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Electrochemical Properties versus d-Block Metal Combinations
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/Abstract: Thirteen  N-butylpyridinium  salts, including
three  monometallic  [C,Py],[IMCl,], nine  bimetallic
[C,PYLIM, °M°Cl,] and one trimetallic compound
[C4Py]2[M1,y,zaMbeZCCLJ (M=Co, Cu, Mn; x=0.25, 0.50 or
0.75 and y=z=0.33), were synthesized and their structure
and thermal and electrochemical properties were studied.
All compounds are ionic liquids (ILs) with melting points be-
tween 69 and 93°C. X-ray diffraction proves that all ILs are
isostructural. The conductivity at room temperature is be-

tween 10™* and 1078 Scm™". Some Cu-based ILs reach con-
ductivities of 1072Scm™, which is, however, probably due
to IL dec. This correlates with the optical bandgap measure-
ments indicating the formation of large bandgap semicon-
ductors. At elevated temperatures approaching the melting
points, the conductivities reach up to 1.47x10'Scm™ ' at
70°C. The electrochemical stability windows of the ILs are
between 2.5 and 3.0 V.

/

Introduction

lonic liquids (ILs) have become a popular research field over
the last decades. This is due to their interesting and often
rather unusual properties. ILs are salts with melting points
below ca. 100°C (although this temperature is arbitrary), which
is much lower than those of conventional (inorganic) salts.
They often display high ionic conductivity and sometimes
even good electronic conductivity and often have a broad
electrochemical stability window. At the same time they are
also good solvents for inorganic and organic compounds."™
As a consequence ILs have a high application potential and
are often used as electrolytes in batteries, fuel cells, actuators,
and photovoltaic cells.”® Moreover, ILs are typically safe and
easy to handle. This is largely due to their low vapor pressure
and low flammability. As a result, ILs can often act as a solvent
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or catalyst™® By altering specific functional groups of an IL or
changing the anion or cation, the chemical, physical, or biolog-
ical properties of the ILs can be adjusted to fit a particular ap-
plication.>? Therefore, ILs are generally interesting materials
for a number of applications, despite the fact that they are hy-
groscopic and have a high viscosity.

A particularly interesting IL subclass is the group of metal-
containing ILs (MILs)."” MILs are ILs with at least one metal ion
in the IL anion or cation. Consequently, MILs have interesting
electrochemical, magnetic, catalytic,c and optical properties,
which cannot be obtained otherwise.®*'"-81%211 Especially
transition-metal-based MILs have attracted attention. This is,
among others, due to the fact MILs are not only interesting
materials in their own right but can also act as ionic liquid pre-
cursors (ILPs) or, as they are also termed, “all-in-one solvent-
template-reactants”,*? for the controlled synthesis of inorganic
and hybrid materials."***?* The combination of transition
metals and halides provides access to the [MX,]* (M=Pd, Cu,
Co, Mn, Zn, Ni, In, Ga, Cd, etc.; X=Cl, Br, I) unit. If combined
with suitable organic cations, these units are the basis for a
large group of MiLs, the halidometallate ILs, which arguably is
the largest subgroup of MiLs studied today."®"#~3¢

However, although many different metals are in principle
amenable to the synthesis of halidometallate ILs, there are still
only few reports on MiLs containing more than one metal.
Very recently, Liu et al®” demonstrated mixed metal ILs by
combining monometallic ILs with an additional metal salt. The
authors further investigated the acidity and basicity of these
ILs, as well as different surface parameters. Rogers et al.®
demonstrated the synthesis of bimetallic ILs from group llI
metals and transition metals. These articles, however, do not
investigate or correlate the electrochemical, optical, or struc-
tural properties of bimetallic or trimetallic ILs. Furthermore, a
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fundamental understanding of the relationships between The composition of the ILs was analyzed using inductively

these aspects is not possible yet.

Consequently, there is essentially no information on the
change of the optical, electronic, or magnetic properties upon
combination of at least two (transition) metals in the same IL.
The current article is, therefore, the first detailed and quantita-
tive report on bi- and trimetallic ILs and on their properties,
specifically their bandgaps and their conductivities vs. chemical
composition. For this initial study we focus on Cu, Co, and Mn-
based ILs, but other transition-metal-based ILs are clearly
within close reach.

Results

Synthesis of all compounds was achieved using established
and published protocols from commercial starting materials."™
Figure 1 shows the general synthesis and the resulting ILs. All
products are solids at room temperature, but melt between 60
and 93°C.

X X )
’ 4+ MCls nH,0 ———————» | [MCl*
= 2-PrqpanoI/HCI =
N7 60 min, 110°C N7
L CH:,_2 L CHJ—Z

M =Cu, Co,Mn x=0.25,0.50,0.75 Monometallic: M = Cu, Co, Mn
Bimetallic: M2 /M°,
Trimetallic: M2 33/MPg 33/M% 33

{v: ol

Figure 1. Top: MIL synthesis protocol with M?, M, and M being either Cu,
Co or Mn. Bottom: Photo of the solid MILs at room temperature. For image
with IL assignments, see electronic Supporting Information (Figure S1).

coupled plasma optical emission spectrometry (ICP-OES) and
elemental analysis (EA). The results are shown in Table 1 and
Table S1. Overall, EA (Table S1, Supporting Information) shows
that the organic fraction of the different ILs does not differ be-
tween the compounds. Furthermore, the analytical data of the
ILs do not deviate significantly from the theoretical composi-
tion with a maximum discrepancy of 1.5 wt% (with the most
significant deviation observed for H, most likely from adsorbed
water).

ICP-OES data consistently show a very good agreement be-
tween the compositions calculated from the synthesis and the
experimentally obtained IL compositions after synthesis. While
some ILs, such as IL1 (theoretical Cu:Mn composition of 25:75)
show a deviation of about 5 atom% between the theoretical
and real composition, the general discrepancy is under 3
atom% (including an instrument error of 2.5%), thus resulting
in a very good agreement between the composition of the re-
action mixture and the resulting solid product. This shows that
our synthetic approach is a viable strategy for the synthesis of
ILs containing two or three metals in precisely defined ratios.

Figure 2 shows the asymmetric units of IL2 (b) and IL13 (a)
obtained from single-crystal X-ray diffraction. Both ILs (Table 1)
crystallize in the monoclinic space group P2,/n, which is consis-
tent with previous work.'” The asymmetric unit of both ILs
contains four N-butylpyridinium cations and two tetrahedrally
coordinated tetrachloridometallate(ll) anions. Between the pyri-
dine rings of the cations and the chlorido ligands of the
anions, so-called anion-mt interactions occur. All symmetry-in-
dependent cations and anions are involved in these interac-
tions, a total number of eight such contacts are observed with
a distance of 3.974 A-4.187 A (Figure 3). This results in the for-
mation of chains along the crystallographic a-axis within the
crystal structure. Beside these interactions, the crystal structure
is held together by ionic interactions and a number of non-
classical C—H--Cl hydrogen bonds, identical to previous
data."” Table 2 shows the general crystallographic data and
details of the refinement of both ILs. It is worth noting that
the ratio of Cu and Mn calculated via single-crystal X-ray analy-

Table 1. Metal contents in the ILs determined via ICP-OES measurements.

Compound (theoretical Abbreviation Cu [at %] Co [at %] Mn [at %]
composition from synthesis)

[C4Pyl,[Cug2sMng75Cl,] IL1 29.45+0.68 - 70.55+0.68
[C4PyL,[Cug 5oMng 5oCly] L2 55.5640.33 - 444441033
[C4Pyl,[Cug7sMng,5ClL] IL3 79.79+0.20 - 20.2140.20
[C4Py1,[Cug25C0475Cl4] IL4 27.68 +0.35 72.324+0.35 -
[C4PyLL[Cug50C0050Cl4] IL5 50.51+0.13 49.49+0.13 -
[C,PyLL[Cug75C0q55Cl] IL6 77.85+0.38 22.154+0.38 -
[C4Py,[C0q25Mng 75Cly] L7 - 26.1340.65 73.87+0.65
[C4Py]2[C00_50MI’\o_50C|4] IL8 - 51.51+1.39 48.49+1.39
[C4PyL,[C0q75Mng 55Cly] L9 - 77.32+£0.75 22.68+0.75
[C4Py],[Cug33C0435MNg55Cl,4] IL10 37.534+0.55 32.164+0.34 30.314+0.22
[C,Pyl,[CuCl,® IL11 - - -
[C,Pyl,[CoCl,)" IL12 - - -
[C,Pyl,[MnCL]* IL13 - - -

[a] ICP-OES data for the monometallic ILs were not determined due to the fact that no other metals can be expected in these compounds.
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Figure 2. Asymmetric units of a) IL13 and b) IL2. Hydrogen labels are omit-
ted for clarity.
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Figure 3. Anion-rt interactions between pyridine rings of the cations and
chlorido ligands of the anion in IL 13.

