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Abstract

A time-of-flight mass spectrometry study has been carried out to investigate the fragmentation processes occurring in
nitrobenzene as a result of valence shell photoionisation. Synchrotron radiation has been used to record spectra in the photon
energy range 11–31 eV, and appearance energies have been determined for 18 fragment ions. These have enabled, previously
unknown, heats of formation to be estimated for C5H2

1 and C6H3
1. The fragment ion appearance energies have been compared

to similar data for benzene and toluene in order to highlight the influence of the substituent on the fragmentation patterns. The
time-of-flight spectra show that the peak associated with the NO1 fragment changes shape as a function of excitation energy,
and at high photon energy the peak consists of two components, one of which is narrow and the other broad. The latter
component is due to fragments possessing substantial initial kinetic energy. In contrast, the peak associated with the NO2

1

fragment always appears broad. This behaviour is discussed in relation to the initial formation of a doubly charged ion and a
subsequent coulomb repulsion. In a separate experiment the absolute photoabsorption cross section of nitrobenzene has been
measured between the ionisation threshold and 35 eV using a double ion chamber. Some of the broad features have been
attributed, tentatively, to valence shell excitations intop* orbitals. (Int J Mass Spectrom 207 (2001) 223–239) © 2001 Elsevier
Science B.V.
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1. Introduction

The dissociation dynamics of the nitrobenzene
molecular ion have been the subject of numerous
experimental and theoretical studies, and the principal
fragmentation processes are now fairly well estab-
lished. The experimental work has employed a variety

of techniques, such as conventional mass spectro-
metry [1–15], threshold-photoelectron-photoion-coin-
cidence (TPEPICO) spectroscopy [16–18], and infra-
red multiphoton absorption [19,20]. The results from
several of these studies have been interpreted using
predictions based on statistical models.

Although the main fragmentation processes are
well understood, much less attention has been focused
on the weaker channels and on those whose thresholds
occur at high energy. In the present work, all the* Corresponding author. E-mail: d.m.p.holland@dl.ac.uk
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dissociation processes occurring up to 31 eV have
been investigated by means of time-of-flight (TOF)
mass spectrometry. Particular attention has been paid
to the manner in which the NO2 substituent influences
the thermodynamics of the fragmentation phenomena
observed following outer valence shell photoionisa-
tion. In earlier mass spectrometry studies we have
investigated the basicp aromatic electron system of
benzene [21] and have studied the effect of replacing
C2H2 by a heteroatom, e.g. in furan [22], pyrrole [23],
and thiophene [24], or of attaching monosubstituents
of varying chemical nature, eg in toluene [25]. The
present data for nitrobenzene will be compared to the
results from these related studies, and discussed in
terms of the electron donating or withdrawing char-
acter of the substituent.

Previous work has established that the principal
fragmentation processes observed in nitrobenzene
after outer valence shell photoionisation are

C6H5NO2
1 3 C6H5O

1 1 NO (A)

C6H5NO2
1 3 C6H5

1 1 NO2 (B)

C6H5NO2
1 3 C5H5

1 1 CO 1 NO (C)

C6H5NO2
1 3 C4H3

1 1 (NO 1 C2H2O)/

(NO2 1 C2H2) (D)

C6H5NO2
1 3 C3H3

1 1 NO 1 CO 1 C2H2 (E)

C6H5NO2
1 3 NO1 1 C6H5O (F)

Allam et al. [12,13] studied both normal and deuter-
ated nitrobenzene, using electron impact, and deter-
mined the relative intensities for the most intense
fragment ions—C6H5O

1, C6H5
1, C4H3

1, and NO1—
arising through processes (A), (B), (D), and (F),
respectively. Appearance energies for C6H5

1, C6D5
1,

C4H3
1, and C4D3

1 were also measured. Similar infor-
mation was obtained by Matyuk et al. [7] by using
photon excitation. The competition between direct
bond cleavage, losing NO2 [process (B)] and rear-
rangement, leading to the loss of NO [process (A)]
has been the focus of several electron impact
[1–4,9,10] and chemical ionisation [5,6] mass spec-
trometry studies.

Panczel and Baer [16] used the TPEPICO tech-
nique to derive the first nitrobenzene breakdown
curves for the molecular ion and for the fragments
formed through processes (A)–(F), over the photon
energy range 10–13.3 eV. Decay rate constants and
kinetic energy releases were also determined for
selected fragments. Similar information was obtained
by Nishimura et al. [18], who used the same experi-
mental technique but over an extended (10–18 eV)
range. The breakdown curves recorded in these two
studies were quite similar to one another, as expected.
Nevertheless, two major differences were observed.
The first, and most important, of these differences
concerns the C4H3

1 ion. This ion was observed be-
tween 11.4 and 12.65 eV in the breakdown curves
presented by Panczel and Baer, and the corresponding
neutrals were assigned as NO1C2H2O. However,
Nishimura et al. observed this ion only at energies
above 15.66 eV, and assigned the neutrals as NO2 1
C2H2. The second difference is that although Nish-
imura et al. found the C3H3

1 ion to have an appearance
energy (AE) of 12.63 eV, Panczel and Baer did not
detect this ion at all. Both TPEPICO studies indicated
that the C6H5

1, C5H5
1, and NO1 ions were metastable,

but Nishimura et al. also reported the C6H5O
1 and

C4H3
1 ions as being metastable.

The photodissociation of nitrobenzene molecular
ions has been investigated after initial formation using
electron [8,14] or photon [17] impact. Bunn et al. [17]
performed laser induced dissociation studies on en-
ergy selected nitrobenzene ions and measured the
absolute photodissociation cross section, as well as
determining the kinetic energy release distributions
for several fragment ions.

