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I. Introduction

Negative ions provide a fertile field for spectroscopic
investigation; relatively little is known about their
structure, electronic states, or absolute energetics.
Electron photodetachment is a powerful method for
exploring all of these areas. In this paper we cover one
restricted aspect of the field: electron photodetachment
using trapped ions.

When negative ions are irradiated, the following
process can occur:!

A" +hr—A+e (1)

Two general types of experiments can be used to
monitor this process. In photodetachment spectrosco-
py, the process in eq 1 is monitored as a function of
photon energy. In photoelectron spectroscopy, a fix-
ed-frequency photon is used to induce the electron
detachment and the energy of the photoelectron is
measured. Each technique provides useful and some-
times complementary information.

This paper focuses on the experimental technique of
photodetachment threshold spectroscopy of molecular
ions formed and irradiated in an ion trap. Those results
more recent than (or not discussed in) the last review
of this topic? are featured. We have not included a
comprehensive discussion of recent experiments in-
volving both photodetachment threshold spectroscopy
and photoelectron spectroscopy of ion beams. Rather,
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results of a select few of these types of experiments are
mentioned in conjunction with related ion-trap exper-
iments. Interested readers should consult the most
recent review of photodetachment experiments involv-
ing negative ion beams® and representative recent
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Figure 1. Schematic of ICR spectrometer. The plates of the cell
are electrically isolated from each other.

papers by workers in this field.!¥” Reviews by Miller?
(which discusses both photodetachment and photodis-
sociation of ions) and Berry and Leach* (which treats
electron attachment and detachment processes) provide
detailed descriptions of photodetachment as well.

Photodetachment spectroscopy is a well-established
optical technique® for the measurement of electron
affinities.?® Recently, chemical methods involving
charge-transfer equilibrium measurements’ (using
high-pressure mass spectrometry (HPMS)) have been
used to determine the electron affinities for a large
number of molecular anions. The contribution from
Kebarle in this issue discusses the use of chemical
methods to determine electron affinities.

The first section of this paper presents those aspects
involved in ion formation and irradiation and in the
measurement of a photodetachment spectrum.
Threshold laws and cross-section calculations, derived
from models of the optical electron detachment process,
are then considered. The experimental results covered
in this paper fall into three broad categories: those
experiments which involve transitions to electronic
excited states of anions or neutrals, those experiments
in which the photodetachment onset measured an
electron affinity and resulted in thermochemical in-
formation, and finally those experiments which probe
an electron detachment process fundamentally distinct
from optical photodetachment, namely, vibration-in-
duced electron detachment.

II. Experimental Considerations

A. Principles of ICR

Ion cyclotron resonance (ICR) spectrometry® has been
the predominant experimental method used to study
the photodetachment spectroscopy of trapped negative
ions.? The apparatus, a simplified schematic of which
is shown in Figure 1, consists of a cell, encased in a
high-vacuum can, positioned between the pole faces of
an electromagnet. Although the ions travel at thermal
velocities (~10* cm s71), the magnetic field constrains
ion motion to circular orbits (with a frequency pro-
portional to the ions’s charge-to-mass ratio and the
magnetic field strength). This constrained motion and
the presence of electric fields resulting from the po-
tentials applied to the cell plates serve to trap the ions
for periods of seconds. Ions can be formed by a wide
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variety of procedures: electron capture or dissociative
electron capture by neutrals or by ion—-molecule reac-
tions of these primary ions. The abundance of reactions
available for forming ions makes ICR spectrometry well
suited for the study of polyatomic anions and closed-
shell anions. Because ions are formed via chemical
reactions, however, the experiment samples a broad,
often Boltzmann, internal energy distribution rather
than a well-defined single state population. Typical
neutral gas pressures employed are 10°®-107 Torr.

Ions are detected by incorporating the upper and
lower plates of the cell into a capacitance bridge cir-
cuit.’® The basis of the detection scheme is the coherent
cyclotron motion of all ions of a given charge-to-mass
ratio. When the ions are brought into resonance with
a driving radio frequency detection oscillator,!! the
cyclotron orbits align in phase, thus inducing an image
current on the lower plate. This image current is con-
verted to a voltage and measured by use of phase-sen-
sitive detection. The detection scheme avoids mass
discrimination and does not rely on any particle col-
lection. The response of the capacitance bridge detector
(CBD) to the number of ions in the analyzer region of
the cell has been shown to be linear.!? A problem en-
countered in the use of the CBD for measuring changes
in ion concentration is that the exact resonance fre-
quency is very sensitive to the number of ions in the
cell, and the CBD signal has a very narrow bandwidth.
Thus, photochemically induced ion loss is often accom-
panied by a frequency shift, and small resonance fre-
quency shifts can result in a large signal change because
the detection frequency no longer corresponds to the
signal maximum. This problem has been overcome by
use of a frequency lock system,!? a negative feedback
circuit involving magnetic field modulation, which
provides a continuous correction signal to the frequency
generator to ensure the detection frequency always
corresponds to the exact resonance frequency.

The CBD can be operated in either continuous or
pulsed mode. The major difference between these
modes of operation is temporal control. In continuous
mode operation, primary ions are continuously gener-
ated from an electron source. Since primary ions are
continuously formed, all secondary ions are also con-
tinuously formed. The rates of ion formation and
nonreactive ion loss (e.g., colliding with the cell plates)
establish a steady-state ion concentration. This ion
population is continuously detected during the exper-
iment. Any process in addition to nonreactive loss, for
instance, photodetachment resulting from interaction
with photons, alters this steady-state ion concentration.
In pulsed-mode operation, the experiment is temporally
controlled by a series of pulses. Primary ions are
formed for a specified period of time by a pulse of
electrons. This collection of ions can then react with
neutrals to form secondary ions, interact with photons,
or be lost to the walls of the cell. At some later time
ions are detected by a short resonance frequency de-
tection pulse. The temporal decay, by whichever pro-
cess, can be measured in a pulsed experiment because
primary ions are formed only once. Typical time res-
olution is milliseconds.

The advantage of continuous-mode operation is the
signal-to-noise ratio, inherently better than in pulsed-
mode operation because of constant detection. How-
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ever, because one has temporal control over the events
in the ICR cell, pulsed-mode operation is advantageous
in certain experiments. For example, in a system in
which the primary ion has a photodetachment threshold
lower in energy than the secondary ion, double-reso-
nance techniques!* selectively remove the primary ions,
after the secondary ions are formed but prior to irra-
diation, so that the detected ion signal is solely a
function of the secondary ion’s photochemistry. In
pulsed-mode operation it is also possible to measure
absolute rather than relative cross sections (see below).
It is likely that Fourier transform!® (FT-ICR) will play
an increasingly important role in pulsed experiments
since all the ions can be monitored at once.

B. Photodetachment Experiments

Optical electron detachment experiments can be
conducted by using either mode of operation. In gen-
eral, continuous mode operation is used to measure
photodetachment cross sections, since small ion signal
changes (0.5%) can be reliably measured. In the ex-
periment, the photons enter the ICR cell (see Figure 1)
through a window at the end of the high-vacuum can.
This arrangement results in large spatial overlap and,
with long trapping times, allows measurable ion de-
creases with readily available photon fluxes.

The “raw data” in an optical photodetachment ex-
periment are the ion signals with and without irradia-
tion. In order to convert these data into a photode-
tachment spectrum, the observed fractional signal de-
crease must be related to the photodetachment cross
section. The probability of photodetaching an electron
from a negative ion is!®

P(\) = 1- N/Ny = 1 - exp(—kyt) )

where N is the ion signal with irradiation, N, is the ion
signal without irradiation, ¢ is the time an ion spends
in the photon beam, and k, is the rate constant for
photodetachment given by! '

k(N = 2 o) p(N) 3)

In this equation, g is the geometric overlap factor for
overlap between the ion cloud and the photon beam,
o()\) is the cross section for photodetachment, and p()\)
is the photon flux. Substituting eq 3 into eq 2, rear-
ranging, and taking logarithms yield an expression for
the cross section in terms of the quantities measured
during a photodetachment experiment:

a(A) = (¢/8) In (No/N)/p(N) 4)

Photodetachment spectra consist of the wavelength
dependence of this cross section.

