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ABSTRACT: The disorder to order transition of comb copo-
lymer A,,.;(BC),, is investigated by the self-consistent field
theory. The interaction parameters between the three different
blocks are considered by varying the composition of the comb
triblock copolymer with the side chain number m = 1 and 3. As
the side chain number m increases, the Flory—Huggins inter-
action parameter of disorder to order transition (DOT) in-
creases and the lowest DOT occurs when the volume fractions

ofblocks A, B, and C are approximately equal. When one component is the minority, the disorder-to-order transition curve is similar
to binary A,,,;B,, comb copolymer. The influence of the side chain density on phase transition is also discussed. The comb
copolymer is more difficult to phase separate with larger side chain number m and shorter side chain.

1. INTRODUCTION

Block copolymers can microphase separate to form a variety of
ordered nanoscale morphologies."”> This unique characteristic of
block copolymers provides possibilities for their potential appli-
cations in nanoscience, such as molecular actuators,® nanotubes,”*
and other carbon nanostructures.” Therefore, block copolymers
have attracted a great deal of attention both in theory and
experiment. Comb copolymers can be composed of a long,
flexible or stiff, hydrophobic backbone and dense, long or short,
hydrophilic side chains that branch from this main chain. By
changing these chain sections, properties such as phase behavior,”
morphology,” and order to disorder transitions® can be modified.
With the improvement in synthetic techniques, graft block copoly-
mers with well-defined molecular architectures have been formulated
successfully.”'® Xia and co-workers'' have recently synthesized
narrowly dispersed brush block copolymers (g-[PLA-b-PnBA,])
and random copolymers (g-[PLA,-ran-PnBA,]). They found
that the side chains of brush random copolymers containing
approximately equal volume fractions of PLA and PnBA can
microphase separate into lamellar morphology with domain
spacing of about 14 nm, and the domain spacing and Tpot were
insensitive to the brush copolymer backbone length, while the
brush block copolymers with the same number of PLA and PnBA
self-assembles into highly ordered lamellae with domain spacing
over 100 nm. Liu and co-workers'” successfully synthesized hyper-
branched polyethylenimine grafted polycaprolactone block mono-
methoxyl poly(ethylene glycol) copolymers (hy-PEI-g-PCL-b-
mPEG) and found that the application in DNA delivery studies
displayed a strong eftect of PCL and mPEG chain lengths and graft
density on cytotoxicity, and longer mPEG chains, longer PCL
segments and higher graft densities led to lower cytotoxicity.

In recent years, the comb copolymer A,,,,;(BC),, was experi-
mentally studied.''® The brush copolymers poly(2-hydroxy-
ethylmathacrylate)-graft-poly(&-caprolactone)-block-poly(ethylene
oxide) (PHEMA-g-(PCL-b-PEO)) have double crystallizable
side chains.'® For brush copolymer, the melt temperature (Tj,)

v ACS Publications ©2011 american chemical Society

and degree of crystallinity (X.) values of PCL block decrease with
the increase of chain length of PEO block. The crystallization
temperature (T), Ty, and X, of poly(2-hydroxyethylmathacrylate)-
graft-poly(e-caprolactone) (PHEMA-g-PCL) were enhanced
with the chain length increase of poly(é-caprolactone) (PCL).
The graft polymer PVAc-g-[P(AN-r-BVE)-b-PCHO] was synthe-
sized in “one-step” by radical/cationic transformation polymer-
ization and coupling reaction.'® In the case of PVAc-g-[P(AN-r-
BVE)-b-PCHO], the two glass transition temperature (T, Ty>)
were 26 and 43 °C, respectively. It is likely that T,y and Ty,
correspond to glass transitions for the P(AN-r-BVE%-b-PCHO
grafts (34 °C) and the PVAc backbone (39 °C), respectively. Ty
is slightly lower than T, for P(AN-r-BVE)-b-PCHO because
propagation of PCHO was disturbed by the coupling reaction
with PVAc—OH and average molar mass of P(AN--BVE)-b-
PCHO grafts was lower than that for P(AN-r-BVE)-b-PCHO
obtained in the absence of PVAc—OH. Ty, is slightly higher than
T, for PVAc—OH, indicating that the movement of PVAc
backbone is somehow restricted by the P(AN-r-BVE)-b-PCHO
grafts. Therefore, it is very important to study phase transition of
the comb copolymer A,,,,,(BC),,, with complex architectures. More-
over, there are many studies related to disorder to order transition
(DOT) of block copolymers, such as alkyne/azide click chem-
istry induced DOT of diblock copolymer.'* Even some new
techniques are developed to probe the disorder to order transi-
tion, such as positron annihilation lifetime spectroscopy.'®

