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Theory of polar biaxial nematic phases
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A theoretical model is proposed for describing the polar biaxial and uniaxial nematic phases observed in
thermotropic liquid crystals formed from rodlike polyester molecules. The polarity and biaxiality are shown to
result from the same molecular mechanism, i.e., they are associated with the same critical order parameter
which consists of two vectors determining the average molecular orientations in the biaxial and uniaxial
phases. The model allows us to determine the critical behavior and electric or magnetic field effects that
characterize polar nematic phases and to analyze, at the phenomenological and molecular levels, remarkable
properties that have been disclosed experimentally.
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Recently, the coexistence of biaxiality and spontaneougcules, with polarization components along—and perpen-
macroscopic polarization has been observed experimentalljicular to—the chain direction, i.e., the nematic phase is bi-
by Watanabe, Takezoe, and co-workgrs 5] in the nematic ~ axial.
phase of a thermotropic liquid crystal formed from rodlike In a standard nematic phase formed from rodlike mol-
aromatic polyester molecules. The two above-mentione@cules of optically uniaxial symmetry, the order parameter of
properties—biaxiality and polarity—have been vainly soughtthe transition from the isotropic liquid, of @) symmetry, is
independently for many year in thermotropic nematic phase® second rank tens¢2,13. In the uniaxial nematic phase
On the one hand, only centrosymmetric biaxial nematichere is only one effective nonzero component of the order
phases of lyotropic system were previously kndigh since par_ameter_Sl, which is deflned_frqm the probgbmty dlgtn-
their discovery by Yu and Saupé]. On the other hand, butlpn to find the molecular axis in the spheri¢8) ¢) di-
although ferroelectricity is known to exist for more than rection,
twenty yearq8] as a secondargimpropey) effect in thermo- S,
tropic smectic phases, the onset of a spontaneous polariza- P(0.¢)=7—-11+5(1-3 cos 0) (, (1)
tion as a primary mechanisrorder parameterin liquid
crystals, was only found recenf®,10] in a uniaxial choles- the S; term in Eq.(1) describes the uniaxial nematic sym-
teric phase formed by a lyotropic mixture of polypeptide metry. Thus, one haS,=5(1—3 cog ) where( ) denotes
polymer and benzyl. the average on the distribution. For a biaxial phagé3,14],

The aim of the present work is to describe theoreticallythere are two effective nonzero order-parameter components,
the formation of polar biaxial nematic phases from the iso-which are:S;=5(1—3 cos 6) andS,=(sir* #cos 25). Note
tropic liquid, and to show that the predictions of the theory,that Eq. (1) holds close to the isotropic-liquid to uniaxial
in which the molecular symmetry plays an essential role, aréématic transition temperature and that the corresponding
consistent with the experimental observations reported i,gprlmarwzor?er parameter transforms as the spherical har-
Refs.[1-5]. The polarity and biaxiality are shown to result MONic Yg=3(1-3co$ ). At lower temperatures other
from the same molecular mechanism, i.e., they are associaté@herical harmonic¥5"(6,¢) compatible with the uniaxial
with the same critical order parameter, corresponding to thymmetry become significant. However, they are not symme-
vector representation of the isotropic liquid symmetry group_try breaking quantities _and the_refore coincide with seco_ndary
However, in contrast to the usual theory of polar liquiitig] order parameters, having no influence on the phase diagram
two vectors are required to stabilize the biaxial phase. Thi@nd critical behavior of the system. _ _
allows us to analyze, at the phenomenological and molecular In the case of a molecular symmet, the orientation

levels, the remarkable behaviors disclosed experimentally. In space of the molecgles cannot be described witt #he)
The polar biaxial phase found by Watanatteal. [1] is coordinates, and requires use of the three Euler arigles,

formed from a copolyester based on hydroxybenzoic acid HC o o
(HBA) and hydroxynaphtoic acitHNA). The intrinsic sym- 3 0

