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Thesdectivity of vibrational excitation by eectron impact has been used to unambiguoudy assgn the negative
ion states (resonances) of chlorobenzene and to settle a recent controversy on this subject. The excitation
functions of the ring deformation vibrations exhibit bandsin the 0.8-14 eV range, identifying them as
temporary electron capturesin the b; and a, n* orbitals. A broad band pesking at 2.6 eV appearsin the
excitationfunctions of the C-C1 stretch vibration but is missing in the excitationfunctions of the ring
deformation vibrations, proving that it corresponds to a temporary eectron capturein the o, orbital. A
more detailed insight into the properties of the potential surfaces of the anion is gained from the excitation
functions of many vibrations, and from their comparison with anion potentia curves based on the Koopmans
theorem. Slopesof the potential curvesin the Franck—-Condon region reproducewd| the observed intensitiesof
totally symmetric vibrations. Strong excitation of out-of-plane vibrations, corroborated by the calculations,
reveal vibroniccoupling of theb; =* and the o* anion states. The a, n* state and the o * state are coupled by
vibrations with a, symmetry. Excitation of in-plane non-totally symmetric vibrations (b>) reveds vibronic
coupling between the two ©* statesb; and a2, whichisalso reproduced by the calculated potential curves. The
resultsindicate that symmetry lowering induced by vibronic coupling provides the path for dissociation of the
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r* statesof the chlorobenzene anion.

I ntroduction

Dissociative dectron transfer to halogenated aromatic hydro-
carbons

RX +e” - RX™ - R "+ X~

is an important step in eectrochemistry and in nucleophilic
substitution™ * and is as such of industrial and ecological rele-
vance. Thesamereactionin the gas phase, thedissociativedec-
tron attachment (DEA) may serve as a prototype for the
condensed phase reaction and is by itsdf important in low
pressure plasmeas.

Thevertical electron attachment to chlorobenzenein thegas
phaseis endothermic. The eectronic states of the negativeion
intermediate involved in the dissociation have thus enough
energy to spontaneously lose (detach) the extra electron, and
are called temporary negativeionsor resonances.* Their ener-
giesin organic compounds can be determined by the electron
transmissionspectroscopy (ETS) where the resonances appear
as variations of eectron current transmitted through a cham-
ber filled with a diluted gas.* Burrow et d. have applied ETS
to chlorobenzeneand found a strong band at 0.7 eV, followed
by a much wesaker band at 1.15 eV.” They argued that the two
r* statesof the anion are nearly degenerate, lying near 0.7 €V,
and that the 1.15 eV structure arises from a vibronicinterac-
tion between these two states. They further observed a broad
band at 24 eV in the transmission spectrum and assigned it
as a temporary occupation of the o* orbital by analogy with
a smilar band in vinyl chloride. This assgnment was sup-
ported by the calculation of the energies of thevirtua orbitals
and the application of the Koopmans theorem.® The DEA
spectrum of chlorobenzene has an intense C1™ band near 1
eV.” According to the above assgnment this DEA must pro-
ceed via vibration-induced dissociation of the n* states, the

direct dissociation being symmetry forbidden in the Csy sym-
metry group. It can thus be viewed as an electroncaptureinto
a r* orbital, followed by a vibration induced intramolecular
eectron transfer into a o* MO and then by dissociation. This
isin contrast to benzyl chloride, where the o * orbital on the
dissociating C-Cl bond is a part of then* orbital and a faster
direct dissociation occurs.*°

