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A 118 nm laser is employed as a high energy, single photon (10.51 eV/photon) source for study of
the dynamics and fragmentation of the ammonia borane (NH3BH3) cation and its cluster ions through
time of flight mass spectrometry. The behavior of ammonia ion and its cluster ions is also investigated
under identical conditions in order to explicate the ammonia borane results. Charge distributions,
molecular orbitals, and spin densities for (NH3BH3)n and its cations are explored at both the second-
order perturbation theory (MP2) and complete active space self-consistent field (CASSCF) theory
levels. Initial dissociation mechanisms and potential energy surfaces for ionized NH3BH3, NH3, and
their clusters are calculated at the MP2/6-311++G(d,p) level. Protonated clusters (NH3)xH+ dominate
ammonia cluster mass spectra: our calculations show that formation of (NH3)n−1H+ and NH2 from
the nascent (NH3)n+ has the lowest energy barrier for the system. The only common features for the
(NH3)n+ and (NH3BH3)n+ mass spectra under these conditions are found to be NHy

+ (y = 0,. . . ,4) at
m/z = 14–18. Molecular ions with both 11B and 10B isotopes are observed, and therefore, product ions
observed for the (NH3BH3)n cluster system derive from (NH3BH3)n clusters themselves, not from the
NH3 moiety of NH3BH3 alone. NH3BH2

+ is the most abundant ionization product in the (NH3BH3)n+
cluster spectra: calculations support that for NH3BH3

+, an H atom is lost from the BH3 moiety with an
energy barrier of 0.67 eV. For (NH3BH3)2+ and (NH3BH3)3+ clusters, a Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B bond
can form in the respective cluster ions, generating a lower energy, more stable ion structure. The first
step in the (NH3BH3)n+ (n = 2, 3) dissociation is the breaking of the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety,
leading to the subsequent release of H2 from the latter cluster ion. The overall reaction mechanisms
calculated are best represented and understood employing a CASSCF natural bond orbital description
of the valence electron distribution for the various clusters and monomers. Comparison of the present
results with those found for solid NH3BH3 suggests that NH3BH3 can be a good hydrogen storage
material. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4945624]

I. INTRODUCTION

Ammonia borane (NH3BH3) is a non-toxic, environmen-
tally friendly, and chemically stable hydrogen storage material
for fuel cell power applications; it is safe to use in the air
compared to other boron related materials, such as B2H6.1–3

It contains 190 g/kg (19.6 wt. %) hydrogen,1,2,4,5 is more
hydrogen dense than liquid hydrogen, and can be safely
stored at normal temperatures and pressures.6,7

NH3BH3 is isoelectronic with the simple hydrocarbon
C2H6: it is a crystalline, van der Waals, hydrogen bonded solid
at 300 K, and due to the different electronegativities of B
and N, ammonia borane is a multi-polar molecule in clusters
and the crystal.2,8 Structures of the NH3BH3 crystal, isolated
molecule, and small clusters are studied both experimentally
and theoretically in previous research work.9–24 The B–N bond
of NH3BH3 is formed by the donation of ammonia lone-pair
electrons to the empty p-orbital of borane. For condensed
phase and clusters, each hydridic end (BH) of ammonia

a)Author to whom correspondence should be addressed. Electronic mail:
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borane acts as a hydrogen acceptor for the protic end (NH)
of an adjacent molecule:13,25 the B–N bond between the
donor atom and the acceptor atom is considerably shorter
in the crystal than it is in a gas phase cluster.15,18,23,24

The general trend is that shorter bonds are found in larger
conglomerates.24 The shortening of the B–N bond (by ∼0.1 Å)
in the NH3BH3 crystal is directly related to the enhancement
of electron donation (NH3 → BH3), as well as electrostatic
contributions.23 In NH3BH3 clusters and crystal, neighboring
molecules are linked by a network of N–Hδ+· · ·Hδ−–B
dihydrogen bonds13–20,23,26 as is supported by high pressure
Raman studies.26 A dihydrogen bond is an analogue of the
conventional hydrogen bond but involves the interaction
between a positively charged (protic) hydrogen, bound to
an atom of high electronegativity (N–H) and a hydrogen
bonded to a less electronegative atom, a hydridic proton
(B–H).8,27,28 Formation of a dihydrogen network appears to
be very important, as it leads to substantial stabilization of the
single NH3BH3 unit.23 The H· · ·H distance is around 1.7-2.2 Å,
which is less than the sum of the van der Waals H atom radii
of 2.4 Å:2,17,28 an average interaction energy of 3 kcal/mol
(without zero-point correction) for the dihydrogen bond is
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predicted,13,15,23 which shows that these bonds in ammonia
borane crystals or clusters are relatively weak. NH3BH3 dimer
may exhibit two, three, or four equivalent H· · ·H bonds
depending on different characterizations suggesting inactions
of one N–H hydrogen and two B–H hydrogens of each
monomer.13,14,16,18,20,21,23 At low pressures, the crystalline
structure of NH3BH3 is stabilized by these charge transfer
dihydrogen interactions, while at high pressure, polymorphs
are predicted to form layered structures: stacking of layers
is determined by an additional homo-polar B–Hδ−· · ·Hδ−–B
interaction.8 The B–Hδ−· · ·Hδ−–B interaction is comparable in
bond length to a conventional hydrogen bond: it is the result
of a secondary interaction of B–H bonds between monomers
with a remarkably short H· · ·H distance of about 2.03 Å.8,29

Partial release of hydrogen (6 wt. %) from solid phase
NH3BH3 occurs at temperatures between 343 and 363 K during
long isothermal periods.3 Upon heating, NH3BH3 releases one
equivalent of hydrogen (H2) in each of the three decomposition
steps, forming polyaminoborane (NH2BH2)n (90-120 ◦C),
polyiminoborane (NHBH)n (120-200 ◦C), and finally boron
nitride BN (>500 ◦C).4 Decomposition of crystalline NH3BH3
near ambient pressure (1039 mbar and 860 mbar) yields
intense mass spectral features H2 (m/z = 2) and m/z = 41. At
pressures lower than 860 mbar, beside the predominate mass
spectral fragmentation features at m/z = 2 and m/z = 41,
features at m/z between 78 and 80 (borazine (BHNH)3), m/z
between 27 and 29 (aminoborane (BH2 = NH2)), m/z between
10 and 13, m/z between 23 and 26 (diborane (B2H6)), and at
m/z = 42 (aminodiborane (BH2NH2BH3)) are also detected.3

Ab initio calculations for the isolated NH3BH3 molecule
have provided important clues to the reaction pathways
leading to the thermal decomposition of NH3BH3 forming
H2. In the gas phase, an H atom is transferred from
the NH3 moiety to boron of the same molecule and
concomitantly the other two B–H bonds elongate, leading
to the formation of H2 with an activation energy of 32-33
kcal/mol:21,22 this energy is significantly higher than that
expected from the experimental decomposition temperature
of about 80 ◦C.27 The low temperature experimental rate
constant maybe largely influenced by tunneling,22 which
can circumvent this large activation energy barrier. Thermo-
gravimetric analysis of the solid suggests that the N–H· · ·H–B
and B–H· · ·H–B fragmentation pathways for an H2 product
contribute nearly equal amounts of hydrogen below 120 ◦C,
with the former becoming dominant after the solid has
melted and molecules become mobile.29 Activation energy
for the B–N bond cleavage channel giving rise to NH3
and BH3 is 23-26 kcal/mol, so direct B–N dissociation is
expected to predominate over H2 loss.21,22 Calculations find
that an energetically low-lying reaction channel, involving
participation of BH3 as a catalyst for H2 elimination, also
exists.22 A number of possible dimer structures involving
different types of hydrogen bond interactions, and thereby,
different fragment atoms and molecules, have been identified
through calculations. (NH3BH3)2 can generate H2 via several
direct pathways with activation energy barriers ranging from
44 to 50 kcal/mol.21

In the present study, a 118 nm laser (10.51 eV/photon,
∼1012 photons/pulse) is employed as a high energy, single

photon ionization source for study of the dynamics and
fragmentation of the ammonia borane NH3BH3 cation and
its cluster ions, through time of flight mass spectrometry
(TOFMS). Reactions of hydrogen bonded clusters have
received significant attention in the past years.30–34 Vacuum
ultraviolet (VUV) laser radiation can photoionize organic
molecules, providing useful dissociation channels.30,31 Single
photon ionization is a good approach for studying van der
Waals and hydrogen bonded clusters since less fragmentation
of the parent cluster ions occurs compared to electron impact
ionization and multi-photon ionization (MPI) with fs or
ns lasers.30–34 Mass spectra of molecules and clusters can
provide a window through which to explore fragmentation
mechanisms and thermodynamic properties.31 The potential
surfaces for ion decomposition, based on the experimental
results, are studied through quantum chemistry calculations.

In order to explicate the ammonia borane results, assign
the decomposition products observed in the mass spectra,
and to insure the observed reaction products arise from
ammonia borane as a whole molecular or cluster ion and
not from a fragmented NH3 moiety, the behavior of ammonia
and its clusters is investigated under identical conditions for
comparison with (NH3BH3) +n cation behavior. Additionally,
ammonia plays an important role in the chemistry of planetary
atmospheres, and its clusters and photochemical products are
interesting because they exist in Jovian planets and satellites
and will condense into layers of clouds at some tropospheric
levels.35,36 (NH3)n neutrals and ions are characterized by
van der Waals interactions as are (NH3BH3)n species.32

Ammonia is a poor proton donor, but a good proton acceptor.
With regard to neutral ammonia clusters, the dimer (NH3)2
is a hydrogen bonded complex with a non-linear H-bond
structure, the minimum energy structure of ammonia trimer
(NH3)3 is found to be a cyclic triangle, the ammonia tetramer
(NH3)4 is found to have either a planar ring or cyclic boat
structure, and the ammonia pentamer (NH3)5 is found to
have either a distorted pyramid or cyclic ring structure.
The larger ammonia clusters (n > 3) have several nearly
degenerate conformations, and interconversions among them
are facile.37–44 Structures of nascent unprotonated cluster
cations (NH3)n+ have been studied as they are the precursors
for further decomposition reactions; that is, vertical ionization
energy (VIE) > adiabatic ionization energy (AIE).32–34

(NH3)n+ structures are found to have proton transferred type
dimer cation cores, NH4

+· · ·NH2.45–48 Protonated cluster ions
(NH3)nH+ are the main fragment arising from photoionized
clusters due to intracluster ion molecule reactions and are
the most prominent features in the mass spectrum.45,49–52

For single photon ionization, this reaction is proposed as an
absorption/ionization/dissociation (AID) mechanism,

(NH3)n + hυ → [(NH3)n+]∗ + e− → (NH3)n−1H+ + NH2

+ e− (Ref. 52).
Structures and dynamics of medium sized aggregate ions of
ammonia and decomposition mechanisms of (NH3)n+ based
on the single photon ionization mass spectrometry are studied
in this work. Following the ammonia cluster ion studies,
structures, molecular orbitals, charge distributions, spin
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densities for NH3BH3 and its cluster ions are also investigated.
Based on assignments of 118 nm photoionization products of
ammonia and ammonia borane, potential energy surfaces
and dissociation mechanisms are explored theoretically for
NH3BH3

+ and clusters (NH3BH3)2+ and (NH3BH3)3+ through
ab initio quantum chemistry calculations [complete active
space self-consistent field (CASSCF), MP2/6-311++G(d,p)].

