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bstract

The generation of nitrosamide (H NNO) molecules mediated by the cluster environment of the NO/NH cluster system has been explored,
2 3

mploying both multiphoton ionization time-of-flight mass spectrometry and ab initio calculations. This combined approach indicates that the
2NNO species is viable and can exist within cluster ions of the type [H2NNO···NO···NH3]+. Possible mechanisms for formation of the H2NNO

pecies are discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Among air pollutants, nitrogen oxides (NOx) have received
articular attention because of their crucial role in many global
nvironmental problems [1–3], i.e., acid rain and photochemical
mog formation. There is great interest in the development of
echnologies that can be applied to removing nitrogen oxides
DeNOx) from the exhaust of coal-fired power plants, steel sin-
ering plants, oil boilers and diesel engines. These technologies
nclude selective non-catalytic reduction (SNCR) [4–8], selec-
ive catalytic reduction (SCR) [9–12] and non-thermal plasma
NTP) [13,14] processes. In addition, a hybrid process that uti-
izes a combination of these techniques also has been developed
15–17]. It is worth noting that all these various technologies
nvolve in common the injection of gaseous ammonia (NH3) for
he reduction of NOx in SCR and SNCR, and for the neutraliza-
ion of nitric acids generated in the NTP processes.
In the flue gas cleaning, gas phase cluster and heterogeneous
hemical reactions significantly dominate [18–21]. For example,
he efficiency of DeNOx is greatly enhanced when water vapor
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xists in the flue gas mixture and is considered to be primarily
ue to the formation of both NO+(H2O)n and NO2

+(H2O)n clus-
ers [22–24]. The chemically active species (CAS) in the NTP
rocess, include radicals, ions and highly excited molecules that
re generated by the NTP discharge [13,14]. In CAS, the OH
adicals are significantly involved in the removal of air pollu-
ants and come from the dissociation of cluster ions, such as

2
+(H2O)2 and (H2O)2

+ through the ion–molecule reaction of
2

+ with water [25]. In the ionic DeNOx mechanism, examined
y Egsgaard et al. [26], the key to this process is the formation of
he NO+···NH3 complex in the CH4/NH3 flame. Subsequently,
his complex may react with either ammonia or water to produce
itrosamide (H2NNO), which is also known to an important
ntermediate responsible for removing NOx in SNCR process
4,5,8]. The reduction of NOx has been observed by Richter
t al. [27] in the SCR process using NH4

+ ions fixed in zeo-
ites. In the atmosphere, ions may also involve nucleation despite
he low atmospheric concentrations [28–30] because the charge
ignificantly facilitates the stabilization of the small clusters rel-
tive to the neutral counterparts. The study by Yu et al. [31] has

howed that rapid aerosol formation and growth observed in air-
raft exhaust plumes are due to ions. Therefore, investigation of
he chemical reactions occurring within the cluster ions contain-
ng atmospheric species and additives for DeNOx processes, i.e.,
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O, NH3, H2O, alcohols, etc., will aid in the understanding of
he fundamental ion chemistry occurring in the DeNOx process
s well as in the upper atmosphere.

Previous experiments have reported observation [32–34] of
hemical reactivity of NO cluster ions toward molecules con-
aining a hydroxyl group (i.e., CH3OH, C2H5OH, C3H7OH and

4H9OH). This suggests that alcohols might also be employed
s an additive to improve the efficiency of the DeNOx pro-
esses [7,35]. For example, in the NO/CD3OH system [32],
he formation of CD3ONO molecules within cluster ions is the
ominant process, and is very dependant on both the number
f NO molecules and the overall electron configuration of the
luster ion. The NO/C2H5OH cluster system is also of interest
33] in that if the concentration of ethanol in the gas mixture,
rior to expansion into the vacuum chamber, is above a certain
ritical value, preference is shown for loss of hydroxyl hydro-
en. However, below a critical value of ethanol concentration,
he hydrogen loss now occurs at the �-carbon. This competi-
ive switching pattern in the position of the hydrogen atom loss
gainst the ethanol concentration is thought to be controlled by
he degree of the hydrogen-bonding network within cluster ions.
n cases where mixed clusters of NO/ROH (ROH = C2H5OH,
3H7OH and C4H9OH) are used [34], the formation of the prod-
ct cluster ions having RONO species is predominantly observed
s a major series. Based on this past work, it is interesting to
peculate on whether the chemical reaction within NO/NH3
lusters occurs in a manner similar to that within NO/ROH
lusters.

