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High resolution photodetachment spectroscopy of acetyl fluoride enolate anion has revealed
~200 narrow resonances near the photodetachment threshold, corresponding to excitation of
the anion to a diffuse state in which the electron is weakly bound by the field of the molecular
dipole. An analysis of the rotational transitions between the ground valence state and the
excited dipole-supported state has been carried out, yielding spectroscopic constants for both
states. The binding energy of the dipole-supported state is found to be less than 35 cm ~'. The
dependence of autodetachment lifetimes upon rotational quantum numbers of the dipole-
supported state has been measured. The selection rules and dynamics of autodetachment from
the dipole-supported state are discussed. The results are compared with those obtained

previously for acetaldehyde enolate anion.

I. INTRODUCTION

In negative ions of molecules with large dipole moments
it is possible for a diffuse electronic state arising from the
dipole—electron interaction to exist. It has been predicted’
that all molecules with dipole moments greater than =2 D
should have such a bound state. If the dipole-supported state
is an excited state of the negative ion we would expect it to be
similar to Rydberg states that are observed in neutral mole-
cules. In Rydberg states’ the electron is bound by the Cou-
lomb interaction with the positive core. In the dipole-sup-
ported state the electron is bound by dipole-electron
interaction.

" Several authors have investigated the interaction of an
electron with a stationary dipole.’ They found that the mini-
mum dipole moment necessary for a bound state to exist is
1.625 D. Garrett' has extended these calculations to include
the effects that moment of inertia, dipole length, and rota-
tions have on the magnitude of the critical dipole moment
necessary to bind an electron. Other calculations have also
examined the possibility of excited states resulting from the
dipole-electron interaction.*

Recent photodetachment studies of several enolate an-
ions>’ provide strong experimental evidence for the exis-
tence of dipole-supported states. It was observed that a num-
ber of resonances, corresponding to transitions to a
low-lying excited electronic state, occur at the threshold for
photodetachment. The excited state does not correspond to
any valence transition and has been proposed to be a dipole-
supported excited state.’ Photodetachment studies on 0- and
p-benzoquinone® provide additional evidence of dipole-sup-
ported states. Resonances appear in the threshold region for
the o-benzoquinone negative ion (the dipole moment of the
neutral is approximately 5.1 D) but do not appear in the
threshold region for the p-benzoquinone negative ion (the
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neutral has no dipole moment). Both negative ions are sta-
ble, with similar electron detachment energies.

In a previous paper’ we reported the high resolution
photodetachment spectrum of acetaldehyde enolate anion
(CH, CHO ~ ). By assigning the observed rotational transi-
tions we were able to determine the geometry of the excited
and ground states of the anion. It was found that the geome-
try of the excited state was very similar to that of the radical,
consistent with the electron being in a very diffuse molecular
orbital. In addition the binding energy of the excited state
was found to be only 5 cm™’. A strong dependence of the
excited state lifetime on the rotational energy was also ob-
served. The lifetime of the excited state, determined by
linewidth measurements, decreased rapidly as the rotational
energy increased.

In order to expand our understanding of the detailed
nature of dipole-supported excited states, we have obtained
the high resolution photodetachment spectrum of acetyl flu-
oride enolate anion (CH, COF ™). This system was chosen
for study because the anion has a convenient (visible) photo-
detachment threshold, and the size of the molecule should
permit a complete rotational assignment of observed transi-
tions. Acetyl fluoride enolate radical has a large molecular
dipole moment ( = 3-5 D), is a near-oblate top, and should
possess a dipole-bound state. We find that the binding ener-
gy of the dipole-bound state is significantly larger than that
of the corresponding state in acetaldehyde enolate, but a lit-
tle smaller than that in CH, CN ™. The lifetime of the excited
state is observed to be dependent on the rotational quantum
numbers of the excited state in addition to the total energy.

H. EXPERIMENTAL

Two sets of experiments are reported in this paper. The
first is the 1 cm ~ ! resolution spectrum that was obtained on
an ICR spectrometer at Stanford. After interesting features
were observed at this resolution, the high resolution spec-
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trum was obtained on the coaxial ion beam apparatus at
Boulder.

