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Complexes of lithium salts LICF3SOg, Lil, LICH3CO,, LiBF,, LISCN, and Li[R—NSO,-
CF3] with the macrocyclic ligands 18-C-6 and 2.2.2-cryptand were examined by differential
scanning calorimetry, infrared and Raman spectroscopy, and complex impedance. The
formation of an amorphous phase appears to be facilitated by the presence of an unsym-
metrical anion containing an ether oxygen of the type [R—NSO,CF;3]~. An X-ray crystal
structure was determined for Li[CF;SO,N(CH,),OCHj5]; these data and that for the previously
reported Li[CF3SO,N(CH;);sOCH3;] structure was correlated with the physical properties of

their 18-C-6 and 2.2.2-cryptand complexes.

Introduction

The development of high-energy density batteries and
electrochromic displays has stimulated the preparation
of new solid electrolytes.=3 Polymer salt complexes,
formed by weakly ion paired salts dissolved in flexible
polar polymers are promising electrolyte materials
because of their combination of mechanical and elec-
trochemical properties.*~” Recently, novel systems in-
cluding gel electrolytes,®1° composite electrolytes,11-13
rubbery electrolytes,4~16 molten salts/ionic liquids,17~1°
and hybrid materials?°2! have been investigated.
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In an earlier publication, we described new amor-
phous electrolytes containing macrocyclic ligands,??
where cryptand or crown ethers with macrocyclic cavi-
ties larger than the diameter of the lithium cation form
complexes with Li[CF3SO,N(CH,)3OCHj3], which exhibit
substantial ionic conductivity such as [Lic18-C-6][CF3-
SO,N(CH;)s0CHj3] (where C indicates Li* inclusion in
the crown ether 18-C-6). Initially, we attributed the
formation of these amorphous phases to the mismatch
between the cavity size of the macrocycle and the
diameter of the cation, resulting in multiple conforma-
tions of the macrocycle around the lithium cation
inhibiting crystallization. This “mismatch concept” is
supported by the observation that Na[CF3SO,N(CH,)3-
OCHgs;] and K[CF3SO,;N(CH;)30CHg3s] salts form amor-
phous complexes with cryptand or crown ethers that do
not match the diameter of the sodium or potassium
cations.23

Complexes of Li[CF3SO,N(CH2)3sOCHj3] with 18-C-6
and its analogues (analogues of 18-C-6 with the same
macrocycle cavity size but different binding affinities
and the same binding affinity but different structural
features) may form crystalline phases, revealing limita-
tions in the mismatch concept.?* This observation
indicates that the detailed structure of the macrocyclic
ligand is an important controlling parameter in the
formation of amorphous complexes. Related studies also
suggest that the anion plays a significant role in the
formation of an amorphous complex. For example, we
have found that cryptand and crown ether complexes
with the lithium salt, Li[(CF3SO3);N], are usually
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crystalline, in contrast to the amorphous character of
Li[CF3S0O,N(CH3)30CH3] complexes.?> This result led
to the examination of vibrational and X-ray single-
crystal structural data of Li[CF3SO,N(CH;)3OCH23]%®
and Li[(CF3S0,),N]?" to provide insight into the lithium
cation interaction with the respective anions. These
results are compared to the related study in which we
examined the lithium cation position within the mac-
rocyclic ligand and the residual interaction between the
anion and the cation for [Lic12-C-4][CF3SO,N(CH3)s-
OCH3],26 [LiC2.2.2][(CF3502)2N],28 and [Lic(12-C-4),]-
[(CF3S0,),N]?8 complexes. We tentatively attributed the
formation of crystalline Li[(CF3S0O;),N] complexes with
the symmetry and weak basicity of the [(CF3SO;);N]~
anion. The crystal structures indicate (i) the weak
interaction between the lithium cation and the anion
in the salt structure, (ii) the lithium cation residence
in the macrocycle ligand and the complete disassociation
of the anion, and (iii) the structural features of the anion
that lend itself to crystallization of its complexes.

