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ABSTRACT: Density functional theory has been used to describe the ordering phenomena of amorphous
A-Bdiblock copolymers. The resulting formalism was then used to study the ordering of a symmetric diblock
copolymer to the lamellar morphology for values of xN above the microphase separation transition value.
The number of statistical segments per diblock copolymer chain is denoted by N and x is the Flory interaction
parameter. We have identified three distinct regimes for the N dependence of the domain spacing D. For
10.495 < xN < 12.5, the weak segregation limit of Leibler is realized where the domain spacing D is proportional
to NU5, For xN > 100, the strong segregation limit is achieved where D is proportional to N°#7, In the newly
discovered intermediate regime (15 < xN < 95), D is proportional to N*72 and the domain boundaries support
substantial fluctuations. The distinct features of the microscopic density profiles in the various regimes are
discussed. In addition, the present theoretical results are compared with the most recent experimental

investigations reported in the literature.

I. Introduction

Flexible noncrystalline diblock copolymers in the bulk
are well-known!~2 to form various distinct morphologies
as either the temperature is lowered or the molecular
weight isincreased. The boundaries of the stability of the
various ordered morphologies are experimentally found
to depend on the composition of the diblock copolymer,
the temperature, and the molecular weight of the copol-
ymer. Fordiblock copolymers containing an A-type chain
of degree of polymerization N, and a B-type chain of degree
of polymerization N, the pertinent variables are the total
degree of polymerization N = N + Np, the composition
of the A-type segments f = N4/N, and the temperature
expressed in terms of the Flory-Huggins interaction
parameter x. For a given block copolymer composition f,
as the value of xN is increased either by increasing N or
by reducing the temperature, the disordered diblock
copolymer melt undergoes a transition at (xN), to an
ordered state. For xN > (xN),, the variation of the domain
spacing and the interfacial thickness of the ordered state
with molecular weight and temperature has been an area
of active experimental pursuit!~20 over the past two
decades.

Many theoretical investigations have been carried out
to understand the phase diagram of diblock copolymers.
These theories may be broadly classified into two groups.
The first group, called the strong segregation theories?1-27
pioneered by Meier and Helfand, focused on the micro-
scopic details of block copolymers in the phase-separated
state at temperatures far below the microphase separation
temperature appropriate for a particular morphology. The
strong segregation regime is characterized by strong spatial
variation of composition for the two constituents com-
posing the diblock copolymer, along with a very narrow
interface separating the domains of the two components.
The total free energy of the system in the strong segregation
limit is considered to consist of two contributions, one the
interfacial energy and the other due to the stretching of
the polymer chains that arises from the incompatibility
of the two components at lower temperatures. Considering
the lamellar morphology as a specific example, the
competition between these two effects gives rise to the N
dependence of the domain spacing D being given by

D < N*
where « i8 2/3 or very close to 2/3.
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The second class of theories?®?® deals with the weak
segregation limit. Within the weak segregation limit the
microscopic density profile of the components of the
diblock copolymer is considered to vary weakly and si-
nusoidally inspace. The two chains comprising the diblock
are highly interpenetrating, and the period D of the si-
nusoidal density profile scales as N9, The first investi-
gation into the weak segregation regime was performed
by Leibler,?® who used a Landau-type expansion in the
order parameter with the vertex functions being calculated
by using the random-phase approximation. Leibler then
assumed that there is one dominant wave vector at which
the two-body vertex function in the disordered state is a
minimum in determining the free energy of the ordered
state. Leibler’s theory predicts a first-order transition to
the body-centered cubic morphology from the disordered
state for all values of f except f = 0.5. The parameter
space where the cylindrical and lamellar morphologies
become stable was also obtained. The transitionatf=0.5
was predicted to be continuous and the ordering is directly
to the lamellar morphology. The mean field picture of
Leibler was improved upon by Fredrickson and Helfand2?®
by accounting for some density fluctuations in the dis-
ordered state but still assuming the dominance of one wave
vector in determining the ordered state. The inclusion of
the density fluctuations changes the order of the transition
at f = 0.5 to weakly first order and suppresses the critical
temperature for finite value of N while the mean field
result of Leibler is recovered as N — =. Considering the
assumptions made in the weak segregation theories, they
are expected to only be valid near the microphase
separation transition.

