Journal of Alloys and Compounds 660 (2016) 17—-22

Journal of Alloys and Compounds

Contents lists available at ScienceDirect

journal homepage: http://www.elsevier.com/locate/jalcom

Reversible phase transformation gel-type ionic liquid compounds
based on tungstovanadosilicates

@ CrossMark

Tianpei Huang ?, Zhirong Xie ¢, Qingyin Wu ", Wenfu Yan °

@ Department of Chemistry, Zhejiang University, Hangzhou 310027, PR China
b State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, Jilin University, Changchun 130012, PR China

ARTICLE INFO

ABSTRACT

Article history:

Received 24 June 2015

Received in revised form

12 October 2015

Accepted 30 October 2015
Available online 10 November 2015

Keywords:
Polyoxometalate

Ionic liquid

Phase transformation
Thermostability
Electrochemical property

A series of new reversible phase transformation gel-type ionic liquid compounds, [PyPS]5SiW11VO4o,
[PyPS]7SiWgV3040, [TEAPS]5SiW11VO4 and [TEAPS]7SiWgV3040, have been synthesized from two organic
ammoniums 1-(3-sulfonic group) propyl-pyridine (PyPS), 1-(3-sulfonic group) propyl-triethylammonium
(TEAPS) and vanadium-substituted heteropoly acids H5SiW1;VOg40 and H7SiWgV3049. The products can
undergo a phase transformation from viscous gel-state to liquid-state below 100 °C, and ionic conduc-
tivity up to 103 S cm ™! was observed at 110 °C for these gel-type POM-ILs. The relationship between the
component elements of the products and their physicochemical property has been studied. Their ther-
mostability was measured using thermogravimetric and differential thermal analysis (TG-DTA), and the
result indicates that the less vanadium atoms there are inside the heteropoly anion, the more stable the
POM-IL is at high temperature. Cyclic voltammetry is carried out to study their electrochemical prop-
erties in organic solution. The potential values of redox waves confirm that the oxidability of these gel-
type POM-ILs can be controlled upon changing the number of vanadium atoms in the heteropolyanions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Heteropoly acids (HPAs) are a fascinating kind of inorganic
metal-oxygen cluster compounds [1]. They play very important
roles in catalysis, biology, electrochemistry and materials science as
a consequence of their nanoscale size, simple composition, unique
structures and tunable electronic and physical properties [2—5].
However, the demerits of HPAs, such as weak thermal stability, high
sensitivity to atmospheric moisture and the difficulty in machining
impeded their potential application [6]. For this reason, the design
and synthesis of HPA derivatives have attracted researchers’
attention. Recently, the massive range of applications has led to
many deliberate assembly tactics for the design and synthesis of
various HPA derivatives by exchanging the surface protons of the
HPA core cluster by organic cations [7,8].

Ionic liquids (ILs) are fascinating molten salts that remain in the
liquid state at low temperatures [9], and they are being increasingly
studied owing to their various attractive properties [10—12]. It is
interesting to note that some ILs can present in a gelled or semi-
solid form, while still maintain the intrinsic properties of ILs,
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such as ionic conductivity, drug activity and solvent ability [13,14].
Such IL gels are easily shaped, and they can broaden the array of
applications of ILs.

In the past decade, the design and synthesis of novel
polyoxometalate-based ionic liquids (POM-ILs), which consisted of
heteropoly anions and organic cations, have drawn a great deal of
attention. They have emerged as the most potential compounds for
their applications in catalysis, electrochemistry and nanotech-
nology [15,16]. In fact, it was found that the nature of cations has a
remarkable influence on the structure and the characteristics of the
heteropoly compounds [17]. One of the most important findings is
that the POMs can be modified by certain organic cations through
weak intermolecular interactions, such as H-bonding, T—m stacking
and van der Waals interactions to prepare interesting gel-type
hybrid materials [18—20]. Such POM-based gel-type materials are
much easier to machine, and with some significant physical char-
acters such as temperature-responsive behavior. They can be
applied in some particular fields, for instance electrochemical ca-
pacitors and fuel cells [21].

