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Abstract

New generation of imidazole-derived salts was dttarezed by single-crystal X-ray
diffraction experiments for the first time. Herewe present crystal structures of lithium salts
containing original 4,5-dicyanoimidazolato anionbstituted with trifluoromethyl,
pentafluoroethyl and heptafluoropropyl groups. &dadompounds crystallize as
acetonitrile—solvated dimers with four-coordinateilm cations. Structures of crystalline
materials were examined with regard to the fingoprties of electrolyte providing valuable
information about coordination ability of subst&dt4,5-dicyanoimidazolato anions. Anions
act as ditopic N donor ligands containing additlom@ak fluorine donor-centers. Donor
nitrogen atoms of imidazole and cyano groups, sslayltly lower basicity than
electroneutral acetonitrile solvent molecules cowtid to lithium. Presence of bulky

substituents does not alter crystal structure émskepacked arrangement is observed.



1. Introduction

The development of battery materials meets an sktemarket demand for an
advanced generation of lithium batteries with ggepbwer/energy densities and improved
cycle/rate life properties. Lithium ion cells setrbe quite responsive to these requirements
and have been in the premium scope of multiplearesegroups for the last decades.
Conventional Li(ion) battery consists of a graplatedde, composite cathode (with an
electroactive powder as a crucial component, akkpRQ) and electrolyte. The latter is a
solution of lithium salt in an organic solvent oixare of solvents which commonly includes
acetonitrile. Moreover, MeCN solution is frequentlyosen as a model system for
preliminary characterization of electrolytes. Caydtructure analysis of crystalline solvates
structures has been previously used to examinatsaivinteractions of MeCN with teation
[1]. Interestingly, while there is a significangtliof reports on new lithium cell electrode
materials, there has been very little input on salis used in lithium electrolytes themselves
[2]. Some attempts based on crystallographic ssudieorrelate solid state structure and
properties of electrolytes have been performedghda].

In this paper, we present results of crystal stmectietermination and some
electrochemical investigations of three lithiumtsabntaining novel 4,5-dicyanoimidazolato
anions substituted with trifluoromethyl (LiTDI), p@afluoroethyl (LiPDI) and n-
heptafluoropropyl (LiHDI) groups (Scheme 1). Evaough all of the three salts show
superior electrochemical performance [4,5,6], therdination ability of dicyanoimidazolato
anions toward lithium cation in presence of MeCNa®lvent remains unknown. Therefore,
we performed comprehensive crystal structure arsabfcrystalline acetonitrile solvates of
studied lithium salts to provide valuable infornoatinecessary to understand their

electrochemical properties better.
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Scheme 1. Perfluorated 4,5-dicyanoimidazolato lithim salts.



2. Experimental

2.1. Preparation of salts

Series of lithium imidazole salts: LiTDI, LiPDI aidHDI were synthesized
according to the literature method [5,7]. Cryst#lsolvates LiTDi2MeCN (),
LiPDI-2MeCN @), and LiHDF2MeCN @) were obtained in drybox, under inert atmosphere
of argon as follows. A 0.25 g sample of lithiumtsahs dissolved in 2.0 mL of anhydrous
acetonitrile (Sigma-Aldrich) in a vial; then thel@iion was stored at room temperature for 5
days. As a result, colorless, plate-shaped, hygmscrystals, suitable for X-ray diffraction

analysis, were grown.

2.2. Raman spectra

Raman spectra of crystalline materials were reabvdéh a Nicolet Almega
Dispersive Raman Spectrometer in the range 100—&®00 The laser source wavelength
used was 532 nm.
LiTDI-2MeCN (1). Raman (crit): 2994vs (CH stretching); 2278, 2256, 2241vs (ONle
stretching); 1498s (CC ring stretching); 1458m (@1 stretching); 1317s (CN ring
stretching); 1124w; 994w (NCN deformation); 920wX(6tretching, acetonitrile); 712w (CC
ring deformation); 684w (CCN deformation); 527w (@&ormation); 492w; 380w (C1-C10
stretching + CCN bending acetonitrile).
LiPDI-2MeCN @). Raman (crit): 2995vs (CH stretching); 2278, 2256, 2238vs (QNl@
stretching); 1489s (CC ring stretching); 1440m/MC(@hg stretching); 1309m/w (CN ring
stretching); 1128w; 1043w (NCN deformation); 95383w; 756w (CC ring deformation);
690w (CCN deformation); 627w; 527w (CF deformatid@@g9w (C1-C10 stretching + CCN
bending acetonitrile).
LiHDI-2MeCN ). Only a few hygroscopic crystals suitable forgkncrystal X-ray
diffraction studies were obtained from MeCN solatibut their amount was insufficient for

