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An ab initio study on the 1:1 and 1:2 van der Waals complexes between boron trifluoride and carbon monoxide
has been carried out. Full geometry optimizations are performed at the MP2/6-31G* and MP2/D95* levels.
The bond energies computed at different levels (MP2, MP4) and with several basis sets (6-31G*, D95*, and
aug-cc-pVDZ) range from 3.2 to 3.5 kcal/mol for BF3‚‚‚CO and from 6.4 to 6.6 kcal/mol for OC‚‚‚BF3‚‚‚
CO. Thecounterpoise-corrected values range from 0.7 to 1.6 kcal/mol for BF3‚‚‚CO and from 1.3 to 3.1
kcal/mol for OC‚‚‚BF3‚‚‚CO. These (gas phase) computed values are consistent with the corresponding
experimental dissociation enthalpies as measured in liquefied argon (1.8 and 3.5 kcal/mol). The MP2/6-
31G* computed vibrational frequencies agree quite well with the infrared measurements. The analysis of the
frequencies together with the energetic data gives theoretical support to some tentative assignments proposed
in the infrared studies. The experimental suggestion about the formation of the never observed before BF3‚‚‚
OC and OC‚‚‚BF3‚‚‚CO adducts is theoretically confirmed. A theoretical analysis of the wave functions
shows that the weakness of the complexes formed can be ascribed to the small charge transfer detected.

Introduction

The recent literature shows an impressive growth of the
number of papers dealing with weakly bound complexes using
both experimental and theoretical tools.1 Such an interest is
directly related to the fact that the findings serve to explore, at
the molecular level, the nature of the interactions involved when
passing from gas phase chemistry to condensed phase chemistry,
a subject of relevance in a number of areas of chemistry, physics,
and biology.
Boron trifluoride is a weak Lewis acid and carbon monoxide

is a poorσ donor. As a consequence, the formation of adducts
of the type BF3(CO)n is not at all a trivial task from the
experimental viewpoint. Molecular beam electric resonance
spectroscopy2 and infrared studies3 carried out under nonequi-
librium conditions provided structural parameters (B-C bond
length and C-B-F angle) for the BF3‚‚‚CO complex which
agreed quite well withab initio predictions.4

In order to obtain more complete information on the interac-
tion between BF3 and CO, cryogenic solutions to form van der
Waals complexes under equilibrium conditions were analyzed
in a very recent experimental study where the infrared spectra
of solutions in liquefied argon (85-115 K) containing both
boron trifluoride and carbon monoxide have been reported.5

Using concentration variations, bands due to the 1:1 complex
BF3‚‚‚CO and to a 1:2 BF3(CO)2 complex were identified, and
from temperature-dependent studies the dissociation enthalpies
of such complexes were found to be 1.8 and 3.5 kcal/mol,
respectively. A very weak band is tentatively assigned by the
authors to the 1:1 complex BF3‚‚‚OC in which carbon monoxide
is binding to the boron atom via its oxygen atom.
In this paper we present a theoretical analysis with the aim

of complementing the experimental study carried out by van
der Veken and Sluyts.5 Our results provide theoretical support
for some of the hypotheses put forward by these authors
regarding the characteristics of the complexes formed in BF3/

CO mixtures, allowing for the analysis, on a theoretical basis,
of the nature of the interactions involved.