Herein, we chose two sulfo-group grafted ammoniums cations
(1-(3-sulfonic group) propyl-pyridine and 1-(3-sulfonic group)
propyl-triethylammonium, abbreviated as PyPS and TEAPS,
respectively) and two Keggin-type vanadium-substituted
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heteropoly acids (H5SiW11VO49 and H7SiWgV3049) to synthesize a
series of gel-type POM-based ionic liquids, which exhibit reversible
phase transformation from gel state to liquid state below 100 °C.
Specifically, an investigation has been done on the effects of the
elementary composition on the thermal stability and electro-
chemical properties of these gel-type ionic liquids. These new gel-
type materials may be good candidates for the phase trans-
formation electrolyte because of their advantages for both liquid
electrolyte and solid state electrolyte. They will facilitate the
application of POMs as functional materials in the area of
electrochemistry.

2. Experimental section
2.1. Synthesis of the gel-type POM-ILs

1-(3-sulfonic group) propyl-pyridine (abbreviated as PyPS) and
1-(3-sulfonic group) propyl-triethylammonium (abbreviated as
TEAPS) were synthesized according to the literature [8]. Pyridine
(0.055 mol) and 1,3-propanesultone (0.05 mol) were dissolved in
acetone (25 ml) and stirred at 50 °C for 4 h. A white precipitate
(PyPS) was obtained and washed by acetone for three times, then
dried under vacuum. Similarly, TEAPS can be prepared.
Hs5SiW11VO40 and H7SiWgV3049 were synthesized by modification
of the method according to the literature available [22,23].

The presynthesized PyPS and H5SiW11VO40 (H7SiWgV3040) were
taken in 5:1 (7:1) mole ratio to give 1 mol of [PyPS]5SiW11VOy4o
([PyPS]7SiWgV3040). Firstly, PyPS was added to an aqueous solution
of H5SiW11VO49 (H7SiWgV3049), and then the mixture was stirred
for 12 h at room temperature. Water was evaporated in a water
bath at first and then removed in vacuum to give the products
which exhibit gel-state. [TEAPS|5SiW11VO49 and [TEAPS];.
SiWgV3049 were prepared accordingly. Scheme 1 shows the ideal-
ized reaction used to prepare the four POM-ILs. The obtained
compounds are highly insoluble in tetrahydrofuran, acetone and
ethyl acetate, and soluble in N, N-dimethylformamide and dimethyl
sulfoxide.

Carbon, nitrogen, sulfur, silicon, tungsten and vanadium were
analyzed by elemental analysis. Calculated for [PyPS]5SiW11VO40:
C: 12.80%; N: 1.87%; S: 4.27%; Si: 0.75%; W: 53.89%; V: 1.36%. Found:
C: 11.68%; N: 1.73%; S: 4.32%; Si: 0.82%; W: 54.94%; V: 1.53%.

acetone

50°C, 4h

acetone

/\N +
50°C, 4h

Q N Ns0; -

— < \/\/soi_*

Calculated for [PyPS];SiWgV3049: C: 17.29%; N: 2.52%; S: 5.77%; Si:
0.72%; W: 42.52%; V: 3.93%. Found: C: 15.85%; N: 2.36%; S: 5.02%;
Si: 0.89%; W: 43.98%; V: 4.17%. Calculated for [TEAPS]5SiW11VO4p:
C: 13.99%; N: 1.81%; S: 4.15%; Si: 0.73%; W: 52.35%; V: 1.32%. Found:
C: 12.85%; N: 1.65%; S: 4.08%; Si: 0.86%; W: 53.78%; V: 1.44%.
Calculated for [TEAPS]7SiWgV3049: C: 18.70%; N: 2.42%; S: 5.55%;
Si: 0.69%; W: 40.90%; V: 3.78%. Found: C: 17.68%; N: 2.66%; S: 5.42%;
Si: 0.77%; W: 41.97%; V: 3.93%. The results indicate that the actual
measurement values are consistent with the calculated values,
which confirms the composition of four POM-ILs [24].

