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Comparative studies have been carried out of multi-walled and single-walled carbon
nanotubes (CNT) dispersed in nematic liquid crystal matrix. Under strictly similar experi-
mental conditions (5CB nematic host, the same supplier of CNTs, the same 50 um thick
cell for optical and dielectric measurements, the same CNT concentration range, identical
procedures of optical transmission vs. temperature and complex dielectric permittivity
measurements), differences between single- walled and multi-walled CNTs were recorded.
The most distinct differences were 3—4 times higher optical density and noticeably higher
effect upon dielectric permittivity in the low-frequency range noted for single-walled
CNTs, which could be clearly attributed to the difference in the specific surface area of
single- and multi-walled carbon nanotubes.

IIpoBeneHBI COOCTABUTENbHBIE HCCIETOBAHNSA MHOIO- M OJHOCTEHOUHBLIX YIJIEPOAHBIX HAa-
HOTpPyGOoK (VHT), nucneprupoBaHHBIX B HEMATHYECKOM IKUIKOKPHUCTAJINYECKON MATPHILE.
IIpu oZMHAKOBBIX DKCIEPUMEHTAJBHBIX YCIOBUAX OTMEUEHBI PA3JIMUUA MEXKIY OLHOCTEHOU-
HpIMu ¥ MHOrocreHounoiMu YHT. Hawubosee cylieCTBEeHHBIMU OTIMYUAMM SABJIAIOTCA B 3—
4 pasa 0oJibIlIas OIITHYECKAs IJIOTHOCTh B HeMaTUUeCKoll (ase u 3SHAUUTEJIBHO 0oJiee CHUJIb-
HOe BJMAHNE HA HUBKOUYACTOTHYIO AUSJICKTPUUYECKYIO IPOHHUIAEMOCTb AJS OJHOCTEHOUHBIX
VHT. 910 Mo:KeT OBITh CJEACTBHUEM PA3JIUUYUN B yIeAbHOHN IJIOIIAAMU IAJIS ONHO- U MHOIOCTE-
HOUYHBIX YIJIEPOIHBIX HAHOTPYOOK.

Hucnepcii 6araTocTiHKOBHX TAa OMHOCTIHKOBMX BYIJIEIIEBMX HAHOTPYOOK B HEeMATHYHMX
PiIKMX KPHCTAJAX: HMOPIBHAJBHI HOCHIAKEHHS OINTUYHOIO NPOINYCKAHHS TA IieJeKTPUI-
Hux Baactusocteit. O.M.Camoiinos, C.C.Minenrxo, O.J1.Dedopsaro, JI.M.JTuceyvruii, M.I.JIe-
6oera, M.C.CockiH.

ITpoeemeno mopiBHAJBHI mocaimyKeHHA 0araroCTiHKOBUX Ta OJHOCTIHKOBUX BYIJIEIEBUX
nanorpy6ox (BHT), mucueproBanmx y HeMaTHuHiN piaxoxpucrarmiuiii marpuni. B ognaxo-
BUX EKCIEePUMEHTAJIbHIX YMOBAX BigsHaueHo pisHuio Mixk Gararo- Ta OILHOCTIHKOBUMU
BHT. Haii6inem icrorHoio BigmiHHicTIO € B 3—4 pasu 6igbiia onTWuyHA I'yCTHUHA y HeMa-
TuuHill gasi Ta sHauHO GiNBINIMWI BILIMB Ha AieJeKTPUUYHY IPOHUKHICTH IPH HU3BKHX YaACTO-
Tax npy BukopucraHHi oxHocTiHkoBux BHT. Ile MoKHA HNOACHUTU PiSHHUIEIO Y BEJIMUYMHAX
OUTOMOI IIOBEPXHi A OZHAKOBUX KOHIIEHTPAII OgHO- i 6araroCcTiHKOBUX HAHOTPYOOK.
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1. Introduction

Dispersions of carbon nanotubes (CNT) in
liquid crystalline (LC) matrices have been
generally recognized as highly promising
materials for various applications in optical
and electronic devices [1-4]. The main dis-
advantage of such materials, i.e., instability
of their characteristics due to CNT aggrega-
tion in LC media, have been largely over-
come by means of modification of the LC
matrix composition and selection of appro-
priate CNT concentrations [56—8]. It should,
however, be noted that in many recent pub-
lications on LC + CNT dispersions no dis-
tinction is made between single-walled and
multi-walled carbon nanotubes (CWCNT and
MWCNT) [9-11], though it is clear that for
many applications this difference can be
very important.

