Autodetachment spectroscopy and dynamics of CH,CN— and CD,CN~
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The technique of autodetachment spectroscopy is utilized in a study of two electronic states of
CH,CN™ and CD,CN™. The ground electronic state is a normal valence state while the
outermost electron in the excited state is bound by the dipole moment of the neutral radical.
Autodetachment occurs from excited rotational levels of this dipole bound state, giving some
5000 sharp features near the photodetachment threshold. All of these features were assigned
and spectroscopic constants for both states are reported. The binding energy of the electron in
this latter state is determined to be <66 cm™' and analysis of the autodetachment spectrum
shows the electron affinities of CH,CN and CD,CN to be ~ 12 500 and ~12 430 cm ™/,
respectively. The dynamics of the autodetachment process is studied and various mechanisms

for detachment are described.

1. INTRODUCTION

Before 1983, C;- and OH ™ were the only negative ions
studied by high-resolution spectroscopy.'™ Within the last
few years, there has been a flurry of interest in the spectros-
copy and structure of negative ions. There are two reasons
for this delay compared with positive ion studies. First, it is
difficult’ to produce an anion concentration sufficiently high
to carry out absorption spectroscopy and yet have sufficient-
ly simple absorbing samples to be interpretable. Second, the
outer electron in negative ions is usually bound by less than
~3 eV, so that there is very little “room” in which to have
another bound state to carry out electronic spectroscopy
from the ground state. Negative-ion spectroscopy has lagged
behind neutral and positive-ion spectroscopy mainly be-
cause of these two issues.

The conventional spectroscopic method is measure-
ment of the absorption of a beam of light by the absorbing
species. Since negative ions occur in only low concentration,
it was essential to increase the sensitivity of absorption spec-
troscopy in order to observe negative ions in the gas phase. A
major improvement in absorption spectroscopy of negative
ions (and positiveions) has been the introduction of velocity
modulated spectroscopy.® The negative ions that have been
observed by this technique are typically the most abundant
negative ions in the plasma’® (OH~,FHF—,NH, ) and are
down in concentration from positive ions by only ~2-3 or-
ders of magnitude. A very desirable feature of direct absorp-
tion spectroscopy is its complete generality. Some draw-
backs to this technique include limited ion mass selectivity
and large Doppler widths (most ions observed by direct ab-
sorption have been seen in hot plasma environments which
are required to obtain high ion concentrations).

One method for circumventing the small concentration
problem is to form a beam of negative ions and detect each
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photon adsorbed with high efficiency via the method of prod-
uct detection. This can be done if each negative ion that ab-
sorbs a photon is excited to a state above the detachment
continuum, and subsequently decays by autodetachment
(“autodetachment spectroscopy”). Each electron and neu-
tral formed by this process can be detected with near unity
efficiency. Mass selectivity is an additional feature of this
method; by adding a momentum or energy selector to the ion
beam, one can be sure of the mass of the ion that is detected.
Also, by using a coaxial ion beam~laser beam geometry,” one
is able to obtain greatly reduced Doppler widths. A draw-
back 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.

The upper level in autodetachment spectroscopy can be
a vibrationally excited level of the same electronic state as
the lower level, or it can belong to an excited electronic state.
The first case, vibrational autodetachment spectroscopy, has
been used'® to obtain the vibration-rotation spectrum of
NH ™. When applicable, this is a very good method for deter-
mining the structural characteristics of the ion and for ob-
taining detailed information on the interaction between the
rotating and vibrating neutral and the detached electron.
The crucial drawback to this technique is that it is not gen-
eral. The electron affinity of the neutral must be less than the
vibrational interval in the negative ion in order for this ap-
proach to be successful.