As a result of all our work to date, we suggest that
the formation of these amorphous phases may be
attributed to the binding affinity between the macro-
cycle and the cation and the structure of the macrocycle
ligand and anion. These features result in multiple
conformations of the complex, resulting from lithium
cation interaction within the macrocycle and the anion,
which promote long-range disorder in the material.
These ideas have been supported by solid-state NMR
data that show that in the [Lic2.2.2][CF3SO2N(CHy)s-
OCH3] complex, transport of lithium cations takes place
through averaged residence time fractions of 77% to 23%
on the anion and macrocycle, respectively.?®

To date, our hypothesis on the formation of amor-
phous lithium salt complexes with macrocyclic ligands
has been tested on two lithium salts, Li[CF3SO,N(CH>),-
OCHj3] and Li[(CF3S0O),N], with mixed results. The
present investigation explores the role of the anion in
more detail to determine the role of the anion in the
formation of amorphous complexes with substantial
ionic conductivity. Specifically, 18-C-6 and 2.2.2-cryptand
complexes of LiCF3SOg, Lil, LICH3CO,, LiBF4, LISCN,
and Li[R—NSO,CF3] (Figure 1) were prepared and
characterized by thermal analysis, spectroscopy, and
ionic conductivity. In addition, we examine the X-ray
single-crystal structural data of Li[CF3SO;N(CHy),-
OCHj3] and compare it to the Li[CF3SO,N(CH)3;0CHj3]
structure to elucidate the differences between each salts’
18-C-6 and 2.2.2-cryptand complexes.

Experimental Section

Syntheses were carried out under an inert atmosphere of
dry nitrogen in a Schlenk line. The salts LIiCF3;SO3, LiCHs-
CO., LiBF,4, and LiSCN were purchased from Aldrich and dried
under high vacuum at elevated temperatures for 3 days. Lil
(ampule under Argon, water < 100 ppm, purity 99.999%) was
purchased from Aldrich and used as received. Li[(CF3SO;):N]

(25) Dillon, R. E. A,; Shriver, D. F. Chem. Mater. 1999, 11, 3296.

(26) Dillon, R. E. A;; Stern, C.; Shriver, D. F. Chem. Mater. 2000,
12, 1122.

(27) Nowinski, J. L.; Lightfoot, P.; Bruce, P. G. J. Mater. Chem.
1994, 4(10), 1579.

(28) Dillon, R. E. A,; Stern, C.; Shriver, D. F. Solid State lonics
2000, 133, 247.

(29) Sigmund, E. E.; Halperin, W. P.; Dillon, R. E. A,; Shriver, D.
F., submitted to Phys. Rev. B.

Chem. Mater., Vol. 13, No. 8, 2001 2517

L L Lif
RAOSNSOCE, O NsacF, No~ANesocF,
LiTFSI LiIMPSA LiIMESA

L . n
SN H R
~oNsoF >/MS°2G3 Fl&N-sacF,

LIDMESA LilPSA LiTFESA
Lif Lir L
~Asocr,  NoLNsac (A Rsacr,
LiESA LIAMPSA LiTHFSA
coy Y
(o] IGOZCFs

G
k/q) Li18-C-6MSA

Figure 1. Lithium salts with the formula Li[R—NSO,CFs;].

(3 M) was dried at 150 °C for 2 days at 8 x 107° Torr. The dry
salts were handled in a drybox. Infrared spectra confirmed the
absence of water. Li[CF;SO2N(CH3)sOCHj3] was prepared as
previously described® and salts of the general formula Li[R—
NSO,CF3] {Li[CF3SO.N(CH;);OCHg;], Li[CF3SO,NCH,CH-
(OCHa)5], LI[CFsSO,NCH,CHs], LI[CF3SO,NCH,CF4], Li[CFs-
SO,;NCH(CHs3),], Li[CF3SO,NCH(CH3)CH,OCHg], Li[CF3SO,-
NCH,(C4H;0)], and Li[CF;SO,NCH,-18-C-6]} were prepared
by analogous routes using (CF3;S0O;),0 or CF3;SO,CIl and the
specific amine R—NH,.3!

Macrocycles. 18-C-6 and 2.2.2-cryptand were purchased
from Aldrich; 18-C-6 (1,4,7,10,13,16-hexaoxacyclooctadecane)
was sublimed at 35 °C (1 x 107! Torr), and 2.2.2-cryptand (4,7,-
13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexocosane was
dried on a high vacuum line at 30 °C (8 x 1076 Torr).

Complex Formation. Under an inert atmosphere of dry
nitrogen, equimolar quantities of the lithium salt and the
macrocycle were heated until molten and then quenched at 0
°C. The samples were judged free of residual solvent and water
by infrared spectroscopy and they were stored in a dry inert
atmosphere.

Characterization. Mass spectra were obtained at the
Midwest Center for Mass Spectrometry (University of Ne-
braska, Lincoln) or the Analytical Service Laboratory at
Northwestern University. NMR spectra were recorded on a
Varian Gemini 300 MHz NMR spectrometer. *H NMR spectra
were referenced to CDClz, CD,Cl,, or CD3CN; *°F NMR spectra
were referenced to CCl3F. Elemental analyses were performed
by Oneida Research Services, Inc. (Whitesboro, New York) or
Midwest Microlab (Indianapolis, IN).

