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Abstract

We have carried out a selected ion flow tube, SIFT, study of the reactions of H3O+, NO+ and O2
+ ions with hydrogen

peroxide, H2O2, in the presence of excess water vapour and peroxyacetic acid, CH3C(O)OOH, in the presence of comparable
concentrations of acetic acid, CH3COOH. This study was initiated to investigate if these peroxides could be analysed in humid
air using selected ion flow tube mass spectrometry, SIFT-MS, using the above precursor ions. Rate coefficients and product
ions have been determined for the NO+ and O2

+ reactions with H2O2 molecules (H3O+ ions do not react at a measurable
rate with H2O2 molecules) and for the rapid reactions of H3O+, NO+ and O2

+ with CH3C(O)OOH molecules. It turns out
that both H3O+ and O2

+ ions are unsuitable for SIFT-MS analyses of these peroxides, either because of low reactivity and/or
the production of common product ions for their reactions with H2O and CH3COOH molecules. However, the results of this
study show that NO+ precursor ions can be useful for the SIFT-MS analysis of both these peroxides, NO+H2O2 being the
monitor ion for hydrogen peroxide analysis in moist air, the production of this ion actually being catalysed by the presence
of H2O molecules, and NO2+ ion being suitable monitor ions for peroxyacetic acid analysis in the presence of acetic acid.
The kinetic data for these peroxide reactions are presented and the likely mechanisms of the reactions are alluded to.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Peroxides as a class of compounds are extremely
reactive, often unstable and are powerful oxidising
agents. As such, studies of their reactions in the gas
phase are challenging, see as an example, a study by
Professor Helmut Schwarz and co-workers[1]. Thus,
in celebration of the 60th birthday of Helmut, an out-
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standing scientist, stimulating speaker and good man
of broad interests and high culture, we dedicate to him
this paper on gas phase ion chemistry of peroxides.

Recently, in the development and applications of
selected ion flow tube mass spectrometry, SIFT-MS,
we have found the need to understand the ion chem-
istry of hydrogen peroxide, H2O2, in the gas phase,
because it is known to be present in the exhaled breath
and breath condensate of patients suffering from
respiratory disease[2,3]. Also, the need has arisen
to be able to detect and quantify peroxyacetic acid,

1387-3806/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1387-3806(03)00214-8



270 P. Španˇel et al. / International Journal of Mass Spectrometry 228 (2003) 269–283

CH3C(O)OOH, in air. This compound has major uses
in sewage treatment, disinfecting[4], dialyser reuse
[5] and industrial bleaching[6] (often as a commer-
cial chlorine-free biodegradable disinfectant based on
equilibrium mixtures of water, hydrogen peroxide,
acetic acid and peroxyacetic acid[7]). Vapours of
these chemicals are considered to be a potential health
hazard[8] and are difficult to analyse using the widely
used GCMS method. If the ion chemistry of these
compounds with the precursor ions H3O+, NO+ and
O2

+ (i.e., those available for chemical ionisation in
the SIFT-MS analytical method) is understood, then
SIFT-MS may be useful in the analysis of these per-
oxides. Whilst some ion chemistry of hydrogen per-
oxide and of its cation has been studied previously in
order to understand their atmospheric chemistry[9],
its detection by SIFT-MS has not been explored so
far. Thus, we have carried out a selected ion flow tube
study of the reactions of the H3O+, NO+ and O2

+

ions with H2O2 and CH3C(O)OOH. This otherwise
straightforward SIFT study is complicated because
hydrogen peroxide cannot be totally isolated from
water, so its ion chemistry has to be studied in parallel
with that of water. Similarly, peroxyacetic acid can
only be obtained as a mixture with acetic acid (with
a small fraction of hydrogen peroxide) and so its ion
chemistry must be inferred from that of a mixture of
these two acids. Fortunately, however, the separate
ion chemistries of water and acetic acid with H3O+,
NO+ and O2

+ are well understood from previous
SIFT studies[10,11]. In any event, the ion chemistries
of water and acetic acid can be quickly studied along-
side those of the hydrogen peroxide/water and the
acetic acid/peroxyacetic acid mixtures respectively, to
assist in the proper identification of the kinetics and
ion products of the peroxide reactions.

2. Experimental

The standard SIFT technique has been described in
numerous publications[12–14] and so it is sufficient
here to state the following. The precursor ions H3O+,
NO+ and O2

+ are generated in a discharge ion source

and mass selected by a quadrupole mass filter before
being injected as separate species into fast-flowing he-
lium carrier gas in a flow tube. The reactant gases of
interest are then introduced at controlled flow rates
into the ion swarm/carrier gas where they react with
the chosen precursor ion species. The loss rates of the
precursor ions and the product ions of the reactions are
determined by a downstream quadrupole mass spec-
trometer. This can be operated either in the full scan
mode (FSM) over a predeterminedm/z range to obtain
a spectrum of the reactant and product ions or in the
multi-ion mode (MIM) in which the spectrometer is
switched and dwells on selected reactant/product ions
as their count rates are determined[15]. The FSM is
primarily used to identify the product ions and the
MIM is used to determine product ion distributions
more accurately.