Since NH3 serves as the reductant as well as the neutralizer for
eNOx process, we have now investigated chemical reactions

aking place within the cluster ions of the form [(NO)m(NH3)n]+.
his present work is concentrated on the possibility of whether

here is a special chemical reactivity of the NO clusters towards
he N H bond of NH3, similar to the previous chemistry
e observed with NO and molecules containing a hydroxyl
roup. We anticipate that the formation of nitrosamide (H2NNO)
pecies may occur within [(NO)m(NH3)n]+ clusters. The formed
2NNO ‘intermediate’ could then dissociate directly into N2

nd H2O [4]. We have also performed ab initio molecular orbital
MO) calculations in order to aid in understanding the structures,
nergies and charge distributions of clusters containing H2NNO
pecies.

. Experimental

A detailed description of the reflectron time-of-flight mass
pectrometer (RTOFMS) instrument has been provided else-
here [36,37]. In brief, the neutral heteroclusters were expanded

hrough a pulsed nozzle (General Valve Co., IOTA ONE) with
n 800 �m orifice diameter. After skimming the expansion with
1.0 mm conical skimmer located 1.5 cm away from the noz-

le, the cluster beam was then introduced into the ionization
egion of the RTOFMS and irradiated by the unfocused 248 nm

ulsed laser beam (Lambda Physik, EMG101), with typical laser
nergy below 3.5 mJ pulse−1. Cluster ions generated by the laser
ere accelerated in a double electrostatic field to 4.2 keV and

ravel through a 140 cm long flight tube before being reflected
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i
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b
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y a double stage reflectron (R.M. Jordan Co.) located at the
op of the flight tube. Following the reflectron, the ions trav-
led an additional 61 cm to a dual microchannel plate (MCP)
etector. The background pressure in the flight tube of the mass
pectrometer was maintained below 5 × 10−7 Torr to reduce any
ollision induced dissociation processes by using both a 370 L/s
urbo molecular pump and liquid nitrogen trap. The pressure of
he ionization region rises to 5 × 10−6 Torr during the normal
peration. The detected ion signals were recorded by a transient
igitizer (LeCroy 9310).

In the cluster expansions, experiments are typically per-
ormed with a gas mixture consisting of 0.24–1.28% ammonia
nd 5.0% nitric oxide in 2.4 atm Ar carrier gas. The 99.99%
anhydrous grade) ammonia gas was obtained from Linde Spe-
ialty Gases. The 5.0% nitric oxide gas (seeded in Ar) was
btained from Matheson Gases. All of these reagents were used
ithout further purification.

. Experimental results

Fig. 1 shows a survey mass spectra of NO/NH3 mixed clus-
er ions taken at two different concentrations of NH3 seeded in
r containing NO of 5%. Under high concentration of NH3

1.24% NH3 and 5% NO), as shown in Fig. 1(a), the hete-
ocluster ion series corresponding to [(NO)(NH3)n]+, denoted
y (1,n), are observed to be the most prominent mixed clus-
er ion peaks. A series of neat protonated ammonia clusters
NH3)nH+, are also observed and represented by An. In pre-
ious work [37], we observed that the mixed cluster ions,
(NO)(NH3)n]+, can be considered as having a structure where
he ion core NO+ is solvated by the ammonia molecules. This
icture of NO+ solvated by NH3 is different from that for the
ixed cluster ion [(NO)(H2O)n]+ [38,39] where the structure

f [NO(H2O)n]+ cluster ion depends on the cluster sizes n; for
≤ 3, the ion core is NO solvated by water molecules, while,

or n ≥ 4, the [NO(H2O)n]+ the cluster ion now exists in the
orm (H2O)n−1H+·HONO. Ab initio calculations [40] have also
orne out structural changes with an increased number of water
olecules within the cluster ions.
In our study, we find that mixed cluster ions containing two

or more) NO molecules are not easily observed, regardless of
he mixing ratio of NO to NH3 concentrations in the gas mixture
rior to expansion. While the intensity of the homogeneous NO
luster ions is significantly enhanced by a low concentration of
H3, mixed cluster ion peaks of the type [(NO)m>1(NH3)n]+ are
ot increased substantially. However, cluster ions corresponding
o [(NO)(NH3)n]+ and (NH3)nH+ are still detected regardless
f the expansion condition. This result differs from previous
ork [32,33] on NO/ROH clusters at comparable experimental

onditions, where the heterocluster ions were found to be sig-
ificantly more abundant than the corresponding homogeneous
luster ions (NO)m

