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Photoelectron spectra are reported for the “dipole-bound” ;CN~ negative ion at three
photodetachment energied.165, 2.331, and 3.496 eV where the anion is prepared by
photodissociation of the | CH;CN 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 th§, shape resonance corresponding to the valence or
“chemical” anion. The vibrational envelope of the nonresonant spectrum is surprisingly similar to
the infrared spectrum afeutralacetonitrile, 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 molecule1986 American
Institute of Physicg.S0021-96006)00717-3

I. INTRODUCTION CH,CN™ ion is regarded as an unperturbed neutral molecule
One of the more novel aspects of recent work on gaéethered to a distant electron which can be easily detached by

phase ions involves the synthesis and characterization gfodest perturbationgfields, collisions, et¢.” Recent high
ground state “dipole-bound” molecular anions. These SpeJevel ab initio calculation support this picture, predicting
cies are sometimes formed when an electron becomes dhat the anionic geometry is essentially the same as the neu-
tached to a closed shell neutral molecule through the longfal geometry with very little excess electron localization on
range interaction with the molecular electric dipole momentthe nominally neutral framework. If the calculations accu-
provided that moment is above a critical valge>2-2.5 rately describe the extent of electron delocalization, the pho-
D)." The prototypical example of a dipole-bound system ap+oelectron spectrum of the GEN™ ion should contain only
pears to be the negative ion of acetonitrile, LN, which 3 single sharp feature at the dipole binding enefgy8

was first observed by Stockdade al? in 1974. Theoretical meV).8 It was of interest, therefore, when Bowen and
work by Jordaret al? indicated that the ion contains a dif- co-workerd? recorded photoelectron spectra of the related

fuse electron, and this suggestion was corroborated expere—CH3CN.H20)_ complex (and its deuterated analdgst

4 ; 5
mentally by Klahnet al.” and Hasemet al.” Most recently, 2.540 eV, which revealed significant vibrational excitation of

Desfrancoiset al® succeeded in field detaching the excessthe neutral complex during photodetachment. To clarify the
electron with modest external electric fiels12 kV/cm), P gp )

providing the best evidence to date that ON~ indeed prigiﬂ of these vibrational features in the hydrate, we repor_t
contains a highly delocalized, labile electron. in this paper the results of' a photoellef:troln spectroscopic

One of the principle reasons that acetonitrile behaves itudy of the bare CECN™ anion. As this ion is among the
such a textbook fashion surely arises from the fact that théirst nominally “dipole-bound™ molecular anions to be stud-
lowest valence orbitaLUMO) which can accommodate the ied using photoelectron spectroscdpy? its qualitative de-
excess electron, theg, orbital antibonding along the CN tachment behavior is of interest as it reflects some general
bond, is almost 3 eV above the onset of the electroraspects of the application of photodetachment and photoelec-
continuum’ so that there is little interaction between the tron spectroscopies to dipole-bound species. We focus on the
physically bound ground state and the lowest valence state @hergy dependence of the detachment cross sections and ef-
the negative ion. In the current view, the ground statefects caused by the resonance arising from the covalent mo-
lecular anion state where the excess electron occupies the
dCorresponding author. LUMO of neutral CHCN.
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Il. EXPERIMENT 2

CH,CN™~ was prepared by photodissociation of the
|~-CH5CN complex at a fortuitous absorption in the photof-
ragmentation spectrum at 3.496 eV, as described
previously'! Thus Nd:YAG lasers could be used to generate
the CHCN™ molecule and to obtain its photoelectron spec-
trum at several different wavelengths through the processes

