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Abstract: Several ionic liquids (ILs)
based on complex manganate(II)
anions with chloro, bromo, and bis(tri-
fluoromethanesulfonyl)amido (Tf,N) li-
gands have been synthesized. As coun-
terions, n-alkyl-methylimidazolium
(C,mim) cations of different chain
length (alkyl=ethyl (C,), propyl (Cs),
butyl (C,), hexyl (Cq)) were chosen.
Except for the 1-hexyl-3-methylimida-
zolium ILs, all of the prepared com-
pounds could be obtained in a crystal-
line state at room temperature. Howev-
er, each of the compounds displayed a
strong tendency to form a supercooled

tion environment of Mn?*, green (tet-
rahedrally coordinated Mn’>*) or red
(octahedrally coordinated Mn?*) lumi-
nescence emission from the “T(G) level
is observed.!! The local coordination of
the luminescent Mn?** centre has been
unequivocally established by UV/Vis as
well as Raman and IR vibrational spec-
troscopies. Emission decay times mea-
sured at room temperature in the solid
state (crystalline or powder) were gen-
erally a few ms, although, depending
on the ligand, values of up to 25 ms
were obtained. For the bromo com-
pounds, the luminescence decay times

proved to be almost independent of
the physical state and the temperature.
However, for the chloro- and bis(tri-
fluoromethanesulfonyl)amido ILs, the
emission decay times were found to be
dependent on the temperature even in
the solid state, indicating that the mea-
sured values are strongly influenced by
nuclear motion and the vibration of the
atoms. In the liquid state, the lumines-
cence of tetrahedrally coordinated
Mn?* could only be observed when the
tetrachloromanganate ILs were diluted
with the respective halide ILs. Howev-
er, for [Csmim][Mn(Tf,N);], in which

liquid. Generally, solidification via a
glass transition took place below
—40°C. Consequently, all of these com-
pounds can be regarded as ionic lig-
uids. Depending on the local coordina-

ionic liquids

Introduction

Mn?* is known to exhibit interesting photophysical proper-
ties such as fluorescence and phosphorescence. Well-known
phosphors include [Zn(Mn)],SiO,"! but, depending on the
coordination environment, either green (tetrahedrally coor-
dinated Mn>*) or red to pink (octahedrally coordinated
Mn?*) luminescence can also be observed from simple halo-
genido complexes.*! Besides photoluminescence, tribolumi-
nescence™! as well as electroluminescence!™'!! have also
been observed for certain tetraalkylammonium salts. In a
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Mn** is in an octahedral coordination
environment, a weak red emission
from the pure compound was found
even in the liquid state at elevated
temperatures.

high proportion of the studied optically active mangana-
te(IT) salts, the counter cations have been organic ammoni-
um ions. Often, they conform to the general composition
[NR,][MnX,] (R=H, alkyl; X=Cl, Br, I). This composition
is strongly reminiscent of recently studied tetrachloroferrate
ionic liquids such as [C;mim][FeCl,],'>'" which with Fe3*
also contain a d® ion. Because of their high single-ion mag-
netism, they can be manipulated by an external magnetic
field.['®

In general, as salt-like compounds with low melting points
(usually below 100°C), ionic liquids offer the possibility of
engineering their properties to meet the needs of a particu-
lar application through appropriate choice of the combina-
tion of cation and anion.'” In the case of complex manga-
nate salts, this has already been realized by Seddon and
Earle, who suggested that complex manganate anions in
combination with organic cations might be interesting light-
emitting materials for use in cathode-ray tubes, fluorescent
tubes, X-ray imaging screens, and radiation detectors, as
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well as in toys, signs, and so on.””! However, all but one of
the reported compounds were solid at room temperature
and unfortunately lost their luminescent properties on
reaching temperatures at which solid-solid phase transitions
or melting occurred.

Recently, we were able to show that low-melting com-
pounds composed of an organic cation and an optically
active rare-earth ion, for example [Cympyr],[Pr(Tf,N)s]
(mpyr = N-methyl-N-propylpyrrolidinium);?"!  [C;mim][Eu-
(TE,N),], [C;mim][Eu(T£,N)s], and [Cympyr][Eu(TE,N)s];
and [Cymim];_,[Dy(SCN)s_(H,0),],! exhibit excellent lu-
minescent properties. For these systems, unexpectedly good
luminescent properties can even be maintained in the
molten/liquid state due to the favourable coordination envi-
ronment of the lanthanide ion. Furthermore, replacement of
conventional solvents by carefully designed ionic liquids can
generally lead to dramatic increases in the emission decay
of the excited state and the quantum yields of emission,
even for NIR luminescence.**%!

In continuation of our research, we have sought ionic
liquid transition metal systems with interesting luminescent
properties in the (ionic) liquid state.

Experimental Section

Materials: The following chemicals were used as received unless men-
tioned otherwise. Acetonitrile (>99.5%), dichloromethane (99.6 %), tol-
uene (99.5% ), manganese(1I) carbonate, manganese(Il) bromide (98 %),
1-bromobutane (>99 %), 1-chlorohexane (99 %), and lithium bis(trifluor-
omethylsulfonyl)amide (>99%) were purchased from Sigma-Aldrich
(Steinheim, Germany). Ethyl acetate (99.8%) was obtained from KMF
(St. Augustin, Germany). 2-Propanol (extra dry), methanol (extra dry),
bromoethane (98 %), 1-bromopropane (98 %), 1-chlorobutane (>99 %),
1-chloropropane (99%), and 1-bromohexane (>98%) were purchased
from Acros (Geel, Belgium). N-Methylimidazole (>99 %) was purchased
from Acros (Geel, Belgium), dried over elemental sodium, and distilled
prior to use. Chloroethane (for synthesis) was purchased from Merck
(Hohenbrunn, Germany).

