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Abstract

Collisional electron transfer at kiloelectron-volt energies involving the NO molecule in various charge states is probed by
tandem mass spectrometry. Unlike many other molecules, singly charged NO−/+ ions can be subjected to all conceivable
kinds of neutralization–reionization (NR) and charge reversal (CR) sequences. Because all these experiments involve electron
transfer to or from the NO unit, we may generally term them as electron-transfer mass spectrometry (ET-MS). Moreover,
the fact that NO−/+ ions give rise to distinct survivor ion signals in all NR and CR spectra permits a detailed analysis of the
ET processes occurring by means of energy-resolved experiments. Inter alia, these measurements reveal that the seemingly
identical transitions of the anionic species to the cation, i.e., NO− → NO• → NO+ occurring in NR and NO− → NO+
occurring in CR, are associated with rather pronounced differences as far as the populations of electronic states of the resulting
NO+ cations are concerned. (Int J Mass Spectrom 223–224 (2003) 169–177)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

As a prototype diatomic molecule, the chemistry
and physics of excited states of NO+ have been of
wide interest for quite a long time[1]. Particular atten-
tion has been paid to relaxation processes[2–4], and
Werner Lindinger was one of the pioneers in this area
[5,6]. As nitrogen monoxide is a stable neutral radical,
it has been examined at great length, and the details
of the potential energy surfaces of NO−/0/+ are well
established. Here, we use an adiabatic electron affin-
ity of EAa = 0.026 eV[7] and an adiabatic ionization
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energy of IEa = 9.264 eV [8]. Not surprisingly, ni-
trogen monoxide was also studied extensively by
mass spectrometric means, and already the very early
charge-stripping (CS) experiments of Cooks et al. re-
vealed composite peaks due to the presence of excited
states of NO+ [9].

In 1998, we introduced the neutral-and-ion de-
composition difference (NIDD) scheme[10–13] as a
method to examine the reactivity of transient neutrals
by mass spectrometric means. The essence of the
NIDD scheme is the qualitative analysis of neutraliza-
tion–reionization (NR)[14] and charge-reversal (CR)
[15,16] spectra obtained under comparable condi-
tions. In one of our initial studies, nitrogen monoxide
ions were chosen to test the performance of the NIDD
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approach for selected diatomic molecules[13]. Based
on the negligible NIDD intensities for NO+ and NO−

ions, we concluded that, irrespective of the actual
charge state, there exist no pronounced differences
between the NR and CR processes occurring for this
particular molecule. As our contribution to an issue in
the memory of the scientific oeuvre of the late Werner
Lindinger, we report some energy-resolved experi-
ments which reveal that the NIDD behavior of the
NO molecule is not as simple as we have anticipated
before.

2. Experimental details

The experiments employed a VG-ZAB-2HF/AMD
604 four-sector mass spectrometer ofBEBE con-
figuration (B stands for magnetic andE for electric
sector) which has been described elsewhere[17].
NO− anions were prepared by dissociative chemical
ionization (CI, electron energy 100 eV, repeller volt-
age ca. 0 V) of N2O. NO+ cations were generated
by electron ionization (EI, electron energy 70 eV, re-
peller voltage ca. 20 V) of either NO or N2O. Further,
nitrogen monoxide was ionized with electrons having
only 15 eV kinetic energy (with the repeller grounded
to the source potential[18]), thereby avoiding the
formation of electronically excited cation states (see
below). The ions of interest, having ca. 8 keV kinetic
energy, were mass-selected using eitherB(1) only or
B(1)/E(1) at mass resolutions ofm/�m = 2000–6000,
sufficient to resolve isobaric impurities.

