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ABSTRACT

A number of electron donor-acceptor complexes formed between boron trifluoride and nitrous acid have been studied, in order
to ascertain which of the interacting monomers acts as the acid and which as the base. We have found four complexes in which
electron donation occurs in the direction HONO — BF,. These complexes are bound through the hydroxyl O, the N and the
nitrosyl O atoms, in decreasing order of strength of interaction, and in the last case two separate rotational isomers have been
identified. The intermolecular structural parameters and the perturbations of the intramolecular bond lengths and angles are
consistent with the trends in the interaction energies. The vibrational spectra have also been examined, and the wavenumber
shifts and intensity ratios track with the energetic and structural data. The mechanism of complex formation in each case is
donation of a lone pair of electrons on the N or O atoms into the 7w* orbital of BF,, with back donation in the case of the complex
bound through the nitrogen atom from a lone pair on one of the F atoms of BF, into the *(OH) orbital of HONO. The total amounts
of charge transferred vary, in general, with the strengths of interaction, while the charge density topologies and their properties

confirm the conclusions derived from the other characteristics discussed.
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1. Introduction

Boron trifluoride is a prototypical Lewis acid.' As such it is
capable of forming a variety of electron donor-acceptor com-
plexes with other small molecules. A survey of the standard
databases reveals the wide range of complexes containing boron
trifluoride which have been detected in the gas phase* and
in cryogenic matrices.*” Some of these complexes are listed in
Tables S1 (gas phase species) and S2 (matrix isolated species) of
the Supplementary Material. Complementary to the technique
of matrix isolation spectroscopy in solid noble gas or nitrogen
matrices is that of the use of cryogenic liquids (usually noble
gases) as solvents for the examination of vibrational spectra.
These studies have the advantage that they give direct experi-
mental access to the enthalpies of reactions, which may be use-
fully compared with those derived from theoretical investiga-
tions. A number of such studies are listed in Table S3. A recent
review of the vibrational properties of matrix isolated complexes
of compounds formed from the main group elements lists a
very comprehensive selection of adducts containing boron tri-
fluoride.” In addition, a variety of theoretical computations of
the properties of donor-acceptor complexes have been applied
toalarge number of associated species containing boron trifluor-
ide. A selection of these complexes with neutral base species is
listed in Table S4.

In a recent theoretical investigation, we employed ab initio
molecular orbital theory to examine the complex formed between
boron trifluoride and hydroxylamine."* This adductis intriguing
in that hydroxylamine presents two potential sites for electron

donation to the boron atom of the boron trifluoride molecule,
the nitrogen and the oxygen atoms. We were interested to know
which of these two interactions led to the more stable complex,
what were the structures of the respective complexes and their
relative energies of formation, and in what ways the vibrational
spectra of the interacting monomers were perturbed as a result
of the association. We concluded that the preferred complex
involved primarily a B...N interaction, stabilized by a secondary
weak, bent OH...F hydrogen bond, in a five-membered ring
structure. Nitrous acid presents a further interesting example of
a partner molecule in a complex with boron trifluoride, contain-
ing three potential competing sites of interaction with the boron
atom, the nitrogen, the nitrosyl oxygen and the hydroxyl oxygen
atoms. Nitrous acid itself has been shown to form a range of
binary complexes, which have been detected mainly by matrix
isolation spectroscopy, and Table S5 lists a number of these asso-
ciated species, containing both the cis and trans isomers. In most
of these adducts the nitrous acid molecule is the proton donor in
a hydrogen-bonded structure, but in some cases it can act as an
electron donor (e.g. HF,”™ HCL,**"” SiH, and GeH,,"), and in
others (e.g. formaldoxime' and allene'"') as both. Some of these
experimental studies have been supported by ab initio and DFT
calculations. ' #1# B3I Iy this paper we explore the struc-
tures and interaction energies of the possible structural forms of
a 1:1 complex formed between boron trifluoride and nitrous
acid, and examine the extent to which the vibrational spectra of
the monomers are perturbed as a function of the strengths of
interaction.
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2. Computational Details

