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Flow alignment in a shearing nematic liquid crystal near a charged surface
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The flow alignment anglé.(y) and effective rotational viscosity coefficie1yliff are investigated for polar
liquid crystals(LCs), such as 4r-octyloxy4’-cyanobipheny(8OCB), in the vicinity of a charged bounding
surface.y‘iff and 6.¢¢(y) are calculated, for the stationary regime, in the framework of the conventional
Ericksen - Leslie theory. Calculations @f”, for the homeotropic alignment of 80CB molecules, at a charged
indium tin oxide—coated glass plate show an increasgi“fﬁ up to 7.8%.
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The flow alignment of a nematic liquid crystdNLC)  the solid substrate is in contact with the nematic, selective
characterized by a unit vector along the optical aftlee  ion adsorptions take place. For instance, the positive ions are
directorn) is governed by a shear flow If the director is  attracted by the substrate, whereas the negative ones are re-
aligned in the shear planey plane defined by the liquid pelled. In this case, the surface electric fiélgl originating
crystal flow (x direction and the velocity gradient in thg  from the surface charge density will penetrate the bulk on
direction; z is the vorticity axi$ prior to flow, the hydrody- the order of the Debye screening length [8], owing to
namic torque exerted per unit volume is given iy T,s ions present in the bulk of the liquid cryst@ weak electro-
=1(y,+ y,c0s W)y and vanishes when the director Iyte). The distance dependence of the surface electric field
aligns at an angle with bulk screening is given bj8]

11 y
0bu|k=§COS X ' (1) E(y):EOexi{_E)J" (3)

with respect to the flow direction. Hebke= — y5 /v, v, and _ o

v, are the rotational viscosity coefficient®VCs), and y is whereEof olege is the su.rface glectrlc 'fu'alq of the charged
the shear rate. However, in the vicinity of the bounding Surjilane,eo is the absolute dielectric permittivity of free space,
face the dynamics of NLCs is also dependent on the surface= (€| +2¢,)/3 is the average dielectric permittivity; and
potential, which penetrates the bulk nematic over a distance, are the dielectric constants parallel and perpendicular to
£, and gives an additional contribution to the torque balancethe directom, respectivelyj is the unit vector directed away
As a result, the flow alignment anglé = 3cos '(\,) is  and perpendicular to the substrate, grid the distance from
also governed by the strength of the surface potential, whickhe surface in thg direction. In this paper we attempt to
may include both short- and long-range contributions. Sevanswer questions, based upon the conventional Ericksen-
eral short-range surface potentials have already been studigégslie (EL) [9,10] theory, of how the surface charge density
in the past{2—4]. For example, it was shown that a short- o affects the flow alignment anglg;;; at distances between
range substrate-particle interaction based upon the integratéd and 6\ from the substrate and the dissipative processes
Lennard-Jones form adopted in adsorption studiesyaho- ~ described by the rotational viscosity in the same region. It

biphenylson graphite[5], leads to the surface enerf] should be pointed out that in practice it is difficult to measure
dynamical characteristics and rotational viscosity in the

1 1 proximity of the bounding surface. Thus, we hope that our

fo=— §Wo(ns‘no)2= —5Wo oS (05— 6p), (2)  theoretical route will be useful for estimating the absolute

values of these coefficients.
The classical approach for the viscosity of NLCs, in the

angles(with respect to the planar normaif a surface direc- framework of the EL theory, assumes that there is a unit
tor n, and an easy axis direction, [6], respectively. The vector fl.e|d n(r,t),. representing th.e average ahgnment at
surface energy delocalizes over a thin bulk layer of thicknes§ach point of the field. The dynamic stress tenSp o of
\s (of the order of 10—-100 nrf2,7]) close to the substrate. @n incompressible NLC with velocity (V-v=0) is given
Over the distanca.,, the nematic order parameter changesPy Symmetric and antisymmetric par§]. Two relevant

from its value at the surface to that of the bulk sample. Whergduations in our problem ar@) the balance of momentum
and (ii) the vector equation for the directar[1],

