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HIGHLIGHTS GRAPHICAL ABSTRACT

e Polysquaraine SQlp; blended with .
SWNTs and CMK-3 can develop SWNT/CNH'\‘3/.QIU.1
freestanding film. >

e SWNTs well-dispersed in the SQIlp1 SN
matrix and endowed the composite N /
with flexibility. 3 ‘

e The iodine-doped SQIp;-based films
have potential for thermoelectric
application.

e Thermoelectric efficiency of com-
posite can be promoted by SWNTs
and CMK-3.

/
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ilc CJ:;; jg?lune 2013 single-walled carbon nanotubes (SWNTs) and mesoporous carbon (i.e., CMK-3) were integrated into the

SQIp1-based films and the effects of doping with iodine were also investigated. Using scanning electron
microscopy, the variations in morphology of these SQIp1-based films were examined. Raman spectros-

I]f?l’;‘l’:l’::s: copy was used to study the w—m interactions between iodine and the carbon materials (i.e., SWNT, CMK-
Composite materials 3); X-ray diffraction and Raman spectroscopy to investigate the intercalation of the doped iodine in the
Electrical conductivity composite films; and X-ray photoelectron spectroscopy to determine the valence state of the doped
Thermoelectric effects iodine. The TE properties of these materials were characterized in terms of the electrical conductivity (),

thermal conductivity (k), and Seebeck coefficient (S). The TE properties of the iodine-doped composite
film prepared from SWNTs, CMK-3, and SQlp; included a notable value of ZT (Figure of Merit) of
4563 x 1073, which was 143% of that of the corresponding iodine-doped SQIlp; film.
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1. Introduction

Because of their niche applications (e.g., wearable electronics),
polymer-based thermoelectric (TE) materials have attracted wide-
spread research attention. Although traditional m-conjugated poly-
mers are excellent choices for TE applications because of their
intrinsic semiconductivities [1—4], their low electrical conductivities
and low Seebeck coefficients lead to small TE figures of merit—for
example, a low efficiency index of TE converters (ZT = S%¢T/x; where
S, 0, T, and « are the Seebeck coefficient, electrical conductivity,
absolute temperature, and thermal conductivity, respectively).

This problem can potentially be solved by polysquaraine, a
zwitterionic w-conjugated polymer, because the band gap energy
can be decreased effectively and strong charge-transfer interactions
can be induced by its alternating donor/acceptor repeating units and
resonance-stabilized zwitterionic structure [5—7]. To the best of our
knowledge, however, no freestanding zwitterionic 7-conjugated
polymers have been prepared, restricting their use in TE applica-
tions. Gratifyingly, this limitation can be overcome by using the ionic
liquid (IL)—coordinating method that we have proposed previously
[8], which is crucial to broaden its applications in solar cells [9,10],
optical data storage [11], and NIR Photography [12]. Other than

optoelectronic applications, it is worth to be mentioned that free-
standing zwitterionic m-conjugated polymers film would create
great potential on TE applications due to its intrinsic electrical
conductivity, good thermal stability, and low thermal conductivity.

Another approach that has been adopted widely to enhance the
values of ¢ of conjugated polymers has been doping with suitable
agents [13—16]. lodine, for example, can greatly improve the values
of ¢ by more than seven orders of magnitude [17]. In addition, car-
bon nanotubes (CNTs) and mesoporous carbons (e.g., CMK-3) have
also been applied widely to enhance the values of ¢ of polymers
because of their own outstanding values of ¢ and mechanical
properties [14,18]. In addition, CMK-3 is a well-established material
for nanoparticle dispersion because of its excellent specific surface
area (ca. 1000 m? g~1), nanoporosity (ca. 3 nm), and specific pore
volume (ca. 1 cc g~1) [19]. Nevertheless, the potential of these ma-
terials for dispersing doping agents has been overlooked until now.

In this study, CMK-3 was adopted to enhance the value of ¢ and,
especially, the porosity for the separation of iodine in freestanding
SQIp, films; single-walled carbon nanotubes (SWNTs) were also
integrated into freestanding SQIy; films to enhance the values of ¢
and the flexibility. Thorough investigation was carried out on the
morphologies, properties, and their interrelationships. As the

Fig. 1. Photographs of specimens: (a) SQ powder, (b) SQlp1, (c) 5CMK/SQIp3, (d) 20NT/SQlo1, and (e, f) 20NT/5CMK/SQlg 1.



