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The changes in molecular structure associated with the crystallization of the donor-acceptor complex HCN-
BF3 are studied using density functional theory. Short-range dipole-dipole interactions have been attributed
to be one of the main causes of the 0.84 Å shortening of the B-N bond in the crystal phase compared to the
gas phase. Natural bond orbital analysis is used to obtain information regarding the electron distribution and
possible delocalization effects. The lone pair on the fluorine atoms shows significant delocalization toward
the boron-nitrogen antibonding orbital, leading to substantial structural changes occurring that can be
manipulated by increasing or decreasing the degree of overlap. Because the overlap is dependent on the
position of the fluorine atom, the steric and electronic influences created by the surroundings of a molecular
unit in the crystal are of considerable importance when the experimentally observed changes are explained.

I. Introduction

In general, structural differences between covalently bound
molecules in the gas phase and crystal phase are in the order of
hundredths of ångstroms.1 The changes that do occur are usually
attributed to crystal packing effects. Donor-acceptor bonds,
however, frequently show larger interatomic separations in the
gas phase compared to the crystal phase.2 At the far end of
these phase-dependent linkages are the datively bound com-
plexes, such as the Lewis acid-base complex between BF3 and
HCN, which show evidence of bonds forming only partially in
the gas phase.3,4 These bonds are believed to be driven to
completion in the crystalline state. In these cases the distinction
between partially and fully formed bonds is made on the basis
of the sum of the covalent radii for nitrogen and boron, 1.58
Å,5 and the van der Waals radius, as determined from the
bonding distance of the van der Waals complex between
molecular nitrogen and boron trifluoride, 2.88 Å.6 Due to the
resulting change in the nature of the bonds, dramatic decreases
in bond lengths and associated bond angles are observed. In
the case of the complex studied in this paper, the B-N bond
retraction is 0.84 Å and the NBF angle widens by 14°.7,8 Similar
changes are known for the related boron-nitrogen adduct CH3-
CN-BF3, where the values are 0.38 Å and 10°,9,10 respectively.

In the crystal structure of HCN-BF3 the molecules are
arranged in pairs such that each two HCN-BF3 molecules are
antiparallel to another, at about 3.8 Å away. It has already been
shown by Cabaleiro-Lago and Rı´os11 that the changes in the
length of the B-N bond upon crystallization can be reproduced
to a large extent by the addition of only one additional molecule
to form an antiparallel dimer. Their B3LYP/6-31++G**
calculations on a (HCN-BF3)2 dimer reproduced the experi-
mentally observed changes between the gas phase and the
crystalline state to within 0.1 Å and 4°. Jiao and Schleyer used
self-consistent reaction field (SCRF) theory12 based on the
Onsager reaction field13,14 to represent the environment as a
dielectric continuum, using H2O as solvent at 25°C. They
calculated the dipole moment of HCN-BF3 as a function of

the dielectric constant,ε, and found that a change in polarity of
the medium influences both the solvation energy and the B-N
bond distance to a great extent. From this correlation they
concluded that the gas-solid phase changes for this very polar
species are mainly due to the dipolar crystal field. A comparative
study of a number of Lewis acid-base complexes was done
by Jonas, Frenking, and Reetz.2 Only the gas-phase molecule
was calculated in their work; however, geometry optimizations
on the dimer and tetramer form of H3N-BH3 and the dimer of
H3N-BF3 showed significantly shorter bonds compared to the
monomers. This shortening of the dative bond was attributed
to short-range dipolar effects. However, the alignment of
molecules in their calculations does not reflect the actual
crystallographic structure. Their calculations were done on
systems in which the dimeric or tetrameric units were specif-
ically built to maximize the possibility of dipolar interactions
(i.e., antiparallel alignment of all molecules throughout the
model).

Nearest neighbor effects on the structure are not limited to
the crystal phase, as was recently shown by Fiacco and
Leopold.15 They investigated microsolvation effects in the
complex HCN‚‚‚HCN-BF3 by both rotational spectroscopy and
ab initio methods and found an experimental B-N bond distance
of 2.299 Å. This represents a contraction of 0.174 Å relative to
the isolated monomer, caused by a single HCN unit hydrogen
bonded to HCN-BF3, 2.185 Å away.

In this paper we investigate the structural changes brought
on by a single nearest neighbor, as well as the additive effect
of additional units in the crystal structure. An explanation for
the well correlated relationship between the B-N bond distance
and the NBF angle is presented.