+ and (ROH)nH+. It was also observed that
or the NO/CH3OH system predominant formation of the hetero-

eneous cluster ions [(NO)(CH3ONO)x] (x = 1–12), and cluster
ons, such as (NO)m

+ (for m > 3) and (CH3OH)nH+ (for n > 3)
re not seen [41]. These results imply fundamental differences
etween the NO/ROH and NO/NH3 systems.
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ig. 1. Typical mass spectra: (a) NO (5%) and NH3 (1.28%) and (b) NO (5%
rotonated parent ammonia cluster ions of the form (NH3)nH+ is designated b
(m,n). The three component mixed cluster ions of the form [(NO)m(H2O)x(NH

This effort can lend some insight into the chemical reac-
ivity of NO cluster ions with NH3 to generate the H2NNO
pecies within clusters (similar to the generation of RONO
n the NO/ROH system [32–34,41]). We had observed in our
revious studies of NO/ROH clusters [32–34,41], that the for-
ation of the RONO species seems to require at least two or
ore NO molecules within the initial heterocluster ion (i.e.,

(NO)m>1(CH3OH)n]+). Can this same behavior be observed
ith NO/NH3 clusters?

For a gas mixture of 0.24% NH3 and 5.0% NO in Ar, the

urvey mass spectrum is displayed in Fig. 1(b). The intensity of
oth the (NO)m

+, and (NO)(NH3)n
+ clusters ions are observed

o be enhanced in comparison to Fig. 1(a). While the genera-

a
H
a
2

ig. 2. A comparison of expanded mass spectra showing the formation of the H2NNO
H3 (0.24%) in Ar of 2.4 atm and (b) NO (5%) in Ar of 2.4 atm. Experimental condi

cale on the X- and Y-axis, in order to compare the features of the two mass spectra. T
NH3 (0.24%) mixed cluster seeded in 2.4 atm of Ar carrier gas. The series of
The mixed cluster ion series of the form [(NO)m(NH3)n]+ are designated by
are designated by w(m, x, n), respectively.

ion of mixed clusters comprising two or three NO molecules,
uch as [(NO)2(NH3)]+ and [(NO)3(NH3)]+ are found to be only
arginally enhanced. The [(NO)(NH3)n]+ cluster ions are now

plit into sets of peaks spaced by a 1 amu mass difference. We
elieve these additional peaks are attributed to the presence of
ater that may arise from the dissociation of the H2NNO formed
ithin the cluster ion, which is discussed at the end of this sec-

ion.
Fig. 2(a) shows the mass range between the [(NO)2(NH3)]+

+
nd [(NO)3(NH3)] cluster ions. Cluster peaks containing the
2NNO species, are indicated by a closed circle, and are

ssigned as [(NO)(H2NNO)x(NH3)n−x]+ peaks where x = 1 or
. We also note that [(H2NNO)(NH3)n−1]+ ions have not been

species with that obtained from pure the NO cluster system: (a) NO (5%) and
tions are identical in both cases. Both mass spectra were plotted with the same
he peaks containing the H2NNO species are marked with a closed circle (�).
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bserved, even though the major mixed cluster series in all mass
pectra is found to be [(NO)(NH3)n]+. We observe the generation
f H2NNO only in mixed cluster ions possessing two or more
O molecules, which is similar to NO/ROH system [32–34,41].
We note that the mass of H2NNO is equivalent to that of

O2 and peaks that we have assigned to clusters containing
2NNO species could also be identified as being the NO2

pecies. To try and verify our original assignment, we have
tudied 5% NO in Ar in the absence of ammonia but under
therwise identical conditions [42]. This spectrum is shown in
ig. 2(b), with both the same mass range and intensity scale as

n Fig. 2(a). The neat NO cluster spectra does show a series
f small peaks containing NO2 species [(NO)m=1−3(NO2)]+

s mentioned above [42]. Since the NO2 molecule possesses
n unpaired electron, forming even-electron configuration ions
ominates. As a result, one observes an even–odd intensity
lteration within the cluster ions, similar to that of pure NO
luster ions [43]. Indeed, the intensity of the [(NO)2(NO2)]+

luster in Fig. 2(b) is relatively large compared to that of either
he [(NO)1(NO2)]+ or the [(NO)3(NO2)]+ cluster ions. How-
ver, this alteration is in marked contrast with Fig. 2(a), where
he intensity of the peaks corresponding to [(NO)2(NO2)]+ and
(NO)3(NO2)]+ clusters are nearly suppressed, and only the peak
t the mass corresponding to [(NO)1(NO2)]+, which is also at the
ame mass as the [(NO)(H2NNO)]+ cluster, appears somewhat
nhanced. Such a difference in mass spectra between pure NO
nd NH3/NO systems, we believe, strengthens our assignment
or the [(NO)(H2NNO)x(NH3)n−x]+ cluster ions in Fig. 2(a).

