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Monte Carlo simulation and self-consistent
field theory for a single block copolymer
chain in selective solvents
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A self-consistent field (SCF) theory and a Monte Carlo (MC) simulation technique have been developed for
block copolymer systems. Calculations were carried out using both SCF theory (with a simple mean-field
potential) and MC simulation for an AB diblock copolymer chain for a wide range of solvent conditions.
Fairly good agreement between these two methods was found. For an ABA triblock copolymer, a sharp
transition between two conformations was observed by MC simulation: in one state conformation the
copolymer has two collapsed A globules at either end of the B block chain and in the other state
conformation one collapsed A globule comprising of the two A blocks with a loop of the B block chain
sticking out. It is our strong suspicion that this would be a true phase transition in the limit of infinite chain

length. Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

The conformational and thermodynamic properties of
copolymers depend strongly on interactions between
segments as well as on the composition of chains and the
flexibility of the blocks. Flexible copolymer solutions
exhibit very rich phase behaviour and can undergo
micellization and gelation processes as the polymer
concentration increases. Extensive  experimental
work!™ has been carried out. In the concentrated
regime, cubic, hexagonal, lamellar and other phases
have been identified®. Although there is quite an
amount of experimental results, theoretical work 2612
and computer simulation'® on these complicated phase
behaviours are still rather limited. The phase behaviour
of copolymer solutions depends upon understanding the
difference of Gibbs free energy between the chains in a
self-assembled state and in an isolated state. In this
paper, we focus on studying the behaviour of the isolated
copolymer chain in selective solvents.

Among the early work on an isolated copolymer chain
was that of Froelich and Benoit'* who investigated the
case where the segments had small excluded volumes so
that departures from Gaussian configurations could be
analysed via a perturbation expression. The effect of
larger excluded volumes on diblock copolymers was
explored by Edwards" using a self-consistent set of
mean field equations. In the special case of equal block
lengths (L, = Lg for the continuous chain model), equal
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number of segments in each block (1, = ng) and the
interaction parameters (the second virial coefficients) of
the segments related by vss = vpg = —vap, Edwards
showed one solution to the mean field equations was a
Gaussian distribution for each block, yielding a spheri-
cally symmetric density profile centred on the mass
centre, but for sufficiently negative values of va 4 another
solution to the equations was a dumb-bell-like density
distribution in which the A chain concentrated in one
lobe and the B chain in the other. A phase transition
between these two states was predicted. Additional
theoretical approaches include the biellipsoidal model
calculations of Bendler er al.'®'® in which the A and B
chains are modelled as smooth ellipsoidal density clouds.
The theory is in basic a%reement with the simulation
results of Tanaka et al.'*%* and the authors report that
for waa = vgg = —vap, the combination studied by
Edwards, rapid conformational changes do occur.
Kurata and Kimura® present a smoothed-density
treatment. The theory, for n, = ng, predicts the coil-
globule collapse if vop is made more and more negative
when vas = vgg = 0, and in the Edwards’ case where
vaa = vpp = —uap predicts the collapsed dumb-bell
form as did Edwards for sufficiently large and positive
vap. When the theory is applied to the triblock A-B-A
chain (with equal numbers of A and B segments) then a
collapse transition is predicted in the vap = vpg = MUAp
case, for m < —2, with the two A chains coming together.
More recent theoretical studies have been carried out
using renormalization group techniques both for diblock
and triblock copolymers, and good quantitative agree-
ment is claimed between the theoretical results and
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Monte Carlo simulation 2*®. These calculations have
the great advantage of avoiding many of the approxima-
tions that are introduced in more intuitive theories, but
unfortunately the theories are largely limited to polymers
in good solvents and so do not, as yet, give information
about the coil-globule or the segregation transition.

In the present work, we shall apply a self-consistent
field (SCF) theory and Monte Carlo (MC) simulation
technique in studying the segregation transition of a
single block copolymer chain. The MC simulation
technique and the SCF theory are presented below.
The segregation transitions of a block copolymer chain
are discussed later. We shall end with a summary.