II. Computational Methods

Calculations were performed with bothGaussian 9816 and
Gaussian 03.17 The gas-phase HCN-BF3 monomer was opti-
mized with both ab initio and density functional methods as
well as a wide range of basis sets. Levels of theory included
MP2,18 the hybrid DFT functionals B3LYP19,20and MPWK121* Corresponding author. E-mail: jlmd@sun.ac.za.
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and the pure DFT functional MPWPW91.22,23Basis sets ranged
from double-ú 6-31G(d)24 to triple-ú 6-311+G(d,p).25 Crystal
phase effects were simulated by adding an environment of frozen
HCN-BF3 molecules around a central dimer unit. The coor-
dinates for the surrounding molecules were taken from the
crystal structure.8 To retain the local symmetry within the
crystal, which was determined to beCi, the molecules were
added in a pairwise fashion. Taking the point of inversion as
the center of the system, all molecules, excluding the central
dimer, having at least one atom within a selected radius, were
taken as the frozen surroundings. The radius of inclusion was
enlarged to encompass more molecules to increase the size of
the model system. This procedure was continued until a total
size of eight molecules had been reached. Figure 1 illustrates
the different crystal models. A number of calculations were also
done on the isolated dimer, with the purpose of determining at
which intermonomer distance the observed bond shortening
occurs. The effect of a varying parallel dipole was also
investigated. Stationary points on the potential energy surface
were characterized as minima by the absence of imaginary/
negative frequencies in the analytically determined vibrations.

Electronic analysis of the system was carried out according
to the natural bond orbital (NBO) approach of Weinhold et
al.26,27 Apart from calculating the best NBO natural Lewis
structure for an electronic system, this analysis by default
includes an estimate of all possible donor-acceptor interactions
within the system. This is done by examining all possible
interactions between filled Lewis-type NBO’s and empty non-
Lewis NBO’s and estimating their importance by second-order
perturbation theory. All NBO calculations were done with the
NBO 5.0program.28

III. Results and Discussion

Within theC3V symmetry group, optimization of the monomer
revealed a B-N dative linkage of 2.473 Å, in agreement (albeit
possibly a result of a fortuitous cancellation of errors, rather
than a reflection of the basis set quality) with the experimental
structure, and an NBF angle of 93.0°, comparing reasonably
well with the experimentally determined angle of 91.5°.7 The
work of Giesen and Phillips29 has shed much light on the
discrepancy between experimental and theoretical geometries
of the related compound, CH3CN-BF3. The authors concluded
that a very flat potential energy surface (PES) for the B-N
stretching coordinate arises from two competing minima, one
between 1.8 and 1.9 Å, the other between 2.2 and 2.3 Å. It was
shown that basis set superposition error (BSSE) influences the
calculations to a huge extent, rendering calculations with smaller
basis sets nearly meaningless, and even changing the global
minimum for the large cc-aug-PVTZ basis set from the short
to the long minimum. It is very likely that similar behavior will
be present for the HCN-BF3 moiety. Recently, Gilbert30

concluded that the B3LYP model performs poorly when used

to model dative B-N bonds and suggested the use of the hybrid
MPW1K model, which was designed to describe incompletely
bound transition states. A comparison between MP2 calculations
and B3LYP, MPW1K, and the related pure MPWPW91 applied
for a variety of basis sets, for the monomer and dimer, is
summarized in Tables 1 and 2.

Table 1 illustrates the good performance of B3LYP compared
to MP2, and although there does not seem to be any convergence
relative to the chosen basis,it does display a degree of
consistency. The other two functionals display similar behavior,
as observed by Giesen and Phillips, in that the addition of diffuse
functions drives the monomer to a short minimum of ca. 1.8
Å, as compared to the longer minimum at ca. 2.2-2.4 Å.
Whereas the calculations by Giesen and Phillips also indicated
inconsistency in the MP2 results, we obtained none. These
authors, however, did rigorous calculations on the PES of the
respective molecules by doing stepwise partial optimizations
of the B-N stretching coordinate. The scope of this article is
not to provide a similar account of HCN-BF3, and the minima
reported in Tables 1 and 2 might not be global in all cases.
Having said this, optimizations of the monomer were done with
starting coordinates corresponding to a B-N bond distance of
1.6 Å to span the whole region of possible minima, but this is
not a guarantee that the minima found are global. The
consistency of B3LYP disappears in the case of the dimer. Here
two different minima are found once again, whereas the other
two functionals display consistency relative to the basis set.