In these studies, we have used two methods for in-
troducing the vapours of the liquid reactants into the
carrier gas as follows. One method involves the intro-
duction of a drop of the liquid (or liquid mixture) into
a sealable plastic bag, which is then inflated using dry
cylinder air (to a volume of about 500 mL). The liquid
vapour/air mixture is then introduced into the helium
carrier gas via a variable leak (needle valve) and a flow
meter by puncturing the bag with a hypodermic nee-
dle connected to the inlet port of the instrument. The
rate coefficients and the product ion distributions are
determined from the count rates of the precursor and
product ions recorded as the flow of the reactant mix-
ture is varied. Normally, the concentration of the liquid
vapour in the air is unknown, so to determine the rate
coefficients we compare the decay rates of the H3O+,
NO+ and O2

+ ions, simultaneously injected into the
carrier gas, as the dry air/sample flow rate is varied.
Details of this technique have been given in several pa-
pers[13,14,16]. This particular method has been used
exclusively for the acetic acid/peroxyacetic acid stud-
ies. How the ion chemistry of the peroxyacetic acid
is derived from the total ion chemistry of the acetic
acid/peroxyacetic acid mixture is explained later.

The second method involves puncturing a septum
sealing a glass vessel (volume 150 mL) that contains
the liquid sample and dry air (initially at atmospheric
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pressure) with a hypodermic needle connected directly
to the input port of the SIFT-MS instrument via a cal-
ibrated capillary. Then the headspace above the liquid
is sampled directly into the carrier gas/ion swarm. As
the sampling proceeds, the pressure in the sealed glass
vessel decreases and this must be taken into account
for accurate quantification. This phenomenon has been
dealt with in detail in a recent publication[17]. This
method of sample introduction has been useful in the
water/hydrogen peroxide studies, as we explain later.
To prevent condensation of water vapour onto the cap-
illary/inlet lines, they are heated to about 100◦C. To
vary the flow of water vapour and hydrogen peroxide
into the carrier gas, the bottle/liquid sample tempera-
ture can be varied using a thermostatically controlled
water bath. All the present studies were carried out at
a helium carrier gas pressure of 0.7 Torr at room tem-
perature (296–300 K).

3. Results

3.1. Hydrogen peroxide

For these experiments, we used a solution of hy-
drogen peroxide in water at a concentration of 50%

Fig. 1. The partial pressures of water vapour and hydrogen peroxide (H2O2) in Pascal (Pa), in the headspace of pure water and in a 50%
(by weight) aqueous solution of H2O2 as a function of the liquid temperature.x, the partial pressure of H2O in the headspace of pure
water,y, the partial pressure of H2O in the headspace of the water/peroxide solution andz, the partial pressure of H2O2 in the headspace
of the water/peroxide solution. Also shown are the ratios ofy/x and z/(y + z) expressed as percentages. Data are taken from[18,25].

by weight. This results in a partial pressure of H2O2

above the liquid of only a few percent of that of water
vapour within the temperature range of interest, as can
be seen inFig. 1. Also, the presence of the H2O2 at
this concentration in the mixture suppresses the water
vapour pressure well below that for pure water at the
same temperature, as can also be seen inFig. 1. The
relatively low vapour pressure[18] of the hydrogen
peroxide (and the consequential low flow rates relative
to water vapour) complicates the interpretation of the
data and the accuracy of the derived rate coefficients.
Nevertheless, in any real situation that we are likely
to meet that requires the detection and quantification
of H2O2 by SIFT-MS, water vapour will be present at
greater concentration and so it is important to under-
stand the ion chemistry occurring in the presence of
water vapour.

3.1.1. H3O+ reactions
The initial experiments were performed by intro-

ducing about 1 mL of the water/hydrogen peroxide
mixture into a plastic bag, which was then inflated
with dry cylinder air to a volume of about 500 mL.
The air/water vapour/gaseous hydrogen peroxide
mixture (equilibrated at room temperature) was then
introduced into the helium carrier gas via the variable
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leak. A FSM spectrum was then obtained over an
appropriatem/z range (typically 10–100) using H3O+

precursor ions to identify the products of any reac-
tions that occurred. An identical experiment was per-
formed using 1 mL of pure water in the bag. The only
significant ions on the resulting FSM spectra in both
experiments were the H3O+ ions and their hydrates,
H3O+(H2O)1–3 at m/z values of 37, 55 and 73 (and
a small fraction of 91) that are formed in sequential
three-body association reactions[19] such as:

H3O+ + H2O + He → H3O+H2O + He (1)

However, there was an obvious difference between the
distributions of these four ionic species when formed
by air/water and the air/water/peroxide mixtures in-
troduced at the same flow rates into the helium. The
distributions were such that the larger clusters were
not so abundant when the water/peroxide mixture was
introduced, implying that less water vapour was being
introduced. No ions were present withm/z values ap-
propriate to cluster ions like H3O+(H2O)m(H2O2)n,
implying that H2O2 molecules do not react with
H3O+ and its hydrates at observable rates. However,
on a cautionary note, it must be remembered that the
fraction of H2O2 molecules in the carrier gas is just a
few percent of the H2O molecules, so if mixed cluster
ions do form theymay react with the abundant H2O
molecules producing the H3O+(H2O)1–3 ions.