The calculations were carried out using the Gaussian-09
program,'* at the second order level of Moller-Plesset perturbation
theory (MP2)" and with Dunning’s augmented correlation-
consistent polarized valence triple-zeta basis set (aug-cc-
pVTZ)."*'* We optimized the structures of complexes of both
the trans and cis HONO isomers, butin every case the trans struc-
ture was found to be more stable, and the cis complexes were
therefore not considered further. Each structure was optimized
and confirmed as a genuine energy minimum by the absence of
any imaginary normal modes of vibration. The vibrational spec-
tra were then recalculated at the anharmonic level. The com-
puted interaction energies were corrected for basis set superpo-
sition error (BSSE)* by the Boys-Bernardi full counterpoise
procedure' and for zero-point energy differences. In order to
gaininsightinto the nature of the orbitals involved in the various
interactions, the Natural Bond Orbital (NBO) approach was
applied,"” and further valuable information on the distribution
of the charge densities and their topologies was derived using
the Atoms-in-Molecules (AIM) formulation of Bader,**'*
employing Keith’s program AIMAIL™*

3. Results and Discussion

3.1. Molecular Structures and Interaction Energies

In the complexes of trans-nitrous acid in which it functions as
the electron donor, there is experimental evidence for the exis-
tence of three HF- or HCl-bonded species, with the diatomic acid
proton interacting with all three available electron donor sites,
although the preferred location is the hydroxyl oxygen
atom.”*" In the complex with formaldoxime, the oxime
OH group interacts with the nitrogen atom of HONO;™ in
the SiH, and GeH, adducts, the hydroxyl oxygen donates to
the Si or Ge atom,"” while in the complex with CH,=C=CH,,"*'
in addition to the major OH...r bonded structure the nitrous
acid molecule also accepts a secondary CH...N hydrogen bond.
Thus all three electron-rich sites of nitrous acid are potential
locations for interaction with the boron atom of BF,. We have
examined all three possibilities. In the case of interaction with

Structure 1

Structure 3

Figure 1 Optimized structures of the four BF;, HONO complexes.

Table 1 Descriptions, symmetries and relative energies of the BF,, HONO
complexes.

Structure  Conformation Point group  Relative energy/k] mol™
1 cc? C, 0
2 tc® C 0.76
3 ttte C, 6.56
4 tct! C, 7.24

? cc refers to the cis-cis conformation with respect to the FBNOH chain.

b tc refers to the trans-cis conformation with respect to the FBONO chain.
Ctttrefers to the trans-trans-trans conformation with respect to the FBONOH chain.
dtct refers to the trans-cis-trans conformation with respect to the FBONOH chain.

the nitrosyl oxygen atom, two isomeric structures were found to
be stationary points, which we have designated ttt and tct, refer-
ring to the trans or cis conformation with respect to the
FBONOH atomic chain. Table 1 describes the structures and
point groups of the resulting optimized adducts, and their mini-
mized energies relative to the most stable isomer, while Fig. 1
represents the respective structures. The complexes in which the
nitrogen and the nitrosyl oxygen atoms are the donor sites (1, 3
and 4) feature a plane of symmetry, but that with the hydroxyl
oxygen (2) has the hydrogen atom displaced from the pseudo-
plane of the heavy atoms. The energies of structures 1 and 2 are
fairly similar, but those bound through the nitrosyl oxygen (3
and 4) are noticeably less stable.

The interaction energies of the four complexes, appropriately
corrected, are presented in Table 2. Consistent with the relative
energies of the four structures, the interaction energies of 1and 2
are a factor of 2 to 3 higher than those of 3 and 4. The reversal of
the order of the interaction energies of 1 and 2 relative to those in
Table 1is a consequence of a combination of the higher degree of
distortion of the BF, bond lengths and angles as a result of the
greater strain in the cyclic structure 1 and a greater zero-point
energy difference for 1 than 2 (see later).

Table 3 reports the distortions of the geometrical parameters of
the BF, and HONO fragments. The mean bond length and the
mean unsigned bond angle changes of BF, are substantially
greater for 1 and 2 than for the more weakly bound 3 and 4. This

1l

Structure 2

9

Structure 4
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Table 2 Interaction energies of the BF,, HONO complexes, corrected for basis set superposition error and zero-point energy differences.

Interaction energy/k] mol™

Structure 1

Structure 2

Structure 3 Structure 4

Uncorrected -29.11
Corrected® -22.81
Corrected® -18.35

—28.89 -17.55 -16.21
-23.59 -13.30 -12.13
—22.72 -9.99 -8.97

2 Corrected for BSSE only.
b Corrected for BSSE and zero-point energy differences.

Table 3 Perturbations of the intramolecular geometrical parameters of the BF;, HONO complexes.

