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KEYWORDS Abstract A new class of dicationic ionic liquids (ILs) were synthesized for electrochemical appli-
Tonic liquids; cations at high temperatures. The syntheses are based on a dialkylation reaction of N-alkylpiperi-
Bis-piperidinium; dine followed by anion exchange. The structures of ILs, based on piperidinium combined with
Hexafluorophosphate anion; hexafluorophosphate anion, were identified by using 'H, BC, 'F, 3'P NMR and FT-IR spectros-
Dielectric relaxation; copy. ILs’ thermal properties were investigated in the temperature range from —50 to 350 °C by
Conductivity using differential scanning calorimetry (DSC). In the frequency of 10~>-10° Hz range, dielectric

measurements were performed on ILs’ samples at various temperatures from —80 to 20 °C, i.e.
around the glass transition temperature. The peak relaxation was observed near to this temperature.
Also, the conductivity was investigated and the energy activation determined. The temperature
dependence of the relaxation times was shown to be governed by the Arrhenius equation.

© 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.

1. Introduction cations are derived from either the imidazolium or pyridinium
rings (Min et al., 2007), but phosphonium and ammonium-der-
Tonic liquids (ILs) are salts with an organic cation and an ivated cations can be also used in the synthesis (Ramnial et al.,

2005; Gerritsma et al., 2004). Many different types of anions
are used together with the mentioned cations: halides, borates,
_— _ phosphates, sulfates, sulfonates, imides, etc. This provides sev-
Corresponding author. Tel.: +33 213 45 28 40; fax: +33 231 45 28 eral possibilities for both ILs syntheses and applications. The
. o , R L physical and chemical properties can be tailored by using dif-
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ferent ions and also by either alkylating or functionalizing

existing ions, which provide the task-specific ILs.
During the last decade, ILs have been considered as prom-
ising green reaction media and as novel solvents (Rogers and
SLSEVIER Production and hosting by Elsevier Voth, 2007; Wasserscheid and Welton, 2003; Wilkes, 2002;

anion, which can be either organic or inorganic. Most of the
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Rogers and Seddon, 2002). Initially, ILs were developed by
electrochemists (Ohno, 2005; Appetecchi et al., 2009;
MacFarlane et al., 2007; Galinski et al., 2006), who were look-
ing for ideal electrolytes suitable for batteries (Sun and Dai,
2010; Balakrishnan et al., 2006; Wu et al., 2010; Matsumoto
et al., 2005). Owing to the ionic environment effect on the
chemical reactions (Haumann and Riisager, 2008; Olivier-
Bourbigou and Magna, 2002; Martins et al., 2008; Fraga-
Dubreuil et al., 2002), the main focus of electrochemists was
shifted to general ionic liquid characterization in view to better
applications. Ionic liquids currently have a large variety of
application field, which continue to expand because of their
use as electrolytes for devices and processes, and solvents for
organic/catalytic processes and separation/extraction (Han
and Armstrong, 2007; Visser et al., 2002; Huddleston et al.,
1998). In addition, other applications in enzyme catalysis
and multiphase bio-process operations were reported (Liu
and Xiao, 2007).

Many papers reported on the physicochemical properties of
ILs piperidinium (Yim et al., 2007; Sakaebe and Matsumoto,
2003; Lewandowski and Olejniczak, 2007; Profatilova et al.,
2009; Salminen et al., 2007; Bazito et al., 2007), but they
revealed, however, that the toxicity of ILs pyridinium and
piperidinium proportionately increases with the alkyl chain
length. The dicationic ILs contain two head groups and two
aliphatic chains linked by either a rigid or a flexible spacer
(Ito et al., 2000). Besides the cation—anion combination, simple
changes in the length of the spacer or in the aliphatic chains of
the cations allow to modify ILs’ physical properties.

In this work, novel ionic liquids (ILs) based on piperidini-
um hexafluorophosphate as bis-methyl piperidinium butyli-
dene [MBPPI'], bis-methyl piperidinium propylidene
[MPrPPI*] and bis-ethyl piperidinium butylidene [EBPPI "]
cations were prepared and characterized. The structures of
these compounds were identified by using 'H, '*C, °F, 3'p
NMR and FT-IR spectroscopy. The phase behavior change
for each ILs was measured in the temperature range from
—50 to 350 °C. The temperature and frequency dependences
of the loss tangent (tan o), dielectric constant (¢, ¢”) and con-
ductivity were investigated.