MONTE CARLO SIMULATION TECHNIQUE

We consider a linear diblock copolymer of n links,
each of length /; and connecting an A block of n, beads
to a B block with n, beads. The chain molecule is
modelled as a self-avoiding walk on a diamond lattice,
with a potential of interaction of E, in units of kgT
between total non-bonded neighbouring beads. Here
kg is Boltzmann’s constant and 7T is the absolute
temperature. The non-bonded interaction energy
consists of interactions between solvent—solvent,
segment-segment and solvent—segment pairs. The dis-
tance between two nearest-neighbours has a length of
lo (10 =3). Only the nearest-neighbour interactions
are considered, and the conformations in which
multiple occupancy of lattice sites occur are forbidden.
The Ae,, (p, p = A or B) measures the energy of a
polymer—solvent contact e, relative to the energies of
polymer—polymer e, and solvent-solvent £, contacts.
Thus,

Aepy = Epp + Ess = Eps — Ep's (1)

Aegp,, = 0 represents an athermal system where there is
no resulting energy change upon the formation of a
segment—segment pair. If Ae,, is very negative, it
describes a polymer in a poor solvent, which means
that polymer—polymer contacts are favoured, leading to
a collapse in the chain dimensions at low temperatures.
The total interaction energy of a system, E, can be
obtained as the sum of all the pair-wise interactions
corresponding to the various species as

E = NaaQepp + Npplepp + Napleap (2)

where Naa, Ngg and Np are the number of non-bonded
A-A, B-B and A-B nearest-neighbour segments
respectively.

The algorithm used was the single- bond rotation or
pivot algorithm, first introduced by Lal and analysed
thoroughly by Madras and Sokal®®. This system has
been treated by many authors and we have simply
applied it in a block copolymer and sought to con-
duct rather long runs and thereby improve the
accuracy. Using the Metropolis importance sampling
scheme, the conformations in the limit of a large
sample occur with a frequency proportional to their
Boltzmann factor. Therefore, the estimated mean value
of conformational property (4) over the canonical
ensemble, is given by

(4

Z AX (3)

0= Ky+1
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where A(X;) is the value of the property for configuration
X; and K is the number of configurations in the sample.
In order to avoid a systematic error due to incomplete
equilibration, the value of K| is carefully chosen.

The mean-square end-to-end distance (R®) of the
chain is calculated from a simple average over the sample
of configurations, i.e.

1 K

k2 R(-R@F @

i=Ky+1

(R) =

where the values of R;(1) and R;(#n) are the end segment
coordinates of the chain in a configuration X;. The mean-
square radius of gyration <Ré> is written as

1 K &2
(R) = Ry (X)) (5)
KK 2,
where
n n+l
ReX) = e 2 2
and r; is the distance between beads i and j. The mean

heat capacity (C,) is given by

< K

e\ (3 e
—kyTHC) = | = | [T — | ©

The statistical errors were estimated by dividing the
reduced sample of configurations into k sub-samples and
assuming that the estimates given by the sub-samples are
uncorrelated.

THE SELF-CONSISTENT FIELD THEORY

It has been shown by Edwards® that the conformations of
a flexible chain can be related to the possible paths of a
non relativistic particle in quantum mechanics. The SCF
approach in polymer physics is related to Flory’s mean
field concept. An average is made over all segments of a
polymer chain to produce an excluded volume field
restricting the placement of each segment. The object of
SCF theory is to self-consistently determine this mean
field. With the modified Edwards Hamiltonian for
polymers, we have extended the self-consistent field
(SCF) approach to deal with the behaviour of a polymer
both in good and bad solvents™ and to account for the
micellization of diblock copolymers in selective solvents®.
Let us consider the diblock copolymer formed by
connecting a block A of length L4 to a block B of length
Ly. The total contour length, L, of the diblock
copolymer chain is thus given by L =L, + L. The
short range interactions between segments in a diblock
copolymer can be coarse grained into the statistical
Kuhn lengths b4 and bg. The additional difficulty in
calculating the properties of a copolymer arises from the
presence of three interaction parameters, i.e. interactions
between A—-A segments va,, B—B segments vgp and
A—B segments vag. If we fix the initial segment of the A
block at the origin, the other end of the A block (the join
with the B block) at the space point R; and the
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unattached end of the B block at Rp, the partition
function for all possible conformations of the copolymer
is given within the SCF approximation by

Qc(Ly, Ly) =deJdRBGC(RB,RJ,o;LB,LA,0> (Ta)

:deJdRBGA<RJ,o;LA,0>GB<RB,RJ;LB,0>

(7b)

where the Greens functions G, and Gy in equation (7b)
satisfy the following SCF equations

