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The molecular geometry and vibrational frequencies of borane ammoniate, BH3-NH3, are studied by ab
initio calculations in the solid state. The B-N bond distance shortens by∼0.08 Å, and the corresponding
stretching frequency increases by 200 cm-1, compared to the same characteristics of the molecule in the gas
phase. A reassignment of the experimental argon-matrix vibrational spectrum in an earlier work [Smith, J.;
Seshadri, K. S.; White, D.J. Mol. Spectr.1973, 45, 327-337], on the basis of these calculations, unifies all
the experimental vibrational data available for this molecule. The shortening of the B-N bond is analyzed in
terms of the atoms-in-molecules theory.

Introduction

The molecular structure of borane ammoniate, BH3-NH3,
and similar donor-acceptor complexes continues to be of
considerable interest. A common feature of these complexes is
that the B-N bond, or, generally, the bond between the donor
atom and the acceptor atom, is considerably shorter in the crystal
than it is in the gas phase. In BH3-NH3, for example, the B-N
bond length is found1 via microwave spectroscopy to be equal
to 1.6722(5) Å (ro value, rs ) 1.658(2) Å). Two early X-ray
diffraction (XRD) studies2,3 at room temperature (space group
I4mm, disordered) indicate much shorter distances (1.56(5) and
1.6(2) Å). Below 220 K, the molecule crystallizes in an
orthorhombic space group; the B-N bond length is found to
be 1.564(6) Å via XRD4 and 1.58(2) Å using a recent neutron
diffraction study.5

The IR and Raman spectra of BH3-NH3 and several isotope-
substituted species in liquid ammonia and dimethyl ether have
been reported by Taylor et al.,6-8 with special emphasis on the
value of the B-N stretching frequency, which was established
to be 787 cm-1. Taylor also mentioned that, in dimethyl ether,
this value is lower by∼40 cm-1. Vibrational spectra of several
compounds of the form X3B-NR3, including BH3-NH3 and
some of its isotope-substituted species, were measured in the
solid state by Sawodny et al.9 They also carried out a normal
coordinate analysis, confirming the B-N stretching frequency
to be in the same region at 776 cm-1. These results are in sharp
contrast to an argon-matrix study by Smith et al.,10 who assign
this normal mode to 968 cm-1, a value that is also supported
by a normal coordinate analysis involving deuterated species.

On the computational side, several ab initio studies have
focused on the molecular geometry, binding energy, topology
of the electron density, and vibrational frequencies of BH3-
NH3.11-23 Using self-consistent reaction field (SCRF) calcula-
tions, Schleyer et al.13 calculated that, with hexane as a solvent,
the B-N bond length is reduced from 1.689 Å for the isolated
molecule to 1.62 Å in solution. In water, it would be 1.57 Å.
On the basis of these results, it was suggested that the dipolar
field could be responsible for the observed shortening of the

dative bond in the crystal. In another ab initio study, Frenking
et al.15 used a simple dimer and tetramer model of antiparallel
molecules to simulate the solid-state structure of BH3-NH3.
From these results, it was proposed that short-range dipole-
dipole interactions between the molecules are responsible for
the significant shortening of the bond.

The majority of computational studies that mention the
calculation of vibrational frequencies of BH3-NH3 quote the
experimental B-N stretching value of 968 cm-1, determined
by Smith et al.,10 and conclude from the observed discrepancy
between experiment and calculations that explicit or implicit
introduction of electron correlation is essential to calculate the
properties of this molecule. A comprehensive study by Vijay
et al.,17 however, employing large basis sets and high levels of
theory, rejected the above-mentioned value, in favor of Taylor’s
result of 785 cm-1. The authors also commented that the
systematic underperformance of the various calculated results
was contrary to “general observations”. Indeed, very often, the
calculated frequencies are multiplied by an empirical scale
factor. The recommended scale factor for a HF/6-31G(d)
calculation, which is used in this study, for example, is 0.8929.27

This factor reduces the already-low calculated B-N stretch
frequency of 604 cm-1 to 538 cm-1.

In this paper, we present a detailed computational study of
the structural and vibrational properties of crystalline BH3-
NH3. Our intent was to investigate, in more detail, the
geometrical differences that exist between the molecule in the
solid state and in the gas phase; the corresponding changes that
occur in the vibrational frequencies also are investigated.

