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Dispersions of carbon nanotubes in cholesteric
liquid crystals: features of aggregate formation
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For liquid crystal dispersions of carbon nanotubes (CNT), experimental data on time
stability of their characteristics were obtained by three different methods (optical trans-
mission vs. temperature, electric conductivity vs. time, and electric conductivity wvs.
voltage in conditions of Freedericksz transition). The results clearly suggest that induction
of helical twisting in the nematic matrix substantially slows down the process of CNT
aggregation, with cholesterol derivatives being more efficient as compared with non-ster-
oid optically active dopants. This allows considering such dispersions as promising func-
tional materials with enhanced time stability.

Inda KUIKOKPUCTAJINUECKUX Auciepcuil yriaepoxubix HanoTpyOoxk (YHT) umcciaemosana
cTabUJABHOCTD MX XAPAaKTEPUCTUK BO BPEMEHHU TPeMs PAB3JIMYHBIMU MeTOLaMU (3aBUCUMOCTD
OIITUYECKOTO IPOMYCKAHNUA U 9JeKTPOIPOBOTHOCTH OT BPEMEHU, 4 TAKIKEe 9JIEeKTPOIPOBOIHOC-
T OT IIOAABAEMOI0 HAIPAMKEHHS B yciaoBuAX mepexoxa Ppenepurca). Iloayuenubie pesyb-
TAThl YKAa3bIBAIOT HA TO, UYTO MHIYIUPOBAHKE CIIMPAJLHOIO 3aKPYUYMBAHUS B HEMATUYECKOI
MaTpuIle SHAUYUTEJbHO 3aMejseT Iporecc arperanuu Y HT, mpuuemM Opor3BOAHBIE XOJIECTe-
puHa OKaspIBalOTCH Oosee 9PPEKTUBHBIMIU, UeM HECTEPOUAHBIE OITUYECKN AKTUBHBIE NOIIAH-
ThI. 9TO IIO3BOJAET PACCMATPUBATEL TAKHE AUCIEPCUH KaK IIePCIeKTHUBHBIE (QYHKIMOHAIbHBIE
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MaTrepHraJbl C IIOBBIIIEHHON BPeMEHHOU CTabUIBLHOCTHIO.

1. Introduction

Dispersions of carbon nanotubes (CNT) in
liquid crystalline (LC) media have rapidly
developed into a new class of composite ma-
terials with broad prospects of their practi-
cal application [1-4]. Properties of CNT dis-
persions in nematic LC have been exten-
sively studied in many works (see, e.g.,
[6-11] and references therein). In such sys-
tems, arrays of initial CNT bundles are eas-
ily decomposed, e.g., by ultrasonication,
with formation of a rather homogeneous LC
structure with individual CNTs aligned
along the nematic director and incorporated
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into the general orientational ordering.
The main problem is rather low time stabil-
ity of such systems, which is related to the
tendency of CNTs to form aggregates of
fractal nature [7, 10]. Numerous ways have
been proposed for suppressing or hindering
the aggregation process, which include
chemical functionalization of CNTs, addi-
tion of simple surfactants or specially de-
signed amphiphilic compounds to the disper-
sion, application of the electric field, etc.
([12-15] and references therein).

Much less attention was paid to CNT dis-
persions in cholesteric liquid crystals (CLC).
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It is still possible to give a presumably com-
plete list of such publications [16-21],
starting with a preliminary attempt where
authors themselves acknowledge poor homo-
geneity of the obtained dispersions [16] or a
study on dielectric properties of CNT dis-
persions in a nematic with a chiral dopant,
with no reference to peculiar CLC properties
[17]. Effects of CNT on mesomorphic transi-
tion temperatures and viscosity of choles-
terol esters were reported in [18], while in
[19] chiral nematics with dispersed CNTs
were used as sensor materials for vapor de-
tection. In our previous studies, we ob-
served that CLC+CNT dispersions showed
optical transmission vs. temperature behav-
ior rather similar to their nematic counter-
parts, CNT effects on selective reflection
spectra were rather weak, and it was argued
that CNTs were probably aligned in the
planes of quasinematic layers [20]. Our
further studies [21] suggested that CNT ag-
gregate formation could be much slower in
the cholesteric phase as compared with ne-
matics. Thus, one of the aims of this work
was to study the effects of helical twisting
on time stability of nematic and cholesteric
CNT dispersions. Another aspect was to
check the applicability of the stabilized
CLC+CNT systems for effects based on
Freedericksz-type transitions.