A. lon cyclotron resonance experiments (Stanford)

The 1 cm ™' resolution electron photodetachment spec-
tra of acetyl fluoride and acetyl fluoride-d, enolates were
obtained using an ion cyclotron resonance spectrometer op-
erated in the drift mode® Typical cell pressures were
1X 107 Torr, with trapping times on the order of 500 ms.
Ions were detected using a capacitance bridge equipped with
a frequency lock, which has been described in detail else-
where.’

The acetyl fluoride enolate anions were generated by the
proton transfer reaction

CH,COF + F~ -HF + ~CH,COF. (N

The primary ion F ~ was formed by dissociative electron
capture by NF;. Deuterated acetyl fluoride was synthe-
sized'® by reaction of acetic-anhydride-d, with benzoyl flu-
oride followed by distillation of the acetyl fluoride-d,.

A Coherent model 590 cw dye laser provided a tunable
light source. The wavelength was tuned using a three plate
birefringent filter which gave a resolution of 1 cm ™!, Rhoda-
mine 110 was used for the entire spectral range covered in
these experiments. Dye laser output was SO0 mW at the peak
of the tuning curve using a 4 W pump from an argon ion
laser.

B. lon beam experiments (Boulder)

The details of this experimental apparatus have been
reported in a previous paper.”'! An approximately 2 nA
beam of acetyl fluoride enolate ions was generated by ex-
tracting the ions from a hot-cathode electric discharge con-
taining 0.1 Torr of acetyl fluoride (CH,CFO), selecting
mass m/e 61 with a 90° sector magnet, and accelerating it to
3 keV. There was also an intense ion at mass m/e 41, corre-
sponding to ketene enolate anion (CHCO ™ ). The ion beam
was then merged with the laser beam over a 30 cm path by
means of electrostatic quadrupole deflectors.'> Acetyl flu-
oride-d; was then used to form the deuterated enolate anion
which gave a strong m/e 63 signal.

The laser system used in these experiments was a non-
commercial cw dye laser.”!* Two different configurations of
the dye laser were used. For broadband low resolution
(1cm ") spectra the dye laser was operated in a linear con-
figuration and was tuned with a birefringent filter. For single
frequency high resolution experiments ( <20 MHz) the la-
ser was operated in a ring configuration. The experiments
reported here were carried out using Rhodamine 110 laser
dye pumped with 3—4 W of light from an argon ion laser. The
dye laser output was 700 mW for broad band operation and
500 mW for single frequency operation.

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.'®
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FIG. 1. Relative photodetachement cross section for acetyl fluoride-d, eno-
late, taken at 1 cm™' resolution in the drift ion cyclotron resonance
spectrometer.

lli. RESULTS
A. Low resolution data

A portion of the 1 cm ~' spectra for the acetyl fluoride-
d, isshown in Fig. 1. A number of prominent resonances are
observed in the 1 cm ~ ! resolution spectra of the two eno-
lates. The positions, intensities, and vibrational assignments
of these resonances for both the hydrogen and deuterium
compounds are given in Table L. The 0«0 vibrational transi-
tion can be unambiguously assigned by noting that the set of
resonances at 17 704 cm ~ ! does not shift upon deuteration.
We would expect the 00 vibrational bangd to shift very
little, upon deuteration. The shift should be approximately
1/v/2 times the difference in the zero point energies of the
ground and excited states with hydrogenic vibrational
modes. Hydrogenic vibrational thresholds involving excited

TABLE I. Line positions and intensities of transitions observed in the 1
cm ' resolution spectra.

Line position Vibrational*
(cm™") assignment Intensity
CH,COF
17010 34} medium
17229 359 weak
17410 4} medium
17704 0-0 very strong
17 845 4 weak
18 104 g medium
18275 3b;, very weak
CD,COF
17 054 348 medium
17 285 359 medium
17 491 4 medium
17 704 -0 very strong
17 838 4} strong
18 047 42 medium
18195 36} very weak

*Mode designations are w, = O-C-F deformation; @, = CH, torsion.
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levels should shift significantly upon deuteration, and the
coincidence of two vibrational transitions in the hydrogen
and deuterium compounds would be fortuitous. A similar
argument was used in assigning the 0 0 transition in acetal-
dehyde enolate.'® The less intense bands can then be assigned
to be vibrational transitions due to a low frequency torsional
mode, and the two O—C-F deformation modes. Our spectra
did not extend far enough to observe the C-C or C-O
stretching modes.

