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Abstract

A selected ion flow tube (SIFT) study has been carried out of the reactions of hydrated nitrosonium iohklbN@hich theory has
equated to protonated nitrous acid iongCO™. One objective of this study was to investigate if this ion exhibits the properties of both a
cluster ion and a protonated acid in their reactions with a variety of organic molecules. The chosen reactant molecules comprise two each
of the following types—amines, terpenes, aromatic hydrocarbons, esters, carboxylic acids, ketones, aldehydes and alcohols. The reactant
H,ONO" (NO™H,0) ions are formed in a discharge ion source and injected into helium carrier gas where they are partially vibrationally
excited and partially dissociated to N@ns. Hence, the reactions of thg®NO" ions had to be studies simultaneously with Nions, the
reactions of the latter ions readily being studied by selectively injecting M@s into the carrier gas. The results of this study indicate that
the HLONO™" ions undergo a wide variety of reaction processes that depend on the properties of the reactant molecules such as their ionisation
energies and proton affinities. These processes include charge transfer with compounds, M, that have low ionisation energies (producing
M), proton transfer with compounds possessing large proton affinities jMiydride ion transfer (M—H), alkyl radical (M—R'), alkoxide
radical transfer (M—OR), ion—molecule association (N®,OM) and ligand switching (N®M), producing the ions given in parentheses.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction SIFT-MS utilises HO™, NO™ and GQ* precursor ions
to chemically ionise the trace gases in the air/breath sam-
Selected ion flow tube mass spectrometry (SIFT-MS) has ple to the exclusion of the major air species;, ND, and
been developed for the on line, real time analysis of trace CO, [1]. Quantitative analysis has required the construction
gases in air and exhaled bredi-3] with specific appli- of a large kinetics database of the reactions of these precur-
cations in mind, notably in medicine for clinical diagnosis sor ions with the wide variety of organic species that are
and therapeutic monitoring and in physiology. The areas ex- present in polluted air and exhaled brefzh When the air
plored using SIFT-MS include amongst others: breath am- samples are very humid, as is the case for exhaled breath,
monia in renal failurgl4,5], urine headspace analysis for the hydrated ions D+ (H20)1.2.3 and NO"(H,0); » form
bacterial infectiof6] and prostate and bladder can¢ég}, from the O+ and NOF precursor ions in the helium car-
quantification of breath isoprerj8,9], ethanol metabolism  rier gas of the SIFT-MS instrument (s&ection J and so
[10], quantification of the most common normal metabolites the reactions of these cluster ions, which can act as precur-
presentin breatfi1,12] changes in urine headspace during sor ions, need to be taken into account for accurate analy-
ovulation[13] and acetonitrile in breath and urine related to sesg[15-17] This is especially important when the precursor
cigarette smoking4]. ion is H3O™, because its hydrates can become the domi-
nant ions in the carrier gas. So previously we have carried
mpondmg author, Tels44-1782-554253; out detaileq studies of the role o&Eb*(HgO)l,z,g ions, and
fax: +44-1782-717079. hence the involvement of water vapour, in SIFT-MS analyses
E-mail addressd.smith@bemp.keele.ac.uk (D. Smith). [15,16]
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Under typical conditions for SIFT-MS analyses of breath NO*. So how does this ion react with neutral molecules,
using NO™ precursor ions, about 10% of the NQons are as the hydrate, #0-NO', by ligand switching or as proto-
converted to HONOT ions, and their role as precursor ions nated acid, HONO* by proton transfer? The results of this
must be accounted for in trace gas analyses. However, littlestudy show that both processes can be invoked during their
is known about the reactivity of these ions and so we have reactions, the dominant one depending on the properties of
carried out a study of their reactions with some selected or- the reactant molecule such as its proton affinity and ioni-
ganic compounds. Initially, we have chosen some neutral sation energy (IE). A list of the chosen molecules together
species that are relevant to air and breath analyses, theseiith their ionisation energies and proton affinities are given
being alcohols, aldehydes, ketones, carboxylic acids, estersin Table 1 During this study, the reactions of NOions
amines, aromatic hydrocarbons and monoterpenes. We wergyith all the reactant molecules were re-examined in paral-
guided in the choice of specific compounds by their reac- lel in order to allow direct comparisons with the @NO*
tivity with NO™ ions, which is known from previous SIFT  reactions.
studieg[17-23]