carrying out further analyses.

2.3. Electrochemical characterization

Conductivity measurements were performed with tineeron CC-401
conductometer (0.1% precision) with MI-905 Micragtedes, Inc. microelectrode with cell
constant of 1 cit under constant stirring. The experiment was sit@psealed 5 ml
custommade bottle with the sealed ports for autmnpgbette tip and thermocouple. Brand

Transferpette S digital automatic pipette (10-L0®.6% precision) was used for the precise



solvent addition and heating jacket was used femtostating. Experiment took place at low
temperatures to minimize vapor pressure effectomeentration. To minimize water content
influence on the conductivity, anhydrous acetoeitwas used (Sigma-Aldrich) and whole
experiment was carried out in drybox (with a maxim8 ppm water content). The
experiment was arbitrarily finished at 0.26M LiTBdncentration, which is equal to 73.4:1

acetonitrile to LiTDI ratio, at which point ionioaductivity value amounts to 14.07 mS¢m

Compound 1 2 3

Chemical formul ConlgFeLi oN12 ngleF]_QLilez Cz4H12F14Li2N12
M/g-mo™ 54¢€.30 64€.32 74€.34

crystal size /Imr’ 0.45x0.4x03 0.3x0.3x0.. 0.3x0.2x0.C5
T/K 100(2 100(2 100(2

crystal syster triclinic triclinic Triclinic
Space roug Pl Pl Pl

alA 8.5097 (4 8.8408 (2 8.9114 (4
b/A 8.6380 (4 9.1778 (3 9.2912 (6
c/A 10.4732 (5 11.2039 (3 11.7176 (8
al® 100.355 (4 95.857 (3 68.885 (6
pI° 101.611 (4 108.731 (3 70.970 (5

y/° 113.901 (4 117.134 (3 61.553(6)
VI/A® 659.44 (5 732.11 (4 781.53 (8

Z 1 1 1

Dcacc /g-cn™ 1.381 1.47( 1.59(
Radiation, M/ A Cu K, 1.5418 Mo K, 0.710° Mo K, 0.710°
w/mm™ 1.04¢« 0.13¢ 0.15¢

F(000 27¢€ 324 37z

® Range (° 4.5-670 3.6-32.¢ 3.5-326
Reflections collecte 1049¢ 4450( 2159:
Independent reflectio 227¢ 4457 414¢

Obsd reflectionsl>2 o(1)) 2026 366( 313¢

Rint 0.03%7 0.036¢ 0.0434
Parameters/restrair 185/( 211/C 2371C

S(FH™ 1.021 1.122 1.021

R1, wR2 (I>20(1))* 0.0346, 0.0¢73 0.0202, 0.(847  0.0234, 0.(874
R1, wR2 (all data 0.0403, 0.0¢13 0.C38¢, 0.(877  0.C467, 0.090
Largest diff. +0.20/-0.24 +0.45/-0.2¢ +0.4€/-0.21

peak/hole (e ®)

[a] Goodness-of-fis={ Z[w(Fo*~Fc?)?/(n—p)} 2 wheren is the reflections number apds
the parameters number; [B1=%|[Fo|-Fc||£|Fo|, wRe={ £ [w(Fo*~Fc?)?/=[w(Fo?)*]} *2.

Table 1. Crystal data for the single crystal X-raystructures of 1 to 3.