= ATk BoalR)] Ga (R 07, 0) = S(RI)
oA 6
(0 < TA <LA) (8)
and
&guf?vﬁH%ﬂRﬂGﬂkRﬁWJU=&R—Rﬂ“W)
B

(O < T <LB) (9)

where 8 = 1/kgT. In order to approximate the interac-
tions between A—A segments, B—B segments and A-B
segments, the potentials of mean force in equations (8)
and (9) for a diblock copolymer chain are taken to be
given by

Buwa(R) = —{In[l — voppa(R) — vopa(R))
+ 2xaat0a(R) 4 2xapvospB(R) }/baA (10)

and
Bwp(R) = —{In[l — voapa(R) — voppp(R)]
+ 2x8voBPB{R) + 2xABUAPA(R)} /b (11)

where vy, (p,p’ = A or B) are the segment hard core
volumes of the A and B segments respectively and x,py
are the Flory’s interaction parameters between segments.
The logarithm terms remedy the problems of the
unphysically hiﬁh segment densities for the original
SCF equations® ** when the second virial coefficient
between segments becomes negative, i.e. v = v(l — 2x)
and x < 0.5. It treats approximately the hard core
potential and the remaining terms treat the effects of
the attractive forces. No doubt better forms for w,(R)
can be found, drawing for example on the density
functional theory of liquids, but here we just use the
simple form given above. ps(R) and pg(R) are the
density distribution functions of the A and B segments
respectively, which may be written as

pa(R) =
La
J dTAGA(R,OZ TA,O)JdRJdRBGA(R_',R;LA,TA)GB(RB,RJ;LB,O)
0
QC(LA‘ LB)

(12)
and

pe(R) =
Ly
j drBJdRJdRBGA(RJ,o;LA,O)GB(R,RJ;TB,O)GB(RB,R;Lm)
1]
Q.(La,Lp)

(13)

If we define the additional Green’s functions
gs(R; Ly, 73) = [dR'G(R’,R; Lg, 73), (14)
Hu(R; Lg,74) = |dR;dRgGA(Ry, R; Lp, 74)

x Gg(Rg, Ry; Ly, 0)

= |[dR;GA(R),R; LA, 7a)gs(Ry;Lp,0) (15)
and

Hy(R;15,Ly) = JdRJGA(RJ,(); Lx,0)Gg(R,Ry;73,0)

(16)
then equations (16) and (17) can be rewritten as
La
[RERNCENOENCT AN
0
,DA(R) QC(LAaLB) ( )
and
Ly
Jo drgHy(R; 78, La)qp(R; Lg, 78)
pe(R) = (18)

QC(LA7 LB)

From the definitions given by equations (14)—(16), we
can derive the SCF equations,

[0% - Z%Bvi + /BWB(R)] gs(R;75) = 6(7p)
(0 < 1< Lp) (19)
e~ Vet Boa R Ha(Rs L 7a) = (R L))
(0 <7o<Ly) (20)
and
[i gy ﬂwB(R)] Hy(R; 7y, Ly)
org 6

= GA(R, 0; LA7 0)5(TB)
(0 < r5<Ly) (21)

for the Green’s functions g¢g(R;7g), HA(R;Lg,74)
and Hg(R;7p,La) respectively. Therefore, equations
(7)—(11) and equations (17)-(21) are the closed set
of SCF equations for a single diblock copolymer. If
set voa =vop =vg and xaa = xBB = XaB = X, the
SCF equations given above reduce to the case of a
homopolymer chain®.

Given the Green’s functions Ga(Ry,0;L4,0),
qs(R;7p), Hs(R;Lp,74) and Hp(R;7p, Ly), the Helm-
holtz free energy is calculated by

5F = ~InQ(La L) ~ 5 [dR{uaR)oa (R)

+ wp(R)pp(R)] (22)
The mean-square end-to-end distance (R”) is given by

. JARR? [ GA(Ry,0; La,0)Gg(R,Ry; Ly, Ly )dR;

(R Qc(La, Ly)

(23)
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The mean-square end-to-end distances of block A and
block B respectively are given by

