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Ferroelectric liquid crystal thin films in the Clark-Lagerwall surface-stabilized gcomctry exhibit well 
known spontaneous polar orientation of functional groups. The symmetry of the system thus allows 
the existence of bulk electronic second order nonlinear hyperpolarizability x") within thc contcxt of 
the simple dipolar model. For all FLC materials examined to date, however, the magnitudc of x"] is 
small. presumably since the particular functional group arrays oriented along the polar axis possess 
small molecular hyperpolarizdbility p. 

Using the Boulder Model for the molecular origins of the polar order occurring in FLC films, i t  is 
possible to design materials with functionalized aromatic rings oriented along the polar axis of the film. 
Sincc such functional arrays may show respectable values of f3, it should be possible to obtain F I X  
films (both low molecular weight and polymeric) with useful magnitude ol xt2) using this approach. 
Rcsults of initial experiments aimed at design of FLC materials with large xC2) will be described. 

INTRODUCTION ANDBACKGROUND 

It is well recognized that materials possessing fast and large nonlinear optical (NLO) 
susceptibilities are of great potential utility in the emerging photonics industry.' 
Indeed, materials possessing second order nonlinearity are already used in 
frequency mixing (e.g., crystals for second harmonic generation) and optical switch- 
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52 D. M. WALBA ei al. 

ing (e.g., the AT&T LiNbO, directional couplers) applications. In addition, x ( ~ )  

materials which can be processed into thin films on a variety of substrates show 
great promise as components of integrated optical devices. 

In order to realize the potential of x ( ~ )  materials, however, improvements in the 
magnitude of the second order nonlinearity and processibility are necessary. In 
this regard organic materials are of great interest. Thus, it is well known that 
organic molecules may possess relatively large molecular second order hyperpo- 
larizability p, and considerable research activity is currently focussed upon discov- 
ering the optimum functional group arrays for achieving very large p. To translate 
molecular NLO susceptibility into the bulk x ( ~ )  necessary for optical processing, 
however, the molecular functional arrays must be assembled into a materiaE (simply 
a collection of atoms usually about 1 pm = 10,000 A thick and perhaps 1 cm on 
a side) with a certain specific stereochemistry and high optical clarity. In our view 
this problem is really one of stereocontrolled synthesis, and stands at an exciting 
current frontier at the interface between chemistry and materials science. 

In fact, the required x ( ~ )  material could be a single huge molecule with proper 
stereochemistry.2 Other approaches under active investigation include the use of 
organic crystals,3 electrically poled polymer g l a s s e ~ , ~  Langmuir-Blodgett films (LB 
films)s and self-assembling multilayers (SAMS).~ All of these are highly interesting, 
but each is to some extent flawed by technical or fundamental difficulties. Thus, 
though great strides are being made in the field, organic single crystals are difficult 
to design with precision, and are difficult to process into optical quality films, as 
are LB films and SAMs. Finally, poled polymers must rely upon kinetic stabilization 
of appropriate stereochemistry in the polymer glass to remain NLO active, and the 
stereocontrol achieved in the poling process under the best circumstances is poor. 

While the rapid pace of research exploring all aspects of these approaches suggests 
that useful materials will derive therefrom, we feel that the ferroelectric liquid 
crystal (FLC) self assembly provides a particularly elegant and potentially very 
useful solution to the problem of creation of x ( ~ )  thin films. A description of recent 
progress in a nascent project directed towards realizing this potential follows.' 

x(*) FLCs-Results with Commercial FLC Materials 

It seems to be well known by all in the field that in order to possess non-zero ~ ( ~ 1  

within the electronic dipolar model (and probably in general for large x ( ~ ) )  non- 
ccntrosymmetric (acentric) symmetry is required. In addition, orientation of func- 
tional arrays possessing large p along the polar axis of a polar material provides a 
promising approach for design of materials with large x(*). 

At this point it seems useful to digress slightly in order to discuss how molecular 
chirality forces symmetry-lowering in condensed matter in the context of symmetry- 
allowed x ( ~ ) .  Thus, the necessary and sufficient symmetry condition for non-zero 
x(*)  in the electronic dipolar model is acentricity.' Any material composed of non- 
racemic molecules must, be acentric. Even an isotropic chiral liquid is acentric, and 
indeed possesses non-zero antisymmetric elements of the x ( ~ )  tensor, as first pointed 
out by Giordmaine.8 While these elements do not afford second harmonic gen- 
eration (SHG; a standard probe of electronic second order susceptibility), sum and 
difference frequency generation has been demonstrated in chiral isotropic liquids.9 
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FERROELECTRIC LIQUID CRYSTALS 53 

In order to achieve large x(*), however, it seems generally true that molecular 
Ps should be aligned along a polar axis. All materials with polar symmetry are 
acentric, but not all acentric materials are polar (e.g., the chiral isotropic liquid).’” 
The key point is the following: In FLC phases, molecular chirality does not simply 
force acentricity (as it would for an isotropic liquid), but actually forces polar order. 