2. Materials and methods

Three types of cholesteric LC systems
were used — mixtures of cholesterol deriva-
tives (steroid cholesterics), mixtures of ne-
matic LC with cholesterol derivatives (ne-
matic-cholesteric mixtures), and nematics
doped with chiral additives (induced
cholesterics). As a nematic component, we
used a standard nematic LC 4-pentyl-4’-cy-
anobiphenyl (5CB). Two mixtures of choles-
terol derivatives were used: a mixture of
80 % COC (cholesteryl oleyl carbonate,
Aldrich, USA) and 20 % CC (cholesteryl
chloride, Chemical Reagents Plant,
Kharkiv, Ukraine), hereafter referred to as
COC/CC, and a mixture of 65 % cholesteryl
nonanoate, 30 % cholesteryl formate and
5 % cholesteryl butyrate (Chemical Re-
agents Plant, Kharkiv, Ukraine), designated
below as M5. The chiral dopant used was
octane-2-yl-4-((4-(hexyloxy)benzoyl)
oxy)benzoate (R-811, Merck, Germany).

The multi-walled carbon nanotubes (CNT)
of diameter d ~10 nm and length [~ 5—
10 um were obtained from Arry, Germany.
The CLC+CNT dispersions were obtained by
adding the appropriate weights of the dis-
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persed substance to CLC solvent in the iso-
tropic state with subsequent 20-30 min
sonication of the mixture using a UZDN-2T
ultrasonic disperser, in accordance with
procedure essentially similar to the pre-
viously described [5, 6, 20].

The optical transmission spectra were
measured in a 50 pum thick cell using a Hi-
tachi 330 spectrophotometer. The studied
dispersion was introduced between the cell
walls by the capillary forces at a tempera-
ture above the cholesteric-isotropic transi-
tion point. Before introduction of the
CNTs+LC composites into the cell, the cell
walls were treated with polyvinyl alcohol
water solution and, after drying, rubbed in
one direction to obtain the planar texture.
All optical transmission values were deter-
mined at 700 nm. This wavelength was cho-
sen as optimal because it was well above the
absorption region and selective reflection
bands of the studied CLC solvents.

The home-made cell, used for measure-
ment of electrophysical characteristics, in-
cluded a grounded guard ring, which re-
duced the influence of the edge effects. The
cell was a capacitor with metal plates, cov-
ered by a polyvinyl alcohol film rubbed in
one direction for ensuring the planar tex-
ture. The cell thickness (50 um) was set by
a Teflon spacer. Before the measurements,
the cell parts were washed in hexane and
dried at 390 K. After assembling, the cell
was connected to E7-12 LCR-meter (KA-
LIBR, Belarus), making sure that tgd of the
empty cell did not exceed 0.0001.

For conductivity measurements, the a.c.
voltage of 0.25 V and 1 MHz was used,
which should not affect the LC director
field. The experimental set-up provided ap-
plication of d.c. bias voltage up to 40 V to
the cell. The external D.C. voltage could
align the molecules, thus leading to re-ori-
entation of the nematic director and corre-
sponding changes in conductivity.

In all the experiments, characteristics of
the LC+CNT dispersions were first meas-
ured just after preparation (sonication), and
then measurements under the same condi-
tions were repeated after incubation of
these dispersions for several hours, i.e.,
when the formation process of CNT aggre-
gates was expected to be sufficiently devel-
oped (at least partially completed).

