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ABSTRACT: Experimentalstudies haveshown that the thennomechanical properties of microphase-separated 
AB diblock copolymers are strongly dependent on the fraction of material residing within the interphase 
region. The degree of interfacial mixing is determined principally from the chemical dissimilarity between 
the blocks and can be controlled by judicious choice of A and B monomers. Another method of tailoring the 
interphase is by chemical insertion of a random A/B block between the pure A and B end blocks. If the end 
blocks of such an A(A/B)B triblock copolymer are pure and the 'domain-boundary-mixing" effect dominates, 
only the interphase region is enlarged by this addition. A sufficiently long A/B block is postulated here to 
self-assemhle into ita own microphase, thereby producinga morphology consisting of three distinct microphases 
under proper conditions. A thermodynamic model based on confined-chain statistics is proposed to predict 
the strong-segregation phasebehanor and microstructuraldimensions ofsucha system. Predictions provided 
in this work address these issues as explicit functions of block composition, molecular composition, and 
molecular weight. Other molecular design considerations, e.&, compositional tapering of the AIB block, are 
also discussed. 

Introduction 
Since interphase zones reflect the intimate molecular 

contact between phases in composite materials, an un- 
derstanding of these regions is prerequisite for the 
efficient design of multiphasic polymer alloys with specific 
thermomechanical properties. Consequently, considerable 
attention has continually been drawn to detailed char- 
acterization of the interphase in microphase-separated 
block  copolymer^.'-^ Quantification of the size of this 
region has been possible with scattering techniques such 
as small-angle X-ray scattering (SAXS)++ small-angle 
neutron scattering (SANS)?+ and, most recently, neutron 
reflectivity (NR).l"'z Results from these studies have 
revealed that  the interphase thickness in strongly-segre- 
gated poly(styrene-b-diene) diblock copolymers, for in- 
stance, is approximately 1.2-1.5 nm, which is in quanti- 
tative agreement with predictions obtained from theoretical 
m ~ d e l s ' ~ - ' ~  devoted to  the strong-segregation limit (SSL). 
This interphase, shown schematically in Figure l a  as AAB, 
is often relatively narrow in comparison to the charac- 
teristic lengths (LA and Le) of the  microdomains. 

Small-angle scattering studies,'"20 along with dynamic 
mechanical testing?' have also proven very useful in 
demonstrating that  these hiphasic materials cnn, under 
proper conditions, undergo a weak first-order phase 
transition referred to as either the microphase-separation 
transition (MST) or the order-disorder transition (ODT). 
Accordingtn thetheoryproposedby LeiblerZ2fortheweak- 
segregation limit (WSL), an AB diblock copolymer pos- 
sessing a lamellar morphology (50150 composition) un- 
dergoes its ODT when XAB(T)N = 10.5, where xm(T) is 
the temperature-dependent Flory-Huggins interaction 
parameter and N is the degree of polymerization of the  
molecule. A correlation proposedz3 for xsr(T) of poly- 
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Figure 1. Schematic illustrations of the three lamellar mor- 
phologiesthat amicrophaseseparated A(A/R)R blockcopolymer 
ispostulated toexhibit. In (a) there isnomiddleA B block,and 
the system corresponds to an ideal diblock copolymer. If a 
relatively short A R block is chemically inserted between the 
pure A and Bend hlwks and if the 'domain-boundary-mixing' 
effect"dominates. the resultant morphology (b)  appears similar 
to that of the diblock with an enlarged interphase \A'-). If the 
A.A Rand B blocksareallsufficiently 1ong.a three.microphase 
morphology(c) iseapected,inwhichcase rhemiddlemicrodomm 
consisu,oftwointerphasPs(hL* B andhA ~aiandaregion(L~ nl 
of constant mixed composition. The variatiun of composition 
(or)  with position 1x1 in microdomain space is also provided for 
each case. 
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(styrene-isoprene) diblock (SI) copolymers is given by XSI 
= 71.4T' - 0.0857 and can be used to estimate critical 
values of N at the ODT. These range from about 100 at 
the glass transition temperature of polystyrene ( Tg = 100 
"C) to 270 at 300 O C  for SI copolymers (the corresponding 
equivalent molecular weights are approximately 8000 and 
22 OOO, respectively). Neglecting the effect of critical 
fluctuations and the dependence of Tg on the length of the 
styrene block, this simple analysis reveals that SI copoly- 
mers within only a relatively small range of chain lengths 
are capable of undergoing their ODT in the melt state 
before thermally decomposing. 

In the event that molecules of higher molecular weight 
are required for particular applications, XAB can be 
modified through substitution of one or both monomer 
species. A decrease in the thermodynamic incompatibility 
between the blocks results in a lower ODT and enhances 
phase mixing by virtue of an enlarged interphase. The 
relationship between XAB and XAB is best exemplified by 
the narrow interphase appr~ximation,'~ in which h ~ g  N 

X A B - ' / ~ .  Another viable approach to tailoring the inter- 
facial characteristics of a diblock copolymer is through 
modification of the block junction by chemical insertion 
of a random or tapered A/B block between the pure A and 
B end blocks. Copolymers of this type have been 
successfully synthesized and their morphological and 
mechanical properties i n ~ e s t i g a t e d . ~ ~ - ~ ~  

One attempt27 to model the equilibrium thermodynam- 
ics of A(A/B)B copolymers has employed confined-chain 
statistics originally developed13J4 for AB diblock copol- 
ymers. If the A/B block is relatively short and is restricted 
to the interphase so that the "domain-boundary-mixing" 
effect24 dominates, the added block acts only to extend 
the interphase without significantly affecting the molecular 
conformation (see Figure lb). When the A/B block 
becomes sufficiently long, however, the copolymer is 
expected to exhibit a three-microphase morphology anal- 
ogous to that found in ABC copolymers (see Figure IC). 
In this case, the middle block possesses chemical char- 
acteristics intermediate to the two end blocks. 

