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High-resolution studies of autodetachment in negative ions

By K. R. LYkkE, K. K. Murray, D. M. NEUMARK AND W. C. LINEBERGER

Department of Chemistry and Biochemistry, University of Colorado, and Joint Institute for Laboratory
Astrophysics, National Bureau of Standards and University of Colorado, Boulder,
Colorado 80309-0440, U.S.A.

Y 4

—

§ > A review of high-resolution autodetachment spectroscopy of negative ions is given.
olm The coaxial laser—ion-beam technique is used to probe the autodetachment dynamics
(= E of several molecular negative ions. The NH™ (v = 1) ion is shown to decay mainly via
MO vibrational autodetachment, whereas CH,CN™~ detaches via rotational autodetach-
anl@) ment. The propensity rules implied by these systems are confirmed by PtN~, which
=~ is found to decay by both routes.

INTRODUCTION

Before 1983, C; and OH™ were the only faigh-resolution spectroscopically studied negative ions
(Herzberg & Lagerqvist 1968; Lineberger & Patterson 1972; Hotop et al. 1974; Jones et al.
1980; Schulz ef al. 1982 ; Hefter et al. 1983 ; Mead ¢t al. 1985). Only within the last few years
has there been a flurry of high-resolution spectroscopic studies of negative ions. There are two
reasons for this delay. Although negative ions are seen throughout Nature (Massey 1976), they
tend to occur in relatively low abundance so that it is very difficult to do absorption spec-
troscopy on any but the most easily made species. Also, the outer electron in negative ions is
usually bound by less than ca. 1 €V so that there is very little ‘room’ in which to have another
bound electronic state. Negative-ion spectroscopy has lagged behind neutral and positive-ion
spectroscopy primarily because of these two inherent problems.

The conventional spectroscopic method is absorption of a beam of light by the absorbing
species. Because negative ions occur in only low concentration, the sensitivity of absorption
spectroscopy has had to be increased to observe negative ions in the gas phase. A major
improvement in the sensitivity of absorption spectroscopy of negative ions (and positive ions)
has come from the introduction of velocity-modulated spectroscopy (Saykally 1986). The
negative ions that have been observed by this technique are typically among the most abundant
negative ions in a plasma (Rosenbaum et al. 1986; Rehfuss ef al. 1986; Kawaguchi & Hirota
1986; Tack et al. 1986) (OH™, FHF~, NH3) and are down in concentration from positive ions
by only ca. 1-3 orders of magnitude. A very desirable feature of direct absorption spectroscopy
is that any molecule, in general, will have an absorption spectrum in some spectral region.
Some drawbacks to this technique include limited ion-mass selectivity and large Doppler
widths.

One method for circumventing the small concentration problem is to form a beam of
negative ions and detect each photon absorbed with high efficiency. This can be done if each
negative ion that absorbs a photon is excited to a state above the detachment continuum, and
subsequently decays by autodetachment (‘autodetachment spectroscopy’). Every electron and
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180 K.R.LYKKE AND OTHERS

every neutral that is formed by this process can be detected with close to unity efficiency. Mass
selectivity is another feature of this method, and by using a coaxial ion beam-laser beam, one
is able to obtain greatly reduced Doppler widths. A drawback of autodetachment spectroscopy
is that the upper state of the transition has to lie above the detachment threshold ; no bound
states can be probed by this technique.

A number of approaches have been utilized to circumvent the lack of negative-ion excited
electronic states. One method that has been shown to be successful is vibrational autode-
tachment spectroscopy (Neumark et al. 1985). This involves excitation of the negative ion to
a vibrationally excited state that lies above the detachment threshold. When applicable, this is
a very good method for determining the structural characteristics of the ion and for obtaining
detailed information on the interaction between the rotating and vibrating neutral and the
detached electron. The crucial drawback to this technique is that it may not be general. The
electron affinity of the neutral must lie below the vibrational level excited in the negative ion
and the autodetachment lifetime must be in the range 10~-1072s for this approach to be
successful.

Another method that might be general is two-photon detachment (one-photon resonant).
This method has only been applied (Lineberger & Patterson 1972) in the case of C, in which
both photons were the same frequency. The principle of the technique is to use a tunable laser
to excite the molecular ion to an excited state (vibrational or electronic) and then detach this
excited state with a high-power laser with photon frequency low enough so that it cannot
detach ground-state molecules. Thus, molecules with electron affinities greater than their
vibrational fundamental frequencies could be studied by this method. However, this method
has not yet been demonstrated for vibrational spectroscopy.

