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Abstract:

Meanwhile no general and reliable equation determining the Seebeck coefficient (Se) and involving electrochemical reaction effects
was derived for solutions. We reported the database of 15,000 ionic liquids supplemented by three different redox couple systems:
0.01 mol/l Co*/?* (bpy)s, 0.01 mol/l 137/31~ and 0.2 mol/l I3 /31, and the corresponding estimated Seebeck coefficients. We also
reported methods for estimating Seebeck coefficients for those systems. First, Seebeck coefficients were measured for 17 ionic liquids
and the 3 redox couples independently, and afterwards an analytical QSPR equationwas derived afterwhich the Seebeck coefficients
for all possible combinations of cations and anions (resulting in 15,000 conceivable ionic liquid compounds)were derived. Following
this, we analyzed the data and discovered tendencies and regularities. It was revealed that small, symmetrical and not branched cations
and anions which contained less electronegative atoms, made the Seebeck increased. The highest Se = 2.3 mV/K, was observed for
small ammonium and phosphonium cations with a triethyl-n-hexylboride anion. We also discovered that for thermo-electric
applications cobalt-based redox couples are much better than the ones based on the iodine/iodide system.

1. Introduction

World energy consumption reached 14,000 Mtoe (million tons oil
equivalent) in 2018, including coal, renewables, hydroelectricity, nu-
clear, natural gas, oil and in the same year global energy consumption
increased by 2.9% [1,2]. This growth has been the strongest since 2010
and almost double the 10-years' average [1]. Moreover, carbon emis-
sions grew by 2.0%, which was the fastest growth in seven years, and
it seems the inter-governmental regulation policies such as Electronic
Vehicles Initiative or the Paris Agreement (mandatory CO: gas emission
reduction targets) have not changed the overall situation. Meanwhile,
much of the consumed energy is lost to waste heat due to all levels of
human activity. Thermal loss consists in several dozen percentage of
the total energy consumption across different industrial sectors [1-3],
and the situation is even worse in current applications of internal com-
bustion and diesel engines where as much as from 60 up to 70% of the
energy created is wasted as the heat emitted. Hence, if even a small frac-
tion of waste-heat could be converted into more useful forms of energy
(electrical, mechanical), it would result in tremendous savings to global
energy consumption. It is known that the heat recovery can be practi-
callyaccomplished in thePeltier device where the temperaturegradient

is utilized to achieve some amount of potential difference between the
junctions and in turn - the electrical current and power. Two unique
semiconductors, one n-type and one p-type, are used because they need
to have different electron densities. The semiconductors are placed
thermally in parallel to each other and electrically in series and then
joined with a thermally conducting plate on each side. Currently, Peltier
systems are commonly used i.a. in RTGs (radioisotope thermoelectric
generators) that are used in satellites and space probes as the source of
power. One of the leading examples for such application is the Voy-
ager 1 probe sent by NASA into space on September 5th, 1977, still in-
vestigating Earth's Solar System and even beyond the heliosphere until
today, while it is estimated that the nuclear fissile material used as the
source of heat will allow for the operation of this probe until 2025.
Similarly, other probes and spaceships are supplied in electrical energy
thanks to Peltier systems. The most popular of them include the Cassini-
Huygens probe or Apollo 12-17 spaceships.

The problem with the traditionally used thermoelectric materials is
their efficiency, typically measured by the Seebeck coefficient which de-
termines the open-circuit voltage (AV) produced by a device at any
given temperature difference (AT): Se = —AV/AT. The currently
known semiconductor available on the market, best for such applica-
tions, is the bismuth telluride (Bi.Tes) for which the Seebeck coeff.
amounts to 287 uV/Kat54 °C[4]. This material is in addition toxic and
expensive. Actually, solid semiconductorsachieved their upperlimitin
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thermoelectric conversion several years ago, while the development re-
mains minor. Fortunately, there are other possibilities. Recently, it has
been demonstrated that ionic liquids supplemented by appropriate
redox couple could play a role similar to that of the bismuth telluride
semiconductor in ‘traditional’ thermoelectric devices [4,24,27,28]. Liq-
uid thermoelectric cells may have a small diameter (one or a few milli-
meters) and can be placed in a polymeric matrix (flexible and e.g.
transparent) or a ceramic one (non-flexible yet resistant to higher tem-
peratures), see Fig. 1.

lonic liquids are typically characterized by the melting point lower
than 100 °C, but obviously there are known ionic liquids which melt
in higher or in lower temperatures. lonic liquids are salts in liquid
state and are largely made of ions and short-lived ion pairs. Structurally
they are most frequently composed of an asymmetrical cation and an
anion which often includes a non-metal ion. Due to the characteristics
of high chemical stability and the recycling opportunity, ionic liquids
are becoming more and more popular in industrial applications [5,6].
Tonic liugids in room temperature possess distinctively high ionic con-
ductivity, nearly zero vapor pressure, and inflammability, which
makes them an attractive new-type of solvent [7-11]. Due to their strict
ionic nature, which is typical for crystals, they expose specific molecular
and physical peculiarities including engagement in catalytic reactions
and in electrochemical processes [12-15]. But ILs are liquid, and anions
and cations are mobile, which makes the resulting dipole moment dif-
ferent than for normal polar solvents. Moreover, due to high viscosity
and presence of polar and non-polar structure's fragments, the
mesoscopic organization of ionic liquids is heterogeneous [16-19]. By
changing a cation or an anion, an ionic liquid, therefore such that has
other physical and chemical characteristics. Hence, the key to the appli-
cation of ionic liquids i.a. in the thermo-electric conversion might con-
sist in proper selection of ions of such liquid [20,21]. The number of
possible combinations of cations and anions has been estimated to
amount to 10'® [22], thus any method thanks to which it would be pos-
sible to predict the characteristics of even hypothetically existing ionic
liquids is very valuable.

