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A small quantity of carbon nanotubes (CNTs) was dispersed in a liquid crystal (LC) and the
LC þ CNT hybrid in the isotropic phase was found to exhibit an insulator-to-conductor transition
when an external electric field was applied. This effect was probed by measuring the resistance of
the system as a function of applied voltage across the LC cell. In an LC þ CNT hybrid, the LC
molecules self-assemble themselves at the CNT surface due to p-p electron stacking, creating
pseudonematic domains (PNDs) surrounding the CNTs. These CNT-embedded PNDs interact with
the external electric field even in the isotropic phase of the LC. When the external field is applied, the
PND-encapsulated CNTs start to rotate along the field and form wires due to their natural tendency
of entanglement. The CNT-wires eventually short the two electrodes of the LC cell, manifesting an
insulator-to-conductor transition in the LC þ CNT hybrid. Additional studies revealed that the cell
spacing and the CNT-concentration had a significant impact on the threshold voltage across the LC
cell for the insulator-to-conductor transition process. [http://dx.doi.org/10.1063/1.4966670]
I. INTRODUCTION

The versatile interactions between liquid crystals (LCs)
and carbon nanotubes (CNTs) are known for a number of fascinating physical phenomena, such as directed self-assembly
of CNTs in an LC, an electromechanical memory effect in
LC, an essence of chirality transmission from CNTs to LCs,
an induction of macroscopic helical twist from CNTs to LCs,
and a faster electro-optic response in the LC.1–13 A dilute suspension of CNTs in an LC platform is a unique assemblage of
an anisotropic dispersion in an anisotropic media, which
makes it an important and active area of both fundamental
and applied research for realizing the LC-CNT interactions.
In another direction, CNTs, being highly electrically conductive, have gained great research interests in recent years for
connecting two conducting electrodes at the nanoscale—where
the CNTs can be integrated into a micro- or nanoelectronic system.14–19 Therefore, finding ways to bridge two electrical conductors by assembling CNTs is an active area of research.20,21
The nematic phase of an LC shows dielectric anisotropy
De(¼ejj  e?), where ejj and e? are the components parallel
and perpendicular to the nematic director, respectively. For a
positive dielectric anisotropic LC, ejj > e?, and so, the director
reorients parallel to an applied electric field E. This director
reorientation process occurs because the nematic system is
dielectrically anisotropic and experiences a torque proportional to DeE2 (Ref. 22) under the presence of E. The director
reorientation process depends on the magnitude of the field
and not on its sign. The isotropic phase of the LC, however,
does not react to an electric field due to the absence of any orientational order (i.e., De ¼ 0). On the other hand, CNTs do not
have any permanent dipole moment, and therefore, they do
not interact with a uniform E field. As a result, it is difficult to
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manipulate CNTs for electrically connecting two electrodes
by applying a uniform E field.
Here, we experimentally present that an isotropic LC
platform can be used to construct CNT-wires by applying a
uniform E field and the LC þ CNT hybrid shows an insulatorto-conductor transition—where the LC-guided CNT-wires
electrically connect the two electrodes of the LC cell.
II. EXPERIMENTS, RESULTS, AND DISCUSSION