Experiments were then carried out in which the
headspace of both air/water and air/water/peroxide in
bottles (as described above) were sampled alternately
at several fixed temperatures using the water bath. The
distributions of the H3O+(H2O)0–3 ions were deter-
mined using the MIM mode of data acquisition and
these are shown inFig. 2for liquid sample (bath) tem-
peratures of 20, 24, 28, 32, 36 and 40◦C. Note the
greater development of the higher-order clusters when
the headspace from the bottles containing only pure
water is introduced into the helium at each tempera-
ture. Note also the derived water vapour pressures in
the sealed bottles in the case of the water alone and of
the water/peroxide mixture at each temperature. We
have described the method by which the water vapour
pressure is derived in the carrier gas and in the air (bot-

tle) sample in a previous paper[17]. As can be seen
in Fig. 2, the ratio (percentage) of the measured wa-
ter vapour pressures above the water/peroxide mixture
(y) to that measured above the pure water (x) does not
vary greatly over the temperature range 20–40◦C and
is in accordance with expectations based on the data
given in Fig. 1. Within the constraints of the small
fractions of H2O2 to H2O molecules, these collected
data indicate that H2O2 does not react with H3O+ ions
at a significant rate. It is known that the proton affinity
of H2O2 (PA = 674.5 kJ mol−1) is less than the PA
of H2O (691 kJ mol−1) [20] and so the proton transfer
reaction:

H3O+ + H2O2 → H2O2H+ + H2O (2)

is sufficiently endothermic to prevent reaction at
300 K.

3.1.2. O2
+ reactions

It is well known that ground state O2+ ions do not
undergo bimolecular reaction with H2O molecules, but
rather slow three-body association occurs at thermal
energy[21]:

O2
+ + H2O + He → O2

+H2O + He (3)

By virtue of the ionisation energy of H2O (IE =
12.62 eV) and the recombination energy of O2

+

(RE = 12.07 eV) [22], charge transfer between O2
+

and H2O is endothermic. However, the IE of H2O2

(=10.58 eV)[22] is relatively low, and thus, the fol-
lowing bimolecular charge transfer reaction is exother-
mic and can proceed at thermal energy (although this
is no guarantee that the reaction will be fast[9]):

O2
+ + H2O2 → H2O2

+ + O2 (4)

The experiments described above using H3O+

precursor ions were repeated using O2
+ precursor

ions. For water vapour only, as expected, a minor
product ion atm/z of 50 (i.e., O2

+H2O) was seen
in the FSM spectra and the major product ions were
H3O+(H2O)0–3. It is well known, especially in re-
lation to atmospheric ion chemistry[23], that the
O2

+(H2O)1,2 hydrated ions react with H2O molecules
ultimately to generate hydrated hydronium ions and
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Fig. 2. Distributions of the H3O+(H2O)0–3 ions formed in the SIFT using H3O+ precursor ions when the headspace above 10 mL liquid
samples in sealed glass bottles (volume 150 mL) at the temperatures indicated is introduced into the carrier gas at the same flow rate.x,
open bars, the air/vapour headspace above pure water.y, filled bars, the air/vapour headspace above a mixture of 50% by weight of H2O2 in
water. Also shown are the ratios of the water vapour partial pressure, VP, above the two different liquids,y/x, expressed as percentages (%).

this ion chemistry is the major route to these ions ob-
served in these SIFT experiments. However, it should
be noted that a small percentage of the O2

+ ions
formed in the discharge ion source are electronically
excited and these are able to retain their excitation
energy in the helium carrier gas and then react rapidly
with H2O molecules ultimately contributing to the
observed H3O+(H2O)0–3 ions.

The addition of the water/peroxide vapour to the
carrier gas results in a major loss of O2

+ ions and
a concomitant production of H3O+ and its hydrates.
Controlled experiments were carried out using both
water and water/peroxide samples in bottles (as de-
scribed above) at different temperatures using the wa-
ter bath. Sample data are shown inFig. 3. Note the
reduction in the O2+ percentage as the temperature
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Fig. 3. Distributions of the H3O+(H2O)0–3 ions formed in the SIFT and the varying O2
+ precursor ion signals when the headspace above

10 mL liquid samples in sealed glass bottles (volume 150 mL) at the temperatures indicated is introduced into the carrier gas at the same
flow rate. x, open bars, the air/vapour headspace above pure water,y, filled bars, the air/vapour headspace above a mixture of 50% by
weight of H2O2 in water. Note the reduction in the O2

+ signal as the temperature of the water/peroxide mixture is increased, and thus as
the flows of water vapour and hydrogen peroxide into the carrier gas increases. Note, also, that the higher-order H3O+ hydrates are less
abundant when the water/hydrogen peroxide mixture is sampled, because less water is being introduced (seeFigs. 1 and 2).

of the water/peroxide mixture is increased, and thus
as the flows of water vapour and hydrogen perox-
ide into the carrier gas increase. Note, also that the
higher-order H3O+ hydrates are not so well repre-
sented on the distributions that result when the wa-
ter/peroxide mixture is used. This is simply because
less water is being introduced (see the previous section
andFigs. 1 and 2). These data indicate that O2

+ ions
react rapidly with H2O2 molecules, presumably via the
charge transfer reaction (4). The proof of this is that

the product ion signal at them/z value of 34 increases
with increasing water/peroxide sample flow, showing
that H2O2