Mn2

sis is not as shown by the ICP-OES measurements. This is due
to the fact that here only one crystal from the bulk material is
analyzed. Furthermore, the mixed occupancy of the metal ion
positions, the very similar electron number, and ion radius of
Cu and Mn make it very difficult to clearly distinguish, which
electron density belongs to which metal. Additional data of
bond lengths, bond angles, and hydrogen bonds are summar-

Chem. Eur. J. 2020, 26, 17504-17513 www.chemeurj.org

Table 2. Crystallographic data and details of the refinement of IL13 and
IL2.

Compounds [C4Pyl,IMNCl,] [C4Pyl,[Cug 4 MNg56ClL]
(IL13) (IL2)

molecular formula €36 H56 CI8 Mn2 N4 C36 H56 CI8 Cu0.81 Mn1.19 N4

M [gmol ] 938.32 945.27

crystal system monoclinic monoclinic

space group P2,/n (14) P2,/n (14)

TIKI] 210(2) 293

a, b, c [A] 15.4716(7), 15.6454(6),
18.8829(8), 18.4549(7),
16.8042(9) 16.8552(7)

a, B,y [°] 90, 110.752(4), 90 90, 110.421(3), 90

VA% 4590.8(4) 4560.8(3)

z 4 4

Deyieq [gem?®] 1.358 1.377

w Imm] 1.045 1.205

reflns collected 79510 80709

independent reflns 8066 4821

Rint 0.0782 0.0495

no. reflns with 8066 8009

1>20(l)

no. refined 451 471

parameters

R1, wR2% [I> 20(1)]
R1, wR2¥ (all data)
GooF on F?

CCDC

0.0332, 0.0517
0.0809, 0.0590
0.745

2012411

0.0506, 0.1176
0.0936, 0.1360
0.947

2012412

[a]l w=1/[0*(F,®) +(0.0166P)"] where P=(F,>+2F2?)/3 for IL13 and w=1/

[0*(Fy?) + (0.0739P)%] where P=(F,*+2F2)/3 for IL2.
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ized in the Supporting Information (Tables S2 to S9, Figures S2
and S3, Supporting Information).

The crystal structure of all solid products was further exam-
ined using powder X-ray diffraction (XRD, Figure 4). XRD
proves that all ILs are crystalline at room temperature and the
XRD patterns also show that all solids are isostructural. It must
however be noted that the patterns are rather noisy and have
a background that is not entirely flat. As such, these data indi-
cate that, while the materials crystallize, they likely contain a
higher number of defects and possibly some of the solid is not
highly ordered. In spite of this, XRD confirms earlier data on
the Cu-based IL (IL11)"” and the XRD data clearly show that
exchange of a first row d-metal cation for another one (or
mixing two or three cations) does not lead to drastic changes
in the crystal structure.

Figure 5 shows the corresponding IR-spectra of the respec-
tive samples. The IR spectra of the individual samples are es-
sentially identical. The samples only slightly differ in the water
fractions as indicated by the different intensities of the absorp-
tion bands at 3500 to 3000 cm . Besides, all ILs show absorp-
tion bands that can be assigned to the aromatic C=C and C=N
stretching vibrations of the pyridinium ring at 1630, 1580, and
1490 cm™'. The typical O—H deformation vibrations can be
found from 1390 to 1210 cm™'. The absorption bands at 1170
and 958 cm ™' can be assigned to (exocyclic) C—N stretching vi-
brations, which are characteristic of alkylated pyridinium salts.
Furthermore, aromatic deformation vibrations are observed at

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. X-ray diffractograms of a) the copper-manganese ILs (IL1-3,
Table 1), b) the copper-cobalt ILs (IL4-6, Table 1), c) the cobalt-manganese-
ILs (IL7-9, Table 1) and d) monometallic ILs (IL11-13) and the trimetallic
(IL10, Table 1). It must be noted that the Cu-based IL has already been ex-
tensively studied and the current data match the previous information on
chemical analysis, crystal structure, and further properties.*” The y-axis
shows the intensity (in a.u.).
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Figure 5. IR spectra of a) the Cu-Mn-ILs (IL1-3) and b) the 50:50 mixtures
CUg50Mngse-IL (IL2), the Cugs50Cogse-IL (IL5), the CogsoMngso-IL (IL8) and of
Cug33C0033MNg35-IL (IL10).

770, 730, and 680 cm™". Overall, IR spectroscopy confirms the
presence of the pyridinium cation in the solids.

Figure 6 shows representative UV/Vis reflectance data. The
Cu-Mn ILs (Figure 6a) show absorption bands at 290 and
420 nm. In contrast, the Cu-Co compounds (Figure 6b) show
absorption bands at 290, 420, 640, 670, and 690 nm. The
bands at 640, 670, and 690 nm can be assigned to the d-d
transitions of Co?" in tetrahedral coordination.”®*? The ab-
sorption band at 420 nm can be assigned to the d-d transi-
tions of Cu®>".5*%! The absorption band at 290 nm can be as-
signed to Cu®".*¥ Especially these samples also show a direct
relationship between the cobalt content and the absorption
band intensity.

Figure 6 ¢ displays the results obtained from the Co-Mn ILs,
which also show absorption bands at 640, 670, and 690 nm.
These absorption bands can be assigned to d-d transitions of

Chem. Eur. J. 2020, 26, 17504-17513 www.chemeurj.org
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Figure 6. UV/Vis reflectance spectra of a) the Cu-Mn ILs (IL1-3), b) the Cu-
Co ILs (IL4-6), c) the Co-Mn ILs (IL7-9) and d) the monometallic ILs (IL11-
13). Figure e) shows a magnified spectrum from 300 to 550 nm of IL13.
Figure f) shows a representative Tauc-Plot of IL7.

Co’" in a tetrahedral geometry.***? The absorption band at
around 420 nm can be assigned to either another Co-absorp-
tion band or a possible absorption band of Cu*".***! Again a
directly proportional relationship between the absorption
band intensity and the content of cobalt in the IL can be
found.

Figure 6d shows the results obtained from the monometallic
ILs. The copper-based IL (IL11) shows absorption bands at 290
and 420 nm. Both can be assigned to Cu?".?****! The cobalt-
based IL (IL12) shows absorption bands at 640, 670, and
690 nm. Those can be assigned to assigned to d-d transitions
of Co?* in a tetrahedral geometry.***? The manganese-based
IL (IL13) only shows very weak absorption bands, Figure 6¢, at
358, 430, and 448 nm. Those can be assigned to the spin-for-
bidden transitions of Mn?* *°]

In addition, UV/Vis spectroscopy was used to determine the
direct optical bandgap from the corresponding Tauc plots, Fig-
ure 6 £ Table S12 summarizes the results from all ILs. Gen-
erally, the direct optical bandgaps indicate that the ILs are
large bandgap semiconductors.?>**

Besides the optical properties, we have studied the thermal
properties of the ILs. Figure 7 shows representative differential
scanning calorimetry (DSC) data and Table S10 summarizes the
data. The ILs melt between 69 and 93°C, which is consistent
with existing examples"” and previous data on IL11-13."” The
ILs have a lower melting point than pure N-butylpyridinium

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Representative DSC data (second heating (black) and cooling (red)
run) of a) IL5 and b) IL9.

chloride (T,,=160°C) and the melting peaks occasionally con-
sist of two steps or two combined peaks. Occasionally, glass
transition and cold crystallization processes are observed. How-
ever, these do not follow a pattern, independent of heating/
cooling rates. The crystallization temperature observed upon
cooling is between —12 and +32°C. After repeated heating
and cooling a broadening or disappearance of the crystalliza-
tion peaks is observed; these processes can then be observed
as cold crystallizations during the subsequent heating cycle.