wherewy is the anchoring strengttt and 6, are the polar
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where p=N/V is the particle number density, the torque 22—
on the director due to viscous force$,;s=—nx(y;N . ]
—7vy,M-n), the torque due to electrical forcedy, 10 0000990000 |
=(ea/eg)NXE(E-n), and the torque due to elastic
forces Tqasi=nXh, with the molecular fieldh=hg+ h,
+hy being evaluated in terms of the Frank elastic coeffi-
cientsK;(i=1,2,3) [6] for splay, twist, and bend deforma-
tions, respectively. Herd=dn/dt—W-n, M andW are the
symmetric and antisymmetric parts of the flow velocity gra-
dient tensorv;;=dv;/dr;, and time derivativedn/dt
=dn/dt+v-Vn. The rotational viscosity coefficients asg
=a3— a, and y,= ag— a5, Whereq; are the Leslie coeffi-
cients. The components of the molecular field are given by
[6] he=K;V(V-n), h=—=K,[(n-DI+VX(n-)n], h, I o 1
=K3[nXIX1+ VX (nX(nx1))], where I=Vxn, and e, OF 000Sewwee® |
=€~ €, is the dielectric anisotropy of the NLC. T S
In the case of Couette flow the flow velocity 0.0 05 1.0 1.5 2.0 25 3.0
=(v,(y),0,0) is in x direction, y=dv,/dy is the only non- Distance from the surface y [um]
vanishing component of the flow velocity gradient tenddrs

and W, and the director is aligned at the anglgy;, with 6.¢(y), for homeotropic alignmentf,=0) of 8OCB molecules, at

COMPONENtS1, = COSferr andn, =Sin ferr. The present study temperaturel =340 K, calculated using Eq11), at two values of

considers an incompressible fluid, which implies that the . L L
P P tll?ae shear rate; 100 s'* (solid triangle$; 800 s * (solid circles,

shear stress in the gradient direction and the shear rate a ; ) 1 )
uniform in a planar shear flow. One can rewrite E5).in a ~ 2nd using Egs.(8) and (9), at y=100 s~ (open triangles
dimensionless form as 800 s! (open circles The surface charge density is

=103 C/n?. The dimensionless interval for distangeis 0.18

Equilibrium angle 6_,(y) [in degree]
4

FIG. 1. The distance dependence of the flow alignment angle

<y<5.25.
s 1 Y2 B2 7 Oey —
7 + E 1+ —cos 2Heff _7S|n 269”—!— h(aeff)Tz azeeff(y) _ _
T N ay —= — —Aexp(—2y)besi(y) + B=0, ()
2 [?y
1., 9 0ett
+5h (Gerr) v =0, (6)  where the last term in Eq6) is negligible due to slowly

varying 6e(y), A=(ea/€?)(0?K)NE, and B=[(7
+9,)/2]y\5/K,. The boundary conditions aré,(y)=0
whereB2=B?/(y,y) =[ e,02/(?€3y17) ]exp(-2y), dimen- ~ and d0es(y)/dy=0, at y=y,=As/Ap, and 6es(y)

sionlessy coordinate and time arg=y/\p, and r=yt, = Obuik, and dber(y)/dy=0, at y=yy,. In our caseyy,
respectively,  h(6efs) = (K1COSOpti+ KaSiPOor)/(y1903),  — 22 (at T=340 K). The justification of the choice in,
h'(6es) is the derivative of thé(0er7) with respect tofer;. ~ — -2 May be given by the distance dependence of the

At high shear rates for 4-octyloxy4’-cyanobiphenyl 6es(y), (See Fig. 1 which increases monotonically and satu-

(80CB) molecules and the surface charge density rated aty,=5.5 (y,~3 wm). Near the wall theT,, term
=10"° C/n?, the director orientation in the bulk is domi- gominategwhich results indq((y)=0 aty=y,, both for
nated by flow alignment and the influence of electric torquénomeotropic fs=0) and planar alignmentsg{=7/2)]; on
is restricted to boundary layerssy<3 um [see Eq.(3)]. the other hand, af<100 s, both To/se and T, terms

At y=800 s, |Teas~0.5 N/nf, |T,i[~4.0 NInF,  gominate far from the wall. Thus, E€7) is solved in three

[Te(y=0.1 um)|~212 N/nf, and [Tg(y=1.0 um)] e
~0.2 N/n?. Since the rati)\ =|Tgjasd/|T,is| is 0.125, the separate reglons_’ first, c_Iose to the, second, close to the
Yp, and third, in the intervaly,<y=<y,. Near y~y,

elastic torque can safely be disregarded at shear rptes —\./\p=0.18, one may determine a power series solution
=800 s*. At lower shear rates, for example ay of Esq_ (7) in the form