Since recent effortsz8 to model the microstructural 
dimensions of microphase-separated ABC block copoly- 
mers in the SSL with confined-chain statistics have been 
successful, a similar and consistent formalism is applied 
in this work to the A(A/B)B molecular design. In addition 
to predicting system energetics and microstructural pa- 
rameters as functions of molecular and block composition 
and molecular weight, an objective of the present work is 
to identify, at least semiquantitatively, the boundaries of 
the SSL. 
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mogeneous states is minimized with respect to each region 
of the postulated morphology: 

(1) 
Here, Ai is the length of the ith microdomain region and 
m is the number of regions to be considered in the 
minimization. In the A(A/B)B design, m = 5 since there 
are three distinct block cores (Li, where i = A, A/B, or B, 
as in Figure IC) and two unrelated interphases (XA(A/B) 
and X(A/B)B). In general, XA(A/B) # X(A/B)B. The minimized 
Ag function can also be written in terms of its enthalpic 
(Ah) and entropic (As) contributions, i.e. 

aAg/aAi = o (i = i ,2 ,3 ,  ..., m) 

kmin (Ah - TAs),i,, (2) 
where T is the value of the absolute temperature (held 
constant at  298 K throughout this work). Only conditions 
yielding negative for monomolecular systems cor- 
respond to a microphase-separated morphology and are 
considered here. This requirement, therefore, constitutes 
the first boundary condition of this formalism, namely, 
Agmin = 0. Microstructural dimensions are determined 
implicitly from Ah and As in eq 2 or explicitly from the 
values of Ai in eq 1. 

The enthalpy (Ah) is separated into two parts, one 
corresponding to complete phase demixing (AM')) and the 
other to residual interphase mixing (AM2)): 

Ah = Ah(') + (3) 
The first contribution (Ah(')) can be calculated for an A(A/ 
BIB system by invoking the F10ry~~ equation 

Thermodynamic Theory 
The present model assumes that the equilibrium mor- 

phology of a block copolymer can be accurately described 
by a single copolymer chain confiied within a particular 
geometry in microdomain space. In this work, only the 
lamellar morphology is considered, for which the solution 
of the diffusion equation (needed to generate chain 
statistics) is exact. No provisions are made in this model 
to account for changes in morphology, which may become 
energetically favored under some conditions considered 
here. 

A block copolymer is presumed to seek a state of 
equilibrium upon microphase separation, which is inter- 
preted to mean that the difference in the molar Gibbs free 
energy (Ag) between the microphase-separated and ho- 

A ~ ( A / B ) B ~ * A / B w  (4) 
Here, u is the total molar volume, which assuming 
incompressibility is equal to Ciui (i = A, B, and A/B). Each 
of these Ui is determined from WiMlpi, with Wi and pi being 
the weight fraction and mass density, respectively, of block 
i and M the molecular weight of the system. The volume- 
fraction composition of each block in the copolymer 
molecule is denoted as ai, and A6ij2 is the square of the 
difference in solubility parameters (6) between blocks i 
and j. Physical properties (e.g., 6 and p )  of the pure A and 
B blocks are derived from the parent homopolymers 
(polystyrene and polyisoprene, respectively, in this work).% 
However, property estimation of the random A/B block 
requires appropriate mixing rules. If is the average 
weight fraction of component A in the A/B block, then 

Note that wiu) and 4iu) refer throughout this work to the 
weight- and volume-fraction compositions, respectively, 
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of species i in blockj and that, unless otherwise indicated, 
WA(A/B) is spatially invariant.31 

The expression for AM2), which accounta for the mixed 
interphase regions, is similar to that derivedB for an ABC 
copolymer but accounts for a middle block of intermediate 
composition ( $ A ( ~ / ~ ) ) :  

where fij is the volume fraction of material remaining mixed 
upon microphase separation and is equal to 2Xij/D in the 
lamellar morphology, Xij is the thickness of the interphase 
between microphases i and j, and D is the microdomain 
periodicity (shown in Figure IC). Since microdomains A 
and B are not adjacent, nofmterm arises. The normalized 
long-range interaction parameters in eq 6 (7ij) are equal 
to t2/6Xif (where t is the Debye length equal to approx- 
imately 0.6 nm in condensed matter13). An assumption 
implicitly made in eq 6 is that the interfacial composition 
profiles across XA(A/B) and X(A/B)B can be represented by 
the sinusoidal function used in previous s t u d i e ~ . ~ ? ~ ~  

