J. Phys. Chem. R004,108, 78277831 7827

Photodetachment Imaging Study of the Vinoxide Aniori

1. Introduction

The vinoxide anion and the corresponding vinoxy radical are
the simplest examples of the enolate and enolate radical
moieties, representing a class of organic anions and radicals
important in several applications. There is considerable interest
in understanding the energetics, dynamics, and electronic
structure of these specie8 and the evolution of these properties
as a function of molecular size and substitution. We have
previously studied the energetics of this systeand larger
enolates containing up to four carb®nssing negative ion
photoelectron spectroscopy. Here, we report studies of the
photoelectron angular distributions for vinoxide;HzO—, and
the interpretation of these angular distributions in terms of the
electronic structure of the anion and low-lying states of the
neutral vinoxy radical.

Photoelectron spectroscopy of negative ions is a powerful
way to simultaneously study the energetics and electronic
structure of both the negative ion and the corresponding néutral.
In recent years, photodetachment imaging techni§otshave
complemented more traditional approaches to photoelectron
spectroscopy by making facile the measurement of photoelectron
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A photodetachment imaging study of the photoelectron angular distributions produced by the 354.8-nm
photodetachment of the vinoxide anion,G+=CHO", is reported. The photoelectron angular distributions for

both theX2A" ground state and?A’ excited state of the neutral vinoxy radicals were measured. Energy-
dependent photoelectron anisotropy parameters are reported for both electronic states. Photodetachment from
the HOMO of the anion (the CCO nonbondin(g") orbital) yields ground-state vinoxy radicals and exhibits

a sirt 6 angular dependencg (X2A'") = —0.7+ 0.1) relative to the electric vector of the laser. Photodetachment

from the HOMO-1 of the anion (the oxygen,x(@) orbital) yields excited-statd?A’ radicals and exhibits a

cog @ angular dependence (A%2A’) = 0.6 & 0.1) of the photoelectrons. These results are qualitatively
interpreted in terms of the electronic structure of the anioeutral system.

excited electronic statesX?A” and A2A', respectively. The
electronic state separation energy between the ground and first
excited states of the vinoxy radical was measured in this
experiment To(A — X) = 1.015+ 0.015 eV) and was in good
agreement with theoretical predictions. Although optical excita-
tion of this state is dipole-allowed from the ground state of the
radical, it involves a large change in electronic structure and
geometry and thus has a very low absorption cross section,
making optical studies difficuft®1® The vibrational structure

of the X andA states was also investigated in these studies and
analyzed using ab initio calculations and Fran€london
simulations’ The focus of the present work is on the photo-
electron angular distributions and therefore on the symmetry
of the electronic wave function of the detached electrons from
both the highest occupied molecular orbital (HOMO) and the
HOMO-1 of the X!A' state of the vinoxide anion. In the
following section, the experimental approach will be briefly
discussed followed by a presentation of the measured photo-
electron angular distributions and interpretation of these results
in terms of the electronic structure of vinoxide and the ground
and first excited states of the vinoxy radical.

angular distributions. The angular distribution of electrons _ )
photodetached from molecular negative ions provides insights 2- Experimental Section

into the overall symmetry of the initial anion wave function
and the continuum photoelectron wave functiéd*15In the
studies presented here, measurement of photoelectron angular
distributions from photodetachment of tBesymmetry vinoxide
anion, HC=CHO, is exploited to investigate the symmetry
of the bound and continuum molecular orbitals involved.
Photodetachment of the vinoxide anion was previously studied
by Ellison and Linebergef and at higher photon energies in
this laboratory by Alconcel et dlThe definitive value for the
electron affinity of the ground-state vinoxy radical was found
in a threshold photodetachment study by Mead et al. to be

Photodetachment coincidence imaging of the vinoxide anion
was carried out using a fast-ion-beam photoelectron-photofrag-
ment-coincidence spectrometer. This spectrometer allows the
measurement of both photoelectron and photofragment kinetic
energies and angular distributions in coincidence, thus allowing
the direct discrimination of photodetachment events that lead
to stable and unstable neutral species. In the experiments
reported here, 354.8-nm photodetachment of vinoxide yields
only stable neutral vinoxy radicals. The details of the experi-
mental apparatus have been previously described elsedhéte;

1.8248- 0.0002— 0.0008 eVA7 In the work of Alconcel et therefore, only a brief review is presented here. The photoelec-

al., vinoxide was detached with 354.8-nm (3.494 eV) radiation
yielding stable neutral vinoxy radicals in the ground and first

tron energy resolution is decreased in these imaging experi-
ments; however, using this approach, the energy-dependent
photoelectron angular distribution can be rapidly recorded.

