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Novel polyoxotitanate (POT) hexamer [Ti(u3-0)(O'Pr)(TA)]s (TA=
thiophene-3-acetic acid) has been employed as a nano-building
block, producing a series of novel hybrid conjugated films Poly-
(EDOT-POT)s by electrochemical copolymerization with 3,4-
ethylenedioxythiophene (EDOT). One of these polymers Poly-
(EDOT-POT)-1 can be used as fast-ion electrode material and has
improved electrochromic properties and 35% higher capacitance
(102.5 F/g) than that of bare PEDOT (75.8 F/g) at a current density
of 1 A/g.

Nanostructured titania composites have  attracted
considerable attention in photocatalysis and photoelectrical
applications as well as energy storage due to their inherent
physicochemical and unique nanoscale properties.’® However,
uneven dispersion, agglomeration and heterogeneous interface
problems in their composites often hinder the performances of
these material.'°

During the past decade, there has been considerable interest in
polyoxotitanate (POT) cages, which possess well-defined inorganic
TixOy cores surrounded by organic ligands.11-14 Recently, POTs have
proved to be particular effective precursors for formation of various
titania composites, with controlled composition and
morphology.’>?! POTs also can be employed as ‘nano-blocks’
for the formation of new organic-inorganic hybrid materials.??
27 For example, the introduction of styrenic groups allows
copolymerization of the POT monomers Tijg016(OEt)s2-
x(OPhCH=CH,)x with styrene to form hybrid materials with three
dimensional networks in which the titania nano-fillers are covalently
linked to the organic polymer. 2°
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Fig. 1 (A) Solid-state structure of POT-1, H-atoms have been omitted for clarity
(red = O, gray = C, green =S, yellow = Ti); (B) Photographic image of POT-1.

In the current work, we have explored the incorporation of the
polymerizable ligand thiophene-3-acetic acid (TA) into POTs. The
new POT cage [Ti(us-O)(O'Pr)(TA)le¢ (POT-1; Fig. 1) functions as a
monomer building block in the copolymerization with conjugated
monomers such as 3,4-ethylenedioxythiophene (EDOT), thiophene
or pyrrole, forming a range of hybrid conjugated materials (Scheme
1). The electrochemical performance of these novel materials was
studies.

Light yellow crystals of POT-1 are obtained via the solvothermal
reaction of Ti(O'Pr)s and TA in propan-2-ol (Fig. 1B and ESIt). A Single
crystal X-ray diffraction (sXRD) analysis shows that it has a hexameric
‘stack’ arrangement with a TigO¢ core (Fig. 1A). Each of the
chemically-equivalent Ti(IV) centre has a six-coordinate, octahedral
geometry, being bonded to three u3-O oxo-atoms within the core,
three O atoms from two TA ligands and one isopropoxide-O atom.
The peripheral “thiophene tentacles” are aligned in opposite
directions.

Crystals of POT-1 are probably stable in air and soluble in various
organic solvents like toluene, tetrahydrofuran, chloroform and
dichloromethane (DCM). Room-temperature 'H NMR spectrum of
POT-1 in CDCl3 shows one doublet corresponding to the methyl-H at
1.2-1.3 ppm and one septet associated to -CH near 4.8-5.0 ppm
which represent the 'PrO ligands (Fig. S1). The three signals at 7.20,
7.11, and 6.98 ppm with the relative intensity is near 1:1:1 as well as
the singlet at 3.55 ppm are belong to the characteristic peaks of
thiophene-3-acetic acid. The peak area ratios in 'H NMR indicate that
the ratio of the TA to PrO ligands in POT-1 is 1:1 (Fig. S1).
Interestingly, the NMR spectrum for POT-1 is not obviously changed
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with concentration, which suggests that the structure remains the
same in CDCls.

