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ABSTRACT A three-parameter model based on confined single-chain statistics is developed to address the 
equilibrium thermodynamics of multicomponent ABC multiblock copolymers in the strong-segregation limit. 
Here, A and C refer to polystyrene and polyisoprene, respectively, while the chemical nature of the middle 
(B) block is varied. The utility of ABC copolymers, a8 described in previous experimental efforts, lies in the 
fact that the chemically dissimilar blocks are covalently bonded together so that phase intimacy is retained 
as discrete microdomains form upon microphase separation. Whereas several theoretical formalisms have 
been proposed for microphase-separated AB diblock and ABA triblock copolymers, no attempts have been 
made thus far to model systems of the ABC variety. In the present work, predictions are obtained for the 
free-energy minimum (Ag-) as a function of both composition (wj) and molecular weight (A4) and indicate 
that Ag- depends strongly on the chemical characteristics of the B block. Similar behavior is predicted for 
microstructural parameters such as the interphase volume fractions (fm andf~c), interphase thicknesses (Am 
and Aw), and microdomain periodicities (DAB, DBC, and D). The effect of compositional asymmetry on both 
system energetics and microstructural dimensions is also explored, and scaling relationships of the form Ma 
are identified. The model is further extended to more complex molecular architectures, such as the CACBC 
pentablock sequence, with good success. 

Introduction 
In the first paper' of this series on the equilibrium 

thermodynamics of microphase-separated multiblock co- 
polymers, attention was directed to copolymers of the 
(AB), variety. A model based on the confined single-chain 
statistics originally developed by Meier2s and Williams et 
aL4?5 was used to predict both system energetics and mi- 
crostructural parameters for two different (AB), designs. 
Those predictions indicated that the molecular configu- 
rations of (AB),, molecules and corresponding morpho- 
logical characteristics are highly dependent on the number 
of AB dyads (n), as well as on the length of the individual 
blocks. In this work, the formalism presented earlier for 
(AB),, systems is extended to three-block ABC multiblock 
systems. 

Within the past 20 years, significant experimental efforts 
have been put forth to synthesize neat ABC-block copol- 
ymers. Many of these materials consist of polystyrene 
and a polydiene, usually polybutadiene or polyisoprene. 
Examples of chemical species used to complete the ABC 
architecture include poly(a-methylstyrene),6 poly(2- 
vinylpyridine) ,7,8 poly(ethy1ene oxide) ,9 poly(4-vinylpyr- 
i d i n e ) , ' O , l l  p o l y ( e t h y 1 e n e  s u l f i d e ) , 1 2  a n d  
poly[(4-vinylbenzyl)dimethylaminel.'3-17 Due to the high 
degree of control maintained during anionic 
p~lymerization, '~-~~ ABC copolymers possessing a middle 
poly[(4-vinylbenzyl)dimethylaminel block have received 
the most attention in studies aimed at  correlating micro- 
structural parameters with molecular characteristics (e.g., 
composition) and processing conditions (e.g., casting 
solvents). 

The driving force in synthesizing ABC-block copolymers 
relies on a feature common to all microphase-separated 
block copolymers: retention of specific homopolymer 
characteristics in a multiphasic alloy composed of inti- 
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mately coupled microdomains. Thus, thermodynamically 
incompatible chemical species, covalently bonded together 
along the copolymer backbone, remain highly connected 
(and dispersed) even upon microphase separation. Efforts 
to increase further (i) the degree of microdomain inter- 
connectivity and (ii) the functional diversity of the blocks 
have resulted in three- and four-component pentablock 
copolymers of the CACBC15J6J8 and CAC'BClg varieties, 
respectively, which are mechanically tougher than their 
ABC analogues.16 It should be noted that the morphol- 
ogies recorded for these pentablock copolymers are very 
similar to those seen in the ABC materials discussed herein. 

Numerous investigations have revealed that ABC ma- 
terials can exhibit morphologies unlike those normally 
observed in diblock and triblock copolymers. An example 
of one of these unique morphologies, discussed in detail 
by Shibayama et al.I4 and Miyaki et al.,18 appears as 
alternating lamellae of two components with dispersed 
spheres/globules of the third component residing in one 
of the lamellar microdomains. Another commonly en- 
countered morphology consists of perfectly alternating 
lamellae (shown in Figure 1) and is similar to that observed 
in diblock and triblock copolymers. All of these mor- 
phologies have been found to be strongly dependent on 
the composition of the molecule and selectivity of the 
casting s0lvent.'~J6J' 

Beside probing morphological features with transmission 
electron microscopy (TEM) and small-angle X-ray scat- 
tering (SAXS), very little has been done to provide a 
theoretical basis for the established ABC microstructure, 
in terms of molecular characteristics, in the strong- 
segregation limit (i.e., the regime where the constituent 
blocks exhibit strong repulsive interactions). Previous 
attempts14 to analyze data obtained from ABC systems in 
terms of equilibrium thermodynamics have led to the 
semiempirical application of the diblock models developed 
by Meier2.3 and Helfand and Wassermann.20*21 While the 
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Figure 1. Electron micrograph of an ABC block copolymer 
composed of polystyrene (S), poly[(4-~inylbenzyl)dimeth- 
ylamine] (A), and polyisoprene (I) in a ratio of 37/39/24 S/A/I 
and exhibiting a three-phase alternating lamellar morphology. 
The copolymer, cast from dioxane, was stained with osmium 
tetroxide so that the I phase appears dark, the A phase gray, and 
the S phase white. (Reprinted with permission from: Mataush- 
ita, Y.; Yamada, K.; Hattori, T.; Fujimoto, T.; Sawada, Y.; Na- 
gasawa, M.; Matsui, C. Macromolecules 1983,16,10. Copyright 
1983 American Chemical Society.) 

resulting comparisons have been in qualitative agreement 
with experimental observations, assumptions made during 
the analyses invoke a hypothetical two-stage microphase- 
separation scheme. 