Syntheses

HTE,N: HTf,N was obtained by sublimation from a solution of LiTf,N in
excess sulfuric acid. The reaction mixture was stirred for 2 days at 80—
100°C. The colorless product crystallized upon cooling the vapour in
yields of about 90%. 'HNMR (300 MHz, D,0): §=4.77 ppm (s, 1H);
YFNMR (300 MHz, D,0): 0=-79.16ppm (s, 6F); "“C{“F} NMR
(300 MHz, D,0): 6=19.27 ppm (s, 2C).

Mn(Tf,N),: Manganese(II) carbonate was suspended in water and an
equimolar amount of HTf,N dissolved in water was added dropwise. The
reaction mixture was stirred at 60-80°C for 2 h. The water was then
evaporated and the product was dried at 140°C under reduced pressure
for 1 day. The crude product was resublimed at 300°C. Elemental analy-
sis caled (%): C 7.80, H 0.00, N 4.55, S 20.81; found: C 7.78, H 0.10, N
4.64, S 21.40.

MnCl,: Manganese(1I) carbonate was suspended in water, an excess of
hydrochloric acid was added, and the mixture was stirred at 120°C until
a pink solid precipitated as a slurry. The crude product was dried at
300°C under reduced pressure for two days to give pink MnCl,. The
purity of the obtained product was confirmed by powder XRD analysis.
General procedure for the synthesis of 1-n-alkyl-3-methylimidazolium
chlorides and bromides: Generally, the chloride and bromide ILs were
synthesized by alkylation of N-methylimidazole with the appropriate hal-
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oalkane.?¥ For all ILs of the type C,mimBr/Cl (n=2, 3, 4), but not for
CymimBr and CgmimCl, a white crystalline powder was obtained.

C,mimCl was synthesized by adding a fourfold excess of cold chloro-
ethane to dry N-methylimidazole in a Teflon cartridge (Parr Instruments
Co., Illinois, USA). The filled Teflon cartridge was inserted into an auto-
clave (Parr Instruments Co., Illinois, USA) and the contents were stirred
at 90°C for four days. The reaction mixture was then allowed to cool to
room temperature and the excess chloroethane was evaporated. The very
hygroscopic white powder obtained was dried at 95°C under reduced
pressure for several days.

C,mimCl: '"H NMR (300 MHz, D,0): 6=1.46 (t, 3H), 3.87 (s, 3H), 4.21
(q,2H), 7.45 (d, 2H), 8.72 ppm (s, 1 H).

C;mimCl: '"H NMR (300 MHz, D,0): 6=0.85 (t, 3H), 1.81 (q, 2H), 3.83
(s,3H), 4.09 (t, 2H), 7.39 (d, 2H), 8.66 ppm (s, 1 H).

CmimCl: 'H NMR (300 MHz, D,0): 6=0.82 (t, 3H), 1.18 (m, 2H), 1.72
(quint., 2H), 3.76 (s, 3H), 4.01 (t, 2H), 7.30 (d, 2H), 8.57 ppm (s, 1H).
CymimCl: '"H NMR (300 MHz, D,0): 6=0.78 (t, 3H), 1.22 (m, 6H), 1.80
(t,2H), 3.83 (s, 3H), 4.13 (t, 2H), 7.40 (d, 2H), 8.67 ppm (s, 1 H).
C,mimBr: 'HNMR (300 MHz, CDCL;): 6=1.23 (t, 3H), 3.75 (s, 3H),
4.06 (q, 2H), 7.39 (s, 2H), 9.82 ppm (s, 1H).

C;mimBr: 'H NMR (300 MHz, CDCly): 6 =0.44 (t, 3H), 1.45 (sext., 2H),
3.61 (s, 3H), 3.82 (t,2H), 7.82 (d, 2H), 9.67 ppm (s, 1 H).

CmimBr: 'H NMR (300 MHz, CDCL;): §=0.85 (t, 3H), 1.27 (sext., 2H),
1.81 (quint., 2H), 4.02 (s, 3H), 4.24 (t, 2H), 7.56 (d, 2H), 10.19 ppm (s,
1H).

CemimBr: 'H NMR (300 MHz, CDCl,): 6=0.75 (t, 3H), 1.20 (m, 6H),
1.81 (quint., 2H), 2.05 (s, 2H), 4.03 (s, 3H), 4.22 (t, 2H), 7.55 (d, 2H),
10.24 ppm (s, 1 H).

General procedure for the synthesis of 1-n-alkyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amides: The 1-n-alkyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amides were synthesized by metathesis re-
actions of the 1-n-alkyl-3-methylimidazolium halides with lithium bis(tri-
fluoromethanesulfonyl)amide.!"!24

[C,mim][T£,N]: '"HNMR (300 MHz, CDCL,): 6=1.58 (t, 3H), 4.06 (q,
2H), 7.73 (d, 2H), 9.00 ppm (s, 1H); “FNMR (300 MHz, CDCl,): 6=
—79.96 ppm (s, 6 H).

[Csmim][T£,N]: '"H NMR (300 MHz, CDCl;): 6 =0.87 (t, 3H), 1.82 (sext.,
2H), 3.84 (s, 3H), 4.05 (t, 2H), 7.29 (d, 2H), 8.53 ppm (s, 1 H); ’"F NMR
(300 MHz, CDCl;): 6 =—79.43 ppm (s, 6 H).

[C,mim][T£,N]: '"H NMR (300 MHz, CDCl,): 6=0.89 (t, 3H), 1.31 (sext.,
2H), 1.80 (quint., 2H), 3.87 (s, 3H), 4.11 (t, 2H), 7.30 (d, 2H), 8.59 ppm
(s, 1H); "F NMR (300 MHz, CDCly): 6 = —79.32 ppm (s, 6 H).
[Cemim][TE,N]: 'H NMR (300 MHz, CDCl;): 6=0.83 (t, 3H), 1.26 (m,
6H), 1.81 (quint., 2H), 3.87 (s, 3H), 4.11 (t, 2H), 7.30 (d, 2H), 8.61 ppm
(s, 1H); F NMR (300 MHz, CDCly): 6 = —79.27 ppm (s, 6 H).

