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New promising proton conducting electrolyte for high-temperature
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Guanidine salts are promising proton conductors due to the high content of exchangeable protons in
guanidinium cation that ensure an efficient proton transfer along hydrogen-bonded network formed by proton donor
and proton acceptor sites. However, the high melting point of most guanidine salts is a serious drawback for their
application as proton conducting electrolytes for fuel cells. Reducing the symmetry of guanidinium cations by the
substitution of hydrogen atoms on alkyl radicals reduces the melting points but also leads to decreased proton
conductivity. In this study, monosubstituted guanidine salt, N-butylguanidinium bis(trifluoromethylsulfonyl)imide
(BG-TFSI), has been synthesized by a simple two-step method. It is water immiscible room temperature protic ionic
liquid. The structure of BG-TFSI was confirmed by nuclear magnetic resonance spectroscopy, as well as infrared
spectroscopy. According to thermal gravimetric analysis data, the ionic liquid has the thermal degradation point (5%
weight loss) of 348 °C which indicates its excellent thermal stability for use in high-temperature fuel cells. The ionic
conductivity of BG-TFSI determined by the electrochemical impedance method was found to be 9-10 S/cm at room
temperature. This value increased by almost one order of magnitude at temperatures above 100 °C thus reaching an
acceptable level for use in fuel cells. The activation energy Ex of ionic conductivity calculated from the Arrhenius plot
for BG-TFSI is 16.4 kJ/mol which is close to E, values reported for other guanidine salts. Based on the obtained
results one can assume that the proton transport in BG-TFSI is dominated by Grotthus-type (hopping) mechanism.
The results of this study indicated that BG-TFSI is a promising proton conducting electrolyte for fuel cells operating
at elevated temperatures in water-free conditions. The hydrophobicity of the ionic liquid is an important advantage
since it can prevent its leaching from the polymer electrolyte membrane during fuel cell operation.
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Introduction
Nowadays, protic ionic liquids (PILs), which are
low temperature molten salts of Brgnsted acids and

desirable characteristic for proton conducting
electrolytes, as it prevents them from being washed out
by the water formed during fuel cell operation.

Brognsted bases, are considered extremely promising
proton conducting electrolytes for fuel cell applications
[1]. A wide variety of organic amines, both aliphatic
and heterocyclic, can be used as Brgnsted bases to
prepare neutral salts with strong inorganic and organic
acids such as trifluoromethanesulfonic  acid,
bis(trifluoromethylsulfonyl)imide,  p-toluenesulfonic
acid, dialkyl phosphate [2-6]. PILs have important
advantages such as negligible vapor pressure, thermal
stability which often exceeds 300 °C, as well as high
ionic conductivity within the range from 107 to 10*
S/lcm at elevated temperatures under anhydrous
conditions [1]. These compounds are being actively
studied as potential proton conducting electrolytes for
fuel cells operating above 100 °C without external
humidification [1-3, 5-7]. Hydrophobicity is a
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Therefore, water-immiscible PILs comprising TFSI
anion are of great interest.

Due to their polar structure, PILs have excellent
compatibility with thermally stable polymers such as
polybenzimidazole (PBI) and polyimide (PI) which are
commonly used for the fabrication of polymer-
electrolyte membranes for fuel cells [8-10]. Thus,
dense composite membranes containing more than 50
wt% of PIL were prepared, namely PBI/diethylmethyl-
ammonium trifluoromethanesulfonate (dema/ TfO) [8],
P1/1-butylimidazolium bis(trifluoromethylsulfonyl)
imide (BIM-TFSI) [9], and PIl/2-butylamino-
imidazolinium bis(trifluoromethylsulfonyl)imide
(BAIM-TFSI) [10].

The most commonly used PILs contain one or
two mobile protons bound to the cation [2, 3, 7, 8]. At
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the same time, the high content of dissociable protons
in the PIL structure is desirable since this can facilitate
proton transfer along the hydrogen-bonded network.
Moreover, in such a case a stronger physicochemical
interaction between the ionic liquid and the polymer
matrix can be expected [10]. From this point of view,
guanidinium-based PILs seem very promising proton
conductors due to the presence of six exchangeable
protons in the cation [11, 12]. On the other hand, the
high melting point of most guanidine salts is a serious
drawback for their application as proton conducting
electrolytes. Reducing symmetry of cations can reduce
the melting points, and a series of room temperature
PILs comprising both common and cyclic guanidinium
cations and TFSI anion have been synthesized [13].
However, the substitution of hydrogen atoms on alkyl
radicals in the cation led to decreased proton
conductivity [14-16].

This research aimed to synthesize hydrophobic
guanidine salt which is liquid at room temperature.
Thus, water immiscible room temperature PIL based
on monoalkylguanidine salt has been synthesized and
studied in terms of thermal stability (TGA) and ionic
conductivity by using electrochemical impedance.

