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Shape model for the molecular interpretation of the flexoelectric effect
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A mean-field model for the flexoelectric polarization in nematics is presented, based on a continuous
description of director deformations coupled to the molecular degrees of freedom via surface interactions. In
such a framework, a consistent picture of the flexoelectric effect is obtained, including both dipolar and
quadrupolar contributions, with a realistic account of the molecular characteristics of shape and charge distri-
bution. The method is aimed at establishing a quantitative link between chemical structure and flexoelectric
response. It provides numerical estimates of the effect and its temperature dependence and allows the recog-
nition of the relevant molecular features for its emergence. Application to some representative systems, com-
prising mesogenic molecules and photoisomerizable dopants, is considered,; it is shown that simple interpre-
tative schemes can be misleading and a comparison with experimental data is reported.
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[. INTRODUCTION larization can arise as a consequence of the phase inhomo-
geneity associated with director distortions.

The nematic phase hd3,,, symmetry, and as such it is General approaches that were based on different models
incompatible with the presence of spontaneous electric pdfor the intermolecular interactions, and were therefore able to
larization. However, in the presence of deformation breakingake into account both kinds of mechanisms, were also pre-
the up-down symmetry, a dipole moment can be developedented: they go from the Onsager-like theory of Stragyto
For symmetry reasons, of the three elementary deformatiorthe molecular-field model formulated by Osipoki, consid-
only the splay and bend ones can be coupled with polarizeering both attractive and repulsive short-range interactions,
tion, according to the linear relationship and the density-functional methods developed by Singh and
Singh[8] and by Somoza and Tarazof@. More recently,
also Monte Carlo simulations for nemafit0] and smectic
[11] phases have been reported, whereby wedge-shaped mol-
ecules are modeled by combining Lennard-Jones and Gay-
This behavior was predicted more than 30 years ago b{€rne potentials.

Meyer [1], who, recognizing the analogy with the phenom- _So, it can be stated that the gene_ral features of flexoelec-
enon occurring in crystals, called it piezoelectricity. Later on,ricity are now understood, and estimates of &eand e,

the namdlexoelectricitywas adopted?2], the coefficients, coefficients for prototype ob_Jects ywth the idealized shapes of
ande, being denoted as flexoelectric coefficients. cones and bent rods, havmg 'dlpole momentsl parallel and

The microscopic origin of flexoelectricity was devised by Perpendicular to the axis of alignment, respectively, can be
Meyer in the simultaneous presence of shape and electric@Pt@ined. On the other hand, no predictions are provided by
polarity in molecules. The mechanism can be easily graspe‘é!i‘e available theories for the ﬂexoelectrlc_ beha_wor of real
by considering the exemplar cases of wedge- and crescerffiolecules, and only rather vague considerations can be
shaped molecules, respectively, with longitudinal and transdrawn from the magnitude and direction of the dipole mo-
versal dipoles, as sketched in Fig. 1. In the presence of spldjents and from the similarity between the structures and
and bend distortions, respectively, the alignments parallel

P=en(V-n)+e,(Vxn)xn. 1)

and antiparallel to the director are made inequivalent by P—p
short-range interactions, in such a way that the molecular .
orientations that fit to the molecular shape are favored. The (V)i
same idea is at the basis of the works by Helfriéh and
Petrov and Derzhansfd], who, using phenomenological ap- Q % ﬂ %v%
proaches, could estimate the flexoelectric coefficients for @ %v
simple prototypical asymmetric bodies. T %%@@

v

Actually, the presence of steric and electric polarity is not . @ }}’%p‘
a necessary requirement for flexoelectricity, as was suggested i % @ }
by Prost and Marcerdib], who envisaged a different mecha-
nism in the gradient of the quadrupolar density. Thus, even in
the case of nonpolar molecules characterized by nonpolar e <0 db
ordering with respect to the local director, spontaneous po- >0 b

",

FIG. 1. Flexoelectric polarization according to the Meyer model
*Email address: a.ferrarini@chfi.unipd.it (dipolar contribution.
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simple geometrical objects. Experimental measurements of
flexoelectric coefficients, which have been performed with U(Q)=kgTe Lds P(n-s), (©)
various methods, have also been of no great help, because of

the ambiguity of the available resulf$2]. General agree- \ nere the integral is performed over the molecular surface.
ment only exists about the order of magnitude of the flexorha mean-field potentidl depends on the molecular orien-

electric coefficients, which range from a few to tens of pC/m.4iq, specified by the Euler anglés=(a, 3,7) describing

This makes them worth being taken into account in thepe rotation from the laboratory to the molecular frame.
analysis of electrostructural and electro-optic effects. An- In deformed nematics. the director is a function of the

other pqint of inter_est in flexoelect'ricity derives from re- space position. Thus, the mean field experienced by the sur-
cently discovered linear electro-optic effects that exploit itrace elementSdepends not only on its orientation, but also

[13]. All this points to the need for a better insight into the o, jis nosition. In order to make this dependence explicit, let

correlgtlon be.tween the molecular structure and the flexol—JS consider two points, identified by the vectdts and R
electric behavior.

