Functional Materials 18, No.2 (2011)

Dispersions of carbon nanotubes in nematic
liquid crystals: effects of nanotube geometry

L.N.Lisetski, A.M. Chepzkov S.S.Minenko,
N.I. Lebovka M.S.Soskin o

Institute for Scintillation Materials STC "Institute for Single Crystals™, National
. Academy of Sciences of Ukraine, 60 Lenin Ave., 61001 Kharkiv, Ukraine
"F.Ovcharenko Institute of Biocolloidal Chemistry, National Academy of
Sciences of Ukraine, 42 Vernadsky Pr., 03142 Kyiv, Ukraine Institute of
Physics, National Academy of Sciences of Ukraine,
46 Pr. Nauky, 03039 Kyiv, Ukraine

Received April 5, 2011

Comparative studies were carried out of aggregate formation by carbon nanotubes
(CNT) of different geometry dispersed in nematic liquid crystal 5CB. The picture of
aggregation was found to be essentially similar for multi-walled and single-walled nanotu-
bes (MWCNTs and SWCNTs), apparently not affected by the difference in aspect ratios,
while for "short™ nanotubes (s-MWCNT) the aggregation threshold was several times
higher. A model is proposed describing the eventual effects of CNT bending in the liquid
crystalline media, with effective values of the nanotube length and aspect ratio controlling
the process of aggregate formation. The results obtained present a consistent picture
interrelating geometrical parameters of CNTs, their concentration in the nematic disper-
sion, orientational order parameter, temperature-dependent optical transmission of the
dispersion, and the rate of aggregate formation determining time stability of the obtained
composite materials.

IIpoBenensl cpaBHUTENbHBIE HCCJIEIOBAHUA OOPA30BAHUS arperaToB yIJIePOAHLIMKA HAHO-
TPyOKaMHU Pa3JINUUYHON reoMeTpPHUU, AUCIIEPrMPOBAHHBIMH B HEMATHUYECKOM JKUIKOM KPHCTAJI-
ne 5CB. Kapruna arperanuu OKa3blBaeTCs CXOTHOM IJisi MHOIOCTEHOUYHBLIX U OJHOCTEHOUHBIX
HAHOTPYOOK, 0e3 CyI[eCTBEHHOrO BJMSHMUS ACIHEeKTHOrO OTHOIINEeHHs. B TO Ke Bpems IJs
"KOpPOTKMX" MHOIOCTEHOUYHBLIX HAHOTPYOOK KOHIIEHTPAILMOHHBII IOPOT arperanuyu B HECKOJb-
KO pa3 BBIIIE II0 CPABHEHHIO C JJUHHBIMHU . IIpenjosKeHa MOJEJb, OIIMCHLIBAIONIAS BO3MOMK-
Hble a(peKTsl n3ruba HaHOTPYOOK, OPHEHTUPOBAHHBIX JKUIKOKPUCTAJIINYECKON Cpenoil; mpu
9TOM IIPOIECC arperanuu KOHTpoaupyercs 9h(PeKTUBHBIMU 3HAUEHUSMU IJINHB HAHOTPYOKU
M ee acCIeKTHOr0 OTHOIIeHHus. IlosyuyeHHbIe pPe3yJbTATHI [LAI0OT COIJIACOBAHHYIO KapTUHY,
CBSIBBIBAIOIIYI0 I'€OMETPHUYEeCKUe HapaMeTpbl HAHOTPYOOK, MX KOHIIEHTPAIIMIO B HeMaTHYec-
KOl maucriepcuy, mapamMerp OPHUEHTAIMOHHOIO IIOPSAAKA, 3aBHUCSINEe OT TeMIePaTypPbl OIITH-
YeCcKoe IIPOIIyCKAHMe MUCIEePCHU U CKOPOCTH OOPA30BAHUS arperaroB, UTO OIIPEHeJsieT Bpe-
MEHHYIO CTAOMJIBHOCTD IIOJIyYaeMbIX KOMIIOBUTHBIX MAaTEPHUAJIOB.
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1. Introduction

Dispersions of carbon nanotubes (CNT)
and other types of anisometric micro- and
nanoparticles in liquid ecrystalline (LC)
media have rapidly developed into a new
class of composite materials with broad
prospects of their practical application
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[1-3]. However, an important drawback of
LC+CNT composites is that nanotubes dis-
persed in orientationally ordered LC me-
dium show a tendency to their gradual ag-
gregation, which leads to structural inho-
mogeneity of the samples and time
instability of their characteristics. The pre-
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Fig. 1. A model picture of CNT aggregation in nematic liquid crystal medium.

sent-day situation with this problem is
largely summarized in two recent papers by
J.Lagerwall and co-workers [4,5], as well as
in our previous publication [6].

