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The photoinduced Rydberg ionization (PIRI) spectra of thesfate of the chlorobenzene cation were recorded

via the origin, 6b, and 16a16b vibrations of the cation ground statd. (Rhe resonance-enhanced multi
photon dissociation spectroscopy (REMPD) spectrum of the-B* transition of the chlorobenzene cation

was also obtained. To date it has been thought thatB* is an electronically forbidden transitioiC4,
symmetry), taking place from th&8; ground state to 8B, excited state. The ability of PIRI to provide
spectra from specific lower-state vibrational levels allowed this hypothesis to be tested, because the 16a
vibration would be the primary inducing mode in the transition. Assuming a forbidden transition, a comparison
between the spectrum from the ground-state origin and that from the 16al16b vibration would necessitate an
assignment that gives unlikely vibrational frequencies. It is therefore concluded that+RéBtransition of
chlorobenzene is electronically allowed. Configuration interaction of singles (CIS) and complete active space
multiconfigurational self-consistent field (CASSCF) calculations with 6-31G** basis sets were performed to
ascertain the symmetry assignments of the excited ionic states. These calculations resulted in the possibility
that at least one excited state of the catioARyfsymmetry lies below any state &8, symmetry. Hence, we
propose that the ionic transition observed in the acquired PIRI/REMPD spectra of the cation is an allowed

transition to &B; state, thus giving rise to the observation of the origin of tHesBate at 18 219 cr.

Introduction cation. Because the Rydberg electron interacts very little with
optical radiation or the core orbitals, the absorption cross
sections for a Rydberg molecule, in the visible as well as
ultraviolet (UV) region, correspond almost exactly to that of
the bare ion.

Much of the understanding of the reactivities and chemical
properties of molecules is based on a fundamental knowledge
of the molecular orbital ordering and the geometric structure.
This understanding of molecular properties is directly affected
by the assignment of cationic excited states. However, in the The PIRI technique is built on mass-analyzed threshold
past, relatively low-resolution experimental techniques have ionization (MATI)® spectroscopy. In PIRI, first the Rydberg
prevented an unambiguous analysis of many excited ionic statesmolecules are created by a two-color, two-photon excitation,
The development and utilization of laser techniques and the useand prompt ions are spatially separated from the neutral Rydberg
of Rydberg states has improved the resolution achievable in molecules as in MATI. Then, a third tunable laser beam (PIRI
cationic spectroscopic studies so that it is on the order of the laser) is sent coaxially down the molecular beam to irradiate
laser bandwidth, which provides capabilities for improved the Rydberg molecules and to create core-excited Rydberg
assignments. molecules. When the PIRI laser is tuned to a cationic transition,

A newly developed spectroscopic technique in our laboratory, it causes rapid autoionization. The group of ions formed from
called photoinduced Rydberg ionization (PIR$pectroscopy,  autoionization (parent PIRI ions) are spatially separated from
has been successfully applied to vibrationally resolved studiesthe remaining Rydbergs and then detected in a time-of-flight
of the electronic excited states of various molecular ions. The nass spectrometer (TOFMS). The high-resolution spectrum of

B state of th(?ﬁbenzene catiéms ngl as substituted benzene o electronically excited cationic state is obtained by scanning
cations, phenoi,and fluorobenzen&have been described in e thirg PIR| laser, which basically simulates the spectrum of

detail previously. Basically, the PIRI technique utilizes the long- the ion core. Alternatively, the PIRI light can be focused to

!'Ved Ryo!berg series converging onto the ground lonic state as create a resonant multiphoton transition of the core, dissociating
intermediate states to access the excited electronic states of th?he cation and simultaneously causing autoionization. Fragment

* Author to whom correspondence should be addressed. E-pdahnson@ lons are then detected in mass channels free from any
sunysb.edu. P -E-pll background interference caused by spontaneous autoionization