Materials and methods

Following chemicals were used for the synthesis
of ionic liquid: guanidine hydrochloride (98%),

-NH, NH

butylamine (for synthesis) (Sigma-Aldrich), lithium
bis(trifluoromethylsulfonyl)imide (Acros), methylene
chloride (Uoslab, Ukraine).

Hydrophobic ionic liquid N-butylguanidinium bis
(trifluoromethylsulfonyl)imide (BG-TFSI) was synthe-
sized according to Scheme 1. Water soluble precursor,
N-butylguanidine  hydrochloride  (BG-Cl)  was
synthesized using the method described in [17]. The
mixture of guanidine hydrochloride (20 g, 0.2 mol) and
butylamine (29 g, 0.4 mol) was put into a round-
bottomed flask equipped with a mechanical stirrer and
reflux condenser. The mixture was heated to 80°C and
stirred for 24 h. The residual butylamine was removed
by distillation and further in vacuum 10 mbar at 80°C.
The obtained product (BG-CI) is viscous hazel liquid,
highly soluble in water.

7.6 g (0.05 mol) of BG-CI were dissolved in water
(50 mL) under stirring and the solution of lithium
bis(trifluoromethylsulfonyl)imide (14.5 g, 0.05 mol) in
50 mL of water was added. The formed bottom layer
of the ionic liquid BG-TFSI was extracted with
methylene chloride (2 x 50 mL), washed with water
(100 mL) and dried under sodium sulfate. Methylene
chloride was distilled off, and residual solvent was
removed in vacuum 20 mbar at 70 °C for 8 h. The
viscous liquid of light yellow color was obtained.
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Scheme. Synthesis of protic ionic liquid BG-TFSI.

'H NMR technique was used to characterize the
structure of BG-TFSI. *H NMR spectra were recorded
in DMSO-ds on a Varian Gemini-2000 (400 MHz)
spectrometer using TMS as internal standard. The
vibrational properties of ionic liquid were carried out
using a Bruker Tensor-37 FT Infrared spectrometer.
The sample was prepared as a tablet with KBr. The
spectrum was collected over the range of 400-4000
cm* at a resolution of 4 cm™ in a dry atmosphere.

Thermal gravimetric analysis (TGA) was made
using a Q-1500D thermal analyzer. About 100 mg of
sample was heated from 30 °C to 1000 °C with a
heating rate of 10 °C/min in air.

The ionic conductivity was measured with the
help of impedance spectrometer Solartron SI 1260 in
the temperature range 25 — 170 °C.

Results and discussion

Figure 1 contains 'H NMR spectrum of BG-
TFSI. The triplet signal at 0.89 ppm is assigned to
methyl protons (d) of butyl radical. The sharp peaks at
1.44 and 1.31 ppm are the signals of methylene
protons (b) and (c), respectively. The sharp and
splitting peak at 3.1 ppm is assigned to protons (a) of
NCH- group. The broadening and splitting peaks in the
region 6.5-7.8 ppm are assigned to the resonance of
guanidine protons C-NH-C, C-NH; and C=NH".
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Fig. 1. *H NMR spectrum of BG-TFSI.

The infrared spectrum of ionic liquid BG-TFSI
(Fig. 2) is characterized by a strong absorption band
located at 1645 cm™ and broad bands in the region
3200-3600 cm™. The high-frequency modes are
assigned to symmetric and asymmetric bands of NH;
groups and the band at 1645 cm™ to the scissoring
mode of the NH_ units [18]. The weak but distinct peak
observed at 2941 cm™ is assigned to the asymmetric
stretching vibration of CH; of disordered alkyl chains
[19]. The symmetric stretching CH, mode expected to
be around 2875 cm™, contributes therefore to the
broadening of the band whose maximum is located at
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2881 cm™. The bands at 2966 and 2881 cm™ are
respectively attributed to asymmetric and symmetric
stretching vibrational modes of methyl groups. The
band at 1467 cm™ is assigned to the bending vibrations
of CH; groups [20]. The strong intensity bands are
located at 1658 cm™ for the C=N stretching vibration
mode, at 1344 cm® and 1128 cm™ for the SO
antisymmetric and symmetric stretching modes and at
1186 cm™ and 1051 cm™ for CF; antisymmetric
stretching and the C-C stretching modes, respectively
[21].

3375

Fig. 2. IR spectrum of BG-TFSI.

According to TGA data, the ionic liquid has the
thermal degradation point (5% weight loss) of 348 °C,
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and the maximum degradation rate is observed at
426 °C (Fig. 3, Table 1). The obtained data are similar
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to those for other reported PILs comprising TFSI anion
[2, 3, 10] and indicate sufficient thermal stability of
BG-TFSI for high temperature fuel cell applications.

