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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) ions&B~ (Tf~), as a test example. A

model based on electrostatic docking of the catiort (INa", NH,*) 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 Harfreek 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 thelNthowever, are
relatively sensitive to the electron correlation.

1. Introduction composed of PEO or PPO complexed with a salt of low lattice

Alkali-metal triflates dissolved in poly(propylene oxide) €Neray provide yet another example of the systems wherein the
(PPO) or poly(ethylene oxide) (PEO) exhibit high ionic electrostatic interactions are very important. The triflate anion
conductivity, suggesting their use in a great number of possible (CFSQs™, abbreviated hereinafter as Jfwhich was commonly
technological applications. The role of ion pairs in the used in these electrolytes is of undoubted interest because of
underlying ion-transport phenomenon is a topic of considerable its unusual properties. Itis seen to be thermally and chemically
recent interest. The structure and the energetics of the different Stable!®!! It shows a low tendency to form ion pairs and a
cation—anion or polymer-cation ion pairs is one of the  strong resistance to both reductive and oxidative clea¥alje.
important factors in understanding various molecular interactions was therefore felt worthwhile to probe the electron localization
in these polymer electrolyte systems. Formation of neutral ion features of the anion in terms of the MESP topography in order
pairs or higher aggregates decreases the number of chargéo understand its cation coordination.

carriers, whereas the presence of charged, associated species Some of the important questions addressed in the present
results in the change in ionic mobility of the associated charge york are: How important are the electrostatic interactions in
carriers, thereby affecting the ionic conductiyity. In polyether deciding the structure of ion pairs? What is the role o CF
complexes, e.g., PPO or PEO complexed with the metalSalts, g6, of the triflate anion in the cation coordination? Is it
the metal ion may interact with the polymer fragment or ,sqihje 10 obtain reasonable estimates of the interaction energies
alternatively with the polyatomic anions. Vibrational spectros- ¢ ditferent cation coordinating geometries of the &in

copy provides a useful means for studying these molecular pairs from the electrostatic considerations alone?
interactions in polymer salt complexés.Considering the )

predominantly electrostatic nature of these interactions, itis felt " the present work, we have analyzed different possible
that the use of scalar fields, for example, molecular electron 9eometries of the MTf~ (M = Li, Na and NH,) ion pairs
densities (MED) or molecular electrostatic potentials (MEESP) Predicted exclusively by the MESP distribution of the anion.
derived from the ab initio quantum-chemical calculations may This was achieved by an electrostatic docking of the cation
be of help in understanding them. The MESP has been shownaround the critical point sites of the MESP. The validity of
to bring out regions of electron localization that may be this approach was tested by subsequent single-point ab initio
attributed to a delicate balance between the nuclear andMO calculations at the HF/6-31G(d) level. The model presented
electronic contribution®® Thus the MESP exhibits rich  here is relatively simple, requires less computer time, and
topographical features. Gadre and co-workdr@ve recently engenders different possible geometries for the ion pairs. Some
characterized the sizes and shapes of anions from suchof these turned out to be transition states, saddles, and maxima
topographical considerations. The net atomic charges derivedon the potential energy surface as may be seen from the
from these MESP have been used in molecular modéliftee calculations of the vibrational frequencies. The computational

use of MESP in understanding molecular interactions in a variety method and the results are presented in the following sections.
of systems, for example, experimentally explSreah der Waals
complexes or hydrogen-bonded systems has been gainin

importance in the recent years. Solid polymer electrolytesgz' Computational Method

P The MESPV(r), at a pointr due to a molecular system with
University of Pune.

#North Carolina Supercomputing Center. nuclear chargegZa} located a{Ra} and electron density(r)
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p(r') dr

V(r) = Z - (1)
Ir — Ryl f [r —r'|

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 anafysis
V(r) is based on the identification and location of the critical
points (CPs), the points at whidWV/(r) = 0. The rank of the

CP is given by the number of nonzero eigenvalues of the
Hessian matripA, the elements of which are defined by

*V(r)

8)(1- 3Xj r=r, (2)

A=
wherer. is a critical point. The Poisson equatioi?V(r) =
47p(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)
A nondegenerafeCP is characterized by an ordered p&y ¢)
whereR is the rank of matrixXA ando the signature, which is ¥
the algebraic sum of the signs of the eigenvalues. A nonde- o PR
generate CP of rank 3 corresponds to one of the following four
possible types: (3;3), (3—1), (37+1), (3+3). The CP oW
corresponding tao = —3 refers to a maximum. A CP of
(3,—1) or (3;+1) type corresponds to a saddle point, while a
CP of signaturet3 arises due to a local minimum.

