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A computational model based on classical molecular rotation provides insight into the observability of dipole-
bound states. The observability is related to the lifetime of the state prior to rotational autodetachment of the
electron. The model tracks an ensemble of dipole-bound states. Their motion in space is integrated as a
function of time, which provides a means to analyze the lifetimes of the dipole-bound states. The results are
generally in good agreement with experimental data. Some exceptions show the limitations of the model but
also provide insight into the autodetachment mechanism.

Introduction

Dipole-bound states are nonvalence electronic states of anions
that can be described semiclassically by the interaction between
a distant electron and the dipole of a neutral core, Figure 1.
These “exotic” electronic states have been shown to exist in
several different anions, including the acetaldehyde enolate
anion,1-3 the cyanomethyl anion (NCCH2-),4,5 and the water
dimer complex anion ((H2O)2-).6 However, not all anions with
substantial neutral core dipoles have observable dipole-bound
states. Peculiarly, some of the anions that do not possess
observable dipole-bound states are electronically very similar
to others that do. For example, (E)-propen-1-olate, whose neutral
core has a calculated dipole moment of 3.3 D, has observable
dipole-bound states, whereas (Z)-propen-1-olate, whose neutral
core has a calculated dipole moment of 3.0 D, does not (Figure
2).7

Dipole-bound states were first predicted in 1947 by Fermi
and Teller in their paper investigating the capture of negative
muons by hydrogen.8 They noted that when the negatively
charged muon approached the hydrogen atom it reached a
critical distance, where the electron became unbound. They
stated, without proof, that the critical distance was 0.639a0,
which gives a critical dipole moment of 0.639 au. A derivation
of this value was given in 1950 by Wightman.9 These works
were largely unnoticed, and subsequent work in the 1960s
rederived this value.10 Later work by Garrett showed that the
critical dipole moment for real molecules is around 2 D.11,12 In
addition, he showed that the number of dipole-bound states is
not infinite for real systems. The minimum dipole to support
even two states is around 4.5 D.13 This value depends on the
length of the dipole moment and the moments of inertia.

Since the work of Fermi and Teller, there has been consider-
able work to characterize dipole-bound states. It is believed that
the electron in a dipole-bound state occupies a very diffuse
orbital, where the electron resides 50-200 Å away from the
dipole of the neutral core.5,14,15As a result, the geometry of the
neutral core is perturbed very little from that of the completely
separated neutral and extra electron.1,5,15,16The binding energy
of this electron is very weak, usually between 5 and 300

cm-1.1,5,15-17 Dipole-bound states of enolate anions have binding
energies toward the low-energy end of this range.

There are two types of dipole-bound states that are now well
established. In our experiments, a dipole-bound state is the
excited state of an anion. Other experiments examine dipole-
bound states that are ground states. These are formed by addition
of an electron to a neutral species. This technique has been used
to study a wide range of species.18-23

To observe dipole-bound states of anions, certain criteria must
be met. First, the dipole-bound state must exist. Secondly, it
must be possible to prepare the dipole-bound state species. In
our experiments, anions are initially prepared in the ground
electronic state so there must be a reasonably large optical cross
section for the transition from the ground state of the anion to
the excited electronic dipole-bound state (Figure 3). Finally,
because dipole-bound states, in our experiments, are seen as
sharp resonances near threshold, the dipole-bound state must
autodetach and must do so in an appropriate time frame. It must
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Figure 1. Classical representation of an electron interacting with a
dipole.

Figure 2. Enolate anions of propionaldehyde: (a) (Z)-propen-1-olate;
(b) (E)-propen-1-olate.
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autodetach faster than the trapping time of the anions but must
also be long-lived enough to prevent excessive lifetime broaden-
ing.

In a previous paper, we presented the results of electron
photodetachment spectroscopy of a series of alkylcyclohex-1-
enolates and alkylcyclopent-1-enolates.24 The species of the
same ring size are all very similar electronically; they differ
primarily in the placement of the alkyl group. However, their
photodetachment spectra are quite different. Several of the
species have observable dipole-bound states whereas others do
not.