T'Present address: American Physical Society, Ridge, New York 11961. (called fragment PIRIS.
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Here we report the application of the PIRI technique to a they proposed 16a and 10a modes ps@ammetry appear as
study of the B state of the chlorobenzene cation. This ion has strongly inducing bands with progressions of mainly symmetric
received much attention to study the effects of the substitution vibrations built on them. An interesting feature of their
of a heavy halogen atom on the benzene Ffingarious vibrational analysis is that the 16a mode appears in the great
photoelectron spectroscopy (PES) studies on different substitutedmajority of their assignments. Subtracting this mode from each
benzene molecules have been carried out, exploring the effectof the assignments would make the analysis consistent with an
of substitution on the benzene ring and assigning the symmetriesallowed rather than a forbidden transition.
and the energies to the statésumerous low-resolution studies Electronic structure calculations performed in past have
such as Penning ionization electron spectroscopy (PiE8}) primarily been on neutral chlorobenzene, the most recent being
emission spectroscopyave also been performed to elucidate that performed by Fujisawa et &land the assignments of the
the energies and the symmetries of chlorobenzene cation statesexcited ionic states have been based on the validity of
In all, these experiments have inferred that the symmetry of Koopmans' theorem.However, the ground ionic spectrum of
the B state is?B,, though the proximity of the Cstate to the  the cation has been well categoriZéd3Because of this good
B state makes the assignment somewhat difficult. Fluorescencecategorization and because the REMPD spectrum includes
emission studié8 on the chlorobenzene cation and the calcula- considerable hot-band structure that makes analysis difficult, it
tions done so far suggest that the Btate of the cation has a  was desirable to obtain a cold PIRI spectrum of the chloroben-
half-filled o orbital (a o-state). This suggestion is inferred zene cation via the origin and the nonsymmetric vibrations of
because the fluorescence quantum yields of emission are verythe ground ionic state (Xstate). In addition, electronic structure
small (of the order of<1075), similar to benzene where calculations were also performed to provide clues as to the
fluorescence is also not observed and tHesBate is known to nature of the B state. The results of the PIRI spectra, combined
haveo character. It is the purpose of this paper to use the high with ab initio calculations performed for the ionic states, indicate
resolution and selective vibrational excitation of PIRI, along that an excited state B; symmetry lies lower than amB,
with electronic structure calculations, to examine the validity state and is the probable terminus of thé<BX* transition,
of the acceptedB, assignment of the Bstate of chlorobenzene.  which is now electronically allowed.

High-resolution multiphoton ionizationphotoelectron spec-
troscopy (MP+PES)!! zero-electron kinetic energyulsed Experimental Section
field ionization (ZEKE-PFI)Y? spectroscopy, and MAT}
studies exist for the chlorobenzene in the ground ionic state

S . _ p
[|on_|zat|or_1 pot_ent|al (1B 7.3 170 cnv 1. By these m_ethoc_is, benzene experiments and has been described in detail previ-
various vibrational frequencies have been well defined in the ously3# It basically consisted of two differentially pumped
ground lonic state. Resonance-enhe_mced mu“t'phthn.Q'Ssoc'a'vacuum chambers within which the supersonic molecular beam
tion spectroscopy (REMPDS) technique, dgvelaped initially by of the sample was created by a variable-temperature-pulsed
WOOdW&;r?I et al.l_tc(; ?tUd%ans’l' 3—butad_|tegé,_ h?S t:eten fnozzle in the sample chamber. The molecular beam for
ZZE‘;‘Z?@U% daglﬁ)t:gtitut% dstlJJer?zesr?en;e i:;ﬁ' d(ieng Igﬂllgrc?b?er?;er?e chlorobenzene was created by heating a sample cell containing
. X . X - chlorobenzene seeded with He gas with the backing pressure
cation’® The PIRI and REMPDS techniques give similar 9 gp

i . houah th i bile diff in th of ~2.7 atm, and skimming the sample prior to its entrance
information, though there lies a subtle difference in the o ., the jonization chamber. Both the sample container and the
methods that is useful in the complete analysis of the excited

tate of i pulsed nozzle were heated to temperatures between 65 and 70
state of any cation. °C. The ionization chamber contained a WitdyicLaren type,