II. EXPERIMENTAL PROCEDURES

The experimental setup consists of a supersonic jet
expansion nozzle, a 118 nm single photon ionization laser
source, and a linear time of flight mass spectrometer
(TOFMS): details of the instrumental design are described
in our previous papers.53–56 Briefly, the nozzle used for the
molecular beam generation is constructed from a Jordan
Co. pulsed valve and a laser desorption source. NH3BH3 is
purchased from Sigma-Aldrich Co. with 97% purity. The
NH3BH3 solid sample is put into a copper container inside
the pulsed valve behind the nozzle, where the compound is
vaporized at 70, 80, and 95 ◦C. A digital temperature controller
within the model REX-C100 nozzle power supply maintains
nozzle temperature at 70, 80, and 95 ◦C. Ammonia borane
is entrained into the flow of He carrier gas under a backing
pressure of 70 psi through the 2 × 60 mm channel in the laser
desorption head and is expanded into the vacuum chamber.
For ammonia gas studies, 1% NH3 in He at a pressure of 70
psi is applied to the nozzle whose temperature is controlled
at 25 and 95 ◦C, to explore the effect of temperature on the
observed cluster chemistry. With 70 psi He backing pressure
for the closed pulsed valve, the chamber pressure remains
8 × 10−8 torr; with the valve open at 10 Hz, the chamber
pressure increases to 8 × 10−7 torr.

The molecular beam passes through a skimmer (1 mm
diameter) and is perpendicularly crossed by the 118 nm beam
focused to a spot size less than 1 mm in diameter at the
ionization point. The ninth harmonic of the seeded Nd:YAG
laser (118 nm, third harmonic of 355 nm Nd:YAG laser light)
is generated in a 1:10 mixture of Xe/Ar at 260 torr pressure.
Sample molecules and clusters absorb a single photon from
the 118 nm laser (∼1012 photons/pulse), ionize, and dissociate
in the ionization region between the two extraction plates
(4.00 and 3.75 kV) of the TOFMS.

The timing sequence of pulsed nozzle and ionization laser
is controlled by time delay generators (SRS DG535). The
experiment is run at a repetition rate of 10 Hz. Ion signals in
the TOFMS are detected by two micro-channel plates (MCPs):
signals are recorded and processed on a personal computer
(PC) using an Analog-to-digital Converter (ADC) card (Ana-
log Devices RTI-800) and a boxcar averager (SRS SR250).

III. COMPUTATIONAL METHODS

All calculations are conducted using the Gaussian 09
program. Optimized geometry, charge distributions, orbitals,
and spin densities for (NH3BH3)n (n = 1-3) cations are studied
through both second-order perturbation theory (MP2) and
CASSCF, using the 6-311++G(d,p) basis set. No symmetry

restrictions are applied for these calculations. The equilib-
rium geometry calculations are conducted by taking the total
charge as +1 and the spin multiplicity as 2 (S = 1/2) for
cations; harmonic frequencies are generated to ensure that no
imaginary frequencies are present in the final optimized struc-
tures. Charge distribution values are provided using CHELPG
(charges from electrostatic potentials employing a grid) based
methods and orbitals shown are natural bond orbitals (NBOs).

The critical points on the potential energy surfaces
for (NH3BH3)n+ and (NH3)n+ ion decomposition processes
are explored using MP2/6-311++G(d,p): this approach has
been demonstrated to be reasonable based on previous
studies6,9,13,18,20,22,24,37,39,42,45 of these systems. Following
single photon absorption, molecules and clusters are ionized
to (NH3BH3)n+ or (NH3)n+ and dissociation reactions ensue.
The VIE, AIE, and the excess energy from the laser are
calculated for each (NH3BH3)n+ and (NH3)n+ ion observed.
A relaxed scan optimization algorithm, as implemented
in the Gaussian 09 program suite, is employed to locate
transition and intermediate states along reaction pathways.
All geometrical parameters except for the specified bond
distance reaction coordinate are optimized and electronic
energies are monitored as the specified bond is elongated:
the structure with peak potential energy is most likely a
transition state, and the structure with local potential energy at
a minimum is most likely an intermediate state. To verify
these conclusions and obtain a more accurate potential
energy surface for the transition/intermediate states, the
molecular structure provided in the scan is used as the initial
structure in the further optimization calculations with the
6-311++G(d,p) basis set. These calculations provide qualita-
tive mechanisms for unimolecular decomposition processes
and possible reaction channels for (NH3BH3)n+ (n = 1-3)
and (NH3)n+ (n = 1-7) cluster ions based on the dissociation
mass spectra obtained from the experiments. The proposed
reaction pathways, based on the computational results, provide
a qualitative interpretation of the observations.

For the CASSCF methods, both active spaces (12,8) and
(14,14) are applied as a comparison with MP2 results em-
ploying basis set 6-311++G(d,p). All calculation results are
compared with previous experimental and theoretical values,
as well. The CASSCF active spaces chosen for the calcula-
tions are presented in the supplementary material as Figures
S1-S4,57 including CASSCF(12,8) orbitals for NH3BH3 (two
σ nonbonding orbitals on the BH3 group, one σ nonbonding
orbital on the NH3 group, one σ nonbonding orbital on the
whole system, one σ bonding orbital on the NH3 group, one
π bonding orbital on the whole system, and two π antibonding
orbitals on the NH3 group) and (NH3BH3)2 (one σ nonbond-
ing orbital on the BH3 groups, two σ nonbonding orbitals on
the NH3 groups, three σ nonbonding orbitals on the whole
system, and two π antibonding orbitals on the NH3 groups),
CASSCF(11,8) orbitals for NH3BH3

+ (three σ nonbonding
orbitals on the BH3 group, three σ nonbonding orbitals on
the NH3 groups, and two π antibonding orbitals on the NH3
groups), and CASSCF(13,14) orbitals for NH3BH3

+ (one σ
nonbonding orbital on the BH3 group, eight σ nonbonding
orbitals on the whole system, one σ bonding orbital on the
whole system, three π antibonding orbitals on the NH3 group,
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and one π antibonding orbital on the BH3 group). Orbitals that
are close in energy to the HOMO/LUMO orbitals and are active
for the decomposition reactions experimentally observed are
selected for the calculations. For the CASSCF(12,8) calcula-
tions in this paper, orbitals chosen are mainly from the set
HOMO-4 to LUMO+2. Eight is the orbital number limit for
analytical frequency calculations within the CASSCF algo-
rithm (Gaussian 09), essential for computation of mechanisms
(e.g., potential energy surfaces, intermediates, activated com-
plexes, and products) for observed reactions. As is shown later
in Section V B 1, no significant differences are found among
molecular structures computed by CASSCF(12,8) and (14,14)
methods, thus, a CASSCF(12,8) approach is employed in most
cases as our goals are to track and compare results for neutral
and ionic monomers to clusters (n = 2, 3) and to explain
ion fragmentation and reaction pathways mechanisms for all
species.

The Basis set superposition error (BSSE) correction
is important for calculation of binding energies, especially
of weakly bound (van der Waals and hydrogen bonded)
cluster systems; however, the present study focuses on the
decomposition potential energy surfaces of cluster cations.
In this case, the ∆E values for decomposition reactions
only change by ∼10% following application of BSSE
corrections and the ∆H values are sufficiently close (enthalpy
difference <15%) to experimental values without BSSE
corrections to be useful for determining reaction open channels
and mechanisms.57–60 Details of ∆E and ∆H comparisons
to experimental and higher level calculational results are
presented in Table S1 in the supplementary material.57 As
shown in Section V B 1, (NH3BH3)n+ (n = 2, 3) will form
a B–H· · ·H–B structure, which renders BSSE corrections
inaccurate. Therefore, the BSSE correction is not considered
for the present cases.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. 118 nm dissociation mass spectra of NH3 gas
expanded at nozzle temperatures 25 and 95 ◦C

Figures 1(a) and 2(a) display TOF mass spectra of ammo-
nia clusters (m/z > 10) ionized by 118 nm photons at nozzle
temperatures 25 and 95 ◦C, respectively. Figures 1(b)-1(e)
and 2(b)-2(e) enlarge Figures 1(a) and 2(a) into smaller mass
ranges emphasizing details in the dissociation mass spectra.
The blue traces in Figures 1 and 2 are spectra obtained with the
nozzle open and the red traces are spectra obtained with the
nozzle closed (background for comparison). For m/z < 30,
mass signals observed are 14 (N+), 15 (NH+), 16 (NH2

+),
17 (NH3

+), 18 (NH4
+), 28 (N2

+), and 29. The NH3
+ ion

(m/z = 17) is the most intense feature: Figure 2(c) shows that
the m/z = 29 feature is from background contamination.

Protonated ammonia clusters (NH3)nH+ (n = 2-6),
generated from species (NH3)n+1

+, dominate the mass spectra
for m/z > 30, consistent with previous studies.45,49–52 Features
at masses for (NH3)n+, (NH3)n−1NH2

+, and (NH3)nH2
+ (or

(NH3)n−1(H2O)H+) are observed as well at 25 ◦C with
intensities about 10 times weaker than those of respective
(NH3)nH+ assignments. Specifically, (NH3)n+ related signals

detected at 25 ◦C are identified at m/z = 32 (O2
+, from

background), 34 ((NH3)2+), 35 ((NH3)2H+), 51 ((NH3)3+), 52
((NH3)3H+), 68 ((NH4)4+), 69 ((NH4)4H+), 70 ((NH3)4H2

+

or (NH3)3(H2O)H+), 86 ((NH3)5H+), 87 ((NH3)5H2
+ or

(NH3)4(H2O)H+), 103 ((NH3)6H+), and 104 ((NH3)6H2
+ or

(NH3)5(H2O)H+). These weak signals become stronger and
more mass peaks can be assigned in the spectrum at
nozzle temperature 95 ◦C: in addition to the ions formed
at room temperature, mass signals are identified at m/z = 33
(NH3NH2

+), 36 ((NH3)2H2
+ or NH3(H2O)H+), 53 ((NH3)3H2

+

or (NH3)2(H2O)H+), 67 ((NH3)3NH2
+), and 85 ((NH3)5+).

Thus, increase of nozzle temperature apparently results in an
increase in ultimate cluster ion temperature, which enables
clusters to overcome additional dissociation energy barriers.
Details of the potential surfaces for (NH3)n+ ion decomposition
will be discussed in Sec. V A 3 dealing with calculated
reaction potential energy surfaces. Mass signals at m/z = 36,
53, 70, 87, and 104 can be assigned as (NH3)n−1(H2O)H+ or
(NH3)nH2

+ ions: this distinction is not readily made based
on the experimental results alone. Identification of these
ions is discussed below through theoretical calculations by
comparing the calculated decomposition energy barriers of
(NH3)n+ cluster cations with the energy stored in the respective
cluster cation species.