2.2. Chemicals and instrumentation

Inductively coupled plasma mass spectrometry (ICP-MS) anal-
ysis was determined on a Shimadzu V-1012 ICP-MS spectrometer.
FTIR spectrum was recorded on a Nicolet Nexus 470 FT/IR spec-
trometer over the wave number range 400—4000 cm™~! using KBr
pellets. X-ray powder diffraction pattern was obtained on a BRUKER
D8 ADVANCE X-ray diffractometer using a Cu tube operated at
40 kV and 40 mA in the range of 20 = 4—40° at a rate of 0.02°-s,
The thermal stability of the sample was investigated using simul-
taneous thermogravimetry (TG) and differential thermal analysis
(DTA) techniques from room temperature to 600 °C. Measurement
was performed using a Shimadzu thermal analyzer in a Nitrogen
stream, with a scanning rate of 10 °C min~ . The conductivity
measurement of the product was obtained using a DDS-11A con-
ductivity meter. Cyclic voltammetry (CV) was performed with a
CHI650C electrochemical workstation in N,N-dimethylformamide
(DMF). All potentials were given with respect to a Ag/AgCl refer-
ence electrode. A glass electrode was used as the working electrode
and platinum was used as the counter electrode in organic media.
The concentration of substrate was 0.5 mM, and 0.1 M NaClO4 was
assigned as supporting electrolyte. All reagents were analysis grade.

3. Results and discussion
3.1. IR spectra

Fig. 1 shows IR spectra of the gel-type POM-ILs. Vibrations cor-
responding to heteropoly anions with Keggin structure appear at
700—1100 cm~ L The vibrational frequencies fall in the sequence of
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Scheme 1. Synthesis of the four POM-ILs.
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Fig. 1. IR spectra of the gel-type POM-ILs. (a) [PyPS]5SiW11VO40; (b) [PyPS];SiWgV3040;
(C) [TEAPS]5SiW]1VO40 and (d) [TEAPS]7SiW9V3040.

Vas (M=0gq) > Vas (Si—0a) > vas (M—0p—M) > vas (M—O—M),
(M =W, Mo, V), and O,, Op, O and Ogq, each separately represent
inner oxygen, corner-sharing oxygen, edge-sharing oxygen and
terminal oxygen. There are characteristic bands of [SiW11VO4]°~ in
the IR spectrum of [PyPS]|5SiW11VO4 (curve a): 970 cm™ !, vas
(M—0q); 915 cm™l, vas (Si—0,); 880 cm™!, vy (M—Op—M);
793 cm !, v;s (M—Oc—M). The similarities of the spectra of
[PyPS]7SiW9V3O40 (CUI‘VG b), [TEAPS]sSiW11V040 (CUFVE C) and
[TEAPS]7SiWgV3049 (curve d) with [PyPS]5SiW11VO4o strongly in-
dicates that they have the same structure as [SiM12040]*", showing
that they still maintain Keggin structure though the introduction of
vanadium atoms, which coincide with those reported in the liter-
ature for Keggin unit [25]. In comparison with the parent acids
H5SiW11VO40 and H7SiWgV3049 according to the literature available
[23,26], the v,s (M—0q) stretching vibration frequencies of these
polyoxometalate compounds have red shifts after protons in the
heteropoly acids were substituted by organic cations. The major
reason may be that the introduced cations have stronger in-
teractions to terminal oxygen atoms of the polyoxoanions,
impairing the M—0Oq4 bond, reducing the M—Oq4 bond force constant
and leading to a decrease in the M—Qgq vibration frequency [27]. The
complete correlative assignments of the vibrational peaks of the
POM-IL gels are listed in Table 1. Bands corresponding to both the
organic cations and inorganic anions can be easily identified and
confirm the formations of the hybrid molecular compounds. The
bands at 1220—1236 cm~!, which ascribed to S=0 stretching vi-
brations, were detected to verify the existence of sulfonic groups in
these two series of products [28]. Besides, PyPS cation shows other

characteristic peaks at 1468—1485 cm~! (pyridine ring), and
1144—1160 cm ™' (pyridine H—C—C and H—C—N bending). The re-
sults confirm the successful assembly and existence of the organic
cation and Keggin unit in the compounds without depolymeriza-
tion or degradation.

3.2. XRD patterns

The phase and structure of the obtained materials are further
identified by using powder X-ray diffraction (XRD) in Fig. 2. The
peaks in the XRD patterns of these POM-ILs are apparently different
from that of the parent heteropoly acids. The broad diffraction
peaks at the region of 260 = 15—38° of the products indicate
smectic-state appearance of the samples, while their pure acids
have high crystallinity [29]. The phase change of the hybrid mo-
lecular compounds was caused by the replacement of protons in
HPA with PyPS and TEAPS cations [30].

