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Abstract

The temperature dependence of the density, dynamic viscosity and ionic conductivity of
several deep eutectic solvents (DESs) containing ammonium-based salts and hydrogen
bond donvnors (polyol type) are investigated. The temperature-dependent electrolyte vis-
cosity as a function of molar conductivity is correlated by means of Walden’s rule. The oxi-
dation of ferrocene (Fc/Fc™) and reduction of cobaltocenium (Cc*/Cc) at different
temperatures are studied by cyclic voltammetry and potential-step chronoamperometry in
DESs. For most DESs, chronoamperometric transients are demonstrated to fit an Arrhe-
nius-type relation to give activation energies for the diffusion of redox couples at different
temperatures. The temperature dependence of the measured conductivities of DES1 and
DES2 are better correlated with the Vogel-Tamman-Fulcher equation. The kinetics of the
Fc/Fc*™ and Cc*/Cc electrochemical systems have been investigated over a temperature
range from 298 to 338 K. The heterogeneous electron transfer rate constant is then calcu-
lated at different temperatures by means of a logarithmic analysis. The glycerol-based
DES (DES5) appears suitable for further testing in electrochemical energy storage
devices.

Introduction

In the probe for new types of green solvents, deep eutectic solvents (DESs) as alternative
media to ionic liquids (ILs), have received recent attention [1-3]. DESs share many notable
properties of conventional ILs such as inherent conductivity, negligible vapor pressure,
wide electrochemical potential windows, high thermal stability, non-flammability and
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outstanding solvation potential [4-6]. When their constituents are chosen wisely, DESs are
environmentally friendly, biodegradable, and non-toxic. In addition, DESs can be prepared
simply at low cost [7-9]. A variety of practical industrial applications of DESs have already
been reported, e.g., as solvents for electrodeposition [10-12], catalysts or solvents for a range
of chemical and enzymatic reactions [13,14], solvents for extractions [15-17] and co-solvents
in inorganic[18] and organic [19,20] syntheses, as well as in bio-catalysis [21-23]. The most
common form of DESs are those composed of quaternary salts (ammonium or phospho-
nium) with an organic compound (such as an alcohol, acid, amine or amide) which is a
hydrogen bond donor (HBD) able to form a bond with the anion of the salt. Some DESs also
consist of metal halides or hydrated halides that form a complex with ammonium or phos-
phonium salts. DESs melt and freeze at lower temperatures than the constituting compo-
nents [24-29].

Ferrocene/ferrocenium (Fc/Fc") or cobaltocenium/cobaltocene (Cc*/Cc) redox couples—
common metallocenes—are reversible in most non-aqueous solutions and have been investi-
gated as candidates for internal references in various ILs [30-34]. Quasi-reference electrodes
(QREs) with electrochemically reversible couples, such as Fc/Fc* or Cc*/Cc have also been
used for the development of reference potential scales in ILs [35,36]. The electrochemical oxi-
dation of ferrocene to the mono-cation ferrocenium, has been investigated in numerous
organic solvents at different temperatures. Crooks and Bard [37] measured electrochemical
parameters of the Fc¢/Fc™ in acetonitrile at a temperature range of 298 to 573 K, including
supercritical conditions. Tsierkezos [38] investigated the voltammetric behavior of the Fc/Fc*
couple over a range of temperatures in eight different organic solvents. Wang et al. [39] used
voltammetric data to infer diffusion coefficients of both Fc and Fc" as a function of tempera-
ture in acetonitrile systems. Despite all this, there are few reports on the diffusions and kinetics
for the Fc/Fc* couple in ILs. Rogers et al. [33] examined in detail the voltammetry of the Fc/Fc*
and Cc"/Cc couples over a wide range of temperatures and concentrations in several ILs. Mat-
sumiya et al. [40] studied the temperature dependencies of the diffusion coefficients and rate
kinetics of Fc/Fc™ in the quaternary ammonium cation and bis(trifluoromethanesulfone) imide
anion type ionic liquid using an /I reference electrode. Weaver et al. [41] investigated the
electrochemistry of ferrocene-functionalized phosphonium ILs at a temperature range of 289
to 353 K. Compton et al. [42] reported that the diffusion coefficients of Fc in a pure IL is more
temperature dependent than that observed in a CO,-saturated IL, therefore the activation
energy of diffusion of Fc in the IL was approximately halved when the liquid was saturated
with CO,. There was concern, however, regarding the fact that the Fc/Fc™ process displayed
irregular electrochemical behavior in some ILs at different temperatures [42]. In fact, Guo et al.
[43] reported that Fc molecules could diffuse faster even at lower temperatures if ILs were satu-
rated with CO, at elevated pressures beyond approximately 3 MPa. Taylor et al. [44] deter-
mined the diffusion coefficients for Fc derivates in five ILs as a function of temperature and the
data revealed a disobedience to the Stokes-Einstein equation. However, no systematic study is
available on the effects of varying temperatures on the Fc/Fc* oxidation and Cc*/Cc reduction
processes in DESs.

