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Abstract

We describe the results of a selected ion flow tube study of the reactiongf,HNO™, and G with the 10 aromatic
hydrocarbons benzene, toluene, 1,2-, 1,3-, and 1,4-dimethylbenzene, ethylbenzene, propylbenzene, 1,2,3-, 1,2,4-, &
1,3,5-trimethylbenzene, and 11 aliphatic hydrocarbons which are the alkdngane and 2-methyl propanepentane and
2-methyl butanen-hexanen-octanen-decane and-dodecane, the alkenes 1-pentene and 2-methyl-2-butene, and the dialkene
2-methyl butadiene (isoprene). All 30 reactions of the aromatic hydrocarbons are fast, the rate codffi@@g<lose to their
respective collisional rate coefficierits. The H;O" reactions all proceed by proton transfer producing the protonated parent
molecules MH", the NO" reactions proceed largely via nondissociative charge transfer producingpi, and the @
reactions proceed via charge transfer which is partially dissociative in most cases prodtcangdNM—CH,)+ ions. Thek
for the 33 aliphatic hydrocarbon reactions are much more varied, ranging from the immeasurghl®ttoton transfer is
endothermic in the reactions of;8" with the smaller hydrocarbons whilst for the larger hydrocarbons reactions ion—-molecule
association occurs producing®" .M ions. The NO™ reactions proceed largely via hydride ion transfer producing (M—H)
ions, although partial incorporation of the NGnto the larger hydrocarbons with subsequent fragmentation occurs producing
minority ions like RHNO™ (where R are radicals like £, C,H,, etc). The G reactions all proceed by rapid dissociative
charge transfer, the number of fragment ions increasing with the atomicity of the aliphatic hydrocarbon. (Int J Mass Spectron
181 (1998) 1-10) © 1998 Elsevier Science B.V.

Keywords:Selected ion flow tube; lon—-molecule reactions; Hydrocarbons; Proton transfer; Charge transfer; Hydride ion transfer; Trace ga:
analysis; Chemical ionisation

1. Introduction hydrocarbons, which follow our studies of the reac-
tions of these ions with several other types of organic
In this article we report the results of a selected ion compounds including alcohols [1], aldehydes and
flow tube (SIFT) study of the reactions of,@", ketones [2], carboxylic acids and esters [3], ethers [4],
NO*, and Q with several aromatic and aliphatic organosulphur molecules [5], amines [6], and most
recently of several structural isomers of the amines

with the common molecular formula:8,3N [7]. The
* Corresponding author. kinetic data obtained from the present hydrocarbon
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study extends the required database on the reactionswidely in efficiency [15]. Previous studies of NO
of these three ionic species, which are our chosen reactions with aliphatic hydrocarbons, M, using high
precursor ions for our SIFT analytical method [8] pressure mass spectrometry [17] and ion cyclotron
(which relies on chemical ionisation [9]) using which resonance [18] methods have shown that hydride ion
we are able to determine the partial pressures of trace(H ) transfer is the most common process producing
gases in air [10] and metabolites in human breath [11] (M-H)™ ions (presumably with the neutral product
down to the low parts per billion (ppb) regime in real HNO). We will show in this article that amongst the
time (e.g. from a single exhalation of breath). These reactions chosen for study here, Hransfer com-
extensive studies are also providing a wealth of monly occurs, but that it is not the only process that
information on the various fundamental processes that occurs in some reactions. Further, we will show for
occur in ion—molecule reactions at thermal energies the reactions of D" with the largerm-alkanes that
(see the references cited above). the presence of water vapour in the reaction cell can
Hydrocarbons occur widely in nature, some ali- intervene in the ion chemistry and “catalyse” the
phatic hydrocarbons being emitted from plants and production of hydrated hydronium ions. The reactions
fruits [12] and from vertebrates (2-methyl-2-buta- of O ions with aromatics are relatively simple charge
diene, isoprene, is present in human breath at the 100transfer reactions usually resulting in only two prod-
ppb level [8,11,13,14]), and aromatic hydrocarbons in uct ions, whereas the reactions with the aliphatics
particular are present in polluted town air often in the result in multiple product ions, the numbers of which
10-1000 ppb range or even greater [10]. It is impor- increase with the complexity of the reactant hydro-
tant therefore to explore the potential of our chemical carbon.
ionisation SIFT analytical method for the detection
and quantification of hydrocarbons in air and breath.
Chemical ionisation studies have a long history
(see the excellent review by Harrison [9]). Various
precursor ions have been investigated previously in-  The SIFT is a standard technique for the study of
cluding CH:, NH; , and indeed, D" and NO". For ion—molecule reactions at thermal energies which has
our analytical purposes, it is obviously necessary that been described in numerous review articles (see for
the ions chosen for air and breath analysis do not reactexample Ref. [19]). We have described its use as an
with the major components of air, and this immedi- analytical tool in some more recent review articles
ately rules out CH which reacts rapidly (via proton  [8,10,11]. The approach we take for the determination
transfer) with N and H,O. Hence the value of 0 of the rate coefficientk and ion product distributions
and NO" which do not react rapidly with these gases for the reactions of the liquid hydrocarbons included
but do react rapidly with most other organic (and in this study is essentially identical to that taken for all
many inorganic) species [1-7]. Previous work has our previous studies of several other classes of liquid
shown that aromatic hydrocarbons undergo efficient organic compounds. It is described in detail in our
proton transfer reactions with J@*, i.e. their rate alcohols article [1] and outlined in our subsequent
coefficientsk are usually close to their respective articles [2—7], so only a brief outline of the method is
collisional rate coefficientk, and undergo charge required here. Thé& for the H;O™ reactions with all
transfer reactions with both NOand G (see the data  the ten aromatic molecules are reasonably assumed to