Computational Details

Calculations were performed with the Gaussian 98 program24

at the self-consistent field (SCF) and Møller-Plesset second-
order (MP2) levels of theory and the standard 6-31G(d) basis
set. The crystal environment of BH3-NH3 was simulated by
surrounding one single molecule with several neighbors, as
shown in Figure 1. Coordinates for the atoms were generated
from the experimental neutron diffraction data of Klooster et
al.5 Only the central molecule was allowed to adjust its position
during the energy minimization, and the molecule was con-
strained to lie on the crystallographic mirror plane. The
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coordinates of all the atoms of the surrounding molecules were
fixed to the experimental values. The latter are determined by
neutron diffraction, so the positions of the H atoms are well
established. Geometrical optimizations on the isolated molecule
and the molecular clusters shown in Figure 3 were carried out
under the molecular point-group symmetry of each system.

Vibrational frequencies were calculated within the harmonic
approximation from a mass-weighted, analytical second-deriva-
tive matrix. Vibrational normal modes were visualized and
characterized with an updated version of the program Vibram.25

The analysis of the electron density in terms of the atoms-in-
molecules (AIM) theory26 was performed with the AIMPAC
suite of computer programs, as supplied by Bader’s research
group. The programs were modified to handle larger systems
but were otherwise used unaltered.

Results and Discussion

The various models used to represent the crystal phase are
shown in Figure 1. In these models, the number of molecules
is progressively increased, mainly in the direction of the
molecular axis, to give clusters with 8 (model1), 10 (model
2), 18 (model3), and 20 (model4) surrounding molecules. In
addition, model3 was also extended in the other two spatial
directions to give model5, with 30 molecules around the central
BH3-NH3. These clusters of semiparallel displaced dipoles
closely mimic the experimental geometry found in the crystal.

As is evident from Table 1, the B-N bond progressively
shortens as the size of the computational crystal increases. The
effect is very large, even for the smaller models, e.g., going
from a length of 1.689 Å for the isolated molecule to 1.653 Å
for 1 and 1.625 Å for2. This confirms the suggestion by
Frenking et al.15 that short-range interactions could be mainly
responsible for this effect. A further, but less pronounced,
decrease is noticed for the larger models3 and4. However, the
increase of the bond length in5 to 1.623 Å, compared to the
value of 1.611 Å in3, suggests that long-range interactions
cannot be ignored and, in fact, do play an important role.
Because of the large computational effort, only1 was calculated
at the MP2 level. However, the results confirm the trend
observed with the Hartree-Fock (HF) calculation, i.e., a
shortening of the B-N bond in the crystal environment.

Another interesting aspect is the observation that the charge
distribution in the molecule changes considerably as a function
of the number of surrounding molecules. This is illustrated most
comprehensively by comparing the total charge of the NH3

group in the various models, with the charge of the BH3 group
being equal in size but opposite in sign. The charge on the NH3

group in the isolated molecule is+0.262 e. This value decreases
slightly to +0.254 e in 1 and increases progressively in
magnitude to+0.328 e in4. This corresponds to a 25% loss of
negative charge that flows to the BH3 group. In5, which differs
from 1-4 by the addition of molecules in the other two spatial
directions, the charge decreases again.

This redistribution of chargesand, hence, electron densitys
is also evident in the Laplacian (second derivative) of the
electron density, which is shown for the mirror plane bisecting
the molecule in Figure 2. There is a noticeable broadening of
the area covered by the solid lines; this broadening represents
a local increase in electron density near the location of the
critical point of the B-N bond, compared to that of the isolated
molecule. Numerical values that support this observation are
also given in Table 1. It is seen that the electron density at the
bond critical point (BCP),Fb(r), changes from 0.088 au for the
isolated molecule to 0.116 au in4, an increase of 32%. Despite

the shortening of the bond when going from1 to 4, the relative
position of the BCP remains situated at∼69% of the B-N bond
length from the N atom.

Figure 1. Models used to simulate the crystal environment. Experi-
mental and fixed coordinates are used for all molecules, except the
central one, whose position was optimized (see text).

