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Photoelectron spectra are reported for the ‘‘dipole-bound’’ CH3CN
2 negative ion at three

photodetachment energies~1.165, 2.331, and 3.496 eV!, where the anion is prepared by
photodissociation of the I2

•CH3CN ion–molecule complex. While all three spectra are dominated
by a single feature centered near zero electron binding energy, as expected for a dipole-bound anion,
vibrational structure is also observed and found to depend strongly on the photodetachment energy.
This observation indicates that the vibrational excitation is not exclusively due to distortion between
the ion and neutral, but also involves non-‘‘Franck–Condon’’ effects. The origin of the energy
dependence is traced to excitation of thepCN* shape resonance corresponding to the valence or
‘‘chemical’’ anion. The vibrational envelope of the nonresonant spectrum is surprisingly similar to
the infrared spectrum ofneutralacetonitrile, suggesting that even this excitation may not result from
intramolecular distortions. We develop a simple model to illustrate that vibrational excitation can
occur upon photodetachment of a dipole-bound electron due to the perturbation of the weakly bound
electron by the fluctuating dipole moment of the vibrating neutral molecule. We treat this effect in
a Herzberg–Teller interaction picture where the dipole-bound state is mixed with the low lying
electron continuum through a dipolar interaction with the neutral molecule. ©1996 American
Institute of Physics.@S0021-9606~96!00717-5#

I. INTRODUCTION

One of the more novel aspects of recent work on gas
phase ions involves the synthesis and characterization of
ground state ‘‘dipole-bound’’ molecular anions. These spe-
cies are sometimes formed when an electron becomes at-
tached to a closed shell neutral molecule through the long
range interaction with the molecular electric dipole moment,
provided that moment is above a critical value~m.2–2.5
D!.1 The prototypical example of a dipole-bound system ap-
pears to be the negative ion of acetonitrile, CH3CN

2, which
was first observed by Stockdaleet al.2 in 1974. Theoretical
work by Jordanet al.3 indicated that the ion contains a dif-
fuse electron, and this suggestion was corroborated experi-
mentally by Klahnet al.4 and Hasemiet al.5 Most recently,
Desfrancoiset al.6 succeeded in field detaching the excess
electron with modest external electric fields~,12 kV/cm!,
providing the best evidence to date that CH3CN

2 indeed
contains a highly delocalized, labile electron.

One of the principle reasons that acetonitrile behaves in
such a textbook fashion surely arises from the fact that the
lowest valence orbital~LUMO! which can accommodate the
excess electron, thepCN* orbital antibonding along the CN
bond, is almost 3 eV above the onset of the electron
continuum,7 so that there is little interaction between the
physically bound ground state and the lowest valence state of
the negative ion. In the current view, the ground state

CH3CN
2 ion is regarded as an unperturbed neutral molecule

tethered to a distant electron which can be easily detached by
modest perturbations~fields, collisions, etc.!.8 Recent high
level ab initio calculations9 support this picture, predicting
that the anionic geometry is essentially the same as the neu-
tral geometry with very little excess electron localization on
the nominally neutral framework. If the calculations accu-
rately describe the extent of electron delocalization, the pho-
toelectron spectrum of the CH3CN

2 ion should contain only
a single sharp feature at the dipole binding energy~;18
meV!.6 It was of interest, therefore, when Bowen and
co-workers10 recorded photoelectron spectra of the related
~CH3CN•H2O!2 complex ~and its deuterated analogs! at
2.540 eV, which revealed significant vibrational excitation of
the neutral complex during photodetachment. To clarify the
origin of these vibrational features in the hydrate, we report
in this paper the results of a photoelectron spectroscopic
study of the bare CH3CN

2 anion. As this ion is among the
first nominally ‘‘dipole-bound’’ molecular anions to be stud-
ied using photoelectron spectroscopy,11,12 its qualitative de-
tachment behavior is of interest as it reflects some general
aspects of the application of photodetachment and photoelec-
tron spectroscopies to dipole-bound species. We focus on the
energy dependence of the detachment cross sections and ef-
fects caused by the resonance arising from the covalent mo-
lecular anion state where the excess electron occupies the
LUMO of neutral CH3CN.a!Corresponding author.
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II. EXPERIMENT

CH3CN
2 was prepared by photodissociation of the

I2•CH3CN complex at a fortuitous absorption in the photof-
ragmentation spectrum at 3.496 eV, as described
previously.11 Thus Nd:YAG lasers could be used to generate
the CH3CN

2 molecule and to obtain its photoelectron spec-
trum at several different wavelengths through the processes

I2•CH3CN1hn1→CH3CN
21I, ~1!