The energy-resolved NR and CR experiments dis-
cussed below were performed in the tandem colli-
sion cells located in the field-region betweenB(1) and
E(1). To this end,B(1) mass-selected precursor ions
were collided with the target gases specified below at
ca. 80% transmission of the incident ion beam, and
the sectorE(1) was adjusted to the desired charge. In
the NR experiments, a deflector electrode located be-
tween the two collision cells was floated to 1 kV. In
−NR−, the target gases were a combination of oxy-
gen for neutralization and xenon for reionization. Oxy-
gen was used in both collisions in−NR+, and−CR+

was performed using oxygen in either only one or
both collision cells. Likewise, only xenon was used
as collision gas in+NR− and+CR−, respectively. Fi-
nally, +NR+ applied the frequently used combination
of xenon for neutralization and oxygen for reioniza-
tion. Briefly spoken, xenon is used to add and oxygen
to remove an electron from the projectile in these CR
and NR experiments. In addition to xenon and oxygen,
several other rare gases as well as nitrogen monoxide
were used as target gases, but no major differences
were observed. The corresponding NIDD spectra were
derived from the difference of the NR and CR spectra
as described in[10–13]; briefly, the normalized inten-
sities (Ii) of the CR spectra are subtracted from those
in the corresponding NR spectra, i.e.,Ii(NIDD) =
[Ii(NR)/	iIi(NR)] − [Ii(CR)/	iIi(CR)].

The energy balances of the kiloelecton-volt-collision
experiments were determined from the high-energy
onsets of the parent ion and the NR and CR survivor
signals, respectively, where the term “survivor” stands
for those species which successfully undergo the re-
dox transitions under study. The kinetic energy scale
of the sectorE(1) was calibrated using the following
transitions as references (i)X− → X+ for X = F–I
and O2

− → O2
+ in −NR+ as well as−CR+, (ii)

X+ → X− for X = Cl–I and O2
+ → O2

− in +NR−

as well as+CR−, (iii) X− → X− in −NR−, and
(iv) N2

+ → N2
+ as well as O2+ → O2

+ in +NR+,
respectively. In the related energy-resolved CS tech-
nique [19] there is an ongoing debate, whether mul-
tiplicative or additive correction schemes are more
appropriate[20]; our recent results indicate that the
multiplicative approach is more appropriate in our
instrument[21]. For experiments in which the charge
is reversed, application of an additive correction is
certainly required, because a given component of
the ion optics will precisely work in the opposite
direction for cations and anions, respectively. Note
that a decisive choice between these two calibrations
schemes cannot be made for the time being. As a
compromise, the actual calibration schemes therefore
used two parameters�E = c+f �Eexp, wherec and
f were determined by calibration with the reference
transitions mentioned above.
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3. Results and discussion

As mentioned previously[13], the overview NR and
CR spectra of NO−/+ are almost identical, resulting
in vanishing NIDD patterns (Table 1). Accordingly,
one is tempted to conclude that the same species are
formed, i.e., the same electronic state of the cation in
this particular case. However, in addition to the disso-
ciation behavior, NR and CR spectra can provide fur-
ther information, if energy-resolved experiments are
performed. In several previous studies, we have em-
ployed energy-resolved NR and CR measurements to
unravel so far unknown redox properties of gaseous
species[22–25] and/or to probe the nature of species
formed in NR sequences[26–28]. Instead, here, we
shall use the well-known NO−/0/+ system to dis-
cuss the prospects and the limitations of these partic-
ular experiments which we wish to generally term as
electron-transfer mass spectrometry (ET-MS).

3.1. Background

Before addressing the experimental data, it is in-
dicated to recall some general aspects of the ET-MS

Table 1
Fragment ionsa,b observed in the NR and CR mass spectrac of
NO− anions generated by chemical ionization of N2O and NO+
cations generated by electron ionization of neutral NO and the
resulting NIDD spectrac,d

NO+/− O+/− N+/−

−NR− 100 0.6 <0.2
−NR+ 100 4.1 3.7
−CR+ 100 3.4 3.2
−NIDD+d −1.1 0.6 0.5
+NR− 100 0.9 <0.2
+CR− 100 1.1 <0.2
+NIDD−d −0.2 0.2
+NR+ 100 0.7 0.6

a The charge states of the products NO, O, and N depend on
the type of experiment performed.