We believe that dipole-bound states exist for all enolates,
including those studied in our previous paper, given that the
calculated dipole moments (UHF/6-31+G*) of their neutral
cores are all about 3-4 D. We also believe that the dipole-
bound states in each of these species are reasonably accessible
from the ground state. This is because all of the enolate species
should have similar electronic-transition dipole moments from
the ground state of the anion to the dipole-bound state. It is
therefore likely that the difference between the enolate species
that have observable dipole-bound states and those that do not
lies in the third criterion for observability: those that do not
have observable dipole-bound states are too short-lived, and the
intensities of the otherwise observable resonances are below
the noise of the background in the electron photodetachment
spectra.

In the species where dipole-bound states are observable, there
is considerable variation in the width of the dipole-bound state
resonances. Most of the dipole-bound states that are created are
so weakly bound that the lowest-energy resonance seen corre-
sponds to a transition to the ground vibrational state.3 Our
resolution is too low to observe individual rotational lines, so
we see the envelope of the P, Q, and R branches of the transition.
In the absence of lifetime broadening effects, the rotational
envelopes for electronically similar species should be roughly
the same width.25 The variation in width of observable dipole-
bound states comes primarily from lifetime broadening. We
believe that the species without observable dipole-bound states
have dipole-bound states that are so lifetime broadened they
arenot discernible above the background.

To explain these results, as well as related results of dipole-
bound state observabilities that have previously been reported,
we have developed a nearly classical computational model,
based on molecular rotations, that provides insight into the
lifetimes of dipole-bound states. This model tracks an ensemble
of classical rotational trajectories of individual dipole-bound
state anions to provide insight into their bulk observabilities.
This is not the only possible source of lifetime broadening. For
example, internal conversion could play a role. However, this

model successfully predicts the behavior of a large number of
molecules whose electronic structures are very similar, and it
depends only on geometry.

Lykke, Neumark, Andersen, Trapa, and Lineberger studied
the cyanomethyl anion and analyzed the dependence of the
lifetime of the dipole-bound state as a function of the rotational
state.5 They found that the line width was nearly the same for
all values ofJ with constantK up to J ) 32. However, above
this value, the line width increased rapidly as the lifetime
decreased. They postulate that, above this value forJ, the
electron is not able to keep up with the motion of the dipole
and lags behind. This causes the “catastrophic ejection” of the
electron.

Our model provides a measure of the classical forces exerted
by the moving dipole on the distant electron in each of several
rotational states.26 These forces provide a mechanism by which
rotational energy can be transferred to the electron. This is
important because, in a dipole-bound state, the electron is bound
relative to the continuum (Figure 3), and for the electron to
autodetach, there must be a transfer of energy from internal
degrees of freedom to the electron. If a mechanism for energy
transfer is available to a dipole-bound state in a given rotational
state, it is conceivable that the lifetime of that dipole-bound
state will be short. A dipole-bound state would not be expected
to be observable under our experimental conditions if nearly
all rotational states are too short lived. On the other hand, if
there is a significant fraction of rotational states for which this
mechanism is not in effect, the dipole-bound state is expected
to be observable. We compute the fraction of trajectories for
which the dipole of the neutral core remains inside a space-
fixed cone of a given angle for a sufficiently long time. We
observe that species which have experimentally observable
dipole-bound states are generally those species that possess a
significant fraction of these long-lived states.

Computational Model

Description. A computational model was designed to provide
insight into why dipole-bound state resonances are observed in
the electron photodetachment spectra of some anions but not
in others, even though the two species have similar electronic
structures and dipole moments. We believe that the difference
lies in the lifetime of the dipole-bound state, and the mechanism
for autodetachment is rotational to electronic coupling. Our
model concentrates on the lowest-energy dipole-bound state
resonance, which is the ground vibrational state.

Because the loosely bound electron in a dipole-bound state
is bound by charge-dipole interactions, the most favorable
position for an electron is along the dipole at the positive end.
Our model places the electron in this most favorable position.
The species is given an angular momentum vector with a random
length and orientation. An ensemble of these species has an
isotropic distribution of angular momenta, so each one is
weighted to make the distribution physically realistic. The
electron is frozen in space, and the neutral core is allowed to
rotate freely according to the physical constraints on that species.
We feel that it is reasonable to freeze the electron because it is
very far away from the core, which requires the electron to move
much faster than the core. In addition, it has previously been
seen that the electron can fail to keep up with the rotating core.5

At any given time, the dipole moment can be decomposed
into two components, one parallel to the electron-core line and
one perpendicular to it. When the parallel component of the
dipole moment drops below the critical dipole length,µcrit, the
electron is considered unbound.