2. Experimental

compilations [15,16]), observations which are con-
firmed by the findings of the present study. However,
the reactions of aliphatic hydrocarbons with these ions
are more varied and complex; neithey®t nor NO*

react with the smaller hydrocarbons, and their reac-
tions with the larger hydrocarbons apparently vary

proceed at the collisional (gas kinetic) rate, with a rate
coefficient, k;, since these reactions proceed via
exothermic proton transfer because the proton affini-
ties, PA, of these aromatic molecules exceed the PA
of the H,O molecule [20]. Thé, can be calculated if
the polarisabilities and dipole moments of the reactant
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molecules are known or can be estimated [21]. Then the helium carrier gas separately, so as to avoid
the corresponding for the NO" and G reactions confusion, and observing the relative count rates of
with each aromatic molecule are obtained in the usual the various product ions with the downstream mass
way [19] from the relative decay rates of all three spectrometer. It is worthy of note that the three
reactant ions (KD", NO" and Q) as they are reactant ion species are formed and extracted from a
simultaneously injected into the helium carrier gas of microwave cavity discharge in an argon/wet air mix-
the SIFT whilst a weak mixture of the reactant ture at a pressure of about 0.1 Torr. Any residual
aromatic vapour in air is introduced at a measured rate electronic (and vibrational) excitation in these reac-
into the helium. This approach is taken because of the tant ions is diminished by the additions of a small
“sticky” nature of most organic compounds which amount of air to the helium carrier gas [1,2]. All these
renders measurements of the flow rates of their neat measurements were carried at room temperature.
vapours difficult. The rationale and justification for

this approach is given in our previous articles [1-7].

The situation for the three aliphatic alkenes included 3- Results and discussion

in this study is the same in that their PA values each

exceed that of KD [22] and so proton transfer to The calculated, and the experimentally derivéd
these molecules from J®* will also occur at the for the reactions of all three ion species are given in
collisional rate as the available previous work on Table 1 for the aromatic hydrocarbons and Table 2 for
some of these reactions has indicated [15]. However, the aliphatic hydrocarbons. It can seen that the reac-
the situation for the aliphatic alkanes is not so simple tions of the aromatics with §0".NO™ and &/ are all
because the PA for the smaller ones (low molecular Similar implying that they all proceed at all close to
weight) included in this study are significantly smaller their respective collisional rates, ile.= k.. This is
than that of HO and thus they cannot undergo proton also the case for the three alkenes as can be seen in
transfer with HO™ at thermal energies. The PA of the Table 2 where it can also be seen thatkhalues for
larger alkanes are not known, so we did not know the alkanes vary from the immeasurablekio We
what to expect when §0™ reacts with these alkanes discuss these differences in the section below devoted

