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The nature of the aniofr interaction has been investigated by carrying out high level ab initio calculations

of the complexes of halide (- Cl~, and Br), linear organic (CN, NC~), and trigonal planar organic (NO

and CQ?") anions with different kinds ofr systems, viz. olefinic (tetrafluoroethene), aromatic (hexafluo-
robenzene), and heteroaromatic (1,3,5-triazine). In an effort to comprehend the underlying basis of this
interaction, we have also carried out a rigorous decomposition of the interaction energies using the symmetry
adapted perturbational theory (SAPT) method. Contrary to our expectations, the results indicate that the
magnitudes of total interation energies of arianand catior-s interactions are similar. In contrast to catiamn
interactions, anior interactions are, however, marked by substantial contributions from dispersion energies.
As in the case of cationr interactions, the role of anions also have a marked influence on the nature and
magnitude of the aniorr interaction with interactions involving halide anions being dominated by electrostatic
and the induction energies. On the other hand, dispersion energies are markedly higher in interactions involving
organic anions. Apart from aiding an understanding of the origin of anioimteraction, we believe that the
present results would help understand the basis of biomolecular structures and €smisteate interactions

and also aid the design of new drugs and novel ionophores/receptors.

1. Introduction report of the interaction of these electron-deficiansystems

There has been a lot of interest in the design and developmentWith several anion$?"2In particular, Quinonero et al. provide

of precise functional devices in the nano and sub-nano $cale, evidence of the existence of t_hese interactions  in cryfstal
in the recent past. The fact that the structures and properties ofStructures, through a systgmatm search of the Cambridge
these nanosystems and several biological systems are to a larggtructural Database (CSB):® Recently, Mascal et P pro-
extent governed by the nature of the intermolecular interactions PS€d @ heteroatomic aromatic molecule, 1,3,5-triazine, as a
prevailing in therf~1* has spurred a number of investigations m-deficient molecult_a capaple of binding anions, anq Alkorta et
detailing the nature of several intermolecular interactions. ~ al?° reported the interaction of some anions with several
In this context, it is interesting to note that most of the Perfluoro aromatic compounds.
investigations to date are devoted to systems involving either To the best of our knowledge, all the above studies have
cations or neutral molecules. Interactions involving anions have focused their attention on the feasibility of aromatisystems
received considerably lower attention, because it is relatively binding anions. To date, there have been no investigations on
easier to investiate electron-deficient units both experimentally the interactions of olefinier systems and anions. Furthermore,
and theoretically? Nevertheless, during the last two decades, there has been no systematic and comprehensive investigations
a number of experimental investigations have detailed the efforts of the role of both the anions and thesystem on the nature of
to design receptor molecules involving anions, because of thethe ensuing anioas interaction.
potential role of such receptor molecules in vast areas of biology,  Toward this end, the present study details a comprehensive
medicine, catalysis, and enviromental science. However, theinvestigation of the interaction of various anions with several
repertoire of systems harnessed to bind anions is still limited. representativer systems. We selected three molecules (tet-

In partlgular, systems cgntalnmg haromam syste:rs hav% rafluoroethene, hexaflurobenzene, and 1,3,5-triazine) as models
received scant attention because they are generally considereg, . v, eq gifferent categories af systems (olefinic, aromatic,

to be electron-rich and hence were expected to exhibit repuISIVeheteroaromatic). In addition to their complexes with spherical

interaction with anions. monatomic halide ions (F CI~, and Br), we also investigated

However, several recent reports d_escnbmg the interactions complexes with linear anion (both ends of Ohand trigonal
of thesr-cloud of hexafluorobenzene with electron-donating sites : o :
planar anions (N@ and CQ?#"). Apart from an evaluation of

f heter mic molecul h HCN, HF 13715 L X ) o
of heteroatomic moleculues such asiH HCN, HF, etc;; the equilibrium geometries, interaction energies, and vibrational

seem to indicate that that these electron deficrerslystems . . o
frequencies, we also focus our attention on a quantitative

could serve as interesting receptor molecules capable of binding_ ="~ L . .
anions. In this connection, there has been a recent theoreticafStimation of the individual interaction energy components. The

utilitiy of these quantitative estimates in obtaining a detailed

* Corresponding authors. E-mail: (P.T.) tara@postech.ac.kr, (K.S.k.) Insight _into_ the nature of interactions involvingsystems has
kim@postech.ac.kr. been highlighted in recent work from our grotip2*
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Figure 1. MP2/aug-cc-pVDZ optimized structures of Gind NQ~ complexes withr systems investigated in this study. The structures in the top
layer are depicted from the side view, and those in the bottom layer from the top view.
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2. Methods Eint - Efes) + ng)ch_’_ Ei(nc)i + ESex)ch—ind +
All the results presented in this work were produced by Egz_) +E@, .+ 00"F (1)
. . .. isp exch—disp int
employing either supermolecular (SM) variational or symmetry
adapted perturbation theory (SAPT) meth&@$ Although the = Eost Eoxen Eing T Eaisp (2)