+ ions are being produced (seeFig. 4b).
To determine the rate coefficient for reaction (4),

measurements were made of the decay rates of the
16O16O+ ions atm/z of 32 as a function of the H2O2

flow rate. The latter is obtained from the flow rate of
the air/water vapour/peroxide mixture (as determined
using the flow meter) and the known partial pressure
of the H2O2 in the mixture obtained fromFig. 1. A
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Fig. 4. (a) A semilogarithmic plot of the O2+ precursor ion count rates (counts per second, c/s) as a function of flow rate (Torr L s−1) of
the air/vapour headspace from a solution of H2O2 (50% by weight) in water. The slope of this decay plot provides the rate coefficient for
reaction (4). Also shown are the product ion H2O2

+ count rates obtained by subtracting the 0.4%16O18O+ isotopomer contribution to
the ion signal atm/z = 34. (b) Ratios of count rates [34]/[32] (in percent, %) of ions atm/z = 34 to the O2

+ precursor ion count rate
at m/z = 32 as a function of the flow rate (Torr L s−1) of headspace of the air/H2O2/water mixture (solid symbols) and air/pure water
(open symbols). In the case of pure water, the ions atm/z = 34 are exclusively the16O18O+ isotopomer ions. In the case of H2O2/water
mixture, the ions atm/z = 34 comprise16O18O+ and H2O2

+ formed in reaction (4). The arrow indicates the natural abundance of the
18O isotope in O2 molecules.

sample decay curve is shown inFig. 4a. The value
obtained for the rate coefficient is 2.0× 10−9 cm3 s−1

at 300 K. This is 25% lower than the calculated colli-
sional rate coefficient of 2.7×10−9 cm3 s−1 calculated
using the parameterised trajectory calculation[24] and
the polarisability and dipole moment of H2O2 [25],
but 25% greater than the previous experimental value
of 1.5×10−9 cm3 s−1 [9]. In view of the uncertainty in
the partial pressure of H2O2 above the water/peroxide
mixture [18], there is a correspondingly greater un-

certainty in the derived rate coefficient, which we es-
timate to be±20%. Even so, the rate coefficient for
reaction (4) is still lower than collisional, but this is
not uncommon for charge transfer reactions involving
small neutral reactant molecules[21].

Referring toFig. 4b, it can be seen that at zero
air/water/peroxide sample flow rate the ions atm/z
of 34, which comprise16O18O+ isotopomer ions and
H2

16O2
+ product ions of the reaction (4), are just a

tiny percentage of the ions atm/z = 32. However, for
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a small flow of air/water/peroxide sample it reaches
0.4%. This is explained by the fact that the injected
m/z = 32 ions consist of only16O16O+ isotopomer
ions, but with the introduction of a small amount of
oxygen (air) the following rapid isotope exchange re-
action occurs[26]:

16O16O+ + 16O18O → 16O18O+ + 16O16O (5)

This reaction randomises the16O and 18O isotopes
in the ions towards the naturally occurring18O16O
isotopic ratio, which is 0.4% for the O2 molecule[27].
The increase above 0.4% with increasing sample flow
is due to the production of H2O2

+ ions by reaction
(4). However, as can be seen inFig. 4b, the ions atm/z
of 34 never exceed about 2–3% of the signal atm/z
of 32, i.e., of the16O16O+ isotopomer ions, the signal
of which decreases by more than a factor of two (see
Fig. 4a). This indicates that the product H2O2

+ ions
are being lost almost as fast as they are being formed.
They are surely lost via exothermic proton transfer
with the abundant H2O molecules, thus:

H2O2
+ + H2O → H3O+ + HO2 (6)

The rate coefficient for this reaction can be obtained
by considering the known production rate (by reaction
(4)) and the loss rate (by reaction (6)) of the H2O2

+

ions. In the steady state approximation, the production
and loss rates are equal and then from the count rates
of the precursor ions [O2+] and of the product ions
[H2O2

+], the fraction of H2O2 to H2O in the helium,
2.8:97.2%, and the rate coefficient for reaction (4), i.e.,
k4, the rate coefficient for reaction (6), i.e.,k6, can be
determined from:

[O2
+] k4 2.8 = [H2O2

+] k6 97.2 (7)

Thus,k6 is determined from the data given inFig. 4a
as 3.1 × 10−9 cm3 s−1 at 300 K, which is effectively
equal to the collisional rate coefficient calculated to be
3.2 × 10−9 cm3 s−1 [24]. This is in accordance with
the established rule, that exothermic proton transfer
reactions invariably proceed at the collisional rate[28].
Note, however, that this value is greater than the value
of 1.7 × 10−9 reported previously[9].

