
Abstract. The optimized structures, interaction ener-
gies, Mulliken charges and vibrational spectra of three
conformers of a 1:1 complex between boron tri¯uoride
and carbon dioxide have been determined by means of
ab initio calculations at the second-order level of Mùller-
Plesset perturbation theory, using the 6-31G* basis set.
All three structures feature a B� � �O electron donor-
acceptor interaction. One of the structures, in which the
carbon dioxide axis eclipses one of the BF bonds, was
found to be a genuine minimum, one (the corresponding
staggered form) a ®rst-order saddle point and the third
(a linearly bonded B� � �OCO species) a second-order
transition state. The computed infrared spectrum of the
preferred conformer has been used to predict the
appearance of the spectrum of boron tri¯uoride and
carbon dioxide co-deposited in cryogenic matrices,
which will be reported in a forthcoming publication.
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1 Introduction

In our recent ab initio studies of some binary Lewis acid-
base complexes of boron tri¯uoride with some oxygen
[1, 2], nitrogen [3±5], sulphur [2], ¯uorine [6] and carbon
[7] bases, we have observed that these complexes display
a wide range of structural, electronic, energetic and
vibrational properties. In particular, the ways in which

the vibrational spectrum of boron tri¯uoride is per-
turbed as a result of complexation with such bases may
be correlated with the physical properties of the bases.
Table A-1 reports the results of the calculations of the
B� � �X intermonomer separation (X is the electronegative
atom of the base, viz. O, N, S, F or C), the FB� � �X bond
angle, the interaction energy and the B� � �X intermolec-
ular stretching wavenumber of the aggregates of BF3
with H2O, (CH3)2O, N2, HCN, FCN, C2N2, HC3N,
NH3, NF3, (CH3)2S, BF3 and CO [1±8]. (Tables
designated by a preceding A may be found in the
internet archive [9].) For bases of the same type, the
shorter B� � �X bond distances, larger FB� � �X bond
angles and higher B� � �X bond stretching wavenumbers
are associated with the higher interaction energies.
References [3] and [7] contain a large number of citations
of earlier work dealing with experimental and theoretical
studies of boron tri¯uoride complexes. In every case, the
electron donor-acceptor (EDA) interaction occurs be-
tween one of the lone-pair orbitals of the base and the
molecular orbital of BF3 dominated by the a1 2p atomic
orbital of the boron atom.

Carbon dioxide is known to form molecular com-
plexes in the gas phase which may be of several types.
Examples of such aggregates, detected in most cases by
means of microwave, infrared or molecular beam electric
resonance spectroscopy, include linear hydrogen-bonded
complexes with acids like hydrogen ¯uoride [10±16],
hydrogen chloride [14, 17] and hydrogen cyanide [18,
19]; T-shaped complexes with electron donors such as
helium [20], neon [21±24], argon [21±23, 25±29], krypton
[21, 22, 24], xenon [21, 24], mercury [30], nitrogen [31],
hydrogen bromide [14, 32], deuterium bromide [33],
carbon monoxide [34, 35], hydrogen cyanide [19, 36, 37],
carbon dioxide [38±40], water [41, 42], hydrogen sul-
phide [43] and ammonia [44, 45]; and parallel complexes
with carbon dioxide [23, 46±50], carbonyl sulphide [51],
acetylene [52±54], formaldehyde [55] and ethylene [56].
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Particularly noteworthy among this set of complexes are
those between carbon dioxide and hydrogen cyanide, for
which evidence exists for both a linear [18,19] and a
T-shaped structure (19, 36, 37], depending on the carrier
gas used in the experiments, and the carbon dioxide
dimer. Early studies on carbon dioxide-hydrogen
cyanide complexes [38±40] indicated a T-shaped struc-
ture, although more recent experiments [22, 45±49]
favoured a slipped parallel orientation of the monomer
units. The formaldehyde and ethylene complexes are
also interesting cases. While H2COáCO2 is described as a
parallel structure [55], this description refers to the
alignment of the respective CO2 and CO axes only; the
structure is in fact a planar ®ve-membered cyclic one,
with electron donation occurring between the H2CO
oxygen and the CO2 carbon atom, and between one of
the CO2 oxygen atoms and one of the H2CO hydrogens.
In the case of the ethylene adduct, while the CO2 and CC
axes are formally parallel, free internal rotation is ob-
served to take place about the line joining the monomer
centres of mass [56].