REMPDS can provide high-resolution spectra of the excited TOFMS detection system. Typical source chamber pressure was
states of cations and give valuable insights into their electronic jn the 1 x 1075 Torr range, and that of the ionization region

and vibrational character. In the REMPDS technique, a laser as between & 10-7 and 2x 1076 Torr.

prepares a sample of ions by resonant two-photon absorption  cqoumarin 5228 dye was used in a Quanta-Ray PDL1 dye
from the neutral ground state. This sample of ions is then excited |35er to resonantly excite the molecule to its@te. Rhodamine
by a second tunable laser that causes resonant multiphotons7g dye in a Lambda-Physik FL2002 dye laser was then used
transitions in_the cgtiqns, resulting in_dissociation. The presenceiq create Rydbergs converging on the origin and the excited
of fragment ions indicates a cationic resonance, and thus anyiprational states in the ground state of the cation. Both of these
electronic spectrum of the ion is attained as the laser is scanneqjye lasers were pumped with the same Nd:YAG laser. To
to appropriate wavelengths. In REMPDS, the multiphoton nature acquire the PIRI spectra of the'Bstate of the cation, various
of the ion excitation results in some line broadening, and the dye outputs in the wavelength range coverin§10-565 nm
process of ion creation leaves them in vibrationally excited \yere used in a Lumonics HyperDYE-300 laser pumped by 355
states, resulting in a congested spectra. In the PIRI techniquenm light from a second Nd:YAG laser. To record the REMPD
however, using Rydbergs appearing in close proximity of the spectrum of the chlorobenzene cation, Coumarin 522B dye in
ion state results in a high-resolution spectrum originating from Quantel TDL50 dye laser was used to access tfatafe and
a given specified vibrational level, devoid of hot-band structure. g|yorescein 548 dye was then used to access the ground ionic
If the Rydbergs are not separated from prompt ions in a fragmentstate of the cation. Both the dye lasers were pumped by a Nd:
PIRI experiment, a REMPD spectrum results. YAG laser. The REMPD spectra were taken in the energy range
The most useful previous spectrum of the chlorobenzene 490-566 nm. The third tunable photon was provided by a
cation for the B=—X" transition is a REMPD spectrum taken second Nd:YAG laser pumping a single dye laser, Quantel
by Ripoche et al® Their assignment of the Bstate agB, is TDL50. Typically, the frequency-doubled output power for both
mainly based on the matrix absorption spectra of the chloroben-Rydberg preparation lasers was-9©B5 mJ per laser shot. The
zene catior/ where it can be argued that the weak transitions visible output power obtained from the third PIRI/REMPD laser
observed between 540 and 490 nm are due to an electronicallywas typically 8-10 mJ per laser shot. The parent PIRI spectrum
forbidden B~—X" transition. Accepting théB, assignment, was acquired by gently focusing the PIRI light down the

The apparatus used to obtain the PIRI spectra of the
chlorobenzene cation is similar to that used for substituted
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Figure 1. Vibrationally resolved parent PIRI spectrum of thé &ate of the chlorobenzene cation via the origin of the ground electronic state. The
x-axis is the excess energy (chh of the PIRI laser above the ground ionic state.

molecular beam to avoid any fragmentation of the prepared spectra were recorded via the nonsymmetric vibrations 6b and
Rydbergs in the ground ionic state. The acquisition of the 16al6b of the ground ionic state, as shown in Figure 2. For
fragment PIRI spectra was facilitated by tighter focus of the reference, a REMPD spectrum taken during this study is shown
PIRI light down the molecular beam. For each dye, the laser in Figure 3. This spectrum is similar to that of Ripoche €etal.
used to obtain the PIRI spectra was calibrated against neonThe REMPD spectrum was produced both by the absorption of
absorption lines to within an error of 1 cth?® In the case of multiple photons oft; (used to make a transition fromy State
chlorobenzene, because the lifetime of thestate is<1 ns, it to S state) and the Rydbergs created by the second phaton (
was necessary to overlap the Rydberg preparation lasersphoton used to make thg & X transition), which were not
temporally at the sample. The voltage separation scheme usedeparated from the prompt ions. The ions could thus have as
in the PIRI technique to separate the three packets of ions inmuch as 925 5 cn ! of energy at their creation {2 = 74 104

the ionization region and their detection has been described incm™1).

