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ABSTRACT: On the basis of 'Li NMR experiments, the
complex-formation reaction between Li" and the tridentate N-
donor ligand terpyridine was studied in the ionic liquids
[emim][NTf,] and [emim][ClO,] as solvents. For both ionic
liquids, the NMR data implicate the formation of [Li(terpy),]*
. Density functional theory calculations show that partial
coordination of terpyridine involving the coordination of a
solvent anion can be excluded. In contrast to the studies in
solution, X-ray diffraction measurements led to completely
different results. In the case of [emim][NT%,], the polymeric
lithium species [Li(terpy)(NTf,)], was found to control the
stacking of this complex, whereas crystals grown from
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[emim][ClO,] exhibit the discrete dimeric species [Li(terpy)(ClO,)],. However, both structures indicate that each lithium
ion is formally coordinated by one terpy molecule and one solvent anion in the solid state, suggesting that charge neutralization

and 7 stacking mainly control the crystallization process.

B INTRODUCTION

Over the past decade, ionic liquids (ILs) have extensively been
discussed as a promising class of new reaction media. The
advantage of these “liquid salts” is based on the possibility to
adjust their physicochemical properties such as density, melting
point, polarity, or viscosity by the combination of a large variety
of different possible cations and anions. It is thereby possible to
systematically create series of IL solvents that are well-adapted
to the requirements of a specific chemical reaction or process."
In this context, ILs are even denoted as “designer solvents” and
have already been established in new technologies.’

Because ILs consist of cations and anions, they provide a
completely different chemical environment for dissolved
substrates as compared to conventional organic solvents or
water. Consequently, this raises the question of how substrates
are influenced by this unique environment (i.e., whether ILs do
more than just serve as another solvent). Due to the large
variety of properties and possible interactions, the subject “ionic
liquids” turned out to be quite complex and has received
widespread attention from scientists working on fundamental
and applied aspects. Therefore, ILs and their behavior as
solvents, reactants, catalysts, and cocatalysts are still not well
understood, and many observations and effects cannot be
sufficiently accounted for.

In terms of chemical reactions that involve dissolved metal
compounds, such as in homogeneous catalysis, especially
interactions between the anions of an IL and a catalytically
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active metal complex have to be considered, as most of the
anions that form part of ionic liquids (e.g, Cl-, CH;COO7,
SCN~, NO;™ and N(CN),”) can act as a Lewis base. As a
consequence, the structure and reactivity of metal complexes
can be seriously changed, either by occupying and blocking a
vacant coordination site or by displacing weaker coordinated
ligands.*® Thus, detailed knowledge on the properties and
reaction behavior of ILs is an important prerequisite to enable
the efficient application of ILs in scientific research and
technical processes.®

In this context, scientists have become more and more
sensitive to the topic of donor and acceptor properties of ionic
liquids and a growing number of publications attempt to
generalize and categorize these properties to allow predictions
on the behavior of ILs used as solvents.”® However, it still
remains difficult to make trustworthy predictions. Especially in
the case of the nucleophilicity of ILs, or more precisely their
anionic component, modifications within the first coordination
sphere of a metal complex need not necessarily be an effect of a
strong Lewis basicity, but can also originate from the very large
excess of anions or their chemical hardness/softness compared
to the dissolved substrate.

As shown by the work of Henderson’ and Watanabe,'® a
detailed knowledge of the possible coordination behavior and
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Figure 1. Schematic structures of the ionic liquids [emim][NTf,] (left) and [emim][ClO,] (right).

the nucleophilicity of anions is an essential prerequisite in the
development of lithium batteries. Here, not only solid
electrolytes'' but also the combination of lithium salts and
ILs has received growing interest. Therefore, studies on
individual systems to understand and learn more about the
various effects of ILs remain indispensable.

On the basis of our earlier work on the applicability of ILs as
reaction media for processes in coordination chemistry'>~"*
and the resulting interest in their donor and acceptor
properties,”> we now extended our earlier studies on the
complexation of lithium ions by bidentate N-donor ligands'® to
study the influence of a tridentate N-donor ligand 2,2":6',2"-
terpyridine (terpy) on the formation of such model
compounds. To minimize solvent effects, we specially focused
our attention on two ILs with low donor numbers and low
coordination abilities."> We selected the ILs 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([emim]-
[NT£,]),"” a popular hydrophobic IL, and 1-ethyl-3-methyl-
imidazolium perchlorate ([emim][ClO,]), an uncommon IL
that exhibits a hydrophilic character despite its low coordina-
tion ability (see Figure 1).'®' To follow the complex
formation in solution, the chemical shift of the “Li NMR
signal (abundance: 92.6%) was studied as a function of the
added terpy concentration in reference to an external standard.
Due to the fact that different equilibria between solvent
molecules, ligands, and metal ions can generate structural
motifs in solution that can differ from those derived from
crystal structures, we also applied X-ray diffraction to gain more
insight into the coordination pattern in the solid state. In
addition, quantum chemical calculations (via density functional
theory, DFT) were performed to obtain further support for the
interpretation of the experimental results.