The entropic function (As) in eq 2 is sensitive to both 
architecture and morphology. It is also expressed here as 
the sum of two contributions: one relating to restriction 
of the block junction between blocks i and j to the ij 
interphase (Ad1)) and the other to confinement of block 
i to ita appropriate region in microdomain space (As@)). 
The probability of finding a given block junction in any 
given ij interphase is the volume fraction of interfacial 
material cfii), and the corresponding expression for Ad1) 
is 

(7) 
where R is the gas constant. The second term (Ad2)) arises 
from confinement of block i to Ti (i = A, A/B, or B) in 
microdomain space, where Ti spans the ith core (Li) plus 
the two adjacent interphases. Forcing a block to remain 
within a specific region results in a loss of entropy due to 
both restricted placement and elastic deformation. The 
entropic expressions associated with restricted placement 
utilize the probability function derived from solution of 
the diffusion equation in an infiiite parallel-plate geometry 
(i.e., the lamellar morphology) and in the absence of a 
potential field.'3J4 The loss of entropy associated with 
block deformation is obtained from elasticity theory and, 
like the probability function, depends on the number of 
block free ends. Summation of all of these contributions 
yields 

X 
R 

(8) 

Here, ~ A ( A / B )  E XA(A/B)/TA and &A/B)B I X(A/B)B/TB are two 
of the three dimensionless parameters employed in the 
free-energy minimization. In addition, ai = -4( ri2)/(6Tiz), 

where (ri2) is related to the block expansion coefficient 
(a;) through 

a: (r?) / (r i2) , ,  (9) 
and (ri2)o is obtained from (ri2)o = Ki2wJ-i. Values of the 
Kuhn segment lengths KA and KB are available in the 
literature, whereas KA/B is estimated from K A ~  = 

Since a potential field is not imposed to guarantee 
uniform core density in confined-chain models (as it is in 
other theories9, the relationships developed by Meier13 
to minimize the deviation from incomplete volume filling 
are employed here. These relationships take the form of 
Ti = (C(ri2))l/2, where the constant Cis equal to 2.0 in the 
case of a block with one free end or 1.5 if both ends of the 
block are anchored. Thus 

WA(A/B)KA + wg(A/B)Kg. 

With the enthalpic and entropic terms now fully 
specified, Ag is minimized for any given set of molecular 
characteristics (wi, M, and wi(A/B)) with respect to each 
distinct microdomain region. The number of minimization 
variables (m in eq 1) can, however, be reduced by noting 
that the number of block junctions must be conserved 
within any interphase. The result of this requirement 
dictatesI3 that 

where f i j  = (piKi/pjKj) and i and j denote adjacent 
microphases. This expression allows both TA/B and TB to 
be coupled with TA, thereby reducing the number of 
independent regions to three-TA, XA(A/B), and X(A/B)B-in 
the case of the A(A/B)B architecture. Since the two 
interphases are mutually exclusive, as in the case of an 
ABC copolymer, no further simplifications can be made. 
These three microstructural dimensions used in the free- 
energy minimization are made dimensionless through the 
definitions of /~A(A/B) and &A/B)B provided earlier and l', 
which is given by 

Values of PAA(A/B), &A/B)B, and I' are subsequently used to 
obtain microstructural dimensions in these A(A/B)B 
triblock copolymers at equilibrium when the following 
conditions are met: 

All of the predictions obtained with this model must 
reflect microstructural dimensions which are physically 
realistic. Values of Oij, where ij corresponds to either A(A/ 
B) or (A/B)B, are therefore restricted to the following 
boundary conditions: (i) &j = 0, when an interphase 
becomes vanishingly small, and (ii) &j = l/z, when a 
microdomain core (Li in Figure la,c) vanishes into an 
enlarged interphase (i.e., Li = 0 and Ti = 2Xij). These 
constraints on&, in addition to the one on Ag-, constitute 
three of the boundary conditions employed to define the 
regime of model applicability. One final condition that 
must be met is LA/B > 0. In the case when LAJB I 0, the 
three-microphase morphology postulated here is no longer 
considered valid. 
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Figure 2. Predictions of Agmm as a function of middle-block 
composition (uA(A/B)) for several molecular compositions ( W A ~ ) :  
0.20 (O), 0.25 (O), 0.30 (0),0.35 (W), 0.40 (0),0.45 (4) ,  0.50 (A), 
0.55 (A), and 0.60 (+). At large WA/B, Ag,,, - 0, indicating 
microstructural disorder (or a transition to another morphology). 
The postulated three-microphase morphology degenerates into 
a two-microphase one at s m d W A / B .  If U A ( ~ / ~ )  deviates sufficiently 
from 0.5, Ag,,, decreases until an end block is preferentially 
solubilized. Predictions at W A ( ~ / ~ )  = 0.0 and W A ( ~ / ~ )  = 1.0 
correspond to diblock copolymers with 30 and 70 wt % A, 
respectively. The molecular weight is held constant here at 2 x 
105. 

Results and Discussion 

An A(A/B)B block copolymer with a relatively large 
A/B fraction inherently possesses several adjustable 
molecular parameters, of which only block composition, 
molecular composition, and molecular weight are ad- 
dressed explicitly here. In this work, we have selected 
combinations of molecular properties to illustrate key 
features of general interest. For instance, when the 
molecular composition (Le., the weight fraction of the AIB 
middle block, WA/B) is varied, the total molecular weight 
(M) is held constant at  2 X lo5. When M is varied, the 
composition of the molecule is fixed a t  W A  = W B  = 0.3 and 
W A ~ B  = 0.4. 