An additional motivation for the present study lies in the
nature and importance of the,@NO" ion in other situ- 2. Experimental
ations. It has been known for decades that this ion is an
intermediate in the production of hydrated hydronium ions  The standard SIFT technique (and SIFT-MS) has been de-
in the lower regions of the ionosphefg4] where it is scribed in numerous publicatiofi$—3,17—-23,28jand so it
formed by the three-body association of N@ns with H,O is sufficient here to summarise it as follows. Precursor ions
molecules: are generated in a microwave discharge ion source, mass
NO* + H0 + M — HoONO' + M @ selecte_d t_Jy a qugdrgpole mass fi_Iter an_d then ir_ljected as se-

lected ionic species into fast-flowing helium carrier gas. The

Further hydration of the N®H,O ions finally results reactant gases of interest are then introduced at controlled
in their decomposition to hydrated hydronium ions and ni- flow rates into the ion swarm/carrier gas where they react
trous acid molecules, HNJ24]. This is not surprising in ~ with the chosen precursor ion species. The loss rates of the
the light of the current understanding that the structure of precursor ions and the product ions of the reactions are de-
the product ion of reaction (1) is that of protonated nitrous termined by a downstream quadrupole mass spectrometer.
acid HLONO™ [25-27] The nitrous acid molecule, HONO, This can be operated either in the full scan mode (FSM)
is protonated on the (HON) oxygen and the resulting ion over a predeterminea/z range to obtain a spectrum of the
H,ONO™ represents just a single minimum on the poten- reactant and product ions or in the multi-ion mode (MIM) in
tial energy surface that can lead to dissociation $®@Fnd which the spectrometer is switched and dwells on selected

Table 1
The ionisation energies (IE), in electron volts (eV), and proton affinities (PA), in kJ/mol, of the compounds included in this study, both in azaErding
Compounds IE (eV®) Compounds PA (kJ/mdt)
Aniline CgHs5NH» 7.720+ 0.002 Benzene §Hg 750.4
Trimethylamine (CH)3N 7.85+ 0.05 Acetaldehyde C{CHO 768.5
R-Limonene GgHig 8.3 Ethanol GH5OH 776.4
Toluene GHsCHs 8.828+ 0.001 Acetic acid CECOOH 783.7
Camphene @Hig <8.86 Toluene @HsCH3 784.0
Benzene GHg 9.24378+ 0.00007 Nitrous acid HN® 785.%
Nitric oxide NO 9.26424 0.00002 1-Butanol gHgOH 789.2
Methyl benzoate gHsCOOCH; 9.32+ 0.04 1-Butanal gH7CHO 792.7
2-Pentanone C§{CH,),COCH; 9.38 4+ 0.06 Nitrous acid HN@ 801.%7
Acetone CHCOCH; 9.703+ 0.006 Acetone CEICOCH; 812
1-Butanal GH;CHO 9.82+ 0.04 n-Butanoic acid GH;COOH ~81A
1-Butanol GHgOH 9.99+ 0.05 2-Pentanone GHICH,),COCH; 832.7
Ethyl acetate CEHICOOGHSs 10.01+ 0.05 Ethyl acetate CsCOOGHs 835.7
n-Butanoic acid GH7COOH 10.17+ 0.05 Methyl benzoate dHsCOOCH; 850.5
Acetaldehyde CHCHO 10.229+ 0.0007 Aniline GHsNH> 882.5
Ethanol GHsOH 10.48+ 0.07 Trimethylamine (Cg)3N 948.9
Acetic acid CHCOOH 10.65+ 0.02 R-limonene GgH1g n.a.
Camphene @His n.a.

n.a.: not available.

aData obtained from NIST databaf22]. All IE values are evaluated, except those Rlimonene and camphene which are from single measurements.

b From [25], estimated uncertainty given as8 kJ/mol.
¢From [27], basis-size effects reported &40 kJ/mol.

