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Abstract

We have observed the complete conversion of clusters containing NO ag@HCtd methyl nitrite (CHONO) ionic
clusters, via 248 nm multiphoton ionization. The mass spectrum exhibits a characteristic pattern such that there are clus
ions containing solely CEONO of the type (NO¥(CH3ONO), (x = 1-12). Expected cluster ions such as ¢OHl), H"

(for m > 3) or (NO),™ (for n > 3) are not observed. The present work reports the first experimental observation showing
the complete chemical conversion of reagent molecules within the environment of a cluster ion. A discussion, supported |
calculations, of possible reaction mechanisms responsible for the facile generation of the methyl nitrite cluster species is a
presented. (Int J Mass Spectrom 220 (2002) 145-158)

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Recently, electron-beanfB—-11] and corona dis-
charge[10,11] generated non-thermal plasmas offer
During the past decade there have been a humberpromising new techniques for the abatement of,NO
of investigations of the elimination of nitrogen oxides in atmospheric pressure flue gas streams. In these
from various industrial processes due to their central methods, the key step is the initial conversion of NO
role in environmental problemd] such as acid rain  to NOp, since NQ is much more reactive as well as
and photochemical ozone formation in the troposphere soluble in water and can be readily removed. Any new
as well as the ozone layer depletion in the stratosphere.method, however, must be based on both technical
As a result, there is an ongoing effort to abate the and economical factors as prerequisites for its possi-
emission of nitrogen oxides (NQin the atmosphere  ble practical applicatiof18]. As a result, additives
[2-11] This effort has involved experiments both to such as hydrocarborj$9-21] ammonia[22,23], hy-
examine the chemical mechanisms involved in DgNO drogen peroxidg24,25] and alcohols[21,26] have
processe$12—15] and to understand the operational all been studied in order to attempt to improve the
parameters of current DeNGystemd16,17] overall efficiency of DeNQ@ processes.
Methanol, of all the additives, appears to be a highly
attractive possibility. Methandb,21,27,28]is capa-
* Corresponding author. E-mail: garvey@chem.buffalo.edu ble of generating powerful oxidants such as HO
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CH30, and HCQ. The oxidation of NO to N@in the discussed in terms of both a stepwise and a concerted
presence of methanol has been explored previously in mechanism.
thermal DeNQ processe$6,27,28] where the tem-
perature of the system is as high as 1000 K. In contrast
with thermal DeNQ processes, the use of methanol 2. Experimental and computational methods
in non-thermal plasma processes is currently under in-
vestigation[21]. A detailed description of our reflectron time-of-flight
One of main concerns in the post-treatment of flue mass spectrometer (RTOFMS, Jordan Co.) has been
gas cleaning, via non-thermal plasmas, is the influence provided elsewherd36,37] In brief, the neutral
of the ions generated by the plasma. Recently, Matzing heteroclusters were expanded through a commer-
[9] used over 800 elementary reactions to describe thecial pulsed nozzle (General Valve Co., IOTA ONE)
detailed chemical reaction mechanism responsible for with an 800wm orifice diameter. After skimming
flue gas cleaning by non-thermal plasma. Over 500 of the resulting expansion by a 1.0 mm conical skim-
these elementary reactions are related to ion chemistry.mer located 1.5 cm away from the nozzle, the cluster
In addition to these gas phase ionic reactions, it has beam was introduced into the ionization region of the
recently been reported that cluster and heterogeneousRTOFMS and then irradiated by an unfocused 248 nm
reactions can also exert significant influence upon flue laser beam (Lambda Physik, EMG101) with typical
gas cleaning29-31] For instance, the NOremoval laser energy below 3.4 mJ per pulse. Cluster ions gen-
efficiency is significantly enhanced when water is erated by the laser pulse were accelerated in a double
present within the gas mixtuf@1]. It is considered electrostatic field to 4.2kV and traveled through a
to be primarily due to the formation of NGH,0), 140cm long flight tube, reflected by a double stage
and NQ™(H20), [32-34] followed by conversion  reflectron located at the top of the flight tube. Fol-