For our studies, we choose two charac-
teristics, which could be considered as rep-
resentative and physically significant, i.e.,
optical transmission in the vicinity of ne-
matic to isotropic phase transition of ne-
matic LC+CNT dispersions [12,18], and di-
electric permittivity of the same systems.
The latter characteristic seems to be espe-
cially interesting, since the question of the
CNT effects upon dielectric permittivity of
the nematic LC matrix seems to be rather
contradictory, with positive or negative ef-
fects obviously depending on various pa-
rameters of the matrix and measurement
conditions [10, 14-16].

The question of optical transmittance in
LC dispersions of CNT can already be of
practical importance for LC-based opto-elec-
tronic devices. Thus, the effect of UV radia-
tion-induced changes in the helical pitch
value and texture of cholesteric LC [17] was
shown to be modified by the dispersed
CNTs, with the effects of UV radiation
being significantly attenuated [18].

In our studies, we used a standard ne-
matic 5CB as matrix, with different concen-
trations of single- and multi-walled carbon
nanotubes dispersed therein. Optical trans-
mission and dielectric permittivity were
measured under the same conditions for all
the samples.

2. Materials and methods

In our experiments, we used the nematic
5CB of 99.5 % purity (Chemical Reagents
Plant, Ukraine) undergoing the nematic-iso-
tropic transition at Ty ~ 308-309 K and
the crystal-nematic transition (melting) at
Ten = 295.5 K. The carbon nanotubes —
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multi-walled (MWCNT) of diameter d ~ 10 nm
and length I~ 5-10 um, and single-walled
(SWCNT) of d~1.5 nm and [~ 5-10 uym
were obtained from Arry, Germany. The
LC+CNT dispersions were obtained by add-
ing the appropriate weights of the nanotu-
bes 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 procedure essentially simi-
lar to the previously described [12, 19, 20].

The optical transmission was measured
using a Shimazu UV-2450 (Japan) spectro-
photometer at 700 nm wavelength (which
was shown to be far from possible absorp-
tion bands of the LC host). A sandwich-type
LC cell of 50 um thickness was used. The
sample was introduced between the cell
walls using the capillary forces at the tem-
perature of ~313 K, i.e., in the isotropic
phase just above the phase transition from
the nematic. The measurements were done
within the temperature range 290-310 K in
the heating and cooling modes, and the tem-
perature was stabilized using a flowing-
water thermostat (£0.1 K).

The real and imaginary components of
dielectric permittivity in the region below
30 MHz were measured by the oscil-
lographic method. By measuring the voltage
and current through the sample studied, the
cell capacitance and dielectric loss were de-
termined. From the values of C,,; and tgd
(obtained from the phase difference between
voltage and current), Csample was found as
Csample = Ccell/\‘(l + tg5). Then, with CO as
the empty cell capacitance, € = Csample/Co,
and €”=tgd-¢. At frequencies above
30 MHz, we used an E7-11 type Q-meter.

3. Results and discussion

The results obtained from optical trans-
mission measurements in the nematic phase
are shown in Fig. 1.

The optical density values were calcu-
lated as D = -1g(T/100), where T is the
measured optical transmission value (in per-
centage terms) with respect to the incident
light intensity for otherwise similar samples
with and without dispersed nanotubes. It
can be seen that the optical density gener-
ally follows the Bouguer-Lambert-Beer law,
being (upon correction for non-ideal trans-
mission of the undoped sample) roughly
proportional to CNT concentration. The ef-
fective extinction coefficient (i.e., the slope
of the linear D{(c) plot at a constant cell
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thickness) is about three times higher for
SWCNT as compared with MWCNT. How-
ever, this difference completely disappears
in the isotropic phase (Fig. 2), with trans-
mittance values at the same concentrations
of either type nanotubes being the same
within experimental errors.

Thus, the observed difference appears
only in the nematic phase, i.e., when carbon
nanotubes are subject to orientational order-
ing imposed by the liquid crystalline struc-
ture of 5CB. Further reasoning suggests
that single-walled CNTs have much larger
specific surface area as compared to disper-
sion with the same volume/mass fraction of
MWCNTs. (Another formally possible rea-
son could be the use of mass, and not vol-
ume, concentrations for the D(c) plots; how-
ever, the difference in SWCNT and
MWCNT densities is relatively small [21]
and cannot give rise to such large differ-
ence in extinction).