(&%), — [IRR'GA(R,0: L4,0)Gy(Ry, R: Ly, La)dRy

Q(LAv LB)
(24)
and
(R%)p =
J dRydRpGA(Ry,0; Ls,0)Gy(Rg. Ry; Ly, Ly )(Rp = Ry)’
SZC(LAa LB)
(25)

In order to simplify the SCF equations, we assume
here the A and B segment densities are spherically
symmetric about the origin. For a single-chain micelle,
the spherical assumption might not be too bad. It is most
clearly wrong in the limit of a homopolymer chain, where
the behaviour of the inter half differs from that of the
outer half. However, the spherical symmetry does permit
a straightforward numerical solution of the equations
and we hope that, in spite of the faults with the
assumption, a test of how well it performs in practice
will be of some benefit. Thus VG reduces to

G n 2\ 0G
or? r) or
and the vector R reduces to the scalar r. The variables

L, and Ly + Lg are discretized as

r=IAr (i=1,....N,) and r = NAr (26a)

TA = ]AATA (/A = 0 ..... I?A) and LA = HAATA (26b)

B :.jBATB (]B - 0 A ,-”B) and LB - I’IBATB (260)

Here, i = 0 and j, = 0 denote that the A block had its
unattached end segment fixed at the origin. The initial
conditions and boundary conditions for the copolymer
SCF equations are

1

GA(I,I):M and GA(i,1)=0 (i=2...., N,)

(27a)

gp(i,0) =1 (i=1,...,N,) (27b)

Hy(i,1) = qgli,ng) (i=1,2,....N,) (27¢)

Hy(i,0) = Ga(i,ng) (i=1,2....,N,) (27d)
and

GA(N,ja) =0 (ja=0.1.2,....n4) (28a)
qs(N,.jp) = Up=0.1.....ng) (28b)
HA(N, ja) = (28c)
)

Hg(N,.jg) =0 (g =0.1.2.....np) (28d

Discrete versions of the SCF equations can be obtained
by using the implicit Crank—Nicholson scheme’.

To numerically solve the SCF equations, we begin
with a guess for the density distributions of the A and B
blocks were Gaussian distribution (ideal chain densities)
and then make an initial guess for wa (i) and wg(i). The
Crank—Nicholson scheme then permits the calculation of
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Gal(i,ja).qs(ijp). Ha(N,.ja) and Hg(N,.jg). The new
density profile pa (i} and pg(i) can thereby be calculated
by equations (17) and (18). Thus new estimates of wj (i)
and w (i) can be obtained from equations (10) and (11).
We then repeat the iteration with a new guess

W (1) = wx (D) + Afwx (1) — wx (7))

where A is some relaxation parameter which typically
falls between 0.70 and 0.95. This SCF iteration
procedure is continued until the self-consistency condi-
tion

max ‘WX(I)‘W*;((I)'gE (l: 1?2?“"'NI‘)

is achieved. A value of z = 107% is used.

SEGREGATION TRANSITION OF A BLOCK
COPOLYMER CHAIN

In this section, we investigate how the conformations of a
block copolymer chain change as the interaction para-
meters vary, using both MC simulations and SCF
calculations. Then, using only MC simulations, we
explore the conformations of the collapsed dumbbell
form of diblock copolymer chains and the segregation
transition of triblock copolymer chdms Typlcally the
chain was glven between 2 x 10°—5 x 10° moves for
equlllbratlon in our simulations. and between 10°-
5% 10° moves to calculate averages. The errors were
cstlmated by considering sub samples, each of 5 x 10*—
10° moves. For very negative values Ae the results were
also checked in certain cases by conducting several,
independent runs, equilibrating from different initial
configurations.

Segregation in diblock copolymer chains

The AB diblock copolymer lattice chain which we were
modelling contains 76 A segments and 76 B segments. In
the MC simulation, we firstly fixed Aegg =0, and
calculated various properties with different values of
Acsap and Ac,pp. These results are presented in Table 1.
{Naa) is defined as the average number of A-A
neighbour contacts, and similarly for (Ngg) and (Nag).
For Aegy = Acpp = 0 and Acygp going from 0 to —0.8,
{Naa) increases and the mean-square radius of gyration
of the A block decreases. The A block chain crosses over
from the coil to the globule state whereas the conforma-
tions of the B block remain approximately unchanged. It
stays in the coil state and is extended in the solvent.
When we fixed Acpq = —0.8 and Acgg = 0 and varied
Ac g from 0 to —0.8, as presented in Table I, (Naa) and
{Ngg) remain virtually unchanged, 1.e. the A block chain
is in the globule state and the B block chain is still in the
coil state. However, (N,p) rapidly increases when
Acap < —0.5 and the mean-square radius of gyration
of A segments and B segments decreases slightly. This
means that the configuration of the B block chain is
changed from being extended and directed away from
the A block segments to being still extended, but
surrounding the A block segments. Snap-shot pictures
taken from the simulation confirm this interpretation.