A DES performs the dual role of electrolyte and solvent and hence represents a different
kind of medium for electrochemical applications. Herein, we report electrochemical data
obtained by means of cyclic voltammetry and chronoamperometry using DESs based on qua-
ternary ammonium salts and polyol hydrogen bond donors over a range of temperatures.
Also the effect of temperature on the physicochemical properties of the studied DESs is
examined.
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Materials and Method
Preparation and characterization of DESs

In this work, 6 DESs based on two ammonium salts were prepared. Choline chloride
(CsH,4CINO) and N,N-diethylenethanol ammonium chloride (C¢H;sCINO) as quaternary
ammonium salts as well as triethylene glycol (CsH140,4), glycerol (C3HgO3) and ethylene glycol
(C,HO5) as hydrogen bond donors were obtained from Merck Chemicals (Germany) with
high purity (> 98%) and were used as-received. All starting chemicals were stored in an inert
glove box (Innovative Technology, Pure LabHE, USA) purged with argon (oxygen-free). The
water mass fraction of the chemicals (as per the manufacturer's guide) was < 107%. Table 1
lists the DESs studied in the present work. The DESs were formed according to the preparation
method described earlier [8-11]. In brief, two components were mixed in the argon-filled glove
box (having oxygen and water contents lower than 1 ppm), in the proportions indicated in
Table 1, at 348 K, 300 rpm agitation and atmospheric pressure until a homogeneous, colorless
liquid formed. The time of the mixing process was about 3-5 h. The densities of the synthesized
DESs at various temperatures were determined using a DMA 4100 Density Meter (Anton Paar,
Austria) with three replicates for each reading (having an uncertainty of + 0.00008 gecm ™).
The density of water (degassed and distilled) was measured at 298 K and compared with the
corresponding values in density tables, to adjust the density meter for accuracy. The results
exhibited a difference of + 0.00005 gecm > which showed good accuracy.

The viscosities of the DESs were obtained by averaging at least three to five measurements,
using a Brookfield DV-II + Pro EXTRA instrument. The uncertainty in viscosity measure-
ments did not exceed +1% of the measured values in this study. The conductivities were deter-
mined using a DZS-708 Multi-parameter analyzer, which was calibrated using a 0.001 M
standard solution of KCI (Merck).

Electrochemical measurements

The electrochemical experiments of all Fc and Cc" solutions were studied in a standard three-
compartment glass cell, consisting of a 3 mm diameter Glassy Carbon (GC) or 20 pm diameter
platinum working electrode, while Ag wire (pre-treated as described in the literature) [45] and
Pt. wire were used as the quasi-reference and counter electrodes, respectively. Working

Table 1. Physicochemical properties of polyol-based DESs.

DESs Formulae Molar M, (9 p(g n(mPas) o(mS
ratio mol™) cm3) cm™)

Salt HBD?

DES1 CsH4CINO(Choline chloride) CgH1404(Triethylene 1:3 147.52 1.28 164 1.78

glycol)

DES2 CsH14CINO(Choline chloride) C3HgOs(Glycerol) 1:2 107.93 1.19 322P 0.65°

DES3 CsH14CINO(Choline chloride) C,HgOo(Ethylene glycol)  1:2 87.92 1.11 66 ° 5.26°

DES4 (C,Hs)oNCH,CH,OH.HCI (N,N-diethylenethanol CgH1404(Triethylene 1:3 151.03 1.25 229 1.24
ammonium chloride) glycol)

DES5 (C,Hs5)2NCH>CH>OH.HCI (N,N-diethylenethanol C3HgOg3(Glycerol) 1:2 112.60 1.17 577° 0.25°
ammonium chloride)

DES6 (C,Hs)oNCH,CH,OH.HCI (N,N-diethylenethanol C,HgO(Ethylene glycol) 1:2 92.59 1.10 58° 572"

ammonium chloride)

#HBD = Hydrogen Bond Donor

Pdata from ref. 44

doi:10.1371/journal.pone.0144235.t001
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electrodes were carefully polished with 0.3 um alumina paste (Wirth Buehler) and ultrasoni-
cally rinsed in acetone. All electrochemical measurements were carried out using a computer-
controlled i-Autolab potentiostat (PGSTAT302N). A Faraday cage was also employed to mini-
mize electrochemical noise, which in turn was placed in the argon-filled glove box. The anodic
and cathodic limits of each DES were arbitrarily specified as the potential at which the current
density reached higher than 0.2 mA cm™.

