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Herein, a series of novel butterfly-shaped small-molecule organic
semiconductors (OSCs) have been designed, synthesized and
complexed with single-walled carbon nanotubes (SWCNTs) as p-type
thermoelectric materials. The butterfly-shaped molecules exhibit
curved molecular structures, which tune their frontier molecular
orbitals and increase their interactions with SWCNTSs. A systematic
study shows that the composites based on butterfly-shaped
OSCs exhibit significantly improved thermoelectric performances
compared with that of the composite based on the analoguous
planar OSC. The enhanced thermoelectric performances are attri-
butable to the higher activation energy, improved doping level and
charge transport process between the organic molecules and
SWCNTSs. The butterfly-shaped OSC and SWCNT composite opens
up a new avenue for the design of thermoelectric materials and
devices.

1. Introduction

Thermoelectric (TE) materials can realize direct conversion
between thermal energy and electric energy, and have broad
application prospects in waste energy utilization, energy saving
and emission reduction.”” Thermoelectric energy conversion
efficiency is usually evaluated by the figure of merit (Z7):
ZT = §*T/x, where S is the Seebeck coefficient or thermopower,
o is the electrical conductivity, T is the temperature, and «x is
the thermal conductivity. Because the organic materials
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Organic semiconductors (OSCs) are promising to be the next generation
of thermoelectric materials due to their unique advantages, such as low
cost, high mechanical flexibility, low thermal conductivity, and low
toxicity. Control of the molecular structure of organic semiconductors
is critical for optimizing the performance of organic-based thermo-
electrics. Unlike the widely employed planar-core-based p-type OSCs, we
herein showcase a series of novel butterfly-shaped OSCs by contorting the

pentacenone/anthrone cores with steric substitutions, which brings

1

higher power factors up to 312 uW m~' K ? for thermoelectric

composites of OSC/SWCNT compared with that of the composite based
on planar OSC. The corresponding thermoelectric generators exhibit a
large output voltage up to 16.6 mV and output power up to 2.08 pW under
a 31 K temperature gradient. The results set a new record for p-type
thermoelectric composites based on small-molecule OSCs, indicating
that curved butterfly-shaped OSC and SWCNT composites are
promising thermoelectric materials and open a new approach for the
design of thermoelectric materials and devices.

intrinsically possess low thermal conductivities in the range
of 0.1-1 W m ™' K™, the thermoelectric power factor, PF = 5%,
is often used instead of ZT to compare the organic thermo-
electric performance of different materials. The thermoelectric
efficiency can be improved through the optimization of the
Seebeck coefficient and electrical conductivity.® However, both
the electrical conductivity and Seebeck coefficient are inter-
related as a function of carrier concentration n.> Generally, the
electrical conductivity (o) is proportional to the carrier concen-
tration (n) and the charge carrier mobility (x) through the
equation ¢ = neu, where e is the elementary charge. The Seebeck
coefficient represents the entropy of a carrier with unit charge,
which is negatively correlated with carrier concentration as
S = 8mnlky*m*T(n/3n)*%/(3eh?), where ks is the Boltzmann
constant, & is the Planck constant and m* is the density of
states effective mass. In the hopping transport neglecting the
electron correlation effects, the Seebeck coefficient is propor-
tional to the activation energy E, (E, = Er — E,), and can be
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written as S = (kg/e) [[(Er — E)/kgT)o(E)dE,* where kg is the
Boltzmann constant, Er is the Fermi level energy, E is the
energy level occupied by the carrier, T is the temperature, and
o is the electrical conductivity (¢ = [o(E)dE). If the carrier only
transports in the valence band, the Seebeck coefficient is given
by S = (ke/q)[(Er — Ev)/ksT] + A,,>° where E, is the valence band
edge, and A, is a constant. At low carrier concentration with
Exr — E, » kgT, A, is negligibly small and the Boltzmann
distribution is justified. Obviously, Seebeck coefficients largely
increase with decrease in carrier concentration and increase of
the activation energy.

