the concentration-dependent data 
because of the very strong dependence of &Pa on the 
product xpa-pv$vc-pvp. Polydispersity corrections may 
explain why the concentration dependence for the 
interfacial segregation of the 355-125 copolymer cannot 
also be fit by using xps-pvp = 0.11. A copolymer chemical 
potential of 5 . 5 k ~ T  gives a predicted zi* of 137 A for the 
355-125 copolymer, which within experimental error is the 
measured plateau value assumed to be associated with the 
presence of micelles. The corresponding 4cmcPs from eq 
8 is 0.1 % , The actual plateau in the interfacial segregation 
is not reached until the copolymer concentration in the 
PS phase reaches 176, for which eq 8 gives x ~ ~ - ~ ~ ~ ~ ~  
= 9.2, as compared to x p s - p ~ C - p v p  = 13.8 for xps-pvp = 0.11. 
The 1 % block copolymer in the PS phase at the micelle 
transition may therefore consist of molecules with lower 
PVP block lengths than the number-average value of 125. 
The 355-125 copolymer is more sensitive to variations in 
Nepvp simply because &,,P is lower than it is for the 391- 
68 copolymer, and it is for this reason that we have used 
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Table 111 
Values of the Interfacial Tension at p o p  As Calculated by 
the Mean-Field Theory with ~ D i - a r D  = 0.11 (YO = 3.04 dyn/cm) 

(0) 391-68 

-I 

0 
0.00 0.01 0.02 0.03 0.04 0.05 0.06 

#*, Copolymer vol. froc. in PS phase 

Figure 9. Interfacial tension, as determined by the mean-field 
theory with xp-pvp = 0.11, as a function of the volume fraction 
of the 3 9 1 4 8  copolymer in the PS phase. 

Table I1 
Values of pcmcp' As Derived from a* and As Predicted by 
the Simplified Theory of Micelle Formation with x = 0.11 

I 

9 0.0 I - .  1 

block zi* at cmc mice 11 e 
copolymer (measd), A from zi* theory 

391-68 126 f 13 5.25 f 0.5 3.5 
355-125 137 f 14 5.5 f 0.5 4.1 

1300-173 210 (estimate) =5.5 4.9 

t he  interfacial segregation behavior of the  391-68 
copolymer for our determination of xps-pw. 

The theoretical relationship between zi* and lc is only 
weakly dependent on the quantity xps-pv&V~pvp. For this 
reason pcmcPa is a more meaningful parameter than &Pa. 
Measurements of zi* in the regime where micelles are 
present but do not segregate to the interface can be used 
to determine pcmcPs by comparison to the theoretical 
relationship between zi* and pc. The results of such a 
comparison for the three copolymers used in this study 
are listed in Table 11, where we have assumed a 10% 
accuracy in the measurement of the relevant zi*. Predic- 
tions from a simple model of micelle formation, outlined 
in Appendix 1, are also listed in Table 11. The copolymer 
chemical potentials derived from the segregation results 
are higher than the values obtained from the theory of mi- 
celle formation. We attribute this discrepancy to the fact 
that the simplified theory neglects certain contributions 
to the micellar free energy that may in fact be significant. 

We have used the mean-field theory to obtain the 
relationship between Zi* and pLe. As described in ref 4, the 
theory can be used to  extract much more detailed 
information, including the  interfacial tension and 
concentration profiles for any of the molecular components. 
The calculated values of the interfacial tension a t  pcmc are 
included in Table 111. These calculated values of y 
remesent significant decreases from Yn. as was shown in 

block copolymer p,,/kBT (from zi*) Y, dyn/cm 
391-68 5.25 f 0.5 0.56 f 0.5 

355-125 5.5 f 0.5 0.56 f 0.5 
1300-173 =5.5 =1.1 

-500 -250 0 250 500 
Distonce from interface (1) 

-500 -250 0 2.50 500 
Distance from interface ( A )  

Figure 10. Calculated concentration profiles for the dPS block 
(-) and the PVP block (- - -) for the three copolymers at the 
experimentally determined values of pmC: (a) 3 9 1 4 8  copolymer, 
pan, = 5.25k~T,  Zi* = 126 A, (b) 355-125 copolymer, pan, = 5 . 5 k ~ T ,  
zi* = 137 A, (c) 1300-173 copolymer, pcmc = 5 . 5 k ~ T ,  zi* = 210 A. 