Therefore there is a critical need to bridge the gap
between the weak and strong segregation limits and to
find conditions of validity of these limits. In view of this,
we have attempted a comprehensive theory for the ordering
of diblock copolymers using density functional theory.
Density functional theory was first developed to study
the freezing of simple liquids3°3! and was then applied to
a variety of other problems32-% including glass formation,
surface tension of mixtures of monatomic liquids, and
liquid crystals. Inthis paper we develop a general density
functional theory for the ordering of diblock copolymers.
The theory constructed is then used to describe the
ordering of a symmetric diblock copolymer with lamellar
morphology.
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The experimental situation in determining the ranges
of the weak and strong segregation limits is controversial.
While most of the workers!1820 claim to find the strong
segregation law, D « N?/3, some workers!%1? have found
a higher value of 0.8. In one recent study,? the exponent
« had been found to be close to 2/3 in agreement with the
strong segregation theories, although a part of the data
used in obtaining this result actually belonged to the weak
segregation limit. The density functional theory of
ordering of symmetric diblock copolymers to the lamellar
morphology described in this paper leads to the identi-
fication of three distinct regimes:

(a) weak segregation limit

(xN,) = 10.495 < xN < 12.5 D « N%*

(b) intermediate regime

125 <xN <95 D « N°7™

(c) strong segregation limit

100 < xN D « N%¥

Thus we find that there exists an intermediate regime
spanning almost a decade in xN, where the exponent a is
higher than even in strong segregationlimit. Furthermore,
much of the experimental data reported in the literature
actually falls in the first two regimes giving an effective
exponent of around 2/3, thus fortuitously implying the
presence of the strong segregationlimit. Qurresultsresolve
the apparent conflicting conclusions of the earlier exper-
imental investigations.

The rest of the paper is organized as follows. The
formalism of the density functional theory of diblock
copolymers is presented in the next section. The calculated
results and conclusions are contained in section IIIL

II. Formalism

Consider an A-B diblock copolymer system with chem-
ical potential u contained in a volume V at temperature
T. Within the grand canonical description, the system is
open to the number of diblock copolymer chains n. Each
copolymer chain consists of N segments with the fraction
of A segments in a chain being given by f. Throughout the
present work we will assume that both blocks A and B
have the same Kuhnstatistical segment length l. Although
the system considered here is a one-component system in
the thermodynamic sense, there are two microscopic
density variables at any space point r, namely, pa(r) and
p(r) corresponding respectively to the local monomer
densities of types A and B. Instead of describing the
system in terms of p,(r) and pp(r), the total microscopic
monomer density o(r) and either pa(r) or pp(r) could
equivalently be used since p(r) = pa(r) + pp(r). Here we
will use p(r) and pa(r) to describe the A-B diblock
copolymer system. The grand potential Q[pa(r),o(r)] (€
= -PV, where P is pressure) and Helmholtz free energy
F[pa(r),o(r)] are unique functionals of the two microscopic
density variables p(r) and pa(r)

o), (0] = Flo®pp ) - & fdro@

Note that the chain density o(r)/ N is the conjugate variable
tou. The equilibrium density profiles pao(r) and po(r) for
the system are determined by minimizing the grand
potential functional with respect to variations in pa(r)
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and o(r)
50 -0 9
00 A(F) | pgepgtr) 8p(E) | pyg(e)upole)

Evaluated at the equilibrium densities, Q[po(r),0a0(r)] and
Flpo(r),pa0(r)] are the grand potential and Helmholtz free
energy, respectively, for the system.

