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lons and nematic surface energy: Beyond the exponential approximation for the electric field
of ionic origin

G. Barbero and D. Olivero
Dipartimento di Fisica del Politecnico di Torino, and INFM, Uniti Recerca di Torino Politecnico, Corso Duca degli Abruzzi 24,
10129 Torino, Italy
(Received 07 September 2001; published 7 February)2002

We present a general model to describe the influence of the ionic adsorption on the anisotropic part of the
surface energy of a nematic liquid crystal in contact with a substrate. We show that in the limit of small
adsorption energy, the exponential approximation for the electric field of ionic origin works well. In this limit,
the dielectric and flexoelectric contributions to the surface energy are quadratic and linear on the density of
adsorbed ions, respectively. In the opposite limit of large adsorption energy, the exponential approximation for
the electric field does not work, and the two contributions to the surface energy are both found to depend
linearly on the surface density of adsorbed charges. Approximated formulas reported in literature are derived
from our general equations as particular cases, and their limits discussed. An expression for the surface
polarization in nematic liquid crystal due to the ionic adsorption is also deduced. Our analysis is performed in
the framework of the Poisson-Boltzmann theory, where dimensionless ions are treated within a mean field
approach. Possible extensions of our model are indicated.
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[. INTRODUCTION the procedure suggested by Kralj-Iglic and Igit3] and
Bohinc et al.[14] for what concerns the influence of the ion
In the continuum theory, a nematic liquid crystal is de-size on the problem.

scribed by means of bulk and surface energies. The bulk Our paper is organized as follows. In Sec. Il, the well

energy F depends on the elastic distortion of the nematicknown equations of the Poisson-Boltzmann theory are re-

liquid crystal and on the presence of external fields interactcalled [15,16, and the boundary condition for the electric

ing with its anisotropic properties. The surface enefgy potential discussed. The ionic contrl_butlon_s to _the nematic

takes into account the surplus of energy due to the presen(%"face energy connected with the dielectric anisotropy and

of the limiting surface. It is due to the direct interaction With the flexoelectric properties of the liquid crystal are also
é{fnved in Sec. Il. The limits of small and large adsorption

energies are considered in Sec. lll. The charge distribution

symmetry of the liquid crystal close to the substrig. ; )
Long ago, it has been suggested that the selective ionic a nd the meaning of sgrface.layer are analyzed in S.ec.'IV. In
e same section, a discussion on the surface polarization for

sorptlon phenomer_lon can cpntrl_buteftg[Z]. In R.ef..[S], an isotropic liquid and for a nematic liquid crystal is re-
using the exponential approximation for the electric field cre-

ated by the ionic adsorption, the ionic contribution to theported. The main results of the paper are discussed in Sec. V.
nematic surface energy connected with the dielectric anisot-
ropy of the liquid crystal has been evaluated. In the same
approximation, the model has been extended to take into Let us consider a neutral liquid containing ions per unit
account the flexoelectric contribution to the surface energywolume in the thermodynamical limifinfinite sample. In
[4]. The model developed in Reff3,4] has been used to this situation, it is locally and globally neutral. When the
interprete the experimental data obtained by several grougiguid is limited by two surfaces of infinite area at a distance
[5—9] devoted to investigate the surface properties of nemd apart, due to the selective ions adsorption phenomenon, the
atic liquid crystals. The agreement between experimentdiquid will be locally charged. Ifd is very large with respect
data and the predictions of the model was rather good. ~ to the Debye’s screening lengtky, in the middle of the
Recently, in a different context, Kuhnaet al. [10] and ~ Ssample, the liquid will be, practically, locally neutrgl4].
Nazarenkoet al. [11,17 have shown that the exponential We will limit our analysis to this case, which represents a
approximation for the electric field due to the the adsorptiorgood approximation for ordinary samplesl~10 wxm),
phenomenon is valid only in the case of weak adsorptiormade with commercial nematic liquid crystdtgpically X
energy. ~0.5 um [17]). This case is known as the half-space ap-
In this paper, we will discuss the ionic contribution to the proximation @/\o>1), where it is possible to consider only
surface energy in the general case, obtaining explicit formuene surface, placed at=0, with surface charge density
las valid for the weak and strong adsorption energies. Our NaqQ. Naq represents the surface density of adsorbed ions
analysis is performed in the framework of the Poisson-of chargeq. We indicate by/(z) the electrical potential, with
Boltzmann theory, where the ions are assumed to be dimemespect to the reference state where the liquid is locally neu-
sionless, and the problem is faced by employing a mean fielttal (at z— <), and byV=kgT/q the thermal electrical po-
approach. An extension of our model is possible followingtential (V~25 mV at room temperature for monovalent

