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Abstract: Electronic transitions of protonated benzene (A 1B,—X 1Ay, origin at 325 nm) and o-protonated
fulvene (A !A~—X !A’, at 335 nm) trapped in 6 K neon matrices have been detected. The cations were
produced from several different precursors, mass-selected, and co-deposited with neon. After neutralization
of the cations, the electronic transitions of cyclohexadienyl (onsets at 549 and 310 nm) and o-hydrogenated
fulvene (532 and 326 nm) radicals were identified. Upon excitation of cyclohexadienyl to the B 2B, state,
photoisomerization to an open-chain structure and a-hydrogenated fulvene was observed.

1. Introduction

The benzenium ion is recognized as the most stable isomer
of CeH;" and represents a fundamental class of organic ions. It
was found to be an intermediate (o-complex) in electrophillic
substitution on aromatic rings, an important reaction of aromatic
hydrocarbons.* C¢H; " cations have also been detected by mass
spectrometry in the ionosphere of Titan.? In this context, the
reactivity of ionized polycyclic aromatic hydrocarbons (PAHS)
with simple atomic and molecular species was investigated.>*
It was found, for example, that benzene cations reacted readily
with atomic hydrogen but not with H,. Protonated PAHs are
relatively stable toward addition of further atomic hydrogen due
to their closed-shell electronic structures.

CsH7" ions have been studied as complexes with noble gas
atoms by infrared photodissociation (IRPD) spectroscopy.®®
These investigations have provided frequencies of several
fundamentals of C¢H,": rare gas dimers in the range 750—3400
cm™L. A group of bands near 2800 cm™* was attributed to the
aliphatic C—H stretches of the methylene group of the benze-
nium ion.® Due to the weak interaction between CsH,* and noble
gas atoms, the obtained IR frequencies should not differ much
from those of the isolated ions.

Multiphoton IRPD spectra of CgH,* cations,” which undergo
H; loss, differ from the spectra mentioned above. The observed
bands are broadened, red-shifted and vary in intensity from
single-photon dissociation data, which could be explained by
the nature of the multiphoton fragmentation process. These IR
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studiesin combination with ab initio ca culations have confirmed
that benzenium ion in its *A; ground state (C,, symmetry) is
the favored form of CgH;*. The structure is planar, with the
exception of the CH, hydrogens, which lie in a plane perpen-
dicular to that of the benzene ring.

Electronic spectroscopy on protonated benzene is limited to
absorption in superacidic solutions® and low-resolution UV
photodissociation investigations.® The gas-phase spectrum re-
vealed two broad, structureless transitions around 330 and 245
nm, which differ significantly from the solution spectra
Interpretations based on early quantum chemical calculations
were given.® Recent ab initio calculations'® on excited electronic
states provide an assignment for the UV spectrum of this cation.

Not much is known about other isomers of CsH7t. A number
of investigations, mainly mass spectrometric, have been reported
on the structures of CgH;* cations. Besides protonated benzene,
they all predict at least three additional geometries of interest.
The next two most stable forms of thision, a- and 5-protonated
fulvenes, were found mainly on the basis of proton affinities.
The former lies 0.4 and the latter 1.3 eV above the benzenium
ion according to calculations.*>? The most stable open-chain
isomer is located even higher (by 1.7 eV).*?

Formation of protonated fulvene, in addition to benzenium ion,
likely occurs upon dissociative ionization of a number of CgHg
isomers™'* or by ion—molecule reactions involving alene,
propyne***® butadiene,’® dlyl bromide,*” vinyl chloride*® and
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others. Also, isomerization of protonated benzene into protonated
fulvene was suggested to take place in photodissociation studies.*”

There are no spectroscopic data on other isomers of CgH;*.
In this contribution we investigated electronic transitions of
CsH;" trapped in neon matrices. Besides protonated benzene,
the A *A’~—X A’ transition of a-protonated fulvene was ob-
served for the first time. Several isomers of neutral CgHo,
produced by neutralization of CgH;", are characterized by
spectroscopic means. We aso observed photoiduced isomer-
ization of cyclic CsH; to an open-chain species and o-hydro-
genated fulvene radical.