In the present work, the 6-31G (d) ab initio Hartrdeock S
(HF) wave function, obtained with the GAUSSIAN 94 pack&ge
is used for the evaluation of the MESP of the anion. The MESP
is calculated by using the FORTRAN program INDPRBP,
and the three-dimensional visualization of the MESP topography

we 0 LY

of the Tf- was carried out on a PC-486 computer with the
FORTRAN program UNIVIS* Docking of the cation, e.g.,
Li*, Nat, and NH,*, at different sites around the MESP critical
points of the free Tf, was carried out in order to predict the
structure of the MTf~ (M = Li, Na and NH;) complex in
different coordinating geometries.

Assuming the interaction of a cation and the T be

L
03 oy

[ F4 X

(b)

predominently electrostatic, the corresponding interaction energy

is given by Figure 1. (a) MESP iso-surface of the triflate ion, viz.= —297.0

kJ mol* encompassing the whole anion. (b) Top view of the; ad
of the anion showing the MESP CPs. See text for details.

Egock= J Va(r) p(r) o @3)

whereV, refers to the electrostatic potential of the anion and
oc 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® 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

respectively, for the sulfur and carbon) were used, and the
standard ionic radif were used for the cations. The geometries,
thus obtained by minimizindeqoci™, 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 progran® using the internally stored
6-31G(d) basis for the lithium and sodium triflate complexes.
For NH;tTf~ a set of 2p polarization functions were added to
the hydrogens in this basis. The equilibrium geometries of the
positions of the MESP critical points. In fact, this is a unique M Tf__complexes were obtained by the analytical gradient
feature of the method emerging from the richness of the anionic 'é/@xation method. The harmonic vibrational frequencies of
MESP topography. The optimum energy structures for the these complexes were computed by diagonalizing the respective
M*Tf~ ion pairs were derived by minimizing thg.c" through force constant matrices.

the translation and rotation (only for N¥) of the cation. MESP-driven net atomic charges for these geometries were
During these operations, the internal geometries of the anionobtained by fitting the respective MESPs on a grid of points
and cation were kept intact. The distance of the approachingsurrounding the anion. A grid was constructed by using
cation from Tf was limited by the CP nearest to the outer standard Cox and William&type sampling algorithm. The grid
atoms, viz., oxygens and fluorines of the anion. For the inner containing Tf extends ove4 A on either side of the anion.
atoms, the respective van der Waals rddi8.31 and 3.2 au, The FORTRAN program GRI was employed for obtaining
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Figure 2. “Docked”geometries for the MIf~ (M = Li or Na) ion pair. Only those CPs relevant to the docking of the cations are shown. See text
for details.

atomic charges for different centers in the free anion as wellas The main features of the MESP topography of the triflate

in different geometries of the complexes. anion are summarized below. A top view of the :5€hd of
. ) the anion showing the MESP CP’s is depicted in Figure 1b. It
3. Results and Discussion shows, for each oxygen, one pair of{&) MESP minima with