Differential scanning calorimetry (DSC) was performed on
a Perkin-Elmer Pyris 1 instrument on samples loaded in an
inert atmosphere into hermetically sealed aluminum pans. A
stable baseline was observed over the temperature range —100
°C to 200 °C and the instrument was calibrated with indium
and decane. All transitions were recorded at a heating rate of
40 °C/min. Glass transitions are assigned at the middle of the
transition. Melting and cold crystallization temperatures are
assigned to the onset of the transitions. Amorphous materials
exhibited a glass transition as the only thermal transition in
the first DSC scan. Crystalline samples were melted and then
quenched to —100 °C at 200 °C/min in an attempt to form
amorphous materials.

Raman spectra were recorded on a FT-Raman spectrometer
with excitation by a Nd:YAG laser at 1.064 um on samples in
sealed capillary tubes. Amorphous samples exhibited weak
broad Raman bands in comparison to the sharper spectra of
crystalline samples. The spectral resolution of the interfer-
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Table 1. Crystallographic Data for
Li[CF3SO.N(CH2),0OCHj3]

C4H7NSF303Li

213.10

colorless, needle

0.20 x 0.05 x 0.01 mm

empirical formula
formula weight

crystal color, habit
crystal dimensions

crystal system monoclinic
lattice type C-centered
lattice parameter, a 18.969(8) A
lattice parameter, b 8.939(4) A

lattice parameter, ¢ 10.347(4) A
lattice parameter, 92.591(7) A

1752.7(11) A3
C2/c (No. 15)
8

lattice parameter, V
space group

Z value

Dealc 1.615gcm=3
F000 864.00

w(Mo Ka) 3.90cm™1
temperature —120 °C

R12 0.036

WR2P 0.058
goodness of fit indicator 0.87

aR1 =3 |[|Fo| — [Fell/3|Fol. ® WR2 = [(W(Fo? — Fc?)?)/ Y w(Fo?)?]V2.

ometer was 4 cm~!. Infrared spectra were recorded on a
Bomem MB-100 FTIR spectrometer with 2-cm™ resolution on
solutions in 0.1-mm path length CaF; solution cells. Alterna-
tively, neat samples of amorphous materials were placed
between KBr plates. Crystalline samples were prepared as
KBr pellets.

Complex impedance measurements were performed with a
Hewlett-Packard 4192A in the frequency range 5 Hz to 13
MHz on samples sandwiched between stainless steel electrodes
and annealed for 12—24 h at 100 °C. Data were collected
between 100 and 20 °C using a temperature ramp of 0.2 °C/
min.

X-ray Crystal Structure of Li[CF3SO;N(CH;),OCHg;]. A
colorless flat-needle crystal of Li[CF;SO2,N(CH,).OCHj3] was
grown by slow diffusion of methylene chloride into a solution
of the salt in acetonitrile. A crystal with dimensions of 0.20 x
0.05 x 0.01 mm was mounted using oil (Paratone-N, Exxon)
on a glass fiber and transferred to a Bruker SMART-1000
diffractometer with a CCD plate area detector and graphite
monochromated Mo Ko radiation. Cell constants and an
orientation matrix for data collection corresponded to a C-
centered monoclinic cell. A summary of the crystallographic
data is given in Table 1. The dimensions of the cell yield a
calculated density of 1.62 g cm™2 (Z = 8 and FW = 213.10).
The space group was determined to be C2/c (#15) on the basis
of the systematic absences hkl, h + k + 2n, and hOl, | £ 2n,
packing considerations, statistical analysis of intensity distri-
bution, and the successful solution and refinement of the
structure. Data for the structure determination were collected
at —120 £ 1 °C to a maximum 26 value of 56.8° in 0.30°
oscillations with 0.3-s exposures. The detector swing angle was
28.00°.

Of the 16 260 reflections collected, 4511 were unique (Rint
= 0.142). Data were collected and processed using the SMART-
NT and SAINT-NT programs (Bruker). The linear absorption
coefficient, u, for Mo Ka radiation is 3.9 cm™. The data were
corrected for Lorentz and polarization effects. An integrated
absorption correction was applied (SHELXTL). Maximum and
minimum transmission factors were 0.990 and 0.895, respec-
tively.

