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ABSTRACT. A Landau theory is presented for the nematic to isotropic (N-I) transition of main-chain 
liquid-crystalline polymers that are chemically disordered, i.e., statistical copolymers. The two constitu- 
ent monomers are assumed to differ in flexibility but could be otherwise identical. For such a system, the 
chemical disorder contributes a random component to the local bending elastic constant of each chain. We 
find a coupling between the conventional nematic (orientational) order parameter and a compositional 
order parameter that expresses nonuniformity in the density of flexible monomers. This coupling leads to 
a biphasic region a t  the N-I transition in accordance with the recent experiments of Stupp et  al. (Macro- 
molecules 1988,21,1217-1234). In the limit of high molecular weight, the width of the biphasic window is 
proportional to the difference between the elastic constants of the two monomers and is inversely propor- 
tional to the square root of the molecular weight. Segregation by flexibility a t  the N-I transition is also 
analyzed for binary blends of thermotropic homopolymers. 

I. Introduction 
Thermotropic liquid-crystalline polymers are materi- 

als with remarkable mechanical, optical, and electrical 
properties. Recent advances in synthetic methods, puri- 
fication, and processing techniques are stimulating new 
commercial applications of these materials, as well as care- 
ful scientific studies.'*' 

While the myriad of phase transitions exhibited by low 
molecular weight liquid crystals have been exhaustively 
studied for decades, the corresponding transitions in liquid- 
crystalline polymers have received much less attention. 
Experimental and theoretical investigations of phase tran- 
sitions in flexible macromolecular systems have revealed 
interesting physics that are not realized in low molecu- 
lar weight systems. Hence, it is natural to expect new 
phenomena in liquid-crystalline polymers. Indeed, such 
phenomena have been evidenced in a number of recent 
s t ~ d i e s . ~ - ~  

Of particular relevance to the present paper are a set 
of experiments by S. I. Stupp and colleagues."' These 
authors synthesized two thermotropic copolymers, both 
containing (on average) equal amounts of three types of 
monomers (A-C). Two of the monomers (A and B) were 
rigid (mesogenic), while the third (C) was flexible. The 
first polymer was an ordered  copolymer with repeat unit 
(CABCBA) and was found to exhibit a sharp nematic to 
isotropic (N-I) transition a t  275 OC. The second poly- 
mer was a disordered  statistical copolymer of the same 
average composition but, in contrast to its ordered iso- 

mer, exhibited a broad biphasic region over the temper- 
ature range 250-400 "C. In this temperature range, an 
isotropic fluid phase was observed to coexist in varying 
proportions with a nematic, birefringent phase. Pure nem- 
atic and isotropic phases, respectively, were observed a t  
temperatures below and above the biphasic region. 

Stupp et a1.8 provided a very plausible explanation for 
the curious behavior of the disordered copolymer. Because 
of statistical fluctuations in the composition of each chain, 
the various polymers in the sample differ in their effec- 
tive flexibility. Here, "effective flexibility" refers to an 
average persistence length or bending elastic constant that 
characterizes each copolymer molecule in the sample (see, 
e.g., eq 3.8). Stupp et al. coined the term "polyflexibil- 
ity" to describe the distribution of effective flexibilities 
present in a random copolymer sample. This multicom- 
ponent character of a statistical copolymer melt opens 
the possibility that it could segregate into two or more 
phases (each differing in effective flexibility) a t  the N-I 
transition. In order to test this hypothesis, the authors 
of ref 8 numerically sampled a large number of copoly- 
mer sequences that were representative of their sample. 
For each generated chain, an effective flexibility was com- 
puted and a theory for the N-I transition of a homo- 
polymerg (with that flexibility) was used to estimate the 
corresponding N-I transition temperature. The spread 
in calculated transition temperatures was consistent with 
the width of the experimentally observed biphasic re- 
gion." The authors also provided convincing evidence 
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that the distribution of molecular weights was not suffi- 
ciently broad to produce an equivalent effect, namely, 
that the biphasic region is a consequence of polyflexibil- 
ity and not of polydispersity. 

While the arguments of Stupp et al. are appealing, a 
quantitative theory for the observed phenomena is needed. 
In the present paper we construct a Landau theory to 
describe the N-I transition of random copolymers that 
contain two types of monomers with different flexibili- 
ties. The theory is one of the simplest that can be con- 
structed, although we believe it incorporates the essen- 
tial physics of the problem. To facilitate presentation 
of the theory, it is convenient to first discuss the simpler 
problem of the N-I transition in a binary blend of two 
semiflexible homopolymers. This problem is interesting 
in its own right and of practical importance, but it also 
clarifies the nature of the random copolymer transition. 

In the present paper we shall be exclusively concerned 
with the possibility of segregation near the N-I transi- 
tion, associated with differences in flexibility. As will be 
demonstrated explicitly below, the driving force for such 
a segregation is proportional to the difference between 
the bending elastic constants of the stiff and flexible mono- 
mers. For simplicity, we ignore all other mechanisms that 
could lead to a biphasic region. In particular, polydis- 
persity and composition-dependent anisotropic inter- 
actions" are not considered. We briefly discuss such alter- 
native mechanisms in section IV. 

The organization of the paper is as follows. In section 
I1 we derive a Landau expansion for the free energy of a 
binary blend in powers of orientational and composi- 
tional order parameters. Section I1 also contains an anal- 
ysis of the N-I transition and biphasic region based on 
this free energy expression. In section I11 we extend the 
analysis to the case of a melt of statistical copolymers 
that contains monomers of different flexibilities. A pseudo- 
binary approximation, which takes advantage of the results 
of section 11, proves to be instructive. Finally, section 
IV provides a discussion of our results in view of the exper- 
iments of Stupp et al. and suggests additional experi- 
ments, 
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the wormlike-chain Hamiltonian12 for n1 + n2 = n inde- 
pendent chains. Here, r,(i) denotes the position of the 
ith monomer on chain a and u,(i) = [rJi+l)  - rJi)]/b 
is a unit vector in the direction of the bond connecting 
the ith and (i + 1)th monomers. The quantities K ,  and 
K~ are dimensionless bending elastic constants that char- 
acterize the flexibility of pure homopolymers 1 and 2, 
respectively. Persistence lengths for the two polymers 
can be defined by Xi = bK, (i = 1 or 2), and the contour 
length of each chain is denoted L = Nb. We assume 
throughout the present paper that the two species have 
similar, although not identical, persistence lengths and 
that species 1 has the more rigid units. 

