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The present paper addresses the stability of Lewis—dzade complexes using the recently developed local
hard—soft acid-base (HSAB) principle. The principal role of electronegativity equalization and the charge
redistribution process in stabilizing the complexes is demonstrated. Thessfiftand hare-hard types of
interactions are well distinguished by the electron transfer parameter. The effect of correlation on the reactivity
descriptors and subsequently on the ssfift as well as hardhard interactions has been studied. The validity

of the present model in calculating the interaction energy of these complexes with varying degrees of strength
is demonstrated.

I. Introduction of the molecular excited statésUsing Sanderson’s principle

of electronegativity equalization, Toro-Lable¢ al. have at-
tempted to evaluate the bond energies of the hydrogen-bonded
]pomplexes?.ﬁ In a recent study, Ponti has described the regi-
oselectivity criteria for cycloaddition reactions where the pair
aif interacting atoms does not have matching softAhe

The rationalization and understanding of the relationship
between the molecular structure and reactivity have been
considered as among the most important subjects in the area o
theoretical chemistr{2 Many of the important chemical
concepts and mechanisms have been derived and sever
descriptors, such as chemical potential and hardness, calle
global reactivity descriptors (GRD) within the framework of
density functional theory (DF ¢ are proposed. These descrip-
tors have a potential role in relating the charge transfer and the
stability of the systems. Later, Parr and co-workers have
proposed the well-known local reactivity descriptors (LRD),
such as Fukui function and local softness and these relate th
changes in electron density to the number of electrons and the
chemical potential, respectively.LRD have direct relation with
the Fukui’'s frontier molecular orbital and the success of the
descriptors has been verified in identifying the electrophilic and
nucleophilic reactive centers in a molectiié? Later, using these
descriptors, the Pearson’s harsbft acid-base (HSAB)!
principle was theoretically validated and proved by many

groups’12-15 This principle explains qualitatively the reactivity ; -
of molecules in terms of the hardness and softness parameters[.’heml.sz'. More recently, qu etal. hav.e.an.a\lyzed the difficulty
g of obtaining the rank ordering of reactivity in a molecule when

It says that there is an extra stabilization when the soft aci . - A )
combines with soft base and hard acid combines with hard base!'® Fukui functions become negative and they have prescribed
Hirshfeld population scheme to obtain the non-negative Fukui

and this has been verified in most of the chemical reactions. . ; )
functions?® Fuentealba et al. have also discussed the possible

However, the quantification of this qualitative principle has been ™. - : ; X

a theoretical challenge. This particular issue has been emphaXistence of negative values of the Fukui functions by computing

sized by many groups in the context of explaining the relative the Kohn-Sham fronuer_prbltal den;niﬂ. In a recent study,_ .
we have also made a critical analysis on these local reactivity

bond strengths of acidbase complexe$18 d X i dicting the si - der in th .
In recent years, DFT based reactivity descriptors have been escriptors in pre |<:3t1|ng the site reactivity order in the various
molecular system¥

extensively used in explaining the aromaticitythe intra- and ) ] o ]
intermolecular reactivity® regioselectivity?! electrophilicity, The use of these descriptors for chemical binding, especially
nucleophilicity of organic reactiord, and prediction of the  t0 evaluate the stability of the molecular complexes, is an
reactive sites in various molecular systehidt has also been ~ important issue. There have been very few attempts in the
possible to understand the behavior of different kinds of literature argg'éhe developed methods involve many empirical
reactions using the principle of maximum hardness and mini- Parameter?~*® The method formulated by Ghanty and Ghosh
mum polarizability2324Chattaraj and co-workers have extended 1S based on Pauling’s electronegativity model and it involves
the applicability of these descriptors in analyzing the reactivity covalent radii and. other empirical parameters that can be related
to electron density® In another method, they obtained the

* Address correspondence to this author. E-mail: pal@ems.ncl.res.in. iNteraction energy expression through the concept of generalized

Fax: +91-020-5893044. electronegativity equalization proceddfel he calculated bond

riteria are deduced from the atomic grand potential variation
nstead of the grand canonical potential and it is called as a
separate minimization of the grand potential. In his study, it is
assumed that the charge-transfer process is the more dominating
term than the charge-reshuffling process. He has also shown
that there are no unique criteria to set up the local version HSAB
eprinciple.

