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Ultrahigh-resolution photodetachment spectroscopy of acetaldehyde enolate negative ion has
revealed ~ 50 narrow resonances near threshold, corresponding to excitation to a diffuse state in
which the electron is weakly bound by the field of the molecular dipole. A complete analysis of
rotational transitions between the ground valence state and the excited dipole-bound state has
been carried out, yielding spectroscopic constants and geometries for both states. In analogy to
Rydberg states, the structure of the “neutral core” of the dipole-bound state is like that of the
neutral radical. The dependence of autodetachment lifetimes upon the rotational quantum
numbers of the dipole-bound state has been measured. Bound levels of the dipole-bound anion
state are readily electric-field detached. The selection rules and dynamics of autodetachment from

the dipole-bound state are discussed.

I. INTRODUCTION

In addition to conventional valence states, some nega-
tive ions also exhibit'™ novel bound states where the extra
electron is bound primarily by interaction with the electric
dipole moment of the neutral core. These “dipole-bound
states’ are characterized by the electron’s small binding en-
ergy, diffuse wave function with large radius, and weak per-
turbation of the core. Theory predicts® that a// neutral mole-
cules with dipole moments exceeding roughly 2 D will
support such states, including species where no valence neg-
ative ion states exist. Dipole-bound states may be viewed as
the next step beyond hydrogenic or Rydberg states; the bind-
ing is caused by an electric dipole field rather than by an
electric monopole field. It is the combination of their ubiqui-
ty in real systems and the fundamental physical nature of the
problem that make dipole-bound states important and inter-
esting subjects for study.

The earliest theoretical work on binding of electrons in
dipolar fields was done in 1947 by Fermi and Teller® who
report (without derivation) 0.639 ea,, (1.625 D) to be the mini-
mum dipole moment required to support a bound state in a
fixed dipolar field. Two years later Wightman’ derived this
result by separating the Schrodinger equation in elliptic co-
ordinates and finding the dipole moment at which the bind-
ing energy became zero. This early work was related to me-
son capture by hydrogen and was essentially unknown to
molecular physicists, who rederived® the result some 20
years later. Results were also published® for excited states
with different numbers of nodes and for states with angular
momentum about the dipole axis.

The theory developed before 1970 was for fixed (or
equivalently, infinitely massive) dipoles. The fixed-dipole
treatment predicts an infinite number of bound states for
moments greater than the critical value, similar to the result
for a monopole field. More recent work by Garrett>'° has
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included the very important effects of rotation. Even in the
ground rotational state, the critical moment increases when
the nuclei are no longer fixed. In the ground rotational state
whose total angular momentum is zero, the electron and di-
pole core may each have finite angular momentum and exert
torque upon one another. This interaction raises the value
for the minimum dipole moment and reduces the number of
bound states to only a few. Garrett’s calculations™'® use a
pseudopotential with the short-range cutoff adjusted to re-
produce the electron affinity of the lowest dipole-bound state
of some chosen reference species. The wave function and
energy are then found by solving coupled radial equations.
When parametrized to similar reference species, the theory'!
can be used to predict electron affinities of strongly dipolar
closed-shell molecules, though experimental results for ex-
cited states are not available for comparison. Like the fixed-
dipole models, this method neglects core penetration by the
bound electron and predicts nodal structure different from
ab initio molecular calculations. '

Quantum-chemical calculations on the binding of
electrons by real (but nonrotating) diatomic molecules have
been performed by several groups. The electronic structure
they find is significantly different from that expected for a
dipole consisting simply of point charges. The orbital of the
dipole-bound electron must be orthogonal to the orbitals of
the core, introducing nodal structure not seen in the point-
charge system. The method obtains good agreement with
experiment'* for ground-state binding energies of alkali-ha-
lide ions.

The existence of dipole-bound states is suggested by a
number of experiments. Studies of electron scattering by po-
lar molecules show strong resonances near zero energy.
Wong and Schulz'® and Rohr and Linder'® suggest these
resonances are caused by temporary electron capture into
dipole-supported states lying in the continuum. Since many
nonpolar molecules also show threshold resonances,!” these
results are not conclusive evidence for dipole-bound states,
even though they nevertheless may be participants in these
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scattering studies. Theoretical models'® have explained
these resonances, and have shown a dipole moment need not
be present for threshold resonances to exist.

The most convincing experimental evidence for dipole-
bound states has come from low-resolution photodetach-
ment studies™* of highly polar enolate negative ions. Several
of these compounds {(which have dipole moments in the
range of 2—4 D) were found to display resonances near
threshold in their photodetachment cross sections. The re-
sonances were interpreted as arising from optical excitation
from the anion ground state to an upper “dipole supported”
state, which subsequently decayed to the radical and a free
electron. The data, taken in an ion-cyclotron-resonance
spectrometer, do not show resolved structure within the
broad {50 cm ™'} peaks at vibrational transitions. Without
resolution of the underlying structure of the transitions, they
could not unequivocally be assigned to dipole-bound states.
These photodetachment experiments motivated the present
work on acetaldehyde enolate negative ion.

