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The metastable decomposition of photoionized NO/NH3 clusters has been investigated employing a reflectron
time-of-flight mass spectrometer. The metastable dissociation spectra of the most prominent cluster ion species
NO+(NH3)n (3 e n e 28) show that the rate coefficient for the loss of one NH3 molecule from the cluster
rapidly increases up ton ) 13 and thereafter is nearly independent of the cluster size. This is interpreted as
evidence of a stable structure that consists of a central NO+ ion surrounded by a first solvation shell of 12
NH3 molecules.

Introduction

There has been intense interest in methods to reduce the
emission of NO into the atmosphere because of its role as a
pollutant.1-3 For any system designed to remove NO from
exhaust stacks, it is known that the addition of NH3 to a moist
mixture of NO leads to enhanced removal of the NO.4-6

However, a persistent difficulty that has plagued such processes
is the complexity of the physical phenomena and chemical
reactions that occur. For example, it is reported that, in addition
to the anticipated gas-phase reactions, multiphase reactions are
also likely to occur in this process.

Recently, a possible alternative ionic process involving the
formation of a protonated nitrosamide (H3NNO+) has been
suggested.7,8 In this process, the fast proton-transfer reaction
of the H3NNO+ ion produces nitrosamide (H2NNO) as an
intermediate species. Subsequent dissociation of H2NNO occurs
through two main reaction pathways1-3

Therefore, the study of the chemical reactions of the mixed
cluster ions of NO and NH3 molecules should be helpful in
understanding the chemical mechanisms occurring in this
process. While several groups have reported a number of
extensive investigations of homogeneous NO9-12 and NH3

12-16

clusters, to our knowledge, a study of the heterocluster system
between NO and NH3 molecules has not been performed.

In this paper, we report new observations on the NO/NH3

mixed cluster ions generated by multiphoton ionization (MPI).
We have measured the metastable decay rate coefficient as a
function of cluster ion size, and these rate constants are found
to be a strong function of the cluster size.

Experimental Section

A detailed description of the reflectron time-of-flight mass
spectrometer (RTOFMS) used in this work has been previously
published.17,18 The neutral heteroclusters are expanded through
a pulsed nozzle (General Valve Co., IOTA ONE) which has an
800µm orifice diameter. After skimming by a 1.0 mm conical

skimmer located 1.5 cm away from the nozzle, the cluster beam
is introduced into the ionization region of the RTOFMS and
irradiated by an unfocused 248 nm laser beam (Lambda Physik,
EMG101) with a pulse width of approximately 20 ns. Cluster
ions generated by the laser are accelerated in a double
electrostatic field to 4.2 keV and travel through a 140 cm long
flight tube toward a double-stage reflectron (R.M. Jordan Co.)
located at the top of the flight tube. After being reflected by
the reflectron, the ions pass an additional 61 cm back to a dual
microchannel plate (MCP) detector. To minimize collision-
induced dissociation of the ions on their way to the detector,
the pressure in the instrument is maintained below 5× 10-7

Torr during operation by means of a 370 L/s turbomolecular
pump and a liquid nitrogen cryogenic pump. The detected ion
signals are recorded by a transient digitizer (LeCroy 9310)
coupled to an IBM-PC and are averaged typically over 5000
laser pulses to increase the signal-to-noise ratio.

The experiments were performed with a gas mixture consist-
ing of 0.24-1.28% ammonia and 5.0% nitric oxide in 2.4 atm
of Ar buffer gas. The 99.99% (anhydrous grade) ammonia gas
was obtained from Linde Specialty Gases, and 5.0% nitric oxide
gas (seeded in Ar) was obtained from Matheson Gases. All of
these reagents were used without further purification.