As noted above, the MESP of an anion is endowed with rich & value of—641.8 kd/mol typically at a distance of 2.26 au from
topographical features due to the presence of a large number oft (denoted byx). The two oxygen minima are connected via
negative-valued CPs. In fact, all the anions should have a@ (3;+1) saddle (denoted by) with V = —607.5 kJ/mol
negative-valued MESP iso-surface encompassing the wholeobserved nearly along the-® bond direction. Further, two
nuclear framework. This is in accordance with the conclusions such pairs are connected via anotherH(B, saddle (denoted
drawn for molecular anions by Gadre and Patfakrough by w) identified along a line bisecting the-&5—0 bond angle
generalization of the earlier work of PolitZefor the atomic (V= —557.6 kdJ/mol). Also observed are a3, CP (withV
anions. This demands that there has to be at least one negative= —427.8 kJ/mol) on theC; axis, 4.28 au away from sulfur
valued minimum in the MESP of the molecular anions, along (denoted byu) and another (3;1) saddle of value-587.3
any arbitrary outward (from the nuclear framework) direction  kJ/mol (denoted by) just below the CP representedyas In
In the present case, the most negative valued MESP iso-surfaceontrast to the rich topography seen at the; 88d (i.e., six
encompassing the whole anion was found arou@®7.0 kJ/ minima and ten saddles), the £&nd shows no minima in the
mol (Figure 1a). Theninimal surfacalefined by Gadre et &P MESP topography. A (3;1) CP on theCz symmetry axis
lies completely inside this surface. (denoted by) 4.18 au away fron€ (V = —296.9 kJ/mol) and
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Figure 3. “Docked”geometries for the NHTf~ ion pair. Only those CPs relevant to the docking of the cations are shown. See text for details.

(3,11) saddles along each—F bond directions\{ = —367.2 of the two (3;+3) CPs. The approach of the cation along the
kJ/mol and is 2.35 au from the nearest fluorine) are observed S—O bond direction toward the (8,1) CP generates a mono-
(denoted byt). For notations, cf. Figure 2 and Table 7. dentate structure (cf. Figure 2A1). Further, relatively weak
It may be interesting to note that although the fluorine atom tridentate structures at both the $énd the Ck ends of the
is inherently more electronegative than the oxygen, the MESP anion are also possible (cf. A4 and A5 in Figure 2) via the
at the SQ end of the anion is more negative as well as (3,—1) CPs. The former is expected to be relatively more stable,
topographically richer than the @End, as can be noticed from the MESP minimum being deeper for this case. Yet another
the values at the critical points. The negative-valued CPs in possibility is a cation approaching toward thet(3) CP of the
the MESP act as attractors for the cations. Thus the MESP flourine (i.e., along the €F bond direction).
topographical studies presented here predict two possible The tetrahedral geometry of the ammonium cation presents
bidentate (symmetric and unsymmetric) coordinated structuresa rather intricate situation. One can imagine two hydrogens of
for the cation-triflate ion pair. When the cation approaches the cation being attracted toward{3) CPs of the anion as a
the (3;+3) CP, it leads to an unsymmetric bidentate structure, favorable situation for cation coordination. Alternatively, the
whereas approach toward the CP observed between tw8)3, approach of the ammonium ion toward the CPs located on the
CPs yields a symmetric bidentate structure for the ion pair. The C;3 axis would give rise to the possibilities of tridentate
latter is expected to be more favorable since it enjoys more coordination at the S§and CF ends of the anion. Further, a
electrostatic attraction forces from the electron rich locations monodentate coordination may also be visualized by placing
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TABLE 1: Initial Energies, RMS Forces and the Predicted The geometry shown in B2, representing one of the hydrogens
Cklange in §|ngle-Pomt SCF Energies and Gradients for the of the NH;* ion coordinating with two oxygens of the $@&nd
ll\D/IetEIs)(M = Li, Na, and NH,) lon Pairs (See Text for of the anion, was also tried. Such a coordination, however,

fails to produce a stationary point geometry on the potential

é’:gf‘g;y E}?’(':Se E;Z?]igéei?] energy surface and finally leads to a bidentate (B3) structure.
system coordination (au) (au/A) energy (au) In oth_er words, B2 and B3 both |efid_ to thg identical .blqlentate
— coordinated geometry for the NHTf~ ion-pair after optimiza-
Li*Tf~  monodentate at S0 —965.71681 0.0233  0.0057 tion with the ab initio MO calculations. Interestingly, the final
bidentate at S© —965.73315 0.0279 0.0096 imized btained f he B1 howi
tridentate at S© —06570162 00219 0.0093 optimized structure obtained from the B1 geometry, showing a
tridentate at Cf —065.65528 0.0160 0.0104 monodentate coordination at the $énhd as a guess does not
Na'Tf~ monodentate at SO —1120.111 80 0.0186  0.0041 represent an ion pair but shows a proton transfer from thg"NH

bidentate at S© ~ —1120.12845 0.0213  0.0054 to the anion, leading thereby to the formation of triflic acid and

tridentate at S®  —1120.11044 0.0174  0.0074 ; ; Ty
tridentate at Cf  —1120.06123 00130  0.0069 ammonia as NgtHOO,SCF;. As observed in the lithium and

