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ABSTRACT

In a previous paper some of us presented the structure and some properties of a new family of ionic lig-
uids, ILs, with a common cation, 1-butyl-3-methyl imidazolium (the popular [C4C1Im]* or [BMIM]*) and
a variety of anions based in thiocyanate (SCN) : one reference sample and ten with anionic metal com-
plexes of different valences: Al"™", Mn", Fe', Cr', Ni", Hg", Zn", Co" and Cu!, resulting, respectively, [BMIM]
(SCN), [BMIM]5 Al(SCN), [BMIM]4 Mn(SCN)g, [BMIM]5 Fe(SCN)s, [BMIM]5 Cr(SCN)s, [BMIM]4 Ni(SCN)s,
[BMIM], Hg(SCN),4, [BMIM], Zn(SCN),4, [BMIM], Co(SCN)4 and [BMIM]3 Cu(SCN),. In this paper we show
experimental measurements of electrical conductivity of these ILs in a broad temperature range (about
90 K). Viscosity has been measured for six compounds in a wide temperature range. In addition, the dif-
fusion coefficient for both ions forming the IL has been measured for some of the samples using NMR-
Dosy technique. In spite of being very similar compounds from a chemical point of view, they present
very different transport property values. Thus, viscosity varies more than two orders of magnitude among
those metal thiocyanate ILs, being the highest for the compound with Al and the lowest for that with Hg.
Moreover, differences between ionic conductivity and diffusion coefficient values extend more than one
order of magnitude among the thiocyanate ILs. These three properties will be related in pairs, thus
through Walden'’s rule we compare molar conductivity and fluidity, while using Kohlrausch’s law and
Nerst-Einstein equation molar conductivity and diffusion coefficient are related. Also, diffusion coeffi-
cient and fluidity (the inverse of viscosity) are compared by means of Stokes-Einstein relationship. In
addition, we calculate the Laity interionic friction coefficients for both anions of the IL with Hg.

Finally, a theoretical model is suggested to explain all the experimental evidences reported.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

characterization, and also volumetric properties were measured.
Different members of this family of ILs, based on thiocyanates,

In a recent paper some of us reported the synthesis and charac-
terization of the different ionic liquids (ILs) studied here [1]. These
ten compounds are all composed by the 1-butyl-3-methyl imida-
zolium cation and one thiocyanate based anion: [BMIM](SCN),
[BMIM]3 Al(SCN)g, [BMIM]4 Mn(SCN)e, [BMIM |3 Fe(SCN)g, [BMIM]5
Cr(SCN)s, [BMIM]; Ni(SCN)s, [BMIM], Hg(SCN)s, [BMIM]> Zn
(SCN)4, [BMIM], Co(SCN)4 and [BMIM]3 Cu(SCN),4. Chemical char-
acterization was made by means of nuclear magnetic resonance
(NMR), mass spectroscopy (MS-ES) and elemental analysis, Fourier
transformed infrared (FTIR), Raman, optical, magnetic and thermal
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have been proposed for many interesting applications as elec-
trolyte for supercapacitors [2] and batteries (mixed with lithium
salts) [3], liquid fuel desulfuration [4], or toluene extraction [5].
This is because this family of ILs presents the common physico-
chemical properties of all ILs, including very low volatility, good
electrical conductivity, broad electrochemical window, high stabil-
ity both thermal and electrical [6,7]. In addition, they present inter-
esting particular characteristics as no hygroscopicity, among the
highest electrical conductivity and very high fluidity, and broad
range of solubility for inorganic salts with common anion [3,8,9].

In this paper we report experimental measurements of some
transport properties of these novel ILs, mainly their electrical con-
ductivities, viscosities and diffusion coefficients. There are no pre-
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vious published data on these compounds except for the reference
compound, the [BMIM](SCN) (which is a commercial IL). Viscosity
of this IL, here used as reference, has been studied in many papers,
both pure [9-11] and forming part of mixtures with different
cosolvents, as water [12], alcohols [13,14], benzene or thiophene
[15]. Even, its mixture with other [BMIM] based ILs has been stud-
ied [16]. In contrast, we have found only one paper where mea-
surement of electrical conductivity in this IL appears [11], and no
paper reports diffusion coefficient of any of the ILs shown here. It
is important to note that the potential parameters for [BMIM]
(SCN) have been published, which are necessary to perform molec-
ular simulations on this compound [17].

As reported in Ref. [1], we prepared metallic compounds based
in [BMIM](SCN) and we obtained new ILs, which have very differ-
ent physico-chemical properties. The metal cation generates anio-
nic complexes with the thiocyanate anion, classified as adducts.
Their morphology depends on the size and electronic structure of
the metal cation, being the formed complex either in octahedral
or in tetrahedral configurations for the metals used here. To the
best of our knowledge, there is only one commercial metal thio-
cyanate, [BMIM], Co(SCN),, which exhibits interesting properties
as thermochromism [18,19], and it has been also proposed as elec-
trolyte for dye-sensitized solar cells [20]. Very recently some of us
reported the thermochromism that shows one of the ILs studied
here, the [BMIM]4 Ni(SCN)s [21]. Besides, novel metal thiocyanates
with zinc and cadmium based in methyl imidazole have been pub-
lished recently and their structure solved by single crystal X-ray
diffraction [22], which exhibit luminescence properties. Finally,
optical properties of some of these compounds, those containing
Co, Zn, Ni or Cu, have been published by some of us [23]. Defini-
tively, these ILs based in metal thiocyanates are very promising
materials with many potential applications in fields as electro-
chemistry, photonics or catalysis.

Knowledge of transport properties is crucial to develop any real
application and both electrical conductivity and viscosity are two
of the most demanded data. The fact that so similar compounds
give so different transport property values is a challenge to under-
stand the charge and mass transport mechanisms in these com-
pounds. Based on the diffusion coefficient measurements of both
ions a model to explain the transport mechanism phenomena is
proposed.

Finally, note that parent compounds based in cyanate anion
(but not ionic liquids) have negative thermal expansion coefficient
[24,25], but this effect has not been observed in the metal thio-
cyanate ILs studied in this paper.

