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www.rsc.org/ Abstract. The properties of a variety mixtures of a zwitterionic ionic liquid (ZIs-1) and LiNTf,, including their conductivity,

have been studied showing how they can be adjusted through their molar composition. Conductivity tends to increase with
the LINTf, content although presents a minimum at theregion close to the eutectic point. These mixtures also provide
excellent features as liquid phases for the preparation of composite materials based on crosslinked PILs. The prepared films
display excellent and tuneable properties as conducting materials, with conductivities that can be higher than 102 S cm™
above 100 °C. The selected polymeric compositions show very good mechanical properties and thermal stability, even for
low crosslinking degrees, along with a proper flexibility and good transparency. Final properties of the films correlate with
the composition of the monomeric mixture used and with that of the ZIs-1:LiNTf, mixture.

Introduction

Lithium ion batteries have been considered as an attractive
power source for a variety of wide applications such as
consumer electronics, electric vehicles and energy storage
systems.! Although these devices display good performance,
polymer electrolytes are being explored as replacements for
liquid electrolytes since they can maintain high ionic
conductivities and good mechanical strengths without the risk
of leakage and provide a larger operative temperature range.?3
Among these polymeric electrolytes, polymeric ionic liquids
(PILs) have gained attention due to their interesting physical
features in terms of their excellent thermal and chemical
stability and ionic transport properties.* Nevertheless, the
performance of PIL-based lithium ion batteries still needs to be
improved in order to be fully competitive with those based on
conventional systems.> In general, PlLs show low conductivity
values (¥107¢ S cm™1) as a result of the low mobility of the ionic
moiety and have to be doped with ILs to form “ion-gels”.® Since
bulk ILs have high ion densities and high mobility of their
component ions, they also provide a high ionic conductivity.”2
A particular class of ILs is that of Zwitterionic ionic salts (Zls),
having the cation and anion tethered in the same molecular
structure.® ZIs do not display net charge and do not migrate
even under a gradient of potential. ZIs can also interact with Li*
or H* cations to obtain mixed molten salts. For instance, the
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addition of lithium bis(trifluoromethylsulfonyl)amide (LiNTf;) or
1,1,1-trifluoro-N-(trifluoromethyl sulfonyl) methane
sulfonamide (HNTf;) to ZIs results in room temperature liquids
due to the effects of the NTf,” anion.'%!! Therefore, they are a
good candidate to be used in combination with PILs to prepare
advanced composite materials with potential applications in
electrochemical devices such as lithium batteries or fuel cells.
In this paper, we demonstrated that different mixtures based
on 3-(1-butyl-1H-imidazol-3-ium-3-yl)propane-1-sulfonate and
LiNTf, mixtures can be used to develop stable “ion-gels” in PlLs
based on 1-methyl(-4-vynilbenzene)-3-butylimidazolium
bis(trifluoromethylsulfonyl)imide (IL-1) and an appropriate
crosslinking agent. The resulting films were analysed and
characterised by impedance spectroscopy, DSC, TGA, ATR-FTIR
and FT-Raman. The conductivity of the resulting films has been
fully discussed and the free ion diffusivity and free ion charge
density calculated and compared following two different
procedures.

Results and Discussion

The zwitterionic salt ZlIs-1 (3-(1-butyl-1H-imidazol-3-ium-3-
yl)propane-1-sulfonate) was obtained as previously reported by
reaction of butylimidazole with 1,3-propanesultone as a white
solid of high melting point (Tm = 170 °C, Fig S1).7%1° Mixtures of
this ZIs-1 with different molar ratios of LiNTf, (Table 1) were
obtained by solving both components in methanol, evaporation
of the solvent and thorough vacuum drying or, better, they
were prepared by mixing ZlIs-1 and LiNTf; in the solid state, in
the ratios shown in Table 1, and heating the resulting mixture
above the melting point of the . mixture. Mixtures containing a
larger molar mass of LiNTf; (xuintr. = 0.3, from M-1a to M-1d and

J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins




Please do not adjust margins

ARTICLE

M-1g) were liquid at r.t., while those rich in the zwitterion salt
(xz15-1 > 0.7, M-1e and M-1f) were liquid-solid mixtures (Fig S2a).

Table 1. Composition of the mixtures based on Zls-1 and LiNTf,

Molar
Entry! M-1 ) Xasa Xuinti2 State® Tt
ratio®
1 M-1a 1:2 0.33 0.67 | 2
2 M-1b 1:3 0.25 0.75 | 9
3 M-1c 1:5 0.17 0.83 | 23
4 M-1d 2:1 0.67 0.33 | 16
5 M-1e 3:1 0.75 0.25 I-s 16
6 M-1f 5:1 0.83 0.17 I-s 16
74 M-1g 1:1 0.5 0.5 | 5

[a] Molar ratio ZIs-1:LiNTf2. [b] Solid (s) or liquid () state observed after drying
under high vacuum till constant weight. [c] Calculated from the second cycle in
DSC. [c] For the preparation and study of this mixture see ref. 11.