To achieve suppression or slowdown of
the aggregation process without resorting
to chemical modification of the nanotube
surface or introduction of additional compo-
nents into a LC+CNT dispersion, one should
first clear up the physical picture of how
the aggregates of nanotubes are formed in
the anisotropic medium. The first step was
made when a simple experimental method
was proposed [7] that allowed monitoring of
CNT aggregation on the real time scale by
measuring the optical transmission through
a LC cell with dispersed nanotubes in the
vicinity of the nematic to isotropic transi-
tion temperature. Further experimental
data were obtained using differential scan-
ning calorimetry, measurements of electri-
cal conductivity, and other methods [6, 8-
10]. To summarize, a tentative physical pic-
ture can be described in the following way.
The initial CNT bundles are rather effi-
ciently destroyed by ultrasonication, and
the resulting dispersion consists of individ-
ual nanotubes, which are more or less homo-
geneously dispersed in the nematic matrix
and aligned by the nematic director (Fig. 1,
left). After sonication, the nanotubes gradu-
ally assemble into fractal aggregates, incor-
porating some molecules of the nematic ma-
trix into the "micropores” of the aggregate
"skeleton” (Fig. 1, right). The presence of
such aggregates was first noted in experi-
ments using optical methods [11], with frac-
tal boundaries observed as a certain visible
"coat”. To distinguish this type of aggre-
gates from initial CNT bundles, percolation
networks and other structures that can
emerge in dispersions of nanotubes, the
term "S-aggregates” has been coined [6].
After several hours or days of incubation
such S-aggregates behave like micron-sized
small particles of flattened shape occupying
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up to 20—40 % of the bulk nematic volume.
This can be described by a heuristic rela-
tionship [9]

Caggr = A, (M

where C,,. is the volume concentration of
S-aggregates, ¢ is the CNT volume concen-
tration in the dispersion, A is a pheno-
menological parameter accounting for the
details of the geometry, r is the aspect ratio
of the nanotubes (nanotube length ! divided
by its diameter d), and ds is the experimen-
tally determined (see, e.g., [7]) fractal di-
mensionality of the aggregate.

The aim of this work was comparison of
aggregation behavior of CNTs of different
types in a nematic liquid crystal 5CB.

2. Theoretical considerations

To give a quantitative estimate of the
conditions required for the S-aggregate for-
mation, one can assume a simplified picture
of CNTs dispersed in a nematic medium as
shown in Fig. 2. Let us consider two nano-
tubes of length [ and diameter d (i.e., aspect
ratio r = [/d) in a nematic medium that im-
poses orientational ordering on the nanotu-
bes, which is described by the orientational
order parameter S (S = (8cos20 —1)/2,
where 0 is the angle between the nanotube
long axis and the nematic director, and the
brackets ( ) denote statistical averaging).
As a next step, we assume that the system
is time stable (“vitrificated™) with its pa-
rameters determined by the statistically av-
eraged values. The minimum average dis-
tance between the nanotubes in Fig. 2 (or,
generally speaking, between adjacent nano-
tubes in the imagined quasi-lamellar layer)
that allows their mutual contact (eventually
leading to aggregation) may be estimated as
m = lsinB/2.

