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The topography of molecular electrostatic potential (MESP) has been proposed as a predictive tool for studying
ion-pair formation, using the trifluromethanesulfonate (triflate) ion, CF3SO3- (Tf-), as a test example. A
model based on electrostatic docking of the cation (Li+, Na+, NH4

+) has been developed for studying the
different possible coordinating geometries for these ion pairs. The interaction energies of different ion-pair
structures estimated by the electrostatic docking model have been found to reproduce about 85% of the
corresponding ab initio interaction energies. Furthermore, the geometries predicted by the present model
indeed provide a good initial guess for a subsequent ab initio Hartree-Fock calculation. Ab initio local
minima are usually found close to the respective geometries derived from the electrostatic docking, the bidentate
structure being the most favored one. The topography-based approach thus seems to offer insights into primitive
patterns of ion-pair formation. Electron correlation and the expansion of the basis set do not bring about any
significant change in the MESP topography of the anion. The interionic bonds in the NH4

+Tf-, however, are
relatively sensitive to the electron correlation.

1. Introduction

Alkali-metal triflates dissolved in poly(propylene oxide)
(PPO) or poly(ethylene oxide) (PEO) exhibit high ionic
conductivity, suggesting their use in a great number of possible
technological applications.1 The role of ion pairs in the
underlying ion-transport phenomenon is a topic of considerable
recent interest.2 The structure and the energetics of the different
cation-anion or polymer-cation ion pairs is one of the
important factors in understanding various molecular interactions
in these polymer electrolyte systems. Formation of neutral ion
pairs or higher aggregates decreases the number of charge
carriers, whereas the presence of charged, associated species
results in the change in ionic mobility of the associated charge
carriers, thereby affecting the ionic conductivity. In polyether
complexes, e.g., PPO or PEO complexed with the metal salts,3

the metal ion may interact with the polymer fragment or
alternatively with the polyatomic anions. Vibrational spectros-
copy provides a useful means for studying these molecular
interactions in polymer salt complexes.4 Considering the
predominantly electrostatic nature of these interactions, it is felt
that the use of scalar fields, for example, molecular electron
densities (MED) or molecular electrostatic potentials (MESP)5

derived from the ab initio quantum-chemical calculations may
be of help in understanding them. The MESP has been shown
to bring out regions of electron localization that may be
attributed to a delicate balance between the nuclear and
electronic contributions.5,6 Thus the MESP exhibits rich
topographical features. Gadre and co-workers7 have recently
characterized the sizes and shapes of anions from such
topographical considerations. The net atomic charges derived
from these MESP have been used in molecular modeling.8 The
use of MESP in understanding molecular interactions in a variety
of systems, for example, experimentally explored9 van der Waals
complexes or hydrogen-bonded systems has been gaining
importance in the recent years. Solid polymer electrolytes

composed of PEO or PPO complexed with a salt of low lattice
energy provide yet another example of the systems wherein the
electrostatic interactions are very important. The triflate anion
(CF3SO3-, abbreviated hereinafter as Tf-) which was commonly
used in these electrolytes is of undoubted interest because of
its unusual properties. It is seen to be thermally and chemically
stable.10,11 It shows a low tendency to form ion pairs and a
strong resistance to both reductive and oxidative cleavage.11 It
was therefore felt worthwhile to probe the electron localization
features of the anion in terms of the MESP topography in order
to understand its cation coordination.

Some of the important questions addressed in the present
work are: How important are the electrostatic interactions in
deciding the structure of ion pairs? What is the role of CF3

group of the triflate anion in the cation coordination? Is it
possible to obtain reasonable estimates of the interaction energies
for the different cation coordinating geometries of the Tf- ion
pairs from the electrostatic considerations alone?

In the present work, we have analyzed different possible
geometries of the M+Tf- (M ) Li, Na and NH4) ion pairs
predicted exclusively by the MESP distribution of the anion.
This was achieved by an electrostatic docking of the cation
around the critical point sites of the MESP. The validity of
this approach was tested by subsequent single-point ab initio
MO calculations at the HF/6-31G(d) level. The model presented
here is relatively simple, requires less computer time, and
engenders different possible geometries for the ion pairs. Some
of these turned out to be transition states, saddles, and maxima
on the potential energy surface as may be seen from the
calculations of the vibrational frequencies. The computational
method and the results are presented in the following sections.

2. Computational Method

The MESP,V(r ), at a pointr due to a molecular system with
nuclear charges{ZA} located at{RA} and electron densityF(r )
is given by
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whereN is the total number of nuclei in the molecule. The
first and the second terms in the above equation refer to the
bare nuclear potential and electronic contributions, respectively.
Topological features of a function of many variables are
characterized by the gradient field. Topological analysis7 of
V(r ) is based on the identification and location of the critical
points (CPs), the points at which∇V(r ) ) 0. The rank of the
CP is given by the number of nonzero eigenvalues of the
Hessian matrixA, the elements of which are defined by

wherer c is a critical point. The Poisson equation,∇2V(r ) )
4πF(r ) (excluding the nuclear sites) provides a check on the
trace of the Hessian matrix. If none of the eigenvalues of the
Hessian matrix is zero, then the CP is said to be nondegenerate.
A nondegenerate7 CP is characterized by an ordered pair (R, σ)
whereR is the rank of matrixA andσ the signature, which is
the algebraic sum of the signs of the eigenvalues. A nonde-
generate CP of rank 3 corresponds to one of the following four
possible types: (3,-3), (3,-1), (3,+1), (3,+3). The CP
corresponding toσ ) -3 refers to a maximum. A CP of
(3,-1) or (3,+1) type corresponds to a saddle point, while a
CP of signature+3 arises due to a local minimum.
In the present work, the 6-31G (d) ab initio Hartree-Fock

