MPIKG Public Access
Max Planck Institute of Colloids and Interfaces · Author Manuscript

Author Manuscript

Published in final edited form as:
Zhang, W., Willa, C., Sun, J.-k., Guterman, R., Taubert, A., & Yuan, J. (2017). Polytriazolium
poly(ionic liquid) bearing triiodide anions: Synthesis, basic properties and electrochemical
behaviors. Polymer. doi:10.1016/j.polymer.2017.07.059.

Polytriazolium poly(ionic liquid) bearing triiodide anions: Synthesis,
basic properties and electrochemical behaviors

Abstract
4-Methyl-1-vinyl-1,2,4-triazolium triiodide ionic liquid and its polymer poly(4-methyl-1-vinyl1,2,4-triazolium) triiodide were prepared for the first time from their iodide precursors via
the reaction of iodide (I−) with elemental iodine (I2). The change from iodide to triiodide (I3−)
was found to introduce particular variations in the physical properties of these two
compounds, including lower melting point/glass transition temperature and altered
solubility. The compounds were characterized by single-crystal X-ray diffraction, elemental
analysis, and their electrochemical properties examined in solution and in the solid-state.
Compared with their iodide analogues, the triiodide salts exhibited lower electrical
impedance and higher current in the cyclic voltammetry. We found that poly(4-methyl-1,2,4triazolium triiodide) was proven to be a promising solid polymer electrolyte candidate.
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Highlights
1. PILs bearing a triiodide anion have been synthesized for the first time.
2. The replacement of I- by I3- resulted in dramatic property change of PILs.
3. PILs bearing a triiodide anion show low resistance as solid electrolyte.
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Abstract
4-Methyl-1-vinyl-1,2,4-triazolium triiodide ionic liquid and its polymer poly(4-methyl-1vinyl-1,2,4-triazolium) triiodide were prepared for the first time from their iodide precursors
via the reaction of iodide (I-) with elemental iodine (I2). The change from iodide to triiodide
(I3-) was found to introduce particular variations in the physical properties of these two
compounds, including lower melting point/glass transition temperature and altered solubility.
The compounds were characterized by single-crystal X-ray diffraction, elemental analysis,
and their electrochemical properties examined in solution and in the solid-state. Compared
with their iodide analogues, the triiodide salts exhibited lower electrical impedance and higher
current in the cyclic voltammetry. We found that poly(4-methyl-1,2,4-triazolium triiodide)
was proven to be a promising solid polymer electrolyte candidate.
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1. Introduction
Poly(ionic liquid)s (PILs) are an emerging class of functional polymers that are comprised of
ionically charged repeating units typically used in ionic liquid chemistry.[1-3] These materials
are normally obtained from the polymerization of ionic liquids (ILs), or post-modification of
extant polymers via ion metathesis, N-alkylation, or grafting ILs onto neutral polymers.[4-6]
The marriage of ILs and polymers enables PILs to possess numerous useful properties, such
as adjustable solubility in many organic solvents, relatively high ionic conductivity, and low
glass transition temperature in comparison to classical polyelectrolytes. Currently, PILs find a