In an attempt to help identify the formation of H2NNO
ithin these NO/NH3 clusters, we did try to use isotopi-

ally substituted ammonia, ND3. However, accidental mass
oincidences due to isotope scrambling leads to a multitude
f peaks spaced by 1 amu, severely complicating any fur-
her analysis (i.e., [(NO)(ND3)3]+, [(NO)(ND2H)(ND3)2]+ and
(NO)(ND2H)2(ND3)]+).

When the ammonia concentration is decreased, the mixed
luster ion series [(NO)(NH3)n]+ is separated into two or more
eaks at the high mass region with 1 amu mass difference, as
hown in Fig. 1(b). The intensity of these additional peaks
s pronounced in comparison to the [(NO)(NH3)n]+ ions in
he high mass region. These peaks can be explained by the
ncorporation of water leading to cluster ions of the form
(NO)(H2O)x(NH3)n−x]+ ion. We also note that these cluster
ons have the same mass to charge ratio as their protonated
orm, [(NO)(H2O)x−1(NH3)n−x+1]H+ cluster ions. However, it
ppears to be unlikely that such protonated cluster ions are
ormed within clusters because we saw no evidence supporting
he formation of the protonated form in our previous study of
O/NH3 [37] and NO/ROH [32–34,41] systems, even though
rotonated cluster ions such as (NH3)nH+ and (CH3OH)nH+

re mainly observed when NH3 and CH3OH, respectively, are
xpanded.

There are two possibilities that might account for H2O

ithin the cluster ions, as observed in Fig. 1(a): (1) it could
e present due to water impurities from both the gas samples
nd the vacuum chamber and (2) it might arise from intraclus-
er ion–molecule reactions. In this study, we have used 99.99%

[
i
i
T

Scheme 1.

nhydrous grade NH3. In separate mass spectra of both the
omogeneous NO and NH3 systems, the intensity of the cluster
ons including water molecules is negligible in comparison with
hat of the (NO)n

+ and (NH3)nH+ cluster ions. While it is difficult
o completely rule out the influence of water impurities failure to
bserve it in neat expansions would suggest a different source for
ts generation. After its formation, H2NNO may undergo subse-
uent dissociation, leading to the formation of H2O and N2. We
elieve, at least in part, that the observation of clusters containing
ater, occurs through the dissociation of the H2NNO species.
e have proposed a possible reaction mechanism for both the

ormation of the H2NNO species and its subsequent dissociation
nto H2O and N2 (Scheme 1). This mechanism is consistent with
esults that H2NNO is viable within clusters with a lifetime in
he microsecond regime [44,45]. The H2NNO cluster ion may
hen be either stabilized (via cluster solvation) or dissociate to
enerate H2O plus N2, where the water is then retained within
he cluster.

. Calculated energies and geometries

In order to better understand the structures and relative ener-
etics of the observed cluster ions involving H2NNO molecules,
e have performed quantum chemical calculations on the
(NO)2(NH2)]+ ion. In this study, we found that the NH2 rad-
cal reacts with the (NO)2

+ dimer ion to generate the complex
on [NO···H2NNO]+ with little or no activation energy barrier.
hese calculations also support the observation of cluster ions
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Table 1
Calculated properties of monomersa

Properties NO NO+ H2NNO H2NNO+

Energy −129.5589003 −129.2425865 −185.3521126 −185.0050291
E(ZPVE)b 5.20 2.81 19.42 20.33
R(NO) 1.143 1.103 1.237 1.148
R(NN) 1.342 1.280
R(NH1) 1.013 1.024
R(NH2) 1.005 1.017
∠ONN 112.9 136.5
∠H1NN 118.0 118.9
∠H2NN 116.1 116.7
∠H1NNO 9.6 0.0
∠H2NNO 168.8 180.0
q(O) −0.196 0.238 −0.429 −0.023
q(N) 0.196 0.762 0.261 0.496
q(N) −0.486 −0.358
q(H1) 0.324 0.437
q(H ) 0.330 0.450
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a UMP2/6-31G(d,p) results where the total energies in hartrees, the bond leng
b ZPVE (scaled by 0.93).

osing an H atom from NH3 to form the complex ion (i.e.,
(NO)2···(NH2)]+ → [NO···H2NNO]+).

