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ABSTRACT: This study addresses the photoresponse of liquid-
crystalline tris(keto-hydrozone) discotic (TKHD)�a star-shaped
molecular structure with three branches. Object of our research
interest was also TKHD filled with single-walled carbon nanotubes
(SWCNTs) at a concentration of 1 wt %. At room temperature, the
discotic liquid crystals in thin films (thickness 3 μm) of both
TKHD and nanocomposite SWCNT/TKHD were in a glassy state.
Such glassy thin films exhibited photoluminescence ranging from
the deep-red to the near-infrared spectral region, being attractive
for organic optoelectronics. The addition of SWCNTs to TKHD
was found to stabilize the photoluminescence of TKHD, which is
of significance for optoelectronic device applications. The photo-
thermoelectrical response of highly conductive SWCNT/TKHD nanocomposite films was characterized by electrical impedance
spectroscopy in the frequency range from 1 Hz to 1 MHz of the applied electric field. It was elucidated that the reversible
photothermoelectrical effect in SWCNT/TKHD films occurs through SWCNTs and their network.

1. INTRODUCTION
Organic semiconducting media of disk-shaped molecules that
spontaneously self-assemble into a stable liquid-crystalline
(LC) phase over a wide thermal range1,2 are technically
significant materials for use in nanoscale (opto)electronically
active components and electronic devices, such as organic
light-emitting devices (OLEDs) and emissive wide-viewing LC
displays,3 organic field-effect transistors,4 as well as in organic
photovoltaics (OPVs).5 The molecules of discotic liquid
crystals (DLCs),6−12 an important class of liquid crystals,
have sizes ranging from 2 to 6 nm and form nanostructured
organic soft media. These materials have been attracting
special attention in the last decade and, currently, gain
increased research and application interest because they
combine the unique feature of self-assembly and functional
optical, electronic, thermal, photoluminescent, fluorescent, and
other properties, useful for organo-electronics, non-linear
optics, and photonics, OPVs, bio-imaging, sensorics, mecha-
tronics, and other advanced applications.8,11−14 Various DLCs,
functionalized DLCs, and DLC polymers are highly conjugated
organic semiconductors and photoresponsive materials.14,15

They have important physical and chemical properties that
determine wide areas of their practical application. Currently,
novel multifunctional DLC materials are extensively synthe-
sized, comprehensively studied, and used for design of active

organic media in various fields of science and technology, in
particular, soft electronics, flexible electronics, and optoelec-
tronics.16,17

By inclusion of highly conductive nanoparticles in DLC
materials, e.g., gold, silver, or other metallic nanoparticles, as
well as carbon nanostructures, e.g., carbon nanotubes
(CNTs),18,19 one can design nanocomposites (NCs) with
enhanced electrical conductivity and other valuable properties,
keeping the LC behavior of the NCs. In relevant applications,
the combination of DLCs and nanomaterials is advanta-
geous.20−22 In the development of advanced multifunctional
NCs, of special interest are the single wall CNTs (SWCNTs),
due to their unique mechanical, thermal, and electrical
properties. These prospective nanomaterials and their net-
works composed of either aligned or disordered SWCNT
assemblies have a wide application in nanoscale-sized organic
microelectronics, optoelectronics, and photonics, OPVs, and
sensorics, among others.23 Importantly, CNT fillers have a
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great potential for desirable change of the thermal stability,
mechanical, dielectric, and other valuable properties of the NC
soft materials. In recent years, such high-performance multi-
component NCs, hybrid and metamaterials gain a lot of
attention directed toward the improvement of the existing
technologies such as flexible sensor and mechatronic systems,
catalysis, production of novel flexible miniature electronic and
dielectric devices for flexible and portable electronics, and for
use in stretchable, wearing, and printed electronics, as well as
in electromagnetic shielding and flame retardant, expanding
their applicability and functionality.24 One of the intriguing
properties of SWCNTs and SWCNT networks is their
thermoelectric response, attractive for large-scale thermal
energy applications.25 At present, the employment of
SWCNT/DLC NCs in the application fields of organic
semiconductors is challenging26 and has yet to be widely
explored.

Star-shaped DLCs having a disk-like core with three
branches27,28 have demonstrated very interesting electronic
and luminescent response useful for diverse applications.29 By
doping of such materials with CNTs, one can produce highly
conductive DLC NCs that exhibit enhanced properties, e.g.,
improved light emissive and sensing characteristics. Very
recently, we have studied the photo-electrical response of thin
films of NCs based on star-shaped tris(keto-hydrozone)
dicotics with six carbon atoms in the tails (hereafter
abbreviated as TKHDLC or shortly TKHD), filled with
SWCNTs.30 As the neat TKHD, the SWCNTs/TKHD NCs
can form a “glassy”-like columnar state that takes place in a
large temperature range including the room temperatures (16−
40 °C).31 The practical importance of glassy DLC films for
robust optoelectronic devices is well established.32 Notably,
the glassy state of DLCs, which have a molecular structure of
the type similar to that of TKHD, exhibits interesting
luminescence behavior at room temperature.27 In the present
work, our research interest was focused on the photoresponse
of glassy thin films of TKHD and TKHD filled with SWCNTs,
especially on the photo-induced changes of their photo-
luminescence (PL) that are relevant for optoelectronic
applications at ambient temperatures. This study was inspired
by the excellent PL properties (especially, the extremely large
Stokes shift of the PL, very attractive for sensing purpose and
OLEDs) of such a class of DLC compounds and thin films

thereof,33 that have been successfully applied as organic
electrical-capacitive sensors for efficient gas-sensing purposes,
as recently reported.34

Similar to optoelectronic devices based on other semi-
conductor materials and molecular systems, e.g., the temper-
ature-dependent efficiency of the PV power generation,35 the
thermal effects can influence the PL conversion of TKHD
DLC films. Since the photo-induced thermal effects are of
primary importance when considering DLCs as PL emitter
materials as well as PL-based sensors, we examined the impact
of the photothermal effects on the PL stability of TKHD glassy
thin films. It was inspected the possibility to stabilize the PL
emission from TKHD by means of SWCNTs as nanofillers in
this DLC. Along with the refinement of synthesis, purification
of DLC molecules, designing novel DLC molecular architec-
tures, and enhancing their thermal stability, the purposeful
improvement of PL stability of the DLC luminescent layers is
of great importance for the practical implementations of such
soft-organic materials.