At the same time, Pal and co-workers have shown the failure
of conventional electrophilic and nucleophilic Fukui function
and local softness in predicting the intramolecular reactivity
trends in several organic carbonyl compounds and subsequently
proposed new relative reactivity descriptors to explain the
reactivity trend® Nguyen and co-workers also noticed the
failure of Fukui function indices in rationalizing the regiose-
lectivity of protonation in the fluoro- and chloro-substituted
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energies for simple heteronuclear diatomic molecules are in derivatives. Different kinds of acidbase complexes have been
agreement with the experimental results. Pal et al. have discussedynthesized and used as reagents and as catalysts to accelerate
the energetics of the systems with the changes in the hardnessrganic, organometallic, and biochemical reacti®h3hese
and chemical potential parametétsGazquez has calculated types of complexes are ideally suited for the present study and
bond energies for several diatomic molecular systems usingthese complexes are well studied in the literature by experi-
GRD 3%2He has also shown that activation energy of a chemical mental and by theoretical methotls® Moreover, the softness/
reaction depends mainly on the difference between the hardnesdiardness () values of these complexes can easily be tuned
of the initial state of a reaction and hardness of the transition by substituting a group of atoms or by single atom in acids and
state35P All these models have been formulated to calculate the bases. LABC comprises molecules that can be formed by
bond energy only for some simple diatomic molecules in terms electrostatic, covalent, or van der Waals interactions and hence
of the chemical potential and hardness parameters. For thethe present study will encompass bond strength from weak-to-
complex polyatomic molecular systems, the models are not medium nature. We will confirm our results with the well-
directly applicable and it requires many parameters which are documented experimental and theoretical studies.
empirical in nature. The paper is organized as follows: In section Il, we give a

In a recent study, we have also made an attempt to calculatedrief theo_reti_cal background of _the reactivity descriptors and
the intermolecular interaction energies for weakly interacting the quantitative model. In Section lil, the methodology and
complexe$®-22 The method is basically derived from the local COmPputational details are given. In section IV, we present the
HSAB principle developed by Gazquez and Men#&Ehis is results of our study and discuss the implications as well as
based on second-order density perturbation theory and thelimitations of the results.
chemical bonding is viewed as resulting from the charge transfer
(chemical potential equalization) and the reorganization or
redistribution of electron density in the presence of various 1.1 Global Quantities. In DFT, the ground-state energy of
atomic nuclei in the moleculé4:3° The model involves a  an atom or a molecule in terms of its electron dengity is
parameter., % related the ratio of softness of the complex and written as®4!
the sum of the softnesses of the reacting systems. Without taking
recourse to the calculation of the complex, several ad hoc Elp] = Flp] + fdry(r)p(r) (1)
definitions have been proposed by different groups depending
on the system&:3536However, we have defined this parameter where ¢(r) is the external potential that includes the nuclear
as charge-transfer term and the same expression is usedotential also, and ] is the universal HohenbergKohn
irrespective of the molecular systef¥s32 The model merits ~ functional composed of the electronic kinetic energy and the
detailed discussion and analysis. The applicability of this model €lectron-electron repulsion energy. The first and second partial
has been shown in our earlier study on the interaction of various derivatives of Ep] with respect to the number of electrdn
small molecules (B CO,, and CO) at the different cationic ~ under the constant external potentigt) are defined as the
sites (Li, Na, and K) of zeolite systerds.The obtained  chemical potential and the global hardnegsof the system,
interaction energy was in agreement with the experimental respectively?
results. Recently, this model has also been used to study the