The early TPEPICO work [16,18] studied the
fragmentation of the nitrobenzene molecular ion on
the microsecond timescale. More recently, Hwang et
al. [15] have investigated the photodissociation dy-
namics on the nanosecond timescale using mass
analysed ion kinetic energy spectrometry. Their ex-
periment showed that the dissociation channels pro-
ducing C6H5O

1, C6H5
1, and NO1 occur competi-

tively, and that C6H5O
1 ions formed with high

internal energies dissociate further to produce C5H5
1.

These findings were in agreement with the conclu-
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sions of Nishimura et al. [18] but not with those of
Panczel and Baer [16].

Moini and Eyler [19] studied the dissociation of
nitrobenzene cations using infrared multiphoton exci-
tation and observed three fragment ions, namely
C6H5O

1, C5H5
1, and NO1. The C6H5

1 fragment was
not observed even though all four ions have similar
appearance energies. This led them to the conclusion
that the first three fragments were being produced
from high vibrational levels of the ground electronic
state of the ion. In contrast, it was postulated that the
formation of C6H5

1 occurred either directly from an
excited electronic state or from the ground state via a
pathway whose activation energy exceeds that of
C6H5O

1, NO1, and C5H5
1 by more than 0.2 eV.

However, this latter proposal was not supported by
the existing appearance energies. In a recent study
performed by Osterheld et al. [20], the production of
C6H5

1 was observed in pulsed infrared multiphoton
dissociation, indicating that the formation of this
fragment occurs from the ground electronic state. To
explain these results, Osterheld et al. proposed that in
the formation of some products the nitrobenzene
cation dissociates to form an ion-molecule complex
and then re-associates to give the phenylnitrite struc-
ture.

Nitrobenzene was used as an example molecule by
Porter et al. [10] to illustrate the various ways in
which a contemporary mass spectrometer can be used
to study molecular dissociation phenomena. Amongst
the information they obtained was the translational
energy released during fragmentation. This was de-
termined from the broadening observed on metastable
ion peaks. In particular, the peak associated with the
C6H5O

1 ion exhibited a shape which suggested that it
resulted from two competitive unimolecular pro-
cesses. Beynon et al. [3] proposed that the narrow
component arose from an oxygen rearrangement to
the ortho position prior to dissociation, and that the
broad component was due to a three- or four-mem-
bered cyclic transition state by which the nitro group
isomerised to the nitrite form.

In addition to the ion fragmentation studies, the
present work includes a measurement of the absolute
photoabsorption cross section of nitrobenzene be-

tween the ionisation threshold and 35 eV. As far as we
are aware, these data represent the first photoabsorp-
tion measurements at energies above 8 eV [26,27].

2. Experimental apparatus and procedure

2.1. Mass spectrometry studies

The two-field time-of-flight mass spectrometer
[25], in which the fragmentation study on nitroben-
zene was carried out, and the 5 m normal incidence
monochromator [28], attached to the Daresbury Lab-
oratory synchrotron radiation source, have been de-
scribed in detail previously so only a brief account
will be given here. Photoionisation occurred in an
interaction region, across which was applied a static
electric field, and the electrons and ions traveled in
opposite directions toward their respective channel-
plate detectors. The electrons passed through a simple
lens system to maximise the collection efficiency but
no kinetic energy analysis was performed. The time
between the arrival of the electron and the associated
ion was measured electronically, with the summation
of many events producing a TOF spectrum. TOF
spectra were recorded in the photon energy range
10–31 eV, and Fig. 1 shows the spectrum collected at
22.8 eV. Normalised relative abundance curves were
obtained by integrating the peak area associated with
each fragment ion and the parent ion.

2.2. Photoabsorption studies

The photoabsorption cross section was measured
using a double ion chamber, and the experimental
apparatus and procedure [29] have been described
previously. The double ion chamber incorporated a
set of plates, two of which were used to collect the
photoions. At the rear of the chamber the transmitted
radiation struck a sodium salicylate screen and the
resulting fluorescence was detected with a photomul-
tiplier. A lithium fluoride filter could be inserted into
the photon beam to suppress higher-order radiation. A
photoabsorption spectrum was measured by scanning
the monochromator over the desired energy range and
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recording the two electrometer currents, a reading
proportional to the photomultiplier signal, and the gas
pressure.

3. Results and discussion

3.1. Mass spectrometry studies

3.1.1. Overview
The relative abundance curves for the nitrobenzene
parent and fragment ions are displayed in Figs. 2–6.
Table 1 provides a summary of the experimental
appearance energies for the main fragmentation pro-
cesses, together with the values from previous inves-
tigations. The overall agreement is satisfactory. It
should be noted that the differences between the
values of the thermochemical thresholds estimated in
the present work and those reported by Nishimura et
al. [18] result from differences in the chosen heats of
formation for particular ions or neutrals. The values
given by Lias et al. [30] have been used in the present
estimates.

At low energies the relative abundance curves
demonstrate that the dissociation of the molecular ion
is dominated by the production of C6H5O

1, C6H5
1,

C5H5
1, and NO1. However, at higher energies the

formation of C4H3
1 and C3H3

1 becomes more impor-
tant, together with a significant reduction in the
intensity of C6H5O

1. As the thermodynamics of the
fragment ions formed through processes (A)–(F) have
been thoroughly discussed [15–20], the high intensity
ions will be considered only briefly. The main em-
phasis will be placed on the low intensity ions which
have received little attention in previous work and
whose AEs are unknown. We will discuss all the
fragment ions in decreasing mass order, and have
presented a summary of the relevant information in
Table 2. The following analysis is based primarily on
a comparison between the experimentally measured
AEs and the minimum energy requirement estimated
from known thermochemical data. This analysis does
not take reaction barriers into account, and it is not
unusual for such barriers, for example to a ring
opening or hydrogen migration, to have energies as

Fig. 1. Time-of-flight mass spectrum of nitrobenzene recorded at a photon energy of 22.8 eV.