Results and Discussion
Synthesis and physicochemical properties of DESs

DESs prepared by mixing two different quaternary ammonium salts with different polyol
HBDs (that have the ability to form a complex with the halide anions of the quaternary ammo-
nium salts) [45] and their fundamental physicochemical properties including density, viscosity
and conductivity were examined. The results are reported in Table 1.

The densities of DESs were measured over the temperature range of 298 to 368 K at atmo-
spheric pressure. The difference in density could be attributed to a different molecular arrange-
ment or packing of the DES. For the DESs, the density was found to decrease linearly with
temperature as shown in Fig 1. Such results would be expected since, as temperature increases,
substances (at constant pressure) become less dense due to thermal expansion. The density val-
ues were compared to those reported in the literature [46-48] and found to be in good agree-
ment. The following equation fits the experimental data for the densities (p) of the DESs very
well over the entire temperature range:

p=AT+B (1)

Where T is the absolute temperature while A and B are empirical constants that depend on the
type of DES. As displayed in Table 1, DESI has a higher density than its other counter parts
due to a higher intermolecular packing of the compound’s denser structure. The density of eth-
ylene glycol based DESs were found to be slightly less than those of other polyol-based
counterparts.

The viscosity is a very important parameter in electrochemical studies due to its strong
effect on the rate of mass transport within the solution. It significantly influences the diffusion
of species, which are dissolved or dispersed in an ionic liquid. The viscosity can be influenced
by various parameters such as the relative capacity to form hydrogen bonds, anionic species,
size, higher alkalinity, van der Waals forces and cation size [49]. The viscosity is generally
affected by the interaction of the salt with the HBD, and their ability to coordinate. Fig 2(a)
indicates that, as the temperature increases from 298 to 368 K, the viscosity of the DESs
decrease due to the higher mobility of ions. DESs with the glycerol HBD exhibits higher viscos-
ities than other polyol based DESs, resulting in lower conductivities. Moreover, choline chlo-
ride based DESs [50] show lower viscosities in comparison to diethylenethanol ammonium
chloride based DESs, and the value at 298 K follows the order: DES5 > DES2 > DES4 >
DES1 > DES3 > DES6.

The temperature dependency of the viscosity (1) for the DESs and the profiles are fitted to
the Arrhenius equation (Eq (2)), which describes the temperature dependence for non-associ-
ating electrolytes [51], as depicted in Fig 2(b).

Inp=1 E, (2)
nn =lnn +RT

Where T is the temperature in Kelvin, 7 is the viscosity, E,, is the activation energy, 17y is a con-
stant and R is the universal gas constant. The value of E,, 17y and sums of square errors are
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Fig 1. Dependence of densities (p) on temperature for polyol based DESs.

doi:10.1371/journal.pone.0144235.g001

tabulated in Table 2. The regression correlation coefficients have values higher than 0.99 show-
ing a reasonably good fit.

Fig 3(a) illustrates the temperature dependence of ionic conductivity (the most important
property of electrolyte materials) for the DESs. Conductivity of DESs generally increase signifi-
cantly as the temperature rises due to the ions moving faster at higher temperatures as a conse-
quence of lower viscosities (of the neat DESs). The conductivity of the salts—ethylene glycol
DESs (DES3, DES6)-show higher values in comparison to other polyol based DESs. Consider-
ing the hole theory for transport in molten salts, an Arrhenius equation (Eq (3)) was obtained
for the temperature-dependence of the electrical conductivity (o), which can be written as
[52,53]:

E
Ino =Ino,+-= 3
Where T is the absolute temperature, 0, is a constant and E, is the activation energy for con-
duction. Consequently, from Eq (3), E,, 0, and sums of square errors are tabulated in Table 2.
Fig 3(b) reveals that in the case of the studied DESs, a linear relationship exists between T"' and
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Table 2. Regression Parameters for viscosity and conductivity of polyol-based DESs.