CH3CN
21hn2→CH3CN1e2, ~2!

wherehn153.496 eV andhn251.165, 2.331, and 3.496 eV.
The experiment was carried out using a pulsed, negative ion
mass spectrometer described elsewhere.13 The starting
I2•CH3CN ion–molecule complex was synthesized in an
ionized, pulsed free jet expansion containing the ambient va-
por pressures of CH3CN and CH3I in several atmospheres of
argon. Field-detachment studies of CH3CN

2 prepared in this
way indicate a stripping onset'2 kV/cm which gradually
increases to complete detachment at the sharp value found
when the ion was prepared by Rydberg electron transfer.6,8

This difference suggests that the ion produced by photodis-
sociation must possess significant internal excitation. Des-
francoiset al.6 recovered a binding energy of about 18 meV
from the onset at higher field, providing a bound on the
extent of internal excitation in our experiment. Field detach-
ment experiments have also been carried out at Johns Hop-
kins using a nozzle ion source10 to prepare CH3CN

2 which
also displayed a detachment onset at;2 kV/cm but leveled
off at about 5 kV/cm at 70% detachment. These results indi-
cate that subtle variations in each source give distinct inter-
nal energy distributions of CH3CN

2.
In an earlier paper,11 we presented photoelectron spectra

of CH3CN
2 in which photoexcitation and photodetachment

were carried out at the same point in the mass spectrometer
using different harmonics from the same laser in an arrange-
ment where CH3CN

2 was never actually isolated. While
those spectra indicated a very low electron binding energy,
the signal to noise was insufficient to resolve vibrational fea-
tures. In this paper, we have improved the signal to noise in
the photoelectron spectra by extensive signal averaging~106

laser shots in Fig. 2! to allow analysis of the vibrational fine
structure. We have also verified that the carrier of the spectra
is indeed the CH3CN

2 anion by photodissociating the
I2•CH3CN parent cluster in the ion source, mass selecting
the CH3CN

2 fragment, and then photodetaching the electron
from the fragment ion with a second laser. Using the isolated
dipole-bound anion, we were also able to determine the pho-
todetachment cross sections at the photon energies 2.331 and
3.496 eVrelative to that at 1.165 eV by monitoring the fast
photoneutral production at measured laser fluence. Since
photodetachment is the only photoprocess at all wavelengths,
the fast photoneutral signal is not affected by the energy or
angular dependence of the outgoing electron and reflects the
total electron detachment yield at each wavelength. The rela-
tive cross sections are obtained by measuring the photoneu-
tral intensities at 2.331 and 3.496 eV vs that at 1.165 eV for
the same ion beam, and then correcting this raw ratio for the

relative fluence in each laser beam. Due to subtle differences
in the beam shapes of the Nd:YAG harmonics, these fluence
values are estimated to be accurate to only about 30%.

The time-of-flight photoelectron spectrometer has the ca-
pability to decelerate or accelerate photoelectrons uniformly
once they are in the drift region to reduce the usual degrada-
tion in energy resolution with increasing photon energy.
Since photodetachment occurs in a field-free region, the an-
gular distributions of the ejected electrons could also be de-
termined.

III. RESULTS

A. Relative photodissociation cross sections

In an earlier report, where CH3CN
2 was generated and

detached with the same laser,11 we remarked that the photo-
detachment cross sections fell rapidly with increasing photon
energy such that even though all three wavelengths~1064,
532, and 355 nm! were present with similar fluence, the se-
quential two-photon photoelectron spectrum was dominated
by 1064 nm detachment. A more quantitative measurement
of this effect is presented in Fig. 1, which shows the relative
photodetachment cross sections at three photon energies,
normalized to the 1.165 eV value. The curve through the
points is a fit tos}(hn)22, indicating that the cross section
falls off approximately as the inverse of the square of the
photon energy.

The qualitative fall off in the photodetachment cross sec-
tion observed in Fig. 1 is expected for an anion with a dif-
fuse, weakly bound electron, although this demonstration ap-
pears to be the only reported example outside of our earlier
work on photodestruction of the~H2O!n

2 cluster ions.14 The
CH3CN

2 case does, however, provide a clearer example of
the effect. Since the wave function of a dipole-bound excess
electron is much larger~'30 Å!15 than the CH3CN neutral
molecule, dipole-bound anions should be accurately de-
scribed by the separated wave function,CA

FIG. 1. Relative photodetachment cross section versus photon energy for
CH3CN

2. Points are normalized to the 1.165 eV value, which is included as
the open circle at unity. The error in the two relative cross sections contains
a contribution from the 1.165 eV measurements. The curve displays a fit to
sa~hn!22.
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CA~r !5cA
elx5cD~r !cNx, ~3!

wherecA
el is the electronic wave function, which can be fur-

ther separated into the dipole-bound~one electron! wave
functioncD(r ) times the neutral~many electron! wave func-
tion,cN , andx is the vibrational wave function~a product of
harmonic oscillators in normal coordinates,Qi!. Photode-
tachment corresponds to ejection of an electron from the
cD(r ) orbital, and we generally expect the cross section
~which is explicitly derived in Sec. IV! to fall off when this
orbital is much larger than the de Broglie wavelength of the
ejected electron~lD'11.4, 8.1, and 6.6 Å for 1.165, 2.331,
and 3.496 eV detachment energies, respectively!. For the re-
lated case of Rydberg electron photoionization, for example,
very high energy photoejection cross sections are found16 to
fall off as se}(hn)23. It is not surprising that different ex-
ponents are obtained for the Rydberg vs dipole-bound cases,
since the Rydberg electron is known to penetrate the core
while the dipole-bound electron does not, and the wave-
length of the outgoing electron is only a few times smaller
than the dimension of the dipole-bound state~;30 Å!.