Electronic autodetachment spectroscopy can be used to
study ions with much higher electron affinities. An excited
electronic state near the detachment threshold is required.
While valence excited states of negative ions are uncommon,
the recent observation of dipole bound electronically excited
states of anions greatly expands the scope of ions accessible
by autodetachment spectroscopy. These electronically excit-
ed states are the negative ion counterparts of Rydberg states
in neutral molecules. A neutral molecule has an infinite
number of Rydberg states, bound by the 1/r potential
between the positive ion core and the electron, and converg-
ing to the ionization limit of the neutral molecule. Since
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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 ~ 2 D will bind an electron in the 1/r 2 potential
and produce a Rydberg-type dipole bound state (DBS).'*"7
These states are weakly bound (typically S 100 cm ') rela-
tive to the neutral molecule, the electron in a very diffuse
orbital, and the DBS is structurally similar to the neutral
core, much like a Rydberg state. However, there are only one
or two of these dipole bound electronic states for each dipo-
lar neutral molecule, unlike the infinity of Rydberg states in
each neutral molecule.

We can exploit these facts about dipole bound states and
use them to our advantage in negative ion spectroscopy.
Transitions from the ground electronic state of the negative
ion to the DBS will yield autodetachment resonances in the
upper, unbound rotational-vibrational levels. This will give
structural information about the anion ground state and the
DBS, and hence the neutral core. Also, since the electron is
bound by the anisotropic 1/ * dipole potential, the study of
the autodetaching resonances will give information about
the interaction between a rotating—vibrating dipole and an
electron. This will build understanding of the process of
autoionization in neutral molecules, where only a few sys-
tems have been studied with rotational resolution.

Previous studies of dipole bound states have left gaps in
our understanding of their properties. The best system for
study would appear to be a diatomic anion. However, FeO ™
was quite complicated'® because it has considerable elec-
tronic angular momentum associated with the core, produc-
ing very complex resonant structure that obscured the sim-
ple dipole bound states. The strongly polar NaCl~ ion was
studied briefly,'® but no resonances were observed in the
threshold photodetachment region. It is likely that the very
large dipole of NaCl ( ~ 10 D) produced dipole bound states
that were bound too tightly for rapid autodetachment. Con-
sequently, the excited vibrational-rotational levels of the
DBS lived too long to be observable in our apparatus. Lack-
ing a suitable diatomic system, the next best system would be
a simple'®'7?*2¢ polyatomic. Acetaldehyde enolate!®!’
(CH,CHO™) was a good starting point for DBS studies be-
cause of the small binding energy ( ~5cm™'). However, the
paucity of resonances ( ~20) obscured the autodetachment
dynamics. Acetyl fluoride enolate?* (CH,CFO~) has nu-
merous autodetaching features because of the larger binding
energy ( ~30 cm™!), but the asymmetry of the molecule
complicates the dynamics. Therefore, CH,CN ™ seems like a
very good choice for DBS studies. It looks very much like a
linear dipole (CCN skeleton) with perturbing hydrogens.

We chose CH,CN ~ for this study in part because it is
known to have an electron affinity*>*' within the frequency
range of cw tunable single mode laser technology. Also, al-
though the CH,CN dipole moment is not known, it should
be on the order of 3-5 D and should bind at least one elec-
tronic DBS.?*

We have reported!” ' the study of a few dipole bound
systems including a preliminary report** on CH,CN~. In
this paper, we will briefly detail the experimental apparatus
and explain the autodetachment spectra we observe in

CH,CN ™ and some of the structural details we can extract
from the spectroscopy. Finally, we go into some detail on the
autodetachment lifetimes and try to elucidate mechanisms
that are operative in negative ions in general and CH,CN™
in particular.

. EXPERIMENTAL

The coaxial laser—ion beam apparatus has been de-
scribed in detail previously, and will be only briefly out-
lined.>®®!7 The basic system consists of a mass selected neg-
ative ion beam interacting collinearly with the output of a
tunable laser with the products of photodetachment collect-
ed and counted. An ~ 500 pA beam of CH,CN ~ is formed
by extraction from a hot cathode discharge source?' contain-
ing CH,CN and NH, (total pressure ~0.1 Torr), mass se-
lection with a 90° sector magnet, and acceleration to 2650
eV. The ions are then bent 90° by a transverse quadrupolar
electric field*® and merged for ~30 ¢m with the output of a
home-built tunable ring dye laser. The neutrals that are
formed by detachment are separated from the ion beam by a
second quadrupole deflecting electric field and strike a KDP
or CaF, plate. The impact produces secondary electrons
which are detected by an electron multiplier and counted to
yield the total photodetachment cross section. The electrons
that are detached in the interaction region are collected by a
weak solenoidal field (~5 G) and counted with a second
electron multiplier. This electron collector can be used (with
a reduced B field) as a discriminator that collects only
threshold electrons, but was used in the total detachment
cross section mode for this experiment.