Il. Theoretical Background

reactivity of several cationic sites in dioctahedral clays by u= (8—E) 2)
Chatterjee and co-workers with some degree of suctcdse INJtr

systems studied are only weakly interacting systems and mostly, 2

they are restricted to ionic electrostatic interactions. The local n= (B_EZ) (3)
HSAB principle describes the seftoft interactions (frontier N/ u(r)

molecular orbital controlled reactions) better than the hard
hard interactions (charge controlled interactions). To establish
and validate the present semiquantitative approach for the S=1/2 4)
purpose of studying chemical binding in a broad way, a detailed
study of interactions, including the hartiard ones, isin order. ~ The global descriptor of hardness has been an indicator of
The objective of the present paper is to undertake such a study.overall stability of the system. It has been customary to use a
Specifically, we would like to address the following issues: (i) finite difference approximation fqr andy. Using the energies
the validity of the present model in calculating the interaction of N, (N + 1), and N\ — 1) electron systems, we get the
energy of the molecular complexes with varying degrees of operational definition oft andzy as
strength, especially, weak-to-moderate type of interactions; (ii)
the effect of electron correlation on GRD and LRD and u~—(IP+EA)2 (5)
subsequently on the interaction energy calculations and on the ~ (IP — EA)/2 ©)
paramete#; (iii) how important are chemical potential equaliza- =
tion process and maximum hardness principle during the where IP and EA are the first vertical ionization energy and
molecular interactions; (iv) what parameters act as driving forces electron affinity of the chemical species, respectively.
for the interaction between them so as to have a maximum |2 Local Quantities. The site-selectivity of a chemical
stabilization. system cannot, however, be studied using the global descriptors

We hope that study of such a nature will help us explain of reactivity. For this, appropriate local descriptors need to be
how these individual molecular descriptors determine or dis- defined. An appropriate definition of local softnes is given
tinguish the nature of various types of interactions that are by®
normally observed in the formation of complexes. To solve the
above issues, we have considered the typical Lewis-duide S(r) = (3P(r)) @)

u(r)

complexes (LABC) of BH—NH3; and its flouro and methyl au

The inverse of the hardness is expressed as
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such that and B evolve toward the equilibrium state through changes in
the electron density of the global system at constant chemical
f s(nNdr=S potential AE,). The second step is actually a manifestation of
principle of maximum hardness. One can relate the difference
Combining eq 7 and the definition of global softness, we can in the hardness terms present in the above eq 13 to the softness
write of system A and B with a proportionality constamt)( Thus,
eq 13 can be now rewritten in terms of the softness of the
o) = (3p_(f)) (@) _ ( du ) S ®) systems A and B as
ON o \dul vy \So(r)/n 1, 1
s o B MK ig)= s e a9

wheref(r) is defined as the Fukui functidhand it describes  Herein, we introduce an ad-hoc teriras the product of I?
the sensitivity of the chemical potential of a system to local and the proportionality constait The termA introduces in a
external potentials. Using left and right derivatives with respect way the change of total softness of AB, as the complex is
to the number of electrons, electrophilic and nucleophilic FF formed. There is no way to obtain this term rigorously without
and local softness can be defined. To describe site selectivitythe actual calculation of softness of AB vissis the ones of
or reactivity of an atom in a molecule, it is necessary to condensethe interacting systems. In the literature, there are several
the values of(r) ands(r) around each atomic site into a single different definitions of this ad-hoc parametéf?35Geerlings
value that characterizes the atom in a molecule. This can beand co-workers have used the valueiofs 0.5 and 1.0 for
achieved by electronic population analysis. Thus, for an atom certain organic reactior’8¢¢ In our earlier study, we have
k in a molecule, depending upon the type of electron transfer, defined the parametéras the changes in the electron densities
we have three different types of condensed Fukui function of of the systems before and after the interaction process that will
the atom 186 give the effective number of valence electrons that has
. participated in the interaction proce¥s! Thus, an expression
fi = [0 (N+ 1) — g (N)] for nucleophilic attack  (102) o the term A can be written as the difference of electron
densities of the system A before and after the interaction

f = [a(N) — g, (N - 1)] for electrophilic attack ~ (10Db)
M M

fo = [G(N + 1) — (N - 1)] for radical attack (10c) =Y p%%— Y P (15)
1= 1=

where gk is the gross electronic population of atom k in the
molecule. The corresponding condensed local softnesses
S-, ands can be defined. Parr and Yang proposed that a larger
value of Fukui function indicates more reactivity. Hence, the N N
greater the value of the condensed Fukui indices, the more dg = Z %% — Z pOBA (16)
reactive is the particular atomic center in the moleéule. = : = :
Subsequently, Mendez and Gazquez proposed a local version
of HSAB principle, which generally states that the interaction Where the first terms in eq 15 and eq 16 refer to the sum of the
between any two chemical species will occur through the centerselectron densities of each atom in A and B in the molecule AB,

