
Abstract. The structure and vibrational frequencies of
an aromatic lithium sulfonyl imide, i.e., lithium bis(4-
nitrophenylsulfonyl)imide (LiNPSI) has been studied
using self-consistent ab initio Hartree–Fock and hybrid
density functional methods. These calculations engender
two linkage isomers, which correspond to the local
minima on the potential-energy surface. In the lowest-
energy isomer, the ligand binds to the metal ion through
two oxygens, one from each of the different SO2 groups
on the central nitrogen and forms a six-membered ring.
Another LiNPSI isomer, wherein the anion coordinates
through oxygen and nitrogen atoms and which is
55.9 kJmol)1 higher in energy, has also been obtained.
The S–N–S bond angle in the free anion as well as in the
LiNPSI complex turns out to be nearly 121�. A
comparison of the vibrational spectra of the free NPSI
anion and that of the LiNPSI complex reveals that the
SO2 stretching vibrations at 1,239 and 1,205 cm)1 can be
used to differentiate between the two linkage isomers of
the complex. The stronger complexation ability of the
NPSI anion, compared to that for (CF3SO2)2N

) has
been explained in terms of the charge density within the
molecular electrostatic potential isosurface encompass-
ing both SO2 groups of the anion.

Key words: Molecular electrostatic potential –
Hartree–Fock – Hybrid density functional methods

1 Introduction

Solid polymer electrolytes (SPE) composed of alkali-
metal salts, for example, lithium salts of trifluro-
methanesulphonate (triflates) CF3SO

�
3 [1] or bis

(trifluromethanesulphone)imide (TFSI) anion (CF3SO2)
N) [2, 3], dissolved in poly(ethylene oxide) (PEO) or its
oligomers are of great interest for being the vital
components of high-energy density batteries and

electrochromic devices [4]. The significant ionic conduc-
tivity exhibited by these SPE depends on different factors,
such as polymer segmental motion, cation–polymer
interaction, and ionic association. Amongst these, the
ionic association comprising of ion pairs and triplets or
higher aggregates can be monitored by IR or Raman
spectroscopy experiments [5, 6, 7]. In recent years,
theoretical calculations based on ab initio molecular
orbital (MO)methods or hybrid density functional theory
have been employed to analyze the structural and spectral
consequences of the ion pairing [4, 8]. These investigations
provide insight into the binding patterns of these molec-
ular systems. Electrostatic models have been used widely
for predicting the structures and binding in the van der
Waals or hydrogen-bonded or ion-pair complexes [9, 10,
11, 12, 13, 14, 15]. An alternative to the expensive lithium
salts of fluoride-containing superacids such as triflate or
TFSI can be devised through the synthesis of new
plasticizers, for example, aromatic lithium sulfonyl
imides. One such salt developed recently is the lithium
salt of the bis(4-nitrophenylsulfonyl)imide (NPSI) anion,
wherein the electron-withdrawing NO2 substituents at
both phenyl groups are responsible for the delocalization
of negative charge over the larger space and thereby for
generating a higher charge carrier concentration [16, 17]
in the SPE. The flexibility of the S–N–S framework is also
important in governing the mobility of the anion. We,
therefore, derive the electronic structure, the charge
distribution, and the vibrational frequencies of the NPSI
anion by employing ab initio quantum chemical and
hybrid density functional methods and investigate the
nature of the coordination of NPSI) to the lithium cation
using the molecular electrostatic potential (MESP) [5]
topography as a tool. This approach has proven useful in
the case of triflate and TFSI anions reported in the
literature [18]. The computational method is outlined in
the following section.

2 Computational method

Ab initio Hartree–Fock (HF) self-consistent MO calculations were
performed for the free anion using the GAUSSIAN 94 programCorrespondence to: S. P. Gejji
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[19] with the internally stored 6-31G(d, p) basis. The MESP, V(r),
at a point r due to a molecular system with nuclear charges {ZA}
located at {RA} and electron density q(r) is defined by

V ðrÞ ¼
XN
A¼1

ZA
jr� RAj

�
Z

qðr0Þd3r0

jr� r0j ; ð1Þ

with N being the total number of nuclei in the molecule. The first
term in Eq. (1) refers to the bare nuclear potential and the second
term to the electronic contribution. The topography of the MESP is
mapped by examining the eigenvalues of the Hessian matrix at the
point where the gradient V(r) vanishes. The critical points (CPs)
derived from the computed MESP were visualized by using the
package UNIVIS-2000 [20]. These CPs can be characterized in
terms of an ordered pair (rank and signature) and further grouped
into three sets, viz., (3, )3), (3, )1), (3, 1) and (3, 3). The (3, 3)
correspond to the set of MESP minima and the remaining ones
represent the saddle points. Thus, the MESP minima were em-
ployed as the potential cation-binding sites in the cation–anion
complex.