variety of uses in materials applications.[7-15] The intrinsic physical and chemical properties
of PILs are affected by their chemical structures and molecular characteristics, including the
nature of both cations and anions, the relative positioning of the cation and anion in the
polymer chain, linker length between main chain and pendant ionic groups, molecular weight,
molecular weight distribution, main chain shape, etc. Among these, the molecular structure of
both the cations and anions along with how they are combined into the polymer chains are of
paramount importance. To date, cations from tetraalkylammonium, tetraalkylphosphonium,
N,N’-dialkylpyrrolidinium N,N’-dialkylimidazolium and N-alklypyridinium, with anions from
halides (Cl-, Br-, I-), hydrophobic inorganics (N3-, BF4-, PF6-), or hydrophobic and hydrophilic
organics ((CF3SO2)2N-, CF3SO3-, CF3CO2-, CH3CO2-) are the most common choices.[16] The
persistent need for polymers of task-specific functions nevertheless results in an endless
search for unknown and less studied structures and functions. Recently, 1,2,4-triazoliumbased PILs have been examined because of their unique properties and fine inner
nanostructure in their colloidal nanoparticles.[17-20] Compared to imidazolium or 1,2,3triazolium type PILs that have been intensively studied by Drockenmuller et al.,[21] The
1,2,4-triazolium-based species have shown so far higher hydrophilicity, stronger acidity due
to two active protons in the cation ring, and enhanced metal ion loading capacity, which
expanded the property window and application scope of PIL materials. It is further expected
that upon anion metathesis/modification, new functions in 1,2,4-triazolium PILs will be
discovered.
PILs due to its high ion density have been previously used by Ohno et al.[22] as
macromolecular electrolytes for applications in supercapacitors, fuel cells, batteries, dyesensitized solar cells, etc.[23-26] Generally speaking, PILs are thermodynamically more
stable than conventional liquid-state or quasi-solid state electrolytes, and can be stable upon
exposure to air when carrying hydrophobic anions, thus possessing a long shelf life.
Chemically, the polymerizable cations or anions are covalently attached to the polymer
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backbone, and thus have limited, sometimes negligible mobility. The counter-ions of related
PILs however are fairly mobile and can transport ions in the whole system, which make PILs
a single-ion conductor.[27] In this context, we introduce poly(1,2,4-trizaolium) as a new
solid-state polymer electrolyte bearing enhanced ion mobility and acidic protons.[28]
Triiodide is incorporated into the 1,2,4-triazolium PIL as the counter-anion, which minimizes
interactions between the heterocyclic cation ring and the anion due to its large size thus
enhanced steric hindrance. While triiodide has been explored previously as additives to
polymers due to its charge carrying properties,[29, 30] they have not been examined in the
context of PILs. After the introduction of I3-, the electrochemical and thermal behaviors of the
PILs were altered, and a highly ion conductive polyiodide “network” can be expected
according to Grotthuss mechanism.[31] This makes triiodide-based PILs promising materials
for high-performance polymer electrolyte.