Alternately, the termi can be defined as the difference of
electron densities for the system B

with nearly equal condensed Fukui indidé$® This can respectively, and the second terms of these equations refer to

determine the behavior of different reactive sites with respect electron densities of isolated systems A and B. For most practical

to the hard and soft reagents. casesi is almost the same as the difference of electron density
1.3 The Expression for the Interaction Energy. Using on the reacting atom of A or B. The densities of each atom are

energy as a functional of number of electrom) @nd the obtained by population analysis and there are several choices
external potential), the interaction energy is defined as the in this. We have used in our earlier calculation as well as in the
difference between the two interacting model systems A and Present work Mulliken population analysis. This model has also

B, and it is given ak30.36 been recently used by Chatterjee and co-workers with some
degree of success.
AE, = AE, + AE, (11) If the interaction between the systems occur through the kth

atom of A with the Ith atoms B, one can express the total IE

—1f(us — ﬂB)z from the local point of view as
Na T M8l | SakSei A 1
AB® = (up — 1 )2( e (17)
1., " A TB st salf, NS T Sai/u
AE,=— 2 N” (17p — n*AB)‘u (13)

where ua and ug are the chemical potential of the /8,
respectively. Thea andsg refer to the condensed local softness

where and n* g are the hardness of the complex at the
A8 7 AB P of the atom k in the system A and | of the system B, respectively.

equilibrium and at the noninteracting limit of AB, respectively.
For the details of the mathematical part of derivation for eqs
11-13, one can refer to the work of Gazquez and Meftéz
and by us’® Here, the interaction between system A and B is  Ab initio Hartree-Fock (HF) and Meller—Plesset second-
assumed to take place in two steps. In the first step, the order (MP2) quantum chemical calculations have been used to
interaction takes place at constant external potential through theevaluate the global and local reactivity descriptors. All the
equalization of chemical potentiahE,). In the second step, A monomers and molecular complexes were optimized without

[ll. Methodology and Computational Details
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TABLE 1: The Chemical Potential (), Global (S), and trend. However, the HF predicts the value of global and local
Local Softness §(r)) Values of the Acid and Base3 softness values higher than MP2 and in chemical potential, MP2
u S local softness value is greater than HF. From the value of the softness
system HE MP2 HE MP2 HEF  MP2 parameters, one can order the softness of the given Lewis acids
BH. 0198 —0216 1897 1845 1023 0513 and bases. Accordingly, with reference to Blthe soft acid
BH.E 0180 -0.185 1785 1783 1041 0836 will be BH3 and the hard acid will be BfSimilarly, NHz will
2 . .
BHF, ~0.190 -0.196 1512 1.495 0989 0706 be the soft base and Nmill be the hard base, with reference
BFs -0.187 —0.215 1.327 1.245 00957 0.592 to NHs. CO can be considered as a harder base thag NH
BCls —0.194 —-0.201 2.165 1.837 0569 0.232 the basis of these values, one can qualitatively predict the
NH, —0.063 -0.095 1.789 1700 0.943 0813  reactivity and stability of the Lewis acids and bases using the
“Ef:i :8:(1)?2 :8:%2 1:;23 1:223 8:292 8:;2; HSAB principle. We will now gxplain to yvhat extent these
NFs —0122 -0162 1423 1459 0518 0716 9Ylobal and local properties will determine or control the
N(CHs); —0.023 —0.061 2.067 1.886 0.700 0.414  stabilization (or the interaction energy) of the complexes.
c —0.174 -0.181 1.587 1548 1147 1356 Table 2 presents the computed interaction energy of all
aValues are given in atomic units. For the acids, the reactive atom POsSible combinations of Lewis acids and bases along with the
is boron &*) and for the bases, Nfiand for CO is N and C¥"), available experimental and other theoretical interaction energy
respectively. HF and MP2 refer to HF/631G(d,p)//HF/631G(d,p) and values. The agreement between the calculated energy using our
MP2/6-31G(d,p)//MP2/6-31G(d,p). model and the experimentally observed and theoretically

