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Induced smectic phase in a nematic liquid crystal mixture
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It has been recognized experimentally that a smectic phase can be induced in a nematic mixture via strong
mesogenic interaction. To account for an induced smectic phase boundary, we have developed a theoretical
model by combining Flory-HuggingFH) theory for isotropic mixing and Maier-Saupe-McMillaiMiSM)
theory for ordering of smectié- phase(Sm-A) in the nematic mixture, although smectic ordering is forbidden
in the constituent pure nematic liquid crystals. The predictive capability of the present combined FH-MSM
model for the coexistence curves of the nematic mixture and the concomitant induced smectic phase boundary
has been critically tested with the reported induced smectic phase diag&t063-651X97)06606-3

PACS numbdps): 61.30—v, 61.41+e, 64.60.Cn

INTRODUCTION talline polymer. However, specific ion-dipole and/or ionic
interactions, even if they exist, are excluded in the calcula-
Within the past decade, theoretical predictions and experiion. Other transitions such as smectic-smectic, crystal-
mental determinations of phase diagrams involving nematicsmectic, crystal-nematic transitions of LCs, and glass transi-
based polymer dispersed liquid crystdRDLC) have ad- tion of the polymers, etc., are not taken into consideration.
vanced remarkably1—11]. One notable progress is the de- In this paper we have introduced a theoretical model to
velopment of the generalized thedi,5,9] that predicts the ~account for the induced smectic phase from a nematic mix-
phase equilibria of two-nematic mixtures based on the comture by combining the Flory-Huggins theof$2] for isotro-
bination of the Flory-Huggin§FH) theory[12,13 for isotro- ~ Pic mixing and the Maier-Saupe-McMillan theofyt4,15
pic mixing and the Maier-Saup@1S) theory[14] for nem-  for induced smectic ordering in nonsmectic liquid crystal
atic ordering. This combined FH-MS theory has been testefixtures such as nematic mixtures. The predictive capability
favorably well with the experimental phase diagrams ofof the present FH-MSM model for the phase diagrams of the
nematic mixtures Containing side-chain ||qu|d Crysta”ine nematic mixture and the concomitant induced smectic phase
polymers(SCLCP and low molar mass liquid crysta{sC). boundary has been demonstrated by testing critically with
Recently, we have modified the FH-MS theory to predictthe reported induced smectic phase diagrams.
phase diagrams of polymer—smectic liquid crystal mixtures
by replacing the MS theory for nematic ordering with the THEORETICAL MODEL
Maier-Saupe-McMillan(MSM) theory for smectic ordering
[11]. At that time, we recognized, although it is by no means The total free energy of mixing for a binary nematic mix-
straightforward, that it is possible to further extend this FH-ture may be expressed in terms of a simple addition of the
MSM theory to elucidate the phase diagrams of two-smectiéree energy of mixing of isotropic liquidg', and the free
mixtures[11]. energy of anisotropic ordering of the liquid crystals under-
While the theoretical works on nematic and smectic phas@0ing induced smectic phase transitigsd, i.e., g=g'+g°
diagrams have made remarkable progress, there are not mayjiereg represents the dimensionless total free energy den-
experimental phase diagrams for polymer based smectic L&ity of the system. The free energy of isotropic mixing of a
mixtures[1,2,7]. One of the most intriguing phenomena re- binary polymer blend can be generally described by the
ported experimentally for the binary nematic LC mixtures isFlory-Huggins theory12]; viz.,
the induced smectic phagg,7]. In a previous papd@], we _
have demonstrated that the strong nematic interaction be- i G' ¢1
tween the dissimilar mesogens can give rise to a more stable 9 T T, Ing,+— |n¢2+X¢1¢2, ey
nematic(i.e., induced nematic phasia the nematic mixtures
relative to that in the constituent LCs having the same me
sogenic moiety. We further conjectured that such a stron

mesogenic interaction could induce a smectic phase althou ystal molecule and is equal to unity for a low molar mass

smectic ordering is forbidden in the constituent pure LC. TthqUId crystal, whereas, represents the number of segments
objective of the present study is to prove the above hypothOr sites occupied by a single polymer chagh. and ¢, rep-