2. Experimental Section

The setup used previously™® has been modified.?° The cations
of interest were produced in a hot cathode discharge source from
appropriate precursors mixed with helium. Sample was introduced
into the central region of the source, close to a tungsten filament
heated above 2000 °C. Electrons, emitted from the filament and
accelerated to ~50 €V to the cylindrical anode, ionized and frag-
mented the sample.

After extraction from the source, ions were guided using a series
of electrostatic lenses through a static bender, where they were
separated from neutral molecules, and later to a quadrupole mass
filter. Typical CsH* ion current on the matrix substrate was 10—30
nA when unity mass resolution was chosen. The mass-selected
cations were co-deposited with a mixture of neon and an electron
scavenger onto a rhodium-coated sapphire plate kept at 6 K.

Chloromethane diluted with neon in the ratio 1:20 000 was used as
an electron scavenger; it suppresses ion neutralization during growth
of the matrix. Deposited cations charge the matrix, and the ones arriving
subsequently hit a metal surface of the vacuum chamber and release
electrons. The latter are attracted to the matrix and captured by
chloromethane molecules, which are unstable in the anionic form and
dissociate into CH3 and Cl~.* The CI~ anions reduce the space charge
of the matrix. The species formed from CHCl, due to their very low
concentration, neither react with the trapped ions nor interfere with
measurements of the electronic absorption spectra, because they do
not absorb in the 200—1100 nm range.

The detection system used consists of a light source, a spec-
trograph equipped with three rotatable gratings covering 200—1100
nm, and an open-electrode CCD camera. Absorption spectra were
recorded by passing broadband light from halogen or high-pressure
xenon lamps through the matrix in a“wave-guide’ manner.?? Light
exiting the matrix was collected by a bundle of 50 optical fibers
and transferred to the entrance dlit of the spectrograph. To eliminate
possible photoconversion of the trapped species by the intense,
broadband light from the detection system, cutoff filters were used
during recording of the spectra. Furthermore, the scans were started
from the longest wavelength and continued into the UV. The
procedure was later repeated to test whether the species were light
sensitive. After these measurements, the matrix was irradiated with
a medium-pressure mercury (mpHg) lamp for 30—60 min to
neutralize the trapped cations, and the spectra were recorded anew.

CsH- " cations were produced in the source from a number of
precursors: 1,3- and 1,4-cyclohexadiene (1,3-CHD and 1,4-CHD),
allene, propyne, 1,3,5-hexatriene, and methylcyclopentadiene dimer
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Figure 1. UV part of the absorption spectrum recorded after deposition of
CeH; " cations produced from 1,3-cyclohexadiene in a neon matrix with
CH3Cl scavenger (blue line) and after photobleaching with UV photons
(red). K represents absorption of CgH, " isomers; L and M belong to different
isomers of neutral CgH-.

T
340

(MCPD). All samples were outgassed by freeze—pump—thaw
cycles before use and later mixed with Hein theratio 1:4 for CHD
and 1:1 for allene or propyne as precursor. Additionally, reaction
of Hs™ with benzene trapped in a neon matrix has been investigated.
Ha' was produced from H, in the hot cathode ion source and was
co-deposited with a benzene/Ne mixture onto the matrix substrate.
The ratio of CsHe/Ne was 1:9000, and the deposited charge of Hz*
was around 1 mC.

3. Observations

3.1. CeH;™ Cations. The UV part of the absorption spectrum
recorded after deposition of mass-sdlected CgH-; " species produced
from amixture of 1,3-CHD/Heis presented in Figure 1 (blue line).
It is characterized by three distinct absorption systems (K, L, and
M). The K system is a broad, structured absorption with onset at
335 nm. Band systems L and M, with onsets at 310 and 282 nm,
are much narrower. The K and L absorptions decrease, though to
adifferent extent, upon UV irradiation of the matrix with ampHg
lamp equipped with water and aA > 293 nm cutoff filters. System
M gainsintensity under these conditions, which isindicative of its
neutrd origin (Figure 1, red line).

