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Dispersions of carbon nanotubes (NT) in liquid crystals have been considered as a model system for studies of
anisotropic intermolecular interactions in condensed organic media. Electric conductivity data were obtained for
nematic liquid crystals (LC) with small (0.01-0.15 wt %) concentrations of multiwall N'T dispersed therein. The
electric conductivity increased noticeably with NT concentration in the LC matrix, suggesting a percolation-like
behaviour at NT content in the LC matrix below ~0.01 wt %. A marked difference in the measured electric
conductivity values for the LC matrices of ditferent polarity (e.g., cyanobiphenyl and azoxy) was observed.
Assuming that supramolecular arrangement of NT dispersed in the LC matrix can be treated in a manner similar to
the conventional non-mesogenic dopanis. the observed behaviour is explained using our recent theoretical description
of intermolecular interactions in anisotropic organic media formed by particles of essentially different size and
anisometry.

KEY WORDS: nanotubes, nematic liquid crystals, non-mesogenic dopants. electric conductivity. intermolecular
interactions, anisotropic organic media, biocquivalent systems.

Multi- and single-wall carbon nanotubes (MWNT and SWNT, respectively) are generally recognized as
interesting objects related to nanoscience and nanotechnology [1]. Recent studies have also shown that
nanotubes (NT) can also play a significant role in biophysics - e.g., they could be integrated with neuronal
circuits, thus paving the way to artificial brain-related biomimetic systems [2]. Keeping in mind our ideas
of liquid crystals as bioequivalent anisotropic media [3,4]. we considered as a promising approach to study
NT as small anisotropic particles in combination with liquid crystals (L.C) as anisotropic organic media existing
in various phase states with different character and degree of orientational and translational ordering. This
approach has been recently used in areas other than biophysics — e.g., application of LC as solvent hosts for
controlling order of NT as nanometer-scale building blocks to be deposited onto a supporting substrate {5]. The
ordered NT films were shown to be applicable for alignment of nematic LC, with specific arrangements and
surface concentrations of NT required to achieve the proper effects [6]. Experimental evidence was presented [7]
for the formation of a lyotropic nematic liquid crystalline phase of MWNT in aqueous dispersion. Orientational
ordering of NT dispersed in LC solvents has been reported |8.9]. with eventual formation of a kind of LC phase
formed by the nanotube molecules. An inverse effect was also reported, with substantial increases in the
nematic-isotropic transition temperatures observed in a certain (rather narrow) NT concentration range [10],
suggesting that the mixed LC+NT systems could be considered not just as dispersions, but as thermodynamically
“true” solutions of NT in the LC solvent. The structural organization of nanotubes in the nematic L.C matrix can
be enhanced by application of the external fields in geometry similar to LC electrooptics [11].

In our recent paper [12], we reported data on optical transmission of MWNT dispersions in cyanobipheny!
liquid crystals. It was demonstrated that, at small (~0.1%) concentrations, MWNT could be clearly integrated
into the LC matrix, with the dispersions obtained exhibiting behaviour typical for nematic LC containing non-
mesogenic dopants (NMD) both in the nematic phase and at the nematic to isotropic phase transition
temperature.

The idea of our present work was to study NT dispersions in two different nematic hosts with different
polarity, i.e., with dielectric anisotropy of different signs (Ae > 0 and Ag < 0). It was assumed that in such
systems the electric conductivity behaviour would be substantially different due to different molecular
orientation mechanisms under electric fields.
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MATERIALS AND METHODS

The MWNTs were prepared from ethylene using the chemical vapour deposition (CVD) method.
FeAIMo00.07 was used as catalyst [13], and subsequent treatment by alkali and acid solutions was followed by
filtering and repeated watering until the pH value of the filtrate became the same as that of the distilled water
[13]. The MWNTSs involved typically have the outer diameter , about 10-20 nm, while their length is about 5-10
microns (um). The specific electric conductivity ¢ of the compressed powder of MWNTSs was 10" S$/m along the
axis of compression.

The liquid crystal ZhK-1282 (NIOPIK, Russia) used in this work was a commercial mixture of several 4-
alkyl- and alkoxy-4’-cyanobiphenyls and nematic cyclohexyl-containing esters. It displays nematic phase at
room temperature with the nematic-isotropic phase transition at 7y, = 62°C. In conductivity experiments, we also
used ZhK-440 (NIOPIK, Russia) — a mixture of nematic azoxy compounds with negative dielectric anisotropy.

The LC+ NT composites were obtained by adding the appropriate weights of NT (0.01 — 0.15%) to the LC
solvent in the isotropic state with their subsequent 20-30 min sonication using a UZDN-2T ultrasonic disperser,
in accordance with procedure essentially similar to the previously described [14,15]. For further studies, samples
were chosen that showed minimum number of macroscopic inclusions visible through an optical microscope.

The electric conductivity 4 of the dispersed samples was measured in a three-electrode cell with sinusoidal
voltage of | kHz frequency and 2V amplitude applied to the cell. The thickness of layer was 160 pm, and the
third electrode (guard ring) was grounded in order to eliminate the currents on the surface of a sample. The
measured o values showed a weak temperature dependence (an increase of ~10% in the temperature range of ~5
K below and above the nematic to isotropic transition temperature 7, [12]), so the values used in the o vs,
concentration plots (Fig.1) were taken at the constant reduced temperature 7/7, = 0.99.

RESULTS AND DISCUSSION
The electric conductivity o (Fig.1) shows a very noticeable rise (as compared with the undoped LC) at
ultra-low MWNT loading of L.C, indicating an electrical percolation threshold at weight concentrations smaller
than 0.01%. The measured values of o are of the same order (~ 10™ S/m) as reported in [11] for similar systems
(MWNT dipersed in cyanobiphenyl LC) with unspecified small NT concentration.
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Fig.1. Electric conductivity o as function of nanotube concentration € (% wt) for LC+ MWNT composites (measured on
cooling at 7= 0.99 7, ) . LC matrices: ZhK-1282 (Ag > 0) and ZhK-440 (Ae < 0).