DESs no/ mPa s
DES1 1.85
DES2 2.59
DES3 4.47
DES4 1.08
DES5 2.80
DES6 5.69

SS = Sum of Squares

doi:10.1371/journal.pone.0144235.1002

E,/ kJ mol™ SSE, o,/mS cm™ E ,/kJ mol™ SSE,
20.68 0.036 10.02 23.97 0.068
22.55 0.066 15.44 38.48 0.197
20.46 0.035 10.56 21.61 0.097
21.30 0.028 11.13 25.70 0.102
23.96 0.034 16.03 40.72 0.160
19.00 0.054 8.88 17.52 0.046

In o except DESI and DES2, as predicted by the Arrhenius equation. The relation between In
(0) and 1/T are well explained by a linear model with a correlation coefficient, R?, of more than
0.99 which indicates that the variation of electrical conductivity with temperature follows an
Arrhenius model. However, the curvature of In(o) as a function of (1/7) in Fig 3(b), for DES1
and DES2 exhibit non-linear trends. Hence, for these two particular DESs, the Vogel-Tam-
man-Fulcher (VTF) was used to determine the temperature dependence of conductivity
according to the following equation [54]:

_B(7
o=y exp| s (4)
0

Where 0y, Ty and B, are fitting parameters. In Fig 3(c), the variation of In (o) versus 1/(T-T)) is
plotted. The best fit values for o, (mS cm™), B, (K) and T, (K) are given in Table 3. T} is sup-
posed to have a close relationship with glass-transition temperature, and ¢, and B, are usually
associated with several carrier ions and activation energies, respectively [55].

From the measured ionic conductivity ¢ (S m™), the values of the molar conductivity A (m?
S mol ') were calculated using A = (M o) /p, where M and p are the respective equivalent
weight and density of the DES. Solvent-free ionic liquids usually can be well illustrated by cor-
relating the molar conductivity with temperature-dependent fluidity according to the modified
Walden’s rule [56] using a qualitative approach [57]:

Ayt=C (5)

Where a is the slope of the line in the Walden plot, which reflects decoupling of the ions, and C
(Walden product) is a temperature-dependent constant. This scheme is specifically appropriate
in ILs [57], because it is a useful measure for examining ion pairing in electrolytes, and supplies
the basis for comprehending the relationship between conductivity and viscosity. Fig 4 shows
the Walden plot {In(equivalent conductivity} versus In{1/n)} over a temperature range of 298-
368 K. The position of the ideal line is established using dilute aqueous KCl solutions in Fig 4,
in which the system is known to be fully dissociated and to have ions of equal mobility. All
DESs lie below the “ideal” Walden line. The deviations of the Walden plot of these DESs from
the ideal line show an increased electrostatic interaction between the ammonium salts and the
hydrogen bond donors.

Electrochemical stability

The electrochemical stability is one of the most important characteristics to be identified for
electrolytes and solvents used in electrochemical applications. Electrochemical stability is
dependent on the type of electrodes, the measurement situation, and the references employed.
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Table 3. The VTF equation parameters of the ionic conductivity for DES1 and DES2.

DESs T/ K 0,/mS cm™ B, /(K) R?®
DES1 232 78 249 0.9994
DES2 212 435 557 0.9987

2 Correlation Coefficient

doi:10.1371/journal.pone.0144235.t003

The arbitrary current cut-off used to define the onset of redox processes (typically between 0.1
and 1.0 mA cm™) may not be strictly electrochemically determined. This difficulty is further
combined in the case of ILs due to their sensitivity to air, water, and other impurities [58]. The
cathodic stability of DESs is mainly determined by the potential at which the reduction of the
cations (salts) takes place, while the anodic stability is measured where oxidation of the anions
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Fig 4. Walden plots for the polyol based DESs, where A is the molar conductivity and ™" is the fluidity. The dotted line indicates the data for a dilute
aqueous KCl solution to fix the position of the ideal Walden line.

doi:10.1371/journal.pone.0144235.9004
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(HBDs) is expected to occur. For particular applications (e.g., super-capacitors), it is the overall
potential window that matters, while in other applications, the actual anodic and cathodic lim-
its associated to some reference is the restricting factor. The limiting reduction and oxidation
potentials of the DESs are analyzed by performing cyclic voltammetry using a GC working
electrode and a Pt. microelectrode at ambient temperature and at a scan rate of 0.1 Vs™', as
shown in Fig 5(a) and 5(b) where the limiting current density reaches 0.2 mA cm ™%

The potential window of studied DESs, determined from the difference in potentials, is
found to be similar on the GC electrode vs. Ag/AgQRE and has a wider potential range as com-
pared to previously tested DESs [59]. In addition, the cathodic potential on the Pt. electrode
(Fig 5a) is observed to decrease for the DESs in the order of DES1 >DES2 >DES3 when using
the choline chloride salt. However, for DESs made with the diethylenethanol ammonium chlo-
ride salt the cathodic potential values are similar. Such variations are not seen for the anodic
potential [45].