B. 118 nm dissociation mass spectra of NH3BH3 gas
expanded at nozzle temperatures 70, 80, and 95 ◦C

Figures 3-5(a) display TOF mass spectra of (NH3BH3)n+
cluster cations (m/z > 10) ionized by 118 nm photons,
at nozzle temperatures 70, 80, and 95 ◦C, respectively.
Figures 5(b)-5(d) expand Figure 5(a) into smaller mass ranges
and present details of the cluster cation dissociation mass
spectra. The blue traces in these figures are spectra obtained
with the nozzle open and the red traces are obtained with the
nozzle closed (for background comparison). Despite partial
H2 release (up to 6 wt. %) on heating solid NH3BH3 below
100 ◦C, NH3BH3 is still the dominant solid state species in
the sample container. The NH3BH3 vapor pressure is low at
25 ◦C and therefore the nozzle is heated (∼70 ◦C) in order to
generate a sufficient amount of gas phase sample for detection
of clusters and their products.

At nozzle temperature of 70 ◦C, as shown in Figure 3,
the mass spectra signals obtained for the reacting ion
system are at m/z = 15 (NH+), 16 (NH2

+), 17 (NH3
+),

18 (NH4
+), 28 (N2 and NH2

10BH2
+), 29 (NH2

11BH2
+,

NH3
10BH2

+), 30 (NH3
11BH2

+, NH3
10BH3

+), 31 (NH3
11BH3

+),
and 44 (NH3

11BH2
11BH3

+). Isotopic signal m/z = 43
(NH3

10BH2
11BH3

+ or NH3
11BH2

10BH3
+) is not observed at

70 ◦C mainly because its signal is less than 0.1 mV, in this
case, too weak to be detected. The feature at m/z = 30
is the most intense peak: based on the natural abundance
ratio of boron isotopes (11B/10B, 4/1), the fact that intensity
of the m/z = 31 (NH3

11BH3
+) signal is much lower than

that of the m/z = 30 signal, and the feature at m/z = 29 is
small, we conclude that the m/z = 30 peak is mainly due
to NH3

11BH2
+, with a small contribution from NH3

10BH3
+

(the intensity of NH3
10BH3

+ should be about a quarter of
that found for m/z = 31 (NH3

11BH3
+)). Since intensity of the
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FIG. 1. (a) TOF mass spectrum of 1% NH3 gas in He (m/z > 10) ionized by a 118 nm single photon at nozzle temperature 25 ◦C. The blue trace is obtained
with the nozzle open and the red trace is obtained with the nozzle closed as background for comparison. (b) Mass signals in the range m/z = 10-25 of (a). (c)
Mass signals in the range m/z = 25-50 of (a). (d) Mass signals in the range m/z = 50-80 of (a). (e) Mass signals in the range m/z = 80-110 of (a).

signal at m/z = 29 is about a quarter of that at m/z = 30,
we conclude that the m/z = 29 feature is dominated by
NH3

10BH2
+, arising from NH3

10BH3
+ releasing one H atom.

The m/z = 29 ion can also be NH2
11BH2

+, NH3
11BH+, or

NH11BH3
+ generated from the loss of H2 from the nascent

NH3BH3
+, but their contribution would be negligible based

on the current calculations (Section V B 3), suggesting that
loss of H2 is energetically not feasible. This point is discussed
in detail in Section V B 3.

At nozzle temperature of 80 ◦C, as shown in Figure 4,
intensity of the mass signal at m/z = 44 (NH3

11BH2
11BH3

+)
increases by a factor of 3 compared to its intensity at 70 ◦C
and mass signals at m/z = 41 and 43 begin to appear.

At nozzle temperature 95 ◦C, in addition to the features
observed at lower temperatures, m/z = 42, 72, 73, and
80 peaks are also detected (Figures 5(a)-5(d)). The mass
signal m/z = 30, although still the most intense one in the
spectrum, is about 20% lower compared to its intensity at
70 ◦C because the NH3BH3 solid starts to release H2 at
∼90 ◦C. Product ions with mass values in the m/z = 41-44
and 78-80 ranges have been observed previously3 for NH3BH3
dehydrogenation reactions. The mass spectral feature at
m/z = 43 (Figures 5(a) and 5(b)) can be NH2

11BH2
11BH3

+,
NH3

11BH11BH3
+, NH3

11BH2
11BH2

+, NH3
11BH2

10BH3
+, or

NH3
10BH2

11BH3
+ (the last two are B isotopic molecules of

m/z = 44 signal, NH3
11BH2

11BH3
+). From our study of the
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FIG. 2. (a) TOF mass spectrum of 1% NH3 gas in He (m/z > 10) ionized by a 118 nm single photon at nozzle temperature 95 ◦C. The blue trace is obtained
with the nozzle open and the red trace is obtained with the nozzle closed as background for comparison. (b) Mass signals in the range m/z = 10-25 of (a). (c)
Mass signals in the range m/z = 25-50 of (a). (d) Mass signals in the range m/z = 50-80 of (a). (e) Mass signals in the range m/z = 80-110 of (a).

cluster cation decomposition mechanisms, NH3
11BH2

10BH3
or NH3

10BH2
11BH3 is the primary species contributing to

the m/z = 43 signal. With two B atoms in this fragment, the
isotopic intensity ratio for 44/43 m/z features (11B11B/11B10B)
becomes 2/1. The m/z = 43 signal intensity is higher than half
of the m/z = 44 signal intensity mainly because of the possible
presence of NH2

11BH2
11BH3

+. NH2
11BH2

11BH3
+ (m/z = 43)

can readily lose an H2 molecule, forming an m/z = 41 product
(NH2

11BH11BH2). The NH3
11BH2

11BH3 signal (m/z = 44)
can form an m/z = 42 product NH3

11BH11BH2; however,
this reaction has a much higher energy barrier compared

to the laser limit. Details of these and other dissociation
mechanisms are presented in Section V B 3. Therefore, the
main contribution of m/z = 42 is from either the NH3BH3
solid heated at 95 ◦C or from the B isotopic molecules of
m/z = 43 and 44 signals: N10B2H8 and N11B10BH7. Besides
NH2

11BH11BH2, m/z = 41 can be the B isotopic productions
of m/z = 42 and 43 signals: N10B2H7 and N11B10BH6.
The B isotopic ion of the m/z = 41 signal is too weak
to be identified in the spectra. The molecular fragment
with m/z = 80 is (NH3

11BH3)2NH4
+, assigned based on our

calculated decomposition mechanisms: B isotopic molecular
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FIG. 3. TOF mass spectrum of (NH3BH3)n+ cluster
cations (n = 1-3, m/z > 10) ionized by a 118 nm single
photon at nozzle temperature 70 ◦C. The blue trace is ob-
tained with the nozzle open and the red trace is obtained
with the nozzle closed as background for comparison.

fragments are too weak to be observed in this instance.
The m/z = 73 signal can be (NH2

11BH2) (NH3
11BH2

11BH3)+:
thereby, the m/z = 72 feature is most likely its iso-
topic species (NH2

10BH2) (NH3
11BH2

11BH3)+, (NH2
10BH2)

(NH3
11BH2

11BH3)+, and (NH2
10BH2)(NH3

11BH2
11BH3)+. Ad-

ditionally, the feature at m/z = 72 may be formed by m/z = 73
((NH2

11BH2)(NH3
11BH2

11BH3)+) dissociating a single H
atom. The m/z = 72 and 73 signals can also be formed during
the nozzle heating process, not through photon dissociation.
Details of the decomposition mechanisms for species in the
latter m/z range will be discussed in Section V B 3.

As the nozzle temperature increases from 70 to 80 ◦C,
signals at m/z = 41 and 43 start to appear. As the nozzle
temperature continue to rise to 95 ◦C, signals m/z = 42, 72,
73, and 80 are observed in the mass spectra. The different
mass signals found at different nozzle temperatures mainly
occur for two reasons. First, as the nozzle is heated to higher
temperatures, the NH3BH3 vapor pressure increases, and thus,
more (NH3BH3)n will flow with the He beam into the laser
ionization region. The signal intensities will increase and

some weak signals will become detectable through TOFMS.
Second, NH3BH3 crystal starts to release H2 slowly at 70 ◦C
and as the temperature increases to 95 ◦C, more fragments
will be dissociated in the nozzle during the heating process,
and will be carried by the He beam to the laser ionization
region. Whether the fragmentation species are produced by
the nozzle heating or by laser dissociation will be discussed
in more detail in Section V B 3.

C. Comparison of NH3 gas and NH3BH3 sample mass
spectra at 95 ◦C

To get a better understanding of the (NH3BH3)n+ decom-
position mechanisms and to confirm if the decomposition
products observed for NH3BH3 mass spectra are generated
from (NH3BH3)n cluster ions and not simply combinations of
NH3 moieties, single photon dissociation reactions for both
ammonia gas and NH3BH3 solid samples are obtained under
the same conditions for comparison. A number of differences
between these two spectra are readily identified. First, the

FIG. 4. TOF mass spectrum of (NH3BH3)n+ cluster
cations (n = 1-3, m/z > 10) ionized by a 118 nm single
photon at nozzle temperature 80 ◦C. The blue trace is ob-
tained with the nozzle open and the red trace is obtained
with the nozzle closed as background for comparison.
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FIG. 5. (a) TOF mass spectrum of (NH3BH3)n+ cluster cations (n = 1-3, m/z > 10) ionized by a 118 nm single photon at nozzle temperature 95 ◦C. The
blue trace is obtained with the nozzle open and the red trace is obtained with the nozzle closed as background for comparison. (b) Mass signals in the range
m/z = 10-25 of (a). (c) Mass signals in the range m/z = 25-50 of (a). (d) Mass signals in the range m/z = 50-90 of (a).

m/z = 17 (NH3
+) feature is the most intense signal in ammonia

gas mass spectra, while for NH3BH3, the NH3
+ ion signal is

much weaker and the peak at m/z = 16 (NH2
+) is more intense

than that at 17. Therefore, (NH3BH3)n+ and (NH3)n+ have
different mechanisms by which to form NHn

+ (n = 0-4) ions
in single photon ionization/decomposition reactions. Second,
the most intense signal in the NH3BH3 mass spectrum is at
m/z = 30 (NH3

11BH2
+), while in the ammonia gas spectrum,

no ion signals are observed in the m/z = 29-31 range. Third,
other than the NHn

+ (n= 0-4) ions, the two mass spectra do not
share any common ion signals in higher mass ranges, which
implies that (NH3BH3)n+ species decomposition products are
generated from (NH3BH3)n+ cluster ions, not from fragmented
NH3 species, contaminants in the vacuum chamber, or from
polymerization reactions of fragmented (NHx)y.