As shownin Fig. S3, The +ve ion electrospray mass spectrum shows
a signal at m/z = 1586.87 for [M+H]* (calc. 1585.92). The bulk purity
of crystalline POT-1 is confirmed by the powder X-ray diffraction
(pXRD) spectrum which is identical to the pattern derived from its
sXRD data (Fig. S2). Thermogravimetric (TGA) and differential
thermal analysis (DTA) show that POT-1 is not thermally decomposed
at temperatures lower than 150°C (Fig. S4). Comparable with
reported POT cages, the band gap determined from the solution-
state UV visible spectrum of POT-1is ca. 3.79 eV (Fig. S5).28

POT-1 is the first structurally determined POT cage in which the
assembly is achieved exclusively by incorporation of polymerizable
TA ligand into a Ti,Oy core.
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Scheme 1 copolymerization strategy used to obtain conjugated hybrid materials

from POT-1.

Cyclic voltammetry (CV) curves of POT-1 in a DCM solution of 0.1
M tetrabutylammonium hexafluorophosphate (TBAH) exhibit an
irreversible multistage oxidation process with initial oxidation
potential at 1.05 V, very close to that of EDOT (Fig. S7). The similarity
of the initial oxidation potentials was propitious for the controllable
formation of the copolymers.2®30 Subsequently, a series of
conjugated hybrid films Poly-(EDOT-POT)s was produced by
electrochemical copolymerization of POT-1 with EDOT indium-doped
tin oxide (ITO) glass substrates by a potentiostatic method (See ESIT)
(Scheme 1).

As shown in Fig. 2, a series of Poly-(EDOT-POT)s with various
morphologies were prepared through potentiostatic
copolymerization of POT-1 and EDOT with a 1:1 molar ratio at
different anodic potentials. It is noteworthy that a 3D nanoporous
film named Poly-(EDOT-POT)-1 was obtained at 1.7V. To the best of
our knowledge, this phenomenon was observed for the first time,
and may be due to the multiple polymerizable sites and multistage
oxidation processes of POT-1 that can lead to various polymer

networks under different electrochemical conditions. As shown in Fig.

S8, the morphology of Poly-(EDOT-POT)s films can also be altered
significantly by adjusting the proportion of POT-1 and EDOT co-
monomers.

Fig. 2 SEM images of Poly-(EDOT-POT)s films on ITO electrodes through potentiostatic
copolymerization of POT-1 and EDOT ( 1:1 molar ratio) on ITO at 1.3V, 1.4V, 1.5V, 1.6V,
1.7V, 1.8V, 1.9V and 2.0 V respectively.

Energy dispersive spectroscopy (EDS) suggests that Poly-(EDOT-
POT)-1 contains 2.05% atom% Ti atoms (Fig. S14, Table S3), and
element mapping indicates that Ti is disperse homogeneously in the
matrix (Fig. 3). Poly-(EDOT-POT)-1 is a stable film where the
dispersion of Ti in Poly-(EDOT-POT)-1 was not changed after soaked
in DCM even during 2 weeks (Fig. 518).

ulglglo

Fig. 3 SEM and element mapping of plane (A) and section (B) of the Poly-(EDOT-
POT)-1 film.