The vibrational spectra of several of these complexes
have been recorded in cryogenic matrices including,
among the linear complexes, those with hydrogen ¯uo-
ride [57, 58] and hydrogen chloride [59, 60]. The com-
plexes with carbon monoxide [61], water [62], ammonia
[63] and formaldehyde [64] are T-shaped, and the origi-
nal matrix isolation study of the carbon dioxide dimer
[65] concluded that it, too, was T-shaped; later spectro-
scopic studies [66±69], however, came out in favour of
a slipped parallel structure. An interesting example is
provided by the spectrum of the complex between
carbon dioxide and monatomic aluminium [70]; two
structures were observed, a four-membered cyclic
arrangement of C2V symmetry and a planar trans
AlAOAC@O species belonging to the CS point group.

Of the large number of ab initio studies which have
been undertaken, most provide qualitative con®rmation
of the experimental structures. The linear aggregates
include the complexes with hydrogen ¯uoride [71±75],
hydrogen chloride [71, 75, 76], hydrogen cyanide [19, 72,
77, 78], water [42, 72, 79±82] and acetylene [83, 84]. The
complexes found to be T-shaped are those with helium
[20, 85±88], neon [86], argon [26, 85, 89±91], hydrogen
¯uoride [71], hydrogen bromide [75], deuterium bromide
[33], hydrogen cyanide [19, 36, 77, 78, 92], water [42, 71,
72, 79±82, 93, 94], hydrogen sulphide [71], acetylene [84],
ammonia [71, 95, 96] and phosphine [71]. The carbon
dioxide dimer was originally reported to be T-shaped
[84, 97, 98], but the consensus of later publications [69,
84, 92, 98±105] agrees with the more recent experimental
conclusions that it has the slipped parallel con®guration.
Other parallel carbon dioxide complexes reported are
those with hydrogen cyanide [19], acetylene [83, 84, 103]
and ethylene [56]. In many cases the investigators con-
sidered several possible structures [19, 42, 71, 72, 77±82,
84, 93, 98], and were able to identify the most and least
probable alternatives.

The most interesting feature of these structural ob-
servations is that in the complexes of CO2 with HF and
HCl, the acid donates a proton along the molecular axis
of the CO2 molecule, while in that with HBr, the HBr

molecule appears to donate electrons from the bromine
atom to the carbon atom of the CO2 molecule. This
change in the EDA natures of the interacting species
from HF and HCl to HBr has been interpreted [14] as
being due to the competition between the higher acidities
of HF and HCl favouring the linear hydrogen-bonded
structure, and the higher energy of the dispersive inter-
action in the HBr complex relative to those with HF and
HCl which would favour the T-shaped geometry. In the
case of the complex formed between BF3 and CO2, the
major alternative structures appear to be a linear
B� � �OCO bonded symmetric top species, similar to the
FHáOCO and ClHáOCO complexes, and a non-linear
B� � �O bonded asymmetric top structure. The structure
of BF3áCO2 in the gas phase has been reported brie¯y in
a study of BF3áNCCN, among other complexes, by Le-
opold et al. [106], who concluded that BF3áCO2 was an
asymmetric rotor, consistent with a non-linear B� � �OCO
arrangement, as suggested by a lone pair-directed in-
teraction, according to the structural rules applying to
hydrogen-bonded complexes proposed by Legon and
Millen [107]. In this paper we report the results of our ab
initio studies on three possible B� � �O bonded isomers of
the 1:1 BF3áCO2 complex.