2. Experimental Section
Materials
1-Vinyl-1,2,4-triazole (1, 98%), iodomethane (CH3I, 99%), butylated hydroxytoluene (BHT,
98%), N.N’-azobisisobutyronitrile (AIBN, 98%, recrystallized from methanol), and all
organic solvents were purchased from Sigma-Aldrich. Iodine (I2, 99.8%) was obtained from
Acros Organics. All solvents used are anhydrous. Graphite sheets were bought from
LairdTech. The preparation method of iodide type ionic liquid monomer (TILMC1-I) and
polymer (PTILMC1-I) was described in our previous work.[17]
Characterization Methods
Thermogravimetric analysis (TGA) experiments were carried out by a Netzsch TG209-F1
apparatus under a heating rate of 10 K min-1 with constant N2 flow. Differential scanning
calorimetry (DSC) measurements were conducted on a Perkin-Elmer DSC-1 instrument at a
heating rate of 10 K min-1 under N2 flow. The melting points were obtained from the heating
curves and they were measured in the second heating cycle. Fourier transform infrared
spectroscopy (FT-IR) spectra were measured and recorded on a BioRad 6000 FT-IR
spectrometer; samples were used in solid states and measuring via a Single Reflection
Diamond ATR. 1H NMR and

13

C NMR spectra were measured on a Bruker DPX-400

spectrometer in deuterated solvents using residual solvent as reference. Elemental analyses of
triiodide compounds were measured by company Mikroanalytisches Laboratorium Kolbe
(www.mikro-lab.de). The cyclic voltammetry (50 mV s-1) were performed with a Gamry
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reference 3000 potentiostat at a voltage window of 0.0-2.0 V for all samples. The impedance
spectra were recorded using the same device by applying a sine wave with amplitude of 10
mV over the frequency range from 0.1 or 0.5 Hz to 20 kHz. The data was fitted using ZPlot
software from Scribner Associates Inc. Single crystal X-ray diffraction was conducted by
Gemini A Ultra X-ray Diffraction System (from Rigaku Oxford Diffraction), with detector
Altas CCD.
Synthesis of 4-methyl-1-vinyl-1,2,4-triazolium triiodide (TILMC1-I3)
A 50 mL round-bottom flask was filled with a mixture of 4-methyl-1-vinyl-1,2,4-triazolium
iodide (2 g, 4.21 mmol) and iodine (1.07 g, 4.21 mmol) with 30 mL acetone. After stirring for
24 h, a small fraction of solid residue was filtered and the liquor was poured into cyclohexane
resulting in the formation of a brown precipitate, which was washed with cyclohexane (3 x
20 mL) dried in vacuo, and identified as TILMC1-I3 (4.10 g, 99.0%). 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 10.21 (s, 1H), 9.19 (s, 1H), 7.49 (dd, 1H, J1=16 Hz, J2=8 Hz), 6.01 (d, 1H,
J=16 Hz), 5.52 (d, 1H, J=8 Hz), 3.88(s, 3H); 13C NMR (400 MHz, DMSO-d6, δ, ppm): 146.02,
142.67, 129.63, 110.85, 35.34.
Synthesis of poly(4-methyl-1-vinyl-1,2,4-triazolium triiodide) (PTILMC1-I3)
Following the same procedures described in the synthesis route of TILMC1-I3, a dark brown
solid (3.5 g, 98.5%) was obtained. 1H NMR (400 MHz, DMSO-d6, δ, ppm): 10.03 (br, 1H),
9.12 (m, 1H), 4.45 (br, 1H), 3.91 (br, 3H), 2.34 (br, 2H). Elemental analysis, calculated: %C:
12.23; %H: 1.64; %N: 8.56; %I: 77.56, found: %C: 12.73; %H: 1.80; %N: 8.52; %I: 76.23.

Solubility tests
10 mg of the monomer/polymer was put into 1 mL of solvent (water, methanol, acetone,
acetonitrile, THF, ethyl acetate, toluene, chloroform or DMF). After shaking for 10 min, the
solubility of corresponding monomer/polymer at ambient temperature was checked.
Crystal growth
Single crystals of 4-methyl-1-vinyl-1,2,4-triazolium triiodide (TILMC1-I3) were acquired by
the vapor diffusion method: the monomer was dissolved in acetone and stored inside a 5 mL
open vial, then the vial was fixed at the bottom of a 250 mL closed bottle with diethyl ether
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surrounded. After diethyl ether entered through the gas phase into acetone, crystals of the
triiodide monomer slowly grew up. The single crystals were stored in the mother solution
until testing.
All samples were treated at 80 °C under high vacuum prior to all electrochemical tests. All
electrochemical tests were conducted at a relative humidity of 20% and a temperature of
25 °C.

3. Results and discussion

Figure 1. (A) Synthetic route towards 4-methyl-1-vinyl-1,2,4-triazolium triiodide monomer
and poly(4-methyl-1-vinyl-1,2,4-triazolium triiodide). (B) Single crystal structure and
crystallographic packing model of 4-methyl-1-vinyl-1,2,4-triazolium triiodide (CCDC
1436279 contains the supplementary crystallographic data for this article. These data can be
found