The data were taken by scanning the laser in frequency
(measured with a A meter®®) while monitoring the neutrals
and electrons formed as a function of photon frequency and
normalized to the ion current and laser power. Using styryl 9
dye, the laser operates from about 790 to 870 mm with out-
puts of ~400 mW broadband and ~ 150 mW single mode
when pumped with ~5 W all lines from an Ar 11 laser. The
dye laser is easily configured in either a standing wave,
broadband mode (birefringent tuner only, Av~1 cm~!) or
in single mode (Av<1 MHz). The resolution of this
spectrometer is better than 30 MHz, limited by the Doppler
spread in the kinematically compressed ion beam.*®

l1l. OBSERVED SPECTRA

Photoelectron spectroscopy of CH,CN~ has shown’'
EA (CH,CN) to be 1.543 4+ 0.014 eV, and threshold photo-
detachment studies yield®> 1.560 + 0.006 eV, so in any case
transitions to dipole bound states from the ground electronic
state of CH,CN ~ should occur at ~ 800 nm. Figure 1 shows
a 800 cm™! scan of photodetachment from CH,CN™ and
CD,CN ™~ near the photodetachment threshold. The resolu-
tion of the apparatus as configured for these scans was ~ 1
cm~! (~30 GHz), and the maximum count rate was
~ 50 000 counts/s.

There are two processes at work in this photon energy
region. One is direct photodetachment from populated vi-
brational-rotational levels of the negative ion ground state
to a number of (neutral + electron) continua.”” This is a
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FIG. 1. Broadband scans of (a) CH,CN~ and (b) CD,CN . Resolution in these scans is ~1 cm~—! (30 GHz). The arrows located at the bottom of each
figure signify the location of the electron affinity determined in Ref. 1. The arrow above the spectrum for CH,CN ™ shows the region “blown up” in Fig. 2.

“bound—free” process with a large number of unresolved vi-
brational-rotational thresholds, with typical cross sections
~107'® cm?. These cross sections change slowly with ener-
gy, giving rise to the gentle slope in Fig. 1. The second pro-
cess involved is a transition from the ground ion state to an
excited dipole bound state of the anion which then autode-
taches. This “bound—quasibound” process produces the
sharp spikes in Fig. 1.

The spiked structure centered around 12430 cm™
[12 360 cm ™! for CD,CN~, Fig. 1(b)] results from an un-
resolved (in this figure) group of transitions from the lowest
vibrational state of the anion to the lowest vibrational state
of the DBS. The structure centered at 12 000 cm—! (12 090
cm™! for CD,CN ™) is due to a hot band transition from a
vibrational excited state of the anion to the lowest vibration-
al state of the DBS.

The specific type of electronic transition involved and
details of the rotational fine structure are not obvious in Fig.
1, so the structured region was scanned at higher resolution
to identify the rotational transitions involved. Marks et al.>
have used a lower resolution ion cyclotron resonance photo-

1

detachment apparatus to assign the rotational branches, as
discussed later.

Shown in Fig. 2 is an approximately 200-fold magnifica-
tion of the marked feature in Fig. 1(a). The resolution here is
~20 MHz, limited by the Doppler spread in the ion beam.
Most of the spectral region shown in Fig. 1 was scanned with
this resolution. Approximately 5000 lines were tabulated
(with ~0.01 ecm ™" precision) throughout the range from
11900 to 12 600 cm ™' and the spectroscopic assignment
will be discussed in the next section.