A third method involves dipole bound states (DBs) of negative ions, states that are analogous
to Rydberg states in neutral molecules. The spectroscopy of Rydberg states in neutrals has
greatly increased the understanding of molecular structure (Gallas et al. 1985). There are an
infinite number of Rydberg states in each molecule, bound by the 1/r potential between the
positive-ion core and the electron, converging to the ionization limit of the neutral. Because
there is no 1/r long-range potential between the neutral core and the electron in an anion, there
are no Rydberg states in negative ions. However, a molecule with dipole moment greater than
ca. 2 D1 will bind an electron in the 1/7* potential and produce Rydberg-type pBs (Crawford
1967; Garrett 1970, 1971, 1980, 1982; Turner 1977; Zimmerman & Brauman 19774, b;
Jackson et al. 1979, 1981; Mead et al. 1984; Lykke ¢t al. 1984 ; Andersen et al. 1986, 1987;
Marks et al. 1987). These states are weakly bound (typically less than or about 100 cm™)
relative to the neutral molecule, the electron is bound in a very diffuse orbital, and the pBs is
structurally similar to the neutral core, much like a Rydberg state. However, there are generally
only one or two of these dipole-bound electronic states for each dipole neutral molecule, unlike
the infinity of Rydberg states in each neutral molecule.

We can exploit these properties of DBs in negative-ion spectroscopy. Transitions from the
ground electronic state of the negative ion to the pBs will yield autodetachment resonances in
the upper, unbound rotational-vibrational levels. Analysis of this bound—quasibound transition
will give structural information about both the anion ground state and the pBs, hence the
neutral core. Also, because the electron is bound by the anisotropic 1/7® dipole potential, the

t+1D=333x10%Cm.
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AUTODETACHMENT IN NEGATIVE IONS 181

lifetime of the autodetaching resonances will give information about the interaction between
a rotating—vibrating dipole and an electron. This will also help us to understand the process
of autoionization in neutral molecules, where only a few systems have been studied with
rotational resolution. :

In this paper, we discuss three different autodetaching systems. The first one is NH™, probed
by vibrational spectroscopy. The next system discussed is CH,CN~, a dipole bound system
studied by electronic spectroscopy. This species contains the major physical properties of DBs,
but is the simplest to understand of the systems studied to date (Zimmerman & Brauman
19774, b; Jackson et al. 1979, 1981; Mead et al. 1984; Lykke et al. 1984; Marks et al. 1987).
It looks very much like a linear dipole (CCN skeleton) with perturbing hydrogens. The last
system discussed is PtN™, which is studied by electronic spectroscopy and helps to elucidate
many dynamical aspects of autodetachment. However, before these systems are discussed, a
brief summary of the experimental methods will be given, followed by a brief review of the
autodetachment process.

EXPERIMENTAL

An overview of the photodetachment apparatus is presented in figure 1. The basic idea is to
merge a continuous tunable laser with a mass-selected, negative-ion beam. These two beams
then interact for ca. 30 cm and the products of photoabsorption neutrals and electrons are
observed. The ion beam is formed by extracting negative ions from any one of a number of
sources (see below), accelerating the ions to 2—-3 keV, mass selecting with a momentum analyser,
and forming a well-collimated beam with lenses and apertures. Then the ion beam is turned
90° with a transverse electric field and copropagated with the laser beam before it is turned 90°
again into a Faraday cup for monitoring. Typical ion currents are between 1 pA (ca. 107 ions
s™!) and 10 nA (ca. 10*! ions s7). The laser beam is sent through CaF, brewster windows and
is monitored with Fabry—Perot spectrum analysers, a A-meter for wavelength calibration and a
power meter for cross-section normalization. The typical powers available are ca. 10-1000 mW
in a ca. 0.1 cm® beam.

The remaining ions are deflected by the second transverse electric field and those neutral
species formed by detachment (or dissociation) strike a CaF, plate. This impact produces
secondary electrons that are then detected by an electron multiplier and counted to yield the
total photodestruction cross section. The electrons that are detached in the interaction region
are collected by a weak solenoidal field (ca. 5-10 Gt) and detected by another electron
multiplier.

The data are taken by scanning the laser in frequency (measured with a A-meter) while
monitoring the neutrals and electrons formed as a function of laser frequency and normalizing
to the ion current and laser power. The various lasers that have been utilized in this photo-
detachment spectrometer are home-built single-mode cw dye lasers (covering the range from
ca. 400-1000 nm), commercial F-centre lasers (F,(II) and Fg(II) lasers covering the range
from 2.2-3.5 pm) and home-built single-mode continuous-wave (cw) F;-centre lasers (covering
the range 1.5-1.8 pm). | '

"t 1G=10"T.
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Ficure 1. Overview of autodetachment apparatus. Note the wide selection of lasers required to cover a large portion
of the spectrum from the visible to infrared.