2.4. Crystallographic data collection and refinemen

Selected single crystals were mounted in ineraiod transferred to the cold gas
stream of the diffractometer. Diffraction data wareasured at 100(2) K with
mirrormonochromated G4, (1) or graphite-monochromated Mg (2 and3) radiation on the
Oxford Diffraction Gemini A Ultra diffractometer.€ll refinement and data collection as well
as data reduction and analysis were performedthtCrysAlis<°[8]. The structures were
solved by direct methods and subsequent Fouriérdiice synthesis with SHELXS-97 [9].
Full-matrix least-squares refinements agalffstalues were carried out using the
SHELXL-97 [10] and OLEX2 [11] programs. All non hydjen atoms were refined with
anisotropic displacement parameters. Hydrogen ateens added to the structure model at
geometrically idealized coordinates and refinedding atoms. The C7 methyl groupin
and?2 exhibits orientational disorder of H atoms. An Bgtion correction was applied far
during final stages of refinement. The crystal datd experimental parameters are

summarized in Table 1.

3. Results and Discussion

Crystal structure analysis of crystalline solvaiesvide valuable data about cation and
solvent coordination that may be helpful to underdtthe solvation interactions present in
solution. Series of lithium imidazole salts contagnoriginal 4,5-dicyanoimidazolato anions
substituted with trifluoromethyl, pentafluoroettafd heptafluoropropyl groups were
crystallized as acetonitrile solvates LiITBMeCN (1), LiPDI2MeCN (2), and
LiHDI-2MeCN (3). Single crystals suitable for X-ray daittion analysis were obtained in
drybox, under inert atmosphere of argon by dissghan anhydrous lithium salt in dry
acetonitrile. Colorless, hygroscopic crystals wgnawvn in the form of plates. Attempts to
crystallize lithium salts comprising a larger numbgsolvent molecules per Li+ cation

performed at lower temperatures always resultalatgon of 1-3.

3.1. Molecular structures of solvates 1-3.

Compound 1 crystallizes in the triclinic space gré&@l; . X-Ray crystal structure
determination reveals a discrete dimeric specigsgahe composition of
[Li(TDI)(MeCN) 2]> shown in Figure 1. Selected bond lengths and aragle summarized in
Table 2. The Li cations are linked via two bridging dicyanoimidkzo ligands to give a
centrosymmetric dinuclear complex in which lithiwaordination environment is completed

by two acetonitrile molecules.



Figure 1. The molecular structure of [Li(TDI)(MeCN)],, compound 1, with atom numbering.
Displacement ellipsoids are drawn at the 50% probaibty level and H atoms are shown as
small spheres of arbitrary radii. Primed and unprimed atoms are related by an inversion

centre.

In saltl TDI anion acts as a bridging ligand which is cooatéed in an unsymmetrical
fashion through the nitrogen atom of the imidazoig [Li1-N1 2.071(3) A] and one of the
cyano groups [Li1’-N4 2.052(3) A]. Consequentlyptiithium atoms are doubly bridged by
two NCCN sequences, forming ten-membered Li(NGLN)ng around a crystallographic
inversion centre. The central ring is approximag#gnar with r.m.s. deviations from
planarity of 0.024 A. The remaining bond lengthghvécetonitrile ligands (Li1-N5 and
Li1-N6) are equal to 2.043(3) and 2.011(3) A, resipely, making average Li—Mecn)
distance to be 2.027 A). It is noteworthy thatalerage lithium-nitrogen(MeCN) bond
length based on the data retrieved from Cambridgetral Database for other solvates
comprising two acetonitrile molecules per lithiuation is approximately 2.06 A [12]. In
comparison, Li-Mecn) bonds observed ihare slightly shorter and are similar to bond
lengths reported for crystal structures of homatelghium acetonitrile solvates (typically
1.942-2.063 A with an average of approximately 2A9213]. Lithium cations adopt
distorted tetrahedral geometry with angles ranfiog 101.68(11) to 118.19(12)°. The
strongest deviation from the tetrahedral geomeatigbiserved for acetonitrile ligands which



are bent away from the —CF3 group (N1-Li1-N6 and-N1-N5 angles are equal to
118.19(12)° and 116.54(13)°, respectively). The&attion is related to an additional
interaction between fluorine and lithium cationwiti1- - - F1 distances of 2.755(3) A (sum of
van der Waals radii for lithium and fluorine is #314]). Structures containing stabilizing
alkali metal--F dative bond have been reported previously [Hg]uiding complexes where
Li--F interactions assist coordination of by CF; group [16].