|7CH3CN+ hV1—>CH3CN7+|, (1)
CHsCN™+hv,— CH,CN+ e, 2

wherehv;=3.496 eV anchv,=1.165, 2.331, and 3.496 eV.
The experiment was carried out using a pulsed, negative ion © . . ; .
. . 0.5 1.5 25 3.5
mass spectrometer described elsewh&rd&he starting
|~-CH4CN ion—molecule complex was synthesized in an Photon Energy (V)
ionized, pulsed free jet expansion containing the ambient Ve G. 1. Relative photodetachment cross section versus photon energy for
por pressures of CY¥CN and CHI in several atmospheres of CH,CN". Points are normalized to the 1.165 eV value, which is included as
argon. Field-detachment studies of £\~ prepared in this the open c?rcle at unity. The error in the two relative cross sec_tions contz_iins
way indicate a stripping onset2 kV/cm which gradually 3(:(?::};_'2““% from the 1.165 eV measurements. The curve displays a fit to
increases to complete detachment at the sharp value foun '
when the ion was prepared by Rydberg electron trartéfer.
This difference suggests that the ion produced by photodiselative fluence in each laser beam. Due to subtle differences
sociation must possess significant internal excitation. Desin the beam shapes of the Nd:YAG harmonics, these fluence
francoiset al® recovered a binding energy of about 18 meV values are estimated to be accurate to only about 30%.
from the onset at higher field, providing a bound on the  The time-of-flight photoelectron spectrometer has the ca-
extent of internal excitation in our experiment. Field detach-pability to decelerate or accelerate photoelectrons uniformly
ment experiments have also been carried out at Johns Hopnce they are in the drift region to reduce the usual degrada-
kins using a nozzle ion sourteto prepare CHCN™ which  tion in energy resolution with increasing photon energy.
also displayed a detachment onset-& kV/cm but leveled  Since photodetachment occurs in a field-free region, the an-
off at about 5 kV/cm at 70% detachment. These results indigular distributions of the ejected electrons could also be de-
cate that subtle variations in each source give distinct intertermined.
nal energy distributions of C}N".
In an earlier papel* we presented photoelectron spectrajjl. RESULTS
of CH;CN™ in which photoexcitation and photodetachment
were carried out at the same point in the mass spectromet
using different harmonics from the same laser in an arrange- In an earlier report, where GEN~ was generated and
ment where CHCN~ was never actually isolated. While detached with the same lasénve remarked that the photo-
those spectra indicated a very low electron binding energydetachment cross sections fell rapidly with increasing photon
the signal to noise was insufficient to resolve vibrational fea-energy such that even though all three wavelenglii$4,
tures. In this paper, we have improved the signal to noise 532, and 355 ninwere present with similar fluence, the se-
the photoelectron spectra by extensive signal averadif®y  quential two-photon photoelectron spectrum was dominated
laser shots in Fig.)2to allow analysis of the vibrational fine by 1064 nm detachment. A more quantitative measurement
structure. We have also verified that the carrier of the spectraf this effect is presented in Fig. 1, which shows the relative
is indeed the CECN™ anion by photodissociating the photodetachment cross sections at three photon energies,
|~-CH4CN parent cluster in the ion source, mass selectingiormalized to the 1.165 eV value. The curve through the
the CHLCN™ fragment, and then photodetaching the electrorpoints is a fit too=(hv) 2, indicating that the cross section
from the fragment ion with a second laser. Using the isolatedalls off approximately as the inverse of the square of the
dipole-bound anion, we were also able to determine the phgshoton energy.
todetachment cross sections at the photon energies 2.331 and The qualitative fall off in the photodetachment cross sec-
3.496 eVrelative to that at 1.165 eV by monitoring the fast tion observed in Fig. 1 is expected for an anion with a dif-
photoneutral production at measured laser fluence. Sindeise, weakly bound electron, although this demonstration ap-
photodetachment is the only photoprocess at all wavelengthpears to be the only reported example outside of our earlier
the fast photoneutral signal is not affected by the energy owork on photodestruction of théH,0), cluster ions* The
angular dependence of the outgoing electron and reflects theH;CN™ case does, however, provide a clearer example of
total electron detachment yield at each wavelength. The relahe effect. Since the wave function of a dipole-bound excess
tive cross sections are obtained by measuring the photonealectron is much largef~30 A)'® than the CHCN neutral
tral intensities at 2.331 and 3.496 eV vs that at 1.165 eV fomolecule, dipole-bound anions should be accurately de-
the same ion beam, and then correcting this raw ratio for thecribed by the separated wave functidr,