B. Photoelectron spectra of CH 3CN
2 at 1.165, 2.331,

and 3.496 eV

Photoelectron spectra of CH3CN
2 at 1.165 and 3.496 eV

photodetachment energies are displayed in Fig. 2. Both spec-
tra are dominated by a single strong feature at nearly zero
binding energy@labeled~0–0! with a maximum at 3 meV
binding energy#, as expected for a dipole-bound anion with a
very diffuse excess electron. In the baseline of the main
peak, however, lies some reproducible structure in the region
corresponding to vibrational excitation, which is distinctly
different in the two spectra.~Note that the resolution is no-

ticeably better in the 1.165 eV spectrum, which is normal for
a time-of-flight determination of electron kinetic energy!.
We are primarily interested here in these rather weak fea-
tures since the nature of the interaction between the excess
electron and the neutral should be encoded in the vibrational
pattern. The spectra in Fig. 2 were taken with a single laser
so that the photofragments were made and detached at the
same location in the photoelectron spectrometer. In this con-
figuration, it is possible that the photoelectron spectrum
could be contaminated by accidental photodetachment of a
long-lived excited state of I2

•CH3CN based on the dipole
moment of CH3CN.

11While there might not be such a bound
state in this system~as the quantum yield for dissociation is
quite high!, we checked this possibility by also obtaining the
photoelectron spectrum from the mass selected CH3CN

2

beam at 1.165 eV, taking advantage of the large cross section
and high laser fluence available at this energy. This spectrum
is indistinguishable from that in Fig. 2~a!, and rules out the
possibility that the spectra in Fig. 2 are significantly affected
by a putative bound excited state of the parent complex.

The locations of the various vibrational modes of the
CH3CN molecule are displayed in Fig. 2 as vertical lines
under the features, indicating that the dominant bands corre-
spond to the C–H stretch~n1 andn5! and deformation~n3 and
n6! modes of neutral CH3CN.

17 A smaller band is blended
into the main feature near the location of the C–C stretch
~n4! and CH wag~n7! modes. The symmetric~n1, n3! and
antisymmetric~n5, n6! modes are very closely spaced in
CH3CN and are not resolved in this experiment. The assign-
ment of~n1, n5! was checked by obtaining the photoelectron
spectrum of the CD3CN

2 molecule at 1.165 eV. While the
lower frequency modes are compressed into the main band,
one feature is distinct and displays the correct isotope shift
for the ~n1, n5! assignment. The peak positions in Fig. 2 are
compared with the fundamental vibrations of neutral CH3CN
in Table I. Interestingly, the C–N stretch~n2! vibration is
intense in the 3.496 eV spectrum butcompletely absentin
the 1.165 eV spectrum. Note that there is negligible intensity
from vibrational hot bands, indicating that either the anion is
vibrationally cold or that all vibrationally excited states au-
todetach prior to photodetachment.

The vibrational region is redisplayed and expanded in
Fig. 3, normalized to the intensity of the main~0–0! feature.
All of the high frequency features are larger in the higher
energy spectrum, with the most striking enhancement involv-
ing the n2 mode as mentioned above. The smaller peak
blended with the main peak~n4 andn7! displays the least~if
any! enhancement. The spectra in Figs. 2 and 3 are taken
with the laser polarization oriented along the electron drift
axis, which corresponds to the largest photoelectron signal
~i.e., asymmetry parameter.0!. With the laser field perpen-
dicular to the flight axis, the vibrations are enhanced relative
to the main band~by about 30%! but the spectra are qualita-
tively similar to those from the more intense parallel polar-
ization. We summarize the relative intensities of the vibra-
tional bands in the parallel configuration at three detachment
energies in Table I. Clearly, then2 mode is also intense in the
2.331 eV spectrum, with the intensities of the other vibra-

FIG. 2. Photoelectron spectra of CH3CN
2 taken at~a! hn251.165 eV, and

~b! hn253.496 eV. See Table I for peak assignments.
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tional features intermediate between those at 1.165 and 3.496
eV.

C. Summary of results

The main experimental findings of the study are

~i! the photodetachment cross section of CH3CN
2 falls

off rather rapidly in the visible region@}(hn)22#;
~ii ! vibrational excitation accompanies photodetachment

in such a fashion that then2 mode is strongly en-
hanced in the visible/uv relative to detachment in the
near ir.