B EXPERIMENTAL SECTION

Materials. All chemicals used in this study were of analytical
reagent grade or of the highest purity commercially available.
Terpyridine (2,6-bis(2-pyridyl)pyridine) and lithium perchlorate
were purchased from Sigma Aldrich and used as received. Lithium
ethylsulfate was obtained as a side product in the synthesis of the ionic
liquid [emim][ClO,] as described below. Lithium bis-
(trifluoromethylsulfonyl)imide and 1-ethyl-3-methylimidazolium bro-
mide were obtained from Iolitec. 1-ethyl-3-methylimidazolium ethyl-
sulfate was purchased from Solvent Innovation/Merck and purified as
described below. All chemicals were stored under nitrogen
atmosphere.

Synthesis of [emim][NTf,]. To achieve a high purity IL,
contaminants such as methylimidazole were removed by repeated
crystallization of [emim]Br from a mixture of methanol and acetone.
In this recrystallization procedure, [emim]Br was dissolved in an
approximately 10% amount of methanol at 65 °C. After the mixtures
cooled to room temperature, precooled acetone was added in a ratio of
1:1 compared to [emim]Br. Crystallization occurred overnight at a
temperature of —23 °C. [emim][NTf,] was then synthesized from
[emim]Br and Li[NTf,] by anion metathesis, as described elsewhere.'®
The water content was found to be 0.00% after the mixtures were
dried under high vacuum for S days at S0 °C. Elemental analysis
calculated (%) for CgH;;F¢N;0,S,: C, 24.55; H, 2.83; N, 10.74; S,
16.39. Found: C, 24.78; H, 2.65; N, 10.92; S, 16.54.
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Purification of [emim][EtSO,]. Traces of impurities were
removed by repeated extraction with a mixture of dichloromethane
and water in a volume ratio of 1:1. To achieve a higher optical purity,
[emim][EtSO,] was stirred for 1 week with activated charcoal (Acros
Organics: Norit A SUPRA) under high vacuum at a temperature of 55
°C. After filtration, the water content was determined by Karl Fischer
titration and found to be 0.03%. Elemental analysis calculated (%) for
CgH,¢N,0,S: C, 40.66; H, 6.83; N, 11.86; S, 13.57. Found: C, 40.55;
H, 6.66; N, 12.13; S, 13.24.

Synthesis of [emim][ClIO,]. The ionic liquid [emim][ClO,] was
prepared from LiClO, and [emim][EtSO,] accordmg to the direct
anion metathesis procedure described elsewhere.'” After the applied
solvent mixture was removed and dried under high vacuum,
[emim][ClO,] was obtained as a colorless liquid in a yield of 94%
with a water content of 0.02%. Elemental analysis calculated (%) for
C¢H,,CIN,0,: C, 34.22; H, 5.26; N, 13.30. Found: C, 34.22; H, 5.50;
N, 13.15. According to the requirements for an interim hazard
classification (IHC), [emim][ClO,] is not an explosive substance and
passed the corresponding tests (UN 3a—UN 3d). However, care
should be taken when working with [emim][ClO,]. For further
information read refs 19 and 20.

Synthesis of [Li(terpy)(NTf,)], (1). Solid terpy (210 mg; 0.9
mmol) was added under nitrogen atmosphere to a solution of
Li[NTf,] (86 mg; 0.3 mmol) in 3 mL of [emim][NTf,]. The reaction
mixture was heated to 75 °C under stirring to dissolve the solid terpy.
Subsequently, the mixture was stored in the refrigerator at 3 °C.
Within several days, colorless crystals appeared. Elemental analysis
calculated (%) for C,,H;;F¢LiN,O,S,: C, 39.24; H, 2.13; N, 10.77 S,
12.32. Found: C, 39.16; H, 2.05; N, 10.28; S, 12.20.

Synthesis of [Li(terpy)(ClO,)], (2). Solid terpy (210 mg; 0.9
mmol) was added to a solution of Li[ClO,] (32 mg; 0.3 mmol) in 3
mL of [emim][ClO,]. The reaction mixture was heated to 75 °C
under stirring to dissolve the solid terpy. Subsequently, the mixture
was stored in the refrigerator at 3 °C. Within several days, colorless
crystals appeared. Elemental analysis calculated (%) for
CysH,,CILIN;O,: C, 53.04; H, 3.26; N, 12.37. Found: C, 53.23; H,
3.41; N, 12.26.

Elemental Analysis. Elemental analyzers (Euro EA 3000 (Euro
Vector) and EA 1108 (Carlo Erba)) were used for chemical analyses.

Karl Fischer Titrations. The water content of the ionic liquids was
determined usinig a Coulomat C20 Karl Fischer titrator from Mettler-
Toledo (Giessen, Germany).

NMR Studies. All operations were performed under nitrogen
atmosphere by use of standard Schlenk techniques. In a typical series
of measurements, a solution of terpyridine (0.25 M in the ionic liquid)
was mixed in different volume ratios with a 0.05 M solution of the
appropriate lithium salt. In each case, 530 uL of the lithium—ligand
solution mixture was transferred under nitrogen atmosphere to a NMR
tube and a glass capillary (id. = 1.16 mm) filled with an external
standard (0.04 M LiClO, solution in DMSO-d,) was placed inside the
NMR tube. The “Li NMR spectra were recorded at a frequency of 155
MH?z on a Bruker Avance DRX 400WB spectrometer equipped with a
superconducting BC-94/89 magnet system. All measurements were
performed at room temperature under ambient pressure.