SM method is conceptually and computationally simple, it does
not provide a clear picture of interaction forces. On the other Where
hand, the SAPT method computes the interaction energy directly )
as a sum of electrostatic, exchange repulsion, induction, and Eexen= Eexen
dispersion contributions so that a physical interpretaion of the @ ) )
interactions between the complex monomers can be evinced.@nd whereEc is the electrostatic energy of monomers with
We briefly elaborate the calculational details to aid the discus- the unperturbed electron distributior&y), is their first-order
sion of results. valence repulsion energy due to the Pauli exclusion principle,
2.1. Supermolecular CalculationsAll the SM calculations Efﬁg stands for the second-order energy gain resulting from the
were carried out at the second-order MafiBlesset (MP2) level  induction interactionEZ), ., represents the repulsion change
of theory using the 6-3t+G** and aug-cc-pVDZ basis sets.  due to the electronic cloud deformatio(), is the second-

. . isp
Cons_equent _to the suggestlons of a referee, we have also carrlegrder dispersion energ)Eg)crrdisp denotes the second-order
out single point calculations, on some of the smaller complexes

N . “=21 correction for a coupling between the exchange repulsion and
at the coupled-cluster with single, double, and perturbative triple F

substutions [CCSDT) levelsoftheory o examine the ffets 1 SSPeT2en [Xeracton, e hodes te el oieer
of the |ncl_u_S|on of hlgher_levels of correlation. All the elect_rons the exchange terr& represents the sum of the four terms,
were explicitly correlated in the MP2 and CCSD(T) calculations. ) £@) 2 o 45 B BSSE effect

The geometries of all the complexes were optimized with proper Eexetr Ecxening: Eexen-aisp aNd oy Because etiects are
symmetry constraints so that the center of anion lies along the

explicitly included when the SAPT interaction energies are
principal axes ofr systems C, axis for tetrafluoroetheneCs evaluated, a comparison of BSSE corrected supermolecular
axis for hexafluorobenzene, a@d axis for 1,3,5-triazine). The

interaction energy[(ES) and the SAPT interaction energy
representative structures obtained by optimization of the com- (Ein) iS appropriate.

plexes of Ct and NG~ with the threer molecules considered Given the size of the systems and the level of theory

in this study are shown in Figure 1. Basis set superposition error &MPloyed in this study, it was not feasible to evaluate the
(BSSE) corrections for all these complexes were carried out SOMPutationally demanding higher order components using the

using the counterpoise (CP) method of Boys and Berrfardi. S@Me basis sets as those of SM calculations. Hence, we not only
The zero point vibrational energy (ZPVE) corrections were reduced the size of basis sets by using hybrid basis sets but

calculated using the frequencies evaluated at the MP2/6- 2SO restricted the order of energy componentss(3). The
31++G* and MP2/aug-cc-pVDZ levels of theory. hybrid basis sets are composed of the 6-31G** basis sets for F
e
Recent reporf&2°seem to indicate that the charges evaluated 2(0Ms of perfluorer molecules and the 6-31G* basis sets

using the atomic polar tensors (APT) are more representative;Or the r%st of atoms, WhiCh(ij.s idlentical tth-?j-G** exceptl. h
of the electron density distributions and are also relatively 0" H and He atoms. Accordingly, one should expect a slight

insensitive to basis set variatioffsHence, to carry out charge deviation of the total interaction energies evaluated using SAPT

analysis, we have computed the APT charges from the calculatec?’d SM calculations. This, however, does not affect our
wave functions of the optimized geometries of these COmlmexes_conclusmns based on the magnitude of the individual interaction
The SM calculations were carried out using the GAUSSIAN ENerdy components, as was shown in recent papéfsh
suite of program& detailed description of SAPT and some of its applications can
' i 1-33
2.2. Symmetry Adapted Perturbation Theory Calcula- be found in some recent references:
tions. In this study, the SAPT calculations were carried out using 3 Results and Discussion
the optimized geometries of all the complexes obtained from
SM calculations at MP2/aug-cc-pVDZ level. The SAPT interac-  The geometries of all the representative complexes, which
tion energy accurate to the third ord&,;, is given by were optimized with proper symmetry constraints, i.e,, for