2. EXPERIMENTAL SECTION
2.1. Materials and Nanocomposite Preparation. The

sample preparation was described elsewhere.31 Briefly, the
compound TKHD is a star-shaped DLC. Its molecular
structure has a disk-like tris(keto-hydrozone) core with three
long branches with six carbon atoms present in each alkoxy tail
(Figure 1a). This C3-symmetric (n,π)-conjugated DLC was
synthesized by Yelamaggad and co-workers in the Centre for
Nano and Soft Matter Sciences in Bengaluru, India. The
molecular structure of TKHD is close to that of the DLC
compound abbreviated as HDN5 (five carbon atoms in the
peripheral alkoxy tails, instead of six in TKHD) from a DLC
series synthesized and investigated by the same research
group.34 The phase transition temperatures of TKHD DLC are
given in Table S1 in the Supporting Information.

The SWCNTs EC1.5-P eDIPs were purchased from Meijo
Nano Carbon Co., Ltd. Japan and were used as received
without any further chemical treatment. The SWCNTs have
carbon purity degree higher than 99%. According to the
producer’s specification, the mean diameter and average length
of the SWCNTs were dSWCNT = 1.5 ± 0.5 nm and LSWCNT = 7
μm, respectively. The SWCNTs were a mixture of about 2/3
semiconducting (s-SWCNTs) and 1/3 metallic (m-SWCNTs).

Figure 1. (a) Molecular structure of TKHDLC and (b) schematic representation of the fabrication steps of SWCNTs/TKHD NC.
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SWCNT/TKHD NC was produced by mixing of
dispersions of TKHD and SWCNTs. The preparation
procedure is schematically shown in Figure 1b. As a solvent
for both TKHDLC and SWCNTs was used 1-methyl-2-
pyrrolidinone (NMP) (anhydrous a.r.) with purity >99%
(from Chem-Lab NV, Zedelgem, Belgium), without any
additional purification. Homogeneous dispersions of SWCNTs
in NMP (concentration 30 μg/mL) and TKHD (concen-
tration 1 mg/mL) in NMP were obtained at ambient
temperature by use of ultrasonic mixer-homogenizer DW-
SD20-1200 (Hangzhou Dowell Ultrasonic Technology Co.,
Ltd, Hangzhou, Zhejiang, China) and ultrasonic processor
UP100H (Hielscher Ultrasonics GmbH, Teltow, Germany),
respectively. Then, both dispersions were gently mixed and
homogenized by ultrasonication. The amounts of both
components, the SWCNTs and TKHD, were determined in
such a way that the weight ratio SWCNTs/TKHD in the final
uniform dispersion was 1:100. The SWCNT/TKHD NCs
formed as thin layered samples were produced by slow
evaporation of the solvent NMP from this mixture. This was
done onto a flat Petri glass dish in a well-controlled way. Thin
layers of neat TKHD were prepared in the same manner, i.e.,
by evaporation from NMP solution of original TKHD LC
molecules.

Thin films with a constant thickness (3 μm) were obtained
by sandwiching the SWCNT/TKHD NC between two clean
(untreated) plane-parallel glass plates (1 cm × 1 cm) with a
thickness of 1 mm, forming a symmetric cell (Figure 2a). The
thickness of the films was adjusted by spacers of 3 μm thick
Mylar foil and was controlled by measurement with a Coolant
IP 65 digital micrometer (Mitutoyo Co., Takatsu-ku, Kawasaki,
Kanagawa, Japan). For comparative measurements, reference
thin films with the same thickness between identical glass
plates were also prepared from pure TKHD. The surface of the
TKHD and SWCNT/TKHD films was circular-shaped with an
area of about 40 and 50 mm2, respectively. The electrical
measurements of the produced thin films were performed with
cells assembled with glass plates having electro-conductive
nano-coating (∼80 nm-thin) of indium tin oxide (ITO) (from
Delta Technologies Ltd., Loveland, CO, USA). They serve as
electrodes with a low (<10 Ω/□) sheet resistance.

As a final preparation step, the glass cells with the DLC films
were heated up to ∼200 °C [a little above the isotropization
point of the TKHD LC substance (188 °C)],31 then kept at
that temperature about 10 min, and thereafter cooled down to

ambient temperature. So cooled, the DLC undergoes a phase
transition from the isotropic to columnar (Col) phase. As
evidenced in ref 30, the Col LC phase of TKHD was “frozen”
into a thermodynamically stable glassy state. We examined
during several months that the obtained glassy Col LC state
remains permanent at room temperature. This holds even after
heating up to reasonable temperatures and at a reasonable
heating rate. Then, the glassy Col LC state again persists down
to room temperature.
2.2. Methods. The morphology of the produced films was

observed by transmission optical microscopy, with universal
polarizing microscope NU-2 (VEB Carl Zeiss JENA).
Micrographs were taken by a digital microscope camera
(Moticam 5MP). UV−vis−NIR transmittance of the prepared
thin films was recorded at room temperature by use of
spectrophotometer PerkinElmer-Lambda 1050. The spectra
were obtained at normal incidence of the light, over the
wavelength range λ = 320−1200 nm, with a spectral resolution
of 1 nm. The spectra were corrected for both spectral
sensitivity of the apparatus and optical response of the cover
glass plates of the films.

The PL spectra of the studied films were measured at room
temperature by use of mini-spectrophotometer Ocean Insight
QE Pro equipped with an optical fiber reflection probe (Ocean
Insight QR200-7-UV−vis Premium, 200 μm core, 2 m length)
(Figure 2b). The PL spectra were excited by illumination of
the films with non-focused light from light-emitting diodes
(LEDs)�the LSM series of Ocean Insight, emitting in the
continuous wave (cw) regime. Several cw LEDs emitting in the
UV and in the visible spectral range were employed in the
experiments (Figure 2c). The central wavelength (λC) and the
spectral width (Δλ, fwhm) of their emission are given in Table
S2 in the Supporting Information. These light sources
controlled by smart controller-driver have a high long-term
stability of optical power (fluctuations <0.1%). Via optical
fiber, the non-polarized light from LED was directed at an
angle of 45° to the surface of the sample understudy, fully
covering it. The PL cone light was detected in the backward
direction through the second branch of the optical fiber
reflection probe (Figure 2b). The spectral resolution of the
recorded PL spectra was 1 nm. No optical spectral filters were
used. In order to avoid the influence of the ambient light, the
PL experiments were conducted in the dark. The LEDs’ light
intensity on the samples was controlled with Thorlabs PM100
power-meter equipped with silicon photodiode power-sensor

Figure 2. (a) Schematic of a cell with the SWCNT/TKHD NC film for electrical measurements: 1�glass plates; 2�plane cover layers of ITO;
3�spacers; 4�TKHDLC (in red color); 5�CNTs (in black color). The dimensions are not to scale. (b) Schematic of the experimental setup for
PL measurement. (c) Emission spectra of the LEDs used in this work. The numbers 1−10 correspond to the LED numbers in Table S2 in the
Supporting Information.
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S120VC. In the course of the PL experiments, both excitation
and the PL spectra were simultaneously registered, and thus,
the value of the excitation optical power was continuously
monitored in order its value to be used as a reference.