I. Range of Model Applicability. Before discussing 
predictions of microstructural dimensions obtained with 
the present formalism, the range of model applicability 
must be established. Recall that the constraints on &min, 

&j, and L A p  listed earlier are presumed to constitute 
reasonable boundary conditions for the SSL. With these 
constraints in mind, predictions for free-energy minima 
as functions of both molecular and block composition ( W A ~  
and U A ( ~ / ~ ) ,  respectively) are presented in Figure 2. In 
this figure, both WA/B and U A ( ~ / ~ )  are incremented by0.05. 
Below WA/B = 0.2, model predictions are not given since 
 LA^ I 0, which implies that the copolymer exists as a 
two-microphase system with an enlarged interphase region 
(as in Figure Ib). Above this value of W A ~ ,  the copolymer 
is predicted to behave as a three-microphase system. As 
WA/B is increased further, Agmin clearly becomes more 
positive until Agmin 2 0 and the model is again no longer 
applicable. While Figure 2 labels the regime at  which 
&min L 0 as "microstructurally disordered", recent evi- 
dence33suggesta that a transition to a different morphology 
precedes thermodynamic disorder. 

Figure 2 also illustrates that Agmin reaches a maximum 
when the composition of the A/B block ( u A ( ~ / ~ ) )  is 
approximately 0.5 and decreases as U A ( ~ / ~ )  deviates from 
the midpoint composition. As deviates from 0.5, 
the bulk weight-fraction composition of component A in 

A h "  
(kJ/mol) 

-200 

-400 1 
-600 m 

-800 
0.0 0.2 0.4 0.6 0.8 1.0 

Figure 3. Predicted A ~ , & J A ( ~ / ~ ) )  for different molecular weights 
(M), all expressed in 106: 1 (O), 2 (O), 3 (A), 4 (A), 5 ( O ) ,  6 (+), 
7 (o), 8 (m), and 9 (a). At low-M, &,,,in - 0, one of the SSL 
boundary conditions. AsMincreases, Ag- becomes increasingly 
more negative, suggesting an enhanced driving force toward 
microphase separation. Preferential end-block solubilization is 
once again predicted as U A ( * / ~ )  deviates from 0.5. The end points 
at W A ( ~ / * )  equal to zero and unity are analogous to those in Figure 
2. In all of these predictions, W A  = WB = 0.3 and WA/B = 0.4. 

the copolymer (WA) also deviates from the midpoint 
composition according to 

where U A ( ~ )  and U A ( ~ )  are taken here as unity and zero, 
respectively. (An analogous expression may be written 
for the bulk volume-fraction composition.) It must also 
be remembered that the A/B block in this instance 
possesses a random monomer sequence such that the 
average volume-fraction composition of the A/B block, 
+ A ( ~ / ~ ) ,  is spatially invariant, as illustrated in Figure IC. 
The imposition of a composition gradient across the A/B 
block, to produce a tapered block c o p ~ l y m e r , ~ ~ ~ ~ ~ - ~ ~  is 
discussed later. Another interesting feature regarding 
&mh(UA(A/B)) at  constant W A I B  in Figure 2 is that the model 
fails beyond certain values of U A ( ~ / ~ )  due to violation of 
the boundary conditions on Pij, implying that an end block 
is solubilized with the middle block. When U A ( ~ / ~ )  - 0, 
the B block is solubilized, and when U A ( ~ / ~ )  - 1, the A 
block is solubilized. This predicted behavior of prefer- 
ential end-block solubilization suggests that one block 
pair (either A-A/B or A/B-B) may remain in the SSL 
while the other pair interacts in the WSL. Predictions for 
the cases when the middle block is either pure A or pure 
B (corresponding to asymmetric diblock copolymers) are 
also provided for comparison in Figure 2. It is certainly 
tempting to believe that Agmin is a continuous function of 
U A ( ~ / ~ )  from zero to unity, traversing the two end-block 
solubilization regimes, but no evidence currently exists to 
support this hypothesis. 

In the predictions presented in Figure 3, the molecular 
composition is held constant at  WA/B = 0.4 and the total 
molecular weight (M) is varied from lo5 to 9 X lo5, in 
increments of lo5. At sufficiently low M, A g m h  - 0, in 
which case the model is no longer applicable. As M 
increases, Agmin becomes increasingly more negative, 
indicating that the three-microphase system postulated 
here becomes more energetically favored. This observation 
may explain why this morphology has not yet been 
reported, since most of the A(A/B)B copolymers studied 
thus far have possessed values of M near 105.24925 Biihler 
and Gronski26 have employed transmission electron mi- 
croscopy (TEM) and dynamic mechanical testing in their 
investigations of several poly[ styrene-b-(styrene-ran-iso- 
prene)-b-isoprene] copolymers with higher molecular 
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weights (up to 193 000) but possessing <25 w t  7% of the 
isoprene end block. Their results indicate that such 
materials exhibit a dispersed spherical morphology when 
W B  is sufficiently large. It should be noted that, in their 
work, W A I B  was increased in their copolymer series at  the 
expense of decreasing W B ,  which eventually led to an 
impure diblock copolymer possessing A and A/B blocks 
only. In this latter case, mixing occurs within the A/B 
microdomain core. (This topic is discussed further in the 
appendix.) 