Methods

Ab initio calculations at the MP4(SDTQ)/6-31G*//MP2/6-
31G* level were carried out to explore the interaction energy
hypersurfaces corresponding to the BF3(CO)n (n) 1,2) van der
Waals complexes. Although this level of theory has proved
appropriate to provide reliable information on this type of
system,4,6-8 we have analyzed the basis set effect on the
computed bond energies in the present case by using additional
bases from different laboratories (besides Pople’s 6-31G* basis
set,9aDunning’s contraction [4s,2p,1d]9b (polarized full double-
ú) from Huzinaga’s (9s,5p) basis set,9c D95*, and Dunning’s
augmented correlation-consistent polarized valence double-ú
basis set, aug-cc-pVDZ9d were used to compute the most
significant structures). It is clear that the use of different basis
sets, generated from quite dissimilar strategies10 and rendering
similar results, does provide additional support to the validity
of the conclusions reached in anyab initio study. Harmonic
frequencies (at the MP2/6-31G* level) confirmed that reactants
and minima have no imaginary frequencies, while transition
structures have one. Thecounterpoisemethod (CP)11was used
to correct the interaction energies for the basis set superposition
error (BSSE), which is known to be appreciable in calculations
on van der Waals systems using Pople’s split-valence 6-31G
basis sets.12 Fragment relaxation energy terms were taken into
account in the estimation of the BSSE.13 All the calculations
were carried out with the GAUSSIAN 92 and 94 packages of
programs.14

The NEDA (natural energy decomposition analysis)15 parti-
tioning scheme (electrostatic, charge transfer, and deformation
components) was used to estimate the relative importance of
charge transfer and electrostatic interactions in the van der Waals
complexes studied.
In order to throw some light on the important problem16 of

the nature of the interactions involved in the type of systems
studied, their wave functions were analyzed by means of aX Abstract published inAdVance ACS Abstracts,August 15, 1997.
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recently developed methodology,17 based on the expansions of
the MOs of a complex system in terms of the MOs of its
fragments, using the geometry each fragment has in the complex,
and the performance of the configurational analysis. Such a
method was originally developed by Fukui’s group for bimo-
lecular interactions18 and extended by us to three-molecule
interactions.17

The basic ideas of the method can be summarized as
follows: Let us consider three species A, B, and C and their
composite system A-B-C. We represent the MOs of A-B-
C,ψg (g ) 1,2, ..., occ), by linear combinations of the MOs of
A, B, and C as

whereai, bk, andcm refer to the occupied MOs of systems A,
B, and C, respectively, andaj, bl, andcn to the corresponding
unoccupied MOs.
A calculation on the composite system A-B-C and on A,

B, and C, separately, renders the MOsψ and a, b, and c in
terms of the atomic basis functions used to compute A, B, and
C. Then the coefficientsDi(g), Dj(g), ...,Dn(g) in eq 1 can be
obtained by solving linear simultaneous equations to fit the basis
functions coefficients with respect to each MO of A-B-C.
To express the wave function of the complex,Ψ, in a

chemically graspable form, we rewrite it by combination of
various electronic configurations as

whereΨ0 is the state in which neither electron transfer nor
electron excitation takes place andΨq stands for monotrans-
ferred configurations (one electron in an occupied MO in any
of the three fragments A, B, and C is transferred to an
unoccupied MO of a different fragment), monoexcited configu-
rations (one electron in an occupied MO of any of the three
fragments A, B, and C is excited to an unoccupied MO of the
same fragment), etc. The coefficientsc0 and cq in eq 2 are
computed by means of mathematical expressions previously
derived.17 This method has proved useful for understanding
the chemical features of complex formation in quite different
systems,19 being especially suited for studying weakly bound
complexes.20

Results and Discussion

Two minima were located in the case of the 1:1 type of
complexes (1, 2; both C3V) and four transition structures
connecting them (see Figures 1 and 2):TS1(1f1′), TS2(2f2′),
TS3(1f2), andTS4(1f2′) (1′ and2′ are equivalent to1 and
2, respectively, with the CO molecule at different positions in
relation to the BF3 molecule: upper (1, 2) and lower (1′, 2′);
see Figure 1). As expected (see previous section and references
quoted therein) the computed geometrical parameters are in good
agreement with the experimental values available. Indeed, in
the case of the BF3‚‚‚CO (1) complex the resulting B‚‚‚C
distance and CBF angle are 2.771 (2.819) Å and 91.4° (91.4)°,
respectively, as computed at the MP2/6-31G* (MP2/D95*) level,
which agree quite well with the experimental values 2.886(5)
Å and 90.65(25)° reported in ref 2. Seven minima were located
in the case of the 1:2 type of complexes (3, 4D3h, 5 C3V, and

