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ABSTRACT: The microphase separation in melts of asymmetric triblock and trigraft, periodic polyblock 
and polygraft, and star-shaped copolymers of two types ((An)k(Bm)k and (AnBm)k) is investigated within the 
framework of the mean field approximation. To enable rapid comparison of the behavior of various types 
of block copolymer architecture, a special program 'Supercrystal" using previously calculated higher correlators 
of specific systems is elaborated. Surfaces of phase transition between phases with different supercrystal 
symmetry and a spatially homogeneous state are constructed as a function of molecular architecture and the 
Flory parameter x .  A behavior similar to a tricritical one is observed in melts of star-shaped copolymers of 
the kind (A,)k(B,)k with k > 5, k being the number of arms. Phase diagrams obtained for the other systems 
are like the phase dmam obtained by Leibler for the molten diblock copolymer, but the temperatures of 
the phase transitions differ considerably for copolymers consisting of the same blocke connected in a different 
manner. There are limiting phase diagrams for both polyblock and polygraft systems in the limit k - OD, 

k being the number of blocks A,B, in a chain. 

I. Introduction 
In this paper we present the broadest collection to date 

of phase diagrams of flexible block copolymer systems of 
various architecture. In addition to phase diagrams of 
molten diblockl and asymmetric triblock copolymers2 
calculated early within the framework of the mean field 
appr~ximationl-~ of the so-called weak crystallization 
theory,613 we constructed in the same approximation phase 
diagrams of molten asymmetric trigraft, periodic polyblock 
and polygraft, and star-shaped copolymers of two types 
((An)k(Bm)k and (AnBm)k). TO be able to carry out the 
corresponding very cumbersome calculations, we elabo- 
rated a special program enabling construction of the phase 
diagrams for a very broad class of block copolymer systems 
apart from those that are presented in the paper. Thus, 
the aim of the paper is to describe typical phase diagrams 
as well as to explain how the program works and to what 
extent the results obtained are valid. To this end our 
exposition is the following. First, we recall what is the 
weak crystallization and other main physical concepts of 
the current understanding of microphase separation 
phenomena. In section I1 typical phase diagrams of 
asymmetric triblock and graft copolymers are presented 
and compared. In section I11 typical phase diagrams of 
star-shaped copolymers of the (An)k(Bm)k and (AnBm)k 
kinds are constructed, and a new type of tricritical-like 
behavior is predicted. In section IV periodic polyblock 
and polygraft copolymers are considered. Discussion and 
conclusions are given in section V. 

The microphase separation (MPS, domain structure 
formation, supercrystallization) of solutions and melts of 
copolymers is one of the most interesting phenomena of 
polymer science, from both the physical and the techno- 
logical points of view. Now, after much effort over the 
past 20 years, the physical nature of domain structure 
formation is understood sufficiently well. From the point 
of view of Landau phase transition theory14 a system under 
microphase separation undergoes a set of phase transitions 
that are described conventionally in terms of the vector 
order parameter 

where p,(r) is the local density of monomers of sort a (i.e., 

the number of monomers per unit volume) and pa = J'pJr) 
drl V is the average value of the density over the volume 
V of the system. 

All components of the order parameter are equal to zero 
throughout the entire volume of the system in the high- 
temperature homogeneous phase (liquid), but when the 
temperature decreases, the order parameter can become 
a spatially periodic function, possessing the symmetry of 
a Bravais lattice: 

iP,(r) = x A ( q i )  exp(iqir) (2) 
I 4  

where the sum is carried out over all vectors of the 
corresponding inverse lattice. A change in temperature 
or in the chemical structure of the system can lead to 
either a continuous or a discrete alteration of its equi- 
librium thermodynamic state, described by the set of 
amplitudes A(qJ in the sum (2). An abrupt change (i.e., 
phase transition) takes place, for example, in the case of 
altering the type of Bravais lattice. The determination of 
surfaces (points) of phase transitions as a function of the 
temperature and the polymer structure is the aim of a 
theory of the microphase separation of heteropolymer 
systems. 