(HF) wave function, obtained with the GAUSSIAN 94 package12

is used for the evaluation of the MESP of the anion. The MESP
is calculated by using the FORTRAN program INDPROP,13

and the three-dimensional visualization of the MESP topography
of the Tf- was carried out on a PC-486 computer with the
FORTRAN program UNIVIS.14 Docking of the cation, e.g.,
Li+, Na+, and NH4+, at different sites around the MESP critical
points of the free Tf-, was carried out in order to predict the
structure of the M+Tf- (M ) Li, Na and NH4) complex in
different coordinating geometries.
Assuming the interaction of a cation and the Tf- to be

predominently electrostatic, the corresponding interaction energy
is given by

whereVA refers to the electrostatic potential of the anion and
Fc defines the charge density of the cation at that site. Thus
the cation coordination can be viewed as a molecular recognition
problem where the ion pairs are treated as electrostatic LOCK
(anion) and KEY (cation) complexes. The present electrostatic
interaction model bears some similarity with the one developed
earlier by Kahn et al.15 for interaction of neutral molecules.
However, the docking procedure is implemented here for a
cation-anion pair and is discussed below.
The initial sites for cation coordinations are provided by the

positions of the MESP critical points. In fact, this is a unique
feature of the method emerging from the richness of the anionic
MESP topography. The optimum energy structures for the
M+Tf- ion pairs were derived by minimizing theEdockint through
the translation and rotation (only for NH4+) of the cation.
During these operations, the internal geometries of the anion
and cation were kept intact. The distance of the approaching
cation from Tf- was limited by the CP nearest to the outer
atoms, viz., oxygens and fluorines of the anion. For the inner
atoms, the respective van der Waals radii16 (3.31 and 3.2 au,

respectively, for the sulfur and carbon) were used, and the
standard ionic radii16were used for the cations. The geometries,
thus obtained by minimizingEdockint, referred to hereafter as
“docked geometries” were subsequently employed as starting
geometries for further optimization in the ab initio framework.
Here, ab initio SCF-MO calculations have been performed with
the GAUSSIAN-94 program,12 using the internally stored
6-31G(d) basis for the lithium and sodium triflate complexes.
For NH4+Tf- a set of 2p polarization functions were added to
the hydrogens in this basis. The equilibrium geometries of the
M+Tf- complexes were obtained by the analytical gradient
relaxation method. The harmonic vibrational frequencies of
these complexes were computed by diagonalizing the respective
force constant matrices.
MESP-driven net atomic charges for these geometries were

obtained by fitting the respective MESPs on a grid of points
surrounding the anion. A grid was constructed by using
standard Cox and Williams17-type sampling algorithm. The grid
containing Tf- extends over 4 Å on either side of the anion.
The FORTRAN program GRID18 was employed for obtaining

Figure 1. (a) MESP iso-surface of the triflate ion, viz.V ) -297.0
kJ mol-1 encompassing the whole anion. (b) Top view of the SO3 end
of the anion showing the MESP CPs. See text for details.
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atomic charges for different centers in the free anion as well as
in different geometries of the complexes.

3. Results and Discussion

As noted above, the MESP of an anion is endowed with rich
topographical features due to the presence of a large number of
negative-valued CPs. In fact, all the anions should have a
negative-valued MESP iso-surface encompassing the whole
nuclear framework. This is in accordance with the conclusions
drawn for molecular anions by Gadre and Pathak19 through
generalization of the earlier work of Politzer20 for the atomic
anions. This demands that there has to be at least one negative-
valued minimum in the MESP of the molecular anions, along
any arbitrary outward (from the nuclear framework) direction.
In the present case, the most negative valued MESP iso-surface
encompassing the whole anion was found around-297.0 kJ/
mol (Figure 1a). Theminimal surfacedefined by Gadre et al.19

lies completely inside this surface.

The main features of the MESP topography of the triflate
anion are summarized below. A top view of the SO3 end of
the anion showing the MESP CP’s is depicted in Figure 1b. It
shows, for each oxygen, one pair of (3,+3) MESP minima with
a value of-641.8 kJ/mol typically at a distance of 2.26 au from
it (denoted byx). The two oxygen minima are connected via
a (3,+1) saddle (denoted byy) with V ) -607.5 kJ/mol
observed nearly along the S-O bond direction. Further, two
such pairs are connected via another (3,+1) saddle (denoted
byw) identified along a line bisecting the O-S-O bond angle
(V ) -557.6 kJ/mol). Also observed are a (3,-1) CP (withV
) -427.8 kJ/mol) on theC3 axis, 4.28 au away from sulfur
(denoted byu) and another (3,-1) saddle of value-587.3
kJ/mol (denoted byz) just below the CP represented asy. In
contrast to the rich topography seen at the SO3 end (i.e., six
minima and ten saddles), the CF3 end shows no minima in the
MESP topography. A (3,-1) CP on theC3 symmetry axis
(denoted byV) 4.18 au away fromC (V ) -296.9 kJ/mol) and

