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Dissociative electron impact ionization of N2O5
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Abstract

Electron impact ionization of dinitrogen pentoxide for incident electron energies up to about 25 eV has been investigated by use of a crossed
beams quadrupole mass spectrometer system. The experiments reported in this paper detected the fragmentation products NO2

+, NO+, O+,
N+, and NO3

+. No stable N2O5
+ ion was observed. The NO3+ fragment, for which we determine an appearance energy 13.25± 0.30 eV, has

not been observed previously. This appearance energy is close to the calculated threshold.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Dinitrogen pentoxide, N2O5, plays a prominent role in the
chemistry of both the Earth’s troposphere and stratosphere.
In the stratosphere, it is a reservoir molecule for the nitro-
gen oxides, NOx, which are intricately involved in strato-
spheric ozone depletion. In the troposphere, its hydrolysis
leads the formation of nitric acid (a major component of
acid rain) and it exists in equilibrium with NO3, the major
nighttime oxidant[1]. It has also been implicated in the re-
lease of Cl atoms from sea-salt aerosol, reaction with NaCl
giving the photolabile species ClNO2 [2]. Despite of its cur-
rent atmospheric importance[3–5] there have been only a
few studies of its ionization properties. These studies in-
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clude: the measurement of a He I photoelectron spectrum
[6]; a photoionization study at photon energies between 10
and 20 eV reporting appearance energies for O+, NO+ and
NO2

+ fragment ions[7] and an early electron impact study
reporting the production of NO+ and NO2

+ fragment ions
at a nominal electron energy of 11.5 eV[8]. Most recently
Price and coworkers reported relative partial ionization cross
sections for N+, O+, NO+ and NO2

+ at energies in excess
of 30 eV [9] and measured coincidence spectra of product
dinitrogen pentoxide dications to derive the appearance en-
ergies for forming the NO+ + NO2

+ and O+ + NO+ ion
pairs[10].

This lack of data can be partially explained by the diffi-
culty in preparing pure samples of N2O5 and its reactivity
in the mass spectrometer inlet system. Obviously, for reac-
tive molecules it is no easy task to record a reproducible
mass spectrum, in particular due to the tendency of reactive
species to decompose on contact with many metallic or cer-
tain non-metallic surfaces[11]. Using our high resolution
electron impact crossed molecular beams apparatus[12] and
taking considerable care to prepare uncontaminated N2O5
samples and after taking into account any possible decompo-
sition pathways we have measured the appearance energies
of the various fragment ions produced in electron impact of
N2O5. In addition, we were able to detect for the first time
the production of the fragment ion NO3

+ and to measure its
appearance energy.
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2. Experimental

The experiments were performed with a crossed elec-
tron/molecular beams apparatus that has been described
previously in detail[12]; hence, only a few salient fea-
tures are given here. The electron beam is produced using
a custom-built trochoidal electron monochromator (TEM)
[13], which is capable of achieving an energy resolution of
about 35 meV under optimum conditions, albeit at rather
low electron current of about 1 nA. In this work the in-
strument was operated at an electron resolution of about
100–200 meV (measured as full width at half maximum,
FWHM) allowing operation of the monochromator at much
higher electron currents of about 50 nA. The electron beam
crossed the molecular beam (formed by an unreactive
glass capillary) perpendicularly. The ions formed in the
interaction region were extracted by a weak electric field
into the entrance of a quadrupole mass spectrometer. The
mass-selected positive ions were detected by a channeltron
and the pulses were processed employing a pulse-counting
technique and stored in a computer. The intensity of the
mass-selected positive ion current was recorded as a func-
tion of the electron acceleration voltage. In order to obtain
values for the appearance energies from the raw data, a
fitting procedure was used[14,15], where the fitting func-
tion F(E) was chosen based on Wannier’s law. With this
procedure, both the Wannier exponentsp and the appear-
ance energies AE can be extracted from the experiment;
for further details on this technique, see[16]. Depending
on the fragment ion under study we had to use either a
fitting function with one ionization threshold or a fitting
function with two ionization thresholds (i.e., corresponding
to a situation in which an additional break in the ionization
curve indicates the occurrence of an additional production
channel at this ‘second’ ionization energy). The electron
energy scale was calibrated using the same fitting procedure
on electron impact ionization data of Ar using the known
threshold of Ar as 15.759± 0.001 eV[17].