The fall off in cross section is expected for a diffuse, dipole-
bound system, but the vibrational excitation is not. We dis-
cuss possible reasons for the photon-energy dependent vibra-
tional features in the next section.

IV. DISCUSSION

In the usual treatment of photoelectron spectra, vibra-
tional excitation results from a distortion of the anion relative
to the neutral. It is therefore somewhat surprising that any

vibrational excitation is observed in the photoelectron spec-
trum, as recentab initio calculations9 predict negligible
~,0.02%! intramolecular distortion upon formation of
CH3CN

2. The 3.496 eV spectrum can be reproduced with
Dv51 Franck–Condon factors arising from distortions of
about 1.2% along the totally symmetric~i.e., allowed! CH3

deformation and CH stretch normal coordinates. This is,
however, a rather small distortion consistent with the quali-
tative picture of the CH3CN

2 ion as a nominally neutral
molecule beside a diffuse electron cloud. However, the fact
that the spectra are strongly dependent on photon energy
rules out the simple interpretation of vibrational excitation
due to a geometry change between the ion and neutral.

A. Enhancement of the n2 mode in the vicinity of the
p* shape resonance

When a molecular anion adopts the dipole-bound ground
state configuration, the state derived from occupation of the
excess electron in the valence LUMO of the neutral molecule
necessarily lies in the electron scattering continuum~at the
equilibrium geometry of the neutral!. In this case, the ‘‘co-
valent’’ form of the ion exists as an electron–molecule scat-
tering resonance. Such resonances can be observed in elec-
tron scattering, where the vibrational excitation
accompanying formation of the transient negative ion can be
used to reveal the nature of the resonance. The lowest energy
resonance ine2/CH3CN scattering lies at about 2.9 eV and
corresponds to apCN* shape resonance, which is antibonding
along the CN coordinate.7 Electrons scattered through this
resonance cause excitation in several modes of the CH3CN
molecule, but the effect on excitation of then2 ~C–N stretch-
ing! mode is particularly strong. The energetic situation is
summarized in Fig. 4, which depicts the width and location
of the resonance relative to the excitation energies available
in this experiment. The resonance is monitored by the exci-
tation of Dv51 in the n2 mode as the electron energy is
scanned. The three wavelengths used in the present photode-
tachment experiments are shown by the horizontal arrows in
the figure, and it is clear that both 2.331 and 3.496 eV ex-

TABLE I. Vibrational assignments for the photoelectron spectra of CH3CN
2.

Peak assignment
Literature
value ~eV!a

Experimental
value ~eV!b

Relative peak intensities

Calculated
irc

PES photodetachment energyd

Electron
scatteringe1.165 eV 2.331 eV 3.496 eV

n0–0 0.003 100 100 100 100
n4~A1! CC stretch 0.114

0.118
0.44

1.1 0.6 1.9
n7(E) CH3 rock 0.129 0.39
n3~A1! CH3 sym. deformation 0.172

0.179
0.33

2.7 4.8 5.4 3.7
n6(E) CH3 deg. deformation 0.180 2.37
n2~A1! CN stretch 0.281 0.283 0.00 0.0 2.6 3.7 3.2
n1~A1! CH sym. stretch 0.368

0.374
0.91

0.7 3.9 4.1 4.4
n5(E) CH deg. stretch 0.373 0.19

aReference 17.
bEstimated error in peak location is65 meV.
cObtained using the intensities from Ref. 9, convoluted with the spectrometer peak shape. Peaks are normalized so that the sum ofn3 andn7 in the simulated
spectrum matches the 0.179 eV peak in the 1.165 eV photoelectron spectrum.
dEstimated error in peak intensity is610%.
eFrom energy loss spectrum taken with 2.9 eV incedent electron energy, scattered at 30°. From Fig. 2, Ref. 18.

FIG. 3. Expansion of vibrational region of spectra from Fig. 2. The dashed
line displays the 3.496 eV spectrum, while the solid line corresponds to the
1.165 eV spectrum. The spectra are normalized to the intensity of then020

feature.
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periments fall on the wings of the resonance. The appearance
of the n2 band in the photoelectron spectra at these energies
and not at 1.165 eV, away from the resonance, suggests that
photodetachment accesses the transient negative ion state
which affects the photoelectron spectrum much like a ‘‘half-
collision’’ version of the analogous electron scattering prob-
lem.