TABLE 1: Selected Calculated Properties of BH3-NH3 in
the Gas Phase and in the Solid State

model r(B-N), Å q(NH3), e Fb(r)a -32Fb(r)b

HF Level
gas 1.689 0.262 0.088 0.523
1 1.653 0.254 0.098 0.564
2 1.625 0.298 0.109 0.579
3 1.611 0.323 0.115 0.571
4 1.609 0.328 0.116 0.569
5 1.623 0.303

MP2 Level
gas 1.664 0.273
1 1.635 0.259

a In units of e‚(Bohr)-3. b In units of e‚(Bohr)-5.
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The existence of a N-H‚‚‚H-B dihydrogen bond in crystal-
line BH3-NH3 has been proven experimentally with the neutron
diffraction study on this molecule5 and has also been studied
computationally on a dimer model within the context of the
AIM theory by Popelier.21 We were able to locate the BCPs
between all the H atoms involved in the formation of the
dihydrogen bonds; however, the data did not reveal much
dependency on the size of the crystal used in the calculation.
The electron density at the BCP of N-H decreases by<1%,
compared to that of the isolated molecule, and by∼3% for the
B-H bond. The calculated values of the shortest H‚‚‚H distance
of 2.03 Å in1 down to 2.00 Å in4 are in good agreement with
the experimental value of 2.02(3) Å. No noticeable lengthening
of either the N-H or B-H bonds is observed in the calculated
crystals, which is in agreement with the small changes in
electron density at the BCP. The values of the electron density
and its Laplacian at the BCPs are all similar to those reported
by Popelier and, therefore, will not be discussed any further.

As stated previously, one of the major purposes of this work
was to resolve the differences between the various experimental
assignments of the B-N stretching frequency. Because of the
dramatic shortening of this bond in the solid state as calculated

with 1-5, a noticeable shift in the calculated stretching
frequency is to be expected.

However, calculating this property poses some difficulties.
First, there is the computational effort. Because of limitations
of the available computational resources, only the vibrational
frequencies of1-3 could be calculated at the HF level. Another
complication is the fact that the coordinates of all the surround-
ing molecules are kept fixed during the energy minimization.
This results in a large number of negative (actually imaginary)
frequencies thatsthrough couplingsmay influence the “genu-
ine” normal modes of the central molecule in an adverse way.
Fortunately, visual inspection (by animation) of the normal
modes allows clear and unambiguous identification of most
normal modes, except for the rocking vibrations; the results are
given in Table 2. A range of frequencies is given for some of
the normal modes, because the degeneracy is lifted due to
coupling with the surrounding molecules. The two rocking
modes are highly correlated, and the distinction between an NH3

rock and a BH3 rock is motivated by the observed frequency
shifts of the deuterated species discussed later. Even in the small
model1, the B-N stretching frequency increases from 604 cm-1

to 684 cm-1, climbing further to 798 cm-1 in 3. Assuming that
the recommended scale factor27 of 0.8929 for a HF/6-31G(d)
calculation mentioned previously is valid for all the systems
studied here, this observation implies that the calculated
frequency in the isolated molecule is only 539 cm-1, increasing
to 713 cm-1 in 3. Although this value is still∼60-70 cm-1

short of the experimental values of Sawodny et al.9 and Taylor
et al.,6-8 this figure represents a significant improvement from
previous computational results.12,17,18,22Bearing in mind that
the experimental B-N bond distance is 1.58(2) Å, or∼0.02 Å
shorter than that obtained with any of our models, we anticipate
that the use of, for example, a MP2 level of theory would further
improve the correspondence between the calculations and
experiment. The results also indicate that a B-N stretching
frequency of 968 cm-1, as proposed by Smith et al.,10 seems
very unlikely.

A full list of the scaled calculated vibrational modes, together
with their description, and a comparison with the matrix, liquid,
and solid-state spectra are given in Table 3. As can be seen
from this table, two frequencies that are heavily influenced by
the crystal environmentsin addition to the B-N stretchsare
the symmetric NH3 deformation and the NH3 rocking mode.
To a lesser extent, the BH3 rocking and asymmetric deformation
modes are also affected. Overall, the calculated frequencies are
in good agreement with the assignment as proposed by Sawodny

Figure 2. Laplacian of the electron density (top, central BH3-NH3 in
crystal model4; bottom, isolated BH3-NH3 molecule). Dashed lines
show areas of electron depletion (32F(r) > 0), whereas solid lines show
areas of electron concentration (32F(r) < 0).

