Functional Materials 14, No.3 (2007)

Rotation of single crystals of chiral dopants
at the top of a nematic droplet:
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In the Lehmann-type effect of rotation of small single crystals of chiral substances
during their dissolution at the top of a nematic droplet the angular velocity of rotation of
the chiral dopant crystals is experimentally shown to be dependent on the crystal dimen-
sions, helical twisting power of the dopant (determined in independent measurements) and
viscosity of the nematic solvent, whereas no rotation was observed for non-chiral dopants
or in isotropic solvents under the same conditions. For systematic series of dopants (e.g.,
cholesterol esters), linear dependencies between the angular velocity and helical twisting
power were found. It is argued that the obtained results (a) suggest a novel method for
evaluation of helical twisting power, especially useful for dopants of weak chirality, and
(b) are a direct evidence of transformation of the energy of chiral interactions into the
energy of molecular movement.

IloxasaHo, 4TO HpW BPAIEHHH MaJOPa3MEPHBLIX MOHOKPHCTAJJIOB XMPAJIbHBIX BEIeCTB,
BOBHHEKAMOmEM 10 Tumy apdexra Jlemana mpu uUX PACTBOPEHMU HA IIOBEPXHOCTH KAILIU
HEMATHUYECKOTO JKHUIKOr0 KPHCTAJJIA, YIJIOBas CKOPOCTb BPAIEHWS KPUCTAJJINKOB 3aBHCUT
OT UX pasMepa, 3aKPy4YUBAIOIIEil CIIOCOOHOCTH XUPAJbHON n100aBKuU (OIpenesseMoil B He3aBU-
CHMOM dKCIIEPHMEHTE), & TaKiKe BASKOCTH HEeMATHYeCKOro pacrBopurens. IIpu pacTBopeHuun
HeXHUPAJbHBIX BEIeCTB WUJM IIPYU KCIIOJb30BAHWM MBOTPOIHBIX pacrTBopureseil apdekT Bpa-
IIeHUusA OTCYTCTBYeT. sl cucTeMaTHYecKoro psifa BelmecTB (HAIpUMep, 9UPOB XOJECTEePH-
HA) YCTAHOBJIEHA MPSMO IIPOIOPIMOHAJBHAS 3aBUCHMOCTH YIJIOBOM CKOPOCTH BPAIEHUS OT
daKpyunBawineil crocoornocru. Ilpeamonaraercs, 4To HOJAyUYeHHbIe Pe3yabTaThl (2) 060CHOBHI-
BAalOT HOBBIII METOJ OIEHKH 3aKPy4YMBAaIOIIell CIIOCOOHOCTH, OCOOEHHO IIOJIe3HBIH mJsd caado
XUPAJbHBIX BellecTB, U (0) SABIAIOTCA IPAMBIM CBUIETEILCTBOM IIPEBPAIEHUS dHEPIUU XU-
PaJbHBIX B3AMMOLEHMCTBUN B SHEPTrUI0 MOJEKYJISAPHOIO ABUKEHUS.
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Dissolution of small amounts of chiral
dopants in nematic liquid crystals (NLC) is
known to result in formation of the
cholesteric mesophase, characterized by the
preferred orientation of the long axes of
anisometric molecules director n, rotating
along the helix axis. The twisting sense of
the cholesteric helix can be right- or left-
handed, depending upon the nature of chi-
ral dopants and the molecular interaction
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between chiral dopants and NLC solvent
molecules. For the cholesteric phase induced
by a chiral compound with concentration c,
the wavenumber is written as: gg = 4np-c,
where (3 is the helical twisting power (HTP)
of the dopant [1-5]. In this paper, main
attention is paid to the determination of the
twisting sense and HTP of cholesteric helix
induced in nematies by wvarious chiral
dopants.
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It is known that the helical structure of
cholesteric liquid crystals (ChLCs) can give
rise to various dynamical effects. The first
dynamical experiment reported in liquid
crystal physics was the Lehmann rotation,
when the temperature gradient parallel to
the cholesteric helix axis caused uniform
rotation of the director structure in a
cholesteric liquid-erystalline droplet [6].

Later, it was shown that the rotation ef-
fect could be obtained using a static electric
field instead of the temperature gradient,
with an external electric field applied to a
cholesteric droplet [7], resulting in the so-
called T"electromechanical effect”  of
Lehmann’s rotation.

