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ABSTRACT: Chiral network surfactants (CNSs) possessing
miscibility with carbon nanotubes (CNTs) and chiral materials
are applied to disperse CNTs. Ultraviolet−visible absorption
spectroscopy is used to quantitatively determine the CNT
concentration in homogeneous CNT−CNS dispersions,
results indicate that CNSs with more mole fraction of
polycyclic conjugated structure have better ability to load
and disperse CNTs and the maximal concentration reaches
0.79 mg mL−1. Fourier transform infrared imaging system is
utilized to analyze the dispersibility of CNTs in CNT−CNS
composites, and CNS with 6 mol % nonmesogens (S6)
induces the best dispersibility. The CNT doped CNSs exhibit lower glass transition temperature, strengthened thermal stability,
decreased the thermochromic temperature and enriched reflected colors of CNSs. Furthermore, S6 are used as a promoter to
disperse CNTs in chiral host, here, a left-handed chiral liquid crystal (CLC) is selected, the miscibility between CNTs and CLCs
is studied by polarized optical microscope, and CNTs can be effectively dispersed in CLCs by S6. The CNT dispersed CLCs can
exhibit a faster electro-optical response process than neat CLCs.
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1. INTRODUCTION
Since the discovery by Iijima,1 carbon nanotubes (CNTs) have
make immense contributions to the rapid development of
functional materials. CNTs have been used for high-perform-
ance electrochemical energy storage,2,3 field emission display,4

electronic devices,5−7 biological detection,8 and reinforced
polymeric fibers.9,10 However, pristine CNTs tend to form
bundles because of strong intertube van der Waals binding
energy,11−14 and this makes the processing of CNTs become a
practical challenge when exploiting their unique properties. To
date, homogeneous CNT dispersions have been obtained by a
large number of methods. Covalent bond functionalized CNTs
can be evenly dispersed in organic solvents and polymers.15

CNT dispersions also can be prepared by noncovalent
modification using surfactants,16,17 polymers,18,19 and biological
macromolecules.20,21

In addition to the above-mentioned methods, using
thermotropic liquid crystals (LCs) to disperse CNTs is
beneficial for both of them. The orientational behavior of
CNTs can be preselected and determined through the self-
ordering properties of LCs, and the orientational order
parameter of CNTs reaches 0.9. Furthermore, CNTs can be
reoriented by reorienting the LC director fields, this
reorientation is due to the elastic interactions with anisotropic
LC host.22 Meanwhile, the physical properties of LCs can be
enhanced by CNT doping. 1.5 wt % CNTs can improve the
thermal stability of thermotropic liquid crystalline polymer as a
result of the enhanced interfacial interactions between CNTs
and polymer matrix.23 The presence of 0.005 wt % CNTs in
LCs can result in an increase in the dielectric anisotropy from

10.1 to 11.1, the reasons are mainly ascribe to the anchoring
energy and anisotropic structure of CNTs.24 The larger
dielectric anisotropy of the high-aspect-ratio nanotubes and
the parallel orientation of the nanotube to the LC director help
reduce threshold voltage in the CNT-doped LCs.25 The CNT
doped LCs exhibit a faster relaxation process than neat LCs due
to a reduced rotational viscosity.26 It is worth mentioning that
CNTs also can be dispersed in organic solvents with the
assistance of surfactants, conjugated polymers or DNA, and the
CNT dispersion can form a lyotropic LC system when the
CNT concentration is high enough.20,27,28 These studies
provide a new way to process and align CNTs in the lyotropic
liquid crystalline phase.
As nematic liquid crystals (NLCs) and CNTs share highly

anisotropic molecular structure and properties, dispersing
CNTs in NLCs has become a research hotspot in recent
years.29−34 The rod-shaped structure of CNTs enables them to
tend to align along the director of NLCs. Meanwhile, in order
to overcome the agglomerations of neighboring CNTs,
polycyclic aromatic group pyrene is used to form π−π stacking
interaction with CNTs.31

In this Research Article, novel chiral network surfactants
(CNSs) are designed and applied to disperse CNTs. The
foundation of dispersing CNTs by CNSs is presented as
following (see Schemes 1 and 2), the chiral mesogens on
surfactants have compatibility with chiral liquid crystals (CLCs)
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by joining the helical matrix of CLC, polycyclic conjugated
structure in nonmesogens are supposed to anchor on CNT
surface by π-stacking, and cross-linking network is involved in
the structure of surfactant to endow the dispersion system with
more stability.