Clarkeand Coulson presented early potential curvesfor the
chlorobenzene anion, pointed out the symmetry-forbidden
nature of the dissociation and implied an energy barrier in
the dissociation path.!' Thefact that the onset of the CI™ dis-
sociative eectron attachment signal occurs at about the same
energy as the first electron transmission band indicates, sur-
prisingly, that in reality thereis no such energy barrier. Asfan-
diarov et al.'”> estimated the predissociation rate in the
presence of the barrier and argued that it can not be fast
enough to explain the observed large DEA cross sections. As
a possibleexplanation they then suggested that the assignment
of the n* and o* statesin chlorobenzene should be reversed,
the resonancein the 0.7-1.15 eV range being o*, so that direct
dissociation is possible. Thiswould imply that the Koopmans
theorem fails in chlorobenzene. Moddli and Venuti subse-
quently used ETS measurements and theoretical calculations
to defend the original assignment.'*> The limitation of the
ETSmethodis, however, that it providesno direct experimen-
tal indication of whether an anionstateis o* or r*. A number
of theoretical publicationswere concerned with the potential
hypersurfaces of chlorobenzeneand itsanion. In arecent work
Beregovaya and Shchegoleva'* calculated a number of local
minima and saddle points on the anion hypersurface, consid-
ered several modes of vibronic coupling, and proposed an
out-of-plane bend of the G-C1 bond as the primary way of
mixing the b; =* and the a; o* states and providing a path
towards dissociation with a very low or no barrier.
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Fig. 1 Qualitative potential curves of a neutral molecule (dashed)
and a short-lived anion (solid), illustrating the various methods of
resonant vibrational excitation by electron impact. The ground state
vibrational wave packet is promoted to the anion potential surface
upon attachment of an electron (upward arrow). The packet then
relaxesduring the short lifetimeof the anion. The rel axed wave packet
(short dashes) is projected into variousfinal vibrational states (down-
ward arrow) upon the spontaneouselectron detachment.

The present work uses the selectivity of resonant vibrational
excitation to provide direct experimental evidence for the
assignment of the observed resonancesto the o* and the =*
states. It has been shown that vibrational excitation even in
large polyatomic moleculescan be very selective.'> The cross
section (intensity) of the resonant excitation of a given vibra-
tionisrelated to the dopeof the potential surface of the nega
tive ion state in question with respect to the normal mode of
that vibration.!® The sdlectivity of the vibrational excitation
thus providesevidence of the bonding and antibonding prop-
ertiesof the temporarily occupied molecular orbital, providing
adirect indication of the assgnment, a method pioneered by
Walker et d. in ethene.'” The mechanism of the resonant
vibrational excitation isillustratedin Fig. 1. The attachment
of an electron brings the nuclear wave packet to the potential
surface of the anion, as indicated by the upward arrows. A
repulsive anion potential, such asthecase(b) in thefigure, per-
turbs the nuclear wave packet during the short lifetime of the
negetiveion, resultingin a vibrationally excited neutral mole-
cule after the detachment of the electron. Attachment of an
electroninto an MO whichis neither bonding nor antibonding
aong a certain normal coordinate, resulting in a negative ion
potential such as the case (@) in Fig. 1, doesnot lead to vibra
tional excitation, and the anion thus does not give rise to a
band in the excitation function of this vibration. A repulsive
potential is not the only possibility for vibrational excitation,
however. Vibrational excitation is obtained also in the case
of a double minimum potential such as the case (c), where
the wave packet splits and flows down on the both slopes of
theridge. It even suffices when the anion potential is substan-
tidly flatter than the potential of the neutral moleculeand the
wave packet spreadsduring the lifetime of the resonance (case
(d)). A very flat or double minimum shapesof potential curves
are generdly consequences of vibronic coupling, the role of
which has been studied theoretically for temporary anions by
Estradaet a.'® At first one may expect that only even quanta
of vibrationsare excitedin cases(c) and () becausethe relaxed
wave function remains totally symmetric. The breakdown of
the Born-Oppenheimer approximation which accompanies
thevibronic coupling causes the excitation of asinglequantum
and higher odd quanta as well, however."" The role of the
intermediate negetive ion in resonant vibrational excitation
by electron impact resembles to some extent the role of the
intermediate excited state in resonant Raman scattering.

