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Optical transmission and selective reflection data are reported for dispersions of single-
walled carbon nanotubes (SWCNT) in cholesteric liquid crystals comprising a mixture of
cholesterol esters and azoxy nematic ZhK-440. The optical density was shown to be
essentially non-linear with SWCNT concentration, with a minimum ascribed to formation
of "stacked” aggregates of nanotubes. The location of this minimum, as well as the
selective reflection maximum (helical pitch), are sensitive to partially reversible UV-in-
duced trans-cis-trans isomerisation effects. The UV-controlled helical pitch variation was
shown to be only slightly affected by introduction of carbon nanotubes. Application
prospects of such materials in optoelectronic devices are considered.

ITpencraBmeHBl PesyJBTATHI MO ONTUYECKOMY NPONYCKAHWIO M CEJEKTUBHOMY OTPaKEeHWIO
ST TUCTIEPCU OMHOCTEHOUHBIX YTyepofHbIX HaHOTPYOOK (OYHT) B X0jsecTepuuecKUX KUIKUX
KpHCTaIaX, COCTOAININX M3 CMecHu 3(PMPOB XojecTeprHa U asoKcu-Hematuka KK-440. Ilokasa-
HO, UYTO ONTHUUECKAs TJIOTHOCTL M3MeHseTca ¢ KoHmeHTpalueit OYHT cyiiecTBeHHO HelUHEHHO, €
MUHHUMYMOM, TIPEMOJOKUTENBHO OOBACHAEMBIM arperaiueil HaHOTPYOOK MO TUITy CTEKWHTA.
ITomoxenne 9TOTO0 MUHUMYMa, KaK UM JJIMHBI BOJHBI MaKCUMyMa CeJIeKTUBHOTO OTpasKeHUs (11ara
CTITpain), YYBCTBUTENHLHO K 3(EderTaM HacTUUHO o0pPaTUMON MPAHC-yUC-MPAHC N30MEPUSBAITIH,
BEIBBIBaeMoil Y®-obryuenreM. Ilokasano, UTo BBe/eHME YIIEPOAHBIX HAHOTPYOOK JIUIITL HE3HAYUU-
TeJLHO BANUAET HA YIPABIsSeMOe M3MeHeHUe Iara cruupanan. O0cy:KAa0TCA BOZMOKHOCTH UCIIOJNb-
30BAHUSA TAKUX MATEPUAJIOB B ONTOIJEKTPOHHBIX YCTPOMCTBAX.

Hucnepcii ByrieneBux HAHOTPYOOK Yy XOJECTEPUUYHUX PiKHX KPHUCTAJAX 3 (POTOAKTHUB-
Humu  Kommonenramu. O.M.Camoiinos, C.C.Mineuro, JI.M.JTuceuvruii, M.I.Jle6oska,
M.C.Cockin, C.I.Topzosa.

HaBemeno pesysibraTé 3 ONTHYHOIO IIPONYCKAHHS Ta CEJIEKTHBHOIO BiAOWMBaHHA [JIs OWC-
nepciti ogHocTiHKoBUX ByrieneBux HaHorpyGor (OBHT) y xosecTepuuHmMx Pigxux Kpucraiax,
o MicTsaTh cymimn ecrepiB xosaecrepuny Ta asoxcu-HemaTuk sKK-440. ITokasaHo, 110 onTHYHA
rycruHa 3MiHIO€ThCH icTorHO HeaiHifiHo 3 KonuenTpaniero OBHT, s mimimymom, sxkuii Tpax-
TYETbCA SAK HACIIJOK YTAOPEeHHs arperaTiB HAHOTPYOOK cTekinrosoro tuiy. IlomomenHs MiHimy-
My, AK 1 JOBKMHA XBWJII MAKCHCYMY CeJIEKTHBHOrO BimbupaHHA (KpPOK cimipasai), udyraumei mo
4acTKOBO 000poTHUX edexTiB YP-iHayroBanoi mpanc-uuc-mpanc isomepmaanii. ITokasano, o
BHECEHHSA BYIVIEIIEBUX HAHOTPYOOK CIPUUMHSE JIMIle He3HAYHMU BIiIuB Ha Y®P-imgyrosani
sMiHu KpoKy cuipaii. PosrasgaoTbcsa MOMKIMBOCTI 3aCTOCYBaHHSA TaKUX MaTepiajiB B OIITO-
€JIEeKTPOHHUX IIPUCTPOSIX.
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1. Introduction