Figure 2. “Docked”geometries for the M+Tf- (M ) Li or Na) ion pair. Only those CPs relevant to the docking of the cations are shown. See text
for details.
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(3,+1) saddles along each C-F bond directions (V ) -367.2
kJ/mol and is 2.35 au from the nearest fluorine) are observed
(denoted byt). For notations, cf. Figure 2 and Table 7.
It may be interesting to note that although the fluorine atom

is inherently more electronegative than the oxygen, the MESP
at the SO3 end of the anion is more negative as well as
topographically richer than the CF3 end, as can be noticed from
the values at the critical points. The negative-valued CPs in
the MESP act as attractors for the cations. Thus the MESP
topographical studies presented here predict two possible
bidentate (symmetric and unsymmetric) coordinated structures
for the cation-triflate ion pair. When the cation approaches
the (3,+3) CP, it leads to an unsymmetric bidentate structure,
whereas approach toward the CP observed between two (3,+3)
CPs yields a symmetric bidentate structure for the ion pair. The
latter is expected to be more favorable since it enjoys more
electrostatic attraction forces from the electron rich locations

of the two (3,+3) CPs. The approach of the cation along the
S-O bond direction toward the (3,+1) CP generates a mono-
dentate structure (cf. Figure 2A1). Further, relatively weak
tridentate structures at both the SO3 and the CF3 ends of the
anion are also possible (cf. A4 and A5 in Figure 2) via the
(3,-1) CPs. The former is expected to be relatively more stable,
the MESP minimum being deeper for this case. Yet another
possibility is a cation approaching toward the (3,+1) CP of the
flourine (i.e., along the C-F bond direction).
The tetrahedral geometry of the ammonium cation presents

a rather intricate situation. One can imagine two hydrogens of
the cation being attracted toward (3,+3) CPs of the anion as a
favorable situation for cation coordination. Alternatively, the
approach of the ammonium ion toward the CPs located on the
C3 axis would give rise to the possibilities of tridentate
coordination at the SO3 and CF3 ends of the anion. Further, a
monodentate coordination may also be visualized by placing

Figure 3. “Docked”geometries for the NH4+Tf- ion pair. Only those CPs relevant to the docking of the cations are shown. See text for details.
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one of the hydrogens of the cation at the CPs along the S-O
bond direction or the C-F bond direction as discussed earlier.
The heuristic arguments presented above clearly present

different possibilities of the cation coordination in the M+Tf-

ion pairs. The electrostatic interaction energy,Edockint , is
obtained by using the docking model outlined in section 2. The
different geometries derived from the minimization ofEdockint

for the M+Tf- (M ) Li and Na) ion pairs are shown in Figure
2. To test the validity of this approach, these geometries of
the M+Tf- complexes were further subjected to optimization
followed by evaluation of vibrational frequencies in the ab initio
HF/6-31G(d) calculations. The following inferences may be
drawn. The geometries shown as A1, A3, and A4 (cf. Figure
2) lead to a transition state (monodentate), minimum (bidentate),
and a saddle (tridentate at the SO3 end) point structures,
respectively, in both Li+Tf- and Na+Tf- ion pairs in the ab
initio framework. On the other hand, the A5 geometry
representing a tridentate coordination at the CF3 end gives a
transition state for Li+ and a local minimum for Na+. It,
however, should be pointed out that the final optimized geometry
obtained by employing the unsymmetric bidentate structure (A2)
is the same as that derived from the symmetric structure (A3).
The docked structure obtained at the (3,+1) CP of the fluorine
(this is not shown in the figure) does not give a corresponding
stationary point geometry in the ab initio MO calculations.
The initial geometries used in the optimization calculations

for the NH4+ Tf- are shown in Figure 3. The structures B1
(monodentate), B3 (bidentate), and B4 and B5 (tridentate at the
SO3 and CF3 ends of the anion, respectively) led to minima on
the potential energy surface (no imaginary vibrational fre-
quency). These geometries were not very different from the
starting ones with respect to the nature of cation coordination.

The geometry shown in B2, representing one of the hydrogens
of the NH4+ ion coordinating with two oxygens of the SO3 end
of the anion, was also tried. Such a coordination, however,
fails to produce a stationary point geometry on the potential
energy surface and finally leads to a bidentate (B3) structure.
In other words, B2 and B3 both lead to the identical bidentate
coordinated geometry for the NH4+Tf- ion-pair after optimiza-
tion with the ab initio MO calculations. Interestingly, the final
optimized structure obtained from the B1 geometry, showing a
monodentate coordination at the SO3 end as a guess does not
represent an ion pair but shows a proton transfer from the NH4

+

to the anion, leading thereby to the formation of triflic acid and
ammonia as NH3‚HOO2SCF3. As observed in the lithium and
the sodium cation coordination, a coordination at the (3,+1)
CP of the fluorine failed to produce an ab initio stationary
structure. The final geometry parameters of the optimized
structure in this case agree well with those of the triflic acid
reported earlier in the literature.21

Thus it may noted that the qualitative trends in ion-pair
formation can be systematically investigated by the present
method employing rigid individual structures of cation and
anion. It may, however, be pointed out that the present model
may not be successful in the cases where the anion shows a
very large geometry change compared to that in the free gaseous
state when interacting with the cation or when charge or proton
transfer is involved. In the former case, different conformers
of the anion could be probed for studying the ion-pair formation
which may, at least partly, account for the effects due to
geometry relaxation.
The RMS forces (energy gradients with respect to the nuclear

coordinates) and the GAUSSIAN-predicted energy changes (i.e.,
the difference in the SCF energies in two successive iterations)
obtained for these “docked” geometries of the M+Tf- ion pairs
in different coordinating geometries are presented in Table 1.
In most of the cases, the predicted energy change and the RMS
force are around 0.005 au and 0.02 au/Å, respectively. This
suggests that the ab initio stationary points are generally in the
vicinity of those predicted by the model.
The interaction energies from the HF/6-31G(d) were calcu-

lated in the following way:EHFint ) Eion-pair - (Eanion+ Ecation)
whereEion-pair, Eanion, and Ecation denote the total electronic
energies of the ion pair, free triflate anion, and cation,
respectively. These are compared with the corresponding
“docked”, Edockint values in Table 2. It may be readily noted
that the electrostatic interactions alone weigh about 85% of the
actual interaction (the ab initio) energy and the energy rank
order11 of Li+Tf- ion-pair conformers, which follows the trend
bidentate> monodentate> tridentate which agrees well with
the one predicted by the ab initio calculations. Thus the