2. Experimental details
2.1. Compounds

All the chemicals studied were synthesized by us, except
[BMIM](SCN) and [BMIM], Co(SCN),4, which were purchased to
IOLITEC with, respectively, a purity higher than 98% and 99%
reported by de dealer. The other compounds have been character-
ized by NMR, electrospray ionization and MS-ES, which allows the
determination of their purities, higher than 95% for all compounds
[1]. Reference sample contains a water quantity of 4600 ppm from
Karl-Fisher titration, while the other compounds (except that with
Hg) have only traces [1]. Then, compounds have been analysed
using FTIR and Raman spectroscopy. In addition, magnetic suscep-
tibility and refractive index measurements were performed in
some of the compounds studied, as well as thermal characteriza-
tion using differential calorimetry, DSC, and thermal gravimetry,
TGA. Finally, experimental measurements of density on all ILs have
been performed, and for some of the samples in a broad tempera-
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ture range (about 100 K). All these data have been originally
reported in Ref. [1]. In Fig. 1 we show a schematic representation
at scale of two metal-thiocyanate complex anions with octahedral
(at left) and tetrahedral (at right) configurations and that of the
[BMIM] cation (in the centre of Fig. 1).

2.2. Experimental techniques

2.2.1. Ionic conductivity

Ionic (or electrical) conductivity (k) was measured using a CRI-
SON GLP31 conductivimeter, which employs an ac voltage of
500 Hz and 0.50 Vrms, being the constant cell used C ~ 1 cm™},
and the distance between electrodes 3.5 mm. Capacity effect has
been evaluated and it is below the reproducibility of the measured
value. Calibration was made weekly with two certified KCl solu-
tions with different concentration to cover the range of values
measured. All measurements were performed using the isothermal
method: the sample was immersed into a Julabo F25 thermostatic
bath which controlled the temperature with an uncertainty of
10.1 °C, it was tempered for at least 15 min at each single temper-
ature before measuring it three consecutive times. The experimen-
tal relative uncertainties are less than a 0.5% of the measured
value, being the repeatability better than a 3%. lonic conductivity
has been measured for all samples in a broad temperature range,
and a minimum of three no consecutive times at 25 °C (at the
beginning, at the end and in the middle of the measurement pro-
cess), being the three values within the given uncertainty in all
data series shown here.

2.2.2. Dynamic viscosity

Dynamic viscosity (n) was measured with an Anton Paar Stabi-
nger SVM 3000 viscodensimeter with a repeatability better than
0.4% of the value measured and a reproducibility about 1%. This
device has an internal Peltier thermostat featuring an uncertainty
of £0.02 °C in the temperature range studied, from 5 °C to 95 °C.
The apparatus is verified daily with ethanol, and every four months
we use five standard fluids from Anton Paar to verify calibration in
all range of viscosity. The main advantage respecting other vis-
cometers is that this one allows the measurement of viscosities
from 0.2 to 20,000 mPa-s without changing any instrumental part,
and so it is the most adequate apparatus to measure these samples
because differences of some orders of magnitude appear among
their viscosity values, and more than 20 times in each compound
in the temperature range used. Viscosity was measured for six
selected samples, the reference one and those with Al, Zn, Hg, Cu
and Cr anionic complexes, following the isothermal method
described above. The other samples have not been measured due
to their very high viscosity at room temperature or for being chem-
ically incompatible with the viscodensimeter materials. In spite of
the fact that Stabinger uses a magnetic field to perform the mea-
surement, we have not observed any anomalous behaviour of the
values obtained for sample with Cr (the only magnetic nucleus
measured). To be sure, we have measured the viscosity of this
same sample with a rolling ball viscosimeter at room temperature,
and results agree with those published here within experimental
uncertainties.

2.2.3. Diffusion coefficient

The diffusion coefficients (D) of the anion and the cation were
measured using the well-known pulsed field gradient (PFG) NMR
technique on '3C and 'H nuclei. Bruker Avance Il WB 400 MHz
NMR spectrometer was used with the standard diffSte pulse
sequence. The measurements were performed in the MR Center
of the Research Park of Saint-Petersburg State University. The max-
imum strength of the used pulse gradient was 30 T/m. The pulses
duration and the interval between them were chosen as 1 ms and
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Fig. 1. Size scaled scheme of the three anion types studied: Two metal thiocyanate anionic complex, in octahedral (at left) and tetrahedral (at right) configurations. Red balls
represent the metal cation while white ones (SCN) anions. In the middle, size scaled scheme of the [BMIM] cation, where white balls are for H, black for C and blue for N

atoms.

100 ms, respectively. All measurements were carried out at a sta-
bilized temperature in the entire volume of the sample, with a sta-
bilization precision of 0.1 °C. The total relative uncertainty of the
calculated diffusion coefficients, including the repeatability of the
experiment, was not more than 6% for '>C nuclei and not more than
2% for 'H ones, respectively. We have measured the ion diffusivity
of the [BMIM](SCN) reference sample and of those with Zn, Cu, Al
or Hg at 25 °C. For two last ones the D values were also measured
in a broad temperature range (from 273 K to 363 K). We did not
measure D for the samples with paramagnetic metals, namely,
Co, Ni, Mn, Fe, and Cr, because in this case both 'H and '3C relax-
ation times are too short to realize the PFG approach.

3. Results

In this section we summarize the results obtained for the three
properties measured: ionic conductivity, dynamic viscosity and
diffusion coefficient. Also, we have calculated molecular conduc-
tance from the experimental values presented here and in Ref.
[1]. So, we have divided this section into four subsections devoted
to each one of the four properties analysed. All results contained
here have not been previously published for any studied IL, except
for [BMIM](SCN), which is considered here as a reference or base IL.
Ionic conductivity for this compound has been reported, up to our
knowledge, only once [11], being the values reported about 10%
smaller than the ones measured here, probably due to different
water content of the samples. In contrast, viscosity of [BMIM]
(SCN) has been measured by many groups, and we have found 9
references giving those data in the temperature range studied here.
Some of the results are less than 2% higher to ours [10-14], while
others are higher than 5% [5,9,15], and even 25% higher [16]. Again,
differences in water content and in other impurities of the samples
could be the reason of the differences observed. It is necessary to
take into account that our reference compound had not been dried,
and it was used as received from the supplier (with 4600 ppm of
water as written above). Only before NMR measurements, all sam-
ples were dried to a more accurate diffusion constant
measurement.