We have already studied the morpholoégy of comb copoly-
mer A,,,;(BC),, in our previous work.'® In that work, we
found the disordered phase exists at the corner of the phase
diagram besides the ordered morphologies. The disordered
phase easily exists at the corner of block B or block A. The
block B or block A is completely or partly restricted. In fact, we
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Figure 1. Schematic representation of a comb copolymer molecule.
Thick line, thin solid, and thin dash lines represent main chain A and side
blocks B and C, respectively.

want to know the essence of the difference at the three
different corners and the extent of the influence of the
interaction parameters on the phase behavior of this complex
block copolymer.

In recent years, SCFT method has been largely used to study
the phase behavior of block copolymers. It is also used to study
the disorder to order transition of block copolymers.'”'® Even
the SCFT method has been used to successfully study the
polydispersity induced disorder to order transition of block
copolymers.'”>* Therefore, we consider the disorder to order
transition of comb copolymer A,,,;(BC),, with different side
chain numbers by using the self-consistent field theory (SCFT)
in this study. Because of the complexity of this comb copolymer
A,11(BC),,, we only consider the stability of the homogeneous
phase relative to the microseparated state. The related para-
meters are the side chain number m, the volume fraction of
blocks A, B, and C and the Flory—Huggins parameter yN. We
construct the phase diagram of disorder to order transition of
comb copolymer A,,,;(BC),, by continuously varying the com-
position of the block copolymer. And the side chain number is
also considered in this work.

2. CALCULATION ALGORITHM

We consider n comb copolymer A,,,1(BC),, with polymeri-
zation N in a volume V and there are m branching points (or the
side chain number) along the main chain A, which divide the
main chain as m + 1 equal parts (we called it “divided sections”)
with polymerization N and each side chain BC has Ny and N¢
segments for blocks B and C, respectively. So, N = (m + 1)N, +
m(Ng + N¢). The schematic diagram of a comb copolymer
molecule is presented in Figure 1. The monomers of the main
chain and the side ones are assumed to be flexible with a statistical
length a. Therefore, the compositions (average volume fractions) are
fA = (m + 1)NA/N,fB = mNB/N,fC =1 _fA _fB for the main chain
A and the blocks B and C of the side chains BC, respectively.

With the different architectures of the blocks A, B and C, we
define four distribution functions, i.e., qgc(r, s), gac’ (1, 5, ), ga
(1,5, 1), and go"(x, s, t), where s is the contour along the main
chain for A and along the side chain for BC, ¢ is the number along
the main chain A divided by the side chains BC and it belongs to
[1, m + 1]. With these definitions, the polymer segment prob-
ability distributions q and g* for main chain A and side chain BC
satisfy the modified diffusion equations:

d Na?

—g=—V?q— 1
59 = g Va—wa (1)
| Na*_, . n

%1 = _TV q + wq (2)

where w is wa when s belongs to block A, ws when belongs to
block B, and wc when belongs to block C. The initial conditions
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Figure 2. Phase diagram for triblock comb copolymer A,,,,,(BC),, with
different side chain number m: (a) m = 1; (b) m = 3.

are QBC(r) 0) =1, QA(I'; 0) 1) =1, QA(I) O; t+ 1) = qBC(r; NB +
Nc)qa(r, Na 1), ga"(t, Na,m+1) =1,q4"(r,Na, t) = ga"(r, 0, t +
l)qBC(r) NB + NC) and QB+(r; NB + NC) t) = ‘IA(r; NA) t) QA+(r) 0;
t+ 1), where t € [1, m]. Accordingly, the partition function of a
single chain subject to the mean field w;, where i represents block
species A, B, and C, can be written as Q:fdr qalt, Ny, m + 1).