The effect of BSSE on the energy was calculated for all the
basis sets used in the B3LYP monomers and found to show
relatively little sensitivity to the size of the basis set, but once
again to the availability of diffuse functions. The basis sets (in
order of increasing size) without diffuse functions have values
of 2.06, 2.06, 1.79, and 1.75 kcal/mol, whereas those with
diffuse functions have 0.58, 0.60, 0.70, and 0.64 kcal/mol. High
values of BSSE thus seem to correlate with long minima, and
vice versa for low values of BSSE. It is also of value to note
that the BSSE energy for the basis set used in the cluster
calculations amounts to between one-half and one-third of the

Figure 1. (HCN-BF3)n model withn ) 2, 4, 6, 8. The molecules are
numbered such that for a specific value ofn, the model consists of all
the molecules numberedn and lower, e.g., forn ) 6, molecules
numbered 2, 4, and 6 are included.

TABLE 1: Optimized B -N Distances ofC3W HCN-BF3 for
Various Levels of Theories and Basis Setsa

MP2 B3LYP MPWK1 MPWPW91

6-31G(d) 2.439 2.473 2.287 2.416
6-31+G(d) 2.430 2.511 1.806 1.854
6-31G(d,p) 2.443 2.474 2.285 2.417
6-31+G(d,p) 2.437 2.512 1.805 1.854
6-311G(d) 2.493 2.494 2.285 2.416
6-311+G(d) 2.435 2.483 1.882 2.296
6-311G(d,p) 2.503 2.495 2.288 2.418
6-311+G(d,p) 2.447 2.484 1.887 2.302

a Distances in Å.

TABLE 2: Optimized B -N Distances of theCi (HCN-BF3)2
Dimer for Various Levels of Theories and Basis Setsa

B3LYP MPWK1 MPWPW91

6-31G(d) 1.806b 1.735 1.762
6-31+G(d) 1.735 1.697 1.720
6-31G(d,p) 1.800 1.732 1.757
6-31+G(d,p) 1.736 1.698 1.721
6-311G(d) 2.330 1.750 1.802
6-311+G(d) 1.772 1.713 1.741
6-311G(d,p) 2.329 1.751 1.800
6-311+G(d,p) 2.484 1.715 1.743

a Distances in Å.b A second, higher energy minimum withC2

symmetry andr(B-N) ) 2.287 Å was also found doing the dimer
intermolecular separation, as discussed later.
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complex dissociation energy, which was calculated to be 4.8
kcal/mol, and could be even worse for the larger clusters. This
probably has little effect on the structural results for the clusters
but some caution is nonetheless warranted.

Due to the flat PES, without a good description of gradients
at each optimization step, the dimer models do not converge
easily. Unfortunately, procedures to remedy this behavior
increase the computational time considerably, even more so with
large basis size. Because we are only interested in the qualitative
effect of additional molecules on the dimer, we decided on
B3LYP/6-31G(d) being a sufficient approach with the assump-
tion that any computational discrepancies are present in all the
(HCN-BF3)n crystal models.

Intermolecular Effects. Table 3 lists some important bond
lengths and bond angles indicating the changes in structure that
were induced by increasing the number of surrounding mol-
ecules. Figure 1 illustrates how the molecules were arranged.
Upon going from the monomer to the dimer, thus the addition
of only one molecule, the B-N bond length decreases from
2.473 to 1.806 Å, a difference of 0.667 Å. As expected, the
NBF angles widen by between 6 and 9°. The formation of a
hydrogen bond between the hydrogen atom and the opposing
fluorine, as well as the application of overallCi symmetry leads
to the local 3-fold axis that exists in the isolated molecule to
be destroyed in the dimer, resulting in the NBF angles differing
slightly. The NBF angle containing the hydrogen-bonded F-atom
is smaller than the remaining two in the molecule. However,
as the amount of surrounding molecules increases, and hence
more hydrogen bonds are formed between the dimer unit and
surrounding H-atoms, the remaining two angles also display
differences. Defining the NBF angle containing the F-atom
hydrogen bonded to the opposite molecule in the dimer as the
inward pointing angle, and the two remaining angles as the
outward pointing angles, a clear illustration of the surrounding
molecule effect is the difference between the outward pointed
NBF angles in the (HCN-BF3)6 and (HCN-BF3)8 systems. As
seen in Figure 1, the latter system differs from the former system
by the two molecules labeled 8. These two added molecules
result in an additional hydrogen bond to an F-atom, distorting
the two outward pointing NBF angles to 103.5° and 106.1°,
compared with the equal NBF angles of 105.6° in the (HCN-
BF3)6 system.