) . calculated results (MP2 and HF) is quite satisfac6ry.37-40

any symmetry constraints, using HF and _MPZ level of the theory The interaction energy of the complexes computed through
through the standard split valence basis set, 6-31G(d,p). Theexpression 17 by HF method is consistently improved by adding
restricted HF method has been used for the energy calculationse correlation effects. In most of the complexes, the HF value
of neutral and for the corresponding anionic and cationic s considerably less than the value obtained by MP2 method.
systems, the restricted open shell HF method has been pertoy instance, the experimentally observed interaction energy for
formed. The condensed Fukui function and local softness for BHs—NH; complex is—34.4 kcal/mol, and this value is more
each reactive atom were calculated via eq 10 using Mulliken comparable to the value obtained by MP2 methe@X.82 kcal/
population analysis. The ab initio molecular orbital calculations mol) than that of HF method-(26.67 kcal/mol). Thus, it shows
were carried out using the GAMES?S_system of programs on e ‘effectiveness and validity of the usage of our model. The
an IRIX-6.2 silicon graphics workstation. The parameteras correlation effect is observed to be important in describing both
calculated using eq 15 through the Mulliken population schme. e soft-soft and harethard interactions. In particular, for the

. . most weakly interacting complexes (BFH-NF;, BHF,—NF3,
IV. Results and Discussions BF;—NF3;, CO—BF3;, and CO-BCls), there is a strong correla-

The optimized geometry and the structural parameters of thetion effect in predicting the stabilization order and the interaction

LABC are compared with the reported literature values. In Table energy. Although the lack of appropriate experimental interac-
1, the chemical potential and global and local softness valuestion energy values of some complexes prevents the direct
of acids and bases are given. It can be seen that there is averification of our theoretical prediction, our results are in
substantial decrease in the values of the global and local softnessomplete agreement with other available theoretical calculations.
of acids and bases by the successive fluorine substitutions. TheThe interaction energy of Bf+NH3; (soft acid-soft base) is
chemical potential of the Lewis acids is less than that of Lewis higher than other complexes and it changes freBi.8 to—17.5
bases and it indicates that the electrons will flow from the bases kcal/mol, for BH; with NH3 to NFs. Similarly, the stability order
to acids. The values obtained by HF and MP2 follow the same for other sets of complexes, BH, BHF,, and BF; with NH3 to

TABLE 2: The Calculated Interaction Energy (in kcal/mol) of the Complexes at the Level of HF and MP2

acid—base A AE, AEu = AET®
complexes HF MP2 HF MP2 HF MP2 HF MP2

BH3;-NH; 0.263 0.307 —5.67 —3.94 —20.99 —27.88 —26.67 —31.82 —34.4(23.4)
—NHzF 0.237 0.273 —3.38 —2.63 —20.24 —25.03 —23.62 —27.66 -30.9
—NHF, 0.193 0.229 —1.78 —-1.79 —17.84 —21.53 —19.62 —23.32 -23.9
—NF; 0.121 0.175 —1.26 —0.72 —12.29 —16.80 —13.55 —17.52 -13.3
BH,F—NH;3 0.239 0.280 —4.29 —2.10 —18.90 —26.66 —23.20 —28.76 —24.8
—NHzF 0.205 0.247 —2.37 —-1.20 —17.46 —23.73 —19.83 —24.93 -18.8
—NHF, 0.142 0.201 —1.10 —0.68 —-12.97 —19.81 —14.07 —20.49

—NF; 0.003 0.015 —0.74 —0.13 —0.29 —1.47 —1.03 —1.60

BHF,-NH3 0.228 0.267 —4.91 —2.42 —18.49 —27.60 —23.40 —30.02 -21.8
—NHzF 0.180 0.227 —2.84 —1.48 —15.72 —23.69 —18.56 —25.17