Recently, a coherent precession of chiral
molecules forming a Langmuir monolayer
spread on glycerol surface has been reported
[8]- The coherent rotational motion of chiral
molecules in the monolayer was attributed
to the difference in the chemical potential
of water molecules transferred across the
air-liquid interface. In the author’s opinion,
the rotation effect of chiral molecules that
formed two-dimensional liquid erystals can
be regarded as a monomolecular-layer ana-
logue of Lehmann’s effect.

A few years ago, we observed, on the real
time scale, the rotational motion of a small
steroid single crystal on a nematic droplet
during its dissolution and accompanying in-
duction of the cholesteric phase [9, 10]. The
discovered effect was considered as an ana-
logue of the Lehmann rotation, with an evi-
dence of the concentration gradient of chi-
ral molecules along the full thickness of a
nematic droplet.

In this work, our studies of the effect of
rotation of single crystal of chiral dopants
at the top of a nematic droplet [9, 10] were
extended to include chiral substances of dif-
ferent chemical nature and different HTP
values (including non-chiral substances), as
well as nematic solvents with different mac-
roscopic properties.

To prove that the rotation effect ob-
served in [9, 10] is a general feature for all
chiral dopants, we used various kinds of
chiral dopants with steroid and non-steroid
molecular structures. As steroid chiral
dopants, we used cholesterol derivatives.
Non-steroid chiral substances were repre-
sented by two pairs of enantiomers — ZLI-
4571 (S-1011), ZLI-4572 (R-1011) and ZLI-
0811 (S-811), ZLI-3786 (R-811) presented
by Merck, 1-S-(-)-camphor and L-menthol
presented by Enamine Ltd. and chromeno-
[2,3-¢q]- acridines (CA) [11].
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Non-chiral dopants used for reference ex-
periments carried out under the same condi-
tions included benzophenone, imidazole and
(£)-camphor from Enamine Ltd. and methyl
red (MR), as well as non-chiral solid single
crystals grown from (1:1) equimolar mix-
ture of R-811 and S-811.

All chiral and non-chiral dopants were
recrystallized under appropriately chosen
crystallization conditions to form rod-like
(prismoidal) crystals of similar shape, which
should have made the observation of rota-
tion effect easier and correct, but only for
two pairs of enantiomers obtained from
Merck the rod-like crystals were of needle-
shaped. The overall dimensions of the crys-
tals were 0.1+1.2 mm (length) and
0.05+0.3 mm (width). The maximum of the
size distribution of prismoidal crystals of
cholesterol derivatives after recrystalliza-
tion closely corresponds to the crystals with
overall dimensions 0.2x0.1 mm?2.

The single crystal samples were dissolved
in nematics 4-methoxybenzylidene-4’-buty-
laniline (MBBA) and 4-n-pentyl-4’-cyano-
biphenyl (5CB) (Merck, Germany), which
had differed rotational viscosity y; values,
namely y; = 109.8 mPa-s at 25°C for MBBA
and y; = 77.7 mPa-s at 26°C for 5CB [12,
13]. The choice of these nematics was also
suggested by their extensively reported use
for induction of helical twisting [1, 2, 4].

To determine of the helical twisting
power (HTP) value of chiral dopands we
used the well-known Cano-Grandjean
method. To determine the sense of the
cholesteric helix induced by chiral dopands
in nematics was applied the Cano-Grandjean
method based on the colour shift of stripes
in a wedge-like LC cell [14]. The twisting
sense of the cholesteric helix is easily deter-
mined, namely, if the colour stripes are
shifted towards the origin of the wedge
upon clockwise rotation of the polarizer,
then the cholesteric helix is right-handed
(or plus "+7) and vice versa (see
http://www.iop.kiev.ua/~gvozdovskyy/Schedule
Movies.htm [download movie6]).

The dissolution process of single crystals
of chiral and non-chiral dopants on the ne-
matic droplets was studied at the room tem-
perature by using on optical microscope-
base. The nematic droplet was deposited
onto the glass substrate by the tube capil-
lary. After deposition the droplet was form-
ing a segment with overall dimensions
5+6 mm diameter and 1+1.5 mm height. At
the top of a nematic droplet we observed in
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microscope the disclination walls, which dis-
appeared in a short time (about 3-5 min)
(see http://www.iop.kiev.ua/~gvozdovskyy/Sched-
ule  Movies.htm [download moviel]). After
this procedure the single crystal was placed
at the top of the nematic droplet. The disso-
lution of the crystal was observed by visual
method through the polarizing microscope
or recorded using a CCD camera. In order to
determine the angular velocity of rotation
of the single crystal, an eyepiece with angu-
lar scale and a stopwatch were used.

