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Abstract

We have carried out a selected ion flow tube (SIFT) study of the reactions of H3O+, NO+ and O2
+• with the following six nitroalkanes:

nitromethane, nitroethane, 1-nitropropane, 2-nitropropane, 1-nitrobutane and 2-methyl-2-nitropropane. The primary purpose of this work was
to extend the kinetics database to allow these compounds, M, to be analysed in air by selected ion flow tube mass spectrometry, SIFT–MS.
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ome nitroalkanes are used as industrial solvents and some are component of agricultural agents that are known health hazard
tep in all the H3O+ reactions is exothermic proton transfer to produce MH+ ions, which are seen to be the only products for the two sm
itroalkanes, but for the isomers of nitropropane and nitrobutane, fragmentation of the nascent MH+ ions occurs. NO+ reacts with the fou
mallest compounds via association resulting in NO+M product ions, whilst for the isomers of nitrobutane the C4H9

+ hydrocarbon ion i
roduced. The reaction of O2+• with nitromethane proceeds via charge transfer giving M+• as the major product, whilst the O2

+• reactions
ith all the remaining nitroalkanes in this study lead to a single hydrocarbon ion product CnH2n+1

+. The secondary chemistry of the i
roducts with H2O and with M, which is relevant to SIFT–MS applications, is fully described, with the interesting finding that water

ons of the kind MH+(H2O)3 containing three water molecules are formed at 300 K. The mechanisms of the reactions are describe
id of ab initio calculations of the ion energetics that were not previously available for some of the ions involved in the chemistry.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Nitroalkanes are commonly used as solvents in indus-
rial construction and maintenance, printing, highway main-
enance and food packaging. They have been widely used as
hemical intermediates, industrial solvents, and as compo-
ents of inks, paints, varnishes and other coatings[1]. Poten-

ial occupational exposure to nitro compounds occurs during
heir manufacture and use. Nitromethane, along with other
itroalkanes, has been detected in cigarette smoke[2]. Ni-

romethane and 2-nitropropane are considered to be carcino-
enic to humans and animals[3,4]. High concentrations of
itroalkanes (above 600 ppm) are acutely toxic and have pro-

∗ Corresponding author. Tel.: +420 2 6605 2112; fax: +420 2 858 2307.
E-mail address:spanel@seznam.cz (P.Špaňel).

duced industrial fatalities[5]. Occupational exposure lim
set by the US Department of Labour are 100 ppm for
tromethane and nitroethane and 25 ppm for both isome
nitropropane[6]. Selected ion flow tube (SIFT)–MS[7] has
the potential for accurate on-line real time measuremen
monitoring of concentrations of these nitroalkanes in air

SIFT–MS may also be feasible analytical method for
ological monitoring via breath analysis of the exposur
workers to the most widely used nitroalkane, 2-nitroprop
Human uptake of nitroalkanes occurs mainly through
lungs. In experimental studies on animals (rats)[5] it has been
shown that 2-nitropropane is not only rapidly absorbed vi
lungs but also via the peritoneal cavity and the gastrointes
tract; however, there is no satisfactory information on abs
tion via the skin. 2-Nitropropane is not retained in the b
for more than a few hours, since it is rapidly metabolis

387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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mainly to acetone, nitrite salts and possibly some isopropyl
alcohol [8]. These metabolites and 2-nitropropane are then
rapidly lost from the body by further metabolic transforma-
tion, exhalation and excretion[5].

The data also may be of some relevance to atmospheric
ion chemistry. In situ measurements of the ion composition
of the atmosphere indicate that CH3NO2 is also present as a
component of complex hydrated H3O+ based clusters[9].

In order to establish the library of kinetic data and to un-
derstand the trends of reactivity of the common SIFT–MS
precursor ions H3O+, NO+, O2

+•, a series of studies of the
reaction of these ions with different classes of molecules has
been carried out; see the recent studies of the reactions of
diols and the references there in[10]. The objective of the
present study is to extend this library of data by providing
information on the trends of reactivity of several nitroalka-
nes with the SIFT–MS precursor ions. As the information on
proton affinities (PAs) is not available for all the nitroalka-
nes included, the study was complemented by their ab initio
calculations. Details of the reaction mechanisms involving
fragmentation were elucidated by information from parallel
study using collisionally activated dissociation (CAD) in a
sector mass spectrometer.