metry of the polymer molecule, represented in Fig. 1, is o o 0——H
monoclinic Cg with the polarity along the rigid polymer 0.73 0.27
groups. The nematic phase appears on heating above the / k

crystal phase at about 280 °C and was identified by optical P

verified by second-harmonic generatiqiHG) activity FIG. 1. The HBA-HNA polymer molecule represented within its
which reveals a monoclinic polar structure corresponding tamirror plane.j is the molecular polarizatiori, j, andk are unit

chain direction, the molecular plane containing the aromatic -
?A.,
! j

microscopy and x-ray diffraction. Its polar character was

the samdmacroscopicsymmetryCg as the constituent mol-  vectors in the molecular-vector space.
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v). In this case the probability distributidd(«,3,v) has to  forming as the components of a vector. In contrast, for non-
be expanded into spherical functiorB;m,(—Lsm,m’ cylindrical molecules there are nine functiofﬁnm, in the
<L) instead of spherical harmonics, giving rise to a widerdistribution P(«,3,v), which transform as the components
variety of molecular configurations than those associatedf three vectors. The number of allowed vectors depends on
with molecular units having a cylindrical symmetry. For this the actual molecular symmetry. For molecules with mono-
latter symmetry, when going from the isotropic liquid to a clinic symmetryCg the corresponding probability distribu-
polar nematic phase, a single vector can apped®(if,#)  tjon, restricted to the primary order parameters, réa6sl7]
since there exist only three functioﬁén(— 1<m=<1) trans-

P(a,B,y)=1/87?{1+[U,(cosa cosB cosy—sina siny) + Uy(cosa cosg siny+sina cosy) — U, sin§ cosa

—V,(cosB sina cosy+ cosa siny) —V,(cosp sina sin y—cosa cosy) +V, sinB sina]}. (2

(Uy,Uy,Uy) and (V,,V,,V,) are the components of two and one hagi)=(U/V)(])=U/3, (k)=0. It means that al-
vectorsU andV representing the six-dimensional order pa-thoughi andj are perpendicular at the molecular level, their
rameter associated with the transition from the isotropic lig-average values are parallel in the uniaxial phase.

uid to a polar-biaxial nematic phase 6 symmetry. Aver- (iii) A biaxial polar nematic phase of symmet€y for
aging on P(a,B,7), one gets U,=3(C0osaCOSBCOSY U0, V+0, andd+0,7.

—sinasinvy), etc. These expressions provide the average ori- polar uniaxial nematic phase witB.., symmetry was
entation of the molecules in the biaxial nematic phase, whichypsered by Watanabet al. [1-3] in another polymer

is given by formed by HBA, HNA, and meta-hydroxy benzoic aciu-
G v HBA) as a third comonomer. In this phase the SHG activity
- _Y - __ Y > _A shows that the polarity perpendicular to the molecular chain
(i(a.8,7)) 3’ (i(a.8,)) 3’ (k(er,8,7))=0. is cancelled. Using 4-hydroxy 4-biphenil carboxylic acid

(3  (HBCA) instead of HBA. Furukawat al.[3] could also ob-
R R serve a crossover from biaxial to uniaxial regime in a crys-
i andj are the unit vectors belonging to the molecular mirrortalline film of HBCA-HNA by changing the molar ratio of
plane, which are, respectively, parallel to the molecular poHBCA with respect to HNA.
larization and normal to it, anki=i x| (Fig. 1). Since the The most representative theoretical phase diagrams asso-
relative directions of the vectotd andV can be expressed Ciated with the Landau free-energy are shown in Fig. 2. A
by their moduliU, V and by the angl& between them, the fourth-degree expansion &% in U andV is assumed in the
order parameter decomposes into three effectivev(®)  phase diagram of Fig.(d. It shows a sequence of two
and three Goldstone components. These latter componerfi§cond-order  transitions  isotropiauniaxial nematic