In a planar molecule, vibrational excitation involving
out of plane motion will only be allowed if Az is even.'”®
The first band to the red of threshold will then correspond to
either a 02 or 11 transition of the CH, torsional mode.
Assignment of this band as a 02 transition would give a
vibrational frequency of 147 cm~' for the torsional mode.
This would be a 50% decrease in the torsional frequency
compared to that of acetaldehyde enolate.>” Such a large
change is not expected, and we therefore assign the band at
17 410 cm ~ ' to be the 1 1 transition CH, torsional mode.
Consistent with this assignment, the frequency of this transi-
tion is observed to shift by 1/1/2 upon deuteration. A 20
transition of the CH, torsional mode is observed 400 cm !
to the blue of the 00 transition. Based on this tentative
assignment of the 1 — 1 and 2 ~ 0 transitions we obtain a fre-
quency of 494 cm~' for the torsional frequency in the
ground state of the anion. This corresponds to a slightly
higher frequency than that observed in acetaldehyde eno-
late®’ indicating a higher barrier to the torsional motion. A
3«1 transition of the CH, torsional mode can also be as-
signed to the band at 17 845 cm ~'. The two bands at 17 010
and 17 229 cm ~ ! are assigned as the high and low energy
0« 1 transitions of the two O-C-F deformation modes (@,
and ;).

Each of the vibrational transitions is observed to be
composed of a number of smaller resonances. These bands
are too closely spaced to be vibrational structure, and we
show later that they are the individual rotational branches of
the molecule. The vibrational transitions to the blue of
threshold are observed to be composed of three distinct
bands.

B. High resolution data

The resonances observed in the low resolution spectra
can be further resolved into individual rotational transitions.
This was accomplished by operating the dye laser in the sin-
gle frequency mode giving an effective resolution of 90 MHz
(0.0031 cm ™ '), limited by residual Doppler broadening (30
MHz) and the step size in the scan (80 MHz). The transi-
tions'’® of the Q form Qbranch (2Q:AK, = 0 AJ = 0) are
shown in Fig. 2. Expansions of the sequences observed in the
2Q and P transitions are then presented in Figs. 3(a) and
3(b), respectively. These spectra represent an enhancement
of 300 in resolution over that shown in Fig. 1.

Acetyl fluoride enolate is a near-oblate asymmetric top.
The rotational levels of the ground state and the excited state
of the anion are labeled with the conventional J, K, notation,
where J is the total angular momentum and X, is the projec-
tion of J onto the ¢ axis. Even though this molecule is signifi-
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FIG. 2. High resolution (100MHz or 0.0035 cm™") neutral cross section
spectra of the Q form Qbranch (AK, = 0, AJ = 0) of the 0-0 vibrational
transition (frequency is not corrected for the Doppler shift). The rotational
transitions are observed to broaden as energy increases. Brackets indicate
area expanded in Fig. 3(a).
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FIG. 3. (a) Individual rotational transitions observed in Q branch. Transi-
tions are labeled JK,. (b) Rotational transitions observed in P branch.
Transitions where asymmetry doubling is resolved are labeled J K, K .
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cantly asymmetric, for most of the transitions observed in
the rotational spectra the value of K. was sufficiently
high'’(® that asymmetry doubling was not resolved. For
those transitions where asymmetry doubling was resolved
the transitions are labeled with the J, X, K, convention.

The transitions observed in the high resolution spectra
correspond to AJ = 0, + 1 and AK = 0. Since only transi-
tions with AK = 0 are observed, the transition dipole mo-
ment must be parallel to the figure axis,'”™ i.e., out of the
plane of the molecule. A transition dipole moment out of the
plane indicates that the excited and ground states must be of
two different representations of the symmetry group of the
molecule. Since the anion ground state has 4 ' symmetry, the
excited state must have 4 ” symmetry. The highest occupied
molecular orbital (HOMO) of the ground state is a “non-
bonding” 7 orbital. Because the transition moment is out of
the plane, and we observe a strong optical transition, the
HOMO of the dipole excited state is very likely a ¢ orbital
with a nodal plane perpendicular to the plane of the mole-
cule.