X-ray Crystal Structure Determination. Suitable crystals of 1
and 2 were selected and mounted on loop on a SuperNova, Dual, Cu
at zero, Atlas diffractometer. During data collection, the crystals were
kept at 173.00(10) K. Using Olex2 the structure was solved by
direct methods with the SHELXS structure solution program and
refined with the SHELXL* refinement package applying least-squares
minimization. CCDC-954464 and CCDC-954465 contain the
supplementary crystallographic data on the structures of this
publication. These data can be obtained free of charge from The
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Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

Quantum Chemical Calculations. All structures were fully
optimized using the B3LYP hybrid density functional®® and
LANL2DZ>* basis set augmented with polarization functions (further
denoted as LANL2DZp).>*® All structures were characterized as
minima by computation of vibration freguencies. The GAUSSIAN 03
suite of programs was used throughout.”’

B RESULTS AND DISCUSSION

’Li NMR Studies. According to our earlier studies, "Li
NMR measurements were used to determine the number of
terpy molecules coordinated to the Li* ion in solution.'® In a
typical series of measurements, the concentration of the
appropriate lithium salt was kept constant, while the
concentration of the terpy ligand was varied up to a 9-fold
excess of terpy over Li*. The resulting chemical shift of the "Li
signal was then plotted against the molar ratio of [terpy]:[Li*].
When such a plot shows a clear discontinuity in the chemical
shift, the appropriate [terpy]:[Li*] ratio can be taken as the
coordination number relative to the ligand.*® Although such
experiments can not reveal unequivocal information to which
extent a remaining coordination site is indeed occupied by an
anion of the employed ionic liquid, it can at least be estimated
whether the first coordination sphere provides enough space for
the coordination of solvent anions. With the assumption that a
maximum of two terpy molecules can occupy the first
coordination sphere of Li* (ie., six coordination sites as
indicated by DFT calculations (see below)), the number of
remaining vacant coordination sites can be estimated from the
determined coordination numbers.

Coordination of terpy to Li* in [emim][NTf,]. Due to
the sterical demanding and electron withdrawing trifluor-
omethyl groups, NTf,” based ILs exhibit a hydrophobic nature
and a low coordinating ability. In addition, many of these liquid
salts have low viscosities and high thermal as well as
electrochemical stabilities."®*° Therefore, our investigations
on the coordination of terpy to Li" were started using one of
the most common ILs, [emim][NTf,] (donor number (DN) =
11.2),"* as solvent. To eliminate the possible disturbing
influence of other anions, we in general used lithium salts
that involve the same anion as compared to the employed ILs
(i.e., in this case Li[NTf,]).

Similar to our earlier observations on the coordination of
bipyridine, the successive addition of terpy to Li" likewise
resulted in a significant downfield shift of the "Li NMR signal
up to a molar ratio of [terpy]:[Li*] = 3:1, indicating a strong
interaction between terpy and Li*. On further addition of terpy,
the "Li signal showed only a negligible drift and the first
coordination sphere of Li* seemed to be saturated (see Figure
2).

Interestingly, at subequivalent concentrations of terpy, the
"Li spectra exhibited significant line broadening. A closer look
at these spectra clearly revealed a coalescence of various NMR
signals. On the basis of the results of other groups, lithium ions
dissolved in [emim][NTf,] exhibit a solvent shell of two NTf,~
anions.”® These anions are coordinated as chelate ligands via
the sulfonyl oxygen atoms and generate an overall tetrahedral
coordination geometry at the Li" center. Thus, the coordination
of terpy represents a successive displacement of a bidentate
NTIf," ligand by a tridentate terpy ligand. As shown in Figure 3,
the addition of only small amounts of terpy (0.1- up to 0.3-fold
compared to Li*) significantly affects the line shapes of the "Li

molar ratio [terpy]:[Li*]
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Figure 2. 'Li NMR spectra recorded as a function of the molar ratio

[terpy]:[Li*] in [emim][NT£,] at 25 °C. Inset: enlargement of the
spectra at subequivalent addition of terpy.

signals, although the overall chemical shift remained small (less
than 1 ppm). On varying the temperature (25—50 °C), the
lines exhibited a distinct dynamic behavior. These observations
can be attributed to weak interactions between terpy and Li*, as
well as the presence of dynamic equilibria between different
lithium ligated species in the IL solution. Due to the large
excess of Li" at these concentration levels and the high
flexibility of terpy, the formation of different partially
coordinated and/or bridged lithium species seems plausible
and would best explain the small effect on the chemical shift.
On increasing the concentration of terpy, the interaction
between terpy and the individual lithium ion becomes much
stronger (monodentate — bidentate — tridentate coordina-
tion) and the chemical shift of the "Li signal becomes much
larger on subsequently going to molar ratios of [terpy]:[Li*] =
1:1 and 1:2.