In the small-angle region, the two monovanadium-substituted
POM-ILs display different Bragg diffraction peaks from the
trivanadium-substituted ones. [PyPS]5SiW11VO4o presents visible
peaks at 20 = 4.60° and 8.92°, which arises from the regular
arrangement of the molecules in layers with a d-spacing of 1.92 nm
[31]. Similarly, three Bragg diffraction peaks which appeared at
4.50°, 7.22°and 8.36° in the XRD pattern of [TEAPS]5SiW11VO4g also
indicate a layered structure with a d-spacing of 1.96 nm. According
to the recent available paper, we can assume that such organized
layer-type structure is formed via self-assembly of the heteropoly
anions and organic cations through electrostatic interactions,
hydrogen bondings, and Van der Waals forces [32]. However,
[PyPS]7SiWgV3049 shows only one peak at 8.25°, and [TEAPS];.
SiWgV3040 shows the peaks at 8.52° and 9.86°, which attributed to
the characteristic peaks of Keggin structure at the region of
20 = 7—-10° [33].

3.3. TG and DTA curves

Fig. 3 indicates TG and DTA curves of these gel-type POM-ILs.
The initial minor weight loss below 150 °C is attributed to the loss
of small amounts of absorbed water in the samples. The major
weight loss between 300 and 400 °C is primarily due to the
decomposition of both organic and inorganic parts of the com-
pounds into their individual oxides. Generally, we take the tem-
perature of the exothermic peak of DTA curve as the sign of their
thermostability [34]. The decomposition temperature of [PyPS]s.
SiW11VOq4p (382 °C) is much higher than that of [PyPS];SiWgV3049
(344 °C). Similarly, [TEAPS]5SiW11VO4g is thermally stable up to
351 °C, while the DTA curve of [TEAPS]7SiWgV3049 shows that the
decomposition occurs at 312 °C. The results demonstrate that the

Table 1
The complete correlative assignments of the vibrational peaks of the gel-type POM-ILs.
Wavenumber (cm™") Vibrations
[PyPS]5SiW11VO40 [PyPS]7SiWgV3040 [TEAPS]5SiW11VO40 [TEAPS]7SiWgV3040
3423 3435 34,235 3445 O—H stretching
3070 3066 - - pyridine ring C—H stretching
2976 2976 2990 2990 alkyl C—H stretching
1635 1633 1635 1638 H—O—H bending
1489 1490 1482 1480 —CH;, scissoring
- - 1393 1390 —CH, twisting
1236 1230 1220 1220 S=0 stretching
1144 1155 1149 1160 H—C—C & H—C—N bending
970 965 972 965 M—0q stretching
915 911 917 912 Si—0, stretching
884 — 881 — M—0p—M stretching
794 797 795 790 M—0O.—M stretching
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Fig. 2. XRD patterns of the gel-type POM-ILs and their corresponding parent acids.
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Fig. 3. TG and DTA curves of the POM-ILs, (a) [PyPS]sSiW11VO40; (b)

thermostability of the compounds will be enhanced when there are
less vanadium atoms in POM anions.

On the other hand, the DTA curves of these gel-type POM-ILs
show endothermic peaks located in the temperature range of
70—80 °C, which means that the POM-ILs can undergo a phase
transformation from viscous gel-state to liquid-state [35]. The
photographs of two different states of these compounds were
shown in Fig. 4. This result confirms that they are temperature
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[TEAPS]sSiW1,VOy0 and (d) [TEAPS];SiWeV304.

control-type POM-ILs.

3.4. Conductive property
Ionic conductivity of the POM-ILs is quite important for various
applications. We have recorded the conductivity of these gel-type

POM-ILs at different temperatures (Fig. 5). The conductivities of
the products were measured for 647 x 1073, 828 x 1073,

b

b

Fig. 4. Photographs of the two different states of the gel-type POM-ILs. (a) gel-state and (b) liquid-state.
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Fig. 5. Conductivity versus temperature plots of the gel-type POM-ILs, (a) [PyPS]s.
SiW1,VOs40; (b) [PyPS];SiWaV3040; (c) [TEAPS]5SiW1,VO,0 and (d) [TEAPS];SiWsV3040.