2. Experimental

2.1. Reagents and materials

The reagents used in this study are: 1,3-dibromopropane (98
wt.%), 1,4-dibromobutane (99.5 wt.%), N-methyl piperidine
(95 wt.%), N-ethyl piperidine (97 wt.%), ammonium hexa-
fluorophosphate (99.5 wt.%), diethyl ether and N, N-dimethyl-
formamide. They were purchased from Fluka and used as
received. Deionized H,O was obtained by using a Millipore
ion-exchange resin deionizer.

2.2. Synthesis and characterization

The general synthesis of the studied ionic liquids is illustrated
in Scheme 1. The syntheses are based on the anion exchange
from bromide to hexafluorophosphate. The reaction condi-
tions of dicationic substituted piperidiniums and the obtained
yields are summarized in Table 1. The synthesis of bis-methyl
piperidinium butylidene bromide is taken as an example for
experimental descriptions.

2.2.1. NMR and infrared spectroscopy measurements

"H NMR (400 MHz), '*C NMR, *'P, '°F (100.6 MHz) spectra
were recorded on DRX 400 MHz spectrometer. The chemical
shifts (d) are given in ppm and referenced to the internal sol-
vent signal, namely TMS, H;PO, and CFCl;, respectively.
IR spectra were recorded on an FT-IR Perkin—Elmer Spec-
trum BX spectrophotometer with a resolution of 4cm™! in
the range of 4000—650 cm™ .

Table 1 Reaction conditions used for the synthesis of
dicationic piperidinium bromides.

ILs Alkyl side chain  Time (h)  Yield (%)
[(CH3 PPI+)2(CH2)4] BI'(CH2)4B1‘ 6 73
[(CH3 PPI * )2(CH2)3] Br(CH2)3Br 4 81
[(CoHs PPI"),(CH,)s]  Br(CH,),Br 7 74

R, Br Br Reflux I _N
(CH2)n ®

R1: CH}, C2H5 n= 37 4

2NH,PFg

R O
O"/ 1 Rl\@ » 2Br —>2 Ry RI\O JPF?
~ -2Br N

[MBPPI"] R,=CHj, n=4

Abbrevation

[EBPPI"] R,=C,Hs, n=4

[MPrPPI* ] R,= CHs, n=3

Scheme 1

General synthesis of dicationic piperidinium ionic liquids.
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2.2.2. Synthesis of bis-methyl piperidinium butylidene bromide
[MBPPI" ][2Br~]

The synthesis procedure was carried out as reported elsewhere
(Ito et al., 2000; Nakajima and Ohno, 2005). Briefly, N-methyl
piperidine (12.15mL, 100 mmol) and 1,4-dibromobutane
(5.21 mL, 50 mmol) were dissolved in DMF (20 mL) before
being stirred at 70 °C for 6 h. The obtained mixture was evap-
orated under vacuum and washed then with diethyl ether
(100 mL) to give the bis-methyl piperidinium butylidene bro-
mide as a yellowish solid (13.20 g, 31.86 mmol).

2.2.3. Synthesis of bis-methyl piperidinium butylidene
hexafluorophosphate [ MBPPI" ][ PF, ]

Ammonium hexafluorophosphate (1.63 g, 10 mmol) dissolved
in 15 mL of deionized water was added in a flask containing
[MBPPI *][2Br ] (2.07 g, 5 mmol) dissolved in 15 mL of deion-
ized water. The mixture consisted of two separate phases: ionic
liquid at the bottom and aqueous solution at the top. The for-
mer was separated from the latter by centrifugation (3000 rpm)
for 60 s. After isolation, the ionic liquid was dried in a phos-
phorus pentoxide P,Os to remove residual water. The obtained
product is a white solid (4.96 g, 12.42 mmol). The spectra
details are given below:

'"H NMR (DMSO-d¢) 6 ppm: 1.62 (m, 4H, 2 x CH,CHo.
CH,), 2.57 (m, 12H, 6 x CH,CH,CH,), 2.92 (t, 12H, 6 x CH,.
CH,N), 3.40 (s, 6H, 2 x NCH3); '*C NMR (DMSO-dg) 6 ppm:
20.41, 31.69, 34.98, 36.77, 61.53; *'P NMR (DMSO-dg) é ppm:
—144.20 (septet, PF,); 'F NMR (DMSO-ds) 6 ppm: —70.95,
—72.85 (d, PFy). IR: 2950 [v(C-H)], 1467[6(C-H)], 1279 [v(C—
N)J, 814 [w(P-F)].

