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Phase separation kinetics of nematic polymers: Coupling between compositional order
and orientational order
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We numerically investigate phase separation kinetics of liquid crystalline polymers in a nematic state using
time-dependent Ginzburg-Landau equations for the compositional and the orientational order parameters
Sj . The kinetics is significantly influenced Iy the presence of the off-diagonal kinetic coefficiénjs, (ii)
the coupling betweeN ¢ andsS;; in the free energy, andii) the dependence of the kinetic coefficients on the
orientational order[S1063-651X98)51312-9

PACS numbeps): 61.25.Hq, 64.70.Md, 64.7%9

Liquid crystalline polymersLCP's) have attracted much =jR(7)/sr. The d is the spatial dimension of the system.
interest because of their technological applications, such as,,, the definitiorS;; is symmetric, ands; =0 in the equi-
fibers of high tensile strength and optical devices. Phase bgpyium isotropic state. ’ !
havior of LCP’s has also been an important and fascinating |, 5 previous worK 7], using the biased reptation model

problem of statistical mechanics, because of the rich variet 3], we have derived the equations of motion for these order
of behaviors caused by the coupling between composition a}ameters which read

order and orientational order, and it has been shown that the
phase diagram of LCP’s and their mixtures sensitively de-

pends on temperature or their interactidn. The coupling d _ , ,. 6(BF)
between compositional order and orientational order also E‘ﬁ(r)_f dr'y Age(rr’) '
o ; e e op(r")
plays a significant role in phase separation kinetics of LCP’s.
For example, mixtures of LCP’s and low molecular weight 5(BF)
liquid crystals in a nematic state exhibit a phase separation to tAys, (NI 1, €)
form a striated pattern parallel to the nematic orientafin 9S,(1")
Although there has been some theoretical eff8r7], the
understanding of how orientational order affects phase sepa- J 8(BF)
ration kinetics of LCP’s is still unsatisfactory. In a previous ESj(r)=J’ dr’ Ad,s”_(r’,r) -
work [7], we derived the equations of motion for the com- 8p(r')
positional and the orientational order parameters by using the 5(BF)
biased reptation mod¢B], and performed numerical simu- +As s (r,rr)_J (4)
lations of phase separation, starting from an isotropic initial omy 8S,,(r")

condition. In this Rapid Communication we study kinetics of

phase separation from a nematic state to check how phaggsreafter, summations over repeated Greek indices are im-

separation kinetics is influenced by orientational order. plied andF is the free energy of the system, which will be
We consider a solution of main-chain liquid crystalline given below. The kinetic coefficients afé,g]

homopolymers and define the following two order
parameters: the volume fraction of polymerg(r)

- 2
=3,[5dr ¢*(7,r) and the orientational orderS;(r) Ay (1) = —DcnderJ'Ldr’ J
=3, Jbdr 8i(r.r), with o o Jo o dror
] Vo XT3 1)), (5)
o(r,n)=p 8r—R(7), (1)
whereyr, = ¢ or §; . D is the diffusion constant for the
5 motion along a chain andis the number of polymer chains
o _ Vol . a9 e in the system. The averagésare taken in the local equilib-
Si(nn =g uinui(n -4 }50 RUT)- @ fium state specified by(r) and S(r).

The single chain Hamiltonian that we use for the calcula-

L tions of the kinetic coefficients is that of a wormlike chain
Here N, vy, and b are the degree of polymerization, the [9-11], BH=B(Ho+ M), with

monomer volume, and the average distance between adjacent

monomers, respectively. The configuration of tid chain . )

is represented bRR*(7), wherer parameterizes the position BHAR( T)}:f dr[ iu(7)2+ 6_b< ‘?U(T)) ] (6)
along the chain running from 0 t&=Nb, and u’(7) 0 o (2lb 2\ ot '
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L . We numerically integrate Eqg$10) and (11) on a two-
BHR(T),hy ,hsijm}:f ero dr{hy(r)é(7,r) dimensional 128128 square lattice with the periodic
boundary conditions, using the Euler scheme. The free en-
+ hs,j(r)sij(ﬂr)}- (7)  ergy is taken to b¢7,11]