TABLE 1: Initial Energies, RMS Forces and the Predicted
Change in Single-Point SCF Energies and Gradients for the
M+Tf- (M ) Li, Na, and NH4) Ion Pairs (See Text for
Details)

system coordination

initial
energy
(au)

RMS
force
(au/Å)

predicted
change in
energy (au)

Li+Tf- monodentate at SO3 -965.716 81 0.0233 0.0057
bidentate at SO3 -965.733 15 0.0279 0.0096
tridentate at SO3 -965.701 62 0.0219 0.0093
tridentate at CF3 -965.655 28 0.0160 0.0104

Na+Tf- monodentate at SO3 -1120.111 80 0.0186 0.0041
bidentate at SO3 -1120.128 45 0.0213 0.0054
tridentate at SO3 -1120.110 44 0.0174 0.0074
tridentate at CF3 -1120.061 23 0.0130 0.0069

NH4
+Tf- monodentate at SO3 -1014.975 03 0.0107 0.0019

bidentate at SO3 -1014.981 82 0.0128 0.0008
tridentate at SO3 -1014.972 84 0.0146 0.0008
tridentate at CF3 -1014.926 77 0.0080 0.0036

TABLE 2: Comparison of Interaction Energies from the Present Model and the HF/6-31G(d) (Complete Optimization)
Calculations (See Text for Details)

system coordination ERHF (au) no. of imaginary frequencies Edockint (kJ/mol) EHFint (kJ/mol)

Li+Tf- monodentate at SO3 -965.725 74 1 -501.0 -558.7
bidentate at SO3 -965.746 96 0 -537.7 -613.8
tridentate at SO3 -965.716 61 2 -427.6 -535.1
tridentate at CF3 -965.665 67 1 -289.7 -397.9

Na+Tf- monodentate at SO3 -1120.120 12 1 -438.0 -480.0
bidentate at SO3 -1120.136 79 0 -487.9 -524.6
tridentate at SO3 -1120.121 42 2 -414.4 -485.3
tridentate at CF3 -1120.073 22 0 -259.7 -356.7

NH4
+Tf- monodentate at SO3 -1014.999 44 0 -388.2 -461.7a

bidentate at SO3 -1014.997 27 0 -401.3 -456.4
tridentate at SO3 -1014.989 91 0 -383.0 -438.0
tridentate at CF3 -1014.939 23 0 -236.1 -304.3

a This is attributed to proton transfer and not to the ion-pair formation.
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predominant role of electrostatic interactions in the ion-pair
formation is clearly brought out. The “predicted” energy rank
order of the Na+Tf- conformers is, however, slightly different.
The optimized geometries for the stationary points of the

M+Tf- (M ) Li and Na) ion pairs are reported in Table 3 along
with the geometrical parameters obtained from the docking
model (listed in parentheses). As pointed out in section 2, the
HF/6-31G(d) geometry of the free Tf- was kept intact, when
the electrostatic docking was implemented in all these coordi-
nating geometries of these ion pairs. The MESP-predicted
“docked” geometries show a fairly good overall agreement with
those derived from the full optimization in the HF/6-31G(d)
calculations. The largest deviation up to∼0.17 Å may be noted
for the M-O1 bond distances. The M-O1 distances follow
the order mono-< bi- < tri- dentate coordination in the ab
initio calculations. The predicted M-O1 distances from the
present model for the Li+Tf- in mono- and bidentate coordina-
tions, however, are nearly the same. This probably is an artifact
of imposing the constraint of the distance of closest approach
of the cation to the anion described in the preceding section.
Consideration of bond angle parameters reveals the difference
for the M-O-S bond angles to be as large as 30° in the
different coordinating geometries of these ion pairs. The
dihedral angles are nearly unchanged in most of the cases.
The geometrical parameters of the NH4

+Tf- complex from
the ab initio theory and the electrostatic docking are compared
in Table 4. The monodentate coordination represents quite a
different situation due to proton transfer in the ab initio
calculation representing NH3‚HOO2SCF3 andnot the ion pair.
The bi- and tridentate coordinated geometrical parameters of
H1‚‚‚O1 show a larger variation of nearly 0.45 Å. The bond
angles generally show a good agreement.
The undoubted importance of the MESP in cation coordina-

tion as discussed above suggests that the net atomic charges

shown in Table 5 derived from the MESP could be useful in
molecular modeling. For the free anion the net atomic charges
on C, S, O, and F turn out to be 0.065, 1.109,-0.629, and
-0.097, respectively. A comparison of Li+Tf- and Na+Tf-

TABLE 3: HF/6-31G(d) Geometry Parameters for the M+Tf- (M ) Li or Na) Conformersa

Li+Tf- Na+Tf-

Tf- mono at SO3 bi at SO3 tri at SO3 tri at CF3 mono at SO3 bi at SO3 tri at SO3 tri at CF3