d Estimated from the proton affinities of acetic acid and propanoic [
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reactant/product ions as their count rates are deternifjed  be determined using the rate coefficients for the correspond-
The FSM is primarily used to identify the product ions of ing H3O™" proton transfer reactions as a control, as outlined
individual reactions and the MIM is used to accurately de- below.
termine the product ion distributiorg,17]. The various organic vapours were introduced into the car-
The focus of this study is the reactions of ®NO™ ions rier gas as follows. A drop of the organic liquid is intro-
(m/z = 48) and NO ions (n/z = 30). These ions are pro- duced into a sealable plastic bag, which is then inflated using
duced in the ion source using laboratory air as the sourcedry cylinder air (to a volume of about 500 ml). The liquid
gas. The NG ions are produced in abundance, the count vapour/dry air mixture is then introduced into the helium car-
rate at the downstream mass spectrometer being typicallyrier gas via a variable leak (needle valve) by puncturing the
50,000 counts per second (c/s). The ionsrét of 48 are bag with a hypodermic needle connected to the inlet port of
only minor species in the ion source (they are formed pre- the instrument. Determination of the count rates of the pre-
dominantly by the slow three-body association of Nions cursor and product ions as a function of the flow rate allows
with H,O moleculeg24]), so their typical count rates down-  the rate coefficients and the product ion distributions for the
stream were only about 200c/s. In order to determine the reactions to be deduced. Clearly, the concentration of the
even lower count rates of product ions to an acceptable accudiquid vapour in the dry air is unknown. So to determine the
racy, longer integration times than is normal in SIFT studies relative rate coefficients of the three precursor ion species
are required. Further to this, because th®NO™ ions are with each organic vapour, we compare the decay rates of
weakly bound, on injection they suffer partial dissociation HzO*, NO*, O,™ and HHONO" ions as the flow rate of the
to NO™ (+H20) in collisions with the helium atoms of the  neutral reactant mixture is varied. The®i" reactions in-
carrier gas. Hence, their reactions had to be studied in par-variably proceed via exothermic proton transfer, which are
allel with the reactions of N® ions that were detected at a known to occur at their respective collisional rates, the rate
comparable count rate. So to identify the ionic products of coefficients for which are calculab[@9]. Hence, from the
the HLONO™ reactions those of the corresponding Ne- relative decay rates of the three injected ionic species, the
actions have to be known. The latter have been determinedrate coefficients for the N©, O, and HONO™ reactions
in previous SIFT studies, but it was simple to retune the up- can be determined (see the decay curvesign 1). Details
stream ion injection quadrupole for NGions only and to of this technique have been given in several pafiefs23]
determine the product ion distributions again using the sameThis particular method has been used exclusively in these
sample of reactant neutrals. Bothy®" and QT ions are studies.
also produced in abundance in the ion source, which allows When the product ions of some of the reactions of
these ions to be injected simultaneously with the™N&nhd the NO" ions derived from the break-up of the injected
H,ONO" ions. Hence, the relative decay rates of all four HoONO" ions were being determined, it became clear that
ionic species could be determined as the reactant organicpartial charge transfer was occurring when this process is
vapour is introduced into the carrier gas. This allows the ab- known to be slightly endothermic for ground vibronic state
solute rate coefficients for the NOand HONO™ ions to NO* ions (by virtue of the known ionisation energies of the

10°
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10* |
cls \02+
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10
H,ONO*
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Fig. 1. Typical decay curves for the reactions of toluene with the ions indicated (see the text for further explanation).
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reactant molecules; s@able J). Further to this, it was also  usually occurs efficiently and is either the only process or
apparent that a similar phenomenon was occurring in somethe dominant process. The IE for NO molecules, IE(NO) is
of the HLONO™ reactions. The inevitable conclusion that 9.26 eV[32]. Charge transfer is exemplified by the reactions
we draw from these observations is that a fraction of both with amines that have low 1R21,32], e.g., trimethylamine:
the HLONO™ ions and the NO ions derived from them are n +

vibrationally excited. We assume that this excitation occurs NO™ + (CHg)aN = (CHy)sN™ +NO @
in the collisions of the HONO™ ions with helium carrier The thermicity of such reactions (for ground state re-
gas atoms that induce partial break-up toNns, as can actants and products) is given by (NEO) — IE(M). The

be seen inFig. 1 The laboratory energies of the injected molecules included in this study are listedTiable 1lin in-

ions had to be typically 40eV to obtain sufficient current creasing order of their IE values, with IE(NO) inserted so
injection. Hence, the mean centre-of-massOMO™/He that it can quickly be seen which reactions can energetically
energies are typically 1-2 eV, which is certainly sufficient proceed via charge transfer. The experimentally determined
to partially dissociate these molecular ions. So, in addition values of the rate coefficients and product ions obtained
to measuring the rate coefficients and product ions in pure for all the NO" reactions, which confirm the dominance of
helium carrier gas, measurements were carried out follow- charge transfer for the lowest IE molecul@4], are given

ing the introduction of some laboratory air into the carrier in Table 2 Specifically, charge transfer is the dominant pro-
gas at a flow rate typical of that used for SIFT-MS analyses cess in the amine, terpene and aromatic hydrocarbon reac-
of ambient air[2,17]. This air is known to quench vibra- tions. Extending this principle to #DNO™ ions, it is rea-
tionally excited NO™ ions [30]. However, apparently, this  sonable to deduce that charge transfer should be energeti-
guenching process is not so efficient for theO#O™ ions cally allowed in the reactions of these ions when tledfiec-
(seeSection 3. tive recombination energy RE(H2,ONO™) exceeds IE(M).