into nitrous and nitric acids, respectively. Observing lowing the reflectron, the ions travel for an additional
ion chemistry within gas phase clusters can be a use-61cm to a dual microchannel plate detector. The
ful method to explore possible reactive processes thatbackground pressure in the flight tube of the mass
are expected to occur within the DeN@rocess. spectrometer was maintained below 3.0~/ Torr to
Recently, we have reported the observat[8h] reduce collision-induced dissociation by using both
that one can generate mixed cluster ions of the a 370L/s turbo molecular pump and a liquid nitro-
type [(NO),(CD30),(CD3OH),]", containing mul- gen cryo-pump. The pressure in the source region is
tiple methoxy radicals. The structure of these raised to 5< 10~ Torr during normal molecular beam
cluster ions has been suggested to be [(NQ) operation and the detected ion signals were recorded
(CD3ONO), (CD3OH),,]* containing methyl nitrite. by a transient digitizer (LeCroy 9310A).
In this paper, we have observed not only (i) more con-  Experiments are typically performed with a gas
clusive evidence that methyl nitrite species are gener- mixture consisting of 0.1-0.7% GE@®H (or 0.08-
ated within the cluster ions, but also (ii) the complete 0.59% CI3OH) and 5.0% nitric oxide in 3.0 atm of
conversion of neutral clusters, (NQCH3OH),, into Ar carrier gas. CHOH (Fisher Chemical Co., 99.9%)
[(NO)(CH3ONO),]™ cluster ions, via 248 nm multi- and CQ3OH (Cambridge Isotope Laboratory, D 99%)
photon ionization. The observation of this conversion were used. The 5.0% premixed nitric oxide gas seeded
demonstrates the possibility of generating methyl ni- in Ar was obtained from Matheson Gases. All of
trite in DeNQ; processes when methanol is used as these reagents were used without further purification.
an additive in non-thermal plasma techniques. Lastly, All quantum chemical ab initio calculations were
the chemical reaction mechanisms behind the selec-performed with the Gaussian 98 package program
tive formation of the cluster ions containing methyl [38]. The geometries of all species considered in this
nitrite molecules such as [(NO)(GONO),]" are study have been optimized at the MP2(full)/6-31G
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(d,p) level of theory, where ‘full’ denotes the inclu- 0.7%) in the mass region from 60 to 780amu. The
sion of all electrons. Normal mode analyses were also mass spectrum is remarkably simple, consisting of a
carried out to characterize the nature of stationary series of intense peaks separated by 61 amu, attributed
points and to determine zero-point vibrational energy to the [(NO)(CHONO),]*" cluster ion series. In our
(ZPVE). For anharmonicity correction, the calculated preceding papef35], we confirmed, through iso-
ZPVE values were scaled by 0.93. Intrinsic reaction topic substitution, that hydrogen atom loss from the
coordinate (IRC) was performed to verify transition methanol occurs from the hydroxyl group. Therefore,
structures connecting the desired reactant and product.the repeating unit of 61 amu in the NO/@BIH clus-
Single-point energies were also calculated with the G2 ter system is attributed to the production of §5BNO
procedure using MP2(full)/6-31G(d,p) optimized ge- (rather than ONCHOH). This nearly complete con-
ometries to achieve more accurate energetic (k&g version of NO/CHOH to (NO)" (CH3sONO), through
the selective dissociation of the O—-H bond, is found
to persist over the entire range of @BH concentra-
3. Experimental results tions employed in the present study.
As shown inFig. 2, an expansion ofFig. 1, a vari-
Fig. 1 shows a typical mass spectrum of a ety of smaller ion peaks appears between the strong
NO/CHsOH mixture (at a methanol concentration of ion series, [(NO)(CHONO),]". These additional
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Fig. 1. Typical mass spectra of an expansion of NO (5%) and@HH (0.7%) mixed cluster in 3.0 atm of Ar carrier gas. The number on
each peak represents the number of methyl nitrite @KO) molecules, in a given cluster ion of the form [(NO)(§PNO),]". Note
that the repeating unit afvz 61, corresponding to the methyl nitrite species, is observed in the mass spectrum.
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Fig. 2. The mass spectrum between 90 and 270 amu is shown in more detail. The cluster ion series betweenWDJCH] ™ and
[(NO)(CH3ONO),]* are indicated as follows: [(NQJNO2)(CHzONO),]* (for a = 0-10); [(NO)(H.O)(CHz;ONO),]* (for b = 0-11);
[(NO)2(CH3ONO).]* (for ¢ = 0-6); and [(NO)(CHOH)(CH;ONO),]™ (for d = 0-3).

