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W s :  steric, biphilic, dielectric and flexoelectric aspects and 
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t Torino Polyteehnic, Physics DepamxnL 16129 Torino. Italy 
t Institute of Solid State Physics, Bulgarian Academy of Sciences BG-1784 Sofia. Bulgaria 

Received 29 October 1993 

Abstract. A survey of lhe published data on the type of anchoring olomeowpic, plana or tilted) 
of nematic liquid crystals on Langmuir-Blodgea (LB) films of charged and dipolar amphiphiles, 
as a function of surface density of molecules and number of molecular layen in Ihe lib 
reveals a mmplex and seemingly controvenial picture. A theoretid model of lhe anchoring. 
taking intu aculunt the non-homogeneous electric field originating from surface charges and 
dipoles, which dictates the liquid crystal orientation via a competition of dielectric, Bexoeleetlic 
and ordoelectric toques, predicts a rich variety of anchoring sIates, depending on the sign of 
surface charges, the orientation of surface dipoles and the signs of dielectric anisotmpy and total 
flexocoefficient In specific situations, critical molecular densities and thicknesses for anchoring 
transitions (either first or second order) fmm homeotropic to tilfed to planar or vice versa are 
predicted. 'Reenhnce' sequences, homeotropic-plana-lum"opic and planar-homeotropic- 
planar, are also possible, while surface density increases monotonically. Thus. the model resolves 
the apparent wntradictions between various experiments and puts them in a general framework 
for the tint lime. 

1. Introduction 

Langmuu-Blodgett (LB) films are organized molecular films deposited on solid substrates 
by the method of Langmuir and Blodgett, i.e. by means of transferring an amphiphilic 
molecular monolayer of controlled density formed at an ai-water interface over a solid 
support being slowly pulled (or pushed) normally through the interface. This procedure can 
be repeated many times. Thus a multilayer can result. Either charged or dipolar amphiphiles 
can be employed. Deposition is usually canid out in a centrosymmetric manner (Y type), 
but with certain substances polar LB films can be built up, facing the substrate either with 
hydrophobic tails (X type) or with hydrophilic heads (Z type). 

The first experimental studies of the interaction of LB films with nematic liquid crystals 
(NLCS) were initiated in 1978 15-71, Still earlier, the mode. of anchoring of the nematic 
director on self-assembled amphiphilic monolayers, obtained by dipping the substrates 
in surfactant solutions, was studied t1-41, both experimentally and theoretically (using 
a thermodynamic approach in terms of interfacial surface tension). A shortcoming of 
the self-assembled films is that their surface density is usually not known and could 
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hardly be controlled, although a dependence on the volume concentration is to be 
expected. The elegant work of Proust and Ter-Minassian-Saraga [l], providing a direct 
measure of this density by measuring the surface radioactivity of a labelled surfactant, 
cetyltrimethylammonium bromide (CTAB), is still the only one of this type. Nevertheless, 
qualitative observations of the variation of anchoring on self-assembled films of variable 
surface density are possible in a concentration gradient of the surfactant, e.g. lecithin 181. 

Since then, a number of papers [9-191 have been published, emphasizing, in particular, 
the mode of nematic anchoring on multilayer LB films and its dependence on the number of 
layers [9.10,11,13], the temperaturedriven anchoring transitions [14,17,18] and the theory 
[9,13,14,191. 

Let us now briefly summarize the experimental findings. In the case of a positively 
charged CTAB monolayer on glass and nematic MBBA, a critical surface density of 
9 x lOI7 mol m-2 was found, with planar director anchoring below this density switching 
to homeotropic above it [l-31. This finding was qualitatively confirmed with egg lecithin 
film having a surface density gradient in contact with MBBA [8]. With LB monolayers of 
dilauroyl lecithin (a non-charged, dipolar lipid with two alkyl chains) a critical area per 
molecule close to 0.75 nm2, i.e. surface density of 1.3 x mol m-', was observed; 
this time however the nematic PCH7 (heptylcyanophenylcyclohexane) was found to switch 
from homeotropic to irregular tilted alignment, the tilt angle increasing with packing density 
161. Since then it has been widely believed that the steric forces due to the presence of 
holes in the non-compact monolayer are of paramount importance for the homeotmpic 
anchoring, and that compact monolayers had no orienting action. However, in 1985 it 
was demonstrated [ 111 that very compact monolayers of o-tricosenoic acid on indium thin 
oxide electrodes (surface densities up to 5 x lo1* mol m-2) can still orient a variety of 
liquid crystals, e.g. E7 (a BDH mixture of cyanobiphenyls) almost homeotropically (4" off 
the normal). The homeotropic alignment of MBBA by dipalmitoyl lecithin monolayers was 
found to disappear below 0.8 run2 mol-', i.e. above 1.25 x 10l8 mol m-', but even more 
compact monolayers with > 2 x 10" mol m-' still induced a tilted homeotropic alignment 
of 8CB (octylcyanobiphenyl) [161. 

