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ABSTRACT: Strong orientational effects in the static and dynamic structure factors of diblock copolymer
melts have been shown to originate from the connected structure and mutual repulsion between the
blocks. A collective variable based on the chain bond vectors is introduced and shown to have a dynamics
comparable to that of the concentration fluctuations. Coupled equations of motion are derived which
illustrate how the concentration fluctuations drive the orientational correlations in diblock chains. The
coupling gives rise to two relaxation modes, one of which shows a critical slowing down and is
approximately wavenumber independent on scales larger than the chain size. The amplitude of this
mode increases as the microphase separation is approached in a manner similar to the static concentration
fluctuations. These findings are in qualitative agreement with recent light-scattering experiments.

I. Introduction

The configurational properties of diblock copolymer
chains show a rich variety of behavior as the order
disorder transition is approached. Computer simulation
experiments!~3 and analytic work*5 have clearly showed
that near the transition the individual blocks of the
copolymer chain contract but that the total radius of
gyration increases due to the repulsion between the
component chains. The stretching of the diblock co-
polymer into a dumbell shape® creates an anisotropic
distribution of monomer segments. The screening of the
isotropic excluded volume interactions by anisotropic
long chain molecules induces a nematic interaction. For
stretched network chains this has been shown&-10 to
give rise to a splitting in the NMR spectrum. In order
to describe this orientational effect in the context of
diblock copolymer melts, we introduced!! a simple vector
collective variable based on the chain bond vectors.
Because of the unique structure of the diblock, it was
possible to show that the bond vector variable was
coupled to the concentration fluctuations. In contrast,
for a binary polymer blend there is no direct structure
factor between the two components and the coupling is
absent. For the diblock system, a microphase separa-
tion can be induced in the concentration fluctuations
by isotropic excluded volume interactions. Our theo-
retical results showed that for diblocks the instability
in the concentration fluctuations is communicated to the
bond vector correlations. In computer simulation
experiments,’3 these were seen as a spontaneous
orientation of the diblocks chains at the microphase
separation—an effect which is absent for phase separat-
ing blends.

In this paper, we will extend these results, which were
entirely concerned with the static correlation functions,
to the collective dynamical behavior of the diblock
chains. Our intention is to show that there is a
dynamical consequence of the coupling between the
concentration fluctuations and the bond vector orien-
tational variable. This work is further motivated by
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recent light-scattering experiments’ which indicated
that in addition to the expected relaxation processes
known to occur in diblock systems there is an additional
slow relaxation mode. This is characterized by a wave
vector independent relaxation rate and a strongly tem-
perature dependent amplitude which is similar to that
of the static structure factor at the wave vector g* at
which the microphase separation takes place. We will
show that these features are well-described by incor-
porating the chain end to end collective vector variable
into the dynamics of the concentration fluctuations.

There are diverse approaches to the dynamics of
concentrated polymer systems. In this paper we will
follow the work of Doi and Edwards!® and consider
dynamical equations for the collective variables which
can be derived from a free energy F(pq,uq) functional,
where pq and uq are collective variables describing the
monomer concentration fluctuations and bond vector
fluctuations, respectively [F(oq,Uq), pq, and ug will be
defined in the next section]. The equations of motion
are assumed to have the form

duq _L aF, N 1
ot e, UM 1)
dpq oF

=L 3 4+¢

dt Pop_gq 79

where L, and L, are Onsager coefficients and 54 and &g
are random force terms. These will be considered in
section 3. In the next section, we will define the
collective variables and consider a form for the free
energy F(pq,Ug) which has been considered in a previous
work.1 Note that dense melts are considered only;
therefore no hydrodynamic interactions are needed.

Il. The Free Energy F(pq,uq)

A. Collective Variables. The two blocks of the
copolymer are labeled A and B and the configuration of
the statistical segments in each block is described by
the position vectors {rf;,ri}, where o and  are chain
labels and i and j locate the monomers on the chain.

S0024-9297(96)00660-2 CCC: $12.00 © 1996 American Chemical Society



Macromolecules, Vol. 29, No. 23, 1996

The concentration fluctuations pq are defined by
pa(r) = p{r} — pg(r)
where

ph{rt = z exp ig-r; )

with K= A, B. The collective bond vector variable Gg{r}
is defined by

Gifr} = z(b exp ig-ry; + by expigrg)  (3)
Qal

where the bond vector variable bY; is defined by

K _ K
b r(XH'l rai
and Q is the volume of the system. In the limit of the
wave vector g — 0 this variable measures the correlation
functions of the chain end to end vectors R,.