Relative Detachment Cross Section
1

é, Relative photodissociation cross sections
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7 3 ticeably better in the 1.165 eV spectrum, which is normal for
a) b) a time-of-flight determination of electron kinetic energy
oo 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
51 pattern. The spectra in Fig. 2 were taken with a single laser
2 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 I CH;CN based on the dipole
moment of CHCN .1 While there might not be such a bound
state in this systeras the quantum yield for dissociation is
quite high, we checked this possibility by also obtaining the
photoelectron spectrum from the mass selected,GN
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.(@®, and rules out the
01 o1 03 05 901 o1 03 08 possibility that the spectra in Fig. 2 are significantly affected
Electron Binding Energy (eV) by a putative bound excited state of the parent complex.
The locations of the various vibrational modes of the
FIG. 2. Photoelectron spectra of GEN™ taken at(a) h»,=1.165 eV, and  CH,CN molecule are displayed in Fig. 2 as vertical lines
(b) hv;=3.496 eV. See Table | for peak assignments. under the features, indicating that the dominant bands corre-
spond to the C—H stretd; andvs) and deformatioriv; and
o vg) modes of neutral CkCN.}” A smaller band is blended
WaA(r)=gax=¢p(r)dnx, (3 into the main feature near the location of the C—C stretch

wherey? is the electronic wave function, which can be fur- (v4) and CH wag(v;) modes. The symmetri€v;, v;) and
ther separated into the dipole-bouridne electron wave antisymmetric(vs, vg) modes are very closely spaced in
function /5 (r) times the neutralmany electronwave func- CH4CN and are not resolved in this experiment. The assign-
tion, ¢, andy is the vibrational wave functiota product of ~ment of (v, v5) was checked by obtaining the photoelectron
harmonic oscillators in normal coordinated;). Photode- SPectrum of the CECN™ molecule at 1.165 eV. While the
tachment corresponds to ejection of an electron from théower frequency modes are compressed into the main band,
¥p(r) orbital, and we generally expect the cross sectiorPne feature is distinct and displays the correct isotope shift
(which is explicitly derived in Sec. IYto fall off when this ~ for the (1, v5) assignment. The peak positions in Fig. 2 are
orbital is much larger than the de Broglie wavelength of thecompared with the fundamental vibrations of neutralCN
ejected electrori\p~11.4, 8.1, and 6.6 A for 1.165, 2.331, in Table I. Interestingly, the C—N stretaw,) vibration is
and 3.496 eV detachment energies, respectivélgr the re-  intense in the 3.496 eV spectrum teampletely abserin
lated case of Rydberg electron photoionization, for examplethe 1.165 eV spectrum. Note that there is negligible intensity
very high energy photoejection cross sections are futed from vibrational hot bands, indicating that either the anion is
fall off as o, (hv) 2. It is not surprising that different ex- vibrationally cold or that all vibrationally excited states au-
ponents are obtained for the Rydberg vs dipole-bound case®detach prior to photodetachment.

since the Rydberg electron is known to penetrate the core The vibrational region is redisplayed and expanded in
while the dipole-bound electron does not, and the waveFig. 3, normalized to the intensity of the ma@-0 feature.
length of the outgoing electron is only a few times smallerAll of the high frequency features are larger in the higher

than the dimension of the dipole-bound state30 A). energy spectrum, with the most striking enhancement involv-
ing the », mode as mentioned above. The smaller peak

_ blended with the main pealy, and ;) displays the leadf
Eﬁdpg‘ztgglg(\:/tron spectra of CH ,CN™ at 1.165, 2.331, a4y enhancement. The spectra in Figs. 2 and 3 are taken
: with the laser polarization oriented along the electron drift
Photoelectron spectra of GAN™ at 1.165 and 3.496 eV axis, which corresponds to the largest photoelectron signal
photodetachment energies are displayed in Fig. 2. Both spe¢:e., asymmetry parameter0). With the laser field perpen-
tra are dominated by a single strong feature at nearly zerdicular to the flight axis, the vibrations are enhanced relative
binding energy{labeled(0—0 with a maximum at 3 meV to the main bandby about 30% but the spectra are qualita-
binding energy, as expected for a dipole-bound anion with atively similar to those from the more intense parallel polar-
very diffuse excess electron. In the baseline of the mainzation. We summarize the relative intensities of the vibra-
peak, however, lies some reproducible structure in the regiotional bands in the parallel configuration at three detachment
corresponding to vibrational excitation, which is distinctly energies in Table I. Clearly, the mode is also intense in the
different in the two spectraNote that the resolution is no- 2.331 eV spectrum, with the intensities of the other vibra-

Photoelectron Counts (x 10°)
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TABLE |. Vibrational assignments for the photoelectron spectra of@M .