Most of the vibrational structure seen in Fig. 1is derived
from three rotational branches (P,Q,R). In addition to these
three branches, weak transitions appear to the red and blue
of the 0-0 transition. These may correspond to AK, = + 2
transitions, although no high resolution analysis of these
bands was attempted.

The rotational assignment was accomplished by noting
the presence of two very pronounced patterns in the 2Q and
2P transitions. The pattern observed in the 2Q transitions is

Marks et al.: Acetyi fluoride enolate anion

shown in Fig 3(a). It consists of a series of five rotational
transitions that become more closely spaced and more in-
tense as the transition energy increases. The sequence then
abruptly terminates and a new progression begins. One pos-
sible reason for the termination of the sequence would be the
last line corresponding to a final state with J= K_. This
would also be consistent with the intensity, since in the 2Q
transitions the Honl-London factors are greatest for transi-
tions to states with'’®) J = K. The other transitions in the
sequence then correspond to a decrease in Jby 1 and K by 2,
moving toward lower energy from the / = K, line. When J
decreases by 1 and K decreases by 2 in a planar oblate top,
the rotational energy does not change much. Thus, these
groups correspond to a sequence of lines with approximately
the same rotational energy, as would be expected for transi-
tions in the Q branch. In Fig. 3(b), the pattern observed in
the P branch is shown. Here the sequence is composed of
transitions all ending in the same final J state and forming a
progression with decreasing values of X as the transition
energy increases. The assignment and line positions of the
observed rotational transitions are given in Table II.

The line position and assignment of the observed transi-
tions were entered into a nonlinear least-squares program'®
which fit the data to seven parameters: the band origin and
therotational constants A4, B, and C for the ground and excit-
ed states. The energy levels for a symmetric oblate rotor
(4=B>C) are'” given by E,, =J(J+1)B—-K*
(B — C). Since B > C, the energy of the rotational levels de-
creases as K increases. The rotational energy levels for this

TABLE II. The observed line positions corrected for the Doppler shift, and A the difference between the calculated and measured line positions, for the @

branch and P branch rotational transitions.

Observed Observed

Final state® Initial state frequency A Final state® Initial state frequency A

JK, JK, (cm~") (cm™") JK, JK, (cm™") (em™")

Q form Qbranch

10 6 10 6 17 710.366 0.007 16 15 16 15 17 710.941 -~ 0.004
1 9 11 9 17 710.373 0.007 17 17 17 17 17 710.960 —0.003
10 5 10 5 17 710.399 0.008 15 12 15 12 17 710.996 0.001
12 11 12 11 17 710.407 0.009 14 9 14 9 17 710.996 0.000
13 13 13 13 17 710.423 0.012 14 8 14 8 17 711.053 0.002
1 8 11 8 17 710.433 0.012 16 14 16 14 17 711.053 - 0.003
1 7 11 7 17 710.494 0.006 15 11 15 11 17 711.082 0.003
12 10 12 10 17 710.494 0.004 17 16 17 16 17 711.086 0.001
13 12 13 12 17 710.531 0.003 14 7 14 7 17 711.096 0.005
11 6 11 6 17 710.542 0.001 18 18 18 18 17 711.104 0.003
14 14 14 14 17 710.549 0.004 16 13 16 13 17 711.157 - 0.001
12 9 12 9 17 710.570 0.001 17 15 17 15 17 711.215 - 0.003
13 11 13 11 17 710.616 0.008 15 9 15 9 17711.231 0.000
12 8 12 8 17 710.628 0.006 18 17 18 17 17 711.251 -~ 0.005
14 13 14 13 17 710.675 —0.015 16 12 16 12 17 711.254 0.001
12 7 12 7 17 710.691 —0.005 19 19 19 19 17 711.270 -~ 0.004
15 15 15 15 17 710.702 —0.022 17 14 17 14 17 711.328 - 0.006
13 10 13 10 17 710.715 —0.010 18 16 18 16 17 711.383 - 0.007
14 12 14 12 17 710.744 0.014 19 18 19 18 17 711.415 —0.002
13 9 13 9 17 710.758 0.018 20 20 20 20 17 711.433 0.000
15 14 15 14 17 710.777 0.017 18 15 18 15 17 711.499 ~0.002
16 16 16 16 17 710.802 0.012 19 17 19 17 17 711.554 —0.003
13 8 13 8 17 710.825 0.013 20 19 20 19 17 711.594 ~— 0.006
14 11 14 11 17 710.836 0.011 21 21 21 2t 17 711.610 —0.001
13 7 13 7 17 710.886 0.001 19 16 19 16 17 711.694 —0.014
15 13 15 13 17 710.899 0.001 20 18 20 18 17711742 ~ 0.008
14 10 14 10 17 710.925 0.002 21 20 21 20 17 711.779 — 0.008
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TABLE II (continued).