detail previously! In the PIRI spectra of the chlorobenzene cation via the origin,
Electronic structure calculations, including geometry opti- and 16a16b and 6b vibrations of the cationic ground state, one
mization, population analyses, and normal mode calculations, main intense vibrational progression is observed along with
were all done using GAUSSIAN 92and Games¥ Density dense vibrational features at higher energy. The vibrational
functional theory (B3LYP) calculations were done using a structure observed is similar to that seen in the PIRI spectra of
6-31G** basis set both on the ground stetB. and the first  the fluorobenzene catidhiThe progressions are not as extensive
excitedo state {Bo) of the chlorobenzene cation, keeping the and anharmonic as were observed in the case of the PIRI spectra
ion in Cz, symmetry. As usual for this type of calculation, it  of the phenol cation obtained in our laboratory previodsind
was not possible to examine any excited state of the sametherefore indicate no major geometry change (unlike phenol)
symmetry as the ground ionic state using Hartreeck methods  for the chlorobenzene cation. The widths of the peaks-@&e5
alone. To determine state Ordering, Configuration interaction of Cm—l’ and the peaks neither become broad nor does the intensity
singles (CIS), configuration interaction of singles, doubles, and increase as one goes higher in energy. However, an interesting
triples (CISDT), and complete active space multiconfigurational feature exists in this cold PIRI spectrum; that is, the vibrational

self-consistent field (CASSCF) methods were employed. The structure at low energy is very sparse compared with the more
vibrational modes calculated for the chlorobenzene cation cancongested vibrational features at higher energy and in the

be numbered simply by comparing the atomic motions to those REMPD spectrum.

o_f vib_rations calcul_ated for a benzene ring. _However, SOome  The PIRI spectrum obtained for the'Bstate provides new
vibrational modes in thg chlprobgnzene cation do not have j,¢qrmation about the chlorobenzene cation in the excited ionic
corresponding parent ring vibrations because of the heavy ga16 pecause hot bands are eliminated.?8aassignment of
chlorine atom substitution on the benzene ring. When the v, B+ state were correct, then the first peak should be thé16a
numbering is ambiguous while considering only the atomic (5156 origin, with totally symmetric vibrations built on it and
motions, the vibrational features have been numbered simply 5155 on the other@inducing modes, 13aand 174. In the
by comparing their motions and frequency values to establishedp g, spectrum via the origin of thé*)(étate, we observe a main
vibrational assignments for the neutral chlorobenzene. intense 6a progression at an energy spacing284 cn?, but
nothing else appears until almost 700¢airhe PIRI spectrum
does not show pure 18gor 174, transitions, which logically
The parent PIRI spectrum of the'Bstate was recorded via  should appear in the gap between the second peak and the
the origin of the ground electronic state {X6tate) of the remaining dense structure if theB-X* were an electronically
chlorobenzene cation, as shown in Figure 1, and fragment PIRIforbidden transition (see Figure 1). The peaks assigned i3 10a

Results and Discussion
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Figure 2. The fragment PIRI spectra of the'Btate of the chlorobenzene cation via the 16a16b and 6b vibrational levels of the ground state. The
x-axis denotes the energy of the PIRI laser {&rabove the ground ionic state.
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Figure 3. The REMPD spectrum of the'Bstate of the chlorobenzene cation recorded during this studyx-8iis is the excess energy of the third
laser above the ground ionic state.

and 63,10d, by Ripoche et al® in the REMPD spectrum do  the transition being allowed or to the lines being weak because
not appear in the PIRI spectrum and are apparently hot bands.of small transition moments for this vibronic symmetry.