Recently, great progress has been made on organic conju-
gated polymer-based TE materials owing to their low thermal
conductivity, easy synthesis and processing, abundance and
environmentally friendliness, some of which have displayed
high PF values approaching those of traditional inorganic
materials.”" Compared with polymer thermoelectric materials,
organic small molecules possess the merits of exact structure
and various derivation, which aids the exploration of their
structure-property relationship.'> However, organic small
molecules also suffer from poor film-forming properties, and
low mechanical properties and electrical conductivity due to
their small molecular weight and low conjugated degrees.
Organic semiconductors are usually complexed with single-
walled carbon nanotubes (SWCNTs) as TE materials to improve
the mechanical properties and electrical conductivity. SWCNTs
have been utilized as TE materials owing to their unique
properties, such as high conductivity, low weight density, and
flexibility.”'® An additional advantage is that they possess
an extremely large surface area that allows for the efficient
adsorption of substances, and therefore greatly enhances the
TE performance. This enhanced performance is evidenced by
an efficient charge transfer and interactions through carbon
nanotubes and adsorbed substances. p-Type SWCNT/polymer-
based TE materials have been well studied and reported.”>™
In contrast, only a limited number of p-type TE materials invol-
ving organic small molecule scaffolds have been developed,'®>
which lags far behind that of polymers. To date, few OSC/SWCNT
composite films manifest a p-type behaviour with PF values higher
than 300 yW m~" K2 at room temperature, most of which are
still in a dilemma between the electrical conductivity and the
Seebeck coefficient. For instance, Yin et al.*® reported four p-type
OSCs based on planar pyrene cores as the conjugated-backbone,
in which the TCzPy-based SWCNT composite film with a hybrid
ratio of 1:1 exhibited an 152% enhancement of Seebeck coeffi-
cient and a 77% reduction of electrical conductivity compared to
pristine SWCNTSs, resulting in a higher PF over 110 yW m ™" K2,
Other TE materials based on OSC/SWCNT composites are
reported including porphyrin derivatives,'®"” 1,3,6,8-tetrakis-
(3,6-di-tert-butyl-9H-carbazol-9-yl)pyrene,'® thieno[3,4-b]pyrazine
derivatives,”® copper phthalocyanine derivatives,'**" 2,7-dioctyl-
[1]benzothieno[3,2-b][1]benzothiophene,>® and copper-phenyl-
acetylide.>® However, to the best of our knowledge, most of these
small-molecule OSCs for TE materials are based on planar
conjugated molecules, and few of them are used for thermo-
electric generator applications.
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Butterfly-shaped organic semiconductors®*® have been
reported for organic electronic applications. For instance,
Nuckolls’s group synthesized a novel contorted dibenzote-
trathienocoronenes (c-DBTTCs), which display molecular flexi-
bility and tunable supramolecular self-assembly properties in
the solid state by shifting molecular conformations. These
contorted molecules can adopt up-down or butterfly conforma-
tions and form co-crystals with electron acceptors including
planar TCNQ and spherical Cg, molecules.”® This study
indicates that contorted molecules hold great potential for
creating geometrically complementary interfaces and nano-
structures with non-planar Ce, or carbon nanotubes. Butterfly-
shaped molecules have also found applications in organic field
effect transistors (OFETs) and organic light-emitting diodes
(OLEDs).>**! Theoretical investigations of butterfly-shaped
tetraaryl pyrenes have been reported showing promising
application as p-type or n-type organic semiconductors.>* This
study demonstrates that introducing different substituents is
able to modify the geometric structures, crystal packing motif
and intermolecular interactions of the butterfly molecules,
leading to entirely different charge carrier mobilities.

Herein, novel butterfly-shaped molecules 1-4 (Scheme 1a)
with different core units and side chains are designed and
complexed with SWCNT as p-type thermoelectric materials.
This design approach is guided by the following consideration:
(a) the m-conjugated structure is selected as the molecular
backbone due to the excellent intrinsic mobility; (b) the carboxy
group is introduced into the peri-position of the structure in
order to introduce hydrogen bonds and obtain n-rn stacking or
a lamellar structure in the solid state; (c) thienyl moieties are
introduced into the peri-position to improve solubility, extend
n-electron delocalization and construct a steric butterfly
conformation on their backbones, which are beneficial for
interactions with SWCNTs. Meanwhile, the analogue of planar
molecule 5 is designed for comparison (Scheme 1b). The
butterfly-shaped molecules exhibit different frontier energy
levels and enhanced interactions with SWCNTs compared with
the planar molecule 5, resulting in higher Seebeck coefficients
and electrical conductivities in the OSC/SWCNT composites.
Consequently, the 2/SWCNT composite exhibits excellent TE
performances with the maximum power factor of 312 pW m ™' K2
at 350 K, which is the highest PF value for the reported
p-type small-molecule OSC/SWCNT composites to the best of
our knowledge. The corresponding TE module consisting of ten
p legs generates a large output voltage of 16.6 mV and output
power of 2.08 pW under a 31 K temperature gradient.