226 L. Cooper et al./International Journal of Mass Spectrometry 207 (2001) 223–239



high as 1–2 eV. The reaction kinetics of the dissoci-
ation process are also important, and this effect will
be apparent in cases where the most thermochemi-
cally favourable fragmentation process is kinetically
unfavourable. Under such circumstances the observed
AE will be higher than predicted. Table 3 gives,
previously unknown, heats of formation for two ions
derived from the experimental AEs.

3.1.2. Fragment ions

C6H5NO1 (m/z5 107). The AE of this low intensity
fragment was measured as 12.26 0.2 eV, which is
about 0.1 eV above the thermochemical threshold.

C6H5O
1 and C6H5

1 (m/z5 93 and 77). The high
intensity fragmentation process (A), resulting in the
formation of C6H5O

1 along with the elimination of
neutral NO, is the lowest energy channel according to
previous experimental work and known thermochem-
istry. The present AE of 10.960.1 eV is in excellent
agreement with earlier investigations and is approxi-
mately 1.6 eV above the thermochemical threshold.

A similarly good agreement is obtained for process
(B), which produces C6H5

1 and neutral NO2. The AE
of 11.36 0.1eV indicates that this channel has a very
small barrier. The dissociation mechanisms responsi-
ble for the formation of C6H5O

1 and C6H5
1 have been

discussed at length [15–20]. Although the conclusion
reached in the early TPEPICO study [16] was that the
formation of C6H5

1 occurred from an excited elec-
tronic state, it now appears that the production of this
ion occurs statistically from the ground electronic
state [15].

C6H4
1, C6H3

1 , and C6H2
1 (m/z5 76, 75, and 74).

The C6H4
1 fragment, with an AE of 156 1 eV, was

observed very weakly even at high photon energies.
This ion has not been included in the relative abun-
dance curves.

The relatively high AEs of 196 1 and 25.06 0.5
eV, for the C6H3

1 and C6H2
1 fragments, respectively,

indicate that these ions are being formed through
sequential decompositions rather than arising directly
from the molecular ion. In a sequential decomposi-

Fig. 2. Relative abundance curves for C6H5NO2
1 (m/z5 123), C6H5O

1 (m/z5 93), and C6H5
1 (m/z5 77).
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tion, the final ionic and neutral products are not
formed directly from the molecular ion through cleav-
age or rearrangement reactions, but are the end result
of a number of sequential reactions in which atomic or
small fragments are cleaved. A sequential decompo-
sition is normally characterised by a high AE and a
large number of small or atomic fragments, whereas
production directly from the molecular ion usually
results in a much lower AE and in the reaction
products consisting mainly of stable molecular frag-
ments.

The thermodynamics for the production of the
C6H3

1 ion show that the mechanisms described by

C6H5NO2
1 3 C6H3

1 1 O2 1 H2 1 N (1)

C6H5NO2
1 3 C6H3

1 1 NO2 1 2H (2)

give values of;1430 kJ mol21 for the upper limit of
DHf (C6H3

1) in both cases. As expected, this value lies
between those of 1124.8 and 1565.1 kJ mol21 for the
C6H5

1 and C6H2
1 ions, respectively.

If the sequential decomposition mechanism given in
process (2) is considered, then a comparable intensity of
C6H4

1 would be expected. However, the C6H4
1 peak was

extremely weak in the present investigation. This im-
plies that atomic hydrogen is not produced and hence
that the mechanism given in process (1), having aDHf

(C6H3
1) of ;1428 kJ mol21, is the more probable. It

appears that energised C6H5
1, together with the N and O2

neutrals, are created first, by way of a sequential decom-
position, followed by the elimination of H2 to produce
the observed C6H3

1 fragment. It should be noted that the
proposed sequential decomposition, summarised by pro-
cess (2), for the formation of C6H3

1 does not imply that
the four-body reaction producing this ion was actually
observed in the present experimental investigation.
Rather, the basis for the proposed mechanism lies on
energetic considerations derived from thermodynamic
estimates. The energetics indicate the process (2) is the
more likely mechanism, thereby suggesting that C6H3

1

production occurs by means of a four-body reaction.
It is interesting to compare the formation of the

Fig. 3. Relative abundance curves for C6H5NO1 (m/z5 107), C6H3
1 (m/z5 75), and C6H2

1 (m/z5 74).
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C6H5
1 ion through the sequential process (1) with its

formation through the cleavage mechanism given in
process (B). Production by way of process (1) occurs
at a characteristically high AE and is accompanied by
atomic fragments. In contrast, fragmentation channel
(B) with a low AE of 11.3 eV, produces the C6H5

1

fragment along with molecular NO2.
Similar mechanisms, given in

C6H5NO2
1 3 C6H2

1 1 O2 1 H2 1 N1 H (3)

C6H5NO2
1 3 C6H2

1 1 NO2 1 3H (4)

may be applied to the formation of C6H2
1, and both

yield thermochemical thresholds of;22.6 eV. How-
ever, invoking the same arguments that have been
discussed in relation to the production of C6H3

1, the
formation of C6H2

1 by way of process (4) would be
expected to yield a higher intensity of C6H4

1 than was
observed experimentally. This evidence suggests that
process (3) is the more probable.

As in the case of C6H3
1 production, the proposal

that the C6H2
1 fragment is formed through process (3)

does not imply that the many-body decomposition
process was observed directly in the experiment.