+EQ g+ ED o iop T Ol

ex exch—disp int
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TABLE 1: Total Binding Energies and Selected Geometries Obtained at the MP2 Level Using 6-34-G** and aug-cc-pVDZ
for Various Anion —& Complexe$

F Cl- Br- CN~- NC~ NOs~ COs?~
I = C2F4
Ro 2.58 (2.54) 3.18 (3.13) 3.36 (3.29) 3.14 (3.07) 2.94 (2.88) 3.38 (3.31) 3.04 (3.01)
—AE, 10.73 (11.14)  5.84(7.00) 5.49 (6.03) 5.97 (6.31) 6.31 (6.68) 7.09 (7.78) 18.84 (20.66)
—AE, 10.52(10.94)  5.69 (6.84) 5.35 (5.90) 5.72 (6.02) 6.10 (6.46) 6.49 (7.11) 18.59 (20.35)
—AHzs  11.08 (11.49)  6.16 (7.33) 5.23 (5.77) 5.66 (6.00) 7.18 (7.54) 5.86 (7.13) 18.57 (20.37)
AEer  1.88(2.32) 4.15 (4.11) 3.92 (5.07) 2.52 (3.77) 1.99 (3.13) 4.47 (5.90) 9.88 (11.89)
Ja = C6F5
Ry 2.57 (2.52) 3.15 (3.05) 3.29 (3.19) 2.98 (2.91) 2.80 (2.80) 2.91 (2.59) 2.71 (2.67)
—AE, 18.87 (18.40)  12.97(13.98)  12.68(12.72)  13.06(12.97)  13.38(13.30)  12.73(13.94) 32.83 (34.79)
—AE, 17.54 (18.05)  11.48(13.58)  11.26(12.14)  11.44(12.03)  11.84(12.39)  10.93%12.3231.23 (33.2%)
—AHs  18.59 (19.24) 11.42 (13.61) 11.15 (12.75) 10.91 (11.75) 12.45 (13.26) 10.23%)11.9331.69 (33.99
—AEr  3.42 (3.50) 8.60 (7.44) 8.44 (9.26) 6.77 (7.67) 5.60 (6.53) 12.68 (14.52) 16.40 (18.22)
J = C3N3H3
Ry 2.59 (2.54) 3.22(3.13) 3.39(3.29) 3.06 (2.97) 2.85 (2.78) 3.00 (2.90) 2.76 (2.70)
—AE, 9.75 (10.59) 5.23 (6.93) 5.20 (5.99) 5.84 (6.63) 6.47 (7.29) 5.34 (6.79) 16.84 (20.07)
—AE, 9.52 (10.56) 5.00 (6.83) 5.07 (5.93) 5.35 (6.19) 5.96 (6.95) 4.66 (6.26) 16.46 (19.82)
—AHas  9.42 (11.61) 4.95 (6.75) 4.98 (5.83) 6.04 (5.78) 6.66 (7.64) 4.03 (5.65) 17.03 (20.43)
AEcr  3.83(4.96) 6.52 (7.40) 6.35 (8.63) 4.84(7.02) 4.97 (7.06) 9.31 (12.24) 13.31 (17.47)

a All energies are in kcal/mol and all distances are in angstré&nsepresents the perpendicular distance from the center-of-mass ofrihg
to the anion (the anion position of CNor NC~ corresponds to the atom in contact with theystem, and those of NOand CQ?" to the central
atom of anion, i.e., N and C, respectively). Clnd NC denote that C and N contact withsystems, respectively. The values evaluated at the
MP2/aug-cc-pVDZ level are in parentheses.AE." represents the binding energies with BSSE correctidxEy” is the ZPVE-corrected\Ee.
“AH,gg’ is the enthalpy at 298.15 K and 1.0 atm. The electron correlation en®Egy, is E((MP2) subtracted by(HF) at the MP2 optimized
geometry These values have been obtained using the ZPVE and thermal corrections evaluated at the MRZ63avel.

TABLE 2: Total Binding Energies Obtained at CCSD(T)/
aug-cc-pVDZ/IMP2/aug-cc-pVDZ Levels for Several
Tetrafluoroethene (FEt) Complexes of Aniond

FEt—F~ FEt—Cl~ FEt-Br~ FEt-CN~ FEt—NC~ FEt—NOs;~

tetrafluoroetheneHEt) complexes, &, or Cs, for hexafluo-
robenzeneHlFBz), and G, for 1,3,5-triazine TAz), are shown
in Figure 1. The vibrational frequencies were also calculated
for the optimized geometries. The frequencies indicate that only

a few complex structures where the anion directly interacts with —AE.  11.82  6.85 5.79 6.20 6.67 7.74

the sz cloud are genuine minima (fd¥Et, complex of Br; for —2HEO 5‘133 g-?g ggz g-gé ?-gg ;-83
— —. - 298 . . . . B .