AUTODETACHMENT PROCESSES AND RATES
Autodetachment mechanisms

Basically, the phenomenon of autodetachment (autoionization) stems from the breakdown
of the Born—Oppenheimer approximation, namely, terms that couple the bound states to the

continuum. From these couplings, we can calculate transition rates into the continuum via the
Golden Rule (Berry 1966)

2n
rate oc 7 K¢l TI'/’:)FP

o LTI, 1)

where T is the coupling operator, ¥, is the wave function of the autodetaching negative ion
state, ¥, is the electron plus neutral wave function, and p is the density of states. The quantities
k and [ are the linear and angular momentum of the leaving electron and T is the energy
independent coupling operator. There are four different types of coupling operators of sig-
nificance in 'molecular autodetachment (Berry 1966). These are: (1) configuration interaction
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AUTODETACHMENT IN NEGATIVE IONS 183

(electron—electron) ; (2) spin—orbit; (3) vibrational-electronic; and (4) rotational—electronic.
We outline each process briefly and discuss the most important types for autodetachment.

Configuration-interaction driven autoionization arises from electron—electron repulsion and
has been studied in only a few systems (Fano 1961). This coupling will only induce auto-
detachment if the neutral electronic state lies below the negative-ion electronic state. In the
systems discussed in this paper, the negative-ion electronic state lies below the neutral electronic
state, so this form of coupling is unimportant.

Spin—orbit autoionization (autodetachment) has recently been studied in several systems
(Andersen ¢t al. 1986, 1987; Lefebvre-Brion et al. 1985, 1986) and occurs when a molecular
core can make a spin-orbit change to a lower state to allow the electron to leave the molecule.
Spin-orbit autodetachment is unimportant for the molecules discussed here.

Rotational and vibrational autodetachment processes stem from Born-Oppenheimer break-
down (i.e. a coupling between nuclear motion and electronic motion). The coupling terms
are (Hefter et al. 1983)

T, = 7:dh"" Trot

# 0] o

" 24 0R|,,0R
The second term is a coupling similar (Berry 1966) to A-type doubling and produces coupling
matrix elements proportional to [N(N +1)]}, a coupling that should yield autodetachment
rates proportional to the rotational energy. The first term in (2) can be shown (Neumark et al.
1985) to be proportional to 1/e, where €, is the nuclear energy (i.e. energy of rotation and
vibration) given up in the transition. The autodetachment rate for the process primarily driven
by this term would thus be proportional to 1/(e,)% Both vibrational and rotational auto-
detachment are important for the systems discussed in this paper.

b 2pR2 Mel Mrot ‘ (2)

Autodetachment line shapes

Fano (1961) has given the energy dependence of the autoionization cross section for 4 discrete
state interacting with a continuum. The cross section

o.(e+q)*

o(e) =UD+W ‘ (3)

depends on ¢ = (E—E,)/4(kI"), the reduced energy variable, and ¢, the asymmetry parameter.
The quantity ¢* is the ratio of autodetachment to direct detachment. In the limit of ¢ 00, the
resonance line approaches a lorentzian with a full width at half maximum (Fwam) given by I”
and is simply related to the lifetime of the state by the Heisenberg Uncertainty Principle.
Most molecular negative ions possess many (ca. 1000-10000) different initial vibration—
rotation states each of which undergoes direct photodetachment with a cross section ca. 107° cm?.
Therefore, for the autodetachment to be observed on this background, the cross section for
autodetachment must be greater than about 107*¢ cm?. Also, this autodetaching state cannot
interact with all of the underlying continua so that ¢ > 100, which fulfills the above criterion
for a lorentzian. Therefore, by fitting the resonances (at least in the vibrational ground state

in the autodetaching states) to lorentzians, the lifetime (and the rate) is determined.
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184 K.R.LYKKE AND OTHERS

EXAMPLES OF NEGATIVE-ION AUTODETACHMENT
(a) NH™

The only detailed example of vibrational autodetachment from a ground electronic state
available at present is NH™. The lack of other examples can in part be traced to the difficulty
of finding systems whose vibrational fundamental frequencies exceed the electron affinity, and
the lack of convenient, high-power sources of tunable infrared radiation. Shown in figure 2a
is a simplified overview of the relevant NH™ and NH energy levels. The first-excited vibrational
level of NH™ is unbound with respect to detachment to the lowest vibrational level of NH.
Therefore, the vibration-rotation spectrum of NH™ should appear as an autodetachment
spectrum riding on a small non-resonant detachment continuum. Neumark et al. (1985)
observed transitions up to J' & 13.5 in v" = 1, and Al-za’al ¢t al. (1986) extended these data
to J '~ 36.5inv" = 1.