Thermogravimetric analysis (TGA) shows that all ILs are ther-
mally stable up to 250°C and exhibit a weight loss in two
steps. The first steps occur at around 250 °C with a weight loss
of about 65 to 70%, while the second step occurs at around
400°C. Overall a weight loss of 80 to 95% is observed for all
ILs (Supporting Information, Figure S4).

Lastly, the electrochemical properties of the ILs were ana-
lyzed. The working range was determined via cyclic voltamme-
try (CV). Here, the working range is equal to the potential
range where the ILs are not electrolyzed or decomposed. Si-
multaneously, CV measurements were also used to identify oxi-
dation and reduction processes in the range of —1-3 V. The ILs
were measured in dry acetonitrile. Figure 8a shows the cyclic
voltammograms of the IL1 to 3 (Cu-Mn-ILs). To prevent elec-
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Figure 8. Cyclic voltammograms of a) the Cu-Mn ILs (ILs1-3) and b) the fer-
rocene standard. ¢) Conductivities of IL1, IL2, IL4, and IL10 vs. temperature.
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trochemical degradation the potential limits were set at —1
and +3V, since the CVs of the ILs show a significant current
decrease below —1V and a notable current increase above 3 V.
Furthermore, the majority of the ILs does not show (reversible)
redox steps beyond these potential limits. CVs of the Cu-Mn
ILs (Figure 8a) show two oxidation peaks at 0.69 and 1.36 V.
During the reduction, four peaks at around —0.78, 0.35, 0.65,
and 1.19V can be observed. These peaks appear in all three
Cu-Mn ILs and only slightly differ in the peak location (devia-
tion of +0.1V). Similarly, the Co-Mn ILs and the Cu-Co ILs
show nearly identical patterns with respect to their reduction
and oxidation peaks while only slightly differing in the peak lo-
cation. The small deviations regarding the peak locations are
probably the result of small amounts of water and impurities
remaining in the compound.

Due to the fact that the composition of the ILs are known, it
is possible to assign the CV signals to specific reduction and
oxidation processes. A comparison of the CVs with the CV of
ferrocene (Figure 8b) shows that the peak at 0.67 V can be as-
signed to ferrocene oxidation to ferrocenium. The second peak
at 1.36 V can be assigned to the oxidation of chloride with a
standard potential of 1.36 V. The Cu oxidation peak is probably
not visible due to overlap with the ferrocene peak. The Mn oxi-
dation peak is not observed due to it being outside the set po-
tential limits of the experiment.

The first reduction peak at —0.78 V in IL1-3 (Figure 8a) can
be assigned to the reduction of small amounts of water, which
has a standard electrode potential of —0.8 V.°® Water is pres-
ent in the ILs due to their hygroscopic nature. The second re-
duction peak at 0.37 V can be assigned to the reduction of the
Cu®*, which has a standard electrode potential of 0.34 V. The
third peak at 0.64 V can be assigned to the reduction of ferro-
cenium with E°(Fe(Cp),/Fe(Cp),*)=0.60 V. The fourth reduction
peak at 1.19 V can either be assigned to the reduction of Mn?*
with a standard electrode potential of 1.18 V, or to a possible
reduction of oxidized chlorine species, which can form as by-
products during the measurement and have standard elec-
trode potentials in the range of 1.2 V. Again, the copper reduc-
tion peak is probably overlapping with the ferrocenium reduc-
tion peak (standard electrode potential of 0.52 V. Note that the
ferrocene/ferrocenium oxidation/reduction peaks do shift sig-
nificantly in our study, Supporting Information, Figure S8). Fur-
thermore, while at room temperature a Cu' species is not ob-
served even after multiple CV cycles, there is a significant
chance for Cu' formation at higher temperatures.

Interestingly, no clear reduction or oxidation peaks stem-
ming from Co could be found. This is probably again due to
the fact that the peaks either overlap with other signals or are
outside the set potential limits, since single peaks can be ob-
served in the voltammograms of the monometallic ILs (Fig-
ure S8). From the CVs the electrochemical windows can be de-
termined. The data show that the ILs are electrochemically
stable between —0.9V and +2.5V with most of the redox
steps occurring between 0V and 2 V. This is consistent with
published data.®”

Furthermore, the ILs were analyzed using impedance spec-
troscopy.”®? Table 3 shows the impedance spectroscopy data

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 3. Resistances and conductivities of the ILs obtained from impedance spectroscopy.
MIL T R [Q1® AR [Q]Y o [Scm™ "9 MIL T[°C)® R [Q1* AR [Q19 o [Scm "9
IL1 30 4.57x10* +34 248x107* IL6 30 6.96x10° 43989 1.41x107°
40 1.18x10* +13 9.55x10°* 40 1.84x10° +444 535%x10°°
50 3.23x10° +16 3.50x 103 50 3.57x10* +28 2.75%10°*
60 7.73%x10° +2 1.46x1072 60 3.76x10° +6 261%x1073
70 3.29%10° +4 3.44%x1072 70 2.37x10? +2 4.15x1072
IL2 30 451x10° 1686 2.09%10°° IL7 30 5.00% 10* +93 1.26x10°*
40 8.55x10* 4308 1.10x10°* 40 2.27x10* +68 2.76x107*
50 1.09x10* +24 8.64x107* 50 1.08x10* +22 582x107*
60 230%10° +13 4.10x1072 60 5.26x10° +9 1.20x1073
70 6.41x10* +57 1.47x107" 70 8.50%x 107 +19 7.39%x10°3
IL3 30 8.20x10* +424 1.53x107* IL8 30 3.14x10* +64 2.66x107*
40 4.22x10* +130 2.98x107* 40 2.08x10* +61 403x107*
50 4.38x10* +478 2.87x107* 50 1.23x10* +23 6.83x107*
60 9.58x10* +2145 1.31x107* 60 5.58x10° +9 1.50x 1073
70 1.75x10° +3719 7.19x107° 70 2.24%x10° +4 3.73x10°3
IL4 30 3.52x10° +0.58 3.06x1072 IL9 30 2.06x10° +1.55%10’ 5.23%x1078
40 2.42x%10° +0.15 4.44%x1072 40 8.39x107 +7.27x10° 1.28x1077
50 2.10x10° +0.27 5.13x1072 50 4.13x10’ +1.84x10° 261x1077
60 2.38x10° +0.13 4.53x1072 60 1.30x10’ +2.09%10° 8.29x107
70 4.33x10? +2.17 2.49%1072 70 2.28x10° +7.39%x10° 472x10°¢
IL5 30 7.35%x10° 42030 1.03x10°° IL10 30 2.12x10* +56 463x107*
40 1.64x10° +904 460x107° 40 7.24x10° +22 1.36x107°
50 3.73x10* +74 2.02x107* 50 2.12x10° +2 4.64x107°
60 8.96x10° +20 8.42x107* 60 541%10° +1 1.82x1072
70 2.50%10° +6 3.01x1073 70 2.15x10? +4 457%x1072
[a] Temperature. [b] Resistance of the bulk phase. [c] Resistance error. [d] Conductivity. Note: Measurements of IL11-13 did not result in analyzable data
due to a rather large scattering of the raw data points.

and measurement parameters as well as the resulting conduc-
tivities. Measurements of IL11 to IL13 did not result in process-
able data. Figure 8c shows the temperature-dependent con-
ductivity of IL1, IL2, IL4, and IL10. The equivalent circuit dia-
grams used to interpret the data are shown in Table S11 (ESI).
The measurements were conducted from 30 to 70°C. This is
due to two factors: (1) the melting points of the MiLs are be-
tween 69 and 93°C and (2) the average working temperature
in photovoltaic devices, which present a possible area of appli-
cation, lies between 50 and 65 °C.[*

Temperature-dependent conductivity measurements show
that the conductivity (combined ionic and electronic conduc-
tivity) of all ILs ranges between 10™* and 10°®Scm™' near
room temperature with IL4 being the exception at 1072 Scm™".
At higher temperatures the conductivities change significantly.
At 70°C they range from 107" to 107 Scm™' with IL3 and IL9
being the exceptions at 107> and 107°Scm™', respectively.
Temperature-dependent data show two general trends. The
most common one is a direct correlation between increasing
temperature and increasing conductivity. This behavior is
shown in Figure 8¢ for IL2 and IL10, respectively. This behavior
is expected because increasing temperature lead to increasing
ion mobilities in the ILs and hence to a higher conductivity.
The second trend is illustrated by IL4 (Figure 8c). Here the con-
ductivity increases up to 50 °C before decreasing again with in-
creasing temperature.