In order to carry out SCF calculations, we took the
Flory prescription,

1 =1V6 (29)
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and

n=ny/3 (30)

which, in the absence of excluded volume effects, maps
the tetrahedrally bonded ‘real chain’ onto an equivalent
Gaussian chain of the same contour length. Here ny and
by are the number of bonds and the bond length
respectively for the ‘real’ model chain. In our early
SCF calculations for the homopolymer fairly good
agreement between MC simulation and SCF calculation
was found by letting

= [~0.45 + 0.72 x In(n)]/3 (31a)

and

x = 1.204 x (—A¢) (31b)

The same transformation procedure has been taken in
our SCF calculation for the above two stage segregation
transitions. The mean-square end-to-end distances of the
MC simulation and SCF calculation are presented in
Table 1. It can be seen that the results of these two
methods are in reasonable agreement for a wide range of
solvent conditions.

Collapsed dumbbell form of diblock chains

We simulated the same chain as above, but this time
we put Aepp = —0.8, Aegg = —0.8 and let Aepp vary
between 0 and —0.8. The results are presented in Table 2
As can be seen, (Naa) and (Ngp), and the mean-
square radius of gyration of block A, (Ré) A, and block B,
(Ré)B, are almost unchanged. This means both the
conformations of block A and block B stay in the globule
state when Aeg,p varies. However, (Nag) rapidly
increases for Aeap below the 6 point and the mean-
square distance between the centres of masses of the
blocks A and B, (dAB> decreases. This is in keeping with

Table 1 Segregations in diblock copolymer chain

the idea that for Aeg above the # point, the copolymer
is in a collapsed dumbbell form, but when Ae,pg becomes
more negative, the lobes start to fuse together to form
one globule state like that of a homopolymer. The
uniform conformation is in a globule state here rather
than in the random flight state treated by Edwards'

By setting the interaction parameters as AEAA =
Aepgp = Agy+ Ae and Aeppg = —Agyg — Ae (Agy =
—0.5 at the Flory 6 point), we simulated an AB lattice
chain with three different lengths for the Edwards’
special case where the segment interaction parameters
vaa = Upg = —Uap. The details of simulation results for
N, = Np = 126 are also presented in Table 2. In fact, the
case is much more complicated than the earlier one
because of the way the interaction parameters were set.
As Acg increases from —0.3 to 0.3, the chain changes from
a collapsed dumbbell form to the random flight state at
the 6 point (Ae = 0), then to a wring state in which two
blocks of the chain wring together. The dlstance between
the mass centres of block A and B, (dAB> /3, has a
maximum at As = 0, where the chain is a homopolymer
and in the 6 condition. As Ae becomes negatlve both
block A and B are shrunken in size and thus (dAB)/lo
decreases. On the other hand, for positive Az, (Nag)
increases sharply and the sizes of A and B block
keep approximately the same. This fusing of block A
and B makes smaller (dip)//8. The average number of
A-B neighbour contacts (N,g) is plotted against Ae in
Figure 1 for the three different lengths of chains.
As expected, the longer the chain length is, the sharper
the phase transition. However, our results still fall
short to give the important information on the order
of the transition and on the critical temperature due
to the limited size of the simulation system and the
poor statistical sampling scheme as |Az| becomes
bigger. We hope to return to this problem in future
work.