Here B is the inverse temperature and we have introducedvoﬁpzf dr fm b+ ﬂln(1—¢)+x¢(1—¢)
the fieldsh,(r) and hsij(r) conjugate to the order param- N N’

eters. Thee in Hy is a dimensionless bending elastic con- é
stant and we selt=4¢€/d [10,1] to ensure thatf|u(7)|?), — 5 Trlog(1+dQ)—dQ]
(statistical average ovex #™0) is equal to unity. The fol- 2N
lowing calculations are done for the rigid rod limét—oo. 1 1
We note that this model does not impose the constraint —Ewd)zTr[Q—(l/d)Tr Q%+ §W¢(Tr Q)?
|u(7)|=1 at eachr and allows the fluctuation of the segment
length. That is, we do not assume tigt is traceless. 1 )
In calculatingA 45, andAs s . we use the approxima- + ﬁco(ai $)*+Lo
tion as in Ref[7] that the average in E¢b) is taken over the
unperturbed Hamiltoniaft{y. To incorporate the anisotropy 1 ,, 1
of the diffusion due to the orientational order, we calculate +5L16(Qi)) "+ 5 L2643 Qij diQy; - (12
A 44 by taking the average over the full Hamiltonidhand

making a perturbation expansion up to first ordehipand The first line is the Flory-Huggins energy with an isotropic

hsl_. The fields are calculated by using a density func'uonalmter(,chtion parametey. The following two lines are the en-

theory[11] and are given by, in a mean field approximation,ergy due to the orientation, and the term proportionak s
the Maier-Saupe anisotropic interaction, which favors the

1

39 Qjj + 26

Qijdi 9 4’)

_Ing(n) nematic order. The term proportional W is added as a
hg(r)=- voN (8) penalty for the fluctuation of the segment length. The last
two lines are the gradient energy, due to inhomogeneity, with
2 Co=Nb?12d,L,=Nb?/12L,=dNb?/24, andL,=dNb*/6
1 d<Q;;(r)
~(hs (1) +hg ()=~ : (9 [
2" ! 2voN For simplicity we setN=N’ and choose the parameters

xN=2.7 andwN=WN=5. The average volume fraction of
Whgfe ?ij:Sii' ¢ iS:[ thg ortientati(()Dnal orde: Perdmg'f‘o_fr‘er’ polymersé is set to 0.5. The grid size and the time step are
and only the lowest order terms @;; are retained. Similar ;.0 1o beAx=0.28Nb and At=A r¢ . [d(Nb)2/D ],
trre1atment hast_ beekr) epploy:cegl b{( Kawz?kaliﬂsﬂ] folrt th$h respectively, wher@,,;, is the minimum value o). We set
Ezsé)ssr?gzi)'%gn g‘ee rlgivr(i)ttenogs copolymer melts. Then, . —0.0001 in cases 1, 2, and (3ee beloy, and A7
as. =0.00005 in case 4. We prepare the nematic initial condi-
tions oriented parallel to theaxis by assigning teb andQ;;

J BD N - = oF at each lattice point random numbers uniformly distributed
— ()= ——1 9,00, +(3,hs)—Ns 3, ]57— e = —
ot d wr Y2 Seh(r) in [¢—0.014+0.01] and [Q;;—0.05Q;;+0.05], respec-
2 SE tively, vyith Qux=—Qy,=0.3 .andeyzC.). Note that phase
+ 20,0~ ( (10 separation between a nematic phase, rich in polymers, and an
d 8S,,,(1) isotropic phase, poor in polymers, occurs when we choose
the parameters above.
9 ﬂDcvoNEIZ SF 2 SF We investigate how phase separation Kinetics is influ-
ES‘J(”: 3 la&iﬁj 5600 += 258--(r) enced by the coupling between the compositional orgler
d ' and the orientational ord&; (or Q;;), which appears, in our

