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The solid/gas structural differences in the weak donor-acceptor complex BH3NH3 is theoretically studied
using density functional and the topological analysis of the electron density. The analysis shows that the
cooperative dihydrogen interactions are not the main organizing factors in the molecular aggregations affecting
donor-acceptor bond lengths. These aggregations are primarily controlled by electrostatic dipole-dipole
interactions. This fact can be exploited in the development of simple electrostatic models that will allow the
prediction of the basic structure of supramolecular architecture.

I. Introduction

The origin of the remarkable solid/gas structural differences
in the weak donor-acceptor complexes has been the focus of
many recent works.2-4 Even though these structural differences
are less significant in BH3NH3 (1), which has a strong B-N
bond,2c this complex has a shorter B-N bond length in the
solid (1.58 Å3b) than in the gas phase (1.657 Å3c). Hydride
atoms act as proton acceptors forming nonclassic Hδ+‚‚‚-δH
bonds.4 This bonding, recently reviewed,4h might play a pri-
mary role in molecular aggregations affecting crystal packing
and supramolecular assembly.4i This is the case of1 that has
the proton (NH) and hydride (BH) partners, providing the
motifs for self-association. For this reason, complex1 and its
dimers, have attracted the attention of chemists.2c,3b,4a,d-f,5a

Popelier,4f studying one of the dimers by the topological analysis
of the electron density5b (TAED), showed that the close
Hδ+‚‚‚-δH contacts can indeed be formulated as dihydrogen
(DH) bonds. In this Letter we report on DFT studies of
cooperative DH bonds participating in the molecular aggregation
of 1 and their influence on the B-N bond length, focusing on
the TAED and the electrostatic explanation for the shortening
of dative bonds.

II. Results and Discussion

The optimized geometry6 of 1 (Figure 1) agrees well with
the gas-phase structure and the B-N bond length is elongated
with respect to the solid state. Among the possible dimers,2c,4a,f,5a

structures1A and1B are local minima. Two other structures,
one of them withC2h symmetry,2c,5aand the other one, the dimer
considered by Popelier4f with ∆E ) 3.8 kcal/mol with respect
to 1A, are transition states. AC2h structure1C, where each

hydride atom is directed toward two proton atoms, showed two
imaginary frequencies and a∆E ) 5.3 kcal/mol.1B (C2, ∆E
) 0.3 kcal/mol) was previously reported by Crabtree et al.4a

but structure1A (Ci) is more stable. Clearly, this diversity of
stationary points and small∆E values reflect the flatness of
the potential energy surface and points toward the existence of
a dynamics that interconverts the isomers. Therefore, it is

TABLE 1: Number of the Closest DH Contacts (N), the Electronic Density (GC, au), and the Laplacian of the Density (∇2GC, au)
at CPs, B-N Bond Lengths (r(B-N), Å) in the Geometry-Optimized Complexes, Relative Energies (∆E, ∆EZPE), DDI Energies
for the Nonrelaxed (EDDI) and Relaxed Models (EDDI

R) in kcal/mol, and Dipole Moments of the Central (µC) and External (µE)
Fragments (D)

complex N FC(H-H) (∇2FC) FC(B-N) (∇2FC) r(B-N) ∆E (∆EZPE) EDDI (EDDI
R) µC (µE)

1 0 0 (0) 0.100 (0.406) 1.665 0 (0) 5.44
1A 2 0.016 (0.045) 0.110 (0.388) 1.639 12.8 (11.2) 11.6 (12.0) 5.54
1D 4 0.014 (0.040) 0.118(0.370) 1.620 22.7 (19.9) 20.2 (21.3) 5.62 (5.52)
1E 6 0.012 (0.036) 0.125 (0.362) 1.607 29.7 (28.5) 25.9 (27.5) 5.68 (5.50)

Figure 1. Structures of complex1 and its dimers. The values in
parentheses refer to the gas-phase structure of1. Blue spheres are
nitrogen atoms and purple spheres are boron atoms.
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reasonable to expect that the B-N bond lengths in1A and1B
should be very similar.

DH contacts in the dimers are smaller than the sum of the
van der Waals radii of H (2.4 Å), suggesting an underlying
stabilization mechanism driven by DH bonds.1A, lying in a
global minimum, has two different pairs of Hδ+‚‚‚-δH contacts.
In agreement with previous theoretical studies,8b TAED reveals
critical points (CP) only along the shorter H1‚‚‚H4 directions8a

(Figure 2). The values of the descriptors correspond to closed-
shell interactions5b (Table 1).