Since in the continuous-mode experiment ¢, the time
an ion spends in the photon beam, is not accurately
known, only relative cross sections can be determined.
In contrast, in a pulsed-mode experiment the irradiation
time can be controlled and ¢t is accurately known. One
needs to measure the absolute value of the photon flux
and to determine g, the geometric overlap factor, in
order to measure an absolute cross section. This has
been accomplished by the measurement!® of ion signals
in a photodetachment experiment involving HS™. The
absolute photodetachment cross section for this ion has
been measured in a beam experiment.!® The value of

Chemical Reviews, 1987, Vol. 87, No. 3 609

g was determined by using this absolute cross section
as a calibration for the ICR experiment.
The internal energy content of the ions in an ICR is

not always well-defined. This issue is of particular
concern when exothermic reactions are involved in ion

- formation. Until recently it was generally assumed that
. for ion—neutral collisions (which are in the Langevin—

ADO 1imit%®) a few collisions were adequate to relax
completely an excited ion. However, the results of an
IR photodissociation experiment involving CH;OHF-
suggested that ~100 collisions between the ion and
bath gas (methyl formate) were required to remove
excess internal energy.?! Recent, quantitative ICR ex-
periments designed to measure quenching rate con-
stants?? gave further evidence that polyatomic systems
can have (surprisingly) low collisional efficiencies.?
These results indicate that internal energy may not
always be relaxed during the time ions are trapped in
the ICR cell, and this should be taken into account in
experiments designed to measure equilibrium?* and
threshold quantities. Nevertheless, photodetachment
threshold assignments are usually reliable, since the
transitions resulting from internally excited ions gen-
erally do not obscure the predominant 0-0 onset.

The preceding paragraphs described an optical pho-
todetachment experiment. As discussed later, electron
detachment from anions can also be induced by infrared
activation. This process is fundamentally different from
optical photodetachment. Experiments measuring this
phenomenon can also be conducted by using ICR
spectrometry. When high-powered, pulsed lasers are
used, ICR must be operated in the pulsed mode. The
laser can be triggered by the same timing circuitry used
to generate and detect ions. As in an optical photo-
detachment experiment, the ion signal at the resonance
frequency is measured in the presence and absence of
irradiation. Indirect evidence for electron detachment
is provided by a decrease in the particular ion signal
without the observation of any photoproducts. Direct
evidence is obtained by chemical trapping methods:
carbon tetrachloride readily captures free electrons to
form chloride ion. Electron detachment is then de-
tected as an increase in the chloride ion signal following
infrared irradiation.?® Time scans conducted with and
without irradiation yield information on whether sec-
ondary photochemistry or parent ion regeneration oc-
curs during or after the irradiation period.

A new experimental technique that involves trapping
and optically exciting ions in a radio frequency octupole
trap has allowed measurement of radiative (both elec-
tronic and vibrational) lifetimes for negative ions.26:27
In experiments of this type, the radiative decay is
measured indirectly by probing the excited-state pop-
ulation; laser photodetachment serves as the probe.
The selection of photon energies at values below the
ground-state threshold ensures that only ions in excited
states will detach an electron. Thus the excited-ion
population can be inferred from the magnitude of the
photodetachment signal. Radiative lifetimes of excited
CH, and CH™ have been measured by using this tech-
nique.26:27

Optical electron detachment experiments yield
thermochemical and spectroscopic data. The results
from these types of experiments are discussed in sec-
tions IV and V. Infrared photon-induced electron de-
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tachment is a relatively new phenomenon and is dis-
cussed separately in section VI.

II1. Models for Optical Photodetachment
A. Threshold Laws

Optical detachment of an electron is a bound-free
transition from an anion to the corresponding neutral
and free electron. The photodetachment spectrum is
integral (the observed detachment at a given wave-
length is the sum of all vibronic and electronic transi-
tions which occur at that energy) and, in general,
monotonically increases with energy above threshold.
Near threshold, the cross section at each wavelength
corresponds to the sum of all allowed transitions. In
order to assign the experimentally observed onset to the
threshold of a photodetachment transition, it is useful
to make comparisons with modeled or calculated cross
sections. This approach is especially useful when the
experiment involves a large instrumental bandwidth.
In such cases, the threshold value that results in a best
fit of the calculated cross section to the experimental
data is taken as the threshold energy for the transition.

Wigner? solved the functional dependence of collision
cross section near threshold for a process yielding two
final particles and showed that it depends only on the
long-range forces between the products. In photode-
tachment from anions, the departing electron experi-
ences a long-range potential due to polarization with
the neutral (which falls as r™*, neglecting charge-dipole
interactions) and the centrifugal potential of the
“collision complex”. It is this centrifugal potential,
proportional to [(/ + 1)/r? that dominates the long-
range forces. The resulting form of the cross section
near threshold for this case is

cr(E) o« k(2l+1) (5)

where k is the magnitude of the linear momentum of
the photoelectron. Since k = (2mAE)Y/2/h, where AE
is the energy above threshold

o(E) = (AE)H1/D (6)

This functional form can be applied to atomic anions
with [, representing the quanta of angular momentum
in the photoelectron, determined by the conventional
dipole selection rules to be £1 of the angular momen-
tum quantum number of the orbital from which it was
ejected. This yields a threshold law that predicts the
shape but not the magnitude of the cross section as a
function of energy above threshold. Other treatments
have also been applied to the case of atomic photode-
tachment.?

Geltman® derived a threshold law for diatomic neg-
ative ions having an equivalent functional form to that
shown in eq 5. Reed et al.3! used group theory to extend
Wigner’s threshold law to polyatomic anions. The at-
omic orbital angular momentum quantum number is
replaced by an “effective angular momentum” quantum
number of the highest occupied molecular orbital
(HOMO) from which the electron is detached, deter-
mined by a group theoretical approach. The irreducible
representation of the HOMO under the point group of
the anion defines the effective angular momentum, ",
For example, the totally symmetric irreducible repre-
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sentation has I’ = 0, and orbitals whose irreducible
representation is labeled as x, y, or z have I’ = 1, etc.
Again, when dipole selection rules are used to connect
the angular momentum of the departing photoelectron
to the HOMO from which it was ejected, I* = [’+ 1 and

o(E) = (AE)"+1/2 (M

This law does not predict the relative intensities of
competing allowed transitions. In those cases where
more than one [* is possible, for instance, when the
HOMO contains contributions from different irredu-
cible representations, the resulting functional form that
rises more rapidly with increasing energy will usually
dominate the cross-section behavior, assuming the
contribution to it is reasonably substantial.?? A pho-
toelectron resulting from an s (or s-like, totally sym-
metric) orbital exhibits p wave behavior; [’= 0, [* =1,
and the cross section rises as AE%2 Again, this
threshold law predicts only the shape of the cross sec-
tion. Neither this nor the Wigner law describes the
cross-section behavior much above threshold. For
molecular anions of low symmetry the law has limited
application.

Experiments involving polar molecules show cross-
section behavior different from that predicted by the
Wigner law.?® Engelking® has proposed that this
anomalous behavior is due to a significant contribution
to the long-range potential from a charge—dipole in-
teraction, ignored in the Wigner treatment. Strong
coupling occurs when the departing electron leaves
behind a molecule having an orientable dipole moment
and parity degeneracy (symmetric top rotors possessing
internal angular momentum K along the dipole axis
satisfy this condition, as do diatomics with an electronic
angular momentum along the molecular axis). En-
gelking’s model describes this coupling as an r? at-
tractive dipole potential and results in a modified
threshold law. The interaction involves a coupling of
the electron’s angular momentum, [, to individual mo-
lecular levels with quantum numbers J and K, respec-
tively, for overall rotations and rotations about the axis
containing the molecular dipole. The model predicts
a threshold law ¢ ~ k*, where x < 1, dependent on the
molecular dipoles and rotational threshold considered.
Computations compare well to experimental measure-
ments® of OH, although only in a limited energy range
above threshold. This theory is not an attempt to de-
scribe overall cross-section behavior but is restricted to
low kinetic energies in the vicinity of a rotational
threshold. An extension to the theory?®® includes the
effects of rotational doubling. Rotational doubling
(spin, orbital, or molecular) quenches the electron—di-
pole interaction. One might predict a “partial recovery”
to the Wigner threshold behavior by including these
effects. The calculations show that doubling (in the
OH- system) breaks the modified threshold law, but not
necessarily to that predicted by the Wigner law.