=100 s, the values ofA~1, and the director orientation

is governed by the viscous, elastic, and electric forces, both

in the bulk and close to the surface. In our calculations, Octi(y) = _zi(ya—y)z. (8
=0.1 um is used in agreement with the experimental results Ayz—2
for cyanobiphenylsat indium tin oxide (ITO) glass plate -
coated with organic materialg]. A similar solution is obtained neay~vy,, where|Aexp

For a stationary Couette flowd@¢;/d7=0) at arbitrary  (—2y)|~0.006 can be discarded, one may determine a solu-
shear rates, Eq6) can be written as tion of EqQ. (7) in the form
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— B —, nematic phase of 80OCB on an ITO-coated glass plate. Re-
Oeti(Y) = Opuit 5 (Yo—Y)™ ©  cently, theD | , the bulk RVCsy, (i=1,2), and the OPB5,
. (L=1,2,3) have been calculated for 80CH). It was done
It should be noted that both these solutions, E8sand(9), by combining the existing statistical-mechanical approach
satisfy the above mentioned boundary conditions. Solution iN16,17] and nuclear magnetic resonance relaxation theory
the intermediate rangey{<y=<y;,) may be obtained by as- [1g]. The values of and e, are determined using the tem-

ymptotically matching these two solgtions_. . perature dependent coefficiertsande, for 8OCB obtained
For ailstatlonary Couette flow with high shear rates in Ref.[19]. Taking into account that the bulk ion concen-
=800 s -, Eq.(6) leads to[1] trationnp =N, /V=N_/V~5x10%° m 2[20,21], where

: V1= R2ci 0 N, andN_ represent the number of positive and negative
HLY2F 72 €0S Ber(y) ]=B7SIN 20er(y). (19 ions, respectivelyffor a weak electrolyte N, ~N_)], one
Thus, the torque balance yields a flow alignment angle ~ can calculate the bulk Debye screening lengih
— . . 1 = (o€ kpT/26?ny,) 2 [20], wheree=1.602<10"*° C is

€08 VoY) =Nef= aor 1+{1+(C = 1)r""}], the proton charge, angj is the dielectric constant parallel to

(1D the directorn. In the temperature range where the nematic
where  ag=N"l=—1yily,, k=(1+a2CH"L, 2 phase of SQCB.exists, one heg e [0.545,_0.556 (m) for

homeotropic alignment. In our calculations the range of

=B?% y,y. Taking into account that the RVCg (i=1,2 :
y1y g 5 ( ) shear rate i3y [100,80Q (s 1) [22,23. Figure 1 shows the

can be expressed according to Kuzuu and ) theory

[11] as distance dependence of th#g(y), calculated due to Egs.
(8), (9), and(11), for homeotropically aligned 80CB mol-
2f_ ecules witho=10"2 C/n? at T=340 K. At this tempera-
yi= sz, =1, ture, the equilibrium angl®.¢«(y), increases monotonically
I

with distancey up to the bulk value off.¢(Y)= Opuix

=10.35°. With an increasing shear raterom 100 st up

_ <1 (At :
whereP, is the second-rank nematic order parame@), to 800 s~ deviations between the flow alignment angle

f=(pkgT/D,)p, D, is the rotational diffusion coefficient fefi(y), calculated from Eqs9) and(11), at the right end of
for molecular tumbling motionskg is the Boltzmann con- the intervaly,,y,] decrease as expected, whereas at the left
stant, T is the temperaturep is a particle geometric factor €nd of the same interval such deviation is negligible, both for
usually taken ap=(a’—1)/(a’+1), a is the length-to- high and lower values of the shear rates. This shows that the
breadth ratio of the molecule, the rati§'"/y, is obtained influence of the elastic torque on the spatial dependence of
from Eq.(11) as O.1¢(y) is vanishingly small up t¢~1 wum, and both Egs.

(8) and(11) give, practically, the same results. At larger dis-

=2f, i=2,

eff . . . .
Y A tances Ky<2.75 um, the director orientation is governed
NN e Co e 2L (1) y=2.fop . on 1s gover
Y1 Nefs by the electric, viscous, and elastic forces for 100 s -,
off and Eq. (11) is, therefore, inappropriate. Only foty