from

The

Cambridge

Crystallographic

Data

Centre

via

www.ccdc.cam.ac.uk/data_request/cif.)
The monomer 4-methyl-1-vinyl-1,2,4-triazolium triiodide (TILMC1-I3) was synthesized
directly from its iodide analogue. The synthesis route for 4-methyl-1-vinyl-1,2,4-triazolium
iodide as well as poly(4-methyl-1-vinyl-1,2,4-triazolium iodide) was reported by us
previously and used here directly as precursor.[17] Treatment of the IL monomer 4-methyl-1vinyl-1,2,4-triazolium iodide with a 1:1 molar equivalent amount of I2 produced I3- which can
be viewed as the neutralization reaction of a Lewis base (I-) and Lewis acid (I2).[32]
Triiodide-based IL was obtained as a solid powder via precipitation of the reaction mixture in
cyclohexane to remove unreacted iodine. In order to elucidate the solid-state structure of
TILMC1-I3, single crystal X-ray diffraction of the single crystals grew from triiodide
monomer-acetone solution was performed. As shown in Table S1, TILM-C1I3 monomer
crystallizes in the monoclinic space group P21/c, and cell parameters are a=7.2685(14) Å,
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b=11.616(4) Å, c=15.038(4) Å and ß=106.472(19)°. Single crystal data analysis reveals the
successful formation of I3- anion in TILMC1-I3. The distances for I-I bonds in I3- anion are
2.91 and 2.88 Å, and the I-I-I bending angle is 178.94(6)°, which are consistent with triiodide
reported in the previous literatures.[33] Figure 1B shows the packing model of TILMC1-I3
along a, b and c axes individually. It is clear that the I3- anions are sandwiched between the
adjacent 1,2,4-triazolium planar rings, which further extend to supramolecular 3D “network”
by the intermolecular electrostatic interaction. Owing to the Grotthuss mechanism, in which
the charge transfer is achieved via construction and simultaneous destruction of covalent
bonds among neighboring species, i.e. “hopping” of atoms instead of mass movement,[31, 34]
enhanced transportation of I- in such 3D supramolecular “network” is foreseeable for solidstate ILs. Additionally, the unique alignment of I3- anions finally result in a shorter distance of
4.4 Å between adjacent triiodide chains. Considering the radius of I- (2.2 Å), bond length of I2
(2.7 Å) and above mentioned “hopping” mechanism, the effective ion conduction can be
inferentially expected in triiodide systems.
Since the radical quenching capability of triiodide is well-known[35] and prevented our
repeated efforts for the direct radical polymerization of I3- containing monomers (Figure 1A), ,
post-modification of the iodide PIL was performed. Triiodide-based PILs were produced
following the same procedure used for triiodide-based IL monomers, i.e. anion modification.
While iodide-based polymer PTILMC1-I is insoluble in acetone, the addition of a
stoichiometric equivalent of I2 led to the formation of a transparent dark yellow solution in
acetone plus a tiny fraction of residue solid (< 5 wt%) that was filtered off. After precipitation
of the mixture solution in cyclohexane, further purification of the precipitate via dialysis in
acetone (molecular weight cutoff / MWCO of 3500 Da) to remove impurities, dark brown
powders were obtained when solvent was evaporated. The change in the solubility of the
iodide PIL in acetone after the treatment of I2 indicated that triiodide-based PILs were
successfully synthesized, which was further identified by elemental analysis (Table S2).
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Figure 2. 1H-NMR spectra of (A) poly(4-methyl-1-vinyl-1,2,4-triazolium triiodide); (B)
poly(4-methyl-1-vinyl-1,2,4-triazolium

iodide);

(C)

