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The structures and vibrational spectra for the anions [@8CE);]~ and [CH(CRS(O,),]~ as well as their ion

pairs with lithium have been calculated. Ab initio self-consistent field molecular orbital Haifieek and

density functional theory calculations, using the hybrid B3LYP functional, have been performed, both using
the 6-31G* basis set. The results are compared with earlier calculational work on the more commonly used
TFSI anion, [N(CES(G,),]~, and with experimental IR spectra. The localization of the single negative charge
toward the S@ groups is slightly less pronounced in the [CESE,)s]~ anion, which results in a lower

lithium ion affinity. Also, the double bond character for the centrat-E1 bonds is smaller compared to that

of [CH(CRSQy),] . The two anions’ advantages/disadvantages as polymer electrolyte components are discussed.

Introduction comparison with the trisubstituted TriTFSM anion may never-

o ) ) theless provide important information on further synthesis
The lithium salts used in solid polymer electrolytes (SPES) possipilities.

(a mix of a polymer and an inorganic salt) preferably have large gy calculating the lithium ion interaction energies, the anions’
monocharged anions with a strongly delocalized charge to be yyssibjlities as SPE salt candidates can be assessed from an
able to provide a large number of charge carriers in the polymer jon_jon dissociation point of view. Gejji et al. have calculated
matrix. Therefore, well-known leaving groups such as the triflate geyera) stable structures, vibrational frequencies, and the interac-
anion (CRSG;™) and its lithium salt were intially used, together  tion energies of L+ TFSI ion pairs? In the present work the
with more traditional anions such as GlOand Pk~ More  cgjculated IR and Raman spectra for the two anions and their
recently other anions based on the strong electron-withdrawing jon, pairs with lithium are reported to provide a basis for
power of the CESO,” moiety have been employed, the TFSI  fingerprinting the different species experimentally. These spectra
anion, [N(CESQ,)z] ", being the most used and well-known.  can also be compared with the calculated spectra for &l

Ab initio modeling has been an important tool to evaluate PFSI2 Apart from the characterization IR spectra from the
different anions’ potential for usage in SPEs. For example, a original salt synthesis papers, Aurbach et’dhave measured
potential energy surface for the TFSI anion was obtained by ab the spectra of the TriTFSM anion both in situ and ex situ using
initio calculations and showed the so-called “plasticizing effect” different surface IR techniques. Those spectra provide realistic
of this anion to probably be due to its internal flexibility with  guidelines for the difficulties of species identification, and show
low energy barriers between two stable conformatio8anilar where the present calculations can be of assistance. Tentative
studies have recently been performed on both the PFSI, assignments for some vibrational bands are made on the basis
[N(CoFsS0Oy),]~, and the [N(CESO,)(CFRs(CF)3S0y)2]~ an- of visual analysis of the modes and earlier work.
ions23 Such studies are the basis for predictional calculations  The calculations were performed on the [C6SEy)s]~ and
of the anions’ lithium ion affinities and also provide important [CH(CFSQ,),]~ anions as well as the ti-[C(CFRSO)s]~ and
structural/dynamical information that in many cases is inacces- LiT—[CH(CFsSQ,),]~ ion pairs using semiempirical, ab initio
sible by other methods. Hartree-Fock (HF) and density functional theory (DFT)

Using knowledge obtained from earlier studiésiwe here methods.
study two anions based on a central carbon atom and the
CF:SQO,” moiety: TriTFSM, [C(CESQ,)s]~, and TFSM, Calculational Method
[CH(CR:SOy);] . The calculated structure of the TriTFSM anion
was recently reported by Zhang et ausing the same level of
calculation as the present work uses. Experimentally this anion
has been obtained only with large synthesis efforts and
sometimes with unambiguous identificati®r. Turowsky et al.