. . . =Ry+r. If the distancer is much smaller than the length
Th'e p'resgnt vyork IS motlvated by the .deswe to make %cale of the deformation, the position dependence of the
contribution in this direction. So, a mean-field treatment ha%ematic directon can be approximated as
been set up, based on a continuum description of deforma-
tions in the mesophase, together with a phenomenological
model for the coupling of the probe molecule and the direc- N(R)=n(Re)+ 2, &V nyry, 4
tor field, in terms of surface interactions between the mol- i

ecule and the surrounding nematic. Such a mean field, Wh'c\rﬂvhere the label$J, denote the reference ax@6Y,Z)of the

bears a formal analogy with the model for the anchoring freefaboratory framee, is a unit vector parallel to théth axis,

energy of macroscopic surfacex14], is intended to account Ry vy .
for the anisotropy of the short-range intermolecular interac—andvl indicates thd components of the gradient taken at

tions, which strongly depends on the molecular shape. Th&o- If Ed. (4) is substituted into Eq(2), at first order in the
peculiar feature of the method is its ability to take into ac-displacement the following expression is obtained for the
count the details of the chemical structure, entering througl€an field experienced by a surface elemerfRin

the molecular surface in the mean-field potential. The theory

presented here is an extension to nematics with splay and dU=kBTs[ P,(n-s)+3(n-s)>, n, IrISJ]

bend deformations of an approach that has already been suc- o

cessfully used to predict the dependence on the molecular

structure of the orientational order parameters in nematics

[15-17, of the helical twisting power of chiral doparfts3— - kBTS{ Pa(n- S)+3,§K nKnJ',r,stK}, (5
20], and of thermodynamic properties at the nematic-

isotropic transitior{ 21]. _ wheren=n(R,) andn,,=Vn;. It is now convenient to
In the next section, the theory will b.e presented. Ther! th%onsider a molecular frame; the mean field experienced by a
results obtained for some representative compounds will bg 01 /ie with the origin of this frame iRy is obtained by

reported, i.e., the well-studied mesogenic syste : .
N-(p-methoxybenzylidenlep’-butylaniline(MBBA ) [22—27] rT]ntegratmg Eq.5) over the whole molecular surface:

and a typical azodye, belonging to a class of molecules
which have attracted some interest because the change of U(RO,Q):kBTs( f dS R(n-9)
shape associated with tlees-transphotoisomerization is ex- S

pected to have strong effects on the flexoelectric behavior
[28-31. +3>, nKnJ,J ds r,stK], (6)
1,J,K S
Il. THEORY wherer is the vector position of the surface elemd8in the

molecular frame.
Using this mean field, it is possible to calculate the elec-
tric polarization of deformed nematics, given the charge dis-
d tribution p(r") of the constituent molecules. The polarization
P(Ry) can be expressed by a multipolar expangi®?i:

In the framework of the surface interaction mod&b—
17], it is assumed that each surface elen@®f a molecule
in the nematic phase tends to orient its nors\perpendicu-
lar to the local directon, according to the simple mean-fiel
potential,

dU=kgTePy,(n-9), (2 P(R0)=N=<fdr'p(r’)r’>—(1/2)VR0-<Jdr’p(r’)r’

where P, is the second Legendre polynomial andis a ,
temperature-dependent parameter expressing the strength of ®r )+
the orienting interaction. The orientational behavior of the

molecule is determined by the sum of contributions derivingwhereN is the number density and the angular brackets de-
from all surface elements, note orientational averages:

; ()
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The last term on the right-hand side of Edj6) vanishes, as
()= j dQ f(Ry,Q)---, (8 can be seen by considering tifgtin a laboratory frame with
an axis parallel to the undeformed directds;sk)o
f(Ry, Q) being the orientational distribution function Ry,  =(S3)0dsk, and(ii) the constant magnitude of the vector
defined as implies ngny ;=0. Therefore, we can write
exd —U(Ry,Q)/kgT]
f(Ro. )= 7dQ exd —U(Ry,Q)/kgT]" ©) VR°<r“®f“>2—38§K nKnJ,.JSdSr“r?SJSmo-

1
This distribution function can be expanded about its value a7

for undeformed nematics, and for small deformations the exgy sypstituting Eqs(14) and (17) into Eq. (13), the follow-

pansion can be truncated at the term linear in the deformang expression for the flexoelectric polarization is obtained:
tion:

(10 X(rer s8¢ Yot (18
where The surface integrals on the right-hand side of this equation
_ depend on the location of the origin of the molecular frame;
eXHL— Uo(£2)/kgT] (1)  this means that dipolar and quadrupolar contributions to the
Jd€2 exd — Uo(2)/keT] flexoelectric polarization cannot be unambiguously identi-
fied. However, it can be seen that the sum of the two contri-
butions, and therefore the total polarization, is invariant with
respect to a shift of the origitsee Appendix A
Uo(ﬂ)szTsf dS Py(n-9) (12 To derive the explicit expression for the flexoelectric co-
S efficients, it is convenient to take a laboratory frame with the
o . N Z axis parallel to the local director iRy(Z||n). In this frame,
are the dlstrlbptlon function and the mean field In the u.nde."the splay and bend deformations can be expressed as
formed nematic phase. If the molecular charge distribution is
approximated as a set of point chargeg’')=2>,q,5(r’
—r®) and only the first two terms of the multipolar expan-
sion, corresponding, respectively, to the dipolar and the qua-

fo(Q)=

and

S$=S;=Nz(Nx x+Nyy),

drupolar contribution, are retained, Ef) can be rewritten bx=nzNx 2, (19
as
by=nznyz,
P(Ro)ZN[ ; qa<f“>—(1/2)§ anR°‘<fa®ra>]- which are, respectively, parallel and perpendicular to the di-

(13) rector. Therefore, the components of the flexoelectric polar-
ization can be expressed as
At first order in the deformation, we can write
Ps=Pz=sz€s,

o N (20
()==36 3, nny | 3SreTiso. (1 Py=Px+ Py=(bxctbyey,

where the zero apex indicates the average with respect to tivéth the flexoelectric coefficientss ande, defined as
undeformed distribution function Eq11), and the relation

(r*)o=0 has been used. Correspondingly, in the quadrupolar N .
contribution of Eq.(13), es= _3N8§ qaLdS{<rzrxSsz>o_(1/2)<rzrx3xsz>o}
VRO<ra®ra>:J’ dQ[VRf(Q)]- r¥(Q)@r (Q), :_3N8f dS[( w2 xSxSz)o— (O 7xSxSz)0}
s
(15 (21)

the gradient can be approximated as « .
g PP e=—3Ne> qaLd5{<rxrzSXSz)o_(1/2)<rxrzsxsz>0}

VFOf(Q)Z - 38fo(9)§2 NKNy,| Ld S{sysk—(SsSK)o}-

6 = —3NsLdS{erszSz)o_<®zx5xsz>o}a
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where u and @ are, respectively, the electric dipole and exd —UR JksT1/dQ exd —UJ(Q)/kgT]
. _ a n—
ciuadrupole tfnasors, with elementg =% ,9,r;" and 0, p S,exd— U JksT1/dQ ex — UN(Q)/kaT]’
_(1/2)2aqarl rJ [32] (24)
It is customary to deal with the sum and difference of the
flexoelectric coefficients:

Ugs and UG(Q) being, respectively, the torsional potential
deriving from intramolecular interactions and the mean field
e.—e.= —3Ne Jd P oSvSs) - — (FEr Sus experienced in undeformed nematics defmed_m 89, _
s b ; Ao s Srzrxsxsz)o=(rx zx 2)o} both evaluated for thath conformer. The mean-field contri-
bution has a magnitude of the order of some kJTholt
_ _3N8J' d FVSyS)a— F5SyS,)o), stabilizes the more elongate(_:i s_tructures and has comparable
s Slnzl xSxSz)o~ (1xT 25xS2)o} values for conformers with similar shapes. Therefore, it can
(22) only produce small differences in the statistical weigbits
On the contrary, large differences can arise from the torsional
es+eb=—3NsE qaf dS{(rgrxsxsz)o potential when strong intramolecular interactions occur in
“ S some of the conformers.
+(rgrzSxSz)o—(rxr75xSz)o}
IIl. RESULTS AND DISCUSSION

= _3N8Lds{Wzrxssz)oJr<MersXSZ>0 As an application of the model, the flexoelectric coeffi-
cients of some typical systems have been evaluated. The mo-
—2(Oxs5¢S7)0} lecular ingredients of the calculations are the surface and the

charge distribution, which is described in terms of point
where the former is only determined by the dipolar contribu-charges located at the nuclear positions. In the case of sys-
tion, so it vanishes for nonpolar molecules, while the lattetems with internal degrees of freedom, both have to be de-
depends on both dipolar and quadrupolar terms. For the resived for each of the stable conformers. The use of accurate
sons seen above, both flexoelectric coefficients as well a@eometries is a major requirement in order to get reliable
their linear combinations are independent of the choice of th@redictions since, as we shall see below, the flexoelectric
origin of the molecular frame. behavior depends on the details of the molecular shape. In