Multiwall carbon nanotubes (MWCNTs) and 4-cyano-40 pentylbiphenyl (5CB) LC were used for our studies. The
MWCNTs were obtained from Nanostructured & Amorphous
Materials, Inc., and had an outer diameter in the range
8–12 nm, inner diameter 3–5 nm, and length 0.5–2.0 lm.
A small amount of MWCNT sample was first dispersed in
ethanol and shaken on a vortex mixer for 1 h, followed by sonication for 10 h. The liquid crystal 5CB (clearing temperature
¼35  C) was then added to the ethanol þ CNT mixture and
sonicated for 5 h, allowing the LC to dissolve completely in
the solution. Finally, the ethanol was evaporated slowly at an
elevated temperature, leaving a pure LC þ CNT mixture.
Finally, the LC þ CNT was degassed under vacuum for 1 h.
This process was repeated to produce five known concentrations of CNTs in the LC: 0.0018, 0.004, 0.005, 0.006, and
0.007 wt. %. Commercially manufactured LC cells (planar
rubbed from Instec, Inc.) with indium tin oxide (ITO) coated
area were used for our experiments. LC cells with five different cell spacing, d ¼ 3.3, 5.0, 7.7, 9.0, and 12 lm, were used
in the experiment.
In an LC þ CNT mixture, the LC molecules anchor to
the CNT wall to enhance p-p stacking by maximizing the
hexagonhexagon interactions23 as schematically shown in
Fig. 1(a). The blue ellipsoid represents an LC molecule and
the black cylindrical honeycomb structure is a CNT surface.
The molecular structure of 5CB is shown in red in the
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FIG. 1. Schematic illustrations of LC-CNT interaction: (a) anchoring of an
LC molecule on the CNT surface due to p–p electron stacking. The blue
ellipsoid is an LC molecule and the black cylindrical honeycomb structure is
a CNT surface. The molecular structure of 5CB LC is shown in red in the
ellipsoid on the CNT surface. The p–p electron stacking is illustrated by
matching the LC’s benzene rings on the CNT-honeycomb structure; (b) a
simplified version of a CNT; (c) a pseudonematic domain surrounding a
CNT. The arrow shows the local director of the pseudonematic domain.

ellipsoid on the CNT surface. The p-p electron stacking
is illustrated by matching the LC’s benzene rings on the
CNT-honeycomb surface. The p-p stacking interaction has
also been observed recently between LC and graphene.24–27
The anchoring energy associated with p-p stacking interaction jUanchorj  2.0 eV.23 In our model, this anchoring energy
induces local short-range orientational order (i.e., a pseudonematic domain (PND)) of LC molecules surrounding the
CNT-wall having a local director along the tube axis. A simplified version of a CNT is shown in Fig. 1(b). The pseudonematic domain (PND), formed due to the LC-CNT
anchoring mechanism, is illustrated in Fig. 1(c). The PNDs
have different dielectric anisotropy (DePND) than the bulk LC
depending on the radius, length, and chirality of the CNTs.
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In the isotropic phase of 5CB (T ¼ 40  C), the thermal energy
Uthermal  kBT ¼ 2.7  102 eV. So, Uthermal  jUanchorj, and
therefore, the PNDs are not eradicated in the isotropic phase
of an LC þ CNT mixture. The nematic phase, however, overshadows the PNDs due to the existence of the long-range orientational order in this phase. The PNDs become more
prominent in the isotropic phase, as the LC molecules in this
phase no longer maintain the long-range orientational order.
Therefore, the isotropic phase of 5CB has been utilized in
this experiment.
First, three cells (d ¼ 3.3 lm) were filled with (i) pure
5CB, (ii) CNT in ethanol, and (iii) 5CB þ CNT 0.005 wt. %,
by capillary action. A Keysight E4980A LCR meter was
employed to apply an AC voltage (1 kHz) across the cell and
simultaneously measure the resistance R across the cell. The
reason for applying the AC voltage is to avoid the affect of
ion migration on the resistance measurement. For a proper
comparison between various samples in various cells, the
resistivity q of each sample was obtained from the known
dimension of the cell using q ¼ R Ad, where A is the area of
the ITO electrode of the cell and d is the thickness of the
cell.
Figure 2(a) shows q as a function of applied voltage
for (i) pure 5CB in the isotropic phase at T ¼ 40  C, (ii)
CNT (0.005 wt. %) þ ethanol in room temperature, and (iii)
5CB þ CNT 0.005 wt. % in the isotropic phase at T ¼ 40  C.
Pure 5CB in the isotropic phase and CNT þ ethanol do not
show any significant change in q. As expected, 5CB acts as an
insulator and does not interact with the E field in the isotropic
phase. The CNTs in ethanol do not interact with the E field
either and never construct wires that could electrically connect
the two electrodes, as schematically shown in Figs. 2(b) and
2(c). However, as seen in Fig. 2(a), 5CB þ CNT 0.005 wt. %
shows a dramatic decrease in q above a threshold voltage,
Vth ¼ 7.26 V. Finally, q for the hybrid system drops three
orders of magnitude from its original value, manifesting an