The total Helmholtz free energy functional F can
conveniently be divided into two parts, an ideal contri-
bution Fi4, which neglects potential interactions between
segments but takes into account the polymer chain
connectivity, and an excess part Fe; due to interactions.

F=Fid+Fex (3)

Substitution of the functional forms of Fig[p(r),pa(r)] and
Fex[p(r),0a(r)] into eqs 1 and 2 gives a set of two coupled
self-consistent equations for the equilibrium densities po-
(r) and pao(r).

=0 2

oF _ 6F 4 + L

3p(X) | ppgaee  00(E) | o N
oF ex =_ oF id (4)

dpy(r) Pac(E)olr) p(r) £0(E)s0(E)

The existence of one of the various ordered morphologies
in the microphase separated state of diblock copolymers
corresponds to a solution of this coupled set of equations
for which po(r) and pao(r) are periodicinspace. Inpractice,
the equilibrium ordered states are found by parameterizing
p(r) and pa(r) with the presumed symmetries of the
ordered states and minimizing Q@ with respect to the
variational parameters. The coexistence between the
disordered phase and the ordered state occurs when T, p,
and Q in the two phases are equal.

The key approximation of the density functional
theory30-38 of order—disorder transitions is to expand the
excess Helmholtz free energy Fe, of the ordered state in
a functional Taylor series expansion about a disordered
phase with the same chemical potential u as the ordered
phase. For diblock copolymers, the homogeneous disor-
dered phase is characterized by densities pg = (p4(r))o
and pad = (paa(r) o, where ( )odenotes the average overall
density profiles in the homogeneous state. This leads to
the functional expansion for Fe;[p(r),0a(r)] in powers of
[o(r) - pa] and [pa(r) - pad] to be

[p(r) -

PadPd

F. [oaapq] + f e
exlPAdPd m

[pA(l‘) - PAd] +
PadiPd

[p(r) = pgllo(r) = p4] +
Pad+Pd

F lps(@®),0(r)] =

""]*fd ooa(®)

g Jard ap(r)ép(ro

‘ [p(r) - Pd] [PA(I") - PM] +
PadPd

Jar 6p(r)apA( r)
2

l / qp—— X /Y - -
s Jar e |, ) = padloy®

pagl + ... (6)

The Helmholtz free energy of the diblock copolymer
system studied here is obtained directly from the coarse-
grained microscopic Hamiltonian, which is taken to be

PaarPd
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the generalized Edwards Hamiltonian

6H = ﬁzz P + 2P R R

a=]l (=1 2m 212 a=] i=]

1 N
=3 3 vR,-R,) 6

2 af=1ij=1

where all segments are assumed to have the same mass m
and the Kuhn length [ is the same for both blocks. R,;
and p,; are, respectively, the position and momentum of
the ith segment on chain a. v(R,; — Rgj) is the short-
ranged pairwise interaction and is different for different
types of segment pairs such as A-A, A-B, and B-B. §!
is the Boltzmann constant times the temperature T.

The explicit result for Fe;[p(r),pa(r)] used in our work
was determined by Leibler?® using the random-phase
approximation and we merely quote the result below. The
ideal contribution Fig[p(r),0a(r)] can readily be obtained
by considering the canonical ensemble and taking the
interaction term v(R,; - Rg;) in the Hamiltonian above
to be zero. It is given by

where
1 N N
Z,.= dp;| | dR; X
N n!ha"N[ J 11 p‘g ’
g N1
exp(— —Zp, "—Z(Rm /) )]
m =} 1-1
an
V"(21rlz)‘z‘w 1 ~3Nn
Zy= T\ 73 Ar 3 8)
where

= (Bh%/27m)"/?

with h being the Planck constant. Defining p = Nn/V as
the total segment density and substituting eq 8 into eq 7,
we get

1%
Fi4(p) = 6—No(ln p=0y) 9)
where
Iy =1+ lnN+—(N D In (2’;’ ) 3N In Ay

If p is not a constant as assumed here but a spatially varying
quantity p(r), Fiq becomes