T Part of the special issue “Richard Bersohn Memorial Issue”. PrOdUCti_On of the VinOXide_ anio'_": ZH:CH_OT was per-
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kHz pulsed supersonic expansion of ethanol seeded in a 10%
mixture of nitrous oxide in argon was formed by bubbling the
gas mixture at 15 psig backing pressure through the ethanol at
room temperature. In the pulsed-discharge ion source, vinoxide
anions were formed by successive proton abstractions from
ethanol by O formed in the dissociative attachment of electrons
to N,O.2* The anions are cooled in the subsequent supersonic
expansion, typically yielding vibrational temperatures<&00

K.25

The pulsed expansion was skimmed and the anions acceler-
ated to 3 keV and re-referenced to ground poteAfiahass-
selected by time-of-flight (TOF) and transported into the laser
interaction and detection chamber. Time = 43 ion packet
was then perpendicularly intersected with~400 ps, linearly
polarized third-harmonic pulse (354.8 nm, 3.494 eV) from a
mode-locked, Q-switched, cavity dumped Nd:YAG laser (Quant-
ronix Model 116)?” The laser was focused onto the ion packet
yielding typical peak power densities of 480 MW£Anihe laser
polarization was set parallel to the face of the electron detector
(in the plane of the photoelectron images).

Following photodetachment, residual anions were electrostati-
cally deflected out of the molecular beam and the resulting
neutral species propagated over a 96-cm flight path to a 4-cm
time- and position-sensitive microchannel-plate-based detector. e
If a stable molecule is produced, a single particle will strike 6 0 5 '6‘ .
the detector at the time and position of arrival of the parent X [mm]
beam. However, if dissociative photodetachment occurs, two _. . o .

. - Figure 1. (a) Photoelectron image of vinoxide anions photodetached
momentum-_matchet_j fragments will be recorded. As previously with 354.8-nm photons. The electric field vectér, is parallel to the
noted, no dissociation of the nascent neutrals was observed axis. All of the collected electrons summed over 10 data sets are
within these measurements. shown. The images are presented in false color representing the total

Photodetached electrons were extracted perpendicular to thelumber of electrons detected at that position as shown in the legend.
laser and ion beams in a single-field space-focusing electron () Velocity sliced photoelectron image of vinoxide anions photode-

. . . . tached with 354.8-nm photons. Tlevector is parallel to thg-axis.
coIIect|or.1.assembI.y. and prolected onto a 4-cm diameter time- Only those collected electrons, summed over the same 10 data sets as
and position-sensitive microchannel-plate-based detébt#r.  that used in Figure 1a, with maximum = +0.008 cm/ns are shown.
The extraction field used to collect all photodetached electrons
was~23 V/cm. To minimize perturbation of the incident ion  A¢, = 27/(sin~1(u/v,5°9), the corrected intensity distribution
beam, the extraction field was pulsed on approximately 140 ns jn velocity space can be expressedPégxe)®" = N(vexe)s¥/
prior to the laser-anion interaction. The explicit measurement 2a¢, similar to the approach used in slice imaging of
of both the position and TOF for each photodetachment event ynotofragments with CCD camera detecti®nd! The photo-

allows the determination of the three-dimensional velocity electron spectra presented here are these higher-resolution DAF-
distribution of the photoelectrons over the fultgk solid angle. corrected sliced photoelectron spectra.