C5H5
1, C5H4

1, C5H3
1, and C5H2

1 (m/z5 65, 64, 63,
and 62). The AE of the prominent C5H5

1 fragment
was measured as 11.26 0.2 eV, which is in good
agreement with previous results and is 1.2 eV above
the thermochemical threshold. C5H5

1 is produced via
C6H5O

1 by two consecutive reactions involving
firstly the loss of NO followed by the loss of CO. The
formation of this ion has been discussed in detail
previously [15,16,18].

The C5H4
1 fragment, with an AE of 186 1 eV,

was observed weakly. This ion has not been included
in the relative abundance curves.

The AEs for the low intensity C5H3
1 and C5H2

1

fragments were measured as 21.06 0.5 and 276 1
eV, respectively. The high AEs for these two ions
suggest that they are being formed through sequential

Fig. 4. Relative abundance curves for C5H5
1 (m/z5 65), C5H3

1 (m/z5 63), and C5H2
1 (m/z5 62).
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decomposition mechanisms. There are six possible
reactions for each ion, all of which give reasonable
values for the heats of formation. However, the
production of C5H2

1 plus atomic carbon from C6H2
1,

where the C6H2
1 ion is being formed through process

(3) or (4), yields quite reasonable values forDHf

(C5H2
1) of ;1270 kJ mol21. As already discussed,

processes (3) and (4) result in thermochemical thresh-
olds for the production of C6H2

1 that are closest to the
experimental AE for this fragment. Thus, it appears
reasonable to propose that the formation of C5H2

1

occurs from a C6H2
1 fragment created by process (3)

or (4). The same argument cannot be applied to the
formation of the C5H3

1 fragment from the C6H3
1 ion

as this would result in a heat of formation which is far
too low. All the possible fragmentation reactions
which could produce C5H3

1 include the elimination of
one or two neutral molecules.

C4H3
1 and C4H2

1 (m/z5 51 and 50). Fragmentation
channel (D) produces C4H3

1 with a high intensity. The

AE of this ion was measured to be 15.56 0.2 eV,
which is in good agreement with the value of
15.666 0.15 eV obtained by Nishimura et al. [18].
These findings are in contrast with those reported by
Panczel and Baer [16] who observed C4H3

1 between
11.4 and 12.65 eV, and gave the AE as 11.406 0.05
eV. The C4H3

1 ion may be produced from nitroben-
zene in the following fragmentation processes:

C6H5NO2
1 3 C6H5O

1 1 NO3 C4H3
1

1 NO 1 C2H2O (5)

C6H5NO2
1 3 C6H5

1 1 NO2

3 C4H3
1 1 NO2 1 C2H2 (6)

Nishimura et al. used a heat of formation of 1284
kJ mol21 for the C4H3

1 ion, derived from an electron
impact study on vinylacetylene [31]. This led to
estimated thermochemical thresholds of 12.94 eV for
process (5) where the C4H3

1 ion is formed by the
elimination of C2H2O from C6H5O

1, and of 15.33 eV

Fig. 5. Relative abundance curves for C4H3
1 (m/z5 51), C4H2

1 (m/z5 50), NO2
1 (m/z5 46), and NO1 (m/z5 30).
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for process (6) where the ion is formed by the
elimination of C2H2 from C6H5

1. As the AE of 11.40
eV, measured by Panczel and Baer, lies far below the
lowest thermochemical threshold, when based onDHf

(C4H3
1) 5 1284 kJ mol21, these authors [16] sug-

gested that the heat of formation for C4H3
1 derived

from the electron impact study represented an upper
limit, implying that the estimated thresholds of 12.94
and 15.33 eV also represented upper limits. Panczel
and Baer proposed two alternative values for the heat
of formation of C4H3

1. The first was obtained by
combining an appearance energy measured by
Dannacher [32] with the heat of formation of the
neutral molecule [33]. This resulted inDHf

(C4H3
1) 5 1272 kJ mol21. Their second estimate was

obtained by combining heats of formation for C4H2

and a hydrocarbon group value with the ionisation
energy of neutral C4H3. This gave aDHf (C4H3

1) of
1165 kJ mol21 [16]. The lowest thermochemical
threshold for process (5), based on theDHf (C4H3

1) of
1165 kJ mol21, is 11.8 eV. An estimation based on
the present AE yields an upper limit forDHf (C4H3

1)

of 1302 kJ mol21. As a value of 1165 kJ mol21 would
be expected to be approximately correct, it appears
that this fragmentation channel contains some rather
large barriers.

The AE of C4H2
1 has been measured as 17.56 0.5

eV, indicating that this ion is being formed through a
sequential fragmentation process. If it is assumed that
the ion has the 1,3 butadiyne linear structure with aDHf

(C4H2
1) of 1420.6 kJ mol21, then the following frag-

mentation channels, with thermochemical thresholds of
16.74 and 17.12 eV, respectively, are the most probable:

C6H5NO2
1 3 C4H2

1 1 NO 1 C2H2O 1 H (7)

C6H5NO2
1 3 C4H2

1 1 NO2 1 C2H3 (8)

Channel (7) is similar to channel (5), but with the
additional loss of a hydrogen atom from the C4H3

1

ion.
However, it is possible that the lowest energy

fragmentation channel, producing neutral NO, CO,
and CH3, and having a thermochemical threshold of
15.34 eV, contains a large barrier. If this is the case,

Fig. 6. Relative abundance curves for C3H3
1 (m/z5 39), C3H2

1 (m/z5 38), C2H3
1 (m/z5 27), and H1 (m/z5 1).
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then its contribution might not be observed below
17.4 eV.