Herey; " is the effective RVC in the presence of the charged_ g5y 51 the elastic forces can safely be neglected. The

surface. We note that the bounding surface influerRes (istance dependen@”lyl for the homeotropic alignment of
only in a thin bulk layer ¢-10-100 nm)[2,7] close to the  8OCB molecules at an ITO-coated glass plate and at a fixed
surface andP, is not affected by the flow, except for tem- surface charge density 18 C/n? is shown for two tem-
peratures very close to the isotropic-nematic phase transitioperatures T= 340,350 K) in Fig. 2. It is clear that the sur-
[12]. Recently, the role of surface coupling @, at the face electric field has a larger effect of'" as the tempera-
LC-solid interface has been investigated by means of broadure decreases. With decreasing distapcthe effect of the
band dielectric spectroscop$3]. It was found that the fre-  charged surface on¢'" increases monotonically, and its ef-
quencies for the hindered rotation of molecules around theifect vanishes at distancg~3 um. The presence of a
molecular short axes remain unchanged in cylindrical Cha”charged surface gives an additional contribution to ?ﬁg
nels of Anopore membranes having a diameter up to@@ 5 o 7.89% (340 K). Recently, the absolute values of the
with respect to the bulk phase, at least éyanobiphenyls  gy/cg yi (i=1,2), in the bulk nematic phase of 80CB has
Since the relaxation time of the hindered rotatio@;O been calculated15]. The y, values are 4.6810 2, and
=[D,(2—2P,)/(1—2P,)] 1[14], one can tak®, andP, 1.72x10 2 Pas at 340, and 350 K, respectively. Thus the
aty>\ being only temperature dependent. According to theeffective RVCy¢'" can be calculated. It should be noted that
KD theory the charged surface, over the distance more thagccording to Eq(12) the surface charge density— leads
\s, can influence only two of the six Leslie coefficients  tg Iimﬁwﬁ”/)fﬁaal: —v,ly1, with simultaneous
and a3 (andy;) due to its the influence on the asymmetric growth of the penetration length over which the charged sur-
part of the ST. face can disturb the bulk nematic. The largest contribution to
In order to examine the effect of the charged surface ofhe rotational viscosity, due to the charged surface, is about

the flow alignment angl@,(y) and ¥$™, we consider the 6-18%, at least focyanobiphenyl$24], except at tempera-
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UL counted only by the long-range componédtie to the sur-
VOVVVIvYs, face electric field of the surface potential. The effective

v ] enhancement of rotational viscosity in shear flowing LCs
near the charged bounding surface is interpreted in terms of
the orientational change of the director caused by the surface
] electric field. A balance between the frictional and electric
o torques exerted on the director is reflected in a growth of the
1.04 o effective rotational viscosity up to 7.8%at 340 K with
ov | respect to the bulk value. The temperature dependence of

oy y‘i” also supports this conclusion. We note that only at a

v shear ratey~ 100 [s~ 1], the director orientation is governed
%y | both by the elastic |Teasi~0.5 N/nf) and viscous

839 (|T,isl~0.5 N/n?) torques. Our analysis also shows that
1.00 | Yo0000 the influence of both the elastic and viscous forces are van-
ishingly small up to 0.8um for the studied surface field. For
0.0 05 10 15 20 25 3.0 y larger than 0.8um, the ratioy$'/ v, should be calculated

Distance from the surface y [um] using Eq.(7) for shear rateg~100 s *. It should be noted
that the present results for flow aligning nematics composed
of prolate particles with positive dielectric anisotropy are
valid, according to Eq(12), also for systems composed of
rl:)oth prolate or oblate molecules with negative dielectric an-
isotropy. The flow alignment angle is influenced by the large
axial dipole moment in ayanobiphenylmolecule, which
produces high values of dielectric constdi28] in the factor
tures close to the nematic-smectic transiti@b]. When the C and Debye screening length, . We believe that thg
present study not only shows some useful routes for estimat-

surface charge density—0, lim,_ oy 7y, =1. ! YT \ .
In summary, we have investigated the influence of thed the viscosity ofcyanobiphenylsand for analyzing the

charged bounding surface on the flow alignment arfgte electrorheology of NLCs, but also clarifies the role of elastic
=T ) ) ) torques in flow alignments near charged surfaces.

shear rates 168+vy/s *<800), and rotational viscosity of a

liquid crystal, 4n-octyloxy4’-cyanobiphenylusing the con- The financial support of the Natural Sciences and Engi-

ventional EL theory. The role of charged surfaces is acheering Council of Canada is acknowledged.
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FIG. 2. The distance dependence of the ratfd/y,, for ho-
meotropic alignment of 80CB molecules, at the surface charge de
sity 0=10"3 C/n? and y=800 !, calculated using Eq12), at
two different temperaturesT=340 K (triangles, and 350 K
(circles.
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