922 M.-C. Ho et al. / Materials Chemistry and Physics 141 (2013) 920—928

result, the SQlp1-based composite films exhibiting good thermo-
electrical and mechanical properties can be obtained. Further study
on structure design of composite films would probably improve the
conductivity again [20].

2. Experimental section

2.1. Poly(bispyrrole-co-squaric acid) (SQ)
2,5-Bis(dodecyloxy)-1,4-dibenzyl phosphonate (BDCBP) was

synthesized from 2,5-bis(dodecyloxy)-1,4-bis(bromomethyl)ben-

zene and triethyl phosphate (97%, Sigma—Aldrich) following a
previously reported procedure [21]. Desired amounts of BDCBP,

squaric acid (99%, Acros), butanol, and benzene were then heated
under reflux at 120 °C for 24 h, yielding polysquaraine from the
insoluble precipitated powder. In a previous report [8], the IL
methyltrioctylammonium trifluoromethanesulfonate (99%, UR-
MATOATS) was found to play a critical role in the formation of
freestanding SQlp; films. In this study, a solution of SQly; con-
taining 0.1 wt% of this IL was used to prepare flexible, freestanding
SQIy1-based films.

2.2. SBA-15 mesoporous silica and CMK-3 mesoporous carbon

SBA-15, the template of CMK-3, was prepared following the
synthetic procedure reported by Zhao et al. [22]. Typically,

Fig. 2. SEM images of SQlp;-based films: (a) top-view image of SQ film coated on substrate (inset: irregular snipping removed from substrate), the cross-session of (b) SQlp,

(c) 5CMK/SQIp4, (d) 20NT/SQlp4 and (e, f) 20NT/5CMK/SQlp; composite films.
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tetraethyl orthosilicate (TEOS; >99%; Sigma—Aldrich), hydrochloric
acid (HCI; 37%), and the triblock copolymer P13 (PEO2-PPO7¢-
PEOy; My = 5800; Sigma—Aldrich) were mixed at a desired ratio,
stirred at 40 °C for approximately 2 h, and then aged at 100 °C for 2
days. The solid product was then filtered off, washed with H,0, and
dried at 100 °C prior to calcination in air at 560 °C for 6 h. The
resultant SBA-15 was then impregnated with the carbon source
[D-(+)-sucrose, 99+%; Acros] following reported procedures
[23,24]. A viscous mixture of SBA-15, sucrose, HyO, and H;SO4
(weight ratios: 2:2.5:10:0.28) was ground, dried at 60 °C, and then
dehydrated at 160 °C for 6 h; this procedure was repeated once
using sucrose (1.6 g), HyO (6.4 g), and H,S04 (0.18). The obtained
mixture was carbonized under Ar at 900 °C for 1 h. After removing
SBA-15 through HF(,q) etching, the CMK-3 powder was filtered off
and dried.

2.3. Specimen designation and post-treatment through iodine-
doping

For the preparation of pristine/composite films, a desired
amount of SWNTs (>90 wt.%, Cheap Tubes) or CMK-3 was sus-
pended in the SQlp; solution through ultrasonication for 4—5 h
prior to casting on a glass substrate (2.5 x 2.5 cm?); after evapo-
ration of the solvent at 80 °C for 2 h, the flexible composite films
were flaked off from substrate in MeOH solution and dried under
vacuum at 100 °C for 24 h.

The as-synthesized pristine/composite films were further
doped with iodine using a previously reported procedure [25, 26].
In short, the pristine/composite films were placed in a sealed jar
containing iodine crystals and heated for 2—24 h at 35-50 °C.
Finally, the residual iodine vapor was removed under vacuum
for 1 h.