Figure 3. Photoexcitation to a dipole-bound state (A-*) which
autodetaches to the radical and a free electron.
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This simplistic approach attempts to model the rotational-
electronic coupling by looking at the forces on the electron.
The model makes several assumptions. First, it is assumed that
the geometry of the neutral core is the same as the geometry of
the radical. This is reasonable, given that the extra electron is
very far from the core and that the geometries of the anion and
the radical are very similar. Secondly, the neutral core is treated
as a rigid rotor. In particular, no internal motions are allowed
during the simulation. Thirdly, the electron is considered to be
frozen in space. In reality, the electron would move to maintain
its favorable position behind the positive end of the dipole. For
slow motions of the dipole, this would be possible, but for fast
motions of the dipole, the electron would be unable to keep up
and would autodetach. Because of the physical manner in which
rigid objects rotate, slow motions of the dipole generally mean
that the dipole never moves very far from its initial position
and fast motions generally mean that the dipole’s position
changes drastically in space. In addition, even if the dipole is
moving very fast over a small angular displacement, there is
very little force on the electron. It is therefore reasonable to
make the electron frozen in space because this approximates
the forces on the electron. Finally, it is assumed that the electron
exerts no forces on the core and does not affect the motion of
the core. The effect of the electron should be relatively small
because the distance between the electron and the core is so
large.

Details.Modeling of the rotational motion of the neutral core
requires the differential equations of motion of the neutral core
in the lab-fixed frame, as well as the three principal moments
of inertia (I1, I2, andI3) and the dipole moment. The moments
of inertia and the dipole moment of the neutral core are assumed
to be the same as those for the radical. They were calculated at
the UHF/6-31+G* level of theory using Gaussian 98.27 The
relationship between the principal axes in the body-fixed frame
(x1, x2, andx3) and the axes in the lab-fixed frame (X, Y, andZ)
are given by Euler angles (θ, æ, andψ), as shown in Figure 4.

To obtain the differential equations of motion of the neutral
core in the lab-fixed frame, we must know the time dependence
of the Euler angles. To do this, we follow the procedure that is
used by many classical mechanics books on the treatment of
the rotation of rigid bodies.28-30 We first obtain the angular

velocities along the principal axes. By projecting the time
derivatives of the Euler angles, shown in Figure 4, onto the
principal axes and collecting the terms, we obtain eq 1,

whereΩ is the angular velocity andΩi is the angular velocity
along the principal axisxi. Because the initial choice of the lab-
fixed frame is completely arbitrary, we choose it so thatM , the
angular momentum, is alongZ. We now decompose the angular
momentum into its values along each of the principal axes, as
shown in eq 2

whereM ) |M |. Finally, becausex1, x2, andx3 are the principal
axes of the molecule,Mi ) IiΩi. Combining this with eqs 1
and 2, we obtain a system of 3 simultaneous equations for
dθ/dt, dæ/dt, and dψ/dt in terms ofθ, ψ, M, I1, I2, andI3. Solving
this system of equations gives the time derivatives of the Euler
angles, as shown in eq 3.

As a measure of the forces exerted by the dipole on the distant
electron in a given rotational trajectory, we compute the time
required for the projection of the moving dipole onto the original
dipole position to be less than the critical dipole moment of
1.625 D. This forms a cone around the initial dipole position in
the lab-fixed frame. Less time to leave this cone means that the
electron becomes unbound more quickly. To determine this
“residence time” of the dipole inside the cone, we numerically
integrated the differential equations of motion of the molecule
in the lab-fixed frame (eq 3) over time, using the fourth-order
Runge-Kutta method with a time step of 5 au (roughly
1.2 × 10-16 s).31 After each step, the projection of the dipole
onto its position at time zero was calculated.