(actually, the results obtained are extremely surprising {0 the products of these alkane reactions. We now
and interesting; see later). Obviously, therefore, it discuss under separate headings these aromatic and
cannot be assumed that these alkanes will react with @liphatic hydrocarbon reactions.
H;O" at the collisional rate, i.e. thak = k..
Fortunately, however, all the available data on the 3.1. Aromatic hydrocarbons
reactions of @ with alkanes indicates that they all
react (charge transfer) at or close to the collisional rate  As is mentioned above, all these reactions (30 in
[15,16] (except for methane which is quite excep- all) proceed efficiently with theik being close td..
tional [23]), and so we assume that this is so for the The products of these reactions are given in Table 3.
alkane reactions included in this study. Our experi- We now discuss the 0", NO*, and G reactions
mental data gives strong support to this assumption asseparately.
we will see. So with this assumption we can estimate
the rate coefficients for the more interesting, often
slower, reactions of KD and NO" from the relative
decay rates of all three ions as they react with each
alkane as is explained above.

The product ions and their percentages for these
reactions are obtained in the usual way for SIFT
studies [19] by injecting each of the reactant ions into H;O" + CgHsCH; — CgHCH;.H™ + H,O (1)

3.1.1. O™ reactions

All these reactions proceed via exothermic proton
transfer resulting in a single product ion which is the
protonated parent aromatic molecule exemplified by
the toluene reaction:
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Table 1

Rate coefficients for the reactions of®", NO*, and G with the aromatic hydrocarbons indicated. Also given are their molecular
weights, m, in atomic units, u, their polarisabilities, in units of 102* cm® and their permanent dipole moments in debye, D. The

values ofa and u are known for some of the compounds included in this study and they are shown in regular type (taken from Ref.
[24]). For the remaining compounds we have estimated theind « by adopting the values of similar aromatic molecules. Then the
collisional rate coefficientk, for all reactions have been calculated using the parameterised trajectory formulation of Su and Chesnavich
[21] and these are given in the square brackets. The estimated uncertainty in these calculated rate coeffi@@fts @n the

assumption that all the 0™ reactions proceed at the collisional rates, the rate coefficienfsy the NO" and O reactions have been
experimentally derived by the procedure described in the text.kTdned k, are given in units of 10° cm® s *

m a n k, ke (H0") k, k. (NO™) k, k. (O3)
Molecule () (10724 cm®) (D) (10 °cm*s™? (10 °cm*s™? (10 °cm*s™)
Benzene 78 10.3 0 1.9[1.9] 1.5[1.6] 1.6 [1.6]
Toluene 92 12.3 0.36 2.2[2.2] 1.7[1.8] 1.8[1.8]
o-Xylene 106 14.9 0.62 2.41[2.4] 2.1[2.0] 2.1[2.0]
m-Xylene 106 14.9 0.3*+0.2 2.3[2.3] 1.9[1.9] 1.9[1.9]
p-Xylene 106 141 0 2.2[2.2] 1.8[1.8] 1.8[1.8]
Ethylbenzene 106 14.2 0.59 2.41[2.4] 2.0[2.0] 2.0[1.9]
Propylbenzene 120 16.0£ 0.5 0.6+ 0.2 2.5[2.5] 2.0[2.1] 2.1[2.0]
1,2,3 Trimethyl benzene 120 16.0x 0.5 0.6+ 0.2 2.5[2.5] 19[2.1] 2.0[2.0]
1,2,4 Trimethyl benzene 120 16.0x 0.5 0.4+ 0.2 2.412.4] 1.9[2.0] 2.0[1.9]
1,3,5 Trimethyl benzene 120 16.0= 0.5 0 2.3[2.3] 1.9[1.9] 1.9[1.9]

This is a very satisfactory situation regarding the use 3.1.2. NO reactions

of H;O" to protonate and thus detect these hydrocar-  Nine of these ten reactions proceed via nondisso-
bons as trace gases in air using our SIFT analytical ciative charge transfer resulting in the parent cation as
technique, but it offers no help in distinguishing the single product ion, e.g.

between the structural isomers of xylene or trimethyl

benzene. NO™ + CgHsCH; — CqHsCH3 + NO (2)