3. Results and discussion

Typical results on optical transmission as
function of temperature for dispersions of
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Fig. 1. Optical transmission vs. temperature for dispersions of 0.1 % CNT in liquid crystal matri-
ces — nematic 5CB (a) and cholesteric 5CB + 5 % M5 (b): pure LC matrix (I), LC matrix with
dispersed nanotubes just after sonication (2), after 6 h (3), after 24 h (4), and after 72 h (5).

CNT in the liquid crystal matrices used are
shown in Fig. 1.

For 5CB matrix (Fig. la), the observed
behavior is similar to that observed for
other nematic matrices [5, 6]. The introduc-
tion of CNTs leads to substantial lowering
of the transmittance level and to much
larger "transmission jump” at the nematic
to isotropic phase transition. After incuba-
tion of the initial dispersion at room tem-
perature, transmission values increase, and
the jump becomes smaller, indicating for-
mation of CNT aggregates.

For the cholesteric matrix (where helical
twisting is induced by addition of the
cholesteric component), the picture is no-
ticeably different (Fig. 1b). In this case,
changes in optical transmission are much
weaker, and the transmission jump value
remains practically the same even after
rather long incubation. This suggests that
CNT aggregation processes in such system
are much less intense, and, accordingly,
time stability of the CLC+CNT dispersion
can be expected to be much higher as com-
pared with similar materials based on 5CB
without cholesteric additives.

The next step in our studies of the ef-
fects of LC matrix composition upon CNT
aggregation processes was the use of elec-
trophysical methods, in particular, measure-
ments of electric conductivity. As it was
shown earlier [7, 8], formation of CNT during
incubation of LC dispersions is manifested in
lowering of the relative conductivity. The re-
sults obtained are shown in Fig. 2.

For CNT dispersion in 5CB (curve 1), the
decrease in conductivity is very fast — al-
ready after 1-2 h the conductivity falls by
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Fig. 2. Variation of relative conductivity
with time (decreasing with respect to the in-
itial value) during incubation of CNT disper-
sions (0.1 %) in different liquid crystal ma-
trices: 1 — 5CB, 2 — 5CB + 5 % R-811, 3 —
5CB + 5 % COC/CC (80:20 %), 4 — 5CB +
30 % COC/CC, 5 — cholesteric mixture
COC/CC (80:20 %).

~30 % with respect to its initial value, and
after ~5 hours the aggregation process ap-
pears to be essentially completed. This is in
a good agreement with time characteristics
of optical transmission changes (Fig. la).
Introduction of chiral dopant R-811 into the
nematic matrix makes the aggregation proc-
ess much slower (curve 2). This effect is
even more pronounced when COC/CC mix-
ture is used as cholesteric additive — the
decrease in conductivity by ~10-15 % re-
quires 5 times longer incubation as com-
pared with 5CB matrix (curve 3). Further
increase in the concentration of the
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Fig. 3. Relative increase in conductivity vs. applied voltage for dispersions of 0.1 % CNT in liquid
crystal matrices — nematic 5CB (a) and cholesteric 5CB + 5 % M5 (b): pure LC matrix (1), LC
matrix with dispersed nanotubes just after sonication (2), after 6 h (3), and after 24 h (4).

cholesteric component (i.e., stronger helical
twisting) results in even slower CNT aggre-
gation, ensuring higher time stability of the
material (curve 4). Lastly, when we use a
mixture of cholesterol derivatives without
nematic components, the LC+CNT disper-
sion becomes even more stable (curve 5),
with CNT aggregation processes largely sup-
pressed. It should be noted that in this case
practically no signs of aggregation could be
observed by optical microscopy.

