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ABSTRACT: This paper reports for the first time that under ammonia atmosphere, T wa
ammonia borane (AB) reversibly absorbs up to at least 6 equiv of NH3, forming liquid &) S o
AB(NH;), (n = 1—6) complexes at 0 °C. Reasonable structures for AB(NHj),, were WhEE B X e
identified via density functional theory calculations, which indicate that the strong 2 3 .- e
classical hydrogen bond formed between the lone pair of NH; and the -NH;3 of ABis =z, | .
the driving force for the absorption of ammonia by AB. By use of the van’t Hoff % _/ R il
equation, the enthalpy change (AH) for AB to absorb one NH; was determined tobe & 31 A =
—2.24 kcal/mol, which is in good agreement with the theoretical calculations. Other E 5] L '/'
organic amines were screened to further confirm the role of the N lone pair; only 1,4 el ;
diazabicyclo[2.2.2]octane (DABCO) formed a stable adduct, which X-ray structural 14 AR
analysis showed was the DABCO-BH; species. Finally, Raman spectra of AB(NH3), P8 & Bp: @E  Bp A5 4B

were collected, and its unique spectral features are also discussed.
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B INTRODUCTION

There has been much work for more than 60 years on amine
boranes, among which, ammonia-borane (AB) has received
disproportionately more attention than any other Lewis acid/
base adduct of this type for a long time." AB was first successfully
prepared from diammoniate of diborane (DADB) in 1955 by
Shore and Parry.” Besides its promising nature for hydrogen
storage (high H-capacity and favorable kinetics),* ® long-term
fundamental research on AB has also had impact on our under-
standing of basic chemistry, in such aspects as unconventional
hydrogen bonds: dihydrogen bonds;” ® a typical mode for
double H-transfer because of its significant polarization;'”"!
and B—N polymer synthesis.'”” In 1947, Burg proposed
the empirical equilibrium NH,(BH;3),NH, + 2xNH; <
2(BH;3NH;)-2xNH3,"? implying an essential correlation between
NH,4(BH;),NH, and BH;NH;. However, there is no convincing
evidence provided in that paper to favor such equilibrium. On the
other hand, the subsequent isolation of BH;NH; shows definitely
that it does not exist in labile equilibrium with the “diammoni-
ate”, so the postulated equilibrium is untenable.”** Since then, a
series of chemical experiments have resolved the ambiguity in
favor of the now-accepted borohydride.">™' It is noteworthy
that most of these experiments were run in liquid ammonia
solution; however, there is no detailed research regarding the
interaction of AB and gaseous NH;. More interestingly, ammo-
nia displacement of the borane-tetrahydrofuran (THF) complex
is one of the original syntheses of AB, but since the ammonia was
distilled away, the authors failed to observe the appearance of
(BH3NH;)-2NH3."* Given the history of B—N complex inves-
tigation and current intensive interest in AB, it is clear that the
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interaction between AB and NHj is of high value and worth
researching more deeply.

In addition, BH;NH; complexes of methane, hydrogen cya-
nide, ammonia, water, methanol, and hydrogen fluoride have
been widely investigated and compared as typical models of
dihydrogen bond and polarity description using theoretical
calculations.”®** Many such studies have focused on the
unconventional hydrogen bonds of AB and its derivatives.***™>°
Their properties and mechanisms of hydrogen storage are also
attractive to researchers.’ > Li** and Meng et al.*° calculated a
series of complexes characterized by N—H-+-H—B bonds,
including ABNHj.

Herein, we report an experimental phenomenon, that is, under
1—4 bar ammonia, AB reversibly absorbs up to 6 equiv of NH;
and becomes liquid at 0 °C.>* This is the first experimental
description of the formation of AB(NH;), complexes. Reason-
able structures for AB(NH;), complexes were identified via
density functional theory (DFT) calculations and compared well
with the results of different experiments.

B EXPERIMENTAL AND THEORETICAL METHODS

Apparatus. During X-ray diffraction (XRD) measurements, sam-
ples were mounted in a glovebox, and amorphous polymer tape was used
to cover the surface of the powder to avoid oxidation. During infrared
(IR) measurements (using KBr pellets), samples were loaded into a
closed tube with CaF, windows. Raman spectra were collected at room
temperature in backscattering geometry using the 632.8 nm line of an
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Figure 1. (a) Accumulated NH; capacity absorbed by AB increases
along with increasing ammonia pressure. The inset photograph shows
AB and the liquid-state ammonia adduct of AB. (The line is merely a
guide to the eye.) (b) AB-ammonia absorption curves at various
pressures.
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Figure 2. (a) XRD patterns of pristine AB and the ammoniate of AB
after ammonia desorption. (b) TPD curves of ammonia released from
ammoniate of AB under various ammonia pressures. Inset photographs
in (a): on 30 min exposure to air, the ammonia is totally released from
the AB(NH;), complexes, and a white powder is formed, which is
confirmed by XRD to be pure AB.