2.2.4. Synthesis of bis-methyl piperidinium propylidene
hexafluorophosphate [ MPrPPI™ ][ PF, /

Following the similar procedure, [MPrPPI*][PFg ] was
obtained as a slightly yellowish solid (6.60 g, 17.12 mmol) with
the yield of 63%.

'"H NMR (D-0) é ppm: 1.63 (m, 4H, 2 x CH,CH,CH,),
1.85 (m, 8H, 4 x CH,CH,CH,), 2.29 (m, 2H, CH,CH,CH>),
3.05 (s, 6H, 2x NCH3), 3.34-3.36 (t, 12H, 6 x NCH,CH.,);
13C NMR (D,0) & ppm: 15.13, 19.51, 20.40, 47.70, 59.63,
61.63; *'P NMR (D,0) 6 ppm: —144.21 (septet, PF;); "°F
NMR (D,0) & ppm: —69.17, —=71.06 (d, PF;). IR: 2956
[W(C-H)], 1466 [§(C-H)], 1227 [w(C-N)], 827 [v(P-F)].

2.2.5. Synthesis of bis-ethyl piperidinium butylidene
hexafluorophosphate [ EBPPI" [[PF; ]

The procedure previously described for [MBPPI " ][PF;] was
followed. A yellow solid was obtained (3.48 g, 8.14 mmol) with
the yield of 66%.

"H NMR (DMSO-dg) 6 ppm: 1.23-1.19 (t, 6H, J = 7.2 Hz,
2x NCH,CHj;), 1.58-1.55 (q, 4H, J = 6 Hz, 2 x CH,CH,.
CH,), 1.81-1.77 (q, 12H, J = 4.8 Hz, 6x CH,CH,CH,),
2.51-2.49 (m, 12H, J = 1.6 Hz, 6 x CH,CH,N), 3.39-3.34
(m, 4H, J = 6.8 Hz, NCH,CH3); '°C NMR (DMSO-d¢) 6
ppm: 8.12, 20.02, 21.17, 31.57, 36.63, 58.94; *'P NMR
(DMSO-d¢) & ppm: —139.81 (septet, PF,); '"F NMR
(DMSO-dg) 6 ppm: —71.43, —73.32 (d, PF). IR: 2951 [v(C-
H)], 1463 [6(C-H)], 1281 [v(C-N)], 825 [v(P-F)].

2.3. Thermal analysis

Differential scanning calorimetry (DSC) thermograms were
recorded by using a NETZSCH DSC 204 F1 instrument.
The sample (3-9 mg) was placed in an aluminum pan and
cooled from room temperature to —50 °C for 3 min. Subse-
quently, a heating scan was performed from —50 to 350 °C
at a heating rate of 10 °C.min~". The DSC study on ILs shows
endothermic peaks at temperatures below 140 °C for the first
heating scan. The melting point was determined from the peak
onset on heating. No phase transition was detected on cooling
scan in the studied temperature range.

2.4. Measurement of dielectric properties

The dielectric measurements were performed on pellets pro-
cessed by applying uniaxial pressure on powder. Dielectric
spectra were recorded by using BDS-4000 Novocontrol spec-
trometer, which was coupled with the quarto system to ensure
the temperature variation from —80 to 20 °C for the frequency
range (1072 to 10° Hz). For conductivity data analysis, the
complex conductivity is defined as:

¢ =d +id" (1)

where (¢’) and (¢”) are calculated from the complex permittiv-
ity as illustrated from the Eqs. (2) and (3), respectively.

' = gwe" (2)

" = gwé (3)

where ¢y and  refer to the permittivity of free space and angu-
lar frequency (w = 2xf), respectively.

3. Results and discussion

3.1. Infrared spectroscopy

The obtained characteristic IR bands of ILs showed that the
strong peak centered at 2950-2956 cm ™! can be attributed to
C-H stretching vibrations in the alkyl chains of the cation,
as reported by Zaitsau et al. (Young Kim et al., 2008; Shi
and Deng, 2005; Perchard and Novak, 1967; Zaitsau et al.,
2006). Another strong peak is observed in the range of 1463—
1467 cm™1, which is readily assigned to the CHj; bending
vibrations (Chowdhury and Thynell, 2006; Nanbu et al.,
2003). The C-N stretching vibrations of the piperidinium ring
are evidenced in the 1227-1281 cm™! regions. The [PF,] anion
exhibits a peak at 814-827 cm™!, which was observed at
857 cm ™! in the [BMIM "J[PF67] and at 808 cm™! in geminal
imidazolium by Wagner et al. (2010) and Ding et al. (2007),
respectively. Nevertheless, it should be noticed that some
bands were located at 1656 and 3640 cm™', indicative of the
water traces present in [MBPPI " ][PF6].