With above description, the free energy function (in units of
kgT) of the system is given by

F= —In(Q/V)
+ v [ (B Nd,~ T~ 1 L)
7] i ;
()
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Figure 3. Phase diagram for triblock comb copolymer A,,,,;(BC),, with the volume fraction of one block is small. Left figures are for m = 1 and right ones
form=3.Key: (al) m=1,f,=0.1; (a2) m=3,fp =0.1; (bl) m=1,f5=0.1; (b2) m =3, f5=0.1; (c) m= 1, fc = 0.1; (c2) m = 3, fc = 0.1.

where y;; is the Flory—Huggins interaction parameter between v om  [Ne+Nc N
different species (i,j= A, B, C,i# j), ¢; is the monomer density of ¢ (r) = @ / ds qc(r,s)gac™ (1,5, t) (8)
each species (i = A, B, C), and & is the Lagrange multiplier (as a t=17Ne
pressure). vom N
M1n1m1§at1on of the free energy to mean field, density a.nd oo(r) = — ds gpe(r,$)gsc” (1,5, 1) (6)
pressure, 0F/Ow = OF/0¢ = OF/0& = 0, leads to the following QN = /o
self-consistent field equations that describe the equilibrium state:
Vv m+1 [Na wa(r) = 24pNog(r) + xacNoc(r) + &(r) (7)
Palr) = —< ds ga(r;s, t)qAJr(r) 5t)
. QN tgl 0 wp(r) = %N (r) + xpcNoc(r) + &(r) (8)
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we(r) = xacNoA(r) + xpcNey(r) + &(r) )

oar) + ¢p(r) + ¢c(r) =1 (10)

Here we solve eqs 4—10 directly in real space by using a
combinatorial screening algorithm proposed by Drolet and
Fredrickson.”*** Note that one must solve the diffusion equation
first for gpc(r, s) with initial condition ggc(r, 0) = 1, then for
QA(I'; 5 t) with QA(I‘; 0, 1) =1, QA(r) 0, t+ 1) = qBC(r! Np +
Nc)qa(t, N, t), for ga*(x, s, t) with ga" (r, Ny, m+ 1) = 1, g5 (,
Np t) =qa (1,0, t + 1)gpc(r, Np + Nc) and last for g™ (1, 5, t)
with ggc(r, Ng + N, £) = qa(r, Na, t) ga*(x, 0, £ + 1). Each
iteration continues until the phase is stable and the free energy
converges to 10 °. Several times are repeated by using different
initial conditions to avoid the trapping in a metastable state. In
addition, we also minimize the free energy with respect to the
system size because it has been pointed out that the box size is an
important factor.”® The implementation of the self-consistent
field theory is carried out in a three-dimensional L, X L, X L,
lattice with periodic boundary conditions.

Because of the complexity of this comb block copolymer
A,,.+1(BC),,, we only consider three cases to explore the disorder
to order phase transition interaction parameters: (1) A,,,,;(BC),,
(m = 1 and 3) with identical interaction parameters, (2)
A,;1(BC),, (m = 1 and 3) when the interaction between the
blocks A and C are fixed, (3) side chain number effect (m changes
from 1 to S). Thus, we calculate the crossover curve of the
disordered phase and an (unspecified) ordered phase in terms of
the normalized Flory—Huggins parameter }N, the relative
composition, and the number of teeth in the comb m.

By systematically changing the volume fractions of the A, B,
and C blocks, we can construct the component phase diagrams in
the entire range of the copolymer composition.