HFBz, those of Ct, CN—, and NQ~; for TAz, those of Cf, “AE., 319 301 167 363 311 5.94

Br~, and NQ"). For several complexes (fétEt, complex of
NO;~; for HFBz, that of Br; for TAz, that of CN), the
Hessians were extremely dependent on the kind of basis se
employed. In the case of the remaining, the genuine minimal
energy structures correspond to the nucleophilic attack of an
anion with one of carbon atoms afsystems. However, because dispersion forces play an important role in the anian

the ultimate aim of this study is to verify the anion recognizing interaction. This is due to the high electron density and large
propensity of these electron-depletedystems, and to obtain  ionic radii of halide anions compared to that of the alkali metal
an insight into the nature of the interaction, we only concentrate cations. A quick glance at the ratio of the correlation energy
on those complex geometries, wherein the anions are locatedAEcor to the BSSE corrected total interaction energyfe
along the principal axes of the system. (even thoughAE., contains contributions from a number of

The value of interaction energieAlE. and AEy), interaction energy terms, it gives an estimate of the dispersion energy) gives
enthalpies fAHz9g), and intermolecular distanceR) for the credence to the above assertion, with the calculated ratio of
optimized geometries of all the anietr complexes in this AEcor 1O AEE being 66% for the Cl—HFBz complex and
study, evaluated at the MP2/6-8%+G** and MP2/aug-cc- 21% for KF—benzene comple¥.
pVDZ levels of theory, are listed in Table 1. The data indicate ~ Given the importance of dispersion energies, it is useful to
that for complexes of a halide anion, the interaction energies examine the consequences of employing higher levels of
decrease as the sizes of anions increase, similar to those otorrelation in evaluating the interaction energies. The CCSD-
complexes of alkali metal cations andsystems. The magnitude  (T) binding energies (Table 2) of tHeEt complexes are very
of interaction energies between halide ions and perflaaro similar to the corresponding MP2 binding energies. More
systemsFEt andHFBZ) is similar to that of the corresponding  importantly, the relative trends in the interaction energies are
complexes of alkali metal cations amdsystems (gH4 and very similar at both the MP2 and CCSD(T) levels. This finding
CsHe). For instance, the calculated interaction enthalpiElsgs reinforces our earlier observations that the MP2/aug-cc-pvVDZ
of K*—ethene and K—benzene complexes at MP2/6-3G* method is adequate in the description of the intermolecular
in our previous study are-7.05 and—14.79 kcal/mol, respec- interactions involvingr system3.26 Similar observations were
tively.2* The corresponding values in this study FEt—CI~ also made by Tsuzuki et al., in their investigations of some
and HFBz—CI~ complexes are-6.16 and—11.42 kcal/mol. system containing complexés.

However, the interaction between halide ions argl/stems There have been several attempts in the past to explain the
is expected to exhibit features different from those of the origin of these anions interactions purely on electrostatic
correspondingr-alkali metal cation complexes. In contrast to  terms!31920|n the case of perfluoroarenes including hexafluo-
the cation-z interaction of alkali metal ions where the robenzene, the positive potential regions are observed above
electrostatic and induction forces dominate the interaction, and below the molecular plane, whereas in the cas€Ad,

a All energies are in kcal/mol. See the figure for the description of
he complex forms. See footnaef Table 1 for description of various
erms. The ZPVE corrections have been evaluated using frequencies
obtained at the MP2/aug-cc-pVDZ level of theory.
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TABLE 3: MP2 Equivalent Interaction Eneregy E, E,. E, [-E_,] o Eio
Components of All the Anion—z Complexes Obtained Using 0
the Hybrid Basis Set$ P
F Cl- Br- CN~ NC~ NO;~ CO?~
|U =10 <
T = CzF4 Z 2
Eint —8.72 —499 —-431 -6.26 —-6.35 —6.26 —19.15 15
Ecorr 046 -168 —-220 —-3.11 —-199 -285 -—-3.72 0
Ees —20.93 —13.06 —12.22 —11.68 —10.43 —58.70 —15.30 5
Eexen 37.88 2944 3200 2190 16.79 27.77 127.96
Eina —21.10 —17.64 —19.57 —12.77 —9.02 —12.49 —72.78 -10+
Egsp —4.57 —3.74 —451 —-3.71 —-3.69 —6.24 —15.63 15 -

7 = CgFg 'y 20 .
Enw —17.86 —12.92 —12.28 —15.47 —14.57 —11.67 —31.48 = I Hybrid
Ecorr 0.77 —-3.37 —-468 —-650 —-3.81 —-8.25 -7.90 -25 6-31+4G**