The second and third terms in eq 2.1 describe the inter- 
actions among monomer_s and involve two microscopic 
y d e r  parameter fields +(x) and s (x) .  The first field, 
+(x), is a measure of the deviation of the local composi- 
tion (volume fraction of 1) from the uniform composi- 
tion, 4 = nl/n. More precisely 

$(XI = (1 - d & ( x )  - 4&x) (2.3) 
where the microscopic volume fractions of 1 and 2 are 
given by 

11. Binary Blend of Semiflexible Homopolymers 
A. Derivation of t he  Landau Free Energy. In the 

present section we consider a blend of n, molecules of a 
semiflexible homopolymer 1 with n2 molecules of a sec- 
ond homopolymer 2 in a volume V. For simplicity, both 
polymers are assumed to be monodisperse and to con- 
tain N monomers. The monomers of the two species are 
also assumed to occupy the same volume. Moreover, the 
bonds that connect successive monomers are taken to be 
of fixed length b. Finally, we assume no volume change 
on mixing and incompressibility. The total monomer num- 
ber density is thus given locally and globally by po = (nl 
+ n,)N/ V. To describe the thermodynamic properties 
of such a blend, we propose the following microscopic 
Hamiltonian (6 = l / K , T )  

where 
nr N 

o = l  i=l 
n,+n. N 

The first contribution, /3Ho[rl, is a discretized version of 

n N  

a=nl+l i=l 

With this definition, the term -P~X$~(X) in eq 2.1 is evi- 
dently the contribution to the free energy density aris- 
ing from isotropic interactions (e.g., van der Waals) and, 
provided that the dimensionless Flory parameter x is pos- 
itive, favors demixing of the two comEonents. Note that 
the equilibrium ensemble average of $(x) (subsequently 
denoted +(x)) vanishes if the system is homogeneous and 
single phase. Furthermore, the volume integral of the 
fluctuating field +(x) over the entire system is zero. 

The third term in eq 2.1 is a Maier-Saupe expression 
that describes quadrupolar interactions favoring mutual 
alignment of the various monomers. While the source 
of these interactions is not addressed by the present the- 
ory, we comment that they may derive from the aniso- 
tropic part of the van der Waals force or from steric (pack- 
ing) effects.13,14 The dimensionless parameter u describes 
the strength of the interactions, and s(x) is the micro- 
scopic counterpart of the conventional nematic order 
parameter: 

n N  

a=l i=l 

In this expression, P2(x)  = ( 3 2  - 1)/2 is the second-or- 
der Legendre polynomial and fi is a unit vector in the 
direction of the nematic alignment (the director) that we 
select by imposing an infinitesimal magnetic field. The 
average of s ( x ) ,  which is subsequently denoted by S(x), 
vanishes in an orientationally disordered (isotropic) phase 
but is nonzero in a nematic phase. 

It is worth commenting that certain enthalpic cou- 
pling terms arising from the more general expression xijuij~i&jsisj (ij = 1 or 2) have been omitted from eq 
2.1. In this expression, si is the analogue of eq 2.6 (an 
orientational order parameter) for a melt of pure species 
i. By writing the Maier-Saupe interaction in the simpli- 
fied form of eq 2.1, we implicitly assume that uij  = u. 
Hence, our idealized monomers are identical as regards 
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their anisotropic interactions. We make this simplifica- 
tion in order to isolate the effects of differences in flex- 
ibility, but it should be noted that couplings introduced 
by other choices of the uij can produce much richer (and 
more complicated) phase behavior of the type found in 
ref 11. 

Having explained the various terms in eq 2.1, we now 
consider the free energy that is obtained from this Hamil- 
tonian. To describe the N-I transition in a multicom- 
ponent system, at least two order parameters are required. 
For the present case of a binary blend, the natural order 
parameters are clearly S and $. As we shall be prima- 
rily concerned with the onset of weak nematic order in 
the vicinity of the N-I transition and with phases char- 
acterized by slight differences in composition, a Landau 
expansion of the free energy in powers of S and $ should 
be sufficient. We emphasize, however, that  the low- 
temperature nematic phase is not adequately described 
by such an ex ansion. As has been discussed in detail 
else~here,~~-"this region is inaccessible by perturba- 
tion theory in S and is characterized by additional length 
scales other than the persistence and contour lengths. 

The partition function of interest is 

2 = l D r  exp[-/3H(rl] (2.7) 

where the Hamiltonian is given in eq 2.1 and JDr denotes 
a functional integral over the positions of all mono- 
m e r ~ . ~ ~  Equation 2.7 can be rewritten as 

2 = l D S l D $ l D r  6(S - 3) 6($ - 5) exp[-j3H(r)] 
(2.8) 

where the functional Dirac 6's constrain the hatted and 
unhatted fields a t  all points in space. By introducing 
conjugate fields Js(x) and JJx) to remove the 6 func- 
tionals, eq 2.8 can be further rewritten as2' 

z = ~,SDSSDJ, exp[-PF(S, $)I (2.9) 

where the "effective Hamiltonian" F(S, $) is given by 
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cedure are strictly analogous to the calculations pre- 
sented in Appendix A of ref 20. Here we comment that 
because our interest is in phenomena a t  wavelengths larger 
than the size of individual molecules, Le., macroscopic 
phase behavior, all nonlocal terms in the free energy (e.g., 
square-gradient terms) are dropped. Furthermore, we 
retain only the lowest order coupling term between the 
two-order parameter fields S and 3. and truncate the expan- 
sion a t  fourth order. 