1
l’:|q~0 = _z Ra (4)

A spontaneous orientation of chains in the diblock
system is signalled by an instability in the correlation
function [i—q0q0at a particular wave vector q = g*.

The Gq are vector variables and strictly speaking
apply to chains to which a sense of direction along the
chain, i.e. an arrow head, can be assigned. The diblock
polymers that we are considering do not have this
property and we should use the tensorial collective
variable

q{ ry = _Z(bm i EXP iq'rui) )]
Q o

The use of this variable greatly increases the algebraic
complexity of the calculations and for the static polymer
properties has been considered by Holyst et al.12 We
believe that the essential dynamical features of the
diblock system that we wish to discuss are well-
illustrated by the simpler vector variable (4. The
methods we will use can be directly extended to the
tensorial term Qg but at the cost of a significant
increase in algebraic complexity.

B. Free Energy. The monomers are assumed to
interact with each other and with those on other chains
through isotropic excluded volume interactions Vaa, Vas,
and Vgg. It is worth while emphasizing that at this
stage no orientation-dependent interactions are postu-
lated.

The free energy F(pq,Uq) is defined by evaluating the
following partition sum

Z(pqv q) Xp - z _VAA(rOLI ré]) +

1
VAB(rsi - rgj) + EVBB(rSi - r/)‘?j)lﬂ

= exp(F(pq,Ug)) ®6)
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The average is over the unperturbed chain configura-
tions subject to the constraints.

P 1t = pq
fr} =y,

The evaluation of the constrained partition sum
Z(pq,uq) is well-established within the mean field ap-
proximation. The original method was given by Ed-
wards!® and was adapted by the present authors to the
bond vector collective variable in refs 11 and 15. For
simplicity, we confine our attention to the incompress-
ible, symmetric diblock copolymer, where the result for
the free energy can be written as

1
FlogUg) = —lpgl [S_—SAB—XF +
q2b4{ Sae |2 1 _|Uq|2_
18 \S — Sps s 2G
18 S — SAB
b4 82 |u .q| 3
36GS ~Sas _ gb* S
18 S — S,q
uqiq \ b*Sag 1 7)
3 p*q}S—SAB ot

18 S — S,g

The functions S = S(q), Sas = Sag(q) are essentially the
unperturbed single chain and diblock structure factors.

S(@a) = (pR405

cN[ 2 2 _x2
= E- G- ®
S0 =
- M-y ©

where ¢ is the number concentration of monomers,
(NA + NB)NC NNC
N Q S Q

and

2.2
qubN
T

G is the bond vector correlation function, given by
G = [W_qu, [ =cb’ (10)

and yr is the Flory interaction parameter 2y = 2Vag —
Vaa — Vge.

The free energy contains several important terms (in
Gaussian approximation): The first term, which is
proportional to the square of the concentration fluctua-
tion, contains the classical random phase approximation
(RPA) term and in addition information about the bond
vector correlation, i.e., the terms that are proportional
to the square of the wave vector q. The terms that are
proportional to the square of the bond vector correlation
separate into two terms. The first is again only deter-



7590 Brereton and Vilgis

mined by the bare correlation function G. The second
selects different directions by the scalar product u-q.
The most important term, which makes the free energy
nontrivial even in the Gaussian approximation, is the
coupling term proportional to u-gp. It is this term that
ensures the interaction between the orientational cor-
relations and the concentration fluctuations. It is,
however, remarkable that the coupling is already present
in the Gaussian approximation.

At this point we draw attention to the presence of the
cross correlation term Sag, which distinguishes the
diblock system from a two-component polymer blend.
In the binary blend the structure factor Spg = 0 and in
the free energy (7) the bond vector and the concentration
fluctuations variables are decoupled.

Returning to the diblock case, we confirm that upon
integrating over the bond vector variable uq the usual
Gaussian result is obtained for the concentration fluc-
tuations pq.