NH, T~ monodentate at SO —1014.97503 0.0107  0.0019 the sodium cation coordination, a coordination at the-(3,
bidentate at S© ~1014.98182 0.0128 0.0008 CP of the fluorine failed to produce an ab initio stationary
tridentate at S@  —1014.97284 0.0146  0.0008 structure. The final geometry parameters of the optimized
tridentate at Cf —1014.926 77 0.0080  0.0036 structure in this case agree well with those of the triflic acid

_ reported earlier in the literatur@.
one of _the hydrogens of the cation at the C'.DS along th@_S Thus it may noted that the qualitative trends in ion-pair
bond dlrectlpn.or the €F bond direction as discussed earlier. formation can be systematically investigated by the present
'The heurlsgc”grguments p(esented .abo.ve plearly Firesentmethod employing rigid individual structures of cation and
different possibilities of the cation coordination in the*n'/f anion. It may, however, be pointed out that the present model

fon pairs. The electrostatic interaction ener@on™ , is may not be successful in the cases where the anion shows a

optalned by using the dopkmg model outllm.ed. In section %{ The very large geometry change compared to that in the free gaseous

different geo_metnes Qer|ved fr(_)m thg minimization E&’C.“ state when interacting with the cation or when charge or proton
for the M*Tf~ (M = Li and Na) ion pairs are shown in Figure transfer is involved. In the former case, different conformers

tzﬁe m_ﬁft ctgren Vlael)'(c:;;yv?;g"; 2&:(’3%%%;?;5’?0%05“&2;?0r?f of the anion could be probed for studying the ion-pair formation
followed b evaIFL)Jation of vibrational fre Lencies in tﬁe ab initio which may, at least partly, account for the effects due to
y g geometry relaxation.

HF/6-31G(d) calculations. The following inferences may be . )
drawn. The geometries shown as Al, A3, and A4 (cf. Figure The RMS forces (energy gradients with respect to the nuclear

2) lead to a transition state (monodentate), minimum (bidentate), co0rdinates) and the GAUSSIAN-predicted energy changes (i.e.,
and a saddle (tridentate at the $®nd) point structures, the Q|ﬁerence in the SCF energies |n_two successive |terat|ons)
respectively, in both LiTf~ and N&Tf~ ion pairs in the ab  OPtained for these “docked” geometries of the ™~ ion pairs
initio framework. On the other hand, the A5 geometry N different coordinating geometries are presented in Table 1.
representing a tridentate coordination at the; @Rd gives a [N most of the cases, the predicted energy change and the RMS
transition state for L and a local minimum for Na It force are around 0.005 au and 0.02 au/A, respectively. This
however, should be pointed out that the final optimized geometry SUggests that the ab initio stationary points are generally in the
obtained by employing the unsymmetric bidentate structure (A2) Vicinity of those predicted by the model.
is the same as that derived from the symmetric structure (A3).  The interaction energies from the HF/6-31G(d) were calcu-
The docked structure obtained at thet(8) CP of the fluorine  lated in the following way:Exe™ = Ejon—pair — (Eanion+ Ecation)
(this is not shown in the figure) does not give a corresponding where Eion—pair, Eanion and Ecation denote the total electronic
stationary point geometry in the ab initio MO calculations. energies of the ion pair, free triflate anion, and cation,
The initial geometries used in the optimization calculations respectively. These are compared with the corresponding
for the NH;* Tf~ are shown in Figure 3. The structures B1 “docked”, Eqocd™ values in Table 2. It may be readily noted
(monodentate), B3 (bidentate), and B4 and B5 (tridentate at thethat the electrostatic interactions alone weigh about 85% of the
SG; and CR ends of the anion, respectively) led to minima on actual interaction (the ab initio) energy and the energy rank
the potential energy surface (no imaginary vibrational fre- ordef!of Li™Tf~ ion-pair conformers, which follows the trend
quency). These geometries were not very different from the bidentate> monodentate> tridentate which agrees well with
starting ones with respect to the nature of cation coordination. the one predicted by the ab initio calculations. Thus the

