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ABSTRACT: Single-walled carbon nanotubes (SWCNTs)
were suspended in 1,2-dichloroethane by noncovalent
functionalization with a low-band-gap conjugated polymer 1
alternating dialkoxyphenylene−bisthiophene units with benzo-
[c][2,1,3]thiadiazole monomeric units. The suspended 1/
SWCNT blend was transferred onto different solid substrates
by the Langmuir−Schaefer deposition method, resulting in
films with a high percentage of aligned nanotubes. Photoelectrochemical characterization of 1/SWCNT thin films on indium−tin
oxide showed the benefits of SWCNT alignment for photoconversion efficiency.
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■ INTRODUCTION

Organic semiconductors are used as active materials in several
optoelectronic devices including organic-based solar cells/
photodetectors, field-effect transistors, and light-emitting
diodes. Charge-transfer and charge-transport phenomena in
solid thin films are strongly influenced by molecular arrange-
ment1,2 and intermolecular interactions.3−5 Control over the
supramolecular organization can lead to the formation of
ordered films, where exciton dissociation and charge
percolation are optimized.6 In the last years, there has been
special attention paid towards materials able to form optimized
channels through the organic semiconducting matrix, where
charges can be transported with low recombination proba-
bility.7 As a leading example, carbon nanotubes are ideal
candidates for charge transport in optoelectronic devices.
Furthermore, these materials promptly accept or donate
electrons when combined with electron donors8,9 or with
electron acceptors, respectively.10

A common issue related with carbon nanotubes wet
processing is their limited suspendability in polar and nonpolar
solvents. Strong van der Waals interactions between individual
carbon nanotubes induce aggregate formation,11,12 which
renders them highly insoluble and nonprocessable for device
applications. A largely pursued method to make single-walled

carbon nanotubes (SWCNTs) suspendable is to covalently
functionalize them with electrostatically charged substituents
able to prevent their aggregation in bundled domains.13 This
approach induces strong modifications in the chemical structure
of the carbon nanotube honeycomb, compromising their π-
electronic network. An alternative approach that does not
perturb the electronic structure of SWCNTs is based on
noncovalent functionalization by van der Waals and π−π
interactions between carbon nanotubes and other conjugated
materials. As an example, conjugated polymers strongly interact
with SWCNTs by wrapping either ropes or individual
tubes.14,15 In the present work, a low-band-gap conjugated
copolymer 1 containing thienylene, alkoxy-substituted phenyl-
ene, and benzothiadiazole units (Figure 1), previously
synthesized as a donor material for bulk heterojunction solar
cells,16 was used to suspend the SWCNTs.
The deposition technique used for transferring noncovalently

functionalized SWCNT suspensions onto solid substrates plays
a crucial role in the molecular arrangement of the deposited
film. Here, the Langmuir−Schaefer thin-film deposition
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method has been explored because it allows accurate control of
both molecular packing and bidimensional orientation of the
nanostructures.14,17,18 This method has been reported in the
literature for the deposition of thin films for applications in
organic electronics (e.g., sensors19 and transistors20 as well as
for biotechnological devices).21

■ MATERIALS AND METHODS
The SWCNTs (batch number: R 0510 C from Carbon Nano-
technologies Inc., with a purity of over 99%) used in this work were
synthesized by disproportionation of carbon monoxide at high
pressure and were not further purified. All solvents and indium−tin
oxide (ITO) glasses were purchased from Sigma Aldrich (surface
resistivity 8−12 Ω/sq).
The SWCNT suspension was obtained according to an already

reported procedure15 with slight variations: 1 mg of 1 was dissolved in
20 mL of 1,2-dichloroethane (DCE), and 1 mg of SWCNTs was
added. The suspension was sonicated for 15 min at a temperature of
40 °C and centrifuged at 1600 rpm for 10 min. The liquid supernatant
was collected and spread at the air/water interface of the Langmuir
trough by using a glass syringe.
Polarization−modulation infrared reflection−absorption spectros-

copy (PM-IRRAS) at the air/water subphase was carried out with a
KSV instrument. During the experiments, after each run, the trough
was carefully washed with chloroform, acetone, ethanol, and water.
Ultrapure water (Millipore Milli-Q, 18.2 MΩ cm) was used as the
subphase. Langmuir isotherm and Langmuir−Schaefer depositions
were carried out in a KSV 5000 System 3 LB apparatus (850 cm2).
The barrier speed was fixed at 10 mm min−1 and the surface pressure
was monitored using a Wilhelmy balance.
UV/vis measurements were carried out using a Perkin-Elmer