3.1.3. NO+ reactions
Ground state NO+ ions react slowly with H2O

molecules via three-body association:

NO+ + H2O + He → NO+H2O + He (8)

This is a key association reaction in ionospheric ion
chemistry (but with N2 and O2 rather than He as
the stabilising third bodies) that initiates the produc-
tion of hydrated hydronium ions in the D-region[23].
The rate coefficient of reaction (8) is known to be
3.6× 10−29 cm6 s−1 at 300 K[21]. Repeating the ex-
periments described above for O2

+ ions using injected
NO+ ions and water vapour only reveals, as expected,
product ions atm/z values of 48 and 66, these being
NO+(H2O) and NO+(H2O)2. Introduction of the wa-
ter vapour/hydrogen peroxide mixture into the carrier
gas results in an additional product ion atm/z of 64,
which must be NO+H2O2. There is no indication that
the NO+(H2O2)2 dihydrate ion is formed. The chal-
lenge now is to determine the route or routes to the
production of NO+H2O2 ions. There are two likely
reactions, which are:

NO+ + H2O2 + He → NO+H2O2 + He (9)

NO+H2O + H2O2 → NO+H2O2 + H2O (10)

The three-body association reaction (9) is analogous
to reaction (8). Ligand switching reactions like (10)
are known to occur at or near the collisional rate when
they are appreciably exothermic[21], but we cannot
be certain that reaction (10) is exothermic, since no
thermochemical data on the NO+H2O2 ion are avail-
able. We can only obtain insight into these reactions
from careful experimentation and a combination of the
results from a parallel study of the reactions of NO+

with water vapour and with the water vapour/hydrogen
peroxide gas as we now describe. First, we consider
the NO+/H2O reaction.

It is known that reaction (8) is very slow and so
a SIFT measurement of its reaction rate coefficient,
k8, is not trivial, especially when the reactant neutral
is a condensable vapour. But the association reaction
(1) is faster, and therefore easier to measure. Indeed,
its rate coefficient has been measured many times
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Fig. 5. (a) Decay plots of the count rates (c/s) of H3O+ and NO+ ions simultaneously injected into the helium carrier gas of the SIFT
against the flow rate (Torr L s−1) of air/pure water headspace. The relative slopes of these decay plots provide the relative rate coefficients
for the H3O+ and NO+ reactions with water vapour,k1 and k8, respectively. Sincek1 is known [21], k8 can be obtained. Note the much
slower decay of the NO+ ions, indicating thatk8 	 k1 (see text). (b) Count rates of the product ions of the NO+ reactions with H2O and
H2O2, i.e., NO+H2O and NO+H2O2, respectively, in counts per second, plotted as a function of flow rate (Torr L s−1) of the air/water
vapour/hydrogen peroxide headspace mixture. Fitting of these data to a simple kinetic model provides the rate coefficients for reactions
(8)–(10) (see text for further discussion).

previously ask1 = 7 × 10−28 cm6 s−1 at 300 K[21].
The simplest approach to the measurement ofk8 is
to inject H3O+ and NO+ ions simultaneously into
the helium carrier gas of the SIFT and then measure
the decay rates of both these ion species as water
vapour is introduced in the usual way. Typical decay
curves are shown inFig. 5a. Note the much slower
decay of the NO+ ions, which indicates thatk8 	 k1.
Since k1 is known, k8 is simply determined from
the ratio of these decay rates. Thus,k8 is obtained

as 3.6 × 10−29 cm6 s−1 (at 300 K) which is in good
agreement with the previous measurement[21]. As
mentioned above, the dihydrate ion NO+(H2O)2 is
also formed, presumably via a secondary three-body
reaction between NO+H2O ions and H2O molecules.
The relative signal level of the NO+H2O and
NO+(H2O)2 ions suggests that this secondary re-
action proceeds faster than reaction (8), but further
experiments need to be performed to derive its rate
coefficient.
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Experiments were then carried out to study the reac-
tion of NO+ ions with H2O2 in an attempt to ascertain
which of reactions (9) and (10) resulted in the pro-
duction of the NO+H2O2 ions. Thus, NO+ ions were
injected into the helium carrier gas and controlled
and measured amounts of the water vapour/peroxide
headspace mixture were introduced via a flow con-
troller. The decay of the precursor NO+ ions even
for the maximum flow of the reactant mixture was
very small, which indicated that reaction (9) is also
very slow and its rate coefficient cannot be accurately
determined from the slope of the decay curve. So we
resorted to accurately measuring the appearance of the
product ions NO+H2O formed in reaction (8) and the
NO+H2O2 ions formed by either/or reactions (9) and
(10). Typical data obtained are shown inFig. 5b, where
it can be seen that the signal level of the NO+H2O ions
increase more rapidly than that of the NO+H2O2 ions,
by virtue of the greater fraction of H2O in the water
vapour/hydrogen peroxide headspace mixture. Further
to this, the NO+H2O signal plot curves downwards
at higher reactant flows, indicating that a loss process
in addition to a formation process for these ions is
occurring. This down curving is mirrored by an up
curving of the NO+H2O2 signal plot, which strongly
implies that NO+H2O ions are being converted to
NO+H2O2 ions. This must be due to the switching
reaction (10). However, this does not rule out paral-
lel production of NO+H2O2 ions by the association
reaction (9).

In order to determine, the separate contributions
of reactions (9) and (10) to NO+H2O2 production,
we resort to a simple kinetic model and apply it to
the kinetic data given inFig. 5b. Thus, using square
brackets to indicate signal levels and neutral particle
number densities, including the helium carrier gas
[He], [NO+H2O2] is given by:

[NO+H2O2] = [NO+][H2O2]k9[He]−1t + 1
2[NO+]

× [H2O]k8[He]−1t[H2O2]k10

k8 andk9 are the three-body rate coefficients for reac-
tions (8) and (9),k10 is the bimolecular rate coefficient
for reaction (10) andt is the reaction time. The factor

of 2 is included as an adjustment to the reaction time
(i.e., t/2) for the secondary reaction (10) accounting
for the continuous formation of the reacting sec-
ondary ions[29]. Using curve fitting, the valuesk9 =
3.8 × 10−29 cm6 s−1 andk10 = 2.5 × 10−10 cm3 s−1

are obtained using the partial pressures of H2O and
H2O2 in the headspace mixture given previously (see
Fig. 1).