This experimental evidence prompted extensive calcu-
lations on the electronic structure of the relevant states. The
electronic structure of the neutral acetaldehyde enolate radi-
cal has been the subject of several ab initio calculations,'®™'
and results have been obtained for the anion *° as well. Simple
consideration of the resonance forms for the anion and neu-
tral provide insight into this structure. The anion may be
described by resonance between two forms:

H 0~ H 0
\c-————-C< — >c————- 7.
w H u” u

The form on the left, with the negative charge located on the
oxygen, is expected to make the predominant contribution to
the hybrid, since primary carbon negative ions tend to be less
stable than oxygen-centered anions.

Likewise, the radical has two resonance forms:

\_ /N7
H/ \ v \H_

The form on the right gives the best description of the radical
electronic structure, aithough resonance stabilization is not
as important as for the negative ion.

Calculations also were performed for a dipole-bound
state'® which should have a structure similar to that of the
radical, since the bound electron will have very weak interac-
tion with the core. Its very diffuse orbital will lie behind the
positively charged CH, group, away from the negatively
charged oxygen atom.

We have already published a brief note’ showing a few
of our results; in this paper, our observations are displayed in
their entirety and we explain in detail the methods of analy-
sis used and the results obtained. We shall discuss the appa-
ratus used in the present studies, and proceed to examine the
photodetachment cross section of acetaldehyde enolate neg-
ative ion at successively higher levels of resolution. As the

ability to resolve features progresses, even more detailed
structure is observed. At first, vibrational structure is appar-
ent, but eventually individual rotational states are resolved
and the structure of the states of the anion are determined
and compared with the radical structure. Finally, the bind-
ing energy of the dipole-bound state is determined, and the
dynamics of autodetachment and electric-field detachment
are discussed.

Il. EXPERIMENTAL
A. lon beam generation

Many aspects of the ion beam photodetachment appa-
ratus have been described in detail in an earlier paper’> and
will be discussed only briefly. An ~2 nA beam of acetalde-
hyde enolate negative ions is formed by extracting the ions
from a hot-cathode electric discharge containing approxi-
mately 0.1 Torr of acetaldehyde (H,C-CHO), selecting mass
m/e 43 with 90° sector magnet, and accelerating to 3 keV.
Experiments on deuterated acetaldehyde enolate utilize
999% enriched D,C-CDQ, giving a strong peak at m/e 46 for
photodetachment. The ion beam is then merged with the
laser beam over a 30 cm path by means of electrostatic qua-
drupole deflectors.” The section of the apparatus where the
beams are merged and the various particles are detected is
shown in Fig. 1. The entire chamber in which the beams are
merged is magnetically shielded and use of magnetically sus-
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FIG. 1. View of the ion-beam optics, electron collector, and particle detec-
tors used in the merged-beam photodetachment apparatus. The entire re-
gion shown is enclosed in magnetic shielding and is pumped to below 10-°
Torr. The ion beam is extracted from a hot cathode discharge, mass select-
ed, and focused, and enters the region pictured from the upper left. The dye-
laser beam used for photodetachment enters at the bottom of the figure.
Quadrupole deflectors (Ref. 23) QD1 and QD2 are used to merge the ion
beam with the laser beam.
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ceptible materials has been avoided. After leaving the inter-
action region, the remaining ions and neutrals formed by
photodetachment are separated electrostatically by a second
quadrupole deflector. The photodetached neutrals pass di-
rectly through the second quadrupole deflector, strike a
glass plate, and due to their high velocity (characteristic of
the anions from which they were formed), produce second-
ary electrons which are detected by an electron multiplier.
The pressure in the interaction region is typically 4 10 '°
Torr.

B. Electron collection system

Collection and detection of the neutral photodetach-
ment products is relatively straightforward, since they are
produced as a high-energy collimated beam. Collection of
the electrons produced by photodetachment is a much more
difficult problem, especially if one wishes to discriminate
against fast electrons so as to enhance threshold features in
cross sections. Electrons are emitted by the photodetaching
ions throughout the 30 cm long X | mm diameter interaction
volume. Very near threshold, these electrons have essential-
ly the same speed and direction as the ion beam. An electron
moving at this velocity has only about 40 meV kinetic energy
in the lab frame, and is therefore easily influenced (intention-
ally or unintentionally) by weak electromagnetic fields.
Higher energy electrons can have speeds greater or less than
the ion beam, and can be emitted with some component of
velocity perpendicular to the beam axis.

In the electron collection system, motion perpendicular
to the beam axis is confined by a weak magnetic field parallel
to the beam. The field is produced by a dc current flowing in
a solenoid of copper wire insulated by glass fiber tubing. The
solenoid is wound on a molybdenum tube of 2.5 cm inside
diameter, through which the laser and ion beams pass. A
grooved aluminum strip keeps the winding spacing uniform
over most of the solenoid, but a closer spacing is provided at
the entrance to compensate for end effects. At the end of the
interaction region, the solenoid bends through a 5 cm radius
toward a continuous-dynode electron multiplier. A reen-
trant tube of 1.25 cm diameter restricts the electrons enter-
ing the multiplier to those with a small cyclotron radius. In
addition, electrons with high velocities experience curvature
and gradient drifts® in the curved section and are lost. Oper-
ation of the solenoid at fields of ~ 10 G collects forward-
emitted electrons with efficiency of about 40%, without en-
ergy discrimination. Reduction of the field to ~2 G causes
fast electrons to be lost by giving them excessively large cy-
clotron radii and large gradient and curvature drifts.
Threshold electrons are still collected with high efficiency at
these reduced fields, however. In our present work, the sole-
noid was operated in this reduced-field mode, since it greatly
suppressed the background due to processes producing fast
electrons (> 10 meV), making the threshold and resonance
features more prominent. This threshold enhancement oc-
curs without loss of information on the total photodetach-
ment cross section, since the total cross section is provided
by the neutral channel signal.