The method of characterizing ground and excited states of
anions by means of vibrational excitation functions suffered
until recently from the fact that the relatively low resolution
of the electron spectrometersdid not sufficefor the separation
of theindividua vibrationsin larger molecules and the spec-
trometers often could not reach the very low energies where
the negative ions of larger molecules are found. Progress has

recently been made in both aspects and the present study
employs the improved instrumentation for a thorough study
of the electronic states of the chlorobenzene anion. We first
analyze the spectra using qualitative arguments, not relying
on theory, in particular not relying on the use of the Koop-
mans theorem, to derivean assignment of the o* and =* states
of the anion. In a next step we derive more detailed informa-
tion on the dynamicsof thevariousstatesof the anion by com-
paring the observed excitation functionswith potential curves
based on the use of the Koopmanstheorem. Finally, the disso-
ciationchannel of ther* statesof theanionisexploredinlight
of the experimental results using the DFT/B3LYP modd.

Experiment

The spectrawere recorded with an electron spectrometer using
eectrostatic hemispherica analysers.'”*" The performance of
thisinstrument has recently beenimproved—better compensa-
tion of residua dectric fiddsin the collison region alows
recording even at very low energiesand the resolution is about
10 meV.*!

The experiment has two steps. An electron energy |oss spec-
trum is recorded first. In the present case the spectrum is
recorded at a constant energy above the excitation thresholds,
that is, the analyser is set to pass scattered eectrons of afixed
residual energy E, and the energy of the incident electronsis
swept. The spectrum shows an overview of which vibrational
states are excited, that is of the selectivity at the given (res-
dual) electron energy. The details of the excitation process
aremeasuredin the second step, where the efficiency (crosssec-
tion) for the excitation of a given vibrationis recorded as a
function of the incident electron energy £;. Both the incident
and the residual energiesare swept, their difference being kept
constant and equal to the energy of thevibrational state whose
excitation function is recorded. Bands in such an excitation
function correspond to states of the negative ion, more pre-
cisdy to those states where the potential surface has a dope
(or is otherwisedigtorted—see Fig. 1) with respect to the nor-
mal coordinateof the vibration being excited. A given state of
a negetive ion thus appears more or less strongly, or is even
missing, in excitation functions of different vibrations. This
additional information providesa 'tag' on each band, giving
indication of the nature of the state.

The spectrometer has a smal Wien filter in front of the
detector, capable of separating scattered electrons and ions
from DEA. Tuning thisfilter to pass ions permits recording
of ion (inthiscase C17) yiddsasafunction of incident electron
energy, that is, of dissociative attachment spectra.

All spectra were recorded at a scattering angle of 135° to
reduce vibrational excitation due to the direct, dipole scatter-
ing, which pesksin theforward direction, and thusto enhance
the resonant scattering, which is of interest here. The sample
gas wasintroduced through a 250 um diameter nozzle, whose
temperaturewas about 30°C.

Reaults

Qualitativeinterpretation

Fig. 2showsa typicd eectron energy |oss spectrum, providing
an overview of the vibrational states excited. It has been
recorded at constant residual energy, al bands are recorded
08 eV aboveexcitation thresholds. Theincident energy varies,
but remainswithinthe 0.8-1.2 eV resonanceregion. Thevibra
tional peaks are assigned and labeled according to the scheme
of Whiffen,* reproducedin Table 1. Closely spaced vibrations,
for examplea and c, k and 1, can not be separated even with
the present resolution, but this remaining band overlap does
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Fig. 2 Electron energy loss spectrum recorded with a constant resi-
dua energy ol E. = 0.8 e¢V. Energies ol selected vibrational states
(Table 1) are indicated above the spectrum. Superelastic peaksare seen
to the left of the elastic peak.

Tablel Experimental vibrational energiesE, in meV, ordered accord-
ing to the type of vibration (from Whiffen®?)

Type Label Symmetry E
C-H stretch Z dy 381
Zs aq 378
Z3 dy 376
Zy bz 381
Zs bz 378
C-C dtretch k a 196
1 bz 196
m ap 183
n ba 179
o b> 164
C-H in-plane deformation e b, 158
a a4 146
C bz 144
d b> 132
b ay 127
Ring breathing p a 124
C-H out-or-plane derormation j by 122
h a 120
i by 112
g a 103
r by 92
Ring out-or-plane derormation v by 85
W a5 50
Ring in-plane deformation S ba 76
C—Cl stretch q ay 135
r ap 87
t aq 52
C-Cl in-plane deformation u b> 37
C-C1 out-or-plane derormation v by 58
X b1 24

not prevent unambiguous assignment of resonances, aswill be
shown below.