The C–H stretch and deformation peaks, deriving from
modes which are not obviously related to thepCN* antibond-
ing orbital, are also enhanced in the vicinity of the resonance
~Fig. 3!. A similar enhancement of these modes is also ob-
served, however, in inelastic electron scattering through the
pCN* resonance, which is explained as a vibronic interaction
between the states arising from occupation of thes* andp*
orbitals.18 The relative intensities of the vibrational features
in inelastic electron scattering at 2.9 eV are included in Table
I ~relative to the elastic peak! for comparison with the pho-
toelectron spectra. Clearly, very similar vibrational patterns
are observed in the two different experiments. To our knowl-
edge, this is the first such example of photoelectron spectra
taken in the neighborhood of a shape resonance, and raises
many issues for further study. The important point here is
that such phenomena are clearly of general importance in
studying photodetachment of dipole-bound anions since the
resonance corresponding to the ‘‘covalent anion’’ is often at
low energy and easily accessible upon photodetachment in
the visible and near uv. For example, the 3.496 and 2.331 eV
spectra of CH3CN

2 are remarkably similar to the
~CH3CN•H2O!2 spectrum ~2.54 eV! obtained at Johns

Hopkins10 in terms of their relative vibrational intensities,
and it is now to be determined to what extent the resonance
is affecting the spectrum of the hydrated species.

B. 1.165 eV: Vibrational excitation away from the pCN*
resonance

The 1.165 eV photoelectron spectrum@Fig. 2~a!# results
from excitation farthest from thep* resonance, and then2
CN stretch is completely absent from the spectrum. We
might now treat this ‘‘off-resonant’’ spectrum as a usual dis-
tortion between neutral and anion. As discussed in Sec. III B,
if the vibrational envelopes are treated in the Condon ap-
proximation, the intensities of the vibrational bands place an
upper bound on the intramolecular distortion in CH3CN of
about 1% along the CH stretch and deformation modes,
along with a small contribution fromn4. Since distortion
generally results from partial accommodation of the excess
electron in the valence orbitals of CH3CN, one is led to con-
sider the likelihood of partial charge localization on the mo-
lecular framework via thep* LUMO of CH3CN. Such
charge localization is not supported by recentab initio
calculations,9 however, which suggest much smaller distor-
tion ~,0.02%! than implied by the Franck–Condon fit to the
spectrum. We are therefore lead to seek an alternative expla-
nation for the vibrational excitation which does not require a
geometry change between the ion and neutral.

When electronic wave functions depend strongly on
nuclear coordinates, vibrational excitation can occur without
a geometrical distortion due to thedc/dQ terms in the co-
ordinate expansion ofcel(r ,Q) about the equilibrium geom-
etry. In the simplest Herzberg–Teller~HT! treatment of such
interactions, the electronic basis wave functions are defined
at the equilibrium geometry of the ground state, and are
mixed to recover the adiabatic,Q-dependent wave functions.
Such vibronic interactions are usually invoked19 to rational-
ize the observation of vibrational bands forbidden in the
Condon approximation, and we now consider the types of
vibronic interactions which are operative in the CH3CN

2

system.

1. Vibronic interactions involving a dipole-bound
state

One candidate to mix with the dipole-bound ground state
in the case of CH3CN

2 is the localizedp* resonance or
covalent anion. However, the matrix elements governing the
vibronic interaction should be very small in this case, since
the diffuse dipole-bound wave function has little overlap
with the orbitals of the localized valence state. One could
consider circumventing this restriction by including the indi-
rect interaction between the valence and dipole-bound states
through the background, free electron continuum.20 How-
ever, as depicted in Fig. 4, the width of the valence~i.e.,
‘‘ p* ’’ ! resonance~1 eV! is much less than the energy gap
between the dipole and valence states~3 eV!, so such a
mechanism would be inefficient. This is particularly true
since the dipole-bound wave function is itself very similar
~in the vicinity of the molecule! to the scattering continuum
at low energy, so that the low energy tail of the resonance

FIG. 4. Diagram of CH3CN
2 energy levels showing the location of the

ground state dipole-bound anion and thepCN* shape resonance centered near
2.9 eV. The horizontal arrows mark the location of the photodetachment
energies. The spectrum displayed along the vertical axis indicates the enve-
lope of thepCN* shape resonance, determined using selective detection of the
inelastically scattered electrons byDv51 in then2 mode~reproduced from
Ref. 18!.
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directly reflects the lack of interaction between the valence
and dipole states. It therefore appears unlikely that a vibronic
interaction between the dipole state and the resonance can
lead to significant localization by either a direct or an indi-
rect mechanism. We are therefore led to consider another
mechanism which can yield aQ dependent, yet ‘‘dipolar’’
wave function.