By introducing a dimensionless free energy per mono- 
mer 

e x p [ i l d x  (JsS + J+$) + In G(Js, J,)] (2.10) 

In eq 2.9, the partition function for a noninteracting sys- 
tem is 

2 0  = JDr  exp[-PHo(rll (2.11) 

and the function G(J,, J,J in eq 2.10 is defined by 

G(Js,J,) = ( exp[ - i ldx  (JsS + J,$)]), (2.12) 

Here, ( a  - .)o denotes a Boltzmann-weighted average with 
the noninteracting Hamiltonian (eq 2.2). 

In the present context of a mean-field theory, the effec- 
tive Hamiltonian given in eq 2.10 is the Landau thermo- 
dynamic potential.'l As a result, we subsequently refer 
to F(S ,  3.) as the free energy. Unfortunately, the func- 
tional integrals in eq 2.10 and the average in eq 2.12 can- 
not be exactly evaluated. However, a Landau expansion 
to any order in S and $ can be obtained by developing 
G(Js, JIL) in a cumulant expansion to the desired order 
and then performing the Js  and JIJ. integrations by a sad- 
dle function method. The technical details of this pro- 

(2.13) 

the Landau expansion can be written 

f(S, 3.) = [A, - v]S2 - A3S3 + A4S4 + [B, - - B3$3 + 
B4$, - C,S2$ (2.14) 

The Landau coefficients Ai in general depend on N and 
on the two elastic constants K~ and K'. Equivalently, they 
can be expressed as functions of an average elastic con- 
stant 

K = 4 K 1  + (1 - 4 ) K 2  (2.15) 
and a reduced difference in elastic constants 

D = ( K ~  - K,)/K (2.16) 
We shall be exclusively concerned in the present paper 
with situations of large molecular weight in which the 
contour length L = Nb greatly exceeds the average per- 
sistence length Kb, K I N  << 1, and with small differences 
in elastic constants, D << 1. To leading order in K I N  
and D, the Ai are given by 

A, = 1514K A, = 75128K A, = 11851196K (2.17) 
It  should be noted that these limiting expressions are 
independent of both molecular weight and D. Similarly, 
for the coefficients Bi we find 

(2.18) 

Finally, to leading order in KIN,  the coupling coeffi- 
cient is given by 

C, = 15D/4K (2.19) 
The free energy given by eq 2.14 with the above coef- 

ficients has a form that is quite simple and intuitive. The 
first three terms in eq 2.14, involving only S, are simply 
a Landau-de Gennes expansion of the nematic free energy 
for a homopolymer with elastic constant K. Such an 
expansion for a semiflexible homopolymer melt was first 
worked out by ten Bosch, Maissa, and Sixoug and was 
later corrected by Rusakov and S h l i ~ m i s . ~ ~  (Our coeffi- 
cients agree with those of ref 23.) The next three terms 
in eq 2.14, which involve only $, also have a simple inter- 
pretation. They are obtained by expanding the Flory- 
Huggins free energy of mixing expression 

1 B - -[4-3 + (1 - - 1 2 ~  

in powers of $, where 41 = 4 + $ and 4' = 1 - 4 - $. 
Finally, the coupling term in eq 2.14 (last term) describes 
the extent to which the orientational entropy can be mod- 
ified by a nonuniform placement of the two types of chains. 
From the sign of the term, it is clear that the free energy 
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can be reduced by concentrating molecules of species 1 
(stiff) in regions of high nematic order and molecules of 
species 2 (flexible) in regions of low nematic order. 

B. Analysis of the N-I Transition. The N-I tran- 
sition in a binary blend is easily analyzed with the Landau 
free energy 2.14. For an isotropic phase we can set S = 
0 to obtain 

(2.21) 
Minimizing eq 2.14 with respect to S for a nematic phase, 
we find 

fI($) = (B2 - X M 2  - B3$3 + B4$4 

S = {3A3 + [9A: - 32A,(A2 - C2$ - ~)]"~1/8A, (2.22) 

and the nematic free energy can be written 

fN($) = fI($) + f S ( $ )  (2.23) 
where 

is($) = (A2 - u)S2 - A3S3 + A4S4 - C2S2$ (2.24) 
and S = S($)  is given by eq 2.22. Provided that (B, - x) 
> 0 (i.e., the two components will not phase separate on 
the basis of isotropic interactions alone), it proves suffi- 
cient to expand fs($) to second order in $. The nematic 
free energy to that order is given by 
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(2.25) 
where So = S($=O). 

As will be shown explicitly below, weak segregation a t  
the N-I transition (i.e., separation into phases with 1$1 
<< 1) is obtained in the present problem only if C, is 
O(N-l) or smaller. According to eq 2.19, this can be 
achieved if the two species have very similar flexibilities, 
D - N-'. Because our Landau expansion is restricted 
to such cases of weak segre ation, the third term in the 
brackets of eq 2.25 is O(N- ) and can be neglected rela- 
tive to B, and x, which are O(N-l). Thus, we rewrite eq 
2.25 as 

P 

f~( iC.1 = fs(0) - C2S,2$ + (B2 - x)$~ (2.26) 

The quantity fs(0) is the free energy per monomer in 
the nematic phase of a hypothetical homopolymer 
described by elastic constant K and Maier-Saupe param- 
eter u and is given by eq 2.22 and 2.24 with $ = 0. This 
free energy changes sign a t  a temperature TNI that is 
defined by 