The structure was solved by direct methods®? and expanded
using Fourier techniques.®® The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included in
idealized positions but not refined. The final cycle of full-matrix
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sity of Nijmegen, 1994.
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Table 2. Thermal Data of [Li*c18-C-6][A"] Complexes?

lithium salts Tyg T Tm Ty Te Tm*
LiCF3S0O3 —38 57 —34 28 51
Lil 128 —14 14 125
PLiCH5CO»

LiBF,4 76 —40 16 74
LiSCN 103 10 40, 102
LiMPSA -31

CLIMESA 41 —55

LIiDMESA —37

LIAMPSA —58 2 35 —48

LiTHFSA —-31

Li1l8—C-6MSA —17

LiTFSI —53 36 -50 -19 36
LilPSA —-67 —32 37,107 -35 52 95
LIiESA —53 74 —38

LIiTFESA —44

aTy4(°C), glass transition temperature. Tg*(°C), glass transition
temperature after quenching. Tm(°C), melting temperature. T*(°C),
melting temperature after quenching. T¢(°C), cold crystallization
temperature. T¢*(°C), cold crystallization temperature after quench-
ing. ® Complex not formed. ¢ Initially complex not formed.

least-squares refinement on F2 was based on 716 observed
reflections (I > 2.5¢(1)) and 118 variable parameters and
converged (largest parameter shift was 0.00 times its esd) with
unweighted and weighted agreement factors of R1 = 0.036 and
WR2 = 0.058. The standard deviation of an observation of unit
weight was 0.87 (goodness fit factor). The weighting scheme
was based on counting statistics, reflection order in data
collection, sin 6/, and various classes of indices which showed
no unusual trends. The maximum and minimum peaks on the
final difference Fourier map corresponded to 0.33 and —0.33
e~/A3, respectively. Neutral atom scattering factors were taken
from Cromer and Waber.3* Anomalous dispersion effects were
included in Feac.® All calculations were performed using the
Texsan crystallographic software package of Molecular Struc-
ture Corporation.3®

Results and Discussion

Thermal Analysis. The lithium salts LiOTf, Lil,
LiBF4, and LiSCN form crystalline complexes with 18-
C-6 (Table 2). 18-C-6 complexes of LiOTTf, Lil, and LiBF4
were quenched from the molten state to form transient
amorphous phases. The DSC data indicate that LiOAc
and 18-C-6 do not form a complex because the melting
point of the “mixture” is identical to that of 18-C-6. More
promising results were obtained for combinations of 18-
C-6 with Li[R—NSO,CF;] salts. Including quenched
samples, 8 of the 10 lithium salts form amorphous
complexes with 18-C-6. For the purpose of this discus-
sion we have divided the Li[R—NSO,CF3] salts into two
groups, anions with ether oxygen substituents: (Li[CF3-
SO,;N(CH;)3s0CHj3], Li[CF3SO2N(CH2),OCHgs], Li[CF3-
SO,NCH,CH(OCHj3),], LI[CF3SO,NCH(CH3)CH,OCHg],
Li[CF3SO,NCH2(C4H70)], and Li[CF3SO,NCH,-18-C-6])
and those without an ether oxygen substituent (Li[(CFs-
S0O,)2N], Li[CF3SO,NCH2CHg], Li[CF3SO,NCH,CF3],
and Li[CF3SO,NCH(CHj3)2]). Four of the six anions with
ether oxygen substituents are amorphous when syn-
thesized and after quenching the salts Li[CF3;SO,N(CH,).-
OCHg3] and Li[CF3SO,NCH(CH3)CH,OCH3;] form amor-
phous phases with 18-C-6. Interestingly, Li[CF3SO,-

(34) Cromer, D. T.; Waber, J. T. International Tables for X-ray
Crystallography; The Kynoch Press: Birmingham, 1974; Vol. IV.
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Table 3. Thermal Data of [LiTc2.2.2][A"] Complexes

lithiumsalts Ty Tm Tg* T Tm*
LiCF3SO3 55,184, 199 26, 51, 183, 198
bLjl

PLICH3CO»

LiBF4 65, 72 64
LiSCN 78, 95 71 51,97
LiIMPSA —50

LIMESA 57 —47

LIiDMESA 28 —49

LIAMPSA —41

LITHFSA 54 —38

Li18-C-6MSA —30

LiTFSI 61, 129 61, 126
LilPSA 68 —-41 10 66
LIESA 66 —-46 4 65
LITFESA 73 —48 8 71

a Ty4(°C), glass transition temperature. Tg*(°C), glass transition
temperature after quenching. Tm(°C), melting temperature. Ty*(°C),
melting temperature after quenching. T¢(°C), cold crystallization
temperature. T¢*(°C), cold crystallization temperature after quench-
ing. P Complex not formed.