In the present work, the formalism developed for (AB),, 
copolymers is extended to microphase-separated ABC 
systems possessing the alternating lamellar morphology. 
The two-parameter confined-chain model originally in- 
troduced by Meier2*3 and Williams et  al.4*5 is replaced here 
by a three-parameter version to account for the simul- 
taneous free-energy minimization of all unrelated regions 
in microdomain space. The effects of molecular weight 
and composition, as well as compositional asymmetry, on 
system energetics and key microstructural dimensions 
(illustrated in Figure 2) are investigated and useful scaling 
relationships identified. Discrete predictions are also 
provided for microstructural characteristics in more 
complex systems, such as the three-component CACBC 
pentablock architecture. 

Thermodynamic Theory 
As pointed out earlier,' the first step in generating a 

model based on confined single-chain statistics is to assume 
that a condensed polymer system can be approximated by 
a single ideal chain. The validity of this assumption has 
already been addressed.22 The second step is to postulate 
a specific morphology, since the chain statistics are 
morphology-dependent. All subsequent discussion is 
therefore limited to the alternating ABC lamellar mor- 
phology, which is pictured schematically in Figure 2. In 
order to simplify the mathematical notation, the ABC 
designation is often referred to in subsequent discussion 
as 123. 

Since a copolymer system presumably seeks a state of 
equilibrium upon microphase separation, the difference 
in molar Gibbs free energy (Ag) between the microphase- 
separated state and its homogeneous analogue (of equal 
molecular composition, weight, and architecture) must be 

B 

minimized with respect to each region of the postulated 
morphology: 

t3Aglt3Ai = 0 i = 1,2,3, ..., m (1) 
where Ai is a measure of the ith microdomain region and 
m is the number of such regions that must be considerbd 
in the minimization. For an ABC copolymer, m = 5 since 
there are three distinct block cores (Li, where i = A, B, or 
C, in Figure 2) and two unrelated interphase regions (Am 
and XBC). Note that XAB = XBA and XBC = &B. The 
minimized Ag function is given by 

where Ah is the molar enthalpy, As is the molar entropy, 
and T is the value of the absolute temperature (298 K). 
In this work, only conditions yielding negative values of 
A g m h  for monodisperse systems will be considered, since 
these conditions properly correspond to a microphase- 
separated morphology in the strong-segregation limit. Mi- 
crostructural dimensions are subsequently deduced im- 
plicitly from both Ah and As in eq 2 or explicitly from the 
values of Ai in eq 1. 

The enthalpy can be written as 

(3) 
where Ah(') accounts for the heat of demixing and Ah(2) 
for the residually mixed interphase regions. If the FloryB 
equation is invoked to calculate the heat of demixing in 
multicomponent polymeric blends and if the Flory-Hug- 
gins xi j  parameter is replaced by its solubility-parameter 
analogue, Ah(*) is obtained directly from 

= &'I' + a ' 2 '  

where u is the total molar volume, Oi is the volume fraction 
of block i, and ASiJ2 = (Si-  is the square of the difference 
in solubility parameters between microphases i and j .  Note 
that u approaches the molecular weight (M) of the system 
as the mass density of each block (pi)  approaches unity. 
Since there are only three components in the system, eq 
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4 can be expanded to read 

Ah'" = - u ( ~ A ~ B A ~ , ~  + 4Ad++6Ac2 + ~ B ~ C A ~ B C ~ )  ( 5 )  
where the implicit numerical subscripts 1 , 2 ,  and 3 have 
been replaced by A, B, and C, respectively. 

Similarly, A h ( 2 )  is written as 
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the i j  interphase region (Asij). Thus, 

"-1 

j = i + l  
i=l 

Here, f i j  accounts for the volume fraction of material 
remaining mixed upon microphase separation and is 
determined from Xij/Lmol,  where Xi j  and Lmol are the in- 
terphase thickness and molecular length, respectively. The 
interfacial volume-fraction product (( $q'$j')) is obtained 
from 

where x* is the dimensionless distance across the inter- 
phase and Tij is a normalized long-range interaction 
parameter equal to t2/6Xij2 (where t is the Debye length 
equal to approximately 0.6 nm).2 As b e f ~ r e , ~ ? ~ ? ~ ~  the in- 
terphase composition profile of species i, &'(x*), is 
approximated by 

&'(x*) = ( q + ) ( O )  cos2 (?rx*/2) + ( & ) ( l )  sin2 (?rx*/2) (8)  
[Experimental evidence suggests that the interphase 
composition profile is asymmetric. However, for the sake 
of continuity in this series and without introducing 
significant error, only this symmetric profile is considered 
here.] If the interphase-boundaryamplitudes (4i)(O) and 
(4 i )  (1) correspond to pure microphase cores, then (4i)(O) 
= 1 and ( & )  (1) = 0. Substitution of eq 8 into eq 7 and 
retention of the purity conditions yield the following 
relationship: 