Dispersions of carbon nanotubes (CNT) in
liquid ecrystals (LC) are gradually becoming
a promising base for a new class of nanoma-
terials with broad prospects of applications
[1-3]. The main technological problem in
development of such materials is that char-
acteristics of LC+CNT dispersions are not
stable in time because of tendency of CNTs
to aggregation in the LC medium. Various
ways have been proposed to deal with this
problem, including addition of specially de-
signed components and development of spe-
cific preparation methods [4-6] or just
using CNTs of shorter lengths at low con-
centrations (see, e.g., [7]). The latter ap-
proach can be useful for some applications,
such as LC electrooptics, but it is not appli-
cable when the LC medium is used just for
orientation of CNTs, e.g., for their deposi-
tion on substrates [8] or applications based
on electrophysics, such as variation of di-
electric properties [9]. The problem of time
instability of LC+CNT system has been
treated both experimentally and theoreti-
cally from the viewpoint of molecular phys-
ics [10-12], where a physical picture of
CNT aggregation was proposed, with appro-
priate recommendations on the ways to opti-
mize the composition of LC+CNT system al-
lowing suppression of the aggregation proc-
esses. It has been shown [13-15] that
addition of chiral components to nematic LC
matrices, which transforms a nematic LC
into an induced cholesteric LC with ne-
matic-like orientational ordering and helical
twisting of the nematic director, can sub-
stantially decelerate and/or largely suppress
the processes of CNT aggregation. So, if we
concentrate ourselves on the optical and
electrooptical effects in induced cholesterics
(including electric field-induced helix un-
twisting — a cholesteric liquid crystal (CLC)
analog of the Freedericks transition [16, 17]
or UV-induced variation of helical pitch, e.g.,
for CLC-based tunable dye lasers [18, 19]),
doping of LC matrices with CNTs can lead to
certain positive effects (as in nematics) with-
out accompanying problems related to time
instability due to CLC aggregation.

Recently, a pioneering work in this di-
rection has been published [20], where ef-
fects of dispersed CNTs upon photoinduced
transformations in CLC systems were stud-
ied. In this paper, a nematic mixture
MLC6608 was doped with photosensitive
chiral component 2-(4’-phenylbenzylidene)-
p-menthane-3-one (PBM). Under UV irradia-
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tion, PBM molecules undergo irreversible
trans-cis isomerization with the correspond-
ing decrease in helical twisting and higher
helical pitch (longer wavelength of maxi-
mum selective reflection A,,,) of the in-
duced cholesteric. This process was studied
in detail in [21, 22] without nanotubes, and
in [20] the addition of dispersed CNTs made
the phototransformation process noticeably
(by about 4 times) slower. The offered ex-
planations involved both lower effective ex-
posure dose due to UV light absorption by
CNTs over the sample thickness and certain
specific interaction between CNTs and CLC
molecules. A possible contribution from the
first factor was validated in [23] using a
different LC+CNT system, though the gen-
eral mechanism remained unclear.

In our work, we used an induced
cholesteric matrix comprising azoxy ne-
matic LC mixture ZhK-440 and a mixture
of cholesterol esters. The photoinduced ef-
fects in this system were studied in [18, 19,
24], and reversible variation of A,,, under
UV irradiation due to trans-cis and cis-trans
transformation of azoxy nematic molecules
was observed. In this study, we used disper-
sions of multi- and single-walled CNTs in
induced CLC matrices of the same composi-
tion, which were subjected to UV irradia-
tion under the same conditions, with the
aim of clearing up the effects of dispersed
CNTs on photoinduced transformations in
such systems.