A ,  - u = A;/4A4 (2.27) 
(Note that u a 1/T if the anisotropic interactions are 
purely enthalpic and that K a l/T.) The temperature 
T N I  is the N-I transition temperature of this hypotheti- 
cal melt. At TNI, So jumps from zero in the isotropic 
phase to 

So = A3/2A4 = 0.222 + O ( K / N )  (2.28) 
in the nematic phase. Thus, to leading order for KIN - 0, So is finite and the (homopolymer) transition is 
f i r s t  order.22 

To investigate the possibility of a biphasic region in 
our semiflexible blend, we must equate the chemical poten- 
tials of each species in isotropic and nematic phases. How- 
ever, it is instructive to first consider the two free energy 
expressions in eq 2.21 and 2.26. In Figure 1 the qualita- 
tive behaviors of fI($) and fN($) are schematically illus- 

T = TNI / T >T, 

T = T, T < T2 

Figure 1. Schematic behavior of the free energies of isotropic 
and nematic phases for a binary blend of semiflexible homopoly- 
mers. At temperatures greater than T,, the system minimizes 
the free energy by exhibiting a single homogeneous, isotropic 
phase with J. = 0. At T,,  the upper boundary of the biphasic 
region, the minimum value of f N ( J . )  first changes sign. For T, 
> T > T,, isotropic and nematic phases coexist in varying pro- 
portions. TNI, which lies between T, and T , is the first order 
N-I transition temperature of a hypothetical komopolymer melt 
with the average elastic constant K. Below T,, a single nem- 
atic phase minimizes the free energy, at least until the stabil- 
ity limit of this phase is reached (see Figure 2). 

trated. At high temperatures, T > TI, the nematic free 
energy is positive for all $ I 0 and the lowest free energy 
state of the system is a single homogeneous and isotro- 
pic phase with $ = 0. As the temperature is lowered to 
T,, the coexistence of isotropic and nematic phases first 
becomes energetically favorable. At this temperature, the 
absolute minimum of f N ( $ )  passes through zero. The min- 
imum occurs at  $ = $*, where 

$* = C2S:/2(B2 - X) (2.29) 
The condition fN($*) = 0 provides an equation that can 
be used to determine T,: 

f S ( 0 )  = (B, - (2.30) 
As the temperature is reduced below T,, the total free 

energy of the system is minimized by segregation of the 
polymers into a nematic phase with positive $ (rich in 
the more rigid species 1) and an isotropic phase with neg- 
ative $ (rich in the more flexible species 2). Note that 
because of the definition in eq 2.3, the relative amounts 
of the two phases must be such that the global $ van- 
ishes (lever rule). The compositions of the coexisting 
phases can be determined by equating the exchange chem- 
ical potentials ( F  E af/a$) and the osmotic pressure (II 3 

F$ - f )  of the two phases, where f refers to  f I ( $ )  or fN($) 
as appropriate. These conditions lead to 

$+ = fs(0)/2$*@2 - x )  + $*I2 (2.31) 
$- = fs(O)/W*(& - X )  - $*/2 (2.32) 

where $+ and $- denote the compositions of the nematic 
and isotropic phases, respectively. For T, > T > T N I ,  
the inequality l$+l > I$-l is satisfied, while I$+l = I$-l a t  
the temperature TNI where fs(0) = 0. The difference in 
compositions between the two phases, $+ - $-, is simply 
$* given in eq 2.29. For the present Landau theory to 
provide an accurate description of the biphasic region, 
it is necessary that this difference be small compared with 
unity. Because of denominator of eq 2.29 is of the order 
N-', we conclude that the numerator must also be O(N-') 
or smaller. Thus, as mentioned above, the theory can be 
controlled by requiring that the ratio D / K  be O(N-'). 
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111. Semiflexible Random Copolymers 
A. Model Hamiltonian. In the present section we 

consider a melt of semiflexible random copolymers that 
contain two types of monomers, denoted A and B. For 
simplicity, each chain has a total of N monomers, and 
the occupancies of adjacent or nonadjacent pairs of sites 
by A and B monomers are assumed to be uncorrelated. 
Hence, the polymers are ideal (Bernoullian) statistical 
copolymers. The two monomers are further assumed to 
have different bending elastic constants denoted by K A  

and K ~ ,  which could in principle be determined by mea- 
surements on the corresponding homopolymers. Finally, 
we restrict consideration to the case of quenched disor- 
der, unless explicitly stated otherwise. This corre- 
sponds to a situation in which the sequences of A and B 
monomers tha t  are  produced a t  synthesis remain 
unchanged (are frozen) on the experimental time scale. 
While there is evidence that some rearrangements of the 
sequences can occur in the materials studied by Stupp 
et a1.6-s (via transesterification reactions), we defer con- 
sideration of such effects to a future study. 

I t  is convenient to associate with each monomer a dis- 
crete (Ising-like) random variable c that takes the value 
+1 or -1, depending on whether the monomer is of type 
A or B, respectively. The normalized distribution func- 
tion for a is 

P(a) = c6,,1 + (1 - c)6,-, (3.1) 
where c is the overall volume fraction of A monomers in 
the system, Le., the average composition of the copoly- 
mer. To the ith monomer on chain (Y is then assigned 
an elastic constant K , ~  defined by 

T 

I 

N 

T C  

+ 
Figure 2. Schematic phase diagram of the model binary mix- 
ture considered in section 11. The volume fraction of semiflex- 
ible polymer component 1 is denoted 6,  and the temperatures 
TI, T,, TM, and T, are, respectively, the upper and lower bound- 
aries of the N-I biphasic region, the N-I transition tempera- 
ture for a single component with the average elastic constant, 
and the spinodal temperature for segregation into two nematic 
phases. The regions denoted I, N, I + N, and N + N contain, 
respectively, the following phases: isotropic, nematic, biphasic- 
isotropic coexisting with nematic, and biphasic-nematic 1 coex- 
isting with nematic 2. 