Temperature dependence of the voltammetric data for Fc/Fc™ and Cc™/
Ccin DESs

Initially, in order to compare electrochemical parameters obtained in DESs as a function of
temperature, it is essential to use either a reference electrode of a familiar potential against a
standard reference electrode, or refer all data to a procedure whose reversible potential is pre-
sumed to be independent of the DESs. The oxidation of Fc is prevalently used to provide an
internal potential scale standard in voltammetric studies [30-33]. Bond et al. have demon-
strated that the reduction of Cc* provides a broadly practical reference scale in both ILs and
organic solvents [60,61]. In these DESs, Fc and Cc” exhibit a reversible one-electron process.

[Fe(CsH;),] < [FC(C5H5>2]+ te (6)

[CO(C5H5)2]+ +e & [Co(C,H;),| (7)

Figs 6(a) and 7(a) indicate typical cyclic voltammograms for oxidation of Fc and reduction
of Cc* in DESI, respectively, which were obtained from individually prepared 10 mM solutions
in the temperature range of 298-348 K. The voltammetric data of Fc and Cc" is summarized in
Table 4. Fc and Cc" exhibited reversible reactions in all of the investigated DESs [45]. The
anodic and cathodic peak currents had increased substantially with increasing temperature for
oxidation of Fc and reduction of Cc”, respectively {Figs 6(a) and 7(a)}. The peak potential sepa-
ration (AE,) was found to be in the range between 0.064-0.103 V for Fc and 0.073-0.103 V for
Cc" (Table 4). It was observed in all cases that AE, decreased with increasing temperature and
this at least partly reflected the faster electron kinetics. For DESs, the AE,, was found to be
higher than the theoretical value (AE, = 0.059 V), attributing to the effect of either slow hetero-
geneous electron transfer kinetics or the enhanced impact of Ohmic drop as was previously
described by other researchers [32,34,36,41]. Reversible kinetics was assumed for both Fc and
Cc" following a similar presumption from work reported in the literature [38,40,62]. In addi-
tion, the half wave potential (E;,,) of the redox couples (vs. Ag/AgQRE) was determined
according to the following equation

AE
E1/2 =E, — 7‘0 (8)

Significant drifts in potential were initially observed for the AgQRE wire dipped directly in
DESs, including electroactive compounds. However, separation of the Ag wire immersed in
DESs from the bulk solution by means of a glass frit reduced this effect. The E;, data increased

PLOS ONE | DOI:10.1371/journal.pone.0144235 December 7,2015 10/21
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10

arying temperatures of: (i) 298 K, (ii) 308 K, (iii) 318 K, (iv) 328 K, (v)
easured on the same system across the Cc*/Cc at temperatures of 298,
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Fig 7. Cyclic voltammetry for the oxidation of Fc in polyol-based DESs at varying temperatures of: (i) 298 K, (ii) 308 K, (iii) 318 K, (iv) 328 K and (v)
338 K, at 100 mV s™. (b) Double potential step chronoamperometry measured on the same system across the Fc/Fc* at temperatures of 298, 308, 318 and
338 K.

doi:10.1371/journal.pone.0144235.9007
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Table 4. The electrochemical characteristics for Fc/Fc* and Cc*/Cc with different operating temperature.
DESs T/K Fc/Fc* Cc*/Cc