2.4. Characterization

Fourier-transform infrared (FTIR) spectra were recorded using a
PerkinElmer Spectrum 100 spectrometer. Thermogravimetric
analysis (TGA) was performed under N; (99.99%) using a Q500
thermogravimetric analyzer operated at a heating rate of
15 °C min~! (from room temperature to 700 °C). Powder X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were
performed using a Bruker NanoStar SAXS system (Cu Ko radiation)
and a Thermo Scientific K-Alpha apparatus, respectively. The elec-
trical conductivities (¢) of the polymers were measured using a
four-point probe electrical measurement analyzer (RT-80/RG-80,
Napson). For Seebeck coefficient measurements, a microheater was
applied to control the temperature difference across the polymer
film. Two points along the heat flow direction were selected, and
the corresponding temperatures were measured by calibrated
thermocouples. The temperature difference (AT) between these
two points could be derived. The Seebeck voltages (AV) were
detected via using the data acquisition system (Keithley 2700)
through a pair of thin Cu wires connected to the sample at same
points as the junctions of thermocouples. The Seebeck coefficient
(S = AV/AT) could be acquired. The microstructures and morphol-
ogies of the specimens were analyzed through transmission elec-
tron microscopy (TEM), using a Cryo-HRTEM microscope (JEM-
2010), and scanning electron microscopy (SEM), using JSM-6500
and JSM-6700 microscopes. The values of « of the pristine/com-
posite films were evaluated using the ASTM D5470 process and a
CL-TIM-III thermal conductivity measurement instrument (Meg-
tron Technical). Raman spectra were recorded in the range from
100 to 2000 cm~! using a Horiba Jobin-Yvon Raman spectrometer
(Ar laser; wavelength: 514.5 nm).
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Fig. 3. The variation of electrical conductivity variation versus the iodine-doping
conditions of SQlp;-based polymer films: (a) SQlp; film and (b) 20NT/5CMK/SQlo
composite film for iodine-doping at 35 °C.

3. Results and discussion
3.1. Evolution and morphology of polysquaraine-based films
The evolution of the freestanding SQIp1-based films is presented

in Fig. 1. Synthetic SQ-based polymers have, until recently [8], been
prepared only in the form of powders (Fig. 1a) [5], and not in the
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Fig. 4. The variation trend of electrical conductivity versus the iodine mass fraction of
SQlo films: ([7J) pristine SQlo 1, and doped under 35 °C (O), 40 °C (<), and 50 °C (A).
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form of freestanding films (Fig. 1b). On the other hand, the pro-
posed polysquaraine films exhibited great potential for TE appli-
cations, due to the zwitterionic m-conjugated structure and
intrinsically low band gap (E; = 0.8—1.1 eV) [5, 6]. To further
improve its potential TE applications, CMK-3 and SWNTs were in-
tegrated into SQlp; films at various ratios in this study. The inte-
gration of CMK-3 disrupted film formation, as revealed in Fig. 1c,
presumably because of the loose structure that existed after

exceeding the critical degree of porosity. In contrast, the integrated
SWNTs (20 wt.%) enhanced the formation of freestanding films
(Fig. 1d). Therefore, for subsequent film formation, additional
SWNTs were applied to overcome the drawbacks of adding CMK-3.
The optimal film, formed from 20 wt.% of SWNTs integrated
together with 5 wt.% of CMK-3 in the SQIg; film (denoted as 20NT/
5CMK/SQIp1), exhibited metallic luster (Fig. 1e) and good flexibility
(Fig. 1f).

A

50C, 24h 1 im

Fig. 5. Cross-section SEM images of iodine-doped (a—f) SQIp; films, and (g, h) 20NT/5CMK/SQlo; film.
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SEM images of the various materials in Fig. 1 are presented in
Fig. 2. A top-view image of the SQIlp film prior to its removal from
the substrate is provided in Fig. 2a; once it had been removed from
the substrate, only irregular/disintegrated snipping was obtained
(see the inset). After the addition of the IL, the SEM image (Fig. 2b)
reveals a rather smooth cross-session, result in a good freestanding
film (Fig. 1b). The dispersion of CMK-3 (Fig. 2c) in the SQIlp 1 film was
not as good as that of the CNTs, leading to rather poor flexibility,
consistent with Fig. 1c. Although it is well-established that SWNTSs
tend to entangle with one another, the SWNTs were dispersed well
in the polysquaraine matrix, as revealed in Fig. 2d, presumably
because of strong m—m interactions between the SWNTs and the
m-conjugated electrons of the SQlp; main chain (vide infra: Raman
spectroscopic results) [27]. Well-dispersed SWNTs penetrating
through the film appear in the cross-section of 20NT/5CMK/SQIlp;
(Fig. 2e); the CMK-3 units were bound and fixed by these SWNTs in
the SQlp; matrix (Fig. 2f). Hence, good freestanding films were
observed in Fig. 1e and f.