For each species, the fraction of rotational trajectories with
the dipole remaining inside the space-fixed cone was plotted
as a function of time. This determined the fraction of trajectories
for which the dipole has a long residence time inside the cone,
i.e., for which the electron is bound during the entire simulation.
At least 105 rotational trajectories were run on each species
studied. For each trajectory, the dipole’s residence time inside
the cone and relative abundance were recorded. Each trajectory
was assigned to a bin, 6× 10-14 s wide, according to the
dipole’s computed residence time inside the cone. Once a
trajectory was assigned to a bin, its relative abundance (Ni) was
added into the appropriate bin. When all of the rotational
trajectories had been run for a given species, each bin
represented the fraction of rotational trajectories that exited the
cone in that time slice. The fraction of trajectories with the dipole

Figure 4. Diagram showing the relationship between the space-fixed
axes (X, Y, andZ) and the molecular-fixed principal axes (x1, x2, and
x3) through the Euler angles (θ, æ, and ψ). The principal axes are
sometimes denotedA, B, andC, instead ofx1, x2, andx3.

Ω1 ) dæ/dt sin θ sin ψ + dθ/dt cosψ

Ω2 ) dæ/dt sin θ cosψ - dθ/dt sin ψ

Ω3 ) dæ/dt cosθ + dψ/dt (1)

M1 ) M sin θ sin ψ

M2 ) M sin θ cosψ

M3 ) M cosθ (2)

dθ/dt )
M(I2 - I1)

I1I2
sin θ cosψ sin ψ

dæ/dt ) M
I1I2

[I2 + (I1 - I2)cos2 ψ]

dψ/dt ) [MI3
- dæ/dt]cosθ (3)
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remaining inside the cone as a function of time was computed
from this set of data. We define the plot of the fraction of
trajectories for which the dipole is inside the cone vs time as
the species’ decay curve.

The relative abundance,Ni, of each of these randomly chosen
trajectories in a thermalized ensemble was then calculated. Each
trajectory was weighted according to its rotational energy and
its quantum mechanical degeneracy, (2M + 1), according to eq
4 whereM is the magnitude of the angular momentum,Erot is

the rotational energy of the given rotational state,k is the
Boltzmann constant, andT is the temperature in Kelvin, taken
to be that measured in the ICR cell (350 K).32 The normalization
factor,Ntot, is given in eq 5 where the sum is over all rotational
trajectories computed.

Results

Figure 5 shows the decay curve for (E)-propen-1-olate and
(Z)-propen-1-olate. For (E)-propen-1-olate, the falloff region
decays asymptotically to a nonzero fraction, whereas for (Z)-
propen-1-olate, the curve decays asymptotically to zero. The
value of the asymptote is taken to be the fraction of trajectories
for which the dipole has a long residence time within the cone.
Table 1 summarizes the results from decay curves of the species
studied in a previous paper,24 as well as some other anions that
have been studied.

Discussion

Several other models have addressed dipole-bound state
lifetimes. A rotationally adiabatic model was developed by
Clary,14 and later modified by Simons,37 to describe the
autodetachment dynamics of electrons in dipole-bound states.
That model involves diagonalizing a Hamiltonian that consists
of a repulsive core, an electron-dipole interaction term, and a
damped polarization term. The rotationally adiabatic model and

its modification are semiclassical models that provide insight
into the lifetimes of dipole-bound states in individual rotational
states.

For the cyanomethyl anion and the enolate anion of acetal-
dehyde, dipole-bound state lifetimes of individual rotational
states calculated from the rotationally adiabatic model are in
relatively good agreement with those measured by Lineberger
and co-workers.1,5 Despite these successes, it is difficult to use
the rotationally adiabatic model to understand the observability
of dipole-bound state resonances in electron photodetachment
spectroscopy. The rotationally adiabatic model provides infor-
mation about individual rotational states but is very complex.
In contrast, our model only provides information about the
overall observability of the rotational envelope of the dipole-
bound state. For rotationally resolved data, the rotationally
adiabatic model is more appropriate. However, our model
appears to be sufficient to explain our experiments and easier
to use for more complex molecules.

Brinkman et al. proposed that the envelope of rotational states
of a dipole-bound state should be observable if the lifetimes of
the individual rotational states are long enough.33 They further
suggested that the lifetimes of rotational states depend on the
motion of the dipole. If, in a particular rotational state of the
molecule, the dipole does not have significant motion, then the
lifetime will be long. On the other hand, if the dipole tumbles
in space, then the lifetime will be short. In that model, the
molecule is assumed to be a near-symmetric top and the motion
of the dipole is dependent only on the angle between the dipole
moment vector and the figure axis (the axis of symmetry). In
the symmetric top limit, the angular momentum vector,M ,

Figure 5. Computed decay curve of (E)-propen-1-olate and (Z)-propen-
1-olate.