Frequency dependences of real and imaginary
components of the electrical conductivities of BG-
TFSI (Fig. 4) indicate the ionic mechanism of conduc-
tivity. At low frequencies (up to 0.1 Hz) the
conductivity of the system has the lowest value due to

— A~ }po the accumulation of charges on electrodes that block
the surface by a double electrical layer [22]. The
Z 051 DTA [2 increase of ionic conductivity is observed with
= s increasing frequencies up to 10? Hz and the maximum
o . on the bottom curve indicates a decrease in the
> 40 Q . .
g DTG = capacitance of the electrical double layer at the
< 0,01
< > electrode. Further frequency growth leads to charge
= 60 & dissipation when moved through the system [17]. The
NS ionic conductivity of BG-TFSI is around 10 S/cm at
5. - 80 room temperature and increases by almost one order of
' magnitude at 170 °C (Fig. 5, Table 2) that indicates its
1G L 100 availability as a proton conducting electrolyte for high-
100200 300 400 500 600 700 800 900 1000 temperature fuel cells. It sho_uld a_lso be noted that the
hydrophobicity of BG-TFSI is an important advantage,
Temperature, °C since it can prevent its leaching from the polymer-
electrolyte membrane during fuel cell operation [6].
Fig. 3. TGA curves of BG-TFSI.
Table 1. TGA data for BG-TFSI
Sample Tam=su%, °C Tam=10%, °C Tam=20%, °C Tam=s0%, °C
BG-TFSI 348 377 398 424
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Fig. 4. Frequencies dependences of real (c) and
imaginary (c") components of the ionic conductivity of
BG-TFSI at 20 °C.

Temperature, °C

Fig. 5. lonic conductivity (at frequency of 1 kHz) of

BG-TFSI as a function of temperature.

Table 2. lonic conductivity of protic ionic liquid BG-TFSI as a function of temperature

o, S/lcm

170°C

Sample

25°C

80°C

130°C

BG-TFSI

9.1.10*

2.9-10°

6.3-10°°

8-:10°°
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As earlier noted, there are two types of charge
transport mechanism in PILs: vehicle (molecular
diffusion) and Grotthus-type (proton migration in the
hydrogen-bonded  networks).  N-butylguanidinium
cation of BG-TFSI contains five exchangeable protons
which may ensure an efficient proton hopping
conduction mechanism. The last one involves thermal
activation and follows Arrhenius law as a function of
temperature:

Inc =-EJ/RT + Inoy
where op is the maximum electrical conductivity at
infinite temperature (S-cm™), E. is the activation
energy (kJ-mol™) which indicates the energy needed
for an ion to jump to a free hole, R is the universal gas
constant (8.314 J-mol™*.K™), and T is the absolute
temperature (K).

Thus, the activation energy for ionic conducti-
vity characterizes the difficulty level of ions migration
under the electric field. In the Arrhenius diagram (Fig.
6), the dependence of ionic conductivity on tempera-
ture (Ino vs 1000/T) is linear in the range from 40 to
140 °C for BG-TFSI. The activation energy Ea
calculated from the slope value (Fig. 6) is 16.4 kJ/mol.
This value is close to Ea values reported for other
guanidinium based PILs, 1-butylguanidinium tetra-
fluoroborate (Ea = 17 kJ/mol) [17] and guanidinium
nonaflate (Ea = 19 kJ/mol) [23]. Overall, the obtained
results indicate that the presence of butyl radical in
guanidinium cation does not prevent efficient proton
transfer in BG-TFSI.
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Fig. 6. Arrhenius plot of ionic conductivity for BG-
TFSI

Conclusions

New hydrophobic protic ionic liquid comprising
monosubstituted  guanidinium  cation,  N-butyl-
guanidinium bis(trifluoromethylsulfonyl)imide (BG-
TFSI), has been synthesized by a simple two-step
method. The first stage involves condensation between
guanidine hydrochloride and butylamine to prepare
water soluble precursor N-butylguanidine hydro-
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chloride (BG-CI). At the second stage, BG-CI was
converted into the water-immiscible ionic liquid BG-
TFSI by anion exchange reaction with lithium bis
(trifluoromethylsulfonyl)imide in  water solution.
According to TGA data, the ionic liquid has the
thermal degradation point (5% weight loss) of 348 °C
which indicates its sufficient thermal stability for use
in high-temperature fuel cells. The ionic conductivity
of BG-TFSI determined by the electrochemical impe-
dance method was found to be 9-10* S/cm at room
temperature. This value increased by almost one order
of magnitude at temperatures above 100 °C thus
reaching an acceptable level for use in fuel cells. The
activation energy E, calculated from the Arrhenius plot
for BG-TFSI was found to be 16.4 kJ/mol which is
close to E. values reported for other guanidinium
based ionic liquids. The obtained data also indicate
that the proton transport in BG-TFSI is dominated by
Grotthus-type (hopping) mechanism.