Moreover, the neat ionic liquids display thermo-electric qualities
themselves; Seebeck coefficients measured for neat ionic liquids are rel-
atively large, reaching 1.44 mV/K for [EMIM] [Tf,N] [23]. This is interest-
ing because ionic liquids are typically supplemented in thermo-electric
cells by the so-called redox systems, therefore such that, as it is as-
sumed, fulfill a role similar to solvents with electrolytes dissolved
there. It is commonly believed that ions in redox pairs actively partici-
pate in reduction on a cathode and oxidation on an anode, and that
the difference in potentials between the two electrodes is created as a
result of thermal expansion of ions between electrodes (thermal

AV/AT + AV/AT + AV/AT +

diffusion), however also in relation to other facts (non-published) it
would seem that the conduction mechanism in such systems is much
more complex and might take redox reactions in the whole system
into consideration. Jia and coworkers dissolved ILs in water and
achieved both p-type and n-type thermoelectric materials [24].

It should be noted that not only ionic liquid-based liquid thermocells
have been tested so far. Bonetti and coworkers proved that the 0.1 M of
lipophilic salt, tetrabutylammonium nitrate, in 1-dodecanol, exposed
the Seebeck coefficient equal to even 7 mV/K [25]. In addition, it has re-
cently been shown that the suspension of respectively selected ferro-
magnetic nanoparticles included in a respective organic solvent
considerably increased the value of the Seebeck coefficient, which was
believed to be (at least partially) related to the Sorret effect [26], not
yet explored in total.

Laux and coworkers showed many laboratory results for ionic lig-
uids containing the I37/31" redox couple, whereas the resulting
Seeebeck coefficients were much higher than those found for the tradi-
tional Bi,Te3 semiconductor [4,27,28]. A systematic analysis of the influ-
ence of ionic liquids supplemented with the I57/3I™ redox couples on the
Seebeck coefficient and on the viscosity in thermocells was done by
Sosnowska et al. [10,31]. Al Masri and coworkers [30] revealed that
four cobalt complexes soluted in a mixture of DMSO and the same
ionic liquid display regularly higher Seebeck coefficients than in case
of ionic liquids supplemented by the I37/3I™ redox couple [31]. High
Seebeck for ionic liquids containing cobalt complexes was also found
by He et al. [32]. Cobalt complexes and ionic liquids were used as dye-
sensitized solar cells, where the cobalt complexes revealed to be an at-
tractive alternate to the ‘traditional’ I37/31 redox shuttle [33].

The design of chemicals with desirable activity/property, supported
by computational methods, was reported many times [34-39]. Ionic
liquids, among other compounds, were successfully designed in a
similar manner [29,38,40-45]. In current work, we determine structural
features of ionic liquids' anions and cations that influence the value of
the Seebeck coefficient in different redox couple systems. For this
purpose, we took experimental values of Seebeck coefficients for ionic
liquids supplemented by cobalt complexes and on this basis we
developed the arithmetic Quantitative Structure-Property Relationship
(QSPR) model to estimate the Seebeck for 15,000 ionic liquids. We
also applied the previously developed QSPR model and estimated the
Seebeck coefficients for the same 15,000 ionic liquids containing the
I37/31” redox couple (0.2 mol/l concentration) [10]. We also worked
out yet another QSPR model for ionic liquids supplemented by the
0.01 mol/l I5/3I" redox couple system. At the end, we performed a
thorough analysis between the two models and the two different
thermo-electric systems.

AV/AT -+ + = AV/AT = n AV/AT

+ 4+ +

n-type ionic liquid

++ + +

++++

(4) (n)

p-type ionic liquid M conductor

Fig. 1. Peltier-like schematic thermoelectric plate based on ionic liquids. The p-like and the n-like cells were linked with the conducting material. The n-type and the p-type pairs of ionic

liquids are not always equally efficient.
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2. Methods
2.1. Experimental measurements

2.1.1. Materials

The following 17 ionic liquids were used in a specially designed mea-
surement set-up: IL1 - 1-ethyl-3-methylimidazolium tetrafluoroborate,
IL2 - 1-butyl-1-methylpiperidinium bis(trifluoromethanesulfonyl)imide,
IL3 - 1-ethyl-3-methylimidazolium trifluoromethanesulfonate, 1L4 - 1-
(2-Methoxyethyl)-1-methylpiperidinium bis(trifluoromethanesulfonyl)
imide, IL5 - 1-methyl-1-(2-methoxyethyl)pyrrolidinium bis
(trifluoromethylsulfonyl)imide, IL6 - 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, IL7 - H-ethylimidazolium bis
(trifluoromethylsulfonyl)imide, IL8 - N-ethyl-N,N-dimethyl-N-(3-
methoxypropyl)ammonium bis(trifluoromethanesulfonyl)imide,
IL9 - SBMI bis(trifluoromethylsulfonyl)imide, IL10 - 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, IL11 - 1-
ethyl-3-methylimidazolium bis(fluorosulfonyl)imide, 1112 - 1-
propanol-3-methylimidazolium bis(trifluoromethanesulfonyl)imide,
IL13 - 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide, IL14 - 1-(3-methoxypropyl)-3-methylimidazolium bis
(trifluoromethanesulfonyl)imide, 1115 - N,N,N-trimethyl-N-
butylammonium bis(trifluoromethanesulfonyl)imide, IL16 -
butylammonium bis(trifluoromethanesulfonyl)imide, IL17 - 1-
ethyl-3-methylimidazolium dicyanamide.