3. RESULTS AND DISCUSSION

3.1. Phase Diagrams for A,,,1(BC),, (m = 1 and 3) with
Identical Interaction Parameters yagN = yacN = yscN =yN.By
changing the volume fractions of the three different blocks (fy, f
and fc) and the Flory—Huggins parameter yN, we obtained the
phase diagrams of the triblock copolymer with side chain number
m. Only the cases for the side chain number m = 1 and 3 are
considered in this part. The interaction parameters between
different blocks are set to be equal:yagN = yacN = xpcN = yN.
The chain length is N = 60 and 120 for m = 1 and 3, respectively.
The phase diagram for triblock copolymer with side chain
number m = 1, 3 are shown in Figure 2, parts a and b, respectively.
From the figure, we can see that the disorder to order transition
parameter N is larger at the corners of the three blocks. This
point can confirm our previous results, where the disordered
phase is stable when the block B or block A is the majority.'® The
%N of the disorder to order transition (DOT) is low when the
volume fractions of the three blocks are comparable. With the
side chain number m increasing, the %N of the disorder to order
transition increases largely, which corresponds to the lower
temperature to microphase separate, ie., the system becomes
more stable. We can see that the yN of the disorder to order
transition is larger when the triblock copolymer has the longer
main chain A or longer side chain with short block C, i.e., longer
block A or longer block B, and it is easier for the copolymer to
transform from disordered phase to ordered phase when the
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Figure 4. Phase diagram for triblock comb copolymer A,,,1(BC),, with
different side chain number and different interaction parameter between
block A and C. Key: (a) m = 1, yacN = 10; (b) m = 3, yacN = 30.

volume fractions (fa, fg, and fc) of different blocks are approxi-
mately equal.

In order to compare the difference of the phase diagrams
between diblock comb copolymer A,,,;B,, and triblock comb
copolymer A,,,;(BC),,, we also give the phase diagrams when
the volume fractions fj, fs, fc = 0.1, respectively, which are shown
in Figure 3. From the phase diagrams, we can see that when the
volume fraction fa, fp, or fc is small, the diagrams are similar to
those of diblock comb copolymer, and the minimum of yN is in
agreement with the binary comb block copolymer. When f, is
small, it is harder for the copolymer to transform from disordered
phase to ordered phase while f is large, due to the segments
of block B are restricted by block A and C. When fg is small,
the sections of block A are confined by blocks B and C, so the
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Figure S. Phase diagram for triblock comb copolymer A,,,, ; (BC),,, with the volume fraction of one block is small. Key: (a) m =1, yacN = 10, f, = 0.1; (b)
m=1,acN=10,fp=0.1; (c)m=1, ¥acN =10, fc =0.1; (d)ym=3, xacN =30, fo =0.1; (e)m=3, %acN =30, fz=0.1; (fym=3, xacN =30, fc =0.1.

%o is large while f5 is large. When fc is small, both the
sections of block A and B are restricted, the Y poT)N is large
while the A or B is the majority. However, due to the restricted
segments of block B are more than that of block A, the influence
of block B on the disorder to order transition is larger than that of
block A, which means the x(por)N is larger when f; is large.
From the above analysis, we can obtain the phase separation
sequence: first block C, then block A and the last block B, which
is decided by the architecture of the block copolymer. It is in
agreement with our previous work, where the results show that
the block C easily phase separates, then the block A and the last

6117

the block B.'® Comparing the phase diagrams when side chain
number m = 1 with m = 3, we can see the N with the side chain
number m = 3 is approximately triple the N with the side chain
number m = 1 when the volume fractions of the three or two
blocks are equal. This phenomena is also observed in A,,,;B,,
diblock comb copolymer.>® The confined segments increase with
side chain number increasing, so the yN increases, which means
lower temperatures to microphase separate.