C-S 1.817 1.823 1.813 1.812 1.851 1.824 1.812 1.810 1.842
O1-S 1.443 1.482* 1.471* 1.452* 1.430 1.471* 1.422 1.451* 1.432
O2-S 1.443 1.423 1.471* 1.452* 1.430 1.427 1.464* 1.451* 1.432
O3-S 1.443 1.423 1.418 1.452* 1.430 1.427 1.464* 1.451* 1.432
F1-C 1.323 1.294 1.308 1.307 1.351* 1.297 1.322 1.309 1.343*
F2-C 1.323 1.340 1.318 1.307 1.350* 1.341 1.309 1.309 1.343*
F3-C 1.323 1.340 1.308 1.307 1.350* 1.341 1.309 1.309 1.343*
M-O* 1.778 1.899 2.250 2.120 2.235 2.534

(1.794) (1.794) (2.350) (2.146) (2.313) (2.702)
M-F* 2.023 2.356

(2.447) (3.070)
O1-S-C 102.60 97.17 103.75 108.27 99.80 98.50 106.23 107.02 100.30
O2-S-C 102.60 104.60 103.75 108.27 99.80 103.82 103.10 107.20 100.29
O3-S-C 102.60 104.60 106.64 108.27 99.81 103.82 103.10 107.20 100.29
F1-C-S 111.80 115.63 110.30 109.60 115.84 114.99 109.34 109.92 114.72
F2-C-S 111.80 109.14 109.39 109.60 115.92 109.94 110.85 109.92 114.72
F3-C-S 111.80 109.14 110.31 109.60 115.94 109.94 110.85 109.92 114.72
M-O1-S 120.46 89.28 180.0 122.55 93.73 73.82

(149.61) (112.63) (180.0) (152.95) (88.85) (77.40)
M-F1-C 79.75 83.52

(81.68) (88.19)
O2-S-C-O1 120.0 116.80 109.96 120.0 120.00 117.56 123.66 120.0 240.0
O3-S-C-O1 240.0 243.20 234.98 240.0 240.00 242.00 236.34 120.0 120.0
F1-C-S-O1 180.0 180.0 185.42 180.0 180.01 180.0 180.0 240.0 180.0
F2-C-S-O1 300.0 303.52 304.97 300.0 299.93 302.96 299.40 300.0 300.0
F3-C-S-O1 60.0 56.48 64.53 60.0 60.07 57.04 60.60 60.0 60.0
M-O1-S-C 0.0 107.56 0.0 0.0 106.52 180.0

(0.0) (92.83) (0.0) (0.0) (93.46) (180.0)
M-F1-C-S 180.00 180.0

(180.00) (180.)

a The numbers in parentheses indicate those predicted from the present model. See text for details

TABLE 4: HF/6-31G(d,p) Geometry Parameters for the
NH4

+Tf- Complexes (Numbers in Parentheses Indicate
Those Predicted from the Present Model)

Tf- NH4
+Tf-

mono bi tri at SO3 tri at CF3

C-S 1.817 1.814 1.810 1.809 1.831
O1-S 1.443 1.537* 1.462* 1.451* 1.434
O2-S 1.443 1.414 1.424 1.451* 1.434
O3-S 1.443 1.414 1.462* 1.451* 1.434
F1-C 1.323 1.313 1.311 1.311 1.338*
F2-C 1.323 1.306 1.311 1.311 1.338*
F3-C 1.323 1.307 1.320 1.311 1.338*
H1-O1 0.999 1.768 2.147

(1.686) (2.226) (2.640)
H1- F1 2.119

(3.077)
O1-S-C 102.60 106.78 103.18 105.96 100.75
O2-S-C 102.60 100.15 105.80 105.96 100.75
O3-S-C 102.60 106.17 103.18 105.96 100.75
F1-C-S 111.80 109.45 110.74 110.16 113.64
F2-C-S 111.80 110.51 110.74 110.16 113.64
F3-C-S 111.80 109.37 109.82 110.16 113.64
H1-O1-S 113.09 114.48 93.67

(162.57) (110.16) (92.69)
H1- F1-C 105.91

(106.68)
O2-S-C-O1 120.0 114.64 122.56 120.0 120.0
O3-S-C-O1 240.0 228.84 245.11 239.93 240.0
F1-C-S-O1 180.0 187.06 177.03 180.0 180.01
F2-C-S-O1 300.0 307.06 297.88 300.0 300.01
F3-C-S-O1 60.0 67.58 57.46 60.0 60.01
H1-O1-S-C 98.79 248.35 179.99

(179.63) (267.53) (179.93)
H1- F1-C-S 180.00

(180.00)
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shows that the difference in the net atomic charges of sulfur
and the coordinated oxygen is 0.339 and 0.308, respectively.
This indicates more weakening of the S-O1 bond in Li+Tf-

than Na+Tf- and therefore more stronger interaction for the
former. This is consistent with the interaction energies presented
in Table 2. The situation with the NH4+Tf- is, however, quite
different since there are two oxygens connecting the cation via
the two hydrogen bonds.
One may wonder at this juncture, how significant are the

basis-set and correlation effects in deciding the structure and
energetics of the ion pairs? The effect of expansion of basis
set by adding diffuse functions and that of the electron
correlation via the Moller-Plesset second-order perturbation
(MP2) method on the MESP topography has also been explored.
The HF and MP2 MESP values at CPs and the distances of
CPs from the nearest atom are compared with those obtained
from the HF/6-31G(d) calculations in Tables 7 and 8, respec-
tively. It may readily be noticed that the CPs are nearly
insensitive to the increase in the basis set size beyond the 6-31G-
(d), as has been noticed earlier23,24by Kulkarni and Gadre. The
typical deviations in the MESP values and CP distances at these
sites being∼5%. The bond angles and the dihedral angles a
CP make with the nearest atoms show a maximum deviation
within 3° from the average value. Since the MESP topography

