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The borane-ammonia complex H3B:NH3 (borazane) is of interest
because of the large (0.08 Å) decrease in the B:N bond length in
the crystal compared to that of the vapor phase.1 The polar dative
B:N bond is similar to hydrogen bonding in specificity and thermal
stability.2 In the neutron diffraction structure the BH-to-NH
hydrogen distances are (Figure 1) 2.02 Å (D2) and ca. 2.22 Å (D1
and D3), shorter than the 2.4 Å sum of their van der Waals radii
and reflecting dihydrogen (di-H) bonding.3

The assignment of the B:N stretching mode and the origin of
the B:N bond length change have been the source of much
discussion. Theoretical studies have been performed to understand
the origin of the structural change and to unambiguously identify
the stretching mode in crystal and other condensed phases. A
molecular cluster density functional theory (DFT) study determined
that the dative bond length change results from strong dipole-
dipole interactions.4 This argument is consistent with a dielectric
model study that demonstrated that a solvent dipole field can affect
the H3B:NH3 molecular structure as found in the solid.5 The cluster
results also produce the di-H bonding interactions, but they do so
in a cluster arrangement that does not correspond to the crystal
molecular arrangement. In the application of a dielectric model to
an ordered solid there arises an ambiguity because the molecules
are not free to rotate. The measured dielectric constant of a solid
formed by polar molecules is on the same order as that of a solid
formed by nonpolar molecules. The H3B:NH3 internal mode and
structural changes were also studied withab initio methods by fixing
H3B:NH3 positions to mimic the crystal arrangement around a
single, unrestricted molecule.6 This study demonstrated the impor-
tance of the unit cell geometry on the electron density changes to
H3B:NH3 and, therefore, the importance of the di-H bonds to the
molecular properties in the solid. These results were used as a basis
for the reassignment of a number of IR-active modes measured in
a 2 K Ar matrix,7 KBr/Nujol,8 and liquid NH3.9

We report here the inelastic neutron scattering (INS) spectrum
of crystalline H3B:NH3 to 1600 cm-1 and the results of periodic
DFT calculations on the unit cell. The INS and DFT studies are
employed together to assign the crystal normal modes of H3B:NH3

and to test the theoretical reproduction of the measured structural
and vibrational changes. The intensities of an INS spectrum are
dependent only on the extent of the hydrogen atom displacements
along each normal mode coordinate. Accordingly, all INS and
calculated modes are accessible for assignment and comparison in
the reported region.

The INS experiment was carried out at the ISIS facility of the
Rutherford Appleton Laboratory (Chilton, U.K.) using the time-
focusing, crystal analyzer spectrometer TOSCA.10 A polycrystalline
sample of ca. 2.9 g of H3B:NH3, obtained from Aldrich, was held
at 30 K for this experiment. A description of neutron scattering,
including results from TOSCA, is given in ref 11. The neutron
diffraction crystallographic data for the 200 K unit cell2 is as
follows: Space groupPmn21, a ) 5.395(2) Å,b ) 4.887(2) Å,c

) 4.986(2) Å,R ) â ) γ ) 90.0°, Z ) 2. Isolated molecule and
zone-centered (k ) 0) periodic DFT geometry optimizations and
normal mode calculations were performed with the BP functional12

and dnp numerical basis set (BP/dnp) using DMol3 13 on the SGI
Origin Array at the National Center for Supercomputing Applica-
tions. Frequencies are unscaled.

Bond lengths and di-H bonding distances are provided in Figure
1. The BP/dnp isolated molecule (B:N) 1.666, B-H ) 1.220,
N-H ) 1.022) calculations and microwave structure (B:N) 1.658,
B-H ) 1.216, N-H ) 1.014)14 agree within 0.008 in all cases.
The 0.06-0.10 B:N bond reduction in the crystal is 0.068 in the
BP/dnp calculations. The calculated di-H distances are consistent
with the actual unit cell within experimental error. The largest
difference, D2, is a result of the apparent overestimation of the
B-H2 bond length. The isolatedCs molecular structure from the
unit cell calculation lies 4.1 kJ/mol above theC3V minimum energy
structure in the BP/dnp calculation for the isolated molecule. The
C3V structure with the B:N length observed in the crystal lies 2.8
kJ/mol above the global minimum.

The H3B:NH3 INS, Ar matrix IR7 (frequencies only) and
simulated molecular and solid-state BP/dnp spectra are provided
from 50 to 1600 cm-1 in Figure 2. Excellent solid-state DFT
agreement is observed with the fundamental modes of the INS
spectrum through 1000 cm-1. The overtone and combination INS
bands above 1000 cm-1 can be identified on the basis of the INS/
DFT fundamental mode assignments (Table 1). Of note is the
prominence of the strong INS peaks at 202.4 cm-1 (phonon) and
333.7 cm-1 (B:N torsion) as combination bands with the B:N
rocking modes at 1075 cm-1 (with 202.4 cm-1) and the various
BH3 and NH3 deformations at 1213/1231 and 1366/1423 cm-1 (with
333.7 cm-1). Table 1 includes the BP/dnp isolated molecule and
unit cell vibrations associated with the INS modes and their
assignments. The complex nature of the INS spectrum at higher