An intriguing possibility is that the low energy free elec-
tron continuumcan provide the zero order states which mix
with the dipole ground state@Eq. ~3!# as the nuclei are moved
away from equilibrium. The spectral consequences of such a
mixing can be explored using the HT scheme to couple the
dipole-bound ground state,cA , and the low lying continuum,
cc , with each defined at the equilibrium geometry,Qeq, of
CH3CN

2. The details of the treatment are presented in the
Appendix, with the main result that

cA~r ,Q!5cD~r ,Q!cN~Q!x~Q! ~4!

with

cD~r ,Qi !5cD~r ,Qeq!1F~r !
]m

]Qi
Qi

5cD~r ,Qeq!1ceff
u ~r !, ~5!

where]m/]Qi is the change in dipole moment of the CH3CN
molecule with deformation,Qi , along one of the normal
modes of the molecule. The first order correction arises from
ceff

m [F(r )[ ]m/]Qi ]Qi , which is an effective wave function
created from a superposition of continuum functions. There
are actually twoceff

m functions since normal mode displace-
ments result in a change in dipole moment either parallel or
perpendicular to the symmetry axis of the molecule, as dis-
cussed in the Appendix. Equation~5! recovers the intuitive
expectation thatcD(r ,Q) is only affected by coordinate dis-
placements which change the dipole moment of CH3CN and
hence the interaction with the excess electron.

The transition dipole moment,M0v, responsible for vi-
brational excitation upon photodetachment to levelv in the
i th mode of the neutral molecule is given by

M0v5^cD~r ,Qi !cN~r ,Qi !x0~Qi !

3ur ufe~r !cN~r ,Qi !xv~Qi !& ~6!

wherefe(r ) is the wave function of the photoejected elec-
tron andx0(Qi) is the vibrationless level of the anion. For
cases where the dipole-bound wave function of the anion
does not depend strongly onQ, this of course reduces to

M0v
2 5Mel

2 ^x0~Qi !uxv~Qi !&
2 ~7!

whereMel
25^cDur ufe&

2 gives the energy dependence of the
detachment cross section~see Sec. III A and Fig. 1! and vi-
brational excitation is given by the familiar Franck–Condon
factor^x0(Qi)uxv(Qi)&

2. For a truly dipole-bound anion dis-
playing little distortion in the molecular core, however, this
term is negligible forvÞ0 as the Franck–Condon factors
become diagonal. In that case, the explicit coordinate depen-

dence ofcD(r ,Q) plays an important role in the transition
moment. Specializing to the case of parallel vibrational
modes,M0v can be written

M0v5^cD~r ,Qi !cNx0ur ufecNxv&

>K H cD~r ,Qeq!1
]m i

]Qi
F~r !Qi J x0UrUfexvL

>Meff

]mi

]Qi
^x0uQi uxv&, ~8!

whereMeff is theQ-independent quantitŷF(r )ur ufe(r )&,
which governs the overall intensity of the vibrational enve-
lope. Interestingly, within this envelope, the distribution of
intensity among the vibrations is carried by the
dm i/dQi^x0uQi uxv& term,which is identical to the operator
controlling the intensities of the parallel infrared fundamen-
tals in the neutral molecule!This would appear to be a
unique situation, limited to the case of dipole-bound elec-
trons, where coordinate-induced changes in the dipole mo-
ment of the neutral molecule have adirecteffect on the wave
function of the excess electron. In this special case, photode-
tachment from a negative ion should yield a spectrum similar
to the infrared spectrum of the corresponding neutral mol-
ecule.

Figure 5 presents an expanded view of the vibrations in
the 1.165 eV photoelectron spectrum, together with the
simulated spectrum expected using the acetonitrile infrared
band intensities.9 Since we do not know the specific integrals
for the parallel and perpendicular modes, we present the
spectrum expected from an equal weighting of each type
~i.e., the ‘‘normal’’ infrared spectrum!. To compare with the
photoelectron spectrum, the calculated infrared intensities9

were convoluted with line shapes to match the resolution of
the photoelectron spectrum. Given the simplistic level of this
treatment, there is remarkable similarity between the vibra-
tional envelopes of both spectra. The agreement is particu-
larly good in that it recovers the experimental observation
that the peak at 0.179 eV is closer to the degenerate CH3
deformation~see Table I!, which is the strongest in the ir
spectrum. Unfortunately, then1 andn5 modes are too close
together in the 0.377 eV region to cross check this propensity
for ir excitation, which should favor the symmetric moden1.

FIG. 5. Overlay of experimental photoelectron spectrum~circles! and neu-
tral CH3CN ir band intensities~solid line! convoluted to match the resolu-
tion of the photoelectron spectrometer.
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Although the peak partially blended with the origin is not
completely recovered, the overall shape of the observed
spectrum is well reproduced by the simulated ir spectrum.

In light of the fact that the ir spectrum is so similar to the
off-resonant photoelectron spectrum, we conclude that the
vibrational features in the nonresonant photoelectron spec-
trum of CH3CN

2 need notresult from a distortion between
the anion and neutral molecular structures, but rather can
occur because of the unique aspects of the dipole-bound
wave function. In this case vibrational excitation can mimic
the infrared absorption spectrum of the ‘‘core’’ neutral mol-
ecule.

