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Formation of aggregates of multiwalled carbon nanotubes dispersed in nematic 5CB was
studied using different methods (microscopy, optical transmission, electric conductivity,
differential scanning calorimetry, and methods of singular optics). Monitoring of the
aggregate formation on the time scale of several hours has been realized, and a physical
model of the aggregation process has been proposed. It is assumed that the aggregates
formed consist of a “"skeleton” formed by nanotubes arranged in a stochastic fractal
structure and a “shell” ("coat™) of incorporated and adjacent nematic molecules. The
aggregates of this type ("S-aggregates™) can be considered as large quasi-macroscopic
particles in the nematic matrix. The experimental results obtained by different methods
appear to be in agreement with each other and the proposed physical picture.

OGpasoBaHue arperaToB MHOI'OCTEHOYHBIX YIVIEPOJHBIX HAHOTPYOOK, AUCIEPrUPOBAHHBIX B
HEeMaTUYeCKOM KuaKoMm Kpucrayuie H5CB, mcciaemoBaHO pasIMYHBIMM MeTOmaMu (MUKPOCKOIIUS,
OIITUYECKOE IIPOIYyCKAaHNEe, JJEeKTPOIPOBOLHOCTh, Au(GhepeHInalbHasd CKAHUPYOIIAd KaJIOpU-
MeTPUuA U METOJbl CHUHIYJISAPHON onTuKu). Peains3oBaH MOHUTOPUHI (DOPMUPOBAHUA AIPEraToB
Ha BPEeMEHHOM MAacIiTalbe HeCKOJIbKUX YacOB U IIPEeMJIOKeHa (DU3MUecKas MO/eNb, OIUCHLIBAIOIIA
ux oOpasoBaHme. IlpesmnoJsaraercsi, 94To arperaTrbl COCTOAT M3 CKeJeTa u3 HAHOTPYOOK, yIIops-
JOYEHHBIX B CTOXACTUYECKYIO0 (PPAKTAILHYIO CTPYKTYPY, U 000a0uKHu (" 11y0bl") M3 MHKOPIIOPU-
POBAHHBIX U IPUJIETAIONMX MOJIEKYJ HeMaruka. Arperarsl 9Toro tuma (S-arperatbl ) MOMKHO
paccMaTpuBaTh KaK KBasMMAaKPOCKOIMYECKNE YACTUIIEI B HEMATHYECKON Marpuile. JKCIePUMeH-
TaJIbHBIE JAHHBIE, IOJyYEHHbIe PA3JINYHBIMU METOLAMU, COIVIACYIOTCA MEXKIy cO0Oi 1 ¢ Ipemia-
raemMoil ()u3UUECKOil KapTUHOI.

1. Introduction

Since their discovery [1], carbon nanotubes
(NT) have been a subject of intense studies [2,
3]. An important direction of NT studies and
applications was related to preparation of com-
posite materials based on NT dispersions in vari-
ous condensed organic media, such as polymers [3]
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and liquid crystals (LC). In the latter case,
first application-related works were made by
Wei Lee e.a. [4, 5], and the first paper where
a physical picture of orientation of NTs by a
nematic LC matrix was explicitly stated was
presented by Lynch and Patrick [6].
Numerous experimental studies of
LC+NT dispersions were largely summa-
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rized in several reviews [7-10]. As for theo-
retical treatment, much less attention has
been paid, and we can only note papers
where calculations of NT+LC molecule in-
teractions were made (using quantum chem-
istry [11] and molecular dynamics with Len-
nard-Jones type atom-atom potentials [12]),
as well as semi-phenomenclogical ap-
proaches relating orientational order pa-
rameter of the nematic matrix and dis-
persed NTs [13, 14].

Among experimental data on LC+NT dis-
persions, one should note a concept of "per-
colation”-type behavior describing concen-
tration dependence of electric conductivity
[15], as well as data on optical transmit-
tance, Raman scattering, and electrooptic
effects typical for nematics obtained in dif-
ferent LC matrices [16, 17].

