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Geometries and bond dissociation energies of the complexes Cl3B−NH3 and F3B−NH3 have been calculated using
DFT (PW91) and ab initio methods at the MP2 and CCSD(T) levels using large basis sets. The calculations give
a larger bond dissociation energy for Cl3B−NH3 than for F3B−NH3. Calculations of the deformation energy of the
bonded fragments reveal that the distortion of BCl3 and BF3 from the equilibrium geometry to the pyramidal form
in the complexes requires nearly the same energy. The higher Lewis acid strength of BCl3 in X3B−NH3 compared
with BF3 is an intrinsic property of the molecule. The energy partitioning analysis of Cl3B−NH3 and F3B−NH3 shows
that the stronger bond in the former complex comes from enhanced covalent interactions between the Lewis acid
and the Lewis base which can be explained with the energetically lower lying LUMO of BCl3.

Introduction

Experimental studies have shown that the strength of the
Lewis acidity of boron trihalides with respect to strong Lewis
bases increases in the order BF3 < BCl3 < BBr3.1 Quantum
chemical calculations of Cl3B-NH3 and F3B-NH3 predict
that the bond energy of the former complex is 7.7 kcal/mol
higher than for the latter.2 The increase in the Lewis acid
strength of BX3 for heavier atoms X is opposite to the trend
of the electronegativity of the halogens X. Calculations of
the atomic partial charges of BX3 using different charge
partitioning methods give larger positive values for the boron
atom when X becomes more electronegative.3 Thus, the
electron deficiency at the boron atom does not explain the
relative strength of the X3B-NH3 donor-acceptor interac-
tion.

It is sometimes stated that the 2p(π) charge donation of
fluorine lone-electron pairs into the formally empty 2p(π)
AO of boron is more efficient and leads to stronger B-X π
bonding compared with the 3p(π) charge donation of chlorine
because of poorer overlap of the 3p AOs than 2p AOs. This
type of argument has also sometimes been used to explain
the putative weakness ofπ bonds between heavier main-
group elements. However, it has been shown that the overlap
between the more diffuse p(π) orbitals of the heavier main-
group elements has a similar size or may even be larger than
for the atoms of the first octal row.4,5 In particular, the overlap
between the boron and chlorine p(π) orbitals in BCl3 is larger
than the overlap between the boron and fluorine p(π) orbitals
in BF3.4 A recent theoretical study of theπ-donor strength
of the halogens in AX3 and BX3

+ (A ) B-Tl; B ) C-Pb)
showed clearly that the order is always F< Cl < Br < I.3

In a theoretical study published in 1993, Brinck and co-
workers suggested that the stronger bonding in Cl3B-NH3

compared with F3B-NH3 comes from the larger charge
capacity of Cl3B.4 The charge capacity was estimated from
the ionization potential and the electron affinity which
increases for boron trihalides BX3 and phosphorus trihalides
PX3 with X ) F < Cl < Br.6 This is because the larger,
more polarizable congeners can accommodate an additional
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electron more easily. However, this explanation is at variance
with systematic theoretical studies of donor-acceptor com-
plexes using the NBO partitioning scheme which show that
there is no correlation between charge donation and bond
strength.2,7

Very recently, Gillespie and co-workers presented a simple
explanation of the Lewis acid strength of the boron halides
using the so-called ligand close-shell (LCP) model.8 Ac-
cording to the LCP model, the geometry of a molecule AXn

is mainly determined by the repulsion between the atoms or
groups X rather than by the nature of the A-X bonding.9,10

It was suggested that BF3 is an intrinsically stronger Lewis
acid than BCl3 because of the larger electron deficiency
of boron in the former molecule. The weaker bond in
F3B-NH3 compared with Cl3B-NH3 was explained with
the larger distortion energy of the former complex which is
necessary to bring the BX3 acceptor moiety from itsD3h

equilibrium geometry to the pyramidalC3V structure. The
authors presented results of DFT calculations which suggest
that it takes more energy to distort the planar structure of
BF3 toward a pyramidal form with a fixed bond angle than
BCl3.8 This is in agreement with an earlier study by
Branchadell and Oliva who calculated a pyramidalization
energy for BCl3 and BF3 by optimizing the geometries with
the XBX angle distorted to 113.5° and comparing the
energies to the ground states.11 However, it was already
shown by Brinck et al.4 that the distortion energy is 0.5 kcal/
mol smaller for BF3 if the actual geometries of BCl3 and
BF3 in the complexes X3B-NH3 are taken. The latter result
was obtained only at the HF level, however.