Component Parameter Perturbation

Structure 1 Structure 2 Structure 3 Structure 4

BF; r(BF)/pm 1.91 0.89 0.14 0.21

0.17 0.78 0.32 0.19

0.17 0.22 0.32 0.19

£FBF/deg 0.69 -0.64 -0.25 0.12

-0.87 -0.22 -0.02 -0.16

-0.87 -0.19 -0.02 -0.16

HONO r(OH)/pm 0.33 0.10 0.07 0.05

r(N-O)/pm -3.72 6.66 -3.17 -2.55

r(N=0)/pm 0.51 -1.59 1.03 0.85

LHON/deg 0.54 0.27 0.41 0.57

£ONO/deg 1.73 -0.49 -0.21 -0.02

is particularly true for 1, due to the formation of the cyclic struc-
ture. In the case of the HONO fragment, the N-O bond experi-
ences the greatest changes, increasing for structure 2, but con-
tracting in the other three adducts. In structure 2 the elongation
of the N-O bond is accompanied by a shortening of the N=0O
bond, indicating a redistribution of charge within the ONO unit.
The formation of this complex may represent an early stage in
the reaction

BF; + HONO - BF;:OH*® + NO-*

The larger OH bond length and ONO angle changes for struc-
ture 1 are associated with the formation of the OH...F hydrogen
bond. The intermolecular geometrical parameters are listed in
Table 4. The separation of the boron atom from the site of elec-
tron donation, N or O, decreases monotonically with the
strength of interaction, as shown in Fig. 2a, while the distortion
of the BF, unit from planarity, measured by the mean FB...N(O)
angle, increases in the same order (Fig. 2b), confirming the link
between the intermolecular structures and the interaction ener-
gies. In structures 1and 2, where the hydrogen atom approaches
one of the fluorine atoms, the significantly shorter H...F distance
and larger OH...F angle in 1 testify to the presence of an

OH...F hydrogen bond in this case, which is absent in struc-
ture 2.

3.2. Vibrational Spectra

The effects of complexation on the anharmonic vibrational
spectra of the interacting monomers are among the most reliable
measures of the extent of interaction in molecular complexes.
The computed spectra of the four complexes are available in the
Supplementary Material in Tables S6 to S9. Table 5 shows the
wavenumber shifts of the modes of the BF, fragments in the four
complexes studied. These shifts are almost exclusively to the red
(the only two blue shifts being less than 2 cm™). The most
sensitive mode is the symmetric BF, bending, v,, as has been
recognized by Young,” and the v, wavenumber shifts correlate
reasonably well with the interaction energies, as indicated in
Fig. 3. Apart from complex 4, the shifts of the symmetric stretch-
ing mode, v,, are virtually independent of the structure. The
antisymmetric stretching vibration, v,, has two components due
to the lifting of the degeneracy present in the uncomplexed
BF, monomer, and the shifts of this mode follow the behaviour of
thev, vibration. A large difference is observed between the shifts
of the two components for structure 1, as a consequence of the

Table 4 Intermolecular geometrical parameters of the BF,, HONO complexes.

Structure 1 Structure 2

Structure 3 Structure 4

Parameter Value Parameter Value Parameter Value Parameter Value
r(B...N)/pm 237.08 r(B...O)/pm 232.62 r(B...O)/pm 251.68 r(B...O)/pm 260.37
r(F...H)/pm 215.36 r(F...H)/pm 278.83 £FB...O/deg 91.26 £FB...O/deg 87.76
/BF...H/deg 104.90 LFB...O/deg 91.18 £B...ON/deg 110.74 £B...ON/deg 126.84
ZFB...N/deg 88.08 £OH...F/deg 74.78
£OH...F/deg 131.05 Z/B...OH/deg 113.34
£LON...B/deg 113.18 £BF...H/deg 79.18
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Figure 2 Plots of (a) the B...X distance and (b) the mean FB...X angle versus the interaction energy of the four BF,, HONO complexes (X = N, O).

Table 5 Intramolecular anharmonic wavenumber shifts of the BF, fragments of the BF;, HONO complexes.