Ees —28.49 —22.71 —22.13 —22.73 —19.41 —19.67 —54.91
Eexen 4254 4344 4872 38.38 27.93 35.08 106.10
Eina —25.39 —26.16 —29.54 —22.90 —15.57 —14.73 —61.48 -35+

Eaisp 652 —7.48 -933 -823 ~7.52 —12.35 ~21.19 Figure 2. Comparison of the magnitude of the interaction energy
7 = C3gN3zH3 components for Br and NC complexes with tetrafluoroethene
Em —931 —-539 —-498 —7.15 -748 -4.84 -16.48 evaluated using the hybrid, 6-3%-G** and aug-cc-pVDZ basis sets.
Ecor —1.89 —425 -527 -598 -526 -7.00 -—7.59 The hybrid basis set is composed of the 6-31G** basis sets for F atoms
Ees —18.74 —12.18 —11.50 —13.10 —11.38 —9.28 —33.77 of C,F, and the 6-3++G** basis sets for the other atoms. In the plot,
Eeen 36.97 3091 3284 2912 2216 23.11 7874 E sthe total interaction energi.ois the interaction energy evaluated
Ena —21.61 —18.13 —19.10 —16.63 —12.00 —9.15 —43.54 at the correlated leveesis the electrostatic energFing is the induction
Eissp —5.94 —-599 -723 -654 -6.26 —9.53 —17.91 energy Eqispis the dispersion energy, afigknis the sum of the all the

a All energies are in kcal/mol and evaluated at the MP2/aug-cc-pvVDZ €xchange components®),,, ESy 4 ESyy, giep aNdOh).

optimized geometries. The hybrid basis sets are composed of the
6-31G** basis sets for F atoms oK, and GFs, and the 6-3++G** E. E I-E
basis sets for the other atont; = Ees + Eexeh + Eind + Edisp Ecorr IS 0+

BN aug-cc-pVDZ

| E, E,

?

the sum of all the energy components evaluated at the correlated level. 0 1 Z
they are located at near the-€l bond and centroid region. . 204
Quihonero and co-workers tried to obtain a physical picture of &} |
the origin of anion- interactiont”18on the basis of an analysis 304
of the electrostatic interaction of the negative charge of anion )l
with the quadrupole moment of electron depleteslystem, and .40
the polarization effect of ther cloud. Though such an o]

electrostatic representation provides a qualitative description,
one does not obtain quantitative estimates. In particular, it is 1
difficult to obtain the estimates of the dispersion energy, on -10 —
the basis of such an electrostatic model.

Against this background, it is useful to compare the magnitude
of various interaction energy components evaluated using the
hybrid basis sets (Table 3). But before doing so, it is instruc-
tive to examine the reliability of these hybrid basis sets. In
Figure 2, we plot the interaction energy components of the Br
and NC complexes withFEt, obtained using the hybrid,
6-31++G**, and aug-cc-pVDZ basis sets. It can be seen that
the increase in total interaction enerBy; obtained by using
the larger basis set predominantly arises from an increase in
the correlation energy contributioBcor, Which in turn is
dominated by the dispersion enerBysp, On the other hand,
the changes in the induction eneffgyy and repulsive exchange ) cation-t
energyEexch are negligible. Similar conclusions can be drawn
on the relative magnitudes of various interaction energy Figure 3. Comparison of the magnitude of the interaction energy
components, in the case of both tHEBz andTAz complexes. components evaluated using the hybrid basis set for BC-, and
Interesting is the fact that substituting the 6-31G** basis set NOs~ complexes with @F,, GeFs, and GNsHs. As the cation-z

with 6-31++G** for the F atom ofFEt gives rise to a larger ~ comPplex corresponding to that of Clwith CFs, data of the K-
benzene complex are presented, and as the complex corresponding to

increase in electrostatic enerds.{ than substitution with aug- 4 of NG~ with CeFe, data for C(NH)s* are plottect” The hybrid

cc-pVDZ, which altersEes little. _ _ basis sets are composed of the 6-31G** basis set for F atoms of
Armed with this information on the effect of basis sets, it is perfluoro- systems, the 6-3t+G** basis set for the other atoms.

instructive to examine in detail the magnitude of the individual See the caption of Figure 2 and the text for the description of various
interaction energy component listed in Table 3 and plotted in Interaction energy terms.