Optimized geometries and zero-point vibrational energies
ZPVE) were obtained from unrestricted second order M�ller-
lesset perturbation theory (UMP2) using a standard 6-31G(d,p)
asis set and the electronic structure program GAUSSIAN 94
46]. All ZPVE were scaled by 0.93 to account for the fact that
ibrational frequencies calculated at the MP2 level are known to
e too large [47]. All reaction energies were corrected for ZPVE

nd basis set superposition error (BSSE) using the counter poise
orrection [48].

Calculations on possible forms of the [NO···H2NNO]+ ion
omplex (namely NO, NO+, H2NNO and H2NNO+), were car-

c
m
m
i

able 2
alculated properties of complexesa

roperties C1 C2

nergy −314.6563161 −314.6386402
(ZPVE)b 24.55 23.83
(O1N1) 1.127 1.119
(N1O2) 1.971 R(O1O2) = 2.145
(O2N2) 1.270 1.258
(N2N3) 1.285 1.300
(N3H1) 1.020 1.018
(N3H2) 1.013 1.010
O1N1O2 109.4 ∠N1O1O2 = 114.7
N1O2N2 112.9 ∠O1O2N2 = 102.9
O2N2N3 112.9 113.6
N2N3H1 121.1 120.4
N2N3H2 116.1 116.6
(O1) 0.085 0.219
(N1) 0.664 0.685
(O2) −0.490 −0.533
(N2) 0.318 0.286
(N3) −0.368 −0.406
(H1) 0.391 0.370
(H2) 0.399 0.379

a UMP2/6-31G(d,p) results where the total energies in hartrees, the bond lengths in
b ZPVE (scaled by 0.93).
Å, the bond angles in degrees and atomic charges in e are used.

ied out to provide a basis of comparison with complex ions.
otal energies, geometrical parameters and Mulliken atomic
harges for monomers are presented in Table 1. Ionization of
2NNO is accompanied by a change in symmetry from C1 (non-
lanar) to Cs (planar).

Five different structures of the [NO···H2NNO]+ ion complex
ossessing Cs symmetry are shown in Fig. 3. Table 2 presents
he Mulliken charge density analysis of these complex ions and
eveals that the charge distribution of the NH2NO moiety in the

omplex ions is close to that of the isolated NH2NO neutral
olecule (in Table 1), while the charge distribution of the NO
oiety in the complex ion is similar to that of the isolated NO+

on. The percentage of the total charge of +1 residing on the

C3 C4 C5

−314.6539411 −314.6587514 −314.6416251
24.73 24.49 24.20
1.136 1.129 1.127
R(N1N2) = 2.213 2.024 2.036
1.228 1.255 1.254
1.295 1.288 1.290
1.019 1.020 1.013
1.011 1.013 1.018
∠O1N1N2 = 87.6 106.0 96.9
∠N1N2N3 = 145.3 98.0 137.6
119.8 114.7 117.2
119.8 120.9 123.1
117.0 116.3 115.3
0.158 0.094 0.139
0.621 0.657 0.637
−0.371 −0.454 −0.513
0.207 0.286 0.384
−0.370 −0.373 −0.407
0.395 0.394 0.401
0.387 0.397 0.358

Å, the bond angles in degrees and atomic charges in e are used.
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Fig. 3. Optimized structures for the [NO···H2NNO]+ ion complex obtained by
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sing the MP2/6-31G(d,p) level of theory. The labeling of the atoms in the
omplexes is consistent with Table 2.

O moiety (N1O1) varies from 75% for C1 to 90% for the C2
tructure. In addition, comparison of the geometrical parameters

f the isolated NH2NO molecule (Table 1) and those of NH2NO
oiety in the complex ion (Table 2) indicates that there is little

ifference between the molecules. Therefore, we feel that it is
ppropriate to characterize the complex ion [(NO)2(NH2)]+, as

r
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n ion–dipole complex between NO+ and the NH2NO molecule
NO+···H2NNO].