The major findings in Neumark et al. (1985) were a set of spectroscopic constants (which
were extremely close to the calculated (Rosmus & Meyer 1978) values), and the dependence
of the autodetachment rate on rotational quantum number. We will not go into any of the
spectroscopic findings here but will concentrate on the autodetachment dynamics in NH™.
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Fi1Gure 2. (a) Simplified energy-level diagram of the lowest vibrational levels in NH™. (6) Low-resolution auto-
detachment spectrum of NH™ between 3.0 and 3.3 pm. (¢) High-resolution (ca. 20 MHz) spectrum of one of the
lines in NH"™.
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AUTODETACHMENT IN NEGATIVE IONS 185

The NH™ ion is isoelectronic with the well-studied molecule OH. Therefore, the ground
electronic state is X”H;_’ sand the vibrational spectrum will consist of P-, Q- and R- branches, each
composed of several sub-branches (Herzberg 1950). The important point for our discussion is
that there are four different fine-structure levels for each rotational level in both v = 0 and
v = 1. These levels are caused by spin—orbit splitting in the *IT state [*ITj(F,) and *IIy(F,)] and
further split into A-doublet levels in each rotational level. The spin decouples from the
molecular axis toward high J and recouples to the rotational axis to produce F, components
(J = N+1) and F, components (J = N—1) instead of the case (a) components in the 2H% and
*I1; manifolds, respectively.

A broadband scan of NH™ with the F-centre laser is shown in figure 24 with a single-mode
scan shown in figure 2¢ (this is an expansion of ca. 20000 over figure 25). This expanded view
shows that the resonant part of the coupling dominates the direct photodetachment process, so
that the observed line shape is lorentzian, and that the observed line widths are simply related
to lifetimes. Figure 3a shows the observed linewidths of the autodetaching transitions as a
function of rotational quantum number N for the upper A-doublet level (upper graph) and the
lower A-doublet level (lower graph). Note the change in scale on the graphs. The resolution
of this experiment is ca. 30 MHz and does not separate the hyperfine components, so we can
only state an upper limit on linewidth of 30 MHz and thus a lower limit on the lifetime of
ca. 5 ns.

[ (2 ° (8)
] (o]
2000~ o . ] a
o o 2000 0o
= + ¢ E : (o]
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1000}~ . 1 o

I e § 1000 n©
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Ficure 3. (¢) Autodetachment rate (linewidth) against rotational quantum number for NH™ (v = 1). The linewidths
were determined by fitting the resonances to lorentzians. The upper (lower) graph corresponds to the upper
(lower) A-doublet levels. (§) Autodetachment rates for the upper A-doublet levels in NH™ (v = 1) plotted in
a reduced energy release unit. If vibrational autodetachment were the only driving force, the data points would
fall on a straight line in this representation. Symbols: o, F;; o, F,.

The important points to notice in figure 3a are the following: (a) a relative unimportance
of the autodetachment rate on spin-orbit component; () a drastic dependence on A-doublet
level; and (¢) an approximately linear increase of autodetachment rate as a function of the
rotational quantum number for the upper A-doublet levels. In the following we explain these

17 ‘ [ 111 ] Vol. 324. A
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186 K.R.LYKKE AND OTHERS

phenomena with simple pictures, but first we need to see which rotational channels are open
for detachment.

NH~™ (v = 1) decays mainly via vibrational and rotational autodetachment. This should be
a rapid process because of the Av = —1 propensity rule developed by Berry (1966) for an ion
and neutral with similar potential-energy curves. However, the relative energy between NH™
(v=1) and NH(v = 0) is not known exactly, so there is a corresponding uncertainty in the
energy of the outgoing electron and even some uncertainty as to which rotational levels of NH
are open channels for detachment. Neumark et al. (1985) observed transitions to the lowest
rotational level of NH™ (v = 1) (A-doubling was not resolved) so the electron affinity must be
less than this value (ca. 0.374 €V), but still within the error bars quoted by Engelking &
Lineberger (1976) (0.38140.014 eV). This gives the electron affinity as 0.370+0.004 ¢V and
implies that the autodetached electron from the lowest rotational level in NH™(v = 1) must
have less than 0.008 eV (ca. 65 cm™) of energy.

