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Abstract: [C6H6NO]+ ions, in two isomeric forms involved as key intermediates in the aromatic nitrosation
reaction, have been produced in the gas phase and analyzed by IR multiple photon dissociation (IRMPD)
spectroscopy in the 800-2200 cm-1 fingerprint wavenumber range, exploiting the high fluence and wide
tunability of a free electron laser (FEL) source. The IRMPD spectra were compared with the IR absorption
spectra calculated for the optimized structures of potential isomers, thus allowing structural information on
the absorbing species. [C6H6NO]+ ions were obtained by two routes, taking advantage of the FEL coupling
to two different ion traps. In the first one, an FT-ICR mass spectrometer, a sequence of ion-molecule
reactions was allowed to occur, ultimately leading to an NO+ transfer process to benzene. The so-formed
ions displayed IRMPD features characteristic of a [benzene,NO]+ π-complex structure, including a prominent
band at 1963 cm-1, within the range for the N-O bond stretching vibration of NO (1876 cm-1) and NO+

(2344 cm-1). A quite distinct species is formed by electrospray ionization (ESI) of a methanol solution of
nitrosobenzene. The ions transferred and stored in a Paul ion trap showed the IRMPD features of substituent
protonated nitrosobenzene, the most stable among conceivable [C6H6NO]+ isomers according to computa-
tions. It is noteworthy that IRMPD is successful in allowing a discrimination between isomeric [C6H6NO]+

species, whereas high-energy collision-induced dissociation fails in this task. The [benzene,NO]+ π-complex
is characterized by IRMPD spectroscopy as an exemplary noncovalent ionic adduct between two important
biomolecular moieties.

Introduction

Cationic benzene-NO complexes are important species for
various reasons. They are recognized as intermediates in the
mechanism of aromatic nitrosation. Though belonging to the
vast family of electrophilic aromatic substitution (EAS) reac-
tions, probably the most studied processes in organic chemistry,1

the mechanistic details of aromatic nitrosation have been
elucidated only recently.2 Within the framework of the general
reaction pathway for EAS reactions, a key role in aromatic
nitrosation is assigned to aπ-complex (E+ ) NO+ in eq 1).

Indeed nitrosatedπ-complexes are considered to be the
intermediates affording both substitution products as well as
one-electron oxidation products, namely, the aromatic radical

cation.2a Theseπ-complexes were isolated in condensed phases
and characterized by both X-ray crystallography and IR
spectroscopic analysis of the NO stretching frequency.2a The
IR spectroscopic features were indicative of a degree of charge
transfer imparting them the character of electron donor-acceptor
complexes. In particular, the N-O stretching vibration of
[benzene,NO]+ (νNO ) 2075 cm-1 in nitromethane solution)
suggested a degree of charge transfer of 0.52,2a implying that
the aromatic moiety takes on a substantial amount of positive
charge. This result is a consequence of the close values of the
ionization energies of benzene and NO, IE) 9.24 and 9.26
eV,3 respectively. The computed potential energy diagram for
the electrophilic aromatic nitrosation of benzene by NO+ has
displayed similar features from comparative approaches.2f The

† Universitàdi Roma “La Sapienza”.
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key intermediate was found to lie in a broad single minimum
corresponding to the [benzene,NO]+ π-complex, formed from
the free reactants in a barrierless association process. This
intermediate may evolve to the nitrosated product via a rate-
limiting transition state which resembles aσ-complex intermedi-
ate. The process may be viewed as a migratory insertion of
nitrogen into the C-H bond, as depicted by density functional
B3LYP calculations.4 Skokov and Wheeler also found that the
progress of hydrogen migration involved in this transition state
accounts for a calculated kinetic isotope effect ofkH/kD ) 11.5
for benzene,4 in close agreement with experiment. The low rates
of aromatic nitrosation are thus assigned to the significant barrier
accompanying the conversion of theπ-complex to the N-
protonated nitrosoderivative.2f,4 The formation of N-protonated
nitrosobenzene as the end ionic product of the nitrosation
reaction is in accordance with the site-specific proton affinities
of nitrosobenzene.5 Protonation of the nitrogen atom is preferred
over oxygen protonation, and ring protonation is still less
favorable, yielding lower proton affinities than in parent
benzene. Theipso-protonated isomer is likely not a minimum
on the potential energy surface.2f,6 Attempts to localize this
stationary point led to theπ-complex with a stretching of the
C-N bond and a displacement of NO toward theπ-position,
according to B3LYP/6-31+G** calculations.6

Seminal studies on the nitrosation reaction in the gas phase
are due to Reents and Freiser, who compared the reactivity
properties of the cationic species formed by nitrosation of
benzene and protonation of nitrosobenzene using ICR mass
spectrometry.7 The photodissociation spectrum of gaseous
[benzene,NO]+ ions and their NO+ donor activity toward
pyridine supported aπ-complex structure, whereas protonated
nitrosobenzene behaved as a substituent protonated species able
to protonate pyridine. The reactivity probe with pyridine was
also used to assign aπ-complex structure to [benzene,NO]+

ions obtained by alternative routes, such as the reaction of
protonated benzene with neutral alkyl nitrites and nitrous acid.6,8

Ions formally corresponding to [benzene,NO]+ have been
obtained also by NO chemical ionization (CI)9 and in a selected
ion flow tube apparatus,10 though their structure has not been
further inquired. In a recent study by Grabowy and Mayer, NO
chemical ionization has been recognized as a possible source
of excited electronic states for the ionic complexes with aromatic
compounds arising from the reaction of triplet NO+,11 co-
produced in the ion source with ground state singlet NO+.9b