S Pug exp(y Flpqug)) =
q

exp(— %Z

q

2

Py - ZxD (11)

S-S
The microphase separation occurs at g = g*, where

_ 2
S(a*) — Sps(@)
Likewise if the concentration variables are integrated

out, an effective gaussian free energy F(ug) for the bond
vector variables is obtained

S Dog exp($ Flog,ug)) = exp(H F(uy)
q q

|j)qp—qul —2%:=0 (12)

where
1 R
F(ug) = 55Uq (1 + K(@)Ga)-u_q (13)
and
2b4
ql_B(S +Sps — SZXF)
K(q) =

q2b4 5
G(1 — (S — Spp)) — F(S + Sag — SR

and § is the unit vector g/q.

The bond vector correlation function [u-§)2Cis given
by inverting the matrix in expression 13 for the effective
free energy. The result is

21.4 2
qb* (S + Sag — Sy)
OQu-§/°0= G — (14)
d 18(1 — XF(S - SAB))

The first term G is the unperturbed direct correlation,
while the second term is induced by the coupling to the
concentration fluctuations. As a result of this induced
term, the bond vector correlation function is also
unstable at g* corresponding to a spontaneous align-
ment of the diblocks. The importance of the structure
of the diblock is seen by setting the cross correlation
function Sag = 0, in which case the unstable term in
(14) is cancelled. The case when Sag = 0 corresponds
to an A/B polymer blend instead of a diblock.
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The previous discussion clearly demonstrates that
bond vector variables play an important role in the
static correlation functions of diblock copolymers. The
principal aim of this paper is to explore the further
consequences that these variables have for the dynamic
correlation functions. We will use the derivatives of the
free energy (7) with respect to the concentration and
bond vector variables as the driving force terms for the
dynamical equations. These are discussed in the next
section.

I11. Dynamical Equations

The dynamical equations for uqy(t) and pq(t) are given
by the stochastic eq 1. Assuming that the random forces
are uncorrelated with the value py(0) at t = 0, we can
write down the following equation for the dynamic
structure factor correlation functions

dlpy(t)p_q(0)D F
BT ﬂp_‘*q pfq(O)D (15)

We proceed with the free energy term, where it is
useful to write the collective bond vector variable uq in
terms of components parallel and perpendicular to the
wave vector g

L'lq = (uqll)q + qu
(g is a unit wave vector).

Then the free energy given by (7) can be written in
the block form

2
1 1 [Ugl
FlogUg) = = 3leql*Al@) =5 —5— -

3U4I?B(@) — Ugp_,C(a) (16)

where

w0 =255, )+

q2b4( Sas )2 1
18 \S AB G- q2b4 s?
18 S— S,
B() = ————— (17)
c_4b _S
18 S— S,
igb?S 1
ClA) =g =" —
3(S — Spe) c_49 b S
18 S— S,

Using (15) gives the following coupled equations for
[pg(t)p—q(0)Hand [y (t)p—q(0)C) which can be written in
the form

d (ﬁq(t)p_q(O)D _ _M(%(t)p_q(o)ﬂ

dt\ [y (e (W (6)p—4(0) (18)

where the dynamic matrix M is given by
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M = (LPA(q) LpC(q))
L,C(a) L.B(a)
A. The Onsager Coefficients. The Onsager coef-

ficients L, and L are formally related*? to the correla-
tions of the random force terms in (1)

(19)

E,(DE_o(0)T= 2KTL (1)
@O (0= 2KTL, (1)

The identification of the random forces in this problem
is not entirely straightforward and we adopt an alterna-
tive strategy which should be valid in the limit g — 0.
We consider first the coefficient L,. From (4), in the g
— 0 limit, the bond vector fluctuations become

W, (tu_,(0)O= z R*(t)R?(0)O (20)
q —-q _ Q;

where R%(t) is a single diblock chain end to end vector.
If we adopt the Rouse model for polymer chain dynam-
ics, then the correlation function in (20) can be evalu-
ated approximately as

_ 2
RYOR0) = aaﬁmzmexp(%t) 1)
14

Here we have only retained the longest Rouse relaxation
time. v is the monomer friction coefficient and KT the
usual unit of thermal energy. In the q — 0 limit, the
free energy (14) governing the bond vector variables uq
becomes

2
_ 1y
F(Uq) = — z Cb2

and the equations of motion for ug(t) give
Lu
U,(t) = u,(0) exp| — @t (22)

Comparing (22) with (21) in the g — 0 limit gives

_ 3a%ckT
vN?