Results

Figure 1 shows the mass spectrum of a pulsed molecular beam
expanded from a gas mixture containing 2.4 atm of Ar gas,
5.0% NO, and 1.28% NH3. The most prominent homocluster
ions in the low mass region are protonated ammonia clusters
of the form (NH3)nH+. Formation of these protonated cluster
ions is the result of an intracluster ion-molecule reaction
immediately following the ionization of the neutral ammonia
clusters.13-15 The observation of the anomalously large intensity
of (NH3)5H+ (A5 in Figure 1) is expected since this magic
number has been found previously in several studies. No
(NO)n+ ions are observed in the mass spectrum forn > 3,
indicating that the presence of the ammonia effectively hampers
the formation of the homogeneous NO cluster ions by ligand-
exchange (switching) reactions: e.g., (NO)2

+ + NH3 f NO +
NO+(NH3). Note that the binding energy of the NO+NH3

complex (30.7 kcal/mol)19 is much larger than that of the (NO)2
+

complex (16.1 kcal/mol);20 therefore, the observed ion intensity
distribution reflects these relative ion stabilities.21,22

[H2NNO] f N2 + H + OH ∆H ) -5.7 kcal mol-1 (1)

f N2 + H2O ∆H ) -124.9 kcal mol-1 (2)
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In addition to the homogeneous cluster ions, there are
heterogeneous cluster ions of the form [(NO)m(NH3)n]+, as
shown in Figure 1. Aside from the [NO(NH3)n]+ series, only
trace amounts of the [(NO)2(NH3)]+ ion is observed. Although
mixed cluster ions are observed up ton ) 50, we have only
displayedn < 30 in Figure 1. The intensity of the ions in the
[NO(NH3)n]+ series grows gradually as the number of ammonia
molecules in the cluster increases from one to six and thereafter
decreases monotonically.

Figure 2 shows the intensity distribution of the [NO(NH3)n]+

ions as a function of the ammonia concentration at a fixed 5.0%
concentration of NO. At NH3 concentrations greater than
0.48%, the enhanced ion intensity centered atn ) 6 is clearly
observed. At the low concentrations, however, the enhanced
ion intensity atn ) 6 disappears, probably due to an insufficient
number density of ammonia to form larger clusters which
evaporate to form [NO(NH3)6]+.

After ionization, the newly formed cluster ions in the
ionization region undergo rapid fragmentation, reorganization,
and evaporation. Since there is excess energy remaining in those
cluster ions, further dissociation continues in the field-free region
(FFR).23 This metastable decay process should be studied in
depth since it is capable of revealing detailed information on
the individual cluster ion’s stability.24

In the NO/NH3 cluster system, two types of daughter cluster
ions have been observed: one is generated from the loss of an
ammonia molecule from the homogeneous cluster ions (NH3)nH+

(denoted by “D”); the second is from the loss of an ammonia
molecule from the heterogeneous cluster ions [NO(NH3)n]+

(denoted by “d”). As shown in Figure 1, the peaks correspond-
ing to daughter ions, d and D, are shifted to smaller ion arrival
times than their parent ions because of their lower kinetic energy.
Intensities of protonated ammonia and mixed cluster ions
gradually diminish with increasing cluster size, yet their daughter
cluster ions become relatively more intense. Note that the
intensity of d(1,12) is anomalously large in the mixed daughter
cluster ions.

The mixed daughter ions are generated via metastable
dissociation in the FFR of the mass spectrometer. Stace and
Moore have previously described the technique of using
daughter ion metastable decay spectra to detect magic num-
bers.25 Figure 3 displays the ratio of daughter intensity to parent
plus daughter intensity as a function of cluster size for several
ammonia concentrations. Examination of the relative intensity
distribution for the metastable decay shows that the intensity
of the loss of one ammonia in going fromn ) 12 to n ) 13
increases quite abruptly. There is also a small decrease atn )
8. These abrupt changes in the ion intensity we feel are due to
stable ion structures atn ) 12 andn ) 8. However, note that
we did not observe a sudden drop in the relative intensity atn
) 6 to correlate with the observed magic number in the parent
mass spectrum.