Regarding the structural characterization of [benzene,NO]+ ions,
collision-induced dissociation (CID) mass spectrometry did not
prove to be diagnostic in distinguishing between nitrosated
benzene and protonated nitrosobenzene. However, the mass
spectrum of metastable [benzene,NO]+ cluster ions showed

signals atm/z 78 and 30 corresponding to ionized benzene and
NO+, respectively, consistent with aπ-complex between NO+

and benzene.11 A similar conclusion was reached by neutraliza-
tion-reionization (NR) mass spectrometry of [benzene,NO]+

ions, showing no recovery signal corresponding to survivor ions,
in contrast with an intense recovery signal observed in the NR
spectrum of protonated nitrosobenzene.6 However, purely mass
spectrometric approaches to structural elucidation of a selected
ionic species, such as CID, metastable ion analysis, NR mass
spectrometry, and ion-molecule reactions, are based on uni-
molecular or bimolecular reactivity behavior, namely, on
processes involving significant perturbation of the species being
assayed.

A spectroscopic technique would circumvent this problem
to a large extent. In this paper, a recent approach for the IR
spectroscopic characterization of ions is exploited to probe the
structure and bonding features of the gaseous species of interest.
IR spectroscopy of mass selected ions of increasing molecular
size has made continuous and significant progress in recent
years, though facing inherent problems due to the typically low
number density and to their specific formation pathway.12 The
absorption of IR photons can be probed by the dissociation
process that may follow if the energy gained raises the internal
energy of the ion up to a dissociation threshold. In the highly
diagnostic so-called fingerprint region of the IR spectrum, this
limit may require the absorption of several photons as ensured
by powerful radiation sources. Tunability is a second requisite
that is called for the investigation of an informative portion of
the IR spectrum. Both conditions, high peak power and
tunability, are fulfilled by the radiation provided by a free
electron laser (FEL), and a wealth of valuable information on
the IR spectroscopic features of gaseous ions is emerging from
combined approaches based on mass spectrometric techniques
for ion formation, trapping, and detection coupled with admit-
tance of the FEL IR radiation and ensuing multiple photon
absorption process by the selected ions. In this way, it became
possible to uncover molecular properties of important ionic
species, such as alkali metal tagged amino acids and peptides,13

the protonated water dimer,14 the radical cations of polycyclic
aromatic hydrocarbons,15 transition metal ion complexes,16 and
naked carbocations17 addressing issues such as structure, bond-
ing features, electronic state of a ligated metal ion, to name
only a few.

The mechanism of resonant IR excitation of gaseous species
by multiple photon absorption has been described18 and theoreti-
cally investigated using numerical simulations.15 The production
of photofragments and their relative abundance with respect to
intact parent ions is recorded as a function of the radiation
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wavelength yielding an IR multiple photon dissociation (IRM-
PD) spectrum, reflecting the resonance-enhanced multiple
photon absorption in correspondence with the active IR modes
of the sampled species. In view of the complexity of the process,
not yet understood in every detail, which comprises multiple
photon absorption and intramolecular vibrational relaxation
followed by a dissociation process, it is remarkable that
according to growing evidence IRMPD spectra may display
close analogy with the linear IR spectra reflecting the absorption
of a single photon.13-17 Typically, the unknown structure of a
mass selected ion may thus be elucidated by comparing the
experimental IRMPD spectrum with the IR spectra calculated
for potential candidates.

Two ion traps coupled to the IR beam line of the FEL at the
Centre Laser Infrarouge d’Orsay (CLIO, a European facility)19

have been used in this work. The first one has been previously
described in detail and is based on a movable FT-ICR mass
spectrometer,16f,20 The second ion trap is a commercial Paul-
type ion trap instrument (Bruker Esquire) equipped with an
electrospray ionization (ESI) ion source. A ZnSe optical window
allows the radiation to enter the cell, where ions may be selected
by ion ejection techniques, and submitted to multiple photon
absorption. The relative performances of these experimental
setups have been discussed recently.21 The mass spectrum
recorded at the end of the sequence reveals any photofragment
ions possibly formed from the selected parent ion, the cell of
the mass spectrometer acting as reaction vessel, ion trap,
sampling, and detection area of the ion of interest.

In our view, [benzene,NO]+ complexes deserve additional
interest because they contain two important fragments perform-
ing fundamental functions in biochemistry. Benzene is the
prototypical aromatic molecule partaking in cation-π interac-
tions that concur in determining the structures of biomolecules.22

Cation-π interactions are important forces in molecular rec-

ognition, and molecular systems have been designed with proper
arrangement of benzene units that may act as ionophores and
provide models for biological receptors.23 NO is a key mediator
in a great number of physiological processes as diverse as blood
pressure regulation, platelet aggregation, immune defense, and
neurotransmission.24 The important role of NO and biochemical
nitrosation reactions has prompted the development of extensive
scales of intrinsic NO+ affinities to series of model compounds
in the gas phase.7b,25 The present work is focused on the
exemplary cationic complex between benzene and NO, aiming
to provide unequivocal proof of theπ-complex structure. To
this end, the comparative examination of alternative structures
that may result from the protonation of nitrosobenzene was
undertaken and is also reported.