3.2. Effect of iodine-doping on morphology and electrical
conductivity (o) of polysquaraine (SQIp)-based film

To determine the effects of doping with iodine, the variations
in the values of ¢ of SQIp 1 with respect to the doping conditions (35,
40, or 50 °C for 0—24 h) were investigated (Fig. 3a). The value of
o of the iodine-doped SQlp; film increased rapidly from
2.589 x 107> S cm ™! to approximately 10~ S cm ! after the doping
temperature had been increased from 35 to 50 °C. The highest
values of ¢ for each doping temperature varied depending on
the doping time: 8236 x 10°' S cm~! after 6 h at 35 °C,
8.816 x 10! Scm ! after 4 h at 40 °C, and 6.446 x 1072 S cm ™! after
2 hat 50 °C. The conclusion drawn from these enhanced values was
that the charge carriers were incorporated well and positioned
along with the m-bond conjugated main chain [28]. According to
Zeng et al., over-doping of iodine in -conjugated polymers would
retain the value of ¢ at the same level [29]. In case of the zwitter-
ionic m-conjugated polymer reported herein, however, excessive
amounts of iodine-doping led to decreased values of g, especially in
the cases when doping was performed at temperatures below 50 °C
(Fig. 3). This phenomenon has not been described previously; from
the viewpoint of zwitterionic m-conjugation, an excessive amount
of doped iodine might have provided a greater possibility of
attracting the delocalization of negative charge along the backbone
of the zwitterionic polymer. Finally, the stability exhibited by the
iodine-doped SQlp; films prepared herein was excellent under
ambient conditions, even after exposure to the air for 14 days
(Fig. S1). To determine the effect of the mass fraction of iodine, the
relationship between the mass fraction of iodine and the value of ¢
was examined (Fig. 4). The same trend was exhibited by the
SQIlp1 films that had been doped at different temperatures, with
the value of ¢ having increased when the content of iodine was
increased in the initial stage. Optimization of the value of ¢
(8.816 x 107! S cm™!) occurred in the presence of 8—12 wt.% of
iodine. As a result, the highest value of ¢ for the SQIlp; system
appeared after doping at 35 °C for 6 h.

The effect of the iodine-doping time on the value of ¢ for the
20NT/5CMK/SQlp1 composite film system was also examined. The
value of ¢ of 20NT/5CMK/SQIp; increased dramatically (Fig. 3b)
from 7.63 x 1073 S cm~! to 13.21 S cm™!, thereafter reaching a
plateau, when the doping time was increased from 0 to 10 h (35 °C).
This value was tenfold higher than that of the iodine-doped SQIlg1
film (cf. Fig. 3a). The better dispersion of iodine, as had been
observed also through SEM analysis, appeared to be responsible for
this behavior.

|,-doped 24h 1584
I,-doped 12h 1581
g |,-doped 6h 1877
>
G
C
]
= 1575
|,-doped 2h
prinstine 1572

400 800 1200 1600
Raman Shift (cm'ﬂ)

2000
Fig. 6. Raman spectra of 20NT/5CMK/SQlp; composite films doped under 35 °C for 0—24 h.

To determine the morphological effects of doping with iodine,
SEM images of cross-sections of various SQIlgi-based films were
recorded (Fig. 5). The grains of iodine were small (ca. 1 pm) and
uniform when the sample was doped at 35 °C for 6 h (Fig. 5a). The
grains of iodine grew when either the doping time or temperature
was increased (Fig. 5a—f). Notably, however, no iodine crystals were
evident in the SEM images (Fig. 5g and h) of the iodine-doped
20NT/5CMK/SQIg1 (35 °C for 6 h). The presence of iodine in the
SWNT/CMK-3/SQlp1 composite films was confirmed using Raman
spectroscopy. After doping at 35 °C, doping times of 2, 6, 12, and
24 h caused the G-band to shift from 1572 cm ™! to 1575, 1577, 1581,
and 1584 cm™, respectively (Fig. 6). The intercalation of polyiodide
into the CNTs [30,31] would be consistent with this up-shift;
intercalation of polyiodide presumably occurred in the 20NT/
5CMK/SQIp; composite films. Furthermore, a broad band (ca. 100—
300 cm™!) was featured in the Raman spectra after doping with
iodine; this signal was attributed to the formation of charged I3 and