Absorptions K and L could originate from CsH;" cations or
from photo-unstable C¢H- neutrals, which could convert to other
isomers. UV irradiation of the matrix causes neutralization of
the trapped cations by electrons released from the CI~ coun-
terions. This process is operative only if the photon energy
exceeds the detachment threshold of Cl~. The electron affinity
of Cl is3.61 eV in the gas phase,?® which corresponds to photon
wavelengths 4 < 343 nm. However, the detachment threshold
of CI™ in a neon matrix is higher than that in the gas phase,
due to the surrounding neon atoms, and requires photons with
A < 300 nm. Consequently, cations were neutralized using a
A = 293 nm cutoff filter. A more pronounced effect was
observed when full UV radiation of the mpHg lamp was used.

In order to ascertain whether K and L come from CgH;+ or
from photo-unstable C¢H; neutrals, the cations were also
deposited without an electron scavenger. In such experiments,
free electrons neutralize cations during growth of the matrix.
The UV section of the spectrum obtained is shown in Figure 2
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Figure 2. UV part of the absorption spectrum recorded after deposition of
CeH; " cations produced from 1,4-cyclohexadiene in a pure neon matrix
(blue line), after 5 (green) and 20 min (magenta) irradiation with a high-
pressure Xe lamp using a A = 305 nm cutoff filter. Isomer L of CgH;
converts to isomer M upon photobleaching with UV photons.
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(blue trace). The K system is absent, while L and M are still
present. Therefore, absorption K originates from CgH, ™ cations,
and L belongs to a photosensitive CsH; neutral.

In order to prove the structure of the cation responsible for
the K system, several precursors were used for the production
and deposition of the m/z= 79 ions. 1,4-CHD, dlene, propyne,
1,3,5-hexatriene, and MCPD. In all cases, the K system was
present together with the L and M absorptions of neutrals.
However, the relative intensities of the bands constituting the
K system change dlightly, depending on the precursor used. To
illustrate this better, the spectra were normalized to the same
intensity of the first band of K (Figure 3). This alows two
absorption systems originating from two isomers of CgH;" to
be distinguished. Their onsets are labeled K; and K,, with
wavelengths given in Table 1. The C¢H;" isomer, which is
responsible for the K, system, is more efficiently produced from
1,3- and 1,4-CHD, while the K; system is more pronounced in
the experiments where alene, propyne, and MCPD were used.

L
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Figure 3. Comparison of absorption spectra recorded following deposition
of CgH;" cations produced from different precursors. Green line, 1,3-
cyclohexadiene; red, 1,4-cyclohexadiene; blue, allene; orange, methylcyclo-
pentadiene dimer. K1 is assigned to o-protonated fulvene, K2 to protonated
benzene, L to c-CgH, and M to (E)-1,4,5-hexatrien-3-yl radical.

Table 1. Observed Onsets and Vibrational Progressions within
Electronic Transitions of C¢H;" and their Neutrals in 6 K Neon
Matrices

species  Alnm  vlem™'  Avjem™! assignment
a-PFT 3353 29822 0 0 AA—X A
PBt 3254 30727 0 0 ABy—X 1A,
3163 31619 892 vy
a-HF 5324 18782 0 0
5112 19560 778 vy
326.1 30661 0
319.7 31283 622 vy (or 5vy of MHF)
316.6 31584 923 vy
3136 31886 1225 i,
3123 32017 1356 vy
MHF 3357 29789 0o 0
3321 30111 322 vy
3289 30403 614 2vy
3220 31055 1266 4vy,
E-HT 2815 35524 0 0§
2723 36718 1194 vy
263.6 37930 2406 2vig
c-CeH, 5489 18217 0 0 A2A,—X 2B,
537.6 18602 385 2vy;
5248 19056 839 vy
5205 19212 995 wy
516.7 19353 1138 g
507.3 19714 1497 s
3103 32225 0 0§ B 2B,—X 2B,

308.4 32430 205  2vy
306.4 32642 417  4dvy
3045 32843 618 6vy
302.8 33021 796 vy

301.0 33222 997 v+ 2y
299.2 33427 1202 vy +4dvy
2972 33647 1422 vy + 6y

3.2. C¢H7 Neutrals. As explained above, absorptions L and
M (Figure 1) originate from two isomers of CsH;. Besides these,
several weaker bands are seen on the long-wavelength side of
system L. Absorption L decaysin aregular way after 5 and 15
min irradiation of the matrix with a high-pressure Xe lamp
equipped with a4 = 305 nm cutoff filter (Figure 2). Parallel to
this, M and the weak band system in the range 310—340 nm
increase. Thisindicates that isomer L of CgH; photoconverts to
isomer M and to another neutral, which is responsible for the
weak band system.