Equations(21) and (22) show how the flexoelectric re- the present caseb initio methods were used, as imple-

sponse is determined by the coupling of electrostatic andhented in the packageaussian 98[33]. In particular, ge-
geometric properties of the molecules. The role of the moOmetry optimization was performed at the HF/6-311@vel,
lecular geometry appears even more clearly if the mean-fiel@nd then charges were obtained by applying to the optimized
equation(6) is expressed in terms of irreducible tensor con-structures the Merz-Kollmann-Singh schei@], whereby
tributions, as shown in Appendix B. Such a reformulation ofcharges are derived by fitting the electrostatic potential on
the problem is also useful to highlight the connection bethe molecular surface. The rolling sphere algorithm, in the
tween the present approach and previous wdtks,18, implementation by Sanner and co-workEs5], was used for
where the same basic assumptions adopted here to evaludfi® molecular surface. Therefore, this is defined as the sur-
the flexoelectric effect were used to model the orientationaface drawn by a sphere of given radius rolling over the as-
order of molecules or the helical twisting power of chiral Sembly of van der Waals beads centered at the atomic posi-
dopants in liquid crystals. tions [36,16]. In the calculations, standard van der Waals

It appears from Eqs(21) and (22) that, in contrast with ~ radii were taker{37], and a rolling sphere radius equal to 3
simple theories, neithez,+e, nor e;—e, has a simple de- A was assumed, a sensible value to mimic the surface acces-
pendence on the orientational order parameters, since both 8iole to the solvent.
them depend on Order parameters Of Various ranks_ Actua"y Scaled flexoelectric coefficients will be reported in the
things are even more complex, since the mesogenic mofollowing, denoted ag{ andey , and defined as
ecules and, more generally, the molecules producing signifi-
cant flexoelectric effects are usually fairly large and flexible. N
Therefore, the measured polarization cannot be simply asso- es(b>:ﬁe5<b>' (29
ciated with a single molecular structure, but it corresponds
rather to the average over the conformational distribution. If They will be expressed in the uniesA2, e being the elec-

for the sake of SlmpIICIty, a discrete distribution over a finite tron Charge; therefore, the relation between scaled and true

number of conformers is considered, we can write flexoelectric coefficients, expressed in Sl units, can be ap-
proximated as
es(bFEn: eqpyP", (23 1000
esp) (PC m )~ §(b>(e A?), (26

————s——7 €
v (cn® mol™Y)
where the apex indicates th#h conformer andp” is its

statistical weight: wherev is the molar volume of the nematic phase.
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X below the linked phenyl ring[39]. The t-butyl chain was
taken in the altrans conformation, since only minor effects
were observed with other conformations. As can be seen

z J(,_,._QJ,QJ from the figure, where also the surface is shown, none of the

four conformers has a definite wedge or crescent shape,

5 f therefore simple considerations based on the behavior of pro-
totypical objects would be completely inappropriate for
1 3 MBBA. Figure 2 also reports the dipole moments of the four
H=087D S, =-0.30 u=314D S, =-0.30 conformers, together with the flexoelectric coefficients and
6,=-14eA* S, =--036 e,=-14eA’ S, =-0.36 order parameters calculated wigh=0.041 A 2. The order
e,=-1.3eA? S, =+0.66 e,=+0.8eA? S, =+0.66 parameters correspond to the principal axes of the ordering

Saupe matrix, labeled in such a way th&, (<0)
<S<S,, (>0). It can be seen that the dipole moments of

p the two conformers 1-2with the O—CH and CH-N bonds
,»)-C)IQ on the same sideare less than one-third of those calculated
B for the conformers 3-4¢having the O—Ckland CH—N bonds
f on opposite sidgs Therefore, it is not surprising to see that
2 4 the conformers 1 and 2 have similar flexoelectric coeffi-

cients, with a negligible dipolar contribution. On the con-

=0.87D =-0. =3.13D =-0.32 . ey
.“_ 01% A2 5”_ g:g .”_ 3203/42 ;XX_ 338 trary, the flexoelectric coefficients of the two other conform-
= l0er Oy = G mmeter Sy ers are rather different, and show that the presence of a
e,=-1.0eA° §,,=+0.67 e,=-2.16A° §,,=+0.70

strong dipole moment is not sufficient to guarantee a signifi-
FIG. 2. Structure of the four conformers considered for MBBA, cant dipolar contribution to the ﬂexoelecyric polarization.. Ac-
with the calculated dipole moments, orientational order parameteréya”.y’ enhancement .Of the l.a}tter requ”efs the ma.tChlng of
and scaled flexoelectric coefficients. steric and electrostatic polarities. Analogies and differences
between the various conformers also appear from Figs. 3
and 3b), which showe} —ej ande} +e} as a function of

and then of the flexoelectric coefficients is contained in thdN€ reduced temperature. The temperature dependence of the

orienting strength parameter This has been simply mod- Orh'f”t'ng strengthgo|s detergmned according to E7), with

eled according to the Maier-Saupe thefg]: the orienting | =320 K andT{’=75 A? values appropriate for MBBA.

strength of the nematic phase is only a function of the ordef he flexoelectric coefficients ofﬁl}/IBBA*can be galculated

parameter of the nematogenic molecul®, and of the from the scaled ones &g, (PC m )~ 4eg, (e,fi\ ). The

nematic-isotropic transition temperatufd¥. Thus, the ex- Ccomparison with experimental data is not obvious because

pression fors can be obtained from a comparison of the the reported values are spread over a wide raage How-