NH™ approaches Hund’s case () very rapidly (J = 3.5 is already in the transition to case
(b)) so that the spin—orbit component does not have a substantial effect on the autodetachment
rate; at high Js, the rotational levels approach the same energy for a given N. This transition
is evident in figure 44, which depicts a few representative levels for NH (v = 0, in the centre)
and NH™ (v =1, on the outside), drawn from an electron affinity of ca. 0.370 V. The A-
doublet splitting in NH™ is shown greatly exaggerated for clarity, but the very small spin
splitting in NH is not shown. A few autodetachment transitions are included that display the
likely channels for detachment. The possible values of angular momenta of the outgoing
electron are indicated on the diagram by s({ = O),\p(l = 1), and d({ = 2). The autodetachment
rate for a given level will depend upon the rotational quantum numbers for the initial state
(negative ion) and the final state (neutral) and /, the angular momentum of the leaving electron.
In addition to the rigorous selection rules governing autodetachment, there are propensity
rules for relative rates. The most important propensity is expected to be that the smallest value

upper A — doublet

(6) x
2
n ' /_
@ (yal) "6 (v21) 2
Jab5 = - — = Je65
Ne6 « N P b +N=6 y
: N5
J :g 5 f——"'—' “S d s,d, ==‘]{,:55 lower A — doublet
P \ Ns4 'IP
NHCE)

(ve0,Je NNt1)

FiGure 4. (@) Relevant energy levels for NH™ and NH showing some possible autodetachment transitions. (b) Orbital
lobes involved in detachment from NH™. Detachment occurs from the doubly occupied p-orbital localized on
the N atom, almost directly on the centre of mass. The plane of rotation is the y—z plane, and the J-vector in
the high rotatlonal states lies along the x-axis.

[112]


http://rsta.royalsocietypublishing.org/

Y 4

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

AUTODETACHMENT IN NEGATIVE IONS 187

of  possible for the parities of the initial and final states will be the strongest (fastest) transition.
This is a result of the centrifugal barrier ca. [{({+1)]/7, which the outgoing electron must
conquer to leave the neutral. The next most important propensity is that rotational transitions
with the smallest AN possible are favoured because the outgoing electron cannot exert much
torque on the neutral core.

Neumark ef al. (1985) concluded that the transitions marked with solid lines in figure 44
were the most probable, based upon a rough measurement of the kinetic energy of the detached
electron. They could not obtain exact energies, but they could determine that both A-doublets
of each spin—orbit manifold detached to the same level of NH. However, they observed
detachment only up to J & 13.5 because of the limited user time on the borrowed laser. If one
extrapolates the energy levels in figure 44 to higher Js, one finds that at some point the AN =
—1 channel becomes endothermic (at ca. N =29 in NH™) and leaves AN > —2 as the
smallest change energetically possible. This is because the difference in the rotational B, D
values (e.g. N =35 for NH lies ca. 200 cm™ above N = 36 for NH"). Al-za’al et al. (1986)
reported observing up to J & 36.5 in v = 1 of NH™. They report only the lower A-doublet
because the upper A-level has broadened so severely that it cannot be distinguished from the
underlying photodetachment continuum. If the AN = —1 transition becomes unavailable, one
should observe a narrowing of the linewidth for the upper A-level unless there is another factor
influencing the relative detachment rates, other than low AN and low /. We will now attempt
a brief explanation for this other factor.

NH™ and NH have the following valence molecular orbitals:

NH™(*l): (2po)*(2pn_,) (2pT,y)*
NH(°Z"): (2po)*(2pm_,) (2pT.,).

Therefore detachment occurs from the doubly occupied pr orbital lobes that will tend to be
oriented in different directions relative to the plane of rotation for the different A-levels
(Andresen & Rothe 1985; Helm et al. 1982). The lower part of figure 45 corresponds to the
detached p-electron lying out of the plane of rotation (lower A-doublet level) and the upper
part of figure 4 corresponds to the detached p-electron (i.e. the doubly occupied orbital) lying
in the plane of rotation (upper A-doublet level). Because the centre of mass for NH™ lies almost
on the nitrogen nucleus, the p-orbital out of the plane of rotation will not feel much torque
toward higher J, whereas the p-orbital in the plane of rotation will feel a large force. So
rotation will tend to decouple the electron much more readily in the upper A-doublet state,
in agreement with experiment.

Now we can make the autodetachment rate for NH™ a little more quantitative. As explained
in the previous section, the autodetachment rate is given by Fermi’s Golden Rule

W =2 K T, @

We calculate the vibrational autodetachment rate of the upper A-doublet of NH™ by following
the same line of reasoning as in Neumark et al. (1985). However, there is a factor of £* (i.e.
(eKE)") that was ignored by Neumark et al. This factor arises from the tunnelling motion of the
leaving electron through the / = 1 angular-momentum barrier. Therefore, a plot of I" (auto-
detachment rate) against (eKE)}/ (€)® (figure 35) should yield a straight line if vibrational
autodetachment is the driving force behind detachment from the upper A-doublet levels.

[ 113 ] 17-2
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Figure 35 shows that vibrational autodetachment is indeed the driving force behind detach-
ment. However, there is noticeable deviation from a straight line for large releases, implying
that rotational autodetachment is at work in the upper levels.

