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Second harmonic generation (SHG) efficiencies d,; were determined for Pt-containing
ferroelectric liquid crystals (FLCs). A relatively simple method is presented which allows for
the simultaneous determination of the second order susceptibility tensor coefficients d;
together with the dispersion and birefringence at the fundamental frequency. The relation
between the dj; coefficients is qualitatively interpreted in terms of the molecular shape and of
a scheme proposed for the molecular orientation in the ferroelectric phase. Contrary to the
usual situation with calamitics, d,; is much higher than the rest of the coefficients. This
peculiarity, which reflects the 3D character of the molecular response, is interesting since d,,

is directly involved in d for phase matched SHG.

1. Introduction

The design of ferroelectric liquid crystals (FLCs) with
large second order susceptibilities is normally accomp-
lished by the introduction of functional groups with
large microscopic hyperpolarizabilities 8 in the molecu-
lar core of standard calamitic FLCs [ 1-5]. These active
units are constituted by donor—acceptor pairs linked by
an aromatic ring that plays the role of a conjugated
spacer unit. Although these simple systems present an
essentially one dimensional non-linear response along
the donor-acceptor direction, the full three dimensional
tensor character of B explicitly arises in an FLC molecule
due to its chemical complexity. In this sense, quantum
chemical calculations recently performed with the AM1
hamiltonian (MOPAC, version 6:0 [ 6] have unambigu-
ously revealed the tensor character of B in different
materials [7,8]. This point, which has been scarcely

*Author for correspondence.

treated in the literature, is essential to give a microscopic
interpretation of the second harmonic generation (SHG)
observed in FLCs. In fact, phase matchable SHG
requires the contribution of only non-diagonal B coeffi-
cients, and would not occur in a hypothetical ordered
system with vector-type non-linear response [8].
Although some success has been achieved assuming
the simple 1D scheme for FLC molecules, the progressive
improvement in materials is not clearly due to the
optimisation of the appropriate B coeflicients. It seems
rather that it is the extremely high degree of polar stereo-
control attained in some materials [ 3, 9] that has success-
ively enhanced the effective second order susceptibility
dr (up to a factor of 1000 since the first attempts with
DOBAMBC [10]). Moreover, it has been recently reco-
gnised that the design possibilities with standard calam-
itic FLCs are quite limited, since the active 8 units must
be small enough to preserve the mesogenic character. In
this sense, initial investigations have been undertaken

0267-8292/97 $12-:00 © 1997 Taylor & Francis Ltd.
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with non-calamitic mesogenic materials such as side-by-
side dimers [ 11] or metal-containing molecules [12].
Previous work on metallomesogens indicates that
these materials seem to offer better prospects for non-
linear optical (NLO) applications than organic FLCs,
because they give rise to a larger variety of coordination
geometries and molecular shapes with superior possibil-
ities from the synthetic point of view [12]. Following
this line, in this work we present a study of the NLO
properties of three metallated complexes containing Pt.
The materials are quite similar to those studied in [12],
the main difference being the metal atom (Pd instead of
Pt). Here however, we present a more elaborate charac-
terization of the compounds, including measurements of
all the components of the second order susceptibility
tensor dj;. The results are interpreted in the light of the
molecular shape and in terms of a scheme proposed for
the molecular orientation in the different mesophases.

2. NLO characterization

The molecular structure of the materials studied con-
sists of a planar central core, which constitutes the
conjugated system, and four organic chains, some of
which contain a stereogenic centre. The compounds are
depicted in figure 1 together with their corresponding
phase sequences on cooling [13]. These are ortho-
platinated pB-diketonate complexes, which differ in the
position at which the chiral centre is located, as well as
in the number of chiral tails.

A preliminary characterization performed by polariza-
tion microscopy and conoscopic observations on the
different phases revealed that the optical properties of
the Pt materials are quite similar to those observed for
the Pd complexes in [ 12]. In particular, these materials

Compound 1
R1 H (S)-O*CH(CH3)CGH13
Rz, Rz : OCypHo4

R3 1 127°C SmA 1120C SmC 75°C Cr

Compound 2
Ra : (S5)-O*CH(CH3)CgHq3
/ R1 H OCgH17
Pt
>y \OD Rz : OCygHp

@ / 116°C SmC 85°C Cr

Ry Compound 3
Re Ry, Ra : (S)-0"CH(CHg)CeH1s
R3 : OCyoHo

| 67°C SmA 62°C SmC 40-30°C Cr

Figure 1. Chemical structures and phase sequences on cooling
of the compounds studied.

can be approximately considered as uniaxial systems
with the same symmetry conditions as those of standard
organic FLCs. Furthermore, type I phase matching (eco)
was also checked, indicating positive uniaxiality.