Protonated parent molecules that are produced in the pri-
mary reactions of H3O+ with small molecules can bind one
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2-methyl-2-nitropropane) are then introduced into the ion
swarm/carrier gas where they react with the chosen precur-
sor ion species. Measurement of the absolute flow rates of
their neat vapours into the carrier gas of the SIFT instrument,
required for determination of absolute rate coefficients[18],
cannot be achieved to an accuracy better than 20% due to the
surface activity of these compounds. In these circumstances,
the established procedure is to measure relative rate coeffi-
cients of the H3O+, NO+ and O2

+• ions with the compound.
Thus, the reactant nitroalkane is introduced as its saturated
vapour in helium by introducing a small droplet of liquid ni-
troalkane in a sealed plastic bag, which is then inflated with
helium. This helium/nitro compound vapour mixture is then
introduced into the helium carrier gas/precursor ion swarm of
the SIFT via a flow meter in the usual way. The H3O+, NO+

and O2
+• ions are injected simultaneously into the carrier gas

by switching the injection mass filter to the total ion mode
[20].

The relative concentrations of the primary and product
ions of the reactions are determined from the count rates
recorded by a downstream quadrupole mass spectrometer
with a pulse counting single channel electron multiplier de-
tector. This can be operated in the full scan mode (FSM)
over a predeterminedm/zrange to obtain a spectrum of the
reactant and product ions or in the multi-ion mode (MIM)
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r more water molecules under the typical condition
he SIFT experiments, viz. helium carrier gas, tempera
00 K, pressure 100 Pa. Notable exception are protonate
rocarbons that do not associate efficiently with H2O under

hese SIFT conditions[11]. The maximum number of boun
ater molecules is characteristic of the different classe
ompounds. Thus ketones, ethers and esters typically
nly a single water molecule[12], but aldehydes[13], al-
ohols [14] and carboxylic acids[15] can bind two H2O
olecules. The biggest number of added water mole
bserved to date in SIFT experiments at 300 K is thre
3O+ [16] and CH3CNH+ [17]. As it will be shown later

he protonated nitroalkanes also are seen to add three
olecules.

. Methods

.1. Selected ion flow tube (SIFT)

The well-known SIFT technique for the determination
he rate coefficients and ion product distributions for the
ctions of H3O+, NO+ and O2

+• ions with organic com
ounds has been described in numerous previous public

18,19], so it is sufficient here to summarise it as follo
recursor ions (H3O+, NO+ and O2

+•) are generated in a m
rowave discharge ion source, mass selected by a quad
ass filter and then injected as into helium carrier gas, fl

ng at a velocity of 170 m/s in the Prague SIFT. The reac
apours of interest (in these experiments, nitromethan
roethane, 1-nitropropane, 2-nitropropane, 1-nitrobutane
r

n which the spectrometer is switched and dwells on sele
eactant/product ions as their count rates are determined[20].
he FSM is primarily used to identify the product ions a

he MIM is used to accurately determine the rate coeffic
nd the product ion distributions[20,21]. Primary produc
ranching ratios are determined by extrapolation of the
ured ion count rate ratios towards zero reactant flow
18].

The relative rate coefficients for the reactions of the t
recursor ions with the given molecule are then determ

rom the slopes of the plots of logarithm of ion count ra
gainst the vapour mixture flow rate. It can be justifia
ssumed that the proton transfer reactions of H3O+ with

he nitroalkane compounds are exothermic and proce
heir collisional rates, because the proton affinities of th
roalkanes exceed the proton affinity of water molecules[22]
y >20 kJ/mol[23]. Collisional rate coefficients,kc, for the
3O+ reactions have been calculated from the polarizabi
nd the dipole moments of the reactant nitroalkanes usin
arameterised trajectory formulation of Su and Chesna

24]. Values of the dipole moments and of the polorizabili
re from[25] with the single exception of 2-nitropropane,
olarizability of which is unknown, but we estimate it to

he same as the polarizability of its isomer 1-nitroprop
he rate coefficients,k, for the NO+ and O2

+• reactions ar
hen experimentally derived from the relative decay rate
he three ion species (see the previous successful applic
f this procedure, for example, in[12,13]).

In SIFT–MS analyses of moist air samples, it is imp
ant to know if any of the product ions, R+, of the analytica
eactions undergo association with water molecules[16]. To
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Fig. 1. Experimental SIFT data tracing the ion chemistry that occurs when
H3O+ ions are injected into the helium carrier gas into which a small steady
flow of nitromethane and variable flows of water vapour are introduced. The
count rates, c/s, for the precursor and product ions indicated are plotted on a
semilogarithmic scale as a function of the number density of water molecules
[H2O] in the carrier gas.

investigate this, controlled amounts of an air/water vapour
mixture were introduced into the carrier gas whilst monitor-
ing the R+ ions using the MIM mode (seeFig. 1). The rate
coefficients for association reactions that occur can be esti-
mated from the dependencies of the [R+·H2O]/[R+] count rate
ratio on the H2O molecule number density in the carrier gas,
which is calculated from the distribution of the H3O+ ions
and its hydrates H3O+·(H2O)1,2,3. This procedure has been
discussed previously in a paper on the influence of humidity
on SIFT–MS analyses[16].