is almost unchanged in the more sophisticated calculations, it
may be expected that the predicted trends in structure and
energetics of different ion-pair conformers at HF/6-31G (d) level
will be preserved.
Further assessement of the above arguments may be done

partially by studying the effects of correlation on the minimum
energy conformers of the M+Tf- (M ) Li, Na, NH4) ion pairs.
This has been done by optimizing these geometries at MP2 level
with the 6-31G(d) basis within the frozen core approximation
using GAUSSIAN 94. Some geometry parameters are enlisted
in Table 9. Inclusion of the MP2 correlation does not change
the geometrical parameters significantly for the Tf- and the
M+Tf- (M ) Li, Na) ion pairs. The C-F and S-O bonds are
elongated by∼0.03 Å in all these ion pairs when the correlation
is added. The agreement for the different bond angle and
dihedral angle parameters at the HF and MP2 levels for M)
Li or Na is within 1°.
Unlike the case of monatomic cation- Tf- ion-pairs the

NH4
+Tf- at the MP2 level show a significant change in

geometry from the HF level of theory. The bi- and tridentate
(at the CF3 end) coordinating geometries reveal unequal
interionic bond lengths. The H‚‚‚O interionic bonds in bidentate
structure are 1.506 and 1.826 Å, whereas the H‚‚‚F distances
in the tridentate structure are 1.907, 1.907, and 2.346 Å. The
bond or the dihedral angle change is within 5°. The NH4+Tf-

conformer showing the tridentate coordination at the SO3 end

TABLE 5: MESP-Driven Net Atomic Charges in au for
Free Tf- and for the Lowest Energy Minima of the M+Tf-

(M ) Li, Na, and NH4)

CF3SO3 LiCF3SO3 NaCF3SO3 NH4CF3SO3

C 0.065 0.283 0.310 0.129
S 1.109 1.020 0.975 1.152
O1 -0.629 -0.681 -0.667 -0.690
O2 -0.629 -0.681 -0.667 -0.690
O3 -0.629 -0.483 -0.494 -0.548
F1 -0.097 -0.089 -0.105 -0.069
F2 -0.097 -0.089 -0.105 -0.069
F3 -0.097 -0.142 -0.153 -0.106

TABLE 6: Streching Vibrational Frequencies in cm-1 of the
Tf- in Different M +Tf- Ion Pairs from the HF Calculationsa

(a) Tridentate Coordination at the SO3 and CF3 Ends of the Anion

the cation
at the SO3 end

the cation
at the CF3 end

free anion Li+b Na+b NH4
+ Li+c Na+ NH4

+

SO3 ss 1127 1136 1131 1124 1151 1145 1141
SO3 as 1343 1335 1340 1338 1447 1438 1429
CF3 ss 1424 1402 1409 1416 1407 1407 1412
CF3 as 1398 1424 1415 1410 1201 1234 1262

(b) Monodentate Coordination at SO3 End

Li+Tf-d Na+Tf-d

SO s 1099 1114
SO2 s 1329 1342
SO2 s 1485 1469
CF2 s 1261 1258
CF2 s 1356 1353
CF s 1485 1470

(c) Bidentate Coordination at SO3 End

Li+Tf- Na+Tf- NH4
+Tf-

SO2 s 1103 1108 1107
SO2 s 1251 1278 1270
CF s 1386 1368 1376
CF2 s 1405 1411 1411
CF2 s 1424 1416 1412
SO s 1471 1456 1476

a ss - symmetric stretching, as - asymmetric stretching, s - stretching).
See text for details.b Shows two imaginary frequencies.c Shows one
imaginary frequecy.d Shows one imaginary frequency.

TABLE 7: MESP CPs of the Tf-a

MESP value

CP type A B C D

x (3,+3) -0.2447 -0.2366 -0.2385 -0.2362
y (3,+1) -0.2316 -0.2250 -0.2259 -0.2231
z (3,-1) -0.2239 -0.2184 -0.2151 -0.2090
w (3,+1) -0.2126 -0.2045 -0.2170 -0.2143
u (3,-1) -0.1629 -0.1572 -0.1714 -0.1678
t (3,+1) -0.1402 -0.1383 -0.1391 -0.1399
V (3,-1) -0.1132 -0.1122 -0.1189 -0.1200
a A, B, and C represent the CP values at HF/6-31G(d), HF/6-

31G+(d), and MP2/6-31G(d)//HF/6-31G(d) levels. D represents those
obtained at MP2/6-31G(d)//MP2/6-31G(d) level.

TABLE 8: MESP CP Distances of Tf- from the Nearest
Atom in Å (Notations as in Table 7)

A B C D

p1-O1 1.196 1.220 1.228 1.232
p2-O1 1.196 1.225 1.222 1.227
p3-O1 1.220 1.250 1.246 1.261
p4-O2 1.743 1.778 1.720 1.740
p5-S 2.268 2.340 2.159 2.182
p6-F1 1.245 1.287 1.269 1.267
p7-F1 2.116 2.184 2.023 2.025

TABLE 9: Some MP2-Optimized Bond Distances for the
M+Tf- (Li, Na, and NH4)a

bond
distances Tf-

Li+Tf-

(bi)
Na+Tf-

(bi)

Na+Tf-

(tri at
CF3 end)

NH4
+Tf-

(bi)

NH4
+Tf-

(tri at
CF3 end)