The lithium cation was placed in the vicinity of the MESP
minima of the anion and the resulting Li+NPSI) geometries were
subsequently subjected to the HF optimization. The geometries

thus obtained were further optimized using hybrid density func-
tional theory employing Becke’s [21] three-parameter exchange
with Lee, Yang, and Parr’s correlation functional [22] (B3LYP)
method. All stationary point geometries were characterized by ex-
amining the number of imaginary frequencies and the eigenvalues
of the Hessian matrix. Normal vibrations from the B3LYP theory
were assigned by visualizing the displacement of the atoms around
their equilibrium positions using the program UNIVIS-2000 [20].

3 Results and discussion

In order to investigate the LiNPSI complex formation,
the presence of charge carriers being one of the key
factors in governing the ionic conductivity of SPE, we
studied the MESP topography of the NPSI anion. The
MESP topography of the anion shows in all 56 negative
CPs. For the NPSI anion the numbers of (3, 3), (3, 1),
and (3, )1) CPs turn out to be 14, 29, and 13,
respectively. O8 and O13 atoms in the anion possess

Fig. 1. a Optimized geometries of the bis(4-nitrophenylsulfonyl)imide (NPSI) anion and b the LiNPSI isomers A and B
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only a single (3, 3) CP, whereas the rest of the oxygen
atoms show a doublet of CPs. The MESP minima, below
)450 kJmol)1, are nearly 1.25 Å from the respective
oxygens. The Li+ was placed in the vicinity of these
minima and six different initial geometries for the
LiNPSI complex were generated. On subsequent opti-
mization, the HF method finally converged to two
linkage isomers, A and B, which are displayed along
with the atom labels in Fig. 1. In the lowest-energy
structure of the LiNPSI complex, the O22 and O8 atoms
of the different SO2 groups coordinate with the cation as
has been found in the case of the LiTFSI complex. In
isomer B the coordination occurs through N11 and O13

atoms. The B3LYP theory predicts isomer A to be
stabilized by 55.9 kJmol)1 more than isomer B, which
may partly be attributed to the formation of a six-
membered chelate.

The B3LYP optimized geometrical parameters of the
NPSI) and the LiNPSI isomers are presented in Table 1.
Selected geometrical parameters for the (CF3SO2)2N

)

are also given. As may be noticed readily, the S12N11 and
S7N11 bonds in the NPSI anion are longer by 0.007 and
0.008 Å, respectively, compared to the corresponding

bonds in the TFSI anion. A closure of the S–N–S bond
angle (by nearly 2�) was noticed for NPSI). Comparison
of NPSI) and LiNPSI isomers A and B shows that the
coordination results in the elongation (0.04 Å) of the
S7O8 and S12O22 bonds. The bond angles are less sensi-
tive to the coordination and generally show a largest
deviation of 3�.

As may readily be noticed, the S–N bonds of the
LiNPSI complex in isomer B are longer (S12N11 0.023 Å,
S7N11 0.058 Å) compared to the corresponding bonds in
isomer A, because only in the former complex the ni-
trogen of the ligand binds to the cation. The bond angles
in the two isomers compare well except for the N–S–O
angles, which show a largest deviation of 10� (Table 1).
Bidentate coordination of oxygens of the NPSI) in iso-
mer A results in a change of orientation of the nitro-
phenyl ring, which is pushed below the C14S12N11 plane
of the anion by 30� (Fig. 1). In isomer B this nitrophenyl
ring orients itself in the opposite direction to the
C14S12N11 plane when compared with that of the free
anion.

B3LYP vibrational frequencies, scaled by 0.9613, in
the region 470–1,700 cm)1 for NPSI) and the LiNPSI

Table 1. B3LYP optimized
geometrical parameters (bond
lengths in angstroms and bond
angles in degrees) of thebis(tri-
fluromethanesulphone)imide
anion (TFSI–), bis(4–nitrophe-
nylsulfonyl)imide anion
(NPSI–), and LiNPSI isomers