Semiempirical PM3 methods were used to locate the preferred
positions for lithium ion coordination as well as to provide
starting geometries for the higher level anion calculations. The
lithium ion starting positions were initially chosen to be several
i different positions adjacent to the negative centra of the anions.
reported the_crystal structure of the monohydrate potassiurh salt. Subsequently ion pairs and anion conformers were treated
T_he extra ligand on th_e central C atom, _compare_o_l to the with ab initio self-consistent field molecular orbital (SCF-MO)
hitrogen-based T.FSI anion, can for_ both anions intuitively be HF methods (HF/6-31G*). This calculational level has previ-
expected to provide a more extensively delocalized charge. ously been shown to provide both structures and spectra with

The TFSM anion has been reported to be unstable Vs reasonable accuracy for the TFSI and PFSI adidfand is
reductiorf and is therefore not likely to be a high-voltage-battery generally considered cost-effective for producing vibrational
electrolyte component, but the structural information and the gpectrall Only the most stable anion conformer and ion pair
for each choice of anion are reported. To obtain the binding
TE-mail: patrikj@fy.chalmers.se. energies, single-point calculations were performed, without any
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BSSE correction. Two binding energies are calculated and
defined asEpind = Eion pair — Eanion in ion pair geometry™ Evi* and
Ebind2 = Eion pair — (Eanion-free T ELi™).

Analytical second derivatives were calculated to confirm the
minima and to produce the vibrational spectra. Only vibrational
frequencies that have IR intensities stronger than 5.0 kntihol
or Raman activities stronger than 1.6 amu! are reported.
The recommended scaling factors for HF/6-31G* general
frequencies and low-frequency vibrations are 0.8953 and
0.9061" respectively, and therefore a scaling factor of 0.90
was generally applied.

DFT calculations (B3LYP/6-31G*) were performed, using
the obtained HF structures as starting values, to include and
evaluate the effects of electron correlation, which is treated in
the hybrid B3LYP exchange function&!® The B3LYP
functional was chosen on the basis of its reported accurate
performance with the 6-31G* basis set at a reasonable compu-
tational cost!14 Here, the vibrational spectra were again
calculated, but Raman activities were excluded for CPU time
savings as they are not yet available by analytical methods and
numerical methods would involve a large additional CPU cost.
No frequency scaling was performed due to the differing scaling
factors for general frequencies and low-frequency vibrations of
0.9614 and 1.0013, respectivély.

Additional single-point calculations (HF/6-3+G**//HF/6-
31G*) were performed to obtain more accurate values for the
HOMO and LUMO for the two anions.

All calculations were performed using the Gaussian98
program suite (revision A. 7P

Figure 1. Minimum-energy structure of the (a, top) TriTFSM anion
and (b, bottom) TFSM anion.