SE SF model, in(i) the presence of the off-diagonal kinetic coeffi-
+2(5iﬁﬂ +9;0, )) , (11 cientA s, (i) the coupling of¢ andS;; in the free energy
6S;,(r) 65 ,(1) F, and(iii ) the dependence of the kinetic coefficients on the
orientational order. We first check the effect of the off-
- : diagonal component of the kinetic coefficient,s. Al-
ﬂhfre‘ﬁ is the av_era_ge volume fraction of the pOIymerS’though earlier studie$d,5] based on a phenomenological
hy=voNh,, and hSij_(”ON/d)(h%j+hS;i)' I.n Egs. (10 ~ argument neglected it, recent stud[€s7] showed that the
and (11) we have made a gradient expansion and retainegff-diagonal kinetic coefficient should appear in the kinetic
only the lowest order terms in the gradients. Note that th%qua_tions: of LCP’s. Here we show the results withbyt
diffusion of ¢ due toA 4 is isotropic withouth, and hS.,-' and hs,-’ and withL,=L,=0 in the free energy. Notice

. e . ]
and that by introducindis, we can incorporate the effect that by setting.,=L,=0, rotation of the frame and rotation
that polymers have a stronger tendency to diffuse parallel tof polymers(or the orthogonal transformation &;;) be-
the nematic direction. come uncorrelated, thus the free energy possesses no anisot-
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FIG. 1. Time evolution of the compositionp] profile for (a) case 1(without A ,5) and(b) case 2(with A ,5). Darkness represent.
The numbers are times after quench in unitsllb)2/D.¢. The arrow indicates the direction of the nematic orientation.

ropy even in a nematic state. We show the time evolution obelow, we also retair 45, and to avoid numerical difficul-
the composition profile in Fig. @ without A,g's in the  ties, hg and L, are multiplied by 0.7. We show the time

kinetic equation$10) and(11) (refer to case 1 belowand in g\ qjution of the composition profile in Fig(@ without the

Fig. 1(b) with A,s's (case 2 Apparently no anisolropy IS _gieiqsh- andhg (case 3, and in Fig. 2b) with these fields
found in case 1, while we can observe a stripe pattern per- i

pendicular to the nematic orientation in case 2. We stres£@S€ 4 Contrary to case 2, a striated pattern parallel to the
here that the anisotropy found in case 2 arises for a purel{]€Matic orientation is obtained in case 3, which closely re-
embles that in an experiment of nematic-nematic phase

kinetic reason because there is no anisotropy in the free e cparatior2], while in case 4, we can observe a stripe pat-

ergy as stated above, and it can be understood by a smpfgm perpendicular to the nematic orientation similar to that

linear analy3|§ of the growing mode, although we do Oty case 2. We note that the free energy of an interface, par-
show the detail of the calculation. Our results show that theallel to the nematic orientation, is lower than that of a per-

off-diagonal components of the kinetic coefficients may playpengicular one due to the terms proportional gain the free

an important role in phase separation kinetics. energy, which leads to the pattern parallel to the nematic
Next we investigate the effect of the coupling betwen  gientation in case 3. We also note that the tendency of poly-

andS; in the free energy, and how kinetics is altered due toe(s 1o diffuse, parallel to the nematic orientation, leads to

the modification of the kinetic coefficiertt ,,, by the conju-  he density modulation, perpendicular to the nematic orien-

gate fieldsh, and h%j- Thus, we recover the terms propor- tation as in case 4, which is schematically illustrated in

tional to Ly and L, in the free energy. In the calculation Fig. 3.
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FIG. 2. Time evolution of the composition profile féa) case 3(without h,, andFS”,) and (b) case 4(with h,, andFSIj).
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FIG. 3. Schematic illustration of the kinetic effect leading to the
density modulation, perpendicular to the nematic orientatiodi-
cated by dashed lings