IV. SPECTROSCOPIC ANALYSIS

CH,CN is a near prolate asymmetric top (see Fig. 3)
having C,, symmetry (see Sec. V) with the @ axis along the
C, axis. The bound—quasibound transitions seen in
CH,CN ™ are L-type, with the transition moment along the ¢
axis.”® This | transition gives corresponding selection rules
for the rotational quantum numbers: AK, = + 1,
AJ =0, + 1. The branches are labeled by a left superscript
for AK,, a capital letter for AJ, and K, in the lower state as a
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FIG. 2. High resolution (~20 MHz) scan of a typical Q branch in
CH,CN™. The lower J’s lie toward the left of the figure. Notice the broad-
ening of the lines toward high J. This figure is a “blow up” of the region
indicated by an arrow above the spectrum in Fig. 1(a).

right subscript (e.g., the "Q; branch is shown in Fig. 2; this is
the AK, = + 1, AJ = OtransitionfromK ” = 3to K’ =4).
An energy level diagram and some representative transitions
are shown in Fig. 4.

The spectroscopic assignments were carried out in sev-
eral steps. One can estimate the rotational constants for
CH,CN~ from typical bond lengths® (4=~10 cm™},
B=C=0.3cm™"). Since 4> B,C the Q branch transitions
tend to form clumps separated by ~2 A (~20 cm™? for
CH,CN~ and ~10 cm~' for CD,CN~). Once the Q
branches were found, the corresponding P and R branches
could be assigned. The missing lines of a given K stack at low
J give the correct K values for both lower and upper states,
provided that they are missing only because J>> K. However,
at low X, some additional J’s were missing because they did
not detach (see below), and not simply due to the fact that J
can never be less than K. The lack of lower J’s was a hin-
drance in assigning the spectra, but once the analysis was
complete for the higher J’s, the transition frequencies for the
lower J’s could be predicted. From these predicted values,
the lower J ’s could then be identified and assigned.

Another hindrance in autodetachment spectroscopy is
that the spectral lines become broad and the spectrum unas-
signable when the upper state lifetime gives broad reson-
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FIG. 3. Schematic diagram of the structure of the radical CH,CN. The
three inertial axes and the direction of the dipole moment are shown, with
the hydrogens lying in the plane of the molecule. Approximate distances
from Ref. 21 are R(CN) = 1.16 A, R(CC) = 1.39 A, and R(CH) = 1.08 A.
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FIG. 4. Partial energy level diagram for CH,CN~. The asymmetry dou-
bling is not shown. A few representative optical transitions are depicted
with the appropriate labels.

ances. For the systems reported here, only the ground vibra-
tional state of the DBS could be fully assigned. The spectrum
for CH,CN ™~ and CD,CN~ was scanned from ~ 11 600 to
~13200 cm ™! and only the regions between 11 900 and
12 600 cm ™! contained sharp structure. Broad clumps were
observed in regions where transitions to higher vibrational
levels of the DBS might be expected, but no assignments
could be performed. As discussed later, this result shows
that vibrational excited states of the DBS live less than ~ 300
ps.

The CH,CN™ and CD,CN ™ spectra are quite different
from that seen'” for acetaldehyde enolate, CH,CHO ™. One
difference is that CH,CHO™ has C; symmetry while
CH,CN™ has C,, symmetry. This manifests itself in the
spectra by labeling the two hydrogens as identical: the nu-
clear spin statistics®>® make transitions that start from odd
K 7 are a factor of 3 more intense than those that start from
even K 7. In CD,CN , transitions that originate from even
K ” levels are a factor of 2 more intense than those that start
fromodd K.

A more fundamental difference between CH,CN ™~ and
CH,CHO™ is that the former has a larger dipole moment
and will bind an electron more tightly. The principal conse-
quence for the spectroscopic analysis is that there are many
more long-lived states in the DBS in CH,CN~ than in
CH,CHO™. This allows us to fit the data to Watson’s*® re-
duction S Hamiltonian including quartic centrifugal distor-
tion

i 2 (55) 7

— D, J* — D, 32 — D J*

n [B:C +d1J2] (2, +3°)

+d, (34 + I, T, =J, +ily. (1)
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TABLE I. Spectroscopic constants for CH,CN~ and CD,CN~.*