The behavior of Agmin as a function of A/B block 
composition UA(A/B) in Figure 3 is identical to that in Figure 
2, with the exception that the range of W A ( ~ / ~ )  over which 
the three-microphase system is predicted to exist increases 
with M. As M increases, however, two additional factors 
must be considered. The first is that entanglement effects 
will become increasingly more important and will even- 
tually prevent the molecules from attaining thermody- 
namic equilibrium. The second issue is not as intuitive 
and pertains to the details of the middle A/B block. Recent 
theoretical effort# have demonstrated that the monomer 
sequencing in a statistically random copolymer melt 
dictates whether the melt remains homogeneous or be- 
comes mesomorphic. If sufficient driving force exists, A- 
or B-rich sequences along the random A/B block are 
expected to self-assemble into micelles. Rather than 
address the issue of monomer sequencing explicitly in the 
present work, we assume that the hypothetical middle 
A/B block remains completely homogeneous, even after 
microphase separation. Clearly, this is an oversimplifi- 
cation, but it permits us to treat A(A/B)B copolymers 
much in the same way as ternary ABC copolymers. The 
possibility of monomer self-assembly within the A/B 
microdomain should, however, be borne in mind. 

While the SSL boundary conditions listed earlier provide 
a systematic method for ascertaining the range of model 
applicability, the absolute limits must be accepted with 
some caution. Estimates of the molecular characteristics 
corresponding to the WSL can be obtained from Leibler's 
theoryzz by treating these A(A/B)B copolymers as com- 
posites of two distinct diblock copolymers, each possessing 
X i ( A / B f l =  10.5 (i = A or B) a t  the WSL. The degree of 
polymerization (N) for each hypothetical diblock is 
determined directly from its molecular weight and com- 
position, noting that these are not the same as those of the 
A(A/B)B triblock. For instance, M* (=WiM + W A  $M) is 
the molecular weight of the i(A/B) diblock, an d W*A/B 
( = W A  a / M * )  is the renormalized weight fraction of the 
A/B bock. Likewise, Xi(A/B) is estimated from its rela- 
tionship to A&(A/B,,~O which is an explicit function of block 
composition (see eq 5e). By assuming that these hypo- 
thetical diblocks are noninteracting (which becomes invalid 
at  small WAIB), the onset of the WSL is predicted to occur 
at  U A ( ~ / ~ )  = 0.22 and U A ( ~ / ~ )  = 0.82 for all of the values of 
WA/B shown in Figure 2. These limits on U A ( ~ / ~ )  are found 
to be more dependent on M (Figure 3), ranging from 
approximately 0.32 and 0.73 at  M = lo5 to 0.11 and 0.91 
at  M = 9 X lo5. If the assumptions made here accurately 
represent the conditions associated with the ODT, this 
analysis indicates that the predictions presented in Figures 
2 and 3 reside within the SSL. 

The most important concept established in this section 
is that a three-microphase morphology is thermodynam- 
ically favored in two-monomer A(A/B)B triblock co- 
polymers under certain conditions of composition (both 
block and molecular) and chain length. The microstruc- 
tural predictions provided throughout the remainder of 
this work are in accord with the boundary conditions 

0 45 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 

Figure 4. Dependence of the microdomain periodicity D (0) 
and mixed region TA/B (0) on molar composition, denoted here 
by W A ~ .  Above W A  B = 0.2, both D and TA/B increase with W A ~ .  
At W A  B = 0.0, which corresponds to a diblock copolymer with no 
middfe A/B block, D is greater than that for which WA/B > 0.2 
The dashed line (obtained by a fourth-degree polynomial fit 0; 
the predicted D and provided for illustrative purposes only) 
demonstrates that D(wA/B) must possess a minimum within 0.0 
< W A  B C 0.2. This feature implies that the length of the middle 
A/B 61 ock dictates both the degree of phase mixing and the onset 
of a three-microphase morphology. At W A  B = 0.0, TA/B correctly 
reduces to the value of Am in Figure la. "!he composition of the 
A/B block is held constant here at 0.5, and M = 2 X lo6. 

discussed earlier and correspond to the regimes shown in 
both Figures 2 and 3. 

11. Effect of Molecular Composition. The functional 
relationships of D(WAIB) and T A / B ( w A / B )  obtained from 
the present model when U A ( ~ / ~ )  = 0.5 are shown in Figure 
4. The periodicity D, illustrated in Figure IC, is determined 
from 

where 

TA/B = ',(A/,) + 'A/B + '(A/,), (16) 
Here, T A / B  constitutes the continuous region remaining 
mixed upon microphase separation. As is seen from Figure 
4, both D and T A / B  increase with the weight fraction of the 
middle block (WA/B) in the three-microphase regime. 
However, when WA/B = 0 (which corresponds to the ideal 
two-microphase system), D is greater than that predicted 
for any of the three-microphase systems in which WA/B > 
0.2. This observation implies that D reaches a minimum 
as a function of wA/B in the transition regime between two 
and three microphases. One plausible explanation for this 
trend is that insertion of a short A/B block mixes the system 
significantly, thereby reducing D. Substantial mixing 
continues as the A/B block is lengthened until the middle 
region becomes established as a separate microdomain, a t  
which point the copolymer behaves as a pseudo three- 
component ABC system. Even though D is predicted to 
increase with WA/B, the magnitude of D corresponding to 
three distinct microdomains at, say, W A  B = 0.5 is com- 
parable to that of the corresponding dihock, for which 
W A ~  = 0. The predicted T A / B  at W A p  = 0 correctlyreduces 
to AD in a two-microphase system (see Figure la). 