V. THEORETICAL RESULTS AND DISCUSSION

A. Structures, ionization, and available
decomposition pathways for (NH3)n+
cluster ions

1. Structures of neutral and ionic (NH3)n clusters

Figure 6 shows the optimized (adiabatic) structures of
neutral (NH3)n and (NH3)n+ cations (n = 2-7). The optimized
Cartesian x, y, z coordinates of (NH3)n and (NH3)n+ (n = 1-7)

are summarized in the supplementary material, Table S2.57

From previous studies, the neutral ammonia dimer is found
to have two structures, separated in energy by 0.01 eV.37

Our results agree with this conclusion: for the ‘asym,’ lower
energy structure (Figure 6), the distances between nitrogen
and hydrogen atoms in the H-bond structure N–H· · ·N are
1.018 Å and 2.262 Å, respectively. The neutral ammonia
trimer has a cyclic planar triangular (N atom) structure: three
hydrogen bonds are formed, with each ammonia molecule
acting simultaneously as an H atom donor and acceptor. The
distances between nitrogen and hydrogen atoms in these H-
bond structures N–H· · ·N are 1.021 Å and 2.217-2.218 Å,
respectively. Larger neutral clusters have several nearly
degenerate conformations that can undergo interconversion
due to low barriers. The most stable isomers for ammonia
tetramer, pentamer, hexamer, and heptamer obtained at
our calculation level (for N atoms) have a quadrilateral
planar cyclic ring, a non-planar five-member cyclic ring, a
distorted bi-pyramid, and a complicated three-dimensional
global minimum structure, respectively. Analogous to neutral
ammonia dimer and trimer structures, hydrogen bonds are
formed in the larger clusters: the distances among nitrogen
and hydrogen atoms in the H-bond structures N–H· · ·N are
summarized in Table I. As neutral cluster size increases,
covalent N–H bonds become longer and the hydrogen bond
lengths between N and H atoms become shorter. Thus,
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FIG. 6. Optimized adiabatic structures of neutral (NH3)n
clusters and (NH3)n+ cations (n = 2-7) at the MP2/6-
311++G(d,p) level. The obtained (NH3)n+ structures are
called Sion,min later in the paper. (NH3)7+ cation has two
stable structures (a) and (b): the energy of (a) is 0.04 eV
higher than that of (b). For atoms in the structure, blue is
nitrogen and grey is hydrogen.

TABLE I. Distances of N and H atoms in H-bond structure N–H· · ·N for neutral (NH3)n and distance between N
and H atoms in the H3 N–H· · ·NH2 charge transferred core for (NH3)n+ ions. (Structures shown in Figure 6). The
calculation level is MP2/6-311++G(d,p).

Distances between N and H atoms in
H-bond structure N–H· · ·N for neutral

(NH3)n D(N–H)/D(H· · ·N) (Å)

Distances between N and H atoms in
H3N–H· · · NH2 charge transferred core for
(NH3)n+ ions Sion,min D(N–H)/D(H· · ·N) (Å)

NH3 1.013 NH3
+ . . .

(NH3)2 1.018/2.262 (NH3)2+ 1.074/1.692
(NH3)3 1.021/2.217-2.218 (NH3)3+ 1.074/1.717
(NH3)4 1.024/2.149 (NH3)4+ 1.038/1.912
(NH3)5 1.024/2.132-2.151 (NH3)5+ 1.032/1.979
(NH3)6 1.024/2.132-2.236 (NH3)6+ 1.030/2.001

(NH3)7 1.022-1.027/2.074-2.237 (NH3)7+ (a) 1.029/2.019
(b) 1.037/1.911

the interactions among ammonia molecules in the form of
hydrogen bonds increase in larger neutral ammonia clusters.

For unprotonated ammonia cluster cations (NH3)n+,
NH4

+· · ·NH2 type of structures are predicted. Based on
previous IR studies,46,47 (NH3)2+ is unequivocally determined
to have a proton transferred structure. Structures of larger
clusters (n > 2) can be characterized as a dimer cation core
(NH4

+· · ·NH2) solvated by neutral ammonia molecules. The
structure of (NH3)4+ is of the same proton transferred type with
some energy degenerate isomers. The most stable structures
of unprotonated ammonia ions (NH3)n+ are also shown in
Figure 6. The distances between NH4

+ and NH2 moieties in the
H3N–H· · ·NH2 proton transferred core for each (NH3)n+ ion
are listed in Table I. Unlike the situation for neutral ammonia
clusters, the hydrogen bond distance in the H3N–H· · ·NH2
cation structure increases as cluster number increases from
1.692 Å to 2.019 Å (n = 2-7) except for (NH3)7+ cation (b)
(Figure 6), which forms additional H-bonds between the NH2
group in the NH4

+· · ·NH2 core and a nearby NH3 molecule.
This observation suggests that larger ammonia cluster ions
can more readily dissociate into smaller moieties than can
smaller ones.

2. Ionization energy of (NH3)n neutral clusters
and the formation of unprotonated (NH3)n+ cations
with NH4

+
· · ·NH2 core structures

The VIE of each ammonia neutral cluster (NH3)n is listed
in Table II. The ionization energy decreases from 10.57 eV
to 9.20 eV as cluster number n increases from n = 1 to 5.
For the hexamer and heptamer, the ionization energy remains
at 9.71–9.72 eV. Since energy of the 118 nm laser photon is
10.51 eV, neutral (NH3)n clusters are ionized by single photon
absorption and photon energy above the VIE is carried away
by the exiting photoelectron from the cluster ions as electron
kinetic energy.

Our MP2/6-311++G(d,p) and CASSCF(12,8)/
6-311++G(d,p) results compared to the previous experimental
values are summarized in Table II. The MP2 results
overestimate the VIE by about 0.40–1.12 eV, while the
CASSCF results are closer to the experimental values;
however, all the calculated vertical ionization energies are
acceptable for the present work.

When an ammonia cluster is ionized, as shown in Figure 7,
it evolves to a more stable ion structure Sion,min with an ionic
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TABLE II. Vertical ionization energy (VIE), adiabatic ionization energy (AIE), energy stored in the ion system
(∆E) calculated in MP2/6-311++G(d,p) and CASSCF(12,8)/6-311++G(d,p) methods and compared with previ-
ous experimental studies.

MP2 (eV) CASSCF(12,8) (eV) Exp (eV)a,b,c

VIE AIE ∆E VIE VIE

NH3 10.57 9.88 0.69 9.93 10.17
(NH3)2 10.40 8.54 1.86 8.86 9.54 ± 0.05
(NH3)3 9.81 7.69 2.12 9.00 9.3
(NH3)4 9.36 7.24 2.12 8.70 9.0
(NH3)5 9.20 6.83 2.37 8.7
(NH3)6 9.72 6.74 2.98 8.6
(NH3)7 9.71 6.56 3.15 ...

aReference 61.
bReference 62.
cReference 63.

NH4
+· · ·NH2 core, as mentioned above (structures of Sion,min

are shown in Figure 6), within ca. 100 fs or less. The energy
difference between ammonia neutral cluster and the ground
state unprotonated cation structure with a NH4

+· · ·NH2 core is
the AIE of (NH3)n+ ions (Table II). The AIE value decreases
from 9.88 eV to 6.56 eV as cluster size increases from
n = 1 to 7. For (NH3)2+, from previous studies,37,39,42,47 Sion,min
can be formed through intra-cluster proton or hydrogen atom
transfer after vertical ionization without an effective energy
barrier. Our calculations agree with these conclusions: the
AIE value for (NH3)2+ is 8.54 eV, 1.86 eV lower than its
VIE and this 1.86 eV energy is stored in the ion system as
vibrational energy, available for dissociation reactions and
additional rearrangements.

For (NH3)n+ (n > 2), stable adiabatic ion structures Sion,min
can be formed through intra-cluster proton or hydrogen atom
transfer following 118 nm photoionization of (NH3)n. As
shown in Figure 7, our calculation provides one of the
possible reaction pathways forming the adiabatic (NH3)n+
cation Sion,min. For example, following ionization, (NH3)3+
will form a triangle ring structure for heavy atoms Sion,im first

that is close to the Frank Condon structure Sion,FC of neutral
(NH3)3. The energy of this intermediate Sion,im is 9.44 eV,
0.37 eV lower than the VIE. Next, the triangle ring of Sion,im
opens after surmounting a small energy barrier of 0.35 eV.
The energy of this transition state Sion,ts is 9.79 eV: lower in
energy than the VIE, and a proton or H atom transfer reaction
can occur following the ring opening reaction. The energy
of the core transferred adiabatic structure Sion,min for (NH3)3+
is 7.69 eV; therefore, the energy stored in the ion system
for dissociation reactions is 2.12 eV. The energy differences
between VIE and AIE for (NH3)n+ (n = 1-7) ions are ∆E
(Figure 7 and Table II). As cluster size increases, energy
stored (∆E) in the cluster ion system for dissociation reactions
and further rearrangements increases.

3. Decomposition mechanisms for (NH3)n+
cluster ions

The detailed dissociation potential energy surfaces for
(NH3)n+ cluster ions are shown in Figures 8-13. Taking
(NH3)3+ as an example (Figure 9), when the core transferred

FIG. 7. Ionization pathways forming the transformed
(NH3)n+ cation. Sion,FC is the Frank Condon structure of
neutral (NH3)n, Sion, im is a intermediate state, Sion, ts is the
transition state for the ring open of Sion, im, and Sion,min
is the optimized adiabatic structure of (NH3)n+. VIE is
vertical ionization energy, AIE is adiabatic ionization
energy, ∆E is the energy stored in the (NH3)n+ system for
further dissociation reaction, and Eex is the excess energy
taken away by photon electron.



144315-11 Yuan, Shin, and Bernstein J. Chem. Phys. 144, 144315 (2016)

FIG. 8. The detailed dissociation potential surface for
(NH3)2+. Mass signal NH4

+ (18) observed in the ex-
periment can be formed within the energy limit based
on the calculations. For atoms in the structure, blue is
nitrogen and grey is hydrogen. The calculation level is
MP2/6-311++G(d,p).

ion structure Sion,min is formed, three possible fragmentation
pathways are calculated. First, NH2 is released from the system
producing the protonated cluster cation (NH3)2H+. The energy
barrier for this reaction is 0.70 eV, which is the smallest among
all three dissociation reactions, and it is energetically feasible
(Table II). (NH3)nH+ has the most intense mass signals in the
ammonia gas mass spectra, and thus, this theoretical result is
consistent with the experimental observations. Second, an H
atom is released producing (NH3)2NH2

+ with energy barrier
2.82 eV, which is higher than the available ∆E. Though
release of a single H atom is energetically unfavorable, when
combined with an ammonia molecule, the energy barrier is
much lower. The energy barrier for (NH3)3+ releasing an NH4
moiety forming NH3NH2

+ is 1.72 eV, close to the energy

limit ∆E stored in this system. Based on the experimental
weak (NH3)nNH2

+ signals, calculations show that these latter
clusters can be produced by (NH3)n+1

+ cations releasing an
NH4 moiety. Third, the protonated ion product (NH3)nH+
can release an additional NH3 neutral molecule forming
(NH3)n−1H+. In the (NH3)3+ ion system, this energy barrier is
1.91 eV, close to the energy limit ∆E.

