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A new TFSI~ anion disordering mode has been discovered in a
supercooled plastic crystalline phase of Et;NTFSI, which may, in
part, account for the low melting points of TFSI~ salts with organic
cations, thereby forming ionic liquids, and the intriguing properties
of LiTFSI for lithium battery applications.

The factors that determine the melting point of a salt, and
thus the formation of room-temperature ionic liquids, remain
poorly understood. Figure 1 displays the melting points of
salts with commonly utilized cations and varying aniéis.
is intriguing that the N(S@FRs),~ (TFSI") anion is so
effective at reducing a salt’'s melting point, whereas the same
effect is not found for other charge-delocalized anions. This Figure 1. Melting points of various salts (PYig* = N-methylN-
has been attributed to the lower symmetry and bulky nature propylpyrrolidinium, EMI® = 1-ethyl-3-methylimidazolium, BMI =
of the anion (relative to, for example, BBa as well as its i.;)tl)itljxl)-.fs-methyllm|dazoI|um, and EMMiI = 1-ethyl-2,3-dimethylimida-
extensive charge delocalizaticend flexibility 2 In particular,
two low-energy conformations are known wi@ and C; symmetry (Figure 2a). Here we report a nonequilibrium,
disordered structure for ENTFSI, which reveals a new
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1U.S. Naval Academy. mode may help explain both the “crystallinity gap” in poly-

’;CN_RS. _ . (ethylene oxide}LiTFSI electrolyted and the low melting

; g&%’gs'w of Minnesota. points of organic salts with TFSlanions (Figure 1).
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discrepancy between the DSC and Raman transition onsets
(Figure 2).

The E4NT cations are known to be flexible, adopting either
an alltrans (tt,tt or Dog) Greek cross otfrans—gauche(tg,-
tg orSy) Nordic cross conformation in crystalline salts (Figure
2a)8 A vC4N) stretching Raman vibrational band near 675

~ cmt originates from theéD,y conformation, whereas thg,

o
)

q;tfso\f N ) O;f’o . conformation gives a band near 663 ¢ifi Figure 2c shows
Y % % O}:{) the variation with temperature of the fraction of theNEt

(b) | w | cations with theD,y conformation. At temperatures below
g Tl T the phase Il Il transition, nearly all of the BN* cations

g are ordered in th®,4 conformation. After the transition (to

F the disordered phase Il), however, only 30% of the cations
g L adopt theD,q conformation (the remainder adopt tis

< ro———r conformation). Figure 2d shows the variation with temper-
SS)1 TR RN n gy ature of thevg(C4N) stretching band positions and full-width
Qosl . . ] at half-maximum (fwhm). The fwhm gives an indication of
g osl i " " the distribution of ion conformations and thus of the disorder
E - l"'-\I'-- of the system. The position of thB,y band in the low-
g04r ,,rl"" temperature phase Il is constant with increasing temperature,

but the fwhm increases somewhat. At the first phase
P B transition (phase Il 1), the position of theDyy band
R decreases sharply and thereafter decreases slightly with
increasing temperature. The fwhm increases sharply at this
transition, indicating a large disordering of the cations.
Thereafter, the fwhm of this band also decreases slightly with
increasing temperature. The 663-crband appears after the
first phase transition, indicating the presence of cations with
the § conformation. The band position decreases steadily
with temperature, but the fwhm increases strongly. ThREt
cations are thus ordered in tBgy conformation in the low-
temperature phase lll, but become highly disordered in phase
Il.

As mentioned above, TFShnions are also highly flexible,
with two low-energy transoid and cisoid conformations with
C, andC; symmetry, respectivel$? In this case, the Raman
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Figure 2. (a) Low-energy TFSI anion and EiN* cation conformations. has a strong Raman band near 740 tassociated with the
(b) DSC heating trace of BNTFSI. (c) Fraction of EN™ cation Dz expansion and contraction of the entire anidithis band

conformers calculated from the 675) and 663 &) cm~1 Raman doublet. . . . . . _ .
(d) Band position (filled symbols) and fwhm (open symbols) changes for is often used to 'dem'fy coordination of the TFSAnions

the E&N* cations Dag, squares;Sy, circles). (e) Band position (filled with Li™ cations!' Figure 2e shows the variation with
diamonds) and fwhm (open diamonds) changes for the TR&@man band temperature of the position and fwhm of this band. With
as a function of temperature. . . "

increasing temperature, the band position decreases and the

of this nonequilibrium phase determined. The hysteresis andfwhm increases until the phase ti Il transition, at which
shape of the differential scanning calorimetry (DSC) endo- point a dramatic upward shift occurs for both the anion band
thermlc peak of E'NTF_S! at 277 K Indlca,te that thl?’ IS a (6) Herstedt, M.; Henderson, W. A.; Smirnov, M.; Ducasse, L.; Servant,
first-order phase transition that results in a considerable L; Talaga, D.; Lasggues, J. CJ. Raman Spectros2006 in press.
structural change from the low-temperature phase IlI struc- (7) Brand, H. V.; Curtiss, L. A.; Iton, L. E.; Trouw, F. R.; Brun, T. @.
. . . o Phys. Chem1994 98, 1293.

ture. The energy associated with this transition is greater than (8) Naudin, C.; Bonhomme, F.: Bruneel, J. L.; Ducasse, L.; Grondin, J.;
that of the fusion transitiorX, —yH = 18.3 kJ mot?, Ay S Lassgues, J.-C.; Servant, LJ. Raman Spectros200Q 31, 979.