The experimental data on thickness dependence of anchoring in monolayer and 
multilayer LB films do not provide a simple pattern either. By varying the chain length 
of aliphatic monoamines layers on glass Porte [4] found a critical length of 11 CH2 groups 
(- 1.4 nm) above which the anchoring is homeotropic, while below it is tilted, the tilt angle 
increasing with decreasing chain length. Blinov er ai [9,10], using an LB film staircase on 
crystalline mica (with anisotropic van der Waals orienting action) found a local Freedericksz 
transition [20] from planar to homeotropic anchoring above a critical thickness of 15 nm 
for MBBA and 50 nm for 5CB using centrosymmetric Y films of stearic acid. With polar x 
films of the same compound the critical thickness for MBBA exceeded 50 nm, while for 5CB 
it was very small (less than 5 nm). 

Contrary to these findings, Saunders et al I l l ]  found a transition from (nearly) 
homeotropic to tilted orientation of E7 on o-tricosenoic acid and Cd arachidate on IT0 
by changing from one to three monolayers (i.e. a critical thickness of two monolayers). 
Similarly, Grospemn [13] found a critical thickness of four monolayers of behenic acid on 
glass for an anchoring transition of 5CB from homeotropic to planar, this m i t i o n  being 
very abrupt (from exactly 0" at three layers to 65-70' off the normal at five layers, this 
angle only slightly increasing up to 80" at 30 LB layers). 

As we can see, no picture of sufficient generality is emerging from the available 
experimental data. On the contrary they look contradictory, leaving the reader with some 
degree of confusion. 
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Several attempts for theoretical modelling have been made so far, starting with the 
thermodynamic argument of Greagh and Kmetz [Zl], later refined by Proust and Ter- 
Minassian-Saraga [3] and by Porte [4] to explain the tilted orientation as well. This argument 
essentially predicts a planar anchoring when the LC wets the surface and a homeotropic 
one in the case of non-wetting. However, as underlined by Porte [4], while the relative 
importance of permanent dipolar forces at the interface and the steric effects of aliphatic 
chains is not measured, quantitative agreement with interfacial surface tension data will not 
be very significant. The importance of surface electric field coupling to dielectric anisotropy 
of NLcs was recognized by Blinov etal [9, IO]. A tilt instability in the LE film itself, similar 
to the SmA-SmC transition under pressure, was predicted by Alexe-Ionescu et d [I91 as 
due to the>electric force from the surface charges. However, no attention was paid until now 
to the non-homogeneous character of the surface electric field and the possible coupling of 
the field gradient to the quadmpolar NU: density via the gradient flexoelectric effect [22-241. 

II I 0 
> 
> 

Figure 1. Steric aspect of the 
homeotmpic and planar on- 
entation of nematic molecules 
by surfactant molecules with 
different surface orientation 
at low surface densily. A ne- 
&c cluster of size t ,  the 
correlation length of the order 
parameter, extends around 
each surfactant molecule. 

As we will see below, the explicit account of gradient flexoeffect introduces another 
material constant of the nematic. its total flexocoefficient, into the description, thus allowing 
for a much richer possibility of anchoring situations. It was recently mentioned by Shigazzi 
et ol 1141 that in a complete description the elastic anisotropy, flexodechicity and order 
electricity close to the substrate should be taken into account. Order electricity effects have 
already been discussed [ 131. 

2. Theory 

Let us consider a glass substrate covered with an LE monolayer or multilayer film of 
amphiphilic molecules (see figures 1 and 2). These molecules could be either charged 
or dipolar, or both. Following the LE deposition procedure, the last LB monolayer in Y 
deposition mode usually has its hydrophobic tails outward, facing the NLC. We assume 
that the tails are nearly perpendicular to the interface, although tilted arrangements are 
also possible. Very important for our model is the fact that near the solid substrate an 
exponentially decaying electric field is present, due to the double layer created by the 
charges or the residual field of point dipoles. 

For symmetry this electric field is normal io the bounding surface and its modulus 
depends on the distance of the considered point from the surface. We use a Cartesian 



2294 G Barbem and A G Petrov 

Figax 2 Steric and biphilic aspects of homeompic anchoring of nematics on a high-surface- 
density LB film. N e d c  molecules possessing a biphilic asymmetry of the end substituents 
are uapped in monolayer vacancies in a polar fashion. A cluster of size is oriented by 
each vacancy. d, is the distance bemeen vacancies; d is the intermolecular distance; 1 is he 
monolayer thickness: p is the dipole moment of the head group; methyl end groups’ dipoles 
are also shown. If tk head group dipolar field is m n g  enough, a locallzed tilt instability can 
occur murid each vacancy due to he gradient Rexoeleebic coupling (see the text and figure 5). 

reference frame having the z-axis normal to the surface and directed toward the NLC. In 
this frame the electric field is E = E(z)k. where k is the unit vector of the z-axis. The 
electric field E acts on the NLC. Let us suppose that (i) the nematic average orientation 
is constant across the sample, i.e. that the nematic director n is position independent, (ii) 
n is everywhere parallel to the ( x .  z) plane and (iii) all physical quantities are x and y 
independent. 