cluster ion series are readily assigned as [(NOD2) There is, however, an intense peak [(NO)ED]™
(CH3ONO),]"™ (for @ = 0-10), [(NO)(HO)(CH;s corresponding to loss of an H @ra D atom.Fig. 4
ONO),]* (for b = 0-11), [(NO}(CH3ONO).]* (for shows similar mass spectra at a higher mass range.
¢ = 0-6) and [(NO)(CHOH)(CH3ONO),]* (for The mass spectra are displayed, against the number
d = 0-3). We note that these cluster ion series also of NO molecules within cluster ions of the form
contain mainly CHONO molecules. [(NO),,(CD3OH)]*. It also should be emphasized
In order to rule out fission of the C—H bond in the that the cluster ions losing only one D atom from the
methanol as a possible source of H atom loss, we methyl group are absent for the larger cluster ions
obtained spectra using GDH. Fig. 3 shows a set  comprising two or more NO molecules. On the basis
of mass spectra for NO/GIOH mixture, as a func-  of these observations obtained from both NOACH
tion of methanol concentration. The spectrum reveals and NO/C3OH clusters, we believe there is a strong
four peaks atw/z 62, 64, 65 and 66. These are read- preference for selective O—H bond dissociation in
ily identified as [(NO)(CBO)]*, [(NO)(CDsO)], NO/methanol cluster ions as an initial reaction chan-
[(NO)(CD3OH)]*, and [(NO)(COH)]HT (or nel. There may then follow further dissociation of a
[(NO)(CD3OD)]"), respectively. It is striking there  C—H (or C-D) bond to produce formaldehyde £M
is no evidence of the [(NO)(CEDH)]* cluster ion. from CH3OH (or CD,0O from CD3;OH).
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Fig. 3. Cluster ion mass spectra obtained for a mixture of NO (5%) angOED(from top 0.47, 0.30, 0.20, and 0.10%) seeded in
3.1atm of Ar carrier gas. The peaks are identified as follows: (A) [(NOYQP"; (B) [(NO)(CD30)]*; (C) [(NO)(CDsOH)I*; (D)

[(NO)(CDsOH)]H* or [(NO)(CD;OD)]*.

4. Discussion

4.1. Sepwise and concerted reaction mechanisms

(NO), ™ are not observed in this study, except for a
small amount of the (NQ)" ion. In our previous studly,
using a high concentration of methai®b], we were
able to observe homogeneous cluster ions of both the

lonic clusters containing methyl nitrite molecules protonated methanol and nitric oxide species as well
are observed to be the major cluster ion series re- as the heterogeneous cluster ions containing methyl

sulting from the ionization of neutral NO/methanol
clusters. Neat clusters of the type (gBH),H" and

nitrite as major ion peaks. This new study has demon-
strated that the relative concentration within the binary
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Fig. 4. Mass spectrum obtained from NO (5%) andzOBI (0.20%) mixture seeded in 3.1atm of Ar carrier gas. The different panels
indicate cluster ions of the form [(NQJCD3zOH)]* for m = 1-6. The peaks labeled are identified as follows: (A) [(N@D20)]*; (B)
[(NO),,(CD3O)]"; (C) [(NO),,(CDsOH)]™; (D) [(NO),,(CD3OH)]H" or [(NO),,(CDsOD)]".
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mixture is a crucial factor affecting the final distribu- by direct photodissociation, followed by the radi-