b Given relative to the base peak (1 0 0). Figures behind the
comma are within experimental error, but are given for the sake
of consistency in the context of the NIDD data.

c The charges of the projectile and product ions are indicated
as superscripts.

d NIDD intensities given as percentages; values below±2%
are considered to be insignificant; see[13].

experiments under study. Electron transfer in high-
energy collisions is a highly non-adiabatic process
which is best described to occur as a vertical transi-
tion. For example, 8 keV kinetic energy of an NO+/−

ion correspond to a velocity of about 2× 105 m/s
such that passage of a target gas, having a typical
cross-section in the order of ca. 5 Å2, takes about
2 × 10−15 s. Electron-transfer processes occurring
in these collisions are therefore governed by the as-
sociated Franck–Condon factors. In most cases, the
observed redox processes are highly endothermic and
driven by the kinetic energy of the projectile ion.
This conversion of kinetic into potential energy leads
to a shift of the resulting ion signals on the kinetic
energy scale. Depending on the type of experiment
performed, this is denoted as�E(NR) or�E(CR), re-
spectively, where we use�E = Eparent−Esurvivor such
that �E is positive for endothermic electron transfer.
Of course, a pivotal prerequisite is that a survivor ion
is formed at all, which is by no means fulfilled for all
species, but is the case for NO (see below). Primar-
ily depending on parent and survivor ion intensities,
the resolution of the�E measurements amounts to
0.5–4 eV, such that vibrational progressions cannot
be resolved and also Franck–Condon envelopes can
only be inferred from peak broadenings. Moreover,
the absolute uncertainty of�E is ±0.2 eV at best
[20] in conventional mass spectrometers; for ET-MS
experiments with higher resolution, see[29]. In these
respects, many spectroscopic techniques are clearly
superior to energy-resolved ET-MS. Note, how-
ever, that the latter can be applied to any kind of
mass-selected ions which gives rise to a significant
survivor signal.

Let us now consider the energy balances of the
various experiments[16] for a hypothetical species
A+/− colliding with a quasi-stationary target gasT;
note that only singly-charged projectile ions are con-
sidered here.

A−+T → A+T +e− �E(−N) = DEv(A
−) (1)

A + T → A− + T + �E(R−) = IEv(T ) − EAv(A)

(2)
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Adding Eqs. (1) and (2), we getEq. (3)

A− + 2T → A− + T + T + + e−

�E(−NR−) = IEv(T ) + DEv(A
−) − EAv(A) (3)

The energy balance of an−NR− sequence (A− →
A → A−) is given byEqs. (1)–(3), where DEv(A−)
stands for the vertical electron detachment energy of
the anion, IEv(T) for the vertical ionization energy of
the target, and EAv(A) for the vertical electron affinity
of neutralA. Note that none of these and numerous
other experiments conducted so far in our laboratory
provide evidence for electron transfer to the target
gas, i.e., the formation of theT−, and the possible
contribution of EAv(T) is therefore not considered in
the energy balances of the NR and CR experiments.
In ET-MS experiments, only the overall energy bal-
ances are measured as the transient neutrals can only
be detected via reionization. In order to further ap-
preciateEq. (3), let us consider two extreme cases. If
DEv(A−) and EAv(A) are similar, the difference be-
tween the associated vertical and adiabatic transitions
is small, and we arrive at (�E(−NR−) ≈ IEv(T ))
or simply IE(T) if an atomic target is used. Hence,
energy-resolved−NR− experiments are almost use-
less, because the target gas employed needs to be a
stable neutral and much better methods exist for the
determination of IE(T) in such a case. On the other
hand, a−NR− sequence is rather unlikely to yield a
survivor signal for DEv(A−) 
 EAv(A) because this
would result in unfavorable Franck–Condon factors.
This is particularly true for reionization to anions be-
cause the latter are only formed efficiently when the
corresponding neutral species exhibit significant ver-
tical EAs. In fact, charge reversal of cations to anions
(+CR−) can be used as a method to distinguish struc-
tural isomers of cationic species which are difficult to
differentiate otherwise[30,31].