The rate equation for the generation of the daughter ion,i,
from its parent ion,i + 1, is given by

Figure 1. Typical mass spectrum of the NO (5%) and NH3 (1.28%) mixed cluster seeded in 2.4 atm of Ar carrier gas. The protonated parent
ammonia cluster and daughter ions of the form (NH3)nH+ are designated by An and Dn, respectively. The mixed cluster ion series and their daughter
ions of the form [(NO)m(NH3)n]+ are designated by a(m,n) and d(m,n), respectively. Note the enhanced intensity of the parent ion at a(1,6) and of
the daughter ion at d(1,12). Below 20µs, there are large peaks due to monomers such as Ar+ (40), Ar2+ (20), NO+ (30), NH3

+ (14, 15, 16, and 17),
and also NH4+ (18) and (NH3)2H+ (35).
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where [P] and [D] are the intensity of parent and its daughter
ions, andkp and kd are the rate coefficients of parent and
daughter ions for the decay processes, respectively. As shown
in Figure 1, we do not observe evaporation of NH3 monomers
to generate the [NO(NH3)n-2]+ daughter ion from the [NO-
(NH3)n]+ parent ion, possibly because there is insufficient excess
energy for such successive evaporations. Therefore, the rate
coefficient kd for any further loss can be dropped. With this
simplification, the metastable rate equation can be integrated
to determine the rate coefficients:

where∆t is the flight time that the parent ion spends in the
FFR before entering the reflectron. Figure 4 displays the rate
constants of the dissociation of the parent ion as a function of
cluster size calculated using eq 4. The rate coefficients increase
rapidly with increasing cluster size up ton ) 13. Thereafter,
the rate coefficients are nearly independent of the cluster size.
Note that the rate coefficientk13 increases abruptly overk12 and
that ofk8 decreases abruptly, indicating the special stability in
the cluster ions [NO(NH3)8]+ and [NO(NH3)12]+.

Discussion

The key step for the ionic DeNOx process in flames has been
recently suggested to involve the generation of the NH3NO+

ion.7,8 However, NH3NO+ has not been observed in flames.
The absence of the NH3NO+ ion has been suggested to be due
to fast proton-transfer reactions between NH3NO+ and NH3 or
H2O species to form H2NNO and NH4

+ or H3O+, respectively.

Table 1 presents the relative energy differences in the reaction
channels for the dissociation of the NO+(NH3)2 ion as repre-
sentative of the energetics of the NO/NH3 system explored in
this study. Four possible reaction channels of the NO+(NH3)2

ion decomposition are considered. The generation of NH4
+ and

NH2NO species is the lowest energy channel, which is 10.4
kcal/mol lower than that of channel 2 generating NH3NO+ and
NH3. If a reaction such as channel 1 is dominant within the
cluster molecular beam system, as is observed in flame studies,
there is the possibility of the generation of protonated mixed
cluster ions, in which the ion core is NH4

+ solvated by NH3
and NO molecules. In our present study, however, we note
that we have observed only unprotonated mixed cluster ions,
[NO(NH3)n]+. This observation leads us to conclude that there
will be an activation energy barrier to generate the NH4

+ ion
which is much larger than the barrier of channel 2. In the case
of the flame environment, the energy barrier will be unimportant
because the temperature of the flame is high enough to overcome
the barrier to generate the NH4

+ ion. However, the energy
barrier in the case of the molecular beam system must be a
crucial factor to affect the dissociation reaction of the [NO-
(NH3)n]+ ion. Therefore, on the basis of our observations, it
would seem that the dissociation reaction of [NO(NH3)n]+ ion
follows channel 2.