Unlike the case of the (AB), multiblock copolymer, 
neither f i j  nor (&'4j') is invariant with regard to the two 
interphase regions traversed by the ABC molecule (i.e., 
 AB # ~ B C  and ( 4 ~ ' 4 ~ ' )  # ( 4 ~ ' 4 ~ ' ) ) .  Thus, it is necessary 
to retain the individual contributions from each inter- 
phase. With these restrictionsin mind, eq 9 is substituted 
into eq 6, which is subsequently expanded to obtain 

Ah'2' = -[fm(1 U + ? r 2 T A B ) A 6 A 2  + f B C ( 1  + ?r 2 TBC)AS, ,  2 3 
(10) 

where TAB and TBC are normalized with respect to X A B  and 
XBC, respectively. Combination of eqs 5 and 10 provides 
the functional expression for Ah: 

8 

It should be noted here that if A = C and $A = 4c, A ~ A C  
= 0 and eq 11 corresponds to an equivalent expression for 
a symmetric ABA triblock copolymer. Furthermore, if A 
= B or B = C, eq 11 correctly reduces to the expression 
for a diblock copolymer. 

The entropic function (As) is also separated into two 
parts, one pertaining to confinement of block i to a specific 
region in microdomain space (Ass;) and the other to 
restriction of the block junction between blocks i and j to 

3 2 

b = Easi  + Cbij j = i + 1 (12) 
i=l 1=1 

The first term ( b i )  is further divided into two contribu- 
tions. The first ( b i " ) )  takes into account the entropy 
change corresponding to perturbation of the random con- 
figuration of block i when the block is confined to Ti (see 
Figure 2 ) .  The second (ASi(2)) reflects the probability of 
finding block i in Ti. Expressions for hi") have been 
developed4y5 from elasticity theory and depend on the block 
configuration. For instance, if block i is bound at  only 
one end, A@ is given by 

(13) 
This expression is valid for the A and C end blocks. 
However, since the middle B block is anchored at  both 
ends, eq 13 must be rewritten as 

(14) 
In both eqs 13 and 14, ai is the expansion coefficient of 
the ith block and is defined as 

asi'" = -3 /8 (a :  - 1 - In ai 2 

2 
AsB(l) = -3 /&(aB - 1) 

Here, (ri2)o'/2 and ( F i 2 ) 1 / 2  are the respective unperturbed 
and perturbed root-mean-square (rms) end-to-end dia- 
tances of the ith block. Random-flight chain statistics 
are employed to obtain values of (ri2)o: 

( r i2)o  = K:W~M (16) 
where Ki is the Kuhn segment length and W i  is the weight 
fraction of the ith block. 

The microdomain region Ti is directly related to ( ri2)lI2 
through the approach to uniform core density. With 
confmed-chain models of this genre, not all of microdomain 
space can be uniformly filled. However, as Meier2s points 
out, this deviation can be minimized, which results in a 
functional relationship of the form Ti = (C(r i2) )1 /2 .  The 
constant C has been found to be equal to 2.0 in the case 
of a block with one free end or 1.5 if both ends of the block 
are constrained. Thus, in the case of an ABC block 
copolymer, the following relationships are employed: 

The second contribution to hi reflects the probability 

Asi(') = R In Pi (18) 
where R is the gas constant and Pi is the corresponding 
probability function. Expressions for Pi have been derived 
from solution of the diffusion equation in the case of an 
infinite parallel-plate geometry and in the absence of an 
external p ~ t e n t i a l . ~ - ~  An abbreviated, but accurate? form 
of Pi for a block with one free end is 

of finding the ith block in Ti and is given by 

where S; = r2(ri2)/6Ti2, = *Bij /2,  and Bij = XijITi. If 
both ends of a block are constrained to different inter- 
phase regions, eq 19a is modified to account for the second 



666 Spontak and Zielinski 

Table I 
Characteristics of the Blocks Used in the Calculations of 

ABC Comlymers Presented Here. 
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0 1 ' 1 . 1 .  - ABC 
. .I ~~~ 

component A component B component C 
pl(glcm3) 1.052 1.012 0.925 
K / m  0.067 0.068 0.068 
6/H 9.1 variable 8.1 

Nomenclature defined in text. 

boundary condition and becomes 

Note that, while continues to be a function of X i j ,  the 
factor reflecting confinement of the second junction to 
the next interphase is a function of X j k  (where j = i + 1 
and k = j + 1). For the middle B block of an ABC 
Copolymer, Xi j  = XAB and Xjk  = X B C .  

The expression for A s i j  is similar in principle to eq 18, 
where the probability of locating a block junction in an 
interphase is replaced by the fraction of material in the 
interphase (i.e., f i j ) :  

(20) Asij = R In f i j  

It should be remembered that, since fAB # f B C ,   AB # 

With the enthalpic and entropic terms now fully 
specified, Ag is minimized for any given set of molecular 
characteristics (Wi and M) with respect to the five distinct 
microdomain regions mentioned earlier. However, the 
number of minimization variables is reduced further by 
employing a relationship developed by Meier,2 namely, 

b B C .  

a; = ai2[ij(wj/wi) (21) 
where t i j  = (piKi/pjKj). This expression, based on the 
conservation of block junctions within an interphase region 
and recently validated25 for diblock copolymers possessing 
the lamellar morphology, indicates that both TB and Tc 
are related to TA, thereby reducing the number of 
independent variables to three (TA, XAB, and X B C ) .  Since 
Am is not an explicit function of XBC, no further simpli- 
fications can be made. Following the methodology put 
forth by Meier2i3 and Williams et a l . , 4 p 5  the microstruc- 
tural dimensions used in the minimization process are 
made dimensionless through the following definitions: 

The equations used in the free-energy minimization, along 
with explicit relationships between molecular character- 
istics and model parameters, are provided in Appendix I. 
Except for some of the details in the entropic terms, the 
formalism presented here for an ABC copolymer is also 
applicable to more complex three-component molecular 
architectures, such as the CACBC pentablock design. 