Experimental and Computational Section

1. IR FEL and MS Parameters. The details of the experimental
apparatus are largely described, and only few major features are
summarized.16f,20b The CLIO FEL is based on a 10-50 MeV electron
linear accelerator in series with an undulator placed in an optical
cavity.19 The output allows continuous tunability in the∆λ/λ ) 2.5
range for each electron energy and is delivered in trains of 8µs long
macropulses at a repetition rate of 25 Hz. Each macropulse contains
500 micropulses, the latter are only a few picoseconds long. A mean
radiation power of 1 W corresponds to macropulse and micropulse
energies of 40 mJ and 80µJ, respectively. The IR radiation from the
FEL operated at 42, 45, or 48 MeV was monitored for wavelength
reading at each scan using a monochromator associated with a spiricon.
In the first configuration adopted, the FEL laser light is directed into
the cell of a movable FT-ICR mass spectrometer (MICRA)20a by a
spherical mirror of 1 m focal length. The MICRA spectrometer is based
on a 2 cmcubic cell placed within a compact 1.25 T magnet, where
neutrals can be pulsed in and ionized. The temporal sequence of each
experiment comprised the admission of methane (at 7.9× 10-7 mbar),
which was ionized and allowed to undergo ion-molecule reactions
forming protonating ions. Delay times were allowed following the
admission of isoamylnitrite (at 5.0× 10-7 mbar) and then of benzene
(at 5.0 × 10-7 mbar). The so-formed [C6H6NO]+ ions were mass
selected using resonant frequency ejection techniques and exposed to
the FEL light for 1 s, with the irradiation time controlled by a fast
electromechanical shutter. Excitation, detection, and quench of the ions
in the cell completed the sequence, resulting in a mass spectrum from
an ion signal accumulated over 4 scans.

Alternatively, an instrumental setup has been used that was developed
and made available recently,21 based on a Bruker Esquire 3000 plus
quadrupole Paul ion trap mass spectrometer. A 0.7 mm hole drilled in
the ring electrode allows for the irradiation of the ions with the IR
FEL laser beam, focused using a 25 cm focal lens. The ions were
isolated in the ion trap and subjected to the IR beam for one macropulse.
The IRMPD was recorded in the 800-1800 cm-1 wavenumber range
with the IR FEL operating at 42 MeV. In this configuration, ions of
the same elemental composition, [C6H6NO]+, have been produced in
the gas phase by an ESI source. Solutions ranging in nitrosobenzene
concentration from 10 to 50µM in methanol were directly infused by
a syringe pump at a flow rate of 4µL min-1. Noteworthy, the addition
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of acids, such as acetic acid, to the methanol solution aiming to improve
the yield of protonated nitrosobenzene was found to have a detrimental
effect, possibly due to substrate decomposition.

The IRMPD yieldR is expressed as a function of the abundancies
(I) of the parent and fragment ions asR) -ln{Iparent/(Iparent+ Ifragment)}.

2. Computational Details.Molecular structures and relative energies
for isomeric [C6H6NO]+ species were calculated using hybrid density
functional theory (B3LYP) and the 6-311+G** basis set using the
Spartan ’04 (revision 1.0.0; Wavefunction Inc.) software. Harmonic
vibrational frequencies and IR absorption intensities obtained at the
same level were used to interpret the IRMPD spectra. B3LYP
calculations have already been reported forπ-type complexes and
N-protonated nitrosobenzene.4,11 Furthermore, hybrid DFT methods,
such as B3LYP, were found to perform well in describing IR absorption
spectra in terms both of relative intensities and of absolute frequencies,
provided that appropriate scaling factors are used.26 Calculated IR
frequencies are thus uniformly scaled by a factor of 0.98. However, in
the present report, raw data are also given, as specifically stated
wherever appropriate.

Results and Discussion

Formation of [Benzene,NO]+ and Assay by IRMPD.
[Benzene,NO]+ ions are obtained by gas phase ion-molecule
reactions in the FT-ICR cell, performing a NO+ transfer process
to neutral benzene. By this route, protonating ions formed by
the chemical ionization of methane (CH5

+ and C2H5
+) are

allowed to react with isoamylnitrite ((CH3)2CHCH2CH2ONO).
Protonated isoamylnitrite and its nitrosated fragment ions
(RNO+) may release NO+ to benzene as depicted in eq 2,
according to a known reaction pathway of protonated alkyl
nitrites.7a

A conceivable alternative route, the direct reaction of NO+ with
benzene, results in a charge exchange reaction under ICR
conditions7a,27 and was avoided also because of the possible
contribution of excited electronic states of NO+.11 [Benzene,-
NO]+ ions isolated by conventional ion ejection techniques and
submitted to irradiation by the FEL light are found to undergo
a photodissociation process leading to C6H6

+• ions atm/z 78
(eq 3), to an extent depending on the IR radiation frequency.