describe the orientation of thd:j(\?) plane which coincides —biaxial nematic. A sixth degree expansion is considered

with the macroscopic mirror plane of the biaxial state. Thus 0" the phase diagram of Fig.1 which exhibits a direct

the free energy associated with the isotropic quuid-polarﬁrSt'Order isotropie- biaxial nematic transition. The biaxial

uniaxial-polar biaxial sequence of phase transitions dependd@S€ separates two regions of stability for the uniaxial
only on the effective components)(V,®). Taking into ac- phase. It has to be stressed that the second-order character

count the transformation properties of these components by

theﬁisgtropic groupaCBa) yields the invariaﬁnt*monomials‘.:1 (a) a (b) aﬂ'\ Isotropic
=U.-U=U? 1,=V-V=V2 and I;=U-V=UV cosd, \ Uauid Ty, Liauid
which give the following order-parametétanday expan- Ny J Ny (©..) t\i{g‘
sion: — v T AT
- o, - L b,
Fa(l,0p,05)=agl+agl2+---+byl+byl3+-- Ny ©C9 / Ng(© | Ny €.
+C1|3+C2|§+‘"+d12|1|2+"'. (4) “ i

FIG. 2. Theoretical phase diagrams in tleg (b,) plane corre-

Minimization of F, with respect toU, V, and ® leads to sponding to the Landau expansion defined by #jy.and truncated

three possible stable states.

(i) The isotropic liquid forU=V=0.

(i) A uniaxial polar nematic phasef C.., symmetry, for
U+#0,V#0, and® =0, 7. In this phasdj andV are parallel

either at the fourth degrd@), or at the sixth degreg). Dashed and

full lines are, respectively, second-order and first-order transition

lines. In (b) N; and N, are three-phase pointd;,, and T,, are
tricritical points.
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< (a)

Fo(l1,05,...06,Q:: ) =F,(11,1,,13)+el,+e5l
—=a 211,12 6:Qij) =Fa(ly,15,13) +e1l4+€5ls

+33|6+fi§j: Qi;Qjj

which provides by minimization the general form of the op-
tical tensor components,

1 1 1
Qij :ﬁ( _el( Uin_ §U25ij)_ez( ViVj_ §V25”)
FIG. 3. Schematic representation of the molecular structure in
the uniaxial(a) and biaxial(b) polar nematic phases. In both cases 1 1. .
the molecular plane rotates about an axis parallel to the plane. The —e; _(Uivj + Ujvi)_ S U-V§; } ] (5)
molecular vectors (parallel top) andj (normal top) are within 2 3

tk,l's p[ane. ln the ‘umamal pha@ P proc.esses .|scl)trop|cally, then Since there are three Goldstone order-parameter components
(iy=U/3, (j)=—VI3, and the single optical axis is parallel to the

rotation axis. In the biaxial phasg) the rotation is anisotropic, Wh_'Ch ﬁcan be fixed arb'tfa”lw can be o_rlented along trle
then(i), (J), and the two optical axes are not parallel to the rota-8%iS[U=(0,0U)], andV can be taken in the-z plane[V
tion axis. =(Vsin®,0,V cos®)] without loss of generality. Accord-
ingly, one has in the biaxial phas®q,=0Q,3=0 and Q3
. =(1/3f )(esU —e,V cosP)sin®. One eigenvector of) is
predicted in the two phase diagrams for the isotropic liquidyormal to the mirror planéx,y), whereas the two remaining
—polar uniaxial nematic is in contrast with the situation ejgenvectors are parallel to this plane but in directions nei-
found _for the_ _Isotropic Ilqwdwentrosymm_etrlc unlax_|al ther parallel toU nor to V. In the uniaxial phase one gets
nematic transitior6,13]. This latter transition is always first A A AN _ 2
order due to the existence of a cubic invariant of the corre-<13_ ?12_ Q25=0, and Qu=Qpp=~2Qgs= —-2(e,U
) o +e,VeEezUV). In this phase, the single optical axis is par-
sponding tensor order parameter, which is absent for the vec- - - . . o
tor order parameter used in our approach. In the polymef/lel ©o U andV. Using the current forzmalésm describing
mixtures investigated in Ref§1—5] the nematic-isotropic nemat|c3phase§3,14,%33 one takes: TQ“=r", and DeQ
transition could not be observed below the decompositior (2/9)r” cos ¥. B=r~sin 3¢ defines the optical biaxial co-
temperature350 °O. efficient. Equation5) shows thaB vanishes in the uniaxial