From these results, the picture of orien-
tation of NTs by the LC matrix seems to be
sufficiently clear. In many papers [18-20],
explanatory drawings are included, depict-
ing NTs and NLC molecules in a joint su-
pramolecular arrangement. According to
these pictures, NTs can be really considered
as a sort of non-mesogenic dopants of large
size and anisometry, with no specific fea-
tures and a conventional scheme of the
Freedericks transition [21]. One can just
mention a too large NT length leading to
shunting of a LC cell [22].

At the level of qualitative molecular
models, the most detailed and comprehen-
sive description seems to have been offered
by Basu and Iannacchione [23—25]. Their vi-
sion of supramolecular arrangement in
NLC+NT dispersions is based on the picture
of a multiwalled carbon nanotube as a rela-
tively large cylinder-shaped object aligning
anisometric nematic molecules of much
smaller size at the scale of several molecu-
lar layers. In this supramolecular structure
of the nearest molecular environment in-
duced by the nanotube, the local orienta-
tional order parameter of the nematic is
clearly increased; however, on the macro-
scopic scale the nematic-isotropic phase
transition is not increased, but even slightly
decreased. This most probably reflects the
fact that director orientations of the or-
dered "micro-domains” are not correlated on
the macroscopic scale, and the resulting
contribution on the nematic order parame-
ter tends to be negative.

This picture, however, seems to ade-
quately describe only the NLC+NT disper-
sions at very low NT concentrations
(< 0.01 %) or during a short time interval
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after ultrasonication when emerging proc-
esses of NT aggregation do not significantly
affect the picture. We can refer to several
publications [26—28] where this aspect has
been considered (though explicit data on the
effects of concentration/time related aggre-
gation seem to have remained in the "know-
how" subtext implications).

In our approach, we treat the aggregate
formation in NLC+NT dispersions not as a
spurious phenomenon that should be
avoided (using lower concentrations, more ef-
ficient sonication, chemical treatment of NTs,
etc.), but as a natural behavior of a complex
multi-component anisotropic liquid system.
Taking dispersions of multiwalled carbon
nanotubes in the well-known nematic 5CB as
a basis for our studies, we used five different
experimental methods to monitor the dynam-
ics of NT aggregate formations and proposed
a tentative theoretical model to describe the
whole complex of the obtained results.

2. Materials and methods

As a nematic host, we used 4-pentyl-4'-
cyanobiphenyl (5CB) — a typical LC sub-
stance with dielectric anisotropy As > 0 and
nematic range 22-35°C (Chemical Reagents
Plant, Kharkiv, Ukraine). The multi-walled
NTs (TMSpetsmash Ltd., Kyiv, Ukraine)
were prepared from ethylene using the
chemical vapour deposition (CVD) method as
described in [29, 17]. The NTs involved
typically had the outer diameter d, about
10-20 nm, while their length ranged from 5
to 10 um.

The optical microscopy images were ob-
tained using OI-3 UHL 4.2 microscope
(LOMO, Russia). The microscope detector
unit was interfaced with a digital camera
and a personal computer. The images were
taken with 400 enlargement, the layer
thickness was 50 um.

The optical transmission spectra were
measured in a 50 um thick cell using a Hita-
chi 330 spectrophotometer. The studied dis-
persion was introduced between the cell walls
by the capillary forces; the resulting align-
ment was believed to be close to planar.

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,
covered by a polyvinyl aleohol 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,
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Fig. 1. Microphotographs of 5CB + 0.1 % NT dis

persion samples before (a) and after (b) incubat

n\>
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for 8 h. The number and size of aggregates is obviously increased.

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), to make sure that tgd of
the empty cell did not exceed 0.0001.

For conductivity and capacitance meas-
urements, the ac voltage of 0.25 V and
1 MHz was used, which should not affect
the LC director field. The experimental set-
up provided application of DC bias voltage
up to 40 V to the cell. The external DC
voltage could align the molecules, thus lead-
ing to re-orientation of the nematic director
and corresponding changes in dielectric
properties and conductivity.