2 Computational methodology

The calculations were performed using the GAUSSIAN-
92 computer program [108], at the second-order level of
Mùller-Plesset perturbation theory (MP2) [109], and with
the 6-31G* split-valence polarized basis set [110]. Full
geometry optimizations were carried out using the
VERYTIGHT convergence criterion, with all molecular
orbitals included in the post-self-consistent ®eld (SCF)
steps, subject to the imposition of CS or C3V symmetry, as
appropriate. The interaction energies were computed by
subtracting the sum of the energies of the monomers in
their distorted geometries, as found in the complexes,
from the energy of the complex in each case. These
complexation energies were then corrected for basis set
superposition error (BSSE) [111] by the Boys-Bernardi
full counterpoise technique [112]. The total interaction
energies were separated into the dispersion and the SCF
contributions by subtraction of the computed Hartree-
Fock energies from the MP2 energies, and the SCF parts
of the interaction energies were decomposed into their
electrostatic, polarization, charge transfer and exchange
repulsion components using the Morokuma partitioning
procedure [113, 114] as implemented in the MONSTER-
GAUSS program [115]. The total MP2 electronic
energies were algebraically combined with the thermal
energy di�erences, including the zero-point energy
di�erences, and the pressure-volume energy terms to
yield the enthalpy changes, as proposed by Del Bene
[116].

Wavenumbers, infrared intensities and normal modes
of vibration were computed using the FREQ option of
GAUSSIAN-92 [108]. The normal coordinate analysis
of the most favourable structure was performed with
Shell and Steele's vibrational analysis program VIBRA
[117].
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3 Results and discussion

3.1 Geometries

The computed bond lengths, at the MP2 level, of the
BF3 and CO2 monomers are 132.36 and 117.97 pm
respectively. These values were obtained by ®xing the
bond angles at 120° and 180° respectively, and they
compare with the experimental gas-phase values of
131.33 pm [118] and 116.0 pm [119] respectively, indi-
cating overestimation of the bond lengths by 0.78 and
1.70% respectively. Three plausible structures were
considered for the BF3áCO2 complex, two of CS and
one of C3V symmetry. In one of these structures (I), one

of the oxygen atoms is bonded to the boron, with the
OCO molecule eclipsing the BF bond lying in the
symmetry plane (Fig. 1a). In the second (II), the
interaction is again of the B� � �O type, but the OCO
subunit is staggered with respect to the BF bonds
(Fig. 1b). The third structure (III), shown in Fig. 1c,
features a linear B� � �OCO fragment and was constrained
to have C3V symmetry. The computed geometrical
parameters of these three structures are collected in
Table 1, while Table 2 indicates the di�erences between
the complex parameter values and those of the corre-
sponding monomers. The conformations of structures I
and II in¯uence the bond lengths of the BF3 molecule
quite substantially; in the eclipsed case the in-plane BF
bond is stretched signi®cantly while the other two BF
bonds remain virtually unchanged, and in the staggered

Fig. 1a±c. Optimized structures of three complexes of boron tri¯uo-
ride and carbon dioxide: a eclipsed (I), b staggered (II) c linear (III)

Table 1. Optimized geometrical parameters (MP2/6-31G*) of some

boron tri¯uoride-carbon dioxide complexes

Parameter Complex

I II III

(eclipsed) (staggered) (linear)

r(BF1)/pm 132.97 132.27 132.46

r(BF2)/pm 132.29 132.61 132.46

r(BF3)/pm 132.29 132.61 132.46

r(CO1)/pm 118.26 118.21 117.99

r(CO2)/pm 117.64 117.67 117.71

r(B� � �O1)/pm 262.29 259.71 260.81

F1B̂F2/deg 119.75 120.19 119.98

F1B̂F3/deg 119.75 120.19 119.98

F2B̂F3/deg 120.43 119.55 119.98

O1ĈO2/deg 179.47 179.48
C

F1B̂ � � �O1/deg 85.38 94.31 90.88

F2B̂ � � �O1/deg 93.68 89.24 90.88

F3B̂ � � �O1/deg 93.68 89.24 90.88

B� � � Ô1C/deg 114.33 123.03
C

F1B̂ � � �O1Ca/deg 0.0b 180.0b
C

F2B̂ � � �O1Ca/deg 119.58 120.22
C

F3B̂ � � �O1Ca/deg 119.58 120.22
C

B� � � Ô1CO2a/deg 180.0 180.0
C

aDihedral angle
b Fixed
c B� � �O1CO2 fragment ®xed to be linear

Table 2. Computed complex-monomer di�erences in the geometrical

parameters (MP2/6-31G*) of some boron tri¯uoride-carbon dioxide

complexes

Parameter Complex

I II III

(eclipsed) (staggered) (linear)