B. Cross-Section Calculations

Reed?® extended the threshold law formalism to
present the first calculation of the cross section for
photodetachment for molecular negative ions. The
photodetachment process is treated as a one-electron,
dipole-allowed transition; the cross section is obtained
from the calculated matrix element
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(Wilriye) )

where ; is the initial state, r is the dipole operator, and
s is the final state consisting of the neutral molecule
plus free electron. The free electron is treated as a
plane wave and orthogonalized to the HOMO of the
anion. Input parameters for the cross-section calcula-
tion include the atomic orbital coefficients in the
HOMO, orbital exponents for each atom in the anion,
and the photodetachment threshold energy (when the
value of the threshold energy is varied to obtain a fit
with experimental data, photodetachment onsets can
be assigned). The calculated photodetachment cross
sections agreed well®! with measured OH", O, and
CsH5_ data.

Woo developed a model,?® the zero-core-contribution
(ZCC) model, to calculate the absolute photodetach-
ment cross section of atomic negative ions. He has
extended this model to calculate cross sections for ho-
monuclear diatomic negative ions,* heteronuclear dia-
tomics,?® and the effects of fine structure levels and
higher electronic states of the anions and neutrals in
atomic systems.*! The ZCC model is also a one-electron
model, depicting a negative ion as a neutral and an
“extra” electron. The wave function of this extra
electron outside a radius ry (where rq defines the core
and is chosen as proportional to the root-mean-square
radius of the outermost occupied orbital of the neutral
atom, or, for the case of a diatomic, the region of two
overlapping atoms) is obtained by solving a constant
potential Hamiltonian; inside the core it is assumed to
be zero. For atomic systems the model requires only
three input values: ry, E, the threshold energy for each
photodetachment channel, and /, the angular momen-
tum quantum number of the outermost “detachment
orbital”. For diatomic systems, in addition to knowl-
edge of the molecular orbital of the extra electron, one
must know the vertical detachment energies corre-
sponding to each vibrational transition contributing to
the total cross section, the size of the neutral atoms, and
an equilibrium internuclear potential for the ion and
neutral (a Morse potential is typically assumed). The
ZCC model calculates the energy dependence of the
total cross section, partial cross sections for each
channel opening, and the angular distributions of each
channel. The model yields good agreement (within the
estimated errors of the theories and experiments) in
comparison with experimental data of 20 atomic anions
(from the IIIA-IVA (3 and 4) families, all having p
outermost occupied orbitals) as well as with calculations
by Rau and Fano*? and Hotop.#? On diatomic systems,
calculated cross sections agree with the experimental
data of OH™ to within 30%, with that of SH~ within
20%, and to the data of O,” within a factor of 2. Fur-
ther extension of the model to triatomic systems of the
form XYX is under way.

IV. Thermochemical Information Obtained
through Photodetachment

A. Electron Affinitles and Related
Thermochemical Parameters

Electron photodetachment spectroscopy can be used
to determine an important thermochemical parameter,
the electron affinity of the neutral photoproduct.
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Molecular electron affinities are one of the critical links
between ion thermochemistry and neutral thermo-
chemistry. Knowledge of this thermochemistry plays
a major role in understanding the kinetics and mecha-
nisms of ion—molecule reactions, allowing one to predict
the position of equilibria, likely reaction intermediates,
reaction rates, and stabilities of reactive intermediates
(radicals). In addition, molecular electron affinities
indicate the relative stabilities of the corresponding
anions for chemically related species. Recent experi-
ments make use of the electron affinities measured by
photodetachment to infer structural information and
derive solvation energetics for solvated anions.18:67.6879.82

The electron affinity is the minimum energy required
to remove an electron from the anion in its ground
rotational, vibrational, and electronic state to form the
neutral in its ground rotational, vibrational, and elec-
tronic state and an electron with zero kinetic and po-
tential energy. The most intense onset observed in a
photodetachment spectrum corresponds to the thresh-
old for the vertical transition between the anion and the
neutral.* If there is a substantial geometry change in
going from the negative ion to the neutral, the 0-0
transition, which corresponds to the adiabatic electron
affinity, will not be the most intense onset in the pho-
todetachment spectrum and may even be too weak to
be observed. If there is substantial population in higher
vibrational states that have strong transition proba-
bilities, an onset at photon energies less than the adi-
abatic transition may appear in the spectrum. In those
cases where the experimental onset cannot be defini-
tively assigned as the 0-0 transition, the electron af-
finity is reported as either an upper or lower bound to
the adiabatic electron affinity.

The growing number of experimentally determined
molecular electron affinities®” and proton affinities of
negative ions*® makes the derivation of neutral homo-
lytic bond dissociation energies via thermochemical
cycles a particularly attractive and comprehensive
technique. This cycle*® connects the electron affinity
of the radical and the proton affinity of the corre-
sponding anion to the homolytic bond dissociation en-
ergy (D°):

D°(A-H) = EA(A®) + PA(A") - IP(H") 9

Thermokinetic methods*” (involving abstraction or
pyrolysis reactions) are primary methods used to de-
termine bond energies; these are generally in good
agreement with the D°’s determined by thermochemical
cycles. Some discrepancies do exist, and recently at-
tention has been directed to the systematic discrepan-
cies in the set of RO-H bond energies in alcohols.%
The D°’s determined for this series of compounds via
thermochemical cycles were uniformly 2 kcal/mol lower
than those determined by thermokinetic techniques.
Results from IR branching ratio experiments*® and
kinetic rate measurements* indicated that the gas-
phase acidity of HF (used to anchor the relative gas-
phase acidity scale and thus convert relative to absolute
proton affinities) was inaccurately assigned and was the
source of the anomalous bond energy values. The D°
of methanol determined thermochemically was as-
sumed, instead, to be correct,* leading to revised values
for the alcohol acidities. The experimentally deter-
mined electron affinities appeared not to be a source
of error.
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TABLE I. Thermochemical Parameters® of Substituted
Benzene Compounds (kcal/mol)

A D°(A-H) EA(AY) PA(AY)
CeHs;NH 92.8 £ 26  393£07 3672
CeH:N 921423  337£03 37242
CcH;CH, 873+23 19903 381 & 25

3Unless otherwise stated, values obtained from ref 57.
bReference 58. ¢Reference 59. ?Reference 48.

B. Applications to Chemlical Specles

Literature values for the N-H bond dissociation en-
ergy in HNg and the enthalpy of formation of the azide
radical are still in dispute. The AH;°(N;") had been
estimated,®® from a Born—-Haber cycle, as 34.8 £ 1
kcal/mol and, by dissociative electron attachment® to
HN;,, as <46 + 7 kcal/mol. A direct measurement of
the proton affinity of the azide anion and the electron
affinity of the azide radical would result in reliable
thermochemical data. To this end, the electron affinity
of the azide radical was measured by photodetachment
spectroscopy.’? The resultant’? EA, 62.1 + 2.8 kcal/mol,
led to thermochemical values much higher than pre-
vious literature values. That photodetachment mea-
surement, however, was made difficult due to other
anions present during the experiments. Recent disso-
ciative electron attachment experiments indicated that
benzyl azide is an efficient and clean source of azide
anion.’® Azide anion generated in this way enabled
unambiguous assignment of the EA, 63.7 £+ 1 kcal/mol,
from the photodetachment spectrum.®® Agreement with
the previous EA value indicated that proper accounting
of the contributions to the photodetachment spectrum
had been taken. This EA, in combination with the
proton affinity of the azide anion® yields a D°(N3-H)
of 92.2 + 4.6 kcal/mol. The AH;°(Ny"), obtained from
the proton affinity, was 48 £ 2 kcal/mol. While these
values are considerably higher than the previous values,
they are arguably more reliable since they are direct
measurements and are more consistent with the ther-
mochemical values of related specis (the D°(H,N-H)
for ammonia®® is 107 kcal/mol; the D°(HN-H) for am-
ide® is 95 kcal/mol).