Relative peak intensities

PES photodetachment enefgy

Literature Experimental Calculated Electron

Peak assignment value (eV)? value (eV)° ir¢ 1.165 eV 2.331 eV 3.496 eV scattering
Voo 0.003 100 100 100 100
v4(A,) CC stretch 0.114 0.44
v7(E) CHj rock 0.129 0.118 0.39 11 0.6 19
v3(A;) CH3 sym. deformation 0.172 0.33
vg(E) CH; deg. deformation 0.180 0.179 2.37 27 48 54 3.7
v5(A;) CN stretch 0.281 0.283 0.00 0.0 2.6 3.7 3.2
v1(A;) CH sym. stretch 0.368 0.91
vg(E) CH deg. stretch 0.373 0.374 0.19 0.7 3.9 41 4.4

aReference 17.

PEstimated error in peak location is5 meV.

‘Obtained using the intensities from Ref. 9, convoluted with the spectrometer peak shape. Peaks are normalized so that thersdim iof the simulated
spectrum matches the 0.179 eV peak in the 1.165 eV photoelectron spectrum.

“Estimated error in peak intensity is10%.

°From energy loss spectrum taken with 2.9 eV incedent electron energy, scattered at 30°. From Fig. 2, Ref. 18.

tional features intermediate between those at 1.165 and 3.4%brational excitation is observed in the photoelectron spec-

ev. trum, as recentab initio calculationd predict negligible
(<0.0299 intramolecular distortion upon formation of
C. Summary of results CH,CN™. The 3.496 eV spectrum can be reproduced with

Av=1 Franck—Condon factors arising from distortions of
about 1.2% along the totally symmetrice., allowed CH,
(i)  the photodetachment cross section of CN™ falls  deformation and CH stretch normal coordinates. This is,
off rather rapidly in the visible regiofe<(hv) 2J; however, a rather small distortion consistent with the quali-
(i)  vibrational excitation accompanies photodetachmentative picture of the CKCN™ ion as a nominally neutral
in such a fashion that the, mode is strongly en- molecule beside a diffuse electron cloud. However, the fact
hanced in the visible/uv relative to detachment in thethat the spectra are strongly dependent on photon energy
near ir. rules out the simple interpretation of vibrational excitation

The fall off in cross section is expected for a diffuse, dipole-due to & geometry change between the ion and neutral.

bound system, but the vibrational excitation is not. We dis-A, Enhancement of the », mode in the vicinity of the
cuss possible reasons for the photon-energy dependent vibra* shape resonance
tional features in the next section.

The main experimental findings of the study are

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

In the usual treatment of photoelectron spectra, vibranecessarily lies in the electron scattering continui@mnthe
tional excitation results from a distortion of the anion relativeequilibrium geometry of the neutpalin this case, the “co-
to the neutral. It is therefore somewhat surprising that anyalent” 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 ire /CH;CN scattering lies at about 2.9 eV and
corresponds to a ¢y shape resonance, which is antibonding
along the CN coordinaté Electrons scattered through this
resonance cause excitation in several modes of thgCGH
molecule, but the effect on excitation of the(C—N stretch-
ing) mode is particularly strong. The energetic situation is
o o1 03 05 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 Av=1 in the v, mode as the electron energy is
FIG. 3. Expansion of vibrational region of spectra from Fig. 2. The dashedganneq. The three wavelengths used in the present photode-
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,the ~ tachment experiments are shown by the horizontal arrows in
feature. the figure, and it is clear that both 2.331 and 3.496 eV ex-

IV. DISCUSSION

Photoelectron Counts

Electron Binding Energy (eV)
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Hopkins® in terms of their relative vibrational intensities,

f ; and it is now to be determined to what extent the resonance
is affecting the spectrum of the hydrated species.
35 — — hv,
B. 1.165 eV: Vibrational excitation away from the  a&
30 nl resonance
g 25 ’ 1 The 1.1(_55 eV photoelectron spectriiffig. 2(a)] results
> = hv, from excitation farthest from ther* resonance, and the,
5 \ CN stretch is completely absent from the spectrum. We
& 20 7 ! might now treat this “off-resonant” spectrum as a usual dis-
g tortion between neutral and anion. As discussed in Sec. Il B,
E 15 if the vibrational envelopes are treated in the Condon ap-
§ h proximation, the intensities of the vibrational bands place an
< 10 — Vi upper bound on the intramolecular distortion in L of
about 1% along the CH stretch and deformation modes,
05 — along with a small contribution from,. Since distortion
generally results from partial accommodation of the excess
0o - e ¢ B.E e_Iectron iq th(_a valence orb_itals of GEN, one i_s led to con-
Yos T sider the likelihood of partial charge localization on the mo-

lecular framework via ther* LUMO of CH4CN. Such
charge localization is not supported by receit initio