Figure 3. In Figure 3, the interaction energy components of similarities/differences between anien interactions and the
corresponding cationbenzene complexes (Kk-benzene com- more well-known catiorrsr interactions.

plex for that of Ct—HFBz, and C(NH)s"—benzene complex Similar to the complexes of alkali metal cation with

for that of NO;~—HFBZz) are also depicted to examine the systems, the major attractive contributions to total interaction

NC
8
1
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TABLE 4: APT Charge Transfer ( Ag) from Anion to & debates on the role of charge transfe®’ On the basis of some
Systems at the MP2/6-3%+G* and MP2/aug-cc-pvVDZ rigorous calculations, Stone and co-workers have conjectured
Levels’ that the charge-transfer interaction cannot be discriminated from
F- CI= Brr CN- NC NOs CO* the BSSE effect. Indeed, they find that the magnitude of charge
6-31++G** tranfer is very small, and in some cases neglig#té?
CoF4 0.05 004 004 003 002 0.01 —0.03 Nevertheless, in our earlier study on the interaction of cations

CeFe 0.14 0.1 0.1 0.10 0.09 0.04 0.09

. . S
CHN. 013 003 008 009 008 0.0 0.06 with 7 system$* we had indicated that the extent of charge

transfer can be correlated to the total induction energy. We have

aug-cc-pvVDZ carried out a similar analysis, using the APT charges (Table 4).
giE;‘ 8:(1)3 8:2‘11 8:8? 8:(1)‘11 8:% 0.01 —0.03 It can be seen from Figure 4, that in case of the halide anion
CH:Ns 012 009 009 010 008 001 0.05 complexes, the charge transferred from the halide anion to the
7z system can be correlated to the total induction energies.
However, no correlation could be made between the charge-

transfer and the total interaction energy.

energy emerge from the electrostaligs and inductionEjg As mentioned earlier, the magnitude of dispersion energies
energies for the complexes of halide anions. The electrostaticdistinguish these aniefr interactions from the corresponding
interaction predominantly arises from the interaction of the cation—z interaction. Though the contribution of dispersion
quadrupole moment of these systems with the anions. The energy to the total interaction energy of the éomplex with
plots in Figure 3 indicate that in the case of benzene complexes,HFBz is substantial (36.5%), it increases to abe00% for
wherein the electrons are accumulated in thecloud, the  the NG~ complex withTAz. Apart from the large polarizability
interaction is electrostatically repulsive. Therefore, the magni- Of anions, this preeminent contribution of the dispersion
tude of electrostatic interaction gives a quantitative inkling of interaction could also be attributed to the MO interaction
the depletion ofr electron density. For instance, a comparison between anions ang systems. In contrast to the case of
of the magnitude of electrostatic interaction betwe#iBz and cation—u interaction, it is expected that the aniam interactions
TAz (the magnitude of the interactions of the former are nearly Would exhibit a different type of molecular orbital (MO)
double that of the latter), indicates that the electron density in interaction. In the cationz and z-H interactions, we had
7 cloud would be less depleted in the latter than in the former. discussed the role of—o* interaction (wherer is the HOMO

The induction energy can be described to result from the of the s system and™* is the LUMO of the organic cation or
interaction between the highest occupied molecular orbital the hydride). This interaction was attributed to the inductive
(HOMO) and the lowest unoccupied molecular orbital (LUMO). type of interaction. In the case of aniem complexes, this MO
In these aniorr complexes, the induction energy emerges from interaction is substantially weaker. However, several MO
an interaction of the occupied p orbital for halide anionsror  interactions between the occupied orbitals are observed, which
orbital for organic anions and the LUMO of thesystems. This  are predominantly of the dispersive type (Figure 5). In particular,
inductive type of interaction is governed by not only the orbital these interactions are magnified in the complexes involving
involved but also the size of anions because the smaller anion,0rganic anions with several MO’s exhibiting interactions with
which experiences a lower exchange repulsion is able to the HOMOs of ther system.
approach ther system much closer, which in turn reinforces Despite the large dispersion energies exhibited by these
the orbital overlap and hence leads to the larger induction anion—z complexes, the total interaction energies of per-
energy. The inductive type of MO interaction can also be fluoro—z complexes with anions are comparable to those of
correlated to the extent of charge transfer from the aniom to  the corresponding catiefir complexes. This implies that the
system. It is important to note that there have been severalmagnitude of the exchange-repulsion energies is substantially

a Atomic polar tensor charges (au) are evaluated from the mean
dipole moment derivatives.
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Figure 4. Correlation of the electronic charge transferred from the halide anion ta #ystem with the total induction energy in thehalide
anion complexes.
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sion energy and reinforcing the induction energy, increases the
repulsive exchange interaction.