6789

Observed Observed
Final state® Initial state frequency A Final state® Initial state frequency A
JK, JK, (ecm~1) (em™") JK. JK, (em™") (ecm~")

22 22 22 22 17 711.796 — 0.004 16 12 17 12 17 698.972 —0.008
20 17 20 17 17 711.867 0.003 16 11 17 11 17 699.057 — 0.006
21 19 21 19 17711915 0.010 16 10 17 10 17 699.133 — 0.004
22 21 22 21 17 711.952 0.011 16 9 17 9 17 699.195 0.000
23 23 23 23 17711.973 0.011 16 8 17 8 17 699.249 0.000
20 16 20 16 17 711.989 0.010 16 7 17 7 17 699.283 0.005
21 18 21 18 17 712.065 0.005 16 6 17 6 17 699.304 0.005
22 20 22 20 17 712.120 0.004 15 13 16 13 17 699.339 —0.004
2322 23 22 17 712.157 0.005 15 12 16 12 17 699.437 — 0.005
24 24 24 24 17 712.178 0.006 15 11 16 11 17 699.517 0.004
21 17 21 17 17 712.204 0.002 15 10 16 10 17 699.594 0.005
22 19 22 19 17 7112.278 —0.001 15 9 16 9 17 699.660 0.008
23 21 23 21 17 712.331 0.001 15 8 16 8 17 699.722 0.004
24 23 24 23 17 712.365 0.005 15 7 16 7 17 699.768 0.002
25 25 25 25 17 712.386 0.005 15 6 16 6 17 699.798 —0.001
22 18 22 18 17 712.425 — 0.004 15, s 16, 5 17 699.814 ~ 0.001
23 20 23 20 17 712.496 — 0,004 15, 4 16,5 4 17 699.858 0.013
24 22 24 22 17712552 —0.004 15, 4 164, 4 17 699.622 ~0.003
25 24 25 24 17 712.584 0.001 15 0 16 0 17 700.885 —0.004
26 26 26 26 17 712.606 0.002 14 12 15 12 17 699.910 0.005
23 19 23 19 17 712.646 —0.002 14 11 15 11 17 700.000 0.005
24 21 24 21 17 712.721 — 0.004 14 10 15 10 17 700.075 0.010
25 23 25 23 17 7112.776 — 0.004 14 9 15 9 17 700.145 0.011
26 25 26 25 17 712.811 0.000 14 8 15 8 17 700.207 0.009
27 27 27 27 17 712.826 0.006 14 7 15 7 17 700.260 0.004