Ar+-ion gas laser with a power of 100 mW, and the samples were mounted
with a thin cover glass to isolate them from air.

The experimental details for the ammonia absorption, including setup
and measurement method description, are shown in Supporting Informa-
tion, Figure S1.

Samples. Ammonia borane (AB, 97.0%), pyridine (pyr., 99.9%),
bipyrdine (bipyr.,, 99.0%), 1,4-diazobicyclo(2,2,2) octane (DABCO,
99.0%), and triethylamine (Et);N, 99.0%) were purchased from Sigma
Aldrich and used directly. Tetrahydrofuran (THF) was dried by sodium
reflux. Ammonia (99.99% Sinopharm Chemical Reagent Co. Ltd.) was
dried using soda-lime.

Theoretical Methods. Quantum chemical calculations were per-
formed to predict the structures and vibrational frequencies of the
observed reaction products using the Gaussian 09 package. The double
hybrid density functional mPW2PLYP, recently proposed by Grimme
et al,*® was used. This functional uses Kohn—Sham unoccupied orbitals
to calculate MP2-type correlation energy and is reported to be quite
reliable.***” Augmented correlation-consistent double- or triple-§ va-
lence basis sets (aug-cc-pVXZ, X = D and T)*® were used for hydrogen,
boron, and nitrogen. Unless otherwise noted, in all the calculations,
geometry optimizations and frequency calculations were carried out in
the aug-cc-pVDZ basis set. Single-point energy calculations on the
geometry optimized for the aug-cc-pVDZ basis set were performed in
the aug-cc-pVTZ basis set to give accurate energetic results. Test calcula-
tions on the AB molecule indicate that the mPW2PLYP functional is quite

reliable for the system studied here. As shown in the Supporting Informa-
tion, Table S1, the theoretical bond lengths of the B—N, B—H, and N—H
bonds agree well with the microwave spectroscopy results.

To account for the solvent effect (ammonia for this work), the
calculations on the solution were performed using the integral equation
formalism of the polarizable continuum model (IEFPCM),* with the
radii and nonelectrostatic terms based on Truhlar and co-workers’ solute
electron density (SMD) solvation model.** The static dielectric constant
and the optical dielectric constant for pure ammonia that were used in the
polarizable continuum model (PCM) calculations are 22.0 and 2.0,
respectively.*' For all the PCM calculations, only single-point energy
calculations were performed on the geometry optimized in the gas phase.

B RESULTS AND DISCUSSION

As shown in Figure 1, the accumulated NH; absorption
capacity of AB increases with increasing ammonia pressure.
Two stages can be clearly observed in Figure la. Along with
increasing of n in AB(NHj3),, the derivative of mole ratio on the
ammonia pressure increases suddenly on the plot of NH;/AB
mole ratio vs ammonia pressure in the range of n = 3~4. This
remarkable turning point most likely implies that there are two
types of binding modes in AB(NH3),, complex, consistent with
our optimization structure results (vide infra). Therefore, it may
be deduced that there are two different absorption mechanisms
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Figure 3. X-ray diffraction pattern of the reaction product after mixing
Na and AB-NH; complex under 3 bar ammonia at 0 °C. Peak locations
for Na, and BH3;NH; were obtained from #22—0948, and #13—0292.
Peak locations for Na(NH,BH;) were obtained from ref 4S.

or two kinds of AB(NHj3), structures involved in the process of
ammonia absorption. As shown in the inset photograph, AB-
(NHj;),, becomes liquid at room temperature. This result could
be attributed to complex competition between AB-AB and AB-
NHj; by different interactions, such as with dipoles, hydrogen
bonds, and dihydrogen bonds.