Deposition of CgH;™ produced from 1,4-CHD into a pure
neon matrix resulted not only in the appearance of the UV
absorptions seen in Figure 2, but also in the weak 510—550
nm system D. In order to show the relative intensities of the
observed features, the visible and UV sections of the spectrum
were scaled by appropriate factors in Figure 4 (trace a). The
spectrum measured after UV irradiation of the matrix is depicted
in trace &. Band D, with onset at 549 nm, decays after UV
irradiation in a similar manner as absorption L, and simulta-
neously, a weak band at 532 nm grows in intensity.

All the absorptions shown in Figure 4, trace a, were also
observed in the spectrum recorded following deposition of Hz*
ions into a matrix containing benzene and neon in the ratio
1:9000. The resulting absorption istrace b of Figure 4, and trace
b” after UV irradiation. Traces a and b are similar; even the
multiplet structure of the origin band at 549 nm is well

J. AM. CHEM. SOC. m VOL. 132, NO. 42, 2010 14981
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Figure 4. Absorption spectra recorded after deposition of CgH;* into a neon matrix without an electron scavenger. Trace a, after deposition of CgH;* from
1,4-cyclohexadieng; b, after co-deposition of Hz* ions with benzene/Ne = 1:9000; & and b, recorded after photobleaching with A > 293 nm. Bands D and
L are assigned to c-CgH+, E and G to o-hydrogenated fulvene, F to methyl-hydrogenated fulvene, and M to (E)-1,4,5-hexatrien-3-yl radical. Spectra a and
a in the 340—310 nm range as well as in the 550—505 nm range are normalized by a factor of 8; spectra b and b” are normalized by a factor of 6.

reproduced (inset of Figure 4). All the band systems except M
are much stronger than in the experiment carried out with mass-
selected CsH-*. No electron scavenger was used in the experi-
ment with Hz" ions, and the deposited charge was several times
larger than in the case of CgH;". Under such conditions, only
neutral molecules should be present in the matrix, because
without an electron scavenger, Hst should be completely
neutralized. The dissociative e ectron recombination of Hs" leads
to formation of H and H,. Hydrogen atoms are mobile and
reactive, even in solid neon at 6 K. One could expect that the
main reaction product of H with benzene is the cyclohexadienyl
radical, c-CeH-. Addition of the first hydrogen atom to benzene
has an energy barrier around 16 kJ/mol;?*% it can be overcome
due to the ability of hydrogen to tunnel through the reaction
entrance barrier. Electronic transitions of c-C¢H; have been
reported.?®2° According to these, absorption systems L and
D, with origins at_549 and 310 nm, can be assigned to the
A ?A,—X ?B; and B ?B;~—X ?B; eectronic transitions of ¢-CgH-
(Cy, symmetry).

4. Computational Results

A number of structura isomers of CgH;" are possible.
Theoretical calculations predict that the most stable is protonated
benzene (PB™), and higher in energy are protonated fulvenes
(PF*) and open-chain structures.**? We considered six lowest
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energy isomers of CgH;*: PB™, - and S-protonated fulvene
(o-PF* and B-PFt), methyl-protonated fulvene (MPF), and two
open-chain forms, (2)- and (E)-1,4,5-hexatrien-3-ylium (Z-HT™*
and E-HT™") (Figure 5). Geometries of the CgH;* cations were
optimized with DFT at the B3LYP/cc-pVTZ level of theory
using the Gaussian 03 program suite.*® In all cases, real minima
were found. All the considered C¢H-" cations except MPF have
singlet ground state. For the latter, calculations predict triplet
ground state, similar to the cyclopentadienyl cation (CsHs™),**
locating it 3.1 kJ/mol lower than the singlet state. The global
minimum on the potential energy surface of CgH; ™ isthe X 'A;
state of PB™. The next lowest energy isomer, o-PF", lies 39.3
kJmol higher. 3-PFt was found 108.4 kJ/mol above PB*. These
data can be compared with the energies 40 and 103 kJ/'mol
calculated for o- and S-PFT at a higher level of theory,
G2(MP2).** The other three ions, MPF*, E-HT™, and Z-HT™,
are located ~134, 137, and 147 kIJmol above PB™.