r(BF1)/pm 0.61 )0.09 0.10

r(BF2)/pm )0.07 0.25 0.10

r(BF3)/pm )0.07 0.25 0.10

r(CO1)/pm 0.29 0.24 0.02

r(CO2)/pm )0.33 )0.30 )0.26
F1B̂F2/deg )0.25 0.19 )0.02
F1B̂F3/deg )0.25 0.19 )0.02
F2B̂F3/deg 0.43 )0.45 )0.02
O1ĈO2/deg )0.53 )0.52 0.0
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complex the in-plane bond length changes very little, but
the two equivalent BF bond lengths increase markedly.
These structural observations may be rationalized by
proposing that the eclipsed conformer is stabilized by an
electrostatic attraction of the negatively charged in-plane
¯uorine atom for the positively charged carbon atom,
separated by a distance of 301.3 pm. In the staggered
conformer the carbon is separated by 343.7 pm from the
two closer ¯uorines, and the combination of the larger
distance of separation and the less favourable mutual
orientation of the orbitals reduces the strength of the
attractive interaction. In the linear species, the carbon
lies at a distance of 403.2 pm from the three equivalent
¯uorines, and the attractive interaction is partially
shielded by the intervening oxygen atom, O1 (Fig. 1c).
The CO bond lengths of the CO2 fragment change in the
same way and by about the same amount, regardless of
the conformation, the bonded CO bond stretching and
the non-bonded CO bond length decreasing. Similarly,
the signs of the changes in the values of the FBF bond
angles are opposite in the eclipsed and the staggered
cases. In the former the angle between the two equiv-
alent BF bonds opens out while in the latter it closes up;
the approximate planarity of the BF3 unit is maintained
in each case. For both structures I and II the OCO
molecule retains its linearity within 1°. The changes in
the parameters of the linear isomer on complexation are
less pronounced. The BF bond lengths increase slightly
while the free CO bond shortens by about the same
amount as in structures I and II.

3.2 Energetics

Table 3 shows the absolute energies at both the restrict-
ed Hartree-Fock (RHF) and the MP2 levels, and the
MP2 dipole moments. At the MP2 level the sequence of
energies is eclipsed < staggered < linear, while the
dipole moments follow the opposite trend. The trend in
the energies is in accord with that in the bond lengths
discussed above. Since neither monomer molecule pos-
sesses a permanent dipole moment in its equilibrium
structure, the induction of the dipole moments in the
complexes is related to the extent of perturbation of the
monomer structures. In the linear complex the larger
dipole moment enhancement is chie¯y associated with
the relatively large compression of the non-bonded CO
bond, while in structures I and II the enhancements are
due to a combination of several structural changes.

The interaction energies, uncorrected and corrected
for BSSE [111], are collected together in Table 4. It is
found that the BSSE correction represents a substantial
fraction of the total interaction energy for all three
structures. The magnitude of the BSSE correction is
proportional to the uncorrected stabilization energy,
with the result that after correction the sequence of
binding energies becomes linear > staggered > eclipsed,
the opposite trend to that of the absolute energies. The
trend in the values of the BSSE corrections is related to
the extent to which the orbitals of the monomer units
perturb one another, so that the largest BSSE correction
is found in the complex in which the energetic stabili-
zation is greatest. After separating out the dispersion
energy of each conformer, the remaining SCF energy
was partitioned into its respective components, as shown
in Table 5. Of the attractive contributions the electro-
static part was found to predominate, followed by the
charge transfer and polarization terms, in that order.
The exchange repulsion term approximately balances the
electrostatic attraction in each case. The corrected elec-
tronic interaction energies of Table 4 were further cor-
rected for the di�erences in thermal and zero-point
energies, and the pressure-volume energy di�erences, in
order to reduce the electronic energy changes on com-
plexation to enthalpy changes [116]. These are shown in
Table 6. While all three complex structures are predicted
to be stable relative to the separated monomers, the
enthalpies of interaction follow the trend linear >
staggered > eclipsed.