The relative energy changes for the dissociation of the five
ifferent complexes, which are calculated at the on the MP2/6-
1G** level, are summarized in Table 3. Dissociation channel
, which leads to NO+ and H2NNO, is lower in energy than that
or the dissociation channel 2, which leads to NO and H2NNO+.
he calculated dissociation energy through channel 1 for the
ost stable structure, C4, is found to be 40.19 kcal/mol without

orrection and 34.48 kcal/mol including corrections (ZPVE and
SSE). This value is larger than that derived from the equation
f the bond energy with proton affinity of H2NNO [67]. The dis-
ociation energy of the C4 complex leading to H2NNO+ plus NO
s calculated to be 19.31 (without correction) and 23.18 kcal/mol
with correction) higher in energy than that for dissociation
hannel 1. Therefore, based on these calculations, we expect
he generation of H2NNO+ plus NO to be less efficient than that
f NO+ plus H2NNO. This result explains why it is very diffi-
ult to detect the isolated H2NNO+ ion or [(H2NNO)(NH3)n−1]+

luster ions in the NO/NH3 cluster system.
Lastly, we have also calculated the system of a single ammo-

ia molecule complexed directly either to [H2NNO]+ or with
NO···H2NNO]+ for a variety of different configurations. These
alculations have been performed at the DFT level of theory
sing the B3LYP hybrid functional and utilizing the basis set
f the 6-31 + G* quality. This level of theory has been proven
n the literature as a precise computational approach in calcu-
ations involving hydrogen bonds. All calculations have been
erformed with full geometry optimization in the gas phase and
he energies are reported in Tables 4 and 5.

For the [NH3···H2NNO]+ system the lowest energy struc-
ures are depicted in Fig. 4. Structure D1-A, is the most stable
tructure, where a NH4

+ is now generated via proton transfer
rom the H2NNO. The electrostatic potential is shown in Fig. 5
nd shows the positive charge is indeed localized on the NH4
oiety.
For the [NH3···H2NNO···NO]+ system there are several

ossible stable forms. One is C4-B (Fig. 6(b)) where the
mmonia molecule is directly associated with the NO (i.e.,
H2NNO···NO···NH3]+). The electrostatic potential for this
luster ion is shown in Fig. 7(b), where the positive charge is
qually shared on both the NH2 and the NH3. However, a second
table isomer is if the ammonia is instead again adjacent to the
H2, [NH3···H2NNO···NO]+ (C4-A Fig. 6(d)). In this case pro-

on transfer once more occurs creating [NH4···HNNO···NO]+.
he electrostatic potential for this cluster ion is shown in
ig. 7(a), showing again the positive charge is localized on the
H4

+ cation.
These calculations show that if the ammonia is adjacent to the

H2 of the H2NNO molecule then facile proton transfer occurs
rom the NH2

+ cation to the NH3 molecule generating the NH4
+

ation, This effect is increased by �–� coupling between � elec-
rons of the NH2

+ cation and � electrons of the NO monomer,

esulting in the sp2 hybridization of the NH2

+ nitrogen atom,
eing a proton donor in the proton transfer mechanism.

We note that this effect is also consistent with our mass spec-
rometric observation. That is, we do not observe cluster ions of
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Table 3
Calculated dissociation energies of complexes (in kcal/mol)a

C1 C2 C3 C4 C5

Channel 1b 38.67(33.65) 27.57(23.31) 37.17(31.72) 40.19(34.48) 29.45(24.59)
Channel 2c 57.97(56.51) 46.88(46.62) 56.48(54.54) 59.50(57.66) 48.75(48.03)

a UMP2/6-31G(d,p) results where values in parentheses are corrected by ZPVE and BSSE.
b [NO···H2NNO]+ → NO+ + H2NNO.
c [NO···H2NNO]+ → NO + H2NNO+.

Table 4
The energies of the [NH3-NH2-(NO)]+ complexes (unrestricted B3LYP/6-
31 + G*)

NH3-NH2
+-NO complex Doublet

Energy (hartree) Energy (kcal/mol)

D1-A −242.1410 0.0
D1-B −242.1102 19.3
D1-C −242.1059 22.0
D
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Fig. 4. The geometries of the [NH3···H2NNO]+ complexes in the singlet elec-
tronic state (unrestricted B3LYP/6-31 + G*).
1-D −242.1331 5.0

he type [H2NNO···(NH3)n]+. Presumably, NH4
+ is generated

ia proton transfer and the neutral HNNO product then evapo-
ates from the cluster, creating then a neat protonated ammonia
luster (NH3)nH+. In contrast, we only observe the H2NNO
pecie in clusters that also contain NO. Based on these opti-
ized geometries, the observed [(H2NNO)x(NO)((NH3)n−x]+

eaks where x = 1 or 2, must have a structure similar to that
f C4-B. That is, the cluster ion must have an NO molecule

bridging’ the H2NNO and the solvating ammonia’s, in order to
revent the facile proton transfer, as seen in C4-A.

able 5
he energies of the [NH3-NH2-(NO)2]+ complexes (unrestricted B3LYP/6-
1 + G*)

H3-NH2
+(NO)2 complex Singlet

Energy (hartree) Energy (kcal/mol)