2. EXPERIMENTAL SECTION
2.1. Materials. The multiwalled CNTs synthesized by a chemical

vapor deposition method were obtained from Shenzhen nano harbor,
purity of the pristine CNTs was 95 wt %, diameter ranged from 2 to 5
nm and the length was between 0.5 and 2 μm. The CLC L581 was
supplied by Shijiazhuang Chengzhi Yonghua Display Materials Co,
Ltd., which was a left-handed material with a clearing point (Tc) of
88.2 °C. The polarized optical textures of CLC L581 were shown in
Supporting Information Figure S1.

2.2. CNS Synthesis. The chemical structure of novel CNSs was
presented in Scheme 2. The synthesis procedure of CNSs was
described in Supporting Information. Key parameters of synthesized
CNSs were summarized in Table 1.

2.3. Preparation of Homogenous CNT−CNS Dispersions. Six
CNS−chloroform solutions were obtained by mixing 40 mg of
accurately weighed CNS (S1−S6) with 5 mL of chloroform in six
sample bottles. Six CNT−CNS suspensions were prepared by
dissolving 10 mg of CNTs into the above-mentioned six CNS−
chloroform solutions. To achieve homogeneous CNT−CNS dis-
persions, six suspensions were sonicated and centrifuged at a speed of
4000g for 30 min. The sonication parameter settings were kept the
same throughout the whole article: temperature held at 25 °C,
ultrasonic power at 100 W, an amplitude at 50%, in a deionized water
bath and time for 30 min.

Scheme 1. Schematic Illustration of Dispersing CNTs by
CNSsa)

aThe gray and green lines represent the parallel chiral axis of CNT and
CNS. The backbone of CNSs (blue), chiral mesogens (green rods),
crosslinking units (pink), and polycyclic conjugated structure in
nonmesogens (red) are listed. The dispersed CNTs can improve the
thermochromic properties of CNSs (described in the section 3.5).

Scheme 2. Chemical Structure of CNSsa

aR1 is chiral mesogen; R2 is flexible crosslinking unit, and R3 is nonmesogen with long hydrocarbon chain and polycyclic conjugated structure.
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2.4. Preparation of CNT−CNS Composites. Six CNT−CNS
composites were prepared in the following way: six homogeneous
CNT−CNS dispersions were vacuum-dried in an oven at 50 °C to
remove chloroform.
2.5. Preparation of CLC−CNT-S6 Composites. An appropriate

volume of CNT-S6 (0.79:8 wt/wt described in section 3.1) dispersion
(prepared in section 2.3) was mixed with CLC L581 and followed by
sonication. The mixture was vacuum-dried at 50 °C to remove
chloroform. By setting the proportion of CLC and CNT-S6
dispersion, composites with different proportions of CLC, CNT, and
S6 were prepared.
2.6. Instruments and Characterization. 2.6.1. Specific Rota-

tion. The specific rotation values of CNSs were measured by
PerkinElmer 341 polarimeter (D line of a sodium vapor lamp, 589
nm) in chloroform at 20 °C.
2.6.2. Ultraviolet−Visible−Near Infrared (UV−vis−NIR) Absorp-