Q@ form Pbranch 14 6 15 6 17 700.296 0.001
2222 23 22 17 695.167 — 0.001 14,6 5 15, 5 17 700.313 0.003
22 21 23 21 17 695.336 0.000 144, . 15,54 17 700.363 — 0.005
22 20 23 20 17 695.493 0.006 14, 15, 5 17 700.494 0.021
22 19 23 19 17 695.652 0.000 4 0 15 0 17 701.234 — 0.005
21 21 22 21 17 695.703 0.002 13 11 14 11 17 700.500 0.004
21 20 22 20 17 695.862 0.006 13 10 14 10 17 700.587 —0.001
21 19 2219 17 696.020 0.002 13 9 14 9 17 700.667 —0.008
21 18 22 18 17 696.168 0.000 13 8 14 8 17 700.733 ~0.012
21 17 22 17 17 696.303 0.001 13 7 14 7 17 700.785 —0.012
20 20 21 20 17 696.252 0.001 13 6 14 6 17 700.825 —0.015
20 19 21 19 17 696.406 0.002 13, 14, 5 17 700.854 —0.019
20 18 21 18 17 696.554 —0.001 134 14, 17 700.841 —0.018
20 17 21 17 17 696.698 —0.007 13104 14, 4 17 700.881 —0.015
19 19 20 19 17 696.817 — 0.009 1354 14104 17 700.762 —0.001
19 18 20 18 17 696.959 —0.004 13, , 14y, 17 700.987 — 0.004
19 17 20 17 17 697.108 — 0,015 13105 14,, , 17 700.648 —0.006
19 16 20 16 17 697.231 —0.008 13, 14,5, 17 701.267 —0.021
19 15 20 15 17 697.355 — 0011 13, 14,;, 17 701.167 0.025
18 18 19 18 17 697.381 —0.008 13 0 14 0 17 701.600 0.003
18 17 19 17 17 697.514 —0.002 12 10 13 10 17 701.108 — 0.006
18 16 19 16 17 697.642 0.000 12 9 13 9 17 701.182 —0.007
18 15 19 15 17 697.763 0.000 12 8 13 8 17701.244 -~ 0.005
18 14 19 14 17 697.865 0.010 12 7 13 7 17 701.295 —0.002
18 13 19 13 17 697.971 0.008 i2 6 13 6 17 701.338 —0.003
18 12 19 12 17 698.061 0.012 12 5 13 5 17 701.367 —0.003
17 17 18 17 17 697.934 0.010 125, 1304 17 701.396 —0.006
17 16 18 16 17 698.073 0.003 1240 5 13,5 17701.471 0.006
17 15 18 15 17 698.196 0.002 11 8 12 8 17 701.764 0.008
17 14 18 14 17 698.309 0.002 11 7 12 7 17 701.819 0.009
16 14 17 14 17 698.768 - 0.006 11 6 12 6 17 701.870 0.003
16 13 17 13 17 698.883 - 0.015

*States where individual asymmetry components occur are labeled J, ..

system (a near-oblate top) are shown in Fig. 4. The energy
levels of an asymmetric top can be calculated using a pertur-
bation expansion,'”™-'° or by expanding the asymmetric top
wave function in an oblate top basis?® and diagonalizing the
matrix containing the interaction between states of different

K, for a given J. Energies were computed using the matrix
method.?® The rotational constants obtained from the fit are
given in Table III with their associated error limits. The
standard deviation of the residuals is approximately equal to
the 0.01 cm ™' random error in wavelength measurement.
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FIG. 4. Energy level diagram of the dipole-supported excited state. The
relative linewidth of the transitions is indicated by the width of the bars.

All of the 169 lines for which a precise position could be
measured were included in the fit.

For parallel-type transitions it is necessary to assign
some of the asymmetry states in order to obtain a unique set
of rotational constants.'”® In the high energy end of the P
branch it was possible to assign these asymmetry doublets,
allowing a unique fit to be achieved. The small positive value
of the inertial defect, obtained from A =1, — I, — I, is in-
dicative of the possible planarity of the molecule. Using the
rotational constants obtained from fitting the data we find
that both the excited and ground states appear to be planar
(small positive inertial defect) to within the experimental

TABLE III. Rotational constants obtained from least-squares fitting of
data in Table II.

Constant (cm™')?

A’ 0.381 85 (7)
B’ 0.357 69 (7)
C’ 0.184 3 (2)
A® 0.19 (19)
A 0.368 30 (7)
B* 0.354 64 (7)
c” 0.1802 (2)
A"® 0.24 (19)
v 17 709.646 (3)
o 0.007

* Values in parentheses are one standard error.

® A is the inertial defect I, — I, + I,, in amu A2,

°This number is the Doppler corrected value, whereas the figures show the
uncorrected numbers.

4Standard deviation of fit.

error of our measurements. The high resolution spectrum of
the 2R transitions was not recorded.