crystal structure with the cation outside the first coordination
sphere of the anion, as for TFSI in ref 16, cannot be found for
The prime interest is the obtained differences between the THTFSM.
two anions and a comparison with previous experimental and Experimentally the three central-£—S angles are on
calculational work. Second, the ion pairs’ differences and average 121% while (on average) 120:0n the HF calcula-
characteristics are summarized, with special attention paid totions. Also the G-S—O and the G-S—C angles (120.1and
the possibilities for experimental species detection. 105.7) are well reproduced in the calculations (1I9ahd
[C(CF3S0y)3]~ and [CH(CF3SQy),]~ Anions. Geometryand ~ 106.5). In light of a comparison with a crystal structure, where
Charge Distribution The obtained energy minimum structures the anion entity is directly coordinated by a cation, and where
(B3LYP/6-31G*) are depicted in Figure 1. Selected geometry the estimated standard deviations are 060808 A and 0.2
parameters and energies are reported in Table 1. As expected.5, the calculation also givesguantitative representation of
most of the B3LYP calculated values for TriTFSM are identical the anion structure even at the HF level. Also the asymmetry
to those reported in ref 3. The two anions are structurally similar of the CRSO; groups with respect to the @$lane, as in the
in many aspects, but here a summary of the most importantcrystal, can be observed in Figure 1a.
differences and how they compare with existing experimental The TFSM anion can now be compared with the TFSI and
data is made. As mentioned in the Introduction, the crystal the TriTFSM anions, as well as with earlier calculations on
structure of K—[C(CRSO,)3] *H0 has been determinednd TFSM1718 The most significant changes will most likely
will serve as an experimental comparison for TriTFSM, while originate in the protonation at the central carbon atom and the
for TFSM no suitable experimental structure determination has significantly more open structure compared to that of THTFSM.
been found. The TFSM anion has striking similarities with the TFSI anion:
First of all, though, a comment on HF vs B3LYP calcula- a S-C—S (§-N—S) central angle of~127 (127°) and two
tions: as expected the bond lengths increase (by 0.2 A) S—C—S—C dihedral angles of87° (~93°). Thus, the TFSM
when electron correlation is included, while most angles are anion has approximat€, symmetry, as does the most stable
remarkably unchanged. From a structural point of view, the use TFSI conformer, even if no such restriction was applied in the
of B3LYP does not seem critical to provide at legsalitatively geometry optimizations. This is in contrast to tbgsymmetry
correct structures, but this might change for the noncovalent TriTFSM anion. A larger internal flexibility for the TFSM anion
interactions present in the ion pairs. In fact, for TriTFSM the compared to the TriTFSM anion can be expected due to more
HF bond distances»xS-C1, SO, S-Cx, and C-Fx are in space available for conformational changes. The central unit in
generally better agreement than the B3LYP values with the TFSM (CSH) keeps the planar arrangement found for TriTFSM
crystal structure-within 0.3 A of the average experimental bond  (CSs). The values reported in refs 17 and 18 are about the same,
distances. However, this might be due to thé Kation even though a smaller basis set (3+Z3*) was used. The main
coordination induced changes to the anion in the experimental difference is that the €F distances are better reproduced in
study. If this is true, B3LYP may perform better than HF in a the present paper (expt{1.32 A17181.37 A).
comparison based on the TriTFSM ion pair. Unfortunately, data  Furthermore, like the TFSI anion, TFSM has a large double
that could partly prove/dismiss a deficiency in the methods, a bond character for the centrat-SC1 (S—-N) bonds. The central

Results and Discussion
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TABLE 1: Selected Geometry Parameters for the Anion Bond Lengthsr) (A) and Bond Angles @, d) (deg)

[C(CRSQOY)~ [CH(CRSO,),]

HF B3LYP HF B3LYP
r(Cx—Fx) (av CR) 1.311 1.339 1.317 1.344
r(S1—-C2) 1.825 1.879 1.824 1.877
r(s2-C3) 1.853 1.908 1.824 1.877
r(S3-C4) 1.827 1.880
r(S1-01) 1.428 1.466 1.439 1.477
r(S1-02) 1.425 1.463 1.434 1471
r(S2-03) 1.428 1.466 1.434 1.471
r(S2—-04) 1.428 1.465 1.439 1.477
r(S3-05) 1.426 1.464
r(S3-06) 1.432 1.469
r(S1-C1) 1.725 1.745 1.670 1.690
r(s2-C1) 1.735 1.755 1.670 1.690
r(S3-C1) 1.719 1.741
r(C1-H) 1.069 1.080
a(01-S1-02) 119.4 119.9 120.0 120.6
a(03—S2-04) 120.0 120.3 120.0 120.6
a(05—S3-06) 119.8 120.0
a(01-S1-C1) 108.9 109.4 108.9 108.8
a(02—S1-C1) 112.9 112.5 114.1 114.0
a(03—-S2-C1) 112.5 112.1 114.1 114.0
a(04—S2-C1) 108.6 109.6 108.9 108.8
a(05-S3-C1) 113.2 112.9
a(06—S3-C1) 107.3 108.3
a(C2—S1-C1) 105.4 104.7 107.1 106.8
a(C3—-S2-C1) 107.0 105.7 107.1 106.8
a(C4—S3-C1) 107.1 105.7
a(S1-C1-S2) 121.4 121.7 127.5 126.9
a(S1-C1-S3) 120.3 120.1
a(S2-C1-S3) 118.3 118.0
d(S1-C1-S2-C3) 114.3 110.1 —-87.7 —86.5
d(S1-C1-S3-C4) 84.7 87.0
d(S2-C1-S1-C2) —83.8 —83.7 —87.7 —86.5
d(S2-C1-S3-C4) —96.1 —96.6
d(S3-C1-S1-C2) 95.4 92,5
d(S3-C1-S2-C3) —64.9 —66.2
d(H—-C1-S1-C2) 92.4 93.6
d(H-C1-S2-C3) 92.2 93.4