Beforediscussing the selectivity of resonant vibrational exci-
tation m more detail we should mention that, besides bands
due to temporary attachment of an electron to virtual orbitals
which represent the main subject of this work, one often finds
strong enhancements of vibrational excitation m a narrow
energy range just above the excitation threshold. These
‘threshold peaks' were originally discovered m polar diatomic
molecules® and have subsequently often been studied. Their
rolem vibrational excitation of polyatomic moleculeshas been
discussed m arecent paper on cis- and rans-diftuoroethenes.™

Cross Section (arb. units)

0 1 2 3 4 5 6
Incident Electron Energy (eV)

Fig. 3 Crosssections for exciting the vibrations p, g and (k.l) asindi-
cated on the right. The vibrations given in parentheses lie close in
energy and overlap partly with the main vibrations.

Threshold peaks are found in most of the excitation functions
presented here, but will not be further discussed.

The selectivity of the resonant vibrational excitation is par-
ticularly well illustrated on the excitatioil functions of the
vibrations (k,1), p and ¢, shown in Fig. 3. Vibration p is the
totally symmetric(a,) ring breathing and must be thus excited
by temporary electron attachment to the ©* orbitals, located
on the ring and antibonding with respect to the C-C bonds,
but not by electron attachment to the ¢*c ¢y orbital, which
is located on the C-C1 bond. The vibration ¢ is also totally
symmetric but is, according to Whiffen,* "' X-sensitive"
(where X is a halogen in a series of halobenzenes), meaning
that it involves an appreciableamount of C-Cl stretch. It will
therefore also be excited by temporary electron attachment to
the o* orbital, located on, and antibonding with respect to, the
C-C1 bond. The fact that the broad band peaking at 26 ¢V is
prominent in the excitation Of the vibration ¢ but missing in
the excitation of the vibration p identifiesit positively as due
to the 6*¢_¢y state of the anion. The bands around 0.8 and
45 eV must be due to the ©* states of the anion.

Thevibrations k and 1overlap, and only the superposition of
the excitation functions can be recorded. Both vibrations
involve a C-C stretch and are located on the ring—it is not
surprising that the o* band is missing in the excitation func-
tion. The low energy band is broader, however, indicating that
both components of the n* resonance causevibratioilal excita
tion here. At the present qualitative stage of the argument it is
not possible to decide which iswhich. A combined theoretical
and experimental argument given below favors the ordering
b, bdow a,, although this conclusion is, in contrast to
the above assignment of the bands to ©* and c* states, not
unambiguous.

The resulting assignment of the electronic states of chloro-
benzene anion is given in Fig. 4. This assignment agreesin
essential featureswith the conclusions of Modelli and Venuti.'?
Thismeans that the low energy reductivedissociation of chlor-
obenzene must be due to indirect dissociation of the ©* states,
symmetry forbidden in the Cs, group, and not to direct disso-
ciation of the o* state. It further means that chlorobenzene is
no exception in terms of applicability of the Koopmans model
with empirica scaling,® its predictions are correct within
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Fig. 4 Schematic diagrams of the orbitals temporarily occupied in
the chlorobenzene negative ion. Vertical attachment energies AE, in
eV, experimental and calculated using the Koopmans theorem with
HF/6-31G* orbitalsand the empirica scaling of ref. 25 are given.

about £0.3 eV for the threelow-lying states, asin virtualy al
caseswhereit has been tested.