L

u

For the concentration fluctuations L, is well-known?'3
and we quote the result

_ ckTg?
L,=——
14
It will turn out later to be essential that the scaling
of the Onsager coefficients is a factor of N2 different.
It is this difference that makes both dynamical correla-
tions observable in the same time window.

IV. The Eigenmodes

A. The Relaxation Rates. The dynamic concentra-
tion fluctuations are given by the solution of the coupled
equations (18) together with (19) and can be written in
the form

Bo(Dp—o(0) = o, eXp(—A.t) + o exp(—2_1)  (23)
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The relaxation rates 1. are given by the eigenvalues
of the 2 x 2 matrix M as

2A,=L,B(0) + LA(Q) £
JLB(@) — LA@)? + 4L L,Ca) (24)

No significant algebraic simplification appears to be
possible, and the full expression is not written down.
However the g — 0 limit does simplify and we briefly
consider it here. From the expressions 8 and 9 the small
g expansion of the structure factors is given as

S(q) = %CN - 2h%CcN? + ...

1
1449

1 1
Sap(a) = 7oN — 4—8q2b20N2 + ...

Then
A= 1fb?clili
B(a) = ﬁ
CO = e

The (g — 0) eigenvalues are readily found as
_ 3kT

2 2 2 2-
T JT JT
= el 10) =[5 a6 20
_3KT (67.85)
 JNZp2\ 9.31

+
(25)

What is significant about this result is that the two
modes, in this limit, have comparable relaxation rates.
In other words, the dynamics of the collective variables
Uq(t) and pq(t) cannot be separated into fast and slow
time scales. For polymer blends, the concentration
fluctuations are hydrodynamic modes since the relax-
ation rate is proportional to g2 in the small g limit. They
are therefore naturally slow variables and any other
nonhydrodynamic variables, such as the bond vector
collective variables uq, can be considered fast. In
forming a free energy functional the fast variables are
normally integrated out. In the present case the
hydrodynamic mode is absent in the g — 0 limit, since
we are dealing with a homogeneous one-component
incompressible system. Instead, the finite g — O
relaxation rate is the so-called breathing mode!* at-
tributed to the relative motion of the two blocks.
However, if the bond vector collective variables uq are
integrated out, this would lead to the usual free energy
(11)

1
Flog) = —Zz|pq|2 22k
T4q

2 J—
S — S,
= =Y Ingl2be(@) — 6]
q

From which the dynamic correlation function for the
concentration fluctuations is given by

[pq(D)p_q(0) = Do |*Texp[—2L ,(x&(@) — )t (26)
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Figure 1. The full lines are the eigenvalues 4. of the dynamic
matrix Q, as a function of the scaled wavenumber x = q?Nb?/
12, given by eq 24. The dashed line is the relaxation rate of
the concentration fluctuations when the collective bond vari-
able u(q) is integrated out of the free energy. The microphase
separation occurs for yr = 0.104. At yr = 0.12 the A- is
unstable, while the 1, mode remains stable. Units are used
where b =1,¢c =1, and N = 100.

To compare the results of (23) and (24) with (26), the
full g-dependence of the eigenvalues A.. is found numeri-
cally from (24) together with (17) for A(q), B(q), and C(q).
The results are shown in Figure 1 for a range of values
of the interaction parameter yg and a chain length of N
= 100. Units are used where b =c =1. A dashed line
is used for the single relaxation mode result (26)
obtained by integrating out the bond vector modes.

As yE is increased, it can be seen that only one mode
(A-) becomes unstable. The stability criterion applied
to the eigenmodes, i.e. A- = 0, can be shown to be the
same as that imposed on the concentration fluctuations,
that is

1

————— 20

S(a) — Sas(@) F

The additional mode formed by coupling the concentra-
tion fluctuations to the collective bond vector variable
is relatively g independent, at least for small g, which
is the range seen in light-scattering experiments.
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B. The Amplitudes. The amplitudes a and j of the
two relaxation modes are given by standard matrix
algebra as

2
O
o = Dlpgl N
(AL, — B(@)L) gl *TH 2iC(a)L, Mg 0_q
200, — 1)

0
(27)

The static correlation functions Ojog|20and [Wigp—qCare
the t = 0 values of the corresponding dynamic functions
(18). They can be found in terms of the functions A(q),
B(q), and C(q) directly from the free energy form (16)
as