tion Spectroscopy. UV−vis−NIR spectrometer (PerkinElmer, lambda
950) was used to detect the CNT concentration in homogeneous
CNT−CNS dispersion as follows: The UV−vis spectra data of eight
CNT−chloroform solutions (concentrations ranging from 1 to 16 μg
mL−1) were collected after sonicated, and a calibration plot was made
by monitoring the absorbance at 700 nm as a function of the CNT
concentration. Subsequently, to make sure that the detected CNT
concentration was within the in the linear range of calibration plot,
CNT−CNS dispersion was diluted 50 times. Meanwhile, a diluted
CNS solution was prepared by dissolving 40 mg of CNS in 5 mL of
chloroform and diluting 50 times, the diluted CNT−CNS dispersion
was added into the sample quartz cuvette (10 mm width), the diluted
CNS solution was added into the reference quartz cuvette (10 mm
width). Then, the unknown CNT concentration in dispersion was able
to be determined by measuring its optical absorbance.
2.6.3. Fourier Transform Infrared (FTIR) Imaging. FTIR imaging

system (PerkinElmer, Spectrum spotlight 300) provides two modes to
evaluate the distribution of single component in multicomponents,
transmission mode, and attenuated total reflectance (ATR) mode.
Transmission mode collects the overall information about samples,
including surface information and inner information, ATR mainly
collect the surface information on thin films. In this work, transmission
mode was selected to characterize the dispersibility of CNTs in CNT−
CNS composites. Liquid nitrogen was used to make sure the
temperature of IR detector is at 70 K.

2.6.4. Differential Scanning Calorimetry (DSC). The thermal phase
transition behavior of CNSs and CNT−CNS composites was
characterized using DSC (Q2000, TA Instruments, New Castle).
The samples were heated at 10 °C min−1 in a nitrogen environment
with a nitrogen gas flow rate of 50 mL min−1.

2.6.5. Thermogravimetric Analysis (TGA). TGA was performed in
nitrogen with a NETZSCH TG 209C instrument at a heating rate of
10 °C min−1 to probe the thermal stability of S6 and CNT embedded
S6.

2.6.6. Microscope Camera. The reflected images in the section of
Bragg selective reflection were taken by ProgRes microscope camera
(JENOPTIK).

2.6.7. Polarized Optical Microscope (POM). Polarized optical
textures of CNSs and CLC−CNT−S6 composites were observed by a
Carl Zeiss Scope A1 instrument. The samples were heated and cooled
at 1 °C min−1 with a Linkam heating and cooling stage.

2.6.8. Liquid Crystal Display (LCD) Tester. The electro-optical
response measurements of CLCs and CLC−CNT−S6 composites
were conducted using a LCD tester (North LCD Engineering Center).
The cells were made from glass substrates, containing patterned ITO
electrodes and planar aligning polyimide layer, the cell gap was
maintained by 5 μm spacers. The frequency of applied square-wave
voltage is 1000 Hz.

3. RESULTS AND DISCUSSION

3.1. Determination of Dispersed CNT Concentration.
Chloroform was selected as solvent in the UV−vis experiment
because of lack of chromophores (CC, CC, CO, NN,
and benzene) and auxochromes (−OH, −NH, −O−, and
−SH). Therefore, solvent effects were avoided in the detection
process. The UV−vis spectra of diluted CNT−CNS dispersions
are presented in Figure 1b, and the corresponding absorbance
values at 700 nm are listed in Figure 1c. With the linear
calibration plot (see Figure 1a) in hand, we are able to calculate
the original CNT concentrations in CNT−CNS dispersions,
they are estimated to be 0.035, 0.051, 0.099, 0.024, 0.60, and
0.79 mg mL−1, respectively. This result indicates CNSs with
more mole fraction of polycyclic conjugated structure have
better ability to load and disperse CNTs.