Since the electron velocityectoris measured, both the center-
of-mass electron kinetic energy (eKE) and laboratory frame 3. Results
photoelectron angular distributions are directly recorded. The ~
x- andy-velocity components of the photoelectrons are deter-  The raw photoelectron image recorded from photodetachment
mined directly from the,y position information and TOF. The  of vinoxide at 354.8 nm is shown in Figure 1a. The higher-
z velocity component is also determined from the TOF of the resolution velocity-sliced photoelectron image of the same data
detected electron and is the limiting factor in the energy set is shown in Figure 1b. These images are a sum of 10 data
resolution. sets with Figure la depicting all detected electrons acquired
The overall resolution in eKE is-14% AE/E, determined  (~575000 events) and Figure 1b showing only detected
from calibration with 0. However, selecting photoelectrons electrons with the velocity constraint of = +0.008 cm/ns
with minimal z-velocity components yields higher resolution (~87 000 events). The maximum electron velocity upon pho-
(~10%AE/E in O") sliced photoelectron spectra. The intensity todetachment from vinoxide at 354.8 nm (3.494 eV), given the
distribution in these sliced photoelectron spectra is significantly EA = 1.8 eV is 0.077 cm/ns. This velocity constraint in the
affected by the effective detecteacceptance function (DAF).  data slicing restricts acceptance of events to only those electrons
A rapidly decreasing fraction of photoelectrons are detected in With a maximum of~10% of their velocity perpendicular to
a given equatorial slice as the photoelectron velocity increases.the detector.
The data in an equatorial slice can be corrected for the DAF  The images exhibit two distinct structures. At large radii,
when the laser electrice] vector is in the plane of the slice, corresponding to high eKE, the intensity peaks perpendicular
parallel to the electron detector. The cylindrical symmetry to the laserE vector, while at smaller radii, corresponding to
around theE vector then allows for the intensity in a given low eKE, the intensity peaks along tiievector. This shows
sliced velocity distribution to be corrected by the fraction of that photodetachment to the ground and excited states of the
all events in the slice. Defining the azimuthal fraction of detected vinoxy radical involve very different photodetachment transi-
photoelectrons in a givenvelocity component slice-v,5¢ as tions. The feature at large radii corresponds to those photode-
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Figure 2. Anisotropy parameter3(eKE) spectrum for vinoxide
photodetached at 354.8 nm. The top plot is the fif@&KE) in eq 1 to

the experimentally measured N(ekEand the bottom plot is the DAF-
corrected N(eKE) distribution. Error bars in tfi¢eKE) spectrum are

0.0 25

+o. Both of these spectra were produced from only those detached;

electrons with maximum, = +0.008 cm/ns.

tachment events leaving neutral vinoxy radicals in the ground

electronic state. The features at small radii correspond to those
photodetachment events producing the lowest electronically

excited state of the neutral vinoxy radical. The enhanced
resolution obtained by performing the velocity slicing is easily
observed in Figure 1b by the rings corresponding to vibrational
excitation in the electronically excited neutral present in the
inner region of the image.

J. Phys. Chem. A, Vol. 108, No. 39, 2004329

parameter determined in the fit. For single-photon electric-dipole
transitions,5(eKE) is restricted in value to the range froal
to 2.

The p(eKE) spectrum from the photodetachment of the
vinoxide anion at 354.8 nm is fitted to eq 1 and plotted in the
upper half of Figure 2. Thé&(eKE) spectrum, obtained from
the sliced photoelectron kinetic energy distribution, is shown
in the lower half of the figure. TheN(eKE) spectrum is
consistent with that previously reported and clearly resolves the
two electronic states being accessed. As seen in Figure 1b, some
vibrational structure is observed in the region of low kinetic
energy associated with excited-state photodetachment. This
structure, and that present for ground-state photodetachment,
was previously measured with greater resolution in the experi-
ments of Alconcel et .

The (eKE) spectrum in Figure 2 is consistent with the
qualitative description of the images in Figures 1a and 1b given
above. The inner region of the images corresponds to photo-
detached electrons with a high binding energy. The anisotropy
parameter associated with the onset of A8&’ electronically
excited state has a valygeKE = 0.625 eV)= 0.6 £+ 0.1. This
feature results from photodetachment of the HOMO-1 orbital
in the anion. A positive value for the anisotropy parameter is
associated with photoelectrons scattering predominantly along
the E vector of the laser, yielding a cd8 intensity distribution.

The outer region of the images corresponds to photodetached
electrons with a low binding energy, correlated with the ground
X2A" state of the vinoxy radical. The anisotropy parameter
associated with this region g{eKE) for eKE> 0.8 eV has an
average value<f (X2A")> = —0.7 + 0.1 associated with the
broad peak at high eKE resulting from photodetachment of the
HOMO of the anion. A negative value for the anisotropy
parameter is consistent with photodetached electrons scattering
perpendicular to thé& vector of the laser, yielding a Sir9
intensity distribution.