N(CH,),OCH3;] does not form a complex with 18-C-6.
This is surprising because this salt differs by only one
methylene group relative to Li[CF3SO,N(CH3)3sOCH3].
In the group of anions without ether oxygen substitu-
ents both Li[(CngOZ)zN] and Li[CF3802NCH(CH3)2]
form a mixture of crystalline and amorphous phase
complexes with 18-C-6 before and after quenching.

Thermal data in Table 3 indicate that the lithium
salts LiOTf, LiBF4, and LiSCN form crystalline com-
plexes (multiple melting points suggests the formation
of multiple discrete complexes) with 2.2.2-cryptand.
Unlike 18-C-6 complexes, there were no indications of
transient amorphous phases upon quenching. Both Lil
and LiOAc do not form complexes with 2.2.2-cryptand
despite the expected higher binding affinity of 2.2.2-
cryptand in comparison to that of 18-C-6. Three 2.2.2-
cryptand complexes with salts having the general
formula Li[R—NSO,CF3] produced amorphous phases,
and three others formed amorphous phases upon quench-
ing the melt. These six complexes contain lithium salts
with an ether oxygen substituent in the anion and
suggest that these anions inhibit crystallization. Con-
versely, the non-ether-oxygen-containing anions produce
crystalline complexes; however, after quenching from
the melt dual phase samples are observed.

The thermal data in Tables 2 and 3 strongly suggest
that amorphous complexes are formed either spontane-
ously or after quenching of Li[R—NSO,CF;] salts in
contrast to LiCF3SOsg, Lil, LICH3CO», LiBF4, and LISCN
salts. Empirical observations suggest that crystalliza-
tion is inhibited in these complexes because nuclei fail
to form in the extremely viscous molten complex upon
cooling.®” Furthermore, Li[R—NSO,CF;] salts which
contain an ether oxygen within the anion may form
amorphous complexes due to the flexibility of the ether
oxygen in the anion which may induce disorder.

Raman Spectroscopy of Anion Modes. The stron-
gest band in the Raman spectra of the Li[R—NSO,CF3]
salts and that of LiCF3SOg is assigned to a symmetric
deformation mode, ds CFs3, in the range 747—777 cm™!
(Table 4).3839 Among these, the lowest frequency, 747

(37) Angell, C. A.. J. Res. Natl. Inst. Stand. Technol. 1997, 102,
171.
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cm™1, occurs for the salt, Li[(CF3SO2).N] and Li[CFs-
SO,NCH,-18-C-6]. The [(CF3S0O2)2N]~ anion is arguably
the most weakly basic*® of the anions in Table 4. Rey
and co-workers observed that Li[(CF3SO;);N] poly-
(ethylene oxide) (PEO) complexes exhibit a ds CF3
Raman band at lower frequency (741 cm~1) than that
of the pure Li[(CF3SO,),N] salt (747 cm~1).4142 Similar
results were obtained in the present investigation, as
shown in Table 4. Upon complex formation with 18-C-
6, the 6s CF3; bands are usually shifted to lower
frequency with the exception of the Li[CF3SO,N(CHy).-
OCH3] result which does not form a complex as indi-
cated by DSC data in Table 3. The 65 CF3 Raman bands,
for the lithium salts complexed with 2.2.2-cryptand,
shift to a lower wavenumber relative to the s CF3 bands
of 18-C-6 complexes. This difference is attributed to the
more effective encapsulation of the lithium cation by the
2.2.2-cryptand, resulting in negligible Li* to [R—NSO,-
CF3]™ interaction. With one exception the formation of
2.2.2-cryptand complexes results in significant changes
in the 65 CF3 bands of 13—18 cm~1. The one exception,
[Lic2.2.2][N(SO,CF3),], exhibits a small 7-cm~? pertur-
bation from the pure salt. This result supports the
assertion that the [N(SO,CF3);]~ anion is weakly basic
so complexation of the cation does not significantly
change the anion environment.

A new Raman band at ~860 cm™! (Table 4) is
observed in the spectra of the complexes; this was
originally attributed to a symmetric ring breathing
motion of crown ether oxygens surrounding solvated
cations.”® However, similar bands were reported by
Papke*445 for simple polymer salt complexes and these
were assigned to a combination of ring breathing motion
and CH; rocking modes of the host polymer. Subse-
quently, Frech and Huang*® determined the spectra of
salt complexes with deuterated diglyme and they sug-
gest that the intense band at ~860 cm™! is primarily a
CH. rocking vibration. Whatever the detailed origin, it
is clear that the 860-cm~! band is associated with
complex formation.4” The results in Table 4 produce
three inconsistent values that require further discus-
sion. The first suggests that a complex is formed
between Li[CF3SO,N(CH>),OCH3;] and 18-C-6; however,
this is inconsistent with the thermal and 6s CFz Raman
evidence. Apparently, the band at 868 cm~! is a feature
in the spectrum of the pure salt. A detailed assignment
of the 848-cm~1 band for [Lic18-C-6][CF3SO,NCH,CHj3]
has not been established but infrared data suggest that
this band is associated with complexation, albeit at a
lower wavenumber than expected. The third inconsis-
tency, the 820-cm~1 band associated with [Lic18-C-6]-
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Table 4. Raman Frequencies and Vibrational Assignments for the ds CF3z Modes in Li[R—NSO,CFs3], LiCF3SOs3,
[Lic18-C-6], and [Lic2.2.2] Complexes, the vs, CH,—02