By and large similar arguments hold true for a
+NR+ sequence (A+ → A → A+), Eqs. (4)–(6),
where REv(A+) stands for the vertical recombination
energy of the cation. If REv(A+) and IEv(A) are simi-
lar, Eq. (6)reduces to�E(+NR+) ≈ IEv(T ) which is
again trivial. Some information, but often of limited

use, can be gained if REv(A
+) � IEv(A) because

the observed effects can be related to the differ-
ences between vertical and adiabatic redox processes
[27,32].

A+ + T → A + T +

�E(+N) = IEv(T ) − REv(A
+) (4)

A + T → A + T + e− �E(R+) = IEv(A) (5)

Adding Eqs. (4) and (5), we getEq. (6)

A+ + 2T → A+ + T + T + + e−

�E(+NR+) = IEv(T ) + IEv(A) − REv(A
+) (6)

In marked contrast, valuable data about the re-
dox behavior of A−/0/+ can be gained when the net
charges change in the course of the electron-transfer
sequences. To a first approximation, the energy bal-
ance of a−NR+ sequence (A− → A → A+) is given
by the combination ofEqs. (1) and (5)leading to
Eq. (7) for the overall process.

A− + 2T → A+ + 2T + 2e−

�E(−NR+) = DEv(A
−) + IEv(A) (7)

While collisional electron detachment from anionic
species in the first step is usually quite efficient at
kiloelectron-volt energies, the resulting cationic sur-
vivor signals are often weak or even absent in ET-MS
of anionic species[33]. The reason is that the binding
characteristics and ion structures of anions and cations
differ largely in many cases, leading to unfavorable
Franck–Condon factors and often also low-lying dis-
sociation channels at some charge state. Accordingly,
often the difference between the vertical and adia-
batic properties is significant, in that�E(−NR+) >

EAa(A) + IEa(A).
Next, let us consider a−CR+ sequence (A− →

A+) in which a direct transition from the anion to
the cation occurs without intermediate, resulting in
Eq. (8), where IEv(A′) is the vertical ionization energy
of A at the geometry of the anion.

A− + T → A+ + T + 2e−

�E(−CR+) = DEv(A
−) + IEv(A

′) (8)
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For experimental reasons, however, the contribution
of the corresponding−NR+ sequence (A− → A →
A+) cannot be avoided completely. In a strict sense,
CR experiments always need to be considered as a
superposition of CR and NR events, where the for-
mer predominate in most cases, however. As far as
energy-resolved experiments are concerned, the onset
of the −CR+ survivor may therefore be obscured by
species formed via a−NR+ sequence[27].

Much more severe constraints are operative in
+NR− and+CR− experiments, because they require
the formation of anions which bear sufficient lifetime
in order to be detected (several 10�s). The corre-
sponding energy balance of a+NR− sequence (A+ →
A → A−) is given by addingEqs. (2) and (4)to give
Eq. (9).

A+ + 2T → A− + 2T +

�E(+NR−) = 2IEv(T ) − REv(A
+) − EAv(A) (9)

With T = xenon, this leads to�E(+NR−) =
24.26 eV− (REv(A

+) + EAv(A)) and hence one is
dealing with highly endothermic processes.

Even more energy is required in the corresponding
+CR− sequence (A+ → A−) in which the transition
from the cation to the anion requires double ionization
of the targetT, Eq. (10).

A+ + T → A− + T 2+

�E(+CR−) = 2IEv(T ) − REv(A
+) − EAv(A

′) (10)

Here,2IEv(T ) stands for the vertical double ioniza-
tion energy ofT (33.3 eV in the case of xenon) and
EAv(A′) is the vertical electron affinity of the neutral
at the cation’s geometry. Thus, the+CR− process is
rather energy demanding, and the onset of the anionic
survivor signal is given by contributions due to+NR−,
if the neutral species can be formed as a transient[27];
however, this is not always the case[28].