From another viewpoint, if the volume
concentration of nanotubes is ¢ (which is
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Fig. 2. A simplified picture of mutual orien-
tation of two neighboring nanotubes in the
orientationally ordered medium.

also their concentration in the quasi-lamel-
lar layer), then CNT concentration in the
planar projection ("linear concentration”) is
Ve. At "linear concentration” Ve, the aver-
age distance between the nanotubes in the
quasi-lamellar layer is m = d/Nc. Thus, we
may write down the equation

sind = 2d/(WNec) = 2(me) L, (2)

which determines the critical CNT concen-
tration (i.e., the minimum concentration of
nanotubes of a specified aspect ratio r that
allows the CNT aggregation at a given value
of S). The value of rc¢ can thus be consid-
ered as a certain "similarity criterion” de-
scribing the aggregation behavior of nano-
tubes in quasi-homogeneous LC+CNT dis-
persions.

If the order parameter S substantially
decreases, the aggregation threshold should
also decrease. Recent experimental data [12]
show that CNT dispersions in the nematic
E7 (liquid crystal mixture on the basis of
cyanobiphenyls) are more stable than in 5CB
(4-pentyl-4’-cyanobiphenyl). This can be eas-
ily explained accounting for much higher
nematic-isotropic transition temperature of
E7 as compared with 5CB — under the same
conditions (i.e. at the room temperature)
the value of S is higher in E7 than in 5CB.
Experimental data [13], as well as our own
data, show that aggregation is much more
intensive in the isotropic than in the ne-
matic phase.
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3. Experimental results

To check up the validity of the above-de-
scribed theoretical considerations, one
should obtain experimental data on aggre-
gate formation in LC+CNT dispersions
using nanotubes of different geometrical
characteristics, with all other experimental
conditions being the same.

In our experiments, we used several different
types of carbon nanotubes. Single-walled
carbon nanotubes (SWCNTs, d = 1-2 nm,
1~20 um), as well as "short” multi-walled
carbon nanotubes (s-MWCNTSs, d = 5-10 nm,
1~ 0.5-2 um) were obtained from Arry In-
ternational GmbH, Germany and used without
further treatment. Multi-walled carbon nano-
tubes (MWCNTs, d = ~10 nm, [~ 10-20 um)
used for comparison (TMSpetsmash Ltd.,
Kyiv, Ukraine) were the same as used in
our previous works [6-10], as well as the
nematic matrix-4-pentyl-4'-cyanobiphenyl —
a typical LC substance with dielectric an-
isotropy Ae > 0 and nematic range 22-35°C
(Chemical Reagents Plant, Kharkiv,
Ukraine). The dispersions were prepared
using an UZDN-2T ultrasonic mixer as de-
scribed previously [7]. Optical transmission
of the obtained dispersions in the vicinity of
the nematic to isotropic transition was
measured using a Hitachi 3830 spectro-
photometer in a 50 um thick layer of planar
texture placed in a temperature-controlled
cell. All optical transmission values were
measured at 700 nm. This wavelength was
chosen as optimal because it was well above
the absorption region and selective reflec-
tion bands of the 5CB.

Fig. 38 present optical transmittance
"jump” in the vicinity of nematic-isotropic
transition for 5CB + SWCNTs (a) and 5CB
+ s-MWCNTs composites (b) with different
thermal pre-history.

The essential features of the results ob-
tained can be summarized as follows.

1. The behavior of 5CB + SWCNT com-
posites (Fig. 3a) is strikingly similar to 5CB
+ MWCNT systems studied previously [7, 8].
The optical transmission jump at the ne-
matic-isotropic transition and its evolution
during incubation show the same features
(after incubation, the transmission jump be-
comes smaller, and a slight overall increase
in transmission is observed; at CNT concen-
tration of 0.1 %, even the absolute measured
values are similar within several percent).
The microscopic images of the aggregates
were rather similar for initial (Fig. 4a) and
incubated suspensions (Fig. 4b), however, a
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Fig. 8. Optical transmittance "jump” in the vicinity of isotropic-nematic transition for composites
with different thermal pre-history: 5CB + SWCNTs, 0.1 % (a) and 5CB + s-MWCNTs, 0.4 % (b).
1—- correspond to non-incubated samples, and 2 — correspond to the samples incubated at 323 K for

24 h.

100" um

Incubated
for. 24 hours~

Fig. 4. Microscopic images of 5CB + SWCNT (0.1 %) composites in the nematic phase at T =
295 K. Images were taken immediately after sonication (a) and after incubation for 24 h. (b).

long-term (24 h.) incubation evidently re-
sulted in spatial distribution changes, and
increase of the size of cavities between clus-
ters.