Table 2

Rate coefficients for the reactions of®", NO*, and G with aliphatic hydrocarbons. The procedure used to calculaté tlaee as
indicated in the caption to Table 1. Since many of th@H reactions are slow we cannot assume that they proceed at the collisional
rate. In this case we assume that thg @actions proceed at the collisional rate (see the text) and thenftirethe H,O* and NO"
reactions are obtained from the relative decay rates of the ions in the SIFT as described in the text. Thi fpudted H,0*

association reactions are their effective two-body rate coefficients (the helium pressure is 0.5 Torr)

m a n k, k. (H;0™) k, k. (NO™) k, k. (O3)
Molecule (u) (1024 cnr) (D) (10 °cms (10 °cm*s (10 °cm*s™ Y
Alkanes
n-Butane 58 8.2 0 ... [1.8] ... [1.5] 1.5[1.5]
2-Methyl propane 58 8.2+ 05 0.13 ... [1.8] 0.9[1.5] 1.5[1.5]
n-Pentane 72 10.0 0 ... [1.9] ... [1.6] 1.6 [1.6]
2-Methyl butane 72 10.0*+ 0.5 0.13 . [1.9] 1.4[1.6] 1.6 [1.6]
n-Hexane 86 11.9 0 <0.1[2.0] 0.1[1.7] 1.7[1.7]
n-Octane 114 15.9 0 0.9[2.3] 0.7[1.9] 1.9[1.9]
n-Decane 142 20.0+ 0.5 0 1.6[2.6] 1.5[2.1] 2.0[2.0]
n-Dodecane 170 24.0x 05 0 2.8[2.8] 15[2.3] 1.5[2.2]
Alkenes
1-Pentene 70 9.5+ 0.5 0.3+ 0.1 1.9[1.9] 1.6 [1.6] 1.7 [1.6]
2-Methyl-2-butene 70 9.5+ 0.5 0.3+ 0.1 1.9[1.9] 1.7 [1.6] 1.7 [1.6]
Diene

2-Methyl butadiene 68 10.0 0.25 2.0[2.0] 1.7[1.7] 1.7[1.6]
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Table 3

Products of the reactions of;@*, NO*, and @ with aromatic hydrocarbons. The

molecular formulae of the ion products listed do not necessarily represent their structures;
the percentage of each ion products is given in bracketss @lways a product of the O
reactions and so it is not included

Compound (structure) H;0" NO™ 0,

LP.[eV]

benzene CeHs. H'(100) CeHs'(85)+NO CqHs ' (100)
9.25 @ INO.CeHs'(15)

toluene C,Hs.H'(100) C;H; (100)+NO C,Hg'(100)
o-xylene CsH,o.H'(100) CsHyo'(100)+NO  |CsHyo (75)
8.56 ©/ C;H;"(25)+CH;
m-xylene CsHyo.H'(100) CsHyo'(100+NO  [CsHyo'(80)
8.56 @\ C7H;"(20)+CH;
p-xylene CsH,0.H'(100) CgHyo (100)+NO  |CsHio'(80)
8.44 @ C-H,'(20)+CH;,
ethylbenzene C3H10 H+(1 00) C3H10+( 1 00)+N0 C7H7+(70)+CH3
8.77 é CsHio'(30)
propylbenzene CoH,, H'(100) CoHyp, (100)+NO  |C7H,(80)+C,H;
8.72 E CoHe'(20)+C;Hs
1,2,3-trimethylbenzene CoH;2 H'(100) CoHj, (100)+NO CoHi,'(85)
8.42 @[ CsH,"(15)+CH
1,2,4-trimethylbenzene CoHy, H'(100) CoHy,(100)+NO  |CoHy2'(85)
8.27 ©/ CsHy'(15)+CH;
1 ,3 5 S-trimethylbenzene CgHu.H+( 1 00) C9H12+( 1 00)+NO C9H|z+(95)

8.41 /@\ CsHy'(5)+CH;

Charge transfer is possible because of the low ionisa- The ionisation energy of benzene (9.25 eV) is almost
tion energies of these aromatic hydrocarbons (which equal to that of NO and this allows charge transfer to
are given in Table 1) compared to the recombination occur in the majority of the NO&/benzene molecule

energy of NO (9.26 eV [24]). The only exception in
this selection of aromatics is the benzene reaction:

NO + CgHg + (He) = CgHg + NO + (He)

— NO*.CgHg + He

(32)
(3b)

collisions (85%) but in the remainder three-body
association results producing the adduct ion as shown
in reaction (3b). Association of the reactant ion/
molecule pair often results when the ionisation ener-
gies of the two molecules involved (in this case NO
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and GHg) are comparable, as we have also observed collisional (see Table 2). The products of these

in the reactions of NO with several ketones [2]. This

phenomenon is often termed “charge transfer com-

plexing” [2] since apparently the lifetime of the
transient excited complex ion, in this case
(NO".C4Hg)*, is prolonged by the sharing of the
charge between the two molecules which thus in-

creases the probability of a superelastic (quenching)

collision between the excited ion and the helium
atoms of the carrier gas in these SIFT experiments.