The CgH- radicals, which can be obtained by neutralization
of the above-discussed cations, have also been studied with DFT
at the B3LY P/cc-pVTZ level of theory. Again, the lowest energy
isomer is the neutral c-CgH- derived from protonated benzene.
The relative energies of the other isomers of CgHy in their
doublet ground state with respect to the X 2B, state of ¢-CgH-
are indicated in Figure 5.

More relevant to the present spectroscopic studies are the
electronic excitation energies of the cations and neutrals of CsH-
from their ground state. These were calculated between the
singlet manifolds of the C¢H;" cations using a time-dependent
(TD) DFT method, and the geometries of the ions were
optimized using the B3LY P functiona and the cc-pVTZ basis

(30) Frisch, M. J; et d. Gaussian 03, Revision C.01; Gaussian, Inc.:
Wallingford, CT, 2004
(31) Waorner, H. J; Merkt, F. Angew. Chem., Int. Ed. 2006, 45, 293-296.
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-1,4,5-hexatrien-3-ylium (E-HT*,
E)-1,4,5-hexatrien-3-yli (E-HT? 1A']

I

(2)-1,4,5-hexatrien-3-ylium (Z-HT*, 'A")

133.5 136.8 146.9
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Figure 5. Schematic representation of the CgH;" cations (bold) and their neutral counterparts (normal font). Relative energies with respect to the most
stable isomer are given in kJ/mol. Ground-state geometries were optimized with DFT at the B3LY P/cc-pVTZ level of theory.

set. The caculations predict for PB* two alowed electronic
transitions at 4.17 and 5.41 eV with oscillator strengths 0.11
and 0.004. These results agree well with more advanced ab initio
methods (4.09 and 5.71 eV, f = 0.14 and 0.096).° The
TD DFT excitation energies for the considered isomers of CgH,*
are collected in Table 2. One can expect that these transition
energies are predicted with comparable accuracy asfor PB*. A
striking difference between the calculated oscillator strengths
of the UV transition of different isomers of PF* is apparent in
Table 2. These indicate a strong transition at 4.35 eV for o-PF"
and a weak one in this region for S-PF" and MPF*.

The excitation energies of the CgH;* isomers were aso
calculated using the complete active space self-consistent field
method (CASSCF) and the 6-311G(d,p) basis set. The active
space consisted of four vaence electrons distributed on six
orbitals (CAS(4,6)). CASSCF calculations for CgH;* cations
were carried out in order to compare the excitation energies
with those from TD DFT. The CASSCF method provides a
crude approximation to the excited-state energy, asit takesinto
account only a static electron correlation effect. The general
excitation pattern obtained by the CASSCF and TD DFT
methods is similar; however, energies predicted by the former
are higher than those from the latter.

Similar calculations were carried out for CgH; neutrals. Five
ot valence electrons distributed on six orbitals formed the active
space (CAS(5,6)). The CAS(5,6)/6-311G(d,p) calculations
predict for c-CsH- two dipole-allowed electronic transitions at
2.69 and 4.27 eV, which can be compared with 2.26 and 4.0
eV from the experimental data. The excitation energies for all
the considered CsH- isomers are collected in Table 2.

5. Discussion

5.1. CgH;" Cations. PB™ is the most stable form of CgH;™,
and the absorptions of c-CgH- resulted from the neutralization
of PB* in a neon matrix. Therefore, one can expect that one of
the systems, K; or K5, seen in Figures 1 and 3 originates from
the PB™ cation. The onsets of these transitions in a neon matrix

lieat 3.7 and 3.81 eV, respectively, which are close to the 4.17
eV excitation calculated by the TD DFT method and the more
advanced ab initio level of theory (4.09 eV).X° Both methods
predict a strong transition of PB* in the UV region, with the
oscillator strength of 0.11 (TD DFT) and 0.14 (ab initio).
Therefore, one of these absorptions (K; or K,) must originate
from PB™.