TFSI NPSI Li+NPSI– (A) Li+NPSI– (B)

r(S7C2) 1.873 1.813 1.794 1.808
r(S7O8) 1.469 1.475 1.517 1.465
r(N9C5) 1.466 1.477 1.476
r(N9O10) 1.234 1.229 1.230
r(S7N11) 1.620 1.628 1.615 1.673
r(S12N11) 1.620 1.627 1.621 1.644
r(S12O13) 1.468 1.472 1.461 1.514
r(S12C14) 1.873 1.819 1.802 1.801
r(N20C17) 1.465 1.476 1.477
r(N20O21) 1.234 1.229 1.229
r(S12O22) 1.469 1.474 1.514 1.460
r(N20O23) 1.234 1.229 1.229
r(S7O24) 1.468 1.483 1.474 1.469
r(N9O25) 1.233 1.230 1.230
r(O22Li34) 1.818 1.878
a(C2S7O8) 104.3 105.2 106.8 106.5
a(C4C5N9) 118.9 118.7 118.7
a(C5C9O10) 118.0 117.5 117.5
a(C2S7N11) 102.8 97.1 100.1 100.2
a(S7N11S12) 123.9 121.6 122.8 122.6
a(N11S12O13) 108.0 107.0 109.5 98.5
a(N11S12C14) 102.8 104.7 106.9 109.5
a(N11S7O24) 108.0 114.8 116.1 110.6
a(C16C17N20) 119.0 118.7 118.8
a(C17N20O21) 118.1 117.5 117.5
a(N11S7O24) 114.8 116.1 110.6
a(C5N9O25) 118.0 117.5 117.5
a(C14S12O22) 117.0 105.1 104.8 107.5
a(C17N20O23) 118.1 117.5 117.5
a(S12O22Li34) 122.8 94.4
d(O8S7C2C3) 114.4 104.1 166.1
d(N11S7C2C3) )128.3 )139.5 )80.2
d(S12N11S7C2) 90.9 161.3 )168.7 136.4
d(O13S12N11S7) )160.1 160.5 146.5 168.2
d(C14S12N11S7) 90.9 )88.6 )97.4 )81.3
d(C15C14S12N11) 82.0 51.5 87.6
d(O22S12C14C15) )39.2 )67.3 )39.8
d(O24S7N11S12) 90.9 50.1 74.9 23.2
d(C14S12O22Li34) 139.7 )123.4
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complex are reported in Table 2. The frequencies of
some of the normal vibrations in TFSI) are also given.
For free TFSI), two intense SO2 stretching vibrations at
1,273 and 1,250 cm)1 were observed. In isomer A, the
two SO2 stretching vibrations shift to a lower value, viz.,
1,217 and 1,167 cm)1, owing to the bidentate coordi-
nation through two oxygens, whereas in isomer B these
vibrations shift by about 17 cm)1 to higher values. Thus,
the direction of the frequency shift of these vibrations
may enable one to distinguish the LiNPSI isomers A and
B. The S–N stretching of TFSI) assigned to the 1,069
and 960 cm)1 vibrations corresponds to intense 1,032
and 960 cm)1 vibrations of free NPSI). This is in
accordance with the S–N bond lengths in this anion.
Table 2 shows that the coordination of NPSI) to the
metal results in the appearance of new bands at 1,069
and about 637 cm)1 in both the LiNPSI structures. A
very intense 1,023 cm)1 vibration attributable to S–N
stretching coupled with different bendings was obtained
only for the lowest-energy isomer A. For isomer B, rel-
atively intense 926 and 750 cm)1 vibrations have been
predicted. The former of these vibrations, however, can
neither be correlated to any of the normal vibrations in
isomer A nor to any of those of the free anion. Further,
the relatively intense 626 and 558 cm)1 vibrations of
isomers A and B, respectively, were assigned to the O–Li
stretchings.

The complexation of NPSI) and TFSI) with Li+ was
compared by visualizing the MESP ()370.2 kJmol)1)
isosurface encompassing the SO2–N–SO2 framework of
the anions as displayed in Fig. 2. The charge enclosed
within these isosurfaces calculated from the HF wave-
function turns out to be 2.919 au for NPSI) and
3.211 au for TFSI) and accordingly the ratio of the
charge to volume obtained therefrom is 0.038 for NPSI)

and 0.029 for TFSI). Thus it may be inferred that the
cation binding should be stronger in the case of NPSI).
This may also partly be attributed to the stronger –I
effect of the CF3 groups of the TFSI anion. The self-
consistent-field (SCF) electronic energies of LiNPSI,
LiTFSI, and their corresponding anions are reported in
Table 3. The complexation energies of the two anions
were calculated by subtracting the sum of the electronic

Table 2. Selected B3LYP vibrational frequencies (cm)1) of the
TFSI–, NPSI–, and LiNPSI isomers

Assignment TFSI NPSI Li+NPSI– (A) Li+NPSI– (B)