tion of cluster ion productft0-44] cal combination reaction with NO to produce the
Beginning atn/z = 91, we observe cluster ions, CH3ONO species. However, the stepwise mechanism
[(NO)(CH3ONO), ], containing up to 12 methyl ni-  suffers from several serious flaws. First, the disso-

trite molecules, as shown iRig. 1. The presence of ciation process for the generation of the 12 {CH
such a cluster ion series is an indication that the inter- radicals within the cluster would require 24, 248 nm
nal energy of the cluster ion is sufficient to result in photons with a total energy of 1300 kcal/mol. Under
breaking 12 CHO-H bonds, where the bond strength the present experimental conditions of a nanosecond
of the O—-H bond within the methanol molecule is laser pulse width and unfocused low laser fluence, it
calculated to be about 110 kcal/m@l5]. Based on would be highly unlikely that cluster ions containing
these experimental observations, we now discuss two several methoxy radicals could be formed. Secondly,
possible mechanisms, which could convert the neutral there are no cluster ions containing €D species,
(NO),,(CH30H), clusters into the observed cluster i.e., [(CD30),(CD3OH),]*, in mass spectra where
ions [(NO)(CH;ONO),]™. One possible mechanism pure C3OH in Ar gas was employed, but protonated
occurs in a stepwise manner, where the first step methanol clusters [(CEDH),]JH™ are predominantly
is the generation of C§D radicals, followed by a  formed [37]. If any CH3O radicals are generated
radical-radical association to form the gBNO within NO/methanol clusters via the direct photodis-
species. The second possible mechanism occurs insociation of the CHOH moiety, the CHO species
a concerted manner, in which the gbNO species has access to the following reaction channels:
appear in a one-step reaction.

The first absorption band of gaseous methanol is CH3O + NO — CH3ONO,
in the range of 165-200 nm, centered at 185nm, and A Ey, = —41.3 kcal/mol Q)
is considered an r> ¢* transition[46—48] Studies
indicate that an ultraviolet photon will excite the lone  cH;0 4+ NO — CH,0 + HNO,
pair electron on the oxygen atom into an antibonding
orbital oriented in the plane defined by the carbon, AErn = —296keal/mol @)
oxygen and hydrogen atoms. The corresponding po-
tential energy surface is purely repulsive along the CH30 + CH30 — CH30H + CH,0,
O-H bond[46]. This is consistent with the fact that AEmn = —83.9kcal/mol 3)
the major channel of dissociation of the electronically
excited methanol molecules produces 4CH+ H, CH30 + CH30 — CH300CH;,
plus a small amount of C4OH + H, even though the A g, — —382kcal/mol (4)
latter channel is energetically more favorapl8—50]
As mentiqned previously, our study has shown that CH30 + CHsOH — CH3OH + CH,OH,
the selective bond breaking of O—H, rather than C—-H,
occurs within the cluster environment, which is sim-
ilar to the product formation of the photodissociation
of the methanol molecul¢48-50] Our excitation
wavelength of 248 nm is too low in energy to excite With the observation that the formation of methyl ni-
the first absorption band of methanol. In this case, a trite species occurs only within cluster ions, reaction
two-photon excitation will lead to absorption into the (1) seems to be a likely candidate for the production
dissociative excited state of methanol. of methyl nitrite species. At the same time the reac-

The stepwise mechanism may be operative in tions of CHO with NO and with CHO can also re-
CH3ONO formation if the CHO species is formed  sult in the formation of CHO, via disproportionation

AEyn = —6.2 kcal/mol (5)