Lambda 650 spectrometer, and Raman spectra were acquired with a
Bruker FT-Raman RFS 100/S spectrometer with a YAG:Nd laser
excitation source at 1064 nm.
Transmission electron microscopy (TEM) images were recorded

with a Philips CM 300 UT high-resolution instrument (300 kV
acceleration voltage, 0.172 nm point resolution; Scherzer focus)
equipped with a two-camera system (TV System and CCD camera).
Samples for TEM were prepared by casting 1 drop of the 1/SWCNT
sample suspension onto a standard Formvar film on a copper grid
(230 meshes).
For photoelectrochemical characterization, ITO/(1/SWCNT)x/

I−,I−3/Pt-FTO photoelectrochemical cells were constructed, modifying
a previously reported procedure.22 To prepare the counter electrode, a
platinum catalyst was deposited on the FTO glass by coating with 1
drop of a 0.35 mM H2PtCl6 solution (2 mg of platinum in 1 mL of
ethanol) and heating at 400 °C for 15 min. The electrolyte employed
was a solution of 0.5 M LiI and 0.01 M I2 in acetonitrile. For
photocurrent measurements, a Keithley 2400 multimeter and a
collimated light beam from a 350 W xenon lamp with a AM 1.5
filter were utilized. The light intensity for white-light measurements
was 100 mW cm−2. When a photoaction spectrum was recorded, a
monochromator was introduced into the path of the excitation beam
to select the required wavelengths: from 350 to 690 nm, 20 nm step.
The EQE, defined as the number of electrons collected per incident
photon, was evaluated from short-circuit photocurrent measurements
at different wavelengths. The incident-light intensity was calibrated
using a radiant-power/energy meter (Coherent Deutschland GmbH

model Fieldmax II) before each experiment. All measurements were
performed at 25 °C.

■ RESULTS AND DISCUSSION
Air/Water Interface Characterization. UV/vis/near-IR

absorption spectra of 1 and 1/SWCNT in DCE were first
recorded to evaluate the interaction between host (1) and guest
(SWCNT) (Figure 2). In the spectrum of 1, two different

absorption bands located at 437 and 463 nm are clearly
observable. These peaks were respectively ascribed to the π−π*
electronic transition located on the thiophene-based segment
and to the internal charge transfer between octyloxyphenylth-
iophene-based units and the benzothiadiazole moiety.16

Looking at the 1/SWCNT spectrum, several bands beyond
600 nm are observed and ascribed to the SWCNT van Hove
singularities.
An aliquot of 150 μL of 1 dissolved in DCE at a

concentration of 0.1 mg mL−1 was spread on the surface of
an ultrapure water subphase, and the Langmuir isotherm was
recorded during the barrier motion with a constant speed of 10
mm min−1 (Figure 3, gray line). A long pseudogaseous phase of
1, indicating small interactions between the molecules spread
on the subphase, is followed by a slope variation at about 100
Å2/repeat unit with a limiting area per repeating unit of about

Figure 1. Chemical structure of polymer 1 used to suspend the
SWCNTs.

Figure 2. UV/vis/near-IR spectra of 1 (black line) and 1/SWCNT
(gray line) suspended in DCE.

Figure 3. Langmuir isotherms of 1 (black line) and 1/SWCNT (gray
line) obtained by spreading 150 μL of a DCE solution. In the inset, the
Langmuir isotherm of 150 μL of SWCNTs suspended in DCE is
reported. Here, the x axis was reported as the area between the two
Teflon barriers.
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88 Å2. When the same volume of 1/SWCNT is spread at the
air/water interface, an obvious reduction of the gaseous phase is
recorded and a smoothed knee can be observed at about 250
Å2. A further and sudden slope change at 16 mN/m suggests
reorganization of the molecules constituting the floating layer.
The two curves do not appear simply shifted, and the 1/
SWCNT pattern is not a linear combination of the isotherm of
1 and the Langmuir curve of the SWCNT suspension.23 On the
contrary, their trends appear deeply different, suggesting strong
interactions between 1 and SWCNT.24