Fulo) = 5 fdr o) np -0y (10
It is to be noted that this result is the direct generalization
of Fijg for monatomic systems, now accounting for the
polymer chain connectivity. Therefore, Fiq for monatomic
systems can be recovered by taking the limit N = 1 in eq
10. Also, different choices for Fiq of polymers, other than
the one used here, have been made previously by other
investigators.39:40

By combiningeqs 1, 3, 5, and 10 we obtain the expression
for the difference in grand potential between an ordered
state with densities p(r) and ps(r) and a disordered state
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with densities pg and paq to be
Qpp(1),0(1)] - Qppgopal =

%Vfdrp(r)ln%)——fdr [p(r) - pg] +

2

1 , F,,
3 J ar d'ap( Yoo (r')

[o(r) - pgllp(r’) — pq] +
PAdrPd

[p(r) - Pd] [PA(I'/) - PM] +
PadPd
2

fd e oon (™) 5P(r)5PA( r')

[PA(I' ) -
PadPa

Paallpa(®) — ppgl + ... (11)
In obtaining the expression for Fe, by use of the random-

phase approximation, Leibler® employed the incompress-
ibility constraint

2 r, [ 4
2 f dr'd 30 (r)p,(r)

pa(r) + pp(r) =p
where p is independent of r. Although this constraint
need not be employed in the present calculational scheme,
we will however adhere to this constraint in the present
paper. Therefore, Fe; remains a functional of pa(r) but
now is only a function of p. The explicit form of Fey
obtained by Leibler is

Fouloa®).0] = —ZpA<k)pA<—k>[— - 2x]

1 Z;F

680 V2%

$6 K kK'Y p,, (K)o, (K)o (k-K) +

DD Tyl kK -k, kg)p, (k) X
2460V K ks

pa(ky)pa(kg)p, (- —ky-kg) + ... (12)
where pa(K) is the Fourier transform of pa(r)
oallk) = [ dr e p,(r) (13)

and the sums over the wave vectors k exclude k = 0. x is
the Flory interaction parameter for the A and B segments
comprising the diblock copolymer. F(x,f) is given by

g(1,x)

F(x,f) = 1
let/x)8(1 - £,0) - Lg(L0) - g(£,0) - 801 - £
8(fx) = (2/x)[e™* -1 + fx] (14)
where
x= 2R with R, 2= Ni/6

As was employed in the past by other workers on diblock
copolymers, we will make the local approximation for I's-
(k,k3,ks) and I'y(k;,ko ks, k4), which consists of taking I's-
(ky,ko,k3) = I'3(1) and T4 (ky, ko ks, kq) = I'4(0,0), where I's(1)
and T'4(0,0) are coefficients defined by Leibler.28

To accomplish the minimization condition of eq 2, we
follow the customary procedure in density functional
theory and express pa(r) in a Fourier series specific to the
particular morphology being studied

pA(F) = pf (1) -pf+Zp[a cos (k,r) + b, sin (k,r)]
(15)

where fa(r) = pa(r)/p is the reduced density profile and
{kn} are the reciprocal lattice vectors of the morphology
being studied. The prime on the summation indicates
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that the sum is over k, but not -k, and excludes k, = 0.
The coefficients {a,} and {b,} are the order parameters of
the theory and are determined by the minimization
procedure. In general, the phase with the lowest grand
potential is taken as the stable phase.