In an attempt to check the likely influence of this excita- The REgs(H2ONO™) is lower than IE(NO) by an amount
tion of the precursor ions, an experiment was carried out in equal to the NO—-H,0 binding energy, which has been de-
which the HONOT ions were formed from injected NO termined to be 0.72 ey25-27,33] So RE#(H,ONOY) is
ions by introducing water vapour into the helium carrier gas, 8.54 eV. In adopting this RE(H,ONO™) value to set the
according to reaction (1). Unfortunately, significant amounts threshold for charge transfer, we tacitly assume that in this
of the dihydrate ions (FD);NO* were also formed and process the neutral NO anc:@ product molecules are not
these, together with the remaining (majority) N@ns and bound, for example:
the.secon.dary reactions of the product ions of the several re'HgONO* +M = M* +NO+ H,0 3)
actions with water molecules, rendered the data too complex
to interpret with confidence. We return to this point again  In the unlikely event that a weakly bounfNOH,0O}
when we discuss the results of the reaction gONO™ ions molecule is temporarily formed, then the threshold will
with toluene in the next section. Avoidance of such prob- be increased accordingly. Theoretical studies have shown
lems is the major reason why the SIFT method is preferred that there is a weakly bound neutral N@®i complex, but
to the original flowing afterglow method for the study of the binding energy is only 400 cm (0.05 eV)[34], which
ion—molecule reactiof81]. To prevent condensation of the barely influences the energetics of reactions such as reac-
organic vapours, the inlet lines are heated to about®O0  tion (3). Nevertheless, the results of those reactions that are
However, the reactant vapour is rapidly cooled in collisions close to thermoneutral must be interpreted circumspectly.
with He carrier gas and thus the ion chemistry proceeds un-If the reactant HONO" ions possess excess vibrational
der thermalised conditions at 300 K. All the present studies energy (i.e., above thermal at 300K) then charge transfer
were carried out at a helium carrier gas pressure of 0.7 Torrmay become apparent in reactions for which this process

and at room temperature of 296—-300 K. is ostensibly endothermic for ground state ions. There is
evidence for this in some of the reactions, as we discuss in
Section 3.3

3. Results and discussion Other reaction processes occur in the N@actions when
charge transfer is energetically unfavourable. Hydride ion

3.1. General comments transfer is very common, especially in alcohol and alde-

hyde reactions, resulting in the formation of a neutral HNO
The reactions of NO ions with all the organic species molecule, as in the ethanol reactifiv,18}

included in the present work have been studied previously \,;~+ 4
using our SIFT and the results have been published in severa{\lo *+ C2HsOH = CoHsO™ 4 HNO @)
paperg17-23] A variety of reaction types are represented  The structure of the product ion of this reaction that is
in these wide-ranging studies, which can be summarised asallowed energetically is actuallys€l4,OH" [18] (breaking
follows. When charge transfer is energetically allowed, that of the O—H bond is endotherm[85]), but for consistency
is when the IE of the reactant molecules (M) is lower than all the product ions in the equations in this paper are given
the recombination energy (RE) of the reactant™Nions, it as their respective stochiometric formulae. Hydroxide ion
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Table 2

Rate coefficientsk, and ion product distributions for the reactions of N@nd HLONO™ with the organic compounds indicated

Compounds k(NOt) Products from NO k(H,ONO") Product from HONO*
Aniline CgH5NH2 2.0 [2.3] GsHsNH2* (100) 1.8 [2.0] GHsNH2™ (100)
Trimethylamine (CH)sN 1.8 [1.7] (CHg)sN™ (100) 1.4 [1.5] (CH)3sNT (95), GHgN™ (5)
R-Limonene GoH1s 2.2 [2.1] GHg™' (5), CrHo™ (4), G/H10™ (3), 1.7 [1.8] GoHig™ (100)
CoHis™ (2), CioH15™ (4), CroH16™ (82)
Camphene gHie 2.3 [2.1] GHs™ (2), CiHo™ (3), G/H10™ (2), 1.6 [1.8] NOCioH16 (50), GHi3™ (50)
CoH1a™ (11), GioH1e™ (69), NO'CioH16
(13)
Benzene GHg 1.5[1.6] GHg™ (85); NO"CgHg (15) 1.1 [1.4] NO CgHg (100)
Toluene GH5CHs 1.7 [1.8] G/Hg™ (100) 1.2 [1.5] GHg™ (100)
Methyl benzoate 2.0 [2.6] GHs5CO' (90), NO"CgH5COOCH; (10) 1.7 [2.2] GHsCO' (<5), NOTCgHsCOOCH;
CsHsCOOCH; (>95), GHsCOOCH;* (<2)
Ethyl acetate 2.4 [2.4] NO"CH3COOGHs (90), CHCO™ (10) 1.9 [2.1] CHCOOGHsH* (15),
CH3COOGHs NO+CH3COOGHs (55),
NO*TH,OCH;COOGHSs (30)
Acetic acid CHCOOH 0.9 [2.2] NG CH3COOH (100) 0.6 [2.2] NOH,OCH;COOH (>95),
NO*TCH3zCOOH (<5)
n-Butanoic acid 2.3 [2.4] NO"C3H;COOH (50), GH7CO™ (50) 1.5 [2.1] GH7COOHH" (15), NOFC3H;COOH
C3H7;COOH (70), NO"H,OC3H7COOH (15)
Acetone CHCOCH; 1.8 [3.3] NO"C3HgO (100) 1.6 [2.9] NG CH3COCH; (100)
2-Pentanone 3.2 [3.2] NO"CHz(CH,),COCH; (100) 2.9 [2.8] NG CH3(CH3)2COCH;z (100)
CHs(CH,),COCH
Acetaldehyde CHCHO 0.6 [3.2] GH3Ot (100) 0.5 [2.8] CHCO"(60), NO*CH3CHO (40)
1-Butanal GH;CHO 3.5[3.2] GH7O" (100) 2.2 [2.7] GH70T (>85), GH;CHOH" (~5),
NO*C3H7CHO (~10)
Ethanol GHsOH 1.2 [2.3] GHs0™ (100) 0.2 [2.1] CHCH,OHH* (100)
1-Butanol GHgOH 2.7 [2.3] GHgO* (>95), GHo™ (<5) 1.2 [2.0] GHgO™" (60), GH7 T (40)