Lykke et a/.: Autodetachment spectroscopy of CH,CN~

CH,CN ™~ ground state DBS CD,CN™ ground state DBS
v=0% v=1" v=20 v=0" v=1" v=0
A(em™") 9.294 31(14) 9.51035(17) 4.695 17(15) 4.77127(11)
8.696 05(60) 9.513 10(63) 4.49374(27) 4.771 76(40)
B(cm™") 0.338 427(20) 0.341049(21) 0.300 372(11) 0.302 318(11)
0.337430(39) 0.341 140(43) 0.300 146(19) 0.302 266(19)
C(em™) 0.327061(21) 0.328 764(21) 0.283 102(11) 0.283 821(11)
0.327 825(38) 0.328 980(43) 0.284 299(20) 0.283 715(21)
D, (cm™") 1.65(10) X 1077 2.19(10) X 1077 1.056(44) x 1077 1.347(46) X 107
1.61(21)x10~7 2.70(21) x 1077 0.935(77) % 1077 1.152(78) x 1077
Dy (em™") 1.297(15) X 1073 1.499(14) X 10~° 0.7739(78) X 10~% 0.961 0(65) %1075
2.033(51) 1073 1.544(45) x 103 0.790(13) X 10~* 0.972(22) X 10~°
Dy (em™") 1.002 8(21) X 1073 0.7546(36) X 10™>  0.2371(44)x 102 0.185 5(20) X 107>
— 0.146(30) X 10~* 0.7570(270) X 10~* 0.1179(76) X 10~° 0.2119(135)x 1073
d, (ecm™") —0.90(18) X 10~# 1.65(27)x 107* —0.10(16) X 1078 —0.79(15) X 10~*
—9.18(38) X 10~° 2.19(80) x 10~® —0.129(87) X 10~* —0.38(12) X 10™®
d, (cm™") - 0.586(77) x 10~% 0.191(70)x 107%  —0.270(41) X 107® — 0.378(40) X 107*
0.97(17) x 108 —0.59(13) X 107* — 0.129(87) X 10~ —0.38(12) x 107®
T(cm~") 0 424.770(5) 12 428.665(2) 0 289.129(4) 12 360.434(1)
{12.003.895(4) ] [12071.305(3)]
A, (inamu A?)  —00827 — 04746 00744 —0.1665 —0.6204 0.1008
0.054 5 0.1138
o (cm™") 00135 0.0138 0.009 1 0.0059

2 Note: The constants were fit with a least-squares routine using Watson’s reduction § Hamiltonian. Included in the table are the results from four different
fits representing the four different bands observed in the study. The numbers in parentheses represent 1o. The two different entries for the DBS represent the
results of the fit for the 0-0 band (upper entry) and the hot band (lower entry). The number of transitions included in the fits were 1298 (0-0 band of
CH,CN™), 618 (hot band of CH,CN ™), 841 (0-0 band of CD,CN ™), anid 741 (hot band of CD,CN™). The quantity o corresponds to the standard

deviation of the fit to the entire band.

The results of each of the four fits are shown in Table I. The
complete line list with assignments is contained in Ref. 30.
As mentioned earlier, we also observe transitions from
an excited vibrational state of the negative ion to the ground
vibrational level of the DBS. There are two methods for de-
termining the excited state, and thus the lower state. The
linewidths of the transitions label the DBS’s quantum
numbers; these were identical in both the 00 transition cen-
tered at ~12430 cm™' for CH,CN™ (12360 cm ™! for
CD,CN ™) and the hot band transition centered at ~ 12 000
cm™! (12 090 cm ™~ for CD,CN ™). Also, the DBS spectro-
scopic constants were similar but not identical for both vi-
brational bands (see Table I). Presumably, a perturbation
observed in the excited vibrational state caused some small
problems in the fit (see below). The nuclear spin statistics
for this excited vibrational state in the ground electronic
state label it as the (v = 1*) umbrellamode in CH,CN . As
explained by Moran ef al.*! (see also Ref. 31), the actual
assignment of the active vibrational mode requires careful
consideration of all vibrational modes in the molecule. Since
the vibrational frequency shifts to a large extent upon deu-
teration (424.77 cm ™' for CH,CN~ compared to 289.13
cm ™! for CD,CN™) the vibrational motion must include
hydrogens. Only five out of the nine vibrational modes in
CH,CN contain substantial hydrogenic motion. The asym-
metric and symmetric C-H stretches will be ~ 3000 cm—!