From (HCN-BF3)2 to (HCN-BF3)8 a further 0.141 Å, or
17%, decrease in B-N bond length occurs. Although changes
of this order are considered to be of fundamental importance,
it is still largely overshadowed by the changes observed in the
dimer. Hankinson, Almlo¨f, and Leopold31 have determined
dipole-dipole interactions between a HCN-BF3 molecule and
one nearest antiparallel neighbor account for one-third of the
lattice energy. They also showed the molecular dipole moment
to be a sensitive indicator of the degree of completion of the
dative bond. Their findings are reflected by our B3LYP/6-31G*
calculated values: the dipole moment of the isolated monomer
calculated with a fixed B-N of 2.4 Å is 4.3 D, compared to a
dipole of 7.4 D at a fixed B-N distance of 1.6 Å. The fact that
the dipole moment can be manipulated by changing the B-N

bond length, allowed us to do a simple test of the sensitivity of
the molecule to the dipole moment of an antiparallel molecule.
A dimer was optimized without any symmetry constraints while
the boron-nitrogen bond length of one molecule was kept fixed.
The dipole moment of this molecule, calculated with the
geometry it has in the partially optimized dimer, was also
established. Figure 2 shows the bond length of the other, fully
optimized molecule in the dimer as a function of the dipole
moment of the molecule with the frozen B-N bond. Taking
the two molecules in the dimer to be labeledA andB, a fixed
r(BN) of 2.473 Å inA results in a molecular dipole of 4.1 D in
A. MoleculeB optimizes to a bond length of 1.863 Å with a
resulting molecular dipole of 6.4 D. At the upper end of the
graph, a fixedr(BN) of 1.673 Å in A results in the opposing
moleculeB optimizing tor(BN) ) 1.794 Å. Other effects that
might influence the structure, such as hydrogen bonding, are
of course also apparent in this approach. However, bond length
decreases of this order have previously2,32 been attributed to
dipole-dipole interactions.

Before further conclusions are made regarding the importance
of dipolar interaction in the molecular clusters modeled by us
and other groups, one needs to carefully reassess the effect of
dipole orientation. Simplifying to point dipoles, the classical
potential energy of interaction between dipoles is given by33

In this equation,µ1 and µ2 are two vectors representing the
interacting dipoles, whereasr is a vector connecting the center
of the two dipoles. According to this equation, the potential
energy is a maximum when the dipole moments are parallel
(i.e., an angle of 0° between their respective dipole moment
vectors) and directly opposite each other (i.e., an angle of 90°
between the vectorr connecting the point dipoles and the dipole
moment vector). Figure 3 shows the unit cells for the molecules
mentioned so far. In crystalline H3N-BH3 all the molecules
are arranged parallel, i.e., orientated in the same direction. This
picture differs largely from the HCN-BF3 crystal. Here the
moleculesin a dimeric unitare aligned antiparallel; i.e., their
dipole moment vectors are aligned 180° with respect to each
other. However, the different dimer units are aligned near
orthogonal with respect to each other (see Figure 1), resulting
in small values for the potential energy of interaction. A similar
arrangement is observed in the H3N-BF3 crystal. To attribute

TABLE 3: Structural Data for (HCN -BF3)2, n ) 2, 4, 6, 8a

(HCN-BF3)2 (HCN-BF3)4 (HCN-BF3)6 (HCN-BF3)8

BN 1.806 1.739 1.670 1.665
NBF‚‚‚Hb 99.3 100.3 102.1 103.8
NBF 102.3 103.6 105.6 103.5
NBF 102.5 104.5 105.6 106.1

a Distances in Å, angles in deg.b The NBF angle of the F hydrogen
bonded to the opposite antiparallel molecule.