3.1.3. g reactions

All these reactions of @ (recombination energy:
12.07 eV) proceed via charge transfer which is par-
tially dissociative in all but the benzene and toluene
reactions in which the only ion products are the parent

cations (see Table 3). In the reactions of the three

reactions are given in Table 4. We now discuss the
H;O", NO*, and G reactions separately. Before
doing so, we note that the 9 reactions of the three ions
with the two unsaturated alkenes and the one dialkene
proceed at the collisional rate.

3.2.1. O™ reactions

The reactions of 1-pentene and its isomer 2-meth-
yl-2-butene, and 2-methyl butadiene with,®" are
simple in that the single production in each case is the
protonated hydrocarbon (see Table 4), and the reac-
tions thus proceed at the collisional rate via exother-
mic proton transfer (by virtue of the relatively high
PA of these unsaturated compounds [22]).

The situation for the alkanes included in this study

xylene isomers and the three trimethylbenzene isomersis quite different because in none of these reactions is
the parent cations are again the majority products but in the protonated parent molecule, MHobserved as a

all these six reactions partial elimination of a Qiddical
from the nascent parent cation occurs, e.g.

O, + CgHy(CHg), — CgH,4(CHa); + O, (4a)

— CgH,CHE + CHy + O,
(4b)

As can be seen by a glance in Table 3 there is little
variation in the product ratios in these reactions, the
parent cation usually being about 80% of the product
distribution. However, in both the ethylbenzene and
propylbenzene reactions the major product ion is the
dissociative product &7, e.g.

O, + CgHsC3H, — CqHsCH, + C,Hs + O,
(5a)

— CgHg + CgHg + O, (5b)

In reaction (5b) the benzene cation is produced
together with a propene molecule, gEH=CH,.
The production of gH2 and GH- radical is easily
shown to be endothermic in this reaction [22].

3.2. Aliphatic hydrocarbons

As is mentioned above, thie for these reactions
(33 in all) vary greatly from the immeasurable to

product ion. Indeed, a search through the published
literature reveals no evidence that protonatedl-
kanes larger than £ig.H" have been observed, and
no data apparently exists on the proton affinities of the
largern-alkanes [22]. A value of the PA of isobutane
(2-methyl propane) is reported at 163.3 kcal/mol [22]
which is significantly lower than the PA of J@
which is 166.5 kcal/mol, and so proton transfer from
H;O™" to this organic molecule is too endothermic to
occur at thermal energies.

The very interesting observation from these studies
is that for the largem-alkanes a different reaction
process occurs with the J&* ion, that of ion/
molecule association producing ions of the type
H;O" .M. This first became evident in thepentane
reaction which proceeds only very slowly, the esti-
mated effective two-body rate coefficient under the
conditions of these SIFT experimerks being only
about 1% ofk.. For the isopentane reaction associa-
tion again occurs but in this cage is about 10% of
k., and for then-hexane reactiok, ~ 0.2k.. These
three-body association reactions increase in efficiency
as the alkane increases in size; feoctanek, ~
0.5k.; for n-decanek, ~ 0.8k, and forn-dodecane,

k, ~ k.. All these reactions proceed, for example,
like the n-decane reaction thus:
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Table 4

Products of the reactions of;@", NO*, and @ with aliphatic hydrocarbons. The

molecular formulae of the ion products listed do not necessarily represent their structures;
the percentage of each ion products is given in brackets. The NO and HNO neutral
products of the NO reactions are included to indicate that these reactions proceed via
charge transfer and hydride ion transfer, respectively