Results and Discussion 
Homopolymer characteristics (e.g., mass densities and 

Kuhn constants) for the styrene and isoprene end blocks 
are provided in Table 1. However, molecular parameters 
for the middle block are not so well-defined. Due to this 
limitation, Kg is assumed to be approximately equal to 
K A  and Kc (0.068 nm) and p~ is set equal to the density 

w=l 
-400 1 . 1 . 1 .  

0.2 0.3 0.4 0.5 0.6 

wB 
Figure 3. Functional relationship of Aggmh(w&) evaluated at 
M = 200 OOO for three different values of fig: 9.6 H (O), 8.6 H (A), 
and 7.6 H (0). It is clear that, for symmetric molecules (w = l), 
Ag-(6~=9.6) = Agm~(6e=7.6), with both exhibiting a shallow 
global minimum at WB = 0.35. This is not true for &-(6g=8.6), 
which becomes more positive as W B  increases, indicating that the 
driving force for microphase separation is reduced. The curve8 
shown here, as well as in subsequent figures (unless otherwise 
specified), are obtained with a cubic-spline algorithm. 

of poly[(Cvinylbenzyl)dimethylaminel (1.012 g/cm3). In 
light of the variety of candidates for the middle block, 
these assumptions seem reasonable. Since the value Of bg 
chosen is anticipated to play a key role in the enthalpic 
contributions and, subsequently, in resulting microstruc- 
tural predictions, BB is allowed to vary in three increments 
of 0.51Ab~cl, one within and two outside the interval [bA,bCI. 
That is, since 8~ = 9.1 H and bc = 8.1 H, bg is assigned the 
discrete values of 9.6, 8.6, and 7.6 H. This scheme is 
believed to provide the most information regarding the 
relationship between the chemical nature of the middle 
block and microphase-separated microstructure. 

I. Effect of Molar Composition. The first molecular 
variable to be addressed here is the composition, expressed 
in terms of weight fractions of each block. To facilitate 
discussion, the total molecular weight (M) is held constant 
a t  200 OOO throughout this section. Since the composition 
now consists of three variables (WA,  WB, and wc),  with two 
degrees of freedom, it is convenient to define w as wdwc.  
In the first part of this section, the hypothetical ABC 
molecules are symmetric (i.e., W A  = wc or w = 1). In the 
second part, the effect of compositional asymmetry is 
explored when W B  is held constant and w is permitted to 
vary. Since the model presented here is restricted to the 
alternating lamellar morphology, all wi are bound between 
0.2 and 0.5. 

A. Symmetric ABC Molecules. Predictions for Agmh 
as a function of W B  (w = 1) are presented in Figure 3. All 
of the predictions shown here are negative, indicating that 
microphase separation is thermodynamically preferred for 
these particular systems, and are safely removed from the 
weak-interaction limit (I&min = 0). The Agmh(w~)  trends 
corresponding to bg greater than 6.4 and less than bc are 
very similar in appearance and exhibit a shallow minimum 
at W B  = 0.35. This behavior suggests that the most 
energetically favored state is one in which all three blocks 
are of approximately equal length. I t  is of interest to note 
that predictions1 for microphase-separated (AB), copol- 
ymers reveal a similar global free-energy minimum when 
the A- and B-block lengths are approximately equal. This 
behavior is also predictedz6 for AB diblock copolymers 
exhibiting lamellar morphology in the weak-interaction 
limit. When b~ > 6g > bc, the functional behavior of 
Agmin(wg) in Figure 3 indicates that microphase separation 
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6 1 
:i-.-- 0 J 
0.2 0.3 0.4 0.5 0.6 

wB 
Figure 4. Predictions for the interphase thicknesses X l g  (open 
symbols) and Xgc (filled symbols) for the three values of bg 
exploredinFigure3: 9.6H (0),8.6H (A)and7.6H (0). Enlarged 
interphases due to preferential solubilization of one end block 
or cosolubilization of both end blocks by the middle (B) block 
increase with WB,  whereas the narrow interphases between the 
B block and the ith end block (where 1AbgiJ > 1.0 H) are almost 
independent of W B .  

0.60 1 ’ 1 . 1 ’  

ABC 

f t  i ::::le 
0.10 

0.2 0.3 0.4 0.5 0.6 

Figure 5. Predicted overall interphase volume fraction cf = flg + fm) of residually mixed (homogeneous) material as a function 
of 6g and W B  for symmetric ABC copolymers. This fraction is 
almost independent of W B  when be is outaide the [bA,bC]  interval 
but is seen to increase substantially when 6~ > 6~ > bc. The three 
symbols in figures such as this one are the same as those in Figure 
3. 

becomes less favored as W B  increases. This seemingly 
anomalous trend is due to an increase in the solubilization 
of both end blocks and is discussed further below. 