esis. It should be emphasized that the mesogenic interactiQqd o+ the volume fractions of the component 1 and 2, re-
under consideration arises purely from the mesogenic moiz

eties of the low molar LC and of the side-chain liquid crys- spectively, which may be given 3]

wherek is the Boltzmann constant aridthe absolute tem-
erature.r, is the number of sites occupied by one liquid

nqr nor
= =, ®)
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wheren; andn, are the numbers of liquid crystal and poly- <C0$(27TZ/dj)C0520j>
mer molecules, respectively, and=nir;+nyr,. y is
known as the Flory-Huggins interaction parameter which is
generally assumed to be a function of reciprocal absolute
temperature, viz.,y=A+B/T, whereA andB are constants ) _ _
[13]. where(); denotes the solid angle. The induced nematic order
The free energy density of the anisotropic ordering of theP@rameter and the induced smectic order parameter are fur-
nematic liquid crystal mixtures undergoing induced smectidher coupled through an orientation distribution function nor-

ordering may be represented in terms of the Maier-Saupehalized by a partition function. The normalized orientation
McMillan mean-field theonj15] as distribution functionf(z,cos;) is considered to be symmet-

ric around the reference axis which may be expressed by

=ff cog2mz/d;)cos 6;f(z,cod;)dz d);, @)

s ° 1 2,2 1 2,2 1 1
9=hkT —21¢1- 20— 2 V11811~ 2 V23S, 42 f(z,co9;)= 17 eX;{E mn,j(3C0§0j_1)>
i
—1AS1S2+ Bo102) P12, ) 1
xex%z mS’jCOQZ'ITZ/dj)(:?»COgﬂj—1)),

where2,; and,, represent the decrease of entropy due to the

alignment of individual LC molecules of component 1 and ®)
the mesogenic group of component 2, respectivalyepre- whereZ; is the partition function defined as
sents a dimensionless cross-interaction strength between two )

dissimilar mesogens undergoing the induced smectic order- 1

ing and thus will be called, hereafter, the induced smectic zjzf f ex;{E mn,j(3C0§6’j—1))
interaction parameter,;; andv,, are the nematic interaction

parameters of the pure components wheregsrepresents 1
the cross-nematic interaction between the dissimilar me- xex;{i msyjcos(27-rz/dj)(300§0j—1))dz a,,
sogens which is defined #8]

(€)

V127 CVP11b 22 @ in which m,; andmg; are dimensionless nematic and smec-
tic mean-field parameters, respectively, which characterize

The phase transition from an induced smectic to an inducethe strength of the respective potential field6]. The order
nematic phase in the nematic mixtures may be describeparameters; ando; can then be related @; through
through temperature dependence of the cross-nematic inter-
actionvq, which is further coupled with the induced smectic 1 dz;
interaction parametes through the last term of E¢3). The SJ:f f f(z,cos;) 2 (3cos6;—1)dz dQ':Z_j dan,- '
physical meaning of3 in the nematic mixture is similar to (10
that of the McMillan parametefa) [15] defined originally
for the pure smectic, but two dissimilar nematic mesogens 1
are involved in forming a single smectic due to the strong Uj:f f f(z,co9)) > cog2mwz/d;)(3cod6,—1)dz dQ;
cross-mesogenic interaction. The magnitude3adh the LC
mixture is twice thea value of the pure smectic. As in the 1 dz
case ofa in the McMillan theory[15], the magnitude of the “Z dmg,’ (12)
induced smectic interaction paramet@r generally deter- ) !
mines whether a phase transition occurs from a smectic to agnd the entrop,; can be deduced as
isotropic phase directly or through a nematic phase.