6-9 Cs; see Figure 1). In that case, the search for transition
structures connecting the minima was not undertaken because
their analysis is beyond the scope of the present paper. Table
1 collects the calculated bond energies for the structures1-9
depicted in Figures 1 and 2. Full geometry optimizations were
carried out at the MP2/6-31G* level, and bond energies were
computed at the MP4/6-31G*//MP2/6-31G* level for all nine
structures1-9. The most significant structures1-3 (see below)
were also optimized at the MP2/D95* level, and the corre-
sponding bond energies were computed at the MP2/aug-cc-
pVDZ//MP2/D95* and MP4/D95*//MP2/D95* levels. The
counterpoise-corrected values11 including fragment relaxation
terms13 are given in parentheses. The electron densities at the
bond critical points according to a Bader type density analysis21

are also given for the structures1-5 (the topology of the
electron density of the structures6-9 is notably more complex
including a variety of bond, ring, and cage critical points). They
show (the Laplacian of electron density, the ellipticity, and the
sum of the potential and kinetic energy density at the bond
critical points21 were also analyzed) that such structures cor-
respond to van der Waals complexes. Table 2 contains the
energy barriers (TS1-TS4) as computed in terms of differences
in electronic energies (including or not the zero point energy
correction), enthalpies, and free energies. (The energy barriers
TS1-TS4 are referred to the van der Waals minima1 and2;
therefore, no BSSE exists).22 Consequently, since all basis sets
considered render rather similar uncorrected interaction
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Di(g)ai + ∑
j)1

unocc

Dj(g)aj + ∑
k)1

occ
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occ
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q
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Figure 1. 1:1 and 1:2 stable structures (minima) located at the MP2/
6-31G* and MP2/D95* (values in parentheses) levels for the interaction
between boron trifluoride and carbon monoxide. Distances are given
in angstroms and angles in degrees.
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energiesssee Table 1sthe cheapest one, 6-31G*, was chosen
to compute the values presented in Table 2.) Table 3 collects
the BF3 symmetric stretching (ν1), out-of-plane deformation (ν2),
BF3 antisymmetric stretching (ν3), and F-B-F bending (ν4)
MP2/6-31G* vibrational frequencies for the most relevant
species.
Data collected in Tables 1 and 3 fully corroborate the

assignments proposed by van der Veken and Sluyts in their
experimental study.5 Indeed, the bond energies (with no
consideration of BSSE) of the BF3‚‚‚CO (1) and BF3‚‚‚OC (2)
complexes (see∆H for structures1 and2 in Table 1) indicate
that although1 is more stable,2 is also a stable structure with
a bond energy close to that of1 and it might well be
experimentally detected. The experimental dissociation enthalpy
for the BF3‚‚‚CO complex as measured in liquefied argon5 (1.8
kcal/mol) is in between the theoretical (gas phase) uncorrected
and CP-corrected values for all the theoretical levels employed.

This fact is consistent with the predicted overcorrection of the
BSSE when using the CP method at the correlated level19 that
makes some authors conclude in other studies on similar systems
that for a comparison with experimental values directly calcu-
lated results should be used rather than estimated data obtained
from correction procedures such as the CP method.4 In the
present case, however, the experimental bond energy is closer
to the CP-corrected values, especially at the MP2/aug-cc-pVDZ/
/MP2/D95* level of theory. On the other hand, the experimen-
tally observed broad band on the low-frequency side of the out-
of-plane deformation vibrational frequency of the monomer BF3

5

agrees quite well with the 685 cm-1 band reported in Table 3
for the BF3‚‚‚OC (2) complex. Van der Veken and Sluyts
comment that the formation of a weak complex like the 1:1
BF3‚‚‚OC (2) one, in which the bonding occurs between the
boron and the oxygen atoms, cannot greatly disturb the BF3

modes, and consequently the band observed is situated closer

Figure 2. Transition structures located at the MP2/6-31G* level connecting the twoC3V 1:1 van der Waals complexes BF3‚‚‚CO and BF3‚‚‚OC
(see Figure 1).1′ and2′ stand for the structures equivalent to1 and2 with the CO molecule in the plane below the BF3 molecule according toC3V
symmetry. Distances are given in angstroms and angles in degrees.