E (au) —2687.910889

TABLE 2: Mulliken Charges for the Anions (HF/6-31G*)
atom [C(CESOQy)s]~ [CH(CFsSOy);] [C(CRSOY:l~ [CH(CR:SQy)2l~

atom

H 0.26 04 —0.68 —0.70
C1 —1.13 —0.98 05 —0.65

S1 1.54 1.46 06 —0.67

S2 1.52 1.46 Cc2 0.85 0.83
S3 1.54 C3 0.84 0.83
o1 —0.66 —0.70 C4 0.84
02 —0.66 —0.69 Fx (av CRy) 0.33 0.35
03 —0.70 —0.69

Sx—C1 bonds are shorter than the “outeiX-S8C(x + 1) bonds

by 0.154 A at the HF level and 0.187 A at the B3LYP level.

The —C1 double bond character is less pronounced for
TriTFSM, the “outer” S-C lengths are about the same as for

—2696.726915

—1805.162758 —1811.139599

lational level, the free triflate, TFSI, and TFSM anighas well

as their ion pairs with lithium were investigat&dOn the basis

of the HSAB principle and the chemical hardness, the TFSM
anion was shown to have a lower lithium affinity than triflate
and TFSI. The TFSM anion results, geometry and charge
distribution, are in agreement with those of the present work;
no large differences in geometry are observed compared to the
present HF/6-31G* or B3LYP/6-31G* levels of calculation. But,
on the other hand, the values for TFSI in ref 17 might be
questioned as they report a8—S angle of 158 which clearly

is far too large-* Therefore, the affinity comparison might not
be valid.

In ref 2 a chemical hardnesg)(scale was presented for

TFSM, and thus the differences are smaller (0.109 and 0.142several anions used in SPEs including TFSI and PFSI. The
A). The reason seems to be the electron density donated fromhardness value was calculated as half the difference between

the hydrogen in TFSM, which then is delocalized onto the
central %—C1 bonds, while no such donating group exists for
TriTFSM. Other changes for TFSM compared to TriTFSM are
mainly found for the SO bond lengths, which are slightly
longer than in TriTFSM.

In Table 2 the Mulliken charges (HF) for the two anions are

the HOMO and LUMO using the values from HF/6-31&**//
HF/6-31G* calculations. Using this methodology, the TFSM
and TriTFSM show values of 5.74 and 6.32 eV, respectively.
The hardness value combined with the high HOMO level for
TFSM (—6.65 eV) corresponds well to the electrochemical
unstability reported earliérAlso TriTFSM seems less hard and

listed. The charges support the above reasoning: the hydrogeriess stable than do TFSI or PFSI, but only marginally.

has a low positive charge, the negative charge on C1 (TFSM)

Vibrational Spectraln Tables 3 and 4 selected calculated

is readily reduced compared to that on C1 (TriTFSM), and the frequencies, IR intensities, and Raman activities are tabulated

TFSM sulfurs are slightly less positive than those in TriTFSM.
In two previous studies, employing the HF/3-2G* calcu-

for the free anions. The analysis starts with a general comparison
between the methods chosen and continues with the calculated
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TABLE 3: Selected Vibrational Frequencies, Infrared
Intensities, and Raman Activities for the [C(CRSO,)s]~
Anion
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TABLE 4: Selected Vibrational Frequencies, Infrared
Intensities, and Raman Activities for the [CH(CF;SO,),] ~
Anion