Frequency spectra of complex electrical impedance of the
produced films were obtained at ambient temperature over the
range from 1 Hz to 1 MHz of the applied alternating-current
(AC) electric field, using impedentiometer workstation
BioLogic SP-200 (product of Bio-Logic Science Instruments,
Seyssinet-Pariset, Grenoble, France). Electrical impedance
spectroscopy (EIS) measurements were carried out at 0.1
and 1 Vrms voltage applied between the two electrodes of the
cells, for SWCNT/TKHD and TKHD films, respectively. The
sine-waveform AC electric field was applied transversally to the
film plane. By illumination of the samples with the LEDs, the
unfocused light was directed normally to the film plane, the
light intensity on the sample was fixed at 1 mW/cm2. During
the measurements, identical experimental conditions were
kept, only the exposure dose of the continuous light
illumination was varied. The measurements were carried out
in normal indoor lighting; the results were practically the same
under dark conditions.

A second series of EIS measurements were carried out at the
same experimental configurations, but with the variation of the
temperature of the films not exposed to light. In this case, the
temperature of the films was maintained by thermostat hot
stage Mettler FP82 interfaced to a computer. The temperature
accuracy was ±0.1 °C. Impedance spectra were recorded one
after another in a sequence by interval of 2 °C within the
temperature range from 21 to 40 °C. During the series of these
measurements by heating of the films, a complementary
monitoring of their optical transmittance through the circular
glass window of the hot stage was continuously done by use of
a spectrophotometer with optical fiber.

3. RESULTS AND DISCUSSION
Because one of the potential applications of the studied TKHD
and SWCNT/TKHD thin films is optoelectronics, they were
initially characterized by means of optical microscopy and
optical spectroscopy.
3.1. Optical Microscopy. At room temperature, the

discogen TKHD in the prepared films is in its LC state.31

Under the optical microscope, the films displayed inhomoge-
neous morphology�randomly distributed bright and dark
micro-domains (Figure 3). The inspection of the optical
micrographs indicated that the observed texture can be
considered as a hybrid morphology relevant to both LC and
glass states. No classical textures typical for ordered and
aligned columnar (Col) LC phases having characteristic grainy
domains were identified, as well as no textural peculiarities

typical for the crystal state of discotics.9,36 Nevertheless, the
TKHD LC texture in Figure 3a resembles the morphology that
could be attributed to the disordered Colr phase.37,38

In fact, at room temperatures, the structure of TKHD in the
prepared thin films corresponds to a glassy (or glassy-like) Col
LC state, as determined by differential scanning calorimetry
(DSC).31 The calorimetric studies have evidenced that when
cooled from the isotropic state, the Col phase gets into a glassy
state and remains unaltered, as obtained for DLCs having
similar molecular structures.27,33,39−41 Far below the isotrop-
ization temperature of TKHD (190 °C), the Col LC phase of
this DLC persists, it is not destroyed. By that, the molecular
motions of TKHD molecules are strongly hindered. At
temperatures in the room-temperature region (20−40 °C),
the formed glassy Col LC state is retained. In this permanent
state, the disk-like LC molecules of TKHD may form small
columnar creatures (by π−π columnarly stacking of discotic
molecules), but not long ordered columns. Thus, when cooled
from the isotropic state, a sandy birefringence texture shown in
Figure 3a was observed.

More specifically, the morphology of the TKHD films is
characterized with smaller textural patterns and is more
homogeneous than that of the SWCNT/TKHD NC films.
Figure 3a shows structural formations (domains) in the TKHD
film that are micrometer-sized and even smaller, with relatively
uniform distribution within the viewing scope spatial window.
The morphology of SWCNT-filled TKHD becomes more
complicated (Figure 3b). At the macroscopic level, these NC
films exhibit a cloudy-like and cluster-like microstructure with
larger domains and with a broader distribution of domain sizes
than those in TKHD films. The sizes of the large domains in
SWCNT/TKHD were >10 μm. Also, a fine filament texture in
a thread fashion network takes place for these samples (Figure
3b). Clearly, the presence of 1 wt % CNTs produces micro-
defects that favor the formation of micro-domains having larger
irregular shapes and random orientations. A possible formation
of small aggregates of SWCNTs can lead to non-homogeneous
dispersion of the SWCNTs in the DLC matrix of the
SWCNT/TKHD NC films. This trend would be enhanced
when the SWCNT percentage is more. It might be expected
that the SWCNT aggregations disturb the molecular ordering
(even low) of the host. Furthermore, macro-defects (bubbles,
cracks, or others) can also be observed in the volume of the
studied glassy films. We should also note that most probably,
the SWCNT nanofillers lead to the formation of irregular
SWCNT network in the bulk of the SWCNT/TKHD NC
films.

Optical microscope images in Figure 3 gave clear evidence of
the glassy LC state of the films. The TKHD freezes in a glassy
state having a low degree of columnar organization and a low

Figure 3. Optical photomicrographs of the textures observed at room temperature (27 °C) for 3 μm thin films of: (a) neat TKHD and (b)
SWCNT/TKHD NC. (c) Texture image at the same film location as in (b), but viewed by more intensity of the white light passed through the
microscope.
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degree of ordering. This state is fully unorganized, non-ordered
(no orientational order, no positional ordering of the
formations of disk-like LC molecules). That is why, the
adjacent micro-domains have random orientation, and hence,
their optical responses are due to random optical phases. The
optical images in Figure 3 correspond to diffuse light scattering
like that observed by micro-scale heterogeneous, non-uniform,
or poly-dispersed LC domain structures reported in
literature.42 The light passing through the studied glassy
DLC films undergoes phase modulations by the variety of
irregular micro-domains with inhomogeneous spatial distribu-
tion and random orientations, thus producing a diffuse light
transmittance and scattering.