C-S 1.835 1.831 1.839 1.883 1.830 1.860
O1-S 1.477 1.508* 1.498* 1.467* 1.493* 1.470
O2-S 1.477 1.508* 1.498* 1.467* 1.457 1.470
O3-S 1.477 1.451 1.455 1.467* 1.513* 1.470
F1-C 1.353 1.335 1.334 1.389 1.339 1.380*
F2-C 1.353 1.351 1.385 1.389 1.339 1.367*
F3-C 1.353 1.335 1.334 1.389 1.350 1.380*
M-O* 1.912 2.298
M-F* 2.623

a The starred values indicate atoms involved in interionic bonds. All
values in Å. See text for details.
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as obtained in the HF calculation converges finally to the
bidentate structure at the MP2 level.
Total electronic and interaction energies derived from the

single-point full MP2 calculations, obtained at the frozen core
MP2 geometries, are presented in Table 10. For Li+Tf-, as a
test example, the frozen core MP2 energy was-967.074 63 au
as compared to its HF counterpart-965.746 96 au. The full
MP2 calculations including the core orbitals leads to the total
energy of-967.111 36 au. Inclusion of the core orbitals thus
brings about a very significant change in the binding energies
of the ion pair. On the other hand, single-point full MP2
calculations with the frozen core MP2 geometries show a
deviation of 0.000 05 au in the binding energies from the full
MP2 optimizations. Thus due care has been taken in comparing
the binding energies at MP2 level reported in Table 10. These
interaction energies for the ion pairs are typically 0.01 au lower
than the HF values.
The HF/6-31G(d) vibrational frequencies of internal stretching

vibrations of Tf- in the tridentate coordination, the cation being
coordinated via the SO3 end, are presented in Table 6a.
Although the SO3 coordinating ammonium triflate exhibits a
local minimum, no such minima were found for the lithium or
sodium triflates. The M+Tf- (M ) Li and Na) ion pairs in
these geometries have two imaginary frequencies, suggesting
that these representsecond-order saddle pointson the potential
energy surface. The symmetric SO3 stretching was used as a
probe to distinguish the different coordinating geometries of
the triflate ion.22 The symmetric SO3 stretching in the Li+Tf-

and Na+Tf- ion pairs show frequency upshift when compared
with that of the free anion, whereas for the NH4

+Tf- ion pair
a downshift (of nearly 3 cm-1) is noted. The SO3 normal
vibration in these ion-pairs are strongly coupled with the C-S
stretching vibrations. The vibrational frequencies for the CF3

coordinating geometries for the M+Tf- ion-pairs are also
reported in Table 6a. The frequencies of the normal vibrations
of the monodentate M+Tf- (M ) Li and Na) are presented in
Table 6b. These represent atransition state(with one imaginary
frequency) on the potential energy surface. Both these structures
show frequency upshifts with respect to the free anion. As noted
earlier, the NH4+Tf- monodentate combination leads to the
proton transfer from NH4+ to the anion. For the minimum
energy structures of the M+Tf- ion pairs, the different stretching
vibrational frequencies are given in Table 6c. The free triflate
anion belongs toC3V symmetry point group. The asymmetric
SO3 vibration is degenerate. When the cation interacts with
the Tf-, lowering of the symmetry results in the frequency shift
of the symmetric SO3 stretching22 and the splitting of degenerate
SO3 vibration may be observed as well. The magnitude of these
frequency shifts or the splitting of degenerate normal vibration
provide a measure of the strength of the interaction. The normal
vibrations of the anion in these ion-pair geometries are, however,
strongly coupled.11 Thus, a correlation of the strength of the
cation interaction with the predicted frequency shift of the
symmetric SO3 stretching vibration or alternatively, with the
magnitude of splitting of the degenerate SO3 stretching of the

anion is far from straightforward. To discuss these frequency
shifts in quantitative terms, the electron correlation from the
second-order Moller-Plesset (MP2) or more sophisticated
theory has to be included in the frequency calculations which
is outside the scope of the present work.

4. Concluding Remarks

The present work brings out the importance of MESP in
cation coordination: the anionic MESP topography as well as
MESP-driven charges are used with the model. The negative
valued MESP CPs of the anion act as the cation attractors. The
essential MESP topographical features of Tf- are seen to be
almost invariant beyond 6-31G(d) level basis within HF and
MP2 framework. The MESP value at these CP is an indicator
of the strength of such interactions. The cation coordination
in the triflate anion is mainly via the SO3 end. A weak
coordination from the CF3 end is also possible for the am-
monium and sodium ions. The structures and energetics of the
different conformers based on simple electrostatic considerations
are in good agreement with those predicted by the respective
ab initio HF/6-31G(d) calculations except, perhaps in situation
wherein the relaxation and correlation effects are expected to
play a larger role. The preferred geometry for the M+Tf- ion
pair is seen to occur with the cation in bidentate coordination.
In fact, the “docked” geometries derived from the model
presented here invariably serve as very good starting points for
the corresponding ab initio calculations. The GAUSSIAN-
predicted energy changes and the RMS force of almost all these
geometries typically turn out to be around 0.005 au and 0.02
au/Å, respectively. The MESP thus acts as a harbinger to cation
coordination predicting the different minima, transition-state and
saddle-point structures of the ion pairs on the potential energy
surface. The triflate ion presented here just serves as a test
example: larger anions open up enormous possibilities for the
cation interaction sites. The present model based on electrostatic
considerations yields a finer tool for thesystematic inVestigations
of the structure and energetics of the different ion-pair conform-
ers. Being currently explored are larger anionic and model
polymer systems for cation coordination.
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1979, 52, 113. (d) Nàray-Szabo, G.; Ferenczy, G. G.Chem. ReV. 1995, 4,
829.