We also recorded the high resolution spectrum of the
deuterated acetyl fluoride enolate anion. Because of the high
density of lines we were unable to identify the J/ = K, transi-
tion in the Q branch. Thus, individual patterns could not be
identified, and it was not possible for us to make an assign-
ment of the transitions observed in this ion.

C. Molecular structure

In acetaldehyde enolate it was observed that the struc-
ture of the excited state was very similar to that of the neutral
radical.” The C-C bond length was found to increase, and
the C-O bond length to decrease upon excitation to the di-
pole state. The change in the C-C bond upon excitation was
greater than the change in the C-O bond length. Thus, we
could consider the excited state of acetaldehyde enolate to be
looser than the ground state. The structure of acetyl fluoride
enolate is shown in Fig. 5. The c axis in this ion lies close to
the central carbon. The rotational constant C therefore re-
flects primarily the bond lengths of the atoms attached to the
central carbon. In acetyl fluoride there is a strong correlation
between the C-O, C-C and C-F bonds with respect to the
value of the rotational constant C. Because we studied only
one isotopic species and because of this strong correlation, it
was not possible to determine the geometry of the excited
and ground states of the anion. In this anion the rotational
constant Cincreases upon excitation to the dipole state, indi-
cating that the excited state is tighter than the ground state.
This result is indicative of some antibonding character in the
ground state of the anion. This antibonding character is re-
moved upon excitation of the electron to a diffuse nonbond-
ing orbital in the dipole state, thus causing the dipole state to
tighten up. It is quite possible that in the excited state the
C-C bond lengthens and the C-O bond shortens, in accord
with expected changes in bond order on going from the
strongly resonance stabilized enolate anion to the weakly
stabilized radical.

Since the rotational constants of acetyl fluoride enolate
radical have not been measured, we cannot determine how
closely the dipole state resembles the neutral radical. We
believe, however, that the molecular structure of the dipole
state is similar to that of the radical.

H a
|

/

F DIPOLE

MOMENT

FIG. 5. Structure of acetyl fluoride enolate anion showing orientation with
respect to the principal axes.
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D. Binding energy

Autodetachment will only be observed from rotational
levels that are higher in energy than the binding energy of the
excited state. An upper limit to the binding energy can be
found by noting that a number of transitions are not ob-
served in the high resolution spectra. The lack of these tran-
sitions can be attributed to these states of the anion being
bound. Thus, by determining which transitions are not ob-
served and at what excited state energy transitions are first
observed we can find the upper limit to the binding energy.
The energies of a number of observed transitions are shown
in Fig. 4. Since the lowest energy final state we can detect has
J=12 and K, = 10, we know that the maximum binding
energy is 35 cm ™ . As the final state energy approaches the
binding energy, an excited state may actually be unbound
but autodetach too slowly to be very intense, as has been
found in other systems.?'~** Thus, it is difficult to determine
if the transitions do not occur or are just very weak.

E. Excited state lifetimes

The individual rotational transitions observed in the
spectra of acetyl fluoride enolate are found to have
linewidths that are dependent on the rotational quantum
numbers of the excited state. We observed in acetaldehyde
enolate that the lifetime of the excited state decreased very
rapidly with increasing rotational energy. Results from a
recent photodetachment study of the conjugate base of
acetonitrile?! indicated that the lifetime of the dipole-sup-
ported state was also sensitive to rotations. A strong depen-
dence of the excited state lifetime upon rotational quantum
numbers has also been observed** in NH ~. (This is not a
dipole-supported excited state.) In NH™ the lifetime was
found to depend on the total rotational energy and on selec-
tion rules governing the autodetachment process.

In acetyl fluoride enolate the dipole moment does not lie
along any of the principle moments of inertia, so that any
rotation will also rotate the dipole moment. We find that
overall the lifetime of the excited state decreases as the rota-
tional energy increases, although over small regions some
higher energy states actually autodetach more slowly. In the
20 transitions shown in Fig. 3(a), the energy of the final
state J =24 K, = 24 is higher by 7 cm ~' than the state
J=21K_ = 18. However, the transition to the lower energy
state is twice as broad as the transition to the higher level
(see Fig. 4). These results can be best understood by consid-
ering the possible autodetachment channels for the excited
state.