Table 1. Polymerization, Specific Rotation ([α]D
20), Glass Transition Temperature (Tg), and Tc of CNSs

samples PMHS (mmol) M1 (mmol) M2 (mmol) M3 (mmol) M3 (mol %) Tg (°C) Tc (°C) [α]D
20

S1 0.471 2.700 0.3 0.000 0.0 47.11 185.8 −11.28
S2 0.471 2.694 0.3 0.006 0.2 45.42 184.5 −11.23
S3 0.471 2.688 0.3 0.012 0.4 44.46 183.4 −11.15
S4 0.471 2.682 0.3 0.018 0.6 41.97 182.6 −11.05
S5 0.471 2.676 0.3 0.024 0.8 40.38 180.8 −10.94
S6 0.471 2.670 0.3 0.030 1.0 37.00 179.7 −10.81

Figure 1. (a) Calibration plot of CNTs at 700 nm. (b) UV−vis absorption spectra of diluted CNT−CNS dispersions. (c) Optical absorbance values
at 700 nm versus mole fraction of nonmesogens on CNSs.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00168
ACS Appl. Mater. Interfaces 2015, 7, 6724−6732

6726

http://dx.doi.org/10.1021/acsami.5b00168


3.2. Dispersibility of CNTs in CNT−CNS Composites.
The IR absorption spectra of CNSs and raw CNTs are listed in
Figure 2, CNTs exhibit distinct absorptions at 772 and 1219

cm−1, CNSs exhibit strong absorptions at 772 and 1714 cm−1.
Subsequently, the total IR absorption of CNT−CNS
composites was tested by FTIR imaging transmission mode.
Finally, the exclusive IR absorption of CNSs at 1714 cm−1 was
marked in the total absorption of CNT−CNS composites to
analyze the miscibility between CNTs and CNSs. The FTIR
images of CNT−CNS composites are displayed in Figure 2a−
d, the green areas represent weaker absorption at 1714 cm−1,
the yellow and red areas represent stronger absorption at 1714
cm−1. As 1714 cm−1 is the exclusive IR absorption peak of
CNSs, it indicates CNSs mainly exist in the yellow and red
areas. The relatively large and contiguous yellow areas in Figure

2a suggest that only few CNTs are dispersed in CNS matrix.
The yellow areas in Figure 2d are more scattered than those in
Figure 2a, indicating that there are more CNTs being loaded
and dispersed by CNS matrix (see Scheme 1), meanwhile,
yellow areas in Figure 2d present an uniform distribution,
which proves the dispersibility of CNTs in CNT−CNS
composites is excellent. On the basis of the above analysis,
we conclude that S6 is the best dispersant among S1−S6.

3.3. Thermal Phase Transition. Tg is connected with the
chain stiffness, chain length, chain movement, and free volume
of oriented polymers. Thermal phase transition analysis can be
used to figure out Tg. As shown in Figure 3a (solid lines), all the
CNSs possess obvious glass transition with Tg ranging from
47.11 to 37 °C. To examine the effect of the dispersed CNTs
on Tg of CNSs, the thermal phase transition of six CNT−CNS
composites are summarized in Figure 3a (dash lines). On the
basis of the information in Figure 3b, we can see CNT
dispersed CNSs show lower Tg than neat CNSs, the reason for
the decreased Tg of CNSs in the presence of CNTs is as
follows: without doped CNTs, the nonmesogens on CNSs tend
to join the spiral liquid crystalline matrix, which is constructed
by the chiral mesogens on CNSs, and become a part of the
matrix, this is the so-called guest−host effect. As liquid
crystalline matrix is an ordered and stable structure, it is
relatively difficult for segments in matrix to move. When CNTs
are embedded in the CNSs matrix, on one hand, CNTs will
bring an external disturbance to the original spiral liquid
crystalline matrix. On the other hand, the nonmesogens on
CNSs unite with CNTs and are not confined to the ordered
and stable CNS matrix. There is more space and larger degree
of freedom for segments in CNS matrix to move. Meanwhile,
Figure 3a shows there are no additional phase-separated peaks
for CNT−CNS composites, indicating that the dispersed
CNTs do not give rise to phase separation in CNS matrix.