1-A −372.0649 0.1
1-B −372.0604 3.0
1-C −372.0473 11.2

2-A −372.0347 19.1
2-B −372.0383 16.8
2-C −372.0540 7.0

3-A −372.0644 0.4
3-B −372.0414 14.9
3-C −372.0552 6.2

4-A −372.0651 0.0
4-B −372.0622 1.8
4-C −372.0464 11.7

5-A −372.0493 9.9
5-B −372.0383 16.8
5-C −372.0565 5.4

6-A −372.0600 3.2
6-B −372.0605 2.9

5

p
t
a
e
b
t

Fig. 5. The electrostatic potential of [NH3···H2NNO]+ complex D1-A.

. Discussion

H2NNO is recognized to play a decisive role in the DeNOx

rocess, as mentioned previously in the introduction. The forma-
ion of H2NNO and its relevant chemical reactions have become

subject of tremendous studies, both theoretically [49–53] and

xperimentally [54–57]. A substantial fraction of the work has
een centered mainly on the kinetic and energetic aspects for
he reaction between NH2 and NO, leading to the formation of
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Fig. 6. The geometries of the [NH3···H2NNO···NO]+ complexes in the singlet electronic state (unrestricted B3LYP/6-31 + G*).
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Table 6
Comparison of the estimated energy changes for the reactions of (NO)2

and (NO)3
+ with CH3OH or NH3 to form CH3ONO or H2NNO species,

respectivelya

Reactions �Erxn(kcal/mol)

(NO)2
b + CH3OH → CH3ONO + HNO 14.8

(NO)2
b + NH3 → H2NNOc + HNO 11.9

(NO)3
+b + CH3OH → NO+···CH3ONOd + HNO 5.9

(NO)3
+b + NH3 → NO+···H2NNOd + HNO 3.4

a The heats of formation of some neutral species are taken from Ref. [63],
except where indicated.

b Estimated on the basis of the reaction: NO + NO → (NO)2, NO+ + NO →
(NO)2

+ and (NO)2
+ + NO → (NO)3

+. For these reactions, the energy changes
are found to be −1.59, −13.79 and −7.36 kcal/mol (see Refs. [64] and [65]),
respectively. Combining these values with experimental heats of formation of
NO and NO+ (236 kcal/mol, Ref. [66]), the heats of formation of (NO)2 and
(NO)3

+ are evaluated to be 41.6 and 257.8 kcal/mol, respectively.
c Ref. [67].
d Heat of formation can be estimated by a linear relation correlating the bond

energy (BE) with the proton affinities (PA). The relation parameters for NO+···X
were found to be BE = −36.38 + 0.338PA (see Ref. [68]), where the energies
are expressed in kcal/mol. For X = CH3ONO (PA = 192.5 kcal/mol, Ref. [69])
a
2
N

c
s
a
o
i
f
t
N

o
t
s
t
c
o
c
o
m
a

g
i
c
w
i
n
N
a

ig. 7. (a) The electrostatic potential of [NH3···H2NNO···NO]+ complex C4-A.
b) The electrostatic potential of [H2NNO···NO···NH3]+ complex C4-B.

ither N2 plus H2O or HN2 plus OH. In both cases the forma-
ion of H2NNO is invoked as an intermediate. However, there
ave only been a few investigations reporting the direct detection
f the H2NNO species experimentally [44,45,58]. The H2NNO
pecies was observed during the catalytic chemical reaction of
H3 and NO gas mixtures on vanadium oxide catalysts via
ass spectrometry [44]. Matrix infrared study [58] (and ab ini-

io calculation) led to identification of H2NNO, where the low
emperature would prevent rapid dissociation of the H2NNO
pecies. Lastly, H2NNO has been generated and characterized
n dilute gas mixtures via means of neutralization reionization

ass spectrometry [45]. These experimental results appear to
e consistent with our present study showing the formation of
2NNO mediated within a cluster environment.
The chemical reactivity of the [(NO)m(NH3)n]+ cluster ion

rovides an interesting contrast with that of [(NO)m(ROH)n]+.
s noted previously, mass spectra for the NO/ROH clus-

er ion [32–34,41] shows significant formation of the RONO

pecies within these cluster ions. Peaks corresponding to
(NO)(CH3ONO)n]+ clusters containing up to n = 12 are
bserved over a wide range of mixing concentration of
O/CH3OH[41].

o
C
t
b

nd H2NNO (PA = 191.3 kcal/mol, Ref. [67]), BE is calculated as 28.7 and
8.3 kcal/mol which give us the heat of formation for NO+···CH3ONO and
O+···H2NNO corresponding to 191.7 and 226.4 kcal/mol, respectively.