Ammonia desorption can be confirmed by temperature pro-
grammed desorption (TPD) curves as well as by the XRD
patterns after the NHj is evaporated off AB(NH;),, as shown
in Figure 2. Note that the liquid ammoniate of AB is not stable at
room temperature in air and the ammonia breaks away from AB
within 30 min (inset photograph of Figure 2(a)), so it is hard to
confirm the mole ratio of NH3/AB by using the conventional
characterization method. It is noteworthy that the prospect of
AB(NH;), combining chemically to form a liquid state is
promising as a novel technique of confining AB by using nanoscaf-
fold loading, which is a key technology facilitating hydrogen release
from AB.**

The chemical structure of DADB was controversial for a long
time, before a series of chemical experiments resolved the
ambiguity in favor of the now-accepted borohydride by the
reaction of an alkali metal.** To clarify whether a similar chemical
species to DADB appears in the AB(NHj;), complexes, the
reaction of sodium with the liquid AB(NHj;), complexes was
examined, and identification of the reaction products was
attempted. On the other hand, AB was reported to be soluble
in liquid ammonia,'* so another interesting question is how
concentrated liquid NH; solutions of AB prepared many years
ago compare to the NH; complexes described here. This may be
clarified by comparing their reaction products. XRD patterns of
the products under 3 bar ammonia at 0 °C are shown in Figure 3.
There are bare patterns assigned to NaBH, patterns according to
PDF card (#09-0386). This suggests that the BH, anion is
unlikely to be one of the chemical species featured in the AB(NHj),,
complexes. The major solid-phase residue is Na and ammonia
borane. Interestingly, liquid AB-NHj reacts with excess Na to
yield the recently described salt Na(NH,BH;) as a product,
which is similar to the reaction occurring in THF solution.*>*®

To identify the structures of the AB(NHj;), complexes and
clarify the driving force for AB(NHj3), formation, geometry opti-
mization and natural bond orbital (NBO) analysis were performed,
using the mPW2PLYP method. Nine possible AB(NHj;),
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Figure 4. Low-energy structures of the AB(NH;), complexes. The
complexes are named AB(NH;).(NH;),, where x represents the
number of ammonias forming classic hydrogen bonds with NH; of
AB (o site) while y represents the number of ammonias forming
dihydrogen bonds with BH; of AB (3 site). Some of the bond lengths
(in A) and angles (in degrees) are specified. The blue, pink, and white
balls represent the nitrogen, boron, and hydrogen atoms, respectively.
Point groups of these complexes are also given.

(n = 1—6) complexes have been optimized, and they are shown
in Figure 4.

In AB(NH3;), (n = 1—6), there are two types of hydrogen
bond between ammonia and AB. One is the classic hydrogen
bond formed between NH; of AB (identified as the o site) and
ammonia, and the other is the so-called dihydrogen bond formed
between BH; of AB (identified as the [ site) and ammonia.
Therefore, AB(NH;),, (n=1—6) can be rewritten as AB(NH3),-
(NH;), (x=1-3,y=0—3), where x and y represent the number
of ot and 3 site ammonias, respectively. For AB(NHj3),, only the
AB(NH;),(NH;), complex can be optimized, because the
classic hydrogen bond is stronger than the dihydrogen bond.
AB(NH3;), can be viewed as adding one NH; to AB(NHj),.
Unlike AB(NH;), the second NHj; can attach at either the o site
or the /3 site, forming either AB(NHj;),(NH3), or AB(NH;);-
(NHj;),, with the former complex more stable than the latter.
This is because although the dihydrogen bond is weaker than the
classic hydrogen bond, the second NH; in AB(NH;);(NH3),;
can form not only a dihydrogen bond with the BH; group, but
also a classic hydrogen bond with the first NH; on the o site. For
AB(NHs;);, only AB(NH;),(NH3); and AB(NH;)3(NH3),
can be optimized, but not the AB(NH;),(NH;), and
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Table 1. Average Binding Energies (E;,) in kcal/mol of AB-
(NHj;),, and the Binding Energies of (NH;), and (AB), at 0K
in Ammonia Solution”

Ey,
AB(NH;),(NHs)o —2.50
AB(NH;),(NHz), —2.19
AB(NH;), (NH;), —1.97
AB(NH,),(NH,)o 191
AB(NH;),(NH;), —191
AB(NH;)3(NH;), —181
AB(NH;),(NH;), —182
AB(NH;)3(NH;), —1.80
AB(NH,)5(NH;)s ~181
(NH,), —0.87
(AB), —1.46

¢ All energies are corrected by the zero point energies. Average bmdmg
energles of AB(NH3) are defined by E, = ((1)/(11))(EAB(NH =
"ENH EAB)

026 50°C
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Figure S. Van’t Hoff profile of the AB(NHj3),, complexes.

AB(NH;),(NH;); complexes, because for one NH; to occupy
the /3 site, there must be one unused NH; on the o site with which
to form a classic hydrogen bond. Therefore, in the AB(NH;),-
(NHj;), complexes, y must be less or equal to x, and only nine
possible structures of AB(NH3), can be optimized.