Up till now the aim was achieved in two approximations. 
At  the beginning of the development of the microphase 
separation theory the phenomenon was considered in the 
so-called narrow interphase approximation, which corre- 
sponds to a case of almost complete segregation, when 
every domain consists mainly of monomers of the same 

A second approximation was advanced after 
understanding (first by Leiblerl and de GennesZ1 and then 
independently by ErukhimovichzZ) the fact that mi- 
crophase separation of a heteropolymer is connectad with 
an instability of its homogeneous state with respect to 
spatial fluctuations of the densities {p i ( r ) )  of a finite period. 
It is the fluctuations that dominate at the initial stage of 
domain structure formation, with segregation of unlike 
monomers remaining weak. The situation is considered 
in the framework of the so-called weak crystallization 
theory," taking into account in the sum (2) only thoee 
components that correspond to inverse Bravais lattice 
vectors which have a magnitude 40, the radius of the f i t  
coordination sphere of the lattice. (In this paper we will 
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use also the term "supercrystallization", which implies the 
presence of a large parameter Lla, where L is a period of 
a crystal lattice and a is the Kuhn length.) It is within the 
framework of the weak crystallization theory that the 
detailed theoretical analysis of domain structure formation 
was carried out by Leibler in his c h i c  paper.' 

It is evident that each of these two theories has, in 
accordance with their range of application, ita own 
advantages and shortcomings, a detailed comparison of 
which is beyond the scope of our paper. (A detailed 
discussion of both approaches is a~ailable.~*~JO) The aim 
of thie paper is a more particular one: to draw attention 
to which is, in our opinion, the most important advantage 
of the weak crystallization theory, namely, the possibility 
to give a complete description of the dependence of the 
initial microphase separation's stages on the chemical 
structure of heteropolymer systems. A preliminary con- 
sideration of this question was undertaken by Erukhi- 
movich.22*23 

Among other things, a general analysis of the instability 
of the homogeneous state of polydisperse flexible het- 
eropolymers with respect to spatial density fluctuations 
of a finite period L was given in ref 22. In ref 23 spinodals 
were first obtained both for asymmetric triblock and 
trigraft copolymers and for periodic polyblock and 
polygraft copolymers, both A and B blocks being assumed 
to be flexible. Many of these results were obtained later 
in ref 24, where polyblock and polygraft copolymers with 
flexible blocks A and rigid blocks B were considered as 
well, and in refs 2 and 25 (for symmetric and asymmetric 
triblock and trigraft flexible copolymers). Besides, the 
sphodals were obtained for (AnB,)b and (An)k(Bm)c star 
flexible copolymers.2126 

However, the corresponding phase diagram in the plane 
&,f) ( x  = xN, x is the conventional Flory parameter 
characterizing A-B interaction, N = n + m is the 
polymerization index of typical diblock copolymer mac- 
romolecules AnBm of which a considered compound 
macromolecule is formed, and f = nlN is its composition) 
has only been constructed for the cases of a molten diblock 
copolymefl and of asymmetric triblock copo1ymersa2 

The fact is that the Leibler-like construction of phase 
diagrams involves very cumbersome calculation of so-called 
higher correlators of copolymer macromolecules of com- 
plicated chemical structure. However, it is polymer 
systems of complicated chemical structure that are the 
most interesting from the point of view of technological 
applications. It is useful, for example, to know in what 
way the blocks should be connected to make a certain 
supercrystal lattice at either high or low temperatures. 
Furthermore, microphase separation takes place, possibly, 
in polyelectrolyte ~ y s t e m s ~ J ~ 9 ~ ~  as well as in gels and 
heteropolymer There are many other ques- 
tions which are of practical interest but which, unfortu- 
nately, cannot be answered without hard calculations. 

So, there arises the necessity to solve a new both 
scientific and technological problem: to provide uaers 
with a package of special program to calculate phase 
diagram and other churacteristiccl of particular systems 
which are of interest to them. Thew programs must allow 
for complicated chemical structures of polymer systems 
(using explicit expreaeiom for higher structural correlators 
of various polymers), the nontrivial character of volume 
interaction (by means of choice of phenomenological 
equation of state of the correeponding system of quasi- 
monomers), the effects of fluctuations, the presence of 
micelles, etc. 
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Figure 1. Phase d i b a m s  of asymmetric triblock and graft 
copolymers A,B,,,AI on the plane (x ,6)  at fiied values off. Curves 
labeled by numbers 1, 2, and 3 correspond to molten diblock 
copolymer with f = 0.2, 0.5, and 0.8, respectively. (a) Lines of 
phase transition DIS-bcc (dashed) and bcc-A (solid); (b) lines 
of phase transition A-LAM. 