Experimentally, this is achieved by choosing the two types 
of monomers to have similar, but large, persistence lengths. 
I t  is apparent that there will be a very strong tendency 
for demixing of semiflexible chains at the N-I transition 
when substantial differences in flexibility exist. 

The relative fraction of the isotropic phase, q, follows 
from the lever rule mentioned above: 

9 = $+I(*+ - $-) = $+I$* (2.33) 
From eq 2.30 and 2.31, it is evident that q = 1 a t  T,, 
confirming that T,  is the upper boundary of the bipha- 
sic region. As the temperature is lowered below TNI, the 
biphasic region persists down to a temperature T,, a t  which 
q = 0. This condition corresponds to 

f,y(O) = 4 3 2  - x)($*)~ (2.34) 
and provides a means of calculating T,. 

For a range of temperatures below T,, a single homo- 
geneous nematic phase minimizes the total free energy 
of the system (see Figure 2). As the temperature is fur- 
ther lowered, however, a phase separation into two coex- 
isting nematic phases can be effected. The stability enve- 
lope (to local fluctuations, Le., the spinodal) for this sep- 
aration is obtained from the condition tha t  the $' 
coefficient in eq 2.25 vanishes [a2fN/a4, = 01: 

2c22s0 
8AdSo - 3A3 B 2 = x +  (2.35) 

Because the second term on the right-hand side of eq 
2.35 is positive in the present temperature regime, T 
T2, it  is apparent that the spinodal for separation into 
two nematic phase occurs a t  a higher temperature than 
the corresponding spinodal in the absence of nematic order, 
B, = x. The shift, however, is slight because the second 
term in eq 2.35 is O(N-') smaller than B, > x. Clearly, 
our description of this phase transition is suggestive a t  
best, as the present Landau theory is not capable of accu- 
rately describing situations with such strong nematic order. 
A schematic phase diagram of the model binary blend is 
shown in Figure 2. 

with ami distributed according to eq 3.1 (and indepen- 
dent of the aaj for the other monomers). Equation 3.2 
clearly associates K~ with each A monomer and K~ with 
each B monomer. 

For a given realization of the {cJ, the noninteracting 
Hamiltonian can be written 

where n is the total number of polymers in the volume 
V. Microscopic volume fractions of A and B can be defined 
by analogy with eq 2.4 and 2.5 

with po = nN/ V. Furthermore, it is useful to introduce 
a compositional order parameter field Q(x) that reflects 
inhomogeneities in these volume fractions (cf. eq 2.3): 

Q(x) = (1 - c)$A(x) - c&j(x) (3.6) 
The full Hamiltonian for a random copolymer melt can 
thus be written as 

(3.7) 

where the parameters have the same meaning as before, 
except that x is now the Flory parameter characterizing 
A-B interactions. This Hamiltonian can be treated by 
the methods of the previous section to compute a free 

PH{r,al = PHo(r,4 - p o ~ d x [ x Q 2 ( x )  + vs2(x)l 
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energy. However, in the present case there remains the 
task of averaging the resulting expression over the 
quenched distribution of (u,J. Before embarking on this 
program, we first consider a simpler, more intuitive, 
approach that makes use of the blend results of section 
11. 

B. Pseudobinary Approximation. As discussed in 
the Introduction, the biphasic re ion exhibited by the 
random copolymer of Stupp et al!-’ apparently reflects 
a segregation of chains by flexibility. To elucidate the 
physics behind this segregation, however, we first ideal- 
ize our random copolymer melt as a binary blend in the 
manner described below. 

For each chain in the copolymer sample, an effective 
(average) elastic constant can be defined by 

K ,  = -CK,i (3.8) 

In the limit of large N, it follows from the Central Limit 
Theorem24 that K, is gaussianly distributed. The distri- 
bution function is uniquely specified by its mean and 
variance, which follow from eq 3.1 and 3.2 

1 

N i  

( K , ) , = ; = C K A +  ( 1 - c ) K ~  (3.9) 

( ( K ,  - ;),), = i2A2c(1 - c ) / N  (3.10) 

In the above equations, (...), denotes an average over 
the [u,J with eq 3.1 and we have introduced a reduced 
difference in elastic constants, A, defined by 

A = ( K A  - K B ) / ;  (3.11) 

For a random copolymer chain with N monomers that 
can be either A or B, there are 2N possible sequences of 
monomers (provided the two ends are distinguishable). 
Each of these sequences represents a distinct chemical 
species; however, in a macroscopic sample many of the 
species are present in very low concentration. Here we 
idealize the system as if it contains an equal amount of 
only two components. Component 1 is a homopolymer 
with an elastic constant that is larger than the average 
by 1 standard deviation, while component 2 has an elas- 
tic constant that is smaller than K by the same amount. 
More precisely 

K~ = K + ;A[c( l -  c ) /N]”~ (3.12) 

K p  = - ;A[C(1 - C ) / w 1 ’ 2  (3.13) 

In the notation of section 11, the global volume fractions 
of 1 and 2 are equal, 4 = 1 - 4 = 1/2, and $(x) defined 
in eq 2.3 is a microscopic measure of the deviation of the 
composition from the average. 