NO2
1 (m/z5 46). The NO2

1 ion was observed only at
energies above 26 eV. This suggests that it is not
being formed, along with the neutral phenyl radical
C6H5, by way of the low energy fragmentation chan-
nel which has a thermochemical threshold of 12.64
eV. Several possible mechanisms, all of which in-
volve neutral molecules, are listed in Table 2. How-
ever, the high AE indicates that this ion is formed
after several sequential decompositions, where small
parts of the carbon backbone are lost, rather than by
elimination of stable C2H2 and C3Hn neutrals.

Very little information is available concerning the
formation of NO2

1 from the nitrobenzene ion, and it
appears only very weakly in the standard 70 eV
electron impact mass spectrum [9]. This fragment

provides a good example of Stevenson’s rule [34],
which states that in any ion dissociation producing
two different products, the charge generally resides on
the fragment of lower ionisation energy. Even where
it is possible to observe the fragment with the higher
ionisation energy with a reasonable yield, the thresh-
old measured is often far higher that the thermochemi-
cally derived threshold. Hence, for nitrobenzene, for
energies below 26 eV an ionic hydrocarbon fragment
would be preferred to the production of NO2

1. We
have observed similar behaviour in furan [22] and
toluene [25].

Fig. 7 shows examples of the time-of-flight peaks
associated with the NO1 and the NO2

1 ions recorded
at various photon energies. The width of the peak is
dependent, amongst other parameters, on the initial
kinetic energy possessed by the ion. The shortest
flight time is given by ions created with their initial

Table 1
Appearance energies and thermochemical thresholds for reactions (A)–(F)

Reactions

Appearance energy (eV) Thermochemical threshold (eV)

Previous work This work Nishimura et al. [18] This work

(A) C6H5O
1 1 NO 10.98,a 10.89b 10.96 0.1 9.33 9.33

10.95,c 10.41d

10.35,e 10.1f

(B) C6H5
1 1 NO2 11.14,a 11.08,b 11.36 0.1 11.15 11.3

11.15,c 11.66,d

11.93,e 11.2,f

12.14g

(C) C5H5
1 1 CO1 NO 11.30,a 11.08,b 11.26 0.2 10.32 10.03

10.8f

(D) C4H3
1 1 (NO 1 C2H2O)/(NO2 1 C2H2) 11.40,a 15.66,b 15.56 0.2 12.94 (15.33) See text for

14.4,f 16.31g details

(E) C3H3
1 1 NO 1 CO1 C2H2 12.63b 14.56 0.2 12.61 12.6–13.9

(see Table 2)

(F) NO1 1 C6H5O 11.04,a 10.89b 10.96 0.2 10.02 10.0

a See [16].
b See [18].
c See [7].
d See [1].
e See [2].
f See [5].
g See [12].
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Table 2
Fragment ion appearance energies and the most pertinent thermochemical thresholds

m/z Fragment AE(eV)
Thermochemical
thresholds (eV)