Combining eqs 11, 12, and 15, the dimensionless grand
potential difference per chain between an ordered state
with densities p and pa(r) and a disordered phase with
densities pq and pagq is

BN(Qy~ Q)
—0 ¢ n - %

NT,(0,0)
fn ] -

=(1+9)In(1+n-
oV n n

NT4(1)
[ (2n-1) -

S D=0+ )L b RN - P -
k,

NT(0,0)

NT,(1)
L+ 0k (a,?+ b,.z)[ @n-1)-
kn

1
51+ M INT(1)(20 - 1) - NT,0,0)nf] X
Z/Zl(anamarﬁm +2a,b,bp4m - bpbmlpem) +

NI‘4(0 0)
1 + 77)42 Z Z (40 Cml18n4m+1 +
k, kn Kk
3anama Cret-m ~ 4bnbmb bn+m+1 + 3bnbmb bm+1—n
12bnbma1an+m+1 + 12anamblbn-hnﬂ + lzanamblbmﬂ-n -
63,8,510p4m-1) T oo (16)

Here n = (0 — pa)/p4 is the reduced density difference
between an ordered state with total segment density p
and a disordered state with the same chemical potential
as the ordered state and density pq.

In this paper we are solely interested in the ordering of
diblock copolymers from the disordered state to the lamel-
lar morphology. Tosimplify the minimization procedure,
we have parameterized the reduced density profile fa(r)
for the lamellar morphology as

(2)
fal@) = ﬂA—— =f+ Z— sin (27nf) cos (2Dm) ~2wint
P

n=1 %

d
il Tz —2:’71’(?)2
( ) z [1-cos (27nf)] sm( D )e D

nm1 TN
17

where D is the domain spacing or lamellar repeat distance
and og characterizes the sharpness of the interface between
A-rich and B-rich domains, z is the position variable
perpendicular to the A-B lamellar domains. A sharp
interface corresponds to o9 << 1 and as oo increases the
interface becomes increasingly diffuse.

By comparing eqs 15 and 17 we identify

2
a, = ;_1; sin (2wnf)e'2""’(%)

1. -z,ana(_@)’
b, 1rn[1 cos (2nfn)]e D
with

R.\2
x=kR}= 41rzn2(3') and R’ = NI*/6

Therefore the present parametrization of the density
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profile has enabled us to write the order parameters {a,)}
and {b,} for the lamellar morphology using only two
variational parameters o9 and D. Notice that these
parameters appear as ao/D and R,/D. Thus D isexpressed
in units of R,, which is proportional to N°5,

In summary, there are three variational parameters oo/
D, Ry/D, and 7 and four experimental variables R;, xN,
f, and pa- As we emphasized above, we consider here only
the ordering to the lamellar morphology Foragiven choice
of the experimental variables, Qy — Q4 of eq 16 needs to be
minimized with respect to ¢o/D, Ry/D, and n. Upon
minimization of Qp, the equilibrium density po of the
ordered phase and the characteristics of the reduced
density profile fa(z) (i.e., 5o/D and R,;/D) are obtained.
The phase with the lowest grand potential Q is the
thermodynamically stable phase.

If Qo — Q4 at the calculated minimum is positive, the
ordered state is less stable than the disordered state. When
the minimum of Qo — Q4 is negative, the ordered state
characterized by reduced density fa(z) is the stable phase.
The order—disorder transition occurs when the minimum
of Qo— Qqis zero, since we have already imposed the equality
of T, V, and u for the two phases in the above derivation.

III. Results and Discussion

We now present the results of the calculations outlined
above for the case of symmetric diblock copolymers, f =
1/,, ordering to the lamellar morphology. To begin with
we assume that there is no volume change accompanying
the transition, i.e., = 0. Also the infinite Fourier
expansion for the reduced density, fa(z), was truncated at
a finite number of terms determined by the requirement
that the sums in eq 15 have fully converged. The following
results are obtained by keeping up to 300 terms in the
Fourier expansion for fa(z).

The order—disorder transition takes placeat xN = 10.495
in agreement with the original prediction of Leibler.28 By
taking n = 0, the transition turns out to be second order
again in agreement with Leibler. Preliminaryresults based
on the calculation where 7 is a free variational parameter
indicate that the transition becomes very weakly first order
and this, along with the full phase diagram with all possible
morphologies for different values of £, will be the subject
of afuture paper. We now restrict ourselves to the features
of the reduced density profile fa(z) for the lamellar
morphology as xN is varied.