Those mixtures were also analysed by DSC and TGA (Figs S3-54).
DSC analysis confirmed the formation of a molten salt domain
due to the plastic effect of the NTf, anion, with melting
temperatures lower than the ones for the individual
components. Mixtures M-1a, M-1b, M-1c, M-1d and M-1g
(xuinTe 2 0.3) showed melting temperatures lower than room
temperature (Table 1 and Fig S3). Noteworthy the mixtures
having a larger molar amount of ZIs-1 and I-s original
appearance (M-1e and M-1f) became also liquid at room
temperature after heating at 240 °C. Indeed, the second DSC
heating cycle of the mixtures showed only T values lower than
25 °C (Fig S3). TGA experiments also showed that M-1e and M-
1f (xz1s.1 > 0.7) decomposed at similar temperatures than Zls-1
(ca. 320°C), while mixtures with a larger amount of LiNTf; (xcinTs.
> 0.5) were stable up to ca. 360 °C.

The H-NMR spectra of the mixtures in either CD3OD or
CD3SOCDs did not show any significant shift for the signals
characteristics of ZlIs-1 (Fig S2b) discarding the presence, in
solution, of strong discrete interactions between the two
components in solution. Noteworthy, however, the ATR-FTIR
and Raman spectra of these mixtures provided important
information on the nature of the interactions, in the pure
mixtures, between ZlIs-1 and LiNTf,.'? Fig 2 shows some
selected regions of the spectra for ZlIs-1 and different Zls-
1:LiNTf; mixtures while the complete ATR-FT-IR spectra for the
equimolecular mixture (M-1g) and the individual compounds
(ZIs-1 and LiNTf,;) have been included in the ESI (Fig S5). The
peak assignable to the S-N-S asymmetric and symmetric
stretching of the NTf,, which appeared at 747 cm-1 at the lithium
salt, was shifted in the mixture to lower wavenumbers (up to
740 cm-1) suggesting a weaker interaction of Li* with this anion
due to its additional coordination with the zwitterion. Indeed,
the well-defined peaks assignable to the S-O stretching for Zls-
1 at 755 and 749 cm appeared in the mixture as broader
signals shifted to higher frequencies. In a similar way, the strong
band associated with the stretching vibration of the C-F group
at 1061 cm for LiNTf, was shifted to 1052 cm-? in the mixture.
The observed shifts are a function of the composition of the Zls-
1:LiNTf, mixture. Thus, for an increase from 0.5 to 0.83 in the
molar fraction of LiNTf, the peak related to the S-N-S stretching
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shifts from 740 cm-1to 744 cm! and the symmetrical stretching
peak of the —=S0,-N-SO,- from 1051 to 1057 cm-L. Similar trends
were found when the mixtures were analysed by Raman
spectroscopy. The characteristic peak assignable to S-N-S
stretching always appeared at lower wavenumbers in the
mixtures, from 745 to 742 cm™ as a function of the amount of
Zls-1 (746 cm™ for neat LiNTf,, Fig S7). Changes were also
observed for the bands of the imidazolium unit associated to
the C(4)=C(5) and N(1)-C(2)-N(3) fragments, appearing in the
Raman spectra of the mixtures at lower frequencies and as
broader signals (i.e. 1445 cm and 1419 cm for M-1a in
comparison with 1456 cm™ and 1425 cm for ZlIs-1, see Fig S8).
Similarly, the well-defined strong peak at 1561 cm-! of ZIs-1
shifts to 1565 cm™? in M-1la experiencing a significant
broadening and reduction of peak intensity. A related effect was
also observed for the peaks appearing in the 1490-1380 cm™
range, also attributed to imidazole ring vibrations. This clearly
indicates a weakening of intramolecular interactions at the
zwitterionic salt in the presence of LiNTf,.13

7 780cmt T s
/ — M-1g(1:1)
—— M-1a(1:2)
—— M-1b(1:3)
—— M-1c (1:5)

747 cmt
LINTS,

770 760 750 740 730 720
Wavenumber (cm™)

% 1057 cm?
1055 cm*
1053 cm'?
1051 cm™?

s

T Mg(1)
T M-a(1:2)
T M-1b (1:3)
T M-Lc (L:5)
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Figure 2 Selected regions of the ATR-FT-IR spectra of ZIs-1 and ZIs:LiNTf, molar
mixtures. The red line indicates the characteristic peak found for pure LiNTf,.

A similar trend was also observed for the band at ~1250 cm™?

ascribed to the (S-O) stretching vibration (Fig S8). The peak
shifts from 1242 cm- in bulk LiNTf; to lower frequencies with
the presence of ZIs-1 (1241, 1240 and 1239 cm-! for M-1c, M-
1b and M-1a, respectively). All these data suggest that in the
mixtures the lithium cation is less coordinated to the NTf;
anions.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Journal Name