Ni ) (2M + 1) exp(-Erot/kT) (4)

Ntot ) ∑
i)1

105

Ni (5)

TABLE 1: Computational Model Results and Dipole-Bound
State Observability

anion species

observed
dipole-bound

state resonancesa

fraction of
trajectories with
long residence

times (%)

cyclobut-1-enolateb narrow 7
cyclopent-1-enolateb narrow 8
2-methylcyclopent-1-enolatec none ∼0
3-methylcyclopent-1-enolatec narrow, as a mixture 3
4-methylcyclopent-1-enolatec narrow, as a mixture 3
5-methylcyclopent-1-enolatec none ∼0
cyclohex-1-enolateb narrow 9
2-methylcyclohex-1-enolatec none ∼0
3-methylcyclohex-1-enolatec none, as a mixture 1
4-methylcyclohex-1-enolatec narrow 7
4-ethylcyclohex-1-enolatec none 5
5-methylcyclohex-1-enolatec none, as a mixture ∼0
6-methylcyclohex-1-enolatec broad ∼0
cyclohept-1-enolateb none 8
â-propiolactone enolated narrow 3
γ-butyrolactone enolated narrow 6
δ-valerolactone enolated narrow 8
ε-caprolactone enolated none 9
acetaldehyde enolatee narrow 2
acetone enolatef broad ∼0
pinacolone enolateb none ∼0
acetyl fluoride enolateg narrow ∼0
(E)-propen-1-olateh narrow 3
(Z)-propen-1-olateh none ∼0
cyanomethyli narrow 3

a For species reported “as mixture”, the photodetachment spectrum
was taken as a mixture with another species. It is unclear which species
the dipole-bound state resonance belongs to, although they are similar
enough that we believe that they would either both have observable
dipole-bound resonances or both not have them.b Reference 33.
c Reference 24.d Reference 34.e References 1-3 and 35.f References
33 and 36.g Reference 16.h Reference 7.i References 4, 5, and 25.
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precesses around the figure axis forM close to that axis. If the
angle between the dipole moment and the figure axis is too
large, there will be no rotations that leave the dipole fixed in
space (Figure 6a,b). BecauseM is fixed in space, motion ofM
in the body-fixed frame corresponds to motion of the molecule
in the lab-fixed frame.

Brinkman’s model assumed that all of the species were near-
symmetric tops. For molecules that could not be approximated
as symmetric tops, it was suggested that the dipole would always
rotate in space and, consequently, the dipole-bound state would
have a very short lifetime.

That model was reasonably successful in explaining the
observability of dipole-bound states. However, that model is
incomplete for two reasons. Most enolate anions that have been
studied, both those that have observable dipole-bound states and
those that do not, are far from symmetric tops. Although the
model makes the argument that asymmetric tops should show
no dipole-bound states, the enolate anions of cyclohexanone,
cyclopentanone, and cyclobutanone are asymmetric tops that
have observable dipole-bound states. In addition, it has long
been known that the motion of an asymmetric top can be
coherent if the angular momentum is nearx1 or x3.28

The model that we have developed here was designed to track
classical rotational trajectories of neutral cores of dipole-bound
state anions to provide information about the forces exerted on
the distant electron by the moving dipole. These forces provide
a mechanism by which energy can be transferred from molecular
rotation to the electron; large forces can conceivably decrease
the lifetime of the dipole-bound state and preclude it from being
observable. To understand the extent of these forces in an
ensemble of rotational trajectories of a given species, we
computed, as a function of time, the fraction of trajectories for
which the projection of the dipole onto the original dipole
exceeds the critical dipole value of 1.625 D. The results of these
decay curves are summarized in Table 1.

Correlation Between Decay Curves and Dipole-Bound
State Observability. There appears to be a good correlation
between the observability of the dipole-bound state in a given
species and the fraction of trajectories with a long residence
time inside the space-fixed cone, determined from its decay
curve (Table 1). That is, a species that has a significant nonzero
fraction of trajectories with a long residence time of the dipole
inside the cone has an electron photodetachment spectrum in
which narrow dipole-bound state resonances (e5 nm full width
at half-maximum) are observable. Conversely, those species that
have no trajectories for which the dipole has a long residence

time inside the cone do not have electron photodetachment
spectra in which narrow resonances are observable; either the
resonances do not appear in the spectrum, or, in the case of
6-methylcyclohex-1-enolate and the enolate anion of acetone,
the resonance is significantly broadened.