The equilibrium values of the domain spacing D and g,
the parameter characterizing the sharpness of the interface,
are given in Table I and plotted in Figures 1 and 2. The
table also contains the minimum values of Qp ~ Q4 for
different x/N values. Although the figurescontainthesame
information as the table, the raw data are provided for the
convenience of thereader. InFigure1,In(D/R,)is plotted
againstIn (xN). Aspointed out earlier the order—disorder
transition takes place at xN = 10.495. It is clear from
Figure 1 that there are three distinct regimes for the mo-
lecular weight dependence of the domain spacing D.

For values of xV in the range 10.495-12.5, D/ R, (=3.23)
is independent of xN. Consequently, in this regnne Dis
proportional to R, and therefore the domain spacing is
proportional to N6 5. In addition, D is mdependent of x
for 10.495 < xN < 12.5. We identify this regime to be the
weak segregation regime of Leibler® and have clearly
determined the range of the weak segregation limit in x.N.
In the weak segregation limit, the A segment density is
considered to vary in a sinusoidal fashion. Also, the
junction points between the A-type chains and B-type
chains are distributed approximately at random in space.
A typical reduced density profile fa(z) = pa(2)/p in the
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Table I
Equilibrium Values for the Variational Parameters D/R,
and co/D and SN/pV (Q¢ - Q4) Calculated by Using Density

Funectional Theory for the Lamellar Morphology with

f=05and n=0
xN D/R, ao/D BNAQ/pV
10.495 3.231 0.549 69 -0.3875 X 10~°
10.503 3.231 0.398 73 -0.1547 X 1078
11.000 3.231 0.233 24 -0.2368 X 102
11.500 3.231 0.192 05 -0.02368
12.000 3.231 0.162 28 -0.05335
12.500 3.231 0.136 72 -0.09552
13.000 3.241 0.117 63 -0.1495
14.000 3.273 0.097 831 -0.2794
15.000 3.306 0.086 908 -0.4256
16.000 3.350 0.078 087 -0.5822
17.000 3.390 0.072 802 -0.7467
18.000 3.431 0.067 703 -0.9175
19.000 3.472 0.063 384 -1.0936
20.000 3.509 0.059 740 -1.274
21.000 3.546 0.056 556 -1.459
23.000 3.623 0.051 218 -1.837
27.000 3.752 0.043 598 -2.625
30.000 3.846 0.039 396 -3.234
35.000 3.976 0.034 275 -4.277
40.000 4.090 0.030 544 -5.345
45.000 4.184 0.027 729 -6.431
50.000 4.283 0.025 409 -7.531
55.000 4.357 0.023 594 -8.643
65.000 4.505 0.020 714 -10.89
76.000 4.630 0.018 585 -13.17
95.000 4.843 0.015 592 -17.79
105.00 4.938 0.014 482 -20.12
125.00 5.102 0.012 766 -24.81
145.00 5.236 0.011 499 -29.54
175.00 5.420 0.010 064 -36.68
195.00 5.525 0.93314 x 10°2 -41.47
225.00 5.666 0.84490 x 102 -48.659
255.00 5.797 0.77412 X 102 ~55.88
285.00 5.917 0.71625 X 102 —-63.13
335.00 6.079 0.84173 x 1072 -75.26

weak segregation regime is plotted in Figure 3 against z/D
for xN = 11.00. For this value of xN, D/R; = 3.23 and
go/D = 0.233 24. Notice the approximately sinusoidal
nature of the density profile. Itisalsoobvious from Figure
2 that for 10.495 < xN < 12.5, a simple power law for the
xN dependence of interface parameter oy cannot be
established. In fact, oo appears to diverge as xN ap-
proaches the critical value (xN). = 10.495.