Salts2 (LiPDI) and3 (LiHDI), similarly as compound, crystallize in the triclinic
space groufl; . ORTEP plots of the compounds are presenteigjime 2 and selected

bond lengths and angles are summarized in Table 2.

Distance/ang| 1 2 3

Lil—N1 2.071(3 2.0726(15 2.095(2
Lil’—N4 2.052(3 2.0620(15 2.066(2
Li1l—N5 2.044(3 2.0278(16  2.068(2
Lil—N6 2.010(3 2.0152(15 2.0422(19
Lil—F1 2.755(3 2.7693(15 2.7048(19
N1—C1 1.3407(19 1.3455(10  1.3465(1)
N2—C1 1.3350(19 1.3375(10 1.3380(13
N2—C2 1.3575(19 1.3561(10 1.3551(13
N1—C3 1.3682(18 1.3667(9 1.3670(13
C2—Cz3 1.389(2 1.3911(10 1.3934(13
C2—CA4 1.433(2 1.4322(11 1.4308(14
C3—Ct 1.426(2 1.4225(10 1.4243(14
N3—C4 1.145(2 1.1444(11) 1.1481(14
N4—C5 1.1427(19 1.1447(10 1.1471(13
N5—C8 1.137(2 1.1385(11  1.1403(14
N6—C6 1.134(2 1.1387(11 1.1410(13
C1—C1C 1.494(2 1.4938(11  1.4953(14
N1—Li1—N4’ 106.32(12 108.28(7 104.54(9
N1—Li1—N5 116.54(13 114.41(7 118.39(9
N1—Li1—N®6 118.22(12 115.68(7 114.63(9
N5—Li1—N4’ 101.66(11 106.37(7 110.52(9
N6—Li1—N4’ 103.65(12 101.65(7 100.74(8
N6—Li1—N5 108.24(12 109.26(7 106.58(9
N4'—Li1l—F1 173.02(12 173.76(7 170.44(9
C1—N2—C2 102.09(12 102.32(6 102.16(8
C1—N1—C3 101.75(11 101.71(6 101.58(8
C1—N1—Li1 127.73(12 128.38(6 126.36(8
C3—N1—Li1 130.25(12 129.53(6 131.44(8
C5—N4—Li1’ 177.09(13 172.48(8 171.21(9
Ce—N6—Lil 168.02(14 170.46(8 173.60(10
C8&—N5—Lil 167.78(15 167.87(8 165.65(10
C1(—F1—Li1 109.62(10 109.19(5 110.21(6
Lil—N1—C3—-C5 -7.1(2 -8.40(12 -11.55(15

Table 2. Selected bond lengths [A] and angles [9f compounds 1-3.



Figure 2. The molecular structure, with atom numbeing, of a) [Li(PDI)(MeCN)],,
compound 2; b) [Li(HDI)(MeCN) ,],, compound 3. Thermal ellipsoids are drawn at the @6
probability level. Symmetry code: * = x+1, -y+1, —z+1.

Molecular structure of saland3 does not differ significantly from the compléx
with regard to the coordination mode. Both compaucmimprise lithium cations,
dicyanoimidazolato ligands and acetonitrile solvaolecules forming together
centrosymmetric dimers with ten-membered Li(NC&Ngentral rings. The r.m.s. deviations
from planarity for the rings i@ and3 are equal to 0.051 and 0.060 A, respectively. Tirelb
lengths between lithium atom and acetonitrile mjénas vary from 2.0149(16) to 2.067(2) A
and are also shorter than the bond lengths Lil—N1 tive imidazole rings (2.0726(16)—
2.095(2) A). Fluoroalkyl groups are placed outtaf plane the imidazole ring. The distances



between weakly interacting lithium and fluorinera®in2 and3 are equal to 2.7695(16) and
2.704(2) A, respectively. It is worth noting thiaetpresence of bulky perfluoroalkyl groups
does not distort the dimeric molecular assemblgriShindrances force the central ring only
slightly out of planarity, which is shown by theiease in Lil-N1-C3-C5 torsion angle
(-7.1(2), —8.43(13) and —11.58(17)° fbr2 and3 respectively; see Supporting Information
Figure S1). The geometry adopted by all three nuddscis almost the same as pictured in

Figure 3. Solely minor conformational changes camliserved for pendent acetonitrile

molecules’-orientation around lithium cation.