joalmAcm?  j,./mAcm? E, N E,/N AE,N EnN  ja/mAcm?  j,JmAem? E,.N E,c/N AE,N EplV

DES1 298 0.012 -0.009 0.401  0.300 0.101 0.350 0.089 -0.104 -0.659 -0.759 0.100 -0.709
308 0.017 -0.012 0.375 0.282 0.093 0.328 0.097 -0.129 -0.659 -0.758 0.099 -0.708
318 0.021 -0.015 0.360 0.275 0.085 0.317 0.107 -0.154 -0.649 -0.749 0.100 -0.699
328 0.025 -0.016 0.350 0.269 0.081 0.309 0.136 -0.201 -0.639 -0.738 0.099 -0.688
338 0.028 -0.018 0.341 0.265 0.076 0.303 0.145 -0.232 -0.619 -0.718 0.099 -0.668
DES2 298 0.029 -0.021 0.413 0.332 0.081 0.372 0.126 -0.143 -0.628 -0.723 0.095 -0.675
308 0.035 -0.022 0.402 0.322 0.080 0.362 0.132 -0.162 -0.618 -0.710 0.092 -0.664
318 0.040 -0.024 0.389 0.314 0.075 0.351 0.140 -0.187 -0.599 -0.685 0.086 -0.642
328 0.043 -0.025 0.380 0.306 0.074 0.343 0.148 -0.231 -0.587 -0.666 0.079 -0.626
338 0.047 -0.027 0.372  0.301 0.071 0.336 0.156 -0.259 -0.581 -0.654 0.073 -0.617
DES3 298 0.089 -0.075 0.425 0.322 0.103 0.373 0.079 -0.086 -0.672 -0.765 0.093 -0.718
308 0.093 -0.076 0.417 0.321 0.096 0.369 0.087 -0.097 -0.665 -0.757 0.092 -0.711
318 0.98 -0.079 0.411  0.319 0.092 0.365 0.096 -0.126 -0.654 -0.746 0.092 -0.700
328 0.104 -0.083 0.400 0.314 0.086 0.357 0.111 -0.147 -0.643 -0.732 0.089 -0.687
338 0.111 -0.086 0.388 0.306 0.082 0.347 0.124 -0.162 -0.631 -0.717 0.086 -0.674
DES4 298 0.021 -0.016 0.418 0.320 0.098 0.369 0.142 -0.171 -0.636 -0.738 0.102  -0.687
308 0.026 -0.019 0.411 0.318 0.093 0.380 0.148 -0.183 -0.624 -0.722 0.098 -0.673
318 0.031 -0.021 0.401 0.316 0.085 0.373 0.153 -0.192 -0.615 -0.711  0.096 -0.663
328 0.035 -0.024 0.393 0.313 0.080 0.362 0.158 -0.221 -0.602 -0.694 0.092 -0.648
338 0.038 -0.027 0.385 0.311 0.074 0.358 0.162 -0.245 -0.586 -0.673 0.087 -0.629
DES5 298 0.054 -0.045 0.421 0.334 0.087 0.377 0.107 -0.125 -0.661 -0.757 0.096 -0.709
308 0.062 -0.048 0.416 0.330 0.086 0.373 0.116 -0.138 -0.653 -0.747 0.094 -0.700
318 0.067 -0.052 0.406 0.323 0.083 0.364 0.124 -0.159 -0.642 -0.732 0.090 -0.687
328 0.075 -0.055 0.395 0.313 0.082 0.354 0.132 -0.182 -0.633 -0.717 0.084 -0.675
338 0.081 -0.059 0.388 0.309 0.079 0.348 0.141 -0.218 -0.618 -0.698 0.080 -0.658
DES6 298 0.064 0.059 0.434 0.345 0.089 0.389 0.091 -0.118 -0.652 -0.7563 0.101  -0.702
308 0.071 0.061 0.421  0.339 0.082 0.380 0.096 -0.129 -0.648 -0.746 0.098 -0.697
318 0.079 0.063 0.411  0.336 0.075 0.373 0.098 -0.138 -0.640 -0.733 0.093 -0.686
328 0.088 0.066 0.398 0.327 0.071 0.362 0.103 -0.156 -0.635 -0.725 0.090 -0.680
338 0.096 0.069 0.390 0.326 0.064 0.358 0.105 -0.188 -0.628 -0.716 0.088 -0.672

doi:10.1371/journal.pone.0144235.1004

proportionately with temperature. Moreover, the E;/, values changed significantly for different
DESs at a given temperature. It was demonstrated that E; , shifted toward more negative
potentials for the oxidation of Fc, and to more positive potentials for the reduction of Cc" in
DESs. The shift of E;/» could be illustrated by the donor-acceptor Lewis-type interactions as
discussed elsewhere [63].