In the above considerations, a certain assumption
is generally used in the energy balances of the NR
processes. Thus, even though formed via vertical ET
from an ion state, the neutrals are treated as if they
reflect the properties of the ground state neutral. In
Eq. (2), for example, the term EAv(A) is used rather

than EAv(A′) of a neutral species having the structure
of the anion. This assumption is not just an approxi-
mation, but forms the essence of the NIDD approach
in that during the microsecond flight time from the
first to the second collision cell, the transient neutral
is assumed to explore its entire rovibronic manifold
where chemical reactivity and subsequent fragmenta-
tions are explicitly included in the NIDD technique.
In other words, the transient neutral formed by verti-
cal ET is assumed to relax to a system having elec-
tronic ground-state properties though with an elevated
internal energy.

3.2. Energy-resolved NR and CR experiments
on NO−/+

Before entering the discussion, we shall briefly
address the essentials of the potential energy surfaces
NO−/0/+. In the present context, only four states
need to be considered: (i) the ground state anion NO−

(3	−) with a bond length ofr = 1.27 Å [7], (ii)
the neutral ground state radical NO• (2�) with r =
1.15 Å [1,7], (iii) the ground state cation NO+ (1	+)
with r = 1.06 Å [1], and (iv) the excited state cation
NO+ (3	+) with r = 1.28 Å [1]. For the sake of sim-
plicity, these are denoted in the following as3NO−,
2NO•, 1NO+, and3NO+, respectively. As far as ener-
getics are concerned, the relative (adiabatic) locations
are Erel(

2NO•) = 0.0 eV, Erel(
3NO−) = 0.026 eV,

Erel(
1NO+) = 9.26 eV, andErel(

3NO+) = 15.66 eV
[1,7,8].

The survivor ion signal in the−NR− experiment is
characterized by a sharp feature (peak A inFig. 1). As
expected fromEq. (3), the onset of feature A (Table 2)
is within experimental error of the IE of xenon which
was used as the target gas. In addition, a second, much
weaker feature B is observed which is of unknown ori-
gin; possible rationales involve collisional excitation
of the target gas (e.g., O2 → 2O) or its double ioniza-
tion, that is formation ofT 2+ + e− rather thanT+ in
Eq. (2). Similarly, the onset of the first feature (C) of
the +NR+ survivor is consistent with IE(Xe) within
experimental error, as expected fromEq. (6). A sec-
ond, broader feature D of equal intensity is observed
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Fig. 1. Survivor ions in energy-resolved−NR−, +NR+, +NR−, and+CR− spectra ofB(1)-mass-selected NO−/+ ions obtained by scanning
E(1). Note that the two latter experiments were performed by ionization of NO with electrons having two different energies (15 and
70 eV, see text). The various features observed are denoted as A–H. The energy scalings of the figures are indicated by the horizontal bar
corresponding to a kinetic energy difference of 10 eV.

Table 2
Measured energy differences (�E in eV) of the various features of the survivor ion peaksa determined in energy-resolved NR and CR
experimentsb of NO−/+ ions. In addition, the assigned transitions and their (adiabatic) energy balances are given