TABLE 2: Calculated (Unscaled) Vibrational Frequenciesa

mode gas 1 2 3

A2 Symmetry
torsion 253 212 214 211

374 371 367

A1 Symmetry
B-N str 604 684 760 798
BH3 def 1280 1259 1283 1289
NH3 def 1484 1488 1541 1578
B-H str 2560 2560 2561 2544
N-H str 3691 3706 3711 3704

E Symmetry
NH3 rock 681 751-752 768-778 779-789
BH3 rock 1132 1164-1167 1181-1183 1185-1189
BH3 def 1294 1302-1357 1303-1363 1307-1367
NH3 def 1838 1822-1838 1826-1844 1825-1845
B-H str 2604 2642-2671 2618-2640 2592-2607
N-H str 3816 3835-3842 3830-3836 3815-3821

a All values given in units of cm-1.
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et al.9 Their spectra are measured using KBr pellets and Nujol
samples, which imply crystalline BH3-NH3, and these results
can thus be compared directly with our calculations. The largest
deviation between the calculations and the experiment is for
the calculated value of 1151 cm-1 for the symmetric BH3
deformation. An alternative would be to assign Sawodny’s
experimental value of 1058 cm-1 to this mode and 1026 cm-1

to the BH3 rock. This assignment results in a small improvement
only but could be more appropriate if the calculated intensity
of the peaks is taken into consideration. Taylor assigned a value
of 1175 cm-1 to the BH3 (A1) deformation mode, which is in
good agreement with the calculations; however, the peak at 1060
cm-1 that Taylor assigned to the NH3 (A1) deformation mode
is too low, according to the calculations.

The vibrational spectrum of a matrix-isolated substance is
supposed to resemble the spectrum of the isolated molecule
closely, because the technique involves the trapping of a
molecule at cryogenic temperatures in an excess of inert
material. However, the same factors that contribute to solvent
effectsse.g., inductive, electrostatic, and dispersive interactions,
but also the rigidity of the matrix cagesmay contribute to
significant shifts of the vibrational absorption frequencies. A
typical example is the monomer IR spectrum of HCl,28 which
displays large bathochromic wavenumber shifts, depending on
the matrix material used. To investigate the possibility of matrix
effects with argon, we have performed calculations on two
simple matrix models by embedding a single BH3-NH3

molecule into a cluster of 14 and 26 Ar atoms, respectively,
and performing a full geometry optimization, followed by a
calculation of vibrational frequencies. Although limited in size,
these models are certainly adequate enough to model short-range
interactions, if any, but the B-N stretching frequency increased
only from 604 cm-1 to 608 and 609 cm-1, respectively.

We therefore tried to rationalize the experimental matrix
spectrum of BH3-NH3 in terms of a reassignment of the
experimental spectrum to the computational data, the results of
which are also summarized in Table 3. The major discrepancy
between our assignment and that of Smith et al. is that we assign
the peaks at 968/987 cm-1 to the BH3 rocking mode, rather
than to the B-N stretching frequency. This implies that the
latter must be assigned to the observed value of 603 cm-1,
which, in view of the calculations, is not unreasonable, or it

must be considered to be unobserved. Smith et al.10 assigned
this peak to the BH3 rocking mode. They also assigned the peak
at 1301 cm-1 to the NH3 rocking mode, which, according to
the calculations, should be∼700 cm-1. This peak is labeled as
“very strong” in the experimental spectrum, and we believe that,
also considering the calculated intensity, an assignment to the
symmetric NH3 deformation is more appropriate. This leaves
the experimental peak at 1343 cm-1 unassigned.

A proposed reassignment of the experimental frequencies of
the two deuterated species studied by Smith et al.10 is given in
Table 4. In the new assignment for BH3-ND3, all strong peaks
are accommodated; the major change again is that the 945/960
cm-1 peaks are assigned to the BH3 rocking mode. The results
for the fully deuterated species are also given in this table.
Admittedly, there are still some unresolved issues: it remains
unclear, for example, why no B-N stretching frequency would
have been observed in the fully deuterated product or why the
reassigned ND3 rocking mode at 466 cm-1 was measured only
for this species. Sawodny et al.9 did not observe this mode either,
but they did report a peak at 574 cm-1, which they assigned to
the BD3 rock. Although we did not calculate any deuterated
species in the crystal, if it is assumed that the frequency shifts
between the isolated molecule and the solid state for the
deuterated compounds are similar to those of the parent BH3-
NH3, the calculated value of the ND3 rock should increase to
∼545 cm-1, which is similar to Sawodny’s observed value.
Nevertheless, and considering the contamination of the experi-
mental sample of BD3-ND3, some of the new assignments
should be considered to be speculative, at best.