HF B3LYP

HF B3LYP

v(unscaledy(scaled) IR intens Raman activityv(unscaled) IR intens

v(unscaledy(scaled) IR intens Raman activityv(unscaled) IR intens

(em™) (x0.90) (km molY) (A*amu) (em™)  (km mol™?) (em™) (x0.90) (km molY) (A4amu™) (cm™)  (km mol™?)
251 226 208 9.3
280 252 3.1 287 258 1.1
284 256 3.2 298 268 5.0
304 274 1.9 340 306 3.3
310 279 3.3 371 334 3.9
328 295 2.6 391 352 10 331 9
347 312 2.7 421 379 1.6 369 6
367 330 1.6 425 383 1.9
379 341 4.4 519 467 45 2.1 454 50
414 373 1.9 556 500 92 490 65
424 382 12 15 370 7 576 518 1.1
435 392 11 604 544 1.3
478 430 405 15 607 546 1.8
568 511 502 68 626 563 58 3.6 555 35
570 513 68 503 60 637 573 2.1
585 527 1.3 691 622 526 596 375
606 545 2.0 702 632 11 618 8
607 546 1.4 837 753 14.4
632 569 21 553 12 844 760 28 746 5
635 572 1.6 922 830 36 3.9 833 27
643 579 112 3.3 565 74 1070 963 392 966 395
656 590 168 1.3 570 121 1208 1087 386 1.3 1086 285
726 653 450 624 351 1235 1112 13.6
764 688 49 3.0 673 1361 1225 129 15 1195 238
857 771 28 1367 1230 219 1.1 1201 286
860 774 13 10.6 1382 1244 14 1.1 1202 202

1090 981 202 942 206 1383 1245 525 15

1112 1001 218 963 227 1392 1253 7 1.6 1227 71

1236 1112 139 3.0 1099 87 1403 1263 249 25 1227 56

1241 1117 179 6.2 1102 1405 1265 8 8.4 1238 256

1250 1125 287 12.9 1111 1454 1309 239 1307 119

1361 1225 189 4.6 1182 107 1461 1315 709 1.4 1315 438

1378 1240 230 1.2 1195 270 3449 3104 6 65.1

1381 1243 330 2.0 1213

iggg ggé %32 igl’ g;i 159 two SGQ, groups vibrating in-phase or out-of-phase. For TFSM

1402 1262 248 33 1229 190 the split between the two is smaller (6 cHithan for TFSI (25

1405 1265 86 4.7 1239 236 cm™ 1), but the IR intensity ratios are similarly sized (4.6 and

1413 1272 151 1247 161 3.0, respectively). On the other hand, for TriTFSM, the split is

1421 1279 40 L7 1255 66 larger and about the same as for TFSI2f cnt?), but the

1453 1308 26 2.4 1307 13 . . X N .

1492 1343 568 39 1339 347 intensity ratios are as large a20. The origin of the triplet,

1495 1346 551 3.2 1343 found by visualizing the modes, is that the two higher modes

spectra of the two anions. All frequencies are scaled HF values
unless explicitly stated otherwise.

In general the obtained frequencies from the B3LYP calcula-
tions (unscaled) arwer than those from HF (scaled), which
perhaps is surprising. This is probably due both to the exag-

gerated bond strengths in the HF calculations and to a basis se

not flexible enough. For the higher frequencies the difference
is neglible. By using also the IR intensities, however, the

are different in-phase,d SO,) combinations, but the lower mode
is a completely out-of-phase{SC,) combination. The lower
symmetry of the TriTFSM anion leads to even lower intensity
for this band than for TFSM and TFSI.

The many bands at+1220-1280 cnt! all originate from
{jifferent C-F stretchings, and even if they are strong bands
and probably can be detected in any measurement, they overlap
and make any detailed analysis difficult.

corresponding bands from the two methods are easily matched The bands at 1087 and 1112 cifor TFSM are the

to one another throughout the entire spectral range. Going from

corresponding twor{(SQ,) bands, the higher frequency being

HF to B3LYP, the IR intensities are reduced by as much as in-phase (among the highest Raman activities); for the lower
50% for some bands. However, we have no means to determindreéquency, the hydrogen also contributes to the mode and has

which method gives the more correct values, even if the B3LYP
method is believed to give better accuraty.

The most striking difference between the two calculated anion
spectra, apart from the obvious-€l stretching band at+3100
cm™1, is the triplet of bands at 1308, 1343, and 1346 i
TriTFSM, which only has a doublet counterpart in TFSM (1309
and 1315 cml). This can be expected from the molecular
structure, but what is surprising is the drastically lower IR
intensity for the 1308 cm! band compared to all the others. A
similar doublet was found for TFSI, and was found to originate
in the possibility of two differentod SO,) stretchings, with the

a high IR intensity. As was found for thed{SQO,) bands, the
TriTFSM spectra have a triplet instead of a doublet (1112, 1117,
and 1125 cm?).