All ILs originated from SOLVIONIC SA (Toulouse, France). In each
case, the total concentration of impurities was less than 2% and the ILs
were used as obtained.

Cobalt complexes with pyridine chelating ligands - tris(2,2’-
bipyridine) cobalt (III/II) [bis(trifluoromethane)sulfonimide], 3, fur-
ther denoted as the Co®>*/2% (bpy)s (TFSI)s/, (or simply Co®*/2+),
were synthesized following the procedure reported by Abraham
and coworkers [48].

Namely in the case of [Co"(bpy)s][TFSI] first the salt of Co(II)Cl..
6H20 (8.4 mmol) and 2,2-bipyridyl (27.9 mmol) were dissolved in
methanol. The solution refluxed for 2 h after which Lithium
(trifluoromethansulfonyl)imide (20 mmol) was added. Solution was
stirred and product precipitated out of solution. In the case of [Co™
(bpy)s][TFSI]; first 1.2 mmol of Co"(bpy)s(TFSI), was dissolved in ace-
tonitrile after which the nitrosyl tetrafluoroborate (1.5 mmol) was
added to the solution. Next the Lithium (trifluoromethansulfonyl)
imide (6 mmol) was added and then the solution was stirred and prod-
uct precipitated out of solution.

heating

Current-voltage

cooling

<— Rh-coating
measurement

<«— Rh-coating

2.1.2. Thermocell Seebecks' measurements

The S, coefficient measurement set-up used at HES-SO is shown in
Fig. 2. It consisted of two thermally highly conductive sapphire plates
that were coated with an inert electrode material (1 um Rhodium)
that was in contact with the liquid. One pair of contact finger measured
the voltage drop between the adjacent rhodium electrodes exposed to
Thot and to Teeq, While the other pair was connected to a computer-
controlled switch system allowing to measure open circuit potential
or apply different load resistors (between 2 ) and 100 MQ) to current
determination when used for a TEG characterization. To avoid IL losses,
the cell was sealed using a silicone gasket (d = 4 mm). The aluminum
bodies were connected with a heater (thermal resistor, Vitelec,
France) and cooler system (Thermostat Frigiterm, J.P. Selecta S.A, Barce-
lona, Spain); the thermocouples (Type K, Jumo-Regulations, Metz,
France) were placed close to the sapphire plates between the liquid
and the heater, respectively cooler. The resistances between 5 ) and
100 MQ have a tolerance of 0.1%. Every 10 s a measurement was
taken while maximum errors from the measurement system were less
than1pVand 4+ 1.5K

The determination of the Seebeck coefficient was based on a linear
dependency between the temperature and voltage and was used subse-
quently to determine the relative Seebeck coefficient. The electrode was
heated up by means of a heating resistor, and every 10 s the tempera-
ture and voltage were registered. Maximum and minimum cell poten-
tials, as well as maximum and minimum temperature differences
between hot and cold electrodes were read out. We noticed that during
the heating and cooling the correlation of some ILs was not linear. After
two temperature cycles, the linear behavior was established for all ILs.
For all measured Seebeck coefficients, the difference between the
heating and cooling was less than 60 pV/K. The published values were
taken from the cooling curves. The relative Seebeck coefficient was de-
termined from the slope of the measured voltage-temperature curve by
using the following equation: Se = (Umax = Umin) / (ATmax — ATmin)-

2.2. Theoretical study

2.2.1. Molecular descriptors

The molecular models of 17 ILs (each anion and each cation sepa-
rately) were created by using the ChemSketch [46] software. Each struc-
ture of an ion (the total spin was equal to 0 in case of each ion while its
net charge was equal to +1 or to —1) was first optimized by using the
semi-empirical Parametric Method 7 (PM7) [47], as implemented in the
MOPAC software [49]. The PM7 method was recently recommended for

Fig. 2. Left panel - representation of setup thermocell, right panel - actual thermocell for operating temperatures of 200-250 °C.
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Table 1

Experimental values of Seebeck coefficients (S, exp) for corresponding ILs. Predicted values of the Seebeck coefficient (S. ,,) were shown too. QSPR descriptors were collected in the fol-

lowing columns: MPC03_C and HATSs_A.