The liquid state of N-alkyl substituted guanidine
salt BG-TFSI is an important advantage over most
common guanidine salts which have high melting
points. Thus, room temperature PIL can provide a
satisfactory level of proton conductivity over a wide
temperature range.
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Coii TyaHIIUHY € TEPCIeKTHBHUMH IMPOTOHHHUMH IIPOBIAHMKAMH 3aBASKH BHCOKOMY BMICTY Y CKIIami ix
KaTioHa TMPOTOHIB, 37aTHUX A0 oOMiHy. Lle 3abe3meuye edekTuBHE MepeHeceHHs MPOTOHIB B3JIOBXK CITKH BOAHEBUX
3B’SI3KIB MK TOHOPHHMH 1 aKIENTOpHUMH rpynamd. OIHaK BHUCOKI TEeMIIEpPaTypH IUIaBJICHHS COJIEH TyaHiAMHY €
ICTOTHAM HEIOJIKOM JUIS iX BUKOPHUCTAHHS SIK MPOTOHITPOBITHUX €JeKTPOIiTiB. [lopylieHHs cuMeTpii TyaHiTuHi€BUX
KaTiOHIB 3aMiIIEHHSIM BOJHEBUX aTOMIB Ha aJIKUTbHI paJiKalii 3MEHIIY€e TeMIepaTypy IUIaBICHHS COJIEH, a TAKOXK iX
NPOTOHHY  HPOBITHICTE. Y @i po0OTI  CHHTE30BaHO  MOHO3aMillleHy  Cilb  TyaHiOgUHy -
oic(tpudropmeruincynsponin)imia N-Oytunryanigunito (BI-T®CI) aBocraziitnum MetonoM. Crionyka € MpOTOHHOIO
10HHOIO PIAMHOIO, SKa HE 3MIITyEThesl 3 Bomo0. bynoBy BI'-TOCI miaTBepmkeHO METOAaMH SIACPHOTO MAarHITHOTO
pe3oHaHcy Ta iHQpadepBOHOI CIEKTPOCKOIIii. 3TiJHO 3 pe3yibTaTaMi TEPMOTPaBIMETPUYHOTO aHaIli3y, iOHHA piIuHA
Mae TeMIieparypy mo4arky nectpykuii (BTpara macu 5%) 348 °C, mo cBiq4uTh 1po ii JOCTATHIO TEPMiYHYy CTIHKICTBH
JUTSI BUKOPHUCTAHHS Yy BHCOKOTEMIIEpATypHUX ITaJIUBHUX eleMeHTaX. lonHa mpoBimHicTh BI'-T®CI, BH3HadeHa
METOZIOM eNeKTpOXiMiuHOro iMmenancy, cranoButh 9-10* Cwm/cM 3a KiMHATHOI TeMmmepaTypH i 3pocTae Maiike Ha
oIluH MopsIoK 3a Temnepatyp Buie 100 °C. Takum 4yuHOM, 10HHA piAMHA Ma€ HEOOXiTHUIN PiBEHb MPOBIIHOCTI AJIS
3aCTOCYBaHH SK CJIEKTPOJIITY B TAJUBHUX €lIeMEHTax. EHepris aktuBarmii ioHHOI mpoBigHOCTI E., Bu3HadeHa i3
sajexHocTi Apeniyca mis BI-T®CI, cranosuts 16.4 kJ/mol i € 6musbpkoro m0 BemwuuH E, mis iHmmx cosei
ryaHimuHy. Ha oOcCHOBI OTpUMaHUX pe3ynbTaTiB MOXKHA TMPHUIYCTUTH, MIO NPOTOHHUH TpaHcnopt B BI-T®OCI
BiIOyBa€ThCS MEPEBAXKHO 32 CTPUOKOBUM MexaHizmoM (I'poTryca). Pesynbratn poGOTH 3aCBiAYMIN NEPCIEKTUBHICT
npotoHHOi i0HHOT pimuHu BI'-TOCI sk enexkTpomiTy I MaJMBHUX €IEMEHTIB, SKi (YHKIIOHYIOTH 3a MiABUIIEHUX
TEMIIEpaTyp 1 BIJICYTHOCTI 3BOJIOKEHHS. ['i1po)oOHICTh 10HHOT PIIMHU € BAXKJIUBOKO IEPEBAror0, OCKIIBKH MOXKE
3ano0biraTy ii BUMMBaHHIO 3 MOJIiMEP-EIEKTPOIITHOI MeMOpaHu MpH poOOTI MANUBHOTO EIEMEHTY.

Kntouoei cnosa: cinb TyaHinuHy, MpOTOHHA 10HHA PiMHA, I0HHA TIPOBIAHICTD, IPOTOHIPOBIIHUNA EIEKTPOIIIT
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