Aegg =0 Acpp =0 np =ng =76

Aepn {Naa) {Ngp) (Nap) <R§>A/1§ (Ré)B//(zl (R /B mc R/ )scr
0.0 4.20 +0.03 4.08 +0.02 0.69 &+ 0.01 36.3+0.11 359+0.12 515+1.3 501.7

-0.1 4.78 + 0.04 4.09 +0.03 0.70 £ 0.01 348 +0.14 35.7+0.09 502+ 1.7 4953

-0.2 5.52 +0.04 4.11 £0.03 0.69 +0.01 33.3+0.14 35.8+0.10 494 +1.2 486.0

-0.3 6.54 =0.04 4.08 +0.03 0.72 £ 0.01 31.2£0.13 36.0 £0.15 480+ 1.9 475.4

—0.4 7.9+0.1 4.07 £0.03 0.72 +£0.01 28.8+0.16 359+0.15 459+ 1.7 462.9

-0.5 9.3+0.1 4.10 £ 0.04 0.73 £0.02 26.3+0.19 359+0.13 442 + 2.1 448.9

—-0.6 11.3+0.2 4.07 £0.04 0.73+£0.01 23.14+0.27 358 £0.11 417 +2.2 4329

-0.7 13.7£0.15 4.04 +0.03 0.77 £ 0.01 20.1 +0.18 36.2+0.14 395+2.4 413.0

—-0.8 17.1 £0.34 4.08 +0.03 0.78 £ 0.02 16.5+0.28 359+0.10 365 +£2.7 383.6

Aeap = —0.8 Acgg =0 ny =ng =76

Aeap (Nana) {(Ngs) (Nas) <R§>A/1§ <R§)B/1§ (R /B)me (R)/13)sce

-0.1 16.6 £0.3 4.07 +0.03 1.02+£0.03 16.7+0.3 35.9+0.09 362 +2.0 377.0

-0.2 16.2+0.3 4.03+£0.03 1.17 £0.03 17.2+0.3 35.94+0.09 361 +2.4 367.1

-0.3 16.4+0.2 4.06 +0.04 1.61 +0.03 171 +0.2 35.8+0.1 350 £ 1.8 355.2

-04 17.2+04 4,16 £0.04 2.13+£0.04 16.24+0.3 353+40.1 330+2.5 340.2

-0.5 16.2+04 4.16 +0.04 32+0.1 16.9+0.3 351+£0.2 314 £ 3.0 322.6

-0.6 16.9+0.2 4.14 +0.03 4.8 +0.1 16.1 £0.2 342+£0.1 283 +£2.2 302.5

—-0.7 16.7+0.3 4.31 +0.04 7.8 +0.3 159+0.2 326+0.2 239 +£3.0 278.8

-0.8 16.5+04 4.61 £0.09 142 £0.7 14.8 £0.3 29.1+04 179 + 4.6 245.8
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Table 2 Collapsed dumbbell form of diblock chain

Acap = —0.8 Aegp = —0.8 np =ng =76

Acap (Naa) (Nag) (Nap) (R)a/lo (Rg)n/lo (R) /g {drn)/lo
0.0 16.8 £ 0.2 159+0.2 0.89 +0.01 16.7+0.2 17.1 £ 0.2 226 +£2.2 206 +1.9
—0.1 16.7+£0.3 164+0.2 1.11+0.02 16.8 £ 0.2 16.6 £0.2 220+ 2.1 286+ 24
-0.2 16.6 £0.2 16.5+0.2 1.46 £0.03 17.0 £ 0.2 16.6 £0.2 217+1.9 275423
-0.3 16.0£0.2 16.2+0.3 1.86 £0.04 17.4 +£0.2 16.7+0.2 214 +2.1 26623
-04 16.6 +0.2 162+ 0.2 2.55+0.06 16.7+0.2 16.8 £0.2 200 + 1.6 244+ 1.6
—0.5 16.9+0.1 16.0 £ 0.2 3.6+£0.1 16.4 £ 0.1 16.8 £ 0.2 185+ 1.4 217£2.0
-0.6 164+£0.2 16.7+£0.2 52+0.2 16.4+0.2 158 +02 165+2.2 183 + 3.1
-0.7 16.5+0.4 16.4+0.3 9.0 £ 0.5 158 +£0.3 15.7£03 136 + 3.1 135+ 4.5
—-0.8 159+0.3 16.5+ 0.4 129+ 0.6 156 £0.3 15.0+0.3 10+ 3.0 91 +4.1
Acpp = Acgg = —0.5+ Ae Acppg = —0.5— Ac np =ng = 126
Ae (Naa) {(Ngg) (Nag) (Ry)a/la (R)B/1 (R (drp)/ 15
-0.3 343+0.6 344407 1.62 £0.03 224+04 218+ 0.5 279.8+0.8 387 £ 4.8
-0.2 2821+ 0.6 28.9+ 0.6 2.09 £0.05 285+0.5 28.0£ 0.5 360 = 5.3 452 £6.0
-0.1 2194+ 0.3 224107 2.8+0.1 36.2=04 358+08 451 = 6.0 504 £6.9
0.0 17.6 £ 0.2 176 £ 0.3 4.6+02 43004 426+04 506 + 5.3 SI1 £8.2
0.1 14.0£0.2 14.5+0.2 7505 474=0.3 46.6 = 0.6 S01£7.6 449 + 11
0.2 123+0.3 12704 16 + 1 46.5+0.9 46.6 = 0.9 409 + 14 291+ 17
0.3 11.4+0.5 121 0.5 282 42420 41 £2.0 286 + 17 138+ 18
Segregation transition in triblock copolymer chains 35 R T T
A triblock ABA lattice chain which comprises 45 A p
segments connected to 90 B segments followed by 30
another 45 A segments, i.e. Ny =45, Ng =90 and —@— Na=Nh=126
Na, = 45, was simulated. We call the first A block Al 25 — O — Na=Nh=x4
and the second A2. We set Aegg = 0 and Agppg = —0.5 A N
and calculated the properties as one varied Aean. The A,
results are presented in Table 3. The average neighbour i~
\