The nematic order parametess ands, and the smectic
order parameters, and o, are further defined as4—16 2= _f f f(z,codt))In[47f(z,codf))]dz d);
1 =In Zj_mnyl‘Sj_mSYiO’j. (12)
S=5 (3cog,-1), (5

It should be pointed out that the integration ozén Eqgs.(7)

and (9)—(12) must be carried out in the limit df0,d;] and

1 then normalized by the layer distandg.

aj=§<cos(2wz/dj)(3 cogaj—l», (6) The orientational order parametess and o; may be

evaluated by minimizing the free energy of anisotropic or-
dering with respect to the order parameters, i.e.,

in which 6; is the angle between the director of a liquid

crystal molecule belonging to the componéntj=1 or 2) a_gs_o q r9_gs_0 13

and the reference axa d; represents the interlayer dis- ds; =9 an o, o (13

tance of componerjtin the smectic phase. The angle brack-

ets( ) denotes the ensemble average which is defined as which yields the equations
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ags mines whether phase transition occurs from an induced
s, T v1181$1— V1552¢2=0, (14 smectic to an isotropic phase directly or through an induced
nematic phase. Depending on the magnitude of the coupling
ag° between the cross-ngma}tic interaction parametéor v,,)
&—Sz=mn,2— VosSoho— V1581 ¢p1 =0, (15 and the cross-smectic interaction paramefera smectic

phase may be induced in a nematic mixture.
Figure 1 shows the temperature dependence of the nem-

Jg° . o .

—— =My~ v12B0,$,=0, (1)  atic and smectic orientational order parameters for a hypo-

doy ’ thetical PDLC system in which the constituent nematic LCs
have the nematic-isotropic transition temperatufgg) at

9_93_ B —0 1 60 °C and 50 °C, respectively. The constituent nematic LCs

do,  s2 11280161 =0. 7" have no smectic phase, but smectic can be induced in their

mixtures due to the strong cross-mesogenic interactions, e.g.,
It is obvious from Eqs(14)—(17) that the orientational order in the case ot=1.2 andB8=1.5. The nematic ordering takes
parameterss; and o) depend on the volume fraction, the place at higher temperatures in the middle composition
smectic cross-interaction strendil), and the nematic inter- (50:50 as compared to those of the compositions rich in
action parameterév,,, v, and vi,). Moreover,v,; and either componente.g., the 75:25 ratijp which suggests that
vy, are given to be inversely proportional to temperaturethe nematic phase in the mixture appears more stable relative
[8,9], i.e., to that in the constituent nematic LC. The induced smectic
phase occurs in the intermediate compositions as the smectic
ordering is forbidden in the constituents. As in the case of
Taia Tz the induced nematic, the induced smectic is more stable at
ru= 4'541T’ V22— 4'541?’ (18 the 50:50 ratio as compared to that at the 75:25 composition.
Figure 2 depicts the temperature dependence of the corre-
whereTy, ; is the nematic-isotropi¢Nl) transition tempera- sponding free energy curves for anisotropic ordering of the
ture of the componerit nematic mixtures as a function of composition. The concave
The phase transition from an induced smectic phase in théee energy curve at 60 °C suggests that the nematic phase is
nematic mixture to an isotropic directly or via an induced more stable in the mixture as compared with that in the pure
nematic phase may be described throughghealue. For a  state. This is exactly what was pointed out previoUsy
given set ofc and B values, the temperature dependence othat a nematic phase can exist above the nematic-isotropic
s; ando; in the mixtures can be evaluated numerically as dransition temperatures of the constituents due to the strong
function of composition ¢,) by means of Eqs(14)—(18). cross-mesogenic interactio=€1.2). Upon lowering tem-
Once the temperature dependence of the order parametd¥rature, a subtle change in the curvature can be noticed at
has been determined, the free energy of anisotropic ordering?me intermediate compositions, which implies that the two
can be calculated accordingly. The equilibrium coexistencdree energy curves, attributable to the induced nematic and
points of the phase diagram can then be computed by usings;;nectic ordering, overlap. The broad concave curvature of
double tangent method. Regarding the details of phase didhe free energy curve is analogous to the induced nematic
gram calculation, interested readers are referred to our pr@rdering while the narrower one is due to the induced smec-
vious papef9]. tic ordering. The anisotropic free energy is lowest at the
middle compositior(e.g., 50:50 and at a lower temperature
(e.g., 0°Q, suggesting that the induced smectic is most
stable in the mixture. The contribution of the induced smec-
The question of whether or not an induced smectic phastc ordering to the total free energy decreases with increasing
occurs in a nematic mixture can be considered via the temtemperature and virtually diminishes at 60 °C above which
perature dependence of the coupling term involving theonly the nematic phase can exist in the mixtures.
cross-nematic interactiofwy, or ¢c) and the cross-smectic Since the phase diagram of the nematic mixture has been
interaction parametes, i.e., the last term in Eq.3). Physi- dominated by the LC ordering, the interaction parameters
cally, thec parameter represents the relative strength of th@ssociated with the FH theory play no crucial role in the
cross-nematic interaction of the dissimilar mesogens with recalculations of the induced nematic phase boundaries, but it
spect to that in the same mesogens. It has been shown prean exert some minor effects on the induced smectic phase
viously [9] that whenc<1, the cross-interaction is weak, boundaries. Figures(8&-3(c) depict the transition tempera-
thus the nematic phase is favored to form in the pure conture versus composition phase diagram as a function of the
stituents; no smectic phase can be induced. However, whenduced smectic parametg keeping thec parameter con-
c>1 where the cross-interaction becomes stronger than thatant (i.e., c=1.2). Similar to the McMillan parametet
in the same mesogens, the nematic becomes more stable[itb], liquid crystal phase transition occurs in the smectic-
the mixture relative to that in the pure constituent nematicsnematic-isotropic sequence wh@x1.96, otherwise it oc-
This situation gives rise to an induced nematic phase. On theurs directly from the induced smectic phase to the isotropic
other hand, the induced smectic interaction paramgtar  phase. Although the choice of the FH parameters may not
the LC mixture has a similar characteristic of the McMillan affect the induced nematic phase boundaries, it is required to
smectic interaction parameterfor the smectic layer order- provide some reasonable values to reflect the width of the
ing in the pure smectic LC, i.e., the magnitude ®fleter- induced smectic phase boundaries, e.g=379/T and