Not surprisingly, the spontaneous polar order occurring in FLCs prompted NLO 
experiments in FLC films as early as 1981.” Perhaps more surprisingly at first, the 
susceptibilities observed for classic FLC materials such as DOBAMBC were ex- 
tremely small, even though it seems that the magnitude of P along the director 
should be substantial. This early work underscores an interesting problem with 
FLCs for NLO. Specifically, while the polar axis in the FLC phase is normal to 
the director, the large component of p for FLC mesogenic molecules would typically 
be along the director. Thus, though the FLC phase seems to have the appropriate 
symmetry for large ~ ( ~ 1 ,  lack of stereocontrol (no polar order along the director, 
and small ps normal to the director) leads to small susceptibility. 

Thus, prior to our work the commercial E. Merk mixture ZLI 3654 was shown 
by Taguchi, Ouchi, Takezoe and Fukuda to possess the largest known second order 
susceptibility for an FLC material.I2 The geometry of the experiment is given in 
Figure 1. A homeotropic cell is irradiated with the fundamental (1064 nm light 
from a Nd:YAG laser) polarized in the xz plane (extraordinary beam). Second 
harmonic light (532 nm) colinear with the fundamental, but polarized along y 
(ordinary beam), is generated. The cell is rotated about the polar axis, and the 
SHG intensity as a function of input angle is measured (type 1 eeo angle phase- 
matching). This allows an estimate of the magnitude of dett, a measure of a com- 
bination of the components of x ( ~ ) ,  which for ZLI 3654 was very small: ldetfl ZLI 
3654 = 0.0025 times LiNbO,. 

In order to more precisely calibrate the nonlinearity of FLCs relative to other 
materials, we have screened a number of commercial FLC mixtures from BDH, 
and found that the mixture SCE9 showed the largest nonlinearity. Using a com- 
bination of Maker fringe experiments in a homeotropic wedge cell and the above 
described type 1 eeo angle phase-matching in a 35 Fm homeotropic cell with parallel 
bounding plates, the magnitude of all of the non-zero components of x(*) for SCE9 
were determined, and are given below.’, 

For SCE9: d,,,, = dZ3 = d34 = 0.073(2) pm/V 
d,,,,, = d22 = 0.027(1) pm/V 
dv,x.r = d21 = d,, = 0.0026(1) pm/V 
d,.,, = d25 = d , ,  = d36 = 0.0009(1) pm/V 

In fact, SCE9 possesses the largest x ( ~ )  of any FLC reported to date, with deft 
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54 D. M. WALBA et al. 

Incident fundamental beam 
polarized in the xz plane 

Output fundamental plus second harmonic. Fundamental is filtered, and 
second harmonic intensity (pol;irized along y)  is measured a s  a function of 
incidence angle. 

FIGURE 1 The geometry of a homeotropically-aligned FLC cell set up for type I eeo angle phase- 
matched SHG. Note that the spacing between the glass bounding plates (235 pm) and the smectic 
layer spacing ( ~ 3 5  A) are not to scale and that the index ellipsoid is exaggerated. 

SCE9 = 2 times deff ZL1 3654. Even so, the values for the FLC are quite small 
given that for LiNbO, d,, = 5 pm/V, and d2* = 3.2 pm/V. This is especially 
apparent since the promise of organic materials for NLO is that nonlinearities much 
greater than those of inorganic crystals should be possible. It is not, however, 
surprising, since the functional groups oriented along the polar axis in SCE9 are 
probably carbonyl, and perhaps cyanoalkyl groupings, which are expected to pos- 
sess small p values (the composition of SCE9, P = 30 nC/cm2, is not published). 

First Generation FLCs Designed Specifically for ,p 

The challenge, then, is to design FLC films where functional groups possessing 
large p are oriented along the polar axis. As is now well known, the prototype of 
such functional arrays consists of a donor grouping and an acceptor grouping 
oriented either ortho or para on an aromatic ring. Thus, in the FLC case, an 
important goal is to obtain orientation of functionahzed aromatic rings along the 
polar axis of the FLC film. 