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 Erur (QU) no. of imaginary frequencies Edock™ (kJ/mol) Ene"t (kJ/mol)
LitTf monodentate at SO —965.725 74 1 —-501.0 —558.7
bidentate at S© —965.746 96 0 —537.7 —613.8
tridentate at S© —965.716 61 2 —427.6 —535.1
tridentate at Ck —965.665 67 1 —289.7 —397.9
Na'Tf~ monodentate at SO —1120.120 12 1 —438.0 —480.0
bidentate at S© —1120.136 79 0 —487.9 —524.6
tridentate at S@ —1120.121 42 2 —414.4 —485.3
tridentate at Ck —1120.073 22 0 —259.7 —356.7
NH, T~ monodentate at SO —1014.999 44 0 —388.2 —461.7
bidentate at S© —1014.997 27 0 —-401.3 —456.4
tridentate at S© —1014.989 91 0 —383.0 —438.0
tridentate at Ck —1014.939 23 0 —236.1 —304.3

aThis is attributed to proton transfer and not to the ion-pair formation.
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TABLE 3: HF/6-31G(d) Geometry Parameters for the M*Tf~ (M = Li or Na) Conformers?

LitTf Na*Tf~
T~ mono at S@ bi at SQ tri at SG; tri at CR mono at S@ biatSQ tri at SG; tri at CRs
C-S 1.817 1.823 1.813 1.812 1.851 1.824 1.812 1.810 1.842
01-S 1.443 1.482* 1.471* 1.452* 1.430 1.471* 1.422 1.451* 1.432
02-S 1.443 1.423 1.471* 1.452* 1.430 1.427 1.464* 1.451* 1.432
03-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)
01-S-C 102.60 97.17 103.75 108.27 99.80 98.50 106.23 107.02 100.30
02-S-C 102.60 104.60 103.75 108.27 99.80 103.82 103.10 107.20 100.29
03-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—-01-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)
02-S-C-01 120.0 116.80 109.96 120.0 120.00 117.56 123.66 120.0 240.0
03-S-C-01 240.0 243.20 234.98 240.0 240.00 242.00 236.34 120.0 120.0
F1-C-S-01 180.0 180.0 185.42 180.0 180.01 180.0 180.0 240.0 180.0
F2-C-S-01 300.0 303.52 304.97 300.0 299.93 302.96 299.40 300.0 300.0
F3—-C-S-01 60.0 56.48 64.53 60.0 60.07 57.04 60.60 60.0 60.0
M—-01-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.)

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

; i ; ; ivnonair  TABLE 4: HF/6-31G(d,p) Geometry Parameters for the
predominant role of electrostatic interactions in the ion-pair NH,~Tf- Complexes (Numbers in Parentheses Indicate

formation is clearly brought out. The “predicted” energy rank Those Predicted from the Present Model)
order of the NATf~ conformers is, however, slightly different.

- . ) ) T NH, T~
The optimized geometries for the stationary points of the _ _ _

M*Tf~ (M = Li and Na) ion pairs are reported in Table 3 along mono bi riatSQ wiatCh
with the geometrical parameters obtained from the docking C—S 1.817 1-814* 1-810* 1-809* 1.831
model (listed in parentheses). As pointed out in section 2, the 9175 1443 1.537%  1462*  1.451" 1434
HF/6-31G(d) geometry of the free Tiwas kept intact, when 02-3 1.443 1414 1424 1.451 1.434

g ry ) P ' _ 03-S 1.443 1414 1.462*  1.451*  1.434
the electrostatic docking was implemented in all these coordi- F1—¢ 1.323 1.313 1.311 1.311 1.338*
nating geometries of these ion pairs. The MESP-predicted F2—-C 1.323 1.306 1.311 1.311 1.338*
“docked” geometries show a fairly good overall agreement with F3-C 1323 1.307 1.320 1.311 1.338*