More detailed data obtained for other
CNT concentrations indicate that probably
the aggregate formation threshold is
slightly higher (which is not consistent with
the criterion of Eq.(2) suggesting much
lower critical concentrations for SWCNTSs
having much higher aspect ratio.

2. On the contrary, the 5CB+s-MWCNT
composites (Fig. 3b) appear to be noticeably
different. At 0.1 % or 0.2 %, no signs of
aggregation progress during incubation
were noted, and optical transmission showed
even larger jumps. At 0.4 %, the behavior
became largely similar to the "standard”
picture, while at 0.8 % clear signs of CNT
sedimentation could be noted. This could be
easily understood in terms of the Eq.(2) cri-
terion — CNTs of shorter length and the
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same diameter required noticeably higher
concentrations for the start of S-aggregate
formation. The narrow concentration range
of "standard” behavior is limited from
above by eventual onset of sedimentation
processes. The microscopic images evidenced
that incubation for 5CB+s-MWCNT compos-
ites was clearly expressed and resulted in
formation of larger clusters (Fig. 5).

Thus, certain modifications of the above-
described theoretical picture should be made
to consistently describe all the set of experi-
mental data.

4. Discussion

A fundamental assumption in the pro-
posed picture of the nanotube ordering in
the nematic medium is that the CNTs are to
be considered not as rigid rods of fixed
length and diameter, but as semi-flexible
rods that can be easily bent by certain an-
gles in several places.

Functional materials, 18, 2, 2011
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Fig. 5. Microscopic images of 5CB + s-MWCNT (0.4 %) composites in the nematic phase at
T = 295 K. Images were taken immediately after sonication (a) and after incubation for 24 h. (b).

Such a model for CNTs in an isotropic
medium was considered in [14], where the
"contour length” and "end-to-end distance”
were introduced to characterize the actual
form of a nanotube. Analyzing images of
individual CNTs obtained by scanning elec-
tron microscopy and experimental viscosity
data for CNT dispersions in dimethylfor-
mamide, it was shown that these parameters
can differ by at least 2—4 times, making the
effective shape of the nanotube substan-
tially different from that suggested by the
formal aspect ratio value.

As for many other cases in the physics of
liquids, the problem can be greatly simpli-
fied due to orientational ordering of the dis-
persion medium. It is generally accepted
that the orientational ordering of the ne-
matic liquid crystal imposes orientational
ordering of the dispersed nanotubes [15,
16], thus restricting their freedom of move-
ment (in particular, rotation of CNTs as
anisometric particles about their short axes
is strongly hindered, as well as lateral dis-
placement of CNTs; the latter can be de-
scribed in terms of highly anisotropic vis-
cosity). One could assume that the nematic
orientational ordering would also restrict
internal degrees of freedom of the dispersed
anisotropic particles (CNTs). When large
organic molecules that can exist in the form
of two (or more) conformations with differ-
ent anisometry are dissolved in the LC me-
dium, the equilibrium between conforma-
tions is shifted towards the conformation
with higher anisometry (recent examples
can be found, e.g., in [17, 18]).

Treating CNTs as very large "molecules”™
that can assume different conformational
states — from the fully stretched to rolled
up into a coil — one can assume that bend-
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ing of a nanotube in the orientationally or-
dered medium will be less strong, and the
CNT segments will tend to be aligned along
a certain direction (which can be called, in
analogy to the standard LC term, an "inter-
nal director” of the nanotube). Then the
model of the "multiply bent” CNTs used in
[14] can be substantially simplified.

Assuming, as a first approximation, that
the segments are of the same length and the
bending angles are equal, we consider a
model of CNT in the orientationally ordered
medium as shown in Fig. 6. Using this
model, the "effective CNT length” L,; and
"effective CNT diameter” D, ¢+ may be calcu-
lated as

Lt = aNsing- = aNcoso, (3)
Deff = acos% + d, (4)

where N is the number of segments.