TABLE 1: Calculated Bond Energiesa (kcal/mol) of the Nine Complexes Located (1-9): Dipole Moments (µ; Computed at the
MP2/6-31G* Level) Are Given in Debye and Electronic Density (G(rc)), Computed at the Bond Critical Points, in au;
Counterpoise-Corrected Values, Including Fragment Relaxation Terms, Are Given in Parentheses

1 2 3 4 5 6 7 8 9

∆H MP2/6-31G* 3.5 1.9 6.6 3.9 5.2 5.2 3.4 4.9 3.5
(1.0) (0.3) (1.9) (0.6) (1.2) (0.8) (-0.1) (0.6) (-0.1)

MP4/6-31G*b 3.5 2.2 6.6 4.3 5.4 5.2 3.7 4.9 3.8
(0.9) (0.4) (1.7) (0.8) (1.2) (0.7) (0.1) (0.6) (0.1)

MP2/D95* 3.5 2.0 6.6
(1.0) (-0.1) (1.9)

MP2/aug-cc-pVDZc 3.5 2.1 6.4
(1.6) (0.5) (3.1)

MP4/D95*d 3.2 2.2 6.5
(0.7) (0.2) (1.3)

µ MP2/6-31G* 0.795 0.223 0.000 0.000 0.590 0.617 0.351 0.894 0.065
F(rc) MP2/6-31G* B-C 0.0114 0.0100 0.0107

B-O 0.0093 0.0090 0.0085

a Bond energies are computed by adding the correction for zero-point vibrational energies and the thermal correction to the enthalpy to the
dissociation energies as given in ref 14 (it should be noted that only a part of the thermal correction to the enthalpy is considered in ref 4).
Thermodynamic corrections are calculated at the MP2/6-31G* level in all cases.bMP4(SDTQ)/6-31G*//MP2/6-31G*.cMP4(SDQ)/D95*//MP2/
D95*. dMP2/aug-cc-pVDZ//MP2/D95*.
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to the monomer band than those of the 1:1 BF3‚‚‚CO (1) and
1:2 OC‚‚‚BF3‚‚‚CO (3) complexes.5 In full agreement with that
argument, the MP2/6-31G* computedν2 band (685 cm-1) for
the BF3‚‚‚OC (2) complex (see Table 3) is closer to the
correspondingν2 monomer band (699 cm-1) than are the MP2/
6-31G* computedν2 bands for BF3‚‚‚CO (1; 666 cm-1) and
OC‚‚‚BF3‚‚‚CO (3; 645 cm-1) complexes. On the other hand,
the new weak band at 879 cm-1 detected in the spectrum of
mixed BF3/CO solution5 (absent in the infrared spectrum of BF3)
correlates quite well with the MP2/6-31G* computed symmetric
stretching bandν1 of the BF3‚‚‚CO (1) complex (see Table 3),
in agreement with van der Veken and Sluyts’s proposal.
Therefore, the tentative assignments carried out by these authors
are fully supported on a theoretical basis.
In order to use the present theoretical approach also as a