In the next set of experiments, we stud-
ied changes in relative conductivity under
application of electric field in the conditions
of Freedericksz transition. As in the case
of nematic matrices, reorientation of the
liquid crystal with dispersed CNT was in-
duced by d.c. voltage applied to the LC cell,
while conductivity measurements were car-
ried out using weak a.c. voltage [5, 7, 22].
The results obtained are shown in Fig. 3.

In CB-based samples (Fig. 3a) joint align-
ment of LC molecules and nanotubes along
the electric field direction resulted in the
strongly increased conductivity, since at
voltages above the Freedericksz transition
from planar to homeotropic orientation a
large contribution came from charge trans-
fer along the highly conductive CNTs. The
presence of dispersed nanotubes also led to
lowering of the threshold voltage (curve 2
as compared with curve 1). Due to sub-
sequent aggregation processes, orientation
of CNTs along the field direction became
less efficient (it is easy to understand as-
suming that reorientation of an aggregate
requires stronger action of external factors
as compared to reorientation of individual
nanotubes not connected to each other). Cor-
respondinly, the electric conductivity is in-
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creased to lesser extent, and the required
threshold voltage increases (curve 3).
When the LC matrix is 5CB + 5 % M5
(Fig. 8b), the threshold voltage without
nanotubes is somewhat higher, and the con-
ductivity rise is somewhat lower than with
pure 5CB (evidently due to smaller dielec-
tric anisotropy of the LC matrix). After in-
troduction of CNTs (curve 2), just after
sonication the observed behavior is gener-
ally similar to the corresponding case in
Fig. 3a. However, as distinct from 5CB-
based dispersion, the effects of incubation
are much weaker because CNT aggregation
goes much less intensively (curves 3, 4).

4. Conclusions

Thus, the above evidence obtained by
three different methods clearly shows that
introduction of cholesteric additives to the
nematic matrix substantially suppresses (or
at least slows down) formation of CNT ag-
gregates in liquid crystal dispersions.

This can be explained on the basis of our
earlier assumption [20] that CNTs dispersed
in helically twisted orientationally ordered
media tend to be located in the planes of
quasi-nematic layers. This imposes addi-
tional restrictions on mutual orientation of
adjacent nanotubes, hindering them from
taking up relative positions suitable for ag-
gregation [10]. In addition, cholesterol es-
ters can play the role of amphiphilic mole-
cules as described in [13], interacting with
CNTs and LC molecules by their steroid and
alkyl moieties.
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Hducnepcii ByrieneBuXx HAHOTPYOOK Yy XOJIeCTePUUHHUX
PLAKNX KPHCTAJaX: 0COOJUBOCTI (opMyBaHHA arperartiB

J.M.JTuceyovruii, C.C.Minenxo, O.11.Dedopsarxo,
M.I.Jleboexa, M.C.Cockin

Hna pigxoxpucramiyuux gucnepcii

ByrJyenieBux HaHOTPyOok (BHT) mocmimskeno

cTabiAbHICTE iX XapaKTEePUCTUK y Yaci TphoMa PisHUMM MeToAaMU (3aJIeKHOCTI OINTHUYHOTO
OPONYyCKaHHS Ta €JeKTPOIPOBITHOCTI Bi yacy, a TAKOMK eJIEKTPOIPOBIAHOCTI Big npuKaajge-
HOI HATIpDYTHM B yMoBaX mepexony @Dpepepikca). OTpumani pesyJbTaTH BKa3yOThH Ha Te, IO
iHAYKIiA choipaJbHOTO 3aKPYUYyBaHHA y HEeMATUUHIN MaTpuill 3HaUHO YIIOBLJILHIOE IIpoOIEC
arperanii BHT, mpuuomy moxigmi xomectepmHy mitoTh 6inbln edeKTWBHO, HijK HecTepoigHi
ONITUYHO aKTuUBHI gomantu. Ile mos3Bonge posrasamaTu Taki gucnepcii AK mepcrneKTUBHI QYHK-
MioHaJbHI MaTepianu 3 MiABUIIEHOIO YACOBOI CTabiJbHICTIO.
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