Gas-phase kinetic studies on CgH;" produced from different
precursors have revealed at least two isomers, which differ in
reactivity toward conjugate bases, the more reactive is PB™.
The highest relative abundance of non-benzenium ions was
observed when CgH-" ions were generated from 1,4-CHD, and
the abundance decreased in the precursor series allene > propyne
> 1,3-CHD.* The mechanism of CgH," production from various
precursorsis likely to be different. In the case of CHDs, CgH;*
is formed by removing one hydrogen atom. The aromatic ring
should stay intact, and the resultant cation should possess the
benzenium ion structure. One could expect formation of some
noncyclic cation from alene or propyne in afollowing reaction:

CH," + CH, — CH,"
because C3;Hs™ dominates the mass spectrum. MCPD should
give rise to ions containing a five-membered ring.

The structure of ions is not always foretold by the geometry
of the precursor used. The relative population of CgH;" isomers
depends on the kinetics of ion—molecule reactions in the ion
source aswell as on the energetics of ions. Theionsin the source
have enough excess energy to overcome barriers and may
isomerize to structures different from the precursor used.

Figure 3 shows that the relative intensities of band systems
K1 and K, change with the precursor used. The strongest relative
absorption of the K, system was observed when 1,3-CHD was
used. The highest population of the PB* cations has been
observed in the kinetic gas-phase studies carried out with this
precursor. 14 Therefore, we assign the K, system to the
A B,—X A, transition of this cation. The position of this
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Table 2. Excitation Energies of the Most Stable Isomers of CgH;" and their Neutrals®

Si/Dy S,/D, SyD;

species sym AE/eV Alnm f sym AE/eV Alnm f sym AEleV Alnm f
PB* B, 4.17 298 0.11 A, 5.05 245 0 B, 541 229 0.004
A, 4.36 284 5.33 233 8.10 153

325
o-PF* A 4.35 285 0.29 A7 4.96 250 0 A7 521 238 0.056
n’ 458 271 5.04 246 7.97 156

335
B-PFT A’ 2.06 603 0.009 A7 4.58 271 0 A7 5.09 243 0.002
n’ 2.47 502 5.70 218
MPF" A7 3.45 359 0.018 A’ 3.72 333 0.048 SA 4.03 308 0
SA” 3.58 346 3.79 327 6.53 190
Z-HT* A7 311 399 0 A7 4.26 291 0.60 A7 5.36 231 0
A7 4.48 277 5.44 228 8.22 151
E-HT* A7 314 395 0 A’ 4.43 280 0.86 A7 5.40 229 0
n’ 4.74 262 5.48 226 8.37 148
c-CgH7 2.69 461 4.27 290 6.11 202
B, 549 310
o-HF 2.70 459 4.16 298 6.56 189
2N 532 326
B-HF 2.88 431 451 275 6.01 206
2A//
MHF 0.96 1292 4.13 300 6.66 186
N 336
Z-HT 2.76 449 4.26 291 6.82 182
2Al/
E-HT 2.83 438 4.23 293
2p” 282

@ Excitation energies for cations were calculated with TD DFT at the B3LYP/cc-pVTZ (norma font) and CAS(4,6)/6-311G(d,p) (bold) level of

theory, and for neutral CgH; at the CAS(5,6)/6-311G(d,p) level of theory (bold); italics indicate observed data.

absorption agrees well with the gas-phase photodissociation
spectrum® of PB*. The band lying ~890 cm™! above the origin
can be assigned to the excitation of the v1; vibrational mode in
the A B, state. In the earlier PD experiments, a much weaker
absorption of PB* was detected at ~245 nm,® and the recent
theoretical calculations™ predict two excited states, *A; and 'B;,
in this region, which are dipole accessible from the ground state.
However, the oscillator strengths of these transitions are much
weaker (0.096 and 0.005, respectively) than that to the A B,
state. This transition was not observed in these measurements
due to low transmittance in this region caused by scattered light.

