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Electroclinic liquid crystals with large induced tilt angle and small layer contraction
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Optical and x-ray scattering studies of a chiral, organosiloxane smaditicid crystal indicate a large field
induced optical tilt of up to 31° accompanied by a very small contraction of the smectic layers. This result
suggests that the molecules have a nonzero tilt even with no applied field, and that the primary effect of the
field is to induce long range order in the direction of the molecular tilt.

PACS numbgs): 61.30.Eb, 77.84.Nh, 61.16i

[. INTRODUCTION behavior in the smectié- phase. We observe field-induced
optical tilt angles as large as 31° with less than a one percent
Chiral smecticA liquid crystals which exhibit large field- contraction of the layers. Molecular modeling results indi-
induced optical tilts have been developed for potential applicate that the molecule is bent in the middle and the bulky
cations in fast, gray-scale display devi¢és?]. The rotation siloxane tail has a hook shape. We discuss these observation
of the optical axis arising from the coupling of a transversein terms of simplified models for molecular rotation under an
dipole moment in a chiral molecule to an applied electricapplied field.
field is known as the electroclinic effe@]. In most electro-
clinic materials, this molecular rotation is accompanied by a Il. EXPERIMENTAL PROCEDURE
corresponding layer contraction which results in a buckling The liquid crystal used in our studies,

of the layers[4,5]. Similar layer shrinkage in ferroelectric 443 -ni /
. oL . {3'-nitro-4'-((R)-1-methylhexyloxyphenylphenyl  4{6-
smecticC* liquid crystals leads to the formation of a chev- heptylmethytrisiloxyhexyloxy benzoate(TSIKN65) (Fig.

ron structure[6]. The electroclinic layer buckling is easily ), was synthesized and purified as previously described
observed in an optical microscope as periodic stripes anEil'l] The phase sequence for TSIKN65 is
drastically reduces the high contrast ratio necessary for opt~

cal devices[5]. In addition, many electroclinic materials smecticC* « smecticA « isotropic.
crystallize above ambient temperature making them imprac- 25°C 56°C
tical for applicationd2]. Recent efforts to obtain large opti-

. o -
cal tilt angles with small layer shrinkage have focused on Th? msltlng tg_mperature =10 C..The Smeﬁt'@h. tr?
liquid crystals with a fluoroether tafi7] or with three ester SMECUCA™ transition temperaturd,ac, is somewhat higher

linkages in the core and a chiraB)-lactic ester in the tail than that previously reported due tp improved sample pur'ity

[8]. Both materials exhibited very small layer contractions,[ll]' 'Irhe"cgrﬂpguréd W_T_‘Skload'_aﬂ Into a (]:,ozrgmerC|z_T_lhl_qu|d

with optical tilt angles up to 24° in the smect@phase of crystal ce (n% .C. Co., Tokydwith a gap of 22.5um. This

the former material and field-induced tilt angles up to 14°C€ll had 1 cm ITO electrodes coated with a rubbed polyim-

just above the smectié-to smecticC* transition in the lat- 1€ surface layer to induce planar alignmeémblecular long

ter material. axis parallel to the substratélhe cell walls were chemically
Partial substitution of methylene groups with more flex-€tched in hydrofluor_lc_ a_C|d o a total th|<_:kness of approxi-

ible dimethylsiloxane groups in the alkyl chains of a ferro- mately %3 mm to minimize xr—]ray absorptu()jn. Tk?_e (ie”S were

electric smecticS* was found to suppress crystallinity and Meunted in an Instec MK1 hot stage and a bipolar square

to give temperature independent tilt angles and respons&aVe of variable amphtudehwas ap;;lled o the eIec;r(;)éie:.
times[9,10]. Using this principle, Naciret al. synthesized a | °" most measurements, the wave frequency was “

series of organosiloxane ferroelectric liquid crystals whichPUt close to the smectié~smecticC™ transition a 10 Hz
crystallized at low temperatures and exhibited bothSlgnal was used due to the slower response of t.he sar_nple.
smecticA and smectic©* mesophasefll]. The tempera- X-ray measurements were performed m_the triple-axis ge-
ture range of the smectisphase was found to increase with ometry using an Enraf-Nonius F-591 rotating anode operat-
the number of siloxy units, with a concurrent decrease in thé"9 at 12 kW. Germanium monochromator an,dg arlallyzer
smecticA to smectic€* transition temperaturgll]. These Crystals provided an in-plane resolution of ¥.50"* A
materials were found to have large electroclinic tilt angles GH; CHg CHg o CHs
without showing the stripe texture associated with Iayero|-|3—s|i—o—s|i—o—s|i.(on-nz)g—o—<;>—&-oo—c':H-cs,H11
buckling. CHg CHy CHy No,