Next in the spectra are the bands at 963 tifTFSM) and
981 and 1001 cmt (TriTFSM). The TFSM band is mainly,s
(C—S), but also the hydrogen moves in the,Gffane stiffly
on the C-H axis. For TriTFSM the band doublet corresponds
to two different movements of the carbon atom in the @i&ne
to positions between two sulfurs from €0, groups pointing
in opposite directions. Only two such movements are possible
for structural reasons, and therefore there is no triplet. The
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TABLE 5: Selected Geometry Parameters for the lon Pair Bond Lengths ) (A) and Bond Angles @, d) (deg)

Li*—[C(CRSOy)s]~ Li*—[CH(CRSOy):]~

HF B3LYP HF B3LYP
r(Cx—Fx) (av CR) 1.305 1.331 1.311 1.337
r(S1—-C2) 1.856 1.914 1.823 1.879
r(s2-C3) 1.828 1.884 1.823 1.879
r(S3-C4) 1.828 1.883
r(S1—-01) 1.419 1.456 1.424 1.46
r(S1-02) 1.460 1.500 1.465 1.505
r(S2-03) 1.458 1.499 1.465 1.505
r(S2—-04) 1.417 1.454 1.424 1.46
r(S3-05) 1.428 1.465
r(S3-06) 1421 1.459
r(S1-C1i) 1.727 1.745 1.667 1.687
r(s2-C1) 1.714 1.729 1.667 1.687
r(S3-C1) 1.740 1.773
r(C1-H) 1.071 1.082
r(Li—02) 1.818 1.797 1.832 1.823
r(Li—03) 1.823 1.803 1.831 1.823
a(01-S1-02) 117.3 117.4 118.8 119.3
a(03—S2-04) 117.5 117.2 118.8 119.3
a(05—S3-06) 1215 121.6
a(01-S1-C1) 113.6 113.5 112.2 111.8
a(02—S1—-C1) 107.5 108.6 111.3 111.2
a(03—-S2-Cl) 111.2 111.4 111.3 1111
a(04—S2-Cl) 111.0 111.3 112.2 111.8
a(05—-S3-Cl) 105.7 106.2
a(06—-S3-C1) 111.2 111.1
a(C2—-S1-C1) 109.1 108.2 107.6 108.3
a(C3—-S2-Cl) 107.6 107.4 107.6 108.4
a(C4—-S3-C1) 106.3 104.5
a(S1-C1-S2) 123.9 124.7 127.2 126.5
a(S1-C1-S3) 116.7 116.0
a(S2-C1-S3) 119.3 118.7
d(S1-C1-S2-C3) 83.2 79.5 —93.5 —88.0
d(S1-C1-S3-C4) 96.2 98.2
d(S2-C1-S1-C2) —108.4 —104.5 —93.6 —88.1
d(S2-C1-S3-C4) —88.5 —89.8
d(S3-C1-S1-C2) 66.6 66.9
d(S3-C1-S2-C3) —91.6 —-91.7
d(H—C1-S1-C2) 86.4 92.1
d(H-C1-S2-C3) 86.4 91.8
E (au) —2695.364339 —2704.241274 —1812.633258 —1818.672918
Ewio i+ (aU) —2687.902464 —2696.718511 —1805.153082 —1811.130720
Ebind (kJ mol')P 594 625 642 677
Epindz2 (kJ mol™)P 572 603 617 653

a0ne low imaginary frequency.E.i+ = —7.235536 and-7.284544 au, respectively.