As ammonia cluster size increases, the energy barriers
for creating product ions decrease, as shown in Figures 10-13.
The three types of fragmentation reactions enumerated above
are considered for all (NH3)n+ (n = 2-7) cluster cations. The
(NH3)7+ cluster cation in this series is different from the others:
two stable transferred (NH3)7+ core structures Sion,min (a) and
(b), which differ in energy by 0.04 eV (see Figure 6), are

FIG. 9. The detailed dissociation potential surface for
(NH3)3+. Mass signals (NH3)2H+ (35), NH3NH2

+ (33),
and NH4

+ (18) observed in the experiment can be formed
within the energy limit based on the calculations. For
atoms in the structure, blue is nitrogen and grey is hy-
drogen. The calculation level is MP2/6-311++G(d,p).
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FIG. 10. The detailed dissociation potential surface for
(NH3)4+. Mass signals (NH3)3H+ (52) and (NH3)2H+

(35) observed in the experiment can be formed within
the energy limit based on the calculations. (NH3)2NH2

+

(50) formation is 0.14 eV above the VIE. For atoms in
the structure, blue is nitrogen and grey is hydrogen. The
calculation level is MP2/6-311++G(d,p).

located. Both structures are most likely present for the (NH3)7+
system: one dissociates to form (NH3)6H+ + NH2 product and
the other dissociates to form (NH3)5H+ + NH3 + NH2 products
(Figure 13). Their pathways have similar energy barriers of
0.45 eV and 0.63 eV, respectively.

Based on the ammonia cluster mass spectra, ion signals
at m/z = 36, 53, 70, 87, and 104 are related to either
(NH3)nH2

+ ions or H2O contaminated (NH3)n−1(H2O)H+
ions. The latter species may be adducts of ammonia and
outgassed water contaminant in the manifold behind the
pulsed nozzle. To determine assignments of these features,
several other fragmentation pathways for (NH3)n+ must be
considered. The energy barrier for (NH3)5+ dissociation
reaction (NH3)5+ → (NH3)2H2

+ (36) + (NH3)2NH (Figure 11,
red dashed line) is 2.91 eV higher than the VIE, which makes
this type of reaction unfavorable. For (NH3)6+, the energy

barrier of reaction (NH3)6+ → (NH3)3H2
+ (53) + (NH3)2NH,

as shown in Figure 12 for the red dashed line, is 1.32 eV
higher than the energy limit. Two decomposition reactions for
the (NH3)7+ system, (NH3)7+ → (NH3)4H2

+ (70) + (NH3)2NH
and (NH3)7+ → (NH3)5H2

+ (87) + (NH3)2NH (Figure 13, red
dashed lines), are studied. The energy barrier for the former
reaction is 0.94 eV higher than the limit, while the energy
barrier of the latter is 0.23 eV higher than the energy limit for
this cluster ion system. As the number of ammonia molecules
in a cluster increases, the energy barriers for (NH3)n+
fragmentation creating (NH3)n−1H2

+ products decrease. This
type of reaction may be possible in larger ammonia clusters.
Nonetheless, detection of signals (NH3)nH2

+ (n = 2-7), but not
(NH3)nH+ (n > 7) signals, is not readily explicable. Therefore,
we suggest that mass signals at m/z = 36, 53, 70, 87, and 104
are most likely hydrated ions (NH3)n−1(H2O)H+, which are

FIG. 11. The detailed dissociation potential surface for
(NH3)5+. Mass signals (NH3)4H+ (69) and (NH3)3H+

(52) observed in the experiment can be formed within
the energy limit based on the calculations. (NH3)3NH2

+

(67) formation is 0.25 eV above the VIE. For atoms in
the structure, blue is nitrogen and grey is hydrogen. The
calculation level is MP2/6-311++G(d,p).
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FIG. 12. The detailed dissociation potential surface for
(NH3)6+. Mass signals (NH3)5H+ (86), (NH3)4NH2

+

(84), and (NH3)4H+ (69) observed in the experiment
can be formed within the energy limit based on the
calculations. For atoms in the structure, blue is nitrogen
and grey is hydrogen. The calculation level is MP2/6-
311++G(d,p).

formed through a similar mechanism to that in Equation (1)
below. At nozzle temperatures ∼95 ◦C, the intensities of these
mass signals increase because more water vapor (probably
from outgassing) is present in the nozzle system than at lower
temperatures.

The ammonia cluster cations (NH3)n+ decomposition
reactions can be summarized as

(NH3)n+ → (NH3)n−1H+ + NH2 (1)
(NH3)n+ → (NH3)n−2NH2

+ + NH4 (2)
(NH3)n−1H+ → (NH3)n−2H+ + NH3. (3)

Energy barriers for (NH3)n+ (n = 2-7) fragmentation reactions
producing (NH3)n−1H+, (NH3)n−1NH2

+, (NH3)n−2H+ products
in reactions (1)-(3) are summarized in Table III. Reaction (1)
has the lowest energy barrier, which decreases from 1.05 eV
to 0.22 eV as the cluster size increases. The energy barrier

for Equation (2) is close to the energy limit ∆E in the cation
system, and for reaction (3), similar to reaction (1), the energy
barriers decrease from 1.91 eV to 0.63 eV as the cluster size
increases. (NH3)n−1H+ cations created through Equation (1)
with mass signals at m/z = 35, 52, 69, 86, and 103 are the
dominant dissociation products in the (NH3)n+ mass spectra.
At nozzle temperature ∼25 ◦C, ion products (NH3)n−2NH2

+

from reaction (2) are barely observed in the mass spectra, as
shown in Figure 1. As the temperature is increased to 95 ◦C,
ion signals with m/z = 33 (NH3NH2

+) and 67 ((NH3)3NH2
+)

begin to appear. Calculations show that the energy barriers
forming (NH3)nNH2

+ ions are very close to the energy limit
∆E in the reaction systems; therefore, nozzle heating assists
(NH3)n+ to overcome these reaction barriers.

In summary, the most stable calculated structures for
neutral ammonia clusters are consistent with results from
previous studies. Their cations (NH3)n+ have a proton or H

FIG. 13. The detailed dissociation potential surface for
(NH3)7+. Mass signals (NH3)6H+ (103), (NH3)5NH2

+

(101), and (NH3)5H+ (86) observed in the experiment
can be formed within the energy limit based on the
calculations. For atoms in the structure, blue is nitrogen
and grey is hydrogen. The calculation level is MP2/
6-311++G(d,p).
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TABLE III. Energy barriers for (NH3)n+ (n = 2-7) fragmentation reactions producing (NH3)n−1H+,
(NH3)n−1NH2

+, (NH3)n−2H+ ions. The calculation level is MP2/6-311++G(d,p).

Energy limit
∆E (eV)

(NH3)n−1H+

Eq. (1) (eV)
(NH3)n−1NH2

+

Eq. (2) (eV)
(NH3)n−2H+

Eq. (3) (eV)

(NH3)+2 1.86 1.05 ... ...
(NH3)+3 2.12 0.70 1.72 1.91
(NH3)+4 2.12 0.58 2.26 1.47
(NH3)+5 2.37 0.49 2.62 1.11
(NH3)+6 2.98 0.44 2.62 0.86
(NH3)7+ 3.15 0.59 2.33 0.63

atom transferred structure with a NH4
+· · ·NH2 core. After

single (10.51 eV) photon absorption, (NH3)n are ionized with
a VIE ∼9.20–10.57 eV; they evolve to the transferred structure
Sion,min after passing over a small energy barrier. The energy
stored in the (NH3)n+ systems for fragmentation reactions
increases from 0.69 eV (n = 1) to 3.15 eV (n = 7) as the
cluster size increases. Reaction (1) is the main dissociation
reaction for nascent (NH3)n+, producing (NH3)n−1H+ (n = 1
to 7, m/z = 18, 35, 52, 69, 86, and 103): these features are
observed at both 25 and 95 ◦C, and they are the most intense
mass signals in the mass spectra. Reaction (2), releasing NH4
instead of an H atom, has reaction barriers close to the energy
limit, and thus, product ions (NH3)n−2NH2

+ (n = 3 and 6,
m/z = 33 and 67) are only observed at 95 ◦C. Generation
of (NH3)n−1H2

+ features for n < 7 has a very high energy
barrier; although the energy barrier decreases as the cluster
size increases, this reaction is still not expected. The most
likely assignments for such features at m/z = 36, 53, 70, 87,
and 104 are (NH3)n−1(H2O)H+ clusters.

B. Structures, ionization, and available
decomposition pathways for ammonia
borane cluster ions (NH3BH3)n+
1. Structures and charge distributions
for ammonia borane neutral clusters (NH3BH3)n
and their cations (NH3BH3)n+

Structures of isolated and solid state ammonia borane
have been studied previously,2,5,8–24,28,29 and based on these
results, we calculate structures of neutral clusters (NH3BH3)n
(n = 1-3) at the MP2/6-311++G(d,p) level, as shown in
Figure 14. The optimized Cartesian x, y, z coordinates of
(NH3BH3)n (n = 1-3) are summarized in the supplementary
material, Table S3.57 NH3BH3 monomer is a simple molecule
with NH3 and BH3 groups connected by a N–B bond.
NH3BH3, at this level, has ∠HNH angles of the NH3 group
all 107.7◦ and ∠HBH angles of the BH3 group all 113.8◦,
displaying tetrahedral form. B–H bond lengths are 1.209 Å,
N–H bonds are 1.017 Å, and the B–N bond length connecting
these two groups is 1.656 Å. Structure parameters for NH3BH3
calculated at the MP2/6-311++G(d,p), CASSCF(12,8)/
6-311++G(d,p), and CASSCF(14,14)/6-311++G(d,p) levels,
as well as previous calculation at the CCSD(T)/aVTZ
level,10 and the experimental results based on microwave
spectroscopy12 are listed and compared in Table IV. The MP2
result is extremely close to the structure at the CCSD(T)

level with bond length differences <0.003 Å and the angle
differences <0.1◦. Parameter differences between CASSCF
and CCSD(T) methods become larger: the biggest difference is
the length of B–N bond, which is about 0.052-0.057 Å longer
by either CASSCF method. Since the MP2 and CCSD(T)
methods are closer to the experimental result, the MP2
result is used in further structure discussions. CASSCF(12,8)
and CASSCF(14,14) show similar structure parameters, and
the increase of active orbitals does not provide significant
improvement for structure predictions.

The structure of neutral (NH3BH3)2 consists of two nearly
parallel molecules with a dihedral angle ∠B–N–N–B of just
0.037◦ (Figure 14). Previous studies of the (NH3BH3)2 show
that the two NH3BH3 molecules of the dimer are linked by
N–Hδ+· · ·Hδ−–B dihydrogen bonds with an H· · ·H distance
in the range 1.7-2.2 Å.13–20,23,26 In the present study, four
dihydrogen bonds are found in the dimer system with an H· · ·H
distance ∼2.010–2.015 Å. From experimental studies of the
dihydrogen bond, ∠N–H· · ·H bonding tends to be more linear
than bent (proposed range 117◦-171◦), and the ∠B–H· · ·H
angle tends to be more bent than linear (proposed range
90◦-171◦).17 Calculations at the MP2/6-311++G(d,p) level
predict ∠N–H· · ·H angles ∼144.7◦–145.0◦ and ∠B–H· · ·H
angles ∼89.4◦–89.6◦. These results are consistent with those of
previous calculations.13,14,17,19,20 Compared to the monomer,

FIG. 14. Optimized structures of neutral (NH3BH3)n (n = 1-3) generated at
the MP2/6-311++G(d,p) level. (NH3BH3)n (n = 2-3) form dihydrogen bonds
(N–Hδ+· · ·Hδ−–B). For atoms in the structure, blue is nitrogen, pink is boron,
and grey is hydrogen.
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TABLE IV. Structure parameters for our NH3BH3 calculations at the MP2/6-311++G(d,p), CASSCF(12,8)/
6-311++G(d,p), and CASSCF(14,14)/6-311++G(d,p) levels, as well as previous calculation at the
CCSD(T)/aVTZ level, and the experimental results based on microwave spectroscopy.