In this paper, we report on detailed electro-optic and x-ray
studies on one member of this series, a liquid crystal with FIG. 1. The chemical structure of TSiIKN65 is shown with the
three dimethylsiloxane groups, focussing on the electroclinichiral center indicated by an asterisk.

1063-651X/2000/6()/15796)/$15.00 PRE 61 1579 ©2000 The American Physical Society



1580 M. S. SPECTORet al. PRE 61

full-width at half-maximum. Since the smectic layers were ' ' ' ' '
perpendicular to the cell walls, the measurements were made

in transmission, withZ being parallel to the layer normal.
Although a single sharp Bragg peak at 1) position,
with a mosaic of less than 1°, was always observed when
cooling, we sometimes observed mosaic splittings up to 6°
when heating far fromiT,c. The sample was oriented to
maximize the signal at the Bragg angle so that the peak po-
sition measured represented the true momentum transfer
magnitude. Least-squares fits to a Lorentzian line shape for
the (001 peak allowed us to determine the peak position to a
precision of 8<10°° A1, corresponding to a fractional un-
certaintyAq/q=Ad/d=5x10"* in peak position and layer
spacing.

The rotation of the optic axis with applied field, or optical 5
tilt, was determined by using optical transmission through
crossed polarizers as previously descrihéd]. The light
source was a stabilized halogen lamp illuminating a Nikon
Optophat polarizing microscope equipped with a UDT 260
photodiode. We used the same 28 cell, with thinned Applied Field (Volts/um)
glass windows, for the optical measurements that was used
for x-ray diffraction measurements. FIG. 2. Variation of optical tilt angled,,; with applied field at

For polarizing material oriented at anglewith respect to indicated temperatures. Solid lines are guides to the eye.
the first polarizer, the transmitted intensltys given by

- N N w
4] o &, o

Optical Tilt (degrees)
=

tation of the molecules about their long axis is restricted in
an applied field leading to biaxiality of the syst¢i8] and a
change in the measured birefringence. This effect is known
(1)  to be large in this and related materiglgl, 15, although we
cannot completely rule out a change in the cell thickress
where |, is the incident intensity) ;, is the background produced by an electromechanical expansion of the intra-
intensity observed a#=0, d is the sample thicknesan is  plane smectic layer density and a concomitant bulging of our
the birefringence, and is the wavelength. If the sample is (thinned cell walls. Either effect would be washed out if the
oriented at anglé, with respect to the first polarizer and a |ight source were completely white and the photodetector
square-wave electric fielg™ is applied, the optic axis as- response flat, but the effect of changesiitin can be appre-
sumes an anglé~ = 6y ., Where oy is the optical tilt.  ciable if these conditions are not met perfectly. Therefore,
We measure the transmitted ||ght intenSity to obtain the OPfor this material it was necessary to Ca"bratgax at each
tical tilt: field and each temperature in order to calculate the correct
+ . optical tilt angle. We also observed that the transmitted light
12(0)=lmint I maxSiM?(26o + 2000, 2) varied in color from green to pink with changing field.

wherel * and|~ are the intensities measured when the elec- Commercial molecular modeling software was used to

tric field generates positive or negative optical tilts, respecconstruct and optimize the structure of the TSIKN65 mol-

tively. For small optical tilts, 8 6,,=11°, maximum sensi- ecul_e [161'_ Energy minimizz_ition was accc_)mplish_ed with
tivity is obtained by settingd :°p22 5° |n this case. we semiempirical molecular orbitdMO) calculations using the
0 T ' AM1 Hamiltonian. An optimizer cascade consisting of steep-