The ionization potential (IP) of NO20 is smaller than that of
ammonia26 by 0.895 eV. Therefore, it is anticipated that the
positive charge in the mixed cluster ions will be located on the
NO moiety. Tomoda and Kimura27 have reported, on the basis
of ab initio calculations, that the electronic ground state of the
ammonia dimer cation is a complex of the form H3NH+‚‚‚NH2.
That is, an ion-dipole complex is formed between the NH4

+

ion and a NH2 radical. For unprotonated ammonia cluster ions,

Figure 2. Intensity distribution of the mixed cluster ions NO+(NH3)n as a function of the ammonia cluster size at several different concentrations
of ammonia.

d[D]/dt ) kp[P] - kd[D] (3)

kp ) ln{1 + ([D]/[P])}/∆t (4)
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Shinohara et al.28 have observed a magic number atn ) 5, which
would suggest a structure such as (NH3)3NH4

+‚‚‚NH2. In
previous MPI experiments,29 we too have observed unprotonated
ammonia cluster ions (NH3)n)1-16

+ , where the intensities of the
unprotonated cluster ions drop abruptly fromn ) 5 to n ) 6,
again due to the enhanced stability of (NH3)5

+. From the above
results, if the charge of the mixed cluster [NO(NH3)n]+ ions
was on the ammonia moiety, the magic number of [NO(NH3)n]+

should appear atn ) 4 and have a structure analogous to
(NH3)5

+. However, the magic number is observed to be
[NO(NH3)12]+ instead of [NO(NH3)4]+.

Very recently, Aschi and Grandinetti have calculated the
stabilization energy for the association reaction, NH3 + NO+

f H3N‚‚‚NO+, whose enthalpy change is evaluated as-30.7
kcal/mol.19 This value is larger than those of H3N+‚‚‚NH3

(-18.1 kcal/mol)30 and NH4
+‚‚‚NH3 (-24.8 and-21.5 kcal/

mol)31,32complexes. In addition, the stabilization energy of the
NH4

+‚‚‚NO (see notes of Table 1) complex will be smaller than
that of NH4

+‚‚‚NH3, because both the dipole moment (1.47 D)33

and the polarizability (2.26 Å3)33 of ammonia are greater than
that (0.153 D and 1.70 Å3)33 of NO. Hence, if the structure of
[NO(NH3)n]+ resembles that of (NH3)n+1

+, the (NH3)n
+ cluster

as a daughter ion should be observed since the loss of NO from
[NO(NH3)n]+ is more favorable than that of NH3. However,
we observe only the loss of NH3 from [NO(NH3)n]+ (as shown
in Figure 1). And we feel this result confirms that the positive
charge in [NO(NH3)n]+ is indeed localized on the NO.

The detailed structure of these mixed cluster ions cannot be
determined solely from our present experiments. For the
stepwise hydration of the NO+ ion,34-37 ab initio molecular
orbital calculations suggest that, due to the greater magnitude
of the positive charge on the nitrogen as opposed to the oxygen

(0.548e against 0.452e for the extended polarized basis set),
there is a preference for the water molecules to be bound to the
nitrogen rather than to the oxygen atom, up to the third water
molecule.36,37 Choi et al.37 have proposed, on the basis of
spectroscopic evidence for NO+(H2O)n, that the smaller clusters
for n e 3 are complexes of H2O solvent bound to NO+ core
ion. For n g 4, however, the species they observe are of the
form (H2O)n-1H+‚‚‚HONO where the central ion, H3O+, is
surrounded by three water molecules as a first solvation shell
and the HONO molecule is bound to one of the first solvation
shell water molecules. Very recently, Ye and Cheng38 have
reported the calculated structure of NO+(H2O)n for n e 3 where
the most stable isomer forn ) 2 and 3 is found to have a
structure in which the water molecules hydrogen bond to
themselves rather than add to the NO+ ion. In comparison to
the case of the NO/H2O cluster, the structure of the NO+(NH3)n