\

Figure 3. An overlay of the three asymmetric motifof complexes 1 (black), 2 (dark grey)

and 3 (light grey) by specifying Lil, N1, N2 atomas geometrically equivalent.



3.2. Crystal packing of 1-3

The basic structural motif in the crystal packiride3 is a pseudo hexagonal layer of
dimeric molecules (Figure 4). There are no strdngcture directing interactions present in
the crystal lattices and the observed arrangenanbe attributed to weak intermolecular
forces.

Figure 4. Projection of the crystal packing in 1 oto the (1 1 1) plane. Hydrogen atoms have

been omitted for clarity.



Every dimers has six nearest neighbors in a cleskaul layer and three in each of the
adjacent layers. Figure 5 depicts a topologicasitiation of this arrangement. Observed 3D

layout can be described in terms of the ABC segei@hclose-packed layers of spheres.

a) b) <)

Figure 5. A topological representation of dimers alangement in crystal lattices 1-3 resulting
in pseudo-hexagonal closest packed layers. The a@d balls represent centre of gravity of the
dimersina) 1, b) 2 and c¢) 3.

However, fluoroalkyl groups and pendent acetomititiands are aligned to the gaps
of the preceding layer and as a result, adjacert@fagonal layers are slightly shifted with
respect to one another. Slippage of the layerdeatescribed with help of the angle between
a plane parallel to the layer and the line conngatienters of stacked layers. Deviation from
the ideal angle of 90° varies form 80.94(1)° Tdhrough 84.93(1)° foR to 86.67(1)° for3.
Increasing angle values are correlated with theggbon of structural parameters and
growing cell volume: 659.44(5), 732.11(4) and 781(50) Asfor 1, 2 and3, respectively.
Incorporating bulkier alkyl group separates shaat$ almost undistorted closest packing
appears. Furthermore slippage of layers is accomgdny weak intermolecular interactions.
Closer inspection of packing arrangement reveatacking interactions which stabilize
crystal structures df—3. Figure 6 shows chains of dimerslinvith the imidazole rings of
adjacent dimers overlapping. The chains propagetieei direction of th& axis, with the
Li-Li distance along the chain being equal to el parameter, 8.6380(4) A. Imidazole
rings in the stacks are related by a centre ofrgiwa and are parallel with a shift
displacement of 1.170(3) A. Interplanar distanc8.680(3) A and centroid-centroid distance
3.719(3) A indicate medium to very wealstacking interactions [17].



Figure 6. Depiction of centroid-centroid distance ad shift displacement between two

imidazole rings showinga—nr interaction within the conventional n-x stabilization distance.

There is an analogous pattermat contacts in crystal lattices of compouradsnd3.
Centroid-to-plane, centroid-to-centroid and shifippthcement distances for all three
compounds are summarized in Table S1 (see Supgdntiormation). It is noticeable that the
n-n intermolecular interaction is weakerdrand3 than inl1 which is probably due to the
repulsion of bulkier fluoroalkyl groups. Moreoveentroid-to-plane distance of 3.697(2) A in
3 and inter-centroid contact equals 3.845(2) A whikdtes this interaction close to the

maximum contact distance acceptedsdar interactions.