Figures 4 and 5 show the effect of middle-block 
composition on the interphase parameters hij and f .  Note 
that f is the sum of all f i j ,  reflecting the total volume fraction 
of residually mixed (homogeneous) material in the system, 
and is obtained from 

(23) 
where D is the microdomain long period (see Figure 21, 
equal to LA + 2 L g  + Lc + 2(Xm + XBC). Several 
observations from the predicted hij(bB,WB) trends warrant 
discussion. It is clear from Figure 4 that the thickness of 
interphase Xij  depends on the chemical dissimilarity 
between blocks i and j .  For instance, the interphase 
between the blocks possessing the smaller (Ab1 is signifi- 
cantly larger than the one between the blocks with the 
greater 1A61. The larger interphase also appears to be much 
more sensitive to variation in W B ,  whereas the narrower 
interphase is almost independent of wg. If bg lies between 
b~ and bc, both Xm and XBC are relatively large and are 

90 I ’  1 . 1 ’  

ABC 

wB 
Figure 6. Predictions for the microdomain long period (D), which 
is illustrated in Figure 2. Predicted D(~B,wB) are observed to 
increase with W B  for all three values of bg. However, D(bp8.6) 
isnoticeably less thanD(bg=9.6) or D(bg=7.6), whereasD(6p9.6) 
= D(6g-7.6). This decrease in D as b~ > bg > bc is attributed to 
the increased fraction of homogeneous material induced by co- 
solubilization of both end blocks by the middle block. 

dependent on WB. Another interesting feature of Figure 
4 is that there appears to be a symmetryabout the solubility 
parameter differences. That is, Xm(b~=9.6)  = Xec(6~=7.6) 
and X B C ( ~ B = ~ . ~ )  = Xm(bg=7.6). This apparent symmetry 
is found throughout many of the predictions presented 
here. 

Further discussion of the interphase thicknesses pre- 
sented in this work warrants a comparison with predictions 
from mean-field theory.zOyzl As pointed out in the first 
paper of this series,lthe interphase employed here extends 
over the entire length of the composition profile, whereas 
the linearized interphase (A’) defined in mean-field theory 
corresponds to the span of the slope evaluated at  the 
midpoint composition of the profile. This difference in 
definition results in X’being considerably smaller (by 36 % ) 
than This means that the narrow X seen in the lower 
part of Figure 4 measure approximately 0.9-1.0 nm in 
terms of A’, and the thicker interphases (the result of 
preferential and mutual end-block solubilization) range 
in A’ from 2.9 to 5.7 nm, depending on composition. 

The mean-field theory developed by Helfand and 
associatesm~21 utilizes the narrow interphase approximation 
(NU)-i.e., the asymptotic condition at  infinite block 
lengths-denoted here as Am‘. In the case of the narrow 
interphases seen in Figure 4, Am’ c 1.0 nm, while end- 
block solubilization results in an interphase measuring 
approximately 3.0 nm. Thus, it is clear from these 
comparisons that the narrow-interphase predictions ob- 
tained with the present formalism are certainly in good 
agreement with those obtained from mean-field theory, 
whereas considerable differences arise between the two 
theories in the case of enlarged interphases. 

Predictions for f ( b B , W B )  in Figure 5 reveal that the 
fraction of interphase material in ABC copolymers does 
not depend very much on composition when bg is outside 
the [&&I interval. This predicted behavior is in agree- 
ment with that obtainedz7 for microphase-separated 
diblock copolymers with Abm c 0.8 H. However, due to 
the size of the enlarged interphases, f is found to 
increase significantly (by a factor of about 2 at M = 
200 0oO) if 6~ > bg > 6c. 

The long period D is presented as a function of bg and 
W B  in Figure 6. For all three values of bg,  D is seen to 
increase slightly with WB, especially when 8~ is outside the 
[bA,bC]  interval. Again note that D(bg=9.6) - D(bg=7.6). 
An interesting feature observed in Figure 6 is that the 
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-1 00 O* 

~,=0.3 
-400 ' " " ' " ' I " ' ' 

0.5 1 .o 1.5 2.0 
0 

Figure 7. Effect of compositional asymmetry on predicted Ag-- 
(&) where w = wn/wc. In this and the following two figures, 
wBis heldconstant at 0.3. Here, Ag,d6~=8.6) isnotverysensitive 
to w ,  whereas both Ag,in(6~=9.6) and Ag,i.(6~=7.6) become 
more positive as the length of the block which is preferentially 
solubilized by the middle block increases. Use of the block 
physical parameters tabulated in Table I results in the observed 
crossover point at w 1.1. 

predicted D for the case of b A  > bg > 6c is noticeably less 
than the one obtained when 8g is outside [ b ~ , b ~ l .  This 
feature is presumably attributable to the considerable 
residually mixed fraction of material that results when bg 
is between 8~ and bc (see Figure 5). 

The accuracy of these predictions can be determined by 
a comparison with experimental data, however, micro- 
structural data of this type are not common. Shibayama 
et al.14 have used TEM and SAXS to determine D for an 
ABC copolymer possessing a molecular weight of 164 OOO 
and a composition of 37 wt 9% styrene, 39 wt % (4-vinyl- 
benzyl)dimethylamine, and 24 wt  7% isoprene. The 
magnitude of D, they discovered, was found to depend on 
the selectivity of the casting solvent employed. Films cast 
from benzene, a relatively neutral solvent, possessed an 
apparent equilibrium morphology with D = 57 nm. The 
predicted D for this ABC system, assuming bg - 9.3 H 
(based on the group-contribution methods of van Krev- 
elen2*), is 53.4 nm. The agreement between predicted and 
measured D is reasonably good. 