cluster ions has the NO+ central ion surrounded by ammonia
molecules. If the structure of the NO+(NH3)n cluster ions
resembled that of NO+(H2O)n for n g 5, we would expect to
observe a magic number corresponding to the “stable” structure,
(NH3)4H+‚‚‚H2NNO. The H2NNO moiety is postulated for the
NO/NH3 system by comparison to HONO in the NO/H2O
system. Based on theoretical and experimental studies,1-3,39

the initially generated H2NNO would also be expected to under-
go a dissociation reaction mainly through the two pathways 1
and 2. The binding energy between the NO+ and NH3 (30.7
kcal/mol)19 is much larger than that between the NO+ and H2O
(19.3 kcal/mol),40 while the hydrogen bonding energy of
ammonia dimer (2.8 kcal/mol)41 is smaller than that of water
dimer (5.4 kcal/mol).42 Therefore, we think that the structural
difference between two systems may be attributed to the
differences in the energetics of the interactions. From the above

Figure 3. Metastable decay ratios [D]/[P+ D] for the evaporation of one ammonia molecule from the mixed cluster ion NO+(NH3)n as a function
of the ammonia cluster size. Note the abrupt increase in the intensity atn ) 13.
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results, we expect that the cluster ions, [NO(NH3)n]+, have a
central core corresponding to NO+, to which the other ammonia
ligands are bound.

In general, the origin of magic numbers in cluster ions can
often be attributed to the dynamics of evaporation processes as
well as the relative stabilities of the cluster ions and the neutral
distribution.26 There have been a number of experimental21,43-46

and theoretical22,47,48studies on mixed cluster ions of the type
X+Arn where X is either an atom or a polyatomic molecule. In
the case of a spherical X+ such as Ar, Xe, Al, and I, magic
numbers belown < 20 have been observed atn ) 12 and 18.
The proposed structure can be interpreted as a central ion

surrounded by Ar’s to generate an icosahedral structure with a
filled solvation shell.

The observation of metastable decay patterns removes any
ambiguity that may be present in a traditional mass spectrum
ascribed to causes such as differences in the ionization cross
section of various ions or the presence of a stable neutral
precursor.24 Therefore, an efficient method of extracting
stability information is to observe the daughter ion spectrum.
Changes in the ratio of daughter ion to parent ion are a strong
indication of the presence of a magic number. As shown in
Figure 3, a sudden drop betweenn ) 7 andn ) 9 and a sudden
increase betweenn ) 12 andn ) 14 are seen in the intensity
distribution of the metastable decay for the mixed cluster ions
NO+(NH3)n. These features point to the anomalously low (n
) 8 f n ) 7) and high (n ) 13 f n ) 12) efficiencies for the
metastable processes, respectively. Therefore, we deduce the
existence of two magic numbers atn ) 8 and 12 from the
metastable decay efficiency on the microsecond time scale.25,48,49

Here it is very interesting to note that the dissociation channel
of NO+(NH3)6 f NO+(NH3)5 + NH3 does not show low
efficiency although the NO+(NH3)6 cluster ion has an anoma-
lously high intensity in the parent mass spectrum. This indicates
that the NO+(NH3)6 magic number is due to a kinetic stability
below the microsecond time scale and not to any thermodynamic
stability of the ion itself.25 The lack of any indication of
thermodynamic stability of the NO+(NH3)6 ion in the metastable
decay analysis, despite the high intensity in the Figure 1 parent
spectrum, serves to demonstrate the value of the metastable
decay analysis.

Figure 4. Dissociation rate constants for the evaporation of one ammonia molecule from the mixed cluster ions NO+(NH3)n as a function of cluster
size. The error bars indicate the standard deviation obtained from the measurements made at six different concentrations of ammonia. The linear
curve fitting of rate constants as a function of cluster size is represented by the solid line, showing two different slopes.