Because anionx interactions in real biological systems
would exhibit significant deviations from the idealized optimum
geometries studied in this report, it would be instructive to
examine how the magnitudes of the individual interaction energy
components are modulated as the anions approachsistems
from long distances. To this end, we have compared the
interaction energy components of the complexes of @ith
all threesr molecules in this study, and that of CNvith FEt
at various intermolecular distances in Figure 6. The three
complexes of ClI are selected to compare the role of the
systems, and the CNcomplex withFEt are chosen because
its binding energy is similar to that of the corresponding ClI
complex Ein of the former is—6.26 kcal/mol and that of the

HFBz-Br- HFBz-NC HFBz-NO3- latter —4.99 kcal/mol) so that the examination of their interaction
Figure 5. Representative dispersive type of molecular orbital interac- energies would provide a physical picture on the origin of the
tions between the highest occupied orbitals of anions and thos¢®ef C  gimjlar strength of their interactions. At long intermolecular
L%e, left one is for the complex of Br the middle ones are for that of distances, wherein electrostatic interactions dominate the total

, and the right one is for that of NO. . . . .
interaction, theHFBz complex shows the strongest interaction,

higher in case of the aniefir complexes. Compared to the WhereasFEt complex and TAz complex exhibit similar
cation, an anion usually possesses an extremely diffuse electrorglectrostatic interactions. As the distance decreases, induction
cloud. Though this leads to large increases in the attractive energies become dominant. The rate of increase of the induction
inductive and dispersive energies, the exchange repulsion energgnergy is the highest in théFBz—CI~ complex, and the lowest
also increases substantially (Figure 3). It is expected that anin the TAz—CI~ complex. This indicates that perflucrar
electron rich anion would be drawn to an electron deficient ~ systems are more polarizable thBAz because the F atoms of
system primarily through electrostatic interaction. However, the the former facilitate the approach of the electron cloud of anion
resulting close orbital overlap apart from enhancing the disper- by depleting the electron density in itscloud. The predomi-

Energy (kcal/mol)

T T T T T T T T T T T T T T T T ! T T T T T T T T T T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Ar Ar

Figure 6. Comparison of the interaction energy components evaluated using the hybrid basis sets for the complexeiroOeH,, CsN3sHs, and

CsFs and that of CN with C,F,. See the caption of Figure 2 and the text for the description of various interaction energy terms and the caption of
Figure 3 for the description of hybrid basis sets.is the increment in the intermolecular separation, in &ngstroms, whrere 0.0 corresponds

to that in the equilibrium geometry.
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TABLE 5: Calculated (MP2/631++G**) Vibrational
Frequency Shifts of the Symmetric Out-of-Plane CF or CH

Bending Mode ¢+0) of the & System and the Frequencies of
the Intermolecular Stretching Mode (S7) in All the Anion —x
Systems
B e o I 7 . CoFs CsFs C3N3H3
g V4HD SZ V4HD SZ VGHD SZ
=8 2 F 43, 15G 264 148 12 157
€ 04 Cl~ 30, 90, 23 106, —23% 104
2 Br- 27 671 18 761 —25 77
] CN- 39 8% 14 10% -8  10Q
= NC~ 3% 100, 15, 118 —60 117,
Optimized NOs™ 26, 99, 35 104 2 102
27 onC CO?~ 18, 148, 64 130 —38 142
OnN a All the frequencies and frequency shifts are inénThe subscripts
V21 On C-N bond beside them are the calculated intensities (10 km/mol). The positive

value invH” indicates the blue shift, and the negative one does the red
Figure 7. Comparison of the magnitude of the interaction energy shift. The modes are numbered according to Herztfefge calculated
components evaluated using 6-3&* for the GNzH;—Br~ complex shifts are with respect to the corresponding frequency observed in the
at four different orientations. See the caption of Figure 2 and the text uncomplexed monoméFEt = 411;, HFBz = 214, andTAz = 904}.

for the description of various interaction energy terms.

nance of the induction energies over the electrostatic energiessites. In the case of CN bond conformation, the magnitude of
occur much before the onset of equilibrium geometries in all the electrostatic and the dispersion energies are almost identical
the CI- complexes. The increase in the dispersion energy is to those of the on-C-atom conformation. However, the magni-
larger in theTAz complex than in the perfluroethene complex, tude of the exchange repulsion energy is much larger than the
indicating that the MO interaction of the occupied orbitals are increase in the inductive energy. This results in the total
more pronounced in the former. Therefore, the balance of the interaction energy of the CN bond conformation being smaller
induction and the dispersion energies is responsible for the than that of on-C-atom conformation. Similar observations were
similar total interaction energies in tié&z andFEt complexes made in our earlier study on the interaction in different
because the magnitudes of the electrostatic and the repulsiveconformations of K—pyrrole complexe$! The most interesting
exchange energies of both are nearly similar and hence cancething is, however, the case of optimal conformation. In this case,
out. In comparison of Cland CN" complexes with-Et, several not only the induction and the repulsive exchange energies but
differences can be noted. Except for the dispersion energy, whichalso the electrostatic energy are larger than those of any other
is similar in magnitude in both complexes, the interaction energy conformations.