The photofragmentation yieldR is plotted as a function of
the wavenumber in Figure 1. The ensuing IRMPD spectrum
shown in profile (a) spans the wavenumber range from 2200 to
1080 cm-1 and was recorded with a laser power varying from
0.74 to 1.14 W with the electron accelerator of the FEL operated
at 48 MeV. The threshold energy for the dissociation process
of eq 3 will depend on the specific features of the [benzene,-
NO]+ ions that are sampled. Experimental values for the NO+

binding energy of benzene are somewhat scattered (131-194
kJ mol-1).7,25 Also, ab initio calculations yield a wide range of
values, though the binding energy of a singlet [benzene,NO]+

complex seems to converge to a value around 145 kJ mol-1 as
the level of theory is improved.11 Clearly, the dissociation

process would require activation by absorption of more than
six photons at an exemplary photon wavenumber of 2000 cm-1.
Considering that the ionization energy of benzene is only 0.02
eV lower than that of NO•,3 it is quite interesting that the only
IRMPD photofragments are C6H6

+• ions and neutral NO•. The
same fragment ion is by far the major product observed by UV
photodissociation, collisionally induced dissociation, or meta-
stable ion dissociation of [benzene,NO]+ ions from various
sources.6,7a,11

The IRMPD spectrum (profile (a)) shows two major features,
a distinct band at 1467 cm-1 and a prominent absorption near
2000 cm-1, the latter showing clear saturation behavior. Indeed,
in correspondence with the pronounced maximum of this feature,
the mass spectrum reveals that [benzene,NO]+ ions are com-
pletely dissociated into C6H6

+• fragments. The IRMPD spectrum
in the 2070-1915 cm-1 range has therefore been recorded with
reduced laser power using attenuators. The IRMPD profiles (b)
and (c) in Figure 1 were obtained at 150 and 50 mW,
respectively. A maximum at 1963 cm-1 with a shoulder at 2040
cm-1 is now clearly discernible.

In order to extract structural information, the IRMPD
spectrum of [benzene,NO]+ ions can be compared with the
calculated IR spectra of potential candidates. Vibrational spectra
of crystalline complexes of the nitrosonium cation with arene
donors have been studied, and the IR spectrum of a nitromethane
solution containing both NO+PF6

- and benzene was found to
display aνNO stretching frequency at 2075 cm-1 ascribed to a
[benzene,NO+] electron donor-acceptor complex.2a,eHowever,
a computational approach is adopted here in order to obtain a
comprehensive set of IR spectra of plausible isomers against
which the experimental IRMPD spectrum may be judged.

Calculated IR Spectra for [C6H6NO]+ Isomers and
Experimental IRMPD Spectrum of [Benzene,NO]+. The
optimized structures for isomers corresponding to the [C6H6-
NO]+ general formula have been obtained by B3LYP/6-
311+G** calculations. Several of these structures have been
described in previous reports.2f,4-6,11 The data summarized in
Table 1 present the relative energies of the various species,
allowing a direct comparison, based on a common computational

(26) (a) Scott, A. P.; Radom, L.J. Phys. Chem.1996, 100, 16502-16503. (b)
Halls, M. D.; Velkovski, J.; Schlegel, H. B.Theor. Chem. Acc.2001, 105,
413-421. (c) Sinha, P.; Boesch, S. E.; Gu, C.; Wheeler, R. A.; Wilson, A.
K. J. Phys. Chem. A2004, 108, 9213-9217.

(27) Lias, S. G.; Ausloos, P.J. Am. Chem. Soc.1977, 99, 4831-4833.

RNO+ + C6H6 f [benzene,NO]+ + R (2)

[benzene,NO]+ + nhν f C6H6
+• + NO• (3)

Figure 1. IRMPD spectrum of [benzene,NO]+ ions obtained with full (a)
and attenuated (b and c) laser power, as described in the text.
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method. The first three entries pertain toπ-complexes, the
species that are recognized to form from several precursors both
in the gas phase and in solution,2,6-8,11 and the primary interest
of the present study. The search for a [benzene,NO]+ π-complex
showed six equivalent geometries (I in Figure 2) with an almost
unperturbed benzene ring coordinating the N-end of NO, in
agreement with previous reports.2f,4,6,11 The N-O bond is
aligned on a plane containing two para C-H bonds and is
slightly tilted (ca. 20°) with respect to the perpendicular axis
crossing the center of the benzene ring. This distortion relieves
the symmetrical geometry (II in Figure 2), a stationary point
on the potential energy surface characterized by two degenerate
imaginary frequencies. StructuresI and II are quite close in
energy due to the flatness of the potential energy surface. A
parallel π-complex (III in Figure 2) is also found to lie in a
local minimum. Once again, six equivalent geometries cor-
respond to the N-O bond coplanar with a C-H bond, the N-end
of NO pointing toward the carbon atom. It may be conceived
that π-complex III should proceed by covalent ON-C bond
formation toward a species resemblingipso-protonated ni-
trosobenzene. However, this hypothetical intermediate is not
found to correspond to any stable species, rather evolving to
π-complexIII on geometry optimization. The reaction coordi-
nate for aromatic nitrosation was suggested to proceed rather
by NO insertion into a C-H bond, yielding N-protonated
nitrosobenzene, though the process involves an energy barrier
protruding above the energy level of the NO+/benzene pair.2f,4

N-Protonated nitrosobenzene, C6H5N(H)O+, is the most stable
species among the [C6H6NO]+ isomers listed in Table 1, in
agreement with the site-specific proton affinities obtained by
the MP2(fc)/6-31G**//HF/6-31*+ ZPE(HF/6-31G*) theoretical
model.5 As shown by the relative energies reported in Table 1,
the carbon-protonated isomers are substantially less stable than
C6H5N(H)O+, whereas protonation at the oxygen atom of
nitrosobenzene yields species (cis- or trans-C6H5NOH+) en-
dowed with comparable, though still lower, stability. The
possible formation of any of these species under the current
experimental conditions can be appropriately considered and
eventually assessed by considering the computed IR spectra.
To this end, Figure 3 displays the spectra of the [benzene,NO]+

π-complexesI (a) and III (b), while Figure 4 includes the
spectra of C-protonated isomers, namely,o-NO-C6H6

+ (c),
m-NO-C6H6

+ (d), andp-NO-C6H6
+ (e), of thecis (f) and trans

(g) isomers of C6H5NOH+, and of C6H5N(H)O+ (h) in the IR
wavenumber range that was explored experimentally. In both
Figures 3 and 4, the frequency values are corrected by the 0.98
scaling factor.