Collisional rate coefficientsk, are given in square brackets. Thendk. values are in unit of 16° cmP/s. It is important to note that a fraction of the
H,ONO™ ions are vibrationally excited (segection 3 especiallySection 3.3concerning the HONO'/toluene reaction).

transfer is common in the carboxylic acid reactions, resulting
in the formation of a neutral nitrous acid molecule HNO
this process often occurring in parallel with adduct formation
[20], as in then-butanoic acid reaction:

NO™ + C3H7COOH — C3H;CO" 4+ HNO, (5a)
NO™ + C3H7COOH$NO*C3H;COOH (5b)

Reaction (5b) is effectively a three-body association re-
action in which an (N&CzH;COOH)* excited complex is
first formed that partially dissociates (reaction (5a)) or is sta-
bilised in collisions with helium carrier gas atoms (reaction
(5b)).

The reactions of NO with ketones usually involves
adduct formation, but for the higher order ketones, which
have IE values close to IE(N(Q)9], charge transfer occurs
in parallel [19]. In the present study, the re-measurement
of the NO' reaction with 2-pentanone (by direct injection
of NO* ions) revealed a small percentage4@o) of charge
transfer. Thus:

NOT + C3H7COCH; — NOTC3H7COCH;
NO* + C3H;COCH; — C3H7COCHst + NO

(6a)
(6b)

As can be seen ifable 1 the published IE of 2-pentanone
precludes a significant fractior:(L%) of these ion—molecule
interactions occurring via charge transfer under fully ther-
malised conditions in the SIFT at 300 K. This is an indica-

tion that a minor fraction of the N®ions that are injected
directly into the helium carrier gas are vibrationally excited,
since on the addition of air to the carrier gas the charge trans-
fer product is absent (quenching occurs). We will return to
this important point irBection 3.3when we consider the re-
actions of the NO ions derived from HONO* break-up. It

is clear that when all bimolecular reaction processes are en-
dothermic, the NO reactions can only occur via three-body
(termolecular) adduct formation, as is the case for the ace-
tone and acetic acid reactions (Sesble 9.

How do these ideas and principles relate to the reactions
of HoONO™ ions? The following questions arise. Can these
ions transfer protons to molecules, M, to form MHons
and neutral HN@ molecules? Can simple ligand switching
occur in which the HO moiety in the ion is replaced by the
reactant molecule M thus forming N® ions? Considera-
tion of the details of some of the reactions included in this
study reveals the answers to these questions.

3.2. Amines and monoterpenes

The amines have sufficiently low IE that charge transfer
is possible and indeed occurs in their reactions with both
NO™ and HONO™, so nothing new can be described. The
H,ONO™ ions apparently behave in the charge transfer reac-
tions as lower energy NOions that release their® ligand
in the reactions. The NOreactions with the terpenes pro-
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ceed via charge transfer that results in partial dissociation,

but the parent cations,;gH16", are the major product ions
[23], as can be seen ifable 2 The reaction of HONO*
ions with limonene leads exclusively to the parent cation,
the lower energy of this ion compared to NQpparently

to the endothermicity of the toluene reaction. Thus, if this
vibrational state is significantly populated and it survives in
multiple collisions with helium atoms of the carrier gas, then
it can drive the otherwise endothermic charge transfer reac-
tion. It is well known from detailed SIFT studies that bare

preventing fragmentation. Charge transfer is predicted to beNO™ ions can retain vibrational energy in heliJ80] and

endothermic by about 0.3 eV in the@NO*/camphene re-

S0 it is not unreasonable to consider that vibrational excita-

action by virtue of the somewhat greater IE of camphene tion can be retained in the N-O bond of the®NO™ ions

(seeTable ) and, indeed, the parent cation is not produced.