. .  , . . .  ( . . . . .  
1.2 ' . . (  . . . .  I..,...... / :c:. '  ..................... t 

Figure 11. Depen :nce of pcmc on the copolymer asymmetry as 
derived from the simplified theory of micelle formation for spheres 
(-), cylinders (- . -), and lamellae ( . e  e). The predicted regions 
of stability for each micelle geometry are indicated. 

experimentally determined values of pcmcPS are shown in 
Figure 10. In each case there is a region a t  the interface 
where the dPS block volume fraction is nearly unity. This 

Fi&e 9 for ihe 391-68 copolymer. Calculated profiles for 
the dPS and PVP blocks of the three copolymers a t  the 

layer is the deuterated polystyrene layer mentioned-earlier 
toward which micelles have a tendency to segregate. 
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useful when the critical micelle concentration is too low 
to be measured directly. 
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Appendix 1: Theory of Micelle Formation 
Here we present a simple model of the micelle transition 

in order to obtain an estimate of bcmc. The model was 
initially developed by Leibler for spherical micelles21 and 
is extended here to include cylindrical and lamellar mi- 
celles as well. Model calculations22 and experimental 
results23 have indicated that these alternate micellar 
geometries exist. 

A micelle consists of an interior core region, an external 
corona region in contact with the homopolymer matrix, 
and an interfacial region, which separates the core and 
corona. We assume that the interfacial region is narrow 
in comparison to the core and corona widths, in which case 
the micellar free energy can be written as a sum of 
components from each region: 

Fmicelle = Fintertaw + Fcore + Fcorona (A-1) 
The interfacial free energy is approximated by the form 
for infinite molecular weight homopolymers 

C H 3 - C H 2  CH3-CH2 
1 I 

(0) (b) 
Figure 12. Chemical structures of small-molecule analogues for 
PS and PVP: (a) ethylbenzene, (b) 2-ethylpyridine. 
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Figure 13. Heat of mixing data from ref 26 for ethylbenzene 
and 2-ethylpyridine at 25 OC, as a function of the volume fraction 
of 2-ethylpyridine. The solid line is a fit to the regular solution 
form, AHm = R T x @ ~ ~ , , ( ~  - 

Conclusions 

The interfacial activity of diblock copolymer chains a t  
homopolymer interfaces can be understood quantitatively 
in terms of a mean-field theory. The following general 
conclusions relate to the work described here: 

1. The equilibrium segregation of block copolymers to 
an interface between homopolymers is a function of the 
copolymer chemical potential. This chemical potential is 
generally limited by the formation of copolymer mi- 
celles in the homopolymer phases. 

2. Equilibration between the interface and a micellar 
phase is directly affected by the solubility of individual 
copolymer chains and can be a very slow process. For this 
reason, measurements of the interfacial block copolymer 
excess are often a better probe of the equilibrium interfacial 
properties than are direct measurements of the interfacial 
tension. 

3. There is a tendency for dPS-PVP block copolymer 
micelles in the PS phase to segregate to existing interfaces. 
Driving forces for this type of segregation arise from en- 
thalpic interactions between PS and dPS and from en- 
tropic contributions to the free energy associated with 
constraints imposed on high molecular weight polymers 
a t  sharp interfaces. 

4. The copolymer chemical potential a t  the micelle 
transition can be determined from a proper interpretation 
of measurements of the interfacial copolymer segregation, 
taking into account the possibility of interfacial segregation 
of block copolymer micelles. This technique is particularly 

with x = 0.1. 

(A-2) 
where A is the interfacial area separating the core and the 
corona. The core and corona free energies arise from the 
loss of configurational entropy of the block copolymer in 
these regions. The free energy of the core can be written 
in the form 

Fcore/kBT = QK(Rcor:/Ncorea2) (A-3) 
where Q is the number of chains per micelle, Ncore is the 
degree of polymerization of the core block of the copolymer, 
and K is a constant that depends on the micellar geometry. 
For lamellar micelles Rco, is defined as half the thickness 
of the inner lamella. Semenov has calculated K = 0.370 
for spheres, K = 0.616 for cylinders, and K = 1.234 for 
lamellae." An expression for the corona energy is obtained 
by assuming that the corona is not swollen by the solvent 
homopolymer chains, a valid assumption when the homo- 
polymer molecular weight is very high. The corona free 
energy is obtained from the expression for the free energy 
of a continuously stretched chainz5 

(A-4) 

where the index n runs from 0 at  one end of the corona 
block to Ncorona at the other end of the corona block and 
R is the overall radius of the micelle. 

The chemical potential of copolymer chains in the 
presence of micelles is given by p c  = GFmicelle/GQ* A 
transition from a homogeneous phase to a micellar phase 
occurs when the excess free energy associated with the mi- 
celles is zero, Le., Fmiceue - Qpcmc = 0. The condition that 
SFmicelle/SQ = Fmiceue/Q requires that W'micelle/Q)/6Q = 
0. The copolymer chemical potential a t  the micelle 
transition is therefore given by Fmicelle(Q*)/Q*, where Q* 
is the value of Q for which G(FmiCe1le/Q)/SQ = 0. 