It is also noteworthy that, according to the calculations in
the solid state, the torsional frequency (which is inactive in both
the IR and Raman spectra) splits into two distinct peaks, at 118
and 328 cm-1, representing separate rotational movements of
the NH3 and BH3 groups, respectively. Penner et al.29 have
established the activation energies for rotation of these groups
in the orthorhombic (ordered) crystal by deuterium NMR studies
to be 13.7(0.9) and 26.4(1.4) kJ/mol. The quantitative agreement
between these results and the calculated frequencies and the
experimental activation energies is very poor; however, the same
trend is obtained.

We have also performed some geometry optimizations and
frequency calculations of BH3-NH3 in solution using the

TABLE 3: Calculateda Vibrational Frequencies for BH3-NH3 Compared to Existing Experimental Data with Proposed New
Assignment

calculated experimental

gas crystal (model3) argon matrixb KBr/Nujolc liquid NH3
d

mode 11B/10B inte 11B inte orgf newg orgf newg orgf newg

A2 Symmetry
torsion 226 0 188+ 328h 65 + 10 n.o.i n.o.i n.o.i

A1 Symmetry
B-N str 539/553 35 713 21 968/987 603 (n.o.i?) 776/790 787
BH3 def 1143/1149 174 1151 106 1052/1060 1026 1058 1175 1060
NH3 def 1325 181 1409 131 1343 1301 1374 1060 1175?
B-H str 2286/2288 88 2272 191 2340 2277 2285
N-H str 3296 14 3307 56 3337 3245 3183

E Symmetry
NH3 rock 608 2 696-704 1-3 1301 n.o.i (603?) 715 n.o.i

BH3 rock 1011/1017 55 1058-1062 59-79 603 968/987 1058 1026 n.o.i 1026
BH3 def 1155/1159 16 1167-1221 9-29 1186 1165 1026 n.o.i

NH3 def 1641 36 1630-1647 20-32 1608 1597 1600
B-H str 2325/2338 322 2314-2328 250-346 2415/2427 2316 2316
N-H str 3407 42 3406-3412 115-145 3386 3312 3309

a Scaled by 0.8929. All values in table given in units of cm-1. b Reference 10.c Reference 9.d References 6-8. e Calculated intensity (km/mol).
f Original assignment.g New assignment (if different from the original assignment).h See text for explanation.i Not observed.
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Onsager solvent model.30 Schleyer et al.14 have reported a
dramatic shortening of the B-N bond in solution, using the
more sophisticated polarized continuum model,31 but did not
calculate vibrational frequencies. A summary of our results,
calculated with a cavity radius ofa0 ) 3.36 Å, as determined
by the Gaussian program on the isolated molecule, is given in
Table 5. It is noted that, as the dielectric constant,ε, of the
solvent increases, the B-N bond distance shortens and the
dipole moment increases, as reported by Schleyer et al.;14

however, the magnitude of the changes is much smaller. As
was observed in our calculations on the crystal, the positive
charge on the NH3 group increases, contributing to the change
in dipole moment. Similarly, the B-N stretching and NH3 (A1)
deformation frequencies are the most affected. The calculations
also predict a reduction in the N-H and B-H stretching
frequencies, especially the latter; however, this effect is only
partially observed in the solid-state calculations. Nevertheless,
the calculations confirm the proposal made by Schleyer et al.14

that the crystal field has the same effect on the properties of
BH3-NH3 as the dipole field of the solvent. Thus, in the absence
of any other solvent effects, the vibrational spectrum of the
molecule in solution should be similar to the solid-state
spectrum. These results could also explain the observation made
by Taylor that the B-N stretching frequency in dimethyl ether
(ε ) 6.2, -15 °C) is less than that in liquid ammonia (ε )
16.6).32 At its melting point, theε value of solid argon is 1.6,33

which would have only a small effect on the B-N stretch.