These considerations raise important issues when photo-
electron spectroscopy is used to characterize a dipole-bound
anion. While it is common practice in photoelectron spec-
troscopy to regard vibrational excitation as a consequence of
the distortion between the anion and neutral molecule, this
usually exceptionally good paradigm may fail when the ex-
cess electron’s wave function is anomalously strongly depen-
dent on intramolecular distortions associated with large
changes in dipole moment~e.g., ir active modes!.

V. CONCLUSIONS

We have explored the peculiarities encountered in the
application of photoelectron spectroscopy to characterize the
CH3CN

2 dipole-bound anion. The very low~;3 meV! ver-
tical detachment energy is consistent with a weakly bound,
diffuse, dipole-bound electron. The photoelectron spectrum
displays an unexpectedly large amount of vibrational struc-
ture which can be attributed to two factors. A shape reso-
nance due to thepCN* orbital at 2.9 eV appears responsible
for the photon energy-dependent enhancement of then2 CN
stretch, and coupling betweenpCN* ands* also enhances the
CH stretching vibration through the resonance.18 These reso-
nances should be a general feature of dipole-bound anions
since, by definition, the anion state corresponding to occupa-
tion of the LUMO at the equilibrium geometry of the neutral
lies within the electron continuum. For most systems of
chemical interest, the location of such resonances is known
through the results of inelastic electron scattering experi-
ments, and can therefore be avoided through a judicious
choice of photodetachment energy. Vibrational excitation
persists with a different pattern, however, upon nonresonant
photodetachment. The intense modes in this spectrum corre-
spond to strong ir bands of neutral CH3CN. We suggest that
these features can arise from the strong coupling of the wave
function of the dipole-bound electron to those vibrations in
the neutral core that change the dipole moment of the mol-
ecule during oscillation. This effect should cause an unusual
enhancement of the ir active modes of the neutral molecule
in the photoelectron spectrum of the anion. Both the resonant
and vibronic effects indicate that vibrational envelopes in the
photoelectron spectra of systems with diffuse electrons are
probably not due to straightforward Franck–Condon over-
laps, and caution is advised when analyzing such spectra.
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APPENDIX: HERZBERG–TELLER TREATMENT OF
THE ADIABATIC DIPOLE-BOUND WAVE
FUNCTION

In this Appendix, we write out the explicit steps leading
to the simple form of Eq.~5!, through a Herzberg–Teller
interaction between the dipole-bound state and the low lying
continuum. We first write the electronic Hamiltonian for
CH3CN

2 as

H5TN
e1UN

e1Texs
e 1Uexs

e ~Qeq!1DUexs
e ~Q!

5HN
01Hexs

0 ~Qeq!1DUexs
e ~Q!, ~A1!

whereTN
e andUN

e are the kinetic and potential energy opera-
tors for the electrons in neutral CH3CN, while Texs

e and
Uexs
e are the same operators for the excess electron. The per-

turbation term,DUexs(Q), describes the change in the elec-
trostatic interaction between the excess electron and the elec-
trons and nuclei of the CH3CN molecule upon displacement
of the nuclei,Q. This leads to a separable basis for the elec-
tronic wave function into the many-electron adiabatic wave
function for neutral CH3CN, cN(Q), and the bound and con-
tinuum wave functions describing the excess electron,
cD~r ,Qeq! andfE~r ,Qeq!, respectively,

cA5cD~r ,Qeq!cN~Q!, ~A2!

cc
E5fE~r ,Qeq!cN~Q!, ~A3!

wherecA andcc
E are the zero order basis wave functions. We

then approximate the adiabatic ground state,c0, as

c0'cA1E aE~Q!cc
E dE

5cN~Q!HcD~r ,Qeq!1E aE~Q!fE~r ,Qeq!dEJ ,
~A4!

where the term in brackets represents the coordinate depen-
dence of the dipole-bound state as a superposition of the
continuum states defined atQeq. The mixing coefficients,
aE , are obtained as usual from the first order perturbation
theory matrix elements

aE5 K cNcDU DUexs~Q!

E2ED
UcNfEL , ~A5!

whereED is the energy of the dipole state. Integration of this
matrix element over the fast electrons of the CH3CN mol-
ecule yields21 an effective operator for the interaction of the
excess electron based upon the change in the overall long
range dipolar interaction with the molecule

^cDu^DUexs~Q!&ufE&5^cDu
Dm~Q!–r

r 3
ufE&, ~A6!
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where^DUexs(Q)& is the expectation value of the interaction
of the excess electron with the CH3CN molecule at a dis-
tancer relative to the center of mass, andDm is the vector
describing the change in the expectation value of the dipole
moment of the CH3CN upon displacement of the nuclei,Q,
from the equilibrium position,Qeq. In theC3v group, it is
useful to resolve the components ofDm along the directions
parallel and perpendicular to the symmetry axis,dm i and
dm' . We can then write the matrix elements as

^cDu^DUexs&ufE&}Dm'^cDu
sin~u!

r 2
ufE&

1Dm i^cDu
cos~u!

r 2
ufE&, ~A7!

whereu describes the angle of the excess electron position
vector relative to the symmetry~i.e., CCN! axis of the mol-
ecule. For the sake of simplicity, we carry the calculation
through with only the parallel modes;bothparallel and per-
pendicular modes should contribute tocD(r ,Q). We can
now write the first order correction to the dipole-bound elec-
tronic wave function

cD~r ,Q!5cD~r ,Qeq!