predictive tool, we explored the interaction energy hypersurface
to locate the transition structures connecting the minima1 (1′)
and2 (2′) experimentally detected (see Figure 2).24 A Fourier
transform microwave spectroscopy study might allow the
estimation of the inversion barrier heights corresponding to the
tunneling motions1 f 1′ and2 f 2′ (TS1andTS2; see Table
2) by determining the inversion splitting and using a one-
dimensional-rotor Hamiltonian.26 (The rotational constantsA
andB from the MP2/6-31G* calculations are 5.048 97, 1.709 54
and 5.058 64, 1.936 47 GHz for the BF3‚‚‚CO (1) and BF3‚‚‚OC
(2) complexes, respectively. As can be observed, the experi-
mental value of the rotational constantB for the BF3‚‚‚
CO (1) complex as obtained from molecular beam electric
resonance spectroscopy by Klemperer and co-workers2 (1.64696
GHz) agrees reasonably well with the corresponding computed
value.) Also, the dipole moments of the different structures,
whose MP2/6-31G* values are given in Table 1, could be
determined by Stark effect measurements (the computed dipole
moments of the structures1 and5 point toward the oxygen atom
of the CO molecule at the upper positionssee Figure 1swhile
in the case of the structure2, the dipole moment points toward
the carbon atom). As a matter of fact, the experimental dipole
moment reported by Klemperer and co-workers2 for the BF3‚‚‚
CO (1) complex is 0.592 D, which agrees quite well with the
computed value (0.795 D) bearing in mind the well-known
difficulties associated with the precise theoretical estimate of

dipole moments.27 The structural and energetic data provided
in the present theoretical study28might be useful to analyze the
results from the proposed spectroscopic study.
Regarding the 1:2 complexes, our extensive search on the

interaction energy hypersurface yielded seven (3-9) minima
structures (see Figure 1): twoD3h structures, one with the two
carbon atoms of the two CO molecules pointing toward the
boron atom of BF3 (3) and the second one with the two oxygen
atoms of the two CO molecules pointing toward the boron atom
of BF3 (4); oneC3V structure where the carbon atom of one of
the two CO molecules and the oxygen atom of the second CO
molecule are both pointing toward the boron atom of BF3 (5);
finally, four Cs structures where, besides the CO-BF3 main
interaction, there exists a significant CO-CO interaction as well
(6-9). The MP4/6-31G*//MP2/6-31G* bond energies for these
1:2 complexes are given in Table 1. It is clear that the most
stable structure is3, although, like in the case of the 1:1
complexes, some of the other structures should contribute to
the infrared spectra. We hope that the structural and energetic
data obtained in the present study for these complexes28 might
be useful to make further assignments. The experimental
dissociation enthalpy for the OC‚‚‚BF3‚‚‚CO complex as
measured in liquefied argon5 (3.5 kcal/mol) is in between the
theoretical (gas phase) uncorrected and CP-corrected values,
which again agrees with the predicted overcorrection of the
BSSE when using the CP method at the correlated level.23 The
experimental bond energy is closer to the CP-corrected values,
especially at the MP2/aug-cc-pVDZ//MP2/D95* level of theory.
On the other hand, the experimental bands5 at 643 and 1435
cm-1 correlate quite well with the out-of-plane deformation (645
cm-1) and antisymmetric stretching (1484 cm-1) MP2/6-31G*
vibrational frequencies obtained in the present study for the
OC‚‚‚BF3‚‚‚CO (3) complex (both vibrational frequencies are
slightly lower than the corresponding ones, 666 and 1488 cm-1,
for the BF3‚‚‚CO (1) complex, in agreement with the experi-
mental measurements5).
Finally, we would like to make a short comment on the nature

of the interactions in the complexes dealt with in this paper,
focusing on the differences between the BF3‚‚‚CO (1) and
BF3‚‚‚OC (2) structures as resulting from NEDA15 and ANA-
CAL17,19 analyses. Results from NEDA15 (HF/6-31G*//MP2/
6-31G*) clearly indicate that charge transfer makes an important
contribution to the stabilization of these two complexes. Indeed,
the charge transfer and electrostatic components are-13.4 and
-11.0 kcal/mol, respectively, for BF3‚‚‚CO (1) and-6.0 and
-8.3 kcal/mol, respectively, for BF3‚‚‚OC (2) (deformation
contributions partly counterbalance these stabilizing contribu-
tions to yield the final bond energies).15

To analyze in more detail the nature of the charge transfer
process in these complexes,16we used ANACAL17 (HF/6-31G*/
/MP2/6-31G*). The contribution of the zero configuration to
the wave function of the complex according to ANACAL is in
both cases very large (c0 in eq 2 is 0.956 and 0.987 for BF3‚‚‚
CO (1) and BF3‚‚‚OC (2), respectively) in agreement with the
small bond energies reported in Table 1. In the case of the
BF3‚‚‚CO (1) complex, the most significant contributions to the
wave function come from the HOMO(CO)f LUMO(BF3)