2.2. Collisionally activated dissociation (CAD), mass
spectrometry

In order to elucidate mechanisms of the fragmentation
observed in the O2+• reactions, additional information was
used from collisionally activated dissociation mass spectra
recorded on ZAB2-SEQ hybrid tandem mass spectrome-
ter equipped with chemical ionisation (CI) ion source. The
ions of interest were generated by self-chemical ionisation
(self-CI) using the standard ion source conditions (0.5 mA,
100 eV, 150◦C) at the pressure of 6× 10−3 Pa measured
at the ion source diffusion pump intake. The ions were ex-
tracted from the ionisation chamber, accelerated to 8 keV,
and products of their collisional activation in the first and
s
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(B3LYP) [27] and the 6-31+G(d,p) basis set. Stationary
points were characterized by harmonic frequency calcu-
lations as local minima (all frequencies real). The calcu-
lated frequencies were scaled by the factor of 0.963[28]
and used to obtain zero-point energy (ZPVE) corrections
and enthalpies. For selected species, the geometries were
also optimised at the MP2/6-31+G(d,p) level of theory. Im-
proved energies were obtained by single-point calculations
at two levels of theory. The first set of energies resulted
from B3LYP/6-311+G(3df,2p) calculations. The second set
of energies was calculated using the G2(MP2) method[29]
consisting of MP2/6-311+G(3df,2p), MP2/6-311G(d,p), and
QCISD(T)/6-311G(d,p) calculations that were combined to
provide effective QCISD(T)/6-311+G(3df,2p) energies cor-
rected for ZPVE and the number of valence electrons. Ac-
cording to definition, the proton affinity of molecule M is the
negative enthalpy change of the hypothetical protonation re-
action H+ + M → MH+ at 298 K. Therefore, the geometries
of the lowest energy conformers of neutral nitroalkanes and
their O-protonated ionic counterparts were found and used
for accurate single-point energy calculation at two levels of
theory (vide supra).

3. Results
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econd field-free regions were analysed using theB/E =
onst. linked scan and mass-analysed ion kinetic en
MIKE) scan, respectively. Helium was used as a collis
as.

.3. Quantum chemical calculations

Standard ab initio calculations of proton affinities
itroalkanes were preformed using the Gaussian 98
f programs[26]. Geometries were optimised with de
ity functional calculations using Becke’s hybrid functio
.1. Proton affinities of nitroalkanes

To the best of our knowledge, proton affinities are o
vailable for nitromethane and nitroethane[22]. Since ther

s also very few theoretical values available[30,31], as a par
f the present study we have calculated ab initio the

on affinities of nitroethane, 1-nitropropane, 2-nitroprop
-nitrobutane and 2-methyl-2-nitropropane. The results
ummarized inTable 1. For the three compounds where pre
us theoretical or experimental values are available the a
ent is within the estimated uncertainty of the theore
ethod,±7 kJ/mol[29].

.2. Rate coefficients for the H3O+, NO+ and O2+ •
eactions

The calculated collisional rate coefficient,kc, for the re-
ctions of H3O+ with the nitroalkanes and the derived r
oefficients,k, for the corresponding NO+ and O2

+• reactions
re listed inTable 2. As can be seen, thek values for the NO+

eactions increase with the number of carbon atoms in
itroalkane molecules. Thek values for the O2+• reactions
re close to their respectivekc values (within the 20% expe

mental error). The only significant exception is the reac
f O2

+• with nitromethane, thekvalue being somewhat low
t 0.75kc.

Previous measurements are available for the reacti
3O+ with nitromethane (k reported as 4.1± 1 cm3 s−1 [32]
nd 4.11± 1 cm3 s−1 [33]), agreeing well with our calculate
c.
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Table 1
Calculated proton affinities (298 K) of nitroalkanes in kJ/mol

Molecule B3LYP/6-31+G(d,p) B3LYP/6-311+G(3df,2p) G2(MP2)a Previousc

Nitromethane 740 745 747b 754.6
Nitroethane 761 767 766 765.7
1-Nitropropane 769 774 772
2-Nitropropane 774 780 778 777.1
1-Nitrobutane 773 779 776
2-Methyl-2-nitropropane 788 793 790

a Uncertainty estimated as mean average deviation is±7 kJ/mol[29].
b Value taken from[31].
c The values of proton affinities for nitromethane and nitroethane are from[22,33]and that for 2-nitropropane is from[30].