Mode Wavenumber shift/cm™
Structure 1 Structure 2 Structure 3 Structure 4

v(BE,) -21.5 -20.4 -22.5 7.2
8,(BE,) —75.9 -88.3 —54.4 -29.7
v,(BF,) 447 -36.1 7.8 -10.9
14 —55.4 -12.7 -6.1
5,(BE,) 25 7.5 0.6 -18
-8.0 -5.9 -0.7 1.1

decoupling of the in-plane and the out-of-plane BF stretching
motions arising from the formation of the OH...F hydrogen
bond. The shifts of the antisymmetric bending mode, v,, are all
less than 10 cm™, particularly those of structures 3 and 4, and are
not very useful in characterizing the alternative structures. In
Table 6 are presented the corresponding wavenumber shifts of
the HONO fragment modes, relative to the monomer. The
v(OH) vibration is regularly shifted to lower wavenumbers, with
a larger red shift of ¥(OH) in 1 than those of the other three
complexes, characteristic of a genuinely hydrogen-bonded
OH group. The »(N=0) mode is also typically red-shifted, with
generally larger perturbations than those of ¥(OH). The excep-
tion is structure 2, where ¥(N=0) has a rather large blue shift.
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-AE/kJ mol™

25

Figure 3 Plot of the v, wavenumber shift of the BF, molecule versus the
interaction energy of the four BF,, HONO complexes.

Indeed, structure 2 is unique in that the remaining four modes
all shift to lower wavenumber, while for complexes 1, 3 and 4
these modes are all perturbed to the blue. The unusual behav-
iour of 2 is attributed to its being bound through the hydroxyl
oxygen atom, and Latajka et al., on the basis of their matrix spec-
troscopic results, have identified this site as the most basic centre
in the HONO molecule.” This finding is confirmed by the large
red shifts of the ‘in-plane” and ‘out-of-plane’ bending vibrations
of the HON group, 6(HON) and y(HON), which are by far the
largest shifts among the four complexes. This observation is
attributed to the fact that, although the hydroxyl hydrogen atom
is not directly involved in the interaction, its motion is strongly
coupled with that of the bound oxygen.

The symmetric stretching mode of the boron trifluoride mono-
mer is, of course, infrared inactive, but it becomes activated on
formation of the various complexes. The induced infrared activity
of this mode is reported in Table 7. Although structures 1 and 2
are the most strongly bound of the four adducts, the degree of
activation is greatest for 3 and 4. This is surprising, because the
distortion of the BF, molecule is least pronounced in the cases
of 3and 4, and the larger intensity enhancements must be due to
the contribution of the nitrosyl oxygen atom in the mechanism
of the binding process. The intensity ratios of the remaining
modes of BF, relative to the monomer are given in Table 8. For
the v, mode, complexation leads to an intensity enhancement.
The antisymmetric stretching and bending modes, v,(BF;) and
0,(BF;), undergo intensity diminution on formation of the
adducts, except for one of the components of §, (BF,) of struc-
ture 2, where the intensity increase is the largest for any mode of
any complex. This is a consequence of the fact that in structure 2,
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Table 6 Intramolecular anharmonic wavenumber shifts of the HONO fragments of the BF;, HONO complexes.
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Mode Wavenumber shift/cm™
Structure 1 Structure 2 Structure 3 Structure 4

v(OH) -38.5 -8.7 7.4 —41
v(N=0) -28.0 71.7 —41.8 -38.5
0(HON) 55.3 -98.9 31.0 20.3
v (N-O) 47.0 -83.7 724 382
0(ONO) 74.6 -16.2 90.5 54.0
y(HON) 39.6 -217.8 22.1 19.9

Table 7 Infrared intensities of the symmetric stretching modes of the BF,
fragments of the BF,, HONO complexes.

Structure Intensity/km mol™
1 8.98
2 7.44
3 87.24
4 11.78

both components of §,(BF,) belong to the same symmetry species,
and there is considerable intensity borrowing between the two
components. Table 9 lists the intensity ratios of the modes of the
HONO fragments. These ratios are fairly unremarkable, except
for the OH stretching and the in-plane HON bending modes
in structure 1, which possesses a genuine hydrogen bond. The
intensities of these two modes are enhanced to a greater extent
than in the other three complexes, in accordance with normal
observation for hydrogen-bonded complexes. The out-of-plane
HON bending mode of structure 2 also suffers a large perturba-
tion. This is because the hydroxyl oxygen atom is the site of inter-
action, and the proximity of the OH bond to the B electron
acceptor site increases the OH bond polarity substantially.