Maier-Saupe potentia)MS= —so(WTN') P,(cos), where ever, there seems to be some agreement about the fact that
- 2 y . - . _

c0=6.26X10 2 3 K1, with the surface nteraction poten- Cei ™ IENGE BN e 2L E IR CRC e e

tial Eq. (3). Under the approximation of a nematic made Ofgerattylre[lz] The available data foe 9 e are scarcer: a

(i Lavi ; : s~ €p ;

rlgl_dkugla_ﬂglla moleculesh thele%ttgr Car; be ri\r/]vrltteq @s positive value is reported, much smaller in magnitude than

;tr gf tsheNsuzr(f;?:ZG)c;fV\':h:r?]er%atc?p:r:csr:c?lecﬁ Egnf@qm- the sumes+ e, . The theoretical values to be compared with

h y f h . 9 == the experimental data should be obtained by averaging over

therefore, the expression all possible conformers, according to E&3). Therefore, in

our case we should consider, for each of the four isomers

The temperature dependence of the mean-field, (8.

e=ePy/KeT* Y (27)  mentioned so far, all the possible conformers corresponding
to one or moregauchebond in the alkyl chain. However, the
is obtained, with the reduced temperatilite=T/TN. introduction ofgauchebonds does not change dramatically

As a first example, we shall consider the nematogenithe molecular shape of MBBA, while it increases its tor-
system MBBA, N¢p-methoxybenzylidenep’-butylaniline,  sional potential by at least 3 kJ mdI[39], thus lowering its
whose flexoelectric coefficients were experimentally deterstatistical weight. Therefore, only the four conformers with
mined with various methods, leading to often contradictoryall-trans chains will be considered, which have similar sta-
results[22—27. A nonplanar structure of the central core wastistical weights, being characterized by the same torsional
obtained from geometry optimization, with a dihedral anglepotential and comparable mean-field potentials. In the case
of about 40° between the planes containing the Ph-CH-N andf the sume,+ e, all contributions are negative in sign and,
the Ph-N groups, in agreement with theoretical and experiwith the exception of conformer 3, they are increasing func-
mental findings. The four conformers shown in Fig. 2 weretions of temperature; the average value, calculated according
considered, differing in the values of the dihedral angles deto Eq. (23) and displayed in Fig. (8, is also negative and
fining the orientations of the OGHyroup (on either side of ranges from—8 to —12 pC/m, in acceptable agreement with
the attached phenyl rin@nd of thet-butyl chain(above and the experimental behavior. Less satisfactory seems to be the
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T T the contributions from all the species present in the mixture,
i.e., the two forms of the azodye and the various components
b of the nematic solvent, each with all its relevant conformers.
Moreover, a complete analysis of the experiment would re-
quire the prediction of the composition dependence of the NI
transition temperature and of the elastic constants, and in
particular their change under photoisomerization, again by
taking into account the contributions from all the species.
A Such an analysis, beside being extremely costly, would go
4 AT & | beyond our present purpose of simply providing estimates of
the change in the flexoelectric coefficients associated with
0.7 0.8 0.9 1.0 the change in the molecular geometry occurring in ¢rse
™ trans isomerization. Therefore, we have considered only the
flexoelectric coefficients of the azodye, in it& andtrans
(a) forms, calculated under the approximation of infinite dilu-
tion. Thus the interaction strength parametés determined
according to Eq(27), with TN'=330 K, the transition tem-
perature of pure E7, art’=78 AZ; with these choices, the
dependence of on the reduced temperature is the same as
19 A4 that predicted for MBBA(see above The contribution of
4-hexyloxy{4'-hexyllazobenzene to the flexoelectric coeffi-
-2 A . cients of the E7-azodye mixture can be approximated as
o espy (PCm Y)~4xel,, (e A?), wherex andefy, are the
: mole fraction and the flexoelectric coefficients of the azodye.
As in the case of MBBA, also for
4-hexyloxy{4'-hexyl)azobenzene only the most stable con-
0.7 0.8 0.9 1.0 formers have been considered, with t@a#lins alkoxy and
T alkyl chains Iylng in all possible ways on the_ plane of_the
attached aromatic ring and perpendicular to it, respectively.
(b) The four and two conformers obtained, respectively, for the
cisand thetransisomers are shown in Figs. 4 and 5, together
FIG. 3. Sum(a) and difference(b) of the scaled flexoelectric with their dipole moments, the order parameters, and the
coefficients calculated with the four conformers of MBBA shown in scaled  flexoelectric  coefficients calculated  with:
Fig. 2. Solid lines are used for the average values. =0.041 A 2. For thetrans isomers, the optimized geom-
etry corresponds to a planar arrangement of the aromatic
comparison for the difference,—e,,, which is predicted to core, while in the case of theis ones, distorted structures
be negative é,—e,~—1 to —3 pC/m. However, it should were obtained, with the dihedral angle-N-N—-C<=5°, and
be considered that such a result is obtained by averaginghenyl rings rotated by=55° with respect to the N-N-C
contributions of opposite signs; this leads to a low valueplane, in agreement with the reported experimental and the-
significantly lower in absolute value than that@ft+e,, in  oretical values[41]. The trans isomers have a relatively
agreement with experiment. Probably in cases of this sort themall dipole moment and a rodlike shape. Accordingly,
extension of the average to a larger number of conformers, iflexoelectric coefficients not particularly high, comparable
addition to a detailed knowledge of the molecular structuregvith those obtained for MBBA, are predicted for them. Sig-
in the nematic phase, might be required to improve the qualnificantly higher flexoelectric coefficients are predicted for
ity of the predictions. the cis isomers, which have larger dipole moments and
As a second example, the molecule of shapes with definite polar asymmetries. In particular, as a
4-hexyloxy{4’-hexylazobenzene will be considered. consequence of their shapes, the conformers 1 and, to a
Azodyes of this kind have recently been taken under considesser extent, 4 have a propensity to align their dipoles to the
eration because the bent shape ofdtsconformer obtained  director(wedgelike behavigr On the contrary, a crescentlike
by photoisomerization seems to be appropriate to produckehavior is predicted for the conformers 2 and 3, which are
strong flexoelectric effects [28-31]. For elongated in the direction perpendicular to the dipole, and
4-hexyloxy{4’-hexyllazobenzene, the ratio e{—ey)/K, are then expected to preferentially orient the dipole normal to
whereK is the average elastic constant, was measured in the director. Correspondingly, largef and ej values are
mol % mixtures in E7a commercial mixture of alkylcyano- predicted, respectively, for the 1,4 conformers and for the 2,3
biphenyls [40]), and negative values were observed bothones. In comparingis and trans isomers, it can also be
with and without uv irradiation, with a 40% increase in mag- noted that the latter have much higher order parameters. This
nitude undettrans-cisphotoisomerizatioi30]. In this case, is a consequence of their elongated shape, which makes them
for a strict comparison with the experimental results thefit very well into the nematic phase. Figuréap shows the
flexoelectric coefficients should be calculated by summingemperature dependence of the seffn-€} : relatively small