MP2 CASSCF(12,8) CASSCF(14,14)  CCSD(T)/aVTZa Expt.b

B–H 1.2088 1.2095 1.2090 1.2109 1.2160 ± 0.0017
1.2088 1.2095 1.2090 1.2109
1.2088 1.2098 1.2331 1.2109

N–H 1.0169 1.0228 1.0232 1.0157 1.0140 ± 0.0020
1.0170 1.0021 1.0232 1.0157
1.0170 1.0021 1.0233 1.0157

B–N 1.6565 1.7099 1.7143 1.6574 1.6576 ± 0.0016
∠HNH 107.73 107.99 107.74 108.65 ± 0.14

107.73 107.99 107.74
107.73 109.06 107.73

∠HBH 113.78 114.22 114.20 113.80 ± 0.11
113.79 114.18 114.16
113.79 114.18 114.18

∠NBH 104.70 104.30 103.91 104.75 104.69 ± 0.11
104.70 104.30 104.08 104.75
104.72 103.99 104.13 104.75

∠BNH 111.15 109.89 111.10 110.10 110.28 ± 0.14
111.17 110.90 111.11 110.10
111.17 110.90 111.24 110.10

aReference 10.
bReference 12.

TABLE V. Structure parameters for (NH3BH3)2 calculations at the MP2/6-311++G(d,p), CASSCF(12,8)/
6-311++G(d,p), and CASSCF(14,14)/6-311++G(d,p) levels, as well as those from previous calculations at
MP2/aVTZ and B3LYP/6-311++G(d,p) levels.

MP2 CASSCF(12,8) CASSCF(14,14) MP2/aVTZa B3LYP/6-311++g(d,p)b

B–H 1.214 1.215 1.215 1.214 1.214
1.215 1.215 1.215 1.214 1.214
1.206 1.208 1.208 1.204 1.205
1.215 1.215 1.214 1.214 1.211
1.215 1.215 1.214 1.214 1.217
1.206 1.208 1.207 1.204 1.205

N–H 1.017 1.003 1.022 1.014 1.017
1.017 1.003 1.022 1.014 1.017
1.025 1.024 1.025 1.023 1.027
1.017 1.003 1.003 1.014 1.017
1.017 1.003 1.003 1.014 1.017
1.025 1.024 1.024 1.023 1.025

B–N 1.632 1.654 1.687/1.655 1.628 1.640
H· · ·H 2.011 2.243 2.241 1.986 1.898

2.014 2.240 2.245 1.986 2.238
2.010 2.244 2.235 2.216
2.015 2.240 2.234 1.965

∠HNB 111.1 111.2 111.2 111.2 111.1
111.1 111.2 111.2 111.2 111.3
111.3 111.3 111.4 111.2 111.3
111.1 111.2 111.4 111.2 111.0
111.1 111.2 111.5 111.2 111.2
111.3 111.3 111.6 111.2 111.4

∠HBN 107.2 106.2 105.9 107.3
105.6 105.5 104.8 105.8
105.6 105.5 104.8 105.8
107.2 106.2 106.1 107.3
105.6 105.5 105.4 106.0
105.6 105.5 105.4 105.7

aReference 21.
bReference 20.
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the B–N bond decreases by 0.024 Å and all B–H and N–H
bonds involved in dihydrogen bonds elongate (B–H bonds
more than the N–H bonds). Again, these results are consistent
with those from previous (NH3BH3)2 studies at B3LYP/6-
311++G(d,p) level.20 Structure parameters for (NH3BH3)2
calculations at the MP2/6-311++G(d,p), CASSCF(12,8)/6-
311++G(d,p), and CASSCF(14,14)/6-311++G(d,p) levels, as
well as those from previous calculations at MP2/aVTZ21

and B3LYP/6-311++G(d,p)20 levels, are listed and compared
in Table V. All the theoretical results are close to each
other except for the H· · ·H distances in the dihydrogen
bonds N–H· · ·H–B: the two MP2 methods provide similar
H· · ·H distances (∼1.986–2.015 Å); the B3LYP method
yields H· · ·H distances that vary from 1.898 to 2.238 Å;
and the H· · ·H distances based on the CASSCF method are
∼2.234–2.245 Å. Since all these values fall within the 1.7-
2.2 Å experimental range,2,17,28 one concludes that all the
theoretical results are chemically reasonable and acceptable.
If the CASSCF active space is expanded from (12,8) to
(14,14), the ensuing monomer structure does not evidence any
significant difference.

For neutral (NH3BH3)3 (Figure 14), two NH3BH3
molecules form a parallel structure, as found in the
dimer, with the third NH3BH3 lying over them. Similar
to neutral (NH3BH3)2, dihydrogen bonds N–Hδ+· · ·Hδ−–B
are formed in (NH3BH3)3 and the H· · ·H distances are
in the range 1.805-2.126 Å. The shortest H· · ·H bond is
about 0.205 Å smaller than that found for the dimer. The
lengths of B–N bonds in (NH3BH3)3 are 1.618, 1.621,
and 1.634 Å, shorter than the B–N bonds found in the
dimer (1.632 Å) and monomer (1.656 Å), consistent with
previous findings that the general trend for the B–N bond
length is that it becomes shorter in larger systems.15,18,23,24

Homo-polar B–Hδ−· · ·Hδ−–B interactions, observed for the
NH3BH3 crystal,8 are not found for the neutral (NH3BH3)3
cluster.

Structures of (NH3BH3)n+ (n = 1-3) cluster cations in the
gas phase differ significantly from those of their respective

FIG. 15. Optimized structures of (NH3BH3)n+ cations (n = 1-3) generated
at the MP2/6-311++G(d,p) level. Two hydrogen atoms of the BH3 group
of NH3BH3

+ are separated by 1.134 Å. A Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety
is formed in (NH3BH3)2+ and (NH3BH3)3+.

neutral (NH3BH3)n clusters. Figure 15 shows optimized
(adiabatic) structures of (NH3BH3)n+ (n = 1-3) using the
MP2/6-311++G(d,p) method and the optimized Cartesian x,
y, z coordinates of (NH3BH3)n+ (n = 1-3) are summarized in
the supplementary material, Table S3.57

The ∠HNH angles of the NH3 group of NH3BH3
+ are

105.9◦–107◦: this gives the NH3 group a slightly distorted
tetrahedral form. On the other hand, in the BH3 group, ∠HBH
angles are 53.1◦, 120.0◦, and 120.0◦ and the distance between
the two H atoms with the smallest ∠HBH angle is only
1.134 Å. The N–H bond lengths (1.023–1.026 Å) in NH3BH3

+

are about 0.006–0.009 Å longer than in NH3BH3, but the two
B–H bond lengths (1.268 Å) forming the ∠HBH angle of
53.1◦ in the BH3 group of the cation are about 0.059 Å
longer than in the neutral molecule. These results suggest
that the B–H bonds are weakened to a greater extent

TABLE VI. NH3BH3
+ structure parameters obtained from calculation methods (MP2, CASSCF(11,8),

CASSCF(13,14)) in basis set 6-311++G(d,p) and from previous results based on the CCSD(T)/aVTZ method.

MP2/6-311++G(d,p) CASSCF(11,8) CASSCF(13,14)  CCSD(T)/aVTZa

B–H 1.2684 1.2672 1.2669 1.2406
1.2684 1.2673 1.2847 1.2406
1.1730 1.1699 1.1692 1.1743

N–H 1.0234 1.0112 1.0303 1.0219
1.0260 1.0294 1.0328 1.0246
1.0261 1.0320 1.0329 1.0246

B–N 1.5584 1.5584 1.5839 1.5592
∠NBH 113.4 113.7 113.2 113.3

113.4 113.8 113.4 113.3
119.6 118.4 119.1 119.9

∠BNH 115.1 115.0 114.9 114.8
110.5 110.6 110.6 110.6
110.5 111.4 110.8 110.6

θH-B-N-H 180.0 179.4 179.8 180.0
29.1, −29.1 29.4, −30.8 29.5, −29.6 29.1, −29.1
58.4, −58.5 59.4, −58.3 58.3, −58.8 58.5, −58.5

aReference 9.
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than are the N–H bonds. In Table VI, NH3BH3
+ structure

parameters obtained from the present calculation methods
(MP2, CASSCF(11,8), CASSCF(13,14)/6-311++G(d,p)) are
compared with previous results based on the CCSD(T)/aVTZ
method.9 All three current methods give similar results, with
the bond length differences <0.002 Å and angle differences
<0.3◦; however, the length of the two longest B–H bonds
differ for the two sets of calculations (MP2 and CASSCF
vs. CCSD(T)) by ∼0.028 Å. The B–H bond lengths at
the CASSCF level are close to those at the MP2 level
with a 0.001 Å difference. Parameters for the CASSCF and
CCSD(T) methods diverge somewhat: the biggest difference
between the two methods is the length of the longer B–H
bonds, which is about 0.026 Å longer by the CASSCF
method than by the CCSD(T) method. CASSCF(11,8) and
CASSCF(13,14) show similar structure parameters and the
increase of active orbitals does not provide significant
improvement for structure simulation. Charge distributions
for NH3BH3

+ and NH3BH3 are calculated at the MP2 and
CASSCF (6-311++G(d,p)) levels, employing the CHELPG
method and are summarized in supplementary material,
Table S4.57 The charge on the N atom of NH3BH3

+ is −0.293,
and the B atom has a small positive charge of 0.120. Charges on
the H atoms of the NH3 group are 0.316, 0.316, and 0.293: they
are more positive than those on the BH3 whose H atoms have
charges 0.138, 0.139, and −0.029. Since the B and H atoms
are all positively charged in NH3BH3

+, boron should release
an H atom more readily than nitrogen. Structural differences
between NH3BH3 and NH3BH3

+ are mainly caused by these
different charge distributions. As shown in Table S4 for neutral
NH3BH3,57 the B atom has a charge of 0.435, and charges on
the H atoms of the BH3 group are −0.267. In the NH3BH3

+

cation, two B–H bonds of the BH3 group of NH3BH3
+ become

Bδ+–Hδ+, which is different from a Bδ+–Hδ− covalent bond in
NH3BH3. Comparing the charge distributions of NH3BH3 and
NH3BH3

+, one concludes that the electron is removed from
the B–H degenerate orbital of NH3BH3 during ionization, and
that the B–H bond is the most active region of NH3BH3

+ for
decomposition generating hydrogen and further chemistry.
Loss of an electron upon ionization of NH3BH3 generates an
H. . . H bond, which is central to the subsequent decomposition
chemistry of NH3BH3

+.
As shown in Figure 15, (NH3BH3)2+ forms an obvious

Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B bonding structure. The B–H bond
length in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure is 1.386 Å and
the distance between the two H atoms bridging the B atoms
of this form is 0.981 Å, 0.243 Å longer than the H–H bond
in the H2 molecule using the same calculation method. Two
H atoms bound to the B atom in NH3BH3