Gillespie et al.8 present the calculation of the distortion
energy as a function of only the angles of the BX3 moieties
but not the B-X bond lengths. In addition, Gillespie and
co-workers do not report the calculated bond energies of the
Cl3B-D and F3B-D (D being a strong donor) complexes.
The relative strength of the Lewis acidity of BF3 and BCl3
was only derived from the calculated interatomic distances
B-D although it is known that the bond lengths of donor-
acceptor complexes often do not even qualitatively correlate
with bond energies.12 In order to state that the distortion
energy of the BX3 acceptor unit is responsible for the stronger

bond of Cl3B-D compared with F3B-D, it is necessary to
give the calculated bond energies. In the following we give
the relevant energy data for the complexes Cl3B-NH3 and
F3B-NH3 which have been used as model compounds. We
provide an explanation more consistent with the computa-
tional results than that given by Gillespie et al.8 We also
give an explanation for the larger Lewis acid strength of BCl3

which is in agreement with the nature of the donor-acceptor
interaction.

Methods

In order to be sure that the conclusion of this work does not
depend on the level of theory, we used different theoretical methods
for the calculations. The geometries of the molecules have first
been optimized using Møller-Plesset second-order perturba-
tion theory (MP2)13 in conjunction with the Pople basis sets
6-311G(2d)14 and with Dunning’s correlation consistent basis sets
cc-pVTZ.15 Improved energies were calculated at MP2/Aug-cc-
pVTZ and using coupled-cluster theory with doubles and triples
and a perturbative treatment of the triple excitation CCSD(T)16 in
conjunction with cc-pVTZ basis sets at MP2/cc-pVTZ optimized
geometries. The vibrational frequencies have been calculated at
MP2/cc-pVTZ. All optimized structures are energy minima on the
potential energy surface. The geometries and energies have also
been calculated with gradient-corrected density functional theory
(DFT) using the PW91 exchange-correlation functional by
Perdew and Wang.17 Uncontracted Slater-type orbitals (STOs) were
employed as basis functions for the PW91 calculations.18 The
basis sets have quadruple-ú quality augmented by four sets of
polarization functions. This level of theory is denoted PW91/QZ4P.
An auxiliary set of s, p, d, f, and g STOs was used to fit the
molecular densities and to represent the Coulomb and exchange
potentials accurately in each SCF cycle.19 The ab initio calcula-
tions described in this work were performed with the program
packages Gaussian 98.20 The DFT calculations were carried out
with ADF 2.3.21

The nature of the donor-acceptor bonds of the complexes has
been investigated with an energy partitioning analysis (EPA)
in order to explain why Cl3B-NH3 has a stronger bond than
F3B-NH3. It is our goal to give an explanation that is derived from
data which give insight into the physical origin of the chemical
bonding rather than from correlating numbers. The EPA method
was developed by Morokuma22 in the framework of Hartree-Fock
theory and later by Ziegler and Rauk23 in the framework of DFT
using Kohn-Sham orbitals. The latter has been used in the present
work. The bond dissociation energyDe between two fragments A
and B (in the present case: X3B and NH3) is partitioned into several
contributions which can be identified as physically meaningful
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Krebs, B.; Läge, M. Organometallics2002, 21, 2921.

(13) Møller, C.; Plesset, M. S.Phys. ReV. 1934, 46. 618.
(14) (a) McLean, A. D.; Chandler, G. S.J. Chem. Phys. 1980, 72, 5639.

(b) Raghavachari, K.; Binkley, J. S.; Seeger, R.; Pople, J. A.J. Chem.
Phys. 1980, 72, 650.

(15) Kendal, R. A.; Dunning, T. H., Jr.; Harrison, R. J.J. Chem. Phys.
1992, 96, 6796.

(16) (a) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lett.1989, 157, 479. (b) Watts, J. D.; Gauss, J.; Bartlett,
R. J.J. Chem. Phys. 1993, 98, 8718.

(17) Perdew, J. W.; Wang, Y. InElectronic Structure of Solids ’91; Ziesche,
P., Eschrig, H., Eds.; Akademie-Verlag: Berlin, 1991; p 11.