27dAn ,
——— | =1 mint | maxSiré26,

I(B)zlmin+losin2(20)sin2( N

obtain ; .
est descents and conjugate gradient methods was employed
1 [ [l with a rms gradient termination criterion of 0.1 k¢aibl A).
Oopt=7 arcsir(— —arcsir( ) 3 To ensure that the best structure was obtained, dihedral en-
4 I max I min | max_ I min

ergy profiles were generated for nitrobiphenyl, phenylben-
For larger tilts, 115 0,,=<33°, maximum sensitivity is ob- zoate, phenylmethylether, and tridimethyl siloxane with
tained by settingd,=0, yielding AM1 MO calculat|ons'. The minimum energy bond torsions

generated by the optimization of the entire TSIKN65 mol-
T =Tmin 1T =1 in ecule compared favorably to the dihedrals of minimum en-
arcsw(m +arc5|r(m” (4)  ergy in the small molecule components.

This technique has been extensively used in our laboratory IIl. RESULTS

and others to obtain precisiq:0.1°) measurements of the '

optical tilt[12]. The electro-optical response of TSIKN65 at selected tem-
Generally, it is necessary to calibratg;,, | max, and 8,  peratures are shown in Fig. 2. At high temperatures in the

only at zero field for each temperature. In the present cassmecticA phase, where the optical tilt anghg,; is small, we

we find a field dependence bof,,, which likely arises from  find the expected linear increase in g, with applied field

field-induced changes in the birefringent@(E). Free ro- [3]. Closer to theA-C* transition, the electroclinic response

1
aopt: 2
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35.7 | i - but nonzero, continued rise with applied field. However, the
| . , . | . x-ray tilt is always much smaller than the optical tilt, and the
0 2 4 8 x-ray tilt is not simply proportional to the optical tilt.

Figure 5 shows the temperature dependence of the layer
spacing at zero field and the maximum applied field of 5

FIG. 3. (a) X-ray diffraction profiles of the001) smectic layer ~V/um. Above 35 °C there is no observable change in the
peak atT=26.9°C with zero applied fieldsolid circles and E layer spacing when a field is applied. Close to the transition,
=5 V/um (open circles Solid lines are the results of least-squaresthe layers contract up to 1% with applied field as discussed
fits to a Lorentzian profile plus a linear backgrourib) Smectic ~ above. The zero-field layer spacing has a maximal value of
layer spacing as a function of applied field at 26.9 °C, obtained35.98 A atT~30°C. AsT approachesl ,c~25°C from
from x-ray diffraction. above, the zero-field layer spacing decreases somewhat, most

likely due to pre-transitional tilt fluctuations. As the sample
becomes nonlinear whey,>15°. Althoughé,; appearsto is heated above 35 °C, the layer spacing again decreases,
saturate at high field close to the transition, careful examinaindicating a negative thermal expansion coefficient. Such be-
tion of the data reveals that it continues to increase slowhhavior has previously been seen in fluorinated liquid crystals
with field. Values of6,; greater than 31° were obtained with and is most likely due to increased flexibility of the hydro-
a field of (5 V/um) just aboveT ¢ carbon chairj7,17].

The results of radial §—26) X-ray diffraction measure-
ments on TSiKN65 at 26.9 °C are shown in Fig. 3. Figure oo b
3(a) shows the scattered intensity as a function of wave vec- 36.0 |- E=0Vium & -
tor at 0 and(5 V/um). The peak position shift of about one ﬁ#ﬁ E=5 Vium o
percent shown in this data is the largest field induced con-
traction that we measured at any temperature. The data are
well fit by a Lorentzian functiorilines), from which the cor-
responding smectic layer spacings are determined. Figure
3(b) shows the layer spacingl(E), as function of applied
field. The layer spacing in the absence of field is 35.98 A,
close to the molecular length of 34.9 A obtained from mo-
lecular modeling. 3

In order to compare the optical and x-ray measurements, 3 ¢ ¢
we define the x-ray tilt ag, ,=arcco$d(E)/d,], whered, 356 | -
is the smectic layer spacing in the absence of field at a given | o o o
temperature. Figure 4 shows a comparison of the field depen- 20 30 40 50
dence oftlp and by oy at T=26.9°C andT=30.3°C. The Temperature (°C)
two tilt angles have qualitatively similar behavior: they both
increase with decreasing temperature, and at a given tem- FIG. 5. Temperature dependence of the smectic layer spacing at
perature exhibit an initial rapid rise followed by a gentler, zero field(solid circles and atE=5 V/um (open circles
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IV. DISCUSSION