B. Asymmetric ABC Molecules. In the last section, 
predictions have been presented for the case when w = 1 
and W B  varies. In this section, the effect of compositional 
asymmetry is explored by setting W B  equal to an arbitrary 
composition (0.3) and allowing o to vary. Since all wi are 
bound between 0.2 and 0.5 (for retention of the postulated 
alternating lamellar morphology, w is correspondingly 
limited to the range between 0.5 and 2.0. 

In Figure 7, &min(bB,W) is observed to exhibit two 
different types of behavior, depending on 8g.  In the cases 
when bg is outside [8A,8C], Agmin becomes more negative 
as the length of the end block i most closely related to the 
middle block 0') is reduced. This trend is due to the fact 
that as the ith end block decreases in length, the other (k) 
end block becomes longer, thereby increasing the extent 
of thermodynamic incompatibility between the j and k 
blocks. It is interesting to note that the Agmin(6~=9.6,W) 
and Agmin(6~=7.6,~) curves cross a t  o = 1.1. If the physical 
characteristics (i.e., p and K) of the A and C blocks were 
identical, the crossover point would be at  o = 1.0. These 
relationships, in conjunction with those in Figure 3, can 
consequently be considered as the free-energy part of a 
sensitivity analysis designed to optimize the lengths of 
each block. Figure 7 also reveals one other noteworthy 
feature: the functionality of Agmin(6g=8.6,w). In this case, 

0.40 I 
wB=O.3 

0.10 ' ' ' " " ' " * ' ' a 

0.5 1 .o 1.5 2.0 
0 

Figure 8. Plot off vs w. As with most of the predicted micro- 
structural parameters, f (w ,bg)  shows very little dependence on w. 
This behavior suggests that, for any given M, microstructural 
dimensions are relatively independent of block length. However, 
the effect of bg on f is as pronounced as first seen in Figure 5. 
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Figure 9. Predicted Ag,&4,b~) for symmetric ABC molecules 
(w = 1) and W B  = 0.4. Both the magnitude of Ag- and ita slope 
(aAgddA4)  are very dependent on the value of 6~ chosen. The 
apparent linearity of each AgBmb(M) is attributed 00 the linear 
dependence of the enthalpy on the molar volume (44'). The 
curves are least-squares regressions of the predictions. 

the ratio of the A-block length to the C-block length has 
little effect on Agmin, within a reasonable range of o. This 
apparent anomaly is investigated elsewhere.29 

Predictions for the interphase volume fraction cf, as 
functions of bg and o are shown in Figure 8. As in Figure 
5, the value of bg has the most dramatic effect on f. Here, 
however, f is observed to be almost completely independent 
of o over the entire range of o studied. While the effect 
of bg remains pronounced, similar behavior is also predicted 
for x i j ( b B , W )  and D(bg,o) and indicates that these micro- 
structural parameters do not vary considerably with 
composition in a molecule of constant M. For this reason, 
these predictions are not provided here. 

11. Effect of Molecular Weight. The predictions 
provided in the previous two sections indicate that the 
hypothetical copolymer system of most interest, in terms 
of system energetics, microstructural dimensions, and mo- 
lecular conformation, possesses W A  c W B  = w ~ .  With o = 
1 and W B  = 0.4, the effect of molecular weight on these 
parameters is explored in this section. Since the weak- 
interaction limit must be avoided for these predictions to 
be valid, the lower limit of the molecular weight range 
employed here is lOOOOO, whereas the upper limit is 
arbitrarily set to 900 OOO. 

In Figure 9, Agmin is presented as functions of both bg 
and M. The apparent linearity in the predicted relation- 
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Figure 10. Interphase thicknesses Am and ABC presented as 
functions of both M and 88. It is clear from this figure that 
neither interphase is strongly dependent on M, decreasing by no 
more than 1.0 nm over the M range shown. Enlarged interphase 
regions from both preferentially solubilized and cosolubilized 
end blocks do not scale with M, whereas the narrow interphases 
(lower part of figure) scale as Ma, where a lies between -0.14 and 
-0.18. Some of the curves are obtained from a least-squares 
regression of predicted values, and the symbols are the same as 
those used in Figure 4. 

ships is due to the influence of u (=M) in the enthalpic 
contribution (eq 11). Both Agmin(b~=9.6,M) and 
Agmin(Sg=7.6,M) exhibit similar behavior of comparable 
magnitude over the entire M range. However, the mag- 
nitude of Agmin(6g=8.6,M) and its slope (dAg,iJdM) are 
predicted to be significantly less negative than those cor- 
responding to the other two Agmin functions. This trend 
is due to the fact that the middle block tends to cosolu- 
bilize both end blocks to a similar degree if 8~ > 8~ > bc, 
whereas one end block is preferentially solubilized to a 
greater extent when 6g is outside [bA,bC]. If 8~ is increased 
further outside this interval (i.e., 8g < 7.6 H or bg > 9.6 
H), dAgm,JdM becomes increasingly more negative. 