(18) Snijders, J. G.; Baerends, E. J.; Vernooijs, P.At. Nucl. Data Tables
1982, 26, 483.

(19) Krijn, J.; Baerends, E. J.Fit Functions in the HFS-Method; Internal
Report (in Dutch); Vrije Universiteit: Amsterdam, The Netherlands,
1984.

Why Is BCl3 a Stronger Lewis Acid than BF3?

Inorganic Chemistry, Vol. 42, No. 24, 2003 7991



entities. First,De is separated into two major components∆Eprep

and∆Eint:

∆Eprep (also called deformation energy) is the energy necessary to
promote the fragments A and B from their equilibrium geometry
and electronic ground state to the geometry and electronic state in
the compound AB. The focus of the bonding analysis is the
instantaneous interaction energy∆Eint between the donor and
acceptor molecules. It is the energy difference between the
fragments A and B which are calculated in the frozen geometry of
the molecule AB. The interaction energy∆Eint can be divided into
three main components which can be interpreted in a physically
meaningful way:

∆Eelstatgives the electrostatic interaction energy in the promolecule,
which is calculated as the energy difference between the donor and
acceptor moieties and the juxtaposition of BX3 and NH3 at the
equilibrium distance of the complex. The second term in eq 2,
∆EPauli, refers to the repulsive interactions between BX3 and NH3

which are caused by the fact that two electrons with the same spin
cannot occupy the same region in space.∆EPauli is calculated by
enforcing the Kohn-Sham determinant of the promolecule to obey
the Pauli principle by antisymmetrization and renormalization. The
stabilizing orbital interaction term,∆Eorb, is calculated in the final
step of the EPA when the Kohn-Sham orbitals relax to their
optimal form. This term which may be identified with covalent
bonding can be further partitioned into contributions of orbitals
having σ, π, δ, etc. symmetry. Further details of method can be
found in the literature.21b The EPA method has recently been used
by us24,25 and other groups26 in systematic investigations of the
nature of the chemical bond in main-group and transition metal
compounds.

Results

Table 1 gives calculated energies of Cl3B-NH3 and
F3B-NH3 which are relevant for the discussion. The MP2
values are given with three different basis sets in order to
show the changes which are given when the basis set be-
comes augmented with addition polarization functions and
diffuse functions. We will discuss the MP2/Aug-cc-pVTZ
results because they have been obtained with the largest basis
set that has been employed in the ab initio calculations. The
most important bond lengths and bond angles are shown in
Table 2.

The calculated bond dissociation energy (BDE) of
Cl3B-NH3 is predicted at all levels of theory to be higher
than for F3B-NH3. The difference between theDe values is
slightly larger at the ab initio levels (6.2 kcal/mol at
MP2/Aug-cc-pVTZ, 4.2 kcal/mol at CCSD(T)/cc-pVTZ)
than at DFT (2.5 kcal/mol at PW91/QZ4P), but the order is
the same. Table 1 gives also the preparation energies∆Eprep

of BX3 and NH3, i.e., the energy difference between the
acceptor and donor moieties in the equilibrium geometries
of the free species and in the complexes. The preparation
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-De ) ∆Eprep+ ∆Eint (1)

∆Eint ) ∆Eelstat+ ∆EPauli + ∆Eorb (2)

Table 1. Calculated Interaction Energies∆Eint between the Frozen
Fragments, Preparation Energies∆Eprep of the Fragments, Bond
Dissociation EnergiesDe, and ZPE Corrected ValuesDo

a

∆Eprep

method -∆Eint X3B NH3 De Do

Cl3B-NH3

MP2/6-311G(2d) 58.0 24.4 0.7 32.9 29.0
MP2/cc-pVTZ 53.0 23.5 0.4 29.1 25.1
MP2/Aug-cc-pVTZb 52.8 23.1 0.2 29.5 25.5
CCSD(T)/cc-pVTZb 49.9 22.4 0.4 27.1 23.1
PW91/QZ4P 45.6 21.9 0.3 23.4 19.4

F3B-NH3

MP2/6-311G(2d) 48.1 23.3 0.5 24.3 20.9
MP2/cc-pVTZ 46.7 23.1 0.3 23.3 19.8
MP2/Aug-cc-pVTZb 45.7 22.3 0.1 23.3 19.8
CCSD(T)/cc-pVTZb 46.6 23.4 0.3 22.9 19.6
PW91/QZ4P 42.9 21.8 0.2 20.9 17.6

a All values are given in kcal/mol.b Using MP2/cc-pVTZ optimized
geometries.