107 C6H5NO1 1 O 12.26 0.2 12.06
93 C6H5O

1 1 NO 10.96 0.1 9.33
C6H5O

1 1 N 1 O 16.3
77 C6H5

1 1 NO2 11.36 0.1 11.3
C6H5

1 1 N 1 O2 15.8
76a C6H4

1 156 1
75 C6H3

1 196 1
74 C6H2

1 1 NO2 1 H2 1 H 25.06 0.5 18.13
C6H2

1 1 N 1 O2 1 H2 1 H 22.68
C6H2

1 1 NO2 1 3H 22.64
C6H2

1 1 N 1 2O1 H2 1 H 27.85
65 C5H5

1 1 NO 1 CO 11.26 0.2 10.03
C5H5

1 1 CN 1 O2 14.73
64a C5H4

1 186 1
63 C5H3

1 21.06 0.5
62 C5H2

1 276 1
51 C4H3

1 1 NO 1 C2H2O 15.56 0.2
C4H3

1 1 NO2 1 C2H2

50 C4H2
1 1 NO 1 CO1 CH3 17.56 0.5 15.34

C4H2
1 1 NO 1 C2H2O 1 H 16.74

C4H2
1 1 NO2 1 C2H3 17.12

C4H2
1 1 NO2 1 C2H2 1 H 18.99

C4H2
1 1 NO 1 O 1 C2H3 20.30

C4H2
1 1 NO 1 O 1 C2H2 1 H 22.18

C4H2
1 1 N 1 O 1 C2H2O 1 H 23.27

C4H2
1 1 CN 1 O2 1 CH2 1 H 24.83

46 NO2
1 1 C6H5 266 1 12.64

NO2
1 1 (cyclo-)C3H2 1 C3H3 (15.60) 14.79

NO2
1 1 (cyclo-)C3H2 1 cyclo-C3H3 (16.63) 15.81

NO2
1 1 H 1 2(cyclo-)C3H2 (17.18) 15.54

NO2
1 1 CH 1 C2H2 1 (cyclo-)C3H2 (20.60) 19.79

39 (cyclo-)C3H3
1 1 NO 1 CO1 C2H2 14.56 0.2 (12.63) 13.67

(cyclo-)C3H3
1 1 NO2 1 C3H2 (12.83) 13.87

(cyclo-)C3H3
1 1 NO2 1 cyclo-C3H2 (13.65) 14.69

38 (cyclo-)C3H2
1 1 NO 1 CO1 C2H3 236 1 (13.85) 14.31

(cyclo-)C3H2
1 1 NO2 1 C3H3 (15.17) 15.63

(cyclo-)C3H2
1 1 NO2 1 cyclo-C3H3 (16.20) 16.66

(cyclo-)C3H2
1 1 NO 1 O 1 C3H3 (18.36) 18.82

(cyclo-)C3H2
1 1 NO 1 O 1 cyclo-C3H3 (19.38) 19.84

(cyclo-)C3H2
1 1 NO 1 O 1 C2H2 1 CH (23.36) 23.82

30 NO1 1 C6H5O 10.96 0.2 10.0
NO1 1 C6H5 1 O 15.5

27 C2H3
1 1 NO 1 CO1 (cyclo-)C3H2 18.26 0.5 (12.95) 12.13

C2H3
1 1 NO2 1 C4H2 15.20

C2H3
1 1 NO 1 O 1 C4H2 18.38

C2H3
1 1 NO2 1 (cyclo-)C3H2 1 CH (19.66) 18.85

1 H1 196 1

a These masses were observed at very low intensity and have not been included in the relative abundance curves.
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velocity directed along the spectrometer axis and
towards the detector. Conversely, the longest flight
time is given by ions created with their initial velocity
directed away from the detector. These ions begin
traveling away from the TOF drift tube, are turned
around by the electric field, and subsequently travel
towards the detector.

Within the experimental uncertainty, the width of the
NO2

1 peak, and consequently the initial kinetic energy
possessed by the NO2

1 fragment, remains constant as a
function of photon energy. If it is assumed that the base
width can be attributed to energetic ions traveling
initially either directly toward or away from the detector,
then an analysis of the TOF peak shape shows that the
initial maximum translational energy possessed by the

NO2
1 ion is about 2.8 eV. Over the entire photon energy

range in which the NO2
1 peak was observed, its width

was always large. The large width is apparent when a
comparison is made with the peak associated with the
NO1 ion. Fig. 7 illustrates that, at high photon energy,
the NO1 peak appears to be composed from two
contributions. The first contribution is due to ions having
low initial kinetic energies and is responsible for the
narrow, central component in the TOF peak. At low
photon energies, this component is the only one ob-
served. Fig. 7 shows the NO1 peak recorded at a photon
energy of 25 eV where only the single, narrow compo-
nent is present. This narrow component may be regarded
as having a width typical of that for a singly charged ion
formed through a fragmentation process in which only
one ion is produced. The second contribution is caused
by energetic ions and gives rise to a substantial increase
in the peak base width. It is apparent that the width of the
peak associated with the NO2

1 fragment is always
significantly broader than the central component in the
NO1 peak.

The doubly charged parent ion was not observed in

Table 3
New upper limits for the heats of formation of fragment ions,
derived from the experimental measurements

Fragment DHf (kJ mol21)

C6H3
1 1428

C5H2
1 1270

Fig. 7. Upper three frames: time-of-flight peak associated with the NO1 fragment, recorded at photon energies of 25.0, 28.5, and 31.0 eV.
Lower three frames: time-of-flight peak associated with the NO2

1 fragment recorded at photon energies of 28.5, 29.8, and 31.0 eV.

234 L. Cooper et al./International Journal of Mass Spectrometry 207 (2001) 223–239



the present study, and, to the best of our knowledge,
the double ionisation threshold of nitrobenzene has
not been established. However, those of benzene and
toluene are 24.6 [35] and 23.8 eV [25], respectively.
Therefore it is not unreasonable to anticipate that the
double ionisation threshold of nitrobenzene lies in the
energy region in which the NO1 peak begins to
exhibit an increase in base width. It appears that the
doubly charged ion is unstable, at least with respect to
the microsecond timescale relevant to the present
study, and forms two singly charged species and
possibly one or more neutral fragments.

The initial maximum translational energy (;2.8
eV) possessed by the NO2

1 ion is significantly greater
than that released in a typical unimolecular decompo-
sition. A translational energy of such magnitude must
arise through the coulomb repulsion of two positive
ions. If it is assumed that one of the charges resides on
the phenyl ring and the other on the NO2 fragment,
then the fragments will repel one another and a
measurement of the kinetic energy carried by one of
the ions will allow the initial ion–pair separation (r) to
be determined. In a simple coulomb explosion model
[36], the dissociation energy (E) is related to the
initial separation byE (eV) 5 14.4q1q2/r (Å), where
q1 and q2 are the charges (in coulombs) on the two
ions. Assuming that dissociation of the doubly
charged parent ion produces only NO2

1 and C6H5
1, so

that no consideration needs to be given to an addi-
tional neutral fragment, then conservation of momen-
tum results in a total dissociation energy of 4.5 eV.
This energy leads to an ion-pair separation of 3.2 Å if
q1 5 q2 5 1. As expected, the value of r obtained
from the peak width analysis is larger than the C-N
bond length (;1.03 Å [37]) in nitrobenzene. This
dissimilarity may be reconciled in a qualitative man-
ner by considering the following two points. First,q1

and q2 will be less than unity due to the shielding
effects of the surrounding electrons. Second, the
charge on the ring will be delocalised rather than
concentrated solely on the carbon atom closest to the
NO2 fragment. As the distance between the nitrogen
atom and the furthest carbon atom is;3.2 Å [37], it
appears that both of these effects may be required to
account for the present results.

It is noticeable that the NO2
1 peak recorded at a

photon energy of 31 eV exhibits a central narrow
spike superimposed upon the broad trapezoid. This
central feature can be attributed to NO2

1 ions, having
low initial kinetic energies, created through decom-
positions forming only one singly charged ion.

C3H3
1 and C3H2

1 (m/z5 39 and 38). The AE of the
prominent C3H3

1 fragment, formed through process
(E), was measured as 14.56 0.2 eV. Our AE does not
agree with the value of 12.63 eV reported by Nish-
imura et al.[18]. The low AE measured by Nishimura
et al. led them to the conclusion that the C3H3

1

fragment was being formed from C5H5
1 because their

AE lay close to the thermochemical threshold for this
process (Table 2). However, Panczel and Baer [16]
did not observe the C3H3

1 ion in the photon energy
range 10–13.3 eV covered in their experiment.