We now discuss the microscopic interpretation of our re-
sults. The observations we wish to reconcile are the follow-
ing: (1) In the smecticA phase close td o, the optical tilt
rises rapidly with applied field from O to around 28° and then
continues to increase more slowly, achieving a value of 31.1°
at 5 Vium. (2) The x-ray layer spacing has qualitatively
similar behavior, with an initial rapid rise followed by a slow
increase. However, the maximum x-ray tilt is approximately
6.7°. A similarly large optical tilt accompanied by a small
decrease in layer spacing were recently observed by Radc-
liffe et al.in the smectid phasd7]. As originally proposed
by de Vries[20], they suggested that the molecules are tilted
at all temperatures, and that the optical tilt arises from the
development of long range order in azimuthal orientation. In
this section we discuss the advantages and disadvantages of a
variety of simplified models for the molecular order.

(i) Rigid rod model: In the most naive approach to the
A-C* transition, the molecules are treated completely as
rigid rods characterized by polar angjand azimuthal angle
¢, and theA-C* transition consists of a rotation of the rod

FIG. 6. Space-filling models of TSIKN65 derived from molecu- director from »=0 to a finite value, with a spontaneously
lar modeling as described in the text. The view on the right isOfOKeN symmetry inj. The same rotation can be achieved in

rotated by 60° about the vertical axis from that on the left. the smecticA phase by the application of an electric field,
which also breaks the symmetry i [Fig. 7(@)]. In this
. ) model, the optic axis is colinear with that of the entire mol-
Results of molecular modeling of an isolated TSIKN65_e0u|e SO thatfop= by ay= 7. Such a relationship is very

molecule are shown in Fig. 6. Several features of the Mininearly followed in some materials, including a closely re-
mization merit discussion. First, a bend is observed near thgyted electroclinic liquid crysta[12,21, but a rigid rod

middle of the mOIecuIe, most Clearly visible in the left view model is C|ear|y ruled out for TSIKN65 by the |arge discrep-
of Fig. 6. The bend angle is found to be 55° by measuring theincy in our measured values 6f, and 6, .

angle between the plane containing the silicon atoms and the (ji) Rigid rod plus interdigitation: One way to overcome
axis defined by the two most distant carbon atoms that arghe contradiction in modell) would be to postulate that the
members of phenyl rings. This feature is relatively insensijayers are initially interdigitated, but separate as the layer tilt
tive to starting parameters, and is expected to persist even jAcreases so that the change in the total layer spacing is small
the condensed state. Second, the siloxane tail is quite bulky-ig. 7(h)]. However, this model, although not invalidated by
compared with the alkyl tail at the other end. Third, thethe data, seems implausible. Optical and x-ray tilts of 31°
siloxane tail is shaped like a hook, as seen most clearly in thgnd 6.7°, respectively, correspond to 14 and 0.7% decreases
right-hand view of Fig. 6. The minimum-energy structure ofjn jayer spacing. For this model to be correct, we would have
the siloxane tail of TSIKN65 is similar to that of tridihy- to assume that the layers fortuitously deinterdigitate by ex-

drosiloxane obtained witab initio MO calculationg18]. In  actly the right amount to cancel out the effect of molecular
this model molecule, the hook shape is generated togres- it to better than 1%.

cis sequence of Si-O-Si-O and O-Si-O-Si dihedrals. For the (|||) Molecular hinge: Another exp|ana'[ion for the dis-
tridimethylsiloxane ta“, the general hook Shape is retainedcrepancy between Optica| and X-ray tilt ang|es could arise
but the dihedral sequence is closer tgauche-cisconfor-  from the flexibility of the molecule. We assume a segmented
mation which relieves steric repulsions between metthwolecule[Fig. 7(c)], in which only the optically active por-
groups. We note, however, that angle bending and torsiongjon B (of lengthL ), is allowed to tilt, while portions A and
potential surfaces for siloxanes are generally shallow oveg (of total lengthL,) are always parallel to the layer normal.
wide deformationg18,19. This confers a high degree of | this model, fop=7 and 6, 4, is determined by the net
flexibility to siloxane materials, and the conformation of the layer contraction. We can calculate the value.ghy insert-

siloxane material in the condensed state may very well bég maximal optical and x-ray tilt angles of 31° and 6.7° and
different from the minimum-energy state of an isolated mol-ie length of the untilted molecule:

ecule.