Li[R—NSO,CFs]

and LiCF3SOs [Lic18-C-6] [Lic2.2.2] [Lic18-C-6] [Lic2.2.2]
lithium salts ds CF3 (vs) (cm™1) ds CF3 (vs) (cm™1) ds CF3 (vs) (cm™1) vsrb CH2—O (S) (cm™1) vsrb CH2—0O (S) (cm™1)
LiTFSI 747 742 740 860 852
LiIMPSA 751 746 738 864 846
LIMESA 753 753 739 b868 850
LIiDMESA 755 748 739 858 842
LilPSA 753 746 738 860 843
LITFESA 762 748 744 862 842
LIESA 756 746 738 848 842
LIAMPSA 755 750 739 6820 €842, 826
LITHFSA 754 747 738 861 841
Li18-C-6MSA 747 NA NA NA NA
LiCF3SO3 777 €763, 753 €752, 735 857 841

a Assignments: 6 (bending), v (stretching). The subscripts “s” and “srb” denote symmetric and symmetric ring breathing motions,
respectively. Band intensities: s (strong), vs (very strong). NA: Not available. ® The bands at 868 cm~! and at 820 cm~! are found in the

pure salt. ¢ The origin of peak splitting is unknown.

[CF3SO,NCH(CH3)CH,OCHg3], is revealed by a compari-
son to the spectra of the pure salt but the small band
at 860 cm~! is not definitive for this complex.

In contrast with the trends for crown systems, a new
low-frequency band at ~840 cm~1 (Table 4) is associated
with cryptand complex formation. These bands are very
consistent throughout the range of anions used (unlike
their 18-C-6 analogues). Our group has previously
reported similar results for [Nac2.2.2] complexes.*8:25

lonic Conductivity. The temperature-dependent
ionic conductivity of the amorphous 18-C-6 and 2.2.2-
cryptand lithium salt complexes can be fit to the
semiempirical Vogel—Tamman—Fulcher (VTF) function,
which is characteristic of systems where ion motion is
coupled to motions of a viscous medium.4°—51

o= AT % exp[-B/I(T — T,) (1)

To is a parameter related to the glass transition tem-
perature of the lithium salt complexes and B is related
to the fluctuations in the electrolyte matrix that facili-
tate ion migration. The pre-exponential factor A is
dependent on the concentration of charge carriers in the
matrix.

In Figure 2, the complexes of the LiCF3SOs;, Lil,
LiCH3CO,, LiBF4, and LiSCN salts are not shown
because of their poor conductivity and therefore limited
utility. As shown in Figure 2, the highest ionic conduc-
tivities are observed for the [Lic18-C-6][(CF3SO2)2N]
and [Lic18-C-6][CF3SO,NCH,CF3] complexes. The high
ionic conductivities of these salts is attributed to a
combination of weakly coordinating anions and low
glass transition temperature complexes. Interestingly,
both salts do not contain an ether oxygen substituent
in their anion. The least conductive complex in Figure
2 is produced by [Lic18-C-6][CF3;SO2NCH;-18-C-6],
which clearly has the highest glass transition temper-
ature. However, closer inspection reveals the lithium
salt Li[CF3SO,NCH,-18-C-6] has nominal ionic conduc-
tivity (*1 x 108 S cm™! at ~30 °C and a glass
transition temperature of 7 °C).52 The poor ionic con-

(48) Doan, K. E.; Heyen, B. J.; Ratner, M. A,; Shriver, D. F. Chem.
Mater. 1990, 2, 539.

(49) Vogel, H. Phys. Z. 1921, 22, 645.

(50) Tamman, G.; Heese, W. Z. Anorg. Allg. Chem. 1926, 156, 245.

(51) Fulcher, G. S. 3. Am. Ceram. Soc. 1925, 8, 339.