Table 2
Rate coefficients for the reactions of H3O+, NO+ and O2

+• with the nitroalkanes indicated

Molecule M (Da) αa (10−24 cm3) µ (D) H3O+ [kc] (10−9 cm3 s−1) NO+ kb [kc] (10−9 cm3 s−1) O2
+• kb [kc] (10−9 cm3 s−1)

Nitromethane 61 7.37 3.46 [4.6] 0.4 [3.9] 2.9 [3.8]
Nitroethane 75 9.63 3.65 [4.8] 2.4 [4.0] 4.6 [3.9]
1-Nitropropane 89 8.5 3.66 [4.6] 2.5 [3.9] 3.6 [3.8]
2-Nitropropane 89 8.5± 1 3.73 [4.7] 2.6 [3.9] 3.3 [3.8]
1-Nitrobutane 103 10.4 3.59 [4.6] 3.4 [3.9] 4.4 [3.8]
2-Methyl-2-nitropropane 103 10.3 3.71 [4.7] 4.2 [3.9] 4.2 [3.8]

Also given are their molecular weights,M, in Daltons, Da, their polarisabilities,α, in units of 10−24 cm3 and their permanent dipole moments,µ in Debye, D.
The collisional rate coefficients,kc, calculated using the parameterised trajectory formulation of Su and Chesnavich[24] are given in square brackets.

a The knownα andµ values[25] are shown in regular type. The estimatedα value is shown in italic.
b The rate coefficients,k, for the NO+ and O2

+• reactions are experimentally derived by the procedure described in Section2. The absolute and relative
uncertainties in these calculated rate coefficients are±30% and±15%, respectively.

The products of the reactions and their percentage (in
parenthesis) are given inTable 3together with the known
ionisation energies[34] of the nitroalkanes. The trends in re-
activity will be discussed briefly in the following subsections.

3.3. The H3O+ reactions

These reactions proceed initially via the formation of a
nascent protonated parent molecule, MH+, and this is the only
observed product ion for the nitromethane and nitroethane re-
actions. Partial fragmentation of the nascent MH+ ions occurs
for both isomers of nitropropane leading to the formation of
the C3H7O+ ion; similarly, both isomers of nitrobutane lead
to C4H9

+ ions (seeTable 3).
There is an obvious difference in the products of the re-

action of 1-nitropropane and 2-nitropropane. The reaction of

Table 3
Primary product ions and their percentage (in parenthesis) for the reactions of H3O+, NO+ and O2

+• with the nitroalkanes indicated

Molecule IE (eV)a Productions

H3O+ NO+ O2
+•

Nitromethane CH3NO2 11.08 CH3NO2·H+ (100) CH3NO2·NO+ (100) CH3NO2
+ (90); NO+ (10)

Nitroethane C2H5NO2 10.90 C2H5NO2·H+ (100) C2H5NO2·NO+ (100) C2H5
+ (100)

1 + ; C3H7O+ + +

2 ; C3H7O
1 ; C4H9

+

2 4H9
+ (

1-nitrpropane proceeds thus:

H3O+ + C3H7NO2 → C3H7NO2 · H+ + H2O; 95% (1a)

H3O+ + C3H7NO2

→ C2H5CHOH+ + (HNO + H2O); 5% (1b)

Here the major product is the protonated parent molecule.
Both reactions (1a) and (1b) are exothermic. The reac-
tion exothermicities of reactions (1a) and (1b) calculated
at the G2(MP2) level of theory are−�rH298= 84 and
46 kJ/mol respectively. The latter exothermicity is in rela-
tively good agreement with value of 60 kJ/mol calculated for
the C2H5CHOH+ product structure using data from[35] (see
Scheme 1). Note that the identity of the neutral products can-
not be directly determined using SIFT, thus we always list the
-Nitropropane C3H7NO2 10.78 C3H7NO2·H (95)
-Nitropropane (CH3)2CHNO2 10.74 C3H7NO2·H+ (40)
-Nitrobutanen-C4H9NO2 10.71 C4H9NO2·H+ (90)
-Methyl-2-nitropropane (CH3)3CNO2 C4H9NO2·H+ (5); C

a The values of the ionisation energy are from[47].
(5) C3H7NO2·NO (100) C3H7 (100)
+ (60) C3H7NO2·NO+ (100) C3H7

+ (100)
(10) C4H9NO2·NO+ (85); C4H9

+ (15) C4H9
+ (100)

95) C4H9
+ (100) C4H9

+ (100)
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Scheme 1. The nitro-to-nitrite group isomerization by an alkyl cation mi-
gration for (a) protonated 1-nitropropane C3H7NO2·H+; (b) protonated 2-
nitropropane (CH3)2CHNO2·H+.

most exothermic neutral products and indicate the possibility
of different products by parentheses.

In contrast to this, in the reaction of 2-nitropropane the
closed shell C3H7O+ fragment is the major product.

H3O+ + (CH3)2CHNO2

→ (CH3)2CHNO2 · H+ + H2O; 40% (2a)

H3O+ + (CH3)2CHNO2

→ (CH3)2COH+ + (HNO + H2O); 60% (2b)

The exothermicities of (reaction (2a) and (2b) were calcu-
lated at the G2 level of theory to be 90 and 93 kJ/mol, respec-
tively. It should be noted that structure of oxygen-protonated
propanal, C2H5CHOH+, was considered as the product in
reaction (2b) whereas protonated acetone, (CH3)2COH+, is
considered as the product in reaction (2b).