Tonic liquid MPCO3_C  HATSs. A T/V  Seexp Sep Std res Lev
IL1 1-Ethyl-3-methylimidazolium tetrafluoroborate 2.485 576.000 1 1314 1276 —0.740 0315
L2 1-Butyl-1-methylpiperidinium bis(trifluoromethanesulfonyl)imide 2.773 415.074 1 1370 1.431 1521  0.135
IL3 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate 2.485 459.850 2 1384 1417 0.841 0.110
L4 1-(2-Methoxyethyl)- 2.773 415.074 1 1400 1431 0899 0.135

1-methylpiperidinium bis(trifluoromethanesulfonyl)imide
IL5 1-Methyl-1-(2-Methoxyethyl)pyrrolidinium bis(trifluoromethylsulfonyl)imide 2.708 415.074 1 1.401 1.440 1.049 0.117
IL6 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 2.708 415.074 2 1441  1.440 0236 0.117
IL7 H-Ethylimidazolium bis(trifluoromethylsulfonyl)imide 2.303 415.074 1 1446  1.497 1.248  0.092
IL8 N-Ethyl-N,N-dimethyl-N-(3-methoxypropyl)ammonium bis(trifluoromethanesulfonyl)imide ~ 2.303 415.074 1 1448  1.497 1.208  0.092
IL9 SBMI 2.890 415.074 2 1458 1415 —0.522 0.176

bis(trifluoromethylsulfonyl)imide
IL10  1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 2.639 415.074 1 1466 1450 —0.074 0.103
IL11 1-Ethyl-3-methylimidazolium bis(fluorosulfonyl)imide 2485 428.814 1 1475 1455 —0.154 0.090
IL12  1-Propanol-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 2.639 415.074 2 1499 1450 —0.633 0.103
IL13  1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 2.485 415.074 1 1517 1471 —0.650 0.086
IL14  1-(3-Methoxypropyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 2.708 415.074 1 1529 1440 —1555 0.117
IL15  N,N,N-Trimethyl-N-butylammonium bis(trifluoromethanesulfonyl)imide 1.792 415.074 2 1.610 1567 —0.517 0.269
IL16  Butylammonium bis(trifluoromethanesulfonyl)imide 1.099 415.074 1 1.667 1.664 —0269 0.880
IL17  1-Ethyl-3-methylimidazolium dicyanamide 2.485 88.788 1 1886 1.867 —1.889 0.837

MPC03“ - molecular path count of order 3, and for anions - HATSsA - leverage weighted total index weighted by I-state, T/V - training/validation set, Se exp - measured Seebeck coefficient,

Sp - predicted Seebeck coefficient, Std res - standardized residuals, Lev - leverage values.

the ionic liquids' geometry optimization because the QSPR correlation
coefficients found for such structures were sufficiently high while the
computing time (dedicated for the optimization) was low [41]. The op-
timized structures were in turn used for the calculation of molecular de-
scriptors by means of the DRAGON software [50]. 3694 descriptors were
calculated for each IL (2648 descriptors for each cation moiety and 1046
for each anion moiety).

2.2.2. QSPR modelling

The measured values of the Seebeck coefficient for 17 IL compounds
supplemented by 0.01 mol/l concentration of the cobalt redox couple
have been included in Table 1.

In the first step of the QSPR modelling, the data is split into sets used
for calibrating (the training set) and for validating (the validation set)
the model. The 17 ionic liquids were first sorted according to increasing
Se values. Next, every third compound was assigned to the validation
set, whereas the remaining compounds formed the training set. The cre-
ated training set contained 12 ILs (71% of all ILs studied), whereas the
validation set - 5 compounds (29%), see Table 1.

In the next step we selected the most appropriate descriptors from
among constitutional, structural, quantum chemical and other ones.
There are thousands of descriptors available, while their choice for
predicting distinct new structures of ionic liquids and the corresponding
Seebeck coefficient must be pertinent. The optimal descriptors for
modelling were selected by employing the Genetic Algorithm (GA)
[51] as implemented in the QSARINS software [52,53]. The intuitive
criteria were the highest validation and cross-validation parameters
for the final QSPR model. The GA setup was as follows: generation per
size = 500; mutation rate = 20%. Next, the Multiple Linear Regression
(MLR) approach [54,55] was applied. The intrinsic assumption was

Table 2
QSPR models used for S, prediction.
Redox QSPR equation Ref.
couple
0.01 M Se [10]
I3-/31~ aspr1 = 0.413-0.1472piPC04¢ + 0.26GATS1i?
02 M _ . c .o Model presented
Is/31— Se gsprz = 0.32-0.17piPC04~ + 0.15GATSTi in s
0.01 M Se qspr3 = 1.493-0.063MPC03° - This study
Co> 2+ 0.132HATSs?

that the equation representing the Seebeck coefficient might have a lin-
ear form, whereas the molecular descriptors represent independent
variables. The model was next developed by using the QSARINS soft-
ware [53,54]. The internal (leave-one-out (LOO) method) [56] and the
external (with data not used for calibrating the model) validation of
the developed model was performed, according to the OECD recom-
mendations [57,58]. The evaluation of the goodness-of-fit, stability, ro-
bustness and limitations as well as the predictive ability of the
developed model was performed by estimating the determination coef-
ficient (R?), squared cross-validation and external coefficients (Q?), the
root mean square errors of calibration, cross-validation, and external
validation (RMSE), r2, metrics for internal, external and overall valida-
tion tests, concordance correlation coefficient (CCC), and the mean ab-
solute error (MAE) [59-61]. The detailed criteria of estimated
parameters are shown in Table 2 [61-64]. Additionally, to avoid bias
in descriptors' selection, we applied the double cross-validation method
[65]. Moreover, the dependent-variable randomization test (Y-scram-
bling) was applied for reducing the possibility of correlation-by-
chance and for the confirmation of the statistical significance of the de-
veloped model [65-67]. The applicability domain of the developed
model, which described the theoretical space limited by the struc-
tural/physicochemical properties of the chemicals from the training
set, was defined using the leverage approach (the Williams plot) [68].
In this approach, the applicability domain is a square limited by the
+3 standard deviation units and the critical h* leverage value,
(h* = 3p’/n, where p’ is the number of model variables enlarged by
one, and n stands for the number of compounds in the training set).