Temperature dependence of all transport properties measured
can be fitted with high precision with a Vogel-Tamman-Fulcher
(VTF) type equation [26-28].

Y:Yxexp{TfyTV} (1)

where Y is a transport property (electrical conductivity, viscosity,
molar conductivity, diffusion or friction coefficients), and Y., By
and Ty are considered here as fitting parameters. Although they
have a physical meaning in the original formulation, comparison
among them in different compounds and properties is difficult,
and contradictions appear in the interpretation of each constant
for every property [29]. For example, Ty is called Vogel temperature,

at which the ions is supposed to lose their mobility completely. In
this case, its value would be very similar for a given compound,
independently of the property fitted. But this is not the case, and
differences of up to 40 K appear among the samples studied here
as we will see later.

The temperature behaviour of the four transport properties for
all compounds can also be fitted using Litovitz’s equation [30,31],
which reads

By
Y =Yexp T (2)

where Y; and B} are fitting parameters. As it happens with the VTF
equation, it has been given a physical meaning to these two param-
eters, but conclusions obtained for the different ILs and properties
measured are noncoherent as it will be observed below.

In the temperature range measured both equations fit very well
the experimental data, and if we plot VTF and Litovitz equations in
a figure, both curves would match and it would not be easily dis-
tinguishable by naked eye.

It is important to note that the minimizing factor in the fitting
processes was not the usual standard deviation, s, but the percent-
age standard deviation, s%. This last magnitude is defined as,

N 2
$% =100 \/Zi—l [(Yexp‘i - theo.i)/yexp,i] (3)

N-1

where Yexp; is the value measured of the corresponding transport
property at a given temperature, Yy, that obtained from the VTF
or Litovitz equations, and N the number of data points used for
the fitting (all measured ones with the sample in liquid state). We
have used s%, instead of the most common standard deviation,
due to the high variation of the Y value with temperature in all sam-
ples and properties. Thus, while s% gives a similar weight in the fit-
ting for all data points, s gives more weight to those with highest
values.

3.1. Ionic conductivity

We have measured the ionic conductivity of the ten studied
compounds in a wide temperature range, from 5 °C to 95 °C for
most of them. Results are plotted in Fig. 2 while the data appear
in Table S1 of Supporting Information. As expected, the highest
measured ionic conductivity corresponds to the reference sample,
while those with tetrahedral coordination (Hg, Zn, Cu and Co) pre-
sent higher values (in that order) than those with octahedral one
(Mn, Fe, Ni, Cr and Al in order decreasing to its k value). The x val-
ues measured range from 18 to 31 mS/cm at 95 °C among the sam-
ples with the first mentioned configuration, and from 5 to 19 mS/
cm for those with the octahedral one, being quite similar for the
samples with Co and Mn at T > 65 °C (in spite of the different con-
figuration). Moreover, we can observe a trend of the ionic conduc-
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Fig. 2. lonic conductivity for the ten studied thiocyanate ILs versus temperature in a semi-logarithmic plot. Curves are the best fit of VTF-type equation (1) with the fitting
parameters given in Table 1. The inset shows conductivity of the Ni based IL to magnify the solidification process upon cooling the sample.

tivity with the electronic configuration of the metal, related itself
with the ionic complex stability. Thus, the order of x values at
room temperature for the different thiocyanate metals is:
Hg > Zn > Cu > Co > Mn > Fe > Cr > Al > Ni; which corresponds with
the first row of transition metals, except for the magnetic nuclei (Fe
and Ni) and Al The compound with Ni has the highest melting
point, and so a sudden jump in its conductivity value is seen at
the solidification temperature, as shown in the inset of Fig. 2.

The temperature behaviour does not follow a simple Arrhenius
relationship, but data fits very good to VTF and Litovitz Eqgs. (1)
and (2), respectively, as has been verified for many other ILs
[32-34]. The best fit of VTF type Eq. (1) for each sample is shown
in Fig. 2 as continuous lines. In Figure S1 of supporting informa-
tion, we show a Litovitz representation of our data with the best
fitting curves plotted. The best fitting parameters obtained for
both, VTF and Litovitz equations, are given in Table S2 in Sup-
ported Information. In addition, note that in liquid state the
[BMIM]4 Ni(SCN)s presents the lowest K value at low tempera-
tures, but when warming its ionic conductivity is higher than
those of the samples with Al or Cr. In Table 1 we have introduced
some characteristics of the different metallic elements used to
synthesise the new IL compound, including atomic mass, My,
and metal ion radii, Ry, (from Ref. [35]). We include two
additional parameters proportional to the voltage at the
metal ion surface, U (=q/Rjon), and to its charge surface density,
o (=q/R%,), being q the nuclei charge.

Table 1

3.2. Molar conductivity

Density of all compounds studied here (except for the Ni thio-
cyanate that is solid at room temperature) have been reported pre-
viously [1]. All of them have a linear behaviour with temperature
in the range studied, whose negative slope indicates a positive
thermal expansion coefficient. The slope increases its absolute
value with the increase of the density of the given IL. Analysing
density data, we discovered that molar volumes of the thiocyanate
metallic complexes are very similar among them for each complex
configuration, being at 25 °C, about 200 cm> per mol for the tetra-
hedral one, and about 240 cm?® per mol for the octahedral configu-
ration. In contrast [BMIM]* cation size depends on the ionic
environment, thus we calculated about 133 and 143 cm® per mole,
respectively for each configuration given, while when it is free in a
molecular solvent its molar volume is only 117 cm>. Note that
molar volume of the anionic complex increases with temperature.
Finally, the molar volume of the (SCN)~ ion is about 65 cm? per
mol, constant in the temperature range studied [1,11,28].