3.2. Phase Diagram for A, 1(BC),,, with yacN Fixed. We also
studied the phase transition behavior of triblock comb copolymer
with the asymmetric interaction parameters. Considering the

dx.doi.org/10.1021/ma200572h [Macromolecules 2011, 44, 6113-6120
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complexity of the copolymer, we set the interaction parameter
between the blocks A and C is fixed, and the rest interaction
parameters are equal: ¥ agN = ypcN = ¥N. We set yacN = 10 for
m = 1and yacN = 30 for m = 3. Here, yacN = 30 for m = 3 is for
simple consideration.”® % The phase diagrams are shown in
Figure 4a,b. From the diagrams, we can get similar conclusions
with 3.1. But the xN of the disorder to order transition is larger
than the corresponding ¥N with equal interaction parameters.
This is due to the fact that we set the relatively small interaction
between the blocks A and C (yacN =10 for m =1 and y5cN =30
for m = 3). This means that it is a little frustrated, y s\gN = ¥cN =
%N > yacN. Therefore, the disorder to order transition is more
complex. As the side chain number m increases, the yN of the
disorder to order transition increases greatly, which means a
lower temperature to microphase separation; i.e., the system
becomes more stable with larger side chain number. The yN of
the disorder to order transition is larger when the comb
copolymer has the longer main chain A or longer side chain
with short block C, i.e., longer block A or longer block B and it is
easier for the copolymer to transform from disorder phase to
order phase when the volume fractions (fy, fs, and fc) of different
blocks are approximately equal. Compared with the three corners
of the phase diagram, we can see the yN at the corner of block B is
lower the other two corners. In this case, we can conclude that the
block B can separate from the copolymer first, then the blocks A
and C phase separate. But the separation sequence of the blocks
A and C is difficult to decide. We can also see the complex phase
behavior below. We present the phase diagrams shown in
Figure Sa—f when the volume fraction is fa, fs, fc = 0.1,
respectively. Figure Sa—c gives the results when m = 1, yacN
= 10. From the figures, we can see that when the volume fraction
of block A or C is small, the phase diagrams are similar to the
diagrams of diblock copolymer, and the minimum of YN is in
agreement with the binary block copolymer. Figure Sd—f shows
the results for the case m = 3, yacN = 30 when the blocks A, B,
and C are the minority, respectively. When the volume fractions
fa and fc are small, the diagrams are similar to the diagrams of
diblock copolymer.

However, the phase diagram is different from that of diblock
comb copolymer when the volume fraction of block B fg is small.
Even the phase transition curve is complex. This phenomenon is
a little strange showing a saddle plane near the edge of the AC.
On this condition, the block B has limited contribution to the
phase separation and the separation of the blocks A and C is
dominant. But the repulsive interaction parameter y 5N is a little
weak. Therefore, the yN of the disorder to order transition of the
block copolymer is very large.

3.3. Influence of the Side Chain Number m. 3.3.7. Ny, Npg
and N¢ Fixed. From the above results, we can see that the side
chain number has great effect on the phase behavior of triblock
comb copolymer A,,,,;(BC),,.. In this part, we consider two cases
by changing the side chain number: one is the lengths of blocks A,
B and C fixed and the other is the main chain length fixed. The
interaction parameters between different blocks are set to be
equal: YapN = ¥aclN = xscN = xN. Figure 6a is the disorder to
order transition curve with the fixed lengths of side chains and
main chain sections as a function of the side chain number m. The
interaction parameter ¥N of the disorder to order transition
increases with the side chain number increasing, which means the
triblock copolymer becomes more stable. When the side chain
length is equal to that of the main chain sections, such as N = 10,
Ng = N¢ = 5 (spheres), the yN increases linearly with the side
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Figure 6. Disorder to order transition curves with the fixed lengths of
the blocks (1) Ny = S, Ny = N = S (squares), (2) Ny =10, Ng=Nc=S$
(spheres), and (3) N =20, Ny = N¢ = S (triangles). Key: (a) yN versus
m; (b) %N versus fy.

chain number m. When the side chain length is longer than the
main chain sections, such as Na = 5, N5 = N¢ = 5 (squares), the
%N is smaller than that of the case for Ny = 10, Ny = Nc = §
(spheres), which corresponds to the equal lengths between the
main section and the side chain. When the main chain section
length is longer than the side chain, such as Ny =20, Ny =N¢ =5
(triangles), the y N is larger than that of the case for N, = 10, Ng =
Nc = 5 (spheres). As the main sections (side chain number)
increase, the restricted sections increase. It is favorable for the
stability of the system, which corresponds to the yN of the
disorder to order transition increases.