2.2.3. Seebeck coefficients for ILs supplemented by two different redox cou-
ple salts

The number of hypothetical structures of ionic liquids is tremendous
[22]. On the other hand, there is also some amount of possible redox
couple salts, whereas not each of them can be soluted in individual pos-
sible ionic liquid. In current work we worked out three independent
QSPR models: two for cases of 0.01 M and of 0.2 M concentrations of
the I37/31™ redox couple in ILs and one for the case of 0.01 M concentra-
tion of the Co> ™2™ (bpy)s redox couple in ILs, see Table 2. The basis for
these investigations were the experimental measurements of Seebeck
coefficients for all three cases while the number of ILs taken into ac-
count in the measurements was equal to 20 in the case of 0.01 M con-
centration of the I37/31~ redox couple and 17 in two other cases.
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After the QSPR models were worked out and taught on how to work
with ionic liquid compounds for each case of respective redox couple
concentration, we constructed a virtual library of 15,000 IL compounds
crossing the most popular 200 different cations and 75 different anions
(for more details please refer to the Table S2.1 in SI2). In the case of each
individual compound we optimized its structure as described above,
and next for each optimized structure of an ionic liquid we calculated
appropriate descriptors which were used alongside in the QSPR model
for estimating Seebeck coefficients for the ILs supplemented by all
three different concentrations of the redox couples. On the basis of
this protocol we achieved Seebeck coefficients for 15,000 ILs for each
redox couple and its specific concentration. At the end we compared
the so obtained Seebecks mutually corresponding to appropriate ILs'
structures and analyzed the relationships.

3. Results

At the beginning we measured Seebeck coefficients for 17 ionic lig-
uid cells. The ionic liquids were supplemented by 0.01 mol/mol cobalt
III/Il redox couple, which, as it is believed, plays a role of the system of
electron exchange occurring at electrodes (at least there). This in turn
means that the ionic liquid would play a role of a solvent in this
model, however the exact role of ionic liquid ions in thermoelectric or
capacitor applications remains not thoroughly investigated. On the
other hand, it is known that at least some neat ionic liquids display rel-
atively high Seebeck [23]. The measurements or each system of ionic
liquid and cobalt salt were done in the same manner, described more
precisely in the experimental section. In the next step we optimized
structures of ions of all ILs, and for each ion we calculated the descrip-
tors. The application of the GA algorithm allowed for selecting two de-
scriptors which were the most suitable for modelling the S.. These
descriptors were the following ones (adopting the QSAR naming stan-
dard): for cations - MPCO3€ - molecular path count of order 3, and for
anions - HATSsA - leverage weighted total index weighted by I-state.
The MPCO3¢ descriptor is related to definite structure properties,
while the HATSs? is related to electronegativity. A deeper analysis is
done in the next chapter. The correlation coefficients of these descrip-
tors for training and validation sets were lower than 0.024. Next, the
Multiple Linear Regression approach was applied to finally derive the
arithmetic QSPR equation (Eq.1) which brings the relationship between
the structural features of the ILs and the Seebeck coefficient. The final
equation is as follows:

$.53/2+ — 1.493 (£0.015)-0.063 (--0.015) MPC03°-0.132 (+0.015) HATSs"
(1)

where,

MPCO03C€ - molecular path count of order 3, calculated for a given cat-
ion, HATSs* leverage weighted total index/weighted by I-state, calcu-
lated for a given anion.

In order to review the quality of the developed QSPR equation, we
calculated the goodness-of-fit, stability and robustness parameters, see
Table 3 [52,59,60,63,64]. High, close to one and similar values of deter-
mination coefficients (R%, Q&y, Qéxr, and CCCgy) and low, close to zero
and similar to one another error values (RMSE¢c, RMSEcy, RMSEgxt)
point out that the developed model is well-fitted, robust and character-
ized by satisfactory predictive ability. Such statement can additionally
be confirmed by the visual analysis of the observed vs. predicted values
of the S, see Fig. 3, left panel. All points (from training and validation
sets) were distributed near the solid line which indicated an ideal
match of X to y values. However, one parameter calculated for devel-
oped model ((r? - r4?) / r?) had a higher then recommended value.
This may suggest that the majority of the predicted values (from the val-
idation set) were in fact lower than the ones observed. This result is also
seen in the Fig. 3 - left panel where four out of five points from the val-
idation set were located under the solid line. Nevertheless, this is an

Table 3

Calculated parameters for internal and external validation of the QSPR model.
Measure Calibration ~ Cross-validation  External Criteria
[52,59,61,63,64] (loo) validation ~ [60,61,63,64]
F 4428 - - Dependent?®
R? 0.908 - - >0.7
Q2 - 0.821 0.933 >0.6
CcC 0.952 0.892 0.846 >0.85
RMSE 0.044 0.062 0.034 Acceptable®
MAE 0.034 0.05 0.034 Good¢
average r2, - - 0.613 >0.5
Arh - - 0.196 <02
(r*-13)/r* - - 0.033 <0.1
(r? -r) /% - - 0.185 <0.1
k - - 0.986 0.85 <k <1.15
Kk - - 1.004 085 <k <1.15
|18 -3 - - 0.13 <03