From the mechanistic viewpoint, reactions (1b) and (2b)
require some rearrangement of the reactants which allows
C O bonds to form. The nitro-to-nitrite group isomeriza-
tion (Scheme 1) by an alkyl cation migration may serve as
a plausible explanation. However, it cannot be excluded that
such rearrangement takes place in a reaction complex with
H2O, since methyl cation transfer has already been described
i +• + +

p lly in
t H
l suf-
fi ise
m akes
p -
p d
d
w

the
N over
l was
o -

tion of larger alkyl cations should be easier due to their higher
stability, as was actually observed in protonated nitroethane
[39]. Stability of the migrating alkyl cations can be espe-
cially important when comparing the reactivity of 1- and 2-
nitropropane since the higher stability of a migrating 2-propyl
cation can result in higher stabilization of the corresponding
transition state. So in the case of 1-nitropropane, the frag-
mentation shown inScheme 1a requires migration of a less
stable 1-propyl cation over a correspondingly higher energy
barrier making the dissociation of C3H7NO2·H+ to C3H7O+

and HNO much slower. Therefore, protonated 1-nitropropane
substantially prevails among the products, whereas in the
case of 2-nitropropane, isomerization via the stable 2-propyl
cation migration becomes faster, which increases the fraction
of C3H7O+ and HNO products.

The final step of the proposed reaction mechanism
(Scheme 1) involves hydrogen migration from the propyl
to the NO group in protonated propyl nitrite. Similar to
methyl nitrite[31], protonation of an ether oxygen atom in
propyl nitrites leads to the most stable tautomer. Our cal-
culations showed, that C3H7O(H)NO+ ions are in fact a
complexes of propanols with NO+, as it is indicated by the
O N bond lengths which are 1.98 and 1.95Å in 1-propyl
nitrite and 2-propyl nitrite, respectively. The migration of
the most labile�-hydrogen to NO+ is considered to take
p + l
H y-
d tion
c
S s
a r-
r n the
f ct
d

(2a)
a
t ic
a
H the
i d the
s nt it
c ed the
p etic
e es
b thyl-
2 duct
i
p

H )

H

ated
p r
n CH3NO2 [36], CH3CO [37] and CH3NN [38] com-
lexes with various atoms and small molecules. Especia

he case of larger systems, after the proton transfer the2O
eaving the reaction complex could be trapped for a time
ciently long to be involved in further reaction, a step-w
echanism, in which the proton transfer (1a) and (2a) t
lace as the first step. After the H2O leaves the reaction com
lex, the vibrationally excited C3H7NO2·H+ rearranges an
issociates unimolecularly to the products (Scheme 1) as it
ill be discussed in the following section.
It has been found that a methyl group migrating along

O2H moiety in protonated nitromethane must proceed
arge energy barriers, and so virtually no isomerization
bserved during collisional activation[31]. However, migra
lace producing appropriately C3H7O ion and a neutra
NO. This, which from the formal point of view is h
ride anion abstraction, was found to be the only reac
hannel in the 1- and 2-propanol reactions with NO+ [14].
ince the reaction of propanol with NO+ is fast (it proceed
t the collisional rate[14]), the nitro-to-nitrite group rea
angement is most probably the rate-determining step (i
ragmentation shown inScheme 1) that controls the produ
istribution.

From the G2(MP2) enthalpies of reactions (1a), (1b),
nd (2b) it follows that the dissociation of C3H7NO2H+

o CH3CH2CHOH+ and HNO is 38 kJ/mol endotherm
nd dissociation of (CH3)2CHNO2·H+ to (CH3)2COH+ and
NO is 3 kJ/mol exothermic. Although the calculation of

somerization barriers along the reaction path is beyon
cope of this work, from the nature of the SIFT experime
an be concluded that none of these barriers can exce
rotonation exothermicity reduced by the internal and kin
nergy carried away by the H2O. There are similar differenc
etween the branching ratios of 1-nitrobutane and 2-me
-nitropropane reactions. For 1-nitrobutane the major pro

s the protonated parent molecule and C4H9
+ is only a minor

roduct:

3O+ + C4H9NO2 → C4H9NO2 · H+ + H2O; 90% (3a

3O+ + C4H9NO2 → C4H9
+ + (HONO + H2O); 10%

(3b)

For the 2-methyl-2-nitropropane reaction the proton
arent molecule is the minor product and C4H9

+ is the majo
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product ion:

H3O+ + (CH3)3CNO2 → (CH3)3CNO2 · H+ + H2O; 5%

(4a)

H3O+ + (CH3)3CNO2 → C4H9
+

+ (HONO + H2O); 95% (4b)