CH30 — CH20H, AE«xy = —6.2kcal/mol (6)
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channels (2) and (3). The existence of the dispropor-

tionation channel has been well established by inves-

tigations through both the bulk gas phds#,52] and
cluster[53] systems. In our study, the only cluster
ions containing CBRO is [(NO)(CD;O)]™ as noted in
Fig. 3. Higher cluster ions containing one or more
CD,0 species are not formed, as indicated-ig. 4.
We have also given careful consideration to possible
reactions of CHO with CH3OH, due to the probable
presence of a number of GBH molecules around
any CHO species that would be formed. The reaction
of CD30 with CD3sOH may lead to CPOH species
in the NO/C3OH system. However, evidence for the
formation of CxOH species is not seen in mass spec-
tra as shown irfFigs. 3 and 4

Although the rearrangement of @8 into CH,OH
is also exothermic, ab initio calculation predicts a bar-
rier of 36.0kcal/mol[54]. As mentioned previously,
however, the radical-radical association reaction
(1) has no activation energy barrier and is exother-
mic. This means that the rearrangement of3COH
to CH,OH species may be unfavorable compared
to radical-radical recombination of GB with NO
leading to CHONO.

[onic Cluster
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Thirdly, we noted the phenomenon in our previ-
ous study{35] that cluster ions containing the GD
species appear to be dependent on the number of
NO molecules as well as the electron configuration in
the cluster ions. This implies that the number of NO
species affects the nature of the generation o§@GD
radicals.

As an alternative to the stepwise mechanism, we
propose a concerted mechanism for the generation
of the [(NO)(CHONO),]™ cluster ions. That is, the
reaction is a direct consequence of the cluster environ-
ment, in which several molecules may react to gener-
ate the CHONO species. This reaction is thought to
involve the interaction of the electronegative oxygen
atoms of CHOH molecules with the initially gener-
ated, positively charged nitrogen atoms of the nitric
oxide cluster ions. The four-centered structure is sim-
ilar to the structure of the protonated methyl nitrite
[55], but with an additional NO molecule. Therefore,
the origin of methyl nitrite species produced within
the cluster would be attributed to the clustering of
methanol molecules on the surface of ion core con-
sisted of mainly NO moleculel66]. Fig. 5indicates
this possible dissociation pathway between a methanol

Fig. 5. Schematic drawing indicating the formation of methyl nitrite through the reaction of a methanol molecule with a dimeric unit of

NO, within the ionized cluster ions. We assume that the ionic charge resides on the NO species, due to the low ionization potential of

NO (IP = 9.265) [57,58] as compared to methanol (10.84 €}8pP]. We also assume that the NO molecules, within the ion cluster, are in
the form of dimers, due to the large dimerization energy £00.02 eV) [57,58]
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Table 1
Energy changes in the possible reaction channels of (N®)r
n =1, 2 and 3 with CHOH moleculé

Reactions AEel
(kcal/mol)
NO* + CH30H — CH3ONO' +H 133.0
(NO)*? + CH30H — CH3ONO* + HNO 53.0
(NO)3*? + CH30H — NO+tCH3ONC® + HNO 6.0

aThe heats of formation of some neutral and ionic species are
taken from NIST Chemistry WebBoolhitp://webbook.nist.ggv

b Estimated on the basis of the reaction: NONO — (NO), ™
and (NO)2* + NO — (NO)3™. For these reactions, the energy
changes are found to bel3.79 and—7.36 kcal/mol (se¢57,58)),
respectively. Combining these values with experimental heats of
formation of NO" and NO, the heats of formation of (N&) and
(NO)3™ are evaluated to be 243.81 and 258.05 kcal/mol, respec-
tively.

CHeat of formation can be estimated by a linear relation cor-
relating the bond energy (BE) with the proton affinities (PA).
The relation parameters for NO-- X were found to be BE=
—36.38+ 0.338PA (sed60]), where the energies are expressed in
kcal/mol. For X= CH30NO, BE is calculated as 28.7 kcal/mol
which give us the heat of formation for NOCH3ONO corre-
sponding to 191.7 kcal/mol.

molecule and an NO dimer, within the ionized
cluster.