o
1
=N

-e*, [e AT

e*
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1c
2c
z : < 4
@ 3c
. — 10 1
g ‘ P
N )
: 5
*
] (0]
0 -
1c 2c 2t
y=495D S, =-0.18 y=483D S, =-0.18 1t . . ;
6, =+9.3eA° S, =-0.39 6, =+0.5eA° S, =-0.32 0.7 0.8 0.9 1.0
e, =+3.5eA? S, =+0.57 e, =+9.2eA? S, =+0.50 s
(a)
T 1 1
10 1c .
5\2 4c
@, 0 1t b
2t
x o
? 10
4c 3c o
u=394D S, =+0.01 u=382D S,=-0.29 2c Al
e.=+4.9eA? S, =-037 e, =-21eA% §, =-0.37 201 3¢ b
. 2 = 6, =+8.7eA? S, =+0.66 T . T
e, =+4.9eA? S, =+0.36 b 22 07 08 oo 10
NI
FIG. 4. Structure of the foucis conformers considered for T
4-hexyloxy{4’-hexylazobenzene, with the calculated dipole mo- (b)
ments, orientational order parameters, and scaled flexoelectric coef-
ficients.

FIG. 6. Sum(a) and differenceb) of the scaled flexoelectric
coefficients  calculated with the six conformers of
values, comparable with those obtained for MBBA, and4-hexyloxy{4'-hexylazobenzene shown in Figs. 4 and 5. Solid
negative in sign, are predicted for tii@ans isomers, while lines indicate the average values fis andtrans isomers.
high and positive values are obtained for ttie structures.

Considering now the differenc — e} , whose temperature and charge polarity. Much higher values are predicted for the
dependence is shown in Fig(), we see that it is small for cis conformers, positive and negative for the crescent- and
the trans conformers, as a consequence of the small shapthe wedge-shaped molecules, respectively. The avérage
and cis values, calculated according to E@3), are both
X negative and fall in the rangesl1 to —3 pC/m (trans) and
—1.5 to —6 pC/m(cis). A direct comparison with the data
reported in Ref[30], that is, the ratio €;—e,,)/K measured
% 14 for pure E7 and for E7 doped with the azodye before and
after uv irradiation, cannot be made because the experimen-
f’=7'490 Su=-0.39 tal results depend not only on the different flexoelectric re-
e,=-36eA S, =-043  gponse of the two isomers, but also on the isomerization
e,=-23eA S,=+082  yjeld and on the change of ordering and elastic constants
associated with the photoisomerization process. The former
might be only a minor problem since the conversion is likely
2t to be almost complete, but there is much more uncertainty
py=1490 S, =-0.39 about the latter contributions. At most, we can guess that
e,=-256A S, =-0.42 they should have_ opposite effect_s on the ramg—(eb)/K,
e,=—0.1eA S, =+0.81 since thetrans—cis isomerization is accompanied by a de-
crease of the NI transition temperaty#2], and thus a de-