Compound (structure) H;0" INO" 0,
LP.[eV]
Alkanes
n-butane no reaction no reaction CsH;o'(20)
1053 N C3H;'(65)
C3Hs'(10) C:Hy'(5)
2-methyl propane no reaction C4H,'(100)+HNO
/K C;H;'(40) C4H,'(25)
10.57 C3Hs'(25) C4Hs'(10)
n-pentane no reaction no reaction CsHi, (10)
1035 CsH,'(45) C4Hy'(5)
C3H;'(40)
2-methyl butane no reaction CsH,; (100)+HNO  |CsHy,'(10)
\)\ C3H,'(20) C4Ho'(15)
10.22 C3Hs'(45) C4Hs'(10)
n-hexane H:0".CeH14(100)  |CoHis (100)+HNO  |CeHus (20)
1013 NN 2 R'(45)
£ (R-H)'(35)
n-octane H;0".CsHi6(100) CsH,7' (>80)+HNO  [CgH,5°(30)
N * RHNO'(<20) T R°(40)
£ (R-H)'(30)
n-decane H;0" .C1oH(100)  |CroHzi (>90)+HNO |CioHz (35)
0.65 NN Z RHNO'(<10) ZR'(45)
 (R-H)"(20)
n-dodecane H;0".C12Hz6(100) Ci2Has (>90)+HNO  |C12Hzs'(40)
NN 2 RHNO'(<10) 2 R'(40)
2 (R-H)'(20)
Alkenes
1-pentene CsHo.H'(100) NOCH,'(65) CsHio'(20)
050~ C:H;'(15) C.H7'(25)
CsHy'(15) C3Hs'(55)
NO*.CsHio(10)
2-methyl 2-butene CsHyo.H (100) CsHio (100)*NO  [CsHyo (15)
\)\ C4H7+(50)
8.68 C3Hs'(35)
Diene
2-methyl butadiene CsHs H'(100) CsH;'(100)+NO CsHs'(45)
)\/ CsH,"(45) C4Hs(10)
8.84
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HsO" + C;H,, + He—H0".C,Hop + He (6) being a reflection of the low ionisation energies of

) . these two species (see Table 4). However, the 1-pen-
The adduct ions are clearly observed as the only ion tene reaction is much more complex, charge transfer

products of these reactions, significantly the proto- in this case being endothermic but by only 0.26 eV.

nated parent molecules are not observed, again apparrue reaction results in four ionic products:
ently indicating that they are not stable species. There

is a great need for theory in this area. That the NO" + CgH,, — CH,NO" + C,Hq (8a)
observed rates of these association reactions increase

4
with the complexity of the reactant hydrocarbon is — C4H7 + CHNO (8b)
consistent with the idea that the bond energy of the — CgHS + HNO (8¢c)
excited transient complex ions (8" .M)* is dis-

persed temporarily into the vibrational degrees of — NO™.CsHy, (8d)

freedom of the transient ion, and the more degrees of
freedom the longer the lifetime of the complex against
unimolecular dissociation [25]. Since tihedodecane
reaction occurs with &, equal tok, this sets a lower
limit to lifetime of the transient complex as greater
than the collision time of the excited ions with helium

; inh i 7
carrier gas atoms which is of the order of G under acceptable structures of the produgti ion [22]). We

the pressure and temperature conditions of these SIFT o .
. . cannot say what the structure of the majority product ion
experiments. This also equates to a very large three-. o
. - is, but of the few possibilities the protonated form-
body association rate coefficied; (= k,/[He],

: . ) amide ion is possible, HCONH but considerable
where [He] is the helium atom number density) of . ired d hi d
~10-25 crrfls. rearrangement is required to produce this. Its produc-

. . tion is certainly exothermic for any of the likely
A further interesting phenomenon observed when

: . . structures of the neutral 85 (see the database [22]).
studying these reactions is that when a trace of water

; . . There is no measurable reaction between'N@d
vapour is present in the carrier gas of the SIFT then a both n-butane and-pentane but their corresponding
very rapid ligand “switching” reaction occurs between

h Ot Mi d HO molecules thus: structural isomers isobutane (2-methyl propane) and
e FO™.Mions and HO molecules thus: isopentane (2-methyl butane) react rapidly with NO

H;O0".M + H,0 - H;0" . H,0 + M (7) via hydride ion transfer, e.g.