100 ——undoped
- --doped_2h
------ doped_6h
_80r ---- doped_24h
X
S 60 -
()
=
40 +
20

100 200 300 400 500 600 700
Temperature (°C)

Fig. 7. Thermogravimetric curves of SQlp; films doped under 35 °C for 0—24 h.
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Fig. 8. The first derivative TGA curves of iodine-doped SQIy; films doped under (a) 35 °C, (b) 40 °C and (c) 50 °C.

I5 polyiodide chains [30], the presence of which was also revealed
in XPS spectra (Fig. S4, Table S1). From the SEM images and Raman
spectra, it was concluded that iodine was dispersed well in the
SWNT/CMK-3/SQly1 composite films, presumably because of the
great nanoporosity of CMK-3, which has been applied widely for
nanodispersion in many fields [19,32—34].

3.3. Influence of iodine-doping on stability and structure of
polysquaraine (SQlp1)

TGA was employed to determine the effect of iodine-doping on
the stability of SQlp1 films that had been doped with iodine at 35 °C
for 0—24 h (Fig. 7). Good thermal stability was exhibited by the
pristine SQIp; film, with the decomposition of the polymer backbone
represented by a high decomposition onset temperature (385 °C) [8].
The weight losses of the iodine-doped SQlp; films occurred at lower
temperatures, between 150 and 330 °C, attributable to the elimina-
tion of free iodine and iodine centers [35]. For the SQlp; films doped
for2,6,and 24 h, the weight losses within the range 150—330 °C were
8.31, 12.33, and 16.68 wt.% respectively; these values are approxi-
mately equal to the mass fractions of doped iodine. Leaving the ex-
istence of iodine aside, the weight loss from backbone decomposition
between 330 and 520 °C decreased when the doping time was
increased from 2 to 6 to 24 h (62.14, 59.26, and 57.15 wt.%, respec-
tively), hinting that the stability of the zwitterionic m-conjugated
polymer SQIp1 was enhanced after doping with iodine.

To obtain more detailed understanding of the TGA data, TGA
derivative curves of SQlp1 films doped at 35, 40, and 50 °C were
recorded (Fig. 8); for simplicity, only the curves of the samples
treated at optimized doping times (i.e., 6 hat 35°C,4 h at 40 °C, and
2 h at 50 °C; refer to Fig. 3a) are displayed, as well as those of the
corresponding specimens doped for 24 h. Two major peaks and one
minor peak appeared in each of the derivative curves. The major
peaks were attributable to the elimination of iodine (between 225
and 265 °C) and the decomposition of the polymer backbone (be-
tween 417 and 426 °C). The minor peak was evident in the trace of
each of the iodine-doped SQlp; films (between 600 and 650 °C;
Fig. 8), but not in that of the pristine SQIp; film (refer to Fig. S2). The
existence of polyiodide intercalated in SQlg; is suggested by

Table 1
Deconvolution data from I34,,, XPS spectra of SQI0.1 films doped with iodine at 35 °C
for 0—24 h.

I,-doped SQIp 1 Binding energy (eV) Percentage of total area (%)
2h 618.28 59.5
620.38 40.5
6h 618.38 56.4
620.08 43.6
12 h 618.28 55.5
620.08 445
24 h 618.48 51.9
620.28 48.1

this feature; similar phenomena have been reported previously
[30,31,35]. Using XPS, the states of the intercalated polyiodide were
characterized (Fig. S3); the I3gs)2 spectra of the iodine-doped SQlg 1
films prepared with different doping levels could be resolved into
two peaks near 618 and 620 eV, which were attributable to the I3
and I5 anions, respectively. For simplicity, only the ratios of I3 and
I5 for these specimens have been listed in Table 1. As the doping
time increased, the iodine mass fraction increased, accompanied by
an increase in the I5/I3 ratio. The same trend appeared for the
iodine-doped 20NT/5CMK/SQIlg; films (Table S1). A similar phe-
nomenon has been observed in iodine-doped polyaniline [29].
These data also confirm that the small signals in the TGA derivative
curves near 650 °C (Fig. 8) represent the existence of polyiodide
intercalated in SQIp;.