. T H1-01 0.999 1.768 2.147
those derived from the full optimization in the HF/6-31G(d) (1.686) (2.226)  (2.640)
calculations. The largest deviation up0.17 A may be noted  Hi1-fF1 ’ ' ' 2119
for the M—O1 bond distances. The MDO1 distances follow (3.077)
the order mono-=< bi- < tri- dentate coordination in the ab 01-S-C 10260 106.78  103.18 10596  100.75
initio calculations. The predicted MO1 distances from the 02-5-C 102.60 ~ 100.15 105.80 105.96 100.75
1T~ in mono- and bidentate coordina. 2% S~ 102.60 106.17  103.18  105.96  100.75

present model for the Li _ :  F1C-s 111.80 10945 11074 11016  113.64
tions, however, are nearly the same. This probably is an artifact Fo—c—-s 111.80 110.51 110.74 110.16 113.64
of imposing the constraint of the distance of closest approach F3-C—S 111.80 109.37  109.82  110.16  113.64
of the cation to the anion described in the preceding section. H1-01-S 11é23-g$ 11118‘-1‘:53 323-2;
Consideration of bond angle parameters reveals the difference,; -1« (162.57)  (110.16)  (92.69) 105.91
for the M—O—S bond angles to be as large as’ 30 the (106.68)
different coordinating geometries of these ion pairs. The 02-S-C-01 120.0 114.64 122.56 120.0 120.0

dihedral angles are nearly unchanged in most of the cases. 03-S-C-0O1 240.0  228.84 24511  239.93  240.0

The geometrical parameters of the NAIf~ complex from F1-C-S-O1 1800  187.06  177.03  180.0 180.01
g p p Fo—C-S—-0O1 300.0 307.06 297.88  300.0 300.01

the ab initio theory and the electrostatic docking are compared F3—-c—-s-01  60.0 67.58 57.46 60.0 60.01
in Table 4. The monodentate coordination represents quite aH1-01-S-C 98.79  248.35 179.99
different situation due to proton transfer in the ab initio (179.63)  (267.53) (179.93)

H1- F1-C-S 180.00

calculation representing N\ HOO,SCF; andnot the ion pair

The bi- and tridentate coordinated geometrical parameters of

H1---O1 show a larger variation of nearly 0.45 A. The bond shown in Table 5 derived from the MESP could be useful in

angles generally show a good agreement. molecular modeling. For the free anion the net atomic charges
The undoubted importance of the MESP in cation coordina- on C, S, O, and F turn out to be 0.065, 1.169).629, and

tion as discussed above suggests that the net atomic charges-0.097, respectively. A comparison of 1Iif~ and NaTf~

(180.00)
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TABLE 5: MESP-Driven Net Atomic Charges in au for TABLE 7: MESP CPs of the Tf2
Free Tf~ and for the Lowest Energy Minima of the M+Tf~ MESP val
(M = Li, Na, and NH,) value
CRSO;  LICFsSO:  NaCRSO;  NH.CFSO cP_ type A B ¢ D
X (3,+3) —0.2447 —-0.2366 —0.2385 —0.2362
g (1)223 gggg 83%@ (1”1'23 y (3,+1) —0.2316 —0.2250 —0.2259 —0.2231
o1 0629 _0.681 0667 0,650 z (3-1) —0.2239 -0.2184 -—0.2151 —0.2090
o2 0629 0681 0667 —0690 w  (3+1) —0.2126 —0.2045 —0.2170 —0.2143
03 0629 _0.483 —0.494 _0'548 u (3-1) -0.1629 -—0.1572 -—0.1714 —0.1678
F1 0097 0,089 —0105 —0069 t (3+1) —0.1402 -—0.1383 —0.1391 —0.1399
o —0.097 —0.089 —0.105 —0.069 v  (3—-1) -—0.1132 -0.1122 -0.1189 —0.1200
F3 —0.097 —0.142 —0.153 —0.106 ap, B, and C represent the CP values at HF/6-31G(d), HF/6-
. . . L 31G+(d), and MP2/6-31G(d)//HF/6-31G(d) levels. D represents those
TABLE 6: Streching Vibrational Frequencies in cm™ of the obtained at MP2/6-31G(d)//MP2/6-31G(d) level.

Tf~ in Different M *Tf~ lon Pairs from the HF Calculations?