General procedure for the synthesis of bis(1-alkyl-3-methylimidazolium)
tetrahalogenomanganates: According to 2 RmimX + MnX, — [Rmim],-
[MnX,] (R=alkyl; X=Cl, Br), equimolar amounts of the appropriate
dry 1-alkyl-3-methylimidazolium halide and MnX, were placed in a
Schlenk tube and heated to 80°C. After completion of the reaction,
which could be monitored visually by the complete dissolution of MnX,,
the product was kept at 90°C under reduced pressure for one day. In all
cases, the yield of the yellow-green to brownish ionic liquid was quantita-
tive. Each liquid product was washed several times with 2-propanol to
remove unreacted starting materials. Alternatively, the reaction could be
performed in anhydrous methanol or 2-propanol, with subsequent crys-
tallization of the products after removal of the solvent. The halide com-
pounds were purified by washing several times with 2-propanol and re-
peatedly recrystallizing from 1:0.5—1:1 methanol/2-propanol mixtures.

[C;mim],[MnCL]: Elemental analysis caled (%): C 3439, H 5.29, N
13.37; found: C 34.26, H 5.49, N 13.34.

[Csmim],[MnCL]: Elemental analysis caled (%): C 37.75, H 5.89, N
12.59; found: C 37.67, H 6.20, N 12.48.

[Cymim],[MnClL]: Elemental analysis caled (%): C 40.44, H 6.36, N
11.79; found: C 40.36, H 6.37, N 11.63.
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[Cemim],[MnCL]: Elemental analysis caled (%): C 4521, H 7.21, N
10.55; found: C 44.71, H 7.77, N 10.25.

[C;mim],[MnBr,]: Elemental analysis caled (%): C 24.15, H 3.72, N 9.39;
found: C 24.51, H 3.48, N 9.45.

[C;mim],[MnBr,]: Elemental analysis calcd (%): C 26.91, H 4.19, N 8.97;
found: C 26.90, H 4.30, N 8.94.

[Cmim],[MnBr,]: Elemental analysis calcd (% ): C 29.59, H 4.66, N 8.63;
found: C 29.71, H 4.70, N 8.65.

[C¢émim],[MnBr,]: Elemental analysis calcd (% ): C 33.88, H 5.40, N 7.90;
found: C 33.23, H 5.44, N 7.72.

General procedure for the synthesis of 1-alkyl-3-methylimidazolium tris-
[bis(trifluoromethanesulfonyl)amide Jmanganates(II): According to
RmimTf,N + Mn(Tf,N), — [Rmim][Mn(Tf,N);] (R=alkyl), the appro-
priate 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
ionic liquid was placed in a Schlenk tube and anhydrous Mn(Tf,N), was
added. The mixture was then dissolved in anhydrous acetonitrile and
stirred for one to two days at 60°C. After completion of the reaction, the
solvent was removed and the product was dried under reduced pressure
for two days at 80°C. In all cases, the yield of the product was quantita-
tive.

[C,mim][Mn(Tf,N);]: Elemental analysis caled (%): C 14.32, H 1.10, N
6.96, S 19.10; found: C 14.67, H 1.30, N 7.00, S 18.54; IC (Br):
119.6 ppm.

[C;mim][Mn(Tf,N);]: Elemental analysis calcd (%): C 1530, H 1.28, N
6.86, S 18.85; found: C 1521, H 1.16, N 6.88, S 19.01; IC (Br):
110.6 ppm.

[Cymim][Mn(Tf,N);]: Elemental analysis calcd (%): C 16.25, H 1.46, N
6.77, S 18.56; found: C 16.85, H 2.90, N 523, S 1836; IC (Br):
126.4 ppm.

[Comim][Mn(Tf,N);]: Elemental analysis caled (% ): C 18.08, H 1.80, N
6.59, S 18.11; found: C 17.88, H 2.82, N 6.70, S 17.35; IC (Br):
113.3 ppm.

Thermal investigations: Differential scanning calorimetry (DSC) was per-
formed with a Netzsch Phoenix DSC 204 F1 thermal analyzer with argon
as the protective gas. On average, 10-15 mg of a sample was placed in an
aluminium pan, which was then cold-sealed with an aluminium lid under
argon in a dry box. For the measurement, the aluminium lid was pierced
inside the calorimeter under an argon stream to allow for thermal expan-
sion. A typical DSC run involved heating to 100-120°C at a rate of
5Kmin! and subsequent cooling to —100°C at 5 Kmin'. The experi-
mental data are displayed in such a way that exothermic peaks occur at
negative heat flow and endothermic peaks at positive heat flow.

UV/Vis/NIR spectra: UV/Vis/NIR absorption spectra were measured at
room temperature on a Varian Cary O5E spectrometer (Varian, Palo
Alto, USA). Samples of the compounds were placed in silica cuvettes
under inert conditions (dry box) and the cuvettes were sealed with Paraf-
ilm (Menasha, WI, USA). All compounds were diluted with the corre-
sponding alkylimidazolium halide IL, as otherwise their absorbances
were too high.

Luminescence spectroscopy: Excitation and emission photoluminescence
spectra were recorded at room temperature on a Fluorolog 3 spectrome-
ter (Horiba Jobin Yvon GmbH, Miinchen, Germany) with a 450 W
xenon lamp as a steady-state excitation source, a double-excitation mon-
ochromator, an emission monochromator, and a photomultiplier for de-
tection. For emission decay measurements, a chopper system was used to
create light flashes. The excitation and emission slits of the source and
the detector were adjusted for each different sample. The delay between
the light flash of the source and the detector opening was chosen in such
a way that a negligible intensity of the residual light was obtained. Typi-
cally, the initial delay was chosen to be 50 us or more. The detection time
was tuned to be about 5-10 times the duration of the estimated emission
decay. These parameters were also chosen when recording the phosphor-
escence spectra of the respective samples.