Differential scanning calorimetry (DSC)
measurements in the temperature range
around the nematic-isotropic transition
(35°C) were carried out using a Mettler TA
3000 thermoanalytical system at 1 K/min
scanning rate both on heating and cooling.

Experiments using methods of singular
optics were carried out essentially as de-
scribed in [34].

In all the experiments carried out by the
above-listed methods, the 5CB+NT disper-
sions were first studied just after prepara-
tion (sonication), and then measurements
under the same conditions were repeated
after these dispersions had been incubated
for several hours (i.e., when the formation
process of NT aggregates was expected to be
sufficiently developed (at least partially
completed)).

Results and discussion

Fig. 1 shows the microscopic picture of
the dispersion 5CB + 0.01 % NT just after
sonication (a) and after incubation for
6 hours at 25°C (b). It can be seen that NT
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Fig. 2. Optical transmittance in the vicinity
of isotropic-nematic transition temperature
for undoped 5CB (1) and 5CB + 0.1 % NT
dispersion (just after sonication (2) and after
incubation for 8 h (3).

aggregates have been substantially grown,
both in relative and absolute size; the area
fraction occupied by the aggregates after
incubation can be estimated as 35—40 % of
the total area. The corresponding changes in
optical transmission (measured in parallel
experiments using the same dispersion sam-
ples) are shown in Fig. 2. The characteristic
"jump” of optical transmission at the ne-
matic-isotropic transition [15, 17] becomes
noticeably smaller after incubation. This re-
flects a decrease in the general anisotropy
of the composite system, which can be due
to formation of NT aggregates (considered
as "non-anisometric” objects embedded into
the anisotropic phase formed by anisometric
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Fig. 3. Changes in relative electrical conduc-
tivity o/c, versus the dc voltage U applied to
the measurement cell containing pure ne-
matic 5CB (I) and 5CB doped by MWCNT
(0.1 % wt) for "fresh” (2) and "incubated”(3)
(8 hours) suspensions, T' = 298 K.

particles (5CB molecules and individual
NTs). Such behavior is similar to that noted
earlier for EBBA+NT dispersions [30].

Fig. 8 shows changes in electrical con-
ductivity upon application of dc voltage to
the "fresh” and incubated 5CB + 0.01 %
NT dispersion samples. The introduction of
NTs leads to a significant increase in con-
ductivity, with the relative increase in con-
ductivity above a certain "threshold” volt-
age becoming noticeably larger. This can be
explained by the mechanism of Freedericks
transition typical for nematics with A > 0
[31], when the planar alignment of both
5CB molecules and nanotubes incorporated
into the orientationally ordered nematic
structure is changed into the homeotropic
alignment (with long axes of anisometric
particles aligned along the electric field)
[17]. After incubation and resulting large-
scale formation of NT aggregates, the after-
threshold conductivity values become
smaller (reflecting a decrease in the general
anisotropy of the system), and the threshold
voltage (and the onset voltage of the conduc-
tivity rise) is increased. This can mean that
the NT aggregates formed hinder the reorien-
tation of 5CB molecules (and nanotubes incor-
porated into the oriented nematic structure).

At this stage, we recalled some earlier
experiments made under the same condi-
tions, when we studied 5CB+NT dispersions
into which we added, at the stage of prepa-
ration of the dispersion, certain amounts of
organomodified montmorillonite (MMT)
[31]. The preparation of LC+MMT disper-
sions means, at the level of molecular phys-
ics, exfoliation of the organoclay plate-like
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Fig. 4. Relative changes in electrical conduc-
tivity 6/c, versus the dc voltage U applied to
the measurement cell containing undoped ne-
matic 5CB (1) and 5CB doped with 0.1 %
MWCNT (2), and 0.1 % MWCNT + 0.1 %
organomodified MMT (3). Insert shows the
threshold voltages U,; for samples 1-3.