It is interesting to note thatk9 is not measurably dif-
ferent thank8 when the uncertainties in determiningk8

are considered. Our value ofk10 is about factor of two
greater than the estimate (∼1× 10−10 cm3 s−1) made
previously by others[9]. This means that when the
sample vapour is rich in water vapour relative to hy-
drogen peroxide the relatively rapid switching reaction
(10) is the major route to the production of NO+H2O2

ions. Hence, the presence of the water vapour catalyses
the production of NO+H2O2 ions. That this switch-
ing reaction occurs implies that the binding energy
of H2O2 to NO+ ions exceeds that of H2O (which is
known to be 69.5 kJ mol−1 = 0.72 eV[30]). However,
when switching reactions are appreciably exothermic
they are known to proceed at or near to the collisional
rate, butk10 falls well short of the collisional rate co-
efficient for this reaction, which is 3.0×10−9 cm3 s−1

[24]. These data collectively imply that the difference
between the binding energies of NO+ to H2O and of
NO+ to H2O2 is small. Thus, it might be expected that
the reverse of reaction (10) may occur at the relatively
high [H2O]/[H2O2] ratios of this experiment and that
ultimately equilibrium could be established. But there
is no evidence for this in the data shown inFig. 5b,
where it can be seen that the NO+H2O2/NO+H2O sig-
nal ratio increases continuously with increasing sam-
ple flow rate (i.e., increasing [H2O] and [H2O2]). The
k values for these reactions are included inTable 1.

3.2. Peroxyacetic acid

We were unable to obtain pure peroxyacetic acid
and so for these experiments we used a mixture com-
prising 40% peroxyacetic acid and 60% acetic acid by
weight (Sigma-Aldrich Co.), although the suppliers’
specification indicates that hydrogen peroxide is a
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Table 1
Rate coefficients for the reactions of H3O+, NO+ and O2

+ with hydrogen peroxide and peroxyacetic acid

Molecule αa (10−24 cm3) µa (D) H3O+b NO+b O2
+b

Product k kc Product k kc Product k kc

Hydrogen
peroxide

2.9 ± 0.5 2.2 – –c 3.2 NO+H2O2 (100) –d 2.8 H2O2
+ (100) 2.0 2.7

Peroxyacetic
acid

5.5 ± 1.0 2.4± 0.3 CH3COOH.H+ (90) 3.2 3.2 NO2
+ (70) 1.7 2.7 C2H4O2

+ (70) 2.7 2.7

CH3C(O)OOHH+ (10) C2H3O+ (25) C2H3O+ (30)
NO+CH3(O)OOH (5)

Also given are 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. The product ions for the
reactions and their percentage (in parentheses) are also indicated.

a The knownµ value [25] is shown in regular type. The estimatedα and µ are shown in italics.
b The rate coefficients,k, are in units of 10−9 cm3 s−1, for the NO+ and O2

+ reactions are experimentally derived (see the text). The absolute
and relative uncertainties in these calculated rate coefficients are±30 and±15%, respectively.

c H3O+ does not react at a measurable rate with H2O2.
d Three body associationk9 = 3.8 × 10−29 cm6 s−1.

minor contaminant. The headspace concentrations
of the separate components will not be in the same
proportions as those in the liquid phase, but it is
known that peroxyacetic acid is more volatile from
water solution than acetic acid[31]. We show later
that we can infer the relative headspace concentra-
tions of these two compounds from the present ion
chemistry study and it turns out that the headspace
comprises 52% peroxyacetic acid and 48% acetic
acid at room temperature. That these compounds
are at comparable concentrations eases the deter-
mination of the peroxyacetic acid kinetics (contrast
this with the water/hydrogen peroxide mixture de-
scribed above). The reactions of H3O+, NO+ and
O2

+ with acetic acid have been studied previously in
our SIFT surveys of reactions relevant to SIFT-MS
work [11], which allows the peroxyacetic acid kinet-
ics to be extracted from the SIFT data obtained using
the acetic/peroxyacetic acid mixture as the reactant.
These experiments were carried out using the bag
sampling method (at room temperature) described in
Section 2.