The NLO efficiencies d,; for SHG in the phase
matching configuration (eeo) were measured by a stand-
ard technique described in refs. [ 14] and [15]. Briefly,
dyr 1s determined from the phase matching condition
peak in the SHG intensity versus incidence angle curve
(see figure 2). Absolute values of d.; were obtained after
calibration with a y-cut quartz sample (d;; =0-4pm V).

The ferroelectric and NLO properties of the materials
are summarized in the table. It can be seen that com-
pound 3 has the highest P, and d g values. This can be
explained by taking into account the fact that this
molecule contains two stereogenic centres, one of which
is adjacent to the benzylidene ring and the other to the
iminophenyl ring. In this situation, the degree of freedom
of the planar central core is much more restricted. It
seems reasonable that this fact contributes to a better
molecular packing. On the other hand, this central core
can be mainly considered as the origin of the molecular
transverse dipole moment p, and hyperpolarizability g
and, correspondingly, P, and d g are lower in compounds
1 and 2 containing only one chiral centre. It can also be
observed that, even though the same P, value was
measured at T,— T=10°C, the NLO efficiencies of com-
pound 2 are slightly smaller than those of compound 1.
This was also observed in the Pd complexes, and is in
agreement with the idea that the benzylidene ring (com-
pound 1) is assumed to hinder the mobility of the chiral
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Figure 2. Second harmonic intensity as a function of the
angle of incidence for compound 1; data correspond to
T,— T=15°C. The absolute maximum of the curve corre-
sponds to the phase matching condition; other secondary
maxima of decreasing amplitude can also be observed on
both sides of the main peak.
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Table Summary of the ferroelectric and NLO properties of the materials studied. 0, is the angle of incidence which corresponds
to the phase matching condition.

Compound P /nCcm™ dg/pmV 12 Opy/deg T-T/°C
1 — 0-023 38 5
37:0 0-034 29 10
— 0-041 27 15
— 0-048 24 20
— 0-053 22 25
2 — 0-019 36 4
37-0 0-024 32 10
— 0-026 29 15
3 98-0 0-073 30 10

4 The error margin for the d_; values was estimated to be about 15%.

tail more efficiently than the iminophenyl (compound 2), The second harmonic power P?* is given by the
which can rotate more freely [ 16]. following expression [4]:
20 2 0\d 0, 2
3. Second order susceptibility coefficients P2w:2w3def;L2(t230 I7f sin (AkL/2) )2 (2)
The dj; coefficients of the second order susceptibility £0¢ (o) 15 A k AkL[2

tensor were determined for compound 1 at different
temperatures in the SmC* phase.

According to the C, symmetry characterizing the
SmC* phases, the d;; tensor has the following form

Here L is the interaction length, 72" and ¢ are Fresnel-
like transmission factors, P”is the power of the incident
light, and 4 the beam area. n/” and 1, are the refractive
indices for the second harmonic and fundamental light,
0 0 0 4 0 d respectively. In equation (2), it has been taken into
14 16 . .
account that the doubled-frequency beam is polarized
d=|dy dy dy 0 dys 0 Gly (1) parallel to P, (ordinary field).
0 0 0 dy 0 dyg Phase matchable SHG requires the incident light to
be polarized perpendicularly to P (extraordinary field).
Moreover, \assuming Kleinman conditions to be valid In this situation Ak = (4n/A)[n°— n(6)] and equation
(absorption bands in these materials appear for wave-
lengths shorter than 450nm) [ 12], we have dys=d|, =
dyg, dyy =dyy, dyy =d,s, and the number of independent 0.03

coeflicients is reduced to four.
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0 [ _ _ Figure 4. Difference between the refractive indices for the
80 85 90 95 100 105 110 115 second harmonic (1?°) and fundamental ((6)) light beams
Temperature /°C as a function of the angle of refraction; data correspond
to T,— T'=25°C. The points were obtained from the
Figure 3. Temperature dependence of the optical tilt angle 6, angular positions of the maxima and minima of the second
for compound 1. The measurements were performed on a harmonic curve; the continuous line is a least-squares fit

planar sample with the usual electro-optic method. to equation (4).
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(1) yields
deff(Q) == d2] COS2 (9 — 91) + d23 Sin2 (9 — 91)
~+2d,5 sin (6 — 6,) cos (60— 6,). (3)

On the other hand, when the fundamental field is
polarised parallel to P, we have Ak= (4n/A)(n2°— n?)
and d.;=d,,. 0 in expression (3) is the refraction angle
inside the material and 6, is the angle between the optic
axis and the normal to the smectic layers (optical tilt
angle). The dj tensor is referred to a coordinate system
in which z is along the optic axis and y is parallel to P.