Calculation of Diffusional Activation Energies for Fc and Cc*

The diffusion coefficient, D, of both the Fc/Fc™ and Cc*/Cc redox couples in DESs at different
temperatures were determined through analysis of double chronoamperometric measurements
conducted at Pt. microelectrodes. The technique was undertaken using a sample time of 0.01 s.
After pre-treatment by holding the potential at a point corresponding to zero Faradaic current
for 20 s, the potential was stepped from 0 to +0.60 V (oxidation of Fc to Fc*) and -0.40 to -1 V
(reduction of Cc™ to Cc), and the current was calculated for 5 s. The potential was then stepped
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back to 0 (reduction of Fc* to Fc) and -0.40 V (oxidation of Cc to Cc*), and the current
response was calculated for a further 5 s. The nonlinear curve fitting function in Origin 7.0
(MicroCal Software Inc.) following the approximation made by Shoup and Szabo [64] was
used to fit the first potential step experimental data. The equations used in this approximation
{Eqgs (9)-(11)} describing the current response to within 0.6% over the entire time range is
given below:

I = —4nFDcrf (1) 9)
f(r) = 0.7854 + 0.8863t /> + 0.2146 exp(—0.78237 /) (10)
4Dt
Ta

Here, r,; represents the radius of the microdisk electrode, D is the diffusion coefficient, F is
the Faraday constant, c is the bulk concentration of the electro-active species, 7 is the number
of electrons transferred, and ¢ is the time. Figs 6(b) and 7(b) show the best theoretical fit (O) to
the experimental double potential step chronoamperograms (-) for the Fc/Fc* and Cc*/Cc
redox couples at 293, 298, 303, 308, 313, and 318 K in DES1. The limiting currents of the first
step incline regularly and the trend of the second step becomes slightly less steep as the temper-
ature increases in both Fc and Cc™. It is reasonably established that D, and D¢, " improves
with increasing temperature in all six DESs (Table 5). The D of the electroactive species have
been analyzed in terms of the Arrhenius exponential function of the temperature following the
Eq (12).

7ED
D=D,exp(?) (12)
Where D, is a constant corresponding to the hypothetical diffusion coefficient at infinite tem-
perature, and Ep, is the diffusional activation energy of the electroactive species.

Plot of InD against 1/T resulted in a straight line, and from the slope the activation energy
for diffusion, Ep, was determined, as shown in Fig 8(a) and 8(b) (least-squares correlation coef-
ficient, R*> 0.99 for Fc and Cc"). The calculated E, for each sample is summarized in Table 6,
which compares well with the value determined for the E,, in DESs and corresponds well to
that observed in the literature for ILs [33]. The activation energies increased systematically
with increasing viscosity in DESs. A slight deviation for activation energies of D¢, is observed,
which may be due to impeded diffusion of the reduced species as a result of stronger solvation
by the DES.

Effect of temperature on kinetic electron transfer

The cyclic voltammetric data have been further analyzed for the evaluation of the heteroge-
neous electron transfer rate constant (k°) of the F¢/Fc* and Cc*/Cc redox couples according to
the electrochemical absolute rate relation adapted from Nicholson’s method [65]. This is based
on the variation of peak potential separation (AE,) between the forward and the reverse scans
of the cyclic voltammogram for a simple one electron transfer process [41,66,67]. It is impor-
tant to note that these values are only apparent, and are susceptible to errors resulting from
charging currents and ohmic polarization, which can cause an overstatement of the rate con-
stant. The rate constants of Fc and Cc" increase with temperature, and Fig 8(a) and 8(b) display
an Arrhenius relationship for the obtained k° values for Fc in DESI and Cc* for DES5, respec-
tively. Nearly identical slopes are established for D and k° in the Arrhenius plots for selected
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Table 5. Kinetic parameters and diffusion coefficients for Fc/Fc* and Cc*/Cc in DESs at various temperatures.

DESs
DES1

DES2

DESS3

DES4

DES5

DES6

T/IK

298
308
318
328
338
298
308
318
328
338
298
308
318
328
338
298
308
318
328
338
298
308
318
328
338
298
308
318
328
338

Dg/ cm?s™

1.71x1078(+0.06)
2.30x1078(0.03)
2.93x1078(0.05)
3.54x1078(0.08)
4.23x1078(20.04)
4.02x107°(0.05)
4.77x1079(0.05)
5.46x1079(+0.09)
6.08x107°(+0.06)
6.86x107°(+0.08)
3.10x1078(0.07)
3.48x1078(+0.02)
3.94x1078(+0.04)
4.38x1078(+0.05)
4.92x1078(+0.04)
4.41x107°%(20.04)
5.66x107°(+0.09)
6.85x107°(+0.07)
7.83x107°(20.04)
9.00x10-%(+0.09)
3.23x107%(+0.03)
4.14x1079(0.06)
5.37x1079(20.07)
6.65x107°(+0.02)
8.26x107°(+0.04)
3.29x1078(0.05)
3.65x1078(+0.04)
3.99x1078(+0.09)
4.38x1078(20.06)
4.82x1078(20.07)