Potential curves

Encouraged by the qualitatively correct predictions made by
the scaled Koopmans model we shall useit to calcul ate poten-
tial curvesfor the chlorobenzene anion and attempt to under-
stand qualitatively the relaive intensitiesof the anionic bands
in the excitation spectraof variousvibrations. Asrecently reit-
erated by Sommerfed (on the analogous case of organic dia-
nions),>® the coupling to continuum makes the cal culation of
temporary anions much more difficult than the calculation of
excited states of postiveions or neutral molecules. A correct
treatment, even in thesmplestform, the'local complex poten-
tial' model, describesthe potentia by a real part, the energy,
and an imaginary part, describing the strength of the coupling
to the continuum, that is the autodetachment rate.”” Both the
real and theimaginary partsareafunction of thenuclear coor-
dinates. The local complex potential approximation fails to
describe phenomena near the excitation threshold and even
more elaborate 'nonlocal’ modes are then required.*® The
parametersof even thesimplerlocal approximation can at pre-
sent not be calculated ab initio for molecules of the sze of
chlorobenzene, however. We thereforerevert to the Koopmans
model with empirical scaing to approximate the real part of
the potential curve which permitsa qualitative correlation of
observed band intensitieswith dopes of the potential curves.
We takethe SCF energy asafunction of the normal coordi-
nate to approximate the potential curve of the neutral chloro-
benzene and add the scaled virtual orbital energies to obtain
the potentia curves of the anion. This method neglects the
core excited resonances. They may be expected at energies
close to the energies of the excited states of chlorobenzene,
around 46 ¢V,” that is above the energiesof primary interest
in thiswork. Infact, admixture of core excited configurations
could be the reason why the Koopmans model workslesswell
for thenj state than for thelower lying states. Thecoreexcited
resonances lead to only wesk vibrational excitation (they
appear more prominentlyin the excitationfunctionsof eectro-
nically excited states, see the example of benzene®? and their
neglect is thus not a serious drawback for the present work.
The Koopmans method takes into account vibronic coupling
between the shape resonances, but neglects vibronic coupling
with the core excited resonances, which may occur at higher
energies. The exact result of the Koopmans model depends
on the basisset and theempirical scaling parameters. For con-
sistency with our earlier work we use the 6-31G* basisset and
the scaling parametersof Chen and Gallup.>® Thischoiceleads
to an artifactual near degeneracy of the b; and a, ©* states
(Fig. 4). The experiment indicates that in reality these two
statesare split by a small amount, although the observed split-
ting could be primarily of vibronicorigin as discussed in more

detail below. Thebasisset choiceof Modelli and Venuti givesa
dightly larger splitting of 0.05¢V.!? Thesplittingisa result of
two opposing effects, theinductivestabilization of the w* MOs
by the dectronegative chlorine, whereby the b; MO is stabi-
lized more sinceit has a large coefficient on the carbon adja-
cent to Cl, and the conjugative destabilization of the b; ©*
MO by the occupied p, orbitals on chlorine. The fact that
the exact magnitude of the splitting and perhaps even the
ordering of the statesis not correctly reproduced by the calcu-
lation is thus understandable and not alarming. The near
degeneracy of the Koopmans energies is mideading when
observing the potential curves, however, and toimproveclarity
and to increaseconsistency with the experiment theb; energies
areshownlowered by 0.04 eV and a, energiesraised by 0.04 eV
in all thecurvesin thiswork. Since the two states are strongly
mixed by vibrationsof b, symmetry, thechoiceof the ordering
in the equilibrium geometry of chlorobenzene and the exact
sze of the splitting at this geometry do not affect the qualita-
tive conclusions derived from the potential curves.

The vibrational modes were calculated within the density
functional (DFT) B3LYP and the Hartree—Fock (HF) models
for neutral chlorobenzene. The normal mode displacements
represented as arrows™ are shown above the potential curves
in thefigures. They were extrapolated linearly for the calcula:
tion of the potential curves. The potential curvesfor thevibra:
tions q and p, shown in Fig. 5, conform to the qualitative
expectations described above. The o* potential curve has a
steep dope in the Franck—Condon region for the mode q but
mimics the ground state potential curve for the mode p,
explaining the prominence of the o* band in the excitation
function of the former, and its absence in the later mode.
The dopes of the ©* potential curves are small for both the
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Fig. 5 Potential curvesand normal modesfor the vibrationsqg and p.
The dashed curvesrefer to the ground state of neutral chlorobenzene,
solid curvesto the states of the negativeion.
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p and y modes, explaining the weakness of the n* bands 1 the
excatation functions. The mtensity of a band m the excitation
function depends not only on the slope of the potential curve,
but 1t also decreaseswith mereasing autodetachment rate since
short lifetime towards autodetachment doesnot allow substan-
tlal relaxation of the nuclear wave packet. The ¢* resonance
has very short lifetime towards autodetachment because of
1ts higher energy and involvement of lower partial waves. This
explains why the o* band iscompletely absent i the excitation
function of the p vibration, whereasthe n* band 1s weakly pre-
sent even m the p and y excitation functions, despite the small
slopes.