Recent photodetachment studies on the anilide,
benzyl, and phenylnitrate anions®” resulted in the de-
rivation of the N-H and C-H bond dissocation energies
for toluene, aniline, the anilide anion, and the anilide
radical. These, along with the measured EAs and
proton affinities’®% are displayed in Table I. The D°’s
of aniline and the anilide radical are an interesting pair.
The N-H D° of anilide radical may be thought of as the
“second” N-H bond strength in aniline. As shown in
Table I, the energy required to break the first N-H
bond in aniline is remarkably similar to that of the
second N-H bond. The thermochemistry of ammonia
is very different; the second N-H D° is approximately
12 kcal/mol less than%5% the first N-H. The difference
between these systems is due mainly to resonance sta-
bilization. Stabilization of the anilide radical effectively
lowers the first bond dissociation energy relative to the
second, thus equalizing the two.

Such resonance stabilization seems to be unimportant
for organosilane compounds. Preliminary ICR exper-
iments measuring the proton and electron affinities of
silyl and organosilyl anions and radicals, respectively,®
indicated that the bond energies of alkyl- and aryl-
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substituted silane compounds are essentially the same,
implying that organosilyl radical stabilities are unaf-
fected by substitution. Earlier experiments on alkyl-
substituted alcohols®! and mercaptans® also found bond
strengths to be independent of alkyl substitutions. The
observation that alkyl and aryl substitution affords no
special stabilization to organosilyl radicals might be
related to the fact that the extra electron lies in a
nonbonding orbital.®® The measured electron affinities
of the organosilanes studied gave evidence of a methyl
effect which destabilizes silyl anions. Such an effect has
been evoked to explain magnetic circular dichroism
results involving silyl substituents as = electron donors
and acceptors.®

Gas-phase acidities and electron photodetachment
threshold measurements on family IVA (4) trimethyl
hydrides® resulted in the first direct determination of
the bond dissociation energy of trimethyltin hydride,
as well as the bond dissociation energies for tri-
methylgermane and trimethylsilane hydrides. The EA’s
of these trimethyl metal hydrides were found to be
lower than their tetrahydride analogues, giving further
evidence of methyl destabilization in family IVA (4)
anions. The electron affinities were found to increase
in going down the IVA (4) family, as was the case with
the EA’s of the bare IVA (4) atoms, recently determined
by photoelectron spectroscopy.® For these atomic data,
the decrease in electron affinity was attributed to a
breakdown in L—S angular momentum coupling in going
to heavier atoms. This explanation may hold true for
the hydrides.

C. Energetics and Structural Information of
Complex Ions

Golub and Steiner, in 1968, measured the photode-
tachment spectrum of a solvated anion, water-solvated
hydroxide ion in a crossed-beam experiment.’” This
experiment showed the utility of electron photode-
tachment as a probe of the energetics of complex ions.
However, the data, slowly rising cross sections at
threshold (attributed to dissociative photodetachment),
are difficult to interpret.

Recently, photodetachment experiments involving
solvated anions of the form [ROHF]™ have been un-
dertaken, with the intent to probe both structure and
energetics.'#68 The reactivity of these complex ions®
indicated that the complexes consist of proton-bound
fluoride and alkoxide ions. A series consisting of ions
in which R corresponded to the alkyl groups methyl,
ethyl, isopropyl, tert-butyl, neopentyl, and benzyl were
generated and irradiated in an ICR.% Only the complex
ion with R = benzyl was found to detach.

In order to use the photodetachment results to gain
structural information about the [ROHF]™ systems,
namely, whether the complex ion resembles al¢ohol-
solvated fluoride ion, ROH- - -F~, or HF-solvated alk-
oxide ion, RO™- - -HF, one must assume that Franck-
Condon factors play an important role in the detach-
ment process.** Poor Franck-Condon overlap precludes
detachment to products whose geometry differs sub-
stantially from that of the anion.

Figure 2 illustrates the scheme used to rationalize the
photodetachment results from reference 68. The en-
ergies of RO™---HF and ROH- - -F~ are similar, since the
acidities of ROH and HF are similar. The energies of
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Figure 2. Relative energies and photodetachment transitions
for solvated anion and neutral complexes.

the neutral complexes, RO---HF and ROH---F, are
very different, however, owing to the very large dif-
ferences in the H-F and RO-H bond strengths. Thus
the vertical photodetachment energies should be very
different: the RO™---HF — RO- - -HF vertical detach-
ment transition should be much lower in energy than
the ROH---F~ — ROH---F transition. The vertical
detachment threshold for the alcohol-solvated fluoride
ion, ROH---F- — ROH---F, is too high to be ob-
served.”” Poor Franck-Condon overlap precludes the
observation of the adiabatic transition, ROH- - -F~ —
RO---HF, whose threshold energy is accessible in the
experiment. The vertical detachment threshold for the
HF-solvated alkoxide ion, RO™---HF — RO- - -HF, is,
however, accessible in the experiment. Therefore, those
[ROHF] ions for which photodetachment can be
measured (cross sections having significant intensity)
must resemble HF-solvated alkoxide ions. Since pho-
todetachment was observed for the complex ion in
which R = benzyl, this anion has the structure of HF-
solvated benzyl oxide (CgH;CH,O™- - -HF). The other
systems resemble alcohol-solvated fluoride ions (ROH-
--F). These photodetachment results also reflect the
known relative gas-phase acidities*® of the alcohols and
HF in that the bridging proton is more closely bound
to the more basic anion in the [ROHF]™ complex.
The photodetachment threshold of the HF-solvated
benzyl oxide ion was used to derive the solvation energy
of the complex ion. Figure 3 illustrates the thermo-
chemical parameters involved in the determination of
the solvation energy of the complex anion. The electron
affinity of benzyloxy radical,®® 49.4 + 0.3 kcal /mol, the
electron affinity of the HF-solvated benzyl oxide ion,%8
70 + 2 kcal/mol, and the solvation energy of the neutral
complex™ result in a solvation energy of the benzyl
oxide ion of 29 £ 3 kcal/mol. With the use of the
enthalpy of proton transfer from HF to benzyl oxide
ion%® and the solvation energy, a fluoride binding energy
of 31 kcal/mol was derived, which compares favorably
to predictions by Larson and McMahon.” Photode-
tachment of the methanol-solvated methoxide ion re-
sulted in an EA determination!® of 52 + 2 kcal/mol.
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Figure 3. Relationship among electron affinities and solvation
energies for solvated anions.

With the use of the thermochemical cycle illustrated
by Figure 3, a solvation energy of 19 £ 3 kcal/mol was
derived.’® This compares well to that value reported
by Bartmess et al.”* Very recent HPMS experiments*®
report 28.8 kcal/mol as the solvation energy of the
methanol-solvated methoxide.

Poor Franck—-Condon overlap between the anion and
the neutral has been evoked™ to explain the absence
of a photodetachment onset for the sulfur hexafluoride
ion, SFg~. No detectable detachment was observed in
the ICR experiment™ using irradiation in the spectral
region 300-1100 nm. On this basis as well as kinetic’®
and lifetime evidence™ a large geometry change and
loose structure was proposed for SFg~. SCF calcula-
tions” predict a large difference in the S-F bond
lengths for the radical and the anion, and a vertical
transition energy much higher than the adiabatic
electron affinity. Consistent with previous sugges-
tions,” recent studies on charge-transfer reactions in-
volving SFg indicate a large kinetic barrier to electron
transfer.”® The low efficiency reactions make deter-
mination of the electron affinity of SFg by bracketing
techniques difficult. However, HPMS experiments’®
have resulted in a determination, EA(SFg) = 24.2 £ 2.3
kcal/mol.