To understand the charge transport mechanisms for all com-
pounds measured it is better to work with molar conductivity,
which gives information about the average charge carried out by
one single mole of each compound. From density, p, and ionic con-
ductivity, ¥ (obviously at the same temperature) we can calculate
the molar conductivity, A, knowing the ionic concentration, C
(mol-L"), inverse of the molar volume, V,,, thus

Metal atom mass, MM; metal ion radii (from Ref. [35]), Rion; electrical surface potential of metal ion, U; charge surface density in metal ion, & (in electron charge with radio in A);
ionic conductivity (in mS.cm™!), %, and molar conductivity (in mS-cm?mol~'), A; at 25 °C and 75 °C.

MM/Da Rion/A U (g/Rion) o (q/Rion?) K (25 °C) K (75 °C) A (25 °C) A (75 °C)

[BMIM] (SCN) - - - - 6.99 299 1.208 5675
[BMIM], Hg(SCN)q 200.59 0.960 2.08 2.17 423 202 1.955 9.599
[BMIM], Zn(SCN), 65.38 0.600 3.33 5.56 2.47 15.5 1.172 7.572
[BMIM]3 Cu(SCN),4 63.55 0.600 1.67 2.78 1.74 155 1.044 9.580
[BMIM], Co(SCN)q 58.93 0.580 3.45 595 1.33 115 0.620 5.520
[BMIM]4 Ni(SCN)s 58.69 0.690 2.90 4.20 0.059 3.80 - -

[BMIM]; Fe(SCN)s 55.85 0.645 465 7.21 0519 6.54 0353 4576
[BMIM]4 Mn(SCN)g 54.94 0.830 2.41 2.90 0.985 10.6 0.813 8.991
[BMIM]3 Cr(SCN)g 52.00 0.615 4.88 7.93 0.191 2.78 0.129 1.931
[BMIM]3 AI(SCN)g 26.98 0.535 5.61 10.5 0.204 3.16 0.138 2.191

4
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A =K/C =x-M/p =KV, 4)

where M is the molar mass of each IL, and Vm is given in Ref. [1] for
all compounds at different temperatures. The calculated molar con-
ductivity data are plotted in Fig. 3, where we observe the exponen-
tial increase with temperature. In general, the tetrahedral
compounds present higher molar conductivity than those with
octahedral one, but there are exceptions. Thus, at 95 °C one of the
highest values is for [BMIM]; Mn(SCN)s, while one of the lowest
values is for [BMIM], Co(SCN),, very similar than A for [BMIM];
Fe(SCN)s. Note also that the molar conductivity of the reference
sample is very small compared with its very high ionic conductivity
value. Again, we observe that the A values obtained do not show a
clear trend with the metallic ionic radii, electrical charge, surface
charge density or electrical potential of the metal ion given in
Table 1 (where we include data for A at 25 °C and 75 °C for an easy
comparation). Temperature dependence of this property follows
also the VTF and Litovitz equations, as already published for other
ionic liquids [31]. The corresponding curves obtained are shown
in Fig. 3 for VTF and in Figure S2 for Litovitz plots, while the best
fitting parameters for both models appear in Table S3.

3.3. Viscosity

Dynamic viscosity of four [BMIM] metal thiocyanates, those
with Al, Cr, Hg or Zn, and that of the reference sample, have been
measured covering a temperature range of 90 K (from 278 K to
368 K). Results are plotted in Fig. 4 while the data measured appear
in Table S4 in Supporting Information. Viscosity value varies
greatly between the two different adduct configurations, thus the
two compounds with the octahedral configuration measured are
more than 10 times more viscous than those with the tetrahedral
one.

As expected, the reference sample has the lowest viscosity.
Temperature dependence of viscosity follows a VTF relationship
given in Eq. (1) and Litovitz equation (2). In fact, both models have
been developed primarily for dynamic viscosity [26-28,30], while
later both have been used to fit all the other transport properties
for the majority of electrolytes, including ILs [29,31-34,36]. The
best fitting parameters obtained for VTF in the six samples have
not any correlation with the corresponding values obtained for k
or A, as observed in Table S5. In this case, the B,, values are much
higher than the B, ones for all the samples, but not uniformly. Also,
the value of T;; is up to 30 K lower than T, for some samples, but in
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some others both temperatures are similar. The same happens for
Litovitz B; best fitting parameters obtained. If they are compared
with those obtained from K, given in Table S3, nor the values of

B in every compound, neither the order of them in the different
ILs agree between both magnitudes.

3.4. Diffusion coefficient

Both [BMIM]* cation and (SCN)~ anion diffusion coefficient, D,
have been measured independently using '3C nucleus, since carbon
is a part of both the cation and anion. Unfortunately, some of the
compounds cannot be studied with this technique due to the para-
magnetic character of the metal, as it happens with five of our sam-
ples, namely those with Co, Ni, Mn, Fe, and Cr. Following the data
obtained for all samples measured, we would like to emphasize
that (i) only a single peak has been observed for each complex
anion, which indicates that all ions of each kind are in the same
chemical environment, and (ii) the amplitude line of anion has
shown one-exponential decay as a function of square the magnetic
field gradient, and this indicates that all anions diffuse equally. The
D values for 25 °C collected on Table 2 demonstrate that the mobil-
ity of each [M(SCN),] ¥ anion in every compound studied is lower
than the [BMIM]" cation one, while it is vice versa for the reference
sample [BMIM](SCN). This fact agrees well with the cation and
anion relative sizes given in [1] and has already been commented
in Section 3.2. Great differences among D values of the same
[BMIM]* cation in the different compounds are observed, which
is unexpected taking into account that the cation is the same and
the environment also similar, at least apparently. For the anionic
complexes the data are also unexpected, while the anionic abduct
size is similar for all the tetrahedral anions [1], its diffusion coeffi-
cient differs significantly among them.