From eq 2.15 and 2.16, we find that K = K and D = 
2A[c(l-  c ) / N ] ~ / ~  characterize our pseudobinary system. 
Furthermore, the Landau free energy is given by eq 2.14 
with the coefficients of eq 2.17-2.19. For the present case 
of a random copolymer, however, it is more meaningful 
to change variables from $ to Q in the expression for 
f(S,$). The quantity Q is an average order parameter 
that corresponds to the microscopic Q(x) defined in eq 
3.6. Q # 0 reflects nonuniformities in the volume frac- 
tions of A and B monomers. The relationship between 
Q and $ is simply 

Q = 2$[c(l - c)/N]’” (3.14) 
Hence, O(1) changes in the volume fraction of hypothet- 
ical species 1 imply 0(N-’l2)  changes in the volume frac- 
tion of monomer A. Making the substitution of Q for $ 
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and inserting the above expressions for K and D into eq 
2.14 lead to 

f(S,Q) = [A2 - u]S2 - A3S3 + A4S4 + [B, - x]Q2 - B3Q3 + 
B4Q4 - C,S2Q (3.15) 

where 

A, = 15/4; A, = 75/28; A, = 1185/196; (3.16) 

B, = 1 /2c ( l -  c) B, = 0 (3.17) 

B, = N/12c2(1 - c ) ~  

C, = 15A/4; (3.18) 

Equation 3.15 has a physical interpretation similar to 
eq 2.14 for the blend case. The first three terms are a 
Landau-de Gennes expansion of the nematic free energy 
for a homopolymer with elastic constant K. Similarly, the 
coupling term (last term) has the same form as in eq 2.14 
and C, is proportional to the difference between K~ and 
K ~ .  The three terms in eq 3.15 that involve only Q describe 
the change in free energy of mixing associated with seg- 
regating chains according to the amount of monomer A 
they contain. Provided 181 < N-lj2, which will prove to 
be required for weak segregation in the biphasic region, 
the dominant term among these involving only Q is the 
quadratic term, (B, - x)Q2. It should be noted that the 
expression for B, in eq 3.17 is O(l) ,  while the blend expres- 
sion in eq 2.18 is O(N-’). In the present case of a copol- 
ymer, B,Q2 describes the translational entropy loss incurred 
by segregating the system into regions that differ slightly 
in volume fraction of A. It is interesting that the coeffi- 
cient B, for the random copolymer is precisely the same 
as for a regular solution of A and B monomers (i.e., unpo- 
lymerized). (Note, however, that B, is different in the 
two situations.) This will have important consequences 
on the properties of the biphasic region that will be 
explored in the next section. 

The N-I transition for a random copolymer can be stud- 
ied in the pseudobinary approximation by applying the 
analysis of section I1 to eq 3.15. We postpone such anal- 
ysis to the next section, where it is demonstrated that eq 
3.15 is also obtained from a direct projection of eq 3.7 
onto the variables S and Q. 

C. A More Detailed Approach. While the pseudo- 
binary approximation is physically appealing, it is more 
satisfying to derive the Landau free energy directly by 
starting with eq 3.7. To carry out such a procedure, we 
assume that two order arameters, S and Q [the thermo- 

describe the N-I transition of random  copolymer^.^^ We 
then follow the steps of eq 2.7-2.12 in order to obtain a 
formal expression for PF(S,Q). The intermediate formu- 
las are identical to eq 2.7-2.12, except that $(x) is replaced 
by Q(x) and $ 4 ~ )  by Q(x). 

Of particular interest is the equation that corresponds 

dynamic averages of l (x) and Q(x)], are sufficient to 

to 2.12 

in which (. denotes an ensemble average with the non- 
interacting Hamiltonian in eq 3.3. As written, G(J,,J,) 
is a function of the (UJ, both through the explicit u depen- 
dence of Q and through the average with PH,(r,o). It is 
convenient to isolate the contributions to 3 and Q from 
each chain by writing 

(3.20) 
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The analysis of the phase transition now proceeds exactly 
as in section 11. The temperature TNI is defined by eq 
2.27, and eq 2.30 with $J* replaced by 

Q* = CzS,2/2(B, - X )  (3.27) 

defines the temperature T,  that delimits the isotropic 
and biphasic regions. The lower temperature T2 that 
locates the biphasic-nematic boundary is obtained from 
eq 2.34 (again with J'* - Q*). Furthermore, the compo- 
sitions of the two phases in the biphasic region, Q+ and 
Q-, are given by eq 2.31 and 2.32, respectively. Because 
C, is assumed to be smaller than O(N-'/') in the present 
analysis, it follows from eq 3.27 that the difference between 
the com ositions of the coexisting phases, Q*, is also 
<O(N-'E). This is consistent with our restriction to the 
case of weak segregation, as saturation (complete segre- 
gation into pure components 1 and 2) in the pseudobin- 
ary approximation corresponds to Q* = 2[c( l -  c ) /A ' I~ /~ .  
Finally, we note that the fraction of the isotropic phase, 
q, in the biphasic region is given by q = Q+/Q*. 

The width of the biphasic region is easily established 
from eq 2.30 and 2.34. Because T,  and T2 are very near 
TNI for Q* < O(N-l/,), fs(0) can be expanded about TNI 
as follows: 

fs(0) C&T - TNI) (3.28) 

Here, C, > 0 is an O(1) constant that i_s determined by 
the temperature dependence of u and K .  From eq 2.30 
and 2.34 it immediately follows that the width of the bipha- 
sic region is 

TI - 7'2 = (2/Co)(Bz - x)(Q*)' (3.29) 

Hence, in the weak segregation limit the temperature 
range over which nematic and isotropic phases coexist is 
a t  most O(N-'). 

As the molecular weight of the random copolymer is 
increased, all other conditions being held fixed, the cri- 
terion C, < 0(N-'I2) for weak segregation will eventu- 
ally be violated. This follows because C, given by eq 3.18 
is independent of N (for N/K - a). As N-l/' becomes 
of order the of C, or smaller, a strong segregation is effected 
that cannot be described by a Landau expansion in pow- 
ers of Q. We can investigate this regime, however, by 
returning to the pseudobinary approximation and by recall- 
ing that f I ( J ' )  is a Landau expression of the Flory-Hug- 
gins free energy given in eq 2.20. In particular, it  is readily 
apparent that, to fourth order in Q, eq 3.15 for a random 
copolymer melt is equivalent to 

f(s,Q) = fs(S,Q) + ~ I ( Q )  (3.30) 
with 

fs(S,Q) = (A2 - u)S' - ASS3 + A4S4 - C,S2Q (3.31) 

f I ( Q )  = [ ( l  + EN'/2Q)/21v] In (1 + EN1/'Q) + [ ( l -  

and 

EN1''Q)/2Nl In (1 - EN'I'Q) - xQ2 (3.32) 

E E [ l / c ( l -  c)]'" (3.33) 
The full unexpanded form of eq 3.32, however, is neces- 
sary to describe the strong segregation regime. 