In this case, the reaction proceeds via parallel ligand switch-

ing and CH abstraction. Thus:

H,ONO™ + CyoH16(campheng

— NO*CyoH16 + H20 (7a)
H,ONO™ 4 CyoH1g(campheng
— CgHi3" 4+ CH3NO + H,0 (7b)

Alkyl radical abstraction reactions like (7b) are com-
mon when NGO reacts with several monoterpenes, includ-

against multiple helium atom collisions. The decay curves
for the reactions with toluene of both,@NO" and NO"

(for comparison) are shown iRig. 1 Note the perfect lin-
earity of the decay curve for injected NGons (and the
H30™ and QT ions) at the much higher count rates and the
scatter about the lines for the NGons obtained from the
break-up of HONO™ ions that are inevitably at much lower
count rates. Notwithstanding the scatter, thedNO™ line

is not noticeably curved. This is an indicator that either pre-
dominantly one reactant species is present in the swarm, in
this case the vibrationally excitecb®NOT ions, or that the
ground state ions also react at or near the collisional rate,
which is forbidden energetically for charge transfer. These

ing camphene, as our recent detailed study of the reactionsdata show that the #DNO*/toluene reaction proceeds just

of 11 monoterpenes has indicat@8]. Using the available
thermochemical dat35], it is seen that reaction (7b) is

exothermic by >64 kJ/mol. So, in this case, the reactant ion

behaves both like a bare NQon and as a hydrate in which
the H0O ligand is replaced by a camphene molecule. More
examples of this dual behaviour can be seemahle 2

3.3. Benzene and toluene

The IE of benzene is very close to that of N82] (see
Table J). This allows near-thermoneutral charge transfer to
occur in the NO/benzene reaction and the proximity of
the IE values assists the parallel partial formation of the
adduct (NO-GHg) ™ ions[17,22] Charge transfer is, there-
fore, endothermic by about 0.7 eV in the reaction of vi-
brationally relaxed HONO™ ions with benzene and ligand
switching is seen to occur exclusively, producing NG3Hg
ions. That ligand switching occurs rapidly indicates that the
NOT—CgHg binding energy exceeds that of NOH,O [33].
The IE of toluene (8.82eV) is lower than that of NO and so
charge transfer is facile in the NQtoluene reaction result-

a little more slowly than the upper-limit collisional rate (see
Table 2.

As mentioned above, if the neutral products remain
bound as (HONO) following the charge transfer, then
about 50 meV of energy is provided and the endothermicity
of the charge transfer is reduced correspondingly, but it is
still about 0.23eV. In order to gain further understanding
of the toluene reaction with #ONO* ions, we attempted
to study it by forming the HONO" ions from NO' ions
that had been injected into the helium carrier gas. On the
addition of toluene the NO©C;Hg ion was clearly seen, the
signal level being correlated with the signal level of the
NO*H»0 ion. The conclusion we draw from this obser-
vation is that ligand switching occurs in which theHg
toluene molecule replaces the®l molecule in theground
state NO'H,O ions, whereas for theibrationally excited
ion charge transfer occurs. These results illustrate a very
interesting point that we have observed in many reactions
(notably those of NO with ketones[19]), which is that
when charge transfer is energetically allowed it dominates
over both ion—-molecule association and ligand switching.

ing in the parent cation as the only product ion, as has beenThis further emphasises the fact that the injecte@NO™

observed in our previous studg?2].

However, charge transfer between ground vibronic state

H,ONO™ and toluene molecules is endothermic by 0.28 eV,
yet G;Hg™ is seen to be the major product ion. This is surely
due to excess vibrational energy in the®NO™ reactant
ions and, as we will see iBections 3.4 and 3,6here is more
evidence for this excitation from the ion products of other
reactions. As indicated previously, the generation of this vi-
brational energy is most probably in the collisions of the
H,ONO" ions with helium atoms that partially dissociate
them to NO". The energy of the = 1 stretching vibration

of the (HON-OJ* bond is 0.29 e\[27], which corresponds

ions are mostly vibrationally excited.
3.4. Methyl benzoate and ethyl acetate

Charge transfer between NQons and methyl benzoate
is endothermic by 0.06 eV (s@able 1) and so their reaction
proceeds largely via OCGHabstraction with a smaller (10%)
adduct formation chann20] (seeTable 3. The proximity
of the IE values for NO and g5COOCH; can promote
adduct formation, as discussed previously. Charge transfer is
endothermic by 0.7 eV for ground state reactant ions in the
H,ONO™/methyl benzoate reaction, yet the parent cation is
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seen as a minor produckP%). These parent cations are Charge transfer is endothermic in both reactions, as can
most probably produce from an impurity ion reaction (e.g., be seen by a glance @able 1 In the HLONO™ reactions
NOT(v)), but in any event such is within the uncertainty in with both acetic andn-butanoic acids, ligand switching
the determination of the product distributions. If the minor and adduct formation occur (sdable 2. Proton transfer
fraction of parent cations is ignored, the reaction proceedsis also observed in the-butanoic acid reaction, but this

along two channels only: process is endothermic in the acetic acid reaction (see the
list of proton affinities inTable 1. Ligand switching is the
H,ONO" + CgHsCOOCH; major channel in the JDNO"/butanoic acid reaction; note
— NO*CgH5COOCH; + H20 (8a) the similarity of this reaction to the corresponding ethyl

acetate reactiorT@ble 2. It is interesting that IONO™/M

. adduct ions are formed only with the carboxylic compounds

H20NO™ + CeHsCOOCH; (acetic and butanoic acids and ethyl acetate) amongst those
— CgHs5CO" + CH3NO; + H20 (8b) compounds included in this study. We have no convincing

explanation for this behaviour and more experiments need

The major channel is ligand switching (reaction (8a)), the to be carried out to further investigate this.

minor parallel channel being OGHbstraction. Because the
H,ONO™ reactant ions possess some vibrational energy,
ion product distribution given iTable 2maybe somewhat
different to that for ground state reactant ions. This comment
applies to all the reactions included in this study. However,
we do not expect the small amount of excess vibrational
excitation in the HONO™ ions to dramatically influence
their reactivity when their ground state ion reactions are
significantly exothermic.