(52) Dillon, R. E. A.; Shriver, D. F. submitted to Solid State lonics.
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Figure 2. Temperature-dependent ionic conductivities (o)
of 1:1 ratios of Li[R—NSO,CFs] complexes with 18-C-6:
[LIMPSAC18-C-6] (m), [LiTFSIC18-C-6] (®), [LIMESAC18-
C-6] (a), [LIDMESAC18-C-6](¥), [LiIIPSAC18-C-6] (), [LIiE-
SAC18-C-6] (+), [LITFESAC18-C-6] (x), [Li18—C-6MSAC18-
C-6] (*), [LIAMPSAC18-C-6] (O), and [LITHFSAC18-C-6] (®).

ductivity is attributed to severe restriction of the flex-
ibility afforded by the 18-C-6 substituent attached to
the anion. This limitation cannot be completely over-
come by the addition of 18-C-6 which lowers the glass
transition temperature ~24 °C. The next lowest ionic
conductivity is exhibited by [Lic18-C-6][CF3;SO,NCH-
(CHg3)2] which forms two phases and which contains a
more basic anion. Another interesting observation is the
similarity of the conductivities for 18-C-6 complexes
which contain an ether oxygen in the anion. Five of the
lithium salts in the overlapping conductivity region are
salts with an anion that contains an ether substituent.

The ionic conductivity of the 2.2.2-cryptand complexes
(Table 3) are poorer than those of analogous 18-C-6
complexes. This result may reflect strong Li* coordina-
tion to 2.2.2-cryptand, resulting in higher glass transi-
tion temperatures and more crystalline phases. The
poorest ionic conductivity in Figure 3 is exhibited by
[Lic2.2.2][(CF3S0O2)2N], which is a crystalline material
with no hint of an amorphous phase. Poor ionic conduc-
tivity is also observed for [Lic2.2.2][CF3SO,NCH,-18-
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Figure 3. Temperature-dependent ionic conductivities (o) of
1:1 ratios of Li[R—NSO,CF;] complexes with 2.2.2-cryptand:
[LIMPSAC2.2.2] (W), [LiTFSIC2.2.2] (®), [LIMESAC2.2.2] (a),
LIiDMESAC2.2.2] (v), [LiIIPSAC2.2.2] (®), [LIESAC2.2.2] (+),
[LITFESAC2.2.2] (x), [Li1l8—C-6MSAC2.2.2] (*), [LIAMP-
SAC2.2.2] (O), and [LiITHFSAC2.2.2] (O).

C-6] which is analogous to the [Lic18-C-6][CF3SO,-
NCH,-18-C-6] complex.

Crystal Structure of Li[CF3;SO,N(CH;),OCHg3]. A
single-crystal X-ray structure determination reveals
that Li[CF3SO,N(CH2),OCH3] consists of one-dimen-
sional arrays of interconnected eight-membered rings
similar to the arrays observed in the Li[CF3SO,N(CH>)s-

C(4)

&
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OCHj3] structure.?® Figure 4 illustrates the coordination
of the lithium cation by nitrogen and ether oxygen from
one anion plus two sulfonyl oxygen atoms from each of
two different anions. This lithium coordination environ-
ment is the same as that seen in the Li[CF3SO,N(CH>)s-
OCHg3;] structure. The similarity in structure between
these salts coupled with the differences in thermal and
spectroscopic data beg the question of why does Li[CF3-
SO2N(CH»),0CHj3] not form a complex with 18-C-6
comparable to the amorphous complex [Lic18-C-6][CF3-
SO,;N(CH;)30CH3]?

The smaller bond angles around the lithium cation
for the Li[CF3SO,N(CHy),OCHg;] structure (Table 5)
reflect a more compact structure with the shorter alkyl
chain. For example, the Li(0)—0(3)-C(3) bond angle,
108.3°, for Li[CF3SO;N(CH2),OCH3] is significantly
smaller than the analogous Li—O—C angle, 123.6°, in
Li[CF3SO2N(CH3)sOCHg]. Similarly, the C(2)—N(1)—Li-
(0) bond angle, 108.5°, for Li[CF3SO,N(CH2),OCHg3] is
less than the analogous bond angle, 119.4°, for Li[CF3-
SO,N(CH3)3sOCHgs]. The smaller bond angles are re-
flected in longer lithium—oxygen and nitrogen bond
lengths (Table 6). For example, Li[CF3SO,N(CH;),-
OCH3]—Li(0)—N(1), 2.013 A, has a longer bond in
comparison to Li[CF3SO,N(CH32)sOCH3]—Li—N, 1.990
A. Similar results are observed for the Li—O (sulfonyl
oxygen) bond in Li[CF3SO,N(CH;),OCHj3]—Li(0)—0(1),
1.928—1.943 A compared to Li[CF3SO,;N(CH2)sOCH3]—
Li—0, 1.915—1.919 A. The shortening of the alkyl chain
is best reflected in the Li—O (ether oxygen) bond. This
is confirmed by comparing the Li(0)—0(3), 1.978 A
(Li[CF3SO2N(CH3)20CHg3]), bond lengths to the Li—0O,
1.943 A (Li[CF3SO,N(CH,)3s0CHj3]), values.