3.3. Electrochemical properties

The results presented herein explain the supdeaotrechemical properties of the
LiTDI type of electrolytes from the structural poif view. The fact that the coordination
environment of the Lication is completed by weak intramolecular Li-coRtacts as well as
longer Li—N bonds to the imidazolato anion tharcet@eutral acetonitrile molecules
indicates characteristic properties of trifluoromgtdicyanoimidazolato ligand. TDI anion is
a soft base with delocalized electron charge arid types of nitrogen centers in TDI act as
weaker electron pair donors than acetonitrile. fremrnore, TDI can adjust its electronic

properties as Lewis base and is able to fulfill¢berdination sphere of lithium involving



additional fluorine-cation interactions. Smoothaligl exchange around hard lithium cation is
a desirable feature for Li(ion) electrolytes to gudee proper ion transport. Considering
properties of perfluorodicyanoimidazolato anionss @an expect that dimeric ionic pairs
observed in solid state dissociate in solutiontisiguwith the weakest Li—Nigazole DONdS (see
Scheme 2).

I\/le\ /Me Me Me
cr S £ ‘
3’ N~ MeCN W
\ /. ‘/ N N
N)@('\'_L'\ 'V'e‘CSN—\L’i\ N, N
N N MeCN .
c c N _MeCN MeCN
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Scheme 2. Proposed solvation and dissociaton mecksamn for LiTDI salt family.

This assumption agrees with conductivity measuresngerformed during dilution of
saturated LiTDI solution in acetonitrile. Figuresffows concentration dependence of ionic
conductivity in two temperatures. The experimetdastat 19 acetonitrile moles per 1 mole of
LiTDI ratio, i.e. the moment LiTDI has just beerssiblved (experimenter observation). The
initial increase in ionic conductivity can be expkd by the dissociation of dimeric ionic
pairs and formation of the solvated Li(MeGNgations (Scheme 2). Such process weakens
lithium-anion ionic interactions and decreasesdgglomerates concentration which is easier
to achieve in higher temperatures. Maximum of tmed conductivity of 20.29 mBm  is
measured at exactly 24.5 moles of acetonitrilelp@ole of LiTDI at 25°C (22.3:1 at 28°C
with 21.78 m®&m* conductivity value). Further solvent addition odijutes the solution
decreasing the concentration of the electroactiveeties and decreasing steadily ionic
conductivity. High lithium cation transference nuend and high ionic conductivity of
electrolytes mostly depend on the low ionic ass@nieof the salt, which results from weak
lithium-anion interactions.

Dicyanoimidazolato anions have a great potentiahbse they can act as tetratopic
soft bases with two pendent cyano groups and tvidaeinole nitrogens as potential donor

atoms. In absence of additional donors like Me@iX gikample crude solventless LiTDI,



several bonding motifs can be expected to empldpat coordinate sites around lithium

cations.
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Figure 7. Concentration dependence of ionic condueity for LiTDI solution in acetonitrile.

4. Conclusions

In summary, the formation of dimeric species indsetate is characteristic of the
lithium salt incorporating 4,5-dicyanoimidazolatai@ns. Described anions are soft bases
with highly delocalized charge and can act as patiytetratopic N donor ligands with
additional weak fluorine donor centers. Both typésitrogen atoms, from imidazole and
cyano groups, show basicity which is smaller theat of electroneutral acetonitrile solvent
molecules. Structural data indicate the followieges of donor centers in terms of their
basicity: Nuecn > Neyano™> Nimidazole Introduction of bulky substituents, i.e. pentafioethyl
and heptafluoropropyl groups, does not distortthele crystal structure but causes only
small slippage making hexagonal layers more reguidrretaining close-packed arrangement
in the structure. The-n stacking interactions between imidazole rings Igudgsist in
establishing the molecular packing in crystal. Mwer, perfluoroalkyl substituents do not
alter the electronic structure of imidazole ringl @oordination ability of the entire ligand.

Analysis of crystal structures suggests that diroeserved in the solid state are prevailing



species in concentrated solutions. Formation afdletectroneutral dimeric adducts causes a

decrease in the ionic conductivity.
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CCDC-879748, CCDC-879749 and CCDC-879750 contarstipplementary
crystallographic data fdk, 2 and3, respectively. These data can be obtained frebafge
via http://www.ccdc.cam.ac.uk/conts/retrieving.htiod from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, faK; (+44) 1223-336-033; or e-mail:
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