In Figure 4, the chemical shift of the "Li signal was plotted as
a function of the molar ratio [terpy]:[Li*]. As outlined by the
blue data points (NMR spectra recorded at 25 °C), a break
point in the chemical shift can be observed at a molar ratio of
[terpy]:[Li*] = 2:1. However, because of the significantly
broadened signals at subequivalent concentration levels, the
appropriate chemical shifts cannot be used for the construction
of a straight line, and the resulting coordination number of two
cannot be precisely determined. To resolve this complication,
the measurements were repeated at 50 °C. Although the overall
equilibrium between solvated and coordinated lithium ions (eq
1) is influenced by the elevated temperature, the signals at
subequivalent concentrations became much sharper due to the
accelerated exchange between the different lithium species. As
shown by the red data points in Figure 4, the overall chemical
shift of the "Li signal decreases significantly on increasing the
temperature and the constructed line features a more distinct
curvature. This leads to the conclusion that the complex-
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Figure 3. "Li NMR spectra recorded as a function of the temperature (25—50 °C) at subequivalent addition of terpy. From left to right: 0.1-, 0.2-,

and 0.3-fold concentration of terpy compared to Li".
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Figure 4. Chemical shift of the Li signal as a function of the molar
ratio [terpy]:[Li*] in [emim][NT%,] at 25 °C (blue) and S0 °C (red).

formation reaction between terpy and Li" is an exothermic
process as the equilibrium between solvated and coordinated
lithium ions is shifted to the reactant side on increasing the
temperature (see also Table 1). Nevertheless, the crossing
point of the red lines clearly indicates a discontinuity in the
chemical shift at a molar ratio of [terpy]:[Li*] = 2:1. Thus, a
maximum of two terpy molecules can occupy the first
coordination sphere of Li* in [emim][NTf,] under the selected
conditions.

Li* + 2terpy 2 [Li(terpy), " (1)

Nevertheless, the question remains if both terpy molecules
are really coordinated as tridentate ligands to generate the
cationic complex [Li(terpy),]* in solution, or if to some extent,
a solvent anion is coordinated to Li*. From ESI mass
spectrometry experiments performed in nitromethane, we
were able to verify the existence of [Li(terpy),]* in solution.*'
Unfortunately, in the case of ILs, mass spectrometry failed
because of the highly ionic nature of the solvent.

On applying quantum chemical calculations (B3LYP/
LANL2DZp), we determined the energy differences between
various partially coordinated [Li(terpy),]* complexes ranging
from four occupied coordination sites on Li* (see Figures S1—
4, Supporting Information) to completely saturated Li* (i.e., six
occupied coordination sites). As compared to the 4-fold
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coordinated structure presented in Figure S1 (Supporting
Information), we found a clear preference of —12.8 kcal/mol
for the S, symmetric 6-fold coordinated [Li(terpy),]* complex
shown in Figure 5. This leads to the conclusion that the first
coordination sphere of Li* is saturated by two terpy molecules
and the coordination of an additional anion can therefore be
excluded.

Coordination of terpy to Li* in [emim][ClO,]. Due to a
complete delocalization of the negative charge, ClO,” anions
exhibit a perfect tetrahedral structure and a low polarizability.
As a consequence, they behave as poor nucleophiles with a low
coordination ability and together with [emim]* cations, they
generate a room temperature ionic liquid (RTIL) with a donor
number of 7.6. Despite its low coordination ability, [emim]-
[ClO,] has a hydrophilic nature.">'¥** Therefore, this IL
represents an interesting alternative to fluorinated ILs, such as
[emim][BF,] (DN = 7.3), which tend to undergo hydrolysis
and generate hydrofluoric acid.

As expected from the NMR data obtained for [emim][NTf,],
the successive addition of terpy to a solution of LiClO, in
[emim][ClO,] likewise resulted in a significant downfield shift
of the "Li NMR signal up to a molar ratio of [terpy]:[Li*] =
4:1. However, at higher concentration levels, the "Li signal
shows a clear drift, which points to a more distinct interaction
between solvated and coordinated lithium ions as compared to
[emim][NTf,]. At subequivalent concentrations of terpy, the
’Li spectra also exhibit significant line broadening (see Figure
6). Though these broad signals clearly indicate the presence of
equilibria between different lithium ligated species, the
exchange rate between these species seems to be much higher
as compared to [emim][NTf,], and the formation of
intermediate species (ie., more than one signal) cannot be
seen from the spectra. This observation can be ascribed to the
smaller size of ClO,~ as compared to the sterically demanding
NTf,” anion and the lower coordination ability of ClO, .
These effects lead to a much faster exchange between terpy and
ClO,” on Li’, which in turn will lower the stability of the
resulting terpy complexes.