From Egs.(2) and (3), one can deduce a qualitative pic- Phase(for §=nw/3) as
ture of the molecular structure in the uniaxial and biaxial 1
polar nematic phases, which are shown in Fig) and 3b), _ 12
respectively. In the uniaxial pha$€ig. 3(a)] the molecular B 16fv2 CODLE+CODIT ®
plane is parallel to the optical axis and turns around it. The
molecular polarization lies within the molecular plane, at anwhere the symmetry breaking quantity=UV sin® varies
angle'V with the optical axis, given by taff=—V/U. For  in the uniaxial phase as TETo)Y2 C(7)=(e5
V=0, the molecular polarization is parallel to the optical —4e,e,)»?, andE=e,l,+e,ls+e;3ls. Equation(6) shows
axis, whereas it is normal to it fdd = 0. Due to the continu- that B varies linearly with T—T¢) in the vicinity of T¢.
ous rotations the molecules acquire the effectsg, sym-  This behavior distinguishes the polar biaxial nematic phase
metry identical to to the macroscopic symmetry of the phasdrom standard biaxial nematic phases, in which the biaxial
[18]. In the biaxial phaséFig. 3(b)], the rotation of the mo- coefficient varies asT— T¢)Y?[14,15. In the same way, the
lecular plane around the optical axis is anisotropic and ber parameter characterizing the deviation from isotropy varies
comes frozen at low temperature, so that the effective moas (T—T;) in the polar uniaxial nematic phase, whéfreis
lecular symmetry is als€s. Moreover, the angle between the critical isotropic-uniaxial nematic transition temperature.
the rotation axis and the polarization varies during the rotaThis is also at variance with the standard uniaxial nematic
tion process. Such picture is consistent with the SHG profilegase in which one finds in the vicinity of the first-order
obtained for the biaxial and unixial phases in the HBA-HNA isotropic-uniaxial nematic transition ar ¢ T;)? tempera-
and HBA—-HNA-m-HBA polymer systemld,3]. ture dependence far[14,15.

A number of physical properties of the polar biaxial and The specific critical behavior at the transitions to polar
uniaxial phases can be determined by considering the coumiaxial and biaxial nematic phases may provide an explana-
pling of the order parametet'i andV to the optical second- tion for the absence of electric field induced switching re-
rank traceless tens@, whereQ represents either the con- ported by Watanabet al.[1], which was attributed by these
ventional nematic order parameter or the anisotropic par@uthors to the high viscosity of the systems. Within our ap-
eij—(1/3)(Tre) & of the dielectric tensoe. The coupling ~Proach, the response of polar nematic phases to an applied
invariant, linear in the componeng;; of Q, allowed by the electric fieldE, is strongly influenced by the presence of the
O(3) symmetry ard ,=%; ;U;U;Qj;, 1s=2%;V;V;Qj;, and  Goldstone variables. At low field intensity, the polarization in
le=2;U;iV;Qj;, with (i,j) e (x,y,2). It yields the Landau the uniaxial phase must align with the field, whereas in the
free-energy, biaxial phase the mirror plane must adapt its orientation so as
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other hand, to the existence of the nonenergetic Goldstone
variables which make possible such rotation. As a conse-
quence, the polarization is in a mechanically unstable equi-
librium state as long as no transverse component of the elec-
tric field is applied to the system. The absence of polarization
switching may therefore result from the fact that for begin-

ning the switching process, a thermodynamic fluctuation has
uniaxial Coov biaxial Cg tricinic  C; to generate a macroscopic transverse polarization during a

time scaler= v(p|E|) ~*, wherep is the molecular polariza-
tion and » the rotational viscosity. Since is much larger
Y then the molecular rotation time, such fluctuation is very
[ unlikely, and the system persists in its mechanically unstable