contact number of non-bonded B-B segments, (Ngg).,
and A-B segments, {(Nsg), are changed slightly when
Aeas becomes more negative. But, the average neigh-
bour contact number between Al block segments and
A2 block segments, (Naa)p», rapidly increases for
Acap < —0.8 and the mean-square distance between
the centres of mass of the block Al and the block A2,
(d,iA)lz/bf), decreases rapidly. It should be noted that
(Naa) &~ (Naa)2 In every transition stage and
(Naa)i = (Naa)io = (Naa)z at Aggp =—12, 1e. A
segmenis from different A blocks are entirely mixed
together. This implies that a transition takes place from
the state of two collapsed A globules at either end of
the B chain to a state of one collapsed A globule with a
loop of B chain sticking out. The peak in the heat
capacity (C,) and the sharp increase of the average
number of A—A neighbour contacts between different
A blocks {(Naa)> shown in Figure 2 are signs of the
transition. The transition temperature here might be
lower than the actual transition temperature due to a
finite chain.

The transition is basically determined by a competi-
tion between the A-A segments desire to mix together
(energy driven) and the B block chain’s desire to be in
an extended coil state (entropy driven). In the con-
formation of two collapsed A globules at either end of
the B chain, the latter factor dominates. In the
configurations having one collapsed A globule with a
loop of B block chain sticking out, the former factor
dominates. Of course, many more simulations are
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Figure 1 The average number of A-B neighbour contacts (Nag) is
plotted against Ae

needed to map out the phase diagram in terms of the
molecular parameters.

SUMMARY

We has developed a self-consistent field theory and a
Monte Carlo simulation method for predicting the
conformational properties of a block copolymer chain.
The Monte Carlo simulations have served to check the
validity of SCF theory and to explore new phenomena
involving a single block copolymer chain.

The common conformations of diblock copolymer
chains are of one block (A block) in a globule state (i.e.
the solvent bad for A block segments) and the other
block (B block) in a coil state (i.e. the solvent good for B
block segments). A simple new mean-field potential,
equations (14) and (15), was used to remedy the
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Table 3 Segregation transition in triblock copolymer chain