As a first step along the line we elaborate the program 
"Supercrystal", enabling us to calculate the higher cor- 
relators and then to construct phase diagrams of melts of 
flexible two-component copolymers of any complicated 
chemical structure in the mean field approximation 
corresponding to the theory of weak crystallization. The 
theoretical background of the program is essentially 
identical to approach of Leiblerl with some technical 
improvements and will not be given in the paper. So, we 
present here phase diagrams of some new block copolymer 
systems obtained using the program. 

11. Phase Diagrams of Asymmetric Triblock and 
Graft Copolymers A,&& 

To describe the structure of the copolymers let us 
introduce their composition f = mIN, N = m + n + 1 being 
the polymerization index of a macromolecule AnBmAl, and 
symmetry parameter 6 defined in ref 23 as follows: 161 = 
nl(n + I ) ,  the parameter 6 taking negative values for trigraft 
copolymers and positive values for triblock ones. (In refs 
2 and 25 the symmetry parameter is denoted 7.) 

Results of our calculations can be presented in the form 
of sections of phase transition surfaces between the 
homogeneous (liquid) state of the melt p d  the supercrystal 
phases constructed in the space cf,6,xt,). 

The sections at various values off determine &b) as 
functions of the symmetry parameter 6 and are shown in 
Figure 1. qne can see that, as a rule, in both systems the 
parameter xtr increases if the macromolecule asymmetry 
decreases. However, the phase transition A-LAM in 
molten triblock copolymers seems to be an exception to 
the rule. For example, in the case off = 0.8, the function 
x , + u ( 6 )  (upper curve of Figure lb) has? maximum. 

Instead of analyzing sections of surfaces x(f,S) at a given 
f, we could consider ones at a given 6. Two examples of 
such sections for symmetric triblock copolymer with 6 = 
0.25 and 6 = 0.5 can be found in ref 2. As another example, 
we present here in Figure 2a similar phase diagrams for 
symmetric trigraft copolymers (6 = 4.5) .  Here and in 
other figures the regions of the existence of liquid 
(disordered) and supercrystal body-centered cubic, tri- 
angular, and lamellar phases are denoted DIS, bcc, A, and 
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Firon, 2. (a) Typical succession DIS-bceA-LAM of phase traneitiona for symmetric trigraft copolymer (6 = -0.5) on ths plane (id. 
Lb) Phgae diagrams of asymmetric triblock and graft copolymers at fued valuea of 6 rebuilt in terms of the reduced quantity a@ = 
x(f,a)/x(f,O). The curvea a" labeled by numbers 1 and 2 correspond to symmetric triblock (6 = 0.5) and graft (6 = -0.5) copolymers, 
reepectively. In paire of almoet merging linea solid linea correspond to phase transition DIS-bcc and dashed linea to bcc-4 other linea 
correspond to A-LAM. (c) Projection of the linea of phase transition A-LAM on the plane (f,s). 

LAM, respectively. All the diagrama demonstrate the same 
succession of phase transitions DIS-bcc-A-LAM as the 
case of molten diblock copolymer. 

To analyze the influence of chemical structure on these 
phase diagrams, it is maze conyenient to conside; the 
reduced quantity aa(f) = x(f,S)/x(f,O) (recall, that x(f,O) 
corresponds to the molten diblock copolymer). One can 
see that the parameter x increases (and, respectively, the 
corresponding transition temperature decreases) compared 
with the diblock copolymer case (with the fraction f of 
monomers pertaining to the central block B, increased) 
for phase transitions in the symmetric triblock (6 = 0.5) 
copolymer. The behavior of a symmetric graft (6 = -0.5) 
copolymer is more complicated. Here for the phase 
transitions DIS-bcc and bcc-A the parameter x decreaees 
(correspondingly, the temperature of these transitions 
increases) compared with the diblock copolymer ones (with 
the fraction f of monomers pertaining to the central block 
B, increased), whereas the reduced quantities charac- 
terizing the phase transition A-LAM are nonmonotonous 
functions of f. It should be stressed, however, that 
according to the results of our calculation presented in 
Figure 2b the value a@ stays greater than unity over the 
entire range off. This means that the homogeneous state 
of a molten diblock copolymer is legs stable to transition 
into supercryetal phases than any triblock copolymer of 
the same composition. 