When the experimental IRMPD spectrum is examined against
the computed IR spectra, it appears that the sampled [C6H6-
NO]+ ion is best matched by the “perpendicular”π-complexI
displaying a strongly active mode at 2075 cm-1 (N-O stretch-
ing) and a degenerate pair at 1471 cm-1 (in-plane carbon ring
distortion). Whereas the latter mode nicely matches with the
experimental IRMPD feature at 1467 cm-1, the N-O stretching
mode displays a large deviation with experiment, seemingly due
to a failure of the scaling factor adopted. In order to gain an
insight into the origin of this discrepancy, one may inspect the
calculated IR spectrum and the experimental IRMPD features
listed in Table 2, also reporting the raw frequency values,
unaffected by any scaling. Table 2 also displays data pertaining
to model molecules, allowing the experimental values of
vibrational frequencies to be compared with the computed values
at the same common level of theory. Thus, the in-plane carbon
ring distortion vibrational modes (degenerate) reported at 1486
cm-1 for benzene in the gas phase28 are found at 1511 cm-1

according to B3LYP/6-311+G** calculations. The ensuing
factor of 0.983 (ratio exp/theory) is close to the one (0.977)
relating the calculated IR frequency of 1501 cm-1 to the
experimental IRMPD band of the sampled [C6H6NO]+ ion at
1467 cm-1, although a slight red shift in the experimental
IRMPD frequencies with respect to the calculated absorption
IR spectrum may be expected as an intrinsic consequence of
the multiple photon process.15 To find a model for the N-O
bond stretching mode, one may refer to the experimental values
reported for NO (1876 cm-1)29 and for NO+ (2344 cm-1),29,30

which are calculated at 1981 and 2490, respectively, at the
B3LYP/6-311+G** level. The ensuing ratios of 0.947 and 0.941
are somewhat higher than the 0.927 factor that would bring the
computed frequency of 2117 cm-1 for [benzene,NO]+ to match
with the IRMPD feature at 1963 cm-1 (see ratio exp/theory in
Table 2). This result is not quite unexpected and is in line, for
example, with the conclusion of Schlegel and co-workers, who
showed that rather than scaling all the calculated vibrational
frequencies using a uniform factor,26b a better agreement
between experimental and calculated frequencies can be obtained
using dual-scaling factors. In this way, one accounts for the
fact that the high-energy stretching modes, typically above 1800
cm-1, are more anharmonic and tend to lead to greater errors
when treated by the harmonic approximation. In this regard, it
is noteworthy that a scaling factor of ca. 0.94 should also be
applied to the calculated (B3LYP/6-311G** level) N-O
stretching frequencies of XNO compounds (X) H, F, Cl) in
order to match the experimental frequencies.31

The agreement between computed IR spectra and experi-
mental IRMPD spectra is also satisfactory when relative
intensities are concerned. With the yield of the resonance-
enhanced multiple photon dissociation process being the result
of a complex sequence of events, it is remarkable that a general
qualitative agreement is often found.13-17 Also, the IRMPD yield
should not be expected to display linear laser power dependence,

(28) Shimanouchi, T. Molecular Vibrational Frequencies. InNIST Chemistry
WebBook, NIST Standard Reference Database Number 69; Linstrom, P.
J., Mallard, W. G., Eds.; National Institute of Standards and Technology:
Gaithersburg, MD, 2005 (http://webbook.nist.gov).

(29) Laane, J.; Ohlsen, J. R.Prog. Inorg. Chem.1980, 27, 465-513.
(30) Ho, W. C.; Ozier, I.; Cramb, D. T.; Gerry, M. C. L.J. Mol. Spectrosc.

1991, 149, 559-561.
(31) Computational Chemistry Comparison and Benchmark DataBase, Release

12; National Institute of Standards and Technology: Gaithersburg, MD,
2005 (http://srdata.nist.gov/cccbdb/).

Table 1. Relative Energies of [C6H6NO]+ Isomers.

structure Erel
a

C6H6NO+ (I ) 36.3
C6H6NO+ (II )b 36.4
C6H6NO+ (III ) 56.8
o-NO-C6H6

+ 139.3
m-NO-C6H6

+ 139.3
p-NO-C6H6

+ 141.6
C6H5NOH+ (cis) 51.8
C6H5NOH+ (trans) 8.5
C6H5N(H)O+ 0.0

a Relative energies in kJ mol-1 at 0 K. Calculations were performed at
the B3LYP/6-311+G** level. ZPE corrections are included.b This species
presents a pair of degenerate imaginary frequencies.
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though this dependence is frequently observed,15b,16fexcept when
the IR FEL is in resonance with a strongly IR-active vibrational
mode.16f To this end, it is useful to examine the IRMPD feature
at 1963 cm-1 in Figure 1, associated with a strongly active NO
stretching mode. This feature shows clear saturation effects in
profile (a). Still, in profiles (b) and (c), which were obtained at
the reduced power of 150 and 50 mW, respectively, the relative
response does not yet quite reflect the 3:1 ratio of laser power.
Saturation effects have been reported and described in the case
of transition metal carbonyl complexes, Fe(CO)5

+,16f which also
display a large infrared absorption cross-section, namely, the
ones associated with the CO stretches. Interestingly, the smaller
feature at 2040 cm-1 appears to be much more linear with
respect to intensity over the three power levels.