The PIRI spectra of the Bstate of the chlorobenzene cation Strong evidence that the'B-X" transition is allowed comes
were also obtained via the excited vibrational levels of the by comparing the vibrational features observed in the PIRI
ground state, 16a16b and 6b (both efsSgmmetry) to confirm spectra acquired via the origin and the 16al6b vibrations of
the symmetry assignment of the Btate (see Figure 2). Most  the ground ionic state. If the Bstate were ofB, symmetry,
of the vibrational features observed in the spectra again can bethe only logical way to assign the PIRI spectrum acquired via
assigned for either an allowed or a forbidden electronic the 16al6b vibration of the ground cationic state would be to
transition. If Bt<—X* were a forbidden transition, the origin of  assign the first peak observed at 17 924 &is the 16416b';
the B" state could in principle be observable from thg b transition, because an-tnducing vibration should be gained
vibrational states of the ground ionic state. No such structure or lost in any transition (Figure 2). Moreover, for a forbidden
was observed at the required energy value in the PIRI spectraelectronic transition via the origin of the *Xstate, the first
via either the 16al6b gp or 6b(lp) vibrations of the ground  vibrational line observed in the PIRI spectrum (Figure 1) at
ionic state (see Figure 2), but this could either be attributed to 18 219 cnt? would be the 16% vibration (g symmetry). From
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TABLE 1: Experimental and Theoretical Vibrational Frequency Values for Various States of Chlorobenzene

calculated valués

experimental values

vibrational states ~ X (?B;) B3LYP/6-31G** B* (?B,) B3LYP/6-31G** §°¢ S Xt Xt ZEKEe X*MATI¢ BT (2B,) (allowed)
1(a) 991 988 1003 931 981 975 971 1010
6a(a) 425 377 417 378 421 422 420 384
7a(a) 1119 1122 1093 1065 1106 1116 1115 1131
9a(a) 1220 1445 1153 981 1182 1200 1194 1263
12(a) 720 606 707 671 728 716 714 636
18a(a) 1003 839 1026 966 1016 995 992 866
19a(a) 1466 1482 1429 1488
10a(a) 804 806 831 808(calc)
16a(a) 359 256 403 203 342 348 343 223
17a(a) 1009 560 962 1010(calc)
4(by) 684 422 558
5(bn) 981c 699 909 730
10b(h) 1022 1003 744 556 603
11(hy) 150 179 197 138 165 144(calc)
16b(h) 404 445 467 320 388 394 393 218
17b(h) 899 903 653 812 960(calc)
6b(ky) 534 514 615 521 526 531 526 562
18b(h) 306 191 295 287 322 311 329
16a16b(k) 701 524 736 441

2 Observed frequencies are included for theBd § states of the neutral and for the ground and the excited ionic statéByisymmetry (from
the PIRI spectra of the cation) of the cation. Calculated vibrational values are presented for the ground'sstatefXand ther state of?B,
symmetry for the catiorf The calculated frequency values for thé 3tate {B;) and the B state {B,) have been corrected with an optimal scaling
factor (0.9613 for B3LYP/6-31G**)¢ See ref 13 and references withitSee ref 11c¢ See ref 12.

the absolute positions of these two lines, plus the known

vibration. From the REMPD specttéthe energy of the 16a

frequency of the 16a16b vibration in the ground state, the energyvibrational mode had been tentatively assigned as 179 om
difference between the 16a and16b vibrations in a hypothetical the basis of the suggested appearance of odd vibrational modes,

B* (?B,) state is easily determined to be 441¢niThis result

is highly unlikely when compared with the energy difference
of 46 cnt!in the ground ionic stat&;1213and compared with
calculated frequencies for %, state. The value for the 16a

16& and 16 positioning the origin of the B state at 18 034
cm~L. From density functional (B3LYP) calculations using a
6-31G** basis set on the excited ionic stat®4{ symmetry),
the frequency of 16a was found to be 256 ¢nwhich is much

vibration in a?B, state could be estimated by assuming the peak different from the value (179 cm) previously proposed.

observed at 18 467 crhto be 16&16b';. Ignoring anharmo-
nicity, this assumption gives an approximate value of 16a of
272 cntl, which is close to the calculated value of 256 ¢m

Normal mode calculations were also performed on the ground
state of the cation, and the frequency values obtained were found
to agree very well with the experimental ground-state values