3.3. Natural Bond Orbital Analysis
A natural bond orbital (NBO)"™ analysis was carried out to

determine which molecular orbitals of the interacting molecules
were involved in the formation of the complexes, and to quan-
tify the amount of charge transferred as a result of the interac-
tions, per atom and per molecule. Table 10 shows the main inter-
actions present in each structure, with their orbital interaction
energies. An arbitrary cut-off of 5 k] mol™ was applied to these
interaction energies. The common feature of all these interac-
tions is donation from a N or O lone pair orbital of the base into
the 7* orbital of BF, (essentially the vacant 2p orbital on boron).
In the case of structure 1 there is also a secondary donation from
the N lone pair to the 0*(BF) orbital associated with the BF bond
lying in the symmetry plane. Unique to structure 1 is a back
donation from an in-plane lone pair orbital of F3 to the o*(OH)
orbital of HONO. This back donation is responsible for the cyclic
nature of structure 1. In structure 2 there are two interactions, of
approximately equal importance, involving the lone pair
orbitals of the hydroxyl oxygen. One is a virtually pure 2p O
orbital and the otheris a hybrid with almost equal s and p charac-
ter. In structures 3 and 4 it is the nitrosyl oxygen atom which is
responsible for the electron donation; in each case the dominant
donor orbitalis an almost pure 2p orbital, while a minor contribu-
tion comes from the hybrid O orbital having mostly s character.
The NBO analysis also gives an indication of the amount of
charge redistribution occurring on complex formation. The net
charge shift is exclusively in the direction HONO - BF,, and the
total amount of charge transferred decreases in the order struc-

Table 8 Complex/monomer infrared intensity ratios of the BF, fragments of the BF;, HONO complexes.

Mode Intensity ratio
Structure 1 Structure 2 Structure 3 Structure 4
0,(BE,) 2.63 1.16 3.70 1.12
v,(BE;) 0.52 0.89 0.89 0.89
0.89 0.88 0.91 0.90
0,(BE;) 0.66 5.78 0.84 0.66
0.36 0.50 0.82 0.94

Table 9 Complex/monomer infrared intensity ratios of the HONO fragments of the BF,, HONO complexes.

Mode Intensity ratio

Structure 1 Structure 2 Structure 3 Structure 4
v(OH) 1.63 1.07 1.33 1.27
v(N=0) 0.79 1.51 0.87 0.84
O(HON) 1.97 0.69 1.21 1.00
v(N-O) 1.05 0.33 0.80 1.02
0(ONO) 0.40 0.80 0.05 0.93

y(HON) 0.84 291 0.99 1.00
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Table 10 Major molecular orbitals involved in the formation of the BF,. HONO complexes, according to the NBO procedure. See Fig. 1 for numbering

of the atoms.

Structure HONO - BF, BF, - HONO
Interaction® Interaction energy/k] mol™ Interaction Interaction energy/k] mol™
1 n(N2) = 7*(B1) 84.89 n(F3) = 0*(O7H8) 5.27
n(N2) = 0*(B1F3) 5.86
2 n2(02) = 7*(B1) 35.61
n1(O02) » 7*(B1) 32.47
3 n2(02) = 7*(B1) 29.62
n1(02) -» 7*(B1) 6.74
4 n2(02) = 7*(B1) 11.00
n1(02) = 7*(B1) 9.96

?nl of oxygen atom O2 is a non-bonding hybrid orbital with 59.8 % s and 40.2 % p (structure 2), 69.1 % s and 30.9 % p (structure 3) and 70.5 % s and 29.4 % p character
(structure 4), while n2 of oxygen atom O2 is a non-bonding hybrid orbital with 1.3 % s and 98.7 % p (structure 2), 2.2 % s and 97.6 % p (structure 3) and 0.5 % s and

99.3 % p character (structure 4).

ture 1 > structure 2 > structure 3 > structure 4, as shown in
Table 11. Only in structure 1 does the boron atom experience an
increase of negative charge, as a result of the back donation
effect. The fluorine atoms all accumulate negative charge, most
notably the in-plane fluorine atomsin 1 and 2. Itis in the HONO
fragment that the greatest discrimination among the four com-
plexes becomes apparent. In each case the donor atom under-
goes an increase of negative change, with the hydroxyl O of 2
being most affected, followed by the N atom of 1 and the nitrosyl
O atoms of 3 and 4, correlating with the order of interaction
energies (see Table 2). The hydrogen atoms of the HONO frag-
ments consistently lose negative charge, again tracking with the
order of the interaction energies.