In the present experiments the N2O5 sample was gener-
ated by the reaction of ozone and nitric oxide at ambient
temperature[18], which can be represented stoichiometri-
cally by the reaction

2NO+ O3 → N2O5 (1)

The flow apparatus used in these experiments was made
from glass and a series of Teflon taps to control the flow of
the gases. Because N2O5 reacts readily with H2O to form
nitric acid, precautions were taken to ensure the system was
dry. The flow system was evacuated overnight and dried
thoroughly before introducing NO into the system, via a
needle valve, through a trap that is held in an acetone/solid
CO2 slush bath at 195 K. NO was chosen as the precursor
over NO2 as it is easier to dry. O3 is produced by flowing pure
O2 through a commercial ozonizer (Fischer 502) at a flow
rate of about 100 l of O2 per hour, producing about 5 g of O3
per hour. The flows of NO and O3 are merged at a controlled

point in the glass manifold where NO is oxidised first to NO2
and then to NO3 which reacts with NO2 to form N2O5. As
the resulting product can be potentially contaminated with
traces of unreacted NOx, the flow rates of the feed gases are
carefully adjusted so that there was no trace of NO2 (a brown
gas) after the desired point of reaction. The product was then
collected for approximately 1 h in a cold trap held at 195 K.
N2O5 is a white solid crystal with a melting point of 293 K
and can be stored below 270 K for long time periods without
deterioration. In order to avoid (minimize) decomposition
of N2O5 (e.g., by reacting with metallic surfaces), we used
glass tubes for the gas inlet to the TEM.

3. Results and discussion

Fig. 1 shows as an example a 70 eV electron impact ion-
ization mass spectrum of N2O5 accompanied by traces of
the calibration gas Ar. As reported in the previous studies
we can see ions atm/z = 14 (N+), m/z = 16 (O+), m/z =
30 (NO+) and m/z = 46 (NO2

+) which can be ascribed
to dissociative ionization of N2O5. Nevertheless, these ions
could also be due to ionization of impurities in the sample
cell (note the signals atm/z = 28 and 32 arising from nitro-
gen and oxygen impurities) or from decomposition products
of N2O5 (see below). In contrast to earlier studies we have
however also observed a signal atm/z = 62 which can be
ascribed to the production of NO3+ from N2O5. The ion
intensities observed here are, in descending order, NO2

+,
NO+, O+ and N+, and are similar to the ratios observed
by Price and co-workers[9]. The ion signal of NO3+ is an
order of magnitude lower than any of the others and this
low abundance may be the reason that this ion was not seen
in the previous studies. As already reported in the previous
studies, no stable parent ion N2O5

+ could be observed via
ionization of N2O5.

NO2
+: The ion yield curve near threshold of the NO2

+
is shown inFig. 2. A detailed analysis of this curve using
the above described fitting procedure reveals that this curve
has an onset at 9.90 eV and shows a break at 12.20 eV. The
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Fig. 1. Positive mass spectra of N2O5 mixed with a trace of Ar calibration
gas.
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Fig. 2. Ion yield curve of NO2+ (upper panel) and of NO+ (lower panel)
for electron impact ionization of N2O5: circles experimental data points,
full line: fit through the data points as described in text in order to deduce
appearance energies.

formation of NO2
+ by electron impact ionization of N2O5

is expected to occur according to the following reactions
using thermo-chemical data from[19,20].