+ form a 1.134 Å
H· · ·H bond, while in (NH3BH3)2+, the H· · ·H bond in the
Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure is even shorter than that in
NH3BH3

+, consistent with the charge distribution results. The
bond length between B and N atoms in the dimer cation
is 1.598 Å, about 0.040 Å longer than that in NH3BH3

+.
N–H bond lengths are 1.021–1.023 Å, which is almost the
same (0.003-0.006 Å shorter) as in the monomer cation.
The charge on both B atoms in (NH3BH3)2+ is 0.331, and
the charge on the H atoms in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
bonding structure is −0.037. Compared to NH3BH3

+, the

B atoms in (NH3BH3)2+ are 0.211 more positive. The H
atoms bonded to the B atoms of the dimer are all negatively
charged: this charge structure renders the Bδ+–δ−H bond
of the cation a more stable charge transfer bond than that
of the neutral dimer. Charge distributions for (NH3BH3)2+
and (NH3BH3)2 are calculated at the MP2/6-311++G(d,p)
level, employing the CHELPG method and are summarized
in supplementary material, Table S5.57 The differences in
charge distributions between NH3BH3

+ and (NH3BH3)2+ are
caused by formation of the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure
between two NH3BH3 units. The homo-polar bridging moiety
B–Hδ−· · ·Hδ−–B observed in solid NH3BH3 previously8 is
quite different from the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety found
for the (NH3BH3)2+ cation. The distance between two H atoms
in the homo-polar structure of the crystal is around 2.03 Å,8,29

while in (NH3BH3)2+ cation, it is 0.981 Å. Moreover, the
B–H bond length in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure of
(NH3BH3)2+ is 1.386 Å, about 0.195 Å longer than the other
B–H bond in the dimer cation.

Comparing the charge distributions of (NH3BH3)2 and
(NH3BH3)2+ as shown in Figure S5,57 we note that the
charge on the N atom in dihydrogen bond N–H· · ·H–B of
neutral (NH3BH3)2 becomes more negative in the dimer
cation (from −0.248 and −0.250 in neutral to −0.410 and
−0.411 in cation), while the charges on the H atoms in the
N–H· · ·H–B dihydrogen bond for the neutral dimer become
more positive in the (NH3BH3)2+ cation. Charges on H atoms
connected to N vary from 0.189 (neutral) to 0.297 (cation),
and charges on H atoms connect to B vary from −0.245
(neutral) to −0.037 forming a new dihydrogen bond type
B–H· · ·H–B. The charges on the B atoms do not change
significantly (<0.030) upon cluster ionization. From these
calculation results, one can conclude that the electron is
removed from the N–H· · ·H–B bond in the neutral clusters,
forming a new dihydrogen bond B–H· · ·H–B in the dimer
cation. The dihydrogen bond B–H· · ·H–B in (NH3BH3)2+
is the most active region in the cluster ion for hydrogen
decomposition reactions: the situation is similar for the trimer
ion (NH3BH3)3+.

As shown in Figure 15, the (NH3BH3)3+ trimer cation
forms a Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure similar to that
in the dimer cation. The B· · ·H bond length in the
Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure is 1.363–1.392 Å, and the
distance between the two H atoms at the center of this
structure is 0.988 Å. The B–H bond lengths for B atoms
in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure with the other four
hydrogen atoms in these BH3 groups are 1.191–1.195 Å,
about 0.168–0.201 Å shorter than the B· · ·H distance in
Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B (see the labeling in Figure 15).
All these bond lengths around the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
structure are similar to those found for the dimer cation
(NH3BH3)2+ (difference within 0.030 Å). The third B atom in
(NH3BH3)3+ forms a dihydrogen bond N–Hδ+· · ·Hδ−–B with
the NH3 group from the nearby NH3BH3 molecule as found
for the NH3BH3 crystal and neutral (NH3BH3)n (n = 2, 3)
clusters.13–20,23,26 The distance between the two H atoms
in the N–Hδ+· · ·Hδ−–B dihydrogen bond of (NH3BH3)3+ is
1.798 Å, about the same as calculated for neutral (NH3BH3)3.
Lengths of the three B–N bonds in (NH3BH3)3+ are in the
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range 1.578–1.620 Å, which are about the same as those of the
NH3BH3

+ and (NH3BH3)2+ cations. B atoms in (NH3BH3)3+
are positively charged (0.304, 0.307, and 0.347): the last two
values belong to B atoms forming the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
structure. Charges on the H atoms in Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
moiety are −0.032 and −0.060, close to those found for
the dimer cation. Charge distributions for (NH3BH3)3+ and
(NH3BH3)3 are calculated at the MP2/6-311++G(d,p) level,
employing the CHELPG method, and are summarized in
supplementary material, Table S6.57

In summary, structures of (NH3BH3)n+ (n = 1-3) cations
have apparent differences compared to (NH3BH3)n neutral
clusters. In NH3BH3

+, two hydrogen atoms bonded to B are
only 1.134 Å apart. In (NH3BH3)2+ and (NH3BH3)3+ cations,
a Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B structure is formed and the distance
between the two bridging H atoms is 0.981 Å, which is
shorter than the H· · ·H bond in NH3BH3

+. The B· · ·H bond
length in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety is 1.386 Å, about
0.195 Å longer than a usual B–H bond. The dihydrogen bond
N–Hδ+· · ·Hδ−–B, observed in the NH3BH3 crystal, is identified
theoretically in the (NH3BH3)3+ cluster cation, as well as for
the neutral clusters (NH3BH3)2 and (NH3BH3)3.

2. Ammonia borane cluster cation (NH3BH3)n+
(n = 1-3) spin densities and orbitals

Figure 16 shows the spin densities for (NH3BH3)n+
(n = 1-3) calculated at the MP2/6-311++G(d,p) level. The
unpaired electron of NH3BH3

+ is centered around the B atom
and the two H atoms bound to it with a short distance (1.134 Å)
between them. In the (NH3BH3)2+ cluster ion, the unpaired
electron is centered around the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
structure. The spin density distribution for the (NH3BH3)3+
cluster cation is similar. Spin density value for each atom of
(NH3BH3)n+ (n = 1-3), calculated at the MP2/6-311++G(d,p)
level for (NH3BH3)n+, is summarized in the supplementary

FIG. 16. Spin densities of (NH3BH3)3+ (n = 1-3) cluster cations calculated at
the MP2/6-311++G(d,p) level. The unpaired electron is located on the BH3
group (n= 1) or the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety (n = 2-3). For atoms in
the structure, blue is nitrogen, pink is boron, and green is hydrogen.

material, Table S7.57 Based on these calculations, the unpaired
electron is most likely to localize on the B atom (n = 1) or the
Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety (n = 2, 3). Therefore, these
are the most active sites for initiation of dissociation reactions.

Molecular orbitals and NBOs of (NH3BH3)n+ (n = 1-3),
calculated at the MP2 and CASSCF(11,8) levels, are provided
in the supplementary material, Figures S5–S16.57 Details of
these orbitals are discussed in the supplementary material as
well.57 CASSCF natural bond orbitals apparently provide
a more useful bonding description than those generated
by the MP2 method, as the CASSCF NBOs provide both
σ bonding and antibonding orbital information for the
Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety of the (NH3BH3)n+ (n = 2,
3) cluster cations.

3. Ionization and decomposition mechanisms
of (NH3BH3)n+ (n = 1-3)

The ionization mechanisms of (NH3BH3)n (n = 1-3)
clusters are similar to those calculated for ammonia clusters
(NH3)n: following (NH3BH3)n ionization, these cluster ions
evolve to a more stable structure Sion,min after passing through
a small energy barrier for cluster cation size n = 2, 3.
The NH3BH3 monomer, however, forms a stable structure
Sion,min without a transition state Sion,ts and an intermediate
state Sion,im, as presented in Figure 17. The energy difference
∆E is the energy stored in vibrations of the cation system,
which can be used for dissociation reactions (Figures 17–19).
For n = 2 or 3, the most stable cation structure Sion,min of
(NH3BH3)n+ has the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety. The VIE,
AIE, and ∆E values for (NH3BH3)n clusters from our MP2/6-
311++G(d,p) calculations, along with those from previous
CCSD/aVTZ9 calculations, and experimental values11 for the
AIE of NH3BH3, are summarized in Table VII: the MP2 results
underestimate the AIE by 0.40 eV, which is acceptable for
the present work. The Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B rearrangement
can lower the energy of the particular cation system by almost
1 eV. For all three (NH3BH3)n (n = 1-3) species, the VIE is
higher than the 118 nm photon energy (10.51 eV) by 0.02 eV
to 0.15 eV; however, as clusters are also heated in the nozzle
to 95 ◦C, these small energy differences, assuming they are
real, do not preclude ionization. As (NH3BH3)n clusters are
ionized and evolve to local minimum ion structures Sion,min,
a number of dissociation reactions can occur. For NH3BH3

+

(Figure 17), a single H atom is released from the BH3 group:
the energy barrier for this process is 0.67 eV, which is within
the monomer energy limit (∆E = 1.54 eV). This fragmentation
is the primary dissociation reaction for the NH3BH3

+ cation.
The release of an H atom from the NH3 group has an energy
barrier of 2.66 eV, 1.99 eV higher than the barrier for the BH3
group. The two H atoms bonded to the B atom with a small
∠HBH of 53.1◦ can be released from the BH3 group together,
forming an H2 molecule with energy barrier of 1.08 eV, which
is still within the energy limit ∆E for the monomer. From
the experimental mass spectra, the ion signal at m/z = 29 is
observed and is determined to be mainly NH3

10BH2
+ with

possible minor contributions from NH2
11BH2

+, NH3
11BH+, or

NH11BH3
+. Our calculations show that the H2 loss channel

from NH3
11BH3

+ has a substantially greater energy than the H
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FIG. 17. Possible mechanisms for NH3BH3
+ fragmen-

tation that generate product ions observed in the experi-
ment. NH3BH3

+ releasing single H atom has the lowest
energy barrier in this system. For atoms in the structure,
blue is nitrogen, pink is boron, and grey is hydrogen. The
calculation level is MP2/6-311++G(d,p).

loss channel, implying that the reaction, if it occurs, would be
negligible. In addition, consideration of the B isotopic ratio
confirms that the m/z = 29 ion is NH3

10BH2
+.

To form a H2 molecule from neutral NH3BH3 on a
reasonable, minimally energetic path, one H atom transfers
from N to B through an energy barrier of 1.60 eV, and a
H2 molecule can be released from the BH4 group.21,22,27 A
similar mechanism is explored for NH3BH3

+; however, the
energy barrier is greater than 2.78 eV in the latter case.
Moreover, the barrier for B–N bond breaking in NH3BH3 is
1.13 eV, whereas it is 3.60 eV for NH3BH3

+, which is 2.06
eV higher than the energy limit for the cation. Thus, the NH3

+

signal observed in the experimental mass spectra is not created
simply from NH3BH3

+, but from fragmentation products of
(NH3BH3)n+ (n = 2, 3) cations.