FIG. 5. Structure of the twdrans conformers considered for crease of ordering and probably a decrease of the average
4-hexyloxy{4'-hexyhazobenzene, with the calculated dipole mo- €lastic constant. Thus, considering that the comparison be-
ments, orientational order parameters, and scaled flexoelectric cogiween theoretical results and the experimental data reported
ficients. in Ref. [30] cannot go beyond the qualitative level, we can

021710-7



ALBERTA FERRARINI PHYSICAL REVIEW E64 021710

conclude that a general agreement is found: the measured

and predicted difference of flexoelectric coefficients is nega- > qa<rll\y/|rISJSK>O:2 QulrirPsssk)o

tive in sign for both therans and thecis isomers, and sig- “ “

nificantly larger in magnitude for the latter. Finally, it is

worth mentioning that the flexoelectric coefficients reported +> Qu(ri AT SySK)o,  (AL)
here for 4-hexyloxy4'-hexyazobenzene strongly depend “

on the chemical structure, and cannot be immediately gener-

alized to any azodye. Indeed, significant effects on the flexo- >, q (r&ris;sco= > qu(reCri®s;selo

electric behavior are predicted not only for a shortening of @ @

the flexible chains, in which case a weaker flexoelectric re-

sponse is estimated, but also for a small chemical modifica- +(112) D, qu(Aruri®sisk)o
tion such as the insertion of an oxygen atom between the a

phenyl ring and the alkyl chain. This agrees with the indica-

tions derived from experiments, from which a nontrivial de- +(1/2)E qa(rﬁﬂoAnstK)o,
pendence on the details of the chemical structure can be in- @

ferred[31]. (A2)

which have been derived by exploiting the relatignq,
IV. CONCLUSIONS =0, which holds for neutral molecules. By using the relation
between the components in the laboratory frajXeY,Z}
In this work, a molecular theory for the flexoelectric ef- and those in a molecular franfe,y,z} coincident with the
fect in nematics has been presented that, adopting a simpffincipal frame of the tenss®s, v,=3;e,(Q)v;, where
mean-field picture, is intended to take into account in a realp, js the component of thith laboratory axis along thih
istic way the relevant molecular features. The model has tenolecular axis, the following equalities result;
be seen in the more general framework of a theoretical ap-
proach aimed at correlating molecular structure with order «0 20
and macroscopic properties of mesophases, which has al- (ATwfi SJSK%:;J. P ATiS;Sj(€mmei €28k o
ready been shown to provide reliable estimates of orienta- v
tional order parameters and transition properties of nematic

— a0
phases, as well as the helical pitch of twisted neméfiés- _ij P AT mS;Sj(€mmem €18k )o
20]. ’
As an application of the model, the flexoelectric coeffi- =(Arrils;sk)o, (A3)

cients of some typical systems have been calculated as a

function of the molecular structure, which enters through thevhere the local axial symmetry of the phase has been taken
molecular surface and charge distribution, by explicitly con-into account. Therefore, E¢A2) can be rewritten as

sidering, when required, the presence of several conformers.

In th!s way, a detailed analysis of the erxoeIe_ctrlc behavior D qa<r,f’,.r.“SJSK>o=2 qa<r,f’,.°r|“OSJSK)o

and its dependence on the molecular properties can be per- « «

formed. Comparison with experimental data, when available,

shows that _th_e magnitude of the effects is correctly predicted. + E qa<r§‘,,OAr|SJSK)0, (A4)
Therefore, it is hoped that the approach presented here can @

be of some help to shed light on the molecular origin of the

flexoelectric response and, therefore, to optimize material§om which it follows that the difference between the two
for its exploitation. contributions Eqs(Al) and (A2) is invariant for a shift of

the origin of the molecular frame.
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In order to demonstrate that the total polarization is in- The third-rank tensca®b®c can be decomposed in one
variant for a shift of the origin of the molecular frame, let us zero-rank, three first-rank, two second-rank, and one third-
take the translatio®®— O, so thatr*=r*°+Ar andr=r° rank irreducible tensor. The form of the resulting irreducible
+Ar; then we can write tensors depends on the vector coupling scheme. The expres-
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TABLE I. Irreducible tensors obtained from the third-rank ten- TABLE lll. Irreducible tensors obtained from the third-rank ten-