IRMPD Spectrum of [Benzene,NO]+: Details in the
1700-2100 cm-1 Region.The characteristic, strong feature at
1963 cm-1 presents a shoulder at 2040 cm-1 which becomes
an almost resolved peak of about 15% intensity with respect to
the parent band in the IRMPD spectrum run at lowest laser
power (profile (c) in Figure 1). This feature does not find any
correspondence with an active mode in the IR spectrum of the
[benzene,NO]+ π-complex I nor in any other one calculated
for conceivable isomers. Combination bands have been recently

reported in the vibrational predissociation spectra of hydrogen
bihalide anion clusters and in the IRMPD spectrum of the
protonated water dimer in the gas phase.14b,32In the present case,
one may notice that a bending mode of the NO group in
π-complex I is calculated at 64 cm-1, which is of the same
order of magnitude as 77 cm-1, namely, the difference between
2040 and 1963 cm-1. One may thus be tempted to assign the
shoulder at 2040 cm-1 to a combination of the strongly active
NO stretching mode, which should be anharmonically coupled
with the low-energy bending mode of the NO group within
π-complexI . In order to gain insight into the possible vibrational
mode giving rise to this IRMPD feature, an IRMPD spectrum
was recorded on a deuterium-labeled ion, namely, [d6-benzene,-
NO]+. The ion was formed by the same route used for the
unlabeled species except for the use ofd6-benzene in place of
the unlabeled compound. The IRMPD spectrum of [d6-benzene,
NO]+ failed to display any feature at 2040 cm-1 (Figure 5).
The strong band was hardly perturbed, displaying a maximum
at 1950 cm-1, as expected for a mode involving exclusively
N-O stretching, whereas the in-plane C-ring distortion was
shifted at 1313 cm-1 (Table 2). The significance of the 2040
cm-1 feature in the IRMPD spectrum of the unlabeled ion thus
remains difficult to understand, although it is clearly not due to
a combination mode involving exclusively the NO group, which
should not be strongly affected by the H/D isotopic substitution.
In a further attempt to interpret this feature, calculations (not
reported) on a triplet [benzene,NO]+ complex, already charac-
terized by previous computational work,11 have shown that the
presence of this species is not likely to account for a band at
2040 cm-1 because the NO stretching mode appears at
considerably lower wavenumber. Any formation of triplet
[benzene,NO]+, significantly higher in energy than the singlet,11

appears unlikely also based on the route that was used to form
the ion.

One further detail that may be noticed in the IRMPD spectra
of both [benzene,NO]+ and [d6-benzene,NO]+ (Figures 1 and
5) is a weak feature at the common wavenumber of ca. 1742
cm-1. Inspecting the calculated IR spectra of the several possible
isomers that were considered, onlypara-protonated nitrosoben-
zene displays a quite active mode at 1745 cm-1 associated with
a N-O stretching vibration that could account for the observed
feature, unaltered by isotopic substitution. If this assignment
were correct, this observation would provide evidence for the
formation of a covalent N-C bond as a result of a gas phase
cationic nitrosation reaction of benzene, albeit to nearly

(32) (a) Nee, M. J.; Osterwalder, A.; Neumark, D. M.; Kaposta, C.; Cibria´n
Uhalte, C.; Carter, S.; Asmis, K. R.J. Chem. Phys.2004, 121, 7259-
7268. (b) Pivonka, N. L.; Kaposta, C.; Bru¨mmer, M.; von Helden, G.;
Meijer, G.; Wöste, L.; Neumark, D. M.; Asmis, K. R.J. Chem. Phys.2003,
118, 5275-5278.

Figure 2. π-Complex structures for [benzene,NO]+ according to B3LYP/6-311+G** calculations.

Figure 3. IR spectra forπ-complexesI (a) andIII (b) computed at the
B3LYP/6-311+G** level. Calculated frequencies are scaled by a factor of
0.98.
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negligible extent. Alternatively, this weak feature at 1742 cm-1

could also be the result of a multiphotonic absorption in
resonance with a combination of vibrational modes of [benzene,-
NO]+.

IRMPD of Protonated Nitrosobenzene.By proving the
π-complex structure of [benzene,NO]+ ions obtained by NO+

transfer to benzene, IRMPD spectroscopy has shown at the same
time that in the gas phase this route does not lead to an
intermediate prone to evolve to protonated nitrosobenzene by
N-C bond formation, supporting previous evidence.6-8,11