Peaka �Eexp
c Assignment �Eadia

d

−NR− A 12.4 ± 0.5 3NO− → 2NO• → 3NO− 12.1
B (19)e

+NR+ C 12.0± 0.4 1NO+ → 2NO• → 1NO+ 12.1
D 19 ± 1 1NO+ → 2NO• → 3NO+ 18.5

+NR−(15 eV) E 15.5± 0.5 1NO+ → 2NO• → 3NO− 15.0
F (23)e

+CR−(15 eV) E 15.7± 0.5 1NO+ → 2NO• → 3NO− 15.0
1NO+ + Xe → 3NO− + Xe2+ 24.1

+NR− (70 eV) G 9.4± 0.5 3NO+ → 2NO• → 3NO− 8.6
+CR− (70 eV) G 9.8± 0.5 3NO+ → 2NO• → 3NO− 8.6

H 3NO+ + Xe → 3NO− + Xe2+ 17.7
−NR+ I 9.2 ± 0.5 3NO− → 1NO+ 9.2

J 16± 1 3NO− → 3NO+ 15.6
−CR+ I 9.5 ± 0.5 3NO− → 1NO+ 9.2

J 16± 1 3NO− → 3NO+ 15.6

a For a designation, seeFig. 1.
b The charges of the projectile and product ions are indicated as superscripts.
c Errors of±0.5 eV for �E values determined from the onsets of the survivor signals and±1 eV for secondary features.
d For the sake of simplicity, the corresponding adiabatic transitions are considered here; see text.
e Assignment of the onset is uncertain due to strongly overlapping features and/or peak broadening.
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ca. 7 eV higher in energy and is assigned to the for-
mation of 3NO+ upon collisional reionization of the
neutral molecule. Interestingly, the overall shape of
the+NR+ survivor signal does not depend on the pro-
jectile ions in that EI of NO with electrons having ei-
ther 15 or 70 eV as well as dissociative EI of N2O (at
70 eV) give similar patterns.

In contrast, a remarkable dependence from the
ionization conditions is observed in the+NR− and
+CR− experiments. At an ionization energy of 15 eV,
only the 1NO+ cation can be formed from neu-
tral nitrogen monoxide. The corresponding+NR−

(15 eV) signal shows two features (E and F) of which
the first is assigned to the ground-to-ground state
transition 1NO+ → 2NO• → 3NO− (Table 2); the
second, much weaker and broader component is sim-
ilar to feature B in−NR− and also is not assigned
to a particular process. The+CR− (15 eV) signal is
dominated by NR processes. The broader tail of the
+CR− peak compared to+NR− can be assumed to
reflect some contribution of the direct charge rever-
sal 1NO+ + Xe → 3NO− + Xe2+ which takes 9 eV
more energy than the stepwise+NR− sequence. At
an ionization energy of 70 eV, however, the+NR−

and +CR− signals show an additional component G
which appears at a considerably lower DE value than
that of the adiabatic ground-to-ground state transition.
Accordingly, feature G is attributed to the excited
3NO+ state for which the neutralization step is more
favorable. This interpretation is in agreement with
the onsets of the+NR− and+CR− signals at 70 eV
ionization energy, though the measured values are
slightly larger than expected for the adiabatic tran-
sitions (Table 2). Whereas the first features in the
70 eV +NR− and+CR− spectra are almost superim-
posable, the second peak is significantly broadened in
+CR−, which is assigned to E along with some con-
tribution of the direct charge reversal3NO+ + Xe →
3NO− +Xe2+(H). We note in passing that generation
of NO+ by dissociative EI of N2O at 70 eV gives an
intermediate situation (not shown) in which feature
E prevails while G is observed already. Accordingly,
the relative yield of3NO+ is lower for dissociative
ionization of N2O with 70 eV electrons than for EI

(70 eV) of neutral NO itself, which is a reasonable
scheme.

An obvious question is why the presence of3NO+

in the precursor beam hardly affects the+NR+ signal
while it exhibits a dramatic influence in+NR− and
+CR− experiments. The answer to this question has
two facets. At first, energy-resolved+NR+ (as well as
−NR−) experiments are a priori insensitive towards
the nature of the precursor ions. Thus, neutralization
of excited3NO+ is of course, much easier than that of
the ground state cation, but would lead to a highly ex-
cited neutral which, in turn, is much easier to ionize.
Provided that the intermediate neutral cannot loose in-
ternal energy by radiative processes or chemical trans-
formations (both unlikely/impossible for NO), these
contributions therefore cancel each other in the overall
energy balances of NR experiment with no changes in
the overall charge states. The second aspect is more
specific to the NO−/0/+ system. Thus,3NO+ and
3NO− show an almost perfect match of the bond dis-
tances (see above) such that their interconversion (with
or without neutral intermediate) is likely to be efficient.
In comparison, the N–O distance in the ground state
cation1NO+ is much shorter and hence expected to be
associated with much less favorable Franck–Condon
factors for the conversion to the anionic species.