111. Effect of Molecular Weight. Figure 3 illustrates 
that the three-microdomain system postulated here be- 
comes more energetically favored a t  large M .  In this 
section, we explore the effect of M on microstructural 
dimensions, in particular, TA/B and D. The functional 
relationship of T A / B ( h f )  is plotted on double-logarithmic 
coordinates in Figure 5. A scaling relationship of the form 
TA/B - Ma is observed here and is useful in discerning the 
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Figure 6. Plot of TA/B(M) revealing that TA/B N Ma over a wide 
variety of A/B block compositions: 0.25 (O), 0.30 (o), 0.35 (a), 
0.40 (B), 0.45 (*), 0.50 (+), 0.55 (X), 0.60 (B), 0.65 ( O ) ,  0.70 (+), 
0.75 (A), and 0.80 (A). (Many of the predicted T A / B  shown here 
coincide and are not readily seen in this figure.) In the inset, the 
values of the scaling exponent a are presented as a function of 
U A ( ~ / ~ )  and indicate that a = 0.51. The predictions shown here 

conformation of the part of the copolymer chain residing 
within this region. Values of the scaling exponent a are 
shown as a function of U A ( ~ / ~ )  in the inset and are found 
to lie within the range of 0.50.53.  This observation 
implies that the part of the chain within TA/B appears to 
behave as an undeformed Gaussian coil. Recall, however, 
that TA/B = LA/B + AA(A/B) + A(A/B)B (eq 16). Predictions 
for LA/B(M) reveal that the middle A/B block is actually 
stretched along the lamellar normal. The TA/B(M) rela- 
tionship observed in Figure 5 reflects the average con- 
formation of the A/B core and the two adjacent inter- 
phases, both of which are predicted to decrease with 
increasing M. The function D(M) is not presented here 
but appears similar to that provided elsewherez8 for ABC 
copolymers. It also exhibits a scaling relationship of the 
form D - Mb, where b = 0.68 f 0.01. This behavior 
indicates that the entire copolymer molecule is in an 
extended conformation, similar to the molecular confor- 
mations in conventional microphase-separated diblock and 
triblock ~opolymers.~>3~ While D is predicted to be 
proportional to Mb, the microdomain cores LA,  LA^, and 
L g  are not. 
IV. Effect of Tapering. Throughout the preceding 

sections, the volume and weight fractions of A within the 
middle A/B block ( 4 ~ ( ~ / ~ )  and U A ( ~ / ~ ) ,  respectively) have 
been assumed to possess constant values across the mixed 
region LAJB, thereby conforming to the compositional 
model shown schematically in Figure IC. Due to poorly 
controlled polymerizations, for instance, it is more likely 
that the composition of the A/B block will vary contin- 
uously from being A-rich at one end to B-rich at  the other. 
Copolymers possessing this type of middle block are said 
to be tapered and have been the subject of several 
studies."*%-% Under these circumstances, # A ( ~ / ~ )  is 
position dependent and is represented here by a symmetric 
sinusoidal function (the same employed to model the 
compositional variation across interphases). To facilitate 
model comparisons, we have chosen to fix the spatially- 
averaged volume fraction of component A (( # A ( ~ / ~ ) ) )  at 
0.5, which dictatee that # ~ ( * / ~ ) ( 1 )  = 1 - # A ( ~ / ~ ) ( O ) ,  where 
the positions (0) and (1) refer to the A and B sides, 
respectively, of the A/B block. The composition profile 
used in the previous sections corresponds to the limiting 
case when @.JA(A/B)(O) = # ~ ( ~ / ~ ) ( l ) .  

Predictions for the total volume fraction of mixed 
materialf ( = ~ T A , B / D )  and the microdomain periodicity D 

employ WA = WB = 0.3 and WA/B = 0.4. 

f 

0.50 40 
0.50 0.60 0.70 0.80 0.90 1.00 

+,'" 
Figure 6. Predicted f (0) and D (0) as functions of + A ( ~ / ~ ) ( O ) .  
As the A/B block deviates from one that is spatially invariant to 
one that possesses a symmetric compition profiie,D is predicted 
to decrease, while f is observed to increase substantially. These 
trends suggest that a tapered A/B middle block enhances 
solubilization of both end blocks. 