F(2)

F(l1)

Figure 4. Coordination environment of the lithium cation in Li[CF3SO;N(CH,),OCHjs].
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Table 5. Bond Angles (deg) for Li[CF3SO2N(CH2)>OCH3s]

Dillon et al.

Table 6. Bond Lengths (A) for Li[CF3SO,;N(CH,),OCHjs]

atom atom atom angle atom atom atom angle atom atom distance atom atom distance
o1 s1 02 116920 01 s1 N1 117.0(2) S1 o1 1.441(3) S1 02 1.445(3)
o1 s1 Cl 10072 02 si N1 110.2(2) S1 N1 1.523(4) S1 Cc1 1.834(5)
02 s1 Cl 101320 N1 s1 Cl 108.6(2) F1 c1 1.334(5) F2 c1 1.341(5)
S1 01 LI 142.3(3) s1 02 LI 126.2(3) F3 c1 1.318(5) o1 LI 1.928(8)
c3 03 C4 1129(4) €3 03 LI 108.3(3) 02 LI 1.943(9) 03 C3 1.408(5)
c4 03 LI 1186(3) S1 N1 C2 119.3(3) 03 c4 1.429(5) 03 LI 1.978(7)
S1 N1 LI  131.3(3) C2 N1 LI  108.5(3) N1 c2 1.485(5) N1 LI 2.013(8)
S1 c1 F1 110.4(4) sS1 C1 F2  111.7(4) c2 (ox] 1.516(6) c2 H1 0.95

S1 c1 F3 112.1(4) F1 c1 F2  106.4(4) c2 H2 0.95 c3 H3 0.95

F1 c1 F3 108.4(4) F2 Cc1 F3  107.7(4) c3 H4 0.95 c4 H5 0.95

N1 C2 C3 107.7(4) N1 C2 H1 109.6 ca H6 0.95 c4 H7 0.95

N1 C2 H2 109.8 c3 cC2 H1 110.0

c3 c2 H2 110.2 H1 C2 H2 109.4 Summary

03 C3 C2 10734) O3 C3  H3 1099 Thermal analysis of lithium salt complexes with 18-
03 C3 H4  110.0 c2 c3 H3  109.9 C-6 and 2.2.2-cryptand macrocycles clearly indicate that
c2 C3 H4 110.1 H3 C3 H4 109.6 o S .
03 c4 H5 1092 03 C4 H6 1095 ionic glass _formatlon is promoted by unsymmetrical
03 cC4 H7 109.3 H5 C4 H6  109.7 anions having the general formula [R—NSO,CF;3]~
H5 Ca H7 109.4 H6 Ca H7 109.9 (where R contains an ether oxygen). Subtle variations
o1 LI 02 109.0(4) O1 LI 03 110.1(4) i i iqnifi

o1 0l NI 11414 02 0l 03 1073(4) in thetgtruct];u:(; of trllte an|0r|1 S|gn|fI|cantIy aﬁ;ect Ithe
02 LI N1 12795 O3 LI N1 84.2(3) properties o e salt complexes. In general, glass

The crystal structure data indicate the subtle bond
angle and bond length differences between Li[CF3-
SOzN(CHz)zoCHe,] and Li[CFgSOzN(CH2)3OCH3]. One
striking feature of the Li[CF3SO,N(CH;),OCH3] struc-
ture is its similarity to the lithium environment within
a macrocycle (see Figure 4). This comparison is sup-
ported by the Raman band at 868 cm~1 in the spectra
of Li[CF3SO2N(CH3),OCHj3] which occurs in a region
typically assigned to the ring breathing mode of crown
ethers around a cation. The interaction of the lithium
cation with the CH,CH,—0 constituent of the [CF3SO,-
N(CH;),OCHg;]~ anion may be responsible for the dif-
ferences observed between the Li[CF3SO,N(CH;),OCH3]
and Li[CFgSOzN(CHz)gOCHg] salts.

formation is favored by a mismatch between the cation
size and that of the macrocyclic cavity. Asymmetry of
the anion and the presence of ether oxygens in the anion
also promote glass formation.
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