(a) Tridentate Coordination at the $8nd Ck Ends of the Anion TABLE 8: MESP CP Distances of Tf" from the Nearest

Atom in A (Notations as in Table 7)

the cation the cation
at the SQend at the Ckend A B c b
. vy — T T " n p1-01 1.196 1.220 1.228 1.232
freeanion LF® Na™ NH+ Li™® Na” NH, p2—O1 1.196 1.225 1.022 1.027
SQ; ss 1127 1136 1131 1124 1151 1145 1141 p3—-01 1.220 1.250 1.246 1.261
SOG; as 1343 1335 1340 1338 1447 1438 1429 p4—02 1.743 1.778 1.720 1.740
CR ss 1424 1402 1409 1416 1407 1407 1412 p5-S 2.268 2.340 2.159 2.182
CR as 1398 1424 1415 1410 1201 1234 1262 p6—F1 1.245 1.287 1.269 1.267
7-F1 2.11 2.184 2.02 2.02
(b) Monodentate Coordination at $6nd P 6 8 023 025
Li*Tfd NatTf-d TABLE 9: Some MP2-Optimized Bond Distances for the
M*Tf~ (Li, Na, and NH,4)?
SO S 1099 1114
SO s 1329 1342 Na"Tf~ NH,*Tf~
SO, s 1485 1469 bond LiTTf~ Na'Tf~ (triat NHgTf~ (triat
CkR, s 1261 1258 distances Tf (bi) (bi) CFs end) (bi) CFRs end)
€ S 1356 1353 C-S 1835 1831 1839 1883 1830  1.860
CF s 1485 1470 O1-S 1477 1508 1498* 1467* 1.493* 1470
(c) Bidentate Coordination at S&nd 02-S  1.477 1.508* 1.498* 1.467*  1.457 1.470
- O3-S 1477 1451 1.455 1.467* 1.513* 1.470
Li*Tf™ Na‘Tf™ NH4 T~ F1I-C 1.353 1.335 1.334  1.389 1.339 1.380*
SO, s 1103 1108 1107 F2-C 1.353 1.351 1.385 1.389 1.339 1.367*
SO, S 1251 1278 1270 F3-C 1353 1.335 1.334 1389 1350  1.380*
CF s 1386 1368 1376 M-O* 1912 2.298
CFR, s 1405 1411 1411 M-F 2.623
CR, S 1424 1416 1412 aThe starred values indicate atoms involved in interionic bonds. All
SO S 1471 1456 1476

values in A. See text for details.

ass - symmetric stretching, as - asymmetric stretclsngstretching).
See text for details? Shows two imaginary frequenciesShows one is almost unchanged in the more sophisticated calculations, it
imaginary frequecy? Shows one imaginary frequency. may be expected that the predicted trends in structure and

shows that the difference in the net atomic charges of sulfur €nergetics of different ion-pair conformers at HF/6-31G (d) level
and the coordinated oxygen is 0.339 and 0.308, respectively.Will be preserved.
This indicates more weakening of the-81 bond in LirTf~ Further assessement of the above arguments may be done
than Na&Tf~ and therefore more stronger interaction for the partially by studying the effects of correlation on the minimum
former. This is consistent with the interaction energies presentedenergy conformers of the M'f~ (M = Li, Na, NH,) ion pairs.
in Table 2. The situation with the NHTf~ is, however, quite This has been done by optimizing these geometries at MP2 level
different since there are two oxygens connecting the cation via with the 6-31G(d) basis within the frozen core approximation
the two hydrogen bonds. using GAUSSIAN 94. Some geometry parameters are enlisted
One may wonder at this juncture, how significant are the in Table 9. Inclusion of the MP2 correlation does not change
basis-set and correlation effects in deciding the structure andthe geometrical parameters significantly for the” End the
energetics of the ion pairs? The effect of expansion of basis M*Tf~ (M = Li, Na) ion pairs. The &F and S-O bonds are
set by adding diffuse functions and that of the electron elongated by-0.03 A'in all these ion pairs when the correlation
correlation via the MollerPlesset second-order perturbation is added. The agreement for the different bond angle and
(MP2) method on the MESP topography has also been explored.dihedral angle parameters at the HF and MP2 levels forM
The HF and MP2 MESP values at CPs and the distances ofLi or Na is within 1°.
CPs from the nearest atom are compared with those obtained Unlike the case of monatomic cation- “Tfion-pairs the
from the HF/6-31G(d) calculations in Tables 7 and 8, respec- NH, Tf~ at the MP2 level show a significant change in
tively. It may readily be noticed that the CPs are nearly geometry from the HF level of theory. The bi- and tridentate
insensitive to the increase in the basis set size beyond the 6-31G{at the CE end) coordinating geometries reveal unequal
(d), as has been noticed earfet* by Kulkarni and Gadre. The  interionic bond lengths. The-HO interionic bonds in bidentate
typical deviations in the MESP values and CP distances at thesestructure are 1.506 and 1.826 A, whereas thefHdistances
sites being~5%. The bond angles and the dihedral angles a in the tridentate structure are 1.907, 1.907, and 2.346 A. The
CP make with the nearest atoms show a maximum deviation bond or the dihedral angle change is withih 5The NH,tTf~
within 3° from the average value. Since the MESP topography conformer showing the tridentate coordination at the; ad
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TABLE 10: M *Tf~ lon-Pair Energies in aw?