The K; band system can be assigned to a-PF' for the
following reasons. The highest intensity ratio of the absorption
K, to K, was observed with the MCPD precursor (Figure 3,
bottom trace), in which a five-membered ring could survive the
conditions in the ion source. Among the protonated fulvenes,
o-PF* is the most stable structure, and TD DFT calculations
predict a strong electronic transition only for a-PF" (at 4.35
eV), close to the observed K; system (3.7 eV). The oscillator
strength of the UV transition of a-PF" is ca. 3 times larger
than for PB* and is about 2 orders of magnitude higher than
for the other protonated fulvenes (3-PF" and MPF").

5.2. Neutral C¢H. The deposition of mass-selected CgH;"
with all the precursors used has resulted in the appearance of
the strong 310 nm band system and the weaker one with onset
at 549 nm for the neutral cyclohexadienyl radical, c-CgH-. This
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radical was observed as a result of partial neutralization of
CeH; ™, even in the experiments when an electron scavenger was
added into the matrix. The origin band of c-C¢H; at 549 nm is
sharp, and a multiplet structure is apparent. Two modes of
energy, 27 and 71 cm™, form this pattern. These frequencies
are too low to be assigned to any vibration of this molecule;
they are due to coupling of the phonons of the neon lattice to
the electronic state of ¢-CgH-. The A 2A X 2B, transition of
c-CgH; with onset at 549 nm has a well-evolved vibrational
structure that is formed by the excitation of severa totally
symmetric fundamental modes in the upper electronic state. The
lowest energy vibrational band observed in the spectrum is
located ~385 cm™! above the origin and is assigned to the
double excitation of the v,3 mode of b; symmetry. Wavelengths
of the observed absorptions of ¢c-CgH; and their assignments
are collected in Table 1.

The absorption L of c-C¢H; at ~310 nm has a multiplet
structure too. This pattern iswell pronounced in the experiment
of Hs™ with benzene trapped in a neon matrix (traces b and b’
in Figure 4). Absorption L is much broader than band D, and
two frequencies, 205 and 796 cm™?, with their overtones and
combinations form the observed profile of the UV system. In
the ground state of c-CgH-, our calculations predict the lowest
energy mode vy3 at 175 cm™? (b, symmetry), which corresponds
to the out-of-plane ring deformation with a considerable
contribution of the out-of-plane motion of the CH, group. The
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single excitation of this mode is forbidden for the 2B;—X 2B,
transition; therefore, the energy of ~205 cm™* must correspond
to 2v,s. The frequency difference of the v,3 mode in the ground
and the B 2B; statesis quite large and reflects a geometry change
along this coordinate upon electronic excitation. The profile of
the absorption at ~310 nm is dominated by the long progression
of the 205 cm™! overtone bands and its combination with the
~796 cm™! mode. The frequency of the latter is close to the
calculated, totally symmetric v1; (871 cm™) mode.

UV irradiation of c-C¢H; with a mpHg lamp using a
A = 305 nm cutoff filter leads to a decrease of the visible and
UV systems of this species and simultaneously increases the
strong absorption at ~282 nm and weaker ones in the 310—340
nm and visible ranges (Figure 3). It is well established that
1,3-CHD®?* and its cation,>* which are structurally similar to
c-CgH7, undergo a photoinduced ring-opening reaction leading
to 1,3,5-hexatriene or its cation, respectively. In the case of
neutral 1,3-CHD, the ring-opening takes place in a fraction of
a picosecond, and the product relaxes to the more stable
(tZt-hexatriene) form in several tenths of a picosecond.® The
open-chain structure, produced from 1,3-CHD or 1,3-CHD™ by
the UV-induced ring-opening reaction, absorbs at shorter
wavelength than the parent species.