The first example of proton transfer is seen in the ethyl
acetate reaction, this process occurring in parallel with both
adduct formation and ligand switching:

the3.6. Acetone and 2-pentanone

In the reaction of NO with both these ketones, the only
process that is observed is adduct formation, this being the
common process in the several NfRetone reactions that
we have studied previousfl9]. Although charge transfer
is endothermic in both reactions, a small fraction of the
parent cation was observed when the N@erived from
the break-up of HONOT ions reacted with 2-pentanone.
This again indicates that these NQons are partially vi-
brationally excited, those in their first vibrational state be-

H-ONO" + CH:COOGH ing_ able to charge traqsfer with the 2-pentanone molecule,
2 ++ 3 s which has an IE only slightly greater than IE(NO) (Sedble

— NOTCH3COOGHs + H20 (9a) 1), Since both charge transfer and proton transfer are en-
dothermic in the reactions of ground vibronic stat&H O™+

H,ONO" 4+ CH3COOGHs ions with these two ketones, reactions occur via the only

exothermic routes available, i.e., ligand switching producing

+
— NO"H20CH;COOGHSs (9b)  NO*CHsCOCH; and NOCsH,COCHs adduct ions.
H,ONO™ 4+ CH3COOGH:s 3.7. Acetaldehyde and 1-butanal
— CH3COOGHsH™ + HNO, (9¢)

These aldehydes react with NConly via hydride ion

The proton transfer channel is clearly exothermic (see transfer producing (M-H) ions [19], as can be seen in
Table 1), but is still a minor channel in this reaction (see Table 2 The acetaldehyde reaction is relatively inefficient,
Table 9. We also see the first example of the association of the rate coefficient for the reaction being only about 20%
H,ONO" ions with a molecule (reaction (9b)). This indi- of the collisional rate. An ion cyclotron resonance study
cates that this reaction proceeds via the formation of excitedalso showed that this reaction is inefficigB86]. The H-
(NO*TH,0OCH;COOGHs)* adduct ions, which can be par- ion must be abstracted from the C&4@) grouping, since
tially stabilised in helium atom collisions and partially sep- abstraction from the Cfigrouping is very endothermic. The
arate along the two bimolecular channels, the major chan-exothermicity of this reaction is only 0.7 eV and barriers
nel being ligand switching. This reaction well indicates the may be present. However, the reactions of these aldehydes

peculiar nature of this interesting ion. with H,ONO™ ions are more complex. The acetaldehyde
reaction proceeds via parallel hydride ion transfer and ligand
3.5. Acetic acid and n-butanoic acid switching and the reaction is inefficient proceeding at a rate

of about 15% of its collision rate. The hydride ion transfer

NO™T ions react withn-butanoic acid producing both reaction is apparently endothermic by 3 kJ/mol, which is
NO™C3H7COOH adduct ions and4Ei7CO™ ions (+HNO> sufficient to inhibit this process at a temperature of 300 K.

as a result of hydroxide ion transfer) in equal proportions That the parallel switching reaction is also slow implies that
[20], whereas in the acetic acid reaction only adduct for- the NO"—CH3;CHO bond is comparable in strength to that
mation occurs, hydroxide ion transfer being endothermic. of the NO"—H,0 bond. Hydride ion transfer in the 1-butanal
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reaction is exothermic by 18 kJ/mol and this is the major H,ONO" + C,HgOH
process that occurs in this efficient reaction for which three +
product ions are observed: = Cab7" + (H20+ HNO) + H20 (11b)
However, all our efforts to establish the thermicity of re-
H,ONO" + C3H;CHO — C4H70" + HNO + H,O (10 ) P .
2 + L Bl +H20 (103) action (11b) indicate that for all the likely structures of the
H,ONO" 4 C3H7CHO — NO*C3H7,CHO+ H,O  (10b) C4H7* ion, and for any acceptable configurations of the neu-
n " tral products, the production of4El;* ions is endothermic.
H2ONO™ + C3H7CHO — C3H7CHOH™ + HNO, - (10c) This is so even when its structure is @EH,CH=CH", this
Ligand switching also occurs and additionally a minor 10N having the lowest heat of formation of the isomers for

proton transfer channel is evident, this process being exo-Which thermochemical data are availﬁl{)%]. H(iw_ever, a
thermic according to the proton transfer ladder given in POtentially more stable structure, GBH=CHCH,™, is pos-