Il. THEORETICAL MODEL
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ions). The quantity(z) =qV(z)/kgT=V(2)/V;, which is  From Eq.(8), we deduce

the electrostatic energy of the ionkgT units or the electri-

cal potential measured Nt units, will be called reduced Ps=2IN(A+V1+A%). (10
potential. We assume that only positive ions are adsorbeciE
According to Maxwell statistics, the densities of positive and
negative ions are. (z) =ngexd *#(2)]. It follows that the
net charge density is p(z2)=q[n.(2)—n_(2)]=
—2qngsini ¥(2)], and Poisson’s equation diw p/ e reads

guation(10) shows that in our half-space approximation the

reduced surface potential depends only drAy/2L, the

ratio between the two intrinsic lengths of the problem. For

A~10[11] one obtaing/s~6 . Note that, ifA<1 thenyg

<1, whereas ifA>1 implies y>1. It is possible to write
¥'(2)=Ng 2sini ¢(2)], (1)  theinequalities\ <1 andA>1, corresponding to the cases

of weak and strong adsorption, respectivelyngg<4nghg,

where a prime means a derivative with respecz,tand\3  andngg>4no\,, if the definitions ofA, \o, andL are used.

= ekBT/(Zanz) is the Debye’s Screening |ength The sur- From the inequa”ties written above, it follows that there is a

face electric field(at z=0) is Es=E(0)=o/e=n,qqle, Weak adsorption when the number of adsorbed ions is small

from which we obtain with respect tag)\ g, i.€., with respect to the surface density
of ions contained in a layer whose thickness coincides with
' (0)=—1IL, (2) N, in thermodynamical equilibrium.

By substitutingi/(z) given by Eq.(5) into the expressions

wherel = ekgT/(0q) = ekgT/(Nagd?), is @ new length con-  for n. (z) the bulk densities of positive and negative ions are
nected with the adsorption phenomenon, first introduced ifgund to be

Ref.[10]. Note thatL<n_j . Hence, it diverges fon,4—0

(weak adsorption and tends to zero far,q— (strong ad- n.(2)=n 1¥ yexp(—z/\o))?

sorption. S0 1 yexp—z/Ng) |
From Eq.(1), we obtain

11)

Up to now the liquid was assumed isotropic. However, if
(12)¢'%(2)=\q *costi h(2)] +K, (3)  the liquid is a nematic medium, in a first approximation it is
) ) ) . ) possible to evaluate the ionic distribution as reported above
where K is an Integration constant. Since in our Case(for a genera| discussion on this point see F{ég]) After

lim, _#(2)=0 and lim__¢'(2)=0, from Eq.(3) it fol-  that, we can evaluate the coupling between the electric field
lows thatk = —\4 2, and hence of ionic origin, E(z), with the anisotropic properties of the
nematic liquid crystal$2—4]. The coupling ofE(z) with the
' (2)=—(2I\g)sini ¥(2)/2]. (4)  dielectric anisotropy and with the flexoelectric properties of
the liquid crystal gives rise to a surplus of anchoring energy
From Eq.(4), we obtain strength, of the kind
1+ yexp(—z/\g) fw 1,
PY(z)=21In 1= yexd—2hg)|’ (5) fp= . _EE""E (z)dz, (12
where y=tanh({44), and and
E(z)=2(V1/\g)sin 2)/2], 6 e
(2= 20V oS y(2)/2] © szf eE'(2)dz, (13)
0

for the reduced potential and the electric field. From &g,

we get, in particular, wheree,= €|~ €, , is the dielectric anisotropy @nd.L refer

_ _ . to the nematic directon, [19]), ande=e;;+ es; is the total
Es=E(0)=2(Vr/ho)sinh(ys/2), ™ flexoelectric coefficient, as discussed in Ref]. Equations

connecting the surface field with the surface potential. Fronf12: (13 hold in the hypothesis of constant nematic orien-

boundary conditior(2) and Eq.(7), we deduce tation over the spatial region where thg electr|c potential is
changing, as we assume in our analysis. Using (Bg.fp

sinh(/2)=A, where A=\g/2L. (8 and fo given by Egs. (12, (13) become fp=

—4(eaV$/>\0)Sinr?(¢5/4), andfqo=—2(eVy/\g)sinh(yy2).