Overall, the Cu-Mn IL with a ratio of 50:50 (IL2) and the tri-
metallic (IL10) show the highest conductivities without any of
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the detrimental effects such as deposition of foreign mineral
phases or electrode corrosion (see Discussion section).

Discussion

The current article presents new findings on metal-containing
ILs with a focus on the structure and properties of ILs contain-
ing two or three different 3d-metals.

X-ray diffraction (Figures 2, 3, 4, Tables S2 to S9) shows that
all ILs are isostructural and only marginally differ in the unit
cell. This is consistent with existing data on similar sys-
tems!'%22835361 3nd confirms that both the pyridinium and the
tetrahalidometallate moieties are stable and reliable building
blocks for metal-containing ILs. The first new aspect presented
here therefore is the proof that ILs containing two or three 3d-
metals are structural analogues to the respective monometallic
|LS.[1O'27_29'35'36]

Consistent with the above, DSC (Figure 7) matches observa-
tions on the simpler, monometallic ILs."® IL11 does not show a
clean melting or crystallization point, which is probably due to
orientation processes and the system reorientation too slow
during the measurement. The ILs show a clear melting transi-
tion and occasionally a T, or a cold crystallization. There is a
strong dependence of the melting point from the composition,
that is, type(s) of metal in the ILs. Most notably, the melting
points of Cu-based ILs are lower than when no Cu is present in
the IL. This effect may be caused by Jahn-Teller distortions
around the metal ions induced by the presence of the Cu" d°

© 2020 The Authors. Published by Wiley-VCH GmbH
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system.'%64%1 Another possible explanation may be that the

low melting points are a consequence of the low lattice
energy caused by weak anion-m interactions, or higher Cou-
lomb interactions caused by packing effects.

The rather broad signals and the fact that sometimes two
peaks are observed in the DSC data (Figures S5-S7) further in-
dicate that, although the compounds crystallize, there is a
chance of lower order or possibly even some enrichment of
one metal in certain regions of the solid (clustering). Lower
order could again be caused in the Cu-containing ILs due to
Jahn-Teller distortion. Similarly, the fact that sometimes cold
crystallizations are observed, indicates rather slow crystalliza-
tion dynamics of the systems. This phenomenon is well known
for strongly interacting systems like ILs.”” This also correlates
with the results of the XRD data (Figure 4), where the relatively
noisy background indicates that the samples do not crystallize
perfectly.

The second new aspect is the fact that this article for the
first time describes the optical bandgaps of these intensely col-
ored compounds (Figure 1, Table 3).

Moreover, the bandgaps of the Cu-Mn ILs and the Cu-Co
ILs are slightly lower than the bandgaps of the Co-Mn ILs. As
there is a direct connection between direct optical bandgap
and electronic conductivity,***"%®% the Cu-containing ILs
(ILs1-6) may show a somewhat higher electronic conductivity.
In the current study, however, this effect overlaps with another
set of processes.

As a third new aspect the current study provides the first de-
tailed report on conductivities of tetrachloridometallate(ll) ILs.
In most cases, the IL conductivity increases with increasing
temperature (Figure 8). This behavior is expected due to the
higher ionic mobilities in the MILs as they approach the melt-
ing point. Overall, the conductivities are comparable to those
of other pyridinium-based ILs and eutectic mixtures.”” Indeed,
the conductivities of the current compounds are slightly
higher than comparable compounds at elevated tempera-
tures.”” Consequently, the current data suggest that the ILs
studied here could be interesting electrolytes for intermediate
temperature applications such as metal halide batteries.”? Fur-
thermore, due to the ILs being solid at room temperature they
could also be promising electrolytes in solid state electrolyte
(SE) batteries.”>"

Moreover, Cu-containing ILs show a rather peculiar conduc-
tivity vs. temperature (Figure 8). There may be a number of
competing processes that lead to this behavior. For one, Cu**
may be reduced to Cu™ and Cu® during the measurement due
to its relatively high standard electrode potential [E°(Cu®"
/Cu)=+0.35V; E°(Cu*t/Cut)= +0.16 V; E°(Cu*/Cu)=
+0.52 V]. Clearly the formation of Cu® species will lead to
drastic changes in the conductivities and electrochemical be-
havior. Moreover, the formation of Cu™ will lead to the deposi-
tion of CuCl in the presence of chloride anions.”>’ As CuCl is
a semiconductor with a bulk bandgap of ca. 3.25 eV,”* this will
again affect the conductivity of the entire system. The assump-
tion of CuCl or Cu formation is also supported by the optical
appearance of the compound: the (initially orange) IL3, which
contains a high amount of Cu, shows green discolorations at
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its surface, which could be CuCl, after the impedance measure-
ment. This is shown in Figure S9. The high conductivity values
may partially be a consequence of the decomposition of the IL
and the formation of CuCl, which is known for its high ionic
conductivity (4.2x1072Scm™")."7¥ While this may be the case
for ILs 1-3, some of the other compounds (e.g. IL7), which do
not contain copper and do not show any evidence of decom-
position, also display very high conductivity values of ca.
1072Scm™.

Furthermore, corrosion also affects the conductivity of the
ILs. Corrosive behavior is well-known for MILs.>”-2%8" |ndeed,
further SEM and EDX analysis of the electrodes shows metal
deposition (Figure S10). For example, IL4, which shows the
best conductivity near room temperature, contains a high
amount of cobalt with a small amount of copper. As the ex-
periments were made with gold-plated nickel electrodes, a re-
action between Co?" or Cu?" is highly likely, especially consid-
ering the fact that chloride is able to corrode the gold plating
(this is confirmed by SEM/EDX data and by the fact that after
the experiment, the sample chamber smells of chlorine). As
result, Cu and Co deposition may drastically alter the conduc-
tivities. Metallic Co shows good ionic conductivity and metallic
Cu shows a good electronic conductivity.®® Thus Cu metal
deposition should in fact lead to an enhanced conductivity
even if the Cu deposited are below the percolation threshold.

Considering the question why this unexpected trend in the
conductivities is only observed in the Cu-based ILs, we current-
ly hypothesize that Mn>" may be a key component. Mn*>* may
act as a redox stabilizer (electron scavenger) preventing the re-
duction of Cu?>* to Cu™ or Cu’ in all ILs containing at least
25% of Mn”". Clearly, preventing the formation of semicon-
ducting or even metallic deposits will help maintain the
system intact and prevent such an unusual conductivity
change.

The current article therefore shows that the combination of
several d-block metals into one single IL with a well-defined
composition produces interesting compounds with tunable
properties.

Conclusions

Although tetrahalidometallate ILs have been studied for a
wide range of research and application fields, there is virtually
no information on the effects of metal combination in ILs. This
article therefore provides new insights into the optical and
electrochemical behavior of ILs containing two or even three
d-block metals. The data clearly show that combining metals
in ILs can add value to these interesting compounds. In the
current examples, the optical bandgaps, the melting transi-
tions, the electrochemical properties, and electronic conductiv-
ities can directly be controlled by proper choice of the consti-
tuting elements of the ILs. As a result, the current study pro-
vides the first prototypes of tunable materials with application
potential in batteries, electrolytes, optical elements, solar cells,
or light absorbers. Overall, the materials presented here are a
highly flexible and adaptable platform for materials develop-
ment for many different uses.
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Experimental Section

Chemicals: N-butylpyridinium chloride (Merck >98.0%),
CoCl,:6H,0 (VWR>98.0%), CuCl,2H,0 (Fluka Analytical >99%),
MnCl,-H,O (Carl Roth >99 %), propan-2-ol (VWR >99%), hydrochlo-
ric acid (VWR 35%), magnesium sulfate AnalaR NORMAPUR (VWR >
98.0%, CAS 7587-889), acetonitrile (VWR>99.9%), tetrabutylam-
monium hexafluorophosphate (TBAHFP; Alfa Aesar 98 %), and fer-
rocene (Alfa Aesar 99%) were used as received.