The twisting sense of the induced
cholesteric helix and HTP values of chiral
dopants are shown in Table 1.

For all chiral dopants, the rotational mo-
tion of crystals was similar to the pre-
viously reported picture [10]. The dissolu-
tion of crystals of the chiral dopants with
steroid molecular structures was accompa-
nied by the counterclockwise rotation. The
correlation between the direction of rotation
and helix sense of the induced cholesteric
phase was observed. In the case of non-ster-
oid chiral dopants, the opposite directions
of rotation of the dissolving crystals were
also obtained. So, for the enantiomer pair
S-811 and R-811 (or S-1011 and R-1011) the
counterclockwise and clockwise rotations were

http://www.iop.kiev.ua/~gvozdovskyy/Schedule
Movies.htm [download movie2], [download
movie3]). In this respect the observed corre-
lation between the rotation directions of
crystals and twisting sense of the
cholesteric helix induced by these enantiom-
ers is a behavior very similar to the molecu-
lar precession observed by Tabe and Yok-
oyama for Langmuir monolayers from chiral
dopants (R)-OPOB and (S)-OPOB [8]. Mad-
husudana and Pratibha [7] have also ob-
served a reversal of the rotational motion
for the opposite hand of the helix for
Lehmann effect in an external electric field
for cholesteric droplets surrounded by the
isotropic medium in a biphasic region near
the cholesteric-isotropic phase transition.

It may be assumed that if the effect of
rotation is related to chirality of the dopant
molecules, then no rotation of single crys-
tals of non-chiral compounds will be ob-
served. To verify this, we dissolved various
non-chiral dopants at the top of nematic
droplets under the same conditions. It is
known that single crystal formed from a
(1:1) equimolar mixture of two enantiomers
R-811 and S-811, as well as single crystals
of (1)-camphor containing an (1:1) equimo-
lar mixture of 1-R-(+)- and 1-S-(-)-camphor

observed, respectively

(see

for example

are non-chiral. In our observations using a

Table 1. Angular velocity and direction of rotation of small crystals of chiral dopants under their
dissolution at the top of a nematic droplet (MBBA, 5CB), helical twisting power and sense of the
cholesteric helix induced by the chiral dopants

Chiral dopants HTP, (um wt.-%)™! Angular velocity o, °/s Rotation direction
MBBA 5CB MBBA 5CB MBBA
Cholesterol -0.0073 -0.0170 4.09 2.1 counterclockwise
Cholesterol chloride -0.0301 -0.0181 11.17 1.75 counterclockwise
Cholesterol iodide -0.0364 -0.0168 14.5 1.7 counterclockwise
Cholesterol acetate -0.0351 -0.0314 13.35 4.24 counterclockwise
Thiocholesterol propionate -0.0309 -0.0431 12.57 5.36 counterclockwise
Cholesterol butyrate -0.0409 -0.0276 16.63 4.07 counterclockwise
Cholesterol valerate -0.0295 -0.0342 12.36 5.01 counterclockwise
Cholesterol caproate -0.0406 -0.0248 16.36 2.91 counterclockwise
Cholesterol enantate -0.0394 -0.0255 15.65 3.26 counterclockwise
Cholesterol pelargonate -0.0377 -0.0220 15.18 2.21 counterclockwise
S-811 (ZLI-811) not measured -0.077 not measured 4.45 counterclockwise
R-811 (ZLI-3786) not measured | +0.0782 | not measured 3.68 clockwise
S-1011 (ZLI-4571) not measured | —0.1209 | not measured 14.15 counterclockwise
R-1011 (ZLI-4572) not measured | +0.1215 | not measured 15.76 clockwise
1-S-(-)-camphor not measured | —0.0032 | not measured 1.32 counterclockwise
L-menthol -0.0093 -0.0074 3.85 1.54 counterclockwise
chromeno-[2,3-q]-acridine -0.001 not 0.011 not counterclockwise
measured measured
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Fig. 1. The angular velocity of single crystals dissolved at the top of the nematic droplet (MBBA) as
function of crystals size for: a) prismoidal crystals of cholesterol valerate; b) needle-shaped crystals of
the two enantiomers: S-811(open circles) and R-811 (solid circles).

polarizing microscope, the dissclution of
these "racemic” single crystals, as well as
crystals of non-chiral substances (benzophe-
none, imidazole, and methyl red) was accom-
panied by no rotational motion (see, e.g.,
http://www.iop.kiev.ua/~gvozdovskyy/Schedule
Movies.htm [download movied], [download
movie5]), which fully confirmed our as-
sumption. From this experiment we can con-
clude that chirality is a principal cause of
the rotation effect, observed for crystals of
both steroid and non-steroid molecular
structures.