The quantityA =X\ o/2L is a measure of the importance of the The electrostatic contribution of ionic origin to the anchoring

adsorption phenomenon on the electric potential distributiorenergy strengthf=f+fo, is then

across the sample. The cases of weak and strong adsorption

correspond to small and large, respectively. By means of f=—2(Vr/\o)[2€,VrSintP(rg/4) +esinh(4rg/2)].

Eq. (8), the parametey defined above is (14
— Equation(14) generalizes the formula reported in Rpf],

y=tanh yg/4) = ﬁ (9) for the same phenomenon, valid only in the case small ad-
V1+A%+1 sorption. Using Eq(8), it is possible to rewritd, andfq in

031701-2



IONS AND NEMATIC SURFACE ENERGY: BEYOND. . .. PHYSICAL REVIEW B5 031701

terms of A=\g/2L. Simple calculations givefp= 1 )
—2(€aV3/No)(V1+AZ—1), andfo=—2(eVs/\g)A. The f=— 7 eaoEs—€Es, (19
total contribution to the anchoring energy strength is then

as reported in Ref[4]. In this approximationfy=EZ and
f=—2(Vi/\o)[€VT(V1+AZ—1)+eA]. (15 foo EE- 14] PP °s
Let us consider now the case of strong adsorption. In this

From Eq.(15), it follows that for A—0 (weak adsorption framework, /s> 1 andy=tanhys~1—2 exp(-42). Hence

f=—2(Vi/No)[(1/2€V1A?+eA]+O(A3). (16) 11— 2 expl — prgf2) Jexp — 2N )

1-[1-2exgd—¢g2)]exp(—z/\g) |’

#(z)=21n

In the opposite limit, wheré\ — oo (strong adsorption Eq.
(15) gives

and the electric field is still given by E@6). For z/\y<1,
Y(z)>1. Consequently, sinii{2)~(1/2)exp{2), that by
1 is equivalent to

f=—2(Vr/N\o)(€Vr+e)A. (17)

These cases will be reconsidered in the next section, to conitSiNY Eq.(20) in the limit 4

pare the results of our analysis with the ones reported by y exp(1/2)
other groups. sinl’(—) = ] (21)
Before concluding this section, we analyze when the ad- 2] 2+(z/ho)exp(yg/2)

sorption phenomenon can play an important role on the i o

renormalization of the anchoring energy strength. To thidn the considered limit ofys>1 from Eq. (6) we have

end, we rewrite Eq(15) as exp(d2)=(Ng/V1)Es. By substituting this expression into
Eqg. (21) and the result in Eq6), one obtains

f=—fo[VI+AZ—1+(ele,Vr)A] (18)
E(z2)= s (22)
where fo=2€,V4/\,. By assuming e,~10e, and 1+(z/2L)"
e~5x10 1 C/m, typical for a nematic liquid crystal such
as 5CB[20] and 0.1 um=\y=<0.5 um [17], we obtain In this limit (¢s>1, 2/\y<<1), n.(2) are given by
2x10° 7 IImP<fo=<10° J/n?. In this casef~10"® J/n? 3 )
if 0.2<A<1, whereasf~10"* J/n? for 10<A<50. n.(2)=ng 1+[1-2exd—¢d2)1(1-2/N) 23

Hence, we can conclude that in the limit of weak adsorption
f can be important only if the interface nematic liquid crystal/
solid substrate is characterized by weak anchoring energy. Iim  particular, n,(0)=ngexp(~¢9~0, and n_(0)

the case, where the bare anchoring energy strength of thengyexp(s).

interface is rather strong~10"* J/n?), 10<A <50 andL Equation (22) has been deduced in RdfL0] and pre-
=\o/2A is in the nm scale. The estimation reported abovesented as a general result, valid foralOn the contrary, it is
shows that the Debye’s screening length plays an importantalid only for z/Ay<1. For largez/\, from Eq. (5), we

role in surface effects of liquid crystals. Consequently, in allobtain, for all 5, ¥(z)=4vyexp(—z/\y), showing that the
experimental investigations devoted to the characterizatioreduced potential, and hence the electric field, is always ex-
of surface energy or flexoelectric coefficients, this parameteponentially decreasing, and E®2) does not work. In this
has to be measured carefully. Without information on thiscase, we have, furthermoren.(z)=ny{1+2[1—-2exp
quantity, all discussions on the origin of the surface energy— y2) |exp(—z/\g)}% showing again that for—o, n.(z)
strength or on the surface polarization based on experimentakn,, as expected.