2. Results and discussion
2.1 Synthesis, crystal structures and electronic structures

The butterfly-shaped molecules 1-4 are synthesized through two
steps as shown in Scheme 1c: the reaction between pentacenone/
anthrone 6 and organolithiums 7 to prepare diols 8, and
the rearrangement® of diols under strong acid to afford the
asymmetric structures of compounds 1-4 in moderate yields.

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 (a) Molecular structures of the studied butterfly-shaped OSCs 1-4. (b) Molecular structure of the studied planar molecules 5. (c) Synthesis of
the butterfly-shaped OSCs 1-4. (d) Illustration of the OSC/SWCNT composites.

The planar molecule 5 has been reported as a stable and
soluble organic semiconductor;** while compounds 2, 3, and
4 have not been reported before. All the intermediates
and target products are purified by column chromatography
and successive recrystallization. The accurate structural infor-
mation of these compounds is confirmed by "H-NMR and
BC-NMR spectroscopies. Single crystals of 1 and 2 are grown
from a mixture solution of chlorobenzene and n-hexane, while
the crystals of 3, 4 and 5 obtained with the same method had
low quality. As is shown in Fig. 1, molecules 1 and 2 adopt a
butterfly-shaped conformation, which is dictated by H-bonds,
sulfur-sulfur interactions and n-stackings. The thienyl groups
are essentially perpendicular to the acene planes owing to steric
interactions with the peri-disposed C-H in the pentacenone
backbone. Notably, the pentacenone backbone of 1 is contorted

Fig. 1 Crystal structure of 1: (a) the dihedral angle of the pentacenone
unit and sulfur—sulfur interactions (hydrogens have been removed to
clarify the view); (b) hydrogen bonds. Crystal structure of 2 (the two
isomeric thienothiophene rings are in a disordered structure): (c) the
dihedral angle of the pentacenone unit, sulfur—sulfur interactions and
aromatic interactions (hydrogens have been removed to clarify the view);
(d) hydrogen bonds.

This journal is © The Royal Society of Chemistry 2021

with a naphthyl-naphthyl dihedral angle of 12.0° because of
the steric thienyl substitutions (Fig. 1a). The introduction of
different thienyls also greatly affects the packing structures.
As shown in Fig. 1b, neighboring n-stacking of 1 is separated by
hydrogen bonds and sulfur-sulfur interactions, which could
enhance the intermolecular interactions and contribute to the
transfer integrals of holes.>* Therefore, molecules of 1 are
packed in a brickwork arrangement as viewed along the long
axis of pentacenone without obvious n-n stacking. However, by
replacing thienyl groups with much more steric thienothienyl
substitutions, the naphthyl-naphthyl dihedral angle for com-
pound 2 is increased to 33.4° (Fig. 1c). The sulfur atoms are
disordered in the crystal structure. Meanwhile, H-bonds and
sulfur-sulfur interactions are also shown in the crystal struc-
ture of 2 (Fig. 1d). Additionally, due to the much more steric
hindrance and stronger intermolecular interactions induced
both by the peripheral thienyls and carbonyl groups, the
compound 2 adopts dimer stacking with a n-n distance of
3.96 A and edge-to-face distance of 3.20 A in the dimers, which
are beneficial for efficient charge transport and high carrier
mobility.>® These results demonstrate that introducing
different “butterfly wing” like substitutions and carboxy groups
generally disrupts the planarity of the central pentacenone unit
and alters the intermolecular interactions.