When eq 3.31 is minimized with respect to S and 
exchange chemical potentials and osmotic pressure are 
equated as before, the N-I transition in the strong seg- 
regation limit can be investigated on the basis of eq 3.30- 
3.32. To leading order for N - m we find a biphasic 

(3.21) 
a 

Equations 2.6, 3.6, 3.20, and 3.21 serve as definitions of 
the fields s,(x) and Q a ( x ) .  Because the average in eq 
3.19 can be factorized by chain, we can write 

a 

In the thermodynamic limit (n, V - m ,  nN/V - po), 
however, the sum over chains effects an average over all 
realizations of the {aai). Hence 

(3.24) 

are independent of the {aai) in the thermodynamic limit. 
As a result, there is no need to further average PF(S,Q) 
over the quenched disorder. 

As in section 11, we develop In G(Js,JQ) in a cumulant 
expansion to fourth order in the Js (retaining only the 
lowest order coupling term and taking the long- 
wavelength limit as before). The functional integrals in 
eq 3.24 are then performed by saddle points. To lead- 
ing order for small A = ( K ~  - K ~ ) / K  and small KIN, we 
find that the Landau free energy can again be written in 
the form of eq 3.15. With the exception of B, and B,, 
we find exactly the same coefficients as were obtained 
from the pseudobinary approximation (eq 3.16-3.18). For 
B, and B,, eq 3.17 is modified to 

B, = L[c-2 - (1 - c)-'] (3.17b) 

Note that, at the symmetric composition c = I/,, B, = 0 
is the same in both approaches. Furthermore, the more 
detailed calculation merely changes the coefficient 1/ 12 
in the pseudobinary expression for B, to 1/4. 

We now proceed to study the N-I transition on the 
basis of eq 3.15-3.18 with the modified coefficients of eq 
3.17b. As will soon become apparent, the tendency for 
phase separation near the N-I transition is again very 
great, and weak segregation is attained only if C, < 
O(N-l/,). Initially, we restrict consideration to this case 
and treat strong segregation later in the section. The 
method for the weak segregation case is strictly analo- 
gous to that of section 11. In particular, the free energy 
per monomer of an isotropic phase is obtained by set- 
ting S = 0 in eq 3.15, and, to second order in Q, the free 
energy of a nematic phase is given by 

f N ( Q )  = fs(0) - C2S;Q + [B, - x + 2C;So/(3A3 - 

B, = N/4c2(1 - c), 6 

8A4So)1Q2 (3.25) 
Here, fs(0) and So have the same meaning as in section 
11, except that they are evaluated with the coefficients 
of eq 3.16-3.18 and 3.17b. Because C, is restricted to be 
less than 0(N-'I2), the last term in the brackets of eq 
3.25 can be neglected and the nematic free energy sim- 
plifies to 
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region bounded above by a temperature T,, defined by 

fs(0) = C,S;/ EN''2 (3.34) 

fs(O) = -CpS,2/EN1'2 (3.35) 

and below by T,, defined by 

When these results are combined with eq 3.28, it follows 
that the width of the biphasic region in the strong seg- 
regation limit is given by 

Tl - T2 = 2C,S,2/C&N"2 (3.36) 
Hence, the temperature range over which nematic and 
isotropic phases can coexist asymptotically decreases as 
N-'/'. The finding that there is no biphasic region for 
N - m is intuitive because every chain is chemically iden- 
tical in that limit. I t  is also interesting to note that eq 
3.36 crosses over smoothly to the weak segregation pre- 
diction of T,  - T ,  - N-' (eq 3.29) as C, is reduced to be 

A t  high molecular weight, the two coexisting phases 
are exponentially close to being saturated. Saturation 
here refers to the situation (in our pseudobinary approx- 
imation) in which the two phases are pure in compo- 
nents 1 and 2. As described by eq 3.12-3.14, these ficti- 
tious components have elastic constants and composi- 
tions that differ by O(N-'/2). Near saturation, the 
compositions of the coexisting phases are given by 

(3.37) 

O(N-lI2). 

Q* = * ( i / ~ l / ~ ~ ) [ i  - e x p ( - ~ ~ ~ ' ' * ) ]  
where 

G, = C,S:/E + N1i2fs(0) (3.38) 

(3.39) 
It should be noted that the G, values are >O and O(1) 
in the biphasic region, T ,  < T C T,. The fraction of the 
isotropic phase in this region is given by the lever rule 
expression, q = Q+/(Q+ - Q-1. 
IV. Summary and Discussion 

In the present paper we have developed a Landau the- 
ory to study the nematic to isotropic transition in binary 
blends of main-chain liquid-crystalline polymers and in 
thermotropic statistical copolymers. The essence of the 
theory for the binary blend is that a coupling term of 
the form C,S2$ emerges in the Landau free energy. This 
coupling between the orientational ( S )  and composi- 
tional ($) order parameters produces a biphasic region 
at the N-I transition in which a nematic phase (rich in 
the species with higher rigidity) coexists with an isotro- 
pic phase (lean in the species with higher rigidity). The 
tendency for this phase separation was found to be very 
great in all cases investigated. For the blend, a weak 
segregation (one with l$l << 1 in both phases) is effected 
only if C, in eq 2.19 is O(N-') or smaller. Experimen- 
tally, this condition can be satisfied by choosing the two 
components to have very similar persistence lengths. For 
this weak segregation regime we found that the width 
(in temperature) of the biphasic region is on the order 
of NC,', which is a t  most O(N-'). We emphasize that 
our theory is incapable of describing strong nematic order 
and is thus restricted to the vicinity of the phase transi- 
tion. Different methods14-ls are required to treat the nem- 
atic phase at  low temperatures. 