It is instructive also to pFsent the projections of the 
sections of the surface S(f,G,x~-u) 3: 0, corresponding to 
the first-order phase transitign between the triangular and 
lamellar phaeea, by planes x = constant (I.E. is grateful 
to Prof. Monnerie for suggesting this kind of data 
presentation). These sections are drawn in Figure 2c with 

the contour interval 2.5, each fourth being marked by the 
corresponding values ofj;*-u(li). (The unlabeled curvea 
are drawn ae dashed ones to make the picture more 
transparent.) The center of Figure 2c correepo@ to the 
symmetric diblock copolymer with-the value of x , + ~ ( 6 )  
= 10.5. As shown in Figure 2c for x , + ~ ( 6 )  = 12.5, near 
the center these sections are cloeed circles, the lamellar 
phase being of thermodynamic advantage inside the circlee. 
(Recall that their left half Corresponds to tzigraft copol- 
ymers and their right half to triblock copolymers.) One 
can see that the lines f ( ,S) are generally nonmonotonous 80 
that the equation af(6,x)laG = 0, f(6,x) being the function 
defined implicitly by the equation SCf,S,i) = 0, haa a root 
6(& This means that there exista a region on the plane 
(f,x) such that the phase state of a triblock copolymer 
with certain values off and j ;  situated in the region will 
change nonmonotonously when increasing the value of 6. 
This point is exemplified by straight linea ABCD and 
EFGH, corremponding to valuem off = 0.617 andf = 0.317, 
respectively. One can see that these lines croBB_twice the 
projections of the sections of the surface $(f,S,a-& = 
0 by planes j ;  = 27.5 (for f = 0.617) and x = 20 (for f = 
0.317). Otherwise, if the change of 6 due_to somechemical 
processes proceeds at the fued values x = 27.6, f = 0.617 
and 2 = 20, f = 0.317, the system under investigation will 
be in the triangular state inside intervals BC and FG, 
reepectively, and in the lamellar state outside theee 
intervals. Onecanseethatfortriblockewithalarsecen~ 
block the A-phase can be observed when both aide bhka 
are of the same order, while for triblocke with a amall 
central block the A-phase exista only when one of side 
blocks is much smaller than the other. 
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situation in the region let us discuss the calculational 
procedure used in our program in more detail. 

To obtain the phase diagram of systems under super- 
crystallization it is conventional to minimize the Landau 
expansion of its free energy in powers of the order 
parameter @(r) with respect to values of the amplitudes 
Ai A(qJ o c c h g  in expression 2 

F = Fo + min AF 

35 
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Figure 8. (a,b) Phase diagrams of ( A M B A  stars with k = 1, 
2, and 5 are presented, which are marked by numbers 1,2, and 
3, respectively. (a) Linea of phase transition A-LAM; (b) 
analogous lines of phase transitions DIS-bcc (dashed) and bcc-A 
(did);  (c) phase diegram of star (A&(B,)s. 

111. Phare Diagram of Star Copolymers 
(AdABAh and (ABIII)~ 

In this section we shall refer to stars with a general 

with a general structural formula (AnBm)k stars of kind 
B. The structure of the copolymers is described by ita 
compoeitionf = m/N, N = m + n being the polymerization 
index of block A&, and by the number k of arms. Results 
of our calculations can be presented in the form of sections 
of phase transition surfaces between the homogeneous 
(liquid) state of Felt and_ supercrystal ones constructed 
in the space cf,a,x> with x = xN. 

In Figure 3a,b phase diagrams are presented for stars 
of kind A wi9 values k = 1,2, and 5. One can see that 
the value of ~ c f )  at the phase trapition decreases when 
k incrsasee. The minimal value of ~ ( f )  occurs at the same 
value off = 0.6 for each of these values of k. Analogous 
lines of phase transitions DIS-bcc (dashed) and bcc-A 
(solid) at these values of k are shown in F w e  3b. The 
combination of the results presented to Figure 3a and 
Figure 3b gives the cuetomary succession of phase tran- 
sitions DIS-bceA-LAM. A quite different behavior is 
ohrved in melta of stars of kind A with k > 5, in which 
cane there exists an interval CfiJi) outside of which the 
ordinary sequence DIS-bcc-A-LAM of phase transitions 
takes place as well. For example, for stars of this kind 
with k = 6, it ie (0.429, 0.671); the corresponding phase 
diagram ie shown in P i  3c. However, inside the interval 
our program doer not work because of a divergence of our 
free energy minimitation procedure. To explain the 