It should be mentioned that the textures we observed under
the microscope did not change upon either the DC (direct
current) or AC electric field, applied transversally to the
considered films at reasonable voltages. Also, there was no
change of the displayed birefringent textures in both TKHD
and SWCNT/TKHD glassy films observed by polarizing
optical microscopy upon heating of the films from 20 to 40 °C
and further up to 60 °C (within this interval, the structure
formed in the films remains glassy LC). Furthermore, the same
applies to the illumination of the films with cw LEDs emitting
in the range from the near UV to the near IR�the observed
microscope images of the film structures are the same,
regardless of the dose (fluence) of the light.
3.2. Optical Spectroscopy. The studied glassy DLC films

were dense and highly opaque and absorbed light very
strongly. The color of the TKHD films was red, while the
SWCNT/TKHD NC films were of a dark red color. Their
optical absorption is in the UV spectral range, as well as in the
visible�up to the red (λ ∼600 nm) (Figure 4). The wide

absorption spectrum results from convolution of the shapes of
two broad spectral bands corresponding to the π−π* and
n−π* electronic transitions in the molecular system of TKHD.
The absorption throughout the visible spectral range makes the
compound TKHD a potential candidate for various light-
triggered device applications and solar absorber. At wave-
lengths λ > 600 nm, the transparency of the films is steeply
increasing. The filling of TKHD with 1 wt % SWCNTs does
considerably reduce the absolute value of optical transmittance,
but does not affect the transmittance cut-off spectral shape.
Clearly, besides the enhanced optical absorption, the light
scattering due to SWCNTs largely contributes to the reduced
transmittance of SWCNT/TKHD films. The high absorption

of the studied thin films is essential, because this can lead to
photo-induced change of their properties and key character-
istics.
3.3. Additional Inspection. Additional thermo-optical

measurements (transmitted light intensity versus the temper-
ature of the films) were performed by use of a non-focused
probe beam of thermo-stabilized He−Ne laser (λ = 632.8 nm)
and a highly sensitive photodiode. First, the intensity of the
incident probe beam on the sample was kept fixed at 0.1 W/
cm2. By these measurements, we observed that the probe beam
intensity transmitted through the studied glassy films was not
affected by varying their temperature in the range 20−60 °C.
Second, no laser-induced changes of the light transmittance
coefficient of the films were registered by varying the He−Ne
laser beam intensity up to 10 mW/cm2 on the sample. Both
results were in accordance with the observations with optical
microscopy and confirm the lack of structural changes
(reversible or irreversible) in the TKHD and SWCNT/
TKHD films by such variations of the experimental conditions.

Being important for practical applications, the stability of the
studied discotic materials was also estimated. Periodic tests
with DSC have shown a fairly good reproducibility of
thermograms of both TKHD DLCs and their NCs with
SWCNTs studied here. During a test period of more than 1
year, the DSC data from scans in the range 20−100 °C were
the same, when the experimental conditions were kept the
same.

Because the study presented here concerns mainly the
photoresponse of our glassy discotic films upon their
temperature variation in the range 25−40 °C, a supplementary
verification of the photostability (photochemical stability
under irradiation conditions considered here) of the films as
well as their long-term stability at temperatures in that range,
was also done. They were checked with EIS. In tests over a
long time (one year), the EIS data were the same under the
same experimental conditions. Also, for such a long period of
time, no noticeable change in the properties and quality of the
investigated glassy discotic films was observed. In general, at
ambient conditions, they exhibit high photostability (tested by
means of the resultant PL) and long-term stability (which
could be affected by the possible aging of the material), both
very important from an application point of view.

Finally, our supplementary measurements by thermo-
gravimetry indicated that the decomposition temperature of
the studied glassy-state discotics (TKHD and SWCNT/
THKD NC) is ca. 200 °C. Thermogravimetric graphs obtained
for our samples (Figure S1, in Supporting Information) reveal
similar thermal stability for them. One can consider that the
thermal decomposition process for both materials starts at
temperatures about 100 °C and becomes intensive above 200
°C. The effect from the nanofiller was evident�the thermal
stability of the SWCNT/THKD NC was a little higher. In any
case, this is due to the extremely high thermal stability of
SWCNTs that is much above 1000 °C.43 The thermal stability
of TKHD is closely related to the chemical stability of this
DLC and can be correlated with the structural phase
transformation evolution of TKHD during heating (Table
S1, in Supporting Information).

The high thermal stability is a fundamental requirement for
device applications. The thermograms in Figure S1 show that
the adaptability, without any negative impact, and the
operation of the considered glassy discotic films is possible
at ambient temperature and in a temperature range of working

Figure 4. Measured transmission spectra of 3 μm-thick films of
TKHD and TKHD filled with SWCNTs. The spectra were recorded
under identical experimental conditions at 27 °C. The emission
spectra of two of the employed LEDs (λC = 312 nm and λC = 528
nm) are traced.
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temperatures preferably up to 100 °C, and not feasible to use
in larger temperature range and under extreme conditions. The
shift of the weight loss curve corresponding to the NC of
SWCNT/TKHDLC, noticed toward a higher temperature,
could be indicative of significant interfacial interactions
between SWCNTs and TKHDDLC. This contributes to
increasing the thermal stability of the SWCNT/TKHD NC.
3.4. Photoluminescence. Figure 5a presents PL spectra of

glassy TKHD film, as excited with LEDs whose emission is in

the near UV range. The PL appears as a featureless broad band
in the red-to-near IR spectral range. The PL spectral band with
FWHM of 137 nm was centered at ca. 700 nm. The spectral
shape of PL was the same, regardless of the excitation
wavelength λex in the range from 280 to 470 nm. It is
noteworthy that the large Stokes shift of the PL. It can be from
∼300 nm (at λex = 405 nm) up to ∼420 nm (at λex = 280 nm).
By excitation at λex = 528 nm, a well distinguished PL was still
registered, although the PL spectrum is very close to the
excitation wavelength (Figure 5b).

As emphasized in ref 33, the large Stokes shift is very scarce
for DLCs. Such NIR emission is useful for optic, optoelec-
tronic, photonic, and sensoric applications, e.g., for NIR
OLEDs and bioimaging. In our case, the LC columnar
mesophase frozen in a glassy state facilitates the high
wavelength of the maximum of the PL emission. Compared
to the luminescence from solution-state TKHD samples, the
PL from the studied TKHD in a glassy thin-film state were red-
shifted, as reported and explained for similarly structured DLC
compounds.27,39−41 This valuable property, along with the
significantly enhanced PL emission from a frozen Col

phase,33,44 is promising in optoelectronic applications, such
as OLEDs. It should be noted that the doping of TKHDLC
with 1 wt % SWCNTs did not change the PL bandshape
(Figure 5c), but resulted in about a two times lower PL
intensity (at identical experimental conditions, as measured at
the same geometry configuration and within the same spatial
angle of the PL emissions).