- state. At a high threshold fielfi. the biaxial phase can un-
P E dergo a first-order transition into the uniaxial state. The
o

23'—(7/ metastability of both states around the corresponding thresh-
old fields + Ec yields a double hysteresis loop, in addition to
the reversible switching jump @&=0 [Fig. 4(b)]. At still

higher field intensities, nonlinear couplings may stabilize a
polar nematic phase of symmet€;, in which the field is

. /Y "*U not parallel to the J,V) plane.
> vV

(a =

gliv

~NU

(b)

°

o}
m}
my

The magnetic field action on the polar biaxial and uniaxial
o nematic phases is different due to its axial symmetry. At low
field intensity in the biaxial phase, the mirror plane orientates
uniaxiai Coo  "uniaxial’ Cg biaxial Cg perpendicularly to the field, i.e., the magnetic field enforces
. the biaxiality of the phase, which keeps @g symmetry. On
FIG. 4. () Configuration of the vector order parametéh, /) the contrary, application of a magnetic field lowers the sym-
under applied electric fiel&. At low field intensity, the vectors metry of the uniaxial phase 16.. if the polarization is along
align in the direction of the field in the uniaxial phase and in theipe field direction, or to the biaxial symmet6, if U andV
biaxial phase*they lie within the macroscopic mirror planehich are normal to the fieldFig. 4(c)].
is parallel toE. At higher field intensity, a triclinic phase may be In Refs.[1,2] the dependence of the SHG intensity as a
stabilized and the mirror plane disappedb3.Shape of the equilib-  fnction of the degree of polymerization was measured using
rium hysteresis curve in the polar nematic phaggss the applied  samples of increasing molecular weight. The SHG signal
electric field,P, is the induced polarization, arf®, its spontaneous yanishes below a critical degree of polymerization. It indi-
value at zero fielq. At low field intensity the curve is reversible andcates that below a critical length of the polymer molecules,
the polarization jumps fronP, to —P, whenE, is reversed. At the pjaxial nematic state become nonpolar. Such behavior
higher field intensity the triclinic phase may be stabilized across g 55 predicted theoretically by Terentjeval. [19] and Lee
first-order transition, giving rise to an irrfversible hysteresis behavand Lee[20] for uniaxial polar nematic phase of liquid crys-
ior around the corresponding critical fie!k'i;. (©) Conjiguration of talline polymers. The two studies differ in their approaches,
the vector order parameter under applied magnetic Beldt low 1yt hoth find that the polar ordering should appear beyond a
field intensity, in the uniaxial phase the vectors align either in thegiven dipole strength of the rigid polymer chains. In our
direction of the field or normal to it. In the former case the phase

) . . ; aepproach, the onset of a nonpolar nematic state, below a
remains uniaxial but becomes chiral, whereas in the latter case th

. . . o - - biaxial or uniaxial polar state, reflects the vanishing oftthe
phase remains achiral but becomes slightly biaxial, sihcendV N
do not remain parallel. In the biaxial phase the mirror planis ~ andV vectors: the second-rar@ tensor becomes the sym-
normal toB at arbitrary low field intensity. metry breaking order parameter at the observed critical de-
gree of polymerization. In a more general way the sequence
of isotropic liquid-polar nematic-centrosymmetric nematic
ghase transitions requires to take into account two primary