426 x 1072 and 6.90 x 103 S cm™! respectively at 110 °C. In the
range of measured temperature, the ionic conductivity of these
POM-ILs gradually increased with the temperature increasing. This
can be explained as the decrease of the viscosity at elevated tem-
peratures [36]. As shown in the conductivity—temperature plots in
Fig. 5, the conductivities increase more rapidly after 70 °C, which is
consistent with the observed phase transformation of the products
begins at about 70 °C. All of these POM-ILs exhibit high conduc-
tivity more than 1074 S cm~! at room temperature and 1073 S cm™!
at 110 °C. So these series of compounds can be regarded as a new
kind of temperature-dependent POM-IL electrolytes.

3.5. Cyclic voltammetric behavior

A comparison of the cyclic voltammetric behavior of [PyPS]s.
SiW]]VO40, [PyPS]7SiW9V3O40, [TEAPS]sSiW11VO4O and [TEAPS]7

[\
T

1 (nA)

04 02 00 02 04 06 08
E (V)

(e}

1 (na)

04 02 00 02 04 08 08
E (V)

SiWgV3049 in N,N-Dimethylformamide (DMF) containing 0.1 M
NaClOy4 as the supporting electrolyte is shown in Fig. 6. They were
evaluated at the different scan rates: 30, 60, 90,120,150 mV s~ .. The
cathodic peak potentials of the samples slightly shifted towards
negative values while the corresponding anodic peak potentials
shifted to the positive values, the result indicates that a slow
electron transfer exists [3738]. In the potential range
from —0.3—0.8 V, only a pair of reversible redox waves of [PyPS]s.
SiW11VO40 was observed with formal potential at Ef = 0.24 V at a
scan rate of 90 mV s~!, where Er = (Epa + Epc)/2 (Fig. 6a). While
[TEAPS]5SiW11VO49 shows redox peaks with Eg values of 0.21 V. All
of these waves correspond to reduction and oxidation of
Siw;;,V¥03, and Siw;;VV0S; through a one-electron redox pro-
cess, it can be described by the Eq. (1).

Siw;; VY035 + e~ —Siw;; VY05, (1)

As for [PyPS]7SiWgV3040 and [TEAPS];SiWgV3049, the succes-
sive redox peaks centered at 0.47 and 0.22 V, respectively, assigned
formally to the V-center reductions. The electrochemical behaviors
of the gel-type POM-ILs in DMF are summarized as shown in Eq. (2).

SiWgVY0j0 + 36~ —SiWgVy 045~ (2)

By comparison of these samples, the Ef of [PyPS];SiWgV3049 and
[TEAPS];SiWgV3049 appears at a more positive potential than that
of their corresponding monovanadium-substituted analogs. This
result indicates that oxidability of trivanadium-substituted POM-
ILs is greater than that of monovanadium-substituted POM-ILs,
which would confirm that more vanadium atoms in the structure
will bring about stronger oxidability at the same time. This leaves
considerable flexibility in the choice of POMs for electrochemical
purposes.

.04 02 00 02 04 06 08

E(V)

4 . . .
04 02 00 02 04 06 08
E (V)

Fig. 6. Cyclic voltammetry of (a) [PyPS]5SiW11VOag, (b) [PyPS]7SiWgV3040, (c) [TEAPS]5SiW11VO40 and (d) [TEAPS];SiWgV3040 in DMF at scan rates (inner to outer) of 30, 60, 90, 120

and 150 mV s~
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4. Conclusion

In this paper, we have reported some properties about a series
of thermoregulated gel-type ionic liquids based on sulfo-group
grafted ammonium and vanadium-substitutive POM anions,
[PyPS]5SiW11VO49, [PyPS]7SiWgV3049, [TEAPS]5SiW11VO40 and
[TEAPS];SiWgV3040. They can undergo a reversible phase trans-
formation from a quasi-solid-state gel phase to an isotropic sol
phase and exhibit high ionic conductivity up to 10> S cm~! at
110 °C. The results show that the thermostability and oxidability are
closely related to the element composition of the POM-ILs. More
vanadium atoms in the molecule will bring about lower thermo-
stability and greater oxidability. These results contribute to provide
some useful information for softening POM clusters in order to
prepare POM-based functional materials, and promote the appli-
cations of such soft materials in the area of the electrochemistry.
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