Calculated binding energies strongly support the experiments.
Table 1 lists the average binding energies (Ey,) of AB(NH3), (n=
1—6), and the binding energies of (NH3), and (AB),. Average
binding energies of AB(NHj;), at 0 K are defined by Eb =
((1)/(”))(EAB(NH o ”ENH o — EAB); where EAB(NH Y
ENH | and E0p are the energies of AB(NH3),, NH3, and AB,
respectlvely, at 0 K in solution. For the AB(NHj;), (n = 1— 6)
complexes, the average binding energies obtained range from
—2.50 to —1.80 kcal/mol. As the number of ammonia increases,
the binding energies become less negative when n < 3 and
change little when n > 3. This perhaps can explain why there is a
change of slope in the plot shown in Figure 1a, which implies that
there are two different absorption mechanisms, acting before and
after approximately n = 3. For the reaction AB(s) + nNH;(g) —
AB(NH3;),(1), the change in enthalpy per mole of NH; (AH)
can be calculated from the equation AH = E},, — RT. The resulting
AH at 40 °C ranges from —3.10 to —2.43 kcal/mol. As shown
in Figure S, the corresponding experimental value over the

(a) (b)

Figure 6. NBO charge distribution of AB and NH;. The blue, pink, and
white balls refer to the nitrogen, boron, and hydrogen atoms,
respectively.

temperature range between 35 and 50 °C is determined to be
—2.24 kcal/mol, according to the van’t Hoff equation. The good
agreement between experimental and theoretical results on AH
is strong support for the reliability of the theoretical calculations
on the structure and energetics of the AB(NHj3),, complexes.

As mentioned above, both the classic hydrogen bond and the
dihydrogen bond play important roles in forming the AB(NH3),,
complexes. Comparing the binding energies of (NH;), and
(AB),, as listed in Table 1, with those of the AB(NHj;),
complexes, it can be seen that the dihydrogen bond between
two AB is weaker than the classic hydrogen bond between AB
and NH3, but is stronger than the classic hydrogen bond between
two NH;. The binding energy between AB in the solid is hard to
calculate, since the current available quantum software codes
cannot perform periodic calculations using the mPW2PLYP
functional, while the performance of other functionals imple-
mented in periodic quantum software codes is very bad on weak
interactions. Alternatively, the binding energy of AB in the solid
is estimated by the following procedure: (1) Cut nine AB
molecules from the solid geometry, where one AB is surrounded
by eight AB molecules, and calculate the energy of the cluster. (2)
Take the center AB molecule out and calculate the energy of the
remaining eight AB molecules. (3) Calculate the energy change.
The binding energy calculated is —1.33 kcal/mol, very close to
the —1.36 kcal/mol between two AB molecules in solution.
Therefore, the calculation results indicate that the binding
between AB molecules in a solid is weaker than between AB
and ammonia. This is the reason why AB can absorb ammonia. In
addition, once AB is surrounded by NHj, that is, forming the
AB(NH;), complexes, the interaction between AB(NH;), is
greatly weakened. In the extreme case where n = 6, the lone pairs
of NHj; in AB(NHj; )¢ have all been used, and AB(NHj; )4 can no
longer form either classic hydrogen bonds or dihydrogen bonds
with each other. This can explain why solid AB becomes liquid
after absorbing NH3.

To understand the interaction between AB and ammonia,
NBO*"*® charge analysis has been performed on AB and NH;.
As shown in Figure 6, the hydrogen atoms on the NH; of AB
have a collective charge of 4-0.397e, while the hydrogen atoms of
the ammonia molecule have +0.349e. The reason for the more
positively charged H atoms on NH; of AB is the donation of the
lone pair electrons on N atoms to B atoms in forming AB, while
N, in turn, pulls more electrons from H. This explains why NH;
binds more strongly with AB than with itself.

To further confirm the role of the lone pair electrons of N
in AB in forming hydrogen bonded complexes, a series of
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Figure 7. Raman spectra of AB and AB(NHj3); (in cm ™).

organic amines, including pyridine (pyr.), bipyrdine (bipyr.),
1,4-diazobicyclo(2,2,2) octane (DABCO), and triethylamine
(Et);N, were selected to react with AB to reveal whether some
stable products could be obtained. However, only the addition of
DABCO to AB, followed by extraction and crystallization from
THE solution, is able to yield a novel product and form a suitable
crystal for XRD (Supporting Information, Figure S2—S5). It
seems that the steric hindering effect plays the primary role in the
reaction between AB and DABCO: the —NH; group is com-
pletely displaced by DABCO from AB (Supporting Information,
Figure S6). This reaction, in turn, implies the novelty and
particularity of the formation of AB(NHj;), complexes.On the
other hand, it is of interest to study the interaction between NH;
and another NH,BH,, compounds, for example, NH,BH,, whose
structure was well determined by Flacau et al.*’ The refined
structure and Raman spectroscopy of NH,BH, safely confirms
the presence of NH, * and BH,  ions. Comparing with NH; of
AB, NH," of NH,BH, may possess more positively charged H
atoms, which are more favorable to attract the lone pairs of NH;
to form NH,BH,(NH;) , via the classical hydrogen bond:
H,BNH; —H—:NH,.