3.3 Mulliken charges

The Mulliken atomic charges [120] are presented in
Table 7. This table also indicates the changes in the
charges on each atom resulting from complexation, and
the amount of charge transferred from donor to
acceptor. While CO2 is invariably the electron donor,
as expected, the amount of charge transferred is always
less than 10 me. The e�ect of the charge redistribution
is that the three ¯uorine atoms, but especially the ones
closer to the CO2 molecule, gain charge, as does the
bonded oxygen atom, at the expense of the boron and
carbon, and the non-bonded oxygen atoms. The
individual atoms which su�er the largest charge
perturbations are, not unexpectedly, those most inti-
mately involved in the EDA interaction, B and O1
(Fig. 1a±c).

Table 3. Absolute energies and dipole moments of some boron

tri¯uoride-carbon dioxide complexes

Complex Energy/a.u. Dipole moment/Da

(RHF)b (MP2) (MP2)

Eclipsed )510.825355028 )511.89205763978 0.4618

Staggered )510.825288776 )511.89165126811 0.5507

Linear )510.825477311 )511.89136706833 0.6304

a 1 D º 3.336 ´ 10)3 Cm
bRestricted Hartree-Fock

Table 4. Interaction energies (MP2/6-31G*) of some boron tri¯uoride-

carbon dioxide complexes

Complex Energy/kJ mol)1

Uncorrected BSSEa Corrected

Eclipsed )15.406 10.854 )4.552
Staggered )14.275 9.449 )4.826
Linear )13.394 7.631 )5.763

a Basis set superposition error
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3.4 Vibrational spectrum

Tables 8, A-2 [g] and A-3 [g] list the computed
wavenumbers and infrared band intensities of the two
CS complexes (I and II) and the C3V structure (III). The
approximate descriptions of the intramolecular normal

modes follow those of the corresponding monomer
vibrations, while the intermolecular modes are described
as B� � �O stretching, and libration of the CO2 and BF3
monomer units, either in-plane or out-of-plane. The
values of the corresponding wavenumbers of all three
species are fairly similar, the obvious exception being the
calculation of a negative eigenvalue for the out-of-plane
libration of the CO2 unit in the staggered species II, and
a similar negative eigenvalue for the doubly degenerate
counterpart in the linear structure III. This mode is the
one responsible for the conversion of structures II and
III to structure I, and identi®es II as a ®rst-order and III
as a second-order transition state on the potential energy
surface, connecting two equivalent eclipsed structures
separated by dihedral angles of 360°. As was the case
with the wavenumbers, relatively small di�erences are
observed between the intensities of corresponding modes
in all three structures.

The computed wavenumber shifts and changes in the
infrared intensities of the monomer bands accompany-
ing association are shown in Table 9, for structure I, and

Table 6. Interaction enthalpies (MP2/6-31G*) of some boron tri¯uor-

ide-carbon dioxide complexes

Complex Energy/kJ mol)1

DE(electronic) DE(thermal) D(pV) DH

Eclipsed )4.552 6.123 )2.479 )0.908
Staggered )4.826 3.642 )2.479 )3.663
Linear )5.763 1.232 )2.479 )7.010