TABLE 2: MP2/6-31G* Inversion Barrier Heights (cm -1;
Referred to the Most Stable Complex Involved) As
Computed in Terms of Differences in Electronic Energies,
∆E‡ (Including or Not the Zero-Point Energy Corrections,
ZPE), Enthalpies,∆H‡, and Free Energies,∆G‡

(MP4(SDTQ)/6-31G*//MP2/6-31G* Values in Parentheses)

∆E‡ ∆E‡ + ZPE ∆H‡ ∆G‡

TS1a 1032 (1004) 911 (883) 939 (911) 683 (655)
TS2b 447 (519) 394 (466) 372 (444) 255 (326)
TS3c 1015 (994) 894 (873) 920 (899) 683 (661)
TS4d 952 (920) 838 (807) 857 (826) 693 (662)

a Transition structure connecting 1 and 1′ structures (see the text
and Figures 1 and 2).b Transition structure connecting 2 and 2′
structures (see the text and Figures 1 and 2).c Transition structure
connecting 1 and 2 structures (see the text and Figures 1 and 2).
d Transition structure connecting 1 and 2′ structures (see the text and
Figures 1 and 2).

TABLE 3: Symmetric Stretching (ν1), Out-of-Plane Deformation (ν2), Antisymmetric Stretching (ν3), and F-B-F Bending (ν4)
MP2/6-31G* Vibrational Frequencies (cm-1) and IR Intensities (kcal/mol; in Brackets) for the Most Relevant Species

species ν1 ν2 ν3 ν4
CO (C∞V) 2119 (σg) [25.8]
BF3 (D3h) 699 (a2′′) [100.8] 1497 (e′) [409.3] 481 (e′) [12.8]
1 (C3V) 882 (a1) [1.8] 666 (a1) [185.5] 1488 (e) [376.3] 482 (e) [12.0]
2 (C3V) 887 (a1) [0.4] 685 (a1) [156.0] 1495 (e) [393.5] 482 (e) [11.0]
3 (D3h) 645 (a2′′) [272.6] 1484 (e) [347.4] 481 (e′) [9.5]
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(|cr|29 ) 0.064), HOMO(CO)f NLUMO(BF3) (|cr| ) 0.034)
A+B- (A ) CO, B) BF3) monotransferred configurations, and
NHOMO(BF3) f LUMO(CO) (|cr| ) 0.019) A-B+ (back-
donation19e) monotransferred configuration (it should be noted
that the HOMO(BF3) doesn’t have the appropriate symmetry;
see Figure 3). The small charge transference, which correlates
with the weak bond formed (see Table 1), can be ascribed to
two main factors: (a) the large (∼20 eV) HOMO-LUMO
energetic separation (for the case of the BH3‚‚‚CO complex,
with a MP2/6-31G** bond energy of 24.8 kcal/mol, the
HOMO-LUMO gap is∼17 eV) and (b) that the LUMO(BF3)
and NLUMO (BF3) orbitals are antibonding between the boron
atom and the fluorine atoms, and the NHOMO(BF3) is a pair
of degenerate nonbonding orbitals completely localized on the
fluorine atoms without any boron atom contribution (see Figure
3). Obviously, this situation is much less favorable than in the
BH3‚‚‚CO complex, with HOMO(CO)f LUMO(BH3) (|cr| )
0.534) A+B- (A ) CO, B) BH3) and HOMO(BH3) f LUMO-
(CO) (|cr| ) 0.165) A-B+ monotransferred configurations,
where the LUMO(BH3) is a nonbonding p orbital completely
localized on the boron atom, and the HOMO(BH3) is a pair of
degenerate bonding orbitals which give rise to in-phase con-
tributions with the LUMO(CO) pair of degenerate antibonding
orbitals (see Figure 3).
The weaker nature of the bond in the case of the BF3‚‚‚OC