Although the signals at subequivalent concentrations of terpy
are significantly broadened, they are still sufficient for the
assignment of chemical shifts. In Figure 7 the chemical shift is
plotted as a function of the molar ratio [terpy]:[Li*]. As
indicated by the blue data points (25 °C), the successive
addition of terpy to Li" leads to more than only one
discontinuity in the chemical shift and clear break-points can
be observed at molar ratios of [terpy]:[Li*] ~ 1:1 and 2:1. This
suggests that under these conditions, the different disconti-
nuities reflect the stepwise addition of terpy, although the
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Figure S. Calculated structure (B3LYP/LANL2DZp) of [Li (terpy),]
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Figure 6. Selected 'Li NMR spectra recorded as a function of the
molar ratio [terpy]:[Li*] in [emim][ClO,] at 25 °C.

individual spectra only exhibit one signal. Other studies on the
coordination of pyridine to Li* in [emim][ClO,] resulted in
similar observations.>® Here, at least three clear discontinuities
were observed (see Figure SS, Supporting Information). To
determine the coordination number of terpy more precisely, we
repeated the measurements at S0 °C to obtain sharper signals
as a result of faster ligand exchange reactions.

As seen from the red data points in Figure 7, an increase in
the temperature leads to a clear decrease in the overall chemical
shift. This behavior can again be ascribed to the exothermic
nature of the complex-formation reaction. Therefore, the initial
slope also becomes smaller on increasing the temperature, and
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Figure 7. Chemical shift of the “Li signal as a function of the molar
ratio [terpy]:[Li*] in [emim][ClO,] at 25 °C (blue) and S0 °C (red).

the “intermediate” discontinuities become less distinct.
However, the crossing point of the red lines clearly reveals
the coordination of a maximum of two terpy molecules to
generate [Li(terpy),]" under these conditions.

Stability Constants and Thermodynamics. As a result of
the overall equilibrium (eq 1) between solvated and
coordinated lithium ions, the plots presented in Figures 4
and 7 exhibit a clear curvature typical for a complex-formation
reaction. Depending on the position of this equilibrium (ie.,
either near to the reactant side or near to the product side) the
NMR data differs more or less from the applied linear fits in the
region of the observed discontinuities. On application of eq 2,
these differences at a molar ratio of [terpy]:[Li*] = 2 can be
used to estimate the overall stability constants f, of the

dx.doi.org/10.1021/ic4020724 | Inorg. Chem. 2013, 52, 1316713178
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Table 1. Overall Stability Constants f§, for Li(terpy), Complexes

complex solvent donor number B [IM72] log f, AH° [k]/mol] AS° [J/Kmol]
[Li(terpy),]* [emim][NTf,] 112 (156 + 10) x 10° 5.19 —30.9 + 0.1 —41+03
[Li(terpy),]* [emim][ClO,] 7.6 (48 £ 11) x 10 4.68 —69 = 0.1 +66.6 + 0.4
[Li(terpy),]* nitromethane 2.7 (635 + 204) x 10°* 5.80 —24.3 + 04 +30 £ 1
[Li(bipy),]* [emim][NTE] 112 (29 + 3) x 10%* 4.46 —30.8 + 0.1 +18.1 £ 03
[Li(bipy),]* [emim][CIO,] 7.6 (28 + 3) x 10%* 4.45 —264 + 03 -35+1
[Li(bipy),]* nitromethane 2.7 (57 + 8) x 10°* 4.76 —16.1 + 0.3 +37+ 1

“This value was derived from the data reported in ref 31. bThese values were derived from the data reported in ref 16.

generated [Li(terpy),]" complexes. The required concentra-
tions of free terpy, free lithium, and chelated lithium can be
calculated from the measured and expected chemical shifts and
the total concentrations of Li* and terpy at this molar ratio:

[Li(terpy), ]

h= [Li* o) [terpy, @)

According to eq 3, the temperature dependence of j, allows
the determination of the standard reaction parameters AH® and
AS°. Therefore, the chemical shift of the "Li signal ([terpy]:
[Li*] = 2) was measured as a function of the temperature in the
range 25—55 °C. A linear plot of In /3, versus 1/T enabled the
calculation of AH® and AS° from the slope and intercept of the
plot, respectively (e.g., see Figure S6, Supporting Information).

AH®
+ AS°

Rlng, = (3)
The resulting stability constants and standard reaction
parameters are summarized in Table 1 and are compared to
our earlier data on the coordination of bipy to Li*.'® In terms of
the stability of the formed complex, 3, in general increases on
using terpy instead of bipy. This observation can be explained
by the stronger chelate effect of the tridentate terpy ligand,
which results from the additional N-donor atom. The largest
increase in the complex stability of [Li(terpy),]* can be
observed for the nonionic solvent nitromethane. Here, 3, was
found to be eleven times higher as compared to [Li(bipy),]*.
As a consequence of the low polarity and the low coordination
ability of nitromethane, solvent—solute interactions are weak
and the determined stability constants best reflect the influence
of the chelate effect. Concerning the employed ILs, 3, increases
significantly more for [emim][NTf,] than for [emim][ClO,],
despite the lower donor number of [emim][ClO,]. As
mentioned above, this effect originates from the smaller size
of the perchlorate anion and its lower coordination ability. Both
lead to a much faster exchange between terpy and ClO,” on Li*
and, thus, to a lower stability of [Li(terpy),]* in [emim][ClO,].
A similar observation can be made in terms of [Li(bipy),]".
Although for both ILs, the observed stability constants range in
the same order of magnitude, /3, should be definitely higher for
[emim][ClO,] with respect to the lower donicity of this
solvent. Nevertheless, the data clearly show that the complex
stability generally decreases on applying ionic reaction media.
Besides a specific influence of the appropriate anions of an IL,
such as Lewis basicity or sterical hindrance, this observation can
be attributed to stronger solvent—solute interactions as a
consequence of the ionic character and the higher polarity.