—NHF, 0.008 0.158 —1.42 —0.92 -0.79 —16.93 —-2.21 —17.85

—NF; 0.004 0.007 —0.99 —0.25 —0.39 —0.80 —1.38 —1.05

BF3;-NH3 0.228 0.264 —4.61 —-3.11 —18.81 —29.49 —23.42 —32.61 —26.7(20.8)
—NHzF 0.178 0.218 —2.63 —2.08 —15.79 —24.59 —18.42 —26.67

—NHF, 0.005 0.143 —1.30 —1.42 —0.47 —16.64 —1.75 —18.06

—NF; 0.003 0.004 —0.89 —0.57 —0.25 —0.50 —-1.17 —1.07 -3.8

BH; TMA 0.257 0.307 —7.99 —4.24 —23.34 —36.31 —31.33 —40.54 —41.3(25.5)
BF;-TMA 0.199 0.226 —6.80 —3.60 —18.84 —35.28 —25.63 —38.88 —36.1° (25.0)
CO—BHs 0.222 0.264 —0.20 —0.42 —16.04 —18.25 —16.24 —18.67 —25.6 (9.%)
CO—BF; 0.018 0.033 —0.05 —0.31 —-1.37 —2.62 —1.42 —2.93 —4.00 (2.5)
CO—BCl3 0.006 0.014 —0.09 —0.05 —0.58 —1.36 —0.66 —-1.41 —2.00(0.7)

AETE is the available interaction energy of the complexes in the literature, obtained by MP2/6-31G(d,p) and the values written in the parentheses
correspond to the HF/6-31G(d,p). The value of the paranieigmiven in atomic units? Reference 17kf Reference 17a.
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NFs, can also be found. The lowest interaction energy (less from the Lewis base to acid at constant external potential and
stable complexes) is observed for the case of maximum fluorine it will continue until the system attains an equilibrium state.

substitution. For instance, BFNF3; complex is less stabilized
than BH—NF3; complex by an amount of16 kcal/mol and
BH3—NH; is more stabilized than Bf+NF3z by 14 kcal/mol.
In these series of complexes involving the interaction o BH
to BFs with NH3 to NF; (decreasing order of softness and the
parameterld), one can see the direct influence of t&&
parameters on the interaction energy or the stability of the
complexes.

It is also interesting to compare the stability of carbon
monoxide (CO) with BH and BF; with that of NH;. Owing to
the strong basic nature of NHthe Lewis acids Bkland BR
are more stabilized with Nitrather than with CO by an amount
of 12 kcal/mol for BH and the interaction energy for Bwith
CO is significantly lower than that of Ngd The calculated
interaction energy of the COBX3 (X = H, F, and CI) shows
that the substitution of H by F and ClI in the Lewis acids has a

The second term actually is related to the charge redistribution
process within the complex at constant chemical potential. In
view of this argument, we can arrive at a conclusion that these
complexes are actually more stabilized by the charge redistribu-
tion process (maximum hardness) than the energy contribution
due to the chemical potential equalization. The process of charge
distribution among the atoms in the molecules at the equilibrium
geometry actually increases the hardness of the complex and
consequently, the molecules become more stable. For the weakly
bound complexes, which are of hatbdard type, both the terms
AE, and AE, contribute significantly in the stability of the
complexes. Here, one can observe that the trend of relative
importance of these two terms is changed because of correlation
effects. At the HartreeFock level, though the relative impor-
tance ofAE, is the same as in seftsoft interactions, thé\E,

term still contributes to a larger extent. On the other hand, at

predominant effect on the determination of bond strength and the MP2 level, this trend is not necessarily observef, term
it can even alter the nature of bonding. This result is consistent is relatively as important or even more important compared to

with the literature predictions. Although we have followed a
different method to predict the interaction energy, it is gratifying
to note that the essential complex bonding effects are still

AE, at this level for such complexes.