The potential curvesfor the vibrations k and 1are shown mn
Fig. 6. The absence of the o* band n the corresponding excita-
ton function of Fig. 31s wel explained—neither of the poten-
tlal curves has an appreciable slope m the Franck-Condon
region. The pronounced ntensity of the =#* bands 1s also wel
rationalized. Both n* potential curves have steep slopes for
the mode k and are strongly distorted by vibronic coupling
for the model—hath circumstances lead to vibrational excita-
tion. The b, vibration 1 couples the two components of the
low-lymg n* resonance smce a, ® b = b,. Drawings of the
¥ molecular orbitals along the by normal coordinate show
that the two orbitals rotate by a substantial angle in function
of the vibrational excursion. The electronic wave function thus
vanes rapidly as a function of the nuclear coordinate, a cir-
cumstance characteristic of vibronic coupling and a pre-
requisite for a breakdown of the Born-Oppenheimer
approximation. The overlap of the k and 1 vibrational bands
does not, unfortunately, alow to see m the spectra which
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Fig. 6 Potential curves and normal modes Tar the vibrationsk and L
Thead and a” symmetry labelsin theright panel reler to the anion dis-
torted along the | normal mode, in the C; symmetry group. The short
dashed b, curve in the right panel has been obtained as the anion
energy with the DFT/B3LYP model (shifted vertically to lit the verti-
cal position of the Koopmans-model curve).
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Fig. 7 Potential curves and nornal modes Tar the vibrationsd and j.

mechanism, slopealong the modek or vibrailic coupling along
the mode 1, is more important. Fig. 7 shows the potential
curvesfor the vibrations d and j which overlap to somedegree
with the vibrations q and p discussed above. All anion curves
mimic the potential curve of the neutral chlorobenzene—these
two vibrations are not expected to be significantly excited.

The vibrations X and y are very prominent in the energy loss
spectrum of Fig. 2, surprisingly, because they are not totally
symmetric and their excitation 1s not alowed by the first order
symmetry selection rules.'*** The excitation functions of Fig.
10 show that both vibrations are excited primarily by the lower
of the two * resonances. Both vibrations are out-of-plane
deformations with the symmetry b, that s, they couple the
b, n* and the a, oy resonances. The effect of the vibronic
coupling is clearly seen m the potential curves of Fig. 8. The
‘repulsion”’ of the b, n* and the a oy, potential curves for
nonzero excursions along the X and y normal modes 1s not
strong enough to cause a double mummum, but makes the by
m* potential curve very flat, opening the possibility of vibra-
tional excitation as m the case (d) of Fig. 1. The fact that it
1s the lower of the two m* resonances which 18 more promunent
in the spectra of Fig. 10 and that 1t 1s the b, ©* resonance
which 1s affected by the vibronic coupling provides indication
that the ordering of the n* statesis b, below a, m the equili-
brium geometry of neutral chlorobenzene, and this ordering
is therefore indicated mn Fig. 4. Note that m particular the
vibration X does not overlap with any other vibration and
the effect of vibronic coupling is, in contrast to the case of
the vibration 1discussed above, seen unambiguously.