Electronic transitions were assigned according to the Tanabe-Sugano
energy-level diagrams of d° ions®?" and by comparison with recent liter-
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ature data. Luminescence emission decay times were determined by mea-
surement of the luminescence intensity decay curves.

Generally, photoluminescence spectra were recorded at liquid nitrogen
temperature as well as at room temperature. In the cases of [C;mim],-
[MnCl], [C;mim],[MnCl,], and [C;mim][Mn(T£,N);], the temperature
dependence of the luminescence decay was measured using an outer
silica cuvette filled with deionized water. Here, temperature control was
achieved by means of a Julabo FP-50 cryostat. The accuracy of the tem-
perature stability of the sample holder was appraised by a fitted calibra-
tion curve to be about +0.1°C. After reaching the requisite temperature,
the sample was equilibrated for 10-15 min.

Vibrational spectroscopy: IR spectra of the ILs were recorded using an
IFS-66 V-S Fourier-transform IR spectrometer; samples were ground to a
fine powder and pressed into pellets of KBr (mid-IR region) or polyethy-
lene (far-IR region). Raman spectra were measured on an FRA 106-S
Fourier-transform Raman spectrometer. Under inert conditions, the sam-
ples were introduced into quartz capillaries with an inner diameter of
3 mm, which were subsequently sealed with an air-tight screw cap.

Triboluminescence: Triboluminescence was tested by rubbing crystalline
samples with a glass rod. For visual observation of triboluminescence, it
proved to be advantageous to cool the samples with liquid nitrogen.

Electroluminescence: A reduced pressure of 107 bar was applied to a
Schlenk tube containing the Mn IL. On applying a high-frequency gener-
ator beam (20 W, 0.91 A, 220V, type VP 20a), luminescence was ob-
served.

Elemental analyses: Elemental analyses were performed using a Euro
Vektor CHNS-O EA3000 analyzer. The samples were sealed in small tin
tubes inside a glove box.

NMR: All NMR spectra were recorded on a Bruker DPX AC 300 spec-
trometer with an automatic sample changer.

Ion chromatography: Ion chromatography was performed with a Met-
rohm 881 compact IC.

Results and Discussion

Thermal analysis: Thermal data for the investigated manga-
nate(I) complex compounds are compiled in Table 1.
Graphical representations of all of the DSC thermograms,
together with detailed information on the transition enthal-
pies, are collected in the Supporting Information. For all
DSC scans, the heating and cooling cycles were repeated
twice to check for any changes in the thermal properties in
the second cycle. In fact, for all compounds the second
cycles exactly reproduced the first, unless stated otherwise.

The investigated compounds all proved to be true ionic
liquids. All short-chain (C,~C,) compounds could be ob-
tained as crystalline samples, whereas those with a C¢ chain
showed an extremely strong tendency to supercool and sol-
idify as glasses. Thus, none of the 1-hexyl-3-methylimidazoli-
um manganate compounds could be crystallized, neither by
homogeneous nor by heterogeneous crystallization tech-
niques.

Three different types of thermal behaviour could be ob-
served for the studied ILs. In the first type (Figure 1, left),
as seen for the 1-ethyl- and 1-propyl-3-methyl-imidazolium
halide-containing ILs, distinct melting points upon heating
and distinct crystallization temperatures upon cooling were
observed.’ A typical DSC scan for this kind of IL is illus-
trated in Figure 1. Thermal events occurring at temperatures
lower than the melting point can be attributed to solid—solid
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Table 1. Thermal data acquired by DSC measurements of 1-n-alkyl-3-methylimidazolium manganate(II) ionic liquids. Data are given in °C.

Cooling Heating

Compound glass crystallization solid-solid glass crystallization melting solid-solid phase transition

transition phase transition transition
[C,mim],[MnCl,] - 39.2 14.8 - 713 -
[C3mim],[MnCl,] —65.8 -7.8 =275 —54.4 -355 -
[Cymim],[MnCl,] —54.0 - - —49.2 62.0 -
[Cemim],[MnCl,] -51.8 - - -50.1 -
[C,mim],[MnBr,] - 39.5 - - 10.2 72.0 -
[Csmim],[MnBr,] - 18.2 —54.1 - -10.4 53.8 —24.8
[Cymim],[MnBr,] —55.4 - - —49.9 442 -
[C¢mim],[MnBr,] —54.2 - - —49.5 -
[C,mim][Mn(T£,N);] —452 - —47.2 227 -
[Cymim][Mn(T£,N);] —44.4 - - —44.1 36.7 0.7
[Cymim][Mn(T£,N);] —48.5 - - —40.3 66.0 -
[Comim][Mn(T£,N);] —56.4 - - -50.8 -

phase transitions. In some cases, the samples partially solidi-
fied as a glass and recrystallized upon heating before melt-
ing. The tendency to solidify as a glass becomes more and
more pronounced with increasing length of the alkyl chain.

Second, in the case of the 1-butyl-3-methylimidazolium
ILs, after melting of the crystalline material (which was ob-
tained by crystallization from solution) to the liquid state,
only glass transitions could be observed upon cooling the
samples (Figure 1, middle). After repeated heating, these
glasses formed supercooled liquids, which showed no ten-
dency for homogeneous crystallization. Finally, the 1-hexyl-
3-methylimidazolium ILs could not even be crystallized
from solution (Figure 1, right). ILs of this third type have no
real melting or freezing points, and only glass transitions are
observed.

Extension of the alkyl chain from C, to C; leads in the
case of the tetrahalogenomanganates to a depression of the
melting point. Further extension of the alkyl chain seems to
inhibit the crystallization. Hence, with longer alkyl chains,
the formation of a glass is preferred. Not only an extension
of the alkyl chain of the cation, but also a change of the
anion from the more symmetric halide to the less symmetric
bis(trifluoromethanesulfonyl)amide, favours solidification as
a glass. In both cases, packing frustrations seem to be the
main reason for this behaviour. The less symmetric the
cation, the greater the tendency to form a glass rather than
a crystalline material.