4. Discussion

The anisotropic photoelectron angular distributions measured
n this study contain information about the electronic structure
of the anion, the neutral, and the symmetry of the wave function
of the detached free electréh!415The wave function for the
composite system of free electron plus neutral molecule must
conserve angular momentum upon electric-dipole photodetach-
ment of the anion. In the atomic case, the rigorous selection
rule of Al = +1 holds, and thus an atomic s-orbital yields
p-wave photodetachment, with a éas angular distribution,
while an atomic p-orbital leads to s- and d-wave photodetach-
ment. Above threshold, the s and d-waves interfere, leading to
a sirf 0 angular distribution. In a molecular system, the spherical

The spatial distribution of photoelectrons can be characterized symmetry is broken and the wave function of the free electron

in the electric-dipole approximation by the energy-dependent
anisotropy parametefi(eKE). The anisotropy parameter can
be determined directly from the DAF-corrected photoelectron
energy and angular distributions by fitting to the functional form
for electric-dipole transitions with linearly polarized ligtit.

P(eKE ) = P(eKE)[1 + S(eKE)P,(cos6)] (1)

In this equationg is the electron recoil angle relative to the
laserE vector (along the-axis of the images)P(eKE) is the
measured electron kinetic energy probability distribution, and
P2(cos ) is the second-order Legendre polynomial in ¢os

P(eKE ) is the normalized doubly differential cross section in
eKE 0 andj(eKE) is the energy dependence of the anisotropy

is represented by a partial wave expansion. The resulting partial
wave superposition, with each component wave-weighted by
the appropriate radial dipole matrix element, determines the
symmetry of the outgoing electron wave that is measured. The
analogy to atomic photodetachment and group theoretical
considerations provide the basis to classify the continuum orbital
of the photoelectron, particularly when a limited number of
partial waves describe the photodetached electron wave function.
A rigorous theoretical treatment of photodetachment entails
consideration of the dipole selection rules for photodetachment
of a molecular anion and a high-level electranolecule
scattering calculation. This treatment is beyond the scope of
the present work. The group theoretical formalism developed
by Brauman and co-workérSor evaluation of photodetachment
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cross sections near threshold will be applied. This formalism continuum wave function expected for thecomponent in the

has previously been applied to the dissociative photodetachmenimolecular frame transforms like sy, pr p, orbitals, and thus

of molecular anion'$ and has recently been further developed predicts either s- or p-wave photodetachment, where once again
by Sanov and co-worke¥sfor applications above threshold in  the p.p, continuum functions peak perpendicular to the
their “s and p” model. The symmetry constraints of this model transition moments. Thus, electric-dipole photodetachment
restrict the continuum states for the photodetached electron totransitions along any of the principal axes can lead to the
be those for which the symmetry of the direct product of the observed sifif angular distribution, and symmetry constraints
anion electronic symmetry, the transition dipole momerand alone cannot determine if s-wave photodetachment occurs.
the final composite state of the neutral molecule plus the However, the successful threshold photodetachment experiments
continuum free electron is the totally symmetric irreducible of Mead et alt’ show that s-wave photodetachment does in fact
representation. Equivalent results are obtained using a purelyoccur in this system, arising from the transition moment.
one-electron approximation, wherein the direct product is taken  photodetachment from the HOMO-1 of vinoxide involves

of the symmetry of the anion molecular orbital from which  gjection from theo,(@) orbital on the oxygen atom. While
photodetachment occurs, the transition dipole and the continuumthis orbital is primarily a 2porbital on the oxygen atom, the

free electron.

Ab initio studies have shown that the electronic symmetry
of the vinoxide anion ground state is And the symmetry of
the ground and first electronically excited states of the vinoxy
radical are A and A, respectively. The orbitals from which
photodetachment occurs are the CCO nonbond{al) orbital,
constituting the HOMO of the anion, and the oxygenJd)

orbital has no node in the symmetry plane of the molecule and
thus is expected to carry no angular momentum in the molecular
frame. Making the approximation that thisorbital is equivalent

to an atomic s orbital witth = 0, the photodetached electron is
expected to & a p wave I(= 1). This is consistent with the
observation that photodetachment to &34 state of the vinoxy
radical yields photoelectrons preferentially scattered parallel to