One common factor can be noticed in Table 2; the fagtor
plays an important role in predicting the stability of the LABC.

recaptured in our model without any loss of the general reactivity The contribution of the second terrvE, largely depends on

of the molecular systems. To illustrate the effect of methyl group
substitution in the base, NHand its binding ability with other
Lewis acids (BH and BR), we have considered TMABH3
and TMA—BF; complexes, where TMA is tri-methylamine. The
substitution of methyl group in NHincreases the softness of

the parametet and this term is actually related to the effective
number of valence electrons (or frontier orbital electrons) that
has been transferred from system A to B (see Section 11.3). The
value ofZ for soft—soft interaction cases is significantly greater
than that for hargthard interaction cases. The quantification

TMA and hence, it is expected that the stability should be greater of the parametet in terms of the frontier orbitals and its relation

than that of the unsubstituted NHEvidently, one can see from
Table 2 that the interaction energies for TMBH3; and TMA—
BF3; complexes +40.5 and—38.9 kcal/mol, respectively) are

with interaction energy confirms that the sefioft interaction
is controlled by the orbital electrons and this argument is exactly
similar to Klopman’s chemical reactivity theofy#¢ Klopman

higher than that of any other complexes that has been studiedhas shown that the sefsoft interaction is highly dependent
in the present study. The difference between the interaction on the energy difference between the frontier orbitals of the

energy of NH and TMA complexes with Beland BF; is ~8.5
and 6.2 kcal/mol, respectively.

There has been a lot of interest in studying the puzzling

features of the formation of these complexes and in particular,

interacting system%.From the definition of4, one can infer
that the BH, NH3, and the corresponding TMA complexes
(soft—soft interaction) are more stabilized by the tetmBy
substituting more fluorine atoms in the acids and bases, the

considerable efforts have been made to correlate the chargehardness increases considerably and hence, the reactivity is

transfer and the stability of the complexXég§7-4044.43|n a recent
study, Schaefer et 8. have made a detailed study on these

directly affected by lowering the parametér It can be
considered as one of the reasons why the haadd interaction

complexes and have shown that there is no correlation betweeris Weaker than the softsoft interaction. In a similar way, one
the stability with the degree of charge transfer. They have also can also observe that there is a linear correlation between the
concluded that the electrostatic interaction plays a significant factor4 and AE, term for the complexes of Bio BF; with

role in the formation of these LABC and this study is in
agreement with the earlier work made by Reetz éf&The
Morokuma analysis of the Ng+BH3; complex suggests that the
stabilization is mainly due to the electrostatic interaction and
for the CO-BHj3; is due to the significant nonelectrostatic
forces?* On the other hand, Glendening and Streitwieser
predicted that the main contribution of bonding of the above
complexes is due to the charge-transfer interacttdrigsing
our model, we are in a position to provide some insights into
the driving force for the formation of the complexes and the

NHs to NF; and for the complexes CO with BXX = H, F,

and CI). It implies that the interaction energy of the complexes
is varied in proportion with the degree of charge transfer. This
linear correlation is valid only within a set of complexes. For a
general case, there is no correlation between the valiievith

the interaction energy of the complexes, for instance, the value
of 4 is the same for Bg+TMA and BH;—NHSs, 0.307 in atomic
unit, but the computed interaction energy through MP2 differs
significantly by~9 kcal/mol. The above conclusions drawn from
our calculations are significantly consistent with the experi-

underlying factors that govern the strength of these complexes.mental and other theoretical results.

A closer inspection of the contribution of the energy terms to

Before we conclude this section, we would like to also

the total interaction energy, tabulated in Table 2, reveals that mention the limitations of our present approach. In particular,

for the soft-soft complexes, the most important component
arises from theAE, term and another term\E,, contributes
marginally to the total interaction energy. This trend remains

the effectiveness and accuracy of the present method lies on
the computation of the local descriptors and these are highly
dependent on the basis set and level of theory that is used in

the same at MP2 level, though the individual values are affected the calculation. However, these issues are quite common in any

by correlation effects. The termE, signifies the chemical
potential equalization principle, the process of flow of electrons

kind of model and the accuracy will ultimately depend on the
price that we pay for the computation. Despite the arbitrary
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