inherent low symmetry in these vibrations also explains their oversimplification of this complex mode type. The 760 ¢m
negligible Raman activity. band for TFSM corresponds to the 771 drband for TriTFSM,
For TriTFSM there is then a200 cnt! wide empty space  and they are both(C—F) andv(C—S) coupled modes. The
in the spectrum, and for TFSM as well, apart from a band at next doublet, for both TFSM and TriTFSM, has one very intense
830 cntl, which clearly does not have a direct THTFSM IR band, C-S—C bending out-of-plane, and one less intense
counterpart. This is a(C—S) band, which explains the high IR band, almost pure in-plane-<S—C bending (TFSM) and
Raman activity. Thus, this is the best candidate for experimental v{(C—S) (TriTFSM). The latter is thus the TriTFSM band
discrimination of the two anions: high Raman intensity and is corresponding to the 830 crh TFSM band, and there is no
probably also visible in the IR spectra, no counterpart in TFSM, possibility for a single in-plané(C—S—C) band for TriTFSM.
and no other bands interfering. Below 600 cnm! there are many modes close in energy, and
Next consider the region 66@00 cnt?; this is the region any attempt of assignment will be affected by coupling between
for TFSI where bands are found which can be used for detectionthe various modes. Also, for SPE purposes, this region has many
of ion pairs?® but also a region where coupling between bands arising from the PEO polymer, and therefore no attempt
different internal coordinates can make modes easily move in to assign these bands is made.
the spectra relative to one another. Judging from the Raman Having made a calculational assignment, comparisons with
activities, the bands at 753 (TFSM) and 774 (TriTFSM)ém  the existing and relevant experimental data are easier. For
seem to be corresponding. These are both modes due to adriTFSM the work by Aurbach et aP provides data which
expansion/contraction of the whole anion. This type of mode possibly can be interpreted as being for a “free” anion in a
was also observed for TFSI and assigned as mainky($— solvent/polymer matrix-excellent realistic data sets for our
N—S) mode! and should thus accordingly be tentatively purposes. For TFSM, however, the IR data from the original
assigned ass(S—C—S). Any such classification is however an lithium salt synthesi$ are the choice of comparison, as no other
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Figure 2. Minimum-energy structure of the (a, top)-£TriTFSM ion
pair and (b, bottom) L+TFSM ion pair.

experimental data exist. Similarly for TriTFSM the cesium salt
IR data are the choice of comparison.

In total, 13 bands are reported for LITFSM, and the calculated
values are on average20 cnt?! from those values (absolute
deviation): 3083 m (21), 1341 vs (26), 1316 vs (7), 1241 w
(22), 1227 m (18), 1198 vs (32), 1134 m (22), 1093 m (6), 983
m (20), 846 w (16), 659 w (27), 587 m (35), and 503 w (3)
cmL. Only within the C-F stretching region (11601300

cm~1), where many bands overlap, is the exact correspondence

unclear. Also, the original spectrum is not given in ref 19, and
a totally justified comparison is therefore not possible. The IR

intensities have worse correpondence, an effect of both the

calculational level and the nature of the comparison.

On the other hand, for TriTFSM, two comparisons can be
made. Comparing first with the work of Aurbach et al. using
many different surface IR techniques (SNIFTIRS, SIR, ATR)
in different solvents (THF, 1,3-dioxolane), the following relevant
peak regions from the samples are observed: 13@80,
1207-1245, 1156-1175, 1106-1130, 1066-1080, 1026~
1050, 956-980, and 900 cm. The calculated,{SQ;) values
are thus~30 cnt! too low (as for the highest TFSM
component), and the-€F stretching region is similarly difficult
to analyze. The region 116130 cnT?! corresponds nicely to
the band triplet at 1112, 1117, and 1125¢neasily identified
by empty regions 0f~100 cnt? on both sides. Here possibly
also the observed 106A.080 cnt! bands should be included.
The 1026-1050 cnt! bands are assign&do v(S—0), single-

bonded, which should not be present in this anion. However,
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In the second comparison the IR data for CSTriTFSM (KBr
pellet) from ref 5 are used. The €gation should have a
neglible effect on the anion, but clearly crystal packing may
occur. Proceeding as for LITFSM, 19 bands are reported: 2923
w and 2853 w (both probably due to residual solvent), 1385 s
(39), 1373 vs (30), 1334 m (26), 1230 s (13), 1196 vs (29),
1131 s (6), 1121 s (4), 970 s (11), 776 w (2), 765 w (6), 693 s
(40), 609 s (19), 584 s (5), 515 s (2), 427 w (3), 393 w (1), and
279 w (0) cnTl. The G-F region is also here ambiguous, but
the current assignment renders the average deviatighcnt ™.