~tructural formula (An)b(Bm)k as stars Of kind A and stars 

where FO is the free energy of the spatially homogeneous 
(disordered, liquid) state. The coefficients 7") are ex- 
pressed explicitly in terms of the structural characteristics 
of macromolecules.1+*24 It can be verified that all moduli 
of the equilibrium amplitudes Aj are equal to the same 
value A, resulting in the following expression for AR 

(4) 
where a n ,  fl,,, and r are certain functions introduced f i t  
for molten diblock copolymer.' In our case they depend 
on both the soomposition f and the number of arms k (T 

depends on x as well). They are different for different 
supercrystal lattices (marked by subscript n) and are 
calculated explicitly using our program. Thus, any free 
energy minimization procedure will converge to a fued 
point only if the condition fln > 0, prescribing the stability 
of the solution with respect to fluctuations of amplitudes 
Ai, is fulfilled. Meanwhile immediate calculations show 
that in the interval CfiJ2) the value 81, correspondw to 
a lamellar structure, is negative, while values fin, corre- 
sponding to other supercrystal structures, are positive. 
This unusual behavior of the lamellar phase is caused by 
the fact that the coefficient ~"'(QI . . .Q~)  = 7(4)(hl,h2) is a 
function of the angles between vectors of the inverse lattice. 
Were there no angle dependence of the coefficient ~ ( ~ 1 ,  
the contribution of the fourth order in expansions 3 and 
4 would have the same sign for lattices of any symmetry 
and all supercrystal states would be unstable simulta- 
neously. 

From the point of view of the conventional phase 
transition theory," the presence of the above divergence 
just implies that our assumption about the irrelevance in 
expansion 4 of higher order terms is incorrect. Indeed, in 
the vicinity of the point at which all functions an, flm and 
7 are equal to zero (recall that the point is called a tricritical 
one), one should allow for members of the fifth and sixth 
powers of the order parameter in expansion 4 of the free 
energy. Thus, one should go beyond the scope of Leibler's 
theory to calculate phase diagrams of stars of the kind A 
inside the interval (f1,fi) and consider here their behavior 
as tricritical. We hope to return to the problem in f u t w  
publications. 

Now consider the melt of stars of kind B. In Fie;ure 4a 
corresponding lines of the phase transition A-LAM are 
presented, the lines for k = 1,2,5, and 10 being marked 
by these numbers, respectively. One can see that curves 
~ ( f )  drop (the corresponding transition temperaturea rise) 
when the number of arms k i nc rew,  the minim of the 
lines moving toward larger values off. One can see that 
the general behavior of these curves is like that of the 

A, = rA2/2 + anA3/6 + flnA4/24 
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Ffiure 4. Phase diegrame of (@Ah stars With k 1,2,6, and 
10 are presented, which are marked by numbers 1,2,3, and 4, 
respectively. (a) Linesofpheeetraaaition A-LAM, (b) analogus 
limes of phase transitions DIS-bcc (dashed) and bceA (solid). 

epinodals of them systems which are shown in Figure 4 of 
ref 2. Analogous lines of phase tramitions DIS-bcc 
(dashed) and bcc-A (solid) for the same value of k are 
shown in Figure 4b. Combining the resulta presented in 
Figure 4a and Figure 4b gives an ordinary succession of 
phase transitions DIS-bcc-A-LAM. Note that the phase 
with bitetrahedral symmetry is absent in the succession, 
although it is observed in experimenta.w The structures 
of the fmt coordination spheres of the bitetrahedral and 
bcc lattices we the same, 80 it follows that in our 
approhation the free energies of the lattices are the same, 
too. Therefore, within the framework of the conventional 
version of the weak cryetallization theory, which takes 
account only of vectors of the fmt coordination ephere in 
the sum (21, one cannot d i s t i i h  between these two 
phaaee. We intend to give a more thorough diecussion of 
the problem in future publicatione. 