To further understand the effect of polyiodide on the interchain
packing structure, the XRD patterns of the SQIp; films that had been
doped at 35 °C were recorded. Feature peaks at values of 26 of
approximately 3.7, 19.6, and 26° appear in Fig. 9, corresponding to
d-spacings of 23.9, 4.5, and 3.4 A, which are associated with the
interchain, interlayer, and interlayer m-stacking packing distances,
respectively, of SQlp1 [8]. These three diffraction peaks were also
present in the XRD patterns of all of the iodine-doped SQIy; poly-
mer films, but with values of 26 that deviated slightly from those of
the pristine film. In particular, the interchain packing distance
increased pronouncedly from approximately 24 A for the pristine
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45A 34 A
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- 46A 35A

.
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£ [57A 6h
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z 46 A 35A
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45A 35A
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Fig. 9. XRD patterns of pristine iodine-doped SQly; films doped under 35 °C for 0—24 h.
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Fig. 10. Raman spectra of SQlp; (a) 20NT/5CMK/SQlo1, (b) SWNT and 20NT/SQlp; and (c) CMK-3 and 20CMK/SQlo 1.

Table 2

Sample designations and the corresponding thermoelectric properties.
Sample I,-treatment SWNT/CMK-3 (wt%) o(Sem™) S(VK™M P (uW mK~2) k (W mK™) ZT (at 300 K)
A —* — 2.589 x 107 78.14 1.581 x 10 0.325 1.458 x 1078
B-6 35°C,6h — 8.236 x 107 133.84 1.475 0.139 3.175 x 1073
B-24 35°C, 24 h — 1.501 x 107! 105.69 1.677 x 107! 0.129 3.890 x 107
C-4 40°C,4h — 8.816 x 107! 90.13 7.162 x 107 0.239 8.967 x 107
C-24 40°C, 24 h — 1.089 x 107 61.34 4.097 x 1072 0.169 7.265 x 107
D-2 50°C,2h - 6.446 x 107 104.12 6.988 x 1072 0.158 1.325 x 10
D-24 50°C, 24 h - 4940 x 107 95.17 4474 x 107 0.153 8.762 x 1078
E — 20/0 3.586 x 1072 70.53 1.784 x 102 0.351 1.523 x 107
F — 20/5 7.631 x 1073 66.58 3.383 x 1073 0.390 2.603 x 10°°
E-6 35°C,6h 20/0 5.264 43.45 9.939 x 107! 0.214 1.394 x 103
F-6 35°C,6 h 20/5 7.162 63.16 2.86 0.351 2.444 x 1073
F-10 35°C,10 h 20/5 13214 60.74 4.87 0321 4563 x 10"

*Pristine SQlg ;.

film to approximately 27 A after doping with iodine. Similar phe-
nomena have been observed previously for the intercalation of
iodine influencing the interchain packing distance [29]. Taken
together, strong evidence is provided by these results for the ex-
istence of iodine in the chain structure of the polymer SQIg;.

3.4. w—m Interactions between carbon materials and polysquaraine
(SQlg.1)-based films

To examine the existence of w—m interactions between SQIg1-
based films and the carbon materials, Raman spectra of the SQly
film, SWNT, CMK-3, 5CMK/SQlp1, 20NT/SQlp;, and 20NT/5CMK/
SQIlp1 were recorded (Fig. 10). Weak signals for C—O—C vibration of
the polymeric side chain (936 cm™!), C—C single bond stretching
(1371 cm™1), and C—C stretching of the benzenoid ring (1595 cm™1)
appear in the Raman spectrum of the SQlp; film (Fig. 10a). In
addition, the G-band (1572 cm™!) of the 20NT/5CMK/SQlp; com-
posite film had shifted to lower frequency relative to those of the
SWNTs (1579 cm™1; Fig. 10b) and CMK-3 (1598 cm™!; Fig. 10c). T—m
Interactions between the SWNTs and the m-conjugated polymer
were presumably responsible for this phenomenon [27,36,37]. In
this present system, therefore, T— interactions were suggested by
the shift to exist between the SQIp; matrix and the carbon mate-
rials (i.e., SWNTs and CMK-3); these interactions were responsible
for these carbon materials dispersing well in the SQlp; matrix.