The high AE of 236 1 eV for the low intensity
C3H2

1 ion indicates that it is being formed through
sequential decomposition processes. The likely frag-
mentation processes, all of which involve the elimi-
nation of molecules as the neutral products, are listed
in Table 2. From these mechanisms the most probable
is the following fragmentation process

C6H5NO2
1 3 (cyclo-)C3H2

1 1 NO 1 O

1 (cyclo-)C3H3 (9)

The estimated thermochemical thresholds lie between
18.36 and 19.84 eV, and depend upon the structures
of the C3H2

1 ion and the C3H3 neutral, both of which
can take either planar or cyclic forms.

NO1 (m/z5 30). In agreement with earlier work
[16,18] the NO1 fragment, arising through process
(F), was observed at 10.96 0.2 eV. This AE lies 0.9
eV above the thermochemical threshold. Previous
studies [15,16,18] have established that this ion is
formed statistically, via a rearrangement process, as
the thermochemical threshold for direct cleavage from
the molecular ion, which results in the neutral prod-
ucts C6H5 and O, is 15.5 eV.

The TOF peak associated with the NO1 ion
exhibits an interesting change in shape as a function
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of photon energy. For incident energies between 10.9
and;25 eV the peak is relatively narrow and has a
width similar to those associated with adjacent ions.
However, for energies above 25 eV a second, and
substantially broader, component begins to develop,
and by 31 eV the NO1 peak clearly contains contri-
butions from two sources (Fig. 7). The high kinetic
energy, broad, component can be attributed to the
decomposition of a doubly charged ion into two
singly charged species, one of which is NO1. An
analysis of the NO1 peak width, using the procedure
already described for the NO2

1 ion, indicates that the
initial, maximum, kinetic energy possessed by the
energetic ions is about 4.2 eV. If it is assumed that no
neutral fragment is generated in the dissociation of the
doubly charged parent ion, then this energy corre-
sponds to an ion–pair separation of 2.6 Å.

Kinetic energy release distributions for the NO1

fragment were measured in the TPEPICO experi-
ments [16,18], and Panczel and Baer report an aver-
age kinetic energy release of 0.045 eV. These low
energy fragments are responsible for the narrow
component observed in the NO1 TOF peak. The
photon energy at which the broad component first
appears provides an estimate of the double ionisation
threshold of nitrobenzene. The present results indicate
an upper limit of 27.9 eV for this threshold.

Fig. 7 shows that at a photon energy of 31 eV the
peaks associated with the NO1 and the NO2

1 ions
exhibit contrasting shapes. The dominant contribution
to the NO1 peak arises from ions created in processes
forming a single ion with low kinetic energy. The
contribution due to energetic ions is relatively weak.
On the other hand, the NO2

1 peak displays a broad
trapezoidal shape, attributable to energetic ions pro-
duced in a coulomb explosion of a doubly charged
molecular ion. The central, narrow component is
barely discernible.

C2H3
1 and H1 (m/z5 27 and 1). Various fragmen-

tation channels which could produce the low intensity
C2H3

1 ion, with an AE of 18.26 0.5 eV, have been
summarised in Table 2. Formation through the pro-
cess with a thermochemical threshold at 15.2 eV
seems most likely, but the experimental uncertainty is

such that the higher energy channel with a threshold at
18.38 eV cannot be discounted.

The AE of the H1 ion from nitrobenzene was
found to be 196 1 eV.

3.1.3. Comparison of fragment ion appearance
energies in benzene, toluene and nitrobenzene
The nitro substituent is electron poor compared to the
benzene ring and destabilises thep ring system by
withdrawing electron density in attempting to form
the fully delocalised system O¢N¢O. In contrast, the
methyl substituent on the benzene ring in toluene
stabilises the ring by donating electrons into thes

system. The effect of this electron transfer should
manifest itself in the fragmentation patterns. One way
to investigate this influence is through a comparison
of the AEs of the various hydrocarbon ions. The AEs
of the fragment ions derived from the photoionisation
studies of benzene [21], toluene [25] and nitrobenzene
are listed in Table 4, and the fragments have been
numbered 1–13 to simplify the discussion. Also in-
cluded in Table 4 are AEs of fragment ions derived in
a multiphoton excitation experiment on benzene per-

Table 4
A summary of the appearance energies of the hydrocarbon
fragments produced upon outer valence shell photoionisation of
nitrobenzene, benzene, and toluene, to illustrate the influence of
the substituent

Ions Fragment

Appearance energies (eV)

Nitrobenzenea Benzeneb Toluenec

1 C6H5
1 11.3 14.0 (12.90d) 14.4

2 C6H4
1 15 14.3 (12.93d) 20.7

3 C6H3
1 19 21.8 21.0

4 C6H2
1 25.0 23.8 24.8

5 C5H5
1 11.2 16.5

6 C5H4
1 18 17.2

7 C5H3
1 21.0 15.7 17.6

8 C5H2
1 27 19.1 23.8

9 C4H3
1 15.5 17.5 17.8

10 C4H2
1 17.5 17.7 19.1

11 C3H3
1 14.5 14.8 (13.43d) 17.5

12 C3H2
1 23 22.8 21.0

13 C2H3
1 18.2 18.9 18.2

a This work.
b See [21].
c See [25].
d See [38]. Results from multiphoton excitation study.
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formed by Kuhlewind et al. [38]. The results for
benzene and the influence of the kinetic shift, have
been discussed by Holland et al. [21].

