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The phenyl cation (c-C6H5
+, Figure 1) is a fundamental

carbocation in aromatic hydrocarbon chemistry. It results
from dehydrogenation of the benzene cation, the smallest

member of the arene family. c-C6H5
+ is an ubiquitous ion in

(extra-)terrestrial hydrocarbon plasmas[1] and mass spectra of
aromatic molecules.[2] It is of importance to organic chemistry
due to its extreme electrophilicity arising from the vacant
nonbonding s orbital (LUMO). Owing to its high reactivity,
c-C6H5

+ has escaped so far spectroscopic characterization in
the gas phase. Herein, we report the IR spectrum of isolated
c-C6H5

+ obtained by Ar-tagging IR photodissociation
(IRPD). This IRPD approach was previously used to
elucidate the structure of related fundamental hydrocarbon
ions, e.g., C6H7

+,[3] C2H5
+,[4] and C3H3

+.[5]

Quantum chemical calculations demonstrate that c-C6H5
+

has a planar structure with C2v symmetry in its 1A1 ground
electronic state (Table 1).[6–8] Although never directly

observed as a stable species in solution, c-C6H5
+ has been

invoked as reactive intermediate in chemical reactions such as
dediazoniation.[9] Recently, c-C6H5

+ was isolated in an Ar
matrix by photolysis of halobenzenes and subsequent photo-
ionization,[7] and IR spectroscopic identification was achieved
through the observation of two intense vibrational transitions
and isotopic labeling. Despite considerable efforts, spectro-
scopic characterization of the geometric and electronic
structure of c-C6H5

+ in the gas phase is still lacking. Photo-
ionization of c-C6H5 yields congested spectra[10] due to the
large geometry change involved in ionization.[6b] Ion chemis-
try and mass spectrometric experiments[11–13] yield insight into
the reactivity and relative stability of cyclic and acyclic C6H5

+

isomers (a-C6H5
+) but do not provide direct information

about their structure.
The sensitive technique of IRPD spectroscopy of mass-

selected ions was used here to derive the IR spectrum of
c-C6H5

+.[14] Weakly bound Ar atoms were attached to the ions
to facilitate resonant single-photon fragmentation (Ar-tag-
ging).[3, 4, 15] The IRPD spectra of C6H5

+·Ar in the CH stretch
range shown in Figure 2 were obtained using two different
precursors for generating C6H5

+, fluorobenzene (spectrum a
in Figure 2), and benzaldehyde (spectrum b). Comparison of
the two spectra reveals five bands in the 3000–3150 cm�1

range (A–E, Table 2), which occur in both spectra with the
same relative intensities and are thus assigned to the five
possible CH stretch fundamentals (sCH) of c-C6H5

+. Spectrum
(a) displays additional intense features X–Z at 2970, 3200, and
3276 cm�1, whose intensities are largely reduced in spectrum
(b). They are attributed to a-C6H5

+·Ar dimers. The formation
of less stable a-C6H5

+ isomers is largely suppressed using
electron ionization of benzaldehyde rather than fluoroben-

Figure 1. Structures and intermolecular binding energies (in kJ mol�1)
of c-C6H5

+ and the two most stable c-C6H5
+·Ar dimers calculated at

the MP2/aug-cc-pVTZ level. Relevant structural parameters are listed
in Table 1.

Table 1: Selected bond lengths R (in �) and angles (in degrees) of
c-C6H5

+ and the most stable c-C6H5
+·Ar dimers calculated at the MP2/

aug-cc-pVTZ level.

c-C6H5
+ c-C6H5

+·Ar(s) c-C6H5
+·Ar(p)

RC1 C2
1.3196 1.3436 1.3193

RC2 C3
1.4379 1.4171 1.4376

RC3 C4
1.3908 1.3926 1.3907

RC2 H 1.0790 1.0782 1.0791
RC3 H 1.0838 1.0826 1.0839
RC4 H 1.0805 1.0806 1.0806
]C6-C1-C2 (q) 149.6 140.2 149.6
]C1-C2-C3 102.7 128.2 102.7
]C2-C3-C4 122.0 121.5 122.0
]C3-C4-C5 120.9 121.1 121.0
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zene. Hence, the IRPD spectrum of C6H5
+·Ar2 (c) was

obtained using benzaldehyde. It is similar in appearance to
that of C6H5

+·Ar (b) but displays higher spectral resolution (5
vs. 10 cm�1) due to the lower effective temperature of the
larger cluster.