To better understand the electronic structures of these
molecules, the frontier molecular orbitals of 1-5 are calculated
by density functional theory (DFT) at the B3LYP/6-31G(d) level
using the Gaussian 03 package (Fig. 2). The lowest unoccupied
molecular orbitals (LUMOSs) of 1-5 are effectively confined on
the n-delocalization of the central pentacenone/anthrone units.
Meanwhile, the highest occupied molecular orbitals (HOMOs)
of 1 and 5 are mainly scattered over the pentacenone units.
However, the HOMOs of 2-4 are delocalized mainly over the two
side thiophene substituents due to the contorted pentacenone/
anthrone backbone and larger conjugate systems of thiophene
substituents. In contrast, the HOMOs of 1 and 5 are mainly
scattered over the pentacene units due to the more planar
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Fig. 2 Calculated frontier molecular orbitals and energies of OSCs 1-5.

molecular structures. For an intrinsic organic semiconductor,
the HOMO and LUMO levels form the valence band (E,) and
conduction band (E.), respectively, and the Femi levels (Ef) are
located near the middle of the bandgap (Ex ~ (E, + E.)/2) and
gradually approach the E, for p-type doping.’ In this respect,
appropriate bandgap (E;) and HOMO levels for p-type charge
transport are essential for TE materials, since the carrier
concentration strongly depends on the activation energy E,
(Ea = Er — E,). The calculated HOMO levels and E, of these
OSCs are presented in Fig. 2, and all these compounds reveal
adequate HOMO levels (ca. —4.68 to —5.90 eV) for interacting
with the Ep of SWCNT (Eg = —4.91 eV).** Noticeably, introducing
different thienyl units to the pentacenone core will definitely
increase the HOMO energies (from —5.9 eV to —5.5 eV) and
narrow their activation energy (from 1.90 eV to 1.70 eV). The
intrinsic activation energy of 5 is smaller than that of the
butterfly-shaped molecules. The intrinsic activation energy of
butterfly molecules 1-4 matches well with the results of their
Seebeck coefficients as discussed later. These results imply that
introducing different substituents to the molecular backbone
will greatly affect the electron distributions and energy levels of
frontier molecular orbitals.

2.2 Thermoelectric properties

To evaluate the potential of the thermoelectric conversion
capabilities of these OSCs, composite films incorporated with
different amounts of SWCNTs are prepared. The polymorphism
of the butterfly-shaped OSCs in the composite films is quite
similar to that in single crystals as suggested by the XRD study
(Fig. S8 in the ESIt). The 1/SWCNT composite film exhibited a
diffraction peak at 20 = 14.5°, which corresponded to the
reflection of the (022) plane in the single crystal structure.
The 2/SWCNT composite film exhibited a diffraction peak
at 20 = 14.6°, which corresponded to the reflection of the

1210 | Mater. Horiz., 2021, 8,1207-1215

w%gm

(111) plane in the single crystal structure. This result indicates
that complexing with SWCNT would not change the packing
structure of the OSC molecules. Fig. 3a—c exhibits the o, S
and PF as a function of OSC loading in the composite films and
the detailed comparisons of the performance are listed in
Table S1 (ESIt). As shown in Fig. 3a, all four butterfly-shaped
OSCs 1-4 display slightly increased electrical conductivity with
increasing the OSC loading from 0% to 33%, probably due to
the charge-transfer interactions between OSCs and SWCNTs.
However, there is a decrease of electric conductivity with
increasing OSC loading from 50% to 66%, probably because a
large amount of OSCs interrupt the charge transport path
through SWCNTs. For the planar moelcule 5 and SWCNT
composite films, the electrical conductivity experienced a
dramatic decrease, indicating less interactions between 5 and
the SWCNTs. These results suggest that carbonyl groups
and the thienyl substitutions in molecules 1-4 are able to
increase the interactions between SWCNTs and OSCs.