In the NO/CHOH cluster system, two photon
ionization is energetically possible, since the ioniza-
tion potential of the mixture should be much smaller
that the two-photon energy of the 248 nm wave-
length[57,58] It is expected that the excess energy
[2hv — IP(clustey] < 44 kcal/mot for the initially
generated [(NGQ)(CH3ONO),]™ cluster ions would
be sufficient to initiate the ion—-molecule reaction
to generate the methyl nitrite species. As shown in
Table 1, the enthalpy changes in the reaction channels
decrease with increasing number of NO’s. For the
reaction of (NO}* with a CHOH molecule to form
NOT ... CH3ONO and HNO, we note that the energy
change is found to be only slightly endothermic by
6.0 kcal/mol. We note that this energy change is not
representative of the energy to form methyl nitrite in
the cluster, because it does not include the solvation

1The bulk ionization energy for nitric oxide is estimated to be
about 8.1eV[57,58] Therefore, the internal energy of the cluster
ions upon two-photon ionization (10eV) be below 1.9eV.
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energy of the reactants. A more appropriate and com-
plete calculation would be to create either the totally

dissociated products, or to include the methanol into
the reactant ion. This, however, is not a trivial task

and is outside of the scope of the current work.

The activation energy of the reaction in these cluster
ions is unknown. Either the excess energy given to the
cluster ions during the ionization or the additional ab-
sorption of photons after ionization, however, should
suffice to overcome any activation energy barrier.
If enough internal energy remains, additional reac-
tions can take place to generate several methyl nitrite
species. Fragmentation of [(NO)(G8H),]™ cluster
ions [61], suggests their structures are already in the
form of (CH3OH),,_1H™ - .. CH3ONO prior to detec-
tion. The separate loss of either NO or giwas not
observed. Our own experimental observations have
also strongly suggested that the cluster environment
enhances production of the methyl nitrite species by:
(i) lowering the reaction energy barrier, and (ii) stabi-
lization of the ion—molecule reaction product through
either ion—dipole interactions between the ion core
and the methyl nitrite species or simple evaporation
to lower the internal energy of the cluster ions.

4.2. Selective chemical reactivity of the O—H bond

The preference for O—H bond dissociation in the
NO/methanol system is in marked contrast to that
observed for NO/ethanol clustef62]. Unlike the
NO/methanol system, in NO/ethanol H atom loss oc-
curs from G—H fission as well as O-H fission. The
most striking feature in the NO/ethanol system is the
existence of the critical value of ethanol concentration
governing the degree of the participation of the two
hydrogen loss channels. Above the critical value of
the ethanol concentration, the loss of hydrogen atom
from the hydroxyl group is predominant. However,
the products generated by the loss of the H atom
of the a-carbon begin to appear at the critical value
and then rapidly gain in prominence as the ethanol
concentration is further decreased.

We have made calculations to elucidate thermo-
chemical data on C(¥ONO, HOCHNO and their
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NCO,H,=88.6
0,NCH,=-85.8
O,NCH;=34.9

HOCH,NO HOCH,NO"

Fig. 6. The global minimum structures for GANO, HOCHNO and their ionic forms optimized at the MP2(full)/6-31G(d,p) level, where
bond lengths are given in angstroms (A) and bond angles in degtees (

ionic forms, in an attempt to explain the chemical for MP2 and—6.4 kcal/mol for G2. This difference
reactivity of NO/methanol. Hydrogen atom loss from stems mainly from the consequence of the strong hy-
CH3OH within [(NO),,(CH30OH),]* cluster ions drogen bonding between the H atom of O—H and the
may occur either from the hydroxyl position pro- O atom of NO in the HOCLNO species, as shown
ducing CHONO or from the methyl group forming in Fig. 6. Interestingly, the energy difference between
HOCH;NO. The structural and energetic data on these the two ionic forms is larger than that of the neutral
neutral and ionic species have been studied as shownforms. Like the neural forms, the HOGNO™ ion is