In this frame the total energy per unit area of the NLC is given by 

where 

N.. ’ 1 - 2  -.I[,.,. I J  - ig. 3 ’ 1  ] (2) 

is the tensor order parameter. In (1) the first term represents the dielectric interaction and 
A& = &ll - E L  is the dielectric anisotropy. The second term is the quadrupolar contribution 
to the electrostatic interaction energy. This is typical of nematic materials, because they 
are ferroelectric quadmpolar media. The electrostatic energy is delocalized over the layer 
in which E(z) is different from zero. In the case of charged amphiphiles the thickness over 
which the field is delocalized coincides with the Debye screening length. With point dipoles 
in a plane square lattice with a lattice constant d this thickness is d /2n .  

The latter term present in (1) takes into account the short-range interaction between 
the NLC and the substrate, due, for instance, to van der Waals forces. W is the so-called 
anchoring strength. W -= 0 means that the easy direction is homeotropic to the substrate. 
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It is well known [5] that amphiphilic monolayer anchoring is sbongly dependent on 
surface density. Expanded layers in general give much better homeotropic orientation than 
compressed ones. This was explained in terms of a steric interaction model by Hiltrop and 
Stegemeyer [5] in which LC molecules penetrate the holes in the LB monolayer. To give a 
quantitative expression of this idea we propose the following functional dependence of the 
steric component of the anchoring energy: 

Ws = Wo(n/n,)(l - (3) 

where n is the actual surface density and n, is the maximal possible surface density at close 
packing (n,,, _N 5 x for saturated fatty acids with hydrocarbon chain cross 
section of 0.20 nm2). 

This expression will be used to discuss the orienting action of monolayers at different 
surface density. In the case of multilayered LB films, whose deposition is as a rule performed 
with closely packed monolayers, the steric component of the anchoring energy is probably 
very low, and in any case a constant. Some time variation cannot be excluded, though, 
as a gradual dissolution of molecules from the outermost monolayer into the Lc is quite 
probable, leading to a slow increase with time of W,. 

The total anchoring energy W of the NLC may contain also van der Waals contributions 
Wvm from the orientational interactions, substrate-mc and LB-NLC. The substrawmc 
contribution is usually screened by increasing the LB film thickness 191 while the LB-Nu: 
is probably enhanced. 

mol 

Denoting the tilt angle by e = cos-'(n - k), (1) becomes 

In the hypothesis in which 

~ ( z )  = (5 )  

where A is some typical length (Debye screening length), 

F = ;{-(SAAeEo + e)Eo 4- W)(cos2 e9 - a). (6) 

(6) shows that according to the value EO of the surface field, the easy tilt angle imposed by 
the substrate is homeotropic or planar. The critical fields for the surface phase transitions 
are given by 

e 
AA& 

E I , ~  = -2-[l f dl + WlA&/e2}. (7) 

Fist  we will consider the case of multilayer LB films. In this case the surface density of 
molecules in the outer layer is fixed (apart from a slow decrease with time, see above), 
so can be considered as constant. Nevertheless, an independent variation of total surface 
charge density and thus the surface field is possible by increasing the number of charged 
monolayers. 

Equation (6) shows the following. 
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(i) If W = 0 (e.g. n = n-), i.e. no direct interaction between the nematic and LB film 
exists. 

El = 0 Ez = -4e/(AA&). (8) 

(A& > 0, e z 0) on positively and negatively charged LE films are summarized in figure 3. 
Let us note that another two combinations of signs (A& > 0, e > 0) and (A& 0, e > 0) 
are in principle possible for NLC materials, thus making the total number of anchoring types 
equal to eight. When dielectric and gradient flexoelectric torques act in concert, they would 
stabilize the homeotropic or planar anchoring at any value of the electric field, i.e. at any 
surface charge or dipolar density. In contrast, when they are in competition, a surface phase 
transition at a critical field is predicted. The gradient flexoelectric torque, being linear in 
surface density, always dictates the anchoring in the low-density region, being overcome 
by the dielectric torque above the critical value. 

Four possible types of anchoring for the most studied NLCS MBBA (A& < 0, e < 0) and 5CB 

5CB e>o destabilizing 
A d  stabilizing 

'Anchoring transition at 
U = - (4eEme) 

planar + homeotropic 

5CB e>o stabilizing 
AoO stabilizing 

Homeotropic anchoring 
always stable 

+ + + + + + +  

MBBA: e 4  stabilizing 
A E ~  destabilizing 

Anchoring transition at 
U = - ( 4 e ~ i M ~ )  

homeotropic + planar 

MBBA: e 4  destabilizing 
A E ~  destabilizing 

Planar anchoring 
always stable 

Figure 3. Four basic types of anchoring of 5CB and MBBA on positively and negatively charged 
LB films and anchoring transitions khveen lhem. 

(ii) If W < 0 (the sucface alone tries to impose homeotropic alignment), but A& > 0 and 
e > 0, and furthermore IWI < (e2/AA&), the phase diagram is that shown in figure 4(o). 
In contrast, for IWI > @/AA&) the planar orientation is never stable. Other cases can be 
considered according to the signs of e and A&. 