In Fig. 4 we show the time evolution of the characteristic (b)
lengths in thex and y directions, I;(t)=2=/k;(t) (i
=X,Y). The characteristic wave numbli(t) is defined as
ki(t)=/Sdk da|k;|S(k, 6,t)/ fdk doS(k,8,t) [13], where
S(k, 8,t) = S(k,=k cosbk,=ksin 6)=(|¢(k,t)|?) is the
structure factor andg(k,t) is the Fourier transform of
¢(r,t). The characteristic lengths evolve with time for all
casegthe saturation of, in case 4 is attributed to the finite
size effect, andl, in case 3 andl, in cases 2 and 4 are larger
than those in case 1, as can be seen in Figs. 1 and 2. We no
thatl, in case 3 evolves dg~t“, with a=1/3, which is a
typical growth law for conserved systelfisf], and has been
obtained by experimen{g].
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Case 2 ——
Case 3 «—
Case 4 —=—

Case 1 ——
Case 2 —+—
Case 3 +—
Case 4 =—

1 10
¢

In summary, we have numerically integrated the equa-
tions of motion of LCP’s for the compositional and the ori-  FIG. 4. Time evolution of the characteristic lengtfas |, and
entational order parameters from a nematic initial condition(b)|y_ Time is measured in units af(Nb)%/D.é.

We have shown that the phase separation kinetics sensitively ) _ o
depends on the form of the kinetic equations and of the fre@attern, such as in case 4, because the rotational diffusion
energy. Finally, we comment on the reason phase separatiéd the diffusion perpendicular to the polymers are sup-
of nematic polymers in an experimdi®] leads to the pattern pressed, due to the topological constraints imposed by flex-
similar to that in case 3, not in case 4. Since polymers ar@:’Ie polymers.

allowed to move only along themselves in the biased repta- The author is grateful to Professor Akira Onuki and Pro-
tion model, our model cannot incorporate the rotational dif-fessor Toshihiro Kawakatsu for helpful discussions and com-
fusion and the diffusion perpendicular to the polymers,ments. All numerical computations were carried out using
which reduces the anisotropy in the kinetic coefficients, andhe facilities of Yukawa Institute for Theoretical Physics.
may play an important role in actual experiments. When wePart of this work was financially supported by a Grant-in-Aid
prepare a mixture of LCP’s and flexible polymers with for Scientific Research from the Ministry of Education, Sci-
LCP’s in a nematic state, phase separation may result in ance and Culture.

[1] F. Brochard, J. Jouffroy, and P. Levinson, J. PK{ari9 45, [8] K. Kawasaki and K. Sekimoto, Physica 148 361 (1988.
1125(1984. [9] K.F. Freed, Adv. Chem. Phy&2, 1 (1972.

[2] C. Casagrande, M. Veyssie, and C.M. Knobler, Phys. Rev[10] S.R. Zhao, C.P. Sun, and W.X. Zhang, J. Chem. PBy¥s.
Lett. 58, 2079(1987). 1572(1999.

[3] T. Shimada, M. Doi, and K. Okano, J. Chem. Ph§8, 7181  [11] J. Fukuda, Eur. Phys. J. 8o be published
(1988. [12] T. Kawakatsu, Phys. Rev. &6, 3240(1997.

[4] J.R. Dorgan, J. Chem. Phy38, 9094(1993. [13] A similar definition for the characteristic wave number has

[5]Y. Lansac, F. Fried, and P. Maissa, Liq. Crydi8, 829 been employed in Y. Oono and S. Puri, Phys. Re\B8A434

(1995. (1988.
[6] AJ. Liu and G.H. Fredrickson, Macromolecul@®, 8000 [14] J.D. Gunton, M. San Miguel and P.S. SahniPhase Transi-
(1996. tions and Critical Phenomenaedited by C. Domb and J.L.

[7] 3. Fukuda(unpublishegl Lebowitz (Academic Press, New York, 1983/ol. 8.