Synthesis: Synthesis was done according to ref.[39] The synthetic
procedure was as follows: 200 mg (1.17 mmol) N-butylpyridinium
chloride (BuPyCl) and an equimolar amount of the metal salts in
the ratio of 2:1 (0.59 mmol in total) were dissolved in 10 mL of 2-
propanol and 0.35 mL HCl (37%) was added to the solution. The
reaction was held at 110°C for 60 min under reflux. Solvent and
additional water were removed by rotary evaporation and the re-
sulting compounds were dried under vacuum (1072 bar) for 12 h.
The resulting compounds were directly used for further analysis
without additional purification. For detailed mass calculation and
yield see Table S13. Generally, the yields of the ILs are between 90
and 97%, with IL5 (83%) and IL13 (78%) being the exceptions.
The synthesis was repeated up to five times for reproducibility. The
crystallization of the ILs were done as follows: a few amounts of
the ILs were dissolved in various solvents, for example, 2-propanol,
acetonitrile or methanol. After several days or weeks crystals were
formed under solvent evaporation and used for X-ray crystal struc-
ture analysis.

Infrared spectroscopy: IR measurements were conducted using a
NICOLET iS5 by Thermo Scientific with an ID7 ATR-attachment with
diamond crystal. Samples were measured as powder in ATR mode
between 400 and 4000 cm ™' with a resolution of 4 cm™".

Thermogravimetric analysis: TGA measurements were conducted
using a TGA 4000 Thermal Analyzer by PerkinElmer at a heating
rate of 10 Kmin~" under static air atmosphere.

Crystal structure analysis: For details, see the Supporting Informa-
tion. Deposition numbers 2012411, and 2012412 (IL13, and IL2)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.

Data collection was performed with a STOE StadiVari diffractometer
(four-circle goniometer) with a Genix Microfocus X-ray source (Mo-
Ka-radiation, 1 =0.71073 A) and a Dectris 200 K detector. The data
were corrected for absorption as well as for Lorentz and polariza-
tion effects using the program X-Area.® The structures were
solved using SHELXS-2013/2,% refined by the program SHELXL-
2014/7%9 and the crystal structures were visualized with Dia-
mond 4.5

Powder X-ray diffraction: PXRD date were collected using a PANa-
lytical Empyrean powder X-ray diffractometer operating at 40 kV
and 40 mA. The diffractometer was configured with a focusing X-
ray mirror for Cu radiation (A=1.5419 A) and a PIXcel1D detector.
Scans were run for 61 min over a 26 range of 4-70° with a step
size of 0.0131°.

Differential scanning calorimetry: DSC measurements were done
on a Netzsch DSC 214 Polyma at 10 Kmin™' under nitrogen. Each
run consisted of three heating-cooling cycles.

Elemental analysis: CHN analysis was carried out using an Elemen-
tar vario EL Il analyzer. Limit of detection is 0.3 %.

Electrochemistry: Cyclic voltammetry (CV) measurements were
performed using the three-electrode system of a Metrohm Autolab
PGSTAT204. For CV measurements the ILs (0.1 M in dry acetonitrile)
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were placed between a Pt counter electrode with a diameter of
1cm? (with a central hole for reference electrode) as well as a
glassy carbon working electrode. A silver electrode with a diameter
of 2 mm was used as the reference electrode. As a reference ferro-
cene (5x107*m) was used. For the pure ferrocene CV measure-
ment tetrabutylammonium hexafluorophosphate (0.1 M) was used
as a conductive agent.

Impedance spectra were measured using the impedance setup of
the Autolab PGSTAT204 system (Metrohm GmbH & Co. KG) from
10° Hz to 1 Hz with an amplitude of 0.1 V. For the temperature de-
pendent impedance measurements a temperature-controlled mi-
crocell HC (rhd instruments) was used and carried out at tempera-
tures ranging from 25°C to 70°C. Heating and cooling was done
by means of a Peltier element with an accuracy of 0.01°C. The
compounds were prepared as follows: Each IL was placed in a sili-
con form and held at 110°C in a heating oven for 1 h. This process
produces a macroscopic pellet after cooling and also removes re-
sidual water. The pellets were then placed in the measurement cell
between the working electrodes. The conductivity ¢ was calculated
using Equation (1) with d being the height of the sample, R being
the resistance and A being the surface content of the circular
sample.

o= d/(RxA) (1)

Electrode and cell assembly: The performance of the pure ILs was
characterized in a two-electrode cell configuration (Pt-electrode,
Graphit-electrode) with a rhd TSC battery (Ni electrodes, diameter
9 mm) in combination with a Metrohm Autolab PGSTAT204. The Ni
electrodes were later replaced by Au electrodes due to the pres-
ence of corrosive processes. For the analysis of the generated im-
pedance results, the RelaxIS software (rhd, instruments, Marburg,
Germany) was used.

Inductively coupled plasma optical emission spectroscopy: ICP
OES measurements were performed using the PerkinElmer Optical
Emission Spectrometer Optima 5300 DV with the Scott-Chamber/
Cross-Flow-Nebulizer. Read time was 2-10 s with a power of 1400
W and plasma gas flow of 17Lmin", auxiliary gas flow of
0.2 Lmin~" and nebulizer gas flow of 0.6 Lmin~". The measurement
was performed axially.

UV/Vis-spectroscopy: UV/Vis measurements were conducted using
a Lambda 950 by PerkinElmer with the solid material attachment
Praying MantisTM by Harrick Scientific Products INC. During the ex-
periments MgSO, AnalaR NORMAPUR by VWR was used as a back-
ground material. The measuring range was A =2850-250 nm with a
resolution of 2 nm. The Kubelka-Munk Equation (2) was used for
the analysis of the UV/Vis data.

K (1-R)
ST 2R @)

K=absorption coefficient, S=scattering coefficient, R=reflectance
Based on the UV/Vis analysis the optical bandgaps were graphically
analyzed using the Tauc plot (3). The plots were then fitted using
Origin [Eq. (3)].

(ahv)'/" = A(hv — E,) 3)

h=Planck’s constant, v=photon'’s frequency, a =absorption coeffi-
cient, E,=bandgap, A= proportionality constant with the following
values for n: n=1/2 for direct allowed transitions, n=3/2 for
direct forbidden transitions, n=2 for indirect allowed transitions,
n=3 for indirect forbidden transitions.

© 2020 The Authors. Published by Wiley-VCH GmbH


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202003097
 http://www.ccdc.cam.ac.uk/structures 
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202003097

Chemistry
Europe

European Chemical
Societies Publishing

Acknowledgements

We thank Prof. Dr. U. Schilde, and A. Kelling for crystal struc-
ture determination and helpful discussion, S. Lubahn (Universi-
ty of Potsdam) for ICP OES measurements, Y. Linde (University
of Potsdam) for elemental analysis, A. Lange (University of
Potsdam) for additional cyclic voltammetry data, and R. lhlen-
burg and M. Schneider (University of Potsdam) for helpful dis-
cussions. Furthermore, we also thank M. Drischler (rhd) for
help with impedance spectroscopy. Funding from the Universi-
ty of Potsdam and the Deutsche Forschungsgemeinschaft
(DFG SPP 1708, TA571/13-1 & 13-2) is gratefully acknowledged.
Open access funding enabled and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: bandgap - electrochemistry - ionic liquids - metal-
containing ionic liquids - tetrahalido metallates

[11 M. Armand, F. Endres, D. R. MacFarlane, H. Ohno, B. Scrosati, Nat. Mater.
2009, 8, 621-629.