sora®b®c. sorven®n.
AL N AL N
1 0 —(i/\/6)a- (bxc) 10 0
0 1 —(1/3)a(b-c) 0 1 —(1Y3)(Ven)-n
1 1 (1/2) (a-b)c—(a-c)b] 1 1 (2/2[—n-(Ven)+(V-n)n]
2 1 V3/5 (1/3)a(b- ¢) — (1/2)(a- c)b— (1/2) (a- b)c] 2 1 \/3/5(1/3)(Ven)-n—(1/2)n-(Ven)—(1/2)(V-n)n]
1 2 (112\2){(bx c)®a+a® (bxc)—(2/3)a- (bxc)]l,} 1 2
2 2 (1/2/8)[be(cxa)+(cxa)®@b—c®(axb)—(axb)®c] 2 2 (1/28){nx Ven+(nXVen)"—ne(VXxn)
2 3 Slazbec—(1/5)S{[(a-b)c+(a-c)b+(c-b)a]®l,} —(VXn)en}
2 3 S{Venen}—(1/5)S{[n-(Ven)+(V-n)n+(Ven)-n]
®l,}

sions obtained by first coupling and c and thena are re-
ported in Table I. The following notation is usedvertical
dots indicate contraction with respectriondeces, X and ® Eq. (6) can be rewritten as

refer to vector and tensor products, respectivielys the unit

tensor of second rank, with ;= §; ;, andS{:--} denotes the L
symmetrized form of a tensokS{T}j = (1/6)(T j+ Ti; U(Ro,9)=kBT€[(3/2)n'Ld513®5—5|2]-n+(9/10)
+Tyij+ Tiji + Tiwi + Tjix) - Finally, the symbol, T is used

for the irreducible tensor of rank obtained by coupling a

first-rank tensor with an irreducible tensor of rankleriving X{(V-n)n+[(VXn)xn]}- Lds S(s'r)
from the coupling of two first-rank tensors. The contraction

of the two third-rank Cartesian tensors
+(12{(nXV)+(VXn)}- j dYs®(sXr)
S

I=a®b®c:d®e®f=|;J a|bJCKd|leK (Bl) +(S><I’)®S]n+3(S{V®n®n}

—(1/58{[n-(Ven)+(V-n)n+(Van)-n]
®1,1) (S{resest — (1/5S{[r+2(r-9)s]

can be rewritten in terms of its irreducible components

I= awbwc)V:, (dvexf)™
%K( I ) @151} (B4)
2 A+l
- (L) (L)
e L:%—ll 2, M(@®bee) " \(deesf) ™. According to previous work, we shall define the second-rank

surface tensor, accounting for the shape anisometry of the
(B2)  molecular surfacé15]:

When the expressions for the irreducible tengdables 1
Il'and IIl) are used and the origi@ of the molecular frame T=——| d¥3s®s—1I,], (B5)
is set in the point defined by the relation V6Js

dsr=o0 (B3) and the second-rank chirality pseudoten§pr which de-
s ' scribes the helicity of the molecular surfades]:
TABLE II. Irreducible tensors obtained from the third-rank ten- 3
SOFf ®SBS. Q= \/;jst[s®(s><r)+(s><r)®s]. (B6)
A L JTO
1 5 0 Here we shall introduce the first-rank tendbr
0 1 —(13)r
1 1 0 uz%fdsqsm, (B7)
2 1 V3 (1/3)r — (s 1)s] s
1 2 0
2 2 (11/6)[s® (sX1) +(sXT) @S] which will be denoted as a polarity tensor since it provides a
2 3 S{rosest—(1/5)S{[r+2(r-s)s]|®1,} measure of the polarity of the molecular surface, and the

third-rank tenso=:
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the orientational order in nematic pha$#s,21. For twisted
E= JSdS(S{r®s®s}—(1/5)8{[r+2(r-s)s]®|2}). nematics phases, characterized Fyn=0 and (VXxn)
(B8) = —qn, wherep is the pitch andy=2=/p is the wave vec-
tor, the expression adopted in the model for the helical twist-
Then, Eq.(B4) can be rewritten as ing power of chiral dopants is recovergts].

By introducing the irreducible tensors defined so far into
Egs. (21), the expressions for the flexoelectric coefficients

U(Ro, Q) =kgTe{— \/gn-T-nJr{(V'n)nJr[(Vxn) can be rewritten as
xnl}- 11+ \VE{(nX V)= (Vxn)}-Q-n

+3[S{Venan}—(1/5S8{[n-(Ven)+(V-n)n es= —3Ne{(uzllz)o+ %[(Mzazzﬁo_ 3(zExx2)0l

+(Ven)-n]el,}] ). (B9) + V2O 2xTxdol,
(B10)
The position and orientation dependence of the mean field is
implicit in that of the directom and the surface integrals,
respectively. In the case of undeformed nema¥csn=0 ep=—3Ne{(uxllx)o+ \/g(,unyz)ﬁ%[(,uxExxx)o
and V-n=0, so that only the first term survives; the mean-
field potential has the “surface tensor” form, used to predict F{uxBxyyvo— M uxEzzx) ol + \/g<®ZXTﬂ>O}.
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