in Fig. 6 and Table 2 where only the global mini-  calculated to be more stable than §BNO™, but with
mum energy structures are addressed in each casea large energy difference ef43.2 and—40.5 kcal/mol
Table 2indicates that HOCBENO is more stable than at MP2 and G2 levels of theory, respectively. The
CH30ONO at both levels of theory by-3.2 kcal/mol structure of the HOCBNO™ ion exhibits a very long

Table 2

Calculated total energies (hartree) and relative energyiegkcal/mol) for CHHONO, HOCHNO and their ionic form®

Species MP2(full)/6-31G(d,p) G2 (298.15K) AE (MP2) AE (G2)
CH3ONO —244.353526 (0.046340) —244.674198 0.0 0.0
HOCH;NO —244.368442 (0.046148) —244.684445 -3.2 —6.4
CH3zONO* —243.991934 (0.048924) —244.287972 0.0 0.0
HOCH;NO* —244.058697 (0.046847) —244.352559 —43.2 —40.5

2SeeFig. 5 for structures.
b MP2(full)/6-31G(d,p)//MP2(full)/6-31G(d,p) (with the zero-point vibrational energy contribution in parentheses).
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C-N bond, where the charge is mainly centered on the CD;OH molecule can undergo loss of both H
CH,OH (0.82) to the extent that the HOGIMO™ and D atoms. In a concentration dependence study,
ion can be considered as an ion—neutral complex be-the intensity of this peak always surpasses that of
tween the CHHOH™T ion and the NO molecule. In the the [(NO)(CD;0)]™ ion and appears to be dependent
case of the CEONO™ ion, the charge is distributed on the number of NO molecules within the cluster.
between the CHl (0.64e) group and the N (0.4 That is, the formation of the [(NQYCD20)]* clus-
atom, while the spin densities are localized on NO ters appears to depend on the even or odd electron
(0.87). The significant stability in the HOCHNO™ configuration of the resulting cluster ions, much like
ion, compared to the CG¥ONO* ion, may be due to  the even—odd alternation of the ion intensity observed
the CD»OH itself having a relatively low ionization in (NO),,* cluster iong58,63—65] The formation of
potential (7.55 eV]45], in comparison with those of  [(NO),,(CD20)]™ clusters whenn = odd is favored
CH30 (10.78 eV)[45], CH3ONO (10.38 eV)63] and by the even-electron configuration.

NO (9.265eV)[57,58] We note, in the present study, the enhancement in
the intensity of the [(NO)(CBO)]™ ion compared
4.3. Formation of CH,O species to either the [(NOJ(CD,0)]™ or [(NO)s(CD,0)]"
clusters. This observation is in line with the recent
Another intriguing feature in the NO/GIOH sys- work on the collision-induced decomposition (CID)
tem is the appearance of the [(NO)(8D)]" clus- of [(NO),(RO)I* clusters, where these cluster ions

ter ion, labeled A inFigs. 3 and 41t implies that preferentially lose NO monomers until they reach the

E(hartree) AE(kcal/mol)
-373.6646258 0.00
(0.049914)
-373.6508462 9.54
(0.051334)
-373.6480444 11.22
(0.051208)

COM3

Fig. 7. Schematic drawing illustrating the formation of three potential complexes (COM1, COM2 and COM3) through three routes (a
b and c) in the course of the reaction of NQvith CH3ONO species. Note that each complex also has many relevant conformational
isomers. Geometrical parameters for the three complexes are calculated by MP2(full)/6-31G(d,p). Bond lengths are given in angstroms (
and bond angles in degreey.(
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[(NO),(CD30)]*

156
— [(NO),,]T + CD3ONO+ (p —m — 1)NO  (9)