4885

C. Laser system

A versatile noncommercial cw dye laser®® is used in
these experiments. Using a linear cavity configuration, the
laser is operated broadband (~1 cm™ ') with a birefringent
filter, or narrowband { ~ 1 GHz) with the addition of an eta-
lon. Conversion to a ring cavity is convenient, and with the
addition of a unidirectional device and Mach-~Zehnder inter-
ferometer?® (which selects a single cavity mode, as a thick
etalon does in more conventional systems) the laser runs sin-
gle mode. When very narrow linewidth is necessary (for ex-
ample, when autodetachment linewidths are measured) a
piezoelectrically driven mirror and intracavity galvo plate
are added to the cavity and the laser is electronically stabi-
lized to an external reference etalon. Electronic stabilization
reduces the laser linewidth to less than 100 kHz, although
velocity spread in the ion beam contributes a Doppler width
of 20 MHz to the spectra. All experiments described in this
paper are carried out with DCM dye, pumped with 34 W of
light from an argon-ion laser operating on all lines. Broad-
band dye output is roughly 700 mW at the peak of the gain
curve, while single-mode output is about 400 mW. Photode-
tachment signals are strong over most of the spectrum. In-
deed, it is frequently necessary to reduce the ion beam cur-
rent to prevent saturation of the detectors, as count rates
often exceed hundreds of kHz.

The line shape of the laser is monitored by two Fabry-
Perot etalons. Absolute wavelength calibration (to an accu-
racy of 0.01 cm ™' or 1/4 of the laser linewidth, whichever is
greater) is provided by a lambdameter”’ (traveling Michel-
son interferometer) using a polarization-stabilized helium—
neon laser reference.”®

D. Data acquisition

Spectra are accumulated by a PDP-11/23 computer
system, which either scans the laser frequency or the ion
beam velocity. Most spectra are accumulated by laser tun-
ing, including the broadband and narrowband spectra. Over
short scan intervals, the most accurate relative frequency
measurements are obtained by velocity tuning,?? which var-
ies the Doppler shift of the ion beam, Most linewidth mea-
surements are accomplished by velocity tuning. The com-
puter counts the number of electrons and neutrals detected,
while measuring and normalizing to the ion current and la-
ser power. The high signal rates allow us to shorten integra-
tion times at each point to 1 s, yielding signal-to-noise ratios
better than 100:1 for most of the data.

I1l. RESULTS
A. Low resolution data

At 1 cm™' resolution, the data from the slow electron
detector show many prominent features (Fig. 2), enhanced
by the preferential detection of threshold electrons. These
features are similar to the features seen in the earlier ion—
cyclotron resonance work.* The stronger features are also
visible in the total cross section obtained from the neutral
detector, although the accumulated background from the
many channels opening at lower energies makes them less
obvious. The positions, intensities, and vibrational assign-
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FIG. 2. Photodetachment signals from acetaldehyde enolate negative ion,
taken with 1 cm ™" resolution. The upper curve shows the data from the
slow electron detector, which enhances threshold and resonance features.
The lower curve shows data from the neutral detector, which are represen-
tative of the total photodetachment cross section. The bracket shows the
region expanded in Fig. 3.

ments of the features are given in Table I. The 0-0 transition
was conclusively assigned in the earlier ICR work,* since the
position of the resonance with respect to the threshold for
direct photodetachment did not shift upon deuteration.
Strong features are observed for excitation of the C-C-O
bending mode and for the C-C stretching mode, although
the data do not reach far enough to the blue to observe the C—
O stretching mode. Published photoelectron spectra®® of the
anion show prominent features corresponding to excitation
of the radical bending mode, and very recently obtained pho-
toelectron spectra® display features for several other modes.
There is reasonable agreement between the vibrational fre-
quencies measured in this work and those obtained from
photoelectron spectra of the anion**?® and from dispersed
fluorescence studies®' of the radical. The precision of the
values reported here is somewhat better, however. A promi-
nent hot band gives the C-C-O bending frequency in the
anion ground state.

Weak features are seen at positions 200 cm ™! to the
blue of the strong features. A 200 cm ™' hot band has been
observed by Inoue and Akimoto*! in their fluorescence exci-

TABLE 1. Observed vibrationai transitions.