The studied TKHD films showed a relatively low efficiency
of PL (the ratio of the measured PL intensity to the intensity of
the incident light). Moreover, the PL intensity was lower than
the intensity of the light at λex diffusely reflected and scattered
from the studied discotic films. For example, in the geometry
shown in Figure 2b for PL registration, the probe signal
measured at a given angle of 45° to the film plane, by excitation
at λex = 385 nm contains a diffuse reflected and scattered light
portion whose total intensity was approximately seven times
higher than the integral intensity of the excited PL emission
(Figure S2, Supporting Information). An attempt to measure
the PL quantum yield (QPL) of the DLC films under study with
an integrating sphere (PerkinElmer FL8500) did not give a
result. Thus, their PL quantum yield could be estimated to be
below 1%, i.e., considerably lower compared to the QPL > 10%
reported for specially deposited and oriented DLC emitters
(plane films) designed for OLEDs.16b,f It should be noted that
the PL quantum yield for these DLC PL materials and systems
depends on many factors such as the structural order,
molecular orientation, intermolecular and substrate interac-
tions, as well as on all possible energy loses, including a part of
the excitation energy dissipated into heat.

The PL stability is a crucial requirement for PL-based
sensors, optoelectronic, and other devices. In this regard, a
negative effect was observed by our experiments with PL from
TKHD thin films exposed to cw light. During continuous
illumination, a slight gradual reduction of the PL intensity
(entire PL band) occurs until the PL reaches its stationary
state (Figure 6). The rate of this light-induced effect dependsFigure 5. (a,b) PL spectra of TKHD film recorded at various

excitation wavelengths; the other experimental conditions were kept
the same. (c) Comparison of PL spectra (λex = 365 nm) of films of
pure TKHD and SWCNT/TKHD NC under identical experimental
conditions. The small PL band around 530 nm is due to the glass
slides of the film.

Figure 6. In-time evolution of PL by TKHD film upon continuous
illumination at λex = 365 nm. The light intensity was fixed at 1 mW/
cm2. The PL spectra (single scans with a spectrophotometer) were
recorded under identical experimental conditions. The graph (b) is an
enlarged view of the PL peak presented in (a). The numbers denoted
in (b) indicate the duration of illumination (in minutes).
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on the light fluence�the higher the light fluence, the faster
and larger the PL reduction. For instance, at 1 mW/cm2 (λex =
365 nm), the PL from the studied TKHD thin films reaches
the steady state (about 10% reduction of intensity) within 14
min, whereas at 5 mW/cm2, this happens during 8 min.

The observed light-induced effect was reproducible and
reversible�when the light was removed, then waited for a
certain time, and turned on again, it was found that the PL
intensity (the total PL spectrum) tended to return to the
initially registered one. By that, the velocity of recovery
depends on the cooling of the film (more precisely�it
depends on the cooling rate). Since our optical microscopy
study showed no macro- and microscopic structural changes in
the glassy TKHD films during and after their illumination (see
Section 3.1), a reasonable assumption was the photothermal
nature of the observed reversible photo-induced effect.

Most likely, the PL reduction is due to thermally activated
processes, including thermally activated radiationless processes
in the TKHD molecular system by increasing temperature, as
suggested for similar luminescent DLC molecular struc-
tures.27,39 In this case, the PL steady state should be relevant
to the equilibrium thermodynamical state of the TKHD film,
i.e., it depends on thermal conduction and heat transfer in the
thin film. Basically, from a photo-chemist’s point of view, the
luminescence by DLCs involves more than one phenomenon.
Furthermore, it should be mentioned that the exact mechanism
of competition between the pathways of the various possible
photo-induced chemical processes in these molecular systems
is not yet completely known.

Significantly, for the thin films of SWCNT/TKHD NC
examined here, we have not observed such a negative effect of
PL reduction. In order to clarify this difference, we performed
EIS investigation on TKHD and SWCNT/TKHD films.
3.5. Photo- and Thermo-Electrical Response of TKHD

and SWCNT/TKHD Glassy Films, as Probed by EIS.
3.5.1. TKHD Glassy Films. Figure 7a,b reports the frequency
spectra of real (ReZ) and imaginary (ImZ) parts of complex
electrical impedance Z = ReZ + i ImZ measured for a film of
TKHD continuously exposed to UV light. The couples {ReZ,
ImZ} were recorded at ambient temperature as a function of
the frequency f of the AC electric field applied to the film,
upon UV light at increasing dose of the light exposition. The
illumination leads to only a little change in ReZ impedance,
evident in the low-frequency region of the spectra (below 10
Hz) (Figure 7c). Under the conditions of our experiment, the
light does practically not change the ImZ spectrum, i.e., the
capacitance of the TKHD films measured between the ITO-
glass electrodes remains the same.

It is seen from Figure 7c that the increase (actually, relatively
small) of ReZ values toward lower frequencies is enhanced
upon UV light. When the light is turned-off, ReZ impedance
was found to slowly return to the initial values. We have to
point out that there was no change in the ReZ spectra during
the time when the film was not illuminated. Furthermore, it
should be mentioned that eventual photo-induced structural
modifications, degradations or damages in the studied DLC
sample at a nano-level (since the UV light could disrupt certain
chemical bonds in TKHDLC), can be excluded due to the low
illumination intensity, and more importantly�since the
observed photoresponse of the TKHD glassy thin film was
reversible.

The observed increase in ReZ toward the zero frequency
(Figure 7c) seems to be a result of an interfacial effect at the

ITO electrode−TKHDLC interface: the electrode polarization
(EP) and the corresponding growth of resistive layer at this
interface in our symmetric cells can be characterized with the
interfacial resistance Ri. EP is an accumulation of long-distance
traveled electric charges at the interfaces between the electrode
and the dielectric, in our case TKHDLC. At low frequencies,
this process dominates over the other dielectric polarization
processes. The impact of UV light on Ri of the studied cells
with the TKHDLC dielectric in plane-capacitor-like geometry
is clear in Figure 7c (the insert therein)�gradually increased
values of Ri take place at gradually increasing dose of
illumination. From the Ri vs light dose dependence, one can
estimate the value 270 kΩ (min mW cm−2)−1 relevant to the
rate of the photo-induced growth of the resistive layer at the
electrode−TKHDLC interface due to the processes of
diffusion of electric charge carriers.