The ionic conductivity of mixtures M-1a, M-1b, M-1c, M-1d and
M-1g (xiinTr. = 0.33) was measured (Fig 3). The measurement of
the other mixtures was precluded as they were not fully liquid
at room temperature. It is worth noting that the ionic
conductivity of the pure zwitterionic salt (ZIs-1) was very low
(below 108 S cm=2),* while conductivities found for the
mixtures were in the 102 to 10 S cm-! range depending on the
temperature and composition. The slightly convex curve
observed in these plots for all the composites studied suggests
that the ion conductive process can be expressed by the Vogel-
Fulcher-Tamman (VFT) equation, describing the temperature
dependence of viscosity in amorphous materials. Regarding the
dependence with the composition (Fig $6), the equimolecular
mixture (M-1g) led to the lowest conductivity, while the ZIs-
1:LiNTf, mixture displaying a 1:5 molecular ratio (M-1c, xiinTs. =
0.83) provided the highest conductivities for the temperatures
assayed (e.g. 1.6 103, 1.4 102and 2.3 102 at 20, 80 and 100 °C,
respectively). As the M-1d mixture (xunt = 0.33) displayed
always a conductivity higher than M-1g, it is clear that the
concentration of LiNTf, is not the only factor determining the
conductivity.

ARTICLE

constant increase in conductivity is observed for the higher
LiNTf, contents (above the eutectic point) as a function of the
concentration of the carrier, suggesting that near the eutectic
point specific intermolecular interactions are present
developing discrete supramolecular clusters (neutral net
charge) that reduce ion mobility in spite of a reduced viscosity.
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Scheme 1. Chemical composition of the films.

01
A A
A
01 4
001 ¥ e ' .
—_ [ d A
; T
-~ -3 [ ]
@, 1E-34 & . . °
> v u
ES *
>
:.3 1E-4
S *
'g B M-la(1:2) v
& | ® M-1b(1:3)
8 185 A M-1c (1:5) ¢
v M-1d (2:1)
& M-1g(1:1)
1E-6 - *
2,5 3,0 3,5
10007 (K1)

Figure 3. lonic conductivity of the different ZIs-1:LiNTf, mixtures as a function of
the temperature.

Cross-linked Polymeric lonic Liquid ion-gel films. In the light of
the excellent and tuneable conductivities achieved with the
former mixtures composed by ZIs-1 and LiNTf;, a series of
crosslinked polymeric films were prepared based on the
mixtures displaying higher conductivities (and the equimolar
mixture M-1g). This was carried out by polymerization of a
crosslinking monomer (trimethylolpropane trimethacrylate,
TMPTMA, 2) and an ionic liquid monomer (IL-1) in the presence
of the ZIs-1:LiNTf, mixtures (Scheme 1). Best results were
obtained for the compositions shown in Table 2, providing
mechanically stable and transparent films able to efficiently
entrap the ZIs-1:LiNTf, mixtures inside the polymeric matrix
without any sign of leaching even after several months of
storage.’>16 In these films, around 50% of the weight
corresponds to the polymeric matrix and the other 50% to the
Z1s-1:LiNTf, mixture.

These differences on conductivity with the composition can be
explained considering the concentration of the mobile ions and
their mobility associated to the strength of the interactions
between the species present in the mixtures and revealed by
ATR-FTIR and Raman spectroscopy, as discussed above. In this
context, physical properties like viscosity also relate to
intermolecular and interionic interactions. At 25 °C the viscosity
increased with the LINTf, content, except for the region close to
the eutectic point for xiintr. = 0.67, where a minimum in viscosity
is detected, following the expected trend for a eutectic mixture
(Fig S6b). The measured viscosities were 123, 500, 49, 1090 and
2955 Pa-s for M-1d, M-1g, M-1a, M-1b and M-1c, respectively.
At 100 ©°C variations in viscosity are minimal, displaying values
characteristic of non-viscous fluids, with the minimum value
reached again at the eutectic point. Data presented in Fig. S6
show that conductivity also does not follow the expected trend
of increasing conductivity when reducing viscosity. Instead, a

This journal is © The Royal Society of Chemistry 20xx

Table 2. Films composition®

Film PILs (wt %)? ?Is- Molar composition®
1:LiNTf,?

TMPTMA IL-1 Xia Xasa  Xunte2
F-1g’ 10 90 M-1g 0,338 0,357 0,306
F-1g 5 95 M-1g 0,339 0,356 0,305
F-1a 5 95 M-1a 0,343 0,242 0,415
F-1b 5 95 M-1b 0,345 0,183 0,472
F-1c 5 95 M-1c 0,349 0,123 0,528

[a] Weight percentage of each monomer in the monomeric mixture. [b] 1:1 weight
ratio with the monomeric mixture; for the composition of the ZIs-1:LiNTf, mixtures
see Table 1. [c] Molar composition of the final films.

The five transparent, flexible polymeric films could be easily cut
into any desired size and shape or be bent with one pair of
tweezers, even under dry conditions. In these materials, two
different components can contribute to their final conductivity:
the ionic liquid fragment attached to the polymeric backbone
derived from IL-1 and the respective ZIs-1:LiNTf, mixture.