1+[1—2 exp— ¢g2)(1—2/ng)

investigation, could be meaningless. In the limit under considerations>1) from the expres-
sion of fp and fy in terms of s, we derive fp=
IIl. LIMIT OF WEAK AND STRONG ADSORPTION —€,3V7Es, andfq=—eEs. These expressions show that, in

this limit, fp andfq are both linear irEs. The total electro-

Let us analyze first the case of weak adsorption, alreadytatic contribution to the surface energy strengfh= fp
considered in Ref[4] in another framework. In this limit +1o) is then

<1 and hencey=tanh{d4)~ /4. From Eq.(5), we

obtain _y(2)=ysexp(-ZNg), and E(2)=Esexp(~7\o), f=—(eVr+e)Es. (24)
whereEs=V+1(s/\g) =V1/L, as it follows from Eqs(7),

(8). The bulk densities of ions are then.(z)=ny[1  Equation(24) was not reported before in literature. From Eq.
+ hsexp(=2Z\g)]. In particular,n.(0)=no(1+#s). As ex-  (24) it follows that in the limit of large adsorption the elec-
pected, if ys<1, the electrical equilibrium is only slightly trostatic contribution can stabilize or destabilize the planar
perturbed. The electrostatic contribution to the anchoring enerientation according to the sign ofe{V:+e), indepen-
ergy strength are, in this limifp = — (1/4)e,\oE3, and fo  dently of the number of adsorbed ions. The importance of the
= —ekEg, as it follows from the expressions reported aboveflexoelectric term was already recognized in Réfl using

for fp andfq in terms of s and from Eq.(7). Hence, the exponential approximation for the electric field.
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IV. CHARGE DISTRIBUTION AND THICKNESS OF THE obtainsP(z) = — eV7z¢/"(2). In our half-space approxima-
SURFACE LAYER tion, ¢(z) is given by Eq(5), andP(z) can be written in the
The net charge density [§(z) = — 2nqq sinhy(2), as dis- form
cussed above. Using E@) it is easy to show that 1+ yexp(— 22/\,)
P(z)=—8ngqzyexp—z/\g) .
% [1—yexp—22Z/\g)]?
Q(»)= fo p(z)dz=—o, (25 (3D

. . If ys<1, Eq.(31) becomes
as expected, since the system is globally neutral. The electric
charge, per unit surface, contained in a surface layer of thick- P(z)=—2ngqziysexp(—z/N\g), (32

nessb is, in analogy with Eq(25),
where s~Ng/L=2A, as it follows from Eq.(8). In the

b opposite limit of ys>1, Eq.(31) gives
Q(b)=f p(z)dz. (26)
0 1+exp( —22z/\g)
P(z)=—8ngqzexp( —z/\g) .
By rewriting Eq.(26) in the form [1—exp(—22/\o)]?
(33
Q(b)=Q(®)— f p(z)dz, (270 Equationd32), (33) show thatP(z) is localized over a fevi.
b or \g, according to the considered limit.
. . Using Eq.(30), it is possible to evaluate the surface po-
and using Eq(4) and Eq.(5) we obtain larization. Simple calculations give= —eVrys= —€Vs.
By assuminge~ 10e, and ¢/s~4, which impliesA~5, we
Q(b) 2 yexp(—b/\p) obtainp~10~1' C/m. If this formula is applied to a nematic
=1- =— , (28 I : ;
Q(») A 1— y2exg — 2b/\ ) liquid crystal, e has to be substituted with an average value

that in a first approximation ige) = (2¢, + ¢€))/3.
Finally, we evaluate the polarization induced by the elec-

and A. The meaning oR is evident from the definition. If i field of ionic origin on a nematic liquid crystal. The
macroscopic polarizability tensor of a nematic medium is