1dm i E ^cDu
cos~u!/r 2

E2ED
ufE&fE dE, ~A8!

The right-hand side of Eq.~A8! has the important property
thatdmi can be taken out of the integral, which can then be
replaced by aQ-independent superposition function,F(r )

cD~r ,Q!5cD~r ,Qeq!1dmi~Q!F~r !

5cD~r ,Qeq!1F~r !(
i

]mi

]Qi
Qi . ~A9!

The functiondm iF(r ) is an effectivewave function which
mixes with cD~Qeq! to recover the adiabatic dipolar wave
function,cD(r ,Q!. We note that Eq.~A9! is reminiscent of a
Taylor expansion of the wave function where]cD/]Q
5F(r )[ ]m i/]Q].

1W. R. Garrett, J. Chem. Phys.77, 3666~1982!, and references therein.
2J. A. Stockdale, F. J. Davis, R. N. Compton, and C. E. Klots, J. Chem.
Phys.60, 4279~1974!.

3K. D. Jordan and J. J. Wendoloski, Chem. Phys.21, 145 ~1977!.
4Th. Klahn, P. Krebs and U. Lang, inLinking the Gaseous and Condensed
Phases of Matter, edited by L. G. Christophorou, E. Illenberger, and W. F.
Schmidt, Nato Series B, Physics Vol.326 ~Plenum, New York, 1994!, p.
339.

5R. Hasemi and E. Illenberger, J. Phys. Chem.95, 6402~1991!.
6C. Desfrancois, H. Abdoul-Carime, C. Adjouri, N. Khelifa, and J. P.
Schermann, Europhys. Lett.234, 172 ~1995!.

7P. D. Burrow, A. E. Howard, A. R. Johnston, and K. D. Jordan, J. Phys.
Chem.96, 7570~1992!.

8R. A. Popple, C. D. Finch, and F. B. Dunning, Chem. Phys. Lett.234, 172
~1995!.

9G. L. Gutsev, A. L. Sobolewski, and L. Adamowicz, Chem. Phys.196, 1
~1995!.

10K. H. Bowen, paper presented at U.S.–Japan Conference, Turtle Bay,
Hawaii, 1994; J. H. Hendricks, H. L. deClercq, S. A. Lyapustrina, C. A.
Fancher, T. P. Lippa, J. M. Collins, S. T. Arnold, G. H. Lee, and K. H.
Bowen, Proc. Yamada Conference XLIII, Structures and Dynamics of
Clusters~Publ. Universal Academy, Tokyo, 1995!; The field detachment
experiments at Johns Hopkins were performed by C. A. Fancher and T. P.
Lippa.

11C. E. H. Dessent, C. G. Bailey, and M. A. Johnson, J. Chem. Phys.103,
2006 ~1995!.

12Photoelectron spectra of the molecular anions of thymine and uracil have
been recorded recently at Johns Hopkins and indicate that these species
are also examples of dipole-bound, ground state anions, K. H. Bowen
~private communication!.

13L. A. Posey, M. J. DeLuca, and M. A. Johnson, Chem. Phys. Lett.131,
170 ~1986!.

14P. J. Campagnola, D. J. Lavrich, M. J. DeLuca, and M. A. Johnson, J.
Chem. Phys.94, 5240~1991!.

15Value obtained using a classical analysis of the critical detachment field.
16H. A. Bethe and E. E. Salpeter,Quantum Mechanics of One-and Two-
Electron Atoms~Plenum, New York, 1977!.

17J. L. Duncan, D. C. McKean, F. Tullini, G. D. Nivellini, and J. Perez
Pefia, J. Mol. Spectrosc.69, 123 ~1978!.

18F. Edard, A. P. Hitchcock, and M. Tronc, J. Phys. Chem.94, 2768~1990!.
19K. M. Ervin and W. C. Lineberger, J. Phys. Chem.95, 1167~1991!.
20~a! H. Estrada, L. S. Cederbaum, and W. Domke, J. Chem. Phys.84, 152

~1986!; ~b! F. H. Mies, Phys. Rev.175, 164 ~1968!.
21C. Cohen-Tennoudji, B. Diu, and F. Laloe¨, Quantum Mechanics, ~Wiley,
New York, 1977!, Vol. 2.

6983Bailey et al.: Photoelectron spectra of CH3CN
2

J. Chem. Phys., Vol. 104, No. 18, 8 May 1996