Frequency (cm ™) Modes* Intensity
13912 39 4 weak
14 185 3 medium
14 432 4] medium
14 710 0-0 strong
14915 42 weak
14 935 35 41 weak
15209 35 strong
15410 3, 42 weak
15 444 32 4 weak
15711 33 strong
15853 2, strong

*Mode designations are w, = C-C stretch, o, = C-C-O bend, w, = tor-
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FIG. 3. Expanded view of the slow electron cross section near the 0-0 tran-
sition, at 1 cm ™' resolution. The bracket shows the region expanded in Fig.
4.

tation spectrum of the radical. It is likely that these 200
cm ™' features are due to an out-of-plane vibrational mode
(species 4 ") of the radical, since no in-plane modes (species
A ') are expected to have such low frequencies. Out-of-plane
modes can be excited from the ground state only to even.
vibrational levels,*? so the 200 cm ~ ' features would corre-
spond to a mode with a 100 cm ™! vibrational frequency. Ab
initio calculations'®~*' find a low bond order for the C-C
bond. From the analysis of the rotational spectrum de-
scribed later in this paper, the bond length is found to be
long, characteristic of a single bond. The low frequency
mode might then be tentatively ascribed to the torsional
mode in the radical. From infrared spectra (4004000 cm ™ !)
of the radical trapped in an argon matrix, Jacox®® has de-
duced a frequency of 765 cm ™! for the torsional mode. This
is not a likely assignment, since single-bond torsional fre-
quencies are at most a few hundred wave numbers. Addi-
tional features appear 275 cm ™! to the red of the strong
features, possibly due to 1-1 transitions in the torsional
mode. This tentative assignment would yield a torsional fre-
quency of about 375 cm ™ in the ground state of the anion.

An expanded view of the 0-0 transition is shown in Fig.
3. There is an obvious step in the cross section near 14 700
cm ', and striking undulations appear somewhat below this
onset. Near the onset, these undulations become erratic and
the spectrum at this resolution (still ~1 cm™!'} appears
noisy. Investigation at higher resolution shows incipient
structure in these regions.

B. Medium resolution data

At this point it is appropriate to consider the signatures
by which dipole-bound states may be recognized. At least
one dipole-bound state of a molecule with moderate dipole
moment (2—4 D) will lie between zero and several tens of
wave numbers below the ground neutral state.'' The lower
rotational levels of this state wiil be truly bound. Higher
rotational levels will lie in the continuum, and may autode-
tach by rotation-electronic coupling. These levels will cause
numerous resonances to be observable in the photodetach-
ment cross section, near the threshold for direct photode-
tachment to the continuum. One need not search the entire
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FIG. 4. Medium resolution (~ 1 GHz or 0.03 cm ™) scan of the slow elec-
tron cross section near the 00 threshold. The sharp resonances are due to
excitation to dipole-bound levels, followed by autodetachment. The broad-
ening of lines away from the band center is visible. The bracket shows the
region expanded in Fig. 5.

spectrum to find dipole-bound states. Only the region near
threshold need be studied, although the instrumental
linewidth must be sufficiently narrow to resolve the reso-
nances above the background.

The relevant region in acetaldehyde enolate was
scanned with 1 GHz resolution to search for resonant struc-
ture. As shown in Fig. 4, numerous resonances were seen in
the threshold electron channel in this region. Above and be-
low this range, sharp structure was not observable. The pres-
ence of structure near threshold matches the expectations
for a system supporting a dipole-bound state, but is not yet
proof of such states. Such structure was not observed at
thresholds for forming vibrationally excited products, but
only broad, undifferentiated structure was seen. This sug-
gests the presence of strong vibration-electronic coupling.

C. High resolution data

To elucidate further the nature of the states involved in
the resonances, the laser was operated single mode, giving
data from the photodetachment spectrometer at its Doppler-
limited resolution of 20 MHz (0.0007 cm™!). A sample of
these threshold electron data is shown in Fig. 5(a), where
now individual rotational transitions are fully resolved. Note
that this represents a scale expansion by a factor of 10* over
the data of Fig. 2. The positions of many lines were measured
sufficiently well to allow spectroscopic assignment. Table II
shows their observed frequencies, labeled by the usual nota-
tionJy . Most were directly observed as autodetaching fea-
tures; a few were observable only if an electric field was ap-
plied after excitation. The role of the electric field will be
discussed in Sec. III F. Assignment of the lines was achieved
by consideration of an appropriate model for the transitions.

The rotational energy levels of the negative ion states
may be described by a simple near-prolate asymmetric top
model.*” Levels in the ground valence state and upper nega-
tive ion state are labeled by rotational angular momentum N
(equivalent to total angular momentum J in this case) and
angular momentum projection onto the axis of least moment
ofinertia K, . These zero-order levels are split into pairs in all
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FIG. 5. High resolution scan (20 MHz or 0.0007 cm ') of the K, = 1K,

= 0 Q branch, showing the variation of width with rotational excitation in
the upper state. (a) The cross section as measured by the slow-electron detec-
tor, which is essentially field free. (b) The data from the neutral detector,
which follows a region where electric-field-induced detachment of weakly
bound levels takes place.

but the K, = 0 levels due to the asymmetry of the molecule.
The energy levels for asymmetric rotors may be found from
perturbation expansions,*>**?5 but the most straightfor-
ward method?® is to expand the asymmetric top wave func-
tion in a prolate top basis, and diagonalize the matrix con-
taining the interaction between states of different K, for a
given J. Centrifugal distortion terms were not included in
the Hamiltonian since only very low angular momentum
states were observed.