3.4. Thermal Stability. The thermal stability of polymers
which is related to molecular structure and molecular weight is
important to estimate their working temperature limits. The 2
wt % CNT embedded S6 and 4 wt % CNT embedded S6 were
prepared according to a similar procedure which is described in
sections 2.3 and 2.3. The TGA curves of raw CNT, S6, 2 wt %
CNT embedded S6, and 4 wt % CNT embedded S6 in
nitrogen are shown in Figure 4a. The results reveal that raw

Figure 2. FTIR spectra of CNTs and CNSs (S1−S6) and FTIR
images of composite CNT-S1 (a), CNT-S2 (b), CNT-S4 (c), and
CNT-S6 (d).

Figure 3. (a) DSC thermograms of CNSs and CNT−CNS composites. (b) Tg of CNSs and CNT−CNS composites.
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CNTs are thermally stable within the temperature range 50−
400 °C. The temperatures at 5% weight loss (decomposition
temperatures) of S6, 2 wt % CNT embedded S6 and 4 wt %
CNT embedded S6 are 201.30 °C, 216.13 and 228.29 °C, the
reason for the increased decomposition temperatures of S6 in
the presence of CNTs is mainly ascribe to the excellent thermal
stability of CNTs and the interaction between CNS matrix and
CNTs.35

The peaks in the first derivatives of S6, 2 wt % CNT
embedded S6 and 4 wt % CNT embedded S6, show that three
samples share almost the same temperatures at maximum
decomposition rate (Trm), it is implied that the thermal
decomposition behavior of three samples mainly stems from
their CNS matrix. Horowits−Metzger integral kinetic method
is applied to further examine the decomposition process.36

− =
Δ

+w
E T
RT

kln( ln ) a

rm
2

(1)

where ΔT is defined as ΔT = T − Trm, Ea is activation energy of
thermal decomposition, R is universal gas constant, k is the
intercept of linear equation, and w is residual weight
percentage. On the basis of the slope of the plot of ln(−ln
w) versus ΔT(see Figure 4b), the Ea of S6, 2 wt % CNT

embedded S6, and 4 wt % CNT embedded S6 are estimated to
be 83.96, 93.41, and 118.52 kJ mol−1, and the increased Ea can
be attributed to the stable thermal stability of CNTs.
Meanwhile, the increased Ea values are also consistent with
the increased decomposition temperatures, this phenomenon
proves that the evenly dispersed CNTs can enhance the
thermal stability of S6.

3.5. Bragg Selective Reflection. A CLC can be regarded
as a self-assembled one-dimensional photonic crystal.37

Selective reflection of circularly polarized light according to
Bragg’s law is the most important optical property of CLCs,
and the reflection wavelength (λ) can be determined from eq
2,38−40 where n ̅ is the average refractive index of the LC
medium, P is defined as the distance over which the director of
CLC rotates by a full 360°. If P coincides with the wavelength
of visible light, CLCs will reflect a brilliant color.

λ = ̅n (2)

To study the effect of CNTs on the Bragg selective reflection
of CNSs, the reflected image of S6, S6 + 0.4 wt %CNT, and S6
+ 0.7 wt %CNT were observed, the detailed preparation of S6-
CNT composites was similar to section 2.3 and 2.4. Two
conclusions can be drawn from Figure 5, first, all the samples
exhibit thermochromic property, and the reflected color is

Figure 4. (a) TGA thermographs and corresponding first derivatives of raw CNT, S6, 2 wt % CNT embedded S6, and 4 wt % CNT embedded S6.
(b) The plots of ln(-ln w) versus ΔT for S6, 2 wt % CNT embedded S6, and 4 wt % CNT embedded S6.