Indeed, the activation energy for the system to proceed to
covalent N-C bond formation is predicted to be higher than
the dissociation threshold.2f,4 However, an alternative route to
an ionic intermediate resembling a protonated nitrosobenzene
species, presumably lying on the reaction coordinate for the
nitrosation of benzene, was sought in order to verify the ability
of IRMPD to discriminate between [C6H6NO]+ isomers. To this
end, a quite different source of [C6H6NO]+ ions was exploited,
based on the protonation of nitrosobenzene, the transfer of ESI-
formed ions into a modified Bruker Esquire Paul ion trap, and
their assay by IRMPD in the gas phase. The ensuing species
show a remarkable difference in their IRMPD behavior com-
pared to the [benzene,NO]+ complex. Figure 6 shows the
IRMPD spectrum in the wavenumber range from 800 to 2100
cm-1 with a laser power varying from 0.65 to 0.56 W using a
single macropulse from the FEL operating at 42 or 45 MeV.
Viewing the experimental IRMPD spectrum against the calcu-
lated IR spectra shown in Figures 3 and 4 and the experimental
IRMPD spectrum of [benzene,NO]+ in Figure 1 clearly suggests
that the [C6H6NO]+ ions corresponding to protonated ni-
trosobenzene are species distinct from [benzene,NO]+ com-
plexes. The IRMPD spectrum shown in Figure 6 displays one
prominent feature at 1456 cm-1. Four other IRMPD bands were
also observed in the low wavenumber portion of the spectrum:
two strong features at 1180 and 1252 cm-1, and two weaker
bands at 980 and 1350 cm-1. The tentative assignments of the
observed features to the calculated transitions are summarized
in Table 3. As in Table 2, also in Table 3 the frequencies of the
computed IR transitions are scaled by 0.98 and, in a separate
column, are given also as raw data. As can be seen in Table 3,
the positions of the two bands observed at 1180 and 1252 cm-1

nicely match with the calculated positions of two calculated
modes of the N-protonated isomer at 1169 and 1242 cm-1

associated with strong intensities (90 and 130 km mol-1,
respectively). Furthermore, the observation of the two weaker
features at 980 and 1350 cm-1 could also be the result of the
resonant absorption through the vibrational modes of N-proto-
nated nitrosobenzene calculated at 975 and 1329 cm-1. Once
again, it is noteworthy that, despite the multiphotonic character
of the absorption process associated with the IRMPD, the
relative intensities of the four observed bands at 980, 1180, 1252,
and 1350 cm-1 are comparable to the ones calculated for the
IR absorption spectrum of the N-protonated nitrosobenzene. As
in the IRMPD spectrum (Figure 6), which is dominated by a
prominent feature observed at 1456 cm-1, the calculated IR
absorption spectrum of the N-protonated isomer displays a
strong band and several closely spaced IR-active modes ranging
from 1475 and 1632 cm-1 (Table 3). All these in-plane vibra-
tional modes result from the coupling of CH/NH bendings, ring
deformations, and NO stretching. At our level of calculation,
the most intense IR-active bands, displaying a strong NO stretch-
ing component, is predicted at 1502 cm-1 (350 km mol-1).
Once again, the raw frequency value of this specific type of
vibrational mode requires a factor of 0.95 (see ratio exp/theory

Figure 4. IR spectra of covalently bound [C6H6NO]+ isomers (c-h)
computed at the B3LYP/6-311+G** level. Calculated frequencies are scaled
by a factor of 0.98.
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in Table 3) to match with the prominent experimental feature
at 1456 cm-1. It should be noted however that the relative
intensities of closely spaced normal modes resulting from the
coupling of local modes have to be taken with extreme caution.
As a matter of fact, the relative intensities of the IR-active modes
in the 1400-1680 cm-1 range strongly depend on the choice
of hybrid density functional (B3LYP, B3P86, or B3PW91). Any
contribution of thetrans-O-protonated species, which is in fact
only 8.5 kJ mol-1 higher in energy relative to the N-protonated
species, is unlikely because the IR absorption spectrum of the
trans-O-protonated isomer displays a strong feature at 1317

cm-1, in a region where no strong IRMPD features were
observed experimentally. Furthermore, thetrans-O-protonated
species also displays a distinct absorption band at 805 cm-1

(92 km mol-1), whereas no significant photofragmentation was
observed in this wavenumber range.

[C6H5N(H)O]+ ions are characterized not only by their
IRMPD spectrum but also by a specific fragmentation motif,
not shown by the [benzene,NO]+ isomer. In correspondence
with the major IRMPD feature at 1456 cm-1, they show a
decomposition path by OH loss (ca. 20% with respect to NO
loss), as conceivable from a [C6H5N(H)O]+ bonding network.

In contrast with the distinct difference in their IRMPD
behavior, it may be noted that the high-energy CID mass spectra
of [benzene,NO]+ and protonated nitrosobenzene in a multiple
sector instrument were found to be closely similar.11

Conclusions

Gaseous [benzene,NO]+ π-complexes have been character-
ized by IRMPD spectroscopy, relying on the wavelength-
dependent photodissociation process activated by the absorption
of multiple monochromatic photons. The experimental IRMPD
spectrum in the 1100-2200 cm-1 range is characterized by two
prominent features that are found to match with the absorption
bands in the calculated IR spectrum of a “perpendicular”-type
structureI . The complex is formed by a formal NO+ transfer
reaction and does not evolve into the thermodynamically favored
isomer corresponding to N-protonated nitrosobenzene, at least

Table 2. Major Vibrational Modes of [Benzene,NO]+ and Model Species in the 1100-2400 cm-1 Regiona

species IR modeb exptl IR exptl IRMPDc theoryd

theorye

(scaled) ratio exp/theory

benzene σCC, âCH 1486f 1511 (14) 1481 0.983
d6-benzene σCC, âCD 1335f 1358 (2) 1331 0.983
NO σNO 1876g 1981 (46) 1941 0.947
NO+ σNO 2344h 2490 (31) 2440 0.941
[benzene,NO]+ σCC, âCH 1467 (0.06) 1501 (64) 1471 0.977
[benzene,NO]+ 1742 (∼0.004)
[benzene,NO]+ σNO 1963 (1.00) 2117 (1220) 2075 0.927
[benzene,NO]+ 2040 (0.16)
[d6-benzene,NO]+ σCC, âCD 1313 (0.04) 1339 (38) 1312 0.981
[d6-benzene,NO]+ 1743 (∼0.004)
[d6-benzene,NO]+ σNO 1950 (1.00) 2116 (1217) 2074 0.922

a Vibrational wavenumbers are given in cm-1. b â ) in-plane bend;σ ) stretch.c Relative IRMPD yields are given in parentheses.d B3LYP/6-311+G**.
No scaling factors are employed. IR intensities (in parentheses) in km mol-1. e A scaling factor of 0.98 is applied to the calculated frequencies.f From ref
28. g From ref 29.h From refs 29 and 30.