Figure 2. Bond length of one BN bond in (HCN-BF3)2 as a function
of the molecular dipole moment of the opposing, antiparallel molecule.
To present a varying dipole moment, the dimer was optimized with
one r(BN) fixed in steps of 0.2 Å, from 2.673 to 1.473 Å.
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a decrease of 0.141 Å brought on by 6 surrounding molecules
that are aligned in such a way to nearly minimize the possible
dipolar interaction to solely dipole-dipole effects, thus seems
doubtful.

Hydrogen bonding may be one of the alternative effects
responsible for the changes in the crystal. Merino, Bakhmutov,
and Vela34 have recently concluded that proton-hydride
interactions in (H3B-NH3)2 are not the main factors influencing
the 0.077 Å change in dative bond length experimentally
observed for this system. They concurred with previous work
in that dipole-dipole interactions are primarily responsible.2,32

This does seem a logical conclusion, as in this case the dipole
moments are arranged parallel/antiparallel (i.e., angles of 0° or
180°, respectively) in the crystal. For (HCN-BF3)2, we
determined whether H‚‚‚F contacts were responsible for the
changes by the very simple procedure of removing all H’s from
the system and replacing them with F-atoms. This hypothetical

dimer, (FCN-BF3)2, was optimized at B3LYP/6-31G* and its
geometry compared with the isolated FCN-BF3 molecule. In
the monomer, which hasC3V symmetry, the B-N bond is
calculated to be 2.519 Å, compared to 1.834 Å in the dimer,
which hasC2h symmetry. The remarkable change in structure
is thus still evident in a completely fluorinated compound,
without the possibility of any hydrogen bonding. Replacing the
H’s with F’s, however, does not eliminate the possibility of
strong intermolecular interaction. The different deviations from
linearity observed in the molecular axis for the two molecules
indicate geometry deforming interactions in both species, but
of a different nature, i.e., attractive H‚‚‚F hydrogen bonding in
(HCN-BF3)2 vs a repulsive F‚‚‚F electrostatic interaction in
(FCN-BF3)2. Figure 4 shows the B-NCH axis bending toward
the antiparallel molecule as opposed to the B-NCF axis, which
in fact bends away from the antiparallel molecule. The molecular
dipole moment for the monomer was calculated to be 3.4 D,
and for the isolated dimer, 6.0 D.

A further clue into the bond-shortening mechanism can be
taken from calculating the change in structure taking place in a
HCN-BF3 molecule as a second, antiparallel molecule ap-
proaches. This was done by doing a set of partial optimizations
in which the perpendicular distance between the molecules was
kept fixed, from 3.5 to 5.0 Å, in steps of 0.1 Å. Figure 5
illustrates the change in dative bond length as a function of the
perpendicular intermolecular separation. In doing the separation
a second minimum was identified with a B-N bond length of
2.287 Å, compared to the minimum at 1.807 Å.35 The calcula-
tions were done without symmetry constraints, resulting in both
minima having a symmetry (C2) different from that of the results
reported in Table 2. The most notable result from the graph is
that the bond shortening is not linearly dependent on the
separation. A sudden jump occurs betweenr(d) ) 4.5 Å and
r(d) ) 4.6 Å. At a separation of 4.6 Å the dative bond length
is 2.398 Å, which shortens to 1.914 Å at a separation of 4.5 Å.
The molecule is increasingly stabilized by the approaching unit

Figure 3. Crystallographic unit cells for (a) H3N-BH3, (b) H3N-
BF3, and (c) HCN-BF3. Note the difference in orientation of the
molecules in the unit cells. In H3N-BH3 all molecules are aligned
parallel. The other two cells consist of dimeric units which are aligned
antiparallel, but no parallel interdimer alignment.

Figure 4. (a) (HCN-BF3)2 and (b) (FCN-BF3)2 at B3LYP/6-31G*.
Note the larger intermolecular separation in (FCN-BF3)2, as well as
the deviation from linearity observed in the HCN-B molecular axis
compared to the FCN-B molecular axis.
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up to the point where the molecules promptly progress to a more
genuine dative interaction. These observations are discussed in
more detail and rationalized when the molecular orbitals are
discussed, in a later section.