(see Table 1). This assignment, therefore results in the 16b(e.g., see the paper by Wright et'aland references within).

vibration being 713 cmt in the excited B state. Such a major
increase in the frequency of the 16b vibration in the excited
state from that of the ground ionic state (394 éj#12 also

The calculated frequency values, along with their respective
symmetries of the ground ionic statedB; symmetry and the
excited ionic state iAB, symmetry, are given in Table 1 along

stretches the bounds of credibility. Other assignments for the with the values obtained by Asselin et #\Wright et al.}? and

16&,16b'; transition in the PIRI spectrum via the 16al6b
vibration for a nonallowed transition would result in even higher
values of 16b in the B state. Thus, on the basis of the these
contradictions, it is strongly indicated thatB-X * is an allowed
7t to s transition.

If further evidence is needed, we can look to the REMPD

Lembach et al3

To determine the probable symmetry of the™ Btate,
electronic structure calculations were performed to ascertain the
ordering and symmetries of the first few excited ionic states.
CIS calculations using Gaussian 94 on chlorobenzene cation
for the ground and the first four excited ionic states (at the

spectrum for another feature that should be prominent in a ground-state geometry) revealed an energy orderidgofA,,

transition to &B, state; that is, a 18ahot band. A hot band

2B,, 2B,, and?By, starting at the ground state, though the energy

16&; vibrational mode is not observed in the spectrum even values (in Table 2) are much higher than the experimental values
though the position of this line is predictable based on the fact obtained’ This result suggests that one of the excited ionic states
that the ground-state vibrations are well known. It has been of 2B; symmetry is lower in energy than the lowest state with
argued® that the 16% transition is missing because 16a is not 2B, symmetry. Apparently because of the proximity of several

populated upon creating the ion from the Sate. However,
16a appears in the ZEKE spectrum of Wright e¥’as well as
Lembach’s MATI spectrun®? so it clearly has some oscillator
strength in the ionization process. In addition, the copious
amount of hot-band structure in the REMPD spectrum is
evidence that a great amount of intramolecular vibrational
relaxation (IVR) is taking place, which would populate such a
low-lying vibrational level as 16a. Our vibrational assignment
of the REMPD hot-band structure, as well as Ripoche’s, would
not make sense without the existence of IVR.

Finally, a less compelling indication that?8, assignment
may be wrong for the B state is the frequency of the 16a

states, we were not able to get CIS geometries to optimize for
excited states. Therefore, the only excited-state vibrational
frequencies obtained were with density functional theory (DFT)

for the 2B, state.

Configuration interaction (Cl) was also performed using
Gamesg? using various combinations of virtual and occupied
core orbitals in the active space. Depending on the number of
valence and occupied orbitals in the active space, it was found
that the stabilization of the and thex orbitals varied with
respect to each other. At the largest Cl we could perform (which
included singles, doubles, and triples from all of the valence
orbitals into 10 virtual orbitals) it was found that the second
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TABLE 2: Excited-State Energies of the Chlorobenzene
Cation Obtained from the CIS/6-31G** using Gaussian 94 a
and Cl1/6-31G using Gamess, Along with the Symmetry of
the ?tates and the Experimentally Acquired Values from
PES 2

energy values obtainednergy values obtainedxperimental
from CIS/6-31G**  from CI/6-31G using values from

states using Gaussian 94, eV Gamess, eV PES’ eV
A 1.287A; 1.14PA; 0.57PA;
B 3.117B; 3.367B, 2.247/B,
C 4.46FB, 3.387B; 2.6PB;
4.67PB; 4.57FB, 3.19PA,

aThe symmetry of the ground ionic state ‘(étate) is?B;. The
energy value obtained from CASSCF calculations for the second excited
state {B, symmetry) is 3.49 eV. Calculations were not done for states
of 2A; symmetry. The experimental value of thé &ate {B; symmetry)
is 2.26 eV.

a) Benzene

n(e,) H— H-
gﬂ: @) g +— H-6 (e) b
b) Chlorobenzene —_— =
By
______________ :1-_1;_ oo
7 (@) 7o)

o) {3 Hwo®)

Figure 4. Molecular energy level diagram for (a) benzene, (b)
chlorobenzene ionic species includingr*, and the highest occupied

o orbitals along with their symmetries. For CASSCF calculations on
chlorobenzene cation, 1,k&and 4 h orbitals and 7 electrons were
included in the active space as shown.

and the third excited ionic states are very close in energy, so as
to be basically degenerate.