In this manuscript we have presented data consistent with
luster ions having H2NNO species, formed within the NO/NH3
ystem. However, not only are their intensities in trace amounts,
s compared to that of [(NO)(NH3)n]+ cluster ions, but they are
bserved only when relatively low concentration of NH3 exists
n the pre-expansion gas mixture. From a comparison of results
rom these two systems, it is evident that there is a difference in
he behavior concerning the formation of the H2NNO species in
O/NH3 and the RONO moiety in the NO/ROH systems.
We postulated two possible mechanisms to explain the origin

f the formation of the cluster ions under multiphoton ioniza-
ion (MPI) [59–62]: (i) MPI occurs first, then followed by the
ubsequent chemical reactions within cluster ions and (ii) pho-
ochemical reaction induced upon the excitation of the neutral
lusters precedes the ionization. In our previous study where we
bserved complete conversion of NO/CH3OH into CH3ONO
lusters, we proposed a concerted mechanism for the formation
f CH3ONO molecules [41]. In this mechanism the CH3ONO
olecule is produced through a one-step reaction pathway medi-

ted by the cluster environment.
Based on these considerations, we have examined the ener-

etics for two sets of the reaction channels leading to H2NNO
n NO/NH3 and CH3ONO in NO/CH3OH clusters through the
oncerted mechanism. Because of the paucity of information on
hich of the MPI mechanisms dominates, both the neutral and

onic clusters are considered in Table 6. Interestingly, there does
ot appear to be a large difference in the energetics between
O/NH3 and NO/CH3OH. Furthermore, for both the neutral

nd ionic clusters, the reaction channels yielding the formation

f H2NNO appears to be more favorable over those producing
H3ONO, from the thermodynamic point of view. This indicates

hat the chemical reactivity of the NO moiety toward the N H
ond of NH3 would be at least similar or superior to that toward
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the O H bond of CH3OH (or ROH). Therefore, we believe that
the efficiency of the formation of mixed clusters of the form
[(NO)p(NH3)q] from an expansion of the gas mixture NO and
NH3 is so poor that the intensity of their resulting cluster ions
is very low. This propensity is attributed, at least in part, to the
delicate interplay of interactions among constituents within the
neutral clusters. The binding energy of (NH3)q for 2 ≤ q ≤ 6 is
reported to be in the range 2.8–6.2 kcal/mol [70], while for the
dimers (NO)2 and (CH3OH)2 the binding energy is 1.6 [64] and
2.77 kcal/mol [71], respectively. In this regard, we believe that
ammonia molecules preferentially form neutral homogeneous
clusters, such that the presence of ammonia hinders the produc-
tion of the heterocluster ions having two or more NO molecules.

Another possible explanation for the low intensity of the
H2NNO species ions is that the dissociation of the H2NNO
to H2O + N2 is energetically favored by ∼80 kcal/mol [49–53].
The losses due to dissociation can result in a diminished inten-
sity for ions containing the H2NNO species. Unfortunately, it
is very difficult to confirm the occurrence of this dissociation
process because of the potential interference of water impurities
[42] originating from the gas mixtures, the vacuum chamber and
from the gas-handling manifold.

Lastly, a third possibility for the low intensity of the H2NNO
species ions is the facile proton transfer with solvating ammonia.
Calculations suggest that the H2NNO molecule is only stable
in clusters containing NO. In such a cluster ion the NO can
shield the H2NNO from the solvating ammonia’s such that pro-
ton transfer does not occur.

6. Concluding remarks

In this paper, we have investigated the formation of H2NNO
species within NO/NH3 heterocluster ions, where the cluster
environment seems to provide an important influence in stabi-
lizing this species. Analysis of the observed mass spectra for
NO/NH3 clusters leads us to suggest that H2NNO is formed,
via the direct mediation of the cluster environment. That is, NO
must be present within the cluster in order for the H2NNO to
be observed. According to ab initio calculations, the structure
of the NO/NH3 cluster ion possessing H2NNO species is best
represented as an ion–dipole complex in which the NO+ ion
is solvated by the H2NNO and solvent molecules. Should the
ammonia be adjacent to the H2NNO, rapid proton transfer can
occur and the cluster ion is not experimentally observed. Fur-
ther work to elucidate the chemical reactivity to the N H bond
within cluster containing NO molecules is planned by employ-
ing other amines, instead of ammonia, i.e., CH3NH2, C2H5NH2
and their isotopomers.
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