Photoelectron spectroscopy has been used to measure
the photodetachment spectrum of the NH,  ion.™ It
contained only one major peak and thus resembled the
spectrum of free hydride ion red-shifted’”® by 8.3
kcal/mol. This red shift corresponds to the solvation
energy afforded hydride by the NH;. Because the de-
tachment transition was presumed to lie near the dis-
sociation limit of NH, neutral, the magnitude of the
shift represented an upper bound to the solvation en-
ergy. This measured value agreed well with calculated
solvation energies.®

The results are consistent with both calculations®
and FT-ICR deuterium-labeling experiments® which
suggest that the NH,™ ion is best described as a solvated
hydride ion. This parallels the behavior of [ROHF]~
complex ions in that the structure of the solvated anion
reflects the relative proton affinities of the proton-
bound anions. Molecular hydrogen is a stronger acid
than ammonia,? thus the complex resembles NH,- - -H-
rather than H,- - -NH,~. Photoelectron spectroscopic
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Figure 4. Photoelectron spectra of free and solvated nitric oxide
ion (ref 82). Lower electron kinetic energy corresponds to higher
energy transitions from the anion to the neutral. Reprinted with
permission of the authors.

studies of larger hydride—ammonia complexes and am-
monia-solvated amide ions are forthcoming.”

Figure 4 displays the photoelectron (photodetach-
ment) spectra of the gas-phase negative cluster ions
NO~(N;0), and NO(N,0), obtained by using 2.540-eV
photons in a coaxial laser-ion beam photoelectron
spectrometer.?2 Both spectra exhibit structured pho-
toelectron spectral patterns which strongly resemble
that of free NO-, but which are shifted to successively
lower electron kinetic energies with their individual
peaks broadened. Each is interpreted in terms of a
largely intact NO™ solvated by nitrous oxide molecule(s).
For both NO(N;0); and NO™(N,0),, the ion-solvent
dissociation energies for the loss of a single N,O solvent
molecule were approximated as 4.6 kcal /mol# Electron
affinities were also determined and found to increase
with cluster size.

The aforementioned photodetachment experiments
on solvated anions result in measurements that com-
plement the data (i.e., H-bond energies) determined by
using fluoride-exchange equilibria measurements’%%
and HPMS clustering equilibria experiments.34% All
of the studies on solvated anions are important in that
the elucidation of solvent interactions helps in under-
standing the transition from gas-phase ion behavior to
solution-phase ion behavior.

In a somewhat analogous venture, work that aspires
to bridge microscopic, molecular models of small (2-100
atoms) metal clusters to macroscopic bulk metal sur-
faces is in progress. Photodetachment of metal cluster
negative ions® resulted in the experimental determi-
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Figure 5. Photodetachment spectrum of phenylacetaldehyde
enolate ion. Reprinted with permission from J. Am. Chem. Soc.,
99, 7263. Copyright 1977 American Chemical Society.

nation of EA as a function of cluster size. Experiments
like these, in conjunction with predictions from ab initio
calculations®” modeling the electronic properties of
metal clusters and their dependence on cluster size (up
to 90 atoms), should ultimately provide a detailed view
of the electronic structure of small metallic species.
This information represents the microscopic limit of
bulk surface properties, studied extensively by photo-
electron spectroscopy (XPS, UPS).28 To date, cluster
negative ion beams of Ni, Nb, Cu, Ag, Si, Ge, GaAs, and
Rb have been generated. For the Ni, Nb, and Cu
clusters, photodetachment is the only decay channel
observed. Estimates for the EAs of various Cu clusters
indicated that the EA increases with n (n is the number
of atoms in the cluster) and is higher for odd-n clusters.
Similar results were found for GaAs clusters. In the Ag,
Si, and Ge clusters, photofragmentation was found to
compete with photodetachment. The photoelectron
spectra of Rb,” and Rby™ are highly structured and ex-
hibit transitions to several electronic states of the cor-
responding neutrals.

V. Investigation of Electronic Translitions by
Photodetachment Spectroscopy

A. Autodetaching Electronic Excited States In
Anions

Electronically excited states of negative ions, like
those in most neutrals, typically have energies of several
electronvolts. Ionization potentials of neutrals are
typically 10-15 eV, but the electron affinities (the
corresponding energy to lose an electron from the
negative ion) are generally less than 3 eV. Thus most
excited electronic states in anions are unbound. Since
a transition to an electronic excited state of the anion
represents an alternative pathway for electron loss,
these processes appear as resonances superimposed on
the integral continuum photodetachment spectrum,
provided that the probability for accessing the excited
state is large enough to compete with direct photode-
tachment. Such autodetaching electronic excited states
in anions have been observed in the photodetachment
spectra of phenoxides,3*" linear polyene anions,®
enolate anions®® (an example of which is shown in
Figure 5), the cyclooctatetrenyl and perinaphthenyl
anions,®® and, most recently, the benzyl and anilide
anions.’” These gas-phase experiments allow unam-
biguous assignment of excited-state transition energies,
free from counterion and solvent effects. The reso-
nances tend to be broad and featureless, indicative of
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a short-lived state high in energy and strongly coupled
to the neutral and free electron.

“Bound” electronic excited states observed in pho-
todetachment spectra are those whose ground vibra-
tional state is lower in energy than that of the neutral,
yet which have some ro-vibrational levels higher in
energy than the neutral. Some of these states can au-
todetach. In autodetachment, vibrational or rotational
energy must be transferred into electronic degrees of
freedom (Born-Oppenheimer breakdown). This cou-
pling and the selection rules for the transition to the
neutral and free electron (governed by energy, angular
momentum, and parity conservation) often result in
long-lived excited states of the anion. Transitions from
the ground state of the anion to ro-vibrational levels of
the bound electronic excited state that subsequently
autodetach appear as (narrow) resonances superim-
posed on the rising background of direct photodetach-
ment.

Few examples of bound valence excited states in
molecular negative ions are known. One such system
is the C;™ anion, whose photodetachment spectrum has
been measured to obtain both spectroscopic informa-
tion®=b and autodetachment rates.® Another is the
CH- ion, which has a bound metastable electronic ex-
cited state. Both the energy®? and radiative lifetime?’
of this state have been measured.

The photodetachment spectrum of acetophenone
enolate”? contained narrow resonances, indicative of
transitions to a bound, autodetaching state. These
resonances appeared near threshold and could not be
attributed to valence excited states.? Instead it was
postulated that the bound excited state was a low-en-
ergy, diffuse state in which the electron was bound by
an interaction with the permanent dipole moment of
the neutral. The possibility of the existence of di-
pole-supported states had been proposed by theoreti-
cians for many years. The states are analogous to
Rydberg states, yet have a much smaller attractive
potential since the electron is bound by a charge—dipole
rather than coulombic potential. The problem of a
charge bound by a dipole was first solved by Fermi and
Teller.®® A comprehensive review of other contributions
to the problem is provided by Turner.** Especially
pertinent to the study of dipole states in molecular
anions is the inclusion of the rotation of the dipolar field
by Garrett.%

Since dipole-supported excited states are bound by
the molecular dipole moment, one expects stable mo-
lecular anions whose neutrals possess large dipole mo-
ments to exhibit these states. The following conditions
must be satisfied in order that threshold resonances be
observed: (1) the dipole-supported state must exist; (2)
the transition probability to the excited state must be
comparable to the transition probability for direct
photodetachment; (3) the excited state must be suffi-
ciently long-lived so that the resonance is measurably
sharp against the background of direct photodetach-
ment cross section; and (4) the autodetachment rate
must be faster than radiative rates.’® ICR photode-
tachment experiments are well suited for exploratory
studies, since a wide variety of molecular anions can be
generated and trapped and probed with reasonable
resolution (1 cm™) over the entire visible and near IR
wavelength regions.?? Many systems have now been
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observed to exhibit these states, including acetaldehyde
enolate,” cyanomethyl anion,® acetyl fluoride enolate,®®
and the p-fluoro-, m-fluoro-, p-(tert-butyl)- and m-
methyl-substituted acetophenone enolate anions.?? As
a test of the semiclassical model, the photodetachment
spectra of the o- and p-benzoquinone radical anions
(OBQ and PBQ, respectively) were recorded.)® In this
pair of ions the neutral dipolar core could be varied
without substantially changing the electronic structure
of the anions. Symmetrical PBQ has no dipole moment,
while that in OBQ is estimated!! to be approximately
5 D. Resonances at the threshold of electron photo-
detachment were present only for the OBQ anion,
consistent with the picture that a large dipole moment
is required for a quasi-bound-state to exist. The pho-
todetachment spectra of some of these anions have been
analyzed in detail.