For the two most representative compounds, [BMIM]; Al(SCN)g
and [BMIM], Hg(SCN),, the temperature dependence of the diffu-
sion coefficient has been also measured, the cation D was mea-
sured using 'H and '3C nucleus, while the anionic complex
obviously only with 3C. The data obtained are shown in Table S6
for the cation, from 'H NMR, and in Table S7 for both cation and
anion, from '>C NMR. Note that these two compounds show the
extremal values, both for viscosity as for ionic conductivity, which
do them good candidates to study and compare. In Fig. 5 we plot
the temperature dependence of diffusion coefficient for the two

10
s 1
‘s
b
2]
< o1 X [BMIM]4Mn(SCN)6 & [BMIM]3 AI(SCN)6
X [BMIM]3Cr(SCN)6  + [BMIM]3 Fe(SCN)6
[ ] [BMIM]3CU(SCN)4 (o] [BMIM]ZCO(SCN)4
[ | [BMIM]ZZn(SCN)4 ¢ [BMIM]2 Hg(SCN)4
O [BMIM](SCN) —VTF
0.01 T T
0 20 40 60 80 100
T C

Fig. 3. Semi-Arrhenius plot of the molar conductivity of the reference sample and eight different [BMIM] metal thiocyanates studied (all except that with Ni) versus

temperature with the VTF best fitting equations shown.
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Fig. 4. Dynamic viscosity versus temperature for six thiocyanate based ILs. Semi-Arrhenius plot with the VTF best fitting curves shown for each sample.

Table 2

Diffusion coefficient for some of the of the cations, Dg, and metal adducts, Dy, at 25 °C, theoretical values of molar conductivity and diffusion, Anr and Dsg, and deviation

parameters, Ay and Asg (see text for details).

Compound D102 m%s! ANE AnE Dse Ase
[BMIM]* M(SCN), S.cm?.mol ™! 102 m2s~!

[BMIM] (SCN) 16.0 39 2.07 0.37 10.3 —-0.10

[BMIM],Hg(SCN), 16.8 10.4 2.83 0.32 4.01 -0.16

[BMIM],Zn(SCN), 12.0 45 1.58 0.26 2.44 -0.05

[BMIM]5Cu(SCN), 7.5 5.9 2.84 0.63 0.894 —-0.96

[BMIM]5 Al(SCN)g 0.98 0.19 0.174 0.19 0.0665 -0.79

u(T) = 0.1 °C; u(Dp) < 2%, u(Dy) < 6%.

thiocyanate complex anions and [BMIM] cations for the two named
ILs.

As expected, diffusion coefficients increase with temperature
following also the VTF type Eq. (1) and the Litovitz equation (2)
(but now with D instead Y). The best fitting curves are plotted in
Fig. 5 for VTF and Figure S4 for Litovitz equation. Also, the best fit-
ting parameters for the two analysed compounds and the two
anions, appears in Table S8. As mentioned for the previous proper-
ties analysed, fitting parameters seems not to have any relation-

ship with those obtained from the fittings of the previous
transport magnitudes.

4. Discussion

In this section we analyse the experimental data obtained relat-
ing the three properties measured with classical physics-chemistry
models. For that, we firstly compare molar conductivity with vis-
cosity through Walden'’s rule. Then we relate molar conductivity

1000
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e

Fig. 5. Semi-Arrhenius plot of the diffusion coefficient versus temperature for the two thiocyanate complex anions (solid symbols), and the [BMIM] cations (open ones) for
the ILs [BMIM]3 AI(SCN)s (square symbols) and [BMIM], Hg(SCN), (dot ones). The VTF best fitting curves are plotted for each ion.
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with diffusion coefficient using Nernst-Einstein equation, and
finally, diffusion coefficient with fluidity (the inverse of viscosity)
using the Stokes-Einstein equation. In addition, we calculate the
interionic friction coefficient which gives information about the
mobility of the different ions. From these comparisons we propose
a theoretical model to explain all measured data and their relation-
ships based on the microscopical structure of the different ILs
studied.

4.1. Walden plot

To relate molar conductivity with viscosity we employ frac-
tional Walden’s rule [37-40],

A0 =K; log A(T)=log K+ ylog n71(T) (5)

The graphical representation of this equation is known as Wal-
den’s plot, where the slope v is related with the ratio of activation
energies of conductivity and fluidity [37]. Note that if in the VTF (or
Litovitz) fittings we obtain T, = T, and B, = —B,, (or B = —B}), then
v would or be equal to 1, and we will recover the original Walden'’s
rule, usually followed by highly diluted electrolyte solutions [37].
Walden’s plot takes as a reference the ideal line obtained from
0.01 M aqueous KCl solutions where log 4 (in S-cm?mol™!) is
equal to log #~! (in Poise™!) for all range of values. In this ideal
solution ions are fully dissociated and both anion and cation have
equal mobilities. The deviation of data obtained for any electrolyte
from the reference line of KCl is an indicator of its “degree of ion-
icity” [37-40], although that comparison of ILs behaviour with that
ideal reference line has been criticized [41], due to the very differ-
ent environment of the ions in a dilute solution relative to that in
highly concentrated media such ILs. In contrast, other authors,
through molecular dynamic simulations, have verified the validity
of Walden’s plot (and Nerst-Einstein model) to relate viscosity and
ionic conductivity [42]. In Fig. 6 we show Walden'’s plot for the six
samples where viscosity have been measured. All compounds exhi-
bit a linear behaviour with y = 0.90 + 0.04 for all except for the IL
with Cu which presents the lowest value (y = 0.83), the highest one
is that for the IL with Hg (y = 0.93), values typical of ILs [38-41].
Anyway, the linear relationship between molar conductivity and
fluidity remains, which is an indication that temperature depen-
dence of both properties is the same, as commented before. The
most intriguing fact is that all metal thiocyanates appear as supe-
rionic, i.e., its corresponding line is above the ideal KCI line. This
fact is not usual, but have been observed before in other systems
involving ILs [34,43], suggesting that other mechanisms of charge
transport appear in these ILs apart from the classical ionic
diffusion.

y=0,832x+0,5157
[BMIM](SCN) R? =0,9999
[BMIM]3 AI(SCN)6

u]
.
B [BMIM]2 Zn(SCN)4
X
.
o

[BMIM]3 Cr(SCN)6
[BMIM]2 Hg(SCN)4
[BMIM]3 Cu(SCN)4

0.5

Log A /S:¢cm?-mol!

