
396 Macromolecules 1993,26, 396-397 

Notes 

hpendeaae of the Interphase Thickness on 
Chain Length in Block Copolymers: Revisited 

Richard J. Spontak’ 
Miami Valley Laboratories, The Procter & Gamble 
Company, Cincinnati, Ohio 45239 

John M. Zielineki 

Performance Chemicals Technology, Air Products and 
Chemicals Inc., Allentown, Pennsylvania 18195 

Received June 29,1992 
Revised Manuscript Received September 11,  1992 

Dibhk copolyppera urrdergo microphase separation into 
ordered morphologies when the magnitude of repulsive 
interactions between the blocks exceeds a critical value of 
xN ( x  is the Flory-Huggins inbraction parameter and N 
is the degree of polymerization) at the ordeldisorder 
transition (ODT). Investigators have continually sought 
to advance thermodynamic theories which would correlate 
molecular parameters of the copolymers with observed 
morphologies. &lyapproachl4 f& on microphase- 
separated block copolymers in the atronggegregation h i t  
(SSL) and predicted microstructural dimensions in rea- 
sonably good agreement with experimental data. Shortly 
after the f i i  SSL models were introduced, Leibler5 
proposed a mean-field formalism which identified the 
weak-segregation limit (WSL) and the conditions respon- 
sible for the ODT. A variety of additional theoretical 
treatments have since appeared in the literature, focusing 
on either the WSL6J or the SSL.899 

Melenkevitz and MuthukumarlO and Shullll have re- 
cently proposed mean-field formalisms which predict 
microstructural dimeasions in both segregation regimes, 
as well as the conditions corresponding to the ODT (in the 
absence of critical fluctuationse). Predictions obtained 
from both approaches reveal novel relationships in the 
crossover from WSL to SSL. One such relationship of 
particular interest ariees in the self-consistent-field (SCF) 
calculations provided by Shullll and reflects the depen- 
dence of the interphase thicknese (A’) on the copolymer 
chain length. Those predictions are shown in Figure 1 
and reveal that, at low xN, A’ exceeds its asymptotic value 
(A& obtained from 

A, = 2b/(6x)’J2 (1) 
where b is the statistical segment (monomer) length used 
to calculab the unperturbed radius of gyration of the 
copolymer molecule (R,) from b(N/6)1/2. Equation 1 is 
the narrow-interphase approximation (NU), first intro- 
duced by Helfand and Wassermann4 for copolymers in 
the limit of infinitely incompatible blocks. Initially 
believed to be applicable when xN L 20, the N I A  has 
proven extremely valuable as a means of estimating A’ in 
the SSL. 

* TowhomcorreamndenceehouldbeaddreesedattheDe~artment 
of Materiah hien& and Engineering, North Carolina S h e  Uni- 
versity, Raleigh, NC 27695-7907. 
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Figure 1. Predicted X’/X,(xN) obtained from the SCF approach 
taken by Shull” (0) and the CCS formalism preaented here for 
perfectly symmetric diblock copolymers. The two CCS curves 
correspond to R, values of 10 (upper) and 100 nm (lower). 
Predictions from the theory proposed by Broseta et al.13 for 
incompatible homopolymer blends are also provided (dashedline) 
for comparison. 

Many SSL approa~hes~*~.g which require a uniform 
microdomain density explicitly implement eq 1 or a 
suitable variation thereof to facilitate free-energy mini- 
mization. In these formalisms, A’ = A, for all N. The- 
oretical treatments based on confined-chain statistice 
(CCS) rely on assumptions regarding uniform core density 
but, in return, predict A’ as a function of N, instead of 
assuming eq 1 a priori.213 The objective of this note is to 
compare quantitatively predictione for X’(xN) obtained 
from the SCF calculations reported by Shullll with those 
acquired from a CCS f o r ”  for a symmetric AB diblock 
copolymer. 