Table 2. Theoretically Predicted Bond Lengths A-B [Å] and Angles
A-B-C [deg] of X3B-NH3 and BX3

variable method
Cl3B-NH3

C3V

F3B-NH3

C3V

BCl3
D3h

BF3

D3h

X-B MP2/6-311G(2d) 1.835 1.370 1.745 1.314
MP2/cc-pVTZ 1.827 1.367 1.740 1.315
PW91/QZ4P 1.838 1.380 1.746 1.322

B-N MP2/6-311G(2d) 1.611 1.678
MP2/cc-pVTZ 1.617 1.681
PW91/QZ4P 1.628 1.692

X-B-N MP2/6-311G(2d) 105.2 103.9
MP2/cc-pVTZ 104.9 103.9
PW91/QZ4P 105.1 104.1

B-N-H MP2/6-311G(2d) 110.5 110.6
MP2/cc-pVTZ 110.0 110.3
PW91/QZ4P 109.9 110.3
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energies of BX3 are quite large while the∆Eprep values for
NH3 are negligible. The differences between the calcu-
lated data for BCl3 and BF3 are crucial for answering the
title question. The theoretical preparation energies for
BCl3 at MP2/Aug-cc-pVTZ (23.1 kcal/mol) and PW91/
QZ4P (21.9 kcal/mol) are a bitlarger than for BF3 (22.3
kcal/mol at MP2/Aug-cc-pVTZ, 21.8 kcal/mol at PW91/
QZ4P). This is in agreement with the HF calculations of
Brinck et al.4 The calculations at CCSD(T)/cc-pVTZ give
a slightly smaller value for BCl3 (22.4 kcal/mol) than for
BF3 (23.4 kcal/mol), but the energy difference of 1.0 kcal/
mol is not enough to compensate for the larger BDE of
Cl3B-NH3. The calculated interaction energy∆Eint is al-
ways higher for Cl3B-NH3 than for F3B-NH3. Thus,BCl3
is also an intrinsically stronger Lewis acid with respect to
NH3 than BF3. This result is predicted at all three levels of
theory.

Table 3 gives the EPA results of Cl3B-NH3 and F3B-
NH3. The largest contribution to the interaction energy comes
in both complexes from∆EPauli. Note that the Pauli repulsion
in Cl3B-NH3 is larger than in F3B-NH3 although the former
compound has a stronger bond. It follows that the larger∆Eint

value of Cl3B-NH3 results from the stronger attraction
between the donor and acceptor species. But which compo-
nent of the attractive interaction is responsible for the stronger
bond? According to the calculated data, the electrostatic
contribution to the Cl3B-NH3 bond is -118.6 kcal/mol
(50.3%), which is only 1.5 kcal/mol more than the orbital
interactions, which contribute-117.1 kcal/mol (49.7%). A
comparison with the EPA data of F3B-NH3 shows that the
electrostatic interactions to the latter donor-acceptor bond
are-91.4 kcal/mol (54.1%), which is 14.0 kcal/mol more
than the covalent bonding, which contributes 77.4 kcal/mol
(45.7%). Thus,the reason why Cl3B-NH3 has a stronger
bond than F3B-NH3 is the stronger coValent attraction in
the former complex.

Why are the covalent interactions in Cl3B-NH3 larger than
in F3B-NH3? Table 3 shows that the∆Eorb term comes as
expected mainly from theσ interactions. Because the donor
component in the two complexes is the same, we inspected
the orbitals of the acceptor moieties BCl3 and BF3. Table 4
gives the energy levels of the lowest unoccupied molecular
orbital (LUMO) of the boron trihalides at the planar
equilibrium geometry and at the pyramidal geometry in the
complex at three levels of theory. The DFT energy values

of the LUMO are, as expected, much lower lying than the
ab initio data. However, both sets of data show that the
LUMO of BCl3 is always lower in energy than the LUMO
of BF3. According to the frontier orbital model of chemical
reactivity,27 a lower lying LUMO indicates stronger interac-
tions with an occupied orbital of a donor species.Thus, the
higher Lewis acid strength of BCl3 than that of BF3 in
complexes X3B-NH3 arises from stronger coValent interac-
tions in Cl3B-NH3 which come from the lower lying LUMO
of BCl3.