FIG. 4. Diagram of CHCN™ energy levels showing the location of the calculations, however, which suggest much smaller distor-
ground state dipole-bound anion and thg, shape resonance centered near tion (<0.0299 than implied by the Franck—Condon fit to the
2.9 eV. The horizontal arrows mark the location of the phOtOdetaChmengpectrum_ We are therefore |ead to Seek an alterna‘“ve expla_

energies. The spectrum displayed along the vertical axis indicates the enve-_.. A ] o . .
9 o SP pay 9 . . . fation for the vibrational excitation which does not require a
lope of thewrgy shape resonance, determined using selective detection of the

inelastically scattered electrons By =1 in the », mode(reproduced from  geometry change b_etween the iOI’_] and neutral.
Ref. 18. When electronic wave functions depend strongly on
nuclear coordinates, vibrational excitation can occur without

, ) a geometrical distortion due to thlhs/dQ terms in the co-
periments fall on the wings of the resonance. The appearangg jinate expansion af,(r,Q) about the equilibrium geom-

of the v, band in the photoelectron spectra at these energieétry_ In the simplest Herzberg—TellédT) treatment of such
and not at 1.165 eV, away from the resonance, suggests thakeractions, the electronic basis wave functions are defined
phqtodetachment accesses the transient negative ion stafe yq equilibrium geometry of the ground state, and are
Wh'.ch affects t.he photoelectron spectrum much I'k? a "half-nived to recover the adiabatiQ-dependent wave functions.
collision” version of the analogous electron scattering prob-g, .1 vibronic interactions are usually invok&¢b rational-
lem. h h ; , K iving f ize the observation of vibrational bands forbidden in the
The C~H stretch and deformation peaks, deriving fromeqn46n approximation, and we now consider the types of

modes which are not obviously related to tgy antibond- ihonic interactions which are operative in the {HI™
ing orbital, are also enhanced in the vicinity of the resonancgystem_

(Fig. 3). A similar enhancement of these modes is also ob-

served, however, in inelastic electron scattering through thé. Vibronic interactions involving a dipole-bound

&, resonance, which is explained as a vibronic interactior?’af€

between the states arising from occupation ofdtieand 7* One candidate to mix with the dipole-bound ground state
orbitals!® The relative intensities of the vibrational featuresin the case of CKCN™ is the localized#* resonance or

in inelastic electron scattering at 2.9 eV are included in Tableovalent anion. However, the matrix elements governing the
| (relative to the elastic peakor comparison with the pho- vibronic interaction should be very small in this case, since
toelectron spectra. Clearly, very similar vibrational patternghe diffuse dipole-bound wave function has little overlap
are observed in the two different experiments. To our knowl-with the orbitals of the localized valence state. One could
edge, this is the first such example of photoelectron spectreonsider circumventing this restriction by including the indi-
taken in the neighborhood of a shape resonance, and raisesct interaction between the valence and dipole-bound states
many issues for further study. The important point here ishrough the background, free electron continuindow-
that such phenomena are clearly of general importance iaver, as depicted in Fig. 4, the width of the valerfce.,
studying photodetachment of dipole-bound anions since th& 7*”) resonancdl eV) is much less than the energy gap
resonance corresponding to the “covalent anion” is often abetween the dipole and valence sta{8seV), so such a
low energy and easily accessible upon photodetachment imechanism would be inefficient. This is particularly true
the visible and near uv. For example, the 3.496 and 2.331 e¥ince the dipole-bound wave function is itself very similar
spectra of CHCN™ are remarkably similar to the (in the vicinity of the moleculgto the scattering continuum
(CH;CN-H,0)~ spectrum (2.54 e\) obtained at Johns at low energy, so that the low energy tail of the resonance

J. Chem. Phys., Vol. 104, No. 18, 8 May 1996
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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 @ 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 stafdqg. (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 theg. 5. overlay of experimental photoelectron spectiiircles and neu-
dipole-bound ground staté, , and the low lying continuum, tral CH,CN ir band intensitiegsolid line) convoluted to match the resolu-
i, with each defined at the equilibrium geomet€y,,, of  tion of the photoelectron spectrometer.