Infrared and Raman spectroscopies: The expected vibra-
tions of the imidazolium ring are clearly visible in the infra-
red and Raman spectra of the Mn-based ILs (see Figure 2
and the Supporting Information). The CH deformation
modes can be found in the range 1300-1550 cm™', the CH
stretching modes in the range 2800-3200 cm ™', and the CH
rocking mode at 720 cm™'. All vibrational modes of the re-
spective cations of the manganese-containing ILs found in
the mid-IR region correlate well with those of the respective
neat halide ILs. In other words, no significant influence of
the anion on the counter cation was found.
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Metal-ligand vibrations of tetrahedrally coordinated
Mn?? are infrared- and Raman-active, whilst for the octahe-
drally coordinated compounds the respective modes are
only Raman-active. Such metal-ligand vibrations are usually
observed in the far-IR region, between 200 and 400 cm™'. In
the far-IR region, the sharp Mn—Cl stretching mode typical-
ly has its maximum absorbance at around 290 cm™', some-
times accompanied by shoulders at lower or higher frequen-
cies, while the Mn—Br mode appears as a broad band at
220 cm ™! (see Figure 2a). The bromo compounds exhibit a
much lower absorbance intensity in the far-IR spectra than
the corresponding chloro compounds. The symmetric Mn—
halide vibrations in Figure 2d are marked with arrows. Typi-
cal values of v, (Mn—Cl) and v, (Mn—Br) are 255 cm™' and
160 cm ™!, respectively, which are in agreement with those re-
ported in the literature.’'*? Generally, these Mn-halide vi-
brations have only weak intensities and typically appear in
the region below 400 cm ™[+

As all of the Tf,N derivatives of the Mn-based ILs proved
to be optically dense, their mid-IR spectra had to be record-
ed from solutions of the respective room temperature liquid
ILs to trace any transmission. As can be seen in Figure 2c,
only [Csmim]|[Mn(Tf,N);] showed a significant transmission.
Compared to the tetrahalogeno ILs, the Tf,N derivatives do
not exhibit such pronounced fine splitting of their bands.
The bands for the CH stretching and deformation modes ex-
hibit a much lower intensity than is observed in the spectra
of the respective halide ILs. The v, (S—N—S) mode at
748 cm™' for the Tf,N Mn?* derivatives is shifted by about
20 cm™ to lower wavenumber compared to the v, (S—N—S)
mode of HTE,N at 767 cm™', but retains the same intensity.
In the IL [Cympyr][T£,N], this stretching mode of the “free”
anion appears at around 740 cm L% As expected, upon
coordination to a Lewis acid centre (here Mn?*), the v, (S—
N-S) frequency increases. The symmetric v, (S—O) stretch-
ing modes ([C,mim][Mn(Tf,N);]: v, (S—O) at 1145cm™),
[C;mim][Mn(T£,N),]: v, (S-O) at 1139 cm™', [C;mim][Mn-
(TE,N)3]: v, (S—O) at 1143 cm™, and [Cymim][Mn(TE,N)]: v,
(S—O) at 1138 cm™'; see Figure 2(e)) are also sensitive to
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Figure 1. Representative thermograms of [C,mim],[MnCl,] as a typical
manganate(II) ionic liquid of class 1 (top), of [Cymim],[MnCl,] as a typi-
cal manganate(II) ionic liquid of class2 (middle), and of [C¢mim],-
[MnCl,] as a typical manganate(II) ionic liquid of class 3 (bottom). Heat-
ing cycle (upper curve); cooling cycle (lower curve), heating rate
5 Kmin™.

complexation to Lewis acid centres. Apparently, the S—O
bond is weakened upon coordination of Tf,N~ to Mn**. The
S—O stretching modes appear in the same region as in ho-
moleptic alkaline rare-earth Tf,N compounds, but show no
splitting, thus indicating only one coordination mode.*! For
comparison, Figure 2f shows the Raman spectra of HTf,N
and Mn(Tf,N),. The symmetric stretching mode of the C—F
bonds appears at the same wavenumber, supporting the
view that this mode is not perturbed by the nature of the

Chem. Eur. J. 2010, 16, 3355-3365

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

cation or its coordination mode. The v, (S—N—S) band devi-
ates only slightly for the two components, whereas the v,
(S—O) band of Mn(T£,N), (1154 cm™) is shifted by about
18 cm™ to lower wavelength compared to that of the free
acid HTE,N (v, (S—0O) 1136 cm™') due to interactions of the
oxygens of the SO, groups with the manganese Lewis acid
centre.

Optical spectroscopy—general aspects: In the case of Mn?*,
its d’ electronic configuration is its own hole equivalent.
Thus, the Tanabe-Sugano?”® energy-level diagrams for
both the tetrahedral and octahedral coordination modes are
identical. To the first order approximation, the electronic
states of Mn>* are unperturbed by all nuclear motions that
reduce symmetry. The upper ‘E, *A,(G), and ‘E, *A,(D)
states and the °A; state have the same slopes on the energy-
level diagrams.! This accounts for the comparatively sharp
lines observed for the °A;—‘E, ‘A,(G) transition as well as
the °A;—*A (D) transition in the absorption spectra.

Electric dipole transitions within high-spin (hs) centro-
symmetric, octahedral Mn?* complexes are both spin- and
parity-forbidden, indicating a long lifetime of the excited
electronic states. Non-centrosymmetric hs-Mn>* compounds
have Laporte-allowed d-d transitions, although these are
still spin-forbidden. The emission decays of their excited
states are generally lower by a factor of five compared to
those of Mn®" systems with an inversion centre.””