-1.5 100 L s ]
-2,5 -1.5 -0.5 0.5 L5

Log (1/7)/ Poise!

Fig. 6. Walden'’s plot of six studied IL compounds in an Arrhenius diagram of molar
conductivity versus fluidity. Solid lines are the best fit of the corresponding series to
a straight line, while dotted line represents ideal KCI solution.
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4.2. Nernst-Einstein relation

Nernst-Einstein (NE) equation predicts that, in a diluted elec-
trolyte, the molar conductivity, Ang, is proportional to the diffusion
coefficient through the equation [44], which has been used previ-
ously to analyse data from other ILs [42,45,46]

N,
Angi = Elr}piqizDi (6)

where N, is Avogadro’s number, kg is Boltzmann’s constant, T is the
absolute temperature, p; is the number of ions i, g; is the electrical
charge of those anions and D; is its diffusion coefficient. We have
two type of ions in each compounds, named B and M respectively:
cation [BMIM]*, and metallic anionic complex [M(SCN)n] ("~
(where z is the metal cation valency, and n = 4 or 6 for, respectively,
tetrahedral or octahedral configurations). Thus, in Eq. (6): i=A or M,
pg=(n-2), gz =e, pv = 1, g = (n-z)e (being e the electron charge). Dg
and Dy, are different for each compound, being the measured values
given in Table 2 for five compounds at 25 °C, and in Table S7 for
those with Hg and Al in a broad range of temperatures. Thus, fol-
lowing Kohlrausch’s law, derived from Nerst-Einstein model, we
can calculate the molar conductivity of the samples, by adding
the contributions of the two ions

NAEZ

=T [(n—2)Ds + (n — 2Dy (7)

We have calculated this theoretical Ayg using our measured
values of Dg and D), given in Table 2, where we have included
the obtained Apg values. Results obtained for the theoretical molar
conductivity are higher than those experimentally measured, given
in Table 2. This is usual for concentrated electrolytes, the NE equa-
tion was derived for noninteracting ions, as in an infinitely dilute
electrolyte solution [44], where Eq. (7) is exact. Actually, mass,
charge, momentum, and energy transport processes in ILs involve
correlated collisions, caging, and vortex motions, as in any other
dense electrolyte. Due to that, it has been defined the Nernst-Ein-
stein deviation parameter Ayg [45-47],

A = Ane(1 — Ang) (8)

Ang is related to differences in cross-correlations of ionic velocities
and it is usually positive. Harris [45] has provided a clear treatment
of the statistical mechanical basis for Ang, and gives a summary of
experimental values for a range of ionic liquids. He found that
Ang is typically a weak function of temperature and pressure, but
does vary with the size and nature of the ions [48]. We have
obtained the Apng value for the compounds studied here at 25 °C,
being the results summarized in Table 2. As observed, all values
are positive, ranging from 0.19 for the sample with Al up to 0.63
for that with Cu. Note that Hg and Zn compounds presents a similar
value of parameter Ayg, in accordance with Walden'’s plot, where
both ILs show nearly identical curves. To observe the variation of
Ang With temperature, we use the D data from Table S7 to obtain
Ang. In Fig. 7 we show the molar conductivity data measured exper-
imentally, A, and Apg calculated with Egs. (6)-(8) versus tempera-
ture. We have used in Eq. (8) the average value of Apg at all
temperatures, being higher than those for 25 °C (thus, we used
Ane = 0.30 for the IL with Hg and Ang = 0.26 for that with Al). As
observed in Fig. 7, the temperature dependence is the same for both
sets of data in each sample, and the differences are within the
experimental uncertainties reported. This fact demonstrates that
molar conductivity and diffusion coefficient presents the same tem-
perature dependence for this family of ILs, at least in the tempera-
ture interval analysed.

In addition, we have calculated directly the values of Apg in
function of temperature for these two thiocyanate ILs. Results
obtained appear in Table S6 and plots of the data in Fig. S5, both
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Fig. 7. Experimental molar conductivities, solid symbols, and calculated from Eqs.
(6)-(8), open ones, for [BMIM], Hg(SCN), (dot symbols) and [BMIM]3 Al(SCN)g
(square symbols) versus temperature.

in Supporting Information. As observed, value of this parameter is
low at 0 °C for the compound with Hg, and it increases to about
0.35 at 40 °C, while above it is not dependent of temperature. With
the IL with Al, we obtain a minimum in Ay at about 15 °C, and
then it increases up to values of 0.35 at 80 °C, at the highest tem-
peratures studied the value of Ayg is equal for both compounds. So,
we partially verify the low temperature dependence of this param-
eter as in [48], only for the sample with Hg and above 40 °C. Below
that temperature Ayg decreases at rates higher than 0.01 per K. The
sample with Al does not present any plateau for Ayg in the temper-
ature interval studied, but its value seems to be constant above
80 °C.

4.3. Stokes-Einstein equation

We can relate the viscosity and diffusion coefficient through the
Stokes-Einstein (SE) equation, which reads, for spherical ions [44]
kT
" 67NR; (3)

D;

If written in logarithmic form, and taking into account that in
real concentrated electrolytes D o T/n?!, the modified SE equation
reads

Ln{?} = Ln{JTBRi} +t- Ln{%} (10)

where the factor t was introduced to correlate the theoretical
expression with the experimental measurement in concentrate
electrolytes as ILs (its meaning is equivalent to v in Eq. (5)) [45].
In Fig. 8 we show this equation for [BMIM], Hg(SCN),. We have
taken as Dg for each of the two [BMIM]" cations from 'H and '3C
NMR, and Dy, for the Hg(SCN)3~ anionic metallic complex, both with
13C NMR spectra.