Acetaldehyde enolate was studied initially by ICR
and then coaxial ion-laser beam photodetachment
spectroscopy.”” The vibrational frequency of the tor-
sional mode in the anionic ground state was obtained
as 375 cm™!, in good agreement with data from photo-
electron studies.® Resolution of the vibrational bands
into individual rotational transitions (made possible by
the ultrahigh, 0.0007 cm™!, resolution of the coaxial
beam apparatus) allowed the determination of the ro-
tational constants for the ground and excited states of
the anion. These, in comparison to the rotational
constants of the neutral radical, known from laser-in-
duced fluorescence studies,'® provide additional sup-
port for the dipole-state model. The rotational con-
stants (and thus the geometry) of the dipole-supported
state were remarkably similar to those of the radical,
indicating that the electron in the excited state is in a
diffuse orbital and does not significantly perturb the
core. In addition to structural information, the study
afforded information about the autodetachment dy-
namics and the binding energy of the dipole-supported
state. The binding energy is the energy of the rota-
tionless, vibrationless level of the excited state with
respect to that of the neutral and free electron. As-
signment of the binding energy was based on the ab-
sence of transitions to the lower rotational levels in the
excited state. This is an estimate since the exact
mechanism for autodetachment is not known. For ac-
etaldehyde enolate the binding energy was estimated
as 5 ecm™., The spectrum contained surprisingly few
bands; transitions to J levels (rotational quantum
number N is equivalent to J in closed-shell anions)
containing only 20 cm™ of energy (over the binding
energy) were too broad to be distinguished from back-
ground direct photodetachment. Measured line widths
indicated that the lifetime of the dipole state decreases
rapidly as the rotational energy of the state increases.

The 1-cm™ resolution photodetachment spectrum of
cyanomethyl (both the hydride and the deuteride,
shown in Figure 6) anion, the conjugate base of aceto-
nitrile, has been reported.®® The vibration frequencies
of the out-of-plane methylene umbrella mode, 430 + 20
and 280 + 20 cm™, for the hydride and deuteride, re-
spectively, were obtained. Since individual J levels
could not be resolved, complete geometry determination
was not reported, but those ‘rotational constants ob-
tained from the spectral assignment indicated a change
from pyramidal geometry in the anion to planar geom-
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Figure 6. Photodetachment spectrum of cyanomethyl (-h,) and
(-d,) anions. Reprinted with permission from JJ. Chem. Phys.,
84, 5284. Copyright 1986 American Institute of Physics.

etry in the excited state. Further, the transition en-
ergies indicated stronger, shorter bonds in the excited
state. The photodetachment spectra gave evidence of
a binding energy much larger than that in acetaldehyde
enolate, 160 £ 50 cm™. The adiabatic electron affinities,
calculated from the sum of the rotationless transition
energy and the binding energy of the dipole-supported
state, were reported as 35.97 (-hy) and 35.72 (-d,)
kcal/mol. These are a more accurate assignment than
those reported from experiments conducted at resolu-
tion too low to resolve the resonances.! The observed
transitions to rotational levels in the dipole-supported
state are at energies below the threshold for direct
photodetachment, verifying that rotational energy was
transferred into electronic motion and utilized in elec-
tron detachment. Experiments measuring the ul-
trahigh-resolution photodetachment spectra of this
anion will reveal information on the dynamics of the
autodetachment in this system, likely to be very dif-
ferent from that seen in acetaldehyde enolate. Prelim-
inary coaxial ion-laser beam photodetachment studies!®®
on "CH,CN indicate that excited-state lifetimes depend
on J and not on K (that is, only the total angular mo-
mentum is important; the lifetimes begin drastically
decreasing for high JJ, ~30 quanta, regardless of the
total rotational energy of the molecule).

The photodetachment spectrum of acetyl fluoride
enolate has also been analyzed in detail.* ICR photo-
detachment data afford information about the vibra-
tional frequencies of the ground state of the anion. The
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methylene out-of-plane torsional mode, 494 cm™, was
found to be higher than that of acetaldehyde, indicating
a significant barrier to rotation. Assignment of the two
O—C-F deformation modes, as 475 and 694 cm™!, was
accomplished. Complete analysis of the rotational
transitions between the ground state and the dipole-
supported excited state of the anion proved difficult in
this system, due to the substantial geometry change
between the two states. The absence of transitions to
lower rotational levels of the excited state indicated a
binding energy of approximately 35 cm™, again larger
than that in acetaldehyde. Transitions to rotational
states over 100 cm™ above the binding energy were
observed in the photodetachment spectrum. The
measured line widths for transitions to upper rotational
levels in general broadened with increasing rotational
energy, but the effect of rotational energy on the life-
time of the excited state was not as dramatic as that
in acetaldehyde.

The data obtained for these three systems can be
compared to explain the nature of the dipole-supported
state and the factors that influence the dynamics of
autodetachment. In the absence of interference from
direct photodetachment and under the assumption that
the radiative rate is much slower than the autodetach-
ment rate,'® the resonance line widths give direct de-
termination of the autodetachment rates and are
therefore a measure of the lifetime of the autodetaching
state. Two factors determine the lifetime of the state:
coupling to the continuum and the attractive potential
between the dipole and the exiting electron. In rota-
tional autodetachment, transfer of angular momentum
from molecular rotation to orbital angular momentum
occurs. This process must conserve energy, angular
momentum, and parity. In order to conserve energy
and angular momentum, autodetachment from dipole
states with a large binding energy requires a greater
change in rotational angular momentum than does au-
todetachment from dipole states with a small binding
energy. Rotational transitions with small AJ are fa-
vored. Coupling is best to low orbital angular mo-
mentum of the departing electron. Thus rotational-
to-electronic coupling, manifested by the measured
transition line width, should be different for states with
different binding energies. In the three cases studied,
acetaldehyde enolate’s excited state is bound by only
5 cm™. Transitions to levels >20 cm™ were not readily
distinguishable from the background of direct photo-
detachment. In contrast, the photodetachment spec-
trum of cyanomethyl and acetyl fluoride contained
transitions to rotational levels well over 100 cm™ above
the binding energy. In acetyl fluoride enolate, for a
given amount of rotational energy, the lifetime of a level
that autodetached with a AJ = 4 was approximately 4
times that of a state that autodetached with a AJ = 0.
Because of the virtual match in the energy of the ro-
tational levels between the excited state and the radical
state, the coupling of orbital angular momentum of the
anion into orbital angular momentum of the free elec-
tron may be more efficient in the acetaldehyde enolate
system.

The dipole—electron attractive interaction in the ex-
cited state and molecular rotations affect the lifetime
of the excited state. A semiclassical model predicts that
the attraction (and hence binding energy) increases with
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a larger dipole moment in the neutral core. The dipole
moments are estimated to be 3.6, 4, and 5.7 D for ac-
etaldehyde, cyanomethyl, and acetyl fluoride radicals,
respectively. The binding energies do increase for those
states with a larger dipole in the neutral core. The
lifetimes of those states with the larger dipole are also
less sensitive to the amount of rotational energy. On
the basis of a semiclassical model and the results of
Garrett,® one might predict that rotation of the dipole
moments would not affect the lifetime of the dipole-
supported state in cyanomethyl anion (since the dipole
moment lies along the figure axis and rotation about
this axis would not affect the orientation of the moment
and the electron), yet would affect the lifetime of the
dipole-supported state in acetaldehyde or in acetyl
fluoride. The data, however, do not afford any defi-
nitive proof to validate this simple picture. Another
factor which may influence the lifetime of the excited
state is motion that rotates the orbital losing the elec-
tron, which can enhance rotational-to-electronic cou-
pling, as was seen!?” in the case of vibrational autode-
tachment in NH".