As can be seen, the second harmonic intensity at the
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Figure 5. Temperature dependence of the birefringence
An=n—n and dispersion Any=n*—n of com-
pound 1 in the SmC* phase. Data were deduced from the

angular positions of the maxima and minima of P>’
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Figure 6. Temperature dependence of the birefringence of
compound 1 at 550nm. The measurements were per-
formed on a planar sample and the helix of the ferroelectric
phase was removed with a d.c. electric field. An decreases
with increasing temperature in the SmC* phase and shows
a small anomaly at the SmC*-SmA transition.

phase matching geometry is a very complicated function
of the angle of incidence and it is not straightforward to
extract the individual dj coefficients from the measure-
ments. In earlier work, the determination of d,,, d»; and
d,s was carried out by measuring d, at phase matching

and fitting the experimental curve to equation (2) in
terms of two parameters (e.g. da3/d; and dys/dy;) [3,4].

This requires an independent measurement of the
tilt angle and refractive indices appearing in Ak.
Nevertheless, although the quality of these fits is usually
very good, large errors often result for both parameters.
This is due to the fact that d () is a smoothly varying
envelope factor without important influence on the
angular dependence of P?. In fact, the overall shape of
the curve, including the positions of the maxima and
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Figure 7. SHG efficiency of compound 1 as a function of the
angle of refraction; data correspond to T,— T=20°C. The
points were deduced from the values of P?>” at the maxima
of the experimental curve; the continuous line is a least-
squares fit to equation (3).
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Figure 8. Temperature dependence of the second order sus-
ceptibility coefficients in the SmC* phase of compound 1.
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Z  Optic axis

Tilt Angle Laser beam
0 / g®

smectic layers

VY

jquid crystal molecule

Figure 9. Schematic orientation of
the molecules in the SmC*
phase. Molecules are conceived

NS/

as K-shaped objects with an ,y
important dipole moment u

on the molecular plane. The

molecular director n is assumed

to be placed along the benzylid-
ene-iminophenyl (R1-R2) direc-

tion (see figure 1).

minima, depends almost exclusively on the factor
[sin (AkL/2)/(Ak LI2)]>.

In the present study, we have first obtained informa-
tion about the birefringence and dispersion of the mat-
erial from the angular positions of the extreme values of
the experimental curve, where AkL/2 values are known.
On the other hand, it is important to notice that the
most accessible information about the dj; coefficients is
contained only in the values of the maxima. Therefore,
a certain number of secondary maxima have to be
observed in a wide angular range. Consequently, d x(6)
was calculated just from the amplitudes of the peaks,
with known values of AkL. From a fit to equation (3),
the individual dj coefficients were finally obtained. We
now turn to explain these points in more detail.

Since the birefringence at the fundamental wavelength
An=n— ny is much smaller than #;’, Ak can be approxi-
mated to by [14]

4n

Ak=—"
A

[Ang — Ansin® (60— 6,)] (4)
where Ang=n2“— n? accounts for the dispersion of the
crystal. Both An and Any were determined by fitting the
points AkL versus 0 using equation (4) and assuming
an average refractive index of 16 for calculating the
refraction angles. Typically four maxima and four
minima were used in the fits. The tilt angle 6, was not

considered as a parameter and its value was taken from
the results of independent measurements (see figure 3).
This greatly reduces the errors for An and Any. Figure 4
shows a representative fit and the temperature depend-
ence of the parameters is presented in figure 5. The
dispersion Any is constant within error, whereas An
decreases slightly on increasing temperature. This beha-
viour corresponds to that which one would expect near
a SmA-SmC* transition. In fact, the birefringence in the
visible range (measured separately with a compensator
on a planar sample) displays a similar behaviour in the
SmC* phase (figure 6), although evidently An is larger
at shorter wavelengths. This correspondence and the
consistency of the An and Any values obtained supports
the validity of the proposed method.

A typical d.(6) curve deduced from the maxima
amplitudes of P*is shown in figure 7. The d;; coefficients
calculated from the fits are plotted in figure 8 at several
temperatures in the SmC* phase. It can be seen that
they show the typical trend of any quantity coupled to
the polar order in the ferroelectric phase. Clearly, the
magnitude of d,; is dominant over the d,; and d,s. We
will try to account for this fact in the next section.