. 
30 

0.2 0.4 0.6 0.8 1 .o 

Figure 7. Predicted microstructural dimensions XAB (0) and D 
(0) as functions of W A ( ~ )  for the case in which the B block of an 
AB copolymer is pure B = 0.0). As the A block becomes 
more mixed, the interphase thickness is predicted to increase 
substantially, in qualitative agreement with the narrow interphase 
appr~ximation'~ (i.e., XAB decreases and XAB increases as WI,(A) 
decreases from unity). The microdomain periodicity (D) is 
observed to decrease as the A block becomes less pure, also 
reflecting an increase in phase mixing. 

are presented in Figure 6. As ~ A ( ~ / ~ ) ( O )  increases from 
0.5, D is predicted to decrease, which coincides with a 
surprisingly large increase in f. Both of these functional 
relationships suggest that a composition gradient imposed 
across the middle A/B block enhances interfacial mixing 
and end-block solubilization. The predicted f and D in 
Figure 6 reflect the influence of tapering only, since both 
the molecular composition and weight are held constant 
at  0.30.4:0.3 AA/BB and 2 X lo5, respectively. From the 
thermodynamic predictions provided here, along with the 
detailed morphological studies by Hashimoto et al.,24 
compositional tapering clearly constitutes an additional 
design parameter in the synthesis of A(A/B)B copolymers, 
one which may prove valuable in certain applications.38 

Conclusions 
A model based on the confined-chain statistics originally 

developed13.14 for diblock copolymers is presented to (i) 
identify the molecular characteristics responsible for 
producing a three-microphase A(A/B)B block copolymer 
and (ii) elucidate the relationships existing between 
molecular and microstructural characteristics within this 
regime. Boundary conditions associated with the SSL have 
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Table I 
Molecular and Microstructural Characteristics of Some ImDure AB Copolymers* and Model Predictions 

experimental theoretical 

sample code ref diene M (~10-9) W A  W A ( ~ )  Db (nm) Dc (nm) D (nm) f 4 h i n  (kJ/mol) 
P3 24 buiadiened 119.0 0.57 0.26 47 43 42.3 0.22 -24.0 
P4 24 butadiened 93.0 0.50 0.20 41 36 36.3 0.25 -21.6 
IS40 26 isoprene 193.0 0.40 0.50 54 50.0 0.19 -33.4 

a These AB copolymers are of the form (S/X)S, where S refers to styrene and X to a diene. Values estimated from TEM micrographs; 
expected error f2 nm. c Values obtained from SAXS spectra; assigned error il nm. d Physical properties of polybutadiene are p = 0.97 g/cm3, 
d = 8.3 H, and K = 0.086 nm. 

been employed to determine the range of model appli- 
cability in terms of block and molecular composition and 
molecular weight. Limits to this model arise when (i) WA/B 
becomes sufficiently small (two-microphase degeneration) 
or large (microstructural disorder), (ii) U A ( ~ / ~ )  deviates 
far from 0.5 (preferential end-block solubilization), and 
(iii) M is too small (microstructural disorder). Estimates 
of the molecular characteristics responsible for the onset 
of the WSL have also been obtained and indicate that the 
boundary conditions imposed here restrict this model to 
the SSL. 

Predictions of the microstructural dimensions have also 
been provided, with particular emphasis on the micro- 
domain periodicity (0) and the middle microdomain ( TA/B) 
as functions of these molecular parameters. It has been 
found that D(WA/B = 0) > D(WA/B > 01, which reflects the 
increased degree of molecular mixing upon insertion of 
the A/B block. Both TA/B and the corresponding volume 
fraction of mixed material cf, are predicted to increase 
monotonically with WA/B. If the middle A/B block is 
compositionally tapered, predictions provided here reveal 
that solubilization of both end blocks is enhanced. 
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Appendix. The “Mixingin-Domain” Effect on the 
Morphology of Diblock Copolymers 

A key assumption employed within the text is that the 
middle A/B block possesses statistically random sequenc- 
ing. Here, we address the issue of a diblock copolymer in 
which one or both blocks is random. Block copolymers of 
this type have been synthesized by both Hashimoto et 
alea and Biihler and Gr0nski.a Unlike materials exhibiting 
the “domain-boundary-mixing” effect, copolymers of this 
type possess either A or B microdomain cores which remain 
partially phase-mixed. 

The equations put forth in the text can be used to model 
this variation of the A(A/B)B molecular architecture with 
only minor modifications. The first foremost alteration 
to note is that, since only one unique interphase exists 
between the impure A and B blocks, only two parameters 
(@AB = X ~ / T A  and r) are required in the free-energy 
minimization. This feature also allows Aft (eqs 3,4,  and 
6 in the text) to be conveniently combined and rewritten 
as 

where the microdomain compositions ( 4 ~ ‘ ~ )  and 4 ~ ‘ ~ ) )  are 
obtained from eq 5. Equation A1 is sufficiently general 
to account for impurity in both blocks and, in the limit of 

both blocks being pure, correctly reduces to the expression 
for an ideal diblock ~ o p o l y m e r . ~ ~ > ~ ~ * ~ ~  The entropic con- 
tribution to Ag consisb of only one Asm term (eq 7) and 
the two expressions in the summation of eq 8. Finally, 
Meier’s approach to uniform core density in both micro- 
domains is accurately described by the single relationship 
found in eq 10a.13 

In Figure 7, XAB and D are provided as functions of the 
purity of block A ( u A ( ~ ) )  for the case when the B block is 
pure B (i.e., U A ( ~ )  = 0.0). [The corresponding ideal diblock 
copolymer, possessing WA = WB = 0.5 and M = 2 X lo6, is 
given by U A ( ~ )  = 1.0.1 From Figure 7, Am is predicted to 
increase, while D decreases, as the A block becomes less 
pure ( u A ( ~ )  < 1.0). This feature indicates that the “mixing- 
in-domain” effect decreases the energetic preference for 
microphase separation, resulting in enhanced phase mixing 
and eventually leading to disorder in the WSL (&mi= - 
0). Corresponding predictions for L\gmin(OA(A)), not pro- 
vided here, support this observation. 