3.2. Thermal properties

ILs thermal behavior was investigated by using DSC method.
The melting point, Ty, solid—solid transition, T, glass transi-
tion, Ty, decomposition, Ty, and enthalpy of melting, AH,,,
temperatures were determined and summarized in Table 2.
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Table 2 Thermal properties of dicationic piperidinium ionic liquids.

ILs MW* (g mol ') 7.” (°C) Ty (°C) Ty (°C) AH, (J.g") 74(°C)
[MBPPI " ][PF ] 399.24 - - 103.36 15.29 336.00
[MPrPPI " ][PF, ] 385.39 21.42 - 137.00 22.27 303.73
[EBPPI " [PF; ] 427.47 ~1.80 74.30 123.15 14.26 283.00
— = Not detected.
& Molecular weight.
® Glass transition temperature (7, o)
¢ Solid-solid transition temperature (onset of solid—solid peak) (7% s).
4 Melting point (onset of the endothermic peak) (Tp).
¢ Enthalpy of melting temperature.
T Decomposition temperature (position of decomposition peak) (74).
(a) (b) 2.0
—m— 20°C ° » —m— 20°C ™ . c
e - \I o, ® 0°C
6o @~ 0°C W ToTe e L
-20°C / ’\ / . \ -20°C ol b
—w— -40°C o = \ 1590 —v—-40°C _al N,
60°C / _< | R B
209 —<— 0°C FoJe 1 L < -s0C .
2 e . \ 2 \ °
s ) / e =® S 104 ® B
® [ | \ \ - \. log(f(H2))
/ / [ ] [] \l
! / \ \ lo. L ———
e °* = %
° 0.5 1
\
°
0.0

log(f(Hz))

Figure 1
[MPrPPI ][PF,].

For both [EBPPI"][PF,] and [MPrPPI*][PFg], the glass
transition was observed on heating scan by small peaks at
—1.80 and 21.42 °C, respectively, as result of a change from
thermograms baseline. Nevertheless, [MBPPI*][PFg ] did not
exhibit this transition behavior under the same experimental
conditions. In the case of the [EBPPI+][PF(:], only one
solid—solid transition at 74.2 °C was observed before melting
point.

The melting points for [MBPPI"], [MPrPPI*] and
[EBPPI *] hexafluorophosphate are visibly recoded at 103.3,
137.9 and 123.1 °C, respectively (onset of the endothermic
peak). For all synthesized ILs, the melting points were slightly
higher than 100 °C, which can be suitable for solid electrolyte
applications (Heintz et al., 2002; Fuller et al., 1998). A few
weak peaks observed on the DSC curve of the [EBPPI*][PFg ]
and [MBPPI*][PFg] can probably be originated from minor
impurity in ILs. On other hand, the cations symmetry of our
ILs has a remarkable role in the increase of the melting transi-
tion point.

The studied ILs exhibit different decomposition tempera-
ture values which are included in 280-340 °C range (Table 2).
Such result is not probably relevant from the difference in the
chain lengths of cations.

log(f(Hz))

Frequency dependence of the loss factor tand measured at different temperatures of (a) [MBPPI'][PF,] and (b)

3.3. Dielectric analysis

The complex permittivity can be expressed as a complex
number:

(o) =¢ —id" 4)

The real part ¢(w) and imaginary one ¢'(w) of the complex
permittivity spectra are determined. Consequently, the loss
factor is calculated as follows:

& (w)

& (w) ()

tan(é(w)) =

With respect to the different temperatures, the relaxation time,
7, is calculated according to the resonance condition, which is
defined by ot = 1 from the peak maximum of tan(d(w)) as
shown in Fig. 1(a) and (b).