Depending on its conformation, the siloxane tail may L,+L,=L=35.98 A, 5)
have a sizable static dipole moment, comparable to those of
the atoms in the nitro group. For example, in our energy L1 COS Ogpit Lo=L COS Oy 5y (6)

minimization, the siloxane tail had a static dipole moment of

0.35 D, to be compared with 6.2 D for the nitrobiphenyl to obtainL,=1.7 A. This is far too short to be a reasonable

group and 7.7 D for the molecule as a whole. Combined withestimate of the optically active portion of the molecule.

the flexibility of the siloxane tail, electric field-induced con-  (iv) Azimuthal order: As originally suggested by de Vries

formational changes in the tail are possible. [20], a very small decrease in layer spacing upon cooling
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uncoupled in adjacent layers of the smedtiphase. Such a
sliding phase has recently been theoretically investigated

a) E+0
| | V/// [22] and observed in simulatiori23,24]. Alternatively, one
could just as easily have short-range tilt order within each
layer. If » were completely field invariant, of course, then
b) 0y ray Would always be zero, but it is easy to incorporate a
| | //// weak coupling betweer and ¢ such that the layers contract
| | by roughly 1% during the development of azimuthal orien-

//// tational ordefFig. 7(e)].
(v) This interpretation can be improved with a more mi-
c) C lecular modeling indicates that the siloxane groups are both
R et
A

E=0

croscopic model of the molecule. As discussed above, mo-
bulky and flexible, and that there is a pronounced bend near
the center of the molecule so that the entire molecule is
shaped more or less similar to a sickle. One can anticipate
d) that the bulky siloxane groups will pack tightly, and be re-

T sistant to field-induced tilt, while the tilted portion of the
molecule, including the optically active section, will have
enough room to rotate easil¥ig. 7(f)]. Furthermore, under

an applied electric field, the appreciable dipole moment of
e) —e— the siloxane tail will result in a torque tending to counteract
- that of the nitro group, so that the entire molecule is more
7777 likely to rotate about its long axigp) rather than to tilt about
a short axig 7). More detailed molecular calculations in the

condensed state would be necessary to establish the actual
extent of steric hindrance, but simulations of a simplified

" system of “bent rods’[24] show that steric repulsion alone
can be enough to drive A-C transition.
More realistically, of course, multiple effects are probably
present. The molecules are flexible, and their conformation
FIG. 7. Schematic models for the molecular ordering. The leftmust surely change upon application of an electric field. Fur-
column shows the hypothesized structure with zero electric fieldthermore, there is surely some interdigitation, although the
and the right column that with a large applied field perpendicular topredicted sign of the interdigitation change upon applied
the plane of the papera) Rigid rod tilting with the optic axis field is not immediately obvious. However, a modified ver-
coincident with the molecular axisb) The same aa), but with a  sjon of model(iv) or (v) still provides the best overall expla-
decrease in interdigitation compensating for the decrease in layg{ation for our data.
thickness.(c) Molecular hinge model, in which only the optically In conclusion, we have observed large field induced opti-
active part of the molecule tilts upon application of a magnetic field.c5) tilt in a chiral, organosiloxane smecticliquid crystal.
(d) Rotator model, in which rods are always tilted by the sameThe large tilt is accompanied by a very small layer contrac-
angle » and the optical filt is a consequence of development ofij, \ne interpret these results as arising primarily from the
:(?er;g';?Snogﬁq(?jéz:g‘z:n(;fsgntems%nqi aig;'_rixcept that the 40 /elopment of azimuthal orientational order in molecules
ge In tut, = 7. e same ate), which are already tilted in the absence of electric field. This
except the shape of the molecule is more correctly represented as

having a sickle shape, which gives rise to a larger tilt of the upper,prOperty should allow for the development of electroclinic

optically active portion relative to the lower, bulky portion contain- deVICeS. free from defe_zcts due to layer buckll_ng typically ob-
ing the siloxane groups. served in materials with large layer contraction.
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