Our observations with non-chiral dopants
are very similar to those of Tabe and Yok-
oyama [7], who found that all chiral com-
pounds forming Langmuir monolayers
spread on glycerol surface in their experi-
ments exhibited similar spatio-temporal pat-
terns, whereas for non-chiral monolayer
such patterns were not observed.

The emerging picture shows the small
single crystals rotating together with quasi-
nematic layers, and the direction of rotation
is determined by the sign of helical twisting
power (HTP, () of the chiral dopant.

The angular velocity of single crystals
dissolved at the top of the nematic droplet
(MBBA) as function of crystals size is
shown in Fig. 1. Data shown in Fig. la
refer to different independent measure-
ments for prismoidal crystals of cholesteryl
valerate.

It is important to note that dissolution of
single crystals of enantiomers R-811 and S-
811 (or R-1011 and R-1011) with the same
mass (or size) at the top of a nematic drop-
let (MBBA) is accompanied by rotation with
the same angular velocity as shown in Fig.
2b, but in opposite directions (see Table 1).
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Fig. 2. The angular velocity of single crystals
of various chiral dopants dissolved at the top
of a nematic droplet as function of HTP val-
ues of these substances: MBBA (solid sym-
bols) and 5CB (open symbols).

In this work, we have experimentally con-
firmed that the angular velocity is depend-
ent on the twisting power of chiral dopant,
i.e., the rotation motion of crystals is faster
when of the chiral dopants with higher (.

Experimentally it is obtained that the an-
gular velocity is proportional to the helical
twisting power of the dopant, as shown in
Fig. 2 for cholesterol esters crystals with
average size 0.02 mm?2.

For the nematics used (MBBA and 5CB),
the observed rotation velocity o is directly
proportional to the HTP value of the chiral
dopant as shown in Fig. 2. For the case of
the Lehmann effect for Langmuir mono-
layer, Tabe and Yokoyama experimentally
found that the speed of molecular preces-
sion was also proportional to the chiral
strength and concentration gradient [8].
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This dependence holds, with rather good
accuracy, for a large number of chiral
dopants (see Fig. 1). In our opinion, the de-
scribed procedure may be used as a method
for determination of HTP (value and twist-
ing sense) of an unknown chiral substance.
The information on HTP will be more accu-
rate and more readily obtained as compared,
say, to the Cano-wedge method. In some
cases (when the HTP value is small and/or
the available amount of the tested substance
is limited), the proposed method would be
the only way to estimate the HTP magni-
tude and the helix sense. For example, due
to a very low solubility of the chromeno-
[2,3-g]-acridines (CA) in MBBA, we applied
this procedure for determination of value
and twisting sense using the linear plot of
the angular velocity © vs. HTP in MBBA
(see Fig. 2). in our experiments with CA we
observed rotation with a small angular ve-
locity (about 0.001 degree/s) and the coun-
terclockwise direction, suggesting the left-
handed helical twisting.

Slopes of the linear plots (0 vs. HTP) are
clearly correlated with the rotational viscos-
ity y; of the nematic solvent. From Fig. 1,
we can conclude that higher viscosity v,
does not slow down the movement of the
dissolved particle, but leads to its faster
rotation. The apparent contradiction, how-
ever, is fully consistent with the picture
based on a formal analogy with Reynolds
number in hydrodynamics [15], which can
be written as:

v=Re - L, (1)

p-d
where v is the flow velocity, d — tube di-
ameter, p — liquid density, p — dynamical

viscosity of the liquid and Re is the
Reynolds number. Making straightforward
substitutions v > o, d—I (where [ is a char-
acteristic dimension of the crystal surface
contacting the nematic droplet), we come to
an expression:

_ 1 2
(o—a-B-yl-p'l, (2)

where a is a dimensionless fitting constant,
B and p are the helical twisting power (HTP)
and density of a liquid crystal, respectively.
From the set of dynamic viscosity coeffi-
cients of nematics as anisotropic liquids
(see, e.g., [1]), the rotational viscosity y; is
taken as the most appropriate and natural
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Fig. 3. The angular viscosity of single crys-
tals of cholesterol acetate dissolved at the top
of 5CB mematic droplet as function of tem-
perature (open circles) and data on 5CB rota-
tional viscosity vs. temperature (solid squares)
taken from [16, 17].

choice for our experimental conditions. One
can easily see that eq.(2), with o ~y;, en-
sures correct unit dimensions in the left-
and right-hand sides.