(iii) If W > 0 (the surface alone tries to impose planar alignment), but A& > 0 and 
e > 0, the phase diagram is of the kind shown in figure 4(b). 
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Figure 4. Phase diagrams showing the NU: orientation versus the surface field Eo. W.a is the 
effective surface anchoring energy defined by W,a = -[?AA&Eo felEo + W (see (6)). taking 
into amount the shod-range part W and the electrostatic conhibution. W& < 0 implies that the 
homeompic orientation is stable, We* > 0 that the planar orientation is stable. (a) W < 0 (the 
shm-range pM tends to induce homeompic alipnment). Ae > 0, e > 0 and IWI < 2 p . A ~ .  
In this case, for Et < E E2, the stable orientation is the planar one. For IWI > e2/hA& 
lhe planar orientation is never stable. (b) W > 0 (the short-range p M  tends to induce planar 
alignment), A& > 0, e > 0. Ln this case for every W the planar orientation may be stable if the 
surface field is in the range ( E l ,  E*). 

It is important to underline that in the cases considered the surface transition from one 
state to another one is abrupt, i.e. from 0 + 7112 or vice versa. In the simple case in which 
Eo is due to the surface charge density of the molecules 

Eo = U / &  (9) 

where E is an average dielectric constant of the NLc, (6) gives the critical surface densities 
for the orientation transitions. 

Until now we have neglected the dielectric energy due to the order-electric effect [ 131. 
By taking into account this connibution (6) becomes 

(10) 2 F = A(COS e - f) + B(cos2e - f )2  

where 

A = l ( - [$IA&Eo+(l  +AS)elEo+ W ]  

E = [(AS)2/2e&2. (12) 

(11) 

and 

In (1 1) the scalar order parameter varies in the surface layer of thickness 

From (10) simple calculations give 

(the nematic 
coherence length). AS = sb - S, is the surface variation of scalar order parameter. 

dF/dB = -(A + 2B(cos2B - t ) )  sin(28) 

d2F/dbZ = -2 (A  + 2E(cos2b - f))c05(2b) + 2Bsin2(2b). 

(13) 

(14) 

and 
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It follows that the solutions of dF/d$ = 0 are 

2 81 = 0 I.92 = n/2 COS 4 = (f) - (A /2B) .  

Solution e, exists only if 0 < cos2 6 < 1, giving 

- 0 < A / B  < $. 

The homeotropic solution (81 = 0) is stable for 

(dZF/dI.92)~,=o = -2(A + i B )  > 0 

A < -4/3B 

which is equivalent to a condition on the surface field (and hence on the surface charge 
density from (1 1)). 

The planar solution ( 0 2  = r / 2 )  is stable for 

(dzF/d+2)~,,p = +2(A - $ B )  > 0 

A > 2B. (20) 

(19) 

i.e. 

The tilted orientation (1.93) is stable when (16) holds. 

3, Discussion 

3.1. Anchoring on charged monolayers with variable su$ace density 

First, we will analyse the planar-homeotropic transition in the MBBA" system, taking 
place at n,/n,  = 0.18. As this is the region of low surface coverage, we can neglect the 
term (1 - n,) in the W,(n) dependence. Also, we need to relate surface charge density U ,  

or the surface field EO. to the amphiphile density n. We observe that if the sign of surface 
charge is that of CTAB (i.e. positive) no anchoring transition with MBBA would be possible, 
because both A& and e torques promote planar anchoring (figure 3). This is why we have 
to assume a negative surface charge due to a selective adsorption of CTAB counterions over 
the available free area not covered by CTAL7 molecules, while the CTAB head group charge 
is fully compensated. Separate experiments performed by us (to be published elsewhere) 
do indicate that the surface charge sign in this system is, indeed, negative. 

0 = B q A  - n )  (21) 

where ,3 is a screening coefficient allowing for a partial screening of the surface charges, 
qe is the elementary charge (in this case negative). The threshold condition for the density 
will then read (WO < 0 for homeotropic orientation) 

- (fhA&Bq&m - + e)Bqe(nm - n) /&  - IWol(n/n,)(l - n / n d  = 0. (22) 
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In a first approximation we neglect the anchoring energy term altogether. Taking into 
account the fact that AE < 0 and e < 0 for MBBA and also qe < 0, we obtained a solution 
for n,: 

(23) 

where A, = I/n, is the minimal area per CTAB molecule at close packing. Taking 
A, = 0.2 nm’, i.e. n, = 5 x lo’* mol m-’, with qe = 1.6 x IOl9 C, and MBBA 
material parameters as follows: e = -2 x 10” c m-l [%I, AE = -0.7~0, E = 5 ~ 0 .  
EO = 8.85 x IO-” F m-I, and assuming A = 1 x m (typical for a weakly conducting 
LC) we can see from (23) that the flexoelectric term could overcome the planar action of 
the dielectric anisotropy term in the low-coverage range only at very low p, i.e. at strong 
screening. Ifs = 1, then nu/nm = 1.7 x N 1. On the other hand 6 has a lower limit, 
below which the anchoring will always be homeotropic: 

k / n ,  = 1 - 4lel&Am/AlA~llq~lS 

,6 > 4lel~A,/AIA&llq.l =7.1 X w3. (24) 

Assuming then p = 8.7 x IO-’, we could calculate from (23) n,/n,, = 0.18, in agreement 
with experiment. This calculation shows that the charge effects are very powerful and even 
one elementary charge per 10’ molecules suffices to induce a surface transition. 