[-] - measure does not refer to the procedure; a - F criterion is dependent on the number
of compounds in the set, should be higher than tabulated value of F of chosen significance,
b - value of the Q? parameter in the validation procedure refers to Q&; c - RMSE should be
as low as possible and is estimated based on the range of response values of the training
set; d - MAE, if possible (enough data points are available), is based on MAE-based metrics
that are recommended by Roy et al.

acceptable situation in the model because for smaller sets of data, the
distribution of errors can simply occur by chance. Moreover, in order
to avoid bias in the selection of descriptors, we performed the Double
Cross-Validation analysis [65]. All statistical metrics estimated within
internal and external validation steps (see Table S1.1) meet the cut-off
criteria recommended by Roy et al. [61,65].

In order to prove that the presented model is relevant and the lack of
the so-called correlation-by-chance, we evaluated the statistical signifi-
cance of the developed QSPR model by performing the 200-fold Y-
randomization test (using two selected descriptors, MPCO3€ and HATSs-
A). The randomly generated models were characterized by two times
higher RMSEc and RMSEcy values, see Fig. 3, right panel.

A good praxis is that the operating QSPR model gives reliable predic-
tions of high probability within the well-defined structure space. This
structure space is called the Applicability Domain (AD). For this purpose,
we applied the leverage approach combined with the Williams plot, see
Fig. 4. On the basis of this approach one can show the standardized resid-
uals (differences between the observed and predicted Seebeck values) as
a function of leverage values, which in turn indicates the similarity of par-
ticular compounds to the training set structures. The AD here is a square
determined by three standard deviation units, 30, and the threshold
value of leverage, h*. According to this approach almost all compounds
belong to the AD of the developed model. Two compounds from the
training set (IL16 and IL17) have the leverage, h, and values greater
than the threshold h*, which means that the structure of these com-
pounds significantly differs from training set structures. However, the
predicted Seebeck coefficients are reliable and therefore the points are
‘good leverages’ and reinforce the derived QSPR model [69].

In general, the QSAR modelling leads to the mechanistic interpreta-
tion on the phenomenon of the property described, and the appropriate
interpretation must be done on the basis of the analysis of particular de-
scriptors selected for the model. In the case where the Seebeck coeffi-
cient is being sought, two descriptors were finally chosen as the ones
which have had the greatest impact on the Seebeck coefficient. The
first descriptor, MPCO3C, i.e. the molecular path count of order 3, is cal-
culated for cation moiety. Molecular path counts are molecular descrip-
tors derived from the molecular graph, based on counting of paths. The
length of paths, here equal to 3, denotes that three edges of the cation
were involved in the path calculation. This descriptor provides useful in-
formation on the size, branching and the symmetry of a particular cat-
ion. The MPC03€ shows large values when the molecular volume and
branching increase. For example, the values of MPC03C are higher
for the 1-butyl-3-methylimidazolium and the N,N,N-trimethyl-
N-butylammonium than for the 1-ethyl-3-methylimidazolium
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and butylammonium respectively, see Table 4. The former two
cations are larger and more branched.

The second descriptor, HATSs” (leverage weighted total index/
weighted by I-state, calculated for anion) comes from the H-
GETAWAY class of descriptors calculated based on the molecular influ-
ence, H matrix: H = Mx (M" x M)~! x M". The molecular matrix, M,
is calculated based on the centered Cartesian coordinate of a molecule
(with hydrogens included), for their optimized geometry. The HATS in-
dices are a class of structural, 3-dimensional descriptors determined by
weighting each atom of a molecule by its various properties and com-
bined with diagonal elements of the molecular influence H matrix.
This class of descriptors encodes information about the impact of

particular atoms/fragments on a molecule's shape and size, as well as
on specific atomic properties. The atoms in GETAWAY descriptors can
be weighted by: atomic mass, polarizability, ionic potential, van der
Waals volume and electronegativity [70]. The HATSs total index is de-
fined as a sum of all the HATS indices weighted by the so called intrinsic
stage (I-stage, s):

HATSs = HATSgs +2 x Y_p_;S;s.

where D is the maximum topological distance in a molecule and k is the
maximum number of atoms in a molecule used for calculating the
distance.

The weighted scheme - intrinsic stage - is derived from the ratio of
the Kier-Hall electronegativity to the number of skeletal sigma bonds
for each atom. Therefore, for less electronegative atoms present in
anion structures, the I-stage remains relatively small and increases for
more-electronegative atoms, especially for those containing few skele-
tal connections [71]. We noticed that anions containing highly electro-
negative atoms displayed relatively higher HATSs” descriptor values,
see Table 5.

The signs of the equation coefficients related to both descriptors in
the QSPR model are negative, which means they are inversely propor-
tional to Seebeck coefficient values; with the increasing values of
MPC03€ and HATSs" the descending trend of S.is observed (Fig. 5).