Possible reaction mechanisms to explain the mass signals
observed for the (NH3BH3)2+ cation are outlined in Figure 18.
Starting from the most stable structure of the ion Sion,min,
as the distance between the two B atoms decreases from
the initial 3.752 Å of the neutral ground state to 2.252 Å,
one H atom is released from the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
moiety, forming a H3NH2B· · ·H· · ·BH2NH3

+ rearrangement
through an energy barrier of 0.57 eV. Following formation
of the single H bridged structure, one of the B–N bonds
in the H3NH2B· · ·H· · ·BH2NH3

+ bridge can pass through
another transition state Sion,dis,ts (within the energy limit
∆E = 2.17 eV): this species evolves to form an intermediate
state Sion,dis,im BH3BH2NH2· · ·H· · ·NH3

+. The Sion,dis,im
intermediate state no longer supports an H2B· · ·H· · ·BH2
structure, but two H bridged bonds are formed between

FIG. 18. Possible mechanisms for (NH3BH3)2+ frag-
mentation that generate product ions observed in the
experiment. Dissociation products Sion,44 and Sion,43 can
be formed within the energy limit based on the calcula-
tions. For atoms in the structure, blue is nitrogen, pink
is boron, and grey is hydrogen. The calculation level is
MP2/6-311++G(d,p).



144315-20 Yuan, Shin, and Bernstein J. Chem. Phys. 144, 144315 (2016)

FIG. 19. Possible mechanisms for (NH3BH3)3+ frag-
mentation that generate product ions observed in the
experiment. Dissociation product Sion,80 observed can be
formed within the energy limit based on the calculations.
For atoms in the structure, blue is nitrogen, pink is boron,
and grey is hydrogen. The calculation level is MP2/
6-311++G(d,p).

BH2 and BH groups (structure is shown in Figure 18).
This intermediate structure stabilizes the molecular system.
Sion,dis,im BH3BH2NH2· · ·H· · ·NH3

+ can release either NH3
or NH4, forming products Sion,44 BH3BH2NH3 or Sion,43
BH3BH2NH2. Each of these two Sion,44 and Sion,43 products
contains two H bridged B· · ·H· · ·B bonds, with a lower barrier
for the Sion,44 ion. H2 can be released from the Sion,44 and Sion,43
products, forming ion products Sion,42 and Sion,41, respectively.
The energy to release H2 and generate Sion,41 from Sion,43
is 0.38 eV above the energy limit ∆E, while the energy
to release H2 forming Sion,42 from Sion,44 is 1.46 eV higher
than the limit. Considering the theoretical errors and the
energy in the NH3BH3 cluster obtained from the heating
process, generation of Sion,41 from Sion,43 might be possible,
but generation of Sion,42 from Sion,44 is unlikely to occur under
the present experimental conditions. This result is consistent
with the observation that the most intense feature in the
mass spectra assigned to the fragmentation of (NH3BH3)2+
is found at m/z = 44 as the formation of Sion,43 has higher
energetic barrier and it can decompose into Sion,41 + H2 after
the creation. Release of an H atom from Sion,44 or Sion,43
has an even higher energy barrier. At nozzle temperature
∼70 ◦C, only m/z = 44 is observed; as the temperature is
increased to 80 ◦C, mass signals at m/z = 41 and 43 are
also observed. Mass signal m/z = 42 is only observed at

TABLE VII. Vertical ionization energy (VIE), adiabatic ionization energy
(AIE), and energy stored (∆E) in the ion system (NH3BH3)n+, n = 1-3. AIE
value of NH3BH3 is compared with previous CCSD calculation and experi-
mental work. The calculation level of our work is MP2/6-311++G(d,p).

VIE AIE ∆E AIE (CCSD)a AIE (Expt.)b

NH3BH3 10.58 9.04 1.54 9.29 9.44
(NH3BH3)2 10.52 8.35 2.17 ... ...
(NH3BH3)3 10.65 8.06 2.59 ... ...

aReference 9.
bReference 11.

nozzle temperature ∼95 ◦C. In previous NH3BH3 solid state
heating studies, decomposition products at m/z = 41 and 42
are reported;3 therefore, these two observed products may
arise from solid NH3BH3 (ionized in the interaction region
of the TOFMS) rather than from direct ionization of neutral,
gas phase (NH3BH3)2. Nonetheless, calculations agree with
experimental results concerning mass signals at m/z = 44 and
43, as a reasonable reaction pathway can be identified within
both the (NH3BH3)2+ ion cluster and the energy limit ∆E.

For fragmentation reactions of (NH3BH3)3+, a similar
set of mechanisms can be generated as discussed above
for (NH3BH3)2+, as outlined in Figure 19. The N–B
bond in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety of (NH3BH3)3+
Sion,min breaks and the distance between two B atoms
decreases from its initial 3.535 Å to 2.024 Å forming
a stable NH4· · ·H2B· · ·H · · ·BH2NH3(NH3BH3)+ structure
Sion,dis,im. During this process, an H atom is released from
the previous Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety, leading to the
formation of a single H bridged entity H2B· · ·H· · ·BH2NH3.
The released H atom meets with the NH3 group from
the weakened N–B bond to yield a neutral NH4 group
(to the left of the NH4 · · ·H2B· · ·H· · ·BH2NH3(NH3BH3)+
Sion,dis,im structure), as shown in Figure 19. This evolution
requires surmounting an energy barrier of 1.21 eV, which
is within the energy limit. The BH2 group on the left of
the NH4· · ·H2B· · ·H· · ·BH2NH3(NH3BH3)+ Sion,dis,im structure
can then dissociate and the ion fragment product Sion,80
NH4(NH3BH3)2+ (m/z = 80) can be formed, as observed
in the mass spectrum. The NH4 moiety in the Sion,80 ion
can form stable dihydrogen bonds N–H· · ·H–B with the
nearby BH3 groups with an H· · ·H distance of 1.586–2.273 Å.
The first NH4 moiety on the left of the Sion,dis,im structure
NH4 · · ·H2B· · ·H· · ·BH2NH3(NH3BH3)+ can be released as
well, and a stable intermediate cation Sion,75 (BH3BH2NH3)
(NH3BH3)+ can be formed with an m/z value of 75. An ion
signal with m/z = 73 is observed, arising from the ion Sion,75
releasing H2 with a high energy barrier of about 0.89 eV
above the energy limit. As the mass signal at m/z = 73 is only
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observed at 95 ◦C and the NH3BH3 solid starts to decompose
at 90 ◦C, the m/z = 73 ion may not originate from the isolated
(NH3BH3)3+ cation dissociation reactions, but rather from
reactions initiated by the solid compound decomposition
at high temperature. The m/z = 72 ion observed in the
experiment is most likely the B isotope molecule of signal
m/z = 73 ion.

In summary, based on the spin density calculations for
(NH3BH3)n+ (n = 1-3) cationic clusters, the unpaired electron
is located around the B atom or more specifically, the
Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety if identified: fragmentation
reactions are most likely initiated at these two sites.
CASSCF derived natural bond orbitals show σ bonding and
σ antibonding orbitals around the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
moiety, which best describes electron occupations and is
consistent with the observed and calculated fragmentation
reactions. Because the electronic and geometrical structures of
the (NH3BH3)n+ cations are significantly different from those
of the respective neutral (NH3BH3)n clusters, the neutral and
ionic clusters have different dissociation mechanisms. These
mechanisms also differ from those found for solid NH3BH3.
The most energetically favored dissociation reaction for the
NH3BH3

+ monomer is the loss of one H atom, released
from the B atom. In (NH3BH3)n+ (n = 2, 3) clusters, the first
dissociation step is the breaking of the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B
moiety. The N–B bond then dissociates and the two B atoms
in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B approach each other, forming a
H2B· · ·H· · ·BH2 arrangement with the release of an H atom.

VI. CONCLUSIONS

Single photon ionization and dissociation mechanisms
of ammonia and ammonia borane cluster cations have
been investigated through experimental and computational
approaches. For ammonia, (NH3)n−1H+ are the main
dissociation products. Other products from (NH3)n+ ions (e.g.,
(NH3)nNH2

+ and (NH3)n−1(H2O)H+) are observed as well,
and their intensity increases as the nozzle temperature is
raised from 25 to 95 ◦C. The only features shared in the
mass spectra of (NH3BH3)n and (NH3)n are NHx

+ (x = 0-4):
no other common features are observed for m/z above 18.
Assignments of (NH3BH3)n+ are rationalized based on the
isotopic abundance of B atom. The most intense peak in
NH3BH3 mass spectra is the NH3BH2

+ ion. (NH3BH3)2 and
(NH3BH3)3 clusters readily lose H2.

Initial dissociation mechanisms, potential energy surfaces
for ionized NH3 and NH3BH3, and their clusters are calculated
at the MP2/6-311++G(d,p) level. The ammonia cluster cations
(NH3)n+ decomposition reactions can be summarized as

(NH3)n+ → (NH3)n−1H+ + NH2 (1′)
(NH3)n+ → (NH3)n−2NH2

+ + NH4 (2′)
(NH3)n−1H+ → (NH3)n−2H+ + NH3. (3′)

Reaction (1′) has the lowest energy barrier, which decreases
from 1.05 eV to 0.22 eV as the cluster number n increases.
The energy barrier for reaction (2′) is close to the energy limit
∆E in the cation system, while for reaction (3′), similar to

reaction (1′), the energy barriers decrease from 1.91 eV to
0.63 eV as the cluster number n increases.

Structures of (NH3BH3)n+ (n = 1-3) cations have signif-
icant differences compared to their respective (NH3BH3)n
neutral clusters. In NH3BH3

+, two H atoms connected to
the B atom have separation of 1.134 Å. In (NH3BH3)2+
and (NH3BH3)3+ cations, a Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety
is formed and the distance between the two bonded H
atoms is 0.981–0.988 Å: this structure is not the homo-
polar B–Hδ−· · ·Hδ−–B structure observed for solid NH3BH3.
The dihydrogen N–Hδ+· · ·Hδ−–B bond structure characterized
in the NH3BH3 crystal is also found theoretically for
(NH3BH3)3+ cationic clusters and neutral clusters (NH3BH3)2
and (NH3BH3)3.

The N atom has the most negative charge in NH3BH3
system. Based on spin density maps, the unpaired electron
(hole) for these ions is localized on the B atom. From the
study of molecular orbitals and natural bond orbitals of
(NH3BH3)n+ clusters, CASSCF derived natural bond orbitals
best represent electron occupations and are consistent with
the observed and calculated fragmentation pathway. Because
structures of (NH3BH3)n+ cations are significantly different
from their respective neutral (NH3BH3)n structures, they have
different dissociation mechanisms than does the NH3BH3
solid. The lowest energy dissociation reaction for NH3BH3

+

monomer is loss of one H atom from the B atom. For cluster
cations (NH3BH3)n+ (n = 2, 3), the first dissociation step
is the breaking of Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B bonding moiety.
Following this initial step, the N–B bond breaks and the two
B atoms in the Bδ+· · ·Hδ−· · ·δ−H· · ·δ+B moiety move toward
one another, forming a H2B· · ·H· · ·BH2 structure: CASSCF
natural bond orbitals represent this behavior more clearly than
other orbital presentation plots.
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