Differential scanning calorimetry (DSC) was used to determine
the thermal properties of the obtained films. In the
thermograms obtained at 10K/min, under a nitrogen
atmosphere, for the -50 - 275 C range (ESI, Fig S9) the non-
doped polymeric films did not show any detectable Ty values for
this temperature range. In the doped films, the transitions
observed at low temperatures (ca. 5-20 °C) correspond with
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those for the isolated ZIs-1:LiNTf, mixtures (Fig S3). The TGAs of
the films revealed their stability up to 350 °C (Fig S10).
Regarding their conductivity, Figure 4 depicts the dependence
of the dc-conductivity of the films doped with ZIs-1-LiNTf;
mixtures with the temperature. Arrhenius behaviour was
observed for the all composites. The activation energy follows
the trend E,ct (F-18") > Eact (F-18)> Eact (F-1a) > Eact (F-1b) > Eact
(F-1c) with the respective values being 22.8 £+ 0.4, 21.3 + 0.5,
19.8 £ 0.5,19.7 £+ 0.6 and 18.8 + 0.7 kl/mol.

The lower activation energy of F-1g in comparison with F-1g’
can be correlated with the higher crosslinking degree of F-1g’
(10% vs 5% of 2). This is associated simultaneously to a reduced
mobility of the polymeric chain and to a decrease in the loading
of IL-like fragments covalently attached to the polymeric matrix.
For the other films, having the same crosslinking degree, the E ¢t
follows a lineal trend with the amount of LiNTf, (X.intr2) present
(Fig S11). Thus, the conductivity increases with X ints2 following
the trend observed in related ZIs-1:LiNTf, mixtures: O(.1g) = O(-
1a) < O(r-1b) < O(r-1c)- The main contribution to the conductivity
corresponds to the ZIs-1:LiNTf, mixtures, as the non-doped
cross-linked films presented conductivities in the 10> to 1010
range (F-2 in Fig S12). The conductivity values obtained for the
doped films were higher than those reported for related “ion-
gel” cross-linked PILs containing either [BMIM][NTf;] or
[BMIM][CI] (F-3 and F-4 in Fig S12). Thus, at 80°C the
conductivities were 4.8 x 103, 5.1 x 103, 7.2 x 103 and 9.8 x 10"
3S/cm for F-1g, F-1a, F-1b and F-1c (5.1 x 104 and 9.0 x 104
S/cm reported at the same temperature for F-3 and F-4).16

In opc (S/cm)

® Fi1c

-8 T T T T T T T
2,2 24 2,6 2,8 3,0 32 34

1000/T (K")

Figure 4 Temperature dependence of the dc-conductivity for the doped films.

ATR-FTIR and Raman spectroscopy provided again valuable
information regarding the interaction of the charged ions in the
composite materials, displaying similar trends to those
observed in the related ZIs-1:LiNTf, mixtures. Thus, in the ATR-
FTIR of the films, the symmetrical stretching peaks of the —=SO;
and the —=S0,—N-S0,— groups appearing at 1198 cm~ and 1060
cm™ in neat LiNTf, were shifted to lower wavenumbers in the
films (Fig S13). The shift was proportional to the ZlIs-1 content,
reaching a frequency of 1178 cm™® for F-1g. The characteristic

4| J. Name., 2012, 00, 1-3

Raman peaks for the NTf," anion, at 1241 and 746 cm in the
lithium salt, also appeared shifted to lower wavenumbers in the
films (Fig S14) as a function of the ZIs-1 content. Overall, the film
F-1c having the larger loading of LiNTf, but still less associated
ions than LiNTf; has the higher conductivity.

Diffusivity and ionic charge density. In order to get information
about the behaviour of the ionic conductivity and diffusion
processes for mobile carriers, electrochemical impedance
spectroscopy measurements were performed on the different
films.

The electrode polarization (EP) is a phenomenon which takes place
always that a conductive sample is sandwiched between two
electrodes. It is a consequence of the two interfaces formed between
the two faces of the sample and the metallic phase of the electrodes.
The polymeric film is a neutral matrix with a permittivity € and
thickness L sandwiched within two parallel plates of equal area. In the
presence of an electric field, the free cation tends to accumulate near
the negative electrode. The accumulation is limited by the
concentration gradient and opposed to the electric force. In the time-
dependent ac field, the ions at the interfaces depend on the time
constant of the ac field. The application of an alternate electric field
with angular frequency o to a neutral matrix, produces a distribution
of the charge into the polymeric matrix with an electrostatic double

layer or Debye length Lp, given by the expression
1 ( gokg T j%
== =
q n where n is the charge concentration, kg is the

Boltzmann constant, e the dielectric permittivity of the material and q
the charge of a monovalent cation. Following the Coelho model, EP
is found to be represented by a Debye relaxation for the
characterization of the dielectric permittivity (¢*).” When the
maximum in €” corresponding to EP is difficult to separate from the
conductivity, the procedure is to obtain the real and imaginary parts
of the permittivity and the result is a simple equation for tan 8.'® The
application of the Cole-Cole relaxation for the description of electrode
polarization given by eq. (1) can be used.

g*Ep(w):gHLPa
1+(IMEP) (1)
Where

Aggp = Egps — ¢

[ee]

is the strength of the relaxation, with the static permittivity in
the presence of electrode polarization being
Eeps =Me,

a is a parameter related to the shape of the Cole-Cole relaxation

and tep is the electrode polarization time relaxation defined as
1

L g )
=Mr=—
fer ‘ Zy(nkBT] @

being t the relaxation time defined by

Tzi
Odc

and M the ratio of the sample thickness to twice the Debye length,
%
Mot _gtf n_
2L, 2 (& T
The real and imaginary parts of the Cole-Cole relaxation are
respectively

This journal is © The Royal Society of Chemistry 20xx
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These equations can be fitted to the experimental data to
provide values for g, Aggp, Tep and o, when the imaginary part
shows a peak or shoulder with maximum at fe,=1/(2mtep).