Only transitions with AKX, = + 1 were observed in the
spectra, which would show features with intensities as little
as 2% of the most intense lines. More asymmetric molecules
would be expected to display other transitions in addition to
these, but these states are sufficiently symmetric to make
such transitions very weak. The limitation to 4K, = 4 1
transitions indicates that the electronic transition moment is
perpendicular to the a axis. Furthermore, the nature of tran-
sitions between asymmetry doublets shows the transition
moment to be along the ¢ axis, i.e., perpendicular to the mo-
lecular plane.*? Thus, the transition occurs between states
belonging to the two different representations of the symme-
try group of the molecule. Electronic structure calcula-
tions'” find the anion ground state to be 4/, and the dipole-
bound state to be 4 ", consistent with these results.

The data for each species were entered into a nonlinear
least-squares program®’ which fitted the line positions to
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TABLE II. Line positions for rotational transitions from ground ion state to dipole-bound state, corrected for the ion beam Doppler shift. Levels are labeled
by Jx _x . One-sigma measurement errors are roughly 0.01 cm™*. Lines too broad for accurate measurement are not included. There were no unassigned lines.

Asterisks denote lines observed only by field detachment (see Sec. I1I F).

Upper Lower Frequency Upper Lower Frequency Upper Lower Frequency
level level (em™") level level {em™") level level fem ")
H,CCHO™
Op0 1,0 14 709.895* 4., 5,4 14 702.520 4,4 404 14 714.525
1o 1, 14 710.640* S5 4,, 14 709.240 4,5 Sos 14 711.712
20, 2, 14 710.728* 5,5 5o 14 705.831 514 44 14 718.720
305 355 14 710.804* Sis 6,5 14 701.790 S5 505 14 714.496
404 3., 14 713.350 6,6 6,4 14 705.750 5.4 606 14 711.286
404 4, 14 711.020 717 75 14 705.619 6,5 Sos 14 719.660
40, 514 14 707.037 3., 3,5, 14 706.273 6,6 66 14 714.463
Sos 44 14 714.010 4, 3., 14 709.160 6,5 To7 14 710.905
505 Sis 14711.188 4,5 4,, 14 706.462 717 To7 14 714.410
Sos 6,5 14 706.287 4,, Sy 14 703.050 250 330 14 698.850
606 514 14 714.622 5.4 5.4 14 706.685 2, 34 14 698.850
606 616 14 711.394 514 654 14 702.560 3, 4., 14 698.267
606 716 14 705.547 6,5 5,5 14 710.960 3. 4,, 14 698.267
To7 8,, 14 704.717 [ 6,5 14 706.964 4,, 5, 14 697.637
355 2, 14 707.960 6,5 7ss 14 702.100 4,, 554 14 697.637
35 3, 14 705.937 1y, Lo 14 714.593* 522 44 14 698.806
3, 4,, 14 703.240 2, 24 14 714.579* 54 4, 14 698.806
4., 35, 14 708.620 3, 303 14 714.550
4, 4,, 14 705.893 4.5 303 14 717.780
D,CCDO~
Sos 5.5 14 665.27 4., 4,, 14 662.48 6,6 6,4 14 661.56
Sos 6,5 14 660.79 4, 5.4 14 659.51 616 72 14 657.61
606 616 14 665.47 514 Sys 14 662.69 714 725 14 661.34
606 76 14 660.04 6,5 6,5 14 662.98 714 8,, 14 656.91
To7 77 14 665.62 6,5 Tps 14 658.69 8, 9 14 656.17
Tor 8,7 14 659.25 716 726 14 663.29 9y 10,4 14 655.44
805 85 14 665.83 716 856 14 658.29 25 35 14 657.38
808 9 14 658.41 8, 85, 14 663.60 2, 3 14 657.38
4, Sos 14 664.69 8, 9,, 14 657.83 3., 4., 14 656.85
Sia 606 14 664.38 4, 3., 14 664.19 3, 4, 14 656.83
4., 404 14 666.94 4., 4,, 14 661.85 4,, 54 14 656.35
5.5 S50s 14 666.89 4.4 5.4 14 658.95 4., 5.3 14 656.31
6, 606 14 666.84 55 4,, 14 664.69 5.4 654 14 655.87
77 To7 14 666.79 S5 553 14 661.71 So4 634 14 655.77
88 8os 14 666.74 55 6,5 14 658.29 6,4 74 14 655.44

seven parameters; the band origin, and the rotational con-
stants 4, B, and C for each of the two states. Energies were
computed for the rigid asymmetric top model using the ma-
trix method*® described earlier. The resulting constants with
their associated error limits are displayed in Table III. No

TABLE III. Spectroscopic constants obtained from least-squares fitting the
data of Table II.

H,CCHO™* D,CCDO™*
Constant (em™") (cm™Y)

A’ 2.219(0.003) 1.419(0.003)
B’ 0.3758(0.0004) 0.3302(0.0003)
C’ 0.3207(0.0003) 0.2680(0.0003)
A® 0.110(0.08) — 0.030{0.08)
A" 2.493(0.0013) 1.554(0.0012)
B" 0.3622(0.0003) 0.3192(0.0002)
bold 0.3159(0.0004) 0.2639(0.0004)
A" 0.060(0.07) 0.013(0.07)
Y 14 712.742(0.05) 14 665.966(0.05)
A 0.014 0.010

®Values in parentheses are one standard error.
® A is the inertial defect, J, ~ I, — I, in amu A%
¢Standard deviation of fit.

strong correlations were found in the residuals of the fits. All
lines for which precise positions could be measured (55 lines
in H,CCHO™, 45 lines in D,CCDO ™) were included in the
fits. There were no unassigned lines. The standard deviations
of the residuals were approximately equal to the 0.01 cm ™'
random error in wavelength measurement.