(6) (a) Gadre, S. R.; Kulkarni, S. A.; Shrivastava, I. H.J. Chem. Phys.
1992, 31, 5253. (b) Kulkarni, S. A.; Gadre, S. R.J. Mol. Struct.
(THEOCHEM)1996, 361, 83.

(7) (a) Gadre, S. R.; Shrivastava, I. H.J. Chem. Phys.1991, 94, 4384.
(b) Gadre, S. R.; Ko¨lmel, C.; Ehrig, M.; Ahlrichs, R. Z.Naturforsch.1993,
48a, 145.

(8) (a) Williams, D. E.J. Comput. Chem.1994, 15, 719. (b) Chipot,
C.; Angyan, J. G.; Ferenczy, G. G.; Scheraga, H. A.J. Phys. Chem.1993,
97, 6628. (c) Chirlian, L. E.; Francl, M. M. J. Comput. Chem.1987, 8,
894. (d) Gadre, S. R.; Shrivastava, I. H.Chem. Phys. Lett.1993, 204, 350.

(9) (a) Read, W. G.; Campbell, E. J.; Henderson, G.J. Chem. Phys.
1983, 78, 3501. (b) Crabtree, R. H.Chem. ReV. 1995, 95, 987. (c) Andrews,
A. M.; Hillig II, K. W.; Kuczkowski, R. L. J. Am. Chem. Soc.1992, 114,
6765. (d) Mielke, Z.; Tokahadze, K. G.; Latajaka, Z.; Ratajczak, E.J. Phys.
Chem.1996, 100, 539. (e) Worthand , G. A.; Wade , R. C.J. Phys. Chem.
1995, 99, 17473. (f) Gadre, S. R.; Bhadane, P. K.; Pundlik, S. S.; Pingale,
S. S. InMolecular Electrostatic Potentials: Concepts and Applications;
Murray, J. N., Sen, K. D., Eds.; Elsevier: Amsterdam, 1996; Chapter 5.

(g) See: Buckingham A. D.; Fowler P. W.J. Chem. Phys.1983, 79, 6426.
Buckingham A. D.; Fowler P. W.Can. J. Chem.1985, 63, 2018, for a
significant theoretical study of weakly bonded complexes.

(10) Haszeldine, R. N.; Kidd, J. M.J. Chem. Soc.1954, 4228.
(11) (a) Gejji, S. P.; Hermansson, K.; Lindgren, J.J. Phys. Chem.1993,

97, 3712. (b) Huang, W.; Wheeler, R. A.; Frech, R.Spectrochim Acta1994,
50A, 985. (c) Benrabah, D.; Arnaud, R.; Sanchez, J.-Y.Electrochim. Acta
1995, 40, 2437. (d) Arnaud, R.; Benrabah, D.; Sanchez, J.-Y.J. Phys. Chem.
1996, 100, 10882. (e) For recent related work on LiClO4, see: Klassen,
R.; Aroca, R.; Nazri, G. A.J. Phys. Chem.1996, 100, 9334.

(12) GAUSSIAN 94; Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill,
P. M. W.; Johnson, P. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.;
Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.;
Zakrzewski, V. G.; Oritz, J. V.; Foresman, J. B.; Cioslowski, J.; Stetanov,
B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.;
Head-Gordon, M.; Gonzalez, C; Pople, J. A. GAUSSIAN, Inc.: Pittsburgh,
PA, 1995.

(13) The packageINDPROPdeveloped by S. R. Gadre, and co-workers,
University of Pune, 1994.

(14) Fortran codeUNIVISwritten by: Limaye, A. C.; Inamdar, P. V.;
Dattwadkar, S. M.; Gadre, S. R.J. Mol. Graphics1996, 14, 19.

(15) (a) For an electrostatic model for diene-dienophile and related
interactions, see: Kahn Pau, C. F.; Chamberlin, A. R.; Hehre, W. J.J. Am.
Chem. Soc.1987, 109, 650. (b) Kahn, S. D.; Dobbs, K. D.; Hehre, W. J.J.
Am. Chem. Soc.1988, 110, 4609 and references therein.

(16) Bondi, A.J. Phys. Chem.1964, 68, 441. (b) Pauling, L.The Nature
of Chemical Bond; Cornell University Press: Ithaca, NY, 1942.

(17) Cox, S. R.; Williams, D. E.J. Comput. Chem.1981, 2, 304.
(18) Chipot, C.; Angyan, J. G.GRID3.0. A Fortran program performing

charge fitting to molecular electrostatic potentials or fields, 1992.
(19) (a) Gadre, S. R.; Pathak, R. K.J. Chem. Phys.1990, 93, 1770.
(20) For earlier studies on atomic anions, see: Sen, K. D.; Politzer, P.

J. Chem. Phys.1989, 90, 4070. (c) Sen, K. D.; Politzer, P.J. Chem. Phys.
1989, 91, 5123.

(21) Gejji, S. P.; Hermansson, K.; Lindgren, J.J. Phys. Chem.1993,
97, 6986.

(22) (a) Gejji, S. P.; Hermansson, K.; Tegenfeldt, J.; Lindgren, J.J.
Phys. Chem.1993, 97, 11402. (b) Huang, W.; Frech , R.; Wheeler, R. A.
J. Phys. Chem.1994, 98, 100.

(23) Gadre S. R.; Kulkarni S. A.; Suresh, C. H.; Shrivastava, I. H.Chem.
Phys. Lett.1995, 239, 83.

(24) Kulkarni S. A.Chem. Phys. Lett.1996, 254, 268.

5686 J. Phys. Chem. A, Vol. 101, No. 31, 1997 Gejji et al.