We also tested Frenking’s proposal15 that short-range dipole-
dipole interactions are responsible for the shortening of the B-N
bond, by performing calculations on a wider variety of dimers,
trimers, and higher molecular aggregates, shown in Figure 3.
In Frenking’s dimer, the two molecular dipoles are arranged in
an antiparallel fashion, and in the tetramer, the central molecule
faces the direction opposite that of the three surrounding
molecules. In terms of dipole-dipole interactions, this arrange-
ment is very stable, although different than that found in the
crystal. We therefore wanted to test whether this stability could
translate to an even shorter B-N bond distance, and possibly
higher stretching frequency, than in the solid state. Although it
is unlikely that BH3-NH3 would form large aggregates in the
gas phase (and, thus, also in the argon matrix), the existence of
dihydrogen bonds could, in principle, result in the formation
of, for example, dimers and trimers and, hence, influence the
vibrational spectrum of the molecule in a low-temperature matrix
study.

Dimers. Crabtree et al.34 used the PCI-80/B3LYP method to
study five different models, four of which were found to be
energy minima. The lowest dimer was found to haveC2

symmetry. Frenking’s dimer hasC2h symmetry with both HF
and MP2 calculations and a 6-31G(d) basis set. We have
confirmed the latter result; however, we also found that models
with the lowerCi andC2 symmetry all converge to the same
final structure but the Gaussian 98 package, despite the most-
stringent convergence criteria, reports the lower symmetry. The

TABLE 4: Calculateda and Experimental Vibrational Frequencies of Two Isotopomers of BH3-NH3

11BH3-ND3/10BH3-ND3
11BD3-ND3/10BD3-ND3

calc orgb newc calc orgb newc

A1 Symmetry
B-N str 518/531 945/960 610 B-N str 503/513 931/956 n.o.d

BH3 def 1143/1150 1031/1040 BD3 def 862/872 818 898/912
ND3 def 1012 1100 1001 ND3 def 1014 1038 1006
B-H str 2285/2287 2339 B-D str 1628/1630 1682
N-D str 2359 2397 N-D str 2358 2406

E Symmetry
ND3 rock 484 1001 n.o.d ND3 rock 437 1006 466
BH3 rock 952/959 610 945/960 BD3 rock 774/776 466 818?
BH3 def 1154/1157 1187 BD3 def 854/862 898 870
ND3 def 1189/1207 1271 ND3 def 1188 1179
B-H str 2325/2338 2414/2426 B-D str 1737/1755 1817/1837
N-D str 2513 2528 N-D str 2513 2528

a Scaled by 0.8929. All values given in units of cm-1. b Original assignment taken from ref 10.c New proposed assignment (if different from the
original assignment).d Not observed.

TABLE 5: B -N Bond Distance (r(B-N)), Dipole Moment, Charge on the Ammonia Group (q(NH3)), and Vibrational
Frequencies of BH3-NH3 in Solution, as a Function of the Dielectric ConstantE, Calculated Using the Onsager Solvation Model
and a Cavity with Radius ao ) 3.36 Å

vibrational frequency, cm-1

ε

r(B-N),
Å

dipole
moment, D

q(NH3),
e A2-tors

A1-BN
str

A1-BH3

def
A1-NH3

def
A1-BH

str
A1-NH

str
E-NH3

rock
E-BH3

rock
E-BH3

def
E-NH3

def
E-BH

str
E-NH

str

1.0 1.689 5.572 0.262 253 604 1279 1484 2560 3691 681 1132 1294 1838 2604 3816
1.3 1.684 5.677 0.269 253 615 1280 1493 2556 3690 686 1134 1294 1838 2597 3813
1.5 1.682 5.730 0.272 252 621 1280 1499 2553 3689 689 1135 1295 1838 2593 3811
2.0 1.678 5.829 0.279 252 631 1281 1507 2550 3688 693 1137 1296 1838 2586 3809
2.5 1.675 5.896 0.283 251 637 1281 1512 2547 3687 696 1138 1296 1838 2581 3807
3 1.673 5.945 0.286 251 642 1281 1517 2545 3687 697 1138 1297 1838 2577 3805
4 1.671 6.011 0.291 250 648 1281 1522 2542 3686 700 1139 1297 1838 2572 3803
6 1.668 6.083 0.297 250 655 1281 1528 2539 3685 703 1139 1298 1838 2567 3801
8 1.667 6.122 0.298 249 658 1281 1531 2537 3684 704 1140 1298 1838 2564 3800