Consider now the case in which the opposite occurs, 8g 
approaches either 66 or 6c. For any given set of molecular 
characteristics, there exists a critical solubility parameter 
difference, IASij(c, or equivalently a critical xij parameter, 
that must be maintained for valid use of models in the 
strong-segregation limit. If IASijl< IAbij(c, then local density 
fluctuations are no longer negligible, and a model based 
on the weak-interaction limit, like those of Leibler26 or 
McMullen and Freed,30 must be utilized. One interesting 
feature of this hypothetical condition is that the cosolu- 
bilized end and middle blocks can enter the weak- 
segregation limit, while the other block pair remains in 
the strong-segregation limit! When bg degenerates to being 
equal to 8~ or bc, then the model collapses to the corre- 
sponding diblock analogue. However, when bg lies between 
b~ and bc, the functional relationship of Agmh(M) becomes 
very sensitive to Abm and A&, a point which will be 
discussed further elsewhere.29 

The predicted effects of increasing M on the micro- 
structural parameters describing the interphase regions 
are illustrated in Figures 10 and 11. In Figure 10, the 
interphase thicknesses (AAB and XBC) are shown for the 
three values of 6g used throughout this work. The trends 
seen earlier (Figure 4) are again apparent, but this figure 
also demonstrates that the functional relationship Xi j (M)  
is strongly dependent on 6s. For those enlarged inter- 
phases resulting from the proximity of bg to either b~ or 
6c or both (upper part of Figure lo), the effect of increasing 
M is not apparent until M > 400000. Even at  higher 
values of M, the nonlinear decrease in Aij is almost negligible 
(ca. <1.0 nm). The narrow interphase regions (lower part 
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Figure 11. Predicted functional relationships for (a) fm{M,&) 
andfm(M,6B) and (b)f(M,GB). Bothfjjandfare found todecrease 
systematically with M. In (a), f i j  corresponding to interphases 
that have been enlarged due to preferential solubilization by the 
middle block do not scale with M, while the narrow and cosol- 
ubilized interphases do, with the scaling exponent (b) varying 
from 4.81 to -0.86. In (b), f (=&, j = i + 1) is observed not 
to scale with M. Curves illustrating an Mb dependence are 
obtained with a least-squares regression of the predicted f i j .  

of Figure 10) appear to scale as Ma, where the exponent 
a lies between -0.14 and -0.18. (Recall that these X can 
be easily converted6 to linearized A’ by multiplying them 
by0.64.) All of these predicted trends suggest that neither 
Am nor XBC is a strong function of M for the values of bg 
employed here. 

In Figure 11, the functions fij(bBrM) and f ( b ~ , M )  are 
shown. Note that thefij in Figure l l a  reflect the individual 
interphase thicknesses provided in Figure 10. It is 
apparent from Figure l l a  that some fij scale as Mb, while 
others do not. Those that do possess this relationship are 
the ones corresponding to (i) narrow interphases between 
the middle B and ith end blocks (where IAbgil> 1.0 H, in 
the present work) and (ii) enlarged interphases resulting 
from 8~ > 6~ > 6c. The fij that do not scale as Mb refer 
to the enlarged interphases resulting from partial and 
preferential solubilization of the B block with one of the 
end blocks. Values of the scaling exponent ( b )  are 
determined from a least-squares algorithm to lie between 
-0.81 and -0.86, in agreement with that discerned earlier 
for microphase-separated diblock  copolymer^.'^^^ The 
total volume fraction of homogeneous material cf = Cifij, 
j’ = i + 1) is presented as a function of M in Figure l lb .  
The predicted relationships are in line with those seen in 
Figure l l a ;  however, none of these f ( b B , M )  appear to scale 
directly with M. 

Predictions for the long spacings (D) of these ABC 
copolymers with w = 1 and W B  = 0.4 are presented in Figure 
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Table I1 
Molecular Characteristics of and Model Predictions for Some of the CACBC. Copolymers in Reference 18 

Mc(1) MA Mc@) MB M C ' ~ )  (Mc)' D' d/nm AgmJ(kJ/mol) Xa/nm hdnm f D'lnm 
molecular weightdl04 exptl param predicted paramb 

ABC 
2- 

~~ 

9.7 6.6 6.6 51 -444.6 2.8 1.8 0.09 48.5 6.6 9.8 6.5 
3.5 9.1 3.5 8.9 3.2 3.4 -277.7 2.8 1.8 0.13 35.1 
6.0 8.9 6.0 12.9 5.7 5.9 44 -458.6 2.7 1.8 0.09 43.8 

C = isoprene, A = styrene, and B = (4-vinylbenzy1)dimethylamine. The solubility parameter of the B block is estimated to be approximately 
9.3 H, on the basis of the group contribution method by van Krevelen.= (Mc) = [EjMcW3. d D' is the repeat distance from one C block 
to another, estimated from the electron micrographs provided in Figures 7 and 8 of ref 18. 

f o=l 
1 os 1 06 

M (g/mol) 
Figure 12. Predictions for the microdomain long spacing (D) 
as a function of M and be. It is clear from this figure that values 
of D(6~=9.6) are almost identical to those Of 0(6~=7.6) over the 
entire range of M shown. These two functions are also observed 
to scale as D - Mc, where c = 0.68 as derived from a least-squares 
regression of the predicted D. This scaling behavior is very similar 
to that obtained from AB diblock copolymers and indicates non- 
Gaussian chain stretching along the lamellar normal. The 
D(bp8.6)  relationship exhibits curvature, but a corresponding 
value of c is approximated as 0.68. 