10°
10° 4
107 4

10° 4

e, ¢", tand

1 10 10° 10° 10° 10°
2nTy,

T
107 10° 10'

Frequency (Hz)

Figure 5. Dielectric permittivit: (black) loss permittivity (red) and tan 6 (blue) as a
function of frequency for F-1

When the conductivity term is very important, the imaginary
part decreases with frequency increase with a slope close to
minus one (-1), and the peak maximum is absent as can be
observed in Figure 5 for F-1g’. In these cases, it is advisable to
use eq. (3) adding the conductivity term cq4c/(co®), in terms of

tans== = Aerlor )’ cos|: - a)} e {1+ (@7e)" +2(@r ) sin [%(1_ a)}}

¢ gx{l+(a)rEp)za+2(erF) sm[i(l—a)}}+Ang [1+(erp)asin[%(l—a)ﬂ
4

The contribution of o4c can be removed for low conductivity
values (< 105 S /cm) and when the maximum peak in tan & is
bigger than 100 Hz.Error! Bookmark not defined. The simplification can
be used for very large values of M (M >>1). Under these
conditions eq. (4) can be simplified to obtain

(o1g)" cos [72[ (1- a)]

tan s = _ ©)
1+ (@)
M
where the maximum in tan & is verified for
1
2a
oo ME_L
Tep T

Where 1, is the relaxation time associated to the conductivity.
It is related with the frequency where tan & shows a maximum.
Notice that If a=1, then eqn (1) is reduced to Coelho model,
where EP behavior is represented by a single Debye relaxation,
and the eq.(6) is simplified to 7, = TmN

This journal is © The Royal Society of Chemistry 20xx
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The difference between the Cole-Cole and Debye descriptions
is essentially the exponent a, that describes subdiffusion when
a < 1. This exponent is the manifestation of cumulative
processes in the system that are due to interactions among
charge carriers. When a < 1 the interactions are strong, and
when a < 1 the interactions do not dominate the transport
process.

Taking into account the expression (2) together with M, the
ionic mobility can be obtained as

2
ql—'- %
+—
aM 2 kT

Knowing the mobility, the charge concentration is obtained
from

‘L[:

1
L+
2
A A

2
qu (qL)

And the diffusivity considering to be related to mobility by
means of the Nernst-Einstein equation,® will be

L2

1+—

AM 2er

We can observe that eq(9) can be also easily obtained from the
Macdonald-Trukhan model assuming identical diffusion coefficients
for the anion, Da, and cation, Dc, (Da=Dc) where the average free ion
difussivity, D, can be estimated as1922.23.24

tand 2
2 f0-L
- 3

5[(tan 8) e |

Finally the static dielectric permittivity can be easily obtained to
give

e

n= (8)

m

047,
e

M 2agVaC
Dielectric spectra results. The dielectric analysis of the composite
materials considered can be illustrated using the complex
permittivity, e*(o0,T)=¢’(®,T) —je’’(o,T), where ¢&’(®)
and £”(w) are the real and imaginary parts of the frequency
dependent permittivity due to the applied electric field, and j
the imaginary unity (j2 = -1). The relation between the complex
dielectric permittivity &€*(®,T) and the complex conductivity,
o*(m,T), is given by:
0*(,T) = jeowe™*(®,T) (12)
which can be decomposed in the real and imaginary parts as
follows:
o = ¢gywe"” (13)
o' = gywe (14)
where g represents the vacuum permittivity and @ the angular
frequency of the applied electric field (w = 27f). The
conductivity ¢’ is characterized by a plateau regime that directly
yields the dc conductivity. In this regime o’(®) is identical to the
bulk dc conductivity cq4c (i.e. co). Typical curves showing the
variation of the real part of conductivity for the films at different
temperatures are shown in Figure 6.
In these graphics three different regions can be identified. The
region at low frequencies, where the electrode polarization (EP)
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effect produced by mobile charge accumulation from blocking
electrodes is present,29-27 the region where the dc-conductivity
is dominant and will be determined by o4, and the region at
high frequencies where a subdiffusive conductivity (SD) is
present, which may be due to the reorientation motion of
dipoles and specifically to the motion of the localized charges,
which dominates over the dc-conductivity.1821,28-30

107 (4) T=20C 10°1 (B) T=100°C TSttt asaasnt
10° IRt 33 10° ,vf'::.—....
e P
] i
E 10 4 E 0% niw
R W B
£ oo L e
I E
10° 10°
107
0
20
€ ol
< 40 ..
T
60