() CH,CN~

The CH,CN™ ion was chosen for study because its electron affinity (ca. 1.5 eV) (Marks et al.
1986; Moran et al. 1987) makes the photodetachment threshold region readily accessible to cw
single-mode lasers, and the CH,CN dipole moment (ca. 3D) should support a weakly bound
CH,CN~ dipole-bound state. Indeed, early low-resolution photodetachment studies by Zim-
merman & Brauman (19774, b) showed unresolved structure near the photodetachment
threshold, structure that was interpreted as confirming the existence of the DBs.

The total photodetachment cross section for CH,CN~ with the dye laser in its broadband
(Av = 1cm™) configuration is shown in figure 4. This is similar to the spectrum obtained by
Marks et al. (1986). The spectrum shows sharp structure due to autodetachment,

CH,CN- + kv - (CH,CN")* > CH,CN +¢", (5)

where (CH,CN™)* is the dipole-bound state. This structure is superimposed on a smoothly
rising background due to direct photodetachment,

CH,CN™+hv—>CH,CN+e¢", (6)

consisting of unresolved transitions to states in the (neutral+e~) continuum. The spectrum
shows two vibronic bands. The autodetachment structure in the vicinity of 12400 cm™ is
caused by transitions between the vibrationless levels of the two electronic states of CH,CN™,
and the structure near 12000 cm™ consists of hot-band transitions in which the ground
electronic-state ions are in the v = 2 level of the hydrogen out-of-plane bending mode. The
structure in this low-resolution spectrum represents unresolved Q-branches and is characteristic
of a perpendicular electronic transition for a slightly asymmetric prolate rotor (Herzberg
1967). '

A low-resolution spectrum was obtained for CD,CN~ as well, and spectra covering the 0-0
and hot-band regions of CH,CN~ and CD,CN~ were taken with the laser in its single-mode
configuration. Approximately 10000 transitions were recorded. A single-mode scan of a Q-
branch is shown in figure 55. The individual rotational transitions are clearly resolved, and the
high J-transitions (at higher frequency) are considerably broader than the low J-transitions.
This indicates that autodetachment is faster for the higher rotational levels of the dipole-bound
state.

The observed transitions were fit to an asymmetric-top hamiltonian, including centrifugal
distortion, and the complete set of constants thereby obtained for both isotopes will be listed
in a future publication (Lykke et al. 1987). Table 1 gives 4, B, and C for the v = 0 levels of the
ground and dipole-bound states of CH,CN~. From these constants we see the ion is nearly a
symmetric prolate rotor with 4 > B & C, so each rotational level can be labeled by J, the total
rotational angular momentum, and the nearly good quantum number K, the projection of J
along the a-axis of the ion (the C—C=N axis). The inertial defect 4 obtained from the
rotational constants indicates that the dipole-bound state is planar and the ground state is
either planar or has a very small barrier to inversion. A small inversion barrier has been inferred
from a recent photoelectron-spectroscopy study of CH,CN~ (Moran ¢t al. 1987).
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Ficure 5. (a) Low-resolution (ca. 1 cm™) photodetachment spectrum of CH,CN-, showing the resonant auto-
- detachment structure superimposed on the direct photodetachment background. (5) A high-resolution (ca. 30
MHz) expansion ( X 200) of the indicated portion of () ("Q,). (¢} High-resolution scan showing the variation

in linewidth as a function of J for a certain K, with ¢a. 250 MHz Fabry—Perot pips as calibration.

TABLE 1. PARTIAL LIST OF ROTATIONAL CONSTANTS FOR ¢ = () LEVELS OF GROUND AND DIPOLE-
BOUND ELECTRONIC STATES oOF CH,CN~

ground state dipole-bound state
Afcm™ 9.294 31 (14) 9.51035 (17)
B 0.338427 (20) 0.341049 (21)
c 0.327061 (21) 0.328764 (21)
A/(uAh)  —0.0827 0.0744

Finally, an analysis of the asymmetry doubling for the low K sub-bands shows that this is a
IB, <A, electronic transition, and that the symmetry of the dipole-bound orbital in the upper
state is a,. Bearing in mind that this orbital is localized on the positive end of the neutral
CH,CN core, figure 6¢ qualitatively depicts the shape of the orbital for the dipole bound
electron.