The G2(MP2) exothermicity of reaction (3a) is 88 kJ/mol.
Estimation of the reaction enthalpy of reaction (3b) is compli-
cated by the fact that no minimum was found on the B3LYP/6-
31+G(d,p) potential energy surface (PES) that corresponded
to the structure of the 1-butyl cation. This result is in accor-
dance with the study of the C4H9

+ PES carried out by Sieber
et al. at the MP2(full)/6-31G** level of theory[40]. There-
fore, the exothermicity of reaction (3b) was calculated to be
57 kJ/mol on the assumption that the C4H9

+ cation isomerizes
to the most stabletert-C4H9

+ structure. For the 2-methyl-2-
nitropropane reaction with H3O+, proton transfer (reaction
(4a)) was found to be 102 kJ/mol exothermic, whereas re-
action (4b) was estimated to be only 25 kJ/mol exothermic.
The latter value is in excellent agreement with a reaction en-
thalpy of 27 kJ/mol obtained from the available experimental
heats of formation[35]. Assuming step-wise reaction mecha-
nisms similar to those discussed in the case of nitropropanes,
a ) and
(
t ic,
r

t r-
r y
t the
r
s wn
t O
(
s
[

t and
t ated
1 tions
c
e dless
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as to whether the nitro-to-nitrite rearrangement occurs, is
the probable reason why protonated 1-nitrobutane dissoci-
ates only slowly in comparison with protonated 2-methyl-2-
nitrobutane. This reactivity is generally in agreement with
previously observed unimolecular chemistry of protonated
1-nitropropane, 2-nitropropane and 2-methyl-2-nitropropane
obtained using methane chemical ionisation, CI[30].

An interesting aspect of this protonation ion chemistry
relates to the reactivity of the product ions with water
molecules. When water vapour is added to the helium car-
rier gas of the SIFT instrument, MH+·(H2O)1,2,3 ions form
via sequential three-body association reactions such as:

M · H+ + H2O
He−→ M · H3O+ (5a)

M · H3O+ + H2O
He−→ M · H+(H2O)2 (5b)

M · H+(H2O)2 + H2O
He−→ M · H+(H2O)3 (5c)

The stabilising ‘third bodies’ are the helium atoms of the
carrier gas, as indicated. This association occurred without
exception for all the (protonated) molecules included in this
study. A typical mass spectrum, in this case involving ni-
tromethane, is shown inFig. 2. As mentioned in Section1,
it is unusual for protonated organic molecules to form trihy-
drate ions, MH+(H2O)3, at 300 K. However. As can be seen
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nd combining the energetics of reactions (3a), (3b), (4a
4b), the dissociations of C4H9NO2·H+ and (CH3)3CNO2·H+

o tert-C4H9
+ and HONO are 31 and 77 kJ/mol endotherm

espectively.
Mechanistically, the formation of atert-butyl cation in

he dissociation of (CH3)3CNO2·H+ does not need any rea
angement. Instead, cleavage of the CN bond leads directl
o stabletert-C4H9

+ and HONO products. Nevertheless,
earrangement to protonatedtert-butyl nitrite according to
cheme inScheme 2cannot be excluded since it is kno
hat the 2-methyl-2-propanol reaction complex with N+,
CH3)3CO(H) NO+ (i.e., protonatedtert-butyl nitrite, vide
upra) decomposes exclusively totert-C4H9

+ and HONO
14].

As already mentioned, the 1-butyl cation does not exis
herefore a rearrangement of the 1-butyl moiety in proton
-nitrobutane is necessary in order that a stable butyl ca
an be formed during the dissociation of C4H9NO2·H+. The
nergy requirement for such an isomerization, regar

cheme 2. Two possible pathways (a) and (b) for the fragmentation o
onatedtert-butyl nitrite totert-C4H9

+ and HONO.
n Fig. 2, nitroalkanes do have this capability.
The rate coefficients of the three-body association r

ions of the M·H+ ions with H2O molecules were determin
y adding controlled amounts of water vapour to the he
arrier gas while simultaneously observing the loss o
3O+ precursor ions and the production of H3O+·H2O ions
ue to the analogous association reaction:

3O+ + H2O
He−→ H3O+ · H2O (6)

From such data, the rate coefficient for the associa
eactions (5a) have been estimated from the known rate
cient for reaction (6), which is 5.8× 10−28 cm6 s−1 at 298 K
41] under these SIFT conditions (helium pressure of 10
t a temperature of 300 K). The three-body rate coeffic
elevant to the present study are given inTable 4. It can be
een that these association reactions are several times
han reaction (6).