The first step is to determine the rate coefficients
for the reactions of the H3O+, NO+ and O2

+ ions
with the reactant gases/vapours. To obtain the rate
coefficients for the peroxyacetic acid reactions it
was first necessary to obtain decay curves for a dry

air/acetic acid mixture prior to using the dry air/acetic
acid/peroxyacetic acid mixture. The three precursor
ions were injected simultaneously into the helium
carrier gas and the dry air/acetic acid mixture was
introduced at measured flow rates. Typical ion decay
curves obtained are shown inFig. 6a. These curves
show, as is known from our previous measurements
[11], that the H3O+ and O2

+ reactions proceed at
their collisional rates,kc, and that the NO+ reaction
is slower, actually proceeding with a rate coefficient
of 0.4kc at 0.5 Torr of helium[11]. This procedure
was then immediately repeated using the air/acid
mixture and sample decay curves obtained are shown
in Fig. 6b. It is apparent again, that the H3O+ and
O2

+ reactions with the mixture of the two acid re-
actants are fast and this implies that both the H3O+

and O2
+ reactions with peroxyacetic acid proceed at

their respective collisional rates. The rate coefficients
can be calculated if the polarisabilities and dipole
moments of the acid molecules are known or can
be estimated[24]. These parameters are known for
acetic acid and so thekc values for the acetic acid
reactions can be readily calculated[24]. It has been
necessary to estimate these parameters for peroxy-
acetic acid by analogy with similar compounds. Thus,
the estimatedkc values for the peroxyacetic acid re-
actions are also given inTable 1. It is clear inFig. 6b



280 P. Španˇel et al. / International Journal of Mass Spectrometry 228 (2003) 269–283

Fig. 6. Semilogarithmic plots of the count rates (c/s) against flow rate (Torr L s−1) of H3O+, NO+ and O2
+ ions as a dilute mixture of

(a) dry air/acetic acid and (b) dry air/peroxyacetic acid/acetic acid mixture is introduced into the helium carrier gas of the SIFT. The rate
coefficients for the H3O+ reactions are assumed to be the respective collisional rate coefficients,kc [24]. The derived rate coefficients
for the NO+ and O2

+ reactions with acetic acid obtained from the relative slopes of the decay plots as in (a) agree with the previous
measurements[11]. The rate coefficients for peroxyacetic acid reactions are calculated using the relative decay slopes from (b) considering
the fractions of acetic acid and peroxyacetic acid in the gas phase (48:52%).

that the overall reaction of NO+ with the mixture
of acid vapours is relatively slow. By combining the
data fromFig. 6a and band the fractions of acetic
and peroxyacetic acid in the reactant mixture, the rate
coefficient for the NO+ reaction with peroxyacetic
acid is obtained as 1.7×10−9 cm3 s−1, which is equal
to 0.6kc.

3.2.1. H3O+ reactions
It is known that H3O+ reacts with acetic acid

via non-dissociative proton transfer producing only
CH3COOHH+ ions at am/z value of 61[11]. So it is
no surprise that ions at thism/z appear on the prod-
uct ion spectrum when the acetic acid/peroxyacetic
acid mixture is the reactant. However, the only other

product ion that appears is a minority ion atm/z of
77, which is surely protonated peroxyacetic acid,
CH3C(O)OOHH+. The data indicate that the peroxy-
acetic acid reaction proceeds thus:

H3O+ + CH3C(O)OOH → CH3C(O)OOHH+

+ H2O (10%) (11a)

H3O+ + CH3C(O)OOH → CH3COOHH+

+ H2O2 (90%) (11b)

Using the relative signal levels atm/z values of 61
and 77 together with the relative number densities of
acetic acid and peroxyacetic acid in the helium car-
rier gas (and using the rate coefficients for these two
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reactions; seeTable 1), the product distribution for
reaction (11) is obtained, as indicated. Thus, reac-
tion (11b) is the dominant reaction pathway. This is
a curious reaction in which it seems that intermedi-
ate{H3O+CH3C(O)OOH} ion complexes are formed
from which (H2O + O) and, less frequently, H2O
molecules are lost. Although direct proton transfer
must be exothermic in view of the rapidity of the re-
action, and the occurrence of reaction (11a), it is un-
likely that the protonated molecule can spontaneously
lose an oxygen atom and so the neutral product of re-
action (11b) is most likely to be H2O2. Unfortunately,
the heat of formation of peroxyacetic acid is not tab-
ulated, but we can use the fact that a mixture of per-
oxyacetic acid (15%), water (40%), acetic acid (30%)
and hydrogen peroxide (15%) exists in equilibrium
[7] to estimate heat of formation of CH3C(O)OOH as
∼(−320± 5) kJ mol−1. Using this value, the exother-
imicity of reaction (11b) is 105 kJ mol−1, but to pro-
duce H2O + O it would be 40 kJ mol−1 endothermic.
Occurrence of reaction (11a) at thermal energy (300 K)
indicates that the proton affinity of peroxyacetic acid
exceeds that of water, which is 691 kJ mol−1 [20].

3.2.2. O2
+ reaction

Our previous SIFT study showed that O2
+ re-

acts with acetic acid to produce CH3CO+ (50%)
and the parent cation CH3COOH+ (50%) [11]. The
present studies showed that only product ions atm/z
values of 43 and 60 were formed when the acetic
acid/peroxyacetic acid was used as the reactant neu-
tral. Thus, it is clear that the product ions for the
reaction of O2

+ with peroxyacetic acid are the same
m/z values as those for the O2

+/acetic acid reaction,
so the former reaction proceeds thus:

O2
+ + CH3C(O)OOH → C2H4O2

+

+ (O + O2) (70%) (12a)

O2
+ + CH3C(O)OOH → CH3CO+

+HO2 + O2 (30%) (12b)

Again, the product distribution indicated is obtained
by considering the known distribution for acetic acid

and the relative signal levels of the product ions atm/z
values of 43 and 60 when the acid mixture is used
as the reactant. We cannot definitely identify either
the structure of the product ion of reaction (12a) or
the neutral products of these reactions. But it is most
probable that the reaction proceeds via dissociative
charge transfer (in common with most O2

+ reactions
[11,13,14,21]) producing neutral O2 molecules in both
channels, this being surely so for reaction (12b). Us-
ing our estimated heat of formation of CH3C(O)OOH
given above, we can calculate that reaction (12a) is
thermoneutral for the CH3COOH+ structure of the
product ion but exothermic by 92 kJ mol−1 for the
CH2C(OH)2+ structure of the product ion. Reaction
(12b) is exothermic by 182 kJ mol−1.