Another proof of validity of eq.(2) is
demonstrated in Fig. 3. Using the same ex-
perimental conditions as described above,
we measured the angular velocity for cho-
lesterol acetate crystals dissolving on the
top of a nematic droplet of 5CB as function
of temperature. Literature data on the rota-
tional viscosity of 5CB vs. temperature [16,
17] are also shown, clearly indicating that
the ® ~ y; proportionality is observed in this
case as well.

Principal features of the results obtained
by including those that we observed in this
work can be summarized as follows. The
dissolution of small single crystals of chiral
dopants with various molecular structure
placed at the top of a nematic droplet was
shown to be accompanied by the crystal ro-
tation. For all chiral compounds used, the
correlation between the rotation direction
and the twisting sense of induced
cholesteric helix was observed. It has been
found that the angular velocity of the crys-
tal rotation is dependent on the HTP value
of the chiral dopants and the crystal size.
The rotation was not observed in isotropic
viscous solvents or in the isotropic phase
obtained upon heating of the nematic sol-
vent, suggesting that the long range order-
ing in the nematic liquid crystals is respon-
sible for the observed effect of rotation.
Also, the effect of the crystal rotation has
been observed only for chiral dopants, as
distinet from crystals of non-chiral sub-
stances studied under the same conditions.
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The obtained dependencies of the rotation
velocity on the helical twisting power of the
dopant and the rotational viscosity of the
nematic solvent are explained within a sim-
ple theoretical model using a hydrodynami-
cal analogy. The observed rotation effect
can be a base for a novel method of evalu-
ation of helical twisting power, which can
be especially useful for dopants of weak chi-
rality, being much more sensitive than the
Cano-wedge method. Our other claim is that
the rotation effect studied is, in fact, a di-
rect observation of transformation of the
energy of chiral interactions into the energy
of molecular movement, which is closely re-
lated to the problem of molecular motors.
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Liquid

O0epTaHHI MOHOKPHMCTAJJIB XipaJbHMX TOMIIIOK
HAa HEeMATHMYHill KpaljuHi: TiTpoaMHAMiYHA aHAJOTiA

I.A.I'6o30o06cvruii, JI.M./JTuceyvruil

IToxkasano, 1m0 npu obepraHHl APiOHMX MOHOKPMCTAJIB XipaJbHUX PEUYOBUH, AKe BUHUKAE
o tuny edexrty Jlemana mpum iX pPO3UMHEHHI HAa MOBEPXHI KPAIIMHN HEMATUYHOIO PigKoro
KpHcTany, KyTOBa IIBUAKIiCThL O0epTaHHSA B3aJIeKUTh Bij iX po3Mmipy, 3aKpydyyBajbHOI 31aT-
HocTi xipaspHOl moMimKM (BU3HAUEHOI B HE3aJEKHOMY EKCIIEPMMEHTi), a TaKoXX B’s3KOCTi
HEeMATHUYHOro po3umHHHKA. [Ipy posumHeHH]i HexXipaJlpbHMX PeYOBHH a00 HIpM BUKOPHCTAHHI
i30TPOIMHUX POSUYMHHUKIB edeKT obepraHHsA BimcyTHiil. A cuCTEeMaTUYHOrO DALY PEUOBUH
(mampuraan, edipiB xosecTepruHy) BCTAHOBJIEHO IIPAMO IIPOIOPIiHiHY BaJieKHiCTb KyTOBOI
MIBUAKOCTL o0epraHHs Bij B3aKpydyBanabHOl 3marHocTi. IIpummyckaerbcs, IO OTPUMAaHiI pe-
gynbpratTu (a) O0ipYyHTOBYIOTH HOBUII METOJ OIIHKH 3aKPy4YyBaJbHOI B3ZATHOCTi, 0COOIMBO
KOPHUCHHM IJ PEUYOBMH 3 MAaJHUM CTyIlleHeM XipaabHocTi, Ta (0) € IpAMHUM CBigueHHSM
IIepPeTBOPEHHsI eHeprili XopaJbHUX B3AEMOIill B €HEeprilo MOJEeKyJSPHOro PyXy.
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