Another type of secondary ion chemistry that may o
nvolves the reactions of the ion products of the primary r

ig. 2. A SIFT–MS spectrum obtained using H3O+ precursor ions for n
romethane in the presence of water vapour.
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Table 4
Three-body rate coefficients for the association reactions of protonated ni-
troalkanes with water in He carrier gas at 300 K

Reaction k3 (cm6 s−1)

CH3NO2 · H+ + H2O→He CH3NO2 · H3O+ 1.1× 10−27

C2H5NO2 · H+ + H2O→He C2H5NO2 · H3O+ 3.6× 10−27

C3H7NO2 · H+ + H2O→He C3H7NO2 · H3O+ 4.7× 10−27

(CH3)2CHNO2 · H+ + H2O→He (CH3)2CHNO2 · H3O+ 1.1× 10−26

The uncertainty is±25%.

tions with neutral nitroalkane molecules. Thus, it is seen that
protonated ions of nitromethane associate with their neutral
parent molecules to form proton-bound dimers:

CH3NO2 · H+ + CH3NO2
He−→ (CH3NO2)2 · H+ (7)

The (CH3)2COH+ ion product of reaction (2b) also asso-
ciates with neutral parent molecules in a three-body reaction:

(CH3)2COH+ + (CH3)2CHNO2
He−→ C3H7NO2 · C3H7O+

(8)

The C4H9
+ ions produced in the 2-methyl-2-nitropropane

reaction (note that it is also a product of the NO+ and O2
+•

reaction, seeTable 3and below) react further with neutral
2-methyl-2-nitropropane:

C4H9
+ + C4H9NO2

He−→ C4H9NO2 · C4H9
+; 27% (9a)

C4H9
+ + C4H9NO2 → C4H9NO2H+ + C4H8; 6% (9b)

C4H9
+ + C4H9NO2 → (C4H8)2NO+ + H2O; 7% (9c)

C4H9
+ + C4H9NO2 → C4H8NO2

+ + C4H10; 10% (9d)

C4H9
+ + C4H9NO2 → C4H8NO+ + C4H9OH; 50% (9e)
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It was interesting to observe that the adduct ions of these
reactions further associate with their parent molecules, M,
to form NO+ bound dimers analogous to the proton-bound
dimer mentioned previously:

M · NO+ + M
He−→ (M)2 · NO+ (11)

Similar dimer ions have been observed previously in a
study of the correlation of NO+ affinity with proton affin-
ity [42]. The binding energy of nitromethane to NO+ was
also determined by equilibrium studies in high pressure mass
spectrometer (HPMS) as 25.2 kcal/mol = 105.4 kJ/mol[43]
together with the binding energy of a second nitromethane
molecule (i.e., exothermicity of reaction (11) for the case of
nitromethane) 19.5± 1.3 kcal/mol.

The nitrobutane reactions are an exception to this reactiv-
ity pattern, since NO2 abstraction from the neutral reactant
occurs forming the C4H9

+ ion and N2O3 as a neutral product.
This is the only reaction process that occurs in the 2-methyl-
2-nitropropane reaction:

NO+ + (CH3)3CNO2 → (CH3)3C+ + N2O3 (12)

This reaction is exothermic by 57 kJ/mol. In the 1-
nitrobutane reaction a minor (15%) NO2 abstraction channel
occurs in parallel with the major three-body association chan-
nel. Secondary reactions of the C4H9

+ product of reaction
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The butyl cation involved in reaction (9) is actually a p
onated “isobutene” having a proton affinity of 802.1 kJ/m
he proton transfer reaction (9b) is therefore 12 kJ/mo
othermic and thus parallel association (9a) can occur.

.4. The NO+ reactions

The reactions of NO+ with the nitroalkanes included
his study are all three-body association reactions form
·NO+ adduct ions:

O+ + M
He−→ M · NO+ (10)

Note that HNO formation by hydride ion transfer is
othermic in all these reactions and hence it is not obse
he effective binary rate coefficients,k2eff, of these three
ody reactions (seeTable 2) are less than their collision
ate coefficients, but they increase with increasing size o
s the lifetime of the reaction complex (M·NO+)* increases
llowing for its more efficient stabilization in collisions w

he He atoms. For the isomers on nitrobutane thek2eff are
ithin experimental error equal tokc.
12) with the neutral parent molecule followed the react
9a)–(9e). Therefore its structure is the same as the stru
f the product ion of the H3O+ reaction (4b).

.5. The O2+ • reactions

The parent radical cation is the major product of the O2
+•

eaction with the smallest molecule, nitromethane, toge
ith a minor NO+ formation channel:

2
+• + CH3NO2 → CH3NO2

+• + O2; 90% (13a

2
+• + CH3NO2 → NO+ + CH3O• + O2; 10% (13b)

Reaction (13a) is exothermic by 103 kJ/mol and reac
13b) by 131 kJ/mol. It has been suggested previously
tudy involving charge transfer from N2+ to CH3NO2 [43]
hat dissociation of excited CH3NO2

+• to NO+ and CH3O
roceeds via a prior isomerization of CH3NO2 to CH3ONO
equiring∼80 kJ/mol.