D¢t /ecm?s™

2.22x1078
2.60x10

7.83x107°
2.89><1O

+o 08)
.07

)
4)
6)
3)
4)
7)
5)
8)
7)
5)
9)
2)
6)
6)
6)
7)
5)
8)
4)
3)
8)
6)
8)
5)
4)
4)
7)
5)
6)

Error bars calculated from the standard deviation from four experimental repetitions.

doi:10.1371/journal.pone.0144235.1005

K°./cms™
2.49x107%(+
3.53x107*(+
4.65x107%
5.79x107%
7.12x1074
2.20x107%
3. 44><1o-4(
4.73x1074(+0.04
5.94x1074(+0.04
7.89x107*+(0.06
3.08x1074(+0.05
5.99x10™*
1.16x1073
2. 21><1o

3.59x107*
4, 07x1o-4(
4.61x1074(+0.07
1.68x1074(x0.07
2.51x1074(+0.04
3.54x1074(+0.05
4.70x1074(+0.08
6.32x1074(+0.06
5.44x1074(+0.08
6.58x1074(+0
7.69x107%(+
9.23x107%(+
8

)
)
)
09)
5)
6)
7)
)
)
)
)
)
)
)
)
04)
7)
6)
5)
)
)
)
)
)
)
)
07)
)
)
1.14x10" )

0.04
0.05
0.06

et /ems™
1.96x1074(+0.05
3.61x107%(+0.06
5.80x1074(+0.06
8.83x1074(+0.05
1.25x1073(x0.04
1.92x107*(+0.03
3.00x1074(+0.08
4.16x1074(+0.07
5.48x1074(+0.08
7.23x1074(+0.05
2.68x1074(+0.06
5.37x107%(0.07

2.15x107*
2.63x1074(+0.06
3.13x1074(+0.06
3.56x1074(+0.08
4.01x107%(+0.08
1.63x107%(+0.06
2.42x107%(+0.04
3.29x1074(+0.03
4.35x1074(0.07
5.47x107%(+0.06
4.35x1074(+0.09
5.56x1074(+0.08
6.85x107%(0.07
8.13x107%(+0.06
1.02x1075(+0.08

DESs. From these plots, the activation energy of rate constants for Fc and Cc™ are determined,
which are listed in Table 6.

Conclusions

The effect of temperature on the measured physicochemical and electrochemical properties of
the studied DESs has been discussed in detail. The activation energies for viscosity (E,) and
conductivity (E,) for each DES were calculated from the slopes of the Arrhenius plots. The
temperature dependence of the measured conductivities did not exhibit linear behavior in the
Arrhenius equation for DES1 and DES2, but it could be well described by the VTF model. The
D and k° values tended to increase with the rise of temperature in DESs. The applicability of
the Arrhenius law was verified by examining the temperature dependencies of D and k. The
trends of electrochemically derived activation energy (Ep) from chronoamperometric evalua-
tions of DESs were found to be related with E;, and E, in the order of: DES5 > DES2 >
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Fig 8. Dependence of diffusion and rate constant on temperature using Arrhenius rule for Fc (a) and Cc* (b) redox couples.
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Table 6. Activation energies of the diffusion coefficients and rate constants for Fc/Fc* and Cc*/Cc in studied DESs.

DESs

DESH1
DES2
DES3
DES4
DES5
DES6

Ep(Fc)/ kJ mol™

22.82
27.01
21.65
24.73
29.68
20.08

doi:10.1371/journal.pone.0144235.t006

Ep(Cc*) kd mol™ E°(Fc)/ kJ mol™ E°(Cc*) kJ mol™
21.97 21.81 26.62
28.52 25.20 30.33
21.04 19.63 20.57
25.50 22.18 28.02
30.88 27.51 36.29
17.57 15.15 17.44

DES4 > DES1 > DES3 > DES6. In addition, AE,, was reduced while E;, values shifted
towards more negative potentials for oxidation of Fc and more positive potentials for reduction
of Cc” in DESs with the enhancement in temperature.
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