Spherical Micelles. For spherical micelles Fmicane/ Q 
can be written entirely in terms of Q, by using the following 
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relationships: 
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a dramatic effect on the calculated stability regions. As 
a result it is much easier to obtain an estimate for pa, than 
it is to predict which type of micellar structure will actually 
appear. Nevertheless, the simplified theory gives a basis 
for the more general conclusion that pcmc is lower when 
the shorter block forms the core, since structures can be 
formed that distort the copolymer chains to a lesser degree. 
We use the derivation presented above as a simple 
approximation to pa,, which is most useful when very high 
molecular weight homopolymer chains are the solvent for 
the copolymer. 

Appendix 2: Estimation of xps-pvp 
An estimate of the magnitude of xps-pw can be obtained 

by considering heat of mixing data for mixtures of ethyl- 
benzene and 2-ethylpyridine. These are the closest small- 
molecule analogues of PS and PVP, as illustrated by the 
chemical structures shown in Figure 12. In Figure 13 heat 
of mixing data from the literature% is plotted as a function 
of 42ep, the volume fraction of 2-ethylpyridine. The solid 
line is a fit to the regular solution form 

m m  = RTx42ep(1- 42ep) (A-16) 
with x = 0.1. The x parameter defined by eq A-16 is equal 
to xps-pv as defined by eq 4 if the entropy of mixing of 
ethylbenzene and 2-ethylpyridine is ideal. However, this 
small-molecule x parameter corresponds to a degree of 
polymerization of 1 and a temperature of 25 "C. The effect 
of temperature and chain length on the x parameter are 
poorly understood, and the value of 0.1 for xFpw is merely 
an estimate of its value for high molecular weight polymers 
a t  178 "C. 

64-61 A = 4?rRCore 

4irr2 dr  = Q dn/po (A-7) 
Evaluation of Fmicelle/Q a t  its minimum value gives the 
following for the chemical potential a t  which spherical mi- 
celles will form, as given by Leibler:21 

2 

'pheres/kBT = 1.72(~N,)'/~g~/~(1.74g-~/~ - 1)1/3 
(A-8) 

pcmc 

Here g is equal to Ncore/Nc and represents the asymmetry 
of the block copolymer chains. 

Cylindrical Micelles. A similar analysis can be made 
for cylindrical micelles. Here Fmicene/Q is written entirely 
in terms of R,,,, with the aid of the relations 

rRcor:L = QNcore/Po, rR2L = QNC/PO (A-9) 
A = 27rRCoreL (A-10) 

(A-11) 2rrL dr = Q dn/po 
where L is the length of cylindrical micelle. Minimization 
of Fmicelle/Q with respect to RCore is equivalent to mini- 
mization of Fmicelle/Q with respect to Q. Evaluation of 
Fmicelle/Q at  the minimum with respect to RCore gives 

cylinders /k,T = 1.19(~N,)'/~g'/~(1.64 - In g)'l3 
pcmc (A-12) 

Lamellar Micelles. The following relationships are 
used to write F,i,lle/Q for lamellar micelles in terms of 
&ore: 

ARC,,, = QNcor,/~o, AR = QNC/PO (A-13) 
A dr = Q dn/po (A-14) 

Evaluation of FmicellelQ a t  the minimum with respect to 
&ore gives 

pcmc lamellae /kBT = 0.67(~N,)"~(5.64 - g)'/3 (A-15) 

Comparison of the Geometries. The values of pcmc 
obtained for each micellar geometry are plotted as functions 
ofg in Figure 11. The preferred micellar geometry is the 
one that  appears a t  the lowest copolymer chemical 
potential. Comparison of eqs A-8, A-12, and A-15 indicates 
that within the approximations made here the micelles are 
expected to be spherical for g < 0.13, cylindrical for 0.13 
< g < 0.35, and lamellar for g > 0.35. These three regions 
of stability are indicated in Figure 11. The result that the 
preferred geometry depends only on the copolymer 
composition arises from the assumption that the matrix 
homopolymer chains do not swell the micelle corona. 
Swelling of the corona gives a lower effective g and can 
significantly affect the results. 

Some contributions to the micellar free energy have been 
left out of eq A-1 so that an analytic expression for pcmc 
could be derived. One such contribution involves end 
corrections to  the interfacial term associated with the 
localization of block copolymer joints in a narrow region 
at the center of the i n t e r f a ~ e . ~ ~ ~  An additional contribution 
arises from the entropy loss of high molecular weight homo- 
polymer chains a t  the homopolymer-corona interface.4 
Inclusion of these correction terms will give a higher value 
of pcmc. Differences in the copolymer chemical potential 
for different structures are often quite small, and even small 
corrections to the micelle free energy expressions can have 
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