MP2/aug-cc-pVTZ calculations elucidate energetic, struc-
tural, and vibrational properties of c-C6H5

+·Arn (Figures 1
and 2, Tables 1 and 2). In line with previous results,[6–8] c-
C6H5

+ has a planar equilibrium structure (C2v) with alternat-
ing C�C bond lengths in its 1A1 ground state. The rather
different lengths of nonequivalent C�H bonds lead to largely

decoupled sCH normal modes. The two relatively short ortho
C�H bonds (RC2H ¼1.0790 �) give rise to symmetric and
antisymmetric sCH modes with high frequency, n1(a1) = 3106
and n19(b2) = 3103 cm�1. The longer para C�H bond
(RC4H ¼1.0805 �) is associated with an isolated local sCH

mode with lower frequency, n2(a1) = 3022 cm�1. The weakest
C�H bonds are in meta position and result in symmetric and
antisymmetric sCH modes with the lowest frequencies, n3(a1) =

3034 and n20(b2) = 3041 cm�1. All sCH fundamentals are IR
active with predicted intensities of 20–200 kmmol�1. Removal
of H from the regular C6H6 hexagon implies substantial
structural rearrangments, with the most significant change in
the C2-C1-C6 bond angle q, which opens up from 1208 in C6H6

to 1508 in c-C6H5
+. The vacant in-plane nonbonding s orbital

at C1 (LUMO) is very electrophilic (qC1 = + 0.67 e) and
attracts electron density from Ar and other nucleophilic
ligands.[8, 9, 13,16]

Several minima were located on the c-C6H5
+·Ar potential.

The global minimum corresponds to the planar c-C6H5
+·Ar(s)

structure (C2v, Figure 1). The short intermolecular C1�Ar
bond (2.2 �) is characterized by a binding energy of D0 =

9.9 kJmol�1 and an intermolecular stretch frequency of ns =

88 cm�1. Ar donates electron density (0.23 e) into the electro-
philic s orbital of c-C6H5

+ upon formation of the weak
chemical C�Ar bond. This situation is qualitatively similar to
CH3

+·Ar, where even larger charge transfer causes a much
stronger C�Ar bond (ca. 0.5 eV),[17, 18] demonstrating that the
vacant 2pz orbital of CH3

+ is more electrophilic than the s

orbital of c-C6H5
+. As a result of the charge transfer, q

contracts from 1508 to 1408 in c-C6H5
+·Ar(s) and the C�C

bond length alternation becomes less pronounced. Also, the
C�H bond lengths, sCH frequencies, and IR intensities are

slightly affected. The small contrac-
tion of the C2�H bond (0.0008 �)
translates into an increase in n1 and
n19 by 6–7 cm�1. The larger contrac-
tion of the C3�H bond (0.0012 �)
increases n3 and n20 by 22–25 cm�1,
while RC4H and n2 are nearly unaf-
fected upon Ar complexation. The
charge transfer in c-C6H5

+·Ar(s)
reduces the IR intensities of all sCH

fundamentals by a factor of 2–3.
The p-bonded c-C6H5

+·Ar
isomer with Cs symmetry,
c-C6H5

+·Ar(p), is considerably less
stable than c-C6H5

+·Ar(s). The p

bond is based on dispersion and
induction forces, and characterized by D0 = 6.6 kJ mol�1, an
Ar–ring separation of 3.32 �, and ns = 66 cm�1. The latter
values are typical for p complexes of aromatic ions with
Ar.[3, 19,20] The weak p bond has nearly no effect on the
geometry of c-C6H5