The photo-induced change in ReZ impedance of TKHD film
might be ascribed to photo-induced generation of electric
charge carriers or photo-induced electric charge carrier
mobility in this DLC, like in other DLCs�organic semi-
conductors. The photoconductivity of mesophases of DLCs in
which the charge carriers are holes or electrons is well known
phenomenon.45 Upon continuous illumination, the photo-
conductivity of an organic semiconductor placed between two
conducting plates�electrodes with an applied voltage�can
enhance the EP effect caused by accumulation of photo-
generated mobile charge carriers. Note that no other photo-
induced changes of Z can be seen in Figure 7, e.g., no
appreciable decrease in the ReZ values at higher frequency, in
spectral regions beyond the low-frequency region. Such a
change would be expected from an effect of photo-induced
conductivity associated with generation of photo-current in
DLCs.14,45−50 In this regard, one has to take into account that
the direct photoconduction process (contribution of photo-

Figure 7. Frequency spectra of real (ReZ) (a) and imaginary (ImZ)
(b) parts of complex electrical impedance of TKHDLC film exposed
on cw UV light (λC = 310 nm); (c)�expanded view of (a) in the
low-frequency region. The duration of illumination is given in
minutes; 0 means no light. The UV light intensity was 1 mW/cm2, the
temperature of the film at the moment 0 was 27 °C. The insert: the
interfacial electrical resistance Ri (at f = 1 Hz) of TKHDLC film vs the
dose of the cw UV light. The line represents the corresponding linear
fit to the data.
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excited electrons or holes to the electrical transport properties)
is most effective by the aligned and highly ordered DLC
columnar phase, which is not our case.

Another reasonable hypothesis could be that the considered
photo-induced change in ReZ spectra of the measured TKHD
film is due to a photothermal effect. In this case, the local
heating due to light absorption of the film could be the primary
effect resulting in a change of ReZ. Indeed, by increasing
temperature of the same film of TKHDLC but not illuminated,
we observed an increase of ReZ in nearly the same manner as
by UV light (Figure 8). In general, the increase of resistance at

elevating temperature contradicts data from thermoelectric
studies reported for DLCs, in particular, in the room-
temperature region.49,51,52 Actually, the possible photothermal
effect in TKHD film could be associated with some relatively
slow process of generation of electric charge carriers as a
secondary process. Thus, the experimental results in Figure 8a

can be explained with enhanced EP effect, like for the photo-
induced change in ReZ spectra (Figure 7c).

In our view, a photothermal process due to the light
absorption in the studied film of TKHDLC occurs as an
intermediate step, i.e., a photothermoelectrical effect (PTEE)
takes place�the photoresponse of the TKHD film is driven by
a thermal mechanism, rather than by direct photoexcitation of
electric charge carriers. The latter process is still possible, but
its contribution should be relatively low because the observed
change of the photoresponse of the TKHD film is opposite to
the effect of photo-induced conductivity associated with
generation of photo-current (due to photon-induced charge
carriers) in DLCs (most intensive in the DLC columnar
phase).14,45,47−49 The accurate elucidation of the main
mechanism needs measurements of DC conduction behavior,
electrical current polarization decay measurements, thermally
stimulated depolarization currents and other temperature-
dependent measurements, cyclic voltammetry, chronoamper-
ometry, and/or other techniques for measurements in the time
domain, especially time-resolved experiments. For our samples,
this requires application of suitable concept and adequate
theoretical physical models for analysis of time-dependent
interfacial resistance, which is out of the focus and scope of the
present study. Note that the nature of the photo-induced
electric-charge generation, recombination, transport process,
and photocurrent mechanism in DLCs is not jet fully
understood.

The changes in ReZ spectra by light (Figure 7c) can be
correlated with the changes resulting from the heating of the
same TKHD thin film, but not illuminated (Figure 8c). Thus,
from the impedimetric response of TKHD film for our case of
UV illumination, the absorption of UV light for 15 min might
be considered equivalent to a temperature increase of ca. 1.5
°C. Accordingly, the rate of the light-produced heating can be
determined to be ζ = 0.1 °C (min mW cm−2)−1. This quantity
can be a measure for the photo-induced thermal changes due
to accumulated photo-produced heat in the studied TKHD
thin film.

3.5.2. SWCNT/TKHD Glassy Films. At the relatively high
percentage of 1 wt % of SWCNTs, the SWCNT/TKHD NC is

Figure 8. Variation of ReZ (a) and ImZ (b) spectra of TKHD film
with temperature of the film (no UV light); (c) expanded view of (a)
in the low-frequency region.

Figure 9. ReZ (a) and ImZ (b) spectra measured for SWCNT/TKHD film by varying the duration of the illumination of cw UV light (λC = 310
nm) (0 means no light). The temperature of the film at the moment 0 was (27 °C), and the UV light intensity was kept fixed at 1 mW/cm2. The
corresponding Nyquist plots are in (c). (d) Electrical resistance R of the measured SWCNT/TKHD film vs the dose of the impinging cw UV light,
as well as the corresponding linear fit to the data.
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highly conductive. As is known, because of their structure of
mesoscopic 1D systems, the electronic transport properties of
SWCNTs are controlled by quantum size and charging effects,
and they possess high electrical conductivities (104−106 S
cm−1).53 It has to be noted that a formation of a network of
randomly dispersed SWCNTs and their aggregates in the
prepared films of SWCNT/TKHD NC is rather possible at 1
wt % SWCNT nanoadditives.54 In our case, the high aspect
ratio of SWCNTs (LSWCNT/dSWCNT > 4000) is favorable for the
formation of network of such carbon nanostructures. There-
fore, such a possible assembly should also be taken into
account. Regarding the geometric configuration, it should be
noted that within the bulk of the SWCNT/TKHD film, a
SWCNT network positioned between the contact electrodes
most likely connects them in our case (Figure 2a).

Figure 9a,b presents the EIS data obtained for a thin glassy
film of SWCNT-filled TKHD when it was continuously
illuminated under the same experimental conditions as for the
TKHD thin film (see the previous Section 3.5.1), and the
{ReZ; ImZ} spectra were registered every minute. The
frequency behaviors of ImZ and ReZ of SWCNT/TKHD
NC look like as those of the highly conductive dielectrics.
Toward the zero frequency, the ReZ values represent the
Ohmic resistance of the sample. Over the whole frequency
range covered here, an increase of both ReZ and ImZ of these
films takes place by their illumination. The increase is most
pronounced in certain frequency regions�at ca. 10 kHz for
ImZ, and below 10 kHz for ReZ.

Similarly to the studied TKHD films, the observed light-
induced change of electrical impedances of the SWCNT/
TKHD NC films was reversible�when the illumination is
turned-off, the initial impedances of the samples were
recovered. The velocity of recovery process was proportional
to the rate of the cooling of the films. By our experiments, a
clear PTEE in the studied SWCNT/TKHD NC films was also
found when they were illuminated with cw LED emitting in
the visible (λC = 405 nm, λC = 470 nm, λC = 528 nm, or λC =
628 nm). Qualitatively, under identical experimental con-
ditions, the degree of the photothermal effect follows the
absorption strength of the films at the corresponding
wavelengths (recall Figure 4).