It is worth noting that the densities at these CPs (FC) are
higher than those in weaker DH contacts like CH‚‚‚HB.4g

Comparison of1 and 1A reveals that the B-H4 and N-H1
bond lengths, which take part in the DH bonding, are re-
markably elongated. This effect, typical of DH bonds,4d,e

correlates well with the electronic density at the B-H and
N-H CPs: FC(B-H) ) 0.168 andFC(N-H) ) 0.338 au in1,
versusFC(B-H4) ) 0.162 andFC(N-H1) ) 0.329 au in1A.
The FC values at the B-H5 and N-H2,3 CPs are practically
invariant. The shortening of the B-N bond length in1A is
accompanied by a corresponding increase in itsFC (Table 1).
In contrast to1A, dimer1C with the longest Hδ+‚‚‚-δH contacts
has the longest N-B bond length, which is closer to the
monomer.

Figure 2. Molecular graphs of dimer1A, trimer 1D, and tetramer1E. Red and yellow spheres are the bond and ring critical points, respectively.
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A shorter B-N bond length is observed in the central
fragment of trimer1D (Figure 2). The side molecules have
longer B-N distances (FC(B2-N2) ) 0.108 au) than in1A.
TAED reveals four CPs only in the shortest Hδ+‚‚‚-δH contacts,
which become longer than in1A and have a smallerFC (Table
1). All the tendencies are more pronounced in tetramer1E: the
B-N bond length in the central fragment, surrounded by three
BH3NH3 molecules, is smaller, and again, the Hδ+‚‚‚-δH
distances increase. Six of them show CPs. Note that classical
H-bonds, C-H‚‚‚N, for example, get shorter as the molecular
aggregation increases.9a Finally, the closest Hδ+‚‚‚-δH contacts
in the dimer, trimer, and tetramer are very similar to those found
in the neutron diffraction structure of1 (2.02(3) Å).3b

The B-N shortening from1A to 1E is accompanied by the
appearance of a network of DH gradient paths. Richardson et
al.4a have proposed that the total association energy of these
systems is due to the presence of DH contacts. This suggestion
can be supported by the TAED depicted in1A-E. Using the
association energies reported in Table 1, and following the later
model, one finds that the energy of each DH contact decreases
on going from the dimer to the tetramer (6.4 (1A) > 5.7 (1D)
> 4.95 (1E) kcal/mol). Thus, because these energies are
becoming weaker, one cannot support that the cooperativity of
the DH contacts is the main factor driving the aggregation of
these systems. An alternative to rationalize this effect is to note
that the central fragment in1D,E is surrounded by dipoles
(external fragments), all of them oriented in the same direction
and opposite to the direction of the central fragment, which
induce an electric field in the central moiety that “pushes” the
electron pair of N toward B and, thus, strengthens the B-N
bond.8b,10 This displacement of the lone pair is accompanied
by a change in the local geometry of the BH3 fragment, which
approaches an almost tetrahedral coordination in the tetramer
(the N-B-H angle goes from∼105° in the monomer, to 108.4°
in the tetramer). However, the NH3 fragment remains almost
unchanged (see Table 6-SM, Supporting Information). The
strengthening of the B-N bond is further supported by the fact
thatFC increases and∇2FC decreases at the B-N critical points.
Previous works have addressed this issue and have suggested
that the electrostatic interaction, mainly the dipole-dipole, is
primarily responsible for the association.2b,c,3aHowever, none
of these works provided an estimation of the contribution of
the electrostatic forces to the association energy. In this vein,
here we propose a simple electrostatic model that produces the
dipole-dipole interaction (DDI) energies reported in Table 1.11

Comparison of the∆E and EDDI values shows that the
aggregation driving force is mainly the electrostatic DDI, in
agreement with the suggestions of previous works. If one
assumes that the total interaction energy,∆E, has an electrostatic
dipole-dipole term,EDDI

R, and a contribution due to the DH
contacts, then the latter contributions are 0.8, 1.4, and 2.2 kcal/
mol in 1A, 1D, and 1E, respectively. These values correlate
almost linearly with the number of existing CPs between protons
and hydrides and provide a 0.4 kcal/mol estimation for the
energy of each DH contact, which is 1 order of magnitude
smaller that the value reported by Richardson et al.4a

III. Conclusions

In conclusion, the analysis presented herein shows that the
cooperative dihydrogen interactions are not the main organizing
factors in the molecular aggregations affecting the bond
shortening of the donor-acceptor BH3NH3 system. A very
simple electrostatic model shows that these aggregations are
primarily controlled by dipole-dipole interactions, supporting

the suggestions and observations of previous authors. Prelimi-
nary calculations indicate that this explanation can be extended
to other donor-acceptor systems. This fact can be exploited in
the development of simple electrostatic models that will allow
the prediction of the basic structure of supramolecular archi-
tecture.
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