Figure 5. Reflected images of S6, S6 + 0.4 wt %CNT, and S6 + 0.7 wt %CNT.
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changing from orange to purple with the increase of
temperature, this phenomenon can be explained by the
following reason, within the discussed temperature range, all
the samples show grandjean textures (see Figure 6b1−b6),
which indicates that all the samples in Figure 5 are CLCs and
the P of CLCs decreases as temperature increases, so the λ of
reflection light became smaller according to eq 2. Meanwhile,
the thermochromic temperature ranges of S6 + 0.4 wt %CNT
and S6 + 0.7 wt %CNT are 140−169 and 140−163 °C, which

are lower than that of neat S6 (140−171 °C); this can be
explained by the following mechanism: the evenly dispersed
CNTs are embedded in the CNS matrix (see Scheme 1), and
the embedded CNTs bring their anisotropic thermal
conductivity to the helical matrix of CNSs, which make
CNSs more sensitive to the increased temperature to change
their helical structure.
Furthermore, a chromaticity diagram was obtained by

converting the RGB values of the reflected images in Figure

Figure 6. (a) Chromaticity diagrams of reflected images of S6 (red), S6 + 0.4 wt %CNT (blue), and S6 + 0.7 wt %CNT (pink). Optical textures of
S6 (b1, b2), S6 + 0.4 wt %CNT (b3, b4), and S6 + 0.7 wt %CNT (b5, b6), crossed polarizers, 200×.

Figure 7. Polarized optical textures of CNSs (S1−S6) at 120 °C, and polarized optical textures of CLC (a), CLC+0 wt %CNT+1 wt %S6 (b), CLC
+0.06 wt %CNT+0 wt %S6 (c), CLC+0.03 wt %CNT+0.31 wt %S6 (d), CLC+0.06 wt %CNT+0.62 wt %S6 (e), and CLC+0.09 wt %CNT+0.93 wt
%S6 (f) at 25 °C, the aggregations of CNTs are delineated by green circles (crossed polarizers, 200×).
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5 to chromaticity coordinates (see Figure 6), the detailed
converting process was listed in Supporting Information. The
areas confined by the chromaticity coordinates of S6 + 0.4 wt %
CNT and S6 + 0.7 wt %CNT are larger than that of neat S6,
indicating that the addition of CNTs can enrich the reflected
colors of S6 when increasing the temperature, this result can be
explained by the following analysis, if the P of CLC is
heterogeneous at a certain temperature, and the λ of reflection
light will be heterogeneous according to eq 1, which makes the
chromaticity coordinates and the area confined by the
chromaticity coordinates of the reflected image close to (0.33,
0.33). Therefore, the relatively long distance between the
chromaticity coordinates and (0.33, 0.33) and the relatively
large area confined by the chromaticity coordinates in Figure 6
are caused by the relatively uniform P of CNSs.
3.6. POM Texture. The existence of liquid crystal phases

and polarized optical textures of LCs can be detected by POM.
As shown in Figure 7, CNSs (S1−S6) display grandjean
textures of chiral nematic phase. Meanwhile, the polarized
optical textures of CNSs tend to be more gray from S1 to S6,
suggesting that the liquid crystalline behavior of CNS becomes
less obvious with the increase of mole fraction of nonmesogens
on CNS.
To apply CNSs to disperse CNTs in chiral host and to

improve the compatibility between CNTs and chiral host, a
ternary system was established by CNTs, S6 and CLC L581.
Samples involved in this section were CLC, CLC+0 wt %CNT
+1 wt %S6, CLC+0.06 wt %CNT+0 wt %S6, CLC+0.03 wt %
CNT+0.31 wt %S6, CLC+0.06 wt %CNT+0.62 wt %S6, and
CLC+0.09 wt %CNT+0.93 wt % S6. The microstructure and
dispersion state of CLCs and CLC−CNT-S6 composite were
studied using POM. CLC and CLC+0 wt %CNT+1 wt %S6

share the same planar oily streak textures (see Figure 7a and b),
indicating that S6 possesses good compatibility with CLC.
There are aggregations of CNTs in the composite of CLC+0.06
wt %CNT+0 wt %S6 as a result of the strong π−π stacking
interaction between neighboring CNTs. However, 0.03 wt %
CNTs and 0.06 wt % CNTs can be evenly dispersed in CLCs
without formation of aggregations (see Figure 7d and e), which
proves CNTs have excellent compatibility with CLCs with
assistance of surfactant S6. On one hand, the chiral mesogens
on S6 have compatibility with CLCs by joining the helical
matrix of CLCs. On the other hand, the polycyclic conjugated
structure in nonmesogens possesses affinity for CNTs. It is
worth mentioning that there is side effect in the composite of
CLC+0.09 wt %CNT+0.93 wt %S6 (see Figure 7f) because of
the limited dispersing ability of S6. Meanwhile, the polarized
optical textures of CLC+0.06 wt %CNT+0.62 wt %S6
composite indicate there is no aggregation of CNTs under
electric fields (see Figure 8), proving that S6 maintains the
dispersibility of CNTs in LC host under electric fields.