Now, if a homeotropic anchoring energy term (WO < 0) is considered in (22) the 
critical density (23) would be reduced, i.e. a reduction of the screening would be necessary 
to keep the solution of (22) in accordance with experiment. If, on the other hand, the 
anchoring energy favours a planar orientation (e.g. due to CTAB molecules on the surface in 
the low-coverage range) then larger screening (smaller p )  would be necessary. In principle, 
it is possible to discuss this planar-homeotropic transition in steric terms only, i.e. by an 
anchoring energy dependence that changes its sign due to the change of the orientation 
of adsorbed molecules from planar to homeotropic by increasing the coverage [l]. Such 
situations, involving internal reorientation of the LB film itself, will be the object of our future 
work. In a crude steric model we could predict a critical density (nCr/n,,,) = 2/(1 + l / d ) ,  
where E is the length and d is the width of the surfactant molecule. For CTAB (1 z 2.2 nm, 
d N 0.45 nm) we calculate n,,/n, = 0.34, which is a factor of two too high. That means 
that a negative surface charge density will in any case be necessary to bring the critical 
density down to the experimental level. 

Let us now discuss the homeompic-planar (or tilted) transition on compact lecithin 
monolayers. Here we are in a position to put the term (nln,) N 1 to simplify the equation. 
We shall also assume a small partial elecaic charge per lecithin head group, due e.g. to 
the fact that pH of the water subphase does not exactly match the isoelectric point of the 
phosphccholin zwitterion, i.e. ,6 # 0, ,6 < 1. In such a case we obtain from (22) 

(A/~)(A&/E)[(B~~~~)’/E~I(~/~~~’ + (eBqend&o - IWol)(n/nd + lwol = 0. (25) 

For lecithin n, = 2 x 10” mol m-’, A,,, = 0.5 nm2. With the above quoted values of 
material constants of MBBA (or of PCB: e = +2 x lo-” C m-I, A& = 14~0,  E = 10~0) and 
,6 - IO-’ the first term in (25) is negligible. Then a simple solution for the critical density 
follows: 

n,/n, = (1 - (e/Eo)Bqe/lWolAm)-’. (26) 

In order to have a meaningful solution (nJn,) < 1 it is necessary that sign(eq,) = -1. 
This means for MBBA with sign e = -1 that the surface charge must be positive. In this 
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situation, however, homeotropic anchoring of PCB (sign e = 1) will be absolutely stable. 
This roughly corresponds to the experimental finding of much lower tilt for cyanobiphenyl 
[ 161. Taking the experimental value (nm/n, )  = 0.625 we could calculate from (26) with 
WO = i.e. a very low partial positive charge 
per lecithin molecule suffices to drive the transition. If we include the ordoelectric term, 
which becomes more important for higher densities (compact monolayer) then we could 
predict a tilting transition for 5CB as well above a critical value of AS (see below) but the 
general conclusion that the gradient flexoelectric term will tend to suppress the tilt of 5CB 
at positive surface charge density remains valid. 

3.2. Anchoring on dipolar monolayers with variable thickness 

Here we analyse the experimental data of Porte 141 concerning the anchoring transition of 
MBBA on aliphatic monoamine (CnH2n+llNH2) monolayers by decreasing chain length (see 
section 1 and figure 2). We assume a certain number of defects (vacancies, dipolar defects) 
in a square lattice of head group dipoles. The dipole moment of an amino-group attached to 
an alkyl chain is 1.5 Debye (5 x Cm) with the positive pole facing the glass [25]. The 
lattice constant of the dipolar lattice is d,,, = &, where n, is the maximum number of 
closely packed monoamines. We have seen that defects in such a lattice are equivalent to 
oppositely directed dipoles (one for a vacancy, two for an antiparallel dipolar defect). We 
will assume that these defects of area density nv are also organized in a square superlattice, 
then its Lattice constant will be d, = &. The effective dipoles in the knots of the 
lattice of defects are directed oppositely to the monamine ones, thus they face the LC with 
positive poles. Consequently, the homeotropic orientation of MBBA is unfavourable both 
with respect to gradient flexoelectric and dielectric torque (see figure 3) and it is expected to 
be destabilized, if the surface dipole field is strong enough. Since the anchoring transition 
appears to be continuous (figure 5) the stabilizing action of the self-energy related to the 
ordoelectric polarization has also to be taken into account. With the dipolar field in the 
knots of the lattice given by 

G Barber0 and A G Petrov 

J m-' (strong anchoring) ,9 = 8.3 x 

E = (kcL/O.B&od:) exP(-2nZ/dd (27) 

where p is the electrical dipole moment and &m the dielectric constant of the LB film, the 
field at a distance from the head groups equal to the monolayer thickness 1 can be obtained 
by substituting z = I in (27). This field is denoted by EO. In the following it is very useful 
to use a linear relationship between chain length 1 and number n of CHz groups [26.25]: 

I = 0.1265n(nm) (28) 

where we disregard the small additional term related to the end CH2 group. 
We have justified above the treatment of this anchoring transition as a local instability. 