While the symmetry argument proves that FLCs must possess polar order, sym- 
metry alone does not suggest which functional groups are aligned along the polar 
axis, or how this orientation occurs on a molecular level. We have developed a 
simple stereochemical model for the molecular origins of the polar order occurring 
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FERROELECTRIC LIQUID CRYSTALS 55 

in FLCs,14 and have demonstrated that considerable precision in the alignment of 
simple functional groups (e.g., C-F bonds and epoxide units) may be achieved 
by using the model to guide the design of FLC mesogens.lS 

Indeed, the FLC design group at Chisso have reported experimental results 
beautifully consistent with the model, and strongly suggesting that functionalized 
aromatic rings can be well oriented along the polar axis of FLC films.’” More 
recently, we have also reported evidence for such orientation in an interesting o- 
alkoxypyridine and pyridine N-oxide FLC system.” In the materials synthesized 
in the latter systems, however, the oriented functional arrays are expected to possess 
relatively small p, leading to the expectation of small x ( ~ )  in the FLC films. 

While expected to possess only moderate p, the second order molecular suscep- 
tibility of o-nitroanisole is certainly larger than that of simple unconjugated esters, 
halides, or nitriles. While we have not found a number for the p of o-nitroanisole, 
the largest component should be about 5 x 10-”’ esu based upon the following 
experimental values (all in the same units): p-nitroaniline = 35; o-nitroaniline 
= 10; p-nitroanisole = 15.’.Ix For comparison, the of fluorobenzene is reported 
to be 0.4, while that of urea is 2.3. 

Based upon our own work and that of the Chisso group mentioned above, it 
seemed possible to achieve good orientation of the o-nitroalkoxy functional array 
along the polar axis in an FLC phase in such a way that a relatively large x(*) would 
result. To test this idea, the nitroaromatic FLC mesogens shown in Chart 1 were 
designed, prepared and characterized as the first FLC materials designed specifi- 
cally for x(*). 

While the Chisso group has reported similar o-halo and o-cyanoalkoxy-containing 
mesogens,16 to our knowledge the o-nitro-substituted compounds have never been 
previously reported. The biphenylbenzoate core was chosen since this core, ex- 
plored extensively by Gray and Goodby,lY is well known to produce smectic C 
phases in abundance. These materials are typically considered uninteresting for 
FLCs to be utilized in the SSFLC device since the biphenylbenzoate core also 
confers high viscosity. For electronic NLO, however, orientational viscosity is not 
of primary importance since in applications no nuclear motions are necessary. 

In terms of functional group orientation, the very straightforward rationale be- 
hind the structures shown in Chart 1 is illustrated in Figure 2. Thus, according to 
the model, for the o-nitro-1-methylheptyloxy compounds 1 and 3-5, conformers 
of type A ,  B, and C should all fit the C* “lattice” equally well, b,ut conformers A 
and B should be favored due to the larger internal steric strain present in conformer 
C relative to A and B (molecular mechanics calculations suggest that A is thc gas 
phase global minimum). 

In fact, the data given in Chart 1 support this model quite well. All of the o- 
nitroalkoxy compounds show large negative P. The m-nitro compound 2, prepared 
as a control, also shows properties fully consistent with the model. Here, the 
polarization observed is similar to that of the unsubstituted 1-methyl-heptyloxy 
biphenylbenzoate (P = -55 nC/cm2; 0 = 27”, P/sin0 = - 121 @ T-Tc = 

- lo),*” since no anisotropic orientation of the nitro grouping relative to the tilt 
plane should occur. 

The observed properties of neat FLC 1 deserve special comment. Note that this 
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56 D. M. WALBA et al. 

T-Tc 

X - 13 6-C* -93.7-A - 119.1 - 1  
x - 80" - C' 

600 I 40 
Y - 500..Pe 

- e  100 
T-TC 

-60 -40 -20 0 

X - 5 5  -E -@.R -C* -94.2 - A -90.5 - I 
X - 6 5 -  E-881-C* 

400 y r  40 

0-0 
-30 -20 -10 0 

For a 20% mixture in 10.0.7* 
X - 15.5 - C' - 57.5 - 1 

100 
Pext @I T-Tc=-lO" = -1 19 
Pext @I T-Tc=-42" = -402 

20 

0 
.SO -40 ~ 3 0  -20 -10 0 

X -50-C* -42.9-N" -674 -1  

20 
T-Tc 

.10 -5 0 

300 30 

CHART 1 Structure, phase sequence, polarization and tilt angle data on the first generation FLCs 
designed for x") 

compound possesses a very broad monotropic C* phase range, and before crys- 
tallization (at about 31°C) shows the highest polarization density, as measured by 
the polarization reversal current methodz1 using a triangular drive wave, of any 
neat FLC material reported to date to our knowledge ( - 556 nC/cm2 = - 2.1 D/ 
molecule)! Interestingly, the value of the normalized polarization (Phino) at T-Tc 
= - 10°C is larger than that of any of the o-cyanoalkoxy FLC mesogens reported 
by the Chisso group. 