The linewidths of the transitions are plotted as a function of J’ for different values of KX’ in
figure 6a for CH,CN™ and figure 6 for CD,CN~. Here J’ and K’ are the rotational quantum
numbers for the dipole-bound state. The striking feature of these plots is the abrupt rise in the
autodetachment rates near J’ = 33 for CH,CN~ and J’ = 38 for CD,CN~, an onset that is
independent of K’. This onset is not caused by total rotational energy because, for example,
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Ficure 6. Autodetachment rate as a function of rotational quantum number for various K stacks in: (a)
CH,CN~ and (b) CD,CN". (¢) Sketch of CH,CN~ showing the limiting rotational motions. The top (bottom)
shows the motion for J = K (J» K). The dotted line signifies the dipole-bound electron, which in actuality
lies ca. 30 A from the CH,CN skeleton.
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K’ = 8 rotational levels in CH,CN~ lie about 600 cm™ above K’ = 1 levels with the same
J.
The various mechanisms responsible for autodetachment in negative ions and autoionization
" in neutrals have been discussed previously. In this case, autodetachment is occurring from the
vibrationless rotational levels of the dipole bound state, and rotational autodetachment
should be the dominant mechanism. The rotating ion must undergo a rotational de-excitation,
and the energy thereby released must eject the dipole-bound electron. In general, autode-
taching transitions involving small values of AJ and [ are favoured.
The autodetaching transitions energetically available to a given rotational level of the
dipole-bound state can be determined readily once one knows the binding energy of the

<] outermost electron in the dipole-bound state; this is the energy difference between the ro-
— tationless levels of the dipole-bound state and the ground state of neutral CH,CN. Because the
; > rotational levels of the dipole-bound state lying below the detachment threshold cannot
olm autodetach, an upper limit to the binding energy can be obtained from the missing lines at low
=2 g J in the spectra. For example, no transitions to K’ = 2, J’ < 8 are observed, placing an upper
=i limit of ca. 60 cm™ on the binding energy. With this limit, it can be shown that the rapid
E 8 increase in the autodetachment rates in figure 64, b coincides with an autodetaching transition

of AJ = —2 or —3, AK = 0, becoming energetically accessible. (The exact value of AJ depends
on the binding energy, which may be lower than 60 cm™.)

For lower values of J° where the autodetachment rate is slow, autodetachment can only
occur by a larger AJ transition, which is expected to be slow, or by a transition in which K as
well as J changes. From figure 6¢, one can qualitatively see why an autodetaching transition
requiring a change in K might be very slow. Rotational autodetachment requires coupling
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between rotational and electronic motion, and rotational angular momentum about the g-axis
is going to be poorly coupled to the diffuse orbital of the dipolc-bound electron, which is nearly
cylindrically symmetric about the a-axis.

The strong dependence of autodetachment rate upon rotation has been observed in other
cases involving dipole-bound states. In each system, abrupt rate increases can be correlated
with the availability of small AJ, / autodetaching transitions. This type of autodetachment rate
behaviour appears to be a signature of a dipole-bound state. The next system reported here,
PtN~, makes the importance of small AJ changes unambiguous.

(¢) PtN~

Molecules containing open d-shell atoms are expected to support many negative-ion elec-
tronic states. PtN™ is such a system, one that was accidentally discovered in 1972 to contain
resonances. Hotop & Lineberger (1973) observed sharp resonances in the photodetachment
cross section of PtN~ when they were studying threshold photodetachment of Pt~, Au™ and
Ag~. The cold-cathode sputter source that produced the Pt™, Au™ and Ag™ also produced
copious quantities of PtN~ when N, was used as the sputtering gas. Because of their low-
resolution detachment apparatus (ca. 3 cm™), they were not able to resolve rotational structure,
but did set a lower limit on the lifetime of 72 5x 107'®s. Because their apparatus only
measured the photodestruction of the negative ion, they were unable to determine if the excited
states of PtN~ decayed by autodetachment or predissociation.

Murray et al. (1987) recently studied the same PtN™ resonances with much higher resolution
(ca. 30 MHz) and were able to resolve rotational structure, isotopic structure and hyperfine -
structure. Figure 7 shows the structure observed in their experiment and proves that the
resonances observed by Hotop & Lineberger (1973) are caused by autodetachment. Figure 7a
is the broadband photodetachment spectrum of PtN™ and is very similar to figure 9 in Hotop
& Lineberger. A ‘blow-up’ of a small region taken with the same resolution (¢ca. 0.5 cm™) is
shown in figure 76 and contains some rotationally resolved structure. Figure 7¢ is a high-
resolution (ca. 30 MHz) scan of one of the resonances and shows isotopic splitting due to the
three most abundant Pt isotopes. Also, the hyperfine splitting due to the '®*Pt nucleus appears
at this resolution.