TABLE 1: Relative Energiesafor Possible Dissociation
Channels of the NO+(NH3)2 Ion

reactions ∆Erel (kcal/mol)

NO+(NH3)2 f NH4
+b + NH2NOc (1) 0.00

f NO+NH3
c + NH3

b (2) 10.4
f NH4

+NOd + NH2
b (3) 44.2

f (NH3)2
+e + NOb (4) 45.8

a The lowest energy channel 1 is set to zero energy for comparison.
b From ref 59.c From ref 19. d Calculated on the basis of the reaction
NH4

+ + NO f NH4
+NO. For this reaction, the energy change is

calculated to be-4.2 kcal/mol at the UHF/6-31G** level of theory.
Combining this value with the experimental heats of formation of NH4

+

and NO, the heat of formation of NH4+NO is evaluated to be 168.6
kcal/mol. e Estimated on the basis of the reaction NH3

+ + NH3 f
(NH3)2

+. For this reaction, the energy change is found to be-18.1
kcal/mol (ref 30), which gives the heat of formation as 194.1 kcal/
mol.
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The observation of a magic number atn ) 12 can be
explained by closure of the first solvation shell analogous to
the inert gas structures even though the central NO ion and
surrounding ammonia are not isotropic. Therefore, we propose
that there is a successive coordination of ammonia molecules
up ton ) 12 to generate a structure that may resemble a “loose”
icosahedron. We believe that there are two main driving forces
behind the generation of the first solvation shell: (1) the ion-
dipole interaction between the ion core and the solvent molecule
and (2) the hydrogen bonding between the solvent molecules.
As the cluster size of the first solvation shell increases, the ion-
dipole interaction will be decreased, while the hydrogen-bonding
interaction will be increased. The 13th ammonia and successive
molecules are bound to the ammonia molecules of the first
solvation shell. As a result, the ammonia ligands of the first
solvation shell bind strongly to the central NO+ ion through
two driving forces, while those of the second shell are bound
less strongly to the first solvation shell only through hydrogen
bonds. This observation is in accordance with the result of an
X-ray study of solid ammonia50,51 in which it is concluded that
each ammonia molecule is surrounded by 12 neighbors. In
addition, several groups52-54 have also postulated an icosahedral
structure as a complete solvation shell about a dimeric central
ion in the benzene cluster system.

In RTOFMS, two experimental values are needed to get
information on the binding energy of the cluster ion as a function
of the cluster size: (1) the heat capacity and (2) the kinetic
energy release (KER).52-58 The measured metastable decay
efficiency is fitted using the heat capacityCn and the Gspann
parameterτ to get the experimental heat capacity of the cluster
ions.55-58 Klots has proposed that the Gspann parameterτ,
defined as∆Eeva/kT, is nearly independent of the composition
of the aggregate and cluster size at high cluster sizes.58 As
shown in Figure 4, the rate coefficients beyondn ) 13 (second
solvation shell) are nearly constant, indicating that Klots’
postulate is reasonable at larger cluster size. If one considers
that the binding energy of the cluster ions is not largely changed
at high cluster sizes, the temperature of the cluster surface also
may not change as a function of cluster size. However, below
n ) 12 in this study, the rate coefficient is a strong function of
the cluster size, indicating that the Gspann parameterτ may
also be strongly dependent on the cluster size.55,56,58 Previously,
Castleman’s group55,56 has performed a calculation to get
information on the binding energy by using the modified Gspann
parameter as a function of cluster size.

Conclusion

In this study we have investigated the NO/NH3 mixed cluster
ions through multiphoton ionization time-of-flight mass spec-
trometry. The most prominent mixed cluster ions are found to
be NO+(NH3)n and their daughter ions. The analysis of the
daughter ions generated from the metastable decay of the mixed
cluster ions of the form NO+(NH3)n shows that the predominant
dissociation pathway is the loss of one NH3 to generate
NO+(NH3)n-1 + NH3. The rate constant for the metastable
decay of NO+(NH3)n to generate NO+(NH3)n-1 + NH3 increases
with increasing cluster size up ton ) 13 and thereafter nearly
is constant, indicating the complete first solvation shell is
achieved atn ) 12.
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