The lifetime of the excited state will be determined by
how well the excited state couples to the final (¢ ~ + neutral
radical) states. Any autodetachment channel must of course
conserve angular momentum and energy. If the excited state
is strongly bound electronically, a large change in angular
momentum might be required to provide the minimum ener-
gy needed for autodetachment of the anion, thus causing the
excited state to be long lived. An energy level diagram of the
anion excited state is shown in Fig. 4. The rotational levels of
the neutral radical can be estimated by assuming the same
rotational constants as the excited state, and then offsetting

the energy by the 35 cm ™' bound obtained earlier. Using
such a diagram, and looking for the highest J value in the
radical that is still lower in energy than the state which is
autodetaching, we find that for autodetachment to occur
from excited states with rotational quantum numbers
J=K,, the dipole state must undergo a change of at least
AJ = 4 or 5 upon autodetachment, requiring the electron to
leave as a g or h wave. For states with similar energy and
J> K, the electron can leave as a d or even p wave. Because
there is a large angular momentum barrier for the electron
leaving as a g wave, and because a large transfer of angular
momentum from molecular rotation to orbital angular mo-
mentum is expected to be inefficient, the former transition is
slower than the transitions in which the electron can leave as
a d or p wave. A plot of linewidth vs AJ for a number of
transitions with approximately the same rotational energy is
given in Fig. 6. From this plot we see that the lifetime of the
excited state increases, as the minimum change in angular
momentum required for autodetachment increases.

In acetaldehyde enolate the lifetime of the excited state
decreases with increasing rotational energy much more rap-
idly than it does in acety] fluoride enolate. We are able to
observe transitions that are over 100 cm ~ ! above the bind-
ing energy, compared to transitions becoming too broad to
identify within 20 cm ™! of the binding energy in acetalde-
hyde. There are two possible reasons for this decrease in the
sensitivity of the lifetime to rotational energy. The first is
that because of the larger binding energy, the transitions are
simply slower because of larger angular momentum barriers
due to large changes in J upon autodetachment. This argu-
ment is not sufficient to explain the results, because we are
able to observe transitions to final states (/=18 K, = 11)
that can autodetach via a p or s wave, yet are still 50 cm ~!
above the binding energy and not too broad to be observed.
The other explanation is that because of an increase in the
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FIG. 6. Linewidth vs minimum required AJ for electron autodetachment.
The final states all have similar rotational energy.
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electron—dipole interaction, the dipole-electron binding be-
comes less sensitive to rotations. This interaction was inves-
tigated for a simple rotating dipole by Garrett,' who found
that larger dipole moments bind many more rotational lev-
els. More complex calculations will be necessary to investi-
gate this effect in molecules. The increase in the binding en-
ergy of the acetyl fluoride enolate compared to the acetalde-
hyde is probably due to a larger molecular dipole moment.

IV. CONCLUSION

The high resolution photodetachment spectrum of ace-
tyl fluoride enolate has been measured, and we have found
the existence of a nonconventional electronic state arising
from a dipole—electron interaction. The binding energy is
found to be less than 35 cm ~ !, which is considerably larger
than the maximum binding energy (5 cm ~') found for the
dipole-supported state in acetaldehyde enolate. The increase
in the binding energy is attributed to a larger molecular di-
pole moment in acetyl fluoride enolate radical. The lifetime
of the excited state decreases as the rotational energy of the
ion increases, and the change in angular momentum upon
autodetachment is shown to have an important role in deter-
mining the lifetime. In addition, the change in the rotational
constants between the excited and ground states of the anion
indicate that the dipole-supported state has shorter bond
lengths than does the ground state.

Since the rotational constants of the acetyl fluoride radi-
cal are not known we cannot determine how similar the di-
pole state is structurally to the radical. Additional studies of
dipole-supported states should provide insight into the
mechanisms for electron autodetachment and bonding in
molecular anions.

Note added in proof: For some recent theoretical in-
sights into dipole-bound and dipole-supported states, see D.
C. Clary, J. Phys. Chem. (in press).
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