[2] T. Torimoto, T. Tsuda, K.|. Okazaki, S. Kuwabata, Adv. Mater. 2010, 22,
1196-1221.

[3] J. P. Hallett, T. Welton, Chem. Rev. 2011, 111, 3508 -3576.

[4] K. R. Seddon, J. Chem. Technol. Biotechnol. 1997, 68, 351-356.

[5] D.-Y. Wang, C.-Y. Wei, M.-C. Lin, C.-J. Pan, H.-L. Chou, H.-A. Chen, M.
Gong, Y. Wu, C. Yuan, M. Angell, Y.-J. Hsieh, Y.-H. Chen, C.-Y. Wen, C-W.
Chen, B.-J. Hwang, C.-C. Chen, H. Dai, Nat. Commun. 2017, 8, 14283.

[6] J. Ding, D. Zhou, G. Spinks, G. Wallace, S. Forsyth, M. Forsyth, D. MacFar-
lane, Chem. Mater. 2003, 15, 2392 -2398.

[7]1 P. Wang, S. M. Zakeeruddin, I. Exnar, M. Gratzel, Chem. Commun. 2002,
2972-2973.

[8] F. Fabregat-Santiago, J. Bisquert, E. Palomares, L. Otero, D. Kuang, S. M.
Zakeeruddin, M. Gratzel, J. Phys. Chem. C 2007, 111, 6550 -6560.

[9] M. Freemantle, An Introduction to lonic Liquids, Royal Society of Chemis-
try, 2009.

[10] A. Abouserie, K. Zehbe, P. Metzner, A. Kelling, C. Gunter, U. Schilde, P.
Strauch, T. Kérzdorfer, A. Taubert, Eur. J. Inorg. Chem. 2017, 5640 - 5649.
K. Zehbe, M. Kollosche, S. Lardong, A. Kelling, U. Schilde, A. Taubert, Int.
J. Mol. Sci. 2016, 17, 391.

R. Giernoth, Angew. Chem. Int. Ed. 2010, 49, 2834 -2839; Angew. Chem.

2010, 722, 2896-2901.

[13] A. Taubert, Z. Li, Dalton Trans. 2007, 723 -727.

[14] A.P. Abbott, T.J. Bell, S. Handa, B. Stoddart, Green Chem. 2005, 7, 705.

[15] B. Dolling, A.L. Gillon, A.G. Orpen, J. Starbuck, X.-M. Wang, Chem.
Commun. 2001, 567 - 568.

[16] A. Angeloni, A. G. Orpen, Chem. Commun. 2001, 343 -344.

[17] M. W. Bouwkamp, E. Lobkovsky, P. J. Chirik, J. Am. Chem. Soc. 2005, 127,
9660-9661.

[18] G.R. Lewis, Chem. Commun. 1998, 1873 -1874.

[19] C.K. Lee, K-M. Hsu, C.-H. Tsai, C. K. Lai, I. J. B. Lin, Dalton Trans. 2004,
1120.

[20] C.K. Lee, M. J. Ling, I. J. B. Lin, Dalton Trans. 2003, 4731-4737.

[21] W. A. Herrmann, L. J. Goossen, G. R. J. Artus, C. Kécher, Organometallics
1997, 16, 2472 -2477.

[22] A. Taubert, Angew. Chem. Int. Ed. 2004, 43, 5380-5382; Angew. Chem.
2004, 116, 5494 - 5496.

[23] A. Taubert, Acta Chim. Slov. 2005, 52, 168-170.

[24] A. Taubert, Acta Chim. Slov. 2005, 52, 183 -186.

[25] M. Antonietti, D. Kuang, B. Smarsly, Y. Zhou, Angew. Chem. Int. Ed. 2004,
43, 4988-4992; Angew. Chem. 2004, 116, 5096 -5100.

[26] J. Richter, M. Ruck, Molecules 2019, 25, 78.

(1]

[12]

Chem. Eur. J. 2020, 26, 17504-17513 www.chemeurj.org

[27]

[28]
[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]
[38]

[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

[48]

[49]
[50]

[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

[66]

[67]

17512

F. Neve, O. Francescangeli, A. Crispini, J. Charmant, Chem. Mater. 2001,
13, 2032-2041.

F. Neve, M. Impéror-Clerc, Lig. Cryst. 2004, 31, 907 -912.

C.J. Bowlas, D. W. Bruce, K.R. Seddon, Chem. Commun. 1996, 1625-
1626.

J. Estager, J. D. Holbrey, M. Swadzba-Kwasny, Chem. Soc. Rev. 2014, 43,
847 -886.

A.G. Zazybin, K. Rafikova, V. Yu, D. Zolotareva, V.M. Dembitsky, T.
Sasaki, Russ. Chem. Rev. 2017, 86, 1254-1270.

C. Chiappe, M. Malvaldi, Phys. Chem. Chem. Phys. 2010, 12, 11191.

K. Goossens, K. Lava, P. Nockemann, K. Van Hecke, L. Van Meervelt, P.
Pattison, K. Binnemans, T. Cardinaels, Langmuir 2009, 25, 5881 -5897.

D. Kim, Y. Moon, D. Ji, H. Kim, D. Cho, ACS Sustainable Chem. Eng. 2016,
4, 4591 -4600.

F. Neve, A. Crispini, S. Armentano, O. Francescangeli, Chem. Mater. 1998,
10, 1904-1913.

F. Neve, O. Francescangeli, A. Crispini, Inorg. Chim. Acta 2002, 338, 51—
58.

Y. Liu, J. Wang, Molecules 2018, 23, 2516.
R.D. Rogers, G. Gurau, S.P. Kelley,
US10357762B2, 2019.

K. Thiel, T. Klamroth, P. Strauch, A. Taubert, Phys. Chem. Chem. Phys.
2011, 713, 13537.

R. Ma, Z. Liu, K. Takada, K. Fukuda, Y. Ebina, Y. Bando, T. Sasaki, Inorg.
Chem. 2006, 45, 3964 —3969.

V. Sivo, G. D'abrosca, L. Russo, R. lacovino, P. V. Pedone, R. Fattorusso, C.
Isernia, G. Malgieri, Bioinorg. Chem. Appl. 2017, 2017, 1527247.

J. Ndalamo, A.F. Mulaba-Bafubiandi, B.B. Mamba, Int. J. Min. Metall.
Mater. 2011, 18, 260-269.

M. A. Khan, J. Meullemeestre, M.J. Schwing, F. Vierling, Polyhedron
1983, 2, 459-463.

J. Diaz-Visurraga, C. Daza, C. Pozo, A. Becerra, Garcia Cancino, C. von
Plessing, Int. J. Nanomed. 2012, 3597 -3612.

A. El-Korashy, M. G. Brik, Solid State Commun. 2005, 135, 298-303.

J. Tauc, R. Grigorovici, A. Vancu, Phys. Status Solidi 1966, 15, 627 -637.
T. Anil, K. L. Naidu, J. Raju, Int. J. Chem. Tech. Res. 2014, 6, 974-4290.
Y. Feng, S. Lin, S. Huang, S. Shrestha, G. Conibeer, J. Appl. Phys. 2015,
117, 125701.

E. Guneri, A. Kariper, J. Alloys Compd. 2012, 516, 20-26.

B. D. Viezbicke, S. Patel, B.E. Davis, D.P. Birnie, Phys. Status Solidi B
2015, 252, 1700-1710.

E. A. Davis, N. F. Mott, Philos. Magn. 1970, 22, 0903 -0922.

W. H. Strehlow, E.L. Cook, J. Phys. Chem. Ref. Data 1973, 2, 163 -200.
A.F. Holleman, E. Wiberg, N. Wiberg, Lehrbuch Der Anorganischen
Chemie, 101st ed.; Walter de Gruyter: Berlin, 1995.

A. Yoshikawa, H. Matsunami, Y. Nanishi, in Wide Bandgap Semiconduc-
tors (Eds.: K. Takahashi, A. Yoshikawa, A. Sandhu), Springer, Berlin, 2007,
pp. 1-24.