(2) complex is clearly attributable to the smaller size of the
oxygen-centered part of the HOMO and LUMO in CO (see
Figure 3). Indeed, a smaller overlap with the corresponding
orbitals in BF3 and, consequently, a smaller charge transfer
should be expected.30 The coefficients|cr|29 for the HOMO-
(CO) f LUMO(BF3), HOMO(CO) f NLUMO(BF3) and
NHOMO(BF3) f LUMO(CO) monotransferred configurations
are 0.021, 0.017, and 0.008, respectively. All these facts are

consistent with the smaller bond energy computed for this
complex as compared with that of the BF3‚‚‚CO (1) adduct (see
Table 1).

Conclusions

The interaction energy hypersurfaces corresponding to the
BF3(CO)n (n ) 1,2) van der Waals complexes have been
explored. Two minima structures corresponding to the 1:1 type
of complexes and seven corresponding to the 1:2 ones were
located. The most stable 1:1 adduct, with MP2/aug-cc-pVDZ/
/MP2/D95* and MP4/D95*//MP2/D95* bond energies of 3.5
and 3.2 kcal/mol, respectively (CP-corrected values: 1.6 and
0.7 kcal/mol), is aC3V structure with the carbon atom of the
CO molecule pointing toward the boron atom (BF3‚‚‚CO). The
computed values of the geometrical parameters and dipole
moment for this complex agree quite well with those obtained
frommolecular beam electric resonance spectroscopy. The most
stable 1:2 adduct, with MP2/aug-cc-pVDZ//MP2/D95* and
MP4/D95*//MP2/D95* bond energies of 6.4 and 6.5 kcal/mol,
respectively (CP-corrected values: 3.1 and 1.3 kcal/mol), is a
D3h structure with the two carbon atoms of the CO molecules
pointing toward the boron atom (OC‚‚‚BF3‚‚‚CO). These (gas
phase) computed bond energies are consistent with the experi-
mental dissociation enthalpies of the 1:1 and 1:2 complexes as
measured in liquefied argon, which were found to be 1.8 and
3.5 kcal/mol, respectively.
The experimentally observed broad band at the low-frequency

side of the out-of-plane deformation vibrational frequency of
the BF3 monomer agrees quite well with the 685 cm-1 MP2/
6-31G* predicted band for the 1:1 BF3‚‚‚OC complex. This
fact, together with the MP2/aug-cc-pVDZ//MP2/D95* and MP4/
D95*//MP2/D95* bond energies obtained, 2.1 and 2.2 kcal/mol,
respectively (CP-corrected values: 0.5 and 0.2 kcal/mol), gives

Figure 3. 6-31G** molecular orbitals close to the HOMO/LUMO region for BF3, BH3, and CO species. Molecular orbital energies are given in
electronvolts.
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theoretical support for the hypothesis of the formation of this
species. Also, the very weak band at 879 cm-1 detected in the
infrared spectra of the mixed BF3/CO solutions (absent in the
infrared spectra of BF3) nicely correlates with the 882 cm-1

MP2/6-31G* computed band corresponding to the symmetric
BF3 stretching fundamental of the BF3‚‚‚CO complex. That
result is in full agreement with the tentative assignments
proposed by van der Veken and Sluyts. The rest of the bands
experimentally observed for the BF3‚‚‚CO and OC‚‚‚BF3‚‚‚CO
complexes (out-of-plane deformation and antisymmetric BF3

stretching) agree quite well with the corresponding MP2/6-31G*
computed values.
Finally, a theoretical analysis of the wave function of the

complexes shows that their weakness clearly correlates with the
very small charge transfers detected, which in turn can be
ascribed to the large HOMO-LUMO gap and to the relative
unsuitability of the orbitals closer to the HOMO/LUMO region.
The weaker nature of the BF3‚‚‚OC complex as compared with
the BF3‚‚‚CO one is clearly related to the smaller size of the
oxygen-centered part of the HOMO and LUMO in the CO
molecule.
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