To further corroborate the results obtained from CIS calcula-
tions, CASSCF calculations were performed with a 6-31G**
basis set. The valence orbitals and electrons that were taken
into account are shown in Figure 4. The active space was
specified to incorporate the fouarorbitals of B symmetry and
oneo orbital of b, symmetry, thus including 7 electrons and 5

orbitals in the active space. The geometry optimization of the Figure 5. The electron density distributions of the orbitals af b

. . 2
first excited r_OOt_ gave the symmetry of _the state ‘& . symmetry resulting from the interaction of the,8plorine orbital with
symmetry, which is actually the second excited state of the ion the lowestr ring orbital of @, symmetry, obtained from Hartree

because aorbitals were not included in the active space. Fock method. The electron density distributions, unlike for fluoroben-
Calculations for the higher roots failed to converge and thus zene catior,are evenly distributed between the chlorine atom and the
their energies could not be determined at an optimized geometry.penzene ring. (aj(by). (b) 7(51)-
In these calculations, 4 orbitals of §ymmetry and only 1 ortibal
of b, symmetry were taken into account, so there was much substitution of a chlorine atom onto the benzene ring creates
more configuration interaction in the manifold. However,  an interaction of the lower orbital of benzene ¢a symmetry
because othertorbitals are somewhat distant in energy from in benzene) with the 3prbital of chlorine, giving rise to two
the one considered, these results give another indication that: orbitals, as shown in Figure 4. The splitting caused by this
there is 2B, excited state below the fir8B, state. A point to interaction apparently moves the upper member of this pair
note is that in the calculations performed, we have directly above the po orbital and changes the normal ordering of the
calculated the energy and geometry optimizations of the ionic states, as was seen in fluorobenzéfie resulting bonding
states, unlike previous calculations in which the ionic state and the antibonding orbitals of; symmetry show that the
energies were derived from the orbital energies obtained in electron densities are evenly spread over both the chlorine atom
calculations on the neutral molecule. and the benzene ring, as shown in Figure 5. This situation is
The identity of the half-filled orbital for the lowest excited unlike the case of flourobenzehehere the electron densities
2B, state can be obtained from the population analyses in bothwere concentrated either on the ring or the fluorine in the
the DFT and CIS calculations. These calculations show that individual bonding and antibonding orbitals.
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TABLE 3: Energy of the PIRI Laser and the Proposed TABLE 4: Assignments for the PIRI Spectrum of the B*
Assignments of the Vibrational Features Observed in the State of the Chlorobenzene Cation via the 16a16b and 6b
PIRI Spectrum via the Origin of the X+ State of the Vibrations of the Ground lonic State and the Energy Values
Chlorobenzene Cation for the B (?B;)<—X*(?B;) Transition of the Vibrations
frequency distance from origin frequency distance from the first peak
(cm™) proposed assignment (cm™) (cm™) proposed assignment (cm™)
18 219 O 0 16al6b vibration
18 599 6& 381 17924 16416b4 0
18 929 6&18bt 710 18 150 16&16k% 226
18 980 68 761 18 306 16416b4 62, 382
19 044 6&16a,16bY% 825 18 467 16&16b"416bY 543
19 084 18% 865 18524 16416762, 600
19114 6By18bY% 895 18 559 16&16b412% 635
19146 927 18 654 16&16045%, 730
19162 6&:6b% 942 18 686 16&16b"462% 762
19229 % 1010 6b vibration
19349 T 1130 18 241 68,1618k, 0
19 367 68 1148 18 255 6B, 14
19428 6816a:6b' 1209 18625 68,160,18b6at 384
19451 1232 18 639 6162l 398
19476 18&6al 1257
ig ig:; 2&186065110 1%%" TABLE 5: Proposed Assignments of the REMPD Spectra