CV curves of Poly-(EDOT-POT)-1 and PEDOT films on a glassy
carbon electrode were tested in a three-electrode system with
Ag/AgCl as reference electrode. As shown in Fig. 519, PEDOT film
exhibits a redox pair (Epc= -0.59V, Epe= 0.09V) in the potential range
from -0.8 to 1.5 V, while there is only one significant reduction peak
around 0.20 V for the film of Poly-(EDOT-POT)-1 at scan rate of 10
mV/s.
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Fig. 4 UV—vis spectra of (A) Poly-(EDOT-POT)-1 and (B) PEDOT at applied voltages
between -0.8 Vand 1.2 Vin 0.1 M TBAH/DCM solution (inset are the photographs
of the corresponding polymer films on ITO glass).
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Visible and NIR transmission spectra of Poly-(EDOT-POT)-1 and
PEDOT on ITO at different potentials are shown in Fig. 4. Like PEDOT,
Poly-(EDOT-POT)-1 is a cathodically-colouring material with the
colour changed from dark blue (coloured state) at -0.5 V to light-blue
(bleached state) at 0.7 V. In the coloured state, the visible absorption
band of Poly-(EDOT-POT)-1 (600 nm) is blue shifted compare with
that of PEDOT (627 nm), which may be due to the attachment of
POT-1 to the conjugated backbone. As shown in Fig. 5, Poly-(EDOT-
POT)-1 exhibits improved electrochromic properties with larger
optical contrast (53.0%) and shorter coloring time (1.36 s) compare
with that of PEDOT (50.7% optical contrast, 1.59s coloring time),
which may be due to the nanoporous structure of Poly-(EDOT-POT)-
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Fig. 5 Optical contrast of the Poly-(EDOT-POT)-1 (red curve) polymer films
monitored between -0.5V and 0.7 V and the PEDOT (black curve) films monitored
between -0.5V and 0.8 Vin 0.1 M TBAH/DCM solution with a residence of 10 s (A);
Electrochromic switching response of Poly-(EDOT-POT)-1 (B) and PEDOT (C).

As an electrode material for supercapacitor Poly-(EDOT-POT)-1
was further tested in a three-electrode system using 0.1 M
LiClO4/ACN as the electrolyte (ESIT). Nyquist plots of Poly-(EDOT-
POT)-1 and PEDOT are shown in Fig. S20. It can be seen that the
internal resistance of Poly-(EDOT-POT)-1 is smaller than that of
PEDOT, which suggests that the Poly-(EDOT-POT)-1 electrode has
better conductive properties3! and consequent electrochemical
properties.

CV curves of Poly-(EDOT-POT)-1 and PEDOT both exhibit a quasi-
rectangular shape at sweep rates from 10 to 300 mV/s, but the
specific capacitance of Poly-(EDOT-POT)-1 is larger than that of
PEDOT especially at higher scanning rate (Fig.6A, 6B); charge-
discharge curves at current densities between 1A/g and 5 A/g display
regular-triangular shapes and no obvious voltage drop can be
observed at the beginning of the discharge process for both the Poly-
(EDOT-POT)-1 and PEDOT electrodes indicating ideal capacitor
behaviour (Fig.6C, 6D). It is noteworthy that the specific capacitance
of Poly-(EDOT-POT)-1 is 102.5 F/g at a current density of 1 A/g much

higher than that of bare PEDOT (75.8 F/g). With the increase of
current densities to 5 A/g, the specific capacitance of Poly-(EDOT-
POT)-1 decreases to 94.1 F/g, 34% higher than that of PEDOT which
is 70.3 F/g (Fig. 6E). As shown in Fig. 6F, Poly-(EDOT-POT)-1 delivered
a higher energy density of 14.2 Wh/kg at power density of 500 W/kg
and a higher power density of 2500 W/kg at energy density of 13.1
Wh/kg compare with that of PEDOT. These results indicate that Poly-
(EDOT-POT)-1 is a promising electrode material suitable for fast ion

transport. 32
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Fig. 6 CV curves of PEDOT (A) and Poly-(EDOT-POT)-1 (B);
charge/discharge curves of PEDOT (C) and Poly-(EDOT-POT)-1 (D); specific
capacitance calculated from discharge curves of PEDOT and Poly-(EDOT-POT)-1 (E);
Ragone plots of PEDOT and Poly-(EDOT-POT)-1 (F).
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Conclusions

In summary, POT-1 is the first structurally determined POT cage in
which the assembly is achieved exclusively by incorporation of
polymerizable TA ligand into a TikO, core. A series of conjugated
hybrid films Poly-(EDOT-POT)s has been synthesized employing the
POT-1 as a nanobuilding block. 3D nanoporous film Poly-(EDOT-
POT)-1 is a promising electrode material suitable for fast ion
transport and exhibit improved electrochromic properties and 35%
higher capacitance (102.5 F/g) compared with that of PEDOT (75.8
F/g) at a current density of 1 A/g.
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