While the differences between the+NR− and
+CR− experiments are gradual, a pronounced dif-
ference is found for the−NR+ and−CR+ survivors
(Fig. 2). The −NR+ signal is characterized by two,
relatively sharp features (I and J) of equal heights,
whereas both components are much broader upon
−CR+, and feature I is significantly less pronounced
compared to J. Based upon the measured onsets, I
and J are assigned to the transitions3NO− → 1NO+

and 3NO− → 3NO+, respectively (Table 2). The
pronounced differences are also reflected in the corre-
sponding energy-resolved−NIDD+ spectrum shown
at the bottom ofFig. 2, showing a large positive com-
ponent for I and a negative one for J. The intermediate
oscillation is associated with the different widths of
the−NR+ and−CR+ components.

In order to explain this difference, consider the re-
dox processes in terms of schematic potential energy
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Fig. 2. −NR+, −CR+, and resulting−NIDD+ spectra ofB(1)-
mass-selected NO− generated from N2O obtained by scanning
E(1); for details of the NIDD procedure, see[10–13]. The energy
scaling is indicated by the horizontal bar corresponding to a kinetic
energy difference of 10 eV.

curves (Fig. 3). The first step in−NR+ corresponds
to collisional electron detachment from3NO−. Ac-
cording to potential energy curves calculated by Grif-
fith and coworkers[7], vertical detachment is most
likely to yield 2NO• (v = 2 ± 1). During the pas-
sage from the first to the second collision cell, this vi-
brational level is explored such that upon reionization
both1NO+ and3NO+ can be formed. In contrast, for-
mation of the ground state cation by direct−CR+ with-
out a neutral intermediate is much less likely, whereas
−CR+ to 3NO+ can proceed even more efficiently.
This line of reasoning also accounts for the different
widths of the−NR+ and −CR+ components in that
ionization of neutral2NO• with v = 2± 1 is likely to
yield specific vibrational levels of the cations formed,
whereas direct−CR+ to 1NO+ leads to higher vibra-
tional levels in feature I. Finally, the broadening of

Fig. 3. Schematic potential energy curves of NO−/0/+ [1,7] show-
ing the electron-transfer processes involved in the+NR− and
−CR+ experiments, respectively.

component J upon−CR+ can tentatively be attributed
to enhanced collisional excitation of3NO+ due to the
lower vibrational spacing in the triplet state as well as
the formation of other excited states of NO[1].

4. Conclusions

While the present experiments demonstrate that
NO−/+ ions can successfully be subjected to all
conceivable kinds of NR and CR experiments, these
electron transfer processes do not provide any new in-
formation about the chemistry and physics of nitrogen
monoxide. In turn, the knowledge of the properties of
nitrogen monoxide can be used to test the performance
of energy-resolved experiments. Hence, ET-MS is
suitable to examine the energy balances of redox
processes with an accuracy within the electron-volt
regime. More precise determinations require suffi-
cient precursor and survivor ion currents as well as
complementary, reliable quantum mechanical data in
order to assess the effects of vertical and adiabatic
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transitions. Further, additional work on the calibra-
tion schemes used in energy-resolved experiments
and the assignment of some high-energy features is
required. Notwithstanding these apparent limitations,
energy-resolved ET-MS experiments can be used to
determine the redox properties of gaseous species
which are difficult to probe by other spectroscopic
means, e.g., distonic ions[23], biradicals [28,34],
and coordinatively unsaturated transition-metal com-
pounds[22,25,35].

Finally, the comparison of the energy-resolved
−NR+ and−CR+ spectra of NO− has two important
conclusions as far as ET-MS is concerned in general.
Firstly, the difference between the−NR+ and−CR+

signals provides direct evidence for the structural re-
laxation of the transient neutrals in NR experiments,
thereby confirming a key assumption of the NIDD
technique[13]. Secondly, even in cases where the
overall NR and CR spectra are identical, the survivor
ions need not necessarily be the same.
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