AEAB =-05 A‘EBB =0 NAl =45 NB =90 NAZ =45

AN {(Naa)n (Naa)ia (Naaym (Np) {(Nap) (R?)/b; (drxa)12/lo
—-1.20 114+£03 11.7+£ 1.0 10.9 0.4 55+03 4603 99 +£12.2 230+ 37.2
—1.10 102+ 0.3 107+ 0.8 10.1+0.3 6.8+0.3 7.6+0.5 116 +12.5 254 +39.6
—1.05 10.1 £0.1 5.5+£0.7 9.9+£0.2 58+04 624103 208 £12.9 544 £ 38.1
—1.00 10.2+£0.2 43+0.7 9.6+0.2 52402 6.4+03 244 £ 13.5 634 +40.9
-0.9 8.5+0.1 22104 85+£02 52+0.1 59+03 312+9.1 808 +27.3
—-0.8 7.53+£0.07 1.0+0.2 7.54 £0.08 5.05+0.04 5.4+0.1 364 £4.0 925+ 11.7
-0.7 6.56 = 0.06 0.7+0.1 6.45 + 0.06 5.10+£0.03 5.19 £0.08 393+ 3.6 972 £103
-0.6 5.56 +0.04 0.30 £0.02 5.60 +0.04 5.06 £0.03 5.15+0.06 426 £ 1.8 1032 +£49
Aean (R)ai/ly (R)/13 (R aa/ly (Rp)/13 (Re)a1 /1 (R)/1§ (Re)az/ly
-1.20 38+ 1.8 96 + 8.5 33+£23 37+£19 8.0+0.2 32.6 £ 0.7 74+02
—1.10 41+23 87+ 11.0 46 +2.4 35+22 8.3+0.2 32.1+1.0 85403
—-1.05 45+1.3 171 £8.3 42412 51+2.0 8.8 £0.1 36.9+0.7 8.7£0.1
—1.00 45+1.2 188 +9.4 48 +1.2 S6+£2.0 8.7+0.2 37.7+£0.7 9.1 +£0.1
-0.9 54+£1.2 226 £6.0 S5+1.0 64+t14 10.2+0.1 40.0+0.5 10.1 £ 0.1
-0.8 62.6 £ 0.6 249 +2.8 63+0.7 70.5+£0.6 11.28 +0.07 41.7+£0.3 11.27 £0.09
-0.7 72.0+0.5 256 +2.4 70.8 £ 0.6 73.6£0.5 12.48 + 0.07 42.3+0.2 12.44 + 0.07
-0.6 809+ 0.5 267 £ 1.1 80.1£04 77.1£0.3 13.74 £ 0.06 429+0.1 13.63 £ 0.06
is of some benefit in practice. In our earlier publication
S e ) on SCF calculations for micelle formation by block
45 d copolymersg, the assumption of fixing one end at t.he
] \ = O- <t 1 origin has been relaxed and good agreement with
a0 /N | experiments has also been achieved.
] —&— <Naa>12 The segregation transitions of an AB diblock and an
35 ] . ABA triblock copolymer chain are modelled by MC
A s simulation using the single bond rotation algorithm. We
3 30 ] S found a phase transition occurs between the chain having
v ] 1 N a spherical shape to it having dumbbell state, for the case

-1 6

10 h P FETTY TV T FE TS BT U A

1.3 -2 - -1 09 08 07 -06 05

Age
AA

Figure 2 The average number of A—A neighbour contacts between
different A blocks (Naa )12 and the mean heat capacity (C,) is plotted
against Acaps

problems of the unphysically high segment densities for
the original SCF equations. The errors in the SCF
calculations mainly arise from using an approximate
Van der Waals like mean field, equations (14) and (15),
and in the identification of the basic quantities of an
equivalent Gaussian chain, such as the segment volume,
the interaction parameter and the Kuhn statistical
length, for polymers. In addition to these, the assump-
tion of fixing one end at the origin is very crude.
Nevertheless, using the relationships of vy ~ n [equa-
tion (31a)] and x ~ Ae [equation (31b)], the mean-
square end-to-end distances of a block copolymer
calculated by SCF theory was found to be reasonably
in agreement with the results from MC simulations.
This suggests that our straightforward SCF calculation

of Ly, = Ly and by varying Aep from —0.8 to 0.0 and
fixing Aepp = Aegg = —0.8. However, for the Edwards’
case of uss = vpg = —Uap, We have not obtained any
conclusive result at present to indicate whether a phase
transition exists. A sharp transition between two
conformations has been observed for an ABA triblock
copolymer chain in the case of Ly = L, and L+
Lj>, = Lg. When Acgg = 0.0 and Aepp = —0.5, varying
Aepp from —0.6 to —1.20, leads to the occurrence of a
phase transition: from two collapsed A globules at either
end of the B chain to one collapsed A globule comprising
of both A blocks with a loop of B chain sticking out. As
the concentration of triblock copolymers in solutions
increases, one conformation of a chain prefers to form
itself into a micelle state while another intends to form a
network. Thus, the studying of such a phase transition
has great importance on the understanding of the
viscoelastic properties of triblock copolymeric gels. We
intend to carry out a more careful study on the subject in
the future.
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