4-methyl-1-vinyl-1,2,4-triazolium

triiodide; and (D) 4-methyl-1-vinyl-1,2,4-triazolium iodide.
Slight differences were observed in the 1H NMR spectra of the triiodide-based monomer and
polymer relative to their iodide congeners. Figure 2 shows that the resonances corresponding
to two acidic protons in 1,2,4-triazolium rings are slightly more shielded when triiodide is
present. This trend is consistent with other anion-exchanged PILs, where the replacement of
anions may result in varied shielding of the protons.[36] In the enlarged view of the low field
region the of PILs in Figure S1, peak a and b related to protons in 1,2,4-triazolium rings in
PTILMC1-I3 were more shielded in comparison to PTILMC1-I, from 10.23 (a’) to 10.03 ppm
(a) and from 9.21 ppm (b’) to 9.11 ppm (b). Similar behaviors were observed as well for
monomers TILM-C1I and TILM-C1I3 from 10.28 (a’’’) to 10.21 ppm (a’’) and from 9.23
(b’’’) to 9.19 ppm (b’’). As reported, triiodide anions exist in an isolation state in solutions
because they are electronically more stable instead of I2-I- pair in solvents,[37, 38] we believe
that the delocalized negative charge in triiodide vs iodide leads to weakened interaction of
anions with hydrogens in the 1,2,4-triazolium heterocycle ring, which eventually results in
shielding of those acidic protons.
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Figure 3. (A) DSC curves of PTILMC1-I3 and TILMC1-I3; (B) TGA curves of PTILMC1-I3
and TILMC1-I3.
The thermal behaviors of IL monomers and their polymers strongly depend on the types of
cations, anions, and interactions between them. Differential scanning calorimetry (DSC,
Figure 3A) and thermogravimetric analysis (TGA, under N2, Figure 3B) were applied to
measure the melting points, glass transition temperature (Tg), and thermal stabilities of the
monomers/polymers. TILMC1-I3 melts at ~70 °C, and is considered an IL by conventional
definition of ILs. Owing to the inhibition effect of iodine and triiodide towards radical
propagation, exothermal peak stands for thermal radical polymerization are not found until
100 oC. PTILMC1-I3 possesses a Tg at ~68 °C, which is very close to the melting point of its
monomer. Compared to PTILMC1-I which didn’t show glass transition temperature before its
thermal decomposition, PTILMC1-I3 acquired Tg in consistent with the trend corroborated by
the monomers. According to the thermal stability, triiodide PIL and IL here start to
decompose (defined as 5 wt% mass loss) at 139 and 183 °C, respectively. Compared to their
iodide analogues, the thermal stability of triiodide monomer is consistent with the iodide
monomer (180 °C for TILMC1-I), while the major decomposition temperature of triiodide
PIL is 175 °C, significantly lower than 237 °C for PTILMC1-I. This result may be explained
by the dynamic equilibrium between triiodide and iodine + iodide in the solid PTILMC1-I3.
The boiling point of iodine is 184 oC, close to the observed decomposition temperature, at
which iodine leaves the system and drives the equilibrium to the decomposition side.
Anion differences in PILs/ILs will not only induce variations in their thermal properties, but
also in their hydrophilicity/hydrophobicity. Table 1 exhibits the solubility of triiodide-based
1,2,4-triazolium type monomer and polymer performed at a concentration of 1.0 wt% at room
temperature. In good accordance with their iodide analogues, both TILMC1-I3 and PTILMC1I3 are insoluble in chloroform and toluene, and soluble in DMF/DMSO, which indicates the
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solubility in these hydrocarbon solvents is irrelevant or less relevant to anion types. Opposite
to their iodide precursors, PTILMC1-I3 and TILMC1-I3 were both insoluble in water but
soluble in tetrahydrofuran and acetone/acetonitrile. In addition, PTILMC1-I3 and TILMC1-I3
differentiate each other slightly in their solubility in methanol and ethyl acetate, in which only
the triiodide monomer is soluble.
Table 1. Solubility of triiodide-type monomer and polymer in different solvents.
Compound

H 2O

MeOH

Acetone/ACN THF CHCl3/toluene EtOAc DMF/DMSO

TILMC1-I

+

+

+

-

-

-

+

TILMC1-I3

-

+

+

+

-

+

+

PTILMC1-I

+

-

-

-

-

-

+

PTILMC1-I3

-

-

+

+

-

-

+

(+) – soluble at 1.0 wt%; (-) - insoluble at 1.0 wt%

.
Figure 4. Cyclic voltammetry curves of TILMC1-I, TILMC1-I3, PTILMC1-I and PTILMC1I3 (50 mmol in 10 mL DMF).
We studied the electrochemical nature of triiodide type IL and PIL by cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) analyses in DMF (with Ag/AgCl
standard electrode and Pt/C electrode). The iodide-type TILMC1-I and PTILMC1-I samples
were measured as references. Triiodide PIL/IL exhibit a higher current density than iodide
counterparts (Figure 4), which is contributed possibly by the more ion-conductive triiodide
species because of their better charge transportation ability via “hopping” of I-. In this figure,
all the CV profiles have a couple of redox peaks; for example, the plot of TILMC1-I3 has an
oxidation peak centered at 1.5 V, and the corresponding reduction peak around 0.4 V (vs.
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4. Conclusions
In conclusion, a 1,2,4-triazolium triiodide-type PIL was synthesized from the iodide precursor
for the first time. Compared to its iodide analogues, both triiodide type IL and PIL exhibit
visibly different behaviors in solubility, thermal properties, and especially in electrochemical
properties. According to the single crystal structure of TILMC1-I3, we believe that the
triiodide “network” can largely enhance conductivity and electrochemical efficiency of
triiodide type PIL, and it has been confirmed by cyclic voltammetry test as well as EIS
measurements both in solution and in bulk as solid electrolyte. Consequently, PTILMC1-I3 as
a new PIL is a promising candidate as solid polymer electrolyte for future energy devices to
be investigated.
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