D. Molecular structure

The constants provide information about the structure
of the molecule. One measure of possible nonplanarity is
provided by the “inertial defect.” Planar species with princi-
pal moments of inertia I, 7,, and I, ideally obey the relation
I. =1, + I,. Molecular vibration causes slight deviations
from this rule, although calculation®® of these effects re-
quires knowledge of the force field for the molecule. Never-
theless, the ideal relation is satisfied (within our experimen-
tal error) for both states of both species studied. The results
are therefore consistent with planar structures for radical
and anion.

If the electron does not significantly perturb the core,
then the geometry of the dipole-bound state should be nearly
identical to that of the neutral. This will be reflected in their
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TABLE 1V. Rotational constants for H,CCHO, obtained from least-
squares fitting B and C, assuming planarity of the molecule to compute 4.

4889

TABLE V. Geometric parameters of the ground state and dipole-bound
state. Atoms are labeled according to Fig. 6.

Anion dipole-bound Neutral
state® radical*®
Constant (cm™) (em™Y
4 2.218(0.0023) 2.228(0.012)
B 0.3756{0.0003) 0.3809(0.001)
c 0.3212(0.0003) 0.3253(0.001)

® Values in parentheses are one standard error.
® Reference 39.

rotational constants, which should also be very similar. Very
recent laser induced fluorescence studies*® of the radical in a
free jet expansion have provided the rotational constants of
the neutral radical. The constants from that study were ob-
tained from fits where the inertial defect was set at zero, so
we did an additional fit of our data imposing this condition.
The comparison is presented in Table IV. There is remarka-
ble similarity between the values for the upper negative ion
state and those for the neutral radical. This confirms that the
extra electron in the upper negative ion state does not sub-
stantially perturb the core, a characteristic which differenti-
ates dipole-bound states from valence states. The constants
do, however, differ by a statistically significant amount. The
moments of inertia for the excited anion are slightly greater
than those for the radical. While this difference could be
ascribed entirely to a slight change in geometry (a shift of
~0.002 A in atomic positions), it may also reflect the pres-
ence of the electron at a large distance (~40 A) from the
core, giving a (relatively) large moment for the light particle.
Since the source of the changes in spectroscopic constants is
uncertain, we have not attempted to determine the geometry
change precisely.

Calculations by Garrett!! of dipole-bound rotational
levels of diatomic molecules show highly anomalous rota-
tional energy levels, which do not reflect the usual J(J + 1)
dependence of energy levels in diatomic molecules. While
acetaldehyde enolate differs qualitatively from these sys-
tems, it is still surprising that the rotational levels of its di-
pole-bound state are so regular. We hope this question can be
resolved by experimental studies on the rotational structure
of diatomic molecules.”

Since only two isotropic variants were studied, the posi-
tions of all atoms in the molecules cannot be determined
from the data. Sufficient information exists in the data to
determine the positions of the heavy atoms if the positions of
the hydrogens are assumed. The positions for hydrogen
atoms in the radical are obtained from ab initio calcula-
tions,?*?! while those for the anion are based upon measured
values in neutral species of similar electronic structure. Of
course, zero-point vibration causes*’ the effective hydrogen
and deuterium bond lengths to differ, and they will be about
0.01 A longer than the equilibrium values. In these calcula-
tions, the isotope effects were neglected, but 0.01 A was add-
ed to the equilibrium values obtained from theory. Least-
squares fitting of the raw data (line positions) was carried
out, but the two data sets (for the hydrogenated and for the
deuterated species) were fitted simultaneously. The fitting

Ground state Dipole-bound

Parameters anion® state®
Fitted

R(C,C) 1.324(0.019) 1.391(0.021)

R(C;0) 1.334{0.019) 1.298(0.022)

£(C,C,0) 129.4({0.025) 123.1(0.09)
Fixed

R(CH,) 1.100 1.082

R(CH,) 1.090 1.080

R(C,H,) 1.100 1.093

/(H,C,C,) 120.0 119.6

Z(H,C,C)) 121.0 121.2

£(H,C,C)) 116.0 118.4

*Bond lengths are in angstroms, angles in degrees. One standard deviation
statistical errors, without account of possible inaccuracies of the fixed pa-
rameters, are given in parentheses.

procedure adjusted the band origins for acetaldehyde eno-
late-h, and -d,, and the C-C and C-O bond lengths and C-
C-0 angle for each state, for a total of eight parameters. The
results of this fit, and the positions assumed for the hydro-
gens, are shown in Table V. Figure 6 shows the geometry of
the dipole-bound state and the direction of the dipole mo-
ment in the radical. The C-C-O angle is well determined
from the fitting, and is not particularly sensitive to the choice
of hydrogen positions. The bond lengths obtained are not so
precise, due to a strong inverse correlation between the C-C
and C-O bond length and strong dependence upon the
choice of hydrogen positions. Nevertheless, the results show
clearly the changes in bond order expected for the transition.
The ground state has a short C-C distance (1.32 :\), close to
the typical value of 1.34 A for a double bond. The C-O bond
length of 1.33 A is shorter than a C-O single bond (~1.43 ;\)
but significantly longer than a double bond (~1.23 ;X). This
reflects the low C~O bond order for this state where the extra
charge is localized on the oxygen atom. The excited state
shows the opposite characteristics: the carbon—carbon bond

DIPOLE
MOMENT

o /.O
a

H

FIG. 6. The dipole-bound state of acetaldehyde enolate, showing the place-
ment of principal axes and the direction (Ref. 20) of the dipole moment of
the neutral radical.
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lengthens to 1.39 A, with a bond order between one and two.
The C-O bond contracts to 1.30 A, more closely resembling
a double bond.