In agreement with our experimental observations that the
overall chemical shift becomes smaller on increasing the
temperature, the determination of the standard reaction
parameters according to eq 3 resulted in negative values for

AH?®, viz. an exothermic complex-formation reaction. At first
glance, the standard reaction enthalpy of AH® = —6.9 + 0.1 kJ
mol™! for the formation of [Li(terpy),]* in [emim][ClO,]
seems to be small compared to the other data. However, this
small value can be accounted for in terms of the high lability of
the system as a consequence of the fast exchange between terpy
and ClO,” on Li*. The activation enthalpy AH* of both the
forward and the backward reactions in eq 1 seem to be of the
same order of magnitude, thus resulting in the small value of
AH®. On the contrary, this system exhibits an exceptionally
high standard reaction entropy of AS® = +66.6 + 0.4 J K™
mol™". This suggests that the formation of [Li(terpy),]" in
[emim][ClO,] is an entropy driven process. Notably, the same
reaction behaves the other way around on using [emim][NTf,]
as the solvent. Here, the standard reaction enthalpy AH® =
—29.9 + 0.1 kJ] mol™' was found to be large, whereas the
standard reaction entropy AS° = —4.1 + 0.3 J K" mol™" was
found to be close to zero. Therefore, complex formation of
[Li(terpy),]* becomes an enthalpy driven process on applying
[emim][NTf,] instead of [emim][ClO,] (see Figure S7,
Supporting Information).

In contrast to the nonionic solvent nitromethane, lithium
ions, or more generally speaking metal ions, dissolved in ILs
exhibit an anionic solvent shell. Thus, the complex-formation
reaction involves a change in the overall charge on going from
[Li(anion),] "V to [Li(terpy),]* and leads to a spreading out
of the second coordination sphere on Li'. For the standard
reaction parameters AH® and AS°, one should keep in mind
that especially the value of the reaction entropy is affected by
contributions from bonding and solvation effects, which
originate from changes in the charge of a complex. Although
our values of AS® are also influenced by these effects, the large
difference between AS° determined for the formation of
[Li(terpy),]* in [emim][NT£,] and in [emim][CIO,] can also
be explained by the number of solvent anions substituted
during the complex-formation process. In the case of
[emim][NT£,], two solvent anions were found to occupy the
first coordination sphere of Li*.** Therefore, the complex-
formation reaction of [Li(terpy),]" involves substitution of two
solvent anions by two ligand molecules. In total, there is no
change in the number of free molecules which would lead to an
increase in the disorder of the system. Unfortunately, there is
no clear information available on how many ClO,~ anions are
coordinated to Li* in [emim][ClO,]. Although most studies on
related systems indicate that Li* is 4-fold coordinated in
solution,>* Wickleder as well as Henderson et al. published a
crystal structure of lithium ions coordinated in an octahedral
geometry by six monodentate bound ClO,” anions.>* On
considering a number of four to six CIO,™ anions that occupy
the first coordination sphere of Li* dissolved in [emim][ClO,],
the formation of [Li(terpy),]* involves the displacement of four
to six solvent anions by two ligand molecules. In total, the
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number of free molecules increases by two to four per lithium
ion, which will lead to a significant increase in the disorder of
the system, and therefore to a higher value of AS°.

In terms of our earlier work on the formation of [Li(bipy),],
the interpretation of the standard reaction entropy is
significantly more difficult. Due to the smaller size of the
bipy ligand, the first coordination sphere of Li" is not
completely saturated and the coordination (or at least partial
coordination) of one or more solvent anions should be
considered.

X-ray Diffraction Studies. The crystals used for X-ray
diffraction studies were obtained directly from the employed
ionic liquids. Similar to our "Li NMR experiments and to
exclude possible effects of other anions, we used lithium salts,
which involved the same anionic component as compared to
the employed ILs. Important details and parameters concerning
the data collection and structure refinements are given in Table
2.

Table 2. Crystallographic Data, Data Collection, and
Refinement Details for the Investigated Compounds

CSD-ref code

CCDC-954465

CCDC-954464

substance [{Li(terpy)(NT£,)}],  [Li(terpy)(ClO,)],
empirical formula Cy,H,,LiN,O F(S, C;oH,,Li,NO4Cl,
mol weight (g/mol) 520.36 676.32

crystal size (mm?®) 029 X 0.21 X 0.18 0.34 X 0.24 X 0.07
temperature (K) 173.00(10) 173.00

crystal system monoclinic triclinic

space group P2,/n PT

a (A) 9.7851(2) 8.6325(7)

b (A) 17.2371(4) 9.6777(11)

c (A) 13.0780(3) 10.5904(9)

a (deg) 90.00 103.254(8)

B (deg) 101.160(2) 108.437(8)

7 (deg) 90.00 108.812(9)