Micrographs of impure diblock copolymers have been 
obtained with TEM and, along with corresponding SAXS 
spectra (acquired using edge radiation), clearly reveal that 
these materials exhibit ordered lamellar morphologies, 
despite relatively high levels of residual phase mixing. More 
recent efforts by Ashraf et have demonstrated that 
copolymers in which both blocks are impure (Le., neither 
UA(A) nor is equal to unity) are capable of microphase- 
separating. Predictions of D from the present model are 
provided in Table I for several A(A/B) copolymers reported 
by Hashimoto et alaz4 and Biihler and Gronski.26 Micro- 
domain periodicities are estimated from TEM micrographs 
and SAXS data (recognizing that D = US*, where S* is 
the peak scattering vector) and are also tabulated in Table 
I. A comparison of model predictions with experimental 
data reveals very good agreement. 

Nomenclature 
a 
Ai 
b 
C 
D 
f 
f i j  

g 
h 
Ki 
Li 
m 
M 
M* 
N 
R 
(ri2)1/2 

scaling exponent for TA,B(A~) 
characteristic length of microdomain i (nm) 
scaling exponent for D(M) 
constants used in eq 10a,b 
microdomain periodicity (nm) 
total volume fraction of mixed material 
volume fraction of material in Xij 
molar Gibbs free energy (kJ/mol) 
molar enthalpy (kJ/mol) 
Kuhn segment length of monomer i (nm) 
microdomain core of block i (nm) 
number of characteristic regions in the system 
total molecular weight 
renormalized molecular weight 
number of monomers per molecule 
gas constant (1.9872 cal/mol-K) 
perturbed rms end-bend distance of 

block i (nm) 
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S* 
t 
T 
TB 
T i  

V 

V i  

W i  
W * i  

W i  

unperturbed rms end-to-end distance of 

molar entropy (kJ/mol-K) 
peak scattering vector (nm-9 
Debye interaction parameter (nm) 
absolute temperature (K) 
glass transition temperature (K) 
microdomain region including core and 

total molar volume (cmVmo1) 
molar volume of block i (cmVmo1) 
weight fraction of block i 
renormalized weight fraction of block i 
bulk weight fraction of monomer i 

block i (nm) 

interphases (nm) 

Greek Letters 
ai 
Bij 
X i j  Flory-Huggins interaction parameter between 

4 
a i  

r#j i t i )  

@ i G ) ( x * )  

r 
Xij  
P i  

Qi 
*ij  interaction parameter normalized with 

q t i )  

€ i j  

expansion coefficient of block i 
minimization parameter corresponding to Xi, 

monomers i and j 
solubility parameter of monomer i (HI 
volume fraction of block i 
volume fraction of monomer i in block j 
volume fraction of monomer i in block j at 

minimization parameter defined by eq 12 
thickness of the ij interphase (nm) 
mass density of block i (g/cm3) 
dimensionless variable in eq 8 

position x* 

respect to Xij  

weight fraction of monomer i in block j 
ratio of physical properties between blocks 

i a n d j  

References and Notes 
Stoeppelmann, G.; Gronski, W.; Blume, A. Polymer 1990,31, 
1838. 
Noda, I.; Smith, S. D.; Dowrey, A. E.; Grothaus, J .  T.; Marcott, 
C .  Mater. Res. SOC. Symp. Proc. 1990, 171, 117. 
Gronski, W.; Stoeppelmann, G.; Blume, A. Polym. Prepr. (Am. 
Chem. SOC., Diu. Polym. Chem.) 1988, 29, 46. 
Roe, R.-J.; Fishkis, M.; Chang, J. C. Macromolecules 1981,14, 
1091. 
Hashimoto, T.; Shibayama, M.; Kawai, H. Macromolecules 1980, 
13, 1237. 
Hashimob, T.; Fujimura, M.; Kawai, H. Macromolecules 1980, 
13, 1660. 
Richards, R. W.; Mullin, J .  T. Mater. Res. SOC. Symp. Proc. 
1987, 79, 299. 
Richards, R. W.; Thomason, J. L. Polymer 1983,24, 1089. 
Bates, F. S.; Berney, C. V.; Cohen, R. E. Macromolecules 1983, 
16, 1101. 
Satija, S. K.; Majkrzak, C. F.; Anastasiadis, S. H.; Russell, T. 
P. Mater. Res. SOC. Symp. Proc. 1990,166, 139. 
Anaatasiadis, S. H.; Russell, T. P.; Satija, S. K.; Majkrzak, C. 
F. J. Chem. Phys. 1990,92,5677. 
Anastaeiadis, S .  H.; Russell, T. P.; Satija, S. K.; Majkrzak, C. 
F. Phys. Rev. Lett. 1989,62, 1852. 
Meier, D. J. InBlock and Craft Copolymers; Burke, J .  J . ,  Webs, 
V., Eds.; Syracuse University Press: Syracuse, NY, 1973; 