10" 10" 10' 10* 10° 10' 10° 10°
Frequency (Hz)

107 10° 10" 107 10° 10" 10° 10°
Frequency (Hz)

Figure 6. Bode diagrams for films F-1g’ (black, squares), F-1g (red, circles) F-1a

(greeg, up trianglesi, F-1b (blue, down triangles), F-1c (cyan, diamonds), at 20 and

100 °C. The conductivity and phase angle scales are the same in both
temperatures for better comparison.
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the conductivity. It is likely that at least four possible transport
events can add to the conductivity, all of them related with the
mobility of the ions involving formation and breaking of ion-
associations in the presence of an electric field (Scheme 2). The
first one is related with the “free” intermolecular NTf,” hopping
inthe “ion-gel” phase. A second one should be the NTf,- hopping
from the polymer to the liquid phase and vice versa. The third
one is associated with the NTf,” hopping events along the
polymeric chain. This one seemsto be less important at the view
of the low conductivity of the films in the absence of ZIs-1:LiNTf,
mixtures. Finally, the events related with the mobility of “free”
Li cations in the medium can also be considered, although the
presence of the sulfonic groups in Zls-1 may constrain Li*
mobility by complexation.

Figures 6A and 6B show the Bode diagrams for the different
films at 20 and 100 °C, respectively. The top graphic represents
the modulus of conductivity, |c|, which increases with the
frequency and tends to reach a constant value when the phase
angle, ¢ (lower graphic), reaches a maximum or tend to a zero
value for each temperature. It must be noted that the scales of
conductivity are the same for both temperatures, which
facilitates visualizing the variation of conductivity with
temperature. As can be seen, all Bode diagrams showed a
plateau when plotting || vs frequency in the region of high
frequencies (103 Hz at 20 °C and 10° Hz at 100 °C), coexisting
with the peak of the phase angles tending to zero values. On the
other hand, in the region of high frequencies (10* Hz-107Hz at
low temperatures, i.e.20°C), a second plateau was observed for
the conductivity of all samples except for the sample F-1g’ at
the region where the phase angle reaches a pronounced
maximum around -10°.

The presence of these two conductivities can be assigned to
different processes related with the nature of the ions present
in the polymeric matrix. Each ion can contribute in diverse ways
to the motions within the material, depending on its shape, size
and interaction with the polymeric matrix, providing different
mobility and diffusion coefficients. It is important to bear in
mind that the considered “ion-gels” have two different types of
NTf,- anions, namely the counter ion of the polymeric ionic
liquid-like imidazolium fragments and the NTf; from LiNTf,. On
the other hand, the lithium cation (Li*) can also contribute to

6| J. Name., 2012, 00, 1-3

e Polymier Chain Backbone

= Type |: “Free” Intermol ecular NTF; hopping

s Typell: Palymier-“Free” Intermolsculsr NTF; hopping
#—s Type ll: Mlang Palymer NTi; hopping

g Type V: “Free” intermolecular Li hopping

Scheme 2. Schematic representation of mobility events in the film.

In the different films considered, the NTf, anion has two
different origins, LiNTf, and the IL-like fragments from the
polymerization of IL-1. In the last case, the mobility of the
imidazolium cation is reduced as corresponds to its attachment
to the polymeric backbone. The ratio between both anions
changes systematically in the films. For instance, for F-1g the
molar fraction of IL-1 is very similar to the one of LiNTf, (0.339
and 0.305, respectively) leading to a total NTf, : Li* ratio of
0.644 : 0.356. The progressive substitution in the mixtures of
ZlIs-1 by the corresponding Li salt provides an increase in the
molar fraction of LiNTf, that reaches, in the case of F-1c, a
maximum value of 0.528. As the molar fraction of NTf," in F-1c
coming from IL-1 in is 0.394, the overall NTf, : Li* ratio is 0.877
: 0.528 in this film. This makes the total concentration of the
NTf," anion higher than the one for the Li* cation in all the films
studied. Thus, the contribution to conductivity of the NTf,-anion
is expected to be more pronounced than the one of Li*. Previous
studies carried out with films based on highly cross-linked PlILs
have also revealed the important contribution of the mobility of
the anion to the measured conductivity.!>16,31-33
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Table 3. Parameters M, ter and o described in equation (5) at 20, 60 and 100 °C, obtained from fitting the experimental data of tan &

T=20°C T=60°C T=100°C
Sample M Tep [5] o M Tep [S] o M Tep [5] o
F-1g’ 45000 3.5 x104 0.992 75000 1.2 x10* 0.9975 100000 5.0 x10°5 0.9995
F-1g 5000 4.0 x10* 0.970 11000 3.5x10° 1 300000 1.8 x10° 1
F-1a 3000 3.8 x104 0.951 11000 2.5 x10° 0.9999 - - -
F-1b 3000 4.0 x10* 0.930 9000 1.4 x10° 0.9990 - - -
F-1c 3300 7.0 x104 0.835 10000 6.5 x10°® 0.9920 - - -