R—0, the layer of thicknes® contains practically all the _ ; =
counterions. In the opposite case Rf-1, the counterions Xij = XaniN;j+ x. i, wheren is the nematic director of Car-

where we have used E¢5) and the definitions ofg, L,

present in the surface layer are a negligible fraction of thd€Sian components, x,= x|~ x. and wherey; andy, are
total number . the polarizability along and perpendicular no[19]. If the
In general, fixingR, from Eq.(28) it is possible to obtain _nematic liquid c.ryst_al is §ubmitted to an electric field the
the corresponding thickness of the surface ldyeas dis- induced  polarization is P;=eox;;Ej=€o[ xani(n-E)
cussed in Ref[14]. Straightforward calculations give +x.Ei]. SinceE(z), which is parallel to the axis, is dif-
ferent from zero, practically, only in a surface layer of thick-
— ness ranging between, and a fewlL, we conclude that
b=7\o|n{ RA 1rAT-1 . (299  Pi(2) is localized near the adsorbing substrate. The surface
VI+(RA)Z—=1 V J1+AZ+1 polarization in the nematic liquid, of ionic origin, is obtained
by integratingP;(z) from z=0 to z— . Simple calculations
From Eq.(29), we obtain that forA—0, b— —X\¢InR, i.e.,  give p;=e€y(xanin,+ di,)Vs. Let us assume that the sub-
b~\o, and forA —o, b—(\q/R)A "1, as expected. FdR  strate isotropic and the easy axis parallel to zhexis (ho-
=0.1 andA~10, b~\,. In this case(9/10 of the ionic  meotropic orientation In this case, the nematic liquid crys-
charge is contained in a surface layer of thickneg$11]. tal possess cylindrical symmetry around thaxis, and the
Using the simple results reported above, we can now obaverage surface polarization is
tain the total dipole moment and the bulk polarization of the 5
sample under consideration. If the sample is symmetric, i.e., (P2)= €o(xanz+ X1 )Vs. (34
it has the same adsorption energy on the two surfaces, the net . . .
dipole moment vanishes, for symmetry reasons. The dipold € Net surface polarizatiqms is obtained by adding t¢p,)
moment, per unit surface, of half sample is given by the quantityp evaluated above, and it is found to be given by
Ps={(€a— €0)N;—[(€a/3) + €0} Vs. (35

p= f zp(z)dz, (30) 2 .
0 As expectedps depends om; . Its amplitude, by assum-

ing e,~10e, is of the order of 101 C/m for ys~4, i.e.,
and the corresponding bulk polarizatiorHéz) =zp(z). The  A~5. This value is of the same ordg1,22, or larger[23]
quantity p defined in Eq.(30) is also known as “surface than the values reported in literature for the nematic surface
polarization,” as we will call from now on. Taking into ac- polarization. From this result, we conclude that, probably, the
count thatp(z) = e divE, and usingy(z) instead ofE, one  observed surface polarization in nematic liquid crystals has
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an ionic origin. This possibility was already mentioned in thefield. We have also shown that the surface polarization, ex-
past[21-23, but no estimations were reported. It is different perimentally observed in nematic samples, can have an ionic
from the one discussed by Petrov and Derzhang«i, origin. Our paper generalizes the results reported in [Réf.
which is linear inn,, whose origin is connected with the to the case of strong ionic adsorption, shows the limits of the
different chemical affinities of the two extremities of the analysis performed in Refl0], and completes the theory

nematic molecules with the substrate. developed in Ref{11,12.
In our analysis, we have focused our attention to the elec-
V. CONCLUSIONS tric field distribution and the energy contributions of electro-

) o ) static origin to the anchoring energy strength. In this study,
We have analyzed the influence of the ionic adsorption oRjye have assumed the adsorbed charge density as a given
the anisotropic part of the surface energy of a nematic liquicyyantity. As it is well known, it depends on the actual surface

crystal in contact with a solid substrate. It has been showmygtential, but this aspect of the problem is well knoz].
that the exponential approximation for the electric field of

ionic origin works well only in the limit of weak adsorption.

In this case, the ghelectrlc contribution to the anchonng ACKNOWLEDGMENTS

strength is quadratic, whereas the flexoelectric contribution

is linear, in the surface electric field. In the opposite limit of ~We thank A. G. Petrov and L. R. Evangelista for useful
strong adsorption, both contributions are linear in the surfaceiscussions.
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