It is expected that a similar process takes place in the case of
UV irradiation of c-CgH7, and the strong band system with onset
at 282 nm is assigned to the open-chain isomer. CAS(5,6)/
6-311G(d,p) caculations predict two electronic transitions for
the two neutral, open-chain isomers E- and Z-HT at ~2.8 and
4.2 eV; the latter transition lies close to the observed M system
(4.39 eV). By analogy to the photoisomerization of 1,3-CHD
to tZt-hexatriene, the M system is assigned to E-HT. Therelative
absorption of E-HT (at ~282 nm) with respect to the 310 nm
system of ¢-CgH- varies with the experimental conditions. The
weakest M absorption was observed in the experiment of Hs™
with benzene trapped in the matrix. In this case, E-HT was
present as a result of the ring-opening process of the excited
c-CgH7 produced in the exothermic (117 kJmol) reaction of
CsHs with H generated by neutrdization of Hs™. The M
absorption of E-HT was also observed following deposition of
CeH- " without an electron scavenger. In such experiments, E-HT
was formed by the neutralization of collisionally produced
E-HT* from PB™ in a neon matrix.

Though the CAS calculations predict the electronic transition
of E-HT also in the visible range (~438 nm), near the weak E
band system with onset at 532 nm, which grows in intensity
upon UV irradiation of the matrix, the system E cannot be
assigned to E-HT because its relative intensity with respect to
absorption at ~282 nm varies with the experimental conditions.
The intensity of the E system correlates well with the G system,
with onset at 326 nm.

After deposition of CgH;", the absorption of a-PF' was
detected. Thus, neutral a-hydrogenated fulvene (a-HF) should
also be present in the matrix as a result of neutralization of the
corresponding ion. CAS calculations predict two transitions at
459 and 298 nm for this neutral, which are quite close to the
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4036-4044.
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observed absorptions at 532 and 326 nm. Therefore, the E and
G systems (Figure 4) are assigned to o-HF (Table 1). The
absorptions at 532 and 326 nm grow in intensity at the expense
of ¢c-CeH7 upon UV irradiation. The absorption of UV photons
by c-CgH- leads not only to the ring-opening reaction but also
to the photoisomerization to a-HF. The latter processisfeasible,
asthe calculated barrier of ~219 kJ¥/mol** for the isomerization
of PB™ to a-PF' should be similar to the neutral one, and it
can be overcome by the electronic excitation of c-C¢H7. The
strongest E and G systems are observed in the reaction of Hs"
with benzene in a neon matrix. The G band is stronger than M
in this case, which means that the isomerization to o-HF
dominates over the ring-opening reaction.

Apart from the discussed L, M, D, E, and G systems in the
330—340 nm range, there is a weak F system present which
cannot be attributed to c-CgH,, E-HT, or a-HF species, because
only one transition is predicted for these species in this range.
Therefore, the F system is due to another isomer of CsH;. CAS
calculations predict a transition around 300 nm for methyl-
hydrogenated fulvene (MHF) and dlightly lower in energy for
[B-hydrogenated fulvene (275 nm). The F lies close to the
literature value for methylcyclopentadienyl radical (336 nm).%>=¢
Also thevibrationa pattern of the F system is similar. Therefore,
absorption F, with the onset at 336 nm, is assigned to MHF.
The excitation of the v;4 mode and its overtones is observed
and agrees well with data reported earlier.33®

6. Conclusions

The presented investigations on CgH; ™ trapped in a neon
matrix provide a direct spectroscopic characterization of two
structural isomers of this cation, which have been postulated in
the earlier gas-phase reactivity studies. > *® We confirm that
one of these isomers is protonated benzene, and its electronic
spectrum in a neon matrix agrees well with the one obtained in
an earlier photodissociation experiment.® The second, less
reactive isomer of CgH;" reported in earlier gas-phase studies*
is identified as o-protonated fulvene and is characterized
spectroscopically for the first time. The electronic transitions
A 1B,—X A, of PBT and A *A’—X 1A’ of o-PFT lieinthe UV
range, and they overlap. This fact will hinder their future gas-
phase spectroscopic observation, as both isomers are produced
concomitantly from a number of precursors.

Besides cyclohexadienyl radical, three other isomers of CsH-
are identified following UV induced neutralization of CgH;*
and characterized spectroscopically for the first time: o-HF,
MHF, and E-HT. Photoinduced isomerization of c-C6H; to
E-HT and o-HF was observed.
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