Table 7. Mulliken atomic charges (MP2/6-31G*) of the boron tri-

¯uoride and carbon dioxide monomers and of some of their complexes,

and their changes on complexation

Complex Atom Charge/e

Complex Monomer Di�erence Fragment

Eclipsed B 1.0156 0.9852 0.0304

F1 )0.3535 )0.3284 )0.0251
F2, F3 )0.3338 )0.3284 )0.0054

)0.0055
C 0.9400 0.9186 0.0214

O1 )0.4932 )0.4593 )0.0339
O2 )0.4413 )0.4593 0.0180

0.0055

Staggered B 1.0186 0.9852 0.0334

F1 )0.3341 )0.3284 )0.0057
F2, F3 )0.3461 )0.3284 )0.0177

)0.0077
C 0.9400 0.9186 0.0214

O1 )0.4907 )0.4593 )0.0314
O2 )0.4416 )0.4593 0.0177

0.0077

Linear B 1.0184 0.9852 0.0332

F1, F2, F3 )0.3417 )0.3284 )0.0133
)0.0067

C 0.9367 0.9186 0.0181

O1 )0.4856 )0.4593 )0.0263
O2 )0.4446 )0.4593 0.0147

0.0065

Table 8. Computed wavenumbers and infrared intensities (MP2/

6-31G*) of the eclipsed boron tri¯uride-carbon dioxide complex

Symmetry Mode Approximate Wavenumber/ Intensity/

species description cm)1 km mol)1

a¢ m1 ma(CO2) 2447 500.7

m2 ma(BF3) 1477 379.5

m3 ms(CO2) 1334 1.67

m4 ms(BF3) 883 0.73

m5 ds(BF3) 673 170.9

m6 d(CO2) 640 30.4

m7 da(BF3) 481 11.6

m8 l(BF3) 140 0.75

m9 m(B� � �O) 78 0.88

m10 l(CO2) 43 0.35

a¢¢ m11 ma(BF3) 1502 390.5

m12 c(CO2) 633 24.3

m13 da(BF3) 481 11.3

m14 l(BF3) 73 0.009

m15 l(CO2) 21 0.0002

Table 5. BSSE-corrected Morokuma decompositions of the MP2/

6-31G* interaction energies of some boron tri¯uoride-carbon dioxide

complexes

Component Energy/kJ mol)1

Eclipsed Staggered Linear

Dispersion )0.491 )0.346 )0.309
Electrostatic )14.731 )14.832 )13.346
Charge transfer )5.395 )4.714 )3.348
Polarization )2.290 )2.299 )2.018
Exchange 15.314 14.511 11.131

Mixing 3.041 2.854 2.127

Total )4.552 )4.826 )5.763

Table 9. Computed complex-monomer wavenumber shifts and infrared

intensity ratios (MP2/6-31G*) of the eclipsed boron tri¯uoride-carbon

dioxide complex

Monomer Mode Wavenumber shift/ Intensity

cm)1 ratioa

BF3 ms(BF3) )6 )b

ds(BF3) )26 1.70

ma(BF3) (a¢) )20 0.93

(a¢¢) 5 0.95

da(BF3) (a¢) 0 0.91

(a¢¢) 0 0.88

CO2 ms(CO2) 1 )b

d(CO2) (a¢) 4 1.19

(a¢¢) )3 0.95

ma(CO2) )1 1.11

aRatio = complex/monomer intensity
bMonomer mode is infrared inactive
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in Tables A±4 [g], and A±5 [g] for the other isomers. The
complex-monomer wavenumber di�erences are all less
than 30 cm)1, while the intensity ratios lie in a rather
narrow band of values, from 0.88 to 1.85. The obser-
vation of small wavenumber shifts, and intensity ratios
of the complex bands close to unity, testi®es to the fact
that the perturbations of each monomer spectrum by
interaction with the partner monomer are minimal.

In the light of the fact that structure I was the only
one for which the vibrational analysis yielded no nega-
tive eigenvalues, we have extended that analysis, using
the VIBRA program [117], in order to determine the
vibrational force ®eld of this species.

3.5 Vibrational force ®eld

The internal coordinates employed in the normal mode
analysis are de®ned in Table 10, in terms of the
geometrical parameters identi®ed in Fig. 1a. The vibra-
tional modes transform as

Cvib � 10a0 � 5a00

under CS symmetry (see Table 8), and a suitable set of
symmetry coordinates is shown in Table 11. Table 12
reports the percentage potential energy distributions
(PEDs) of each normal mode among the symmetry
coordinates, for the a¢ and a00 species vibrations.

The PEDs of the a¢ species con®rm the accuracy of
the descriptions of the intramolecular modes given in
Table 8, indicating particularly that the CO2 stretching
vibrations are localized solely in the CO bonds (see
Table 12). For the BF3 stretching motions the higher
frequency mode is a coupling of the two symmetry co-
ordinates describing the a¢ antisymmetric vibrations,
while the lower of the two is restricted, exclusively, to the
two out-of-plane BF bonds. The two BF3 bending and
the CO2 bending vibrations are concentrated over 90%

in symmetry coordinates S5, S6 and S7. The intermolec-
ular modes, however, show a high degree of coupling of
the CO2 bending, the BF3 libration, the B� � �O stretching
and the B� � �OC bending (140 cm)1), the BF3 libration
and the B� � �O stretching (78 cm)1) and the CO2 bending
and the B� � �OC bending vibrations (43 cm)1). Table 12
shows that the antisymmetric BF3 stretching vibration
contains a contribution of over 10% of the antisym-
metric bending motion, and the remaining a00 intramo-
lecular modes are very highly localized in symmetry
coordinates S12 and S13. The 73 cm

)1 vibration is largely
the libration of the BF3 moiety about the in-plane BF
bond, while the lowest frequency mode is mainly the
torsion about the B� � �O bond, but with a signi®cant
component due to the out-of-plane CO2 bending.