2. Materials and methods

The basic induced CLC system was com-
posed of ~75 % of photoactive nematic
ZhK-440 (4-n-butyl-4’-methoxyazoxybenzene
+ 4-n-butyl-4’-heptanoyl-azoxybenzene in
2:1 ratio) and ~25 % of mesogenic chiral
dopant M5 (a mixture of cholesterol esters:
30 % cholesteryl formate, 5 % cholesteryl
butyrate and 65 % cholesteryl nonanoate).
The cholesterol esters were obtained from
Chemical Reagents Plant, Ukraine and used
without further purification. The photoac-
tive nematic material was obtained from
NIOPIK, Russia, and additionally purified
by column chromatography on silicagel
using a mixture of petroleum ether and ben-
zene as the eluent. After evaporation of the
solvent, the material was recrystallised
from hexane at —20°C. In parallel compara-
tive experiments, we also used a standard
nematic 5CB (4-n-pentyl-4’-cyanobiphenyl)
of 99.5 % purity obtained from Chemical
Reagents Plant, Ukraine. The single-walled
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carbon nanotubes (SWCNT) of d ~ 1.5 nm
and I ~ 5-10 um were obtained from Arry,
Germany. The LCH+CNT dispersions within
0.01-0.15 % CNT concentration range were
obtained by adding the appropriate weights
of the nanotubes to the LC solvent in the
isotropic state with subsequent 20-30 min
sonication of the mixture using a UZD-
22/44 ultrasonic disperser (Ukrrospribor,
Sumy, Ukraine), in accordance with proce-
dure essentially similar to the previously
described [10, 12].

UV irradiation was carried out using a
DRT-240 Hg lamp emitter in geometry with
known spectral distribution of illuminance
[25]. A typical UV radiation dose was
1.9 J/ecm?2, which, according to [26], re-
sulted in a photostationary state with about
50 % of azoxy molecules in cis form. The
reverse cis-trans transition was realized by
irradiation under the same condition using
a ZhS-10 filter cutting off the wavelengths
below ~400 nm, in the same way as in our
previous works [19, 21]. Optical transmis-
sion was measured using a Shimazu UV-
2450 (Japan) spectrophotometer within
300-900 nm spectral range. A sandwich-
type LC cells (20 um thickness) were used.
The cell walls were treated with polyvinyl
alcohol water solution and, after drying,
rubbed in one direction to obtain the planar
texture [25]. The sample was introduced be-
tween the cell walls using the capillary
forces at the temperatures above the transi-
tion to the isotropic phase. The measure-
ments were done within the temperature
range of 20—60°C in the heating and cooling
modes, and the temperature was stabilized
using a flowing-water thermostat (£0.1 K).
The optical transmission data obtained in a
wide wavelength range were used for two
purposes. In the range of selective reflec-
tion (500-650 nm), we determined the
wavelength of maximum reflection A,,,
(Apax = np, where n is the average refrac-
tive index and p is the pitch of the
cholesteric helix. Also, we determined the
values of optical transmission at 800 nm,
considered to be sufficiently far from any
bands of selective reflection or absorption
of the liquid crystalline host. The optical
transmission data were recalculated to opti-
cal density values in the same way as in our
previous paper [23].