particles and their incorporation into the
orientationally ordered nematic structure.
To make the comparison easier, we present
here some of these results (Fig. 4). It can be
noted that introduction of MMT particles
into the B5CB+NT dispersion leads to
changes in the conductivity behaviour at
Freedericks transition that are similar to
those induced by NT aggregate formation
(the after-threshold conductivity values be-
come smaller, and the threshold/onset volt-
age is increased). The idea of NT aggregates
as newly-formed particles, with their three-
dimensional shape more plate-like than
elongated, and probably of fractal nature
[30], does naturally arise.

Considering NT aggregates in LC media,
one can imagine two limiting cases of their
eventual structure. One of them, with
strong interaction between NTs, are, in
fact, residual bundles or clusters of not
fully dispersed nanotubes structured paral-
lel to each other. The other type could
emerge as a result of "secondary” interac-
tion of the dispersed individual nanotubes
in the LC medium. This interaction can be
described as proposed in [33]. The case il-
lustrated by Fig. 3b of this paper involves
fractal clusters of rods formed by diffusion-
limited cluster aggregation, with isotropic
distribution of rod orientations. If the vol-
ume fraction is low, the fractal structure
implies the existence of voids in the suspen-
sion of relatively large size. In further nar-
ration, we will denote the structures of this
type formed by nanotubes as "S-aggregates”.
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Fig. 5. Heat flow H versus temperature T in DSC
experiments (heating) with pure 5CB (1) and 5CB
filled by MWCNT (0.1 wt. %) for "fresh” (2) and
"incubated” (3) (for 8 h at 298 K) suspensions.

One can image an S-aggregate as a fractal
structure formed by nanotubes with voids
filled with captured nematic molecules. In a
simplified model, the intersecting individual
nanotubes form stochastic fractal structures
based on simple geometrical figures. If the
nanotube length is a, and its aspect ratio is r,
one can calculate the volume V, of a three-di-
mensional "skeleton”, as well as the total vol-
ume V, of the nanotubes forming the skele-
ton. At aspect ratios of ~100, the V,/V, ratio
can be of the order of several hundred. The
ramified S-aggregates capture surrounding
LC molecules, and their microsize volume can
be by 2-2.5 orders greater than the total
volume of the nanoparticles involved. This
means that at NT concentrations of ~0.1 %,
the volume fraction of S-aggregates in the
nematic matrix can reach 25—30 % and more,
which is clearly reflected in the microscopic
images. Thus, we obtain a heterogeneous
system comprising S-aggregates with incor-
porated and adjacent nematic molecules and
the "bulk”™ nematic phase with dispersed
"uncaptured” nanotubes.

It could be expected that behavior of ne-
matic molecules "inside” and “outside” the
S-aggregates in the nematic-isotropic phase
transition would be different, and these fea-
tures would affect the shape of correspond-
ing DSC peaks. The obtained DSC thermo-
grams for pure 5CB and 5CB + 0.1 % NT
dispersion before and after incubation are
shown in Figs. 5,6.

On heating, the nematic-isotropic transi-
tion temperature T; of the "fresh” disper-
sion is slightly (by 0.1-0.2°C) lowered, and
the peak is slightly broadened. This behav-
ior is close to that observed in [23-25], sug-
gesting that the few already formed aggre-
gates practically do not contribute. After
incubation, the peak broadens further, and
this broadening goes essentially to higher
temperatures; the broadened peak seems to
cover T; values of both pure 5CB and
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Fig. 6. Heat flow H versus temperature T in DSC
experiments (cooling) with pure 5CB (1) and 5CB
filled by MWCNT (0.1 wt. %) for "fresh” (2) and
"incubated” (3) (for 8 h at 298 K) suspensions.

"fresh” dispersion. This may indicate that
"captured” 5CB molecules undergo the tran-
sition with a certain lag.