This is a very curious ion—-molecule reaction. The
production of the CENO™ ion [reaction (8a)] occurs

in 65% of the collisions, and also occurring are hydride
ion transfer (8c), association (8d), and also chemistry
resulting in the production of the neutral gWO (pro-
duction of CH, and NO is clearly endothermic for all

Switching reactions such as reaction (7) usually occur NO™ + (CHs), CHCH,CH; — CsHy; + HNO
at the collisional rate and those involving the alkanes (9)

are no exception. The three-body reactions between These findings are in agreement with previous work
H;O" ions and HO molecules which can also pro-  [15]. The remaining-alkanes in this study)-hexane,
duce HO™.H,0 ions are relatively slow [15] and SO n_gctane, n-decane, anch-dodecane do react with
we have the situation that small traces of higher-order NO* put the rate coefficients are all measurably
alkanes in ionised moist air can catalyse the produc- gmgller thank., the n-hexane reaction being espe-
tion of the hydrated hydronium ion via reactions such cially slow (see Table 2). The major process occurring
as reactions (6) and (7). This observation may have i a|| four reactions is hydride ion transfer resulting in
some relevance to the ion chemistry of polluted air. product ions of the kind (M—=H) and a HNO radical
(see Table 4). However, in these reactions a series of
3.2.2. NO reactions minority product ions of the kind RHN® are clearly
The reactions with both 2-methyl-2-butene and formed, where R is one of the radicalsH, C,H,,

2-methyl butadiene proceed via charge transfer, this CsH,,, CgH;3, C/H;5, and even GH,, in the
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ols . ‘ ' , ' . . dissociative and result in multiple products (see Table
a NO" + dodecane 4). The parent cation is a product in every reaction but
30 ] is never greater than a 45% product (as it is for the
| 2-methyl butadiene reaction). For the largealkanes
(n-hexane and larger) the number of products in-
10% - e 1w | creases with the atomicity of the molecule and thus
e for these reactions it is impractical to include the
many products in Table 4. Series of ions are observed
as products which are Rand (R-H), where as
5 T o dodeoe before R is one of the radicals,@g, CsH;;, CgH13,
10} : etc., so again, we represent these many fragmentation
10 ] products using the formulatidd R™ andX (R-H)" in
10°] 70 ] Table 4. A sample SIFT product ion spectrum for the
AR e ol O /dodecane reaction is shown in Fig. 1(b), which
70 12sf M ] shows the many products of this reaction (typical of
‘ | I all the higher-order alkanes) and the pairs of ions
T e R T produced, i.e. R and (R-H) ions. Thus, for exam-
ple, two of the products of the dodecane reaction are

Fig. 1. lon products of the dodecane reactions with (a)N@d (b) at masses 113 and 112 u which result from the reactions:
O3 as obtained using the SIFT apparatus represented as the mass

. X o ) ) ) N N
spectra in the semilogarithmic form.. TREC isotopic variants of 05 + CyoHpg — CgHi7 + C4Hg + O, (11a)
the products are not shown for clarity.

10°L 169

L !

L L 3
20 40 60 80 100 120 140 160 mass [u]

56

o
=3
T

T

— CgHig+ C4Hio + O, (11b)

n-dodecane reaction. In all these reactions these Un-again, it is important to stress that these are just two
usual ions represent less than 20% of the product ions; ¢ te many product channels of thel @odecane

. . . i

in Table 4 these ions are given ARHNO™ ions 10 yeaction, Note that in each of the similar pairs of ion
avoid overcomplicating Table 4. A sample SIFT qycts a close shell ion plus a radical is formed in

product ion spectrum obtained for the Nf@odecane  one case and in the other an open shell ion and a stable
reaction which shows these ions together with the

major ion formed via simple hydride ion transfer is
given in Fig. 1(a). The formation of these unusual yeactions with @ show that in all cases the former
ions, the structures of which are debatable but which ¢ompination [represented by reaction (11a)] is
again may be protonated formamide derivatives, tayoured by about a factor of 2: we do not know why

HCONHRH™ as for the product ion of reaction (8a),  this should be so. Again, this highlights the need for
must also result in the simultaneous formation of the hegretical work on these processes.

appropriate alkene neutral molecule as, e.g.

molecule is formed (thus conserving spin in these
reactions). The collected data on all these alkane

) 4. Conclusions
It must be stressed that reaction (10) represents only

one of the minor products of the overall reaction of

) ) These SIFT studies indicate that the reactions of
NO™ with dodecane [see Fig. 1(a) and Table 4].