Intramolecular Effects. Second-order perturbative estimates
of the interaction between filled and empty orbitals in the NBO
basis of HCN-BF3 reveal a large value of 39.7 kcal/mol for
the stabilization energy resulting from the delocalization of one
lone pair on the F-atom to the B-N antibonding orbital. Overlap
of the three equivalent fluorine lone pairs leads to a significant
occupation of the destabilizing antibonding B-N orbital of 0.33
e. This is without doubt a major contributing factor to the weaker
B-N bonding interaction and a resulting longer bond in the
gas-phase monomer. Figure 6 illustrates the n(F)f σ*(BN)
overlap. This looks somewhat similar to, but should not be
confused with, the well-knownπ-overlap in BX species that
leads tostrongerB-X bonds and has been used to explain the
relative strengths of the boron halides as Lewis acids.36,37 The
optimal natural Lewis structure for isolated BF3 as determined
by die NBO partitioning scheme does indeed show aπ-bond
due to the above-mentioned overlap, but this stabilizing interac-
tion is absent (as expected) in the bonded HCN-BF3 species.

The importance of this delocalization to the geometry of the
complex can be estimated by removing the relevant elements
from the NBO Fock matrix and calculating a new density matrix
to be used in the SCF evaluator. WithinGaussian 98this can
be done by first identifying the overlap elements of interest from
the second-order perturbation theory analysis section of the
output and then doing a calculation withpop)nbodel in the
route section, together with the elements in a separate section
of the input file.38 A geometry optimization done in this way
results in a B-N bond length of 1.501 Å, illustrating the effect

of the fluorine lone pairs on the structure of the molecule. Also,
if the fluorine lone pairs are instrumental in the mechanism,
one should not see any significant bond shortening in a similar
system, but with the lone pairs absent. This was investigated
by replacing the F atoms with H atoms and optimizing the
resulting HCN-BH3 and (HCN-BH3)2 complexes at B3LYP/
6-31G*. Indeed, as expected, the monomer bond length of 1.544
Å shortened by “only” 0.033 Å to 1.511 Å in the dimer.
Although a change of 0.033 Å is by far not irrelevant, it is small
compared to the order observed in HCN-BF3. NBO analysis
also shows a nearly unoccupied antibonding orbital for both
the monomer and dimer (0.007 e).

The B-N bond length is thus shortened or lengthened,
respectively, by the increasing or decreasing availability of a
fluorine lone pair for overlap with the antibonding natural orbital
of the bond. Instead of removing the lone pairs in total, the
lone pair availability can also be adjusted by either increasing
the B-F bond length, or by widening the NBF angle, to move
the fluorine atom further away from the B-N bond. Hankinson,
Almlöf, and Leopold have already illustrated this dependence
of the B-N bond length on the NBF angle and B-F bond
distance by doingR-fixed andR-fixed optimizations on HCN-
BF3 (R ) B-N bond distance,R ) NBF angle).10,31Although
this relationship can be explained by simple VSEPR theory,
we have now provided a further explanation in terms of the
purely theoretical concept of orbital overlap.

An explanation for the gas/crystal phase differences, which
explains the additional structural changes brought on by
surrounding molecules, follows. Any external factors resulting
in a deformation of the geometry of the BF3 fragment from its
equilibrium planarD3h geometry to its bonded pyramidalC3V
geometry will create an environment that is more susceptible
to donation from a Lewis base. In the crystal, hydrogen bonds
are formed between neighboring molecules. From Figure 1 it
can be seen that the NBF angles increase as more H‚‚‚F contacts
are established in the crystal, lowering the total delocalization
of fluorine lone pairs to the antibonding B-N orbital. As more
molecules are added, the deformation increases. This effect
reaches a maximum when no more H‚‚‚F contacts are possible.
NBO energetic analysis confirms this by indicating progressively
lower values for n(F)f σ*(BN) as the (HCN-BF3)n model
increases in size. The formation of only a partial bond in the
gas phase may then be explained as a result of the inability of
the approaching donor, in this case HCN, to deform the
geometry of the BF3 to such a degree that full bonding is
possible. The observations above may be formulated as fol-
lows: in general any interaction, whether steric or electronic,
that results in the atom that contains the lone pair(s) moVing
further away from the datiVe bond, so that the possibility of
lone pair donation into the antibonding orbital is minimized,
should result in a stronger bond for the system.