Vv (A%) 2164.11(9) 738.47(12)

V4 4 1

p (mg/mm?®) (caled) 1.597 1.528

u (mm™) 0.330 0.284

F(000) 1048.0 348.0

abs corr analytical analytical

Tonins Tnax 0.983; 0.986 0.956; 0.990

20 interval (deg) 6.24 <20 < 52.74 6.7 <20 < 50.1
coll refln 7200 3682

Indep refln 4388 2600

R(int) 0.0322 0.0189

obs refln [I > 26(I)] 3546 2085

no. ref param 307 217

wR, (all data) 0.1155 0.1132

R, [I 2 26(])] 0.0438 0.0427

GOF F 1.046 1.043

max; min res electr density +0.29; —0.46 +0.49; —0.39

(e A7)

Structure of [Li(terpy)(NTf,)], (1). Although all crystals
were grown with a 3-fold excess of terpy over Li*, X-ray
diffraction analysis revealed a completely different coordination
number and pattern in the solid state, as compared to the
results of the 'Li NMR measurements. The polymeric lithium
species [Li(terpy)(NT£,)], (1) was found to be the principal
structural motif, in which each Li* cation is coordinated by only
one terpy ligand. The asymmetric unit of 1 contains a Li" cation

bound by one terpy molecule and one NTf,™ anion (see Figure

).

Figure 8. Molecular structure of [Li(terpy)(NTf,)], (1).

All in all, each Li* cation is 5-fold coordinated by two oxygen
and three nitrogen donor atoms. Applying the concept of
Addison and Reedijk,36 who introduced the so-called 7 value (¢
= (f — a)/60) to characterize the geometry of five-coordinate
complexes, we found that the basal angles of @ = 146.0 (2)°
(0(1)-Li(1)-N(21)) and g = 1512 (2)° (N(11)-Li(1)—
N(31)) result in a 7 value of 0.09, which indicates a slightly
distorted square-pyramidal coordination geometry. The poly-
meric character of 1 arises from the bridging of neighboring Li*
centers by NTf,” anions. Considering the stacking (see Figure
9), 1 is arranged in antiparallel chains running parallel to the ac-
plane, along the vector (@ + ¢). Due to the antiparallel
orientation of 1, terpy ligands of neighboring chains face each
other, and average distances of 3.67 A (determined as the
distance between the centers of neighboring C26—C32 bonds)
enable 7—7 interactions between parts of these ligands.

In terms of the NTf,™ anions, the trifluoromethyl groups of
the anion are oriented in opposite directions. Considering the
stacking, this transoid orientation enables the formation of the
so-called “fluorous regions”, typical for crystal structures
involving NTf,” anions.'®”” In the present case, these
hydrophobic arrays run along the g-axis between the polymeric
chains and separate the regions of z-stacking (see Figure 10).

As mentioned in our earlier work,'® the NTf,” anion exhibits
a clear preference for coordination via oxygen atoms. This can,
on the one hand, be attributed to steric effects and on the other
hand, to the electron withdrawing character of the trifluor-
omethyl groups, which leads to a lack of electron density on the
imide nitrogen atom.'®***" Interestingly, NTf,” behaves in this
case only as a bis-monodentate ligand bridging the individual
Li* jons with trans-positioned oxygen atoms of different
sulfonyl subunits. This observation can be ascribed to the
strong chelate effect of the terpy ligand and the sterical
demanding nature of the NTf,™ anion. In contrast to our earlier
work,'® where the NTf,” anion together with Li* and
bipyridine, was found to generate a discrete dimeric species
(see Figure S8, Supporting Information). In the present case,
the required additional coordination site at the lithium center is
already occupied by the third N-donor atom of the terpy ligand
and, in addition, the NTf,” anion is much too voluminous to
generate a similar dimeric lithium species as observed for

bipyridine.
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Figure 10. Stacking of [Li(terpy)(NTf,)], (1), view along the crystallographic a-axis. A typical “fluorous region” is highlighted by the axes of the

elementary cell.

Structure of [Li(terpy)(ClO,)], (2). Similar to the crystal
structure found for the coordination of terpy to Li* in
[emim][NTf,], X-ray diffraction studies on crystals grown
from [emim][ClO,] likewise revealed the coordination of only
one terpy molecule per lithium ion. However, the overall

coordination pattern was found to be completely different. In

contrast to 1, a discrete dimeric species was found to be the
principal structural motif that exhibits the empirical formula
[Li(terpy)(ClO,4)], (2) (see Figure 11). The asymmetric unit
of 2 contains one-half of the molecule, whereas the second half
is generated by an inversion center, located at the center of the

molecule.
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Figure 11. Molecular structure of [Li(terpy)(ClO,)], (2).

Within this dimer, the individual lithium ions are S5-fold
coordinated by two oxygen and three nitrogen donor atoms.
Basal angles of a = 136.7 (2)° (O(1)-Li(1)—N(21)) and f =
150.5 (2)° (N(11)—Li(1)—N(31)) result in a 7 value of 0.23,
indicating a distorted square-pyramidal coordination geometry.
Both lithium centers are doubly bridged by two perchlorate
anions (p-perchlorato), each of them occupying the apical
position of one polyhedron and one of the square-base
positions of the other polyhedron.