When plotting equation (10), as shown in Fig. 8, we observe a
linear relationship between Ln{®/7} and Ln{/n} for the two diffu-
sion coefficients measured, Dy (taken from '>C spectra) and Dy,.
From the linear fit we observe that t = 0.97 for the cation and
t = 0.94 for the anion, very near the ideal case with t = 1. The slopes
from the Walden plot and from SE equation must be equal in
absence of ion association [40], as mentioned above, y for this com-
pound is 0.93, very similar to that of the anionic complex. From the
linear fit parameters obtained, we can calculate the hydrodynamic
radio, R, of each compound, obtaining: 0.14 nm for the cation,
1.9 nm for the anionic complex and 3.3 nm for both ions together.
These values are less than half than those obtained from volumetry
presented before [1], but difference is obvious because in the pre-
vious calculus we took into account the empty space among ions,
while here we have only the mobile entities.
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Fig. 8. Natural logarithm of diffusion constant divided by temperature versus that
of fluidity for [BMIM], Hg(SCN), from 278 K to 348 K. Square symbols represent
cations, Dg, and dot symbols the anionic complexes, Dy,. The best fit of a straight line
is shown. International System of Units has been used for all magnitudes.

We can define a theoretical SE diffusion constant, which would
represent the average of both cations and anions,

ksT

- 67mnr (1)

SE
where we will use as IL effective molecular radio, r, that obtained
from molar volume, calculated for these ILs in Ref. [1], which are
56.8 nm for the Hg compound and 64.4 nm for the Al one. Results
obtained are included in Table 2, where we observe that are nega-
tive, indicating that Dsg values are lower than those measured, both
for the cation and for the anionic complex. If we define a SE devia-
tion parameter in analogy to Eq. (8), Asg, we can calculate the
decoupling parameter for diffusion,

DIL = DSE(l — ASE) (12)

To use this equation, we need a Dy for the given compound
comprising both anions. Using Fick’s law and its analogy with the
thermal equation [44,45], and assuming that [BMIM]" cation
moves independently each other, while metallic anion moves as
one entity, and that we have a parallel current of anions and
cations, we can estimate this last quantity, Dy; as,
1 n-z . 1
DIL DB DM

Obtained Asg parameter for the two analysed compounds is
negative, which indicates that SE model underestimates the real
value. Values are included in Table 2 at 25 °C, ranging from
—0.05 for the sample with Zn, —0.10 for the reference sample up
to —0.96 for the sample with Cu. In addition, we have calculated
the temperature dependence of this deviation parameter for the
samples with Al and Hg (where we have data of n and D vs. tem-
perature). Results are included in Table S6 and data plotted in Fig-
ure S6, both in the Supporting Information section. As can be seen,
while for the compound with Hg, the absolute value of Agg is lower
than 0.15, with a minimum at about 50 °C. In the case of the com-
pound with Al, Ag is about —1 at 0 °C and its absolute value
decreases monotonically with increasing temperature up to —0.3
at 90 °C.

(13)

4.4. Laity’s interionic friction coefficients

From the experimental data measured, we can obtain a new
property, called interionic friction coefficient, r, which is related
to the total force per unit concentration of j that must be exerted
on each mole of species i in order to maintain unit velocity of i rel-
ative to j [49]. Its inverse will be related with the conductivity of
each ion in presence of the others of the same sign r.. or r_, or dif-
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ferent sign r,. (due to reciprocity, r.. = r_,). This magnitude has not
been widely used, but it has been applied by other authors to study
conductivity in ionic liquids [46,50]. It reads,

1@z +2z)P
e TR (14)
1 [(z4 +z_)RT
Tev =5 {%7Lj+,} (15)
and,
1 [(z, +z_)RT
r_= . { D - z,r+,} (16)

where z, = 1e and z_ = (n-z)-e for the different compounds, F is Fara-
day’s constant, R is the gas constant and the rest of parameters have
been defined above. Note that the number of cations in the chemical
formula of any thiocyanate IL is not considered in Eqs. (14)-(16).
Using the values measured for the molar conductance, A, and diffu-
sion constant D given in Tables S1 and S3, we calculate the three
friction coefficients for all samples for which D was measured.
The values obtained for the three friction coefficients at 25 °C are
given in Table 3.

As defined, the value of r,._ is inversely proportional to A, and so
it does not give new relevant information. More interesting is the
analysis of the values of r,, or r__ because they give information
about the mobility of each ion. As expected, the r__ is much higher
than r,. except for the reference sample. This indicates again that
anion contribution to the overall conductivity is lower than that
of the cation, being the coefficient r_/r.. roughly the fraction of
charge transported by each ion, their values are included in Table 3.
Note that for [BMIM]; Cu(SCN),4 coefficient r_/r.. is around 2, the
smallest among the metal thiocyanate ILs studied, indicating that
the anion adduct has an important contribution to conductivity.
This fact could explain the so relative high values of Ay and Agg
respecting the other ILs (see Table 2). Finally, note that r_. for

Table 3
Friction coefficients for some of the ILs studied at 25 °C: between anion and cation, r..,
cation and cation, r,,, and anion and anion, r_.

Compound r;+10" in (J-s/cm®mol)
Ts. Tor T T /Tes
[BMIM] (SCN) 143 1.67 —0.16 —0.09
[BMIM],Hg(SCN), 1.43 1.51 453 3.01
[BMIM],Zn(SCN), 2.38 1.92 118 6.16
[BMIM]5Cu(SCN), 3.57 3.23 6.16 191
[BMIM];5 AI(SCN)g 27.1 249 442 17.8
Friction coefficients for Hg
26 ¢
—g ® LnHgr+-
o, 25 Ln Hg r++
g
224 |
S|
4
t
£ f &
= -
- E .\A\z\
_: 21 L 1 1 1 1 )

Ln [r+-,r++, r-- |(J's/cm2-mol)
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[BMIM](SCN) is negative, which is not unusual among molten salts
and ionic liquids. This fact would indicate ion association [48-50],
while for the other ILs it seems not to present ion pairing.

To know the temperature dependence of Laity interionic fric-
tion coefficients, we have calculated them for the samples [BMIM],
Hg(SCN), and [BMIM]; AI(SCN)e, and the data is plotted in Fig. 9. As
observed r__ is much higher than r.. or r.., which have a similar
value, indicating again that charge transport is primarily driven
by the [BMIM] cation. Note that for the sample with Hg the value
of r,. decreases faster with temperature than that of .., crossing
both values at approximately 23 °C. In Fig. 9 we plot VTF best fit-
ting curves, while in Figure S7 we plot a Litovitz plot of the same
data with the best fit of Eq. (2).