When ¢ = 180° (i.e. no bending), L,¢ = aN
= [ (the CNT contour length), and D,z = d.
When acos?®2 > d (i.e., when the segment
length is much larger than the nanotube
diameter, and the bending is sufficiently
strong), the effective aspect ratio is r,p =
Lot/ Depr = Ntg(9/2), i.e., it is not depend-
ent upon the CNT diameter. This can ex-
plain that MWCNT and SWCNT of similar
length unexpectedly showed quite similar
behavior in their aggregation, while the pic-
ture observed with "short™ MWCNT was
strikingly different.

A more detailed analysis can naturally
take into account the difference in bending
stiffness for nanotubes of different diame-
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Fig. 6. A model picture of "flexible” CNT in
the orientationally ordered medium. Here a is
the length of one segment, d is the CNT
diameter, ¢ is the angle between the neigh-
boring segments, and y is the angle between
a segment and the "internal director” (effec-
tive long axis) of the nanotubes. When the
orientational order parameter S is close to 1,
CNT is assumed to be aligned along the direc-
tor of the nematic host.

ter, scatter in the values of a and ¢ along
the nanotube, etc.

These considerations can also explain a
certain contradiction that is implicitly pre-
sent in many papers describing LC+CNT
dispersions. Schematic drawings illustrating
essential structural features of such sys-
tems (see, e.g., [2, 19-21]) show nanotubes
as anisotropic particles that are much larger
than anisometric LC molecules, but still of
qualitatively comparable dimensions. This
clearly contradicts the data on physical pa-
rameters of pure CNTs with aspect ratios of
several hundred and more and lengths of
several microns (i.e., close to thickness of
standard LC cells). The observed properties,
as well as theoretical descriptions, in fact,
correspond to much smaller lengths and as-
pect ratios of the dispersed particles. So,
the "effective” parameters L,s, D, and
reff can probably be considered as real
physically meaningful parameters determin-
ing many properties of LC+CNT systems.
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ducnepcii ByrieneBux HAHOTPYOOK Y HEMATHUYHMX
PiAKUX KpHcTajJax: epeKTH reoMeTpii HAaHOTPYOOK

J.M.JTuceyvruii, A.M.Yenixos, C.C.Minenxo,
M.I.Jleboexa, M.C.Cockin

ITpoBeneHO MOPiBHAMBHI AOCTifKEeHHSA YTBOPEHHSA arperariB BYIJIelleBUMU HAHOTPYOKaMU
pisHOi reomerpii, AuchmeproBaHMMU y HeMaTHYHOMY pigzkomy Kpuctami 5CB. Kaprtuna arpe-
ramii BuABMJIacA MOLIOHOIO AJs 0AaraTOCTiHKOBUX Ta OJHOCTIHKOBMX HAHOTPYOOK, 0e3 icToT-
HOTO BILINBY AaCIeKTHOro BifHomIeHHs. B Tol e uac AaA "KOPOTKHMX 6GaraTOCTIHKOBUX
HAaHOTPYOOK KOHIleHTpAaIlifiHuii mopir arperanii 6yB y KijnbKa pasiB BUIIUM y HOPiBHAHHI 3
"moBrumMu". 3alpOIIOHOBAHO MOJENb, KA OMUCYE MOMJUBI e@eKTH BUIMMHAHHA HAHOTPYGOK,
10 OPi€EHTYIOTHCA PiJKOKPUCTAJNIUHUM cepefoBUINleM, IPUYOMY IIpollec arperarii KOHTpPO-
JI0eThbcA e(PeKTUBHUMU 3HAUEHHAMU AOBKUHN HAHOTPYOKM Ta ii aclmeKTHOTO BigHONIEHHA.
OrpumaHi pesyJbTaTH AAIOTH Y3TOIKEHY KapTHUHY, AKa OB ’fA3ye IeOMETPUUHI TapaMeTpu
HAaHOTPYOOK, iX KOHIEHTpAIllilo Y HeMaTHuHiil gucmepcii, mapamMeTrp opieHTaliifiHOTO HOPAL-
Ky, 3aJieKHe BiJ TeMIlepaTypu OIITHUUYHe IPOIYCKAHHA gucliepcii Ta IMIBUAKICTH yTBOpPEHHA
arperariB, 110 BU3HAYAE YACOBY CTaOiJbHICTH KOMIOSUTHUX MaTepialiB, 110 OTPUMYIOTh.
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