Raman spectroscopy was also employed to study the bonds in
AB and liquid AB(NH3), complexes, since (1) it is easy to sustain
a particular ammonia pressure by sealing AB(NH3), in a glass
chamber during Raman measurement; and (2) the B—N bond
can be identified clearly in Raman spectra. Raman spectroscopy
of AB and of the ammoniate of AB with sufficient ammonia
absorbed (4 bar, 0 °C) was conducted. Since these two spectra
show few differences, no new chemical group can be identified in
the Raman spectra. All of these experimental data show great
correspondence with the results from our calculations using the
AB(NH;); model that we have proposed (Supporting Informa-
tion, Figure $7).° AB(NHj); was selected because AB(NHj),
complexes are very similar to each other and AB(NH;); has the
same point group Cs, as saturated AB(NHj3)s, so that it is much
simpler to perform the Raman frequency calculations.

As shown in Figure 7, for the neat solid AB, the 724 and
784 cm ™' peaks can be assigned to B—N stretching vibrations.
The higher frequency peak is due to the symmetric stretching of
the B—N bonds, while the lower one is due to antisymmetric
stretching of the B—N bonds. The vibrational frequencies
corresponding to the symmetric and antisymmetric B—H
stretching are located at 2277 and 2374 cm™ ', respectively,
locations which are in good agreement with the theoretical values
of 2401 and 2374 cm ' for (AB),. The 3249 and 3490 cm '

peaks are assigned to N—H stretching. All the main vibrational
frequencies are in good agreement with the present calculations
as well as the literature.*">* The calculated peaks at 1192 cm ™',
1378 cm ™', and 1581 cm ™! should be assigned to BHj scissor,
NH; umbrella, and NHj scissor vibrations, respectively. For the
AB(NH;), complexes, AB(NH;); is taken as a model, and a
similar Raman spectrum to that from the experiment can be
obtained, as shown in Supporting Information, Figure S8. For the
B—N stretches, a slight peak broadening (766 cm ') suggests
energy level splitting of B—N stretch, which should be due to (1)
the interaction between B—N in AB molecule and near-by
coordinated -NHj; (2) the liquefaction of AB(NH3)3, leading
to the decrease of crystallization. As shown in Table 1, for the
AB(NH;); complexes, there are two possible isomers
(AB(NH;3)3(NH3)o and AB(NH;),(NH;),) with the same
energies, although they have slightly different vibrational fre-
quencies for B—N stretching. The B—N stretching at 759 cm ™'
for AB(NH;)3(NH;), is quite close to the experimental value
(766 cm™"). For the B—H stretches, little change can be found as
compared to the neat AB. Namely, the -BH; group and its
environment show no obvious change after ammonia absorption.
For the N—H stretches, the calculations show that there are four
types of vibrational modes: the lower two correspond to the weak
symmetric and antisymmetric stretches of the -NH; group of AB
molecules, and the higher two correspond to the symmetric and
antisymmetric stretches of the NH3 molecule interacting with
AB. This agrees well with the experimental result where the peak
that corresponds to the N—H stretches shows a shoulder located
at 3224 cm™ ' (Supporting Information, Figure S8).

Il CONCLUSION

In summary, our findings clearly indicate the interesting novel
phenomenon that solid-state AB, which seems to have no
coordination site to accept the electron lone pair in the N atom,
is effective in NH; absorption at 0 °C under an ammonia atmo-
sphere. The novel phenomena and properties displayed by the
reversible ammonia absorption/desorption of AB, such as liquefac-
tion of AB, and the increasing mole ratios of NH;/AB that appear
with increasing ammonia pressure, may be of value for some
potential applications, for example, separation and purification
technologies for AB, loading into multiple-pore materials, and
pressure sensitive materials for ammonia storage. As the simplest
amine adduct, NH; is not likely to induce the concerns about
steric hindering, in which classical adduct formation can be
impaired, so we believe that this report will provide a classical
and ideal model of the reaction between amines and AB. Further-
more, it can be expected that NH; binding to NH,BH, most likely
happens if only the conducted experiments are well controlled.
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