The Seebeck coefficients of all the composite films are
positive, confirming that p-type electrical transport is dominant.
Noticeably, the S values dramatically increase with increasing the
OSC loading (Fig. 3b). This is presumably because of the energy
filtering effect that organic small molecules attached to SWCNT
selectively prevent the passage of low-energy carriers, leading to
increases in the mean carrier energies and Seebeck coefficients.*®
However, the excess 1 or 3 (up to 66% loading) may induce
aggregation, adversely affecting the monodispersity of the
SWCNTs and therefore decreasing the Seebeck coefficient. Among
these samples, the composite film with planar molecule 5 has
lower S value than other composite films partially due to its lower
activation energy E,, and the 3/SWCNT composite film with 50%
OSC loading possesses the highest Seebeck coefficient value up to
61.3 puV K 1. These results indicate that contorted structures
of OSC molecules of 1-4 generally result in enlarged activation

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 The o (a), S (b), PF (c) values of OSC/SWCNT composite films at different OSC loadings. The temperature dependency of the S (d), a (e), PF (f)

values of OSCs/SWCNT composite films at OSC loading of 50%.

energy, leading to higher Seebeck coefficients compared with that
of the planar molecule 5. Consequently, the power factors of the
composite films are calculated by the determined values of S and
o as shown in Fig. 3c. The optimized PFs of these composite films
at room temperature are 216.6 pW m ™~ K 2, 287.8 yW m ™~ K 2,
311.8 pyW m ' K 2, 238.6 yW m ' K %, and 134.8 yW m ™ K>
for 1/SWCNT, 2/SWCNT, 3/SWCNT, 4/SWCNT and 5/SWCNT,
respectively. The 3/SWCNT composite films displayed the highest
PF value of 311.8 yW m™ ' K 2 at the OSC loading of 50% due to
its highest Seebeck coefficient. This value is more than two times
higher than the PFs of the pristine SWCNT film and the 5/SWCNT
composite film.

The temperature dependency of the o, S, and PF is investi-
gated for the composite films with 50% OSC loading. As shown
in Fig. 3d, the Seebeck coefficients of all the composite films
exhibited a similar slight ascent with the increase of tempera-
ture, which is commonly found in most SWCNT based thermo-
electric materials. Meanwhile, the electrical conductivities of
all the composite films exhibited a descending trend above
room temperature, indicating metallic conduction. The nega-
tive correlation between conductivity and temperature can be
described with the equation: ¢(T) = g, exp(fiwo/ksT), where hiw,
is the energy of the 2kz phonons (kg is the Fermi wavevector) in
the 1D polymers or carbon nanotubes.®” At higher temperatures,
a few zone-boundary phonons of wavevector 2kr are thermally
excited, which can backscatter carriers and decrease conductivity.
The value of Zw, can be obtained from the slope of linear fitting
of Ine ~ 1/T as shown in Fig. S4 in the ESL{ It is found that
the composite films of 4/SWCNT and 5/SWCNT exhibit higher
energies of the 2kr phonons than the other composite films,
which indicates that more carriers are backscattered resulting in

This journal is © The Royal Society of Chemistry 2021

lower electrical conductivity. Combination of the ¢ and S values
yielded the highest PF value of 312 uW m™ " K2 for the 2/SWCNT
composite film at 350 K, which is more than two times larger than
the highest PF value of 5/SWCNT.

The cycling stability of the composite films based on
butterfly-shaped OSCs of 2 and 3 was tested and compared
with the planar OSC 5/SWCNT for 2-3 cycles from 310 K to
430 K (Fig. S9 in the ESIf). The composite film of 3/SWCNT
shows higher cycling stability than 2/SWCNT, which is mainly
due to its higher thermal stability as shown in the TGA analysis
(Fig. S5 in the ESIt). In particular, the 3/SWCNT composite film
has more stable thermoelectric properties with only an 8%
reduction of PF value at 310 K from 299.9 pW m™' K2 to
276.8 uW m~ " K> for 3 cycles. In contrast, the PF value of
planar OSC 5/SWCNT at 310 K exhibited a 27% reduction due to
a 32% reduction on electrical conductivities in the second cycle.
This result indicates that the composite films based on
butterfly-shaped OSCs show higher cycling stability than the
5/SWCNT composite film, which is probably because of their
more stable electrical conductivities through enhancing the
interactions between butterfly-shaped molecules and SWCNTs.