Free ion diffusivity and charge concentration. The most
important parameters to estimate the ionic transport in
materials are the mobility and concentration of charge carriers
and there are a great number of alternative approaches for
determining these parameters under the application of an
electric field.18:19,34-54
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Figure 7. Tan & as a function of frequencies (up) and Nyquist plots (bottom) at 20
°C(left) and 40 °C (right). F-1g’ (M), F-1g (®),F-1a( ),F-1b( ), F-1c

In a first approach, the tan & values for the detected maxima in
Fig 7 were fitted to eq. (5). This provided an estimation for M,
Tep and o, and also allowed calculating the free ion diffusivity.
Values obtained for o were close to unity, indicating a limit
value in the Cole-Cole model corresponding to a Debye
behaviour. A dependence on the temperature of the electrode
polarization relaxation time tep and the parameter M, was also
observed.

Fig 7 shows the experimental values of tan 6 for all samples at
20 and 40 °C obtained using a modification of the approach
reported Klein et ag/.1516182223,31 As can be seen, the doped
films, except F-1g’ presenting a higher crosslinking degree,
present two clear peaks around 10% Hz and between 106-107 Hz,
respectively, at 20 °C. The peak at moderate frequencies (10% Hz
to 10°Hz) is shifted towards higher frequencies as the
temperature increased bringing both peaks together. Similarly,
the same behaviour is observed from the Nyquist diagrams
showed in Fig.7 (bottom) where at 202C two semicircles are
present due presumable to two types of mobilities and
conductivities also observed in the Bode diagrams.

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Dielectric permittivity (top) and tan & (bottom) as a function of
frequencies at 60 °C. F-1g’ (W), F-1g (®),F-1a( ),F-1b( )andF-1c( ).Thesolid
line indicates the convolution of equation 11 in the peak of tan 6 at higher
frequencies. The insert displays is the temperature dependence of tzp.

The curves shown in Fig 8 display the peaks corresponding to
the maximum in tan & (Eq. (5)) and are associated with the
plateau of the real part of the conductivity observed in the Bode
diagrams (Fig 6). Their corresponding values in frequency are
related with the parameters M, a and t,, which permits to
calculate the mobility, the ionic diffusion coefficient and the
density of free charge into the polymeric matrix applying egs.
(7), (8) and (9), respectively.

Fig 8 also shows the dielectric permittivity and the temperature
dependence of tgp is presented in the inset. A dielectric a-
relaxation effect can be observed in tan 6 spectra with an excess
wing at higher frequencies and as a jump in dielectric spectra.
After EP relaxation, a decrease in dielectric permittivity appears
in dielectric spectra until reaching constant value in the range
of high frequencies, although for some samples the expected
plateau is not still visible at the experimental frequencies used.
Table 3 summarizes the parameters for the analysis of eq. (5) at
20, 60 and 100 °C, respectively. A close inspection of Table 3
shows that parameters M and tgp decrease as the amount of
LiNTf, increase in the film, with the highest value being always
obtained for F-1g" with a higher crosslinking degree.

The temperature dependence of te exhibits an essentially
linear behaviour for the range of temperatures analysed.
Diffusion coefficients, dielectric permittivity (static permittivity)
and mobile charge concentration were calculated using eqs. (7)-
(10) and are shown in Fig. 9. The values for the diffusion
coefficients are reasonably similar to those for other related
systems,1>16.33.37 and increase with temperature increase. A
close inspection of the variation of the values represented in the
activation plot of Fig.9 allows indicates the excellent ion
mobilities that can be obtained with these films. The
comparison between them reveals that a decrease in the
crosslinking degree F-1g’ and F-1g associated with practically
the same amount of IL produce a decreasing of the diffusion
coefficient between one or two order of magnitude depending
of the temperature. For the others films the diffusivity increase
with the amount of NTf2-.

The charge with
temperature and varies for the five films, being higher, rather

calculated concentration increases
surprisingly, for F-1g” and lower for the other films, correlating
with the amount of ZIs-1 present in the film.

On the other hand, the values of the mobile ion concentration
are higher than those from stoichiometric calculations
providing a total concentration of ions (n¢:) around 1027 m-3 at
room temperature. This yields a dissociation degree of roughly
102 at 20 °C. These values are quite similar to those found for
other polyelectrolytes like a Li* poly(ethyleneoxide)-based
sulfonated ionomer.18 Thus, it seems that the analysis based on
electrode polarization sub estimates ion diffusivity respect the
estimation from Einstein relation, (D*), considering the
stoichiometric free-ion number density, where D*=cy: ksT/n g2.
It is due because in Einstein equation the number density of free
ions, (nt), is considered complete and then it is constant for
any temperature. However the dissociation-association

8 | J. Name., 2012, 00, 1-3

dynamics should be assumed to be much faster than the
macroscopic electrode polarization and increasing with the

temperature.
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Figure 9. (Left) Temperature dependence of free_ion diffusion (D) and charge
concentration (n), (Right) dielectric permittivity (8) for the films. F-1g’ (M), F-1g
(®),F-1a( ),F-1b( ),F-1c( ).