N2O5 + e → NO2
+ + NO3 + 2e, AE = 10.56 eV (2a)

N2O5 + e → NO2
+ + NO2 + O + 2e, AE = 12.75 eV

(2b)

Thus, the first onset observed here at 9.90± 0.05 eV (the
present error bars pertaining to the statistical error obtained
from the fitting procedure) has to be attributed to the ap-
pearance of NO2+ via ionisation of NO2 (the correspond-
ing ionisation energy being 9.75 eV) being present in the
sample (either as an initial impurity or as a decomposition
product of N2O5). The second onset (break of the curve) at
12.20±1.12 eV agrees well with the photoelectron spectrum
for N2O5 reported by Ames and Turner[6] which shows the
lowest adiabatic ionisation energy at 11.4 eV and the corre-
sponding vertical value at 12.3 eV. The photoionization yield
curve of Jochims et al.[7] gave also a smooth onset in this
energy region. It has therefore to be concluded that approx-
imately 1.6 eV excess energy is involved in the NO2

+ for-
mation at threshold (part of it due to the difference between
adiabatic and vertical threshold), but it should be taken into
consideration that the accuracy of the thermochemical data
used may not be very high.

NO+: The ion yield curve near threshold of NO+ is shown
in Fig. 2. This curve also appears to show, according to our
fitting analysis, more than one threshold with a first onset
at 9.36± 0.10 eV and a second one at 13.09± 0.25 eV. As
in the case of NO2+ the first onset can be attributed to the
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Fig. 3. Ion yield curve of O+ (upper panel) and of NO3+ (lower panel)
for electron impact ionization of N2O5: circles experimental data points,
full line: fit through the data points as described in text in order to deduce
appearance energies.

production of NO+ via ionisation of NO being present in
the sample (either as initial impurity or as a decomposition
product of NO2; the corresponding ionisation energy of NO
being 9.26 eV). The second onset at 13.09± 0.25 eV is in
excellent agreement with the earlier photoionization result
of Jochims et al.[7] at 12.95 and very likely corresponds to
the production of the NO+ ion via one of the following reac-
tions, one of them involving a considerable amount of excess
energy, the other one being barely energetically possible.

N2O5 + e → NO+ + NO2 + O2 + 2e, AE = 10.45 eV

(3a)

N2O5 + e → NO+ + NO3 + O + 2e, AE = 13.40 eV

(3b)

O+: The O+ ion yield curve shows near threshold accord-
ing to our fitting analysis an onset at 16.74± 0.36 eV and a
break at 18.93± 0.32 eV (seeFig. 3). This result is in ac-
cordance with the photoionization results of Jochims et al.
[7] reporting a weak O+ ion yield with an onset between 16
and 17 eV. Possible production channels of O+ from N2O5
include

N2O5 + e → O+ + N2O4 + 2e, AE = 16.18 eV (4a)

N2O5 + e → O+ + 2NO2 + 2e, AE = 16.76 eV (4b)

N2O5 + e → O+ + NO + NO3 + 2e, AE = 17.73 eV

(4c)
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Whereas the first onset may be ascribed to reactions (4a
or 4b) (or due to production of O+ via ionisation of NO2
present in the sample, see above; the corresponding ioniza-
tion energy being 16.8 eV), the second onset could be due
to production of O+ via ionisation of O2 present in the sam-
ple (either as initial impurity or as a decomposition product;
the corresponding ionisation energy being 18.7 eV). It is in-
teresting to note that Jochims et al.[7] also see a break at
about this energy.

NO3
+: The most important observation in the present

work is the presence of the fragment ion NO3
+ produced via

electron impact ionization of N2O5. This ion has a rather low
signal in comparison with the signal of other ions and this
is the most likely the reason why it has not been observed
in previous experiments. The ion yield curve near threshold
of NO3

+ is shown inFig. 3 lower panel exhibiting an onset
value of 13.25± 0.30 eV. On energetic reasons there is only
the reaction

N2O5 + e → NO3
+ + NO2 + 2e, AE = 13.53 eV (5)

which may contribute to the production of this ion via ion-
isation of N2O5 at threshold and the calculated appearance
energy is in good agreement with the measured value taking
into account the involved error bars of the thermo-chemical
data and the present determination. Moreover, it is interest-
ing to note that the adiabatic ionization energy for the nitrate
radical NO3 as determined to be 12.57±0.03 eV by Monks
et al.[21] using a discharge flow-photoionization mass spec-
trometer apparatus coupled to a synchrotron radiation source
is well below the present appearance energy, thus excluding
contamination of the N2O5 target with the nitrate radical.
It should be noted that the structure and the atmospheric
implications of the existence of the NO3

+ cation has been
extensively studied and discussed recently[22].
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