These figures show the dielectric spectra in terms of the loss
factor tano = ¢'/¢ versus the frequency for two ILs
[MBPPI"] and [MPrPPI"] hexafluorophosphate. For
[MBPPI*][PFg ], the maximum in the tan é peak shifts to
higher frequency with temperature elevation. We noticed
clearly that larger tan ¢ values are for higher temperatures.
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Figure 2 Frequency dependence of (a) ¢ and (b) tan & at the different temperatures for [EBPPI " |[PF,].

4
(b)
. . AE=1.08+0.05¢eV e
2 [EBPPI'] [PF,] o
R =0.99412

In(z(s))
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Figure 3 Temperature dependence of the relaxation times: Arrhenius plot of logarithm In 7 (@) vs. reciprocal of temperature 1/7. (=)

Linear regression line. (R) correlation coefficient.

Moreover, the relaxation peak is observed for the sample
[MPrPPI*][PFg] subjected to a temperature near T, i.e.
roughly 20 °C (Fig. 1(b)). Near this temperature, the mobility
of the ions is quite high, the result is that the polarisability sud-
denly increases at T, resulting in a peak on tan J as frequency;
previous studies (Adachi and Hirano, 1998; Goitiandia and
Alegria, 2004; Pradhan and Iannacchione, 2010) showed that
the dielectric T, originates from the reorientation of molecules.

The real permittivity part ¢ and the loss factor tan J versus
the frequency for different temperatures are given in Fig. 2.
For [EBPPI*][PFg] (Fig. 2 (a)), we observe that the dielectric
permittivity, €', reduces with the temperature and the fre-
quency increasing, converging to a constant value, €, what-
ever applied temperature. This result is probably indicative of
rapid polarization processes.

On the other hand, the large values of the permittivity €,
obtained in the low frequency range, is attributed to the elec-
trode polarization phenomenon occurring as a result of ions
accumulation near the electrodes (Furukawa et al., 1997).

The relaxation phenomenon occurs near to 7, in
[EBPPI"][PF;], which confirms the result obtained for
[MPrPPI " J[PF,] (Fig. 1(b)), Near T,.

3.3.1. Conductivity

In order to understand the ion dynamics in ILs, the conductiv-
ity of our samples was determined at different temperatures.
Generally, the conductivity increases as the temperature is ele-
vated. The sample [EBPPI*][PFg] exhibits conductivity values
larger than those of [MPrPPI*][PFg ] but lower compared with
[MBPPI*][PFg]. In fact, for a temperature of 20 °C, the con-
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ductivity of [EBPPI"][PF,] is 2.6 x 10? times larger than that
of [MPrPPI "][PF,], but about 44 times lower than that of
[MBPPI " ][PF;].

The activation barrier, AE, is calculated from the mean
relaxation time, 7, based on the formula,

AE
T = Ty exXp {m] (6)

where AE, 7o and Ky are the activation energy, the pre-expo-
nential factor and the Boltzmann constant, respectively.

The linear relationship between In 7 and 1/7 is evidenced
in Fig. 3. The activation energies are 0.99 + 0.05 and
1.08 = 0.05eV for [MBPPI'][PF,] and [EBPPI']PF,],
respectively. The obtained values are comparable, which can
be related to the similar length chain of two ILs. Unfortu-
nately, the range of temperature was not enough to determine
the activation energy of [MPrPPI *][PF;].

4. Conclusion

Novel ionic liquids (ILs) based on the piperidinium hexa-
fluorophosphate as bis-methyl piperidinium butylidene
[MBPPI *], bis-methyl piperidinium propylidene [MPrPPI "]
and bis-ethyl piperidinium butylidene cations were successfully
synthesized. The thermal investigations have revealed that the
melting points were slightly higher than 100 °C, which may be
of interest for solid electrolyte applications. The relaxation
peak is observed for [MPrPPI"] and [EBPPI '] hexafluoro-
phosphate near to glass transition temperature, 7,,. For the lat-
ter sample, the large values of the permittivity, ¢, obtained in
the low frequency range, are attributed to the electrode polar-
ization phenomenon occurring as a result of an ions accumu-
lation near the electrodes. The conductivity increased with
the applied temperature. At 20°C, the conductivity of
[EBPPI*][PFg] is 2.6x10%> times larger than that of
[MPrPPI*][PFg], but about 44 times lower than that of
[MBPPI"J[PF;]. The activation energies of [MBPPI " ][PF;]
and [EBPPI*][PFg] are found to be (0.99 + 0.05) and
(1.08 £ 0.05) eV, for conduction process.
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