In general, the free ion concentration can be described by the
Arrhenius equation
n=no exp(-Edis/ksT)

where Egjs is the dissociation energy and no the number density
in the high temperature limit at which a complete dissociation
can be assumed. The values found for the dissociation energy of
the different samples were Egis (F-1g’) = 9.5 kJ/mol > Egis (F-1a)
=9.4 kJ/mol > Egis (F-1g)= 4.0 klJ/mol > Egis (F-1c)= 2.2 kJ/mol >
Eqis (F-1b)= 2.0 kJ/mol. This energy increases with the value of
Xazis. As it is known, the electrode polarization model is based on
the Debye-Huckel theory and therefore can be expected that
this model fails in the case of high ionic concentrations.
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Figure 10. Temperature dependence of the corrected diffusion coefficient of the
free ions for all the samples. F-1g’ (W), F-1g (®),F-1a( ),F-1b( ), F-1c(

A comparison between the values of the diffusion coefficients
obtained from EP model and using the Einstein relation suggests
a possible correlation between the conductivity and the
increase in free charge carrier density. This can be due to
structural and morphological changes occurring at the ILs phase
and at the polymeric matrix. Figs 9 and 10 show that in general
the diffusivity (i.e. mobility) with increasing
temperatures that can also contribute to increase the

increase
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concentration of charge carriers and/or the conductivity. This
trends can be associated with the variations in interionic
interactions that will be higher with an increase in loading of
functional groups in the polymer, with an increase in the
concentration of IL-phase that could facilitate such interactions,
most likely through an array of polar species, and with an
increase in temperature that will favour the mobility of the
polymer chains bearing the functional sites. In this regard, an
increase in the amount of crosslinker (TMPTMA) decreases the
diffusivity as it reduces polymer chain mobility and accordingly
interactions between ions in the liquid phase and those
covalently attached to the polymer matrix. This is illustrated in
Fig 10 by the comparison between F-1g and F-1g’. Interestingly,
the same figure shows that these two films prepared with a 1:1
ZIs-1:LiNTf, mixture (in the region of the eutectic point) are the
displaying a diffusivity that with
temperature as corresponds with the presence of discrete

only ones increases
clusters in the eutectic and a limited number of long-range
cluster-cluster interactions in the eutectic. It is known that ionic
mobility is associated and coupled to structural relaxation and
high ionic conductivity is possible due to very short structural
relaxation time such is happen in our samples, t~10° s, where
the polymer have relatively rigid structures and then the ionic
transport can be strongly decoupled from the structural
relaxation.

Conclusions

The results presented here show that the properties of the
mixtures of the zwitterionic imidazolium salt ZlIs-1 with LiNTf,
can be tuned through a proper selection of the molar fraction
of both components. Changes in the composition define not
only the concentration of mobile ions but also the strength of
the interactions between anions and cations that affect their
mobility and macroscopic properties like viscosity and finally
conductivity, which is affected by a balance between all those
factors. Thus, mixtures in the eutectic point show the lower
conductivities that increase significantly for the higher contents
in LiNTf,. The incorporation of those mixtures into crosslinked
polymeric matrices allows obtaining composite materials with
excellent properties and potential for devices requiring
conductive membranes, with no leaching of the liquid phase
observed after long term experiments. The conductivity of the
different films prepared increases with temperature and with
the content in LiNTf,, reaching maximum values for F-1c (i.e.
2.0x102 S cm™ at 140 °C). These conductivity values indicate
that such composite materials represent a promising alternative
for application in different energy devices. It must be noted that
F-1c presents an excellent mechanical and thermal stability,
even for small crosslinking degrees, while being flexible and
transparent. A further increase in the amount of LiNTf,,
however, did not allow obtaining films with the required
properties. The comparison of F-1g and F-1g’ shows that a
moderate increase in crosslinking (from 5 to 10% of TMPTMA)
is accompanied in this case by a slight increase in conductivity
(i.e. 9.7x103. vs. 1.6x102 S cm! for F-1g and F-1g’ respectively)

This journal is © The Royal Society of Chemistry 20xx

with activation energies associated of 22.8 and 21.3 kJ/mol,
respectively
Although the study of free ion diffusivity and number density from
the EP model gives reasonable estimates, the direct quantitative data
need to be handle with some caution. Our results indicate that this
approach tend to overestimate the values of mobile charge density
(n) and, therefore, to underestimate the values of the diffusion
coefficients (D). This can be solved, using the same line of reasoning
developed by Wang et al.,243’ through the use of the corrected
diffusion coefficient (D) calculated using the ratio between the
stoichiometric charge density and the one calculated using the EP
model
N = Mot

ny .
This means that overestimation of ion of mobile charge density
is a generic problem in electrode polarization analysis, which
may be originated from the estimation of the ionic carriers
density, from the definition of conductivity and the Eisntein
relation, because in such consideration the free ion number
density should be considered constant with temperature,
although this parameter (n) can increase by about 103-10* with
the temperature. Consequently, the diffusion coefficient
obtained from EP model decreases with temperature in
comparison with that obtained directly by means of the Einstein
relation considered constant to the number of ionic carriers.
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