FIG. 2. (a) Resistivity q as a function of applied voltage Vapp in 3.3 lm cells for (i) pure 5CB in the isotropic phase at T ¼ 40  C, (ii) CNT (0.005 wt. %) þ ethanol
in room temperature, and (iii) 5CB þ CNT 0.005 wt. % in the isotropic phase at T ¼ 40  C; (b) and (c) schematic representation of CNTs in ethanol when the field
is off and on, respectively; (d) the presence of pseudonematic domains surrounding the CNTs in the isotropic phase when the field is off; (e) the construction of
CNT- wires guided by the pseudonematic domains when the field is applied in the isotropic phase.
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insulator-to-conductor transition. Interestingly, as the applied
voltage is turned down to zero from 20 V, q for this hybrid
system does not go back to the original value. This can be
seen in Fig. 2(a). The arrows show the voltage cycling direction in Fig. 2(a). It is important to mention here that before the
voltage was applied, the initial resistant of this hybrid was in
the order of 1 MX, which is within the range of an insulator’s
resistance. After the voltage was ramped up, the resistance
dropped to 187 X. This insulator-to-conductor transition is
permanent. The resistance of the cell after a week was measured and found to be 190 6 5 X.
The isotropic phase of the LC does not interact with the
E field, as there is no long-range orientational order in this
phase. The PNDs surrounding the CNTs, in the isotropic
phase, have dielectric anisotropy DePND. Therefore, they
experience a torque proportional to DePNDE2, just like a
global nematic phase, when the E-field is applied. Without
the external field, the PNDs are randomly orientated in the
isotropic phase as shown in Fig. 2(d). When the E field
increases (i.e., the voltage is ramped up across the cell), the
PNDs start to align along the field, and the CNTs being
embedded in the PNDs, also follow the rotation. During this
rotational process, multiple PND-encapsulated CNTs find
each other and form a wire-like structure due to their natural
tendency of entanglement. When the length of the CNT-wire
is grown above the cell thickness (which is 3.3 lm in this
case), the two ITO electrodes get electrically connected, as
schematically shown in Fig. 2(e), and the contact resistance
of the system drops to 187 X from 1 MX, exhibiting an
insulator-to-conductor transition. Once the connection is
established, it stays intact even after the applied voltage is
turned off, as demonstrated in Fig. 2(a) with the applied voltage cycling arrows.
Since the LC-guided CNT-wire formation and the connection between the electrodes occur due to the CNTs’ natural tendency of entanglement, it is expected that (a) the
spacing between the two electrodes and (b) the CNT concentration in the LC would greatly impact the wire construction
process. To examine the effects of these two parameters on
the CNT-wire construction process, additional experiments
were carried out as discussed below.
To understand the effect of the cell thickness (i.e., the
spacing between the two electrodes) on the threshold voltage
Vth for the connecting process, the experiment was repeated
for multiple cells with different thicknesses. Figure 3 shows
q as a function of applied voltage for 5CB þ CNT 0.005 wt. %
in five different cells listed in the legend. The result demonstrates that when the cell thickness increases, a higher voltage is needed to start the connecting process. However, no
connecting process of the CNT-wire was observed for the
12 lm thick cell as shown in Fig. 3. This may indicate that
more than 20 V is needed to connect the two 12 lm apart
electrodes with LC-guided CNT-wires. Unfortunately, due to
the internal limitation of the Keysight E4980A LCR meter,
applying more than 20 V was not possible. The inset in
Fig. 3 shows Vth as a function of cell thickness d. The dotted
line shows a linear fit (R2 ¼ 0.9814) with a (0,0) intercept.
It is expected that when the number of CNTs increases
in the LC, the probability of CNTs finding each other for
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FIG. 3. Resistivity q as a function of applied voltage Vapp for 5CB þ CNT
0.005 wt. % at T ¼ 40  C in five different cells listed in the legend. The inset
shows the threshold voltage Vth as a function of cell thickness d. A linear fit
(R2 ¼ 0.9814, (0,0) intercept) is shown.