Table 1 sible, for which thermochemical data are not available. We
tentatively suggest that the reaction proceeds via the forma-
3.8. Ethanol and 1-butanol tion of (C4HgO™)* excited ions (reaction (11a) is exother-

mic by at least 13 kJ/m@B5]), which then partially decom-

The reaction of NO with ethanol proceeds via hydride ~POS€S in the multiple collisions that they suffer with helium
ion (H™) transfer only and the reaction is relatively slow, &0ms as they pass along the SIFT. This reaction remains
perhaps implying that barriers are involved: ifansfer is ~ intriguing and is deserving of a more thorough study. An
also the major process in the N€L-butanol reaction, buta ~ interesting suggestion concerning the origin of thigr
minor hydroxide ion (OH) transfer product is also evident 10ns was made by one of the referees, who questioned if
(producing GHg™ ions; se€Table 2. OH~ transfer dom- the 1-butanol vapour could be partially dehydrated to butene
inates the reactions of NOwith tertiary alcohols, as our ~ (C4Hsg) in the heated feed line via which the air/butanol
previous study has showjd7,18] This reaction has been mixture is introduced. This suggestion has caused us some

studied using ion cyclotron resonance with very similar re- thought. The reactant mixture only spends about a millisec-
sults (36] and also segl8]). ond in the heated feed line before entering the carrier gas,

The reactions of HONO* ions with these alcohols which is held at room temperature and in which the feed gas

are the most unusual and challenging of all the reactions S Auickly cooled. We have seen no evidence for this phe-
in this study. The ethanol reaction is very slow and the Nomenon previously for unstable compounds and thus we
only product is that due to proton transferHGOH,™ . are scepncgl that it could be the origin of theHG ™ ions.
When proton transfer is slow, the implication is that it AISO, theseions are not seen as products wher N@ctant

is not greatly exothermic. A previous study has shown iOnS are used.

that the minimum difference in the PA of the donor and

acceptor molecules for fast proton transfer to occur is _

15-20 kJ/mo[37]. On this evidence alone, the present ex- 4 Concluding remarks

perimental data would indicate that the PA of nitrous acid )

is closer to the lower value given ifable 1of 780 kJ/mol This study has revealed the very unusual nature of the
rather than the higher value of 801 kd/mol. Hydroxide ion H2ONO™ ion. Several types of processes occur in its reac-
transfer is exothermic by only 1kJ/mol and is not ob- tions with arange pf organic molecules. These are ch'arge
served. Adduct formation has not been observed in any transfer with organic compounds, M, that have low ionisa-
of the many reactions of NO ions with alcohols that  tionenergies (producing Mions), proton transfer with com-
we have studied18], presumably because hydride ion pounds possessing Iarge_proton affinities (N)I—hydndepn
and hydroxide ion transfer are often significantly exother- transfer (M-Hy, alkyl radical (M-R)" and alkoxide radical
mic and facile for the larger alcohols. Establishing that (M—OR)" transfer, ion-molecule associationBNO™M)
C,HsOH,™ was the product of this reaction was compli- and Ilgan_d sw_ltchlng (NOM). In each of the ethy! acetate,
cated by the fact that the NOions that were simultane- n-butanoic aC|qI and 1-butanal reactions, three d|ffere_nt pro-
ously present reacted with ethanol to producgHED™ cesses occur in parallel (sdable 3 Th.ese observations
ions, and these reacted rapidly with ethanol to produce @nSWer the questions posed earlier, since they reveal that
C,HsOH,+ also. Hence, careful kinetic modelling of the H>ONO" ions react like both hydrated nitrosonium ions and

secondary chemistry was required to prove that the prod- Protonated nitrous acid. _

uct of the slow HONO*/ethanol reaction was indeed It must be stated again that the experimental data shows

CoHsOH, T that the reactant ¥ONO™ ions studied in these experiments
The HONO*/1-butanol reaction is difficult to under- &€ partially vibrationally excited, most probably as a result

stand. These SIFT experiments indicate that two product of the collisions they suffer with the helium atoms of the car-
ions result: rier gas on injection. This vibrational energy was not readily

removed by the addition of air (Nand @ molecules) to the
H2ONO" + C4HgOH — C4HoO™ + HNO 4+ H,O  (11a) helium carrier gas, which is known to quench vibrational
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excitation in NO" ions[30]. So the kinetic data summarised
in Table 2may be somewhat different for the reactions of
ground vibronic state ions, especially for those reactions tha
are close to thermoneutral, such as the toluene reaction.

If kinetic data are desired for the reactions of these re-
markable ions in their ground vibronic states, vibrational
excitation must be avoided during the injection procedure,
but this would require much lower injection energies, which
currently leads to unacceptably low precursor ion signals.
A possible approach would be to use a flowing afterglow
ion source[38,39], which would surely be a richer source
of HoONO™ ions.
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