It should be borne in mind that a meaningful
comparison amongst the AEs can only be carried out
when the hydrocarbon fragments are being produced
via a similar mechanism. If the production of a certain
fragment involves a rearrangement, which is specific
to that particular parent ion, then this may lead to a
low AE in only one of the three ring systems. Under
such circumstances the comparison will not be valid.

The dependence of the AEs on the stability of the
different ring systems is illustrated by fragments 1, 9,
and 10. The AEs of these three fragments decrease
according to the trend toluene. benzene. nitro-
benzene. In the cleavage reaction

C6H5X
1 3 C6H5

1 1 X

where X5 NO2, CH3, or H, it would be expected that
the AEs directly reflect the stability of the rings. Table
4 shows that the AE of the C6H5

1 ion is 11.3, 14.0
(12.90), and 14.4 eV in nitrobenzene, benzene, and
toluene, respectively. These AEs are in accordance

with the electron donating or withdrawing character
of the substituent. The CH3 group, which exerts a
small positive mesomeric effect on the ring, results in
an AE for the C6H5

1 fragment from toluene which is
higher than that found in benzene. Conversely, the
NO2 group, which exerts a larger negative inductive
effect, leads to an AE which is substantially lower
than that found in benzene. Fragments 3, 4, 6, 12, and
13, which are produced through sequential decompo-
sitions, have AEs, which do not appear to depend
greatly on the stability of the ring system. However, in
some cases, the intermediate ion in a sequential
decomposition is clearly influencing the AE of a
particular fragment, and is disturbing the general
trend. The effect of the intermediate ion can be seen in
the AEs for fragments 2, 7, 8, and 11.

3.2. Photoabsorption studies

Fig. 8 displays the absolute photoabsorption cross
section of nitrobenzene between the ionisation thresh-

Fig. 8. Total photoabsorption cross section of nitrobenzene.
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old and 35 eV, and the prominent broad features are
somewhat similar to those observed in the spectra of
the related molecules benzene [39] and toluene [25].
These latter two molecules also display sharp struc-
ture, which can be attributed to transitions into Ryd-
berg states. This is not the case with nitrobenzene and
the absence hampers the interpretation of the spec-
trum. Another difficulty stems from the uncertainty in
the ground state molecular orbital sequence. Recent
theoretical work by Takezaki et al. [40] suggests that
the ground state is mainly described by the electronic
configuration (inC2v symmetry)

. . . ~1b1!
2~2b1!

2~16a1!
2~11b2!

2~1a2!
2~3b1!

2~2a2!
2

1A1

The three lowest lying virtual orbitals are predicted as
4b1, 3a2, and 5b1, where the 4b1 and 3a2 orbitals are
derived from the 1e2u orbital of benzene, and 5b1 is
derived from 1b2g.

The HeI excited photoelectron spectrum of nitro-
benzene has been recorded [41–48] but none of the
bands, apart from that corresponding to ionisation
from the 2a2 orbital, exhibits vibrational structure.
The Penning ionisation spectrum has also been mea-
sured [49] and is similar to the photoelectron spec-
trum. The lack of vibrational progressions, and the
overlap between the electronic bands, has hindered
the experimental verification of the molecular orbital
configuration. Photoelectron angular distributions
have been determined by Katsumata et al. [47], and
these have allowed some tentative orbital assignments
to be proposed, based upon theb values. The assign-
ments for the five outermost orbitals suggested by
Katsumata et al. [47] are similar, but not identical, to
those predicted by Takezaki et al. [40].

Electron energy loss spectra of nitrobenzene have
been recorded in the vicinity of the C, N, and O
K-shell edges [50] and for the valence shell [51].
These spectra have been determined under conditions
that should simulate photon absorption. Therefore the
valence shell spectrum measured by Ari et al. [51]
should be identical to the present data. However, a
comparison shows that the spectra are different both

in general shape and in the relative prominence of the
broad features.

Ari et al. have assigned some very weak and broad
features to ans-type Rydberg series converging onto
an ionisation limit at 13.5 eV. The present spectrum,
which displays more well developed peaks, provides
little support for this interpretation. All the features
observed by Nagakura et al. [26] in the absorption
spectrum below the ionisation threshold were broad
and exhibited no sharp structure. No Rydberg series
were identified [26]. Indeed, Robin [52] has assigned
all the features appearing below the ionisation thresh-
old to transitions localised within either the ring or the
nitro group, and to additional charge transfer excita-
tions between these moieties.

Rydberg structure was also very weak in the
innershell spectra recorded by Turci et al. [50]. These
spectra were dominated by a single intense peak,
located 6–8 eV below the C, N, or OK-shell edges,
which was attributed to transitions into thep*(4b1),
p*(5b1), or p*NO orbitals.

Theoretical work [26,40,53,54] has been carried
out to investigate the electronic transitions that occur
at excitation energies below 8 eV, and these predic-
tions have been used to interpret some of the experi-
mental features. However, none of the calculations
extends above the ionisation threshold, and into the
energy region relevant to the present work.

The structure observed in the absorption spectrum
(Fig. 8) appears too broad to be associated with
transitions into Rydberg states. A more attractive
interpretation seems to involve valence shell transi-
tions into p* orbitals. The corresponding transitions
in the K shell excitation spectra give rise to intense
peaks [50]. Taking into account the tendency for
valence shell excitations to move a few electron volts
toward higher energy compared toK-shell locations,
it is conceivable that transitions intop* orbitals give
rise to the broad features observed around 10.2, 10.9,
11.7, 12.8, and 13.8 eV. This interpretation is sup-
ported by evidence from the photoelectron spectrum,
which exhibits prominent bands at the appropriate
binding energies. Nevertheless, such proposals are
speculative and a proper interpretation must await
theoretical guidance.
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