Influence of ion structure of ionic liquids supplemented by >~/31~
and Co>*/2* (bpy); redox couples on the Seebeck coefficient

Two different redox shuttles were taken into account: the I37/31™
and the Co®>*/?* (bpy)s. The concentration of the former system was
equal to 0.01 mol/l and 0.2 mol/l, while in the cobalt redox couple
case the concentration was equal to 0.01 mol/l. The two redox systems
have compelling structure differences which should first be discussed.
Namely, the iodine/iodide structures are significantly different to the
corresponding Co®>*//Co®*: cobalt complexes are relatively much larger
and their charges before and after the redox process remain positive,
while the I37/31™ redox couples are much smaller and are always nega-
tively charged. What is common, is the similar value of the standard
redox potential, (for I3 /31~ and for Co>* /2T (bpy); soluted in water

Table 4
MPCO03€ values for selected ILs cations.

Cation's structure IL10 IL13 IL15 IL16

= — c +
[ R I H,e” N\,
" C/N\/N\/\/CH3 H C/N\/N\/CH3 / \CH3
d 3 CH,
MPC03¢ 2.639 2.485 1.792 1.099
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Table 5
HATSs" values for selected ILs' anions.
Anion's structure IL1 IL3 o\\ _ //O IL13 IL17
F o F YN L1t Q. P N-
- o1 lla F ?/\\o I~ Y- N\S//\ e
T I | N A
F o F
HATSs 576.00 459.85 428.81 415.07 88.79

Both the molecule size and its branching coded by the MPC03€ and the impact of electronegative atoms on the shape of the anions of ionic liquids, coded in the HATSa" descriptor are the
key properties influencing the Seebeck coefficient of ionic liquids supplemented by the cobalt III/Il complex salts.

values of standard redox potential amount about 0.5 V) and in both
cases redox reactions are easy reversible. It is well-known that ligands
present in complexes structures influence redox potentials, however
only within some minor domain. Moreover, the cobalt Il complex
after the reduction still remains the cobalt complex, while the iodine
after the reduction comes apart into 3 iodide ions. What is also interest-
ing is the fact that iodine systems can be engaged in the formation of
polyiodide chains, however the formation of this kind of chains was ob-
served under special circumstances [72].

As it was noticed [10], in the case of 0.01 M concentrations of the I37/
31™ redox couple in ILs, high S, was promoted by ILs composed of small,
unsymmetrical and not branched cations and anions which exhibit high
vertical electron-binding energy. This parameter is related to ionization
energy. High ionization energy is related to stable, resistant anions. Ac-
tually, the anions of ILs frequently have superhalogen properties and re-
main very stable. In the case of the 0.01 M concentration of the Co>*/>*
(bpy)s redox couple in ILs, higher S. was observed for small, unsymmet-
rical and not branched cations and for anions which display low electro-
negativity, see Fig. 6.

Consequently, we took into account the structures of 15,000 ionic liq-
uids obtained by crossing the most popular 200 different cations and 75
anions. The S, values were estimated by using the above-mentioned
three different QSPR models, see Table 2. For the analysis we considered
all ionic liquids structures, while the structures located not beyond the
AD were flagged, see table S2.2 in the SI2. The Se values for structures
from outside of the AD were found by extrapolating the model and
could be taken into account as an estimation. It reveals that in general
Seebeck coefficients for the case of soluted Co>*/?>*redox couple remain
higher in comparison to the same ILs with the I37/31~ system soluted
there, see Fig. 7. This finding is in line with the previous studies, accord-
ing to which the high S in Co®>*/?* redox couple is the reason of the
high-to-low electronic spin state transition. In consequence, the total en-
tropy change gains an additional electronic component [30].

Next, we selected 450 ILs (45 cations from all of six cation groups dif-
fering in length of side chains, functional group and presence of the

17

hydroxyl group or aromatic ring, with 10 most frequently used anions)
from the virtual library of 15,000 ILs. The structures of 450 ionic liquids
were the most diversified. Within this collection, the S, values obtained
the for case of the Co®*/2* redox couple applied were higher than the
Seebeck coefficients estimated for the case of the soluted I37/31™ redox
salt. Moreover, we found that the S, values in the two concentrations
of I37/31~ were nearly at the same level. Taking into account different as-
pects of cations structures, one can observe detectable regularities (but
not only structural features influence the Seebeck, as it has been demon-
strated above). It can be noticed that increasing the length of a carbon
side chain leads to the decrease of the S.. Such trend was observed in
all groups of cations, but the most noticeable decrease of S, was within
the ammonium (IL13-IL15 ILs on Fig. 8), the phosphonium (IL23- [L24
ILs on Fig. 8), and the sulfonium (IL41, IL43 ILs on Fig. 8) ILs, where
the core of the cations was composed of one central atom. The
branching of the core of ILs' cations influences the S, values too. We
have noticed that the presence of an additional functional group in the
core of the cation decreases the S, values independently of the type
and concentration of the redox couple used (e.g. the noticed trends in
the imidazolium cations IL1, IL4, IL5 and IL8; the ammonium IL13,
IL16, IL18; the phosphonium IL23, IL25, IL26, IL27 and the piridinium
IL30, IL32, IL33). Furthermore, the presence of the substituent contain-
ing an aromatic ring significantly decreases the S.. This statement is no-
ticeable when one compares the imidazolium cations: IL1 and IL7, as
well as the ammonium cations: IL16 and IL20.