The intermolecular valence force constants of the
complex, the intermonomer stretching and the in-plane
and out-of-plane intermonomer bending force constants,
are presented in Table 13, which also includes a com-
parison of the complex force constants with the corre-
sponding values for the monomers. The value of the
B� � �O stretching force constant, 13.94 Nm)1, appears to
be typical for an intermolecular vibration of a weakly
bonded aggregate, and the systematic decrease in mag-
nitude from the stretching to the in-plane bending
(6.66 Nm)1) to the out-of-plane bending (0.85 Nm)1) is
also a characteristic feature of the spectra of molecular
complexes. The remaining major force constants of the
complex indicate that the greatest perturbations are the
decreases of the in-plane BF stretching and the out-of-
plane FB� � �O bending constants of the BF3 moiety and
the bonded CO stretching and the out-of-plane OCO
bending of the CO2 fragment. There is also a noticeable
increase in the stretching force constant of the non-
bonded CO bond, relative to that of the CO2 monomer.

3.6 Prediction of experimental infrared spectrum

The experimental spectrum of species I should show 15
fundamental vibration bands (see Table 8). Of these, all

Table 10. De®nitions of the internal coordinates of the eclipsed boron

tri¯uoride-carbon dioxide complex

Internal cordinate De®nitiona

t1 r(CO1)

t2 r(CO2)

d r(BF1)

r1 r(BF2)

r2 r(BF3)

R r(B� � �O1)
a F2B̂F3

b1 F1B̂F2

b2 F1B̂F3

c F1B̂ � � �O1
d1 F2B̂ � � �O1
d2 F3B̂ � � �O1
e B� � � Ô1C
h O1ĈO2b

/ O1ĈO2c

s F1B� � �O1Cd

a See Fig. 1a for the structure of the eclipsed complex
b In the symmetry plane
c Perpendicular to the symmetry plane
dTorsional angle

Table 11. De®nitions of the symmetry coordinates of the eclipsed

boron tri¯uoride-carbon dioxide complex

Symmetry Symmetry De®nition

species coordinate

a¢ S1 (Dt1 ) Dt2)/2)1/2

S2 (2Dd ) Dr1 ) Dr2)/6)1/2

S3 (Dt1 + Dt2)/2)1/2

S4 (Dr1 + Dr2)/2)1/2

S5 (Dc + Dd1 + Dd2 ) Da ) Db1 ) Db2)/6
)1/2

S6 Dh
S7 (2Da ) Db1 ) Db2)/6

)1/2

S8 (2Dc ) Dd1 ) Dd2)/6
)1/2

S9 DR
S10 De

a¢¢ S11 (Dr1 ) Dr2)/2)1/2

S12 D/
S13 (Db1 ) Db2)/2

)1/2

S14 (Dd1 ) Dd2)/2
)1/2

S15 Ds
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the intermolecular modes are expected to absorb below
about 150 cm)1, and are in any case very weak; hence the
probability of observing them experimentally is rather
low.

In the BF3 monomer regions of the complex spec-
trum, the symmetric BF3 stretching mode is calculated to
be displaced by 6 cm)1 to the low frequency of the
monomer position, but since the monomer mode is in-

frared inactive and the complex mode is predicted to
have a very low intensity, the complex absorption band
is unlikely to be readily observed. The out-of-plane BF3
bending mode is computed to shift by 26 cm)1 to the low
frequency of the monomer band, the largest predicted
shift in the spectra of any of the three species. The rel-
atively high calculated intensity militates in favour of
this mode being a good diagnostic feature. The degen-
erate monomer antisymmetric stretching mode splits
into a pair of vibrations, one 20 cm)1 to the red and the
other 5 cm)1 to the blue of the monomer. The anti-
symmetric BF3 bending mode is insensitive to complex-
ation, the predicted shifts being zero for both the a¢ and
a00 components.