As the next step in our studies, we made
an attempt to clear up the situation with
effects of CNT on dielectric properties of
nematic LC. The available picture was, in
fact, rather contradictory, with introduec-
tion of CNT causing, according to various
reports [10, 14-16], either an increase in
dielectric permittivity or, on the contrary,
its lowering. One could assume the role of
ionic impurities in the LC matrix, and dif-
ferent behavior at low and high frequencies
was also noted [10].

Since we worked with planar texture of
the nematic phase of 5CB, which was delib-
erately formed in our cells, we measured
only the perpendicular component 81 of an-

isotropic dielectric permittivity. The results
obtained are shown in Fig. 3.

It is clearly seen that the difference in
the obtained values between the pristine
5CB and 5CB doped with carbon nanotubes
is very large in the low-frequency part of
the dielectric spectrum. The observed in-
crease in Si at low frequencies can be natu-

rally ascribed to ions moving in the vicinity
of a surface — of the surfaces of the cell
electrode in the case of nematic 5CB, and,
in the presence of dispersed nanotubes, of
the cylindric surfaces of CNTs.

In the high-frequency range the differ-
ence is not significant — the role of ions
and surfaces is felt only at lower frequen-
cies. And it is quite natural that the meas-
ured dielectric permittivity is noticeably
higher for dispersions with single-walled
CNTs due to their larger specific surface
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Fig. 1. Optical density as function of single-
and multi-walled CNT concentration in the
nematic phase of 5CB (28°C): I — SWCNT;
2 — MWCNT.

Fig. 2. Optical density as function of single-
and multi-walled CNT concentration in the
isotropic phase of 5CB in (38°C): I —
SWCNT; 2 — MWCNT.

area at the same CNT concentration. This
is in full agreement with the results ob-
tained for optical transmission — the opti-
cal density was substantially higher for
SWCNT due to the same reason, i.e., larger
specific surface area.

In the same experiments, the imaginary
components of the perpendicular dielectric

permittivity &/ were also measured (Fig. 4).

For 5CB and 5CB dispersions of carbon
nanotubes frequencies related to vibrational
movements of CNTs were revealed. The
characteristic relaxation frequency was
3 kHz for 5CB+MWCNT, 15 kHz for
5CB+SWCNT, and 8 MHz for undoped 5CB,
which looks quite as could be expected.

It can be noted that in our experiments
the introduction of nanotubes resulted in
higher dielectric permittivity in the low
frequency range (Fig. 3), while measure-
ments under apparently similar conditions
led to lowering of dielectric permittivity
due to the CNT role as traps for charge
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Fig. 8. Frequency dependence of EIL for ne-

matic 5CB doped with 0.01 % CNT: O —
SWCNT, 0 — MWCNT, V— undoped 5CB.

carriers [10]. The apparent discrepancy can
be easily explained — in our case, the
SWCNT sample purity was not so high, and
the impurities could reveal themselves in
the LCH+CNT dispersion as additional charge
carriers counteracting and even reversing
the initially expected effect. Thus, in fur-
ther studies of dielectric properties of
LC+CNT dispersions, one should account,
alongside with frequency range and the
presence of impurities in the LC matrix, for
the impurities coming from the CNT itself.

4. Conclusions

Thus, we have carried out comparative
measurements of two important charac-
teristics — optical transmission and dielec-
tric permittivity — for nematic matrix 5CB
with dispersed single- and multi-walled
carbon nanotubes. All experimental parame-
ters — the nematic matrix, concentration of
nanotubes, ultrasonication procedure, cell
geometry and thickness, method of intro-
duction of the dispersion into the cell,
measuring equipment and measurement con-
ditions for determination of optical trans-
mission and dielectric permittivity, ete. —
were, within inevitable errors, identical for
SWCNT and MWCNT.

The two important parameters — the
slope of the optical density vs. CNT concen-
tration dependence (the effective extinction
coefficient) and the perpendicular compo-
nent of the real dielectric permittivity 83_—

have been shown to be very sensitive to the
CNT nature, i.e., at the same mass/volume
concentration the effects of single-walled
CNTs were much stronger. This can be
naturally related to larger specific surface
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Fig. 4. Frequency dependence of & for ne-

matic 5CB doped with 0.01 % CNT: O —
SWCNT, 0 — MWCNT, V— undoped 5CB.

area of single-walled nanotubes as compared
with similar multi-walled ones.
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