constructing wires also increases. Therefore, lower Vth should
be needed to establish the connection between the two electrodes at higher CNT concentrations. Figure 4 shows the
effect of CNT concentration on Vth for a constant cell thickness d ¼ 5 lm. The inset in Fig. 4 shows Vth as a function of
CNT concentration in 5CB. For the first three CNT concentrations: 0.0018, 0.004, and 0.005 wt. %, Vth decreases monotonically as the concentration increases. This indicates that
when the number of CNTs increases in the mixture, smaller
Vth is needed to establish the connection. Interestingly, for
the last two concentrations, 0.006 wt. % and 0.007 wt. %, Vth
increases. It is possible that above 0.005 wt. % the CNTs start
to aggregate at the nanoscale. Aggregated CNTs would not
effectively interact with the LC through p-p stacking and
would not effectively participate in the wire construction process. Aggregated CNTs may also phase separate from the LC,
reducing the effective CNT concentration in the 5CB þ CNT
mixture. Therefore, at 0.006 wt. % and 0.007 wt. % concentrations the increase in Vth is observed. This concentrationdependent study indicates that there exists an optimal

FIG. 4. Resistivity q as a function of applied voltage Vapp for 5CB þ CNT
for five different concentrations listed in the legend. All the concentrations
were studied in d ¼ 5 lm cells. The inset shows the threshold voltage Vth as
a function of CNT concentration.
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FIG. 5. Optical micrographs under a
crossed polarized microscope at 25  C
(nematic phase) for 5CB þ CNT
0.005 wt. % (a) before the voltage was
applied; (b)–(d) after the voltage was
applied. The dashed line in (d) shows
the boundary between ITO and nonITO regions.

concentration—0.005 wt. % for the lowest Vth for establishing
the CNT-wire connection.
Several 5CB þ CNT cells were examined using a
crossed polarizing optical microscope in the nematic phase
before and after the voltage was applied. Figure 5(a) shows
the optical micrograph of 5CB þ CNT 0.005 wt. % sample in
the nematic phase in a 5 lm LC cell before the voltage was
applied. The black dots are 5 lm spacer particles that maintain the thickness of the cell. After the voltage was ramped
up and down, the cell was brought down to the nematic
phase. Figures 5(b)–5(d) show the same sample at three different areas in the nematic phase after the voltage was
applied. The large dark areas are the regions where the CNTwire connections between the two electrodes are established
in the LC cell. The CNT-wires, being highly conductive,
draw a lot of current that can burn the surrounding LC due to
Joule heating. Therefore, the regions where the CNT-wires
are constructed appear dark under the crossed polarizing
optical microscope. Figure 5(d) shows both ITO and nonITO regions in the cell. Clearly, the CNT-wire is constructed
in the ITO region where the two ITO electrodes can be connected by the CNT-wire. No such large dark regions are
observed in the non-ITO region—which indicates that the
applied E field is required to construct such LC-guided
CNT-wires.
III. CONCLUSIONS

It is experimentally demonstrated that the isotropic LC
phase can be used to construct CNT-wires that can electrically connect two electrodes with a final contact resistance
of 187 X. This effect may have applications in nanoelectronics for electrically connecting two conductors at the
nanoscale. The cell thickness and the CNT concentration
in the LC are found to be important parameters for this

insulator-to-conductor transition process. Presented results
are expected to advance the conceptions about, and methodology towards, nanoscale manipulation of CNTs via LCs and
LC orientation control using their interactions with CNTs.
These studies will also lead directly to the central role played
by LC-influenced organizational themes in the development
of self-assembled systems at the nanoscale interfaces.
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