The thermodynamic theory employed hem is sindm to 
those originally propoeed by Meie9 and Williame and co- 
worker~.~ While many of the details are pwpmefdly 
omitted here, suffice it to say that the model pmumes 
that, upon microphaw separation, the free emrgy is 
minimized with respect to each of the charactsristic 
microstructural dimemione pregent within a poetdabd 
morphology. Predictions are restricaed here to the lamelk 
morphology, which consists of the regions to which the A 
and B blocks are confined (TA and TB, respectively) and 
the interphaw (A‘). Conservation of junction si& dictatee2 
that TA and TB are coupled, resulting in a two-parameter 
free-energy ( Ag) minimization: 

For an idealized symmetric diblock copolymer (NA 
= N/2) ,  Ag is expressed as 

NB 

where R is the gas constant, T is absolute temperature, 
and @A is the volume fraction of block A. The two 
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dimensionless parameters used in the minimization are 
defied as I’ = 2 l ’ ~ ~ / b ~ N  and @ = Xfq /2T~ ,  where q 
determines the sharpneas3 of the interphase composition 
profile (#A’), given by 

( 4 )  
Here, x* is the spatial position within the interphase 
normalized with respect to A’q/2. In all subsequent 
predictions, q is set equal to 4 to emulate a realistic profile 
in the SSL. The interphase thickness (A’) employed here 
is defied4*8tBJ1 as 

#/ = 0.5{1- tanh [&* - 0.5)l) 
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(5) 

One may shoW3J2 that q ( q )  and &4q) in eq 3 can be written 
as tanh (q/2)/(2q) and (q/2)[tanh (q/2)  - tanh3 (q/2)/31, 
respectively. For q = 4, €1 = 0.12 and € 2  = 1.33. Equation 
2 is solved by numerical methods, with the corresponding 
values of @ and I’ used to calculate microstructural 
dimensions, such as A’, at equilibrium. The ratio A’/X, is 
explicitly determined from 

Predicted X‘IX, as a function of xN within the context 
of the present treatment are displayed in Figure 1. These 
predictions indicate that A’ exceeds A, by as much as 25 % 
at low xN. Thus, both the SCF” and CCS treatments 
clearly predict substantial interphase broadening at low 
xN.  As seen in Figure 1,  X’/A, from the SCF” calculations 
are consistently larger than those from the CCS approach 
adopted here. For additional comparison, predictions 
obtained by Broseta et al.13 for homopolymer blends of 
f i i t e  incompatibility are also provided in Figure 1. By 
relaxing the NIA (eq 1)  and solving the mean-field 
equations, they have demonstrated that 

(7) 

for perfectly symmetric homopolymers (NA = NB = N/2) .  
Predicted X’/X, from both the SCF” and CCS treatments 
deviate more markedly from unity than do those obtained 
from eq 7. At xN = 30, for instance, X‘ is predicted to 
exceed A, by about 11% for homopolymer blends, 38% 
for block copolymers (SCF), and 24 % for block copolymers 
(CCS). 
Two additional differences in the X’/X,(xN) relation- 

ships predicted by the SCF and CCS formalisms are 
apparent from Figure 1. The first is that the A ’ / L  curves 
generated in the present work are weakly dependent on 
R,. When R, is held constant, and b, N ,  and x are all 
appropriately rescaled to yield a single arbitrary value of 
xN, the ratio of A‘/X, is found to be invariant, indicat- 
ing intemal consistency. When R, > 20 nm, a universal 
A’lX,(xlV) relationship independent of R, is produced, as 
seen by the lower CCS curve in Figure 1. If R, < 20 nm, 
however, predicted VIA, shift upward as R, decreases, as 
exemplified by the upper CCS curve in Figure 1. The 
second difference is that these predicted curves do not 
approach unity as an asymptotic limit, a recognized 
characteristic of the CCS approach. 
The dependence of the interphase thickness on copol- 

ymer chain length has been an issue of debate in the 
literature for some time. Numerous studies employing 
small-angle scattering14J5 and re f le~t iv i ty~~J~ have at- 
tempted to estabbh whether or not the interphase 
thickness depends on N .  While Anastasiadis et el.’* 
reported that the interfacial tension in blends of immiscible 

homopolymers is a function of chain length, morphological 
data from micropbeeparated diblock copolymers have, 
within experimental error, suggested that A’ is independent 
of N .  The CCS approach employed here, unlike many of 
its uniform-density counterparta, predide a functional 
dependence between A’ and N at constant x .  It is of 
considerable interest that the SCF treatment by Shull11 
predicts a qualitatively similar relationship, while Me- 
lenkevitz and Muthukumarl* reported that, according to 
their expanded density functional formalism, A’ is only 
weakly dependent on N in the c r m v e r  regime between 
the strong- and weak-segregation limita. It is hoped that 
these new theoretical resulta will rekindle an interest in 
this issue and lead to further experimental investigation 
of block copolymer interphases. 
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