Figure 1. The H3B:NH3 molecule in its crystalline environment showing
surrounding molecular fragments indicating di-H bonding (red). Graphics
rendered with the program VMD.18

Published on Web 06/02/2004

7756 9 J. AM. CHEM. SOC. 2004 , 126, 7756-7757 10.1021/ja048215m CCC: $27.50 © 2004 American Chemical Society



energies is due to the contributions of combinations and overtones
including phonon wings. These can be computed with the program
aCLIMAX.15

Some disagreement exists between the Ar matrix and isolated
H3B:NH3 calculated frequencies. The calculated modes and as-
signments are consistent with previous theoretical work. The gas-
phase BP/dnp modes and those at the MP2/aug-cc-VDZ level of
theory are within 0.7-6.1% of one another (MP2 error range:
0.07-8.1%; BP/dnp error range: 1.4-12.8%).16 Despite the
absence of extended basis functions for DMol3, the BP/dnp results

provide excellent structural agreement with the microwave data.
Differences in observed and calculated IR frequencies for high level
(MP2) calculations have been ascribed to anharmonicity16 but could
be due to matrix effects.

The significant B:N stretching mode shift is reproduced in the
calculated spectrum with excellent agreement to an INS peak at
800 cm-1, consistent with assignments in KBr/Nujol (776/790 cm-1)
and liquid NH3 (787 cm-1). This mode was initially assigned to a
pair of peaks at 968/987 cm-1 in the Ar matrix (because of10B
and11B isotopes) but was reassigned, on the basis of the calculated
frequency of 713 cm-1 in theab initio study,6 as either unobserved
or as a prominent peak at 603 cm-1. As the only peak in the vicinity,
the 603 cm-1 peak agrees best with the isolated molecule BP/dnp
B:N stretching mode at 648 cm-1. The B:N stretches in the crystal
and the Ar matrix are expected to differ because the matrix B:N
bond should have the longer length of the vapor. The shrinkage of
the B:N bond in the crystalline solid is likely due to the formation
of the di-H bonding network or a general intermolecular electrostatic
effect, features that cannot occur in the Ar matrix. While the low-
temperature Ar matrix IR spectrum would otherwise be an excellent
foil for confirming the assignments of the INS/DFT spectra, it is
clear from the comparison of the IR and INS spectra that the matrix
and H3B:NH3 crystal are two very different environments. The large
structural change observed for borazane is not unique but is rather
common to dative bonded structures.1,17 A solvent model has been
applied to sulfamic acid, which has the H3N:SO3 structure in the
crystal.17
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Figure 2. The 50-1600 cm-1 INS (gray), BP/dnp molecular (A), Ar matrix
IR (only positions, B), and BP/dnp unit cell (C) spectra of H3B:NH3.

Table 1. H3B:NH3 Fundamental (Left) and Overtone and
Combination Band (Right) Mode Assignmentsa

Fundamental Mode Assignments

Isolated
BP/dnpb INS

Unit Cell
BP/dnpc

Identified Overtones and
Combination Bands

cm-1 assignment

75.2 398.9 2(202.4)
93.5 87.5 504.3 170.9+ 333.7

110.5 660.2 2(333.7)
150.1 140.5 822.2 725.8+ 93.5

156.7 838.8 2(333.7)+ 170.9
170.9 171.4 872.9 725.8+ 150.1

173.1 908.5 736.8+ 170.9
202.4 217.5 917.6 822.2+ 93.5

239.8 940.7 736.8+ 202.4
215.2 A2 333.7 331.4 1250.1 1049.8+ 202.4
torsion 363.8 1281.6 1076.3+ 202.4
644.3 E 725.8 720.7 1294.5 1098.0+ 202.4
NH3 rock 736.8 729.8 1340.5 1189.3+ 150.1

732.2,745 1395.0 1231.2+ 170.9
648.1 A1 798.0 798.7 1451.8 2(725.8)
B:N stretch 801.1 1473.7 2(736.8)
1036.0 E 1049.8 1060.0 1488.5 1294.5+ 202.4
BH3 rock 1076.3 1075.4 1518.5 1189.3+ 333.7

1098.0 1076.1 1541.4 1213.2+ 333.7
1081.4 1564.6 1231.5+ 333.7

1120.3 E 1177.4 1161.2 1580.3 1250.1+ 333.7
BH3 scissor 1189.3 1164.2

1213.2 1223.8
1231.5 1227.7

1134.2 A1 1154.2 1142.4
BH3 def. 1153.0
1324.2 A1 1367.5 1387.0
NH3 def. 1423.2 1422.1

a Calculated fundamental assignments are grouped with their closest
INS peaks.b Isolated molecule BP/dnp modes are provided with their
symmetry assignments and relative motions.c Different grouped mode
frequencies are the result of in-phase and out-of-phase combinations of the
two H3B:NH3 in the unit cell.
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