UV/Vis: The coordination environment of Mn’* can be
easily judged from the colour of the compound. Compounds
with Mn?* in a tetrahedral environment are usually yellow-
greenish in colour, while those with octahedrally coordinat-
ed Mn** tend to be pale red or pink. Transitions observed
in the range 300-800 nm can be assigned to the expected in-
traconfigurational transitions of the Mn?* ion (Figure 3 and
Supporting Information Figures 86-97).%7 For tetrahe-
drally coordinated Mn?*, electronic transitions are Laporte-
allowed and thus show higher absorbances than in the case
of an octahedral environment (by a factor of 100). The UV/
Vis spectra of the compounds investigated here proved to
be in excellent agreement with those reported in the litera-
ture.**7% No significant impact of the counter cation on
the colour of the compounds could be detected. Solid- and
liquid-state absorption spectra of the Mn** ILs do not differ
significantly. In agreement with a smaller ligand field split-
ting for the tetrahedral complex anions compared to the oc-
tahedral complex anions, electronic transitions of the
MnX,>" compounds were found at longer wavelengths.

Typical UV/Vis spectra of representative tetrahedrally co-
ordinated Mn** ILs are shown in Figure 3a and b. Two dis-
tinct groups of bands were observed in the UV/Vis region
for all of the studied ILs. The first group of absorption
bands may be attributed to transitions to D-term states with
strong ligand field splitting, whereas the second group of
bands originates from small ligand-field-split G-terms. In
general, the bands of the G-terms appear with much lower
intensities than those of the D-terms.
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Figure 2. a) Mid-IR spectra of [Csmim],[MnBr,] (top), [C,mim],[MnCl,] (middle), and [Cgqmim|Br (bottom); b) far-IR spectra of [Csmim],[MnCl,] (top)
and [Cgmim],[MnBr,] (bottom); c¢) mid-IR spectra of [C,mim]|[Mn(T£,N);] (2nd from top), [Csmim][Mn(Tf,N);] (bottom), [C,mim][Mn(Tf,N);] (2nd
from bottom), and [Csmim][Mn(Tf,N);] (top); d) Raman spectra of [Csmim],[MnBr,] (top), [Csmim],[MnCl,] (middle), and [Cgmim]Br (bottom); e) sec-
tions of the Raman spectra of [C,mim|[Mn(T£,N);] (top), [Csmim][Mn(T£,N);] (2nd from top), [C;mim]|[Mn(T£,N);] (2nd from bottom), and [Cqmim]
[Mn(T£,N);] (bottom); f) sections of the Raman spectra of Mn(Tf,N), (top) and HTf,N (bottom).

For the tetrachloromanganates, the most intense band in
the UV region corresponds to the °A;—*E(D) transition.
Other bands are due to the very weak °A,—*T,(D), the
weak SA,—*A, “E(G), and the intense °A;—*T,(G) transi-
tions. A broad feature at 470-475nm is most likely an
energy-transfer band, °A;—*T,(G) (Table 2). In comparison
with the tetrachloromanganates, for the tetrabromo ana-
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logues the °A;—*E(D) transition is generally of lower inten-
sity than the °A,—*T,(D) band and the absorption bands
are blue-shifted by 2-6 nm. According to the Tanabe-
Sugano diagram for d’ ions, the ’A,;—*E(D) transition de-
pends on the ligand field strength. Consequently, the elec-
tron-donor ability of the ligand can be estimated from the
absorption maximum. As the absorption maxima of the tet-
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Figure 3. UV/Vis spectra of [C;mim],[MnCly] (a), [C;mim],[MnBr,] (b),
and [C;mim][Mn(Tf,N),] (c).

Table 2. Assigned transitions of the collected UV/Vis data of the tetrahalogenomanganate complexes. Wave-

lengths are in nm.
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rabromo compounds lie at lower wavelengths compared to
those of the tetrachloromanganates, the tetrabromo com-
pounds have a higher degree of covalency.

As the spectra of the solid ILs with complex Mn-Tf,N cat-
ions showed a low signal-to-noise ratio, these ILs were dilut-
ed with the respective Mn-free IL for UV/Vis measurements
(except in the case of the ethylimidazolium derivatives).
Two discrete groups of bands were again observed (Fig-
ure 3c), one group consisting of two bands at 337 nm due to
°A,—‘E(D) and at 351nm due to °A;—'T,(D), and a
second group at longer wavelengths with transitions at
401 nm due to °A,— *A, “E(G) and at 422 nm due to °A,—
*T,(G) (Table 3). The observed electronic transitions are
similar to those found for MnF,,”””® in which Mn?" is octa-
hedrally coordinated by F.

Luminescence spectroscopy: Excitation and photolumines-
cence spectra were recorded at room temperature. The lu-
minescence decay times were measured at room tempera-
ture and at the temperature of liquid nitrogen. For the
Csmim salts, the temperature dependence of the lumines-
cence decay times was also investigated.

To record the excitation spectra, the emission intensity of
the most intense transition was monitored while the excita-
tion wavelength was continuously varied over the range 300
to 500 nm. In the excitation spectra (Figure 4, left, and the
Supporting Information), the d-d transitions of the Mn®*
ion are clearly visible. These transitions can be assigned to
the expected intraconfigurational transitions for a tetrahe-
drally (in the case of the halide compounds) or octahedrally
(in the case of the Tf,N compounds) coordinated Mn**
ion.”! The excitation spectra are in excellent agreement
with the previously recorded UV/Vis spectra.