The other peaks in figure 7a were scanned in medium-to-high resolution but no other
narrow resonances were observed. Some resonances ca. 10 GHz wide were found around
15400 cm™, but these were too broad and congested to analyse. A brief discussion of the
analysable part of the spectrum follows. ‘

The data obtained for the band system near 16400 cm™ yielded to a spectroscopic analysis
by using combination differences, followed by a least-squares fit. The resonances are from a
III-'X transition, followed by autodetachment from the 'IT levels. The initial combination
difference fit was hampered by the fact that Js lower than ca. 45 were too broad to distinguish
from direct detachment and Js above ca. 59 were too narrow to observe (these were too long
lived and did not detach in the apparatus).

The autodetachment rates against rotational quantum number are shown in figure 8. As is
immediately evident, PtN™ has a much different detachment-rate dependence from the other
negative ions studied to date. The autodetachment lines are very broad (rapid detachment
rate) at low J and very narrow (very long lived) at high J. This is in spite of the fact that
J = 57 lies ca. 450 cm™ above J = 46. Notice also that the Q-branch has a slightly different
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-
; > linewidth compared to the common width observed for the corresponding P- and R-branches.
@) : This is possible because the Q-branch of a 'TI-'X transition accesses a different upper-state level
=2 than either the P- or R-branch transitions access. However, the difference in autodetachment
E O rate for the two A-doublet levels in the IT state is not nearly as striking as in NH™. (The A-
— 8 doublet levels in PtN~ differ in total energy by ca. 0.6 cm™ at J' = 50.)

The need for the energy levels of the neutral PtN prompted our colleagues (D. G. Leopold,
J. Ho, K. Ervin & W. C. Lineberger, unpublished results) to obtain a photoelectron spectrum
of PtN~. This yielded an electron affinity. of ca. 16400 cm™ and, when combined with the
rotational constant B for PtN™, they obtained a rotational constant for the neutral PtN, B &~
0.45 cm™. From these results, Murray et al. (1987) were able to obtain a qualitative explanation
for the autodetachment results with the help of figure 9. In the figure, a few of the rotational
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Ficure 9. Simplified rotational energy levels for PIN~* and PtN in the region of rapid linewidth variation. The
relation between the PN~ and PtN energy scales was independently determined by photoelectron spectroscopy
of PtN~. The arrows signify the fastest autodetachment channels available for each level.

levels for PtN are at the right and the levels for PtN~ are at the left. These levels are placed on
the same energy scale by the photoelectron experiment, and they cannot be shifted by more
than ca. 40 cm™ with respect to each other. The transitions for the ‘best’ open channels are
shown in the middle. The autodetachment spectroscopic results indicated thatav’ = 1 <" =0
transition is the one observed with a term energy of ca. 16445 cm™. The photoelectron results
indicate an electron affinity of ca. 16400 cm™. Therefore, the autodetachment transitions shown
in figure 9 are Av = —1 and are extremely rapid if there is a small angular-momentum barrier.

As in all of the other systems that have been studied, autodetachment from PtN~ proceeds
via transitions that require the consideration of certain propensity rules. We have already
stated that the preferred change in vibration is Av = — 1. Now the change in nuclear rotational
motion (AN) should be small because the low-energy, outgoing electron cannot impart much
force on the nuclei. Also, the angular momentum of the outgoing electron (/) must be small to
surmount the centrifugal barrier [/(/+1)]/r%. The autodetachment transition rate will also
increase if the electron can leave with more energy (this will go ca. (eKE)"™, where ¢KE is the
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electron kinetic energy). Taking into account these propensity rules, all of the lower Js in
PtN~ can detach very rapidly via

Ay = —
AN=0 (N=J forPIN";N=J+4} for PtN),
{=0,1 (i.e.s-or p-waves).

These channels will be open until J & 45, where the AN = 0 channel shuts off. This will also
increase the / required because the transition must follow the ‘triangle rule’; the angular
momentum of PtN~ (here it is J) must equal the vector sum of the angular momentum of PtN
and the angular momentum of the outgoing electron. Therefore, when the AN = 0 channel
closes at N x 45, the electron must now tunnel through a large angular-momentum barrier,
and the autodetachment rate decreases. At N =~ 57, the AN = —1 channel shuts off, and the
AN = —2 channel is left as the fastest transition available. This means that the electron must
tunnel through an even larger barrier and the negative ion excited state lives much longer than
the transit time (or fluorescence time) and will not be observed. This is very much the same
case as FeO~ (B4A%) (Andersen et al. 1987), but with the channel openings and closings swapped ;

the transitions to higher Js broadened out.

CONCLUSIONS

The technique of high-resolution autodetachment spectroscopy has been shown to be very
useful in understanding the dynamics involved in autodetachment. In this paper, only three
representative systems were discussed, although at least seven systems have been studied. There
is still much to be learned from negative-ion spectroscopy.

We thank our many colleagues in the study of negative ions. This work was supported by
U.S. National Science Foundation grants PHY86-04504 and CHE83-16628.
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