components are larger in the Ctomplex. The smaller size It would be useful to examine if the binding of anion to the
and the smaller electron density of the C atom of GNan of s system exhibits some characteristic spectral signatures. The
the CI anion are very advantageous for approachingsthe IR active vibrational frequency shifts of out-of-plane CF or CH
system with small exchange repulsion. Because the number ofbending mode ofz systemsvH” and the intermolecular
electrons of CN is small than that of Cland the most electrons  stretching mod&; are listed in Table 5. It is of interest to note

of C atoms reside in the bond region with N atoms, CiN that TAz complexes exhibit red shifts in"Y, whereas per-
expected to have a lower electrostatic interaction with these fluoro—z complexes exhibit blue shifts. The blue shiftsitf’
systems. On the other hand, because stherbitals of CN were attributed to the exchange repulsion and the consequent

facilitate the MO interaction with the HOMOs of thesystems steepness of the potential surface, and because the magnitude
(Figure 5), the magnitude of the dispersion energy is comparableof exchange repulsion energy is related to the total interaction
to that of the CI complex. energy, this type of blue shift was considered an inkling of the
It is useful to examine the role of the magnitude of various strength of interactiof®*! In the case ofTAz complexes,
interaction energy components in governing the equilibrium however, even though the exchange repulsion plays a role in
geometry of these complexes, by considering the example ofdetermining the amount of the blue shift, the electrostatic
the interaction of Br anion withTAz. We have evaluated the interaction between the H atoms of positive partial charge and
interaction energy components for four different orientations anions leads to the steepness of potential surface of out-of-plane
of the Br~ anion onTAz: (i) above the N atom, (ii) above the vibration. Thus, in the case of NO and CQ?~ complexes,
C atom, (iii) above the CN bond, and (iv) above the center of the electrostatic interaction of the latter is stronger than that of
the TAz ring (at the minimal energy conformation). To make the former due to the more concentrated partial charge of the
an effective comparison, the intermolecular separation observedO atoms, even though the O atoms of the latter are close to the
in the minimal energy conformation was used for all four H atoms so that the exchange repulsion energy is expected to
conformations. The results shown in Figure 7 indicate that the be higher. The result is that the complex of £0exhibits the
total interaction energy is largest when™Bis located above red shift, whereas that of NO shows a blue shift. Consequently,
the center ofTAz and smallest when it is located over the N the red shift ofTAz complexes is the result of the competition
atom. In addition, the dispersion energy (magnitude amounts between the attractive electrostatic attraction and the repulsive
to around 60% of that of electrostatic energy) is substantial. exchange repulsion. The intermolecular stretching frequ&ncy
The difference in the total interaction energies of case (i) and also yields similar information on the strength of the anian
case (ii) mainly results from the difference in the electrostatic interaction. For the complexes of the same type of anions, the
interaction energies. This reflects the fact that except for the BSSE and ZPVE binding energies are correlated with the
local charge resulting from the difference of electronegativities magnitude of the blue shift of; (Figure 8). It would be
of C and N atoms and governing the electrostatic energy, Br interesting to experimentally examine the relationship between
is rarely able to discriminate the electronic environment at both these spectral features and the interaction energies.
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Figure 8. Correlation of the shift of the intermolecular stretching
vibrational frequencys; with the BSSE and ZPVE corrected interaction
energyAE, in the 7—halide complexes.

4. Conclusions

In the present theoretical study, we have investigated the
interaction of various anions with several representative
systems. Unlike other complexes containimgystems, com-
putational investigations of anietr interactions are extremely

arduous because of the high levels of theory needed to descring

the diffuse nature of both the anion and theystem. A detailed
energy decomposition of the aniom interaction has been
carried out to enable a comparison of the magnitude of the
individual interaction energy components for different kinds of
anion—z interaction and the related catiem interaction. The
salient conclusions, which can be drawn from this study, follow.

1. The total interaction energies of aniem complexes are
comparable to those of the corresponding catiertomplexes.

2. The largest contributions to the total interaction energy in
anion—z complexes are the electrostatic and the induction
energies.

3. The inductive MO interactions between the highest
occupied orbitals of anions and the lowest unoccupied orbital
of & systems facilitate the charge transfer from anionsrto

J. Phys. Chem. A, Vol. 108, No. 7, 2004257

design novel materials capable of binding anions. We believe
that the results presented in this study could be employed to
intelligently design and generate crafted molecular systems for
size- and molecule-selective processes.
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