orbital, which constitutes the HOMO-1 of the anion, as discussed the E vector of the laser. Althougl{eKE) is positive throughout
by Alconcel et all Both of these orbitals are doubly occupied the feature associated with excited-state detachment, it is
in the closed-shell anion and thus correspond to first order to considerably less than the maximum allowed valug of 2.
the singly occupied orbitals in the radicals generated upon This is not surprising considering the significant approximation
photodetachment. Detachment from the HOMO yieldsXH’ made in applying the atomic limit to this molecular system.
vinoxy radical, which is best represented by-@H,CH=0 Application of the group theoretical formalism to photode-
structure commonly called the formylmethyl radical. Detachment tachment from vinoxide to the first excited electronic state
from the HOMO-1 leaves theA?A’ vinoxy radical, best of the radical requires ®a (ix,)OA'@Weiec = A’ for the x
represented by the &@=CHO- structure commonly known as  and y components of the dipole transiton moment and
the vinyloxy radical. The vinoxide anion h&s symmetry and A'®Qd" (u)®A'®Weec = A’ for the z component. Thus, the
thus the transition dipole has symmetry along thec andy allowed symmetries of the free electron wave drggmmetric)
axes in the plane of symmetry and aymmetry along the for the x andy components and"a(antisymmetric) for thez
axis. component. As discussed above, the symmetric continuum wave
Photodetachment from the HOMO of the anion involves functions transform as sypand g orbitals in Cs symmetry,
ejection of the electron from the CCO nonbondingd') while the antisymmetric continuum wave function transforms
molecular orbital. This orbital is only composed of p atomic as a p orbital. In both cases, the free electron wave has the
orbitals and has a nodal plane in the plane of symmetry, and same symmetry as the transition moment, so p-wave photode-
thus nonzero angular momentum. In the atomic limit, we can tachment in this case will always lead to a £k angular
approximate the angular momentum of this orbital td bel. distribution, as observed for photodetachment to’#e excited
Application of theA | = £1 selection rule to this approximation  state. Symmetry considerations alone cannot rule out s-wave
requires the symmetry of the detached electron to be a photodetachment in this case, but the analogy to atomic
superposition of s and d waves. Since this experiment was photodetachment in the previous paragraph indicates that it is
carried out well above threshold, the s and d waves are expectedinlikely. Threshold and near-threshold photodetachment studies

to interfere leading to a sind intensity distribution peaking
perpendicular to th& vector of the laser, as observed.

The group theoretical formalism dictates that photodetachment

of vinoxide to the grounkA” state of the radical is allowed

if the direct product Aanion)®a (ux,)®A" (radical)®Wejec must
yield the totally symmetric (A representation for the andy
components of the transition dipole, wh&¥geis the symmetry

of the wave function for the detached electron. Similarly, if the
z-component of the transition moment is involved, the direct
product A& (u)®A"®@Weec = A’ must hold. This requires
the symmetry of the free electron wave to Bgantisymmetric)

for the x and y components and'gsymmetric) for thez
component. The antisymmetric continuum wave function ex-
pected for thex andy components transform like g-prbital.

In the molecular frame, however, thisgrbital is perpendicular

to the uyy directions. Since the electric-dipole transition will
be favored when the E vector of the laser is aligned with the
Uxy transition moments, jwave photodetachment is expected
to peak perpendicular to the vector of the laser, consistent
with the sirf 6 angular distribution observed. The symmetric

of the excited-state photoelectron angular distribution should
be able to answer this question.

These considerations show that the observed highly aniso-
tropic photoelectron angular distributions measured for photo-
detachment to the ground and first excited states of the vinoxy
radical are consistent with the electronic structure calculations
reported by Alconcel et dl.Owing to the relatively low
symmetry of vinoxide, these measurements of the laboratory
frame photoelectron angular distributions cannot further specify
the actual photodetachment transitions. Molecular frame photo-
electron angular distributions would yield considerably more
information. We have shown that the molecular frame photo-
electron angular distributions can be measured in the dissociative
photodetachment of £;'5 however, in the present case no
dissociation occurs, so such measurements are not viable. In
anionic systems with bound excited states, Neumark and co-
workers have recently shown that molecular frame photoelectron
angular distributions can be deduced from dipole aligdgd3?
extending previous work on the photoionization of neutral
molecules by Zaré* Vinoxide may provide an opportunity to



Photodetachment Imaging Study

apply this approach in the future, as it is known to have a dipole-

bound excited stat®.

5. Conclusion
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