3.4. Atoms-in-Molecules Analysis

The application of Bader’s Atoms-in-Molecules (AIM) theory,**'*
implemented in Keith’s AIMAIl program,'™ provides further
insight into the ways in which the monomer molecules interact
in order to form the complexes. Molecular graphs of the four
complexes are presented in Fig. 4, showing the bond paths and
critical points, represented by small green dots. These graphs
indicate that bond critical points are found in all the covalent
bond regions, and in the intermolecular bonding regions
(B1...N2and F3...H8in1,and B1...02in 2, 3 and 4). In addition,
a ring critical point, indicated by a small red dot, is found in 1,
enclosed by the B1, N2, O7, H8 and F3 atoms, confirming the
cyclic nature of this complex. The properties of the critical points
associated with the covalent bond interactions, specifically the

electron density, p,, its Laplacian, V%, the bond ellipticity, ¢ , the
potential and kinetic energy densities, V_and G, their sum, H,
and the modulus of their ratio, |V/G_|, are collected in Table 12.
For the intermolecular interactions the values of these quantities
are reported in Table 13. A number of generalizations have been
observed for some of these properties.””*' For example, values
of p_ > 0.1a.u. are characteristic of covalentbonds, where there is
an accumulation of charge in the interatomic region, while for
hydrogen bonds and van der Waals interactions, p. is typically of
the order of 0.01 a.u.” Table 12 shows that p_for the N=0O, OH,
N-O and BF bonds falls off in that order, reflecting the relative
bond strengths, while Table 13 indicates that the p_values for
the B...N and B...O bonds in structures 1 and 2, which are the
most strongly bound complexes, are noticeably higher than
those of the other intermolecular interactions, although the val-
ues all fall within the appropriate range for such interactions.
Also, V’p, < 0 for shared interactions and > 0 for closed-shell
interactions.” These conditions are certainly fulfilled by the
entries for N=0, OH and N-O in Table 12 and those for B...N,
B...OandF...Hin Table 13. However, V?p_ > 0 for the BF bonds,
indicating a marked weakening of those bonds brought about by
the molecular interactions and, curiously, also for the N-O bond
in structure 2. We can offer no explanation for this anomaly. The
bond ellipticity, ¢, approximates zero for covalent bonds, as
shown in Table 12, but increases substantially for the
intermolecular bonds (Table 13) where, again, the values for
the B...N and B...O interactions in 1 and 2 are significantly
greater than for those in structures 3 and 4. Cremer and Kraka

Table 11 NBO charge shifts of the atoms resulting from formation of the complexes, and total intermolecular charge transfers.

Atom Amount of charge transferred/me
Structure 1 Structure 2 Structure 3 Structure 4

B —6.6 13.6 9.4 10.3
F3 -27.7 -17.1* -5.8 -7.0
F4,F5 —4.4 -15.1%, -7.6" -9.5 7.1
Total BF, —43.1 —-26.2 -15.4 -10.9
O (nitrosyl) 28.7 52.2 —459 -43.4
N —47.1 34.6 21.3 21.2
O (hydroxyl) 389 -719 322 24.9
H 22.4 11.4 7.8 8.1
Total HONO 429 26.3 15.4 10.8