For closer investigation of the behavior of the spread
materials at the interface, PM-IRRAS has been pursued. This
spectroscopic technique is a powerful tool for the identification
of the spatial arrangement of functional groups at the air/liquid
interface. If the orientation of a molecular transition moment is
parallel to the surface plane, the PM-IRRAS signal is equal to
zero. On the contrary, if the orientation is perpendicular to the
surface plane, the signal is maximum.25 Parts a and b of Figure 4
show the IR spectra of 1 and the 1/SWCNT Langmuir layer of
the floating film recorded at the air/water interface at different
surface pressures. Considering the spectrum of 1, by increasing
the surface pressure from 0.5 to 25 mN m−1 (Figure 4a), the
strong bands at 991 and 1014 cm−1 ascribed to the vinyl
rotation in the 1,4-arylene-2,5-thienylene moiety26 and to the
phenyl ether stretch vibrations, respectively, decrease. Notably,
when the surface pressure increases from 0.5 to 7 mN m−1,
these two peaks are red-shifted from 1014 to 1032 cm−1 and
from 991 to 995 cm−1, respectively, owing to the forced
aggregation of the polymer. The opposite trend is observed for
the peak at 1091 cm−1 ascribed to the alkoxy group because,
with an increasing in the surface pressure, the signal increases.
Taking the aforementioned in concert, is safe to assume, with
an increase in the surface pressure, phenylene and thiophene
rings are tilting from the vertical to horizontal position and the
alkyl chains are twisting vertically directed toward the air phase
(Figure 4c).
On the contrary, in 1/SWCNT PM-IRRAS spectra, the

signal intensity does not significantly change during compres-
sion. This evidence is compatible with a scenario, where the
polymer wraps up the SWCNTs and therefore does not change
the configuration upon floating layer compression, similarly to
what was reported in our previous study (see Figure 4b).15

Langmuir−Schaefer Film Characterization. Langmuir
films of 1 were transferred on solid supports by means of the
Langmuir−Schaefer deposition method at a surface pressure of
13 mN m−1, which corresponds to the maximum packing of the
polymer that is likely to be achievable on the air/water
interface. 1/SWCNT composite films were transferred at a
surface pressure of 12 mN m−1. Absorption spectra with
polarized light were recorded to evaluate a possible organized
arrangement of the species transferred on the quartz slides.27

The two absorption bands ascribed to the polymer are red-
shifted by about 30 nm in comparison with the absorption
spectra recorded for the suspension in Figure 2, owing to
aggregation in the film.28 Visible spectra of 1 films obtained
after 15 runs recorded with perpendicular and parallel incident
light show a dichroic ratio at 530 nm of 1.12 that indicates an
approximately random arrangement of deposited molecules
(Figure 5a). In contrast, for 1/SWCNT films obtained after 15
deposition runs, the absorption peak at 530 nm when light is
polarized parallel to the barriers is 1.71 times more intense than
the absorption recorded by shedding light polarized perpen-
dicular to the barriers. These findings suggest an enhanced

alignment percentage yield of SWCNT in the 1/SWCNT
deposited film and strong supramolecular interactions between
the polymer and nanotubes, in agreement with IRRAS analysis.
In the range between 900 and 1500 nm, bands related uniquely
to carbon nanotubes are discernible. The spectra obtained with
polarized light in Figure 5b evidence a preferential arrangement
of deposited SWCNT, as a function of the deposition direction.
As a control experiment, the 1/SWCNT was transferred by
means of a spin-coating method, and films revealed a dichroic
ratio of about 1:1, corroborating the effectiveness of the
Langmuir−Schaefer deposition method in controlling the
SWCNT orientation in the solid film.
Similar conclusions emerge from Raman spectroscopic

analysis (Figure 6). The G band (at 1590 cm−1), D band
(1277 cm−1), and radial breath mode bands (at ca. 300 cm−1)
are more intense when laser polarization parallel to the
deposition direction is used. Again, the preferential orientation

Figure 4. PM-IRRAS of (a) 1 and (b) 1/SWCNT floating films at
different surface pressures. (c) Schematic representation of the
conformational changes in the 1,4-arylene-2,5-thienylene moiety of
the polymer backbone at the surface of the water with an increase in
the surface pressure.
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of 1/SWCNT in the transferred film induced by the
Langmuir−Schaefer deposition method is evident.
Atomic force microscopy (AFM) images show large

interwoven (1/SWCNT)x aggregates with diameter up to
micrometer size and prevalently oriented along the y direction,
as shown in Figure 7.
TEM characterization of the film cast from the 1/SWCNT

suspension suggests that polymer 1 envelopes small bundles of
SWCNTs (Figure 8), as previously supposed from the PM-
IRRAS results at the air/water interface.

X-ray diffractometry of the 1/SWNTs Langmuir−Schaefer
film showed weak (002) and (100) peaks at 2θ of 26.8° and
42.8°, respectively. The (002) peak arises from contact points
between neighboring SWNTs, whereas the (100) peak
originates from the graphitic structure. When turning on the
SWNTs/1 cast films, owing to their disordered morphology,
these peaks are not ascernible (see Figure S1 in the Supporting
Information).