B iC
Mol = ——— [y po_0= ————
Pl B - WP-a B — 2
and using the expressions (16) for A, B, and C, they are
given in terms of the structure factors as

21 _ 2 _
D]pq| 0" = S — SAB ZXF
oy 20" = S0 (gg)
d 2(1 = (S — Sap)xe)
igh’S g
[qullp—qDZ

6(1 — (S — Sap)xF)

Both correlation functions diverge at the microphase
separation, given by

(1—(S—Speltp) =0

However, it is possible to show that only the amplitude
o associated with the mode A- diverges at the micro-
phase separation. At this point, .- — 0 and the time
evolution of this mode is also unstable. The other
amplitude o+ remains finite at the microphase and the
relaxation rate A+ remains positive, i.e. stable dynamics.

No significant algebraic simplification of the expres-
sions for the amplitudes a. is possible, and they have
been numerically evaluated for a series of values for y.
The results are shown in Figure 2 for N = 100 and in
units where b = ¢ = 1. On the same plot the static
structure factor (jg|?Ofor the concentration fluctuations
has been plotted as a dashed line for comparison.

Qualitatively these results are in agreement with the
light-scattering results of Jian et al.” to the following
extent: they find that the mode which was approxi-
mately q independent far from the microphase separa-
tion diverges as the phase point is approached and that
the divergence is well-modeled by the static structure
factor. In our work this is shown by the relaxation mode
A—, where in Figure 1 for yr ~ 0 it is approximately g
independent. Near the microphase separation the
amplitude o- of this mode diverges and is closely
modeled by the static structure factor, shown as the
dashed line in Figure 2. A more quantitative compari-
son would require that we used the quadrupolar collec-
tive variable Qq{r} (5).

V. Discussion

The strong orientational effects in the static correla-
tion functions of diblock polymers have been shown to
be driven by concentration fluctuations, mediated by the
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Figure 2. The amplitudes a. of the two modes, given by eq
27, as a function of the scaled wavenumber x = ¢g?Nb%/12. The
thick line is the amplitude o—, which is associated with the
approximately q independent mode and which becomes un-
stable when A- = 0, i.e. at the microphase separation. The
amplitude o+ remains finite and is associated with the diblock
breathing mode for small values of q and the Flory interaction
parameter ye. For comparison, the static concentration fluc-
tuations, given by eq 28, are shown as a dashed line. Units
are used whereb =1,c =1, and N = 100.

particular structure factor of the diblock. For polymer
blends at the same concentrations the orientational
coupling to the concentration fluctuations is absent. The
simplest collective variable sensitive to these effects was
defined in terms of the chain bond vectors. A free
energy function of both the concentration and bond
vector collective variables was derived from a model of
chain interactions based solely on isotropic excluded
volume interactions. In terms of an increasing Flory
interaction parameter, the static concentration correla-
tion function showed a microphase separation, while the
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collective bond vector correlations showed a nematic
transition. This can be understood in terms of the
screening of isotropic excluded volume interactions by
anisotropic chains diblock chains leading to an effective
nematic interaction.

The effect that these vector collective variables would
have on the collective dynamics of a melt of diblock
chains was then considered. In polymer blends the
concentration variables form a natural set of hydrody-
namic (slow) variables with other nonhydrodynamic
variables such as the bond vector variable having a
much faster dynamics, especially at ¢ — 0. Under these
conditions it is possible to justify the use of a free energy
function F(pq). For an incompressible system of identi-
cal diblock chains the concentration variables are no
longer hydrodynamic in the limit g — 0. They are
associated with breathing modes of the chain and, as
we have shown, have a dynamics comparable with the
collective bond vector variable. In the small g limit
there is no justification for integrating out these vari-
ables and we derived a free energy expression involving
both variables. The equations of motion were assumed
to be driven by derivatives of the free energy with
respect to these variables. Again the unique structure
of the diblock chain in the form of the cross correlation
function Sag was shown to be responsible for a dynamic
coupling between the two sets of variables. This cou-
pling gives rise to two relaxation modes, one of which
shows a critical slowing down and is approximately q
independent on scales larger than the chain size. The
amplitude of this mode also increases as the microphase
separation is approached. These findings are qualita-
tively in agreement with experimental light-scattering
results.
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