IV. Ware Myrun of Polyblock and Polygraft 
CoPolJrmem (A,B,h 

To -be the structure of these copolymm let us use 
the number of blocks k of each type and their composition 
f * n/N, N = n + m being a polymerization index of a 
"petid" &Bm. Besides, it  ie euppoeed that in polygraft 
copolymers B blocks are grafted periodically across n 
monomere to a main chain consisting of monomers of the 
sort A. 

In Figure Sa linea of p h  traaeitione DIS-bcc ( d i d )  
and b A  (dashed) are presentd €or the case of molten 
po€yblock copolymers with k = 1,2,4, and 10. All the 
lineam eymmetric about the line f = 0.6, since properties 
of incamp.reeeible polyblock copolymer are invariant as to 
the rearrangement of blocks A and B. Thus, they take 
their minimal values at f = 0.6. In Figure 6b d o g o u s  
linea of phase transitions are shown for the c888 of molten 
polygraft copolpers with k = 1,4, and 10. One can see 
that minima of uLk(f) = Nxdf l  move toward smaller f if k 
increaees. 

In the limit k--. - there arelimiting phasediagrsms in 
both polybhck and palygraft copolymer sys&ims. The 
same behavior of the epinodah of theae syutem was 
diecovered early in refs 23 and 24. It fsllowe from 
calculations that the limiting lines almost merge with the 

5 i n s , ,  I , , ,  ! , , ,  
0.2 0.k 0.6 0,'s 

0.4 0.6 0.8 

Figure 5. Phase diagrams of polyblock (a) and poiygraft (b) 
copolymers (A,&)&, k being the number of 'quaaimonomers" 
&Bm. TO simplify the figurea Lines Of phase ttansition~ DIs-bCc 
(solid) and k A  (dashed) are presented only; linea of traneition 
A-LAM are shown in Figure 6. (a) Numbers 1,2,3, and 4 denote 
linescompondingtok = 1,2,4,andlO,respectiveiy;(b)n~~ 
1, 2, and 3 denote lines corresponding to k = 1, 4, and 10, 
respectively. 

corresponding lines of phase transitions for the system 
with k = 10,eo we do not represent them in the figures. 
The phenomenon can be explained easily by using the 
concept of quasimonomere, the role of quaeimoaomera 
b e i  played by the "eeparatd blocks" A,, and Bm.89 
Indeed, the total density-dewity correlation function of 
the system can be divided into a sum of correlation 
functions describing the intrablock correlations of mono- 
mere and the correlations of monomem pertainine to 
different bloclre (intmquaeimomznem coarelatiano). W" 
the number of periods k increases, the correlation function 
team to depend on k and is de t e rmid  only by the full 
density of qwhonomera j u t  aa the Debye function of 
an N-mer doee in the region (ga)2N >> 1. 

To inmtigate the influenm of-the "degree of macrop 
iymerhtion" k on the value of x,  it is useful to use the 
foliowing reduced value of the latter: a 0  = x(f,k)/x(f, l) .  
Graphice of thie kind are p m n t e d  in Figure 6. One cun 
see thet in the region of d values o f f  phase tnrnsition 
pam" alter more for polygraft copolymer than for 
polyblock copolymers. 

V. Discussion 
Thedectionofphaaediagramepreeentedinthhpaper 

answers the qwt ion  of how the pa" t e re  of the phase 
~ I L B ~ ~ ~ O X M  between liquid and different supercryatal 
phasee of a heteropolymer are influenced by ita block 
architecture, Le., the way the blocka in the macromom 
are connected. Ae shown above, variation in block 

titative (up to a double drop of tnrneitiOn t e m p " )  
and qualitative change of ita phase diag". Thie fact is 
of great. importance for technological applications of 
heteropolymer system. 

However, do- about the validity of btkh the weak 
ayetabation thsory and ita mean field approrimation, 
which were involved in our calcdaiana, have been 
expnwoed.'J'Jo Indeed, because of the presence of mme 
eourcesof inaccuracies, there are reaeom for such doubta. 

c c y " e r a r o h i t e c k v e ~ a a c e u ~ e b o t h ~ ~ ~ d ~ q ~ a a -  
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of complicated chemical structure can became a powerful 
new tool of new polymer materials design. 
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of the second, third, and fourth order for asymmetric triblock 
and trigraft and periodic polyblock and polygraft copolymers as 
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