Photoelectrochemical Characterization of a 1/SWCNT
Langmuir−Schaefer Film. To quantify the benefit of probed
supramolecular organization on charge transfer and charge
transport for solar light conversion, we constructed ITO/(1/
SWCNT)10/I

−,I−3/Pt-FTO photoelectrochemical cells, where
1/SWCNT photoactive films were deposited by Langmuir−
Schaefer and spin-coating techniques provided that they bear
the same light-harvesting efficiency.
From the current−voltage characteristics, owing to the p-

type nature of both 115 and SWCNT,9 a photocathodic current
is observed. The two cells revealed different open-circuit
voltages (Voc, 0.11 and 0.084 V) and short-circuit currents (Jsc).
Jsc observed from the cell, where the 1/SWCNT film is
deposited by the Langmuir−Schaefer method (−0.133 mA
cm−2) is almost double compared with the Jsc of the cell, where
the 1/SWCNT film was obtained by spin coating (−0.07 mA
cm−2); see Figure 9. Because light harvesting for the two cells
was the same, the photocurrent enhancement in devices
bearing Langmuir−Schaefer films originated from improved
internal quantum efficiency, namely the efficiency with which

Figure 5. Absorption spectra of 15 Langmuir−Schaefer layered films
of (a) 1 and (b) 1/SWCNT upon illumination with parallel (black
line) and perpendicular (gray line) polarized incident light.

Figure 6. Raman spectra (excitation at 1064 nm) of a 1/SWCNT
Langmuir−Schaefer film (10 deposition runs) upon illumination with
parallel (black line) and perpendicular (gray line) polarized incident
light.

Figure 7. AFM 3D image of a ITO/(1/SWCNT)50 Langmuir−
Schaefer film.

Figure 8. TEM image of a 1/SWCNT film obtained by casting a drop
of its suspension in DCE. The scale bar is 25 nm.
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absorbed photons generate collectable carriers, in the 1/
SWCNT 3D network.
To enhance the light harvesting, thicker multistack films were

constructed, and photoaction spectra were recorded (Figure
10b). These show two maxima at around 450 and 540 nm.

Their resemblance to the absorption maxima of the 1/SWCNT
film on ITO (Figure 10a) indicates that the predominantly
active component is 1. The good agreement between
absorption and photoaction spectra shows that 1 is the main
light-absorbing material. Thus, light is initially absorbed by 1
throughout the different layers, followed by rapid electron
transfer from 1 to SWCNT and from SWCNT to the

electrolyte. The neutrality of 1 is restored by electron transfer
from the ITO electrode, while the electrolyte is reoxidized at
the platinum counter electrode.
For the optimized film obtained upon 96 Langmuir−

Schaefer runs, the J−V characteristic revealed Jsc of 0.7 mA
cm−2, Voc of 0.12 V, a fill factor of 30%, and a maximum power
energy efficiency of 29.9 × 10−3% (Figure 11). Thicker films
revealed lower performances owing to the larger series
resistance of the multistack that overcompensates for the
benefit of enhanced light harvesting.

■ CONCLUSIONS
A suspension of SWCNT in DCE was obtained by means of
noncovalent functionalization by synthetic polymer 1 that
wraps up bundles of a few nanotubes, breaking the strong van
der Waals interactions between SWCNTs. This procedure
allows the formation of a very stable suspension of 1/SWCNT
that was spread at the air/water interface in a Langmuir
through. The floating film has been transferred on different
solid substrates, and spectroscopic measurements with
polarized light suggest the formation of a highly oriented thin
film. TEM pictures confirm the hypothesis that 1 wraps up the
SWCNTs. Photoelectrochemical cells based on ITO/(1/
SWCNT)x photoelectrodes obtained by the Langmuir−
Schaefer technique exhibit significantly improved device
performances, specifically, 47% enhanced photocurrent, relative
to cells that are fabricated by spin coating. The difference in the
photoresponse confirms the benefits of the molecular order
induced by the Langmuir−Schaefer deposition method. We
believe that the present results suggest a potent alternative for
fabricating photoactive molecular devices.
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Figure 9. J−V characteristics of ITO/(1/SWCNT)x/I
−,I−3/Pt-FTO

photoelectrochemical cells, where 1/SWCNT was deposited by the
Langmuir−Schaefer method (10 deposition runs) (black line) and by
spin coating (gray line) under AM 1.5 illumination.

Figure 10. (a) Absorption and (b) photoaction spectra of ITO/(1/
SWCNT)n/I

−,I−3/Pt-FTO with n = 50 (black line), 80 (gray line), and
96 (light-gray line) deposition runs.

Figure 11. J−V characteristics of ITO/(1/SWCNT)x/I
−,I−3/Pt-FTO

photoelectrochemical cells, where 1/SWCNT was deposited by the
Langmuir−Schaefer method (96 deposition runs) in the dark (dashed
line) and under AM 1.5 illumination (solid line).
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