The only other difficulty is the 693 cmt band, for which two
calculated candidates exist: 653 and 688 trithe former was
chosen due to the much stronger calculated IR intensiy (
times stronger). All other bands fit extremely well, especially
when taking the nature of comparison into account.

To summarize, for both anions the calculations show experi-
mental agreement withinv20 cnT?!, even when the more
difficult C—F regions are included. For bands below 1100€tm
the deviation is~18 and~9 cn1, respectively. The stronger
effect on the anion imposed by'Lirather than Csis a likely
cause of the worse agreement for TFSM compared to TriTFSM.

Li[C(CF 3SO,)3] and Li[CH(CF 3SO,);] lon Pairs. Geometry
and Binding EnergiesFrom the previous section some differ-
ences in the two anions’ complexation of a lithium ion can be
expected. In Figure 2 the most stable ion pairs with lithium
obtained (B3LYP/6-31G*) for each choice of anion are depicted,
and the resulting energies and selected geometry parameters are
reported in Table 5. Using any of the calculated binding
energies, the lithium cation binds to the TFSM anief0 kJ
mol~1 stronger than it binds to the TriTFSM anion. The
TrTFSM Eping Value is in fact~35 kJ mot? lower than for
TFSI? suggesting it to be a suitable SPE salt anion candidate.
Furthermore, due to the bulky anion, another beneficial factor
in real SPE systemsa lower contribution of anion conductivity
to the total ion conductivity-can be expected. However, it is
still unclear whether a plasticizing effect similar to that obtained
with TFSI can be attributed TriTFSM.

The cation interaction is for both anions bidentate to oxygen
atoms from two different S@groups. An inverse proportionality
of Li—O bond lengths and binding energy can be observed: at
the HF level the L+O bonds in LETFSM are~0.011 A longer
than in Li=TriTFSM. This value is doubled using DFT methods
(~0.023 A). However, the SOyinondgegbonds are within-0.007
A of each other at each computational level, and the induced
changes in the SO bonds upon lithium coordination ared.03
A regardless of both the anion and the level of calculation.

Compared to the previous calculation on-iFSM (con-
former b3%), our geometry differs in only a few aspects: the
C—F distances are shorter, the central-<k bonds longer,
and the SO bonds are somewhat shorter. However, the induced
changes upon cation coordination are on par. Inref 18 th@ S
bond length differences between the isolated anion and the “b3”
ion pair are+0.29 A (Li-coordinated) and-0.16 A (uncoor-
dinated). Our values aré-0.31 and—0.15 A, respectively.
Totally, the TFSM anion entity is not severely affected by the
cation—at least not structurally.

For Li—TriTFSM no previous calculation exists. Compared
to the anion, the most pronounced changes are the elongated

in the experiment also different electrochemical decomposition S—O bonds due to cation coordination. Comparison with the

products are probed. The 95880 cn1! bands are easily fitted
against our calculated 981 cthband and thus assigned as a
C—S bending mode, and not 465—0).1° Finally the 900 cm?

crystal structure of K—[C(CRSQ;)3] *HO° shows correspon-
dence similar to that for the pure anion. No crystal structure
determination with the more interacting lithium cation exists.

band obviously has no correspondence in the calculations, and Vibrational SpectraTo assist eventual detection of ion pairs

thus should be due to solvent or decomposition products.

in experimental spectra, an analysis is made on the induced
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changes compared to the pure anion spectra. Ideally no ion pairghe two anions can be distinguished from one another, and the
should be present in the SPEs at the working temperature. Aparteventually occurring lithium ion pairs can easily be identified
from a significantly sized shift, the bands, from both the “free” using different modes. The DFT calculated spectra provide no
anions and the ion pairs, should easily be detected by either IRsubstantial enhancement on the spectrum quality in terms of
or Raman spectroscopy. In the anion section an analysis wascomparison with the available experimental data.

made upon which this analysis must start: theFOregion and
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