3.7. Electro-Optical Response. In the field of LC display,
CNTs can be used to improve the performances of LCs in the
process of Freédericksz transition by increasing dielectric
anisotropy, decreasing threshold voltage and accelerating
electro optical response. To study the effect of dispersed
CNT on the electro-optical response of CLCs, four CLC−
CNT−S6 composites were prepared, CLC+0.02 wt %CNT
+0.21 wt %S6 (CSC0.02%), CLC+0.04 wt %CNT+0.42 wt %
S6 (CSC0.04%), CLC+0.06 wt %CNT+0.63 wt %S6
(CSC0.06%), and CLC+0.08 wt %CNT+0.84 wt %S6
(CSC0.08%), respectively, CLC and CLC+0 wt %CNT+1 wt
%S6 (CLC+S6) were studied as reference samples.

Figure 8. Polarized optical textures of CLC+0.06 wt %CNT+0.62 wt %S6 composites under electric fields, a (5v), b (15v), c (25v), and d (40v).

Figure 9. (a) Electro-optical response curves of reflectance versus time. (b) τon and τoff of CLC, CLC+0 wt %CNT+1 wt %S6 (CLC+S6), CLC+0.02
wt %CNT+0.21 wt %S6 (CSC0.02%), CLC+0.04 wt % CNT+0.42 wt % S6 (CSC0.04%), CLC+0.06 wt %CNT+0.63 wt %S6 (CSC0.06%), and
CLC+0.08 wt % CNT+0.84 wt %S6 (CSC0.08%) at 25 °C.
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The electro-optical response curves are shown in Figure 9a,
the field-on response time τon and field-off response time τoff are
illustrated in Figure 9b. First, the response times of CLC+CNT
+S6 composites decline obviously with the increase of CNT
concentration. This can be attributed to the following
mechanism, more CNTs dispersed in LCs lead to lower
rotational viscosity of LCs,26 and the decreased rotational
viscosity can help LC make a faster response to the electric
field.41 Second, τon is longer than τoff for all samples, the
differences in on and off times are due to the different driving
forces, dielectric torque in the former, elastic deformation in the
latter. Lastly, we note that the response time of CLC+S6
composites is longer than that of neat CLCs, this is because
higher viscosity of S6 makes it difficult for CLC+S6 composites
to response to the electric field to some extent.

4. CONCLUSIONS
To address the problem of CNT aggregations and further
expand the potential applications of CNTs in the field of
functional materials, a series of novel CNSs are prepared to
disperse CNTs. CNSs with more mole fraction of polycyclic
conjugated structure have better ability to load and disperse
CNTs. The evenly dispersed CNTs can lower the glass
transition temperature, strengthen the thermal stability because
of the interaction between CNSs and CNTs, decrease the
thermochromic temperature by bringing anisotropic thermal
conductivity to the helical matrix of CNSs and enrich the
reflected colors of CNSs. To apply the CNSs to disperse CNTs
in chiral host and to promote the compatibility between CNTs
and chiral host, a ternary chiral system is established by CLCs,
S6, and CNTs. CNTs are effectively dispersed in CLC host by
surfactant S6, and the CNT dispersed CLCs exhibit a faster
electro-optical response process than neat CLCs. We believe
that the above-reported win-win strategy will be a promising
mode for researchers to address the dispersion of CNTs and to
apply CNTs to improve the thermal, optical, and electro-optical
properties of dispersion medium.
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