Figure 6b is the disorder to order transition curve with the fixed
lengths of side chains and the main chain sections as a function of
the volume fraction of main chain converted from the side chain
number, i.e., fa = (m + 1)Na/((m + 1)N, + m(Ng + N¢)). From
the graph, we can see that the behavior of the disorder to order
transition is similar at different ratios (A = N/ (Ng + N¢)) of the
lengths of the main chain section and the side chain. Though the
volume fraction of the main chain f, decreases slower with the
side chain number increasing, the yN of the disorder to order
transition increases largely. As a result, the curves become sharp
when the side chain number is large, especially for 1 < 1.
Comparing these curves, we can conclude that the comb
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Figure 7. Disorder to order transition curves with the fixed main chain
length (m + 1)N, = 60 and the side chain length (Np + N¢) =30 (1) Ng =
15, Nc =15 (squares), (2) Ng =10, N¢c = 20 (spheres), (3) Ng =20,
N¢ =10 (triangles), where f = (m + 1)N/((m + 1)N + m(Ng + Nc)).

copolymers are more stable with shorter side chain and larger
side chain number.

332. (m+ 1)N,, (Ng + N¢) Fixed. There is another case that
the side chain number will influence the disorder to order
transition behavior. If the main length and the side chain length
are fixed, the transition behavior will change largely as the side
chain number increases, i.e. the side chain density increases.
Figure 7 gives the curves of the disorder to order transition with
different side chain number at the fixed main chain length
(m+ 1)N, = 60 and side chain length (N5 + N¢) = 30. We considered
the cases when the length of block B is equal to that of block C
(ie, Ng = N = 15), or larger (i.e,, Ny = 20, N = 10), or smaller
(i.e., Ng =10, Nc = 20) than that of block C, respectively. The yN
of the disorder to order transition increases with the increasing of
volume fraction of block B. As the side chain number increases,
the side chain density increases, and the volume fraction of the
main chain f, decreases, while the N of the disorder to order
transition increases. When the side chain number m begins
to increase (m = 1 — 3), the volume fraction of each block does
not change significantly compared with the larger side chain
number (m = 3 — §). Figure 7 shows that the yN of the
disorder to order transition increases with the increasing of the
side chain number m (or the decreasing of f,), which confirms

that the system is more stable with the increasing of the side chain
number (or density).

4. CONCLUSIONS

The disorder to order transition behaviors of triblock copo-
lymer A,,,;(BC),, are successfully studied by the numerical
version of the self-consistent field theory. With the increase of
side chain number m, the yN of the disorder to order transition
increases. When the volume fraction of block is small, the phase
diagrams are similar to that of diblock copolymer. Because the
blocks A and B are restricted, it is harder for copolymer to
transfer from disorder to order as fy or fp is larger. The blocks B
are more restricted than blocks A, as a result, the influence of
block B to disorder to order transition is larger than block A. With
the lengths of the main chain sections and the side chains fixed,
the % (por)N increases as the side chain number increases. The
copolymer is more stable with shorter side chain and larger side
chain number. And the yN of the disorder to order transition
increases with the increasing of side chain number as the length
of main chain is fixed, corresponds to the system is more stable
with the increasing of side chain number (density). When the
interaction parameters are not identical, the phase behavior is
more complex. Our results are helpful to design materials with
complex architecture or tailor the phase behavior of comb
copolymers and to understand the phase behavior of these
complex block copolymers.
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