P. Schnabel, Elektronik-Fibel, 7th ed.; Books on Demand, 2017.

A. M. O'Mahony, D.S. Silvester, L. Aldous, C. Hardacre, R. G. Compton, J.
Chem. Eng. Data 2008, 53, 2884 -2891.

H. Liu, Y. Liu, J. Li, Phys. Chem. Chem. Phys. 2010, 12, 1685.

K. Funke, Impedanzspektroskopie—Apparative Methoden in Der Physikali-
schen Chemie, Institute for Physical Chemistry, University of Minster,
2002.

D. Ende, K. Mangold, Chem. unserer Zeit 1993, 27, 134-140.

E. Barsoukoy, J. R. Macdonald in Impedance Spectroscopy: Theory, Experi-
ment, and Applications, Wiley, Hoboken, 2005.

S. Lanfredi, A. C. M. Rodrigues, J. Appl. Phys. 1999, 86, 2215-2219.

D. U. Sauer, Technische Mitteilungen 99 (2006) Heft 1/3, S. 7-11, ISSN
0040-1439, 1. Symposium Impedanzspektroskopie, 16./17. Mai 2006,
HdT Essen.

L. Zhu, A. Raman, K. X. Wang, M. A. Anoma, S. Fan, Optica 2014, 1, 32.
R. Bhattacharya, M. Sinha Ray, R. Dey, L. Righi, G. Bocelli, A. Ghosh, Poly-
hedron 2002, 21, 2561 -2565.

R. Farra, K. Thiel, A. Winter, T. Klamroth, A. P6ppl, A. Kelling, U. Schilde,
A. Taubert, P. Strauch, New J. Chem. 2011, 35, 2793.

A. Winter, K. Thiel, A. Zabel, T. Klamroth, A. Poppl, A. Kelling, U. Schilde,
A. Taubert, P. Strauch, New J. Chem. 2014, 38, 1019.

M. Imanari, K. Fujii, T. Endo, H. Seki, K. Tozaki, K. Nishikawa, J. Phys.
Chem. B 2012, 116, 3991 -3997.

R. Kore, J.L. Shamshina,

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1038/nmat2448
https://doi.org/10.1038/nmat2448
https://doi.org/10.1038/nmat2448
https://doi.org/10.1038/nmat2448
https://doi.org/10.1002/adma.200902184
https://doi.org/10.1002/adma.200902184
https://doi.org/10.1002/adma.200902184
https://doi.org/10.1002/adma.200902184
https://doi.org/10.1021/cr1003248
https://doi.org/10.1021/cr1003248
https://doi.org/10.1021/cr1003248
https://doi.org/10.1002/(SICI)1097-4660(199704)68:4%3C351::AID-JCTB613%3E3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4660(199704)68:4%3C351::AID-JCTB613%3E3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4660(199704)68:4%3C351::AID-JCTB613%3E3.0.CO;2-4
https://doi.org/10.1021/cm020918k
https://doi.org/10.1021/cm020918k
https://doi.org/10.1021/cm020918k
https://doi.org/10.1039/B209322G
https://doi.org/10.1039/B209322G
https://doi.org/10.1039/B209322G
https://doi.org/10.1039/B209322G
https://doi.org/10.1021/jp066178a
https://doi.org/10.1021/jp066178a
https://doi.org/10.1021/jp066178a
https://doi.org/10.1002/ejic.201700826
https://doi.org/10.1002/ejic.201700826
https://doi.org/10.1002/ejic.201700826
https://doi.org/10.3390/ijms17030391
https://doi.org/10.3390/ijms17030391
https://doi.org/10.1002/anie.200905981
https://doi.org/10.1002/anie.200905981
https://doi.org/10.1002/anie.200905981
https://doi.org/10.1002/ange.200905981
https://doi.org/10.1002/ange.200905981
https://doi.org/10.1002/ange.200905981
https://doi.org/10.1002/ange.200905981
https://doi.org/10.1039/B616593A
https://doi.org/10.1039/B616593A
https://doi.org/10.1039/B616593A
https://doi.org/10.1039/b511691k
https://doi.org/10.1039/b009467f
https://doi.org/10.1039/b009467f
https://doi.org/10.1039/b009467f
https://doi.org/10.1039/b009467f
https://doi.org/10.1039/b009515j
https://doi.org/10.1039/b009515j
https://doi.org/10.1039/b009515j
https://doi.org/10.1021/ja0524447
https://doi.org/10.1021/ja0524447
https://doi.org/10.1021/ja0524447
https://doi.org/10.1021/ja0524447
https://doi.org/10.1039/a804128h
https://doi.org/10.1039/a804128h
https://doi.org/10.1039/a804128h
https://doi.org/10.1039/b314367h
https://doi.org/10.1039/b314367h
https://doi.org/10.1039/B308648H
https://doi.org/10.1039/B308648H
https://doi.org/10.1039/B308648H
https://doi.org/10.1021/om960784i
https://doi.org/10.1021/om960784i
https://doi.org/10.1021/om960784i
https://doi.org/10.1021/om960784i
https://doi.org/10.1002/anie.200460846
https://doi.org/10.1002/anie.200460846
https://doi.org/10.1002/anie.200460846
https://doi.org/10.1002/ange.200460846
https://doi.org/10.1002/ange.200460846
https://doi.org/10.1002/ange.200460846
https://doi.org/10.1002/ange.200460846
https://doi.org/10.1002/anie.200460091
https://doi.org/10.1002/anie.200460091
https://doi.org/10.1002/anie.200460091
https://doi.org/10.1002/anie.200460091
https://doi.org/10.1002/ange.200460091
https://doi.org/10.1002/ange.200460091
https://doi.org/10.1002/ange.200460091
https://doi.org/10.3390/molecules25010078
https://doi.org/10.1021/cm000804d
https://doi.org/10.1021/cm000804d
https://doi.org/10.1021/cm000804d
https://doi.org/10.1021/cm000804d
https://doi.org/10.1080/02678290410001713351
https://doi.org/10.1080/02678290410001713351
https://doi.org/10.1080/02678290410001713351
https://doi.org/10.1039/cc9960001625
https://doi.org/10.1039/cc9960001625
https://doi.org/10.1039/cc9960001625
https://doi.org/10.1039/C3CS60310E
https://doi.org/10.1039/C3CS60310E
https://doi.org/10.1039/C3CS60310E
https://doi.org/10.1039/C3CS60310E
https://doi.org/10.1070/RCR4743
https://doi.org/10.1070/RCR4743
https://doi.org/10.1070/RCR4743
https://doi.org/10.1039/c001796e
https://doi.org/10.1021/la900048h
https://doi.org/10.1021/la900048h
https://doi.org/10.1021/la900048h
https://doi.org/10.1021/acssuschemeng.6b00711
https://doi.org/10.1021/acssuschemeng.6b00711
https://doi.org/10.1021/acssuschemeng.6b00711
https://doi.org/10.1021/acssuschemeng.6b00711
https://doi.org/10.1021/cm980071l
https://doi.org/10.1021/cm980071l
https://doi.org/10.1021/cm980071l
https://doi.org/10.1021/cm980071l
https://doi.org/10.1016/S0020-1693(02)00976-3
https://doi.org/10.1016/S0020-1693(02)00976-3
https://doi.org/10.1016/S0020-1693(02)00976-3
https://doi.org/10.3390/molecules23102516
https://doi.org/10.1039/c1cp20648f
https://doi.org/10.1039/c1cp20648f
https://doi.org/10.1021/ic052108r
https://doi.org/10.1021/ic052108r
https://doi.org/10.1021/ic052108r
https://doi.org/10.1021/ic052108r
https://doi.org/10.1155/2017/1527247
https://doi.org/10.1007/s12613-011-0432-y
https://doi.org/10.1007/s12613-011-0432-y
https://doi.org/10.1007/s12613-011-0432-y
https://doi.org/10.1007/s12613-011-0432-y
https://doi.org/10.1016/S0277-5387(00)87093-X
https://doi.org/10.1016/S0277-5387(00)87093-X
https://doi.org/10.1016/S0277-5387(00)87093-X
https://doi.org/10.1016/S0277-5387(00)87093-X
https://doi.org/10.2147/IJN.S32648
https://doi.org/10.2147/IJN.S32648
https://doi.org/10.2147/IJN.S32648
https://doi.org/10.1016/j.ssc.2005.05.010
https://doi.org/10.1016/j.ssc.2005.05.010
https://doi.org/10.1016/j.ssc.2005.05.010
https://doi.org/10.1002/pssb.19660150224
https://doi.org/10.1002/pssb.19660150224
https://doi.org/10.1002/pssb.19660150224
https://doi.org/10.1063/1.4916090
https://doi.org/10.1063/1.4916090
https://doi.org/10.1016/j.jallcom.2011.11.054
https://doi.org/10.1016/j.jallcom.2011.11.054
https://doi.org/10.1016/j.jallcom.2011.11.054
https://doi.org/10.1002/pssb.201552007
https://doi.org/10.1002/pssb.201552007
https://doi.org/10.1002/pssb.201552007
https://doi.org/10.1002/pssb.201552007
https://doi.org/10.1080/14786437008221061
https://doi.org/10.1080/14786437008221061
https://doi.org/10.1080/14786437008221061
https://doi.org/10.1063/1.3253115
https://doi.org/10.1063/1.3253115
https://doi.org/10.1063/1.3253115
https://doi.org/10.1039/b921469k
https://doi.org/10.1002/ciuz.19930270305
https://doi.org/10.1002/ciuz.19930270305
https://doi.org/10.1002/ciuz.19930270305
https://doi.org/10.1063/1.371033
https://doi.org/10.1063/1.371033
https://doi.org/10.1063/1.371033
https://doi.org/10.1364/OPTICA.1.000032
https://doi.org/10.1016/S0277-5387(02)01237-8
https://doi.org/10.1016/S0277-5387(02)01237-8
https://doi.org/10.1016/S0277-5387(02)01237-8
https://doi.org/10.1016/S0277-5387(02)01237-8
https://doi.org/10.1039/c1nj20271e
https://doi.org/10.1039/c3nj01039b
https://doi.org/10.1021/jp300722j
https://doi.org/10.1021/jp300722j
https://doi.org/10.1021/jp300722j
https://doi.org/10.1021/jp300722j
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