If the anchoring energy is high only in a region of sue 5 around the vacancy, then the rest of 
the liquid crystal will follow the tilt induced by the field around the anchoring points. Thus, 
( 1 3 ,  where A and B are given by (11) and (12). will hold locally, with h = dv/2x, Eo from 
(27) at z = I ,  IWI the local anchoring energy (favouring homeotropy) and AS = Sb - S,, 
the local increment of order parameter (expected to be negative as S, > Sb) will read 

cos'B = 4 - A/2B = 5 - ( l / 2 B ) ~ [ ( ~ A ~ ~ / 8 x ) ~ ( 2 x ) ' ~ z / ( & & ~ ) * d ~ l e 4 ~ " ~ "  

+ [lel(l + AS)2~p/&&od:]e&"~" - IWll. (29) 
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Figure 5. 'theoretical fits of tilt angles of MBBA versus aliphatic monoamine chain length [4]. 
Solid line, n, = 5; dashed lines, ns = 4 (see the lext for details). 

(29) can be arranged in the form 

cosz@ = (l/a)[l - (d/dv)3 exp(-2nl/&) - (dr/dJ5 exp(-4nl/dV)] (30) 

where 

or=4B/(31WI -48 )  (31) 

2 is an effective flexoelectric length 

d=3&R/LL(e((l + A S ) / & L B & O ( ~ ( W I + ~ ~ ) ~ ~ . ~  nm (32) 

= 
and d is an effective dielectric length 

a 

d = ~, / IAEI~LL~/Z&EO~(I  WI + 48) 1.3 nm. (33) 

a 
The above mentioned values of d and d were calculated on the basis of material constants 

of MBBA (see above), of the monoamine film (Q,B = 2, d i  = 0.2 nm2, /L = 5 x C m 
[25]), taking also 31WI +4B = 2 x J m-z (see table 1). Under these circumstances it 
can be seen that (2/dv)5 is almost three orders of magnitude smaller than (d/dv)3. Having 
also in mind that the second exponent is a square of the first one, which is less than unity, 
we could safely neglect the dielectric term in the considerations that follow. In such a case 
the threshold thickness It for tilting instability corresponds to cos2@ = 1, i.e. 

1 - (2/dv)3 exp(-Zxl,/d,) =a. (34) 

We can then expand the tilt angle 6 around the threshold in terms of a small difference 
(It -I) to obtain 

O2 = ( zn /~ ) ( l i /d~)~ ( l~  - f)/dv. (35) 
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lsble 1. Parameten of the fils displayed in figure 5 for the IWO sahlration lengths of n, = 4 
and n, = 5. d. is the distance W e e n  vacancies; (d,/d,)* is the area per vacancy compared 
lo the area per molecule (4 = 0.2 nm$ or the mean number of molecules with one vacancy; 
U = 4S(3[W\ + 46)-', from (34); d is the Rexoelecvic le& (36); (AS)[,* are the two 
mu of (39) (see Lhe texl); only the negabve rMlt is adopted m e r  On (i.e. S, > Sb); 
6 = (AS)Zl~l /2E~E.  is the ordoeleNic parameter (f = 4.45 nm, e = 2 x lo-'' C d); 
IWI is the bcd energy of homeotropic anchoring: IWI = ($)B( l /u  - 1). Note that despite the 
difference in the two fits' parameters. the values for IWI practically wincide. 

ns d, (nm) ( d V / d d z  d (nm) ( A 9 1 . z  B (1 m-*) I w I (I m-2) 

5 3.456 M) 0.7152 5.06 -0.133 0.153 4.5 x lo-' 2.39 x IO-' 
4 2.851 41 0.8339 4.13 -0.183 o m  8.5 x 10-5 2.26 x 10-5 

Thus, we reveal a second-order transition with 0 - where decreasing I increases 
the surface dipoles' field driving the transition. Resorting to the general theory (figure 4) 
we expect at still shorter chain lengths a second transition to planar state when cos2 0 = 0, 
characterized by a saturation length l,, which obeys 

I - (d/d,P exp(-2xi,/&) = 0. (36) 

If we now expand the small difference p = (rr/2) - 8 around this second transition in 
terms of 1 - 1, we obtain 

cp2 = ( Z ~ / a ) ( & d , ) ~ ( l -  I.)/dv. (37) 

Comparing (35) and (36) we see that the slopes of 0' and p2 versus A1 are identical. 
Expressing now I in terms of n via (28) and substituting (34) and (36) in (35) we arrive at 
an equation for the slope do2/& (where d, has to be expressed in nm): 

2z exp(2n1,/dv)[l - exp -[2x(1, - I,)/dvlI-'0.126S/dv = d02/d,. (38) 

From (38) the important experimental parameter d,, the mean distance between 
vacancies, can be determined. 