As compared with nanotube-polymer compositions [16], the observed strong increase in conductivity at
much lower NT concentrations can be explained by the high aspect ratio of the conductive filler and the assumed
existence of strong anisotropic interactions between nanotubes and orientationally ordered anisometric molecules
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of the LC matrix. The presumed joint orientationally ordered arrangement formed in the LC+NT systems is
schematically shown in Fig.2.
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Fig.2. Schematic illustration of the molecular model used for explanation of the clectric conductivity mechanism in N1T+LC
dispersions: Ae> 0 (a)and Ae <0 (b).

In fact, one can consider an effective NT concentration along the “least resistance™ path of a charge carrier
over the oriented nanotubes in the LC environment with Ag > 0 (Fig. 2a). It should be noted that for ZhK-440,
with its negative Ae , the conductivity values are lower by several times (since the LC environment does not
favour NT orientation along the electric field), though the general picture remains similar (Fig.2b).

The picture illustrated by Fig. 2 can seem rather artificial and too simplified. However, it is naturally based
on theoretical considerations developed in [17, 18]. Really, a nanotube in a liquid crystal environment, shown as
a “cell”-forming element in the schematic picture of Fig.2, can be considered as a “large” anisotropic particle in
a mixture with “small” ones, being a source of the unconventional type of interactions described in [17,18]. The
over-generalized notion of the “singular sphere” is reduced in our case to a more realistic notion of a cylinder- or
ellipsoid-shaped “singular volume™ outlined by the movements of a large NT particle restricted by the
orientational order imposed by the nematic matrix. Thus, we arrive to a conclusion that the LC+NT system
studied can be considered as a model example of a complex liquid anisotropic medium formed by component
particles of essentially different size and anisometry (which is a typical situation for many biological
objects/tissues at the microscopic level).

CONCLUSIONS

The results obtained show that dispersions of carbon nanotubes (NT) in liquid crystals can be considered as
a model system for studies of anisotropic intermolecular interactions in condensed organic media. Electric
conductivity in such systems was studied as function of nanotube concentration and polarity of the nematic
matrix. The obtained concentration dependences could be described in terms of a low percolation threshold at
<0.01% NT content, and a substantial difference in conductivity values for nematics with positive and negative
dielectric anisotropy was noted. A picture of supramolecular arrangement in such systems was proposed, which
illustrates the charge transfer mechanisms and is in agreement with a general theoretical approach to liquid
crystalline systems with non-mesogenic dopants involving component particles of substantially different size and
anisometry.
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AHIBOTPOINHI OPrAHIYHI CEPEAOBHLUA AK MOAEJIbBHI BIOEKBIBAJIEHTHI CUCTEMM,
I. PIIKI KPUCTAJIU 3 AMCNEPTOBAHUMHW BATATOCTIHKOBUMHW HAHOTPYBKAMM
B ACNEKTI AHI3OTPOIMHUX MIXKMOJIEKYJISIPHUX B3AEMOAIH
O.N.Penopsko, M.LJeboska, JI.M.JIncennkuii, O.B.Meaexuk, [LIL.ILTudaniok
IHeTuTyT cunnTuasuiiinnx Marepianis HTK «lucruryt monokpucetaninn HAH Ykpainn
[Mp.Jlenina. 60. 61001 Xapkis, Vkpaiua, lisciskiisc.kharkov.com
TucrutyT Giokonoianoi ximit HAH Ykpainm, rip.Bepuancskoro, 42, 03142 Kuis, Ykpaina. fcbovkaieroller ukma kicv.ua
Jocaipnnubka saGoparopis TM «Cncumawy», Kuis, Y kpaina

Jlucnepcii Byrieucsux HanorpyGok (HT) 8 piikux kpueranax posrisaaalorhes sk MOAC/IbHA CHCTEMA LA 10CH AKEHHA
aHI3OTPOINIUX  MIKMOJICKYJISPHUX  B3ACMOAIH B KOHACHCOBAHMX  OpraHiuHux cepejosvinax. OtpuMano  naui 3
€71eKTPOIPOBIAHOCTI HEMATHYHHX PIAKMX KpucTanin (PK) 3 AMCHCProBanuMK B HUX MaiuMu konueHTpaitismu (0.01-0.15%)
Hararocrivkosux HT. EackrponposianicTs noMiTHO 3poctania 3 koduentpadico HT B PK matpuui, Bkasyoun na noseaiiky
nepkoaaiiiinoro iy npu svicti HT 8 PK marpuui menwe 3a ~0.01%. BinsHaueHo icTOTHY BiAMIHHICTH BUMIDIOBaHMX
3HayeHs cackTponposignocti s PK marpuus pissol noaspuocri (wanpukial, uianodideniiv Ta azokCHCIONYKH).
Mpunyckaod. 1o Haamosekyspue snopsakysanns HT. awucoeprosanux s PK. moxke posrasaarnes noaibuo ao
IBHUAIHUX  HEME3OICHHHX JAOMILIOK, CMOCTEPEAYBAHA 1OBEAIHKA NOACIHOETLCH 3d A0NOMOTOK  HAWO0  HEIO/ABHO
3aMPONOHORAHOI0  TCOPCTHUHOTO  OMMCY MIKMOJCKYJIAPHUX B3ACMOAIA B ANiZOTPOIIKX  OPIaHiMHMX  CCPEaOBHULIAX,
VTBOPEHMX HACTHHKAMM iCTOTHO PI3HOTO POIMIPY Td aHizoMeTpil,