CH5CN™. The details of the treatment are presented in the
Appendix, with the main result that

Photoelectron Counts

T T f — T 1
0 0.1 0.3 05
Electron Binding Energy (eV)

dence ofyp(r,Q) plays an important role in the transition
Pa(r,Q)=p(r,Q)¢Yn(Q) x(Q) (4) moment. Specializing to the case of parallel vibrational
modes,M, can be written

with Mo, =(¥p(r,Qi) ¥nxolr| Petinxy)
~ op I
lﬂD(raQi)_‘ﬂD(ereq)—’—F(r)(9_QiQi = [!//D(r-Qeq)+(9_Q_F(r)Qi]X0r ¢er>
= (1, Qeq) + (1), 5) 9
: d =M 5 (XolQLx0) ®

wheredu/dQ; is the change in dipole moment of the gEN
molecule with deformationQ;, along one of the normal where M is the Q-independent quantityF(r)|r|¢e(r)),
modes of the molecule. The first order correction arises fromwhich governs the overall intensity of the vibrational enve-
Ye=F(r)[ounl/dQ;]Q; , which is an effective wave function lope. Interestingly, within this envelope, the distribution of
created from a superposition of continuum functions. Theréntensity among the vibrations is carried by the
are actually twoy#x functions since normal mode displace- du,/dQ;(xo|Qilx,) term,which is identical to the operator
ments result in a change in dipole moment either parallel ocontrolling the intensities of the parallel infrared fundamen-
perpendicular to the symmetry axis of the molecule, as distals in the neutral moleculeThis would appear to be a
cussed in the Appendix. Equati@b) recovers the intuitive unique situation, limited to the case of dipole-bound elec-
expectation thatyy(r,Q) is only affected by coordinate dis- trons, where coordinate-induced changes in the dipole mo-
placements which change the dipole moment ofCN and  ment of the neutral molecule havelaect effect on the wave
hence the interaction with the excess electron. function of the excess electron. In this special case, photode-
The transition dipole momeni,, responsible for vi- tachment from a negative ion should yield a spectrum similar
brational excitation upon photodetachment to leweh the  to the infrared spectrum of the corresponding neutral mol-

ith mode of the neutral molecule is given by ecule.
Figure 5 presents an expanded view of the vibrations in
Mo, = (#p(r, Q) ¢n(r, Qi) xo(Qi) the 1.165 eV photoelectron spectrum, together with the

simulated spectrum expected using the acetonitrile infrared
[Pl e(r) o Qxs(Qi) © band intensitieS.Since we do not know the specific integrals

where ¢4(r) is the wave function of the photoejected elec-for the parallel and perpendicular modes, we present the
tron andy,(Q;) is the vibrationless level of the anion. For SPectrum expected from an equal weighting of each type
cases where the dipole-bound wave function of the anio'-€-» the “normal” infrared spectruin To compare with the
does not depend strongly @, this of course reduces to photoelectron spectrum, the calculated infrared intenSities
were convoluted with line shapes to match the resolution of

Mgv: M§|<X0(Qi)|Xv(Qi)>2 (7) the photoelectron_ spectrum. Give_n fche_simplistic level of this
treatment, there is remarkable similarity between the vibra-
whereMZ2=(yp|r| ¢e)? gives the energy dependence of thetional envelopes of both spectra. The agreement is particu-
detachment cross sectigsee Sec. Il A and Fig.)land vi- larly good in that it recovers the experimental observation
brational excitation is given by the familiar Franck—Condonthat the peak at 0.179 eV is closer to the degenerate CH
factor(XO(Qi)|Xv(Qi)>2. For a truly dipole-bound anion dis- deformation(see Table ), which is the strongest in the ir
playing little distortion in the molecular core, however, this spectrum. Unfortunately, the;, and v modes are too close
term is negligible forv #0 as the Franck—Condon factors together in the 0.377 eV region to cross check this propensity
become diagonal. In that case, the explicit coordinate deperier ir excitation, which should favor the symmetric mode
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wave function. In this case vibrational excitation can m|m|cFUNCTION

the infrared absorption spectrum of the “core” neutral mol- ) ) , . .
ecule. In this Appendix, we write out the explicit steps leading