According to the model, the polarization of an FLC is given by Equations 1 and 
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FERROELECTRIC LIQUID CRYSTALS 57 

Tilt plane /+Hy 
\ 

FIGURE 2 Important conformational and rotational orientations in the C* phase for o-nitroalkoxy 
compounds of type 1. 

2, where D, is the number density of the ith conformation, Pi is the contribution 
to the polarization for the ith conformation, kLi is the component of the molecular 
dipole moment oriented normal to the tilt plane for the ith conformation when the 
conformer is at the bottom of the rotational energy well, and ROF, is a number 
between zero and one reflecting the degree of rotational ordering.22 If one assumes 
perfect rotational orientation as indicated for conformer A in Figure 2, and hi = 
4.8D (the value for o-nitroanisole), then the expected polarization P = -4.8 D/ 
molecule. With an observed P = -2.1 D/molecule, in the FLC phase at 31.2”C 
the o-nitroalkoxy unit must be quite well oriented along the polar axis of the phase 
as shown in Figure 2A. 

P = CD;P,  
over all i conformations 

An Experimental Estimate of the Lower Limit of $2) for Compound 1 

These data prove unequivocally that the functional group orientation in the C* 
phase of compound 1 close to  room temperature is good (much better than can be 
achieved by electrical poling), and that compound 1 should possess a large x ( ~ )  

relative to  other known FLC materials. Unfortunately, the measurement of the 
components of the d tensor for 1 by angle phase-matched SHG has proven prob- 
lematical so far. This is not due to difficulty in the measurement, but rather is due 
to difficulty in obtaining a well homeotropically-aligned cell. 

In order to get some idea of the optical nonlinearity of 1, an SHG experiment 
was accomplished using a 10 p.m parallel-aligned sample. In this geometry, the 
input IR beam must make a very acute angle with the surface of the cell, and 
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58 D. M. WALBA el al. 

, 
Incidence angle of driving beam 

before the phase-matched peak was reached, light input into the cell was cut off 
by total internal reflection at the glass-LC interface. 

Nevertheless, as indicated in Figure 3 ,  the lower limit of the SHG intensity from 
compound 1 at the phase-matched peak is 55 times that of SCE9, giving a lower 
limit on as measured by the dcff for SHG of greater than 0.07 pm/V, and 
suggesting that the lower limit on the largest component of the d tensor is probably 
greater than 0.5 pm/V (d2, = 7 X d,, for SCE9). We suggest this is actually quite 
a conservative estimate. 

': SHG efficiency as measured by the 
relative intensity of the SHG signal at the 
top of the phase-matched peak, 

CONCLUSIONS 

The small table at  the lower right of Figure 3 summarizes the primitive state of 
the art in x'*) FLCs, with values of the polarization, SHG efficiency, and deff for 
ZLI 3654, SCE9 and the lower limits for 1. While questions remain concerning the 
actual magnitude of x ( ~ )  in thin films of compound 1, this material shows the highest 
measured x ( ~ )  of any FLC to date, though the lower limits are still quite small 
relative to LiNbO,. 

The polarization measurements, however, prove that good polar orientation of 
functional arrays with moderate p is achievable in FLC films, and further work 
aimed at characterization of the compounds in Chart 1, and at synthesis of new 
x(') FLC materials is in progress. Finally, we point out that generally solids are 
more desirable than liquids in typical applications of x ( ~ )  thin films. In this regard, 

Lower limit of SHG efficiency of 1. 

55x 

dcrr = -d14 sin(28) + d23 sinA28 + d16 cosA28 

= 0.01 pm/V for SCE9 (note this value is 7 
times smaller than the largest coefficients for 
SCE9 = d23 = 0.073 p W )  

dcrrA2 (l)/dcfP2 (SCE9) > 55 at the phase 
matching angle. 

dcff (1) > 0.07 pm/V 

Summary 

I * The SHG efficiency of 1 was measured 
at 5OoC, were P = -480 nC/cmA2. 

FIGURE 3 Preliminary results on evaluation of the second order susceptibility of I .  
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FERROELECTRIC LIQUID CRYSTALS 59 

the prospects for obtaining FLC polymer (FLCP) films with useful x ( ~ )  seems 
particularly exciting. This is especially true given that we have recently obtained 
good evidence that the functional group orientation occurring in high polarization 
polysiloxane side-chain FLCPs can be similar to that occurring in the analogous 
low molecular weight mesogens.23 Indeed, the synthesis of a polysiloxane side- 
chain FLCP possessing the mesogenic units of compound 1 has been recently 
achieved in our laboratories, and characterization of that .material is in progress. 
Note that the polymer glass obtained upon cooling of an FLCP is unique, apparently 
possessing thermodynamically stable polar order in a non-crystalline solid material. 
If large x ( ~ )  could be obtained, such glasses would appear to provide an interesting 
solution to many second order NLO materials problems. 
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