[y

to be parallel toE [Fig. 4(@]. Therefore, considering a ho-
mogeneous domain of the polar uniaxial phase where the - - .
polarization is directed along €,, application of an electric critical) °F°.'ef parameter® andU (\./ becpmmg a second-

field E&, increases slightly the nematic polarization. When@" noneritical order paramﬁter, since it cannot break the
the sense of the electric field is reversedR&,), the polar-  Symmetry further thaiQ andU alone. The free energy s
ization remains oriented along tlzeaxis but corresponds to associated with the preceding sequence of phases depends on
an unstable state, and not to a metastable state as in sof#K invariant monomialsty, 14, 1,=TrQ?, 13=DetQ,
ferroelectrics, since there is no energy barrier preventing the l.=S  .0.0.UU

switching of the polarization. This is due, on the one hand, to 9= 2,1 kQij QUilk,

the isotropic symmetry of the parent liquid state with respecty,q

to which the polarization can rotate as a whole without

changing the internal free energy of the system and, on the l10=2i j k.1.mQij QikQuIQImUiUp,.
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Minimization of F 5 with respect to th& andU components 0N the contrary, require to introduce a third vector order pa-
yields six possible stable nematic phases below the isotropiameter {V), which would allow stabilization of a uniaxial
liquid, with the symmetrie®..,,, C..,, Dy, Cy,, Cs, and  polar state of triclinicC, symmetry.

C,. The corresponding phase diagram shows, in particular, a Although the existence of biaxial and uniaxial polar nem-
second-order transition between the nonpolat{) and po-  atic phases requires further experimental confirmation in
lar (C.,) uniaxial nematic phases, while the transition be-other liquid crystal systems, the fact that such phases have
tween the biaxiaD,, and Cs phases is first order. Accord- peen evidenced for the first time in a system displaying the
ingly, the nonpolar phase observed below a critical length ofglecular symmetryCs is not surprising. Our analysis

the polymers molecules may result from the activation of a4y that only for the low molecular symmetriggandCe
different symmetry breaking mechanism, associated with thge coexistence of polarity and biaxiality is permitted as the

Q tensor order parameter. The phase should display fesult of a single(irreducible symmetry-breaking mecha-

unIlggllzlrE]Zr;n(;iglaﬁlgégého?)t/rﬂ?megt% i liauid crvstals ma nism. A number of theoretical studies have focused on the
b bic 1iq y Y ossibility of realizing polar uniaxial nematic phade&2—

have interesting technological applications, but are also 025] because of their potential technological interest. How-
fundamental interest, since they constitute the first exampl ! their poten gice o
ver, polar uniaxial nematics can be predicted using many

?:aa tg)j(e ;Letef Ovre<s:ltjocrhf|e:]da|sr:a§ogdr?g€ evc;rrir:a?tteorf F:J:]}:JSSITJZI %?(gifferent theoretical approaches based on dipolar interactions
y exp P ' y f molecules with cylindrical symmetry, which lead to trivi-

tures and defects. The remarkable critical behavior oP

uniaxial and biaxial polar nematic phases, established in thgIIy ordered nematic configurations. The originality of the

present work, and especially the second-order character Sresent study is that the existence of uniaxial and biaxial

the isotropie— uniaxial polar nematic transitig21], reveals polar phases is deduced from the sole molecular symmetry,

that these phases do not form a banal subclass of nematics.'Pndependent of the specific nature of the molecular interac-
. . tions.
particular, the two-vector order parameter used in our ap-
proach is independent of the current nematic tensor, and is This work was partly supported by a Grant-in-Aid for
adapted to the low molecular symmeti@4) of the polymer  Scientific Research on Priority Are@) (12129202 by the
subunits. More symmetric molecules would cancel the vectofinistry of Education, Science, Sports and Culture. One of
V and would forbid the stabilization of a biaxial polar nem- us (P.T) acknowledges the support of the Japanese Society
atic state. A molecular group of low&r; symmetry should, for the Promotion of Science.
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