Far away from the order—disorder transition, charac-
terized by xN > 105, we observe from Figure 1 the scaling
behavior

D/R‘ « (XN)0.17*0.01 (18)

For xN > 335 the asymptotic result D/R; = (xN)%'7 is
achieved. Therefore

D« N0.67x0.17 (18/)

The N exponent is in agreement with the earlier prediction
of 2/3 by the theories for the strong segregation limit. Thus
we identify the regime xN > 100 as the strong segregation
regime. In this regime, the reduced density profile fa(2)
for a typical value of xN = 195 is shown in Figure 4. The
values of the two variational parameters R,;/D and oo/D
are 0.1810 and 0.93314 X 1072, respectively. The strong
segregation regime is characterized by well-defined A and
B domains separated by a very narrow interface. In the
strong segregation limit, oo, the parameter that charac-
terizes the breadth of the interface, varies with xIN
according to the power law (see Figure 2)

o‘o/D « (XN)-O.GQ*O.OI (19)
Again for xN > 335 the asymptotic result ao/D « (xN)0€67
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Figure 1. Plotofln (D/R,) vsln (xN) for the lamellar morphology
with f=0.5and n = 0.
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Figure2, Plotofln (ao/D) vsIn (xN) for the lamellar morphology
with f=05and n = 0.
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Figure 3. Plot of the reduced density fa(z/D) vs z/D for xN =
11 (D/R, = 3.23 and 0¢/D = 0.233).

is obtained, so that

g x-0.50t0.02 (20)

where the result of eq 18 was used. Since o¢is proportional
to the interfacial thickness, we find that the interface
thickness is independent of molecular weight and varies
as x 96 in the strong segregation regime. This too is in
agreement with previous theories of the strong segregation
regime.

Between the weak and strong segregation limits we are
able to clearly identify from Figure 1 an intermediate
regime with features distinctly different from those of weak
and strong segregation regimes. In this crossover regime,
we find the result

D = NO™3,022

for values of xN in the range 17 < xN < 80. Note that
the N exponent of D is higher in the intermediate regime
than in the strong segregation limit. The density profile
for a typical value of xN = 35 in the intermediate regime
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Figure 4. Plot of the reduced densxty fA(z /D) vs z2/D for xN =
195 (D/R, = 5.52 and oo/D = 0.00933
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Figure 5. Plot of the reduced density fa(z/D) vs 2/D for xN =
35 (D/R; = 3.98 and ao/D = 0.0343).
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Figure 8. Plot of the reduced density fa(z/D) vs z/D in the
interfacial region for (@) xN = 35 (D/R, = 3.98 and ¢o/D =
0.0343) and (m) xN = 195 (D/R; = 5.52 and cy/D = 0.00933).

is presented in Figure 5 where R;/D = 0.2515 and oo/D
= 0.0343. Although the interface is narrow, it is not very
sharp in comparison with a typical density profile in the
strong segregation regime. The details of the interfacial
region for xN = 35 and 195 are compared in Figure 6. The
N scaling exponent of D with a power greater than 2/; is
attributed to the coarsening of the density profile as xN
is increased from the weak segregation limit. To accom-
plish this, the junction points between the diblock chains
must move into the interfacial region. Inaddition, because
the interfacial region in the intermediate regime is spread
over a wider range of space than with the strong segregation
limit (see Figure 6), the junction points are not completely
localized in the intermediate regime. These effects,
coupled with the stretching of the chains that arises from
the requirement that the total segment density p be
uniform in space, give rise to the N exponent of D being
greater than that for the strong segregation limit. Last,
it is clear from Figure 2 that a single power law cannot be
used to accurately describe the xN dependence of the
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Table II

Equilibrium Values for the Parameters D/R, and o¢/D
Calculated by Using Density Functional Theory for Block
Copolymer Compositions f and xN Values Considered in

Reference 18
f xN D/R, oo/D
0.50 10.5 3.231 0.549 69
0.496 35.0 3.976 0.034 294
0.473 42.0 4.124 0.029 642
0.534 105.0 4.950 0.014 437

interfacial parameter oo/D in the intermediate regime.
However, we find that o, is only weakly dependent on N
in the intermediate regime.