[(NO)2(RO)IT ion. The next step then is not simply
to lose another NO monomer, but rather to undergo
an intracluster reaction, expelling HNO producing an
aldehyde (RCHO) within the cluster ion when alco-  Both the presentand previous stud&s,66]lead us to
hols such a®-CyHsOH, n-C3H70H andn-C4HgOH believe that reaction channel (7), dominates whpen
are employed. We therefore propose [(N@Ds0)]* 2, while channels (8) and (9) become predominant
cluster ions, may undergo HNO elimination to gener- only atp = 2.
ate the observed [(NQJCD-0)]* cluster ions, in the To gain further insight into this process, we
have investigated the structure and energetics of the
[(NO)2(CD3O)]*" cluster. As illustrated inFig. 7,
three different complexes have been calculated, and
three different routes are considered in the course
of the complex formation between the NGand the
CH3ONO species. Note that only the global minimum
energy structure in each complex is reported, even
though each complex has many conformers. As shown

following fashion:

[(NO),(CD3O)]*
— [(NO),(CD30)]* + (p — m)NO 7

[(NO),(CD30)]* — [(NO),,(CD20)] "
+DNO+ (p —m — 1)NO (8)

+
(35.25)
= o ' (32.49)
% / . ,~CH;ONO +NO'
Q ' ,\"
< ; 2 (26.30)
gﬂ H L —
g ; HNO + CH,O"NO' .
f . N
iy oY
(0.0)
COM 1
v
Reaction Coordinate

Fig. 8. Potential energy surface diagram for the decomposition of the most stable complex ionic form, COM1, J@R@HNO™ and
HNO+ CH,0---NO™. Energy levels are given relative to that of COML1 including zero-point vibrational energy (ZPVE) correction at the

MP2(full)/6-31G(d,p) level of theory.



D.N. Shin et al./International Journal of Mass Spectrometry 220 (2002) 145-158 157

in Fig. 7, the most stable one is labeled COM1, which that there is the undesirable possibility of generating
can be characterized as a complex consisting of threethe CHBONO species as an unwanted by-product, if
distinct components, i.e., [ON-O(CHg)---NO]". methanol is used as an additive in the non-thermal
Such a geometry lowers the energy by 9.6 and 11.2 plasma techniques.
kcal/mol in contrast to the other two complexes,
COM2 and COMS3, which are [ON - N(O)OCHg]*
and [ON-:.-ONOCH;]*, respectively. We note that
COML1 is capable of both HNO elimination as well as
the CHSONO dissociation channels. This then prom-
pted us to select COM1 as the reaction structure to ex-
plore the dissociation of the [(N@)CH3O)]* cluster.
The potential energy surface of COM1 is depicted in
Fig. 8 Only two reaction channels, forming GANO
plus NOt and HNO plus CHO---NO™, have been
considered in this study The lowest energy path is
the formation of HNO plus CHD - - - NO™. As shown
in Fig. 8 the transition state, connecting COM1 and
HNO plus CHO---NO", is only ~2.8kcal/mol
above the channel yielding GONO plus NO". The
channel forming HNO plus C§D---NO™ is less
endothermic than the channel yielding §BNO plus
NO™ by ~6.2 kcal/mol. It is reasonable to predict that
such a close energy difference can lead to competition Acknowledgements
between these two channels.

5. Conclusion

We have studied the heterogeneous NOJOH
cluster system and observed: (1) the formation of
ionic clusters containing as many as 12 methyl nitrite
molecules; and (2) the complete conversion of neutral
(NO),,(CH30H),, clusters into methyl nitrite cluster
ions of the form [(NO)(CHONO),]™ mediated by
the cluster environment. Based upon the experimental
and calculational results, it is proposed that the for-
mation of the methyl nitrite species within the cluster
proceeds through a concerted mechanism. Methyl
nitrite cluster ions are formed exclusively in spite of
calculations that indicate that the HO@RIO™ ion is
lower in energy than the G3ONO™ ion.
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