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The phase behavior of diblock copolymer rings did not
attract as much attention as the phase behavior of their
linear counterparts (see refs 1 and 2 and references
therein). Recently Marko?® considered the weak-segrega-
tion regime of the diblock copolymer ring melt and
assuming Gaussian chain statistics calculated the order—
disorder transition (ODT) temperature as a function of
composition f (A monomer fraction). In this work, we
calculate the nonlinear response properties of such a
melt and obtain its phase diagram.

In Leibler’s formalism# the random phase approxima-
tion connects the third and fourth-order vertex functions
with 2-, 3-, and 4-point correlation functions of Gaussian
chains. The usage of the Gaussian statistics for ring
polymers is questionable (see refs 5—10 for discussion).
However, the radius of gyration Rg of a ring polymer
scales with the polymerization index N as almost
Gaussian: Rg ~ N”; v = 0.4-0.45. Also the ODT
temperatures computed by Marko are in a good agree-
ment with simulation data.” Therefore, we can use
Gaussian statistics as a first approximation.

Marko has obtained the following equation for the
probability to find two monomers separated by o and
N—o monomers along the N-monomer ring at the
positions r and r'

L(r—r,0L(r—r,N —0)
L(0, N)

P,(r,r'a) =

1)

where L(R, a) stands for the probability of a Gaussian
chain segment to have its ends at positions 0 and R

L(R,a)=( 3 )3/2 exp(— 3R2) 2)

2ma’a, 2a%a.

where a is a monomer size, and the radius of gyration
Rc? = Na%6. The multiplier L(0, N)~1is a normalization
constant. The Fourier transform of the eq 1 is®

P,(0;.0,,0) = (27)°5(a; + a,) exp

—éa(N — a)],
x=q°Rs” (3)

We derive similar expressions for three- and four-
monomer probabilities
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Figure 1. Phase diagram for the diblock copolymer ring. With
increase of the yN parameter the following sequence of
transitions takes place: DIS < fcc(0.24) < bcc(0.33) < HEX
< GYR(0.39) <= LAM. The number in brackets indicates the
compositional limit of stability of the corresponding phase.

Py(r.r',r,a,p) =
L(r — r,o)L(r' = r" pB)L(r" —r,N —a-p)
L(0, N)

P,(rrr " op,y) = [L(r— ro)Lr — r" gL —
r'y)L(r'' —r,N—a— 4 — )J/L(0, N) (5)

(4)

together with their Fourier transforms

P4(011,9.05,0,8) = (27)°5(q; + G, + g3) x

exp| (N — @) + AN - ﬁ))] ®)

P4(Q1,9,,03,04,0.8,7) = (275)36((11 +q,+d;+4d,)
X
exp[—m{ (N—o—p)a+7y)+hay +

hyB(N — o — f§ — y)}] @)

where following Leibler we assumed that all wavevec-
tors have the same length q,, and introduced the angle
variables

las/® = hg,” for P,

(9, + q2)2 = hlq*z and (g, + CI4)2 = hzq*z for P,

Expressions for the linear response functions were
presented by Marko.® Analogous expressions for the
nonlinear functions are provided in the Appendix. Once
those functions are known, the vertex functions can be
calculated with the help of egs V-16 and V-17 from ref
4. The phase diagram construction is straightforward
and was explained elsewhere (see ref 4 for the general
method and 11 for details). The result is presented in
Figure 1. The phase behavior of the ring diblock
copolymer melt is almost the same as that of the linear
diblocks with the transition temperatures shifted (in
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Figure 2. Parameter § as a function of composition.

agreement with 12). The only difference is a big com-
positional range f = 0.33—0.67 where the direct transi-
tion DIS — HEX occurs.

At the end, we want to discuss briefly the orienta-
tional behavior of a ring diblock copolymer melt sub-
jected to steady shear flow. The recently developed
theory for the orientational transitions in the lamellar®®
and hexagonal* phases shows that the nonequilibrium
thermodynamic potential @ can be written as

® = @, + "®,F(D) cos(mb),
-D? D—0

F(D) = D—l/S’ D —w

)
where @, denotes the orientation-independent part, D
denotes the shear rate, and n,m are symmetry-depend-
ent integers (n =1, m = 1 for lamellae; n =3, m = 6 for
hexagons). The potential in (8) favors the parallel
orientation to be stable at low and the perpendicular
one at high shear rates (see refs 13 and 14 for details).
The parameter § determines the strength of the angle
dependence of the fourth order vertex function: T'4(0,h)
= A[1 — B(A — h/2)?]. For the linear diblocks, 8 is small
and positive. As we noted before,'® if § changes sign the
perpendicular and parallel orientations exchange their
positions on the orientational phase diagram. This was
shown to happen for some systems (ABA triblocks with
nonsymmetric A blocks, for example). To check whether
it happens for rings we use the obtained equation for
T4 to calculate j in the following way'®

3 9
B= 26—, )
where
1,2
Co= EL dh T,(h,0)
5 2 3h(h
¢, =5 fydh F4(h,0)[1 + 7(2 - 1)] (10)

Figure 2 compares the compositional dependence of
p for the ring diblock copolymers with that for the linear
diblocks. The parameter 3 stays positive providing that
the ring diblock melt shows the same orientational
behavior as its linear counterpart. The absolute value
stays small enough to justify its usage as a small
parameter in perturbation theory.1314 However, max-
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(Bring)/max(Biinear) = 3. This shows that the orientation-
dependent term in eq 8 is larger for the ring diblocks.
Therefore, we predict them to align better than the
linear diblocks when subjected to shear.
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Appendix

Similar calculations were performed in refs 4, 16, and
11. Here we introduce the following notation:

|1 i 3( ﬂ) ilds OizdS' Oi3dS” exp [—é((l(N —
&)+ hBN — a - ﬁ))] (1)
Ui i (@By) = i1ds Oizds' foiads” ﬁ;“ds”' x
exp _ﬁ{(N —a—y)a+y)+ hj(l)/ +
hBIN —a— B - y)}] (12)

The equations for the third-order functions read as
follows:

Gana = 2(2T¢so(s' — 8", s = 8) + T (N —
s, s s")) (13)

Gang = 2T 1s(s' — 8", s+ N — ') (14)

Gasa = Ggan =2T1 1L — N —s+5", s — ")

(15)
The fourth-order functions are
GAAAA =
422(1 5.,)Ufss o(s" —9", s —=s",s—5') (16)
£
Ganng = Gansa = Gagan = Ggaaa =
ZZ(l — O PUY (g ls — 8", s — 8" s +IN — )
o 17)

3
1,i " " "
Gggaa =2 Ul,flsyfls,,(s —s", fN—s" +

GAABB
s',s—¢s") (18)

The other functions can be obtained by exchanging A
< Bandf< (1 —f). For Gagas and Gagsa ONe needs to
swap h; < hz and h; < h; respectively in the equation
for Gaass. Unfortunately, all these integrals cannot be
calculated analytically and should be treated numeri-
cally.
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