E. Linewidths and lifetimes

The rotational spectrum of the transition from the
ground state to excited anion state was found to be amaz-
ingly simple. A usual bound state to bound state transition in
such an asymmetric top would have given rise to thousands
of spectral lines, but less than one hundred sharp lines were
visible in our data. The spectral simplification is due to the
extremely broad linewidth of transitions to higher rotational
levels in the excited state. Levels with rotational quantum
number N greater than seven were not readily identifiable in
the spectrum of acetaldehyde enolate-4,, and NV = 9 was the
upper limit in the spectrum of the -d; compound. Beyond
these limits, the lines became so broad that they could not be
distinguished from the background due to direct photode-
tachment. Furthermore, the lowest few levels were missing
from the spectra. The consistent variation of linewidth with
rotational quantum number (see, for example, Fig. 5) simpli-
fied the initial assignment of the spectra, since a line was
“tagged” by its linewidth as to its approximate upper state
rotational quantum number. Vestiges of the high rotational
levels remain, as evidenced by the “ripples” in Fig. 3 below
14 700cm ~!. These are due to clusters of AK, = — 1 transi-
tions to levels of high / and K,. For example, the last ripple
at the extreme left in Fig. 3 corresponds to K, = 12«-K

= 13. Because the rotational constant 4 is smaller in the
upper state than in the lower state, an 7-form head of lines
with 4K, = + 1 forms in the 14 750 cm ™' region.

The widths of many lines were measured with the high-
est resolution available. Different transitions terminating in
the same upper state were observed to have identical
linewidths. The line shapes, when not limited by our resolu-
tion of 20 MHz {0.0007 cm ~ '} were Lorentzian. Fano pro-
files are not expected in these types of systems,*” since the
background is due to a great many open continuum chan-
nels, and a particular transition cannot interfere with most of
them. The results from fitting the lines to a Lorentzian func-
tion are summarized in Table VI.

In the acetaldehyde enolate-A,, levels wih N '<3 in K/,
=0and N'<2in K/ = 1 are not seen. More lines are miss-
ing in the acetaldehyde enolate-d;; N'<4 in K/ =0, and
N'<3in K =1 are not observed. Furthermore, different
members of the asymmetry doublets in K, = 1 show differ-
ent widths, While there is a general tendency for widths to
increase with rotational energy, the upper level of an asym-
metry doublet is often narrower than the lower level. A sim-
ple phase-space law without selection rules cannot explain
these results. The selection rules required to explain the ob-
served spectra are developed below.

Any autodetachment process must conserve energy
and angular momentum. The rotational angular momenta ¥
for the autodetaching state and for the neutral radical must
satisfy the triangular conditions with the electron orbital an-
gular momentum. For a molecule with light atoms, spin or-
bit coupling will be weak, and the spin-rotation coupling in
the final state radical®® is small for low rotational levels.

The symmetry of the electronic and rotational wave
functions must also be considered. For a planar asymmetric
top, two treatments are possible. Mulliken*' showed that by
considering the point group for the asymmetric top wave
functions D, and including the behavior under inversion, the
proper selection rules for rotational transitions may be de-
rived. A more powerful and general technique was devel-
oped by Hougen,** whose theory considers the full symme-
try of the rovibronic wave function. Hougen’s method
applied in this case classifies the wave function according to
representations of the group D,, .

A transition will be allowed if the direct product of the
representations for the autodetaching state, neutral state,
and continuum electron contains the totally symmetric rep-
resentation. The representations for the rotational levels are
easily obtained from their quantum numbers.*****' The
electronic symmetry under reflection in the molecule-fixed
frame translates into inversion symmetry in the space-fixed
frame. Thus, transitions which would be allowed by energy
and angular momentum conservation may be forbidden by
parity conservation. Several transitions with AN = — 1
must therefore proceed by emission of a d wave, for instance,
because a p wave would not conserve parity.

TABLE VL. Full widths of autodetaching lines in MHz. Errors are approximately 109%.

J K, =0 K, =LK =J-1° K, =LK =J° K, =2
0 Bound e L.

1 Bound Bound Bound e

2 Bound Bound Bound 1100

3 Bound <20¢ <20 1500

4 <20 <25 50 1900°

5 100 140 275 2900¢

6 330 510 510

7 1200 1200 1200 Very broad

*Upper level of asymmetry doublet.
* Lower level of asymmetry doublet.
¢Both K levels have similar width.

9J=3,K, =1, K. =2 is very weak. We believe its lifetime is comparable to the transit time or fluorescence

time.