+, with changes in bond lengths and angles
of < 0.0001 � and < 0.18. Hence, the sCH frequency shifts are
< 15 cm�1 (0.5%) and IR intensities are nearly unchanged.
There are two further local minima on the c-C6H5

+·Ar
potential with bond energies of 5.4 and 4.6 kJmol�1, respec-
tively.[21]

Figure 2. Experimental IRPD spectra of C6H5
+·Ar (a, b) and C6H5

+·Ar2

(c) compared to linear stick IR absorption spectra of c-C6H5
+·Ar(s) (d),

c-C6H5
+·Ar(p) (e), and c-C6H5

+ (f) calculated at the MP2/aug-cc-pVTZ
level. The intensities of the c-C6H5

+·Ar(s) spectrum are multiplied by
2. IRPD spectra of C6H5

+·Ar are obtained using fluorobenzene (a) and
benzaldehyde (b) as precursor. The positions and assignments of the
transitions observed are listed in Table 2. Although the IRPD spectrum
of C6H5

+·Ar was scanned in the 2710–3780 cm�1 range, transitions
were only detected in the 2900–3350 cm�1 range shown here. The
arrow indicates the position of the C�H stretch band observed in an
Ar matrix (3110 cm�1).[7]

Table 2: Positions of the transitions A–E (in cm�1) observed in the IRPD spectra of C6H5
+·Arn compared

to CH stretch frequencies (in cm�1) of c-C6H5
+, c-C6H5

+·Ar(s), and c-C6H5
+·Ar(p) calculated at the MP2/

aug-cc-pVTZ level (Figure 2).[a]

n3(a1) n20(b2) n2(a1) n19(b2) n1(a1)

c-C6H5
+ 3034 (24) 3041 (27) 3092 (22) 3103 (211) 3106 (54)

c-C6H5
+·Ar(s) 3059 (11) 3063 (9) 3087 (16) 3110 (106) 3112 (17)

c-C6H5
+·Ar(p) 3048 (22) 3051 (23) 3088 (26) 3104 (209) 3107 (50)

band A B C D E
C6H5

+·Ar[b] 3055 3063 3090 3111 3117
C6H5

+·Ar[c] 3056 3063 3090 3110 3116
C6H5

+·Ar2
[c] 3057 3063 3089 3109 3115

[a] IR intensities in kmmol�1 are listed in parentheses. Harmonic frequencies are scaled by 0.951.
[b] Using fluorobenzene as precursor (Figure 2a). [c] Using benzaldehyde as precursor (Figure 2b).
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The IRPD spectrum of
C6H5

+·Ar in the sCH range closely
resembles the spectrum predicted
for c-C6H5

+·Ar(s). Thus, bands A–F
are assigned to this isomer, which is
the global minimum on the poten-
tial surface and predominantly
populated in the molecular beam.
The differences between experi-
mental and theoretical frequencies
are < 4 cm�1, which is of the order
of the experimental resolution. The
bands A–F in the C6H5

+·Ar2 spectrum are assigned to a c-
C6H5

+·Ar2(s,p) trimer, in which a p-bonded Ar atom is
weakly attached to the more strongly bound c-C6H5

+·Ar(s)
dimer. There are essentially no changes in the IRPD
spectrum, as predicted by the calculations. The good agree-
ment between experimental and theoretical spectra confirms
the previous conclusion that the ground electronic state of
C6H5

+ is 1A1 and not 3B1 (see Figure S1 in Supporting
Information).[7] The IR spectrum of
c-C6H5

+ in an Ar matrix shows a single band at 3110 cm�1

(indicated by an arrow in Figure 2), which was assigned to the
intense n19 mode.[7] Comparison with n19 calculated for
c-C6H5

+ (3103 cm�1) and that measured for c-C6H5
+·Arn

(3110� 1 cm�1) suggests that the matrix shift is small and
essentially due to the first s-bonded Ar ligand. Bands X–Z in
the IRPD spectra are clearly not due to clusters with c-C6H5

+.
Although an assignment to one specific of the many low-lying
a-C6H5

+ isomers[12,22] is presently impossible,[23] the IRPD
spectra in Figure 2 provide the first spectroscopic evidence for
efficient ring opening of halobenzenes upon electron ioniza-
tion.