3.2.3. NO+ reactions
The reaction of NO+ with acetic acid produces only

the adduct NO+CH3COOH ion at anm/z value of 90
[11]. Use of the acid mixture as the reactant resulted in
three additional ions atm/z values of 43, 46 and 106.
The last is only a minor product and must surely be
the adduct NO+CH3C(O)OOH ion and the first must
be CH3CO+. There is only one reasonable candidate
for the product ion at them/z value of 46, viz. NO2+.
To check if this ion contained a carbon atom (it could
conceivably have a molecular formula of CH4NO+

[20]) we carried out an isotope check by measuring the
ratio of the signal levels atm/zvalues of 46 and 47 (the
13C isotopomer). No significant signal was observed at
m/z 47, showing that the product ion does not contain
a carbon atom and therefore must be NO2

+. So the
reaction proceeds thus:

NO+ + CH3C(O)OOH

→ NO+CH3C(O)OOH (5%) (13a)

NO+ + CH3C(O)OOH → NO2
+

+ CH3COOH (70%) (13b)

NO+ + CH3C(O)OOH → CH3CO+

+ HNO3 (25%) (13c)

It is fortunate that none of these product ions result
from the NO+/acetic acid reaction. So the relative
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signal level at them/z value of 90 and the total signal
level of the ions atm/z values of 43, 46 and 106, to-
gether with the rate coefficients for the NO+ reactions
with acetic and peroxyacetic acids (given inTable 1),
provide the relative headspace concentrations of these
acids in the headspace of the liquid acid mixture. This
is how the 48 and 52% composition (partial pressure
ratio) given above was obtained.

This complex reaction probably proceeds via the
formation of the adduct ion indicated in reaction
(13a), which then largely dissociates along the two
product channels indicated as reactions (13b) and
(13c). That the overall reaction proceeds more slowly
than the collisional rate, like that for the NO+/acetic
acid reaction, gives some credence to this hypothesis.
But, of course, the major reaction (13b) can be viewed
as an oxygen atom abstraction reaction that results in
the oxidation of NO+ ions to NO2

+ ions and, simi-
larly, reaction (13c) may be viewed as HO2 molecule
abstraction. In the latter reaction, the structure of the
neutral product is unknown; it could be either a ni-
tric acid molecule, as written, or the peroxynitrous
acid HOONO isomer[32]. Using our estimated heat
of formation of peroxyacetic acid of−320 kJ mol−1,
reaction (13b) is exothermic by 122 kJ mol−1 and
reaction (13c) is exothermic by 146 kJ mol−1 with
HNO3 as a neutral product.

4. Concluding remarks

The experimental challenge in this study has cen-
tred on the fact that neither hydrogen peroxide nor
peroxyacetic acid could be obtained in total isola-
tion from water and acetic acid, respectively. Hence,
the rate coefficients and product ion distributions for
their reactions had to be extracted from the reactions
of the respective mixtures. This has required careful
ion chemical modelling in order to obtain the kinetic
data for the hydrogen peroxide reactions. However, it
should be noted when attempting to analyse hydrogen
peroxides in atmospheric air that water vapour will
inevitably be present in greater concentrations and so
the challenge has to be met. Similarly, acetic acid in-

evitably will be present when peroxyacetic acid is to
be analysed in air.

The initial stimulus for this study was to investigate
the potential of SIFT-MS for the analysis of these per-
oxides in air and exhaled breath using the three most
common precursor ions H3O+, NO+ and O2

+. It is
clear that both H3O+ and O2

+ precursor ions are of lit-
tle value for such analyses. H3O+ does not react with
H2O2 and the O2+ reaction produces H2O2

+ ions that
react rapidly with H2O molecules. Peroxyacetic acid
reacts with H3O+ and O2

+ ions to produce ions that
are common with those of the analogous acetic acid
reactions. Fortunately, however, NO+ is revealed as a
suitable ion for the analyses of these two peroxides.
NO+H2O2 ions are formed when water/hydrogen per-
oxide molecules react with NO+ ions, the formation
of NO+H2O2 ions being catalysed by the presence of
water molecules. For the analysis of peroxyacetic acid
in the presence of acetic acid, NO2

+ ions are revealed
as suitable monitor ions for SIFT-MS analyses using
NO+ precursor ions. Thus, it is now possible to use
SIFT-MS to monitor peroxyacetic acid in the indus-
trial environment where it is used for disinfection and
bleaching. It is possible that a precursor negative ion
species such as CF3O− may be a more suitable chem-
ical ionisation agent for these peroxides, but negative
ions have not yet been utilised for our SIFT-MS work.
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