We also plotted the alterations of Seebeck coefficient and
electrical conductivity in this work along with literature reports
for composites made of OSCs and SWCNTs as shown in Fig. 4a.
It is noteworthy that the 2/SWCNT and 3/SWCNT composite
films in this work showed a fierce enhancement of their
Seebeck coefficient value with a trace of sacrifice in their
electrical conductivities, which showed an obvious advantage
over other composite films.'®* Compared with the pristine
SWCNTs, the 2/SWCNT and 3/SWCNT composites showed
obvious 58% and 81% enhancements of the Seebeck coefficient,

Mater. Horiz., 2021, 8,1207-1215 | 1211
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Fig. 4 (a) Increasement of S and ¢ values of p-type thermoelectric composites made by SWCNT and organic small molecule semiconductors compared
with pristine SWCNT. (b) A comparison of the PF values of p-type thermoelectric composites.

respectively, and slight effects on the values electrical conduc-
tivity (2% increase for 2/SWCNT and 17% reduction for
3/SWCNT). As a result, the power factors of the 2/SWCNT and
3/SWCNT composites are higher than the reported composites
of SWCNTs and OSCs or the composites of SWCNTs and
conducting polymers*®*° (Fig. 4b).

2.3 Photophysical properties

To study the interactions between SWCNTs and the OSCs,
pristine SWCNTs and the composite films with the OSC loading
of 50% are characterized with ultraviolet photoemission spectro-
scopy (UPS), UV-vis-NIR absorption and Raman spectroscopy.
As shown in the UPS spectra (Fig. 5a), the secondary electron
cutoffs shift to low bonding energy compared with that of
pristine SWCNTSs. By subtracting the binding energy of cutoffs
from the excitation energy, the work function (WF) of the
pristine SWCNTs is then calculated as 4.47 eV. In contrast,
the work function of the composite films is found to signifi-
cantly shift toward higher kinetic energies to 4.51 eV for
1/SWCNT, 4.59 eV for 2/SWCNT, 4.52 eV for 3/SWCNT, 4.52 eV
for 4/SWCNT, and 4.49 eV for 5/SWCNT, respectively. The
increased WFs of composite films indicate p-type doping that
the Fermi levels downward shift towards the HOMO levels
resulting in increased carrier concentration. The composite
films based on the butterfly-shaped OSCs (1-4) show larger
work function compared with the composite film based on
planar OSC 5 suggesting that more electron transfer occurred
between the SWCNT bundles and the butterfly-shaped molecules.
These results indicated that the composite films have different
p-doping levels of 2 > 3 ~ 4 > 1 > 5, which matches well with
the electrical conductivities as measured in the TE test.
UV-vis-NIR absorption spectra of pristine SWCNTs and the
composite films are shown in Fig. 5b, exhibiting a clear
absorption band of S,,, which is attributed to electron transi-
tions between van Hove singularities in semiconducting
SWCNTs.*>*" Compared with the pristine SWCNT and the
5/SWCNT composite films, a clear absorption reduction of
the S,, peak is observed for the composite films based on
butterfly-shaped OSCs, indicating stronger interactions
between the SWCNTs and the butterfly-shaped molecules.
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Fig. 5 Photophysical characterization of pristine SWCNT and OSCs/
SWCNT composite films with OSC loading of 50%: (a) UPS spectra,
(b) UV-vis-NIR spectra, and (c) Raman spectra.

Raman spectra of pristine SWCNTs and composite films
show the characteristic bands of the graphite-like G band
(~1591 cm™"), D band (~1345 cm™ "), radial breathing mode
(RBM, ~135 cm™ '), and G’ band (~2680 cm™ ") (Fig. 5¢). RBM
is a bond-stretching out-of-plane phonon mode for which all
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the carbon atoms moved coherently in the radial direction. The
RBM intensity reduction of the composite films indicates that
the organic small molecules attached on the SWCNT surfaces,
which hindered the vibration of the carbon atom in the radial
direction. The characteristic Raman bands of the SWCNT-
doped composite films involve the G band representing the
in-plane stretching vibration of sp® hybridized carbon atoms,
and the D band which is related to defect-induced resonant
scattering. All films exhibit a small D peak, and the D/G ratios
of the composite films are comparable to that of the pristine
SWCNTs, indicating that no distinct structural defects are
observed during the film fabrication process. The G band
of the composite films (1591.5 cm™') exhibits an upshift
compared with that of the pristine SWCNTs (1590.5 cm™%).
These upshifts indicate that electron transfer occurred from the
SWCNTSs to organic small molecules, suggesting efficient p-type
doping."”** These results suggest strong charge transfer inter-
actions between organic small molecules and SWCNTs, which
is beneficial for establishing continuous conductive networks.