Chemistry
Europe

doi.org/10.1002/chem.202003097 Socetes Puiehing

[68] A. Shaheen, W. Zia, A. Khalid, M. S. Anwar, Band Structure and Electrical
Conductivity in Semiconductors, 2011.

[69] M. Caglar, Y. Caglar, S. Aksoy, S. llican, Appl. Surf. Sci. 2010, 256, 4966 -
4971.

[70] M. Watanabe, S. Yamada, N. Ogata, Electrochim. Acta 1995, 40, 2285-
2288.

[71] 1. Bandrés, D.F. Montano, |. Gascén, P. Cea, C. Lafuente, Electrochim.
Acta 2010, 55, 2252-2257.

[72] J. Rijssenbeek, H. Wiegman, D. Hall, C. Chuah, G. Balasubramanian, C.
Brady, Sodium-Metal Halide Batteries in Diesel-Battery Hybrid Telecom Ap-
plications, 2011 IEEE 33rd International Telecommunications Energy Con-
ference (INTELEC), IEEE, Amsterdam, 2011, pp. 1-4.

[73] M. Feinauer, H. Euchner, M. Fichtner, M. A. Reddy, ACS Appl. Energy
Mater. 2019, 2, 7196 -7203.

[74] 1. Mohammad, R. Witter, M. Fichtner, M. A. Reddy, ACS Appl. Energy
Mater. 2019, 2, 1553 -1562.

[75] N. Garro, A. Cantarero, M. Cardona, T. Ruf, A. Gobel, C. Lin, K. Reimann,
S. Rubenacke, M. Steube, Solid State Commun. 1996, 98, 27 -30.

[76] J. Maier, Solid State lonics 1987, 23, 59-67.

[77] J. Maier, J. Phys. Chem. Solids 1985, 46, 309-320.

[78] J. Maier, Prog. Solid State Chem. 1995, 23, 171-263.

[79] T. Jow, J. Electrochem. Soc. 1979, 126, 1963.

[80] R-S. Kuhnel, N. Béckenfeld, S. Passerini, M. Winter, A. Balducci, Electro-
chim. Acta 2011, 56, 4092 -4099.

[81] S. Menne, R-S. Kiihnel, A. Balducci, Electrochim. Acta 2013, 90, 641—
648.

[82] R.S. Bradley, D. C. Munro, P.N. Spencer, Trans. Faraday Soc. 1969, 65,
1912.

[83] J. Ayawanna, D. Wattanasiriwech, S. Wattanasiriwech, P. Aungkavattana,
Solid State lonics 2009, 180, 1388-1394.

[84] Stoe & Cie, X-Step Ver. 1.07e, Darmstadt, Germany, 2000.

[85] G. M. Sheldrick, SHELXS-2013/2. Program for the Crystal Structure Solu-
tion, University of Gottingen, Germany, 1997.

[86] G. M. Sheldrick, SHELXL-2014/7. Program for the Crystal Solution Refine-
ment, University of Géttingen, Germany, 2013.

[87] K. Brandenburg, DIAMOND Ver. 4.5.3, Crystal Impact, Bonn, Germany,
2018.

Manuscript received: June 29, 2020

Revised manuscript received: August 21, 2020
Accepted manuscript online: August 25, 2020
Version of record online: December 3, 2020

Chem. Eur. J. 2020, 26, 17504~ 17513 www.chemeurj.org 17513 © 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1016/j.apsusc.2010.03.010
https://doi.org/10.1016/j.apsusc.2010.03.010
https://doi.org/10.1016/j.apsusc.2010.03.010
https://doi.org/10.1016/0013-4686(95)00179-I
https://doi.org/10.1016/0013-4686(95)00179-I
https://doi.org/10.1016/0013-4686(95)00179-I
https://doi.org/10.1016/j.electacta.2009.11.073
https://doi.org/10.1016/j.electacta.2009.11.073
https://doi.org/10.1016/j.electacta.2009.11.073
https://doi.org/10.1016/j.electacta.2009.11.073
https://doi.org/10.1021/acsaem.9b01166
https://doi.org/10.1021/acsaem.9b01166
https://doi.org/10.1021/acsaem.9b01166
https://doi.org/10.1021/acsaem.9b01166
https://doi.org/10.1021/acsaem.8b02166
https://doi.org/10.1021/acsaem.8b02166
https://doi.org/10.1021/acsaem.8b02166
https://doi.org/10.1021/acsaem.8b02166
https://doi.org/10.1016/0038-1098(96)00020-8
https://doi.org/10.1016/0038-1098(96)00020-8
https://doi.org/10.1016/0038-1098(96)00020-8
https://doi.org/10.1016/0167-2738(87)90082-8
https://doi.org/10.1016/0167-2738(87)90082-8
https://doi.org/10.1016/0167-2738(87)90082-8
https://doi.org/10.1016/0022-3697(85)90172-6
https://doi.org/10.1016/0022-3697(85)90172-6
https://doi.org/10.1016/0022-3697(85)90172-6
https://doi.org/10.1016/0079-6786(95)00004-E
https://doi.org/10.1016/0079-6786(95)00004-E
https://doi.org/10.1016/0079-6786(95)00004-E
https://doi.org/10.1149/1.2128835
https://doi.org/10.1016/j.electacta.2011.01.116
https://doi.org/10.1016/j.electacta.2011.01.116
https://doi.org/10.1016/j.electacta.2011.01.116
https://doi.org/10.1016/j.electacta.2011.01.116
https://doi.org/10.1016/j.electacta.2012.12.042
https://doi.org/10.1016/j.electacta.2012.12.042
https://doi.org/10.1016/j.electacta.2012.12.042
https://doi.org/10.1039/tf9696501912
https://doi.org/10.1039/tf9696501912
https://doi.org/10.1016/j.ssi.2009.08.005
https://doi.org/10.1016/j.ssi.2009.08.005
https://doi.org/10.1016/j.ssi.2009.08.005
http://www.chemeurj.org