NO2 stretch
+CC stretch

1,597 1,610 1,609

1,594 1,609 1,608
CC stretch 1,574 1,577 1,576

1,571 1,577 1,575
CC stretch
+NO2 stretch

1,542 1,561 1,559

1,540 1,559 1,559
CCH rock 1,456 1,464 1,457

1,456 1,458 1,457
NO2 stretch
+CN stretch

1,340 1,347 1,346

1,336 1,345 1,344
CC stretch 1,382 1,384 1,382

1,381 1,383 1,381
CC stretch
+OCS bend

1,324 1,321 1,319

1,324 1,319 1,317
CCH rock 1,269 1,277 1,272

1,265 1,267 1,268
SO2 stretch 1,273 1,239 1,217 1,257

1,250 1,205 1,167 1,232
CCH scissor 1,155 1,162 1,156

1,152 1,154 1,151
CS stretch
+SO2 stretch

1,094 1,092

CCH scissor 1,091
1,084 1,086

CCC bend
+CN stretch

1,084 1,083 1,083

1,084 1,082 1,081
1,080 1,081

SO stretch
+SN stretch

1,069

CS stretch
+CCC bend

1,069 1,068

CS stretch 1,049 1,043
SN stretch
+CCC bend

1,032 1,023

CCC bend 995 1,001 996
993 989 991

982 976
CCH twist 963
CCH twist
+SN stretch

960 960 961 961

CCH twist 958 961 958
947 956 956

CCH twist 946 956 954
926

CCH wag 843 851 847
837 848 844

CCC bend
+NO2 bend

833 834 833

832 832 832
CCH wag 829 824

816 822 822
815

CCC bend
+SN stretch

738 744 750

NO bond
oscillation

733 729 726

730 728 724
CS stretch 722
CCC bend 712 716 719
SNS bend 688 682 685 703
NO bond
oscillation

672 671 665

NCS bend 660 666

Table 2. Continued

Assignment TFSI NPSI Li+NPSI– (A) Li+NPSI– (B)

OLi stretch 637 635
SNS bend 624
OLi stretch 626
CCC bend 613 612 612

611 610 611
NLi stretch 567
SO2 bend+NCS
bend

579 566

OLi stretch 558
OLiO bend 541
CNO bend 516 518 517

517 515
NCC bend 509
CCC bend 525
OSN bend 522
OLiO bend 479 506

354



energies of the individual free anion and of Li+ from the
total SCF electronic energy of the lowest-energy isomer
of the complex. As shown in Table 3, the complexation
energy for LiNPSI turns out to be 618.5 kJmol)1, which
is nearly 12.5 kJmol)1 higher than that of the LiTFSI
complex. It may, therefore, be inferred that the complex
formation seems to be more favored for the NPSI anion.
The SPE exhibiting high ionic conductivity, which re-
quires a high concentration of charge carriers, is facili-
tated by weakly coordinating anions such as LiTFSI.
Thus, the observed lower ionic conductivities [16] of the
SPE containing LiNPSI salts dissolved in PEO can be
rationalized.

4 Conclusions

The present calculations predict two minimum-energy
structures on the potential-energy surface for the
LiNPSI complex compared to seven minima for LiTFSI
owing to the less flexible S–N–S framework of the anion
in the sufonylimide compared to TFSI). As noted for the
LiTFSI complex [2], in the lowest-energy isomer of
LiNPSI the anion also coordinates via two oxygens, one
from each of the different SO2 groups on the central
nitrogen with the formation of a six-membered chelate.
The relative stabilization energy of this isomer is
predicted to be 55.9 kJmol)1 more than the other isomer
where the bidentate coordination of the ligand takes
place through nitrogen and oxygen atoms of the anion.
These LiNPSI isomers can possibly be distinguished
from the direction of frequency shift of the 1,239 and

1,205 cm)1 intense SO2 stretching vibrations of the
anion. The NO2 groups substituted at both phenyl
groups are expected to induce a stronger electron-
withdrawing effect on the imide negative charge to
provide large delocalization generating high charge
carrier concentration. The present calculations, however,
indicate that the NPSI anion binds more strongly to Li+

than TFSI). This is evident from the charge density
enclosed within the MESP isosurface encompassing the
O2S–N–SO2 framework of the TFSI and NPSI anions.
Thus, the formation of neutral ion pairs Li+X)

(X ¼ NPSI or TFSI) is favored in the case of the NPSI
anion. This partly accounts for the observed lower
conductivities of the sulfonyl imide containing SPE
compared to the fluorinated imide dissolved in the same
host polymer. In summary Li+NPSI) may not be as
suitable as Li+TFSI) in PEO-based electrolytes.
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