Among the modes derived from the CO2 monomer,
the symmetric CO2 stretching is predicted to show a very
small shift from the monomer value, and to be very
weak. Since the corresponding monomer mode is infra-
red inactive, however, it would not be observed in an
experimental spectrum and therefore would not provide
a marker from which to measure the complex shifts. This
mode is therefore of little value in identifying the com-
plex in a matrix isolation spectrum. The antisymmetric
CO2 stretching mode of the complex shows virtually no
displacement from the monomer band. Thus, although
this mode is predicted to give rise to the strongest band
in the spectrum, its utility in identifying the complex in a
matrix is also limited. The CO2 bending vibration holds
more promise for diagnostic purposes, since it is split
into two modes, which shift in opposite directions with
respect to the monomer absorption. These shifts are very
small (4 and )3 cm)1), but the predicted intensities are of
intermediate magnitude.

Table 12. Percentage potential

energy distributions of the normal

modes of the eclipsed boron tri-

¯uoride-carbon dioxide complex

Wavenumber/cm)1 a¢ Symmetry

Symmetry coordinate

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

2447 100.0

1477 67.4 27.2 5.4

1334 100.0

883 100.0

673 96.5 3.5

640 90.3 9.7

481 6.1 2.0 91.8

140 1.0 24.9 14.4 24.4 35.3

78 1.1 0.5 44.6 53.8

43 0.1 44.6 0.9 0.6 53.7

Wavenumber/cm)1 a¢¢ Symmetry

Symmetry coordinate

S11 S12 S13 S14 S15

1502 88.5 11.5

633 99.1 0.9

481 3.3 96.7

73 3.0 2.0 90.1 5.0

21 29.0 0.3 4.5 66.2

Table 13. Major valence force constants of the eclipsed boron

tri¯uoride-carbon dioxide complex, and di�erences between complex

and monomer force constants

Force

constanta
Force constant/Nm)1

Complex BF3
monomer

Di�erenceb CO2

monomer

Di�erenceb

fR 13.94

fe 6.66

fs 0.85

fd 734.09 762.55 )28.46
fr 762.28 762.55 )0.27
fc 72.43 79.00 )6.57
fd 58.72 79.00 )20.28
fdr 60.45 60.98 )0.53
frr 60.48 60.98 )0.50
ft1 1588.85 1617.38 )28.54
ft2 1633.00 1617.38 15.61

fh 186.75 189.38 )2.63
f/ 123.49 189.38 )65.89
ftt 68.58 67.23 1.35

a See Table 10 and Fig. 1a for de®nitions of internal coordinates
bDi�erence = complex ) monomer force constant
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Thus the most useful vibrational features for char-
acterizing the complex are the antisymmetric BF3
stretching, the symmetric BF3 bending and the CO2

bending modes, where the lifting of the degeneracies of
the ®rst and third of these vibrations yield one band
shifted to either side of the monomer absorption, while
the symmetric BF3 bending su�ers a substantial red
shift.

A recent high resolution microwave study of four
isotopomers of BF3. CO2 [121] has been interpreted in
terms of a symmetric top with a large amplitude motion
and an anomalously large value of DJK. The vibratio-
nally averaged monomer centre-of-mass separation was
determined to be 376 pm, which compares with the
B� � �C distance determined here of 329.2 pm. This ex-
perimental observation is not necessarily in con¯ict with
the theoretical conclusion presented here, however, and
is open to the interpretation that the observed structure
results from large amplitude motion about an asym-
metric equilibrium structure, i.e. the complex is a quasi-
symmetric top. It should also be recognized that the
search for the existence of the complex in cryogenic
matrices will not necessarily yield the same structure as
that observed in the gas phase, partly because of the
di�erent time scales of the respective experiments, and
partly because the large amplitude motion responsible
for interconverting structures I, II and III may be
quenched in the matrix, due to the in¯uence of the
matrix cage, but not in the gas phase.
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