The key result of the density functional theory presented
here is the occurrence of a well-defined intermediate regime
intervening between the weak and strong segregation
limits. The boundaries of this new regime have been
identified to be 15 < xN < 90. The exponent for the N
dependence of the domain spacing D in this new regime
is 0.72. The value of this exponent may change when the
volume change accompanying the ordering processis taken
into account.

We now make a comparison between the results of the
present density functional theory and some recent ex-
perimental investigations. The prediction that the N
scaling exponent of D is higher than that of the strong
segregation limit as xN is increased from the weak
segregation limit isin qualitative agreement with the value
of 0.8 for this exponent reported recently by Almdal et
al.’® and in the past by Hadziioannou and Skoulios.!?
However, these investigations have not observed the
crossover from the intermediate regime to the strong
segregationregime. Itremainsunclear at present whether
the observed result in these experiments is truely an
intermediate behavior or an asymptotic limit with an
entirely different mechanism dominating the ordering
process. Assuming that the experimentally observed
result, D « N8, actually corresponds to the intermediate
regime, the difference between 0.8 and 0.72 is not profound
as this exponent is nonuniversal and depends on com-
pressibility, chain stiffness, etc.

Finally, we comment on the puzzling conclusion of Anas-
tasiadis et al.,® who observed D « N85 gpparently in
agreement with strong segregation theories even though
their lowest molecular weight sample (used in obtaining
the strong segregation exponent) was shown to be in the
weak segregation regime at the temperature of the study.
This conclusion is merely a reflection of a lack of a full set
of data. They have considered only four samples with xN
=10.5, 35, 42, and 105 with f = 0.5, 0.496, 0.473, and 0.534,
respectively. In these experiments, f is the fraction of
styrene segments in a polystyrene—poly(methyl methacry-
late) diblock copolymer. In addition, all four samples
considered by Anastasiadis et al. were of the lamellar
morphology. When compared with Figure 1, it is clear
that, with their lowest molecular weight sample (xN =
10.5 and f = 0.473) in the weak segregation regime, the two
samples corresponding to xN = 35 (f = 0.496) and xN =
42 (f = 0.473) liein the intermediate regime. Their highest
molecular weight sample xN = 105 (f = 0.534) is then at
the leading edge of the strong segregation regime. Asa
consequence, an apparent exponent between 0.5,0.72,and
0.67 for the N scaling of the domain spacing D could be
observed. Toexplore thisissue further, we have performed
the calculations using the density functional theory
developed here for the particular values of f and xIN
considered in the experiments of Anastasiadis et al. The
results are shown in Table II. We obtain an apparent
exponent of 0.68, thatis D « N8 inremarkable agreement
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with their reported value of 0.65. Of course, this is only
an apparent result between the weak segregation limit,
intermediate regime, and strong segregation limit and
definitely is not due to the occurrence of the strong
segregation limit.

Finally, we conclude by making a few technical remarks.
The particular parametrization of the density profile, eq
14, makes the infinite sum rapidly convergent. Further-
more, we find that in our current work the fourth-order
term in the expansion for BN§Q/pV makes less thana 1%
contribution to the total value of SNé2/oV in the strong
segregationlimit. The convergence behavior observed here
with density functional theory should be contrasted with
other theories for the strong segregation limit based on
expansions in the composition difference order parame-
ter.28 Suffice to say, density functional theory includes
all wave vectors in the expression for the grand potential
of the ordered phase. All of the theories of weak
segregation limit employ the approximation of the dom-
ination by one wave vector corresponding to the maximum
of the structure factor. We find from our calculations
that this is a good approximation only for xN < 11.0. So
the phase diagram calculated on the basis of the current
weak segregation theories should only be reliable very close

to (xN)e.
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