In summary, studies of the photodetachment spec-
troscopy of molecular anions containing dipole-sup-
ported states have resulted in spectroscopic information
for a number of molecular anions.'® The nature of
dipole-supported states and the dynamics of rotational
autodetachment have also been more fully explained.
In addition to those systems that have been mentioned
and studied in great detail, the photodetachment
spectra of many anions,'® for instance, the enolates of
cyclobutanone, 1,1,1-trifluoroacetone, methyl vinyl ke-
tone, propionaldehyde, and methyl acetate, contain
threshold resonances characteristic of transitions to
dipole-supported states. Since these are large, poly-
atomic systems, assignment of the resonances to specific
vibrational (rotational) transitions is difficult. None-
theless, the large number of anions exhibiting dipole
states provides validity to the assertion that such states
are a general phenomenon.

B. Electronic Excited States In Neutrals

Photodetachment spectroscopy can be applied to the
investigation of the electronic excited states in the
neutrals. Detachment from the ground state of an
anion to different final states (e.g., spin-orbit, triplet-
singlet) in a neutral is evidenced by multiple onsets in
the photodetachment spectra. The energy differences
between the transitions directly yield the energy
splitting. In optimum cases, cross-section modeling and
ab initio calculations can be used to determine the
relative ordering of these states. Since molecules con-
taining unfilled valence levels are particularly reactive
(i.e., carbenes, arenes, nitrenes) and experiments
probing their spectroscopy are difficult, the use of
photodetachment to probe neutrals by way of the anion
is a viable alternative scheme.

Photodetachment has been used to study substituted
nitrenes. The first direct measurement of the singlet-
triplet splitting in a substituted nitrene was that for
phenyl nitrene.!’® Photodetachment studies on other
substituted nitrene anions has been attempted, but only
with limited success.!!! Nitrene radical anions can in
general be formed by low-energy electron impact on the
corresponding parent azide. Methyl, ethyl, tert-butyl,
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Figure 7. Photodetachment spectrum of phenylnitrene anion.
The arrows indicate onsets for the transitions depicted in Figure
8. Reprinted with permission from J. Am. Chem. Soc., 106, 3443.
Copyright 1984 American Chemical Society.

and p-toluenesulfonyl nitrene radical anions were
formed in this way yet proved difficult to trap and
photodetach because of the predominant reaction of the
nitrene anion with the azide neutral forming azide an-
ion. In the photodetachment spectrum of phenyl
nitrene, shown in Figure 7, three onsets were observed.
The results of ab initio calculations!!? (which predicted
the electronic states of the neutral accessible from the
ground state of the anion and provided a basis for the
relative ordering of these states) and theoretical
cross-section calculations, employing the one-electron
formalism of Reed,? enabled these onsets to be assigned
as transitions to the ground-state triplet and first and
upper singlet states. These are shown in Figure 8. Fits
to the theoretical cross-section behavior indicated that
the observed onsets were direct photodetachment
transitions, rather than transitions to excited vibrational
levels of one of the electronic states. Since the data
show sharp rather than broad and shallow onsets, the
transitions were taken to be those to excited-state levels
rather than vibrational hot bands. The theoretically
expected cross-section shapes for each of the three
possible transitions were too similar to enable relative
ordering of the spin levels in the radical. The measured
singlet-triplet splittings in the phenylnitrene system,
displayed in Table II, are much smaller than those in
imidogen!!® (~4 kcal/mol compared to ~30 kcal/mol).
This has been attributed to possible lessened contri-
butions from the exchange and Coulomb interactions,
because the orbitals have reduced spatial overlap.
Another highly reactive neutral studied by photode-
tachment was o-benzyne. o-Benzyne anion, CgH,~, was
prepared in a flowing afterglow negative ion source;
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to be observed in the detachment experiment. Reprinted with
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TABLE II. Absolute and Relative Energies for Electronic
Levels in Phenylnitrene!l?

absolute energy, relative energy,

state kcal /mol kcal /mol
T, 33.7 £ 0.3 0
So 38.0 £ 0.4 43 £ 04
S, 42,5 + 0.5 8.8 0.5

transitions to the singlet ground state and (previously
unobserved) lowest triplet state of the neutral were
measured by photoelectron spectroscopy,!!* providing
measurements of both the electron affinity, 12.9 + 0.2
keal/mol, and singlet-triplet splitting, 37.7 + 0.6
kcal/mol, in the neutral.

VI. Vibration-Induced Electron Detachment

A. Experimental Evidence

Infrared multiple photon (IRMP) photoactivation
typically results in fragmentation (dissociation process
occurring on the electronic ground-state potential-en-
ergy surface). Since most bond dissociation energies
(3-5 eV) in negative ions are larger than adiabatic
electron affinities (often <3 eV), however, one might
expect electron detachment to compete favorably with
fragmentation, if it were the lower energy reaction
pathway. Indeed, this premise was shown to be true.!
IRMP activation under collisionless conditions in an
ICR experiment resulted in electron detachment from
the benzyl, 115116 gllyl, 2,4-hexadienyl, cycloheptadienyl,
and anilide anions!!® and from hexafluorosulfide an-
ion.1'7 In these experiments the molecular anions se-
guentially absorbed 5-10 IR photons, supplied by a
high-powered, pulsed CO, laser, in order to be activated
to high enough internal energies to autodetach. These
studies reported the wavelength dependence on pho-
todetachment yield and a phenomenological cross sec-
tion for the IRMP absorption (derived from photode-
tachment yield vs. fluence behavior, in conjunction with
steady-state approximations!!¥). IRMP-induced elec-
tron detachment is an interesting contrast to the au-
todetachment produced by optical excitation (as dis-
cussed in section V).

The aforementioned IRMP experiments do not pro-
vide any insight into the V-E mechanism that presum-
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ably drives the detachment process because of the lack
of any measured detachment rates or even information
on the relative efficiency of the detachment process.
The nature of the IRMP activation and ICR spectrom-
etry precludes any direct measurement of the rate
constant for loss of an electron. Vibrational relaxation
does not occur on the time scale of activation, since the
duration of the IR pulse, ~3 us, is much shorter than
that of radiative (ms) or collisional (tens of ms at the
pressures used in the ICR experiments) deactivation.
Ions absorb photons at a rate determined by the laser
intensity.!® As the photons are absorbed, the vibra-
tional energy is rapidly randomized to all other vibra-
tional degrees of freedom in the molecule. Eventually
subsequent absorptions excite the molecule to vibra-
tional levels high enough in energy for autodetachment
to occur. Autodetachment is observed when the de-
tachment rate becomes competitive with the pumping
rate. This is often above the thermodynamic threshold
(the adiabatic electron affinity) for autodetachment.
Both the photon pumping rate and probably even the
slowest of autodetachment rates are fast on the ICR
time scale (millisecond resolution). One problem in-
herent in the IRMP activation process is that it is im-
possible to determine precisely the total energy content
of the anion, and in the ICR experiments it is not
known at which vibrational energy level!® autodetach-
ment occurred.