19525 1306 and the Energy Values of the Vibrations
19541 68,68 1322 frequency distance from origin
(cm™) proposed assignments (cm™)
The PIRI spectra of the Bstate via the 16al16b vibration 17 765 6& 453
has been assigned assuming it is an allowed transition, with 17 800 68 418
the peak at 17 924 cm as 164,165 and symmetric vibrational ig 2‘2‘8 1h 1%79
progression built upon it. This assignment leads to a decrease  jg 747 64 71
of 295 cnt! in the value of thel6al6b combination in the 18 188 6 30
excited state. The frequency values of the 16a and the 16b 18218 O 0
vibrations in the excited cationic state also decrease considerably 18 568 68 348
from the X' state, to 223 and 218 crhrespectively. These 18 603 6 383
values are comparable to the values in thestate of neutral ig ;g; 6B, 556357
chlorobenzené-2 (refer to Table 1). This decrease in the 16a 18817 601
and 16b values from the ground ionic state to the excited state 18 930 6&018bY% 712
could be because removal of the electron takes place from the 18 983 68 764
most strongly bondingz orbital of the ring in the B—X* 19043 6416b'16a 826
transition, (see Figure 5). The PIRI spectrum of the Bate 19085 185 865
. . - . . 19114 6Bp18bY% 894
acquired via the 6b vibration of the ground cationic state has 797150 6By6a 931
also been assigned assuming an allow&d-X * transition, with 19 228 1 1009
the most intense peak observed being thl @lansition with 19 352 T& 1133
a 6a progression built on it. The structure observed to the 19367 68 1149
left of it at 18 241 cm? can be satisfactorily assigned as ig f'é; 6&16b16a0 11221337
6b°16b18bY, with a 6a progression built on it. 19 476 184,64 1957
Other assignment of the vibrations observed in the PIRI 19 494 9 1278
spectra of B state followed the values obtained for the ground 19 540 6B06% 1324
cationic state, assuming that the energy values do not change 19 604 o6l 1388
much in the?B; excited state. The peak at 18 219 ¢nin the 19653 1434
. . ~ . . 19 683 1465
PIRI spectrum via the origin of the Xstate is confidently 19 706 198, 1487
assigned as the origin of the'Btate and the rest of the spectrum 19 747 64 1532
is assigned accordingly, as shown in Figure 1 and tabulated in 19 853 18&6e% 1635
Table 3. Assignments of the PIRI spectra via the 16a16b and 19890 1673
6b vibrations of the X state are provided in Table 4a and b. ig 34212 ggé
The assignments of the vibrational features of the acquired  7gg73 188 1754
REMPD spectra are tabulated in Table 5 and shown in Figure 50 o7 1790
3. 20 040 1823
Vibrational features scanned in the PIRI/REMPD spectra are 20 086 1869
primarily of & symmetry (z-polarized), though some vibrational gg ig; 6% 119;823
features of b and i symmetry appear. Many of the present 20 226 1846, 2005

assignments are the same as those of Ripoche&tifahne

simply deletes a 16a vibration from the attribution. state throw a different light on the ordering of the energy levels

of the excited electronic states. In the PIRI spectrum of the
chlorobenzene cation, as found for fluorobenzene, the transition
takes place from the ground statet(Xtate with?B; symmetry)

The cold PIRI spectra of the chlorobenzene cation via the to an excited state of the cation witB; symmetry, thus giving
origin and 16a16b and 6b vibrational levels of the ground ionic rise to the observance of the origin of the excited ionic state at

Conclusion
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18 219 cml. The observed vibrational structure has been

adequately assigned using the calculated and experimental
vibrational frequencies of the cation ground state. The value

obtained for the origin of the Bstate (from the ground neutral

state) in the PIRI spectra corresponds to approximately the same

value of 11.32 eV obtained in PES by Potts et’&imura et
al.” and by RU8i¢ et al’
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