4.5. Theoretical considerations

Data obtained for transport properties for these new ILs must
not be explained using the classical models given by Nernst-
Einstein (NE) and Stokes-Einstein (SE) equations, where it is
assumed that cations and anions are completely independent each
other, moving the charge carriers in a continuous path by diffusion.
The nanostructure of the ILs, which are molten salts without sol-
vent, are in the opposite side of the diluted electrolyte described
for those models. In our case, we have the electrolyte formed by
only [BMIM]" cations and anionic metal thiocyanate adducts [M
(SCN)n] ™2 (being n the number of thiocyanate anions in the
complex and z the metal valency). Both entities are more or less
bonded by intraionic forces depending on the compound. Although
the three transport properties measured (ionic conductivity, vis-
cosity and diffusion constant) follow the relationships given by
the NE and SE models (with the corresponding deviation parame-
ter Asg and Apg). This fact indicates that the three properties are
related among them somehow, apart from following the same tem-
perature behaviour (VTF equation (1) and Litovitz equation (2)).

To explain the data obtained, we will use the recently devel-
oped pseudolattice model for conduction in electrolytes [51,52].
It is valid in all range of concentrations, up to saturated electrolytes
and so suitable for ILs. This theoretical model propose that ions
move using a hopping mechanism through a pseudo-lattice net
formed by anions and cations. Thus, each ion simply hops from
an ionic aggregate to an adjacent one, being confined there for a
given time. This hopping mechanism, similar to the Grotthuss
one for protons, would be also the origin of the diffusion constant
measured, and it must also be related with fluidity, where move-
ment of each individual ion would be by hops instead by a contin-
uous diffusive mechanism. Hopping mechanisms of charge and
mass transport, completely different than for classical models,
could also explain the apparent superionic behaviour of the stud-

Friction coefficients for Al
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Fig. 9. Semi-Arrhenius plot of the temperature dependence of Laity interionic friction coefficients, where solid symbols correspond to r_, open symbols to ... while doted ones
to r... At left for [BMIM], Hg(SCN), (dot symbols) and at right for [BMIM]; Al(SCN)s (square symbols). with the VTF best fitting equations shown.
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ied ILs, including all conducting ionogels (which present ionic con-
ductivity but no fluidity) [43,53]. This Grotthuss-like ion hopping
mechanism of conduction has been already proposed to explain
transport data measured in some ILs and semisolid conductors
[33,34,53]. It could be the clue to develop a theoretical model cap-
able of explaining observed transport properties with hopping
mechanism in a pseudo-lattice model, which is one of our aims.

If we compare the properties measured for the studied novel
ILs, we observe that the mobility of cations and thiocyanate metal
complexes studied for the three transport properties is coherent
for each IL, but they are very different among the compounds.
The metal cation nature seems not to explain the results measured,
due to the lack of periodicity of these with the mass, size, ionic sur-
face charge or electrical potential at the surface of the different
metal atoms, as observed in Table 2. In contrast, it is observed that
values measured order scale with the first row of transition metals
in the periodic table (except for the magnetic nuclei as Fe or Ni),
which implies that the electronic quantum configuration of the
metal nuclei affect the stability of the adduct formed, which is
related with the bonding strength between thiocyanate anions
and metal cations in every IL. Thus, although tetrahedral configura-
tion has in general highest values of molar conductivity, fluidity
and diffusion constant than octahedral ones, this fact does not hap-
pen in all cases. In addition, due to the size and weight of the metal
thiocyanate adducts, it would be expected to have very low diffu-
sion constant compared to that of [BMIM]" cation, it is the case,
having higher value D for the cation than for the anion (except
for the reference sample because here cation is greater than anion).
The calculation of interionic friction coefficient will emphaticise
this fact, observing that for both extremal compounds analysed,
friction among anions is much higher than that among cations,
which reinforce the idea that are majority cations the responsible
for charge transport through a hopping mechanism in a pseudolat-
tice ionic network.

5. Conclusions

We have measured three transport properties in a set of 10
ionic liquid compounds, being majority of data never published
before at our knowledge, in a wide temperature range: ionic (or
electrical) conductivity, «, viscosity, #, and diffusion coefficient,
D. The ILs studied are based in the popular 1-butyl-3-methyl imi-
dazolium cation, [BMIM]", with a metal thiocyanate complex
anion. Apart from the reference sample, [BMIM](SCN), we have
measured ionic conductivity in metallic thiocyanates with Al,
Mn, Fe, Cr, Ni, Hg, Zn, Co and Cu as metal cations, while viscosity
was measured in five of them and diffusion coefficient in five com-
pounds also. The formed adducts between the metal cation and the
(SCN) anions form octahedral (for the 5 first metals) or tetrahedral
(for the last four) configurations. Values obtained for the three
properties measured exhibit differences of more than one order
of magnitude among the different compounds. By using density
data published for these compounds, we calculated the molar con-
ductivity, A. The three transport properties have a Vogel-Tamman-
Fulcher and Litovitz’s 1/T> exponential temperature behaviour, and
the best fits are included. Also, the three have been compared in
pairs employing classical theoretical models: Walden'’s rule (for
A and m), Stokes-Einstein (for # and D), Nerst-Einstein (for A
and D) and we have extracted interionic friction coefficient of both
anions for two selected samples. A great coherence among the
three properties for each of the different samples was found, being
the three models (modified for saturated electrolytes) followed by
the data for each sample. We explain qualitatively the evidences
obtained using a pseudo-lattice model, which implies an ionic
movement by a Grotthuss-like hopping mechanism of ions, instead

10
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the classical diffusion one. Finally, we find that values measured
scale with the first row of transition metals in the periodic table
(except for the magnetic nuclei as Fe or Ni), which implies that
the electronic quantum configuration of the metal nuclei affects
the stability of the adduct formed, which is related with the bond-
ing strength between anions and cations in every IL.
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