We plotted the experimental data of Porte [4] for 0* (rad) versus chain length and we 
obtained a very good straight line passing through the first three points (n = 10, 9, 8). 
It intersected the abscissa axis at 10.5 and its slope in (e2. n) variables was very close to 
unity. Thus, the threshold length was determined with a good precision to be 

2, = 10.5 X 0.1265 = 1.33 nm. 

In the vicinity of the second transition only two points were available (n = 7 and 6). 
The slope of the line in variables (p', n) for n = 7 and 6 was larger than unity, but this 
could be expected in view of the uncertainty of conoscopic determination of tilt angle in the 
region of large tilt. This leads to uncertainty in detenninating the saturation length ns = 5 
or 4. 

The transcendent equation (37) for d, with a slope de2/& = 1 was solved by 
mTHEMATICA@ software for both I, = 0.63 nm and 0.51 nm. Then d was calculated 
from (36) and LY from (34). The two dependences of 8 e) versus n are shown in figure 5 
together with the experimental data of Porte [4]. The parameters of the fit are listed in 
table 1. One can see that the curve with n, = 4 fits the first three points well, but deviates 
significantly from the last two. Thus, n, = 5 is more acceptable. 
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To calculate AS, a relationship between d, B and a! is obtained from (31) and (32) and 
then E is expressed in terms of (AS)’ via (13). The resulting quadratic equation reads 

(AS)’ - Z(AS f 1) = 0 (39) 

where 

z: = n p 4 e 1 d 3 .  

The correlation length t of the order parameter is calculated according to the Landau-de 
Gennes theory [27] by 

( = ,/3Ll/a(T,’ - T) (40) 

where T,* = T, - 1 = 44.6”C in the case of Porte [4], T,* - T N 22 K for T, 
room temperature, and the other parameters have the following values for MBBA [27]: 
L = 6.1 x lo-’’ N, U = 4.2 x lo4 J m-3 K-’. This gives ( = 4.45 nm for MBBA at room 
temperdture. 

From the two roots of (39) the negative ones were chosen to further calculate B and 
I WI because of the expected enhancing of surface order around the points of anchoring (i.e. 
the vacancies). The calculated values of IWI are high, but we stress again that these are 
localized values. 

All three important physical parameters d,, AS and IWI characterizing the MBBA- 
aliphatic monoamine anchoring are obtained from the fit without further assumptions, and 
there are no free parameters of the fit. 

In principle, a hydrophobic surface is capable of inducing a polar ordering i.e. 
(P,(cose)) # 0 of an NLc close to it by means of its biphilic field if the NLc molecules are 
biphilic dipoles, i.e. if there is a biphilic asymmetry between the end substituents [34.35]. 
m B A  is an example of such a biphilic dipole, as argued long ago [36], i.e. a hydrophobic 
surface interacting preferentially with the butyl tails of MBBA can induce a preferential 
orientation of the longitudinal electric dipole as well, and, thus, a surface polarization Ps. 
In a patch of size 6 near a vacancy this polarization will be 

ps = V l l I , / t ’  (41) 

where p# is the longitudinal dipole and U is the number of unipolar ordered molecules in 
this patch. With 6 = 4.45 nm as before the total number of LC molecules could not exceed 
100. If we take as an upper limit that they are polar oriented, the small longitudinal 
dipole in the case of MBBA (- 1 x IO-” C m) could produce surface polarization Ps of - 5 x lo-’* C m-’, which corresponds to our earlier estimates [36]. 

Now, Ps can couple directly to the surface field of head group dipoles to produce 
additional surface energy to be added to (11) of the form P,Eo cos 8. This term can stabilize 
or destabilize the homeotropic orientation depending on the mutual orientation of Ps and 
Eo. 

If we consider for simplicity a homeotropic anchoring energy term only, from the 
expression 

F = $lwl(cos2e - j)+ PsEocose (42) 
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we can find the torque balance equation in the small-angle approximation and we can predict 
a local instability with a threshold field 

G Barber0 and A G Petrov 

Erh=IWl/-Ps (43) 

where IWI is the local anchoring energy near the vacancy. If we now apply this to the case 
of Porte's [4] experiment by substituting (27) in (43) we could find a critical thickness for 
tilt instability: 

Now, with the values obtained above (table 1) even taking v = 100 we could see that 
the term after the logarithm is still below unity (- 0.6). i.e. with the high value of the 
local homeotropic anchoring energy and weak longitudinal dipolar moment of MBBA no tilt 
instability originating from P. could be observed down to vanishing monolayer thickness 1.  
Additionally, the direction of Ps for MBBA could not be claimed with any degree of certainty, 
as its longitudinal dipole appears as a small difference of large oppositely directed moments 
of several dipolar groups. Thus, the dipolar coupling could also be stabilizing the NLC with 
respect to the instability produced by the quadrupolar coupling, but in the particular case of 
MBBA-aliphatic monoamine anchoring the stabilizing effect would be negligible, as well. 