H;O", NO*, and G ions with aromatic hydrocar-
bons, M, are all fast and that the;®&" and NO
3.2.3. @ reactions reactions produce MH and M" ions, respectively

All these reactions proceed via efficient charge (see Tables 1 and 3). These reactions are therefore
transfer k ~ k;) which in every reaction is largely  very useful in detecting the presence of these hydro-



10 P. $and, D. Smith/International Journal of Mass Spectrometry 181 (1998) 1-10

carbons in air and determining their concentrations [2] P. Sané, Y. Ji, D. Smith, Int. J. Mass Spectrom. lon
using our SIFT analytical method. Unfortunately, how- Processes 165/166 (1997) 25.

. . . 3] P. $and, D. Smith, Int. J. Mass Spectrom. lon Processes 172
ever, these reactions cannot distinguish between the 3l (19%)8) 137 P

structural isomers of these aromatic hydrocarbons and So [4] p, &arid, D. Smith, Int. J. Mass Spectrom. lon Processes 172
additional analytical support is required to achieve this, (1998) 239.
for example by the use of gas chromatography. [5] P. Spand, D. Smith, Int. J. Mass Spectrom. 176 (1998) 167.

. . . . [6] P. Sand, D. Smith, Int. J. Mass Spectrom. 176 (1998) 203.
The reactions of the aliphatic hydrocarbons with [7] P. &an D. Smith. Int. J. Mass Spectrom., in press.

our chosen precursor ions are much more varied in [g] p. smith, P. arié, Int. Rev. Phys. Chem. 15 (1996) 231.
both the rate coefficients (Table 2) and the ionic [9] A.G. Harrison, Chemical lonisation Mass Spectrometry, 2nd
products (Table 4), and except for particular mole- ed., CRC Press, Boca Raton, FL 1992.

cules they are not readily analysed as trace gases" (?L-gsgltlhisz' Pand, Rapid Commun. Mass Spectrom. 10

using our SIFT method. The exceptions are the [11] p. gari¢ D. Smith, Med. Biol. Eng. Comput. 34 (1996) 409.
alkenes which are efficiently protonated by®t (see [12] J.T. Knudsen, L. Tollsten, L.G. Bergstrom. Phytochemistry 33

Table 4). Thus, we have used both thgdH and the (1993) 253.

+ . . _ _ [13] A. Manolis, Clin. Chem. 29 (1983) 5.
NO™ reactions to detect and quantify 2-methyl buta [14] M. Phillips, J. Greenberg, Clin. Chem. 38 (1992) 60.

'diene (.iSOP'jen'e) on human breath [11] The most [15] Y. Ikezoe, S. Matsuoka, M. Takebe, A. Viggiano, Gas Phase
interesting finding of the present study is thajOH lon-Molecule Reaction Rate-Constants Through 1986, Ma-
reactions undergo efficient association with the high- ruzen, Tokyo, 1987.

er-order alkanes producingsa+.M ions which then [16] V. Anicich, J. Phys. Chem. Ref. Data 22 (1993) 1469.

d id li d itchi . . [17] S.K. Searles, L.W. Sieck, J. Chem. Phys. 53 (1970) 794.
undergo rapid ligand switching reactions W'chCB'I [18] S.G. Lias, J.R. Eyler, P. Ausloos. Int. J. Mass Spectrom. lon

molecules producing the monohydrated hydronium Phys. 19 (1976) 219.
ion H;O™.H,0. Thus the presence of trace amounts of [19] D. Smith, N.G. Adams, Adv. At. Mol. Phys. 24 (1987) 1.
these higher-order alkanes in ionised air catalyses the[20] D.K. Bohme, in Interactions Between lons and Molecules, P.

. . . . Ausloos (Ed.), Plenum, New York, 1975, p. 489.
production of hydrated hydronium ions which are [21] T. Su, W.J. Chesnavich, J. Chem. Phys. 76 (1982) 5183,

known to be major components of the ions in the [22] s.G. Lias, J.E. Bartmess, J.F. Liebman, J.L. Holmes, R.D.
stratosphere and the troposphere [26]. Levin, W.G. Mallard, J. Phys. Chem. Ref. Data 17 (suppl. 1)
(1988) and subsequent software updates.
[23] S.E. Barlow, J.M. Van Doren, C.H. Depuy, V.M. Bierbaum, I.
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