On cooling, T; of pure 5CB is lower by
0.2-0.3° than on heating (which is typical
for all nematics). With incubated disper-
sions, the isotropic-nematic transition be-
gins earlier than with pure 5CB, and the
apparent T; is close to that on heating. One
may assume that 5CB molecules in the "cap-
tured” state are oriented more readily —
the "skeleton” favors the nematic ordering.
With "fresh” dispersions the picture is
similar, but less pronounced. In another
set of experiments, using methods of singu-
lar optics as described in [34] it was shown
that such anisotropic microsized shells initi-
ate strong speckled scattering with induced
optical singularities, which is clearly en-
hanced after incubation. The details of these
experiments will be published elsewhere.

4. Conclusions

Formation of aggregates of multiwalled
carbon nanotubes dispersed in nematic 5CB
was studied using five different experimental
techniques (microscopy, optical transmission,
electric conductivity, differential scanning
calorimetry, and methods of singular optics).
It is assumed that these aggregates consist of
a "skeleton” formed by nanotubes arranged in
a stochastic fractal structure and a “shell”
("coat™) of the incorporated and adjacent ne-
matic molecules. These aggregates can be con-
sidered as large quasi-macroscopic particles in
the nematic matrix. The experimental results
obtained by different methods appear to be in
agreement with each other and the proposed
physical picture.

Next steps toward deeper understanding
of the process of NT aggregate formation
and development of a molecular theory of
this new class of anisotropic colloidal sys-
tems require further experimental data, in-
cluding the effects of nanotube concentra-
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tion, aspect ratio, percolation phenomena,
molecular structure of anisotropic disper-

sion media,

etec. These studies are now

under way in our laboratories and will be
presented in further publications.
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Arperatu 6araToCTiHKOBMX BYTJIeIIleBMX HAHOTPYOOK
Yy HEMATHYHHMX PiTKHX KPHCTAJAX: eKCIIePUMEHTAJbHI
cBigueHHa Ta (pi3MUYHA KapTHHA

C.C.Minenko, JI.M.Jluceyvruii, A.I.I'onwapyx, M.I.JIe60o6xa,
B.B.Ilonesuwuncovruii, M.C.Cockin

VrBopenus arperaris 0araToCTiHKOBMX BYIJIEIeBUX HAHOTPYOOK, AUCIIEPIrOBAHMX Yy HEMa-
TuuHOMY Pimkomy Kpucrami 5CB, mocaimkeHo pisHumm mMeromamu (MiKpPOCKOMis, omTHUYHE
IPOIIyCKAHHS, €JeKTPONpPOBigHicTh, audepeHIliaibHa CKaHylua KajlopuMmerpis i meromu
CUHI'YJISIPHOI ONTHUKM). 3mificHeHO MOHITOPiHI OPpMyBAHHS arperaTtiB y 4acoBomy MaciiTadi
IeKiJIbKOX IOAMH Ta 3aIIPOIIOHOBAHO (PiBMUHY MOIeNb, sSIKA ONHCYE IX yTBOpeHHs. IIpumyc-
Ka€ThCs, IO arperaTd CKJIaZaloTheA 31 cKesera” i3 HAaHOTPYOOK, YIOPSIZKOBAHHX y CTOXAC-
TUYHY (PPaKTAIbHY CTPYKTYPY, Ta 06osoHKH ( my0u") 3 iHKOPIIOPOBAHUX TA IIPUJIETIUX
MOJIEKyJ HeMaTuKa. Arperatu 1poro tuiy ("S-arperatu’ ) MOMKHA POSIVIANATH AK KBasi-MakK-
pocKomiuui yacTMHKHM y HeMaTuuHiili marpuili. ExcmepumeHTasbHI pe3yabTaTy, OTPUMAaHIL
pidHMMM MeTOmaMu, y3roAKyIOThCS MiK CO00I0 Ta 3 IIPOIIOHOBAHOIO (PiBMUYHOIO KApPTHHOIO.

Functional materials, 17, 4, 2010

459