¢ Asymmetry doubling not resolved, but is 500 and 1300 MHz for J = 4 and 5, respectively, so these values are

somewhat high.
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FIG. 7. Energy levels of the dipole-bound state, with symmetry designa-
tions of the group D,,.

The energetics of the autodetachment may be studied
by using the rotational energies for the excited anion state
determined here, and the energies determined by laser-in-
duced fluorescence studies*® for the radical. The binding en-
ergy of the excited anion state may be adjusted to obtain
correspondence with the observed autodetachment data.
Obviously, the 3,; excited anion level is above the O, radical
level, since it autodetaches. This requires the binding energy
E, tobeless than 5.9 cm™'. We suggest the highest level not
seen, 3,;, is below the onset of any continuum, yielding E,
>4.1 cm™"'. The energies and symmetries of the dipole-
bound state levels are shown in Fig. 7. While it is enticing to
attempt to determine the binding energy more closely by
analysis of the linewidths and possible autodetachment
channels, it appears that the dynamics are too complex and
the data too few to make this process reliable. In any case, we
present in Table VII some of the probable channels and the
binding energies at which they become allowed. The parity
selection rules are seen to be the likely influence causing the
upper levels of the K, = 1 asymmetry doublets to be long
lived.

F. Field detachment

Transitions to levels bound with respect to autodetach-
ment do not appear in the spectra taken with the slow elec-
tron detector, since they can only fluoresce back to the
ground state and do not produce electrons. Ions excited to
these levels may have sufficient lifetimes to exit the slow
electron collector and enter the second quadrupole deflector
while still in the excited state. The deflector® uses a strong

TABLE VII. Probable channels for autodetachment of the dipole-bound
state, showing binding energy at which channe] opens. Levels designated by
Ne .-

Maximum
Dipole-bound Radical Electron binding
state state wave energy (cm™ ')
3|3(B2g' - IOl(Blg) + d(BJg) 52
- Ogol4., ) + S(B1.) 5.9
31.(B3,) - lOI(Blg) + f(B2) 5.5
nd OpotA.,) + g(B3;) 7.0
4,,(B3.) hd 303(B1g) + PiBa.) 4.4
- 2158 1) + d(Ag) 4.7
- 2pl4.) + d(B,) 6.5
4,5(B 23) - 3B Ig) + d(B 3g) 4.9
— 2,,(By,) + d(A,) 5.1
- 25204.) + S(Ba,) 7.0
SIS(BZg) - 4044,,) + PB.) 4.9
— 3508 ag) + d(A4,) 6.0
- 3alB lg) + d(B ) 7.8
514(B3.) - 4oslA.) + d(BSg) 5.8
- 312(B ) + d(d,) 6.5
404('4.4) e 205(A4.) + d (Ag) 4.9
- Loy(B ) + f(B.) 6.3
505(B lg) - 303(3 lg) + d (Ag) 6.2
60614, ) - 4g4(A,,) + did,) 7.6
Tl B lg) g 606(d.) + pB,) 4.8
g 5()5(8 lg) + d (Ag) 8.9

transverse electric field to separate the primary negative ion
beam from the neutral photodetachment products. Ground
state ions are simply deflected into a Faraday cup. Dipole-
bound states of the anion are so diffuse and weakly bound
that the electric field rapidly detaches the electron, and the
neutral thus formed proceeds into the neutral detector.
Thus, while transitions to the autodetaching levels are de-
tected in both the electron and neutral channels, transitions
to stable levels of the excited anion state appear only in the
neutral channel (Fig. 5). Attempts were made to measure the
minimum field required to detach the ions. The potentials on
the second quadrupole deflector were reduced substantially,
but could not be reduced sufficiently to avoid field detach-
ment. In the present configuration of our apparatus, the pri-
mary ion beam strikes the neutral detector at fields below 70
V/cm; this value was only achieved after the ion beam ener-
gy was reduced to 1 keV. At present then, we can only report
that fields of 70 V/cm or less are capable of causing detach-
ment from the lowest dipole-bound states. This suggests the
electron wave function reaches hundreds of angstroms from
the core.®?

IV. CONCLUSIONS

High-resolution photodetachment spectroscopy has
made possible detailed characterization of the structure and
energetics of an unusual electronic state in acetaldehyde eno-
late, and provided clues as to the dynamics of electron loss
from rotationally excited levels. The results presented here
demonstrate the existence of an anion state in which the ex-
tra electron is very slightly bound (~ 5 cm ™) with respect to
the neutral radical. Examination of the moments of inertia
reveals that the electron has almost no effect upon the struc-
ture of the core. Since very weak electric fields are sufficient
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to detach the electron from the core, this electron must lie in
a very diffuse orbital. These unusual attributes are charac-
teristic of diffuse dipole-bound anions, in which the electron
has large mean radius,** is weakly bound, and has very little
effect upon the core. The extra electron is bound by the elec-
tric dipole field of the neutral radical.

Dipole-bound states are qualitatively different from
conventional valence states. They will be present whenever a
molecule has a moderately large dipole moment. Many sys-
tems, then, are available for their study. The similarities to
Rydberg states of neutrals provide a partial framework in
which to understand their properties. In many ways, how-
ever, their characteristics differ dramatically from those of
Rydbergs. The unique structure of dipole-bound states pro-
vides a valuable environment for the extension of our under-
standing of molecular physics.
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