All emission spectra were recorded after direct excitation
from the °A, to the ‘E(D), *T,(D) states of Mn>*. These
transitions are the most intense absorption bands in the UV
region for each of the compounds. In the emission spectra,
only one intraconfigurational transition can be observed be-
tween 400 and 700 nm (see the Supporting Information). In
the case of tetrahedrally coordinated Mn**, the *T;(G)—°A,
radiative transition is observed as a characteristic yellow-
greenish emission at around 520 nm. For octahedrally coor-
dinated Mn?* compounds, the “T,(G)—°A, transition is ob-
served with a reddish color at about 590 nm (see Table 4).
All samples containing alkyl chains shorter than hexyl ex-
hibit appreciably intense photo-
luminescence (see Figures 28—
72 in the Supporting Informa-

tion). Emission band half-
6‘Al_'-/‘E(D) 6‘Al_'-/pl—‘Z(D) éAl_’AAv 4E(G) 6Al_"tTZ(C’) 6‘Al_"vl—‘l((}) widths of around 50 nm
[Comim],[MnClL] 357 381 433 446 472 (200 cm ™) were observed in all
[Comim],[MnClL] 358 381 433 a47 470 of the emission spectra. Appre-
[C;mim],[MnCL] 358 383 433 447 470 bl shifts of  th o
[Comim],[MnCl,] 358 381 433 446 472 ciable shiits of the emission
[Cmim],[MnBr,] 362 380 435 453 470 maxima depending on the
[Csmim],[MnBr,] 362 379 435 452 471 counter cation were observed,
[C;mim],[MnBr,] 362 377 436 453 470 especially for the chloro and
[Cemim],[MnBr,] 363 380 436 454 472

bromo derivatives (see Table 4).
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Table 3. Assigned transitions of the collected UV/Vis data of the Tf,N derivatives of the manganate com-

plexes. Wavelengths are in nm.

Emission decay studies: The lu-
minescence decay curves of the

ﬁAlg "4Eg(D) GAIg "4T2g(D)

°A;,—*A,, ‘E,(G)

A, —'T,(G)  “T,(G)—°A, radiative transition

[C,mim][Mn(Tf,N),] 337 351 402
[C;mim][Mn(Tf,N),] 337 351 401
[C,;mim][Mn(Tf,N),] 336 351 401
[Cemim][Mn(Tf,N),] 337 351 402

424 were measured and a single ex-
422 ponential function could be
gi fitted to the data, confirming

that just one optical Mn?* spe-

counts (a. u.)
counts (a. u.)

cies was present. The experi-
mental luminescence emission
Y B 3240 decays at room temperature
and at —196°C are compiled in
Table 5. Upon melting or in the
metastable liquid state at room
temperature, no appreciable
emission could be detected for
the halogenido ILs due to vi-
brational quenching.["”!

350 “;U 450 500 400 "éﬂ
Wavelength (nm)

counts (a. u.)
L
counts (a. u.)

T T T 1
500 550 600 850

Wavelength (nm)

The present tetrabromoman-
ganates were found to exhibit
o M emission decays of the excited
Mn?* states of about 0.4 ms at
room temperature, which is in
good agreement with literature
values.”! In contrast, the re-
spective excited states of the
tetrachloromanganate
pounds persist for about 3 to
5 ms.®3 The higher degree of

com-

- T 1 T
350 400 450 500 400 450

Wavelength (nm)

Figure 4. Excitation (left) and emission (right) spectra of [C,mim],[MnCl,] (top) and [C,mim]|[Mn(T£,N),]

(bottom).

Table 4. List of the observed emission maxima [nm] of the investigated manganese compounds at RT.

T T
500 550 600 650

covalency in the complex bro-
mides compared to the chlor-
ides leads to a higher degree of
vibronic coupling and hence to
a reduction in the lifetime of
the excited state. This assump-

Wavelength (nm)

tion is supported by comparing

C,mim]
C;mim]
C,mim]
Cymim]

Emi.SSion the respective Mn—X modes in

maximum k R

[nm] the vibrational spectra (see
[Mn(TEN),] 589 above).
[Mn(TE,N);] 592 To the best of our knowledge,
[Mn(T£,N);] 589 the Tf,N derivatives of the Mn
[Mn(TE,N);]  [a] ILs exhibit the longest reported

Emission Emission

maximum maximum

[nm] [nm]
[C;mim], [MnCl,] 524 [C,mim], [MnBr,] 514 [
[Csmim], [MnCl] 510 [Csmim], [MnBr,] 518 [
[C;mim], [MnCl,] 516 [C;mim], [MnBr,] 519 [
[Cemim], [MnCL] [a] [Csmim], [MnBr,] [a] [
[

a] Too weak to detect with the experimental set-up used.

Upon melting, all bands in the photoluminescence spectra
shifted by about 10nm (100-200cm™) to lower wave-
lengths, indicating weaker intramolecular interactions.

The discrepancy between the Stokes shifts of the Mn'-
based halido derivatives and the NTf, derivatives stems
from the symmetries and MO contributions of the respective
ligands. The four halide ligands overlap more strongly with
the manganese d-orbitals than the six weakly coordinating
oxygens of the NTf, anions. Coordination of the latter is
weaker due to symmetry aspects of the bond length and a
lower overlapping contribution. The contrasting luminescen-
ces of the two series of ILs are illustrated in Figure 5.

3362 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

phosphorescence  decays  of

Mn**. These compounds have

emission decays of about 30 ms
(see Table 5). Generally, lifetimes of about 12-15 ms have
been reported previously.” In these compounds in the crys-
talline solid state, the Mn?* has octahedral site symmetry.
The combined effect of the Laporte forbiddance and the
spin-forbidden transitions leads to very long excited-state
decay times of up to 25 ms at room temperature and 34 ms
at 77 K for [Cymim][Mn(Tf,N);]. In the cases of the tetra-
chloro and tris[bis(trifluoromethanesulfonyl)amide]manga-
nates, in which there is less covalent bonding between the
metal and the ligand compared to the bromido compounds,
the lifetimes are strongly temperature-dependent. Non-radi-
ative deactivation processes are more likely to occur at
higher temperatures. Consequently, the lifetimes of the ex-

Chem. Eur. J. 2010, 16, 33553365
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Figure 5. From left to right in the top row [C,mim],[MnClL], [C;mim],-
[MnCl], [Cimim],[MnCl], and [Cimim],[MnCL]; in the bottom row
[Cmim][Mn(TE,N);], [Cimim][Mn(Tf,N);], [Cymim][Mn(T£f,N);], and
[Csmim][Mn(Tf,N);] excited at room temperature with UV light (A=
366 nm).