=65.6 JK1mol A|—fu_sH =9.0kJ m_o‘rl, Al_S = 24_.0 9) I2-|20ét;|tey, J. D.; Reichert, W. M.; Rogers, R. Dalton Trans.2004
J K™! mol™), suggesting that the ions become highly (10) (a) Rey, I.; Johansson, P.; Lindgren, J.; Lgsss, J. C.; Grondin, J.;
disordered at room temperature. Both thg@\Etcations and Servant, L.J. Phys. Chem. A998 102, 3249. (b) Herstedt, M

- . . Smirnov, M.; Johansson, P.; Chami, M.; Grondin, J.; Servant, L.;
TFSI~ anions may be examined by Raman spectroscopy to Lassgues, J. CJ. Raman Spectros2005 36, 762.

glean insight into the variations in ion conformations, (11) '&a)t Rlegyéal-;4 3L<’:1f§1(‘;i_>eS(,bf-BC.; FIBIr?tndiB, JI.;_ iega?zt' IETlectlrocl:\ilmj
. . . . . . . cta 3 . rouillette, D.; Irish, D. E.; Taylor, N. J.;

dISOI’deI’,. ‘?md interactions  with r?ellgh.borm_g |é"n.§The Perron, G.; Odziemkowski, M.; Desnoyers, JHhys. Chem. Chem.

hysteresis in the phase Ht Il transition is evident in the Phys.2002 4, 6063. (c) Edman, LJ. Phys. Chem. B0O0Q 104, 7254.
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temperature phase Il structure because the fraction,bfEt
cations with theéD,q conformation is only 12.7% (rather than
close to 100% for phase IIl). The supercooling of the phase
Il salt into a nonequilibrium, frozen-in disordered phase is
analogous to the freezing of a disordered liquid into a
disordered glassy solid. The phase Il equilibrium between
the E4NT cations with theéD,q andS, conformations changes
continuously with temperature. If the data for the fraction
of cations with the D,y conformation (Figure 3c) are
extrapolated from room temperature to about 200 K (near
the expected glass transition), a value of about 13% is
obtained. This indicates that, on cooling, the phase Il
structure is retained (becoming supercooled) and ionic motion
is eventually completely frozen out, locking the ions into a
particular conformation. All of the ions may be disordered
at room temperature. The value of 200 K is close to the glass
transition temperature of many TFSsalts when they are
guenched into supercooled amorphous phases.
Surprisingly, the anion disorder in the crystal structure does
not consist of a mixture of th€, andC, conformations as
expected:® Instead, all of the anions haveCa conformation,
but two of the anions are disordered as @aconformations
with major occupancies of 60.8% and 77.5%, respectively,
in which the nitrogen atom and $SOF; groups are rotated
but the SCE groups retain their approximate positions
(though rotated about th@; axis) (Figure 3b). This indicates
, , o a new dynamic mode for the disordering of the TF&hions
Fiure s, (oLl oe of e noneceibr, superocoed (pase ) 3! not previously modeled or observed experimentally in which
asymmetric unit. Two of the cations and two of the anions are disordered the anions flex within the cage created by the neighboring
(N, blue; S, yellow; O, red; F, pink). (c) The tw@, anion conformations cations (Figure 3c). The same disordering mode has also been
for the disordered TFSlanions in ENTFSI. observed by us in crystal structures of PYRESI 12 PIP,-
position and fwhm. After the first transition, the wavenumber TFSI (with N-ethyl-N-methylpyrrolidinium and -piperidinium
again decreases and the fwhm continues to increase untications, respectively), and MeTFSI. This implies that the
melting. This indicates that the TFSlanions are also  Cz <> C; anion disordering mechanism reported here is the
disordered in phase Il. The variation in the 740-érband norm for plastic crystalline phases of salts with TF&hions.
and fwhm below the phase Ht- Il transition suggests that,  Acknowledgment. W.A.H. is indebted to the National
as the temperature increases, approaching the transitionscience Foundation for the award of a fellowship (Interna-
temperature, the anions become increasingly disordered angjona| Research Fellowship Program 0202620), and P.C.T.
the interaction of the anions with the neighboring cations gratefully acknowledges the financial support of the Naval
becomes weaker. This may, in fact, be responsible for Academy Research Council. Portions of this work were
inducing the phase transition. funded by the U.S. Air Force (Air Force Office of Scientific
A single crystal of the salt was cooled at a rate of 0.5 K research). Any opinions, findings, and conclusions or
min~* to 100 K, and the crystal structure was determined yocommendations expressed in this material are those of the

from the diffraction data. The structure at 100 K is both aythor(s) and do not necessarily reflect the views of the
twinned and disordered (Figure 3a). The asymmetric unit National Science Foundation or U.S. Air Force.

consists of four EN™ cations and four TFSlanions (Figure
3b). Two of the cations and two of the anions are disordered.
The two ordered cations adopt tBeconformation. The first

Supporting Information Available: Experimental procedures
(PDF) and X-ray crystallographic data file forR8{TFSI (CIF).
This material is available free of charge via the Internet at

disordered cation adopt®,y and S, conformations with
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50.9% and 49.1% occupancy. The second disordered cation

adopts theS, conformation with 83.0% occupancy and a
second conformation ofZ; symmetry with 17.0% oc-

cupancy. The structure is indeed the supercooled room-
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