J. Phys. Chem. A, Vol. 101, No. 31, 199685

energy M= Li M = Na M= Na M = NH4 M = NH,

E°he —965.512 97 —1119.936 72 —1119.936 72 —1014.822 96 —1014.822 96

E°vp2 —966.866 75 —1121.291 59 —1121.291 59 —1016.368 13 —1016.368 13

Elne —965.746 96 —1120.136 79 (bi) —1120.073 22 (tri at C§ —1014.997 27 (bi) —1014.939 23 (tri at C§
Elviez —967.11131 —1121.501 42 (bi) —1121.436 85 (tri at C§ —1016.555 65 (bi) —1016.497 21 (tri at C§
Enem —0.2340 —0.2001 —0.1365 —0.1743 —0.1163

Evp™ —0.2446 —0.2098 —0.1453 —0.1875 —0.1291

3 E°yr and E°vp2 denote sum of energies of the ions d@ffdr andE've, represent the energies of the ion-pairs wherea&tp® andEve;™ are
the interaction energies at HF and MP2 levels. See text for detBjlg™ = EY¢ — E°hr, Ewp2™ = Elvpz — E°ump2

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. Foffti, as a
test example, the frozen core MP2 energy w&67.074 63 au
as compared to its HF counterpar®65.746 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 SQend, are presented in Table 6a.
Although the SQ@ coordinating ammonium triflate exhibits a
local minimum no such minima were found for the lithium or
sodium triflates. The MTf~ (M = Li and Na) ion pairs in

these geometries have two imaginary frequencies, suggestingg

that these represesécond-order saddle points the potential
energy surface. The symmetric $6tretching was used as a
probe to distinguish the different coordinating geometries of
the triflate ion??2 The symmetric S@stretching in the LiTf~

and N&Tf~ ion pairs show frequency upshift when compared
with that of the free anion, whereas for the NHIf~ ion pair

a downshift (of nearly 3 cmt) is noted. The S@normal
vibration in these ion-pairs are strongly coupled with theSC
stretching vibrations. The vibrational frequencies for the CF
coordinating geometries for the Wf~ ion-pairs are also
reported in Table 6a. The frequencies of the normal vibrations
of the monodentate MTIf~ (M = Li and Na) are presented in
Table 6b. These represertransition statgwith one imaginary
frequency) on the potential energy surface. Both these structure
show frequency upshifts with respect to the free anion. As noted
earlier, the NH™Tf~ monodentate combination leads to the
proton transfer from Ngi™ to the anion. For the minimum
energy structures of the N'f~ ion pairs, the different stretching
vibrational frequencies are given in Table 6¢. The free triflate
anion belongs tdC3, symmetry point group. The asymmetric
SG; vibration is degenerate. When the cation interacts with
the Tf, lowering of the symmetry results in the frequency shift
of the symmetric S@stretching? and the splitting of degenerate
SQ; 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! Thus, a correlation of the strength of the
cation interaction with the predicted frequency shift of the
symmetric SQ stretching vibration or alternatively, with the

magnitude of splitting of the degenerate S&retching of the

S

anion is far from straightforward. To discuss these frequency
shifts in quantitative terms, the electron correlation from the
second-order MollerPlesset (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 Hire 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 SOend. A weak
coordination from the Cfend 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
lay a larger role. The preferred geometry for th& T ion
air 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/A, 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 thgstematic inestigations
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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