For the sake of completeness we now give the d,,
value. This quantity cannot be deduced from the phase
matching geometry. It was measured at T,— T=5°C
from a standard Maker fringe experiment using a wedge
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Z
- » E,
R s ——— E2(1)
Y

o

Ra

Figure 10. Schematic diagram to explain the physical mean-
ing of the dj; elements; perfect molecular order is assumed
in the mesophase. Since the molecular core can be consid-
ered as a two dimensional conjugated system, a large d;
value is expected when this coefficient connects electric
fields whose directions are contained on the molecular
plane.

sample. Both fundamental and second harmonic fields
were ordinary. Comparison with quartz yielded a value
d22=0'017pmV_1.

4. Discussion
As has been shown above, the main coefficient of the
second order susceptibility tensor is d,;, which is five or
six times larger than the others. Although not much
information exists about the relative sizes of the dj
elements in FLCs, the available examples (of calamitic

materials) present a different behaviour, usually giving
d,, as the largest coefficient [4]. This can be qualitatively
understood by noting that rod-like molecules for NLO
are designed with the idea of optimising the B,,, hyper-
polarizability coefficient by means of a donor—acceptor
unit along the y axis. In contrast, the present molecules
have a central core with a peculiar K-shape and, on the
other hand, there is no clear donor-acceptor pair.

In view of the asymmetry of the rigid core, it seems
likely that the dipole moment u is mainly contained in
the molecular plane. Moreover, it seems reasonable that
the benzylidene-iminophenyl (R1-R2) direction defines
approximately the molecular director n. Consequently,
the molecules should be arranged in the SmA phase
with their R1-R2 directions almost parallel to each other,
preserving the head-to-tail invariance and with complete
rotational freedom about the smectic layer normal. The
SmA-SmC* phase transition is accomplished by the
ordering of u, along a direction parallel to the smectic
planes together with the tilt of the molecular director.
Correspondingly, the K planes adopt the schematic
configuration indicated in figure 9.

Now the relative values of the dj coefficients can be
related qualitatively with the molecular shape and the
proposed orientation scheme in the ferroelectric phase.
For simplicity we will assume complete molecular order
within the mesophase.

The fundamental and second harmonic fields con-
nected by each of the d; coefficients are depicted in
figure 10, together with the corresponding coordinate
frame (x and z are contained in the tilt plane and y is
along P,) and the schematic molecular structure.
Assuming that the central core constitutes an almost
two-dimensional conjugated system where the = electron
distribution is highly deformed by an in-plane funda-
mental field, it seems reasonable to conclude that, as a
consequence of the singular molecular shape, the highest
and more asymmetric 2w polarization in the y direction
takes place when the excitation field is along z.
Accordingly, d,;, which describes this contribution to
the second harmonic field, presents the highest value.
Contrary to this, a weak field at 2w, and therefore a low
d,, value, is expected when the excitation is perpendic-
ular to the molecular plane (x direction). On the other
hand, d,; represents an intermediate case where the non-
linear response arises from the coupling with the x and
z electric field components. Finally, d,, couples the
fundamental and second harmonic fields along y.
According to the above considerations, a relevant value
could be expected for this coefficient, contrary to the
obtained result. Actually the origin of this discrepancy
is not clear to us. In this respect, it is interesting to
comment that the role played by the metal atom with
regard to the degree of conjugation of the molecule and
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the non-linear response of the whole system is unknown
to us. We plan to perform semi-empirical hyperpolariz-
ability calculations for these molecules in the near future.

In conclusion, we have studied the SHG in three
Pt-containing FLCs. The efficiencies are rather good
considering that none of the materials was specifically
designed for NLO applications. We have completely
characterized the second order susceptibility tensor of
one of the compounds. The highest coefficient is d,3, in
contrast to the usual situation in calamitic materials.
This result is interesting because d; is involved in d g
for the SHG at phase matching, contrary to that which
happens with d,,. Therefore, improved materials with
this characteristic could be useful for NLO applications
that require bulk SHG. The synthesis of new compounds
derived from the present basic structures with enhanced
NLO properties is in progress.

This work was done under projects 063.310-EB228/95
(Universidad del Pais Vasco), MAT94-0717-C02,
MAT96-0708 (CICYT, Spain) and CHRX-C193-1061
(EC Human Capital and Mobility Programme).
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