These considerations raise important issues when photd® the simple form of Eq(S), through a Herzberg—Teller
electron spectroscopy is used to characterize a dipole-bourigteraction between the dipole-bound state and the low lying
anion. While it is common practice in photoelectron Sloec_contlnuum. We first write the electronic Hamiltonian for
troscopy to regard vibrational excitation as a consequence §fHLCN - as
the distortion between the anion and neutral molecule, this  H=T}+URj+ TS+ ngs(QeU)JrAU'gXS(Q)
usually exceptionally good paradigm may fail when the ex- 0 o .
cess electron’s wave function is anomalously strongly depen- ~ =Hy+Hed Qe T AU Q), (A1)

dent on .intrgmolecular distorj[ions. associated with |ar95whereT‘§, andU§, are the kinetic and potential energy opera-
changes in dipole momefé.g., ir active modes tors for the electrons in neutral GEN, while TE, and
Ug,sare the same operators for the excess electron. The per-
turbation termAU,,{Q), describes the change in the elec-
trostatic interaction between the excess electron and the elec-
V. CONCLUSIONS trons and nuclei of the C4€N molecule upon displacement
of the nuclei,Q. This leads to a separable basis for the elec-
We have explored the peculiarities encountered in theronic wave function into the many-electron adiabatic wave
application of photoelectron spectroscopy to characterize thfinction for neutral CHCN, #y(Q), and the bound and con-
CH;CN™ dipole-bound anion. The very low~3 meV) ver-  tinuum wave functions describing the excess electron,
tical detachment energy is consistent with a weakly boundy;,(r,Q.y) and ¢e(r,Qe), respectively,
diffuse, dipole-bound electron. The photoelectron spectrum _
displays an unexpectedly large amount of vibrational struc- Y= ¥p(1,Qeq n(Q), (A2)
ture which can be attributed to two factors. A shape reso- ‘/’(I;E:d’E(ereo) Un(Q), (A3)
nance due to thergy orbital at 2.9 eV appears responsible
for the photon energy-dependent enhancement oi4HeN
stretch, and coupling betweert,, and o also enhances the
CH stretching vibration through the resonaf&&hese reso- E
nances should be a general feature of dipole-bound anions o~ ¢A+f 2:(Q)y. dE
since, by definition, the anion state corresponding to occupa-
tion of the LUMO at the equilibrium geometry of the neutral = '/’N(Q): lr/,D(r,Qeq)Jrf ae(Q) ¢e(r, Qe dE|,
lies within the electron continuum. For most systems of
chemical interest, the location of such resonances is known (A4)

through the results of inelastic electron scattering eXPperiz bare the term in brackets represents the coordinate depen-

ments, and can therefore be avoided through a judiciou§ence of the dipole-bound state as a superposition of the
choice of photodetachment energy. Vibrational excitation

. ith a diff h continuum states defined &.,. The mixing coefficients,
persists with a different pattern, however, upon nonresonargE’ are obtained as usual from the first order perturbation
photodetachment. The intense modes in this spectrum COMBieory matrix elements
spond to strong ir bands of neutral GEN. We suggest that

AU Q)

these features can arise from the strong coupling of the wave
¢ Ping aE:< Inp E-E, ‘¢N¢E>a (A5)

function of the dipole-bound electron to those vibrations in
the neutral core that change the dipole moment of the mo'\'/vhereED is the energy of the dipole state. Integration of this
atrix element over the fast electrons of the LN mol-

ecule during oscillation. This effect should cause an unusuaH1
gnhancement of the ir active modes Of. the neutral mOIecul%cule yieldé! an effective operator for the interaction of the
in the photoelectron spectrum of the anion. Both the resonan, -ass electron based upon the change in the overall long
and vibronic effects indicate that vibrational envelopes in therange dipolar interaction with the molecule
photoelectron spectra of systems with diffuse electrons are
probably not due to straightforward Franck—Condon over- A _ Am(Q)-r
L . . = —_— A
laps, and caution is advised when analyzing such spectra. (#ol{AUexd Q) de) =( ¥ r3 ). (A6)

wherey, andyf are the zero order basis wave functions. We
then approximate the adiabatic ground stakg,as
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