Fig. 9 shows the potential curves for the overlapping vibra-
tions t and w. The o¢_ potential curvehas alarge slopewith
respect to the normal modet, rationalizing the intense ¢ band
in the excitation function of Fig. 10. The vibration w couples
the a, n* and the a; o7 resonances and one would expect
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Fig. 8 Potential curvesand normal modesfor thevibrationsx and y.
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Fig. 9 Potential curvesand normal modesfor thevibrationst and w.
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Fig. 10 Cross sectionsfor exciting the vibrationsindicated.

thea, n* band in theexcitationfunction. The measured exciter
tion curve does have someintensity in the 1-15 eV range, the
signa does not have the form of a distinct band, however,
because it connects to the o* band on the high energy side.
Figs. 11 and 12 show the excitationfunction and the poten-
tial curvesfor the overlappingvibrations a and c. Both the by
and the a» potential curves have some dope in the Franck—
Condon region aong the normal coordinateof &, in line with
thefact that both bandsat 0.8 eV and 1.2 eV are observedin
the excitationfunction. Fig. 11 also showstheyidd of C1™ ions
recorded with the sameinstrument by tuning the Wien filter to
passionsinstead of eectrons. The band isclearly broader than
the #* band in, for example, the excitation functions of the
vibrations g, p or vy, indicating that the upper branch of the
7* resonanceis also involved. No two distinct bands can be
discerned in the C1™ yidd spectrum, however. The onset of
the CI™ signd is more gradual than would correspond to the
resolution of the instrument (around 7 meV in the incident
beam), presumably because of hot bands. Thermal population
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Fig. 11 Crosssectionfor excitingthevibrationaand theyield of CI~
ions.
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Fig. 12 Potential curvesand normal modes [or the vibrations aand c.

of low frequency non-totally symmetricvibrations is born out
in the energy loss spectrum of Fig. 2. These vibrations are
likely to enhance the DA cross section.

The study is concluded by two examples of excitation func-
tions of overtone vibratioils and the excitatioil function of the
overlapping C-H stretch vibrations in Fig. 13. The ¢* band is
seen in the excitatioil function of the 2q vibration and isabsent
in the excitatioil function of the 2p vibration, in analogy with
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Fig. 13 Cross sections for exciting the vibrations indicated on the
right.

the resultsfor the corresponding fundamentals. The o* band is
relatively weaker m comparison to the ©* band n the 2q exa-
tation than m the 1q excitation, asis expected from the shorter
autodetachment lifetime of the o™ resonance. The o* band 1s
prominent n the C-H excitation, n line with the expectation
from the schematic diagram of the a; MO in Fig. 4, which
shows that tlus MO 1s antibonding also with respect to the
C-H bond lengths.

Finally, we carried out calculations on the chlorobenzene
amon usmg the DFT/B3LYP model. Asdescribed for example
m ref. 26 such calculations are i principle not admissible for
temporary negative 10ns and rely on the fact that the outer
electron 15 kept mn the vicimty of the molecule artificially by
the finite size of the basis set (basis set confinement). Asa con-
sequence, the calculated results are intruded by discretized
continuum states and depend on the size of the basis set used.
These problemsare lessserious for anion states at low energies,
well below the pseudo-contmuum states, and states where the
coupling with the contmuum 1s weak. This 1s the case for our
* resonances, the weak coupling to contimuum being reveaed
by the presence of vibrational structure in the lowest band 1n
the spectra. We thus fed that the DFT mode yields qualita-
tively correct resultsfor the lowest electronic state of the anion,
for which we use it. In addition, we use the DFT model to
explore the dissociation coordinate and the amon becomes
bound relatively soon when moving along this coordinate.
Once the anion 18 bound, the calculation 1s justified.

We first addressed the question whether the shape of the
potential hypersurface given by the DFT/B3LYP model
agreesqualitatively with that given by the simple scaled Koop-
mails method. The comparison given m Fig. 6 confirms the
aualitative agreement—both models indicate a curve with a
shallow double minimum. (The absolute energy of the reso-
nance is better reproduced by the Koopmans theorem with
empirical scaling than by the energy difference of the anion
and neutral molecule within the DFT/B3LYP model.)