All of the species listed in Table 1 are consistent with this
correlation, with the exceptions of the enolate anions of acetyl
fluoride, cycloheptanone, andε-caprolactone. The enolate anion
of acetyl fluoride has no trajectories predicted in its decay curve
for which the dipole has a long residence time, but its electron
photodetachment spectrum possesses narrow dipole-bound state
resonances. The enolate anions of cycloheptanone andε-capro-
lactone, on the other hand, have a significant fraction of
trajectories in which the dipole has a long residence time inside
the cone, but no dipole-bound state resonances appear in their
electron photodetachment spectra.

We believe that the enolate anion of acetyl fluoride is an
exception because the electron in its dipole-bound state is more
strongly bound (35 cm-1)16 than other enolate anions in the
table, such as the enolate anion of acetaldehyde (5 cm-1).1 As
a consequence, for similar rotational trajectories, the electron
in the dipole-bound state of the acetyl fluoride enolate anion is
more able to keep up with the rotating dipole than the extra
electron in the dipole-bound state of the acetaldehyde enolate
anion. Because acetyl fluoride is so strongly bound, the same
forces that would autodetach a less strongly bound anion are
insufficient to autodetach acetyl fluoride. This hypothesis is
supported by results from photodetachment spectroscopy.16 In
the photodetachment spectrum of the enolate anion of acetal-
dehyde, the maximum angular momentum quantum number,
N, for which the dipole-bound state is observable isN ) 7,
whereas the dipole-bound state of the enolate anion of acetyl
fluoride is observable forN as large as 20.

A second class of exceptions is the enolate anions of the
seven-membered rings. We believe that this results from the
“floppiness” of the rings. Strong coupling between the low-
energy vibrational modes of the ring and the overall molecular
rotation of the species is not accounted for in the computational
model, which assumes that the molecule is rigid. This hypothesis
is supported by other research, which has shown that rings with
an odd number of rings are floppy.38-40 Even if the vibrationless
seven-membered ring enolate anions have a significant fraction
of trajectories for which the dipole has a long residence time,
as predicted by our model, the vibration-rotation coupling
serves to disrupt the coherence of those stable trajectories.
Consequently, the seven-membered ring enolate anions ef-
fectively have no trajectories for which the dipole has a long
residence time.

Additional support for the strong vibration-rotation coupling
in the seven-membered rings comes from the fact that, in both
the series of cyclic ketone enolate anions and the series of
lactone (cyclic ester) enolate anions, dipole-bound states are
experimentally observable in the four, five, and six-membered
rings, for which the rings are more rigid, but not in the seven-
membered rings.

Although our model is well-suited to the study of the excited
dipole-bound states seen in our experiments, it does not appear
to be applicable to the study of the ground-state dipole supported
anions seen in other studies.18-23 The anions in those experi-
ments are generated from neutrals that are rotationally and
vibrationally cooled in a supersonic expansion. Compton notes
that this cooling is important for the production of these anions,
especially those with small dipole moments.22 The dipole-bound
states formed from excitation of enolates are bound fairly

Figure 6. Example in which the angle between the figure axis and
the dipole is small. (a) Molecular rotation about the dipolar axis that
initially leaves the dipole fixed in space. (b) Precession of the angular
momentum vector about thex1 axis eventually leads to motion of the
dipole.
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weakly, about 5 cm-1, and the ground-state dipole-bound anions
are bound more strongly, 10-70 cm-1, depending on the species
studied. On the basis of our results for acetyl fluoride, we expect
this model to not be applicable to these ground-state dipole-
bound anion systems.

Summary

We have developed a nearly classical model to predict the
observability of dipole-bound states. In the model, the neutral
core of the dipole-bound state is approximated as a rigid rotor
and is allowed to rotate freely. This affects the binding of the
extra electron, which is frozen in space. The model is successful
in explaining the observability of dipole-bound states, although
there are a few exceptions. These exceptions are analyzed and
can provide insight into their mode of autodetachment.
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