2 Atom F3 is that closest to the B102...H8 plane.
b Atoms F4 and F5 are those straddling the B102...HS8 plane.
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Figure 4 Molecular graphs of the four BF,, HONO complexes
Table 12 Properties of the covalent bond critical points of the BF,, HONO complexes.
Structure Bond pJau.? Vi fau.® & V./au.* G/a.u.© H/a.u.© |V/G|
1 BF3 0.1995 1.1932 0.0416 -0.6042 0.4512 -0.1530 1.3391
BF4,BF5 0.2107 1.2778 0.0260 —-0.6531 0.4863 —0.1668 1.3430
N=0O 0.5626 -1.7278 0.0904 -1.4088 0.4884 —-0.9204 2.8845
N-O 0.3283 —0.2542 0.1151 —0.5388 0.2376 -0.3012 2.2677
OH 0.3546 —2.6488 0.0192 —-0.8088 0.0733 —0.7355 11.0341
2 BF3 0.2061 1.2425 0.0333 -0.6328 0.4717 -0.1411 1.3415
BF4 0.2068 1.2483 0.0322 —-0.6358 0.4739 —0.1619 1.3416
BF5 0.2103 1.2764 0.0275 -0.6515 0.4853 —0.1662 1.3425
N=0O 0.5929 -2.0353 0.0702 -1.5941 0.5427 -1.0514 2.9374
N-O 0.2529 0.0619 0.0973 -0.3644 0.1899 -0.1745 1.9189
OH 0.3560 -2.6168 0.0193 -0.8090 0.0774 —0.7316 10.4522
3 BF3 0.2105 1.2830 0.0246 -0.6534 0.4871 -0.1663 1.3414
BF4, BF5 0.2093 1.2753 0.0262 —0.6481 0.4835 —0.1646 1.3404
N=0O 0.5552 -1.7153 0.0945 -1.3820 0.4766 —0.9054 2.8997
N-O 0.3237 -0.2448 0.1097 -0.5274 0.2331 -0.2943 2.2625
OH 0.3582 -2.6567 0.0202 -0.8149 0.0754 -0.7395 10.8077
4 BF3 0.2101 1.2806 0.0247 -0.6516 0.4859 -0.1657 1.3410
BF4, BF5 0.2101 1.2829 0.0244 -0.6517 0.4862 -0.1655 1.3404
N=0O 0.5574 —1.7345 0.0939 -1.3941 0.4802 —0.9139 2.9032
N-O 0.3185 -0.2153 0.1095 -0.5147 0.2305 —0.2842 2.2330
OH 0.3582 -2.6566 0.0199 -0.8152 0.0755 -0.7397 10.7974

aTau. of p. = 1.0812 x 102 C m™>.
®1a.u. of V2o, = 3.8611 x 1022 C m™>.

¢1au. of V, G, and H, = 1.7718 x 10** kJ mol! m=3.
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Table 13 Properties of the intermolecular bond critical points of the BF,, HONO complexes.
Structure Bond plau.? Vip /au.® £, V/au.© G/au.© H/au.© [V./G |
1 B1...N2 0.0250 0.0572 0.6467 -0.0195 0.0169 -0.0026 1.1538
F3...H8 0.0138 0.0619 0.3495 -0.0108 0.0131 0.0023 0.8244
F3B1...N207HS...F3¢  0.0126 0.0634 - -0.0109 0.0134 0.0025 0.8134
2 B1...02 0.0220 0.0627 0.5722 -0.0173 0.0165 -0.0008 1.0485
3 B1...02 0.0149 0.0504 0.3338 -0.0104 0.0115 0.0011 0.9043
4 B1...02 0.0122 0.0434 0.4933 -0.0081 0.0095 0.0014 0.8526

a1a.u. of p, = 1.0812x 102 C m~>.

P 1 a.u. of V¥, = 3.8611x 10°2 C m™.

“la.u. of V, G.and H, = 1.7718 x 10%* kJ mol™! m™.
d Ring critical point.

have shown that |V_| > G_and H_ < 0 for shared interactions,
and |V | < G_and H_ > 0 for closed shell situations."” The rela-
tionships for the B...N and B...O interactions in Table 13 are
consistent with this observation, except for the values of H_for 1
and 2, where the signs confirm the marked difference between
the interaction energies of these two complexes and the others,
as pointed out above. Finally, |V /G, | has been shown to be typi-
cally <1 for closed shell interactions, >2 for shared interactions,
and between 1 and 2 for intermediate cases." The results given
in Tables 12 and 13, by and large, confirm these expectations.

4. Conclusions

Four distinct electron donor-acceptor complexes between BF,
and HONO have been identified, bound through the hydroxyl
O, the N and the nitrosyl O atoms, in decreasing order of
strength of interaction. The first two of these adducts are sub-
stantially more strongly bound than the other two. The pertur-
bations of the intramolecular structural parameters, and the
values of the intermolecular geometrical properties mirror these
trends. The wavenumbers of the BF, fragment modes vary in
sensitivity to the degree of complexation, with the symmetric
BF, bending mode undergoing the largest shifts, in common
with previous experience. The red shift of the OH stretching
mode of HONO in structure 1is considerably greater than those
of the other complexes, consistent with the presence of an
intermolecular hydrogen bond in this case. The mechanism of
complex formation in each adductis donation of alone pairon N
(structure 1) or O (structures 2, 3 and 4) into the * orbital of BF,,
with back donation in the case of 1 from a lone pair on the
in-plane F atom of BF, into the ¢*(OH) orbital of HONO. The
total amounts of charge transferred track, in general, with the
strengths of interaction, while the charge density topologies and
their properties ratify the conclusions derived from the other
characteristics discussed.
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