As shown in Figure 12, the dimers are arranged as layers of
indented parallel chains, which run along the g-axis. Within one
chain, 2 is placed in a slightly staggered position to the dimers
of the next chain. Due to this arrangement, the terpy ligands of
dimers of neighboring chains face each other, and average
distances of 3.73 A (determined as the distance between the
centers of the neighboring C26—C32 bonds) enable 77—z
interactions between parts of these ligands. In terms of the
same chain, the terpy ligands overlap only slightly and the effect
of m—r interactions is very small. Considering the stacking in
the third dimension, Figure 13 shows that the individual layers
are also indented through partial overlapping of the terpy
ligands. As a consequence of the symmetry, average distances of
3.51 A (determined as the distance between the centers of the
neighboring C14—C15 and C16—C22 bonds) lead to slightly

stronger 7—7 interactions between the layers as compared to
the interactions within one layer.

Notably, in our previous work on the coordination of bipy to
Li* we obtained a very similar dimeric lithium species in the
case of the IL [emim][NTf,] (see Figure S8, Supporting
Information).'® Due to the fact that both 1 and 2 were grown
under the same conditions, but 1 exhibits a completely different
structural pattern, it can be concluded that besides steric or size
effects, the interplay between ligand and anion nature mainly
controls the formation of the dimeric species. Considering the
nature of the anionic component, the anions must at least be
able to act as bridging ligands, otherwise a dimerization would
not be possible. In the case of 2, the tridentate terpy ligand is
much larger as compared to the bidentate bipy ligand.
However, in terms of the formation of the dimeric species,
the larger size of the terpy ligand is compensated by the smaller
size of the ClO, anion. A similar observation can be made with
respect to the occupied coordination sites. Although the terpy
ligand requires an additional coordination site on Li", this site is
in principle provided by the ClO,™ anion. Due to its tetrahedral
structure, ClO,~ can only act as bidentate or bridging ligand;
compared to the structure presented in Figure S7 (Supporting
Information), one coordination site on Li* is not used and can
therefore be occupied by the third N-donor atom of the terpy
ligand. To prove whether the formation of the dimeric species
is to some extent favored by packing effects such as 7-stacking
or C—H:--O interactions, we calculated the structure of 2
without any symmetry constraints applying DFT methods
(B3LYP/LANL2DZp). Although the exact values of the
distances, torsions and angles were found to be affected by
the stacking process, the results clearly showed that dimer 2 is
stable as an isolated molecule in the gas phase (see Figure S9,
Supporting Information).

B CONCLUSIONS

In this work, we studied the complex-formation reaction
between lithium ions and terpy, employing the ILs [emim]-
[NTf,] and [emim][ClO,] as solvents. The results obtained
from the ’Li NMR data clearly demonstrate that a maximum of
two terpy molecules can occupy the first coordination sphere of

Figure 12. Stacking of [Li(terpy)(ClO,)], (2), view along the crystallographic c-axis (top-view on a monolayer).
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Figure 13. Stacking of [Li(terpy)(ClO,)], (2), view along the crystallographic a-axis (side-view on two layers).

Li* to generate the cationic complex [Li(terpy),]" in solution.
With respect to our earlier work,'® the application of the
tridentate terpy ligand resulted in a significant increase in the
stability of [Li(terpy),]* as compared to [Li(bipy),]*. However,
the data also showed that in contrast to the nonionic solvent
nitromethane, in the case of ILs, stronger solvent—solute
interactions generally reduce the complex stability. Notably, the
smaller size of the ClO,™ anion and its less sterical demanding
structure lead to a higher competition between terpy and
ClO,” on Li" and to a stronger decrease in complex stability in
[emim][ClO,] as compared to [emim][NTf,]. Thus, a
complex-formation reaction must not necessarily be favored,
on applying a solvent with a lower donicity. In terms of the
determined standard reaction parameters AH® and AS°, the
complex formation of [Li(terpy),]" was found to be enthalpy
driven in [emim][NT%,], whereas in the case of [emim][ClO,]
the same process was found to be entropy driven. Therefore, it
can be concluded that on applying ILs as reaction media, the
driving force of a chemical process can significantly be affected
by the nature of the anionic component of an IL, although the
anionic component is known to be a weak Lewis base.

In contrast to the NMR data, X-ray diffraction measurements
on isolated crystals showed that each lithium ion is formally
coordinated by only one terpy molecule and one solvent anion
(polymeric as well as dimeric species) suggesting that charge
neutralization and 7-stacking mainly control the crystallization
process. As a consequence, the cationic [Li(terpy),]* complex
was only stable in solution and could not be isolated as a
[Li(terpy),]*[anion] ™ salt from the employed ILs under these
conditions.

In general, it can be concluded that our understanding of
how metal salts dissolve in ionic liquids, and how ionic liquids
actually interact with catalytically active metal complexes, still
remains rather limited. Although a good understanding of the
role of conventional solvents has been developed, much more

remains to be done to reach such an understanding in the case
of ionic liquids.

B ASSOCIATED CONTENT
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