3.3. Anchoring on multilayer Lsfilms 
This anchoring and the transitions observed at a monotonic increase of the number of 
molecular layers in the film are best discussed in terms of the variations in the geometrical 
(sterical) roughness and the electrical roughness of the surface. Despite being deposited 
in compact form, the first molecular layer is likely to contain a large number of defects, 
being forced to accommodate the geometrical roughness of the substrate. As we have seen, 
the defects (vacancies, etc) are precursors of homeotropic anchoring. The LB technique in 
the Y deposition mode is such that the subsequent LB structure, which can be used as an 
mc substrate, would have three layers, facing the nematic with the hydrophobic chains 
of the amphiphiles, then five layers, etc. It is well known that the geometrical roughness 
of the substrate is screened by such a smectic type of arrangement (see, e.g., [9]). Other 
substrate properties being successfully screened are van der Waals orienting potentials of 
anisotropic substrates, and possibly also the electric field of ions on a solid support (glass, 
etc). Decreasing the number of defects means according to our expression (3) decreasing 
the strength of homeotropic anchoring. Being left in contact with the elechical roughness 
of the strongly oscillating dipolar field due to the end groups of the alkyl chains [28-311 on 
the otherwise molecularly smooth surface of methyl groups, the nematic may well switch 
to arbitmy orientation due to the reduction of S by the quadmpolar coupling on such a 
surface (see above), or to a planar anchoring, if the length of longitudinal dipoles of NLC 
molecules is commensurate with the period of the dipolar field, i.e. dm/2. 

In experiments 1131 such a switching from homeotropic to tilted orientation of SCB on 
behenic acid was observed at five layers. Subsequent experiments with octadecylamine [38] 
revealed the same critical thickness, the tilt angle this time quickly saturating to 90" at about 
15 layers. This may be explained by a lower area per molecule in the latter case, providing 
better possibilities for locking of the 5CB dipole to the dipolar field. 

Recognizing for the first time the importance of the dipolar field of alkyl chains enables 
us to discuss the difference in the anchoring on saturated fatty acids and unsaturated w- 
tricosenoic acid 11 11. While the vertical component of the dipole moment of the -CH3 
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group is 1 x C m with positive pole directed towards the air, the dipole moment 
of the -C+Hz=CHz double bond is probably larger and oppositely oriented. Thus, the 
quadmpolar coupling (e.g. to vacancies) would change its sign. Decreasing the period of 
the lattice of o-hicosenoic acid by electron irradiation induced polymerization may bring 
about an increase of the tilt angle [ I  I] for the same reason as above. 

Of course, any discussion of the tilted orientation on LB films should take into account 
the existence of intrinsic tilt of the LB structure, which may well be thickness dependent 
[39]. While our discussion was implicitly assumed a normal orientation of the alkyl chains 
in order to clarify the importance of the gradient surface fields, our next step would be to 
elaborate upon this further aspect of the steric and van der Waals interaction of the LB film 
with the NLC, allowing for an internal degree of freedom of tilt in the LB film itself. In this 
way tilting instabilities of the LB film [19] can enter this already complex but otherwise 
physically transparent picture. 

Some final remarks about the novel concept of electrical roughness deserve mentioning. 
The strongly disorienting action of a compact alkyl chain surface on an NLC can be a driving 
force of ordoelectric instability, resulting in a tilt close to the magic angle [13,32,33], just 
like a surface with strong geometrical roughness [37]. 

From (11) and (16) with A = -IWol/2 only, the critical value of AS can readily be 
calculated to be 

AS, = &lW0l~&/e2 (45) 

which with IWI = 2.3 x J m-’ (table I )  is AS, = 0.058. This is well below the bulk 
value S, and thus such a tilt transition is completely feasible, even with anchoring energies 
higher by an order of magnitude. 

Strongly decreased surface order can also explain the observed surface melting under 
pulsed local heating just a few degrees above room temperamre in MBBA [NI. 

4. Conclusion 

By exploring different aspects of geometrical and electrical roughness of LB film treated 
surfaces and quantifying them in terms of steric, dielectric, gradient flexoelectric and 
ordoelectric interactions, we proposed in this paper a general theoretical framework for NLC 
anchoring on LB films. By showing how the non-homogeneous electric fields originating 
from surface charges and dipoles govern the liquid crystal anchoring by a competition of 
dielechic, flexoelectric and ordoelectric torques, we predicted a large variety of anchoring 
states, depending on the sign of surface charges, the orientation of surface dipoles, the 
signs of dielectric anisotropy and total flexocoefficient and the value of anchoring energy. 
Anchoring transitions of both first and second order and reentrant sequences, homeotropie 
planar-homeotropic and vice versa, were also predicted. The theory is compared to the 
experiment with more than three LB-NLC systems and important parameters of the surface 
interaction were determined. The model clarified the reason for apparent contradictions 
between various experiments and put them in a general framework for the first time. 
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