RESULTS AND DISCUSSION
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r,/r,=2.25/1. Figure 8) shows a temperature versus com-
position phase diagram encompassing an isotroic § N
+1 coexistence region, a single phase nematiy, (N
+Sm-A coexistence regions, and a single phase smectic 0.8
Sm-A region in the descending order of temperature. The
Sm-A and N+Sm-A coexistence phases exist only in the
mixtures since the constituent LC has no smectic phase.
Hence it is reasonable to conclude that these smectic phases
must be induced by the strong mesogenic interaction similar
to that of the induced nematic phase in tiie | coexistence
region which is more stable than that of the constituents.
When the value of3 changes from 1.2 to 1.5, thHé+|
coexistence region is virtually unchanged, but the Srand 0.2
N+Sm-A coexistence regions shift significantly to higher
temperatures, reflecting the greater stability of the induced
smectic phase as shown in Figbp Concurrently, the con- 0. 40 20 0 2'0
vexity of the smectic region gets slightly sharper while the
N+ Sm-A region becomes wider. Whehiis increased to 2.0

(i.e., B>1.96, the smectic-isotropic transition occurs in the 5 1 Temperature dependence of the nematic and smectic
intermediate compositions without passing through the nemg e parameters for a mixture comprised of two nematic liquid
atic phase[Fig. 3(c)]. The induced smectic transition crystals WithTy, 1= 60; Ty, ,=50 °C; c=1.2 and=1.5, exhibit-
(Sm-A and I +Sm-A) temperatures increase appreciably.ing an induced smectic phase for two compositiofg=0.5
When the temperature is below the two peritectic life®-  (dashed linesand ¢;=0.75(solid lines.

ted lineg, two separate nematic phases form from their iso-

tropic states, i.e.] +Sm-A transforms toN;+Sm-A and

N,+Sm-A. In the high compositions of either constituent,

the transition occurs from an isotropic to the pure nematic CONCLUSIONS

through thel +N coexistence regions in the descending or-

der of temperature. It is interesting to note that the induced \\e have demonstrated that the combined Flory-Huggins—
nematic phase. in thiet N regions is more stable than that in Maier-Saupe-McMillan theory is capable of predicting suc-
the neat constituents. o _ _ cessfully a rich variety of induced smectic phase diagrams in
While the theoretical prediction on the rich variety of the pinary nematic liquid crystal mixtures using the induced
phase boundaries in the two-nematic mixtures appears integmectic interaction parametgr which indicates whether the
esting, it is imperative to compare it with the experimentalinduced smectic mesophase of LC transforms to the isotropic
results to validate our hypothesis. Figure 4 depicts the exphase directly or through the induced nematic phase. In the
crystalline polymer (4-polymethoxyphenyl 4propyloxy
benzoate methyl siloxaphend a low molar mass liquid crys-