Figure 5. IRMPD spectrum of [d6-benzene,NO]+.

Figure 6. IRMPD spectrum of protonated nitrosobenzene.

Table 3. Major IRMPD Features of Protonated Nitrosobenzene
and Calculated IR Modes in the 800-2400 cm-1 Regiona

theory for C6H5N(H)O+ b

theoryc

(scaled) exptl IRMPDd

ratio
exp/theory

995 (36) (â′CH, â′NH) 975 980 (0.05) 0.985
1193 (90) (âCH) 1169 1180 (0.50) 0.989
1267 (130) (σCN, âCH) 1242 1252 (0.32) 0.988
1356 (29) (σCN,âCH) 1329 1350 (0.05) 0.996
1403 (33) (σCC) 1375
1486 (54) (σCC, âCH) 1456
1498 (57) (σCC, âCH) 1468
1533 (350) (σNO, âNH) 1502 1456 (1.00) 0.950
1578 (68) (σNO, σCC, âCH) 1546 1545 (0.05) 0.979
1621 (140) (σCC, âNH) 1589 1599 (0.03) 0.986
1665 (32) (σNO, σCC, âCH) 1632

a Vibrational wavenumbers are given in cm-1. b B3LYP/6-311+G**. No
scaling factors are employed. IR intensities (in parentheses) in km mol-1.
â ) in-plane bend;â′ ) out-of-plane bend;σ ) stretch.c A scaling factor
of 0.98 is applied to the calculated frequencies.d Relative IRMPD yields
are given in parentheses.
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to any significant extent. The latter species is preferentially
formed by protonation of nitrosobenzene as obtained by ESI of
a methanol solution. [C6H5N(H)O]+ ions are unambiguously
discriminated from the [benzene,NO]+ isomers when subjected
to assay by IRMPD.

The IR absorption features for the [benzene,NO]+ gaseous
species disclosed by the IRMPD spectrum may be examined
with respect to the NO stretching frequency data reported for
the similar complex formed in nitromethane solution. Both the
νNO ) 2075 cm-1 value for the complex in solution2a and the
νNO ) 1963 cm-1 frequency for the gaseous species are in
between the stretching frequencies of NO• (1876 cm-1)29 and
NO+ (2344 cm-1),29,30 suggesting that the positive charge is
distributed between the NO group and the aromatic moiety.2

The gaseousπ-complex is expected to adiabatically dissociate
to C6H6

+•,11 the observed photofragmentation product. The
IRMPD characterization of gaseous [benzene,NO]+ has thus
provided information on the prototypical model for the strong
noncovalent (charge transfer) interactions established between
nitric oxide and theπ-electron systems of calixarenes33 and,
possibly, of biomolecules.

The present [benzene,NO]+ π-complex shares some features
in common with transition metal ion-benzene complexes,
whose IRMPD behavior has been thoroughly described.16c,dThe
in-plane carbon ring distortion band at 1486 cm-1 for benzene
is typically shifted to lower frequency in the M(benzene)+

complexes (1425-1444 cm-1, M ) V, Co, Ni). The red shift
is considered to be an indicator for the degree of metal-benzene
charge transfer interaction.16d The corresponding IRMPD band
of [benzene,NO]+ is red shifted at 1467 cm-1, thus confirming
a character of charge transfer complex.

As a final comment, the IRMPD methodology exploiting the
CLIO-FEL IR radiation source coupled to FT-ICR and to Paul
ion trap mass spectrometry has proven to be a valuable tool in
characterizing the manifold ionic species that may originate from
the attack of a positively charged electrophile to a simple
aromatic molecule. These species include arenium ions or
σ-complexes (as obtained from the protonation of benzene,
fluorobenzene, toluene),34 ipso-type arenium ions (the most
stable isomer of protonated phenylsilane),35 andπ-complexes

(the present [benzene,NO]+ complex) besides substituent-
protonated species (protonated benzaldehyde36 and, presently,
protonated nitrosobenzene). Using a related approach based on
the IR photodissociation of molecular clusters (so-called mes-
senger technique), ionic clusters of aromatic molecules have
been thoroughly examined in the OH and CH stretch regions.37

In this way, exploiting different IR photodissociation techniques,
one may gain an in-depth understanding of the gas phase ion
chemistry of simple aromatic molecules.
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Note Added after ASAP Publication.Due to a production
error, the unit for the calculated intensities was incorrectly given
as kJ mol-1 in the y-axis labels of Figures 3 and 4, in the
footnotes of Tables 2 and 3, and in the first paragraph under
the heading “IRMPD of Protonated Nitrosobenzene” in the
Results and Discussion section in the version of this paper
published ASAP on September 2, 2006. The correct unit is km
mol-1. The corrected version was published ASAP on Septem-
ber 7, 2006.
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