Figure 10a,b shows the temperature-dependent variation of
ReZ and ImZ spectra of the same SWCNT/TKHD film. The
comparison with Figure 9a,b strongly suggests that the photo-
electrical effect is realized via intermediate photothermal effect,
i.e., the absorbed energy increases the temperature of the film,
which is observed as a photoresponse due to the temperature
dependence of the electrical impedance. By that, the increase
of the resistive value of SWCNT/TKHD NC with the increase
of the temperature indicates that the semiconductor behavior
of the NC impedance cannot be associated to the thermal
activation of charge carriers.

The Nyquist complex diagrams (the plots of −ImZ vs ReZ)
corresponding to the recorded EIS data for the measured
SWCNT/TKHD film demonstrated single semi-circular
responses (Figures 9c and 10c). In the low-frequency region
of the Nyquist plots (the region of the increasing values of
ReZ), there was no inclined spike relevant to EP. Such a semi-
circular shape corresponds to the electric circuit of resistance
(R) and capacitance connected in parallel (Figure 10d). In the
present case, the increase in the ImZ peak simply reflects the
increase of R. At values of R in the range 470−600 Ω, the
position of the ImZ peak at ca. 25 kHz corresponds to a
capacitance value of about 15 nF. The phenomena that occur
at high frequencies (higher than the MHz range) are associated
with an “apparent offset” resistance (R0) (Figure 10c), in our
case of ca. 100 Ω. This “initial” resistance is serial and is
connected also in series to the electrode. Upon light, or at
elevating temperature, the semicircle and its interception with
the ReZ-axis move toward the higher values of ReZ, i.e., the
resistance (R0 + R) of the sample is increased. Significantly, no
impedance semicircle (or quasi semicircle) response takes
place by the reference films of pure TKHD upon light or
temperature exposure at the same experimental conditions
(Section 3.5.1).

From Figure 9d, one can calculate the value 25 Ω (mW
cm−2 min)−1 for the light-induced increment of the resistance
R of the studied SWCNT/TKHD film. Comparing the
Nyquist plots in Figures 9c and 10c, one can assess the
temperature range in which the light-induced changes of Z of
the SWCNTs/TKHD film correspond to the thermo-induced
changes of Z of the same film, but not illuminated. Thus, the
light-induced changes discussed above correspond to a heating

Figure 10. ReZ (a) and ImZ (b) spectra measured for SWCNTs/TKHD film by varying the temperature of the film (no UV light). The
corresponding Nyquist plots (c) and the equivalent electric circuit (d).
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of the film from 27 to 34 °C (±0.1 °C). The heating rate in
this case was estimated to be ζ = 1.4 °C (min mW cm−2)−1,
i.e., 14 times higher than for the TKHD film at the same
experimental conditions.

The decrease in electrical conductivity of the studied NC
films with elevating temperature or upon lightning was also
established by voltammetry studies under DC electric field.30

Clearly, both photo-electrical and thermo-electrical responses
of the SWCNT-filled TKHD glassy films are predominantly
due the added nanofillers, but some contribution from the host
TKHD is not excluded.

The role of the SWCNT nanofillers in the nanostructured
host TKHDLC for the heating and thermally induced
processes due to the absorbed optical energy is diverse. First,
the SWCNTs contribute to the enhanced light absorption of
the SWCNT/TKHD NC (recall Figure 4) through their
extremely high absorption coefficient. Second, the well-known
photothermal effect by SWCNT structures (either individual
SWCNTs or SWCNT networks) (e.g., ref 55) can strongly
contribute to the heating of SWCNT/TKHD NC film. It
should be noted, however, that the photothermoelectric/
bolometric effect was found in thin films of SWCNT structures
(e.g, by suspended SWCNT films56); their electrical resistance
was found to decrease with the light irradiation, i.e., a behavior
opposite to the one observed here. The latter differs also from
the signal from direct photoconductivity (contribution of
photoexcited electrons and holes) from SWCNT themselves,
i.e., the case when a photo-current is generated.57 Third,
through their extremely high thermal conductivity (e.g., refs
58−62), the SWCNTs and their network make an efficient
heat transfer possible. The latter can be facilitated by eventual
coupling between the DLC and the SWCNTs, most probably
due to interfacial interaction and π−π attraction between their
aromatic rings. Application of special experimental techniques
and more complex analyses and sophisticated interpretation
are necessary to evidence and exactly specify the interaction
between the LC and the nanofillers at the nano-level, which is
beyond the scope of the present work. Thus, the SWCNTs in
the SWCNT/TKHD NC films may play a role of thermal
nano-transducers that can transfer the heat to the molecules of
TKHDLC. Clearly, this can lead to a change of physical
properties of the host TKHDLC. Contrariwise, SWCNTs can
accept the heat from the TKHD molecules. In this case,
figuratively speaking, the SWCNTs can act as cooling nano-
radiators within the SWCNT/TKHD NC material. It is also
realistic that the heating and the heat dissipation processes in
SWCNTs/TKHD occur solely through the SWCNT compo-
nent of this NC, thereby also avoiding the heating of the DLC
host. A further elucidation of the role of SWCNTs and
mechanism of PTEE by the studied NC glassy thin films can
be gained from analysis of temperature dependence of their
resistance.
3.6. Temperature Coefficient of Electrical Resistance

of SWCNT/TKHD Glassy Thin Films. Figure 11a depicts the
temperature (T) dependence of the resistance (R) of the
measured film of SWCNT/TKHD NC, as obtained from data
in Figure 10c, as well as the relative change (the increment R/
Rinit), where Rinit is the resistance of the film at the initial
temperature (21 °C), in the course of the measurements. It is
seen that in the investigated range of temperature, R is
gradually increasing function of T. The mean value σ ∼10−4 S/
m of the corresponding electrical conductivity calculated for
the SWCNT/TKHD NC film at room temperature (Figure

11b) was about 5 orders of magnitude lower than the room-
temperature electrical conductivity of s-CNTs and 9−10 orders
of magnitude lower than that of the m-CNTs.63 On the other
hand, σ of the SWCNT/TKHD NC film was about 5 orders of
magnitude higher than σ of the neat TKHD film. As compared
to the individual CNTs, the electrical conductivity of CNT
networks is lower, since in them a random sequence of both s-
CNTs and m-CNTs does form conduction paths for electrical
current. It is well known that junctions between two similar
nanotubes (m-CNTs or s-CNTs) have high conductance, and
are ohmic, in contrast to the case of two dissimilar nanotubes
(m-CNT + s-CNT), where a contact resistance (rectifying m−s
Schottky barrier contact) is formed.