1.0

o
e}

Order parameters
=}
N

e e

40 80 100

T(°C)

D
o

tal (4-cyano 4-pentyloxy biphenyl, 50CB[1]. The ¢ pa- 02
rameter was determined experimentally to be 1.105 from the Ty, =60, Ty ,=50°C
azeotropic poinf9]. Henceg is the only adjustable param- c=12,p=15

eter which can influence the induced smectic boundaries, but

not to thel + N coexistence curves. The FH parameters were 0.0 T=60°C
set asr,/r{=9/1; y=—10+3628T. Beyond our expecta- 50
tion, B=1.87 gives a remarkable fit for both the induced \/
smectic as well as the+ N coexistence boundaries. 9 02

In the case of temperature versus composition phase dia- 30
gram of a mixture of two low molar mass liquid 20
crystals (4-n-pentyl-4 cyanobiphenyl and #-butyl-
4'-methoxyazoxybenzend7], the comparison was made 04 10
with the calculated coexistence curves of the induced nem-
atic and the induced smectic coexistence phase boundaries 0
(solid lineg using the indicated and g8 values along with 06 : . : ;
the FH parameters af,/r;=1/1 andy=—5+2332T. As 0.0 0.2 0.4 0.6 0.8 1.0
can be seen in Fig. 5, the fit for the-N coexistence region 0, '
appears satisfactory, although the induced smectic bound-
aries show some departure from the experimental data FiG. 2. variation of combined nematic and induced smectic free
points. Nevertheless, our calculation captures the trend remergies versus composition at various temperatures for a mixture
markably well, attesting to the rigor of the predictive capa-of two nematic liquid crystals witfTy, ;=60 °C; Ty, ,=50 °C; ¢
bility of our theoretical simulation. =12 andB=1.5.
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(b) FIG. 4. Temperature versus composition phase diagram
120 =15 for a mixture of side-chain liquid crystalline polymer
' (4-polymethoxyphenyl 4propyloxy benzoate methyl siloxanand
100 | | a low molar mass liquid crysta4-cyano 4-pentyloxy biphenyl,
50CB) in comparison with the calculated coexistence curves for
l+N | +N induced nematic and induced smectic phase boundadsekd
80 f lines). The filled triangles and circles represent the NI transitions as
N obtained from differential scanning and calorimetry and optical mi-
08 croscopy, respectively. The filled square symbol represents the in-
g duced smectic-nematic transitions as obtained from the optical mi-
croscopic investigatioiRef. [1]).
ence region, the pure nematitN), the induced smectic,
Sm-A, thel +Sm-A, and theN+ Sm-A coexistence regions.
In the latter case, the calculated phase diagram consists of
thel +N region, the single phase nematid)( the induced
9, 80 c=1.07
=147
120 () 70 ! "
B=2.0
|
100 | 60
5
|+8'\? I 1+Sm-A 1+Sm-A = 50
5 9 I+N
g 40
|_
30
20

0.0

FIG. 5. Temperature versus composition phase diagram for a
mixture of two low molar mass liquid crystal$4-n-pentyl-
4'cyanobiphenyl and #-butyl-4’-methoxy azoxybenzepein

FIG. 3. Temperature versus composition phase diagram showeomparison with the calculated coexistence curves for induced
ing an induced smectic phase from a mixture of binary nematimematic and induced smectic coexistence phase boundadkd
liquid crystals havingTy, ;=60 °C, Ty, ,=50; andc=1.2 showing  lines). The experimental data points and the dotted lines were from
the influence ofg; (a) 1.2, (b) 1.5, and(c) 2.0. Ref.[7].
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