We then explored the dissociation channel of the chloroben-
zene anion and found a petll leading without a noteworthy
barrier towards aphenyl radical and C1™. The reaction coordi-
nate involves an early pronounced symmetry lowering which
mixes the n* and the a, o}~ States. Somewhat surprisingly,
the most important aspect O this symmetry lowering, at least
at an early stage of the dissociation and when starting with the
a, State of the anion, appears to be twisting of the phenyl part
of the molecule, particularly the hydrogen atoms, resembling
closely the normal coordinate of the vibration w (Fig. 9). This
distortion mixes the a, n* and the a; 6{_ MO’s. The singly
occupied molecular orbital (shown schematically in Fig. 14)
then resembles a distorted a, n* MO (Fig. 4), strongly mixed
with the a; 6¢_ MO. The out-of-plane bending of the C-C1
bond, which mixesthe by n* and the a, 6 MO'S and may
intuitively be expected to be the primary mode of n*/c™* mix-
ing, iscalculated to beimportant in later stagesof the dissocia
tion.

Conclusions

The selectivity of vibrational excitatioil permits an unambigu-
ous assignment of the electronic states of the chlorobenzene

Fig. 14 Schematic diagram'™ of the singly occupied orbital of the
chlorobenzene negative ion in an early stage of dissociation.
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anion already on aqualitative level of interpretation. Thelow-
lying band in the 0.8-16 energy range, with vibratioilal struc-
ture, is assigned to the two n* states. The broad structureless
band peaking at 2.6 ¢V isdue to the o7_ statewitha; symme-
try. It is noteworthy that the present assignment does not
depend on theoretical calculations. This assignment agrees
with the earlier assignment of the ETS spectra®.* and confirms
that the conclusions obtained from the application of the
Koopmans theorem are correct.

Having verified the validity of the Koopmans model as far
as the ordering of the n* and o* states is concerned, we used
it to calculate notential curves of chlorobenzene anion in func-
tion of various normal modes. The potential curves rationalize
wedl the observed excitation functions and this agreement con-
firms, in turn, the qualitative validity of the potential curves
and the conclusions drawn from them. In particular, this com-
bined experimental and theoretical approach reveas a domi-
nant role of vibronic coupling on the ground and excited
states of the chlorobenzene anion. Vibrations of b, symmetry,
in particular the vibration 1studied in more detail here, couple
the low-lying n* states b and a, , leading to double-minimum
potential curves. Vibrations of b, symmetry, in particular the
vibrations x and y studied here, couple the b, n* state and
the a, oj_ State, leading to very fiat potential curves with
respect to out-of-plane bending. Finally vibrations of a, sym-
metry, in particular the vibration w studied here, couples the
a, n* state with the op_ state, also leading to a very flat
potential curve with respect to twisting of the anion around
the axis of the C-C1 bond.

The shape of the =* band in the spectra depends strongly
upon the choice of the final vibratioilal channel used as a
means of its observation. In general it appears to have two
strongly overlapping components, around 0.8 and 1.2 eV.
Thelower isseen, at least weakly, in the excitation of all vibra-
tions, the upper only in somechannels. The selectivity appears
to favor the ordering b, below a, at the geometry of neutral
chlorobenzene, but the evidence is not entirely conclusive.
The calculated potential curvesindicate that the two n* states
arevery intimately entangled by nuclear motion and that much
of the observed band splitting is due to coupling by vibration
and not necessarily by adifference of the electronic energies at
the equilibrium geometry of neutral chlorobenzene, in agree-
ment with the conclusion reached already in ref. 5. The strong
vibronic coupling has generally the consequence of fast 'hop-
ping' of the nuclei from one surfaceto another'® so that disso-
ciation proceeds from both and the inherent ordering is not
very relevant.

The onset of the C1™ yield coincides with the first vibratioilal
feature of the lowest ©* state in the excitation spectra. This
amounts to an experimental evidence (within about 0.05 ¢V)
of absence of an energy barrier in the dissociatioil path. This
issurprising in view of the fact that dissociation from this state
issymmetry forbidden in Cyy , justifying the concern of Asfan-
diarov er al.'* as how to explain the unexpectedly efficient
though symmetry forbidden dissociation. Our assignment of
the electronic states of the anion does not support their propo-
sition that the traditional assignment of the 0.8-1.4 ¢V and the

26 ¢V band should be reversed, however. Our work indicates
that the explanation lies in strong vibronic coupling which
lowers the symmetry of the anion and reducestheenergy along
the dissociation path to such a degree as to provide a channel
without activation energy.
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