3. Results and discussion

The measurements carried out in our
studies were rather numerous, with optical
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Fig. 1. Optical densities at 800 nm of
cholesteric liquid crystal system 25 % M5 +
75 % ZhK-440 with dispersed single-walled
carbon nanotubes at different temperatures
as function of nanotube concentration: before
irradiation (a), after 15 min UV irradiation
(b) and after subsequent 30 min irradiation
with ZhS-10 filter (¢). From top to bottom:
20°C, 30°C, 40°C, 50°C, 60°C.
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Fig. 2. Optical densities at 800 nm of
cholesteric liquid crystal systems 25 % M5 +
75 % 5CB (I-3) and M5 (4) vs. concentration
of dispersed SWCNTs: 1 — 30°C, 2 — 38°C,
3 — 40°C, 4 — 72°C.

transmission and selective reflection (for
CLC systems) measured for LC+CNT disper-
sions at different temperatures, different
CNT concentrations and varied composition
of the LC matrix. Here we present the most
representative typical data obtained with
SWCNT; the results with MWCNT were ba-
sically similar, and only some peculiar dif-
ferences were noted.

Figure 1 shows optical density wvs.
SWCNT concentration in the 25 % M5 +
75 % ZhK-440 CLC matrix: before (a) and
after (b) UV irradiation, as well after sub-
sequent irradiation with ZhS-10 filter (c).
The obtained dependences were essentially
non-linear, as distinet from the
5CB+SWCNT system with a rather good
conformity to the Bouguer-Lambert-Beer
law [23]. Moreover, after UV irradiation the
D(c) plots were subject to substantial
changes, with the initial picture being
largely recovered after the "reverse” irra-
diation, suggesting substantial effects of
trans-cis isomerization of the azoxy mole-
cules of ZhK-440. (To make the effect more
obvious, one could consider only the CNT
concentrations not exceeding 0.01 % — in
this case, the effect would be even more
striking — the optical density minimum
would completely disappear after irradia-
tion!). Taking into account the higher CNT
concentrations, we can note that the D
minimum shifted from ~0.08 % to
~0.12 %, returning to its initial location
after the second irradiation. This effect was
reproduced in dozens of experiments carried
out at different temperatures with different
freshly prepared dispersions.
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Fig. 3. Optical densities at 800 nm of ne-
matic ZhK-440 (1-3) and nematic 5CB (4) vs.
concentration of dispersed SWCNTs at 25°C:
before irradiation (I,4), after 15 min UV ir-
radiation (2) and after subsequent 30 min ir-
radiation with ZhS-10 filter (3).

Our initial assumption ascribed this ef-
fect to peculiar interaction features of ZhK-
440 azoxy molecules with CNTs (effects of
LC negative dielectric anisotropy upon
LC+CNT were noted in [27]). However, sub-
stituting 5CB for ZhK-440 resulted in a
qualitatively similar (though less marked)
behavior (Fig. 2); even SWCNT dispersions
in M5 (a cholesterol esters mixture without
aromatic nematic components) showed a
similar minimum on the D(c) plot (Fig. 2,
curve 4). In another control experiment, we
studied ZhK-440 4+ SWCNT dispersions
without a cholesteric component (Fig. 3).
Both before and after irradiation the D(c)
dependence was monotonous, being essen-
tially similar to that obtained for
5CB+SWCNT in [283] (Fig. 38, curve 4).
Thus, the only reasonable source of the ob-
served unusual effect could be the
cholesteric helical twisting of the system.

A possible physical mechanism could be
naturally related with the CNT aggregate
formation. Really, the CNT concentration of
the aggregate formation threshold was ear-
lier estimated as ~0.05-0.1 % for CNTs of
similar dimensions [11, 12, 28], and the
onset of the D(c) minimum should be natu-
rally related to the appearance of emerging
CNT aggregates. However, in another set of
studies [14, 15] we have definitely stated
that the presence of cholesteric components
and helical twisting suppress the formation
of CNT aggregates. The only possibility was
to assume that the aggregates formed in
our case were not the fractal S-aggregates
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Fig. 4. Selective reflection peaks (at 20°C) of
the system 25 % M5 + ZhK-440 + 0.05 %
SWCNT: 1 — before irradiation, 2 — after
15 min UV irradiation, 3 — after subsequent
30 min irradiation with ZhS-10 filter.