10 1.666 6.147 0.300 249 660 1281 1533 2536 3684 705 1141 1298 1838 2562 3799
20 1.664 6.198 0.303 248 664 1281 1536 2533 3683 707 1141 1299 1838 2558 3797
50 1.663 6.230 0.305 248 667 1281 1539 2532 3683 708 1141 1299 1838 2555 3796

100 1.663 6.241 0.306 248 668 1281 1540 2532 3682 709 1141 1299 1838 2554 3796
200 1.663 6.247 0.306 248 669 1281 1540 2531 3682 709 1141 1299 1838 2554 3796
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B-N bond in this dimer,7, is 1.659 Å, with a stretching
frequency (unscaled) of 676 cm-1. The higher-energy dimer6
has bond lengths of 1.669 and 1.666 Å, with corresponding
lower frequencies.

Trimers. Four stable trimers were found, of which theC3h

form 9 is the most stable. It features a B-N bond length of
1.647 Å and a stretching frequency of 708 cm-1. The central

molecule in theCs form 11 has a bond length of 1.639 Å and
a stretching frequency of 729 cm-1.

Of the four stable tetramers found, theS4 form 15 has the
lowest energy. By virtue of its symmetry, all B-N bonds are
equal at 1.648 Å, exhibiting a stretching frequency of 703 cm-1.
The central molecule in Frenking’s tetramer13has a very short
B-N bond, only 1.622 Å, and a corresponding stretching

Figure 3. Schematic view of the molecular clusters studied. Nitrogen atoms are colored blue.
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frequency of 773 cm-1. However, it is the second least stable
conglomerate of the four, after15 and12.

Higher clusters will not be discussed in detail here; the reader
is referred to the Supporting Information. The shortest B-N
bond in the series is found for the duodecamer23, which is
built from threeS4 15 units; this structure gives a bond length
of 1.614 Å, with an unscaled frequency of 798 cm-1, for the
central molecule. The general trend is that shorter bonds are
found in the larger conglomerates; however, the actual value
depends much on how the molecules are arranged in each
system. Some calculations for selected systems at the MP2 level
of theory are also given in the Supporting Information. The
general trend is that, with MP2, the B-N bond is calculated to
be shorter than that calculated with SCF, and the corresponding
stretching frequency is higher. A graph of the B-N stretching
frequency, as a function of the length of this bond, is given in
Figure 4. It is clear that, over a large range, a linear relationship
exists between the two calculated properties. Extrapolation to
the value of 1.58 Å found experimentally in the neutron
diffraction study5 of the crystal would result in a stretching
frequency of 880-900 cm-1, which, after scaling, would give
a value of 785-805 cm-1, which is still short of the matrix
results by∼170 cm-1 but is in excellent agreement with the
results of Taylor et al.6-8 and Sawodny et al.9 At smaller
distances, however, the rate of the increase in the stretching
frequency diminishes.

The calculations indicate that the maximum amount of bond
shortening in molecular conglomerates of BH3-NH3 is es-
sentially the same as that found in the crystalline state. Although
individual differences are noted in the various systems, finding
an arrangement of molecular dipoles that would shorten the
B-N bond beyond the value found in the solid state does not
appear to be possible. The variation in lengths appears to be
very dependent on how the molecules are added to a specific
cluster. Thus, short bonds are found in some very small clusters,
e.g., the tetramer13, but the shortening effect is often
counterbalanced by more-distant molecules in others. Hence,
the results show that, although short-range interactions are an
important contribution to the shortening of the B-N bond in
BH3-NH3, the final length ultimately is determined by a balance
between short- and long-range interactions.

Conclusion

Ab initio calculations were performed to investigate the effect
of the crystal environment on the geometry and vibrational
spectrum of borane ammoniate, BH3-NH3. The calculations
indicate that, in the crystal, the B-N bond length shortens
considerably, as confirmed by experiment. As a result of this
bond shortening, the corresponding stretching frequency is
calculated to change by∼200 cm-1. A reassignment of the
available low-temperature matrix vibrational spectrum is pro-
posed that unifies the available experimental data for BH3-
NH3, in the gas phase, in solution, and in the crystalline state.
Calculations on several molecular clusters show that short-range
interactions are important in shortening the B-N bond, but they
show that long-range interactions play an important role as well.
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