Table 5. Emission decays of the Mn-based ILs at room temperature (RT)
and at —196°C (liquid nitrogen). Emission decay values are in ms.

RT —196°C
[C,mim],[MnCl,] 1.5 (s) 3.4 (s)
[Csmim],[MnCl,] 4.6 (s) 5.5 (s)
[Cymim],[MnCl,] 3.9 (s) 4.2 (s)
[Cemim],[MnCl,] (OR 4.0 (s)
[C;mim],[MnBr,] 0.4 (s) 0.4 (s)
[Csmim],[MnBr,] 0.4 (s) 0.4 (s)
[Cymim],[MnBr,] 0.4 (s) 0.4 (s)
[Csmim],[MnBr,] (OR 0.4 (s)
[C;mim][Mn(T£,N);] 22.8 (s) 29.7 (s)
[Csmim][Mn(T£,N);] 24.8 (s) 33.9 (s)
[Cymim][Mn(T£,N);] 18.8 (s) 324 (s)
[Comim][Mn(TE,N);] (OR 32.7 (s)
Mn(TE,N), 173 (s) 383 (s)

[a] Too weak/short-lived to detect with the experimental set-up used; s:
solid; 1: liquid.

cited states at 77 K are higher compared to those at 298 K.
For the tetrabromomanganates, the lifetimes remain con-
stant between 77 and 298 K. This observation is in agree-
ment with studies on other tetrabromomanganates with or-
ganic counter cations.*

To study the temperature dependence of the lifetimes of
the excited states in more detail for [C;mim],[MnCly],
[C;mim],[MnBr,], and [C;mim]|[Mn(Tf,N);], the tempera-
ture dependences of the emission decays were determined
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Figure 6. Temperature dependences of the emission decays of [Cymim],-
[MnCl,], [C;mim],[MnBr,], and [C;mim][Mn(Tf,N);] upon melting.

in liquid nitrogen and in the temperature range from 10°C
to 70°C in steps of 2-15°C. Figure 6 shows the temperature
dependences of the emission decays of the Ci;mim com-
pounds of Mn**.

Increasing temperature of the samples results in a de-
crease in the emission decay times of the excited *“T,(G)
state due to thermal motion and vibration of the ions. Start-
ing with the solid samples at 10°C and increasing the tem-
perature in steps of 2-15°C, a sudden drop in the measured
emission decay was seen at the melting point. In the case of
the halogenido compounds, no luminescence could be de-
tected, whereas for [C;mim][Mn(Tf,N);] a weak reddish lu-
minescence was observed. Deactivation through collisions
resulting from thermal motion is attenuated by the Tf,N
anion, and this action is favoured by the octahedral site sym-
metry of Mn** in the Tf,N complex.

Triboluminescence: Tetrahalogenomanganates are well-
known emitters of tribo-induced radiation due to their pie-
zoelectric properties, which can be excited through mechani-
cal means when an applied electric field induces polarization
of a suitable sample."®**" This results in a characteristic
greenish emission when crystals of such Mn" compounds are
rubbed. Triboluminescence could be observed when crystals
of the tetrahalogenido salts were rubbed with a glass rod.
The light flashes emitted from the manganate complexes
were greenish in colour and could be observed by the eye
for only a fraction of a second.

Electroluminescence: When a high voltage was applied to
solid samples of the Mn IL complexes, electroluminescence
could be observed. As expected, the bromido and chlorido
compounds showed a greenish luminescence, whereas the
TE,N compounds emitted red light. No visible emission
could be observed for any of the hexylimidazolium-contain-
ing samples.
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Conclusions

We have reported the synthesis and optical properties of a
series of imidazolium-based manganese(Il)-containing ionic
liquids. The imidazolium rings have been derivatized with n-
alkyl chains from C, to C, All of these salts proved to be
true ionic liquids, with melting points below 100°C. Since all
of these ILs are solid at room temperature, except for the
hexyl derivatives, these compounds show luminescent prop-
erties in the visible region. However, the luminescence phe-
nomena are completely quenched when the solid samples of
the halogeno derivatives are melted because of thermal col-
lision deactivation. In one case, we were able to observe lu-
minescence phenomena in the liquid state.

The optical properties of the studied ILs were confirmed
by comparison with literature values and were in excellent
agreement with recent measurements. No significant pertur-
bation of the optical properties of the luminescent manga-
nese centre could be observed as a result of extending the
alkyl chain at the imidazolium ring. When the local environ-
ment of the manganese centre is changed from tetrahedral
to octahedral coordination site symmetry, the optical proper-
ties are strongly influenced. Tetrahedrally coordinated solid
tetrabromo- and tetrachloromanganates exhibit intense
greenish fluorescent and phosphorescent emissions, whilst
solid Mn**-based ILs octahedrally coordinated by Tf,N dis-
play weak reddish emissions. These emission phenomena
could also be observed when solid samples were rubbed
with a glass rod or excited by a high-voltage amplifier.

Depending on the local environment and the electron-do-
nating abilities of the ligands, the emission decays of the ex-
cited states of Mn** vary from 0.4 ms up to more than 25 ms
at room temperature. Low-temperature emission decay
studies revealed that ligands with low donor abilities, such
as the shielding Tf,N, extend the emission decay of the ex-
cited Mn**-based IL, whereas the higher the electron donor
ability the more abrupt the emission decay of the excited
state will be. A phosphorescence emission decay of about
0.8 ms could even be observed in the case of molten
[C;mim][Mn(Tf,N);] at 70°C. In the molten liquid state,
[C;mim][Mn(Tf,N);] shows very weak reddish light emis-
sion, proving that the Tf,N anion is effective in shielding
against thermal collision deactivation.
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