The parent radical cation formed in reaction (13a) re
ith CH3NO2 and a secondary methylated nitromethane
H3NO2CH3

+ is formed together with a neutral NO2:

H3NO2
+• + CH3NO2 → CH3NO2 · CH3

+ + NO2
•

(14)

The same ion atm/z76 can be prepared by the self-CI
itromethane[44,45]. The CAD mass spectra (see Sec
.2) of this ion are consistent with the structure of oxyg
ethylated nitromethane, since the two most abundant
ent ions in the spectra,m/z 45 andm/z 30, correspond t
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the loss of a methoxy radical followed by the loss of a methyl
radical. This fragmentation scenario was corroborated using
deuterated nitromethane-d3 when the peak atm/z45 shifted to
m/z48 whilst them/z30 remained unchanged. Reaction (14),
formally being of SN2 type, was calculated to be 211 kJ/mol
exothermic at the B3LYP/6-31+G(d,p) level of theory. Note
that the CH3NO2

+• product is quite reactive and forms pro-
tonated methanol on reaction with water vapour molecules:

CH3NO2
+• + H2O → CH3OH2

+ + NO2
• (15)

It is important to be aware of this when attempting to
analyse nitromethane in humid air samples by SIFT–MS us-
ing O2

+• precursor ions. Note that the other product ions of
the O2

+• reactions listed inTable 3do not react with H2O
molecules.

In all the reactions of O2+• with the larger nitroalkanes
charge transfer is followed by fragmentation via NO2 elimi-
nation producing a single hydrocarbon ion:

O2
+• + C2H5NO2 → C2H5

+ + NO2
• + O2 (16)

Therefore, a secondary reaction analogous to reaction (14)
was not observed. Similar trends can be seen in the electron
ionisation (EI) spectra of nitroalkanes[46] where the parent
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4. Concluding remarks

The data obtained in this study indicate that SIFT–MS
analyses of nitroalkanes are feasible even in presence of wa-
ter vapour. The combination of the three different precursor
ions used for SIFT–MS provides a tool for the positive identi-
fication of the nitroalkanes in mixtures of volatile compounds
in air. The ion products of the nitroalkane reactions have a
propensity to form cluster ions. Protonated molecules MH+

can bind up to three water molecules under the conditions of
these SIFT experiments. The secondary ion chemistry of pro-
tonated molecules with the parent molecules also proceeds
via cluster formation (association). MH+ ions, whether they
are formed in primary proton transfer reactions of H3O+ or
in secondary reactions of some of the product ions of the
O2

+• reactions associate with the parent molecules forming
proton-bounded dimers:

C3H7NO2·H++C3H7NO2
He−→ C3H7NO2·H+ · C3H7NO2

(19)

The calculated proton affinities of the compounds are quite
consistent with the experimental observations. The rate coef-
ficients of the primary reaction of O2+• are all close to colli-
s rate
c with
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etry,
olecular ion is observed only for nitromethane and is ab
rom the EI spectra of the larger nitroalkanes.

The hydrocarbon ions formed in the other five react
eact with the parent molecules either by proton transfe
ociation:

2H5
+ + C2H5NO2 → C2H5NO2 · H+ + C2H4 (17)

r by proton transfer and parallel three-body associatio
n the reaction of 1-nitropropane:

3H7
+ + C3H7NO2

He−→ C3H7NO2 · C3H7
+; 10% (18a

3H7
+ + C3H7NO2 → C3H7NO2 · H+ + C3H6; 90%

(18b)

The reaction of 2-nitropropane is similar, the branch
raction of three-body association being lower at 5%. C
etition between these two processes indicates that the p
ffinities of C3H6 (751.6 kJ/mol[22]) and of C3H7NO2 are
imilar, which supports our ab initio results given inTable 1.

The only ion product of the O2+• reactions of both n
robutane isomers is C4H9

+. This ion undergoes seconda
hemistry as described by reaction (9a)–(9e), which is i
ical to reactivity of the product of reaction (4b). This ag
ndicates that the C4H9

+ ion, which is the common produ
f all three precursor ion reactions, has the same struct
ll these three cases.
ional, with the exception of nitromethane. The measured
oefficients and the identified primary products together
he secondary products of their reactions with H2O represen
valuable addition to SIFT–MS kinetic library.
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[7] D. Smith, P. Španel, in: J. Lindon, G. Tranter, J. Holmes (Ed
Encyclopedia of Spectroscopy, Spectrometry, Mass Spectrom
Academic Press, London, 1999, available on-line:http://dx/, doi:
org/10.1006/rwsp.2000.0278.

http://www.inchem.org/documents/ehc/ehc/ehc138.htm
http://www.inchem.org/documents/ehc/ehc/ehc138.htm
http://dx/


K. Dryahina et al. / International Journal of Mass Spectrometry 239 (2004) 57–65 65
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[10] P. Špaňel, T. Wang, D. Smith, Int. J. Mass Spectrom. 218 (2002)

227.
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