The rate constant for electron detachment can in
principle be indirectly determined from an experiment
in which an IRMP-activated anion detached an electron
in competition with a well-defined reaction. Branching
experiments used to determine autodetachment rates
indirectly are of general applicability, assuming a com-
peting reaction with known mechanism and energetics
(so that the reaction rate constant can be reasonably
approximated) exists, preferably close in energy to the
autodetachment threshold. Unimolecular dissociation
reactions, frequently induced by IRMP activation, can
serve as a competing pathway, since their reaction rates
can be calculated by RRKM theory.1?® In such an ex-
periment, acetone enolate ion was formed and IRMP
activated in an ICR; branching between unimolecular
fragmentation and vibration-induced electron detach-
ment was observed.!! Thermodynamic considerations
enabled the thresholds for both channels to be esti-
mated: 42 kcal/mol for autodetachment? and 60-65
kcal/mol for fragmentation.!?? The (energy-dependent)
rate constant for the fragmentation pathway was esti-
mated!® as approximately 106-107 s™!, 3-6 kcal/mol
above threshold. The observation of branching requires
that the autodetachment rate constant be the same
order of magnitude in this energy range (i.e., ~20
kcal/mol above the autodetachment threshold). Below
the dissociation threshold, the autodetachment rate
constant must be less than the pumping rate!'® or the
anion would never be further activated to the dissoci-
ation threshold. This experiment thus indirectly de-
termined the autodetachment rate constant as 107 s}
at approximately 20 kcal/mol above threshold and <107
871 at threshold for autodetachment. Another branching
experiment was that for IRMP-activated siloxide ions,
trimethyl siloxide, and dimethyl siloxide ions, which
were observed to undergo electron loss and unimolec-
ular decomposition.}?* The trimethyl siloxide ion, sim-
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ilar to tert-butoxide ion,!? decomposed to give di-
methylsilanone enolate (the silicon analogue of acetone
enolate ion) and methane upon irradiation from a
pulsed CQO, laser. Unlike the case for tert-butoxide ion,
however, electron-trapping experiments using CCl, (an
efficient electron scavenger) indicated that vibration-
induced electron detachment, the lower energy path-
way, was also occurring. In fact, it was the dominant
reaction. IRMP activation of dimethyl siloxide ion
resulted in electron detachment and decomposition to
dimethylsilanone enolate and molecular hydrogen. The
decomposition was much more efficient in this system,
compared to the trimethyl siloxide ion, observed even
when very slow IR pumping rates (10-10% s™! using a
continuous wave CO, laser) were used. This indicated
that the fragmentation and autodetachment channels
are likely very close in energy. The observation of
competing autodetachment and fragmentation, in con-
junction with mechanistic considerations inferred by
analogy to the tert-butoxide system,'?® was used to
estimate an upper limit to the silicon oxygen = bond
strength (62 kcal/mol). This study did not report any
estimates of the autodetachment rates.

Vibration-induced electron detachment was utilized
as an analytical method for isomer differentiation. In
an experiment involving three C;H; isomers,!% the
anions were irradiated in an ICR using a continuous
wave CQO, laser, and the recorded “action spectra”
(photodecomposition, in this case, vibration-induced
electron detachment, as a function of wavelength)
served to identify three structurally distinct species.
The spectra of cycloheptatrienyl and benzyl anions
exhibited different wavelength dependences. The other
isomer, norbornadienyl anion, did not undergo electron
detachment.

B. Mechanism for Autodetachment Process

Simons has extended the original non Born—Oppen-
heimer coupled model, employed by Berry!?” to the
vibrational autodetachment of Rydberg states in neu-
trals, to describe a physical mechanism for the coupling
of nuclear motion into electronic degrees of freedom in
the case of vibration-induced electron detachment from
molecular anions.!?® The expression for the autode-
tachment rate!?®

Wn—-’n’ = 2w/h|VNk,n’;A',n|2pe(en_ - en’o) (10)

where p, is the density of translational states of the
detached electron, with kinetic energy equaling the
energy difference between the vibrational energy levels
of the anion and neutral (less the electron affinity), and
V Nk nia-n 18 the coupling matrix element in which the
subscripts Nk,n’and A-,n label the nth (n®) vibrational
level in the neutral-electron continuum (anion) state.
Nuclear motion affects the energy such that the elec-
tronic and vibrational wave functions mix; it is this
coupling, embodied in the coupling matrix element, that
gives rise to transitions between the anion and neutral
molecule (plus free electron) states. Simons derived a
set of propensity rules for vibration-induced autode-
tachment from this rate expression. These rules, which
govern the electron detachment process only in the
absence of the direct electronic mechanism,* state that
transitions between vibrational states of the anion and
neutral will occur efficiently if (1) the anion and neutral
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potential-energy surfaces approach or intersect one
another in the region of “Q space” (@ corresponds to
all of the vibrational and rotational degrees of freedom
of the molecule) where the vibrational wave functions
of the anion (v = n) and neutral (v = n £ 1) are non-
vanishing and the electronic force operator (that force
which is exerted on the electron due to displacement
along the Q coordinate) is large; (2) the shapes of the
potential-energy curves of the anion and neutral are
similar; and (3) low-energy electrons (in other words,
a small Av transition) are ejected. This development
was intended as a tool for predicting and interpreting
experimental results rather than an algorithm for cal-
culating autodetachment rates. Simons outlined five
“typical” anion and neutral potential-energy surface
combinations (i.e., a case in which the neutral’s mo-
lecular orbital, that orbital accepting the extra electron,
is not bound for @ near the equilibrium geometry of the
neutral but becomes bound-as @ increases) and then
made predictions as to the relative detachment rates
with which specific anion/neutral pairs exemplifying
these potential-energy curve classes should autodetach.
Simons predicted that anilide should autodetach less
efficiently than benzyl anion. Vibration-induced elec-
tron detachment was observed for both of these an-
ions,!1¢ but because no rates were measured, the ex-
perimental results cannot validate the proposed prop-
ensity rules.

Simons and co-workers!®® conducted fully ab initio
calculations, using the aforementioned autodetachment
rate expression, on two “limiting case” examples, LiH"
and OH~. These represent limiting cases in that, for
LiH", the active orbital is strongly affected by the bond
motion and the electron affinity!®! (~0.3 eV) is rather
low and, for OH", the active orbital is nonbonding and
not strongly affected by the motion of the O-H bond
and the electron affinity!3? (~1.8 eV) is rather high.
The results of the calculations found autodetachment
lifetimes for various vibrational levels of LiH™ from
107%-10"1%g and, for OH", 1075-10%s. These calculated
rates are in accord with the qualitative predictions.
Autodetachment has been observed experimentally for
OH-, produced vibrationally hot in a beam by the
two-step electron capture of HyO* from Cs vapor.!3® In
this experiment the average autodetachment lifetime
could only be crudely approximated as exceeding 107°
s. The NH- ion, studied in a coaxial ion-laser beam
experiment,1%” should be similar to the OH" case be-
cause the active orbital is also = nonbonding. Since the
electron affinity is rather low,!3* comparisons to the
calculated rates for OH™ are not rigorous tests of the
theory. The autodetachment lifetimes (lower bounds)
for the v = 1 lower A-doublet levels of the anion, which
decay to the v = 0 levels of the neutral, were 5 ns. This
system showed a rotational enhancement effect (the
upper A-doublet level’s autodetachment lifetimes in-
creased with rotational quanta) not predicted by the
vibration-induced propensity rules.

Vibrationally excited anions prepared by heating or
exothermic reactions rather than by IRMP (or single
IR photon excitation) should also decay by the V-E
coupling mechanism. Vibration-induced autodetach-
ment is presumably involved in the nuclear excited
Feshbach resonances observed in electron-scattering
experiments,'3 in which the vibrationally excited anion
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is a transient, bound species formed in the electron
capture reaction

AB + e — [AB]* - AB + ¢ (11)

Vibrationally excited anions are also formed by ion—

molecule collisions of the type utilized in associative

detachment experiments:!36

A"+ B —[AB]* — AB + ¢ (12)

Simple statistical models have been proposed!® to
predict the rates for autodetachment in processes of the
type in eq 11. The statistical model does not require
a physical mechanism for the V-E coupling.

In summary, photodetachment experiments supple-
ment electron scattering or associative detachment ex-
periments for studying the interesting and theoretically
significant phenomena of vibrational-electronic coupling
in autodetaching anions. These photodetachment ex-
periments, however, are not without problems. The
activation scheme employed must be such that the en-
ergy content of the vibrationally excited anion is pre-
cisely specified. This can be accomplished by pumping
specific vibrational levels, fundamentals or overtones,
with tunable IR or visible sources. The experiments
must involve a method that either directly measures or
indirectly ascertains the relative values of autodetach-
ment rates for various anionic species. In order to test
the available theoretical descriptions, diatomic systems
have thus far been the most suitable anions to study,
because the spectroscopy, electron affinities, and po-
tential energy surfaces are either known or are more
feasible to calculate and the active vibrational coordi-
nate that induces autodetachment, @, is uniquely
specified.
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