For the statistical copolymer, it was assumed that the 
chemical disorder is quenched and, hence, that the mono- 
mer sequences produced at  synthesis are permanent. As 
a result, the various polymers in the sample have fixed 

G- = C,S:/E - N'"fS(0) 

Macromolecules, Vol. 23, No. 2, 1990 

compositions that can differ from the global composi- 
tion. Because these fluctuations are O(N-'/'), the max- 
imum composition difference that can be achieved if the 
chains fully segregate (i.e., according to the amount of 
monomer species A that they contain) is of the same order. 
We employed a pseudobinary approximation for the copol- 
ymer melt in section I11 in order to take advantage of 
the blend results, but we also found that the same Landau 
free energy could be obtained by a direct projection of 
the order parameter fields S and Q out of a microscopic 
Hamiltonian. The cubic coupling termiound for the blend 
case reemerged, but with C, = 15A/4~. For the statisti- 
cal copolymer, weak segregation is obtained only if C, is 
O(N-l/') or smaller. The Landau analysis for this situ- 
ation led to the prediction that the width of the bipha- 
sic region is on the order of C,', Le., a t  most O(N-'). 

From an experimental standpoint, the most relevant 
regime is that of strong segregation, achieved when C, 
> O(N-'/'). For random copolymers of moderate molec- 
ular weight and with substantial differences in flexibil- 
ity among the consistent monomers, such as the materi- 
als of Stupp et al.,'-' C, will easily exceed this value. In 
the biphasic regime under these conditions, the copoly- 
mers that contain an excess of A monomers are almost 
completely segregated from the chains that contain an 
excess of B. The difference between the compositions 
of the isotropic and nematic phases in the strong segre- 
gation limit is O(N-'/') [with small corrections on the 
order of N-'/' exp(-Nl/')]. Furthermore, we found that 
the width of the biphasic region is asymptotically on the 
order of C,N-'/2 for large N. 

The cubic coupling term in the Landau free energy 
proportional to S2$ (or S2Q) was found to be responsi- 
ble for the interesting biphasic behavior described above. 
This entropic coupling term emerged naturally in our 
formalism due to differences in flexibility of the mono- 
mers. However, as per the discussion that followed eq 
2.6, enthalpic couplings are also possible if the Maier- 
Saupe parameter has a dependence on composition. Such 
couplings have been investigated by Brochard et a1.l' and 
can lead to phase behavior much more complicated than 
that depicted in Figure 2. In the simplest case, the C,S2$ 
coupling term might be preserved but with an addi- 
tional enthalpic contribution to C,. The obvious ques- 
tion then arises as to which contribution is dominant in 
real physical systems. 

Experiments to address the above predictions and ques- 
tions would be very helpful. An obvious experiment would 
be to repeat the measurements of Stupp et al. on a set 
of random copolymers with different molecular weights 
but that are otherwise identical. One would ho e to see 
the width of the biphasic region vary as N-'/! Other 
experiments might be aimed at  trying to determine which 
component of C, is dominant. In particular, is the driv- 
ing force for segregation the difference in flexibility between 
the two types of monomers, A, or is it some composition 
dependence of the Maier-Saupe parameter? If it is the 
former, one would expect to find that the width of the 
biphasic region scales linearly with A. A possible means 
of answering the above question would be to perform a 
measurement that is sensitive to the tempertture depen- 
dence of C,. The first contribution, 15A/4~, should be 
proportional to T,  while any Maier-Saupe contribution 
to C, should scale inversely with T. Independent exper- 
iments on homopolymers synthesized from the various 
constituent monomers might prove valuable in the inter- 
pretation of such measurements. 

Other questions arise with regard to the experiments 
of Stupp et a1.6-8 There is evidence that transesterifica- 
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tion reactions may produce some rearrangements of the 
copolymer sequences. If the chemical disorder were truely 
annealed, i.e., able to equilibrate on the experimental 
time scale, then quite different behavior would be expected 
a t  the N-I transition. For annealed disorder, the degree 
of polymerization is irrelevant because the monomers can 
exchange among all positions on the various chains. An 
analysis for the annealed case, similar to the one used to 
obtain eq 3.15, indicates that B, is unchanged from the 
situation of quenched disorder, but B, is O(1) for annealed 
disorder. This implies that the Landau expansion is quite 
useful in the annealed case, even if C, is as large as O(1). 
I t  also follows that the difference in compositions between 
the two phases in the biphasic window (eq 3.27) can be 
O(1) for the annealed case, while i t  is asymptotically 
O(N-'/') for the quenched case. This result is easily 
understood. For annealed disorder, the monomers can 
respond to the forces acting to segregate them by rear- 
ranging such that the typical fluctuations in composi- 
tion among different chains are O(1). (Hence, chains are 
produced that are predominantly A or B.) A system with 
quenched disorder does not have this luxury, as the char- 
acteristic fluctuations are frozen a t  synthesis to be O(N- 
112). It  follows in the annealed case that the width of 
the biphasic region (eq 3.29) is on the order of C,2 can 
be controlled by making A sufficiently small. 

The present theory can be extended in a number of 
obvious ways. I t  is straightforward to treat statistical 
copolymers that contain more than two different mono- 
mers, such as the terpolymers considered in ref 6-8. We 
anticipate that all of our qualitative conclusions would 
remain intact. Similarly, three (or more) component 
homopolymer blends can be addressed by the methods 
of section 11. It is also possible to avoid the Landau expan- 
sion in S by extending the techniques of ref 14-17 to the 
present case of random copolymers. This would be par- 
ticularly straightforward in the pseudobinary approxi- 
mation. 
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