[10-12], but some CNT structures of a dif-
ferent nature.

A tentative explanation could be as fol-
lows. The conventional fractal S-aggregates,
though oblate (flattened) in their general
shape on a larger scale, in the nematic
phase still retained "nematic” cylindrical
symmetry of the nearest vicinity of each
nanotube. The local phase biaxiality as an
essential condition for the helical twisting
[29] breaks this local cylindrical symmetry
— the nanotubes, located and oriented
within quasi-nematic layers [30], can bend
only in the plane normal to the helical axis
[28]. Thus, the effective shape of a CNT
becomes flattened, and a new possibility
emerges — something like "stacking” of ad-
jacent nanotubes located in the neighboring
quasi-nematic planes. In the nematic phase
(no helix), individual CNTs are, though ori-
entationally ordered, distributed randomly
over the cell volume; when the local phase
biaxiality appears with the helical twisting,
some of the CNTs become “stacked” di-
rectly below the "upper” CNT on the way of
the light beam; thus they become "screened”
and do not contribute to the absorption and
scattering processes on the molecular
("nanoparticle”) level. This is observed as
an apparent decrease in optical density.
When the CNT concentration is increased
further, the “natural” mechanism of
Bouguer-Lambert-Beer type becomes pre-
dominant, and D increases linearly with in-
creased overall concentration of CNTs and
their "stacked"” aggregates. One should note
that the effective extinction coefficient. A
corresponding model quantitative descrip-
tion will be presented in our forthcoming
publications; it will also account for the ef-
fects caused by UV radiation (basically ex-
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Fig. 5. Wavelengths of maximum selective
reflection A, ,. as function of temperature
for the system 25 % M5 + ZhK-440 +
0.05 % SWCNT: I — before irradiation, 2 —
after 15 min UV irradiation, 3 — after sub-

sequent 30 min irradiation with ZhS-10 fil-
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Fig. 6. Wavelength of maximum selective re-
flection A, . (at 40°C) as function of nano-
tube concentration for the system 25 % M5 +
75 % ZhK-440 + 0.05 % SWCNT: I — be-
fore irradiation, 2 — after 15 min UV irra-
diation, 3 — after subsequent 30 min irradia-

tion with ZhS-10 filter.

plained by changes in the short-range liquid
crystal ordering due to appearance of cis-
isomers having different molecular shape).

4. Conclusions

Finally, we present our results on the
effects of UV radiation upon helical twist-
ing. Typical view of the selective reflection
spectra (measured in the same conditions
and in the same cells) is shown in Fig. 4.
The peaks of the studied multicomponent
cholesteric systems were somewhat smeared,
which became even stronger upon addition
of CNTs. However, using a large set of ex-
perimental data, reasonable A,,, values
could be determined (basing on the mid-
peak wavelength); representative examples

of A, dependences on temperature and
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CNT concentration are shown in Figs. 5, 6.
From these data, two main conclusions can
be made. First, introduction of CNTs at
concentrations up to 0.15 % did not signifi-
cantly affect the irradiation-induced par-
tially reversible shifts of A,,. — the gen-
eral picture was rather similar to that ob-
served without nanotubes [19, 24]. Thus,
such systems can combine the optical prop-
erties of phototunable cholesterics and
electrophysical properties (e.g., high anisot-
ropic conductivity) of LC+CNT dispersions,
suggesting possible applications in optoelec-
tronic devices. Another interesting result
is that the magnitude of the overall short-
wave shift of A,,,, under UV irradiation for
15 min (~2 J/cmﬁ) did not significantly
change with increased CNT concentration.
This is in apparent contradiction with data
of [20], where introduction of nanotubes
made the trans-cis transformation signifi-
cantly slower. A possible explanation is that
we measured only the total shift at a speci-
fied exposure dose, which should correspond
to saturation of the isomerization reaction.
Further experiments are under way to study
kinetics of the process at its initial stage.
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