Comparison of the C�H bond properties of c-C6H5
+ with

those of the phenyl radical[24] establishes the effects of
ionization on the C�H bond strength. The sCH frequencies
of c-C6H5 are 3086 (n1), 3072 (n2), 3037 (n3), 3071 (n19), and
3060 (n20) cm�1. Thus, all sCH frequencies in c-C6H5 (except n3)
are ca. 20 cm�1 lower than those measured for c-C6H5

+·Arn,
confirming the predicted ionization-induced contraction of
the C�H bonds.[6b]

The angle q of the phenyl ring is a sensitive structural
indicator for the type of bonding of c-C6H5

+ to ligands
(Table 3).[8, 13, 16] It decreases from q = 1508 for isolated
c-C6H5

+ in [c-C6H5·L]+ in the order L = Ar (1408), HF
(1348), N2 (1258), and CO (1248) as a result of increasing
electron transfer from L to c-C6H5

+. This trend correlates with
the rising [c-C6H5·L]+ dissociation energies (D0 = 13.4–
297 kJmol�1) and the contraction of the corresponding
bonds (RC1L ¼2.17–1.39 �). Apparently, this geometrical
change is also reflected in the ortho C�H bond length, RC2H,
and the corresponding frequency of n19. These predicted
trends are confirmed by available experimental IR spectra of
[c-C6H5·L]+.[8, 16]

In conclusion, Ar-tagging IRPD spectroscopy provides
the first spectroscopic and structural characterization of
c-C6H5

+ in the gas phase. The analysis of sCH frequencies
unravels details of C�H bond properties in this fundamental
aryl cation. The interaction with Ar is a sensitive probe for the

electrophilicity of the vacant nonbonding s orbital of c-C6H5
+.

Finally, IRPD spectra of C6H5
+·Arn demonstrate spectroscop-

ically for the first time that electron impact of halobenzene
molecules produces substantial fractions of a-C6H5

+ ions,
whereas ring-opening processes are largely suppressed using
softer photolysis and photoionization techniques.

Experimental and Theoretical Methods
IRPD spectra of C6H5

+·Arn clusters were recorded in a tandem
quadrupole mass spectrometer (QMS1/2).[18, 19] C6H5

+·Arn were
generated in a pulsed supersonic molecular beam expansion by
chemical ionization of two different gas mixtures. Electron ionization
(EI) of fluorobenzene seeded in 8 bar Ar resulted in the formation of
C6H5

+ ions through facile F atom elimination, and C6H5
+·Arn were

generated by subsequent three-body aggregation. In addition to
c-C6H5

+, this procedure produced substantial concentrations of less
stable a-C6H5

+ isomers, due to significant excess energy available in
the EI process of fluorobenzene.[25] In contrast, EI of benzaldehyde
seeded in 5 bar Ar generated C6H5

+ by sequential elimination of H
and CO. As a result of this more energy-demanding two-step process,
mainly c-C6H5

+ ions are formed, because less energy is available to
overcome the barrier for ring opening required for the generation of
a-C6H5

+ isomers. C6H5
+·Arn ions were mass selected by QMS1 and

irradiated in an octopole with a tunable IR laser pulse (nIR). Resonant
vibrational excitation of C6H5

+·Arn induced the rupture of the weak
intermolecular bonds [Eq. (1)]:

C6H5
þ �Arn þ h nIR ! C6H5

þ þ n Ar ð1Þ

C6H5
+ fragment ions were selected by QMS2 and monitored as a

function of nIR to obtain IRPD spectra of C6H5
+·Arn. Ab initio

calculations were carried out at the MP2/aug-cc-pVTZ level.[26]

Binding energies were corrected for zero-point vibrational energies
and basis set superposition error. Harmonic vibrational wavenumbers
were scaled by 0.951. The charge distribution was evaluated using the
natural bond orbital population analysis.
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