3.5. Thermoelectric properties of polysquaraine (SQlp.1)-based films

The TE parameters of our SQlg1-based films are listed in Table 2;
the Seebeck coefficient (S) of the pristine SQlo; film (78 pV K~1) was
higher than those of other conjugated polymers [3,38,39]. In
addition, the pristine SQlp; film was a p-type TE material, as indi-
cated by the positive Seebeck voltage. According to the definition of
ZT, large g/« ratios are required for good TE materials. An increase in

the value of ¢ has, however, always been accompanied previously
by an increase in the value of «; this behavior can be explained by
the Wiedmann—Franz law [40]. Gratifyingly, this rule was not
obeyed by the SQIp film developed herein when the value of ¢ was
increased after doping with iodine. The values of ¢ and « were
improved (from 107> to 10~' S cm™~!) and decreased (from 0.33 to
0.13 W mK™1), respectively, after doping with iodine (until 6 h;
Table 2). This special property was presumably derived from
phonon scattering from the microstructure of the iodine-doped
SQlp4 film (vide supra; SEM), the intercalation process (vide supra;
TGA), and the variation of the interchain packing distance (vide
supra; XRD), all of which led to lower overall values of k. Accord-
ingly, these materials appear to have great potential in TE appli-
cations. A suitable level of iodine-doping can simultaneously
improve the value of ¢ significantly, enhance the value of S, and
decrease the value of k. For example, for the sample prepared under
the optimized conditions (35 °C for 6 h), a power factor of
1.475 yW mK~? and a value of ZT of 3.175 x 10> were obtained.
Accordingly, these freestanding polysquaraine films have great
potential for application in flexible thermoelectric devices. Finally,
due to the m—m interaction between SQIlp; matrix and carbon
materials, SWNTs and CMK-3 can greatly improve the flexibility of
the composite film (Fig. 1) and the dispersion of the doped iodine
(Fig. 5), respectively. Both are responsible for the enhancement of
electrical conductivity. As the result, TE properties of the 20NT/
5CMK/SQIp; films doped for 10 h revealed a noticeable value of ZT
0f 4.563 x 1073, which is 143% of the optimized iodine-doped SQIp
film, and 87% greater than that of the same sample that had been
doped for 6 h.

4. Conclusions

A series of novel polysquaraine (SQlp;)-based films has been
prepared and characterized; doping with iodine and integration of
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SWNTs and CMK-3 enhanced the potential of these films for TE
applications. The electrical conductivities (¢) of the SQlp; films
varied depending on the degree of iodine-doping, being optimized
(8.816 x 10~1 Scm™1) in the presence of 8—12 wt.% of iodine. In the
case of the 20NT/5CMK/SQIg film, doping with iodine provided an
excellent value of o of 13.21 S cm™ L. According to TGA, XPS, and XRD
analyses, the stability of the zwitterionic m-conjugated polymer
SQIlp; improved after doping with iodine, with the resulting inter-
calated polyiodide influencing the interchain packing distance of
the polymer. Signals for m—m interactions between the carbon
materials and the polymer SQIp1, a possible explanation for the
high dispersion of the SWNTs and CMK-3 in the SQIy; matrix, were
evident in Raman spectra. Values of ZT of 2.603 x 10~® and
4563 x 1073, suitable for TE applications, were obtained after
integration of carbon materials (i.e., 20 wt.% SWNTs and 5 wt.%
CMK-3) and further doping with iodine, respectively. For the
iodine-doped 20NT/5CMK/SQIp film, the optimized value of ZT of
4563 x 103 was 143% of the optimized iodine-doped SQlg; film,
revealing the great improvements that can result from increasing
the doping time together with the integration of SWNT and porous
carbon in SQly1. The excellent dispersion of SWNTs in SQlg1 pro-
vides for other application opportunities.
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