The results indicate that a careful analysis of the nature
of the donor-acceptor interactions should be carried out
before the question about the strength of the Lewis acidity
and basicity may become addressed. At the same time it
becomes obvious why it is not possible to establish an
absolute scale for the donor or acceptor strength of a Lewis
base or acid because the strength depends on the nature of
the bonding interactions and, thus, on the bonding partner.
For example, the bond strength of Cl3B-OH2 has been
calculated to be slightly lower (De ) 9.5 kcal/mol) than for
F3B-OH2 (11.0 kcal/mol).3 Another striking case is the
calculated bond energy of H3B-CO (De ) 26.4 kcal/mol),
which is much higher than the theoretically predicted value
for Cl3B-CO (De ) 2.2 kcal/mol), while the bond energy
of H3B-NH3, which was calculated at the MP2/TZ2P level
(De ) 33.7 kcal/mol), is nearly the same as the bond energy
of Cl3B-NH3 at MP2/6-311G(2d) (De ) 32.9 kcal/mol).2

Other examples have been reported in the literature.7 We
also wish to point out that the atomic partial charge is not
very reliable for estimating the strength of electrostatic
interactions. The electron density distribution of an atom in
a molecule is in most cases highly anisotropic. Atoms which
carry a positive partial charge may attract a positive charge
stronger than a negatively charged atom if there is an area
of local electronic charge density pointing toward the positive
charge. An example is CO, where the positively charged
carbon atom has a lone electron pair which yields stronger
electrostatic attraction with a positive point charge than
negatively charged oxygen atom.28

Summary

The results of this work can be summarized as follows:
High-level DFT and ab initio calculations of Cl3B-NH3 and
F3B-NH3 give larger bond dissociation energies for the

(27) Fukui, K. Acc. Chem. Res.1971, 4, 57. (b) Fukui, K.Theory of
Orientation and Stereoselection; Springer-Verlag: Berlin, 1975. (c)
Fleming, I. Frontier Orbitals and Organic Chemical Reactions;
Wiley: New York, 1976.

(28) Lupinetti, A.; Fau, S.; Frenking, G.; Strauss, S. H.J. Phys. Chem.
1997, 101, 9551.

Table 3. Energy Partitioning Analysis of Cl3B-NH3 and F3B-NH3 at
PW91/QZ4Pa

Cl3B-NH3 F3B-NH3term

∆Eint -45.6 -42.9
∆Epauli 190.1 125.9
∆Eelstat

b -118.6 (50.3%) -91.4 (54.1%)
∆Eorb

b -117.1 (49.7%) -77.4 (45.9%)
∆Eσ

c -105.9 (90.4%) -69.4 (89.7%)
∆Eπ

c -11.2 (9.6%) -8.0 (10.3%)

a All values in kcal/mol.b The percentage values in parentheses give the
contribution to the total attractive interactions∆Eelstat + ∆Eorb. c The
percentage values in parentheses give the contribution to the orbital
interactions∆Eorb.

Table 4. Energy Levels of the Lowest Unoccupied Molecular Orbitals
(LUMO) of BCl3 and BF3 [eV]

method BCl3 BCl3a BF3 BF3
a

MP2/Aug-cc-pVTZb 1.091 0.076 1.234 0.405
PW91/QZ4P -2.817 -4.302 -0.799 -3.625

a Calculated using the frozen geometry in the complex.b The energy
levels refer to Hartree-Fock orbitals.
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former complex. Calculations of the deformation energy of
the bonded fragments reveal that the distortion of BCl3 and
BF3 from the equilibrium geometry to the pyramidal form
in the complexes requires nearly the same energy. The higher
Lewis acid strength of BCl3 in X3B-NH3 compared with
BF3 is an intrinsic property of the molecule. The energy
partitioning analysis of Cl3B-NH3 and F3B-NH3 shows that
the stronger bond in the former complex comes from the
enhanced covalent interactions which can be explained with
the energetically lower lying LUMO of BCl3.
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