2.4 Thermoelectric generator performance

Flexible organic thermoelectric generators (TEGs) composed
of 10 active p-type thermoelectric legs are fabricated by drop-
casting of composite solutions onto uniform polyimide (PI)
substrates (Fig. 6a). The composite films on PI substrates
exhibit relatively stable thermoelectrical properties with less
than 10% reduction over 400 bending times (Fig. S10 in the ESIt).
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When a temperature difference (AT = Thor — Teola) is applied to
the module, a noticeable voltage difference was created rapidly
and the experimentally measured open-circuit voltage linearly
increases with AT (Fig. S12a in the ESIt). At least three TE
modules made by the same composite films are measured and
show small variations of the TEG performances (Table S2 in
the ESIT). The current-voltage-power characteristics of the TE
module based on 2/SWCNT are measured at various temperature
gradients as shown in Fig. 6b. The voltage and current increased
with increasing the temperature gradients with the highest open-
circuit voltage of 16.6 mV and the highest short-circuit current of
498.8 pA. The power-current output and voltage—-current output
curves for five TE modules are measured at the same tempera-
ture gradient of 31 K, showing maximum output power with
1.54 pW for 1/SWCNT, 2.08 uW for 2/SWCNT, 1.89 uW for
3/SWCNT, 1.44 uW for 4/SWCNT and 1.19 pW for 5/SWCNT,
respectively (Fig. 6¢). The low temperature gradient (AT < 35 K)
is chosen to obtain accurate temperature measurement, and is
suitable for natural environment applications. The TE modules
of 2/SWCNT show the maximum output power of 2.08 W, which
is approximately two times larger than that of 5/SWCNT. The
TE modules based on butterfly-shaped molecules have better
thermoelectric conversion capability than that of 5/SWCNT,
which is due to the enhanced power factors resulting from the
higher activation energy E,, improved doping level and charge
transport process between the organic compounds and SWCNT.
The output powers of 2/SWCNT and 3/SWCNT are also higher

b
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Fig. 6 (a) The schematic drawing of the TE modules with 10 p-type legs. (b) Power—current output (solid circles) and voltage—current output curves
(open squares) for TE modules made by 2/SWCNT composite films at different temperature gradients. (c) Power—current output (solid circles) and
voltage—current output curves (open squares) for five TE modules at a temperature gradient of 31 K. (d) Comparison of the output voltages and the
output power of composite films in this work with the reported TE modules in literature reports.
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than the values of reported p-type**™*® and p-n type*®™*® TEGs at
different temperature gradients (Fig. 6d), indicating that
the butterfly-shaped molecules and SWCNT composites are
promising thermoelectric materials.

3. Conclusions

In summary, the above study puts forth a new design of organic
semiconductor and SWCNT composites for high-performance
p-type thermoelectric materials. The key of this design is
butterfly-shaped small-molecule organic semiconductors which
have finely-tuned frontier molecule orbitals and contorted
molecular structures. The introduction of carbonyl and crowded
thienyl groups onto the backbones generally contorts the mole-
cular structures leading to the enlarged activation energy E, that
contributes to high Seebeck coefficients of the butterfly-shaped
molecules. The contorted structures are also beneficial for enhan-
cing the interactions between butterfly-shaped molecules and the
curved surface of SWCNTs, resulting in improved doping level.
The composite films of 2/SWCNT show a maximum power factor
of 312 yW m™ ' K 2 at 350 K, which is approximately 2-3 times
larger than that of pristine SWCNTs and the composite film based
on planar molecule 5, respectively. Consequently, the corres-
ponding TE module containing 10 p-type legs exhibits a large
output voltage of 16.6 mV and output power of 2.08 pW under a
31 K temperature gradient, which is approximately two times
higher than the TE module based on 5/SWCNT and sets a new
record for p-type thermoelectric composites based on small-
molecule OSCs. This work demonstrates that butterfly-shaped
organic semiconductor and SWCNT composites are promising
thermoelectric materials for future applications in energy conver-
sion and utilization.
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