12. TheD(6~=9.6,M) andD(6~=7.6,M) functionsinFigure 
12 are almost identical, scalingasMc, whereas D(6~=8.6,M) 
possesses slight curvature. The average value of c is 0.68, 
in quantitative agreement with previous work on mi- 
crophase-separated AB diblock copolymers,a5*21*24~32~B and 
indicative of chain stretching along the lamellar normal. 
Sdranis and Kosmas% have recently addressed the issue 
of block and molecular expansion in ABC block copolymers 
on theoretical grounds and have shown that the non-Gauss- 
ian behavior of the molecule is strongly dependent on the 
chemical interactions of the blocks. The short spacings 
(Dm and DBC in Figure 2) sum to D and consequently 
exhibit similar scaling behavior as in Figure 12 and are 
not provided here for that reason. 

111. Effect of Molecular Architecture. In all of the 
previous sections, only the ABC architecture has been 
addressed. In principle, though, the formalism presented 
here is applicable to any multiblock architecture, providing 
that (i) the equilibrium morphology consists of alternating 
lamellae and (ii) the blocks are sufficiently long to employ 
assumptions valid only in the strong-segregation limit. 
Efforts to synthesize more exotic multicomponent linear 
block copolymers have resulted in both three-component 
CACBC15J6J* and four-component CAC'BClg materials. 
As observed with TEM, these copolymers can also exhibit 
a microphase-separated lamellar morphology, identical to 
the one illustrated in Figure 2 for ABC designs. While it 
would be possible to ascertain the functional relationships 
of the system energetics and microstructural dimensions 
for CACBC and CAC'BC materials, the number of 
variables needed to be considered is far too numerous to 
have such relationships included here. Rather, we simply 
point out the utility of the present approach by predicting 

the microstructural characteristics of three of the copol- 
ymers described in detail in ref 18. These three materials 
all exhibit alternating lamellae and possess C blocks (iso- 
prene) of nearly equal length (see Table 11). To facilitate 
matters, the average length of the three C blocks is utilized 
in subsequent calculations. 

Predictions corresponding to the three CACBC copol- 
ymers are tabulated in Table 11. Only predicted micro- 
domain periodicities can be compared with experimental 
data, since the short period (D') can be estimated from 
the OaO4-stained isoprene lamellae in electron micro- 
graphs. Note that D' is equivalent to the Dij mentioned 
earlier. It is clear that the predicted D' are in good 
agreement with experimental results. The predictions in 
Table I1 indicate that these multicomponent copolymers 
can be modeled with confiied-chain statistics in the strong- 
segregation regime (&min < 0) and that the resulting mi- 
crostructural dimensions (hij and D') are certainly rea- 
sonable. 

Conclusions 

A three-parameter thermodynamic model based on the 
confined single-chain statistics originally developed by 
Meier2y3 and Williams et a L 4 y 5  is proposed for multicom- 
ponent ABC multiblock copolymers. This family of 
materials offers great potential for specific applications, 
such as mosaic membranes,lg due to the functionality of 
each block. Predictions have been presented here to 
elucidate three different effects on system energetics and 
microstructural dimensions: (i) composition and compo- 
sitional asymmetry, (ii) molecular weight, and (iii) mo- 
lecular architecture. In all of these cases, the chemical 
nature (i.e., solubility parameter) of the middle block has 
been allowed to vary. Resultant predictions clearly 
indicate that the three-phase lamellar morphology estab 
lished by an ABC copolymer is most noticeably affected 
if the solubility parameter of the middle block lies between 
those of both end blocks. Compositional studies suggest 
that, based on the minimum free-energy function, the most 
energetically stable ABC copolymer exhibiting alternating 
lamellae should possess approximately equal block lengths. 
Many of the microstructural dimensions have been found 
to be very weak functions of composition in a copolymer 
of constant molecular weight. However, several of these 
dimensions, whose analogues are known to scale with mo- 
lecular weight in microphaae-separated AB and ABA block 
copolymers, have been shown to retain this scaling behavior 
in ABC copolymers, indicating that the molecules are 
stretched along the lamellar normal. The formalism 
presented here is also applicable to more complex mul- 
ticomponent molecular architectures. 
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Appendix I. Relationships between Molecular 
Characteristics and Model Parameters 

The enthalpic (Ah) and entropic (As) contributions to 
the free-energy function (Ag) have been provided by 
individual terms in the text, reflecting the fact that the 
minimization results presented here were obtained using 
such numerical methods as the golden and gradient search 
protocols. These expressions can also be combined and 
written in terms of the minimization parameters BAB, BBC, 
and r. For instance, Ah can be recast from eq 11 to read 

where 

D = (1 - 2BAB)TA + (1 - 2&)Tc + ~ T B  (A2) 
and, by eqs 15-17 and 21-22, 

Note that, since Lmol = Df 2 in the case of ABC copolymers, 
f i j  = AijfLmol = 2AijfD. 

The complete entropic term accounting for deformation 
of the blocks (Ad1)) is given by 

Likewise, combining the expressions which describe block 
confinement in microdomain space (AdZ)) and simplifying 
yield 

where 

p i j  - 2 sin (1) TPij 

T 

The loss of entropy associated with the restriction of the 
block junctions to their respective interphase regions (Ada 
= ASAB + ASBC) has been provided in terms of f i j  in eq 20, 
which, in light of the relationships presented here, can be 
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rewritten as 

b ( 3 )  = In ( 4@ABfiBCTATC) 

D2 
It follows immediately from eq 2 that the free-energy 
function to be minimized with respect to Bm, BBC, and I' 
is consequently given by 

Ag = Ah - T('(') + + As(3)) (AS) 
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