From Figure 11a, one can obtain that the temperature
derivative of the resistance of the SWCNT/TKHD NC film in
the measured range of T, is positive (dR/dT > 0). That is, we
observed a metallic type of conductivity. This is consistent with
the results reported by Dehghani et al.64 for random networks
of SWCNTs containing both m- and s-SWCNTs (in the
SWCNT ratio, that is, about 1/3 metallic and 2/3 semi-
conducting) having dimensions comparable to those of the
SWCNTs we employed here. Furthermore, a comparison with
the work64 is reasonable because the cell configuration of the
SWCNT/TKHD NC film and the physical conditions in our
experiments were very similar to the ones reported in ref 64, in
particular, regarding the fact that a part of the SWCNTs in the
SWCNT/TKHD film may connect the contact electrodes. In
this case, the measured resistance includes three series
resistances: (i) the resistance of individual nanotubes; (ii)
the resistance between two CNTs crossing each other (the
tube−tube resistance), and (iii) nanotube−electrode (ITO)
contact resistance.

As is known, the TCR behaviors of individual SWCNTs as
well as the SWCNT networks may be different. In general,
their R and R(T) should depend on the CNT types, their
dimensions, ratio of metallic and semiconducting populations,
the levels of defects, configurations, experimental conditions,
and other factors. As reported for individual s-SWCNTs with

Figure 11. Temperature dependences of the resistance R and its
normalized value (a), electrical resistivity ρ and conductivity σ (b), as
well as TCR (c), for 3 μm film of SWCNT/TKHD.
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dimensions comparable to the ones in the present work, their
intrinsic electrical resistivity is lowered upon elevating T (in
particular, in the considered temperature range 20−40 °C),
unlike the individual m-SWCNTs.64,65 The different thermo-
electric behaviors also take place by thin films made of s-
SWCNTs or m-SWCNTs, whereas for the mixture of s-
SWCNTs or m-SWCNTs, the thermoelectric behavior
depends on the compositional ratio of these two types of
SWCNTs.66 As is known, the thermoelectric properties are
mostly determined from the semiconductor fraction, whereas
the metallic fraction supports a high electrical conductivity.

In contrast to the behavior shown in Figure 11a,b, R(T) in
the room-temperature range has been found to be a decreasing
function for: (i) self-assembled thin films (2 μm thickness) of a
1:1 mixture of s-SWCNTs and m-SWCNTs;67 (ii) thin films
(12.5 μm-thick) of self-oriented and highly aligned SWCNT in
polymer matrix;68 (iii) thin films (several μm-thick) of
suspended networks of SWCNTs;56,69,70 (iv) inkjet-deposited
(printed) SWCNT networks in layers several tens nm-thick;71

and (v) thin films (10−20 μm) of bulk insulating matrix (e.g.,
polymer) with dispersed SWCNTs at a small volume fraction
(e.g., ranging from 0.1 to 8%),72,73 where, statistically, the
quantity of s-SWCNTs is twice that of the m-SWCNTs.
Further, dR/dT < 0 was found for intrinsic SWCNT networks
with s-SWCNTs >90% (e.g., ref 74) and for pure s-SWCNT
networks (e.g., ref 75).

It is well-known that the electrical behavior of SWCNT
networks strongly depends on the network density.76−79 Thin
films containing SWCNT network structures at low network
densities exhibit dR/dT < 0.76,77 In this case, the conductivity
mechanism is different from the one for dense SWCNT
networks. On the other hand, a positive dR/dT in the room-
temperature region has the single- and few-wall CNT
interconnects,80 as well as the mixed SWCNTs (m-SWCNTs
+ s-SWCNTs) and their networks.64,66 Figure 11c shows the
values of the temperature coefficient of the resistance (TCR),
α = dR/R dT, for the studied SWCNT/TKHD NC film, as
calculated from the R(T) dependence in Figure 11a. The mean
value of the calculated TCR at room temperature was α =
0.03/°C, ±0.01/°C. The positive TCR of the SWCNT/
TKHD NC film is in contrast to TCR measured for the
bolometer-sensitive micrometer-thin films based on mixtures
of s-SWCNTs and m-SWCNTs that also exhibit PTEE, but
such films are characterized with negative TCR values, in
particular, in the room-temperature region.56,67,68,73,81

Taken together, all the data and the obtained results
discussed above lead us to conclude that it is reasonable to
think that the PTEE observed in the studied SWCNT/TKHD
NC films is mainly realized through SWCNT networks
randomly formed in these films. Although the light is absorbed
also from the DLC host, the light-produced heating and the
corresponding thermo-induced effects in the volume of
SWCNT/TKHD NC films are predominantly due to
SWCNTs. The heating in these films is thermally conducted
and dissipated by SWCNT network within the films. Due to
the huge difference between the thermal conductivities of
SWCNTs and TKHD, the heat released in the latter is
negligible. Thus, the SWCNT fillers acting as nanoscale coolers
prevent the heating of the host TKHD and thereby avoid the
light-induced drop of PL intensity that occurs in neat TKHD
films (discussed in Section 3.4). Of note, CNTs have long
been used for thermal management (heat removal/dissipation)

as an efficient heatsink nanomaterial in chip cooling
applications (e.g., refs 82−84).

4. CONCLUSIONS
At room temperature and by excitation with light in the UV, as
well as in the violet range of the visible, the studied thin films
(3 μm) of glassy liquid-crystalline discotics TKHD and TKHD
filled with 1 wt % SWCNTs exhibit intensive PL in the deep
red with extremely large Stokes shift. Hence, they are
promising materials for development of emissive layers in
optoelectronic devices. However, upon continuous illumina-
tion even at relatively low-intensity (∼1 mW/cm2), the PL
response of TKHD thin films has diminished in the time. The
nature of this unwanted effect was clarified. The experimental
results obtained upon light and thermal exposure of the studied
films show that the PL drop is not due to light-induced
structural changes in the films, but to a photo-thermal effect.
The analysis of the data indicates that the photo-electrical
response of the films is caused by a thermal mechanism.

Significantly, the presence of SWCNTs in glassy TKHD LC
thin films eliminates the photo-induced decrease of PL from
these films, thereby providing a stable PL intensity desirable for
optoelectronic application. The highly conductive SWCNT
nanofillers and most probably their random network in the
SWCNT/TKHD NC films absorb and dissipate the photo-
induced heating, thus acting as an effective cooling
substructure (nano-scale elements like heat sinks). At the
same time, the LC properties of the SWCNT/TKHD NC
remain unchanged. Our future investigations will explore the
application of the studied conductive NCs of highly photo-
responsive tris(keto-hydrozone) DLC for sensing vapors of
volatile organic compounds, utilizing the long-wavelength
luminescence and the stable operation of corresponding
devices, as well as their use for special thin-film photo-
controllable detection schemes.
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