Care must, however, be taken in generalizing this statement.
Dillen and Verhoeven recently used a method similar to the
one we employed to calculate H3N-BH3 in an environment
closely resembling the true crystal.32 They were able to calculate
changes in structure of at most 0.08 Å as a consequence of
neighboring molecules. Jonas, Frenking, and Reetz calculated
a 0.058 Å decrease in bond length going from their monomer
to tetramer structure.2 The experimentally observed change is
from 1.657 Å in the gas phase to 1.58 Å in the crystal phase.39,40

This molecule is thus an example of substantial changes in
structure in the absence of lone pair delocalization, although
the advantageous dipole arrangement probably plays a large role
in this system. H3N-BF3 shows anincreasein experimental

Figure 5. r(BN) as a function ofr(d) in (HCN-BF3)2, wherer(d) is
the perpendicular distance between the two molecules in the dimer.

Figure 6. Contour illustration of the n(F)f σ*(BN) delocalization in
HCN-BF3. The overlap shown is that of the nonorthogonal pre-NBO’s,
which differ from the orthogonal NBO’s only in the absence of the
“orthogonality tails”.26
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bond length between the gas and crystal phase, from 1.59 to
1.60 Å, illustrating that lone pair influences are not always
significant.41,42 Jonas, Frenking, and Reetz determined a 0.05
Å bond length decrease in their dimeric H3N-BF3 model.2

One remaining question still needs attention, how the addition
of a diffuse function leads to different minima on the PES,
seemingly independent of the size of the basis set. This is evident
throughout most of the basis sets and levels of theory shown in
Table 1, but because the MPWK1 calculations provide the most
extreme example of this, those results were used as a repre-
sentative set. The valence molecular orbitals (MO’s) of the eight
different minima were calculated. The shapes of the MO’s do
remain nearly similar for both minima, the energy ordering of
the higher lying orbitals, however, differs. The shorter bonded
minima (with diffuse functions) have HOMO’s consisting of
largely localized fluorine lone pair orbitals and the longer
minima (without diffuse functions) have their HOMO density
delocalized between the lone pairs and theπ-system of the HCN.
The HOMO’s for two representative basis sets are shown in
Figure 7. From these one clearly sees the different descriptions
provided by the basis sets. Because diffuse functions play the
dominant role in describing accurate electron distributions for
negatively charged species or atoms with high electronegativi-
ties, their effect comes as no surprise once the importance of
the lone pairs in the bond length is elucidated.

The sudden jump occurring in the dimer intermolecular
separation (Figure 5) can now be explained in terms of the
observations given above. As reported earlier, two minima, with
B-N bond lengths of 1.807 and 2.287 Å, respectively, were
obtained. Comparison between the MO’s of these minima show
a rearrangement similar to that of the monomer; i.e., the HOMO
of the dimer with short B-N bonds consists of localized lone
pairs whereas the other one is more delocalized. The quantized
nature of MO’s and their energies thus explain the sudden jump

as the occupied MO’s of the HCN-BF3 molecules are rear-
ranged.

IV. Conclusions

We have examined the changes in structure brought on by
neighboring molecules in the HCN-BF3 crystal. Different
models were constructed, in which the number of molecules
were increased in a pairwise fashion around a central dimer
unit. Calculations were done at the B3LYP/6-31G* level of
theory. The conclusion reached by Cabaleiro-Lago and Rı´os,11

that the structural changes occurring upon crystallization are
due to a cooperative effect involving the closest molecules to
each individual ones, was reaffirmed. We have also shown that
additional molecules beyond the dimer account for a further
17% decrease in bond length (compared to the experimentally
determined total bond shortening) and that their influence is
certainly not negligible. The changes due to one nearest neighbor
can certainly be a result of dipole-dipole interactions, as the
molecule was shown to be extremely sensitive to nearby dipoles.
However, the near orthogonal orientation of the dipoles beyond
the central dimer with respect to the central unit, suggests that
an additional mechanism might also be present which we believe
is given by NBO analysis. Significant delocalization of the
fluorine lone pairs into the antibonding orbital of the B-N bond
results in a very high occupation of this orbital in the isolated
molecule. The degree of delocalization is lessened as the NBF
angle is increased, giving a qualitative explanation for the
previously determined relationship between the B-N bond and
the NBF angle.10,31 The difference between the gas phase
structure and the crystal structure is thus explained to be a
consequence of the structurally decisive intramolecular delo-
calization of the fluorine lone pairs, which is lessened in the
crystal structure, accompanied by short-range dipole-dipole
interactions. Hydrogen-bonding and steric effects in the crystal
result in a larger distortion of the NBF angle and thus a smaller
n(F) f σ*(BN) overlap. This drives the bond formation to
completion and shortens the bond to values normally found in
covalent bonds.
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