Additionally, the hydroxy or alcoxy substituents present in the core
of the cation do not influence the S, values - for imidazolium ILs: IL3, IL9
and IL10; piridinium ILs: IL30 and IL35, and for pyrrolidinium ILs: IL36,
IL39 and IL40 the S, within the particular group remains the same. In the
case of the carboxyl group, any change in the S, was visible only in the
presence of a long alkyl chain: imidazolium ILs: IL5, IL11, see Fig. 8.
The impact of the anion structure on this dataset is also noticeable. In
the presence of the 137/3I" redox salt the smallest S. values
(0-0.7 mV/K) were observed for the ILs containing anions characterized
by low vertical electron binding energy (e.g. acetate, bromide, formate,
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nitrate). The increase of that energy discovered for anions caused the in- less elctronegative anions display the highest values of the S, (up to
crease of the S. values up to even 1 mV/K for ILs containing 2 mV/K) independently of the cation structure. The presence of
hexafluorophosphate and tetrafluoroborate. The opposite trend was ob- hexafluorophosphate and tetrafluoroborate anions caused the decrease

served in presence of the Co>*/2* redox couple. Ionic liquids containing of the S. up to 1.5 mV/K. It is worth noticing that even though the S, for
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those ILs supplemented by the Co>*/2* redox couple is relatively low, it
is still higher than in case of respective ILs supplemented by the I37/31™
redox couple.

Additionally, the hydroxy or alcoxy substituents present in the core of
the cation do not influence the S, values - for imidazolium ILs: IL3, IL9 and
IL10; piridinium ILs: IL30 and IL35, and for pyrrolidinium ILs: IL36, IL39
and IL40 the level of the S, within a particular group remains the same.
In the case of the carboxyl group, any change in S, was visible only in
the presence of a long alkyl chain: imidazolium ILs: IL5, IL11, see Fig. 8.

The impact of the anion structure on this dataset is also noticeable. In
the presence of the I3/3I- redox system the smallest S, values
(0-0.7 mV/K) were observed for the ILs containing anions characterized
by low vertical electron binding energy (e.g. acetate, bromide, formate,
nitrate). The increase of that energy in anions caused the increase of the
Se values up to even 1 mV/K for ILs with hexafluorophosphate and tet-
rafluoroborate. In this case, the structures of anions are very symmetri-
cal and the highly electronegative fluorine atoms cause the population
charge of the central atom to be likely smaller. The opposite trend was
observed in the presence of the Co> /2" redox couple. Here, the pres-
ence of less electronegative atoms leads to higher values of S (up to
2 mV/K) independently of the cations structure. The anions containing
electronegative atoms (hexafluorophosphate and tetrafluoroborate)
make the Seebeck coeff. decrease down to 1.5 mV/K. It is worth to notice
that even though the S, for those ILs in the Co>*/2* redox couple was
relatively low, it was still higher than in case of ionic liquids supple-
mented by the I5/31™ redox system.

4. Conclusion

We measured Seebeck coefficients for 17 ILs. The liquids were sup-
plemented by a 0.01 mol/l concentration of the Co®**/?™ (bpy)s redox
couple. On this basis we developed a QSPR algorithm and estimated
Seebeck coefficients for 15,000 ionic liquids. We also estimated the
Seebeck for the same 15,000 ionic liquids supplemented by two differ-
ent concentrations, 0.01 and 0.2 mol/l, of the I37/31™ redox system,
whereas the respective QSPR algorithms were partially developed ear-
lier (for 0.01 mol/mol concentration) [10]. The ILs ensemble was suffi-
ciently large to deliver substantial conclusions. First of all, the Seebeck
effect in ionic liquids has not been thoroughly investigated. Meanwhile,
the mechanism based on thermodiffusion of ions from one electrode to
another has been assumpted, it seems. However, it is difficult to explain
the high neat ILs' Seebeck coefficient only on this basis [23]. The elec-
trodes are certainly attached to voltometer by metal wires which trans-
mit electrons, not ions. This means that redox reactions might occur
with the participation of ILs ions, whether they were supplemented by
some redox couples or not. The Seebeck coefficient is distinctly experi-
mental property. Especially for solutions there is no general theoretical
equation determining the Seebeck coefficient where electrochemical
reactions were taken into account. Hence, any study pointing to the re-
lation between the structure of ionic liquids and the corresponding
Seebeck coefficient, as well as shedding some light on Seebeck effect
in liquids, is valuable.

So far, it has been revealed that there is a significant dependency be-
tween the structure of ionic liquids and the Seebeck effect. A great many
IL structures are achievable, with only some amount of redox couples.
We found that small, symmetrical and not branched cations and anions,
which contain relatively less electronegative atoms, make the Seebeck
increase. The effect of anions is dependent on the redox couple system
applied, and in general the highly symmetrical anions containing elec-
tronegative fluorine atoms increase the Seebeck coefficient. The highest
Seebeck coefficient, exceeding 2.3 mV, was predicted for the N-N.N-
tetramethylammonium triethyl-n-hexylboride, N-ethylammonium
triethyl-n-hexylboride and for trimethylsulfonium triethyl-n-
hexylboride ionic liquids. Moreover it revealed not only one ion type
from the ionic liquid compound influenced the Seebeck but the combi-
nation of cation and anion played the role. We also discovered that the

cobalt-based redox couples are much better than the one based on the
iodine/iodide system for thermo-electric applications, however higher
concentrations of cobalt can cause pollutions in the environment,
while the ILs applications are sometimes called the green chemistry.
We are convinced the developed QSPR algorithm for predicting Seebeck
and for designing a better ionic liquid (to achieve the better Seebeck)
can have an impact on the practical design of the liquid-based thermo-
electric devices of a desired purpose.
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