and much too high in frequency to account for the observed
vibration. Also, the CH, scissors and CH, rock motions
should be ~ 1000cm ™! (as explained in Ref. 31). Therefore,
the observed vibrational hot band corresponds to a transi-
tion from the second excited vibrational state (v = 1*) of
the umbrella motion. The v =0" v = 1" spacings are
shown in Table L.

There was only one observed perturbation in all of the
spectra. This occurred in the vibrationally excited state (um-
brella mode) of the ground electronic state of CH,CN ™. It
shows up in K = 0 with an approximately quadratic depen-
dence on J (i.e., the observed levels are shifted by ~0.2
cm~'atJ=~30and goup to ~0.3 cm ! by J=40). A prob-
lem in assigning the perturbation is that the lowest J ob-
served is 23 (see later). The standard deviation of the spec-
troscopic fit without the k' =1<K" =0 transitions is
0.012 cm ™! and increases to 0.036 cm ™! when these transi-
tions are included. The constants shown in Table I are ob-
tained without including the K’ = 1K " = 0 transitions.

The perturbation is very isolated, and there is little in-
formation to be obtained from it. However, since there is an
approximate quadratic dependence on J, it would appear to
be a Coriolis-induced perturbation.”® The only vibrations in
CH,CN™ that are low enough in frequency to cause this
perturbation are the two C~C-N bends (in-plane and out-of-
plane). Since the perturbed (observed) vibration is of 4,
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symmetry, either the in-plane (B,) or out-or-plane (B,) vi-
bration can be causing the perturbation. At this time we have
no plausible explanation for the negative D, constant in the
v =17 state other than the fact that the perturbation has
different influences on different K, stacks.

V. STRUCTURE

These data provide a limited amount of structural infor-
mation on CH,CN 7, as is always the case in high resolution
spectroscopy of polyatomic molecules with a limited num-
ber of isotopic substitutions. However, our results provide
insight on the planarity of the ground and dipole bound
states of the anion. The presence of the 3:1 intensity alterna-
tion (odd K7:even K7) for CH,CN~ (2:1 for even
K 7:0dd K/ in CD,CN™) implies that the vibrational states
transform according to a point group including the operator
C%. This means that CH,CN~ either has a planar equilibri-
um configuration or is in different vibrational levels associat-
ed with inversion of the CH,CN~ but having a pyramidal
equilibrium configuration. The intensity alternations thus
rule out a rigid pyramidal CH,CN ~ skeleton, and imply that
the molecule is at least sampling the planar part of the poten-
tial some of the time. This is the same situation seen in
NH,CN?? (isoelectronic with CH,CN ™).

One of the methods for determining planarity of mole-
cules is by examination of the inertial defect.>® The inertial
defect is defined by

Ag=I1-1,—1, (2)

where /, = moment of inertial about the x axis. Usually, if
A4 1s zero or a small positive number, the molecule can be
considered planar, but if A, is negative the molecule can be
considered®® nonplanar. However, zero point vibrational
motion can change the situation. Out-of-plane vibrational
modes tend to make the inertial defect more negative, while
in plane vibrational modes tend to make A,y more positive.
Included in Table I are the inertial defects for the six vibra-
tional states (three for CH,CN~, three for CD,CN ™) we
have observed.

The inertial defects for the two dipole bound states are
both small and positive. This confirms that the DBS is
planar. Since the DBS should look like the radical (analo-
gous to Rydberg states resembling the positive core), we
have experimental evidence for the planarity of the CH,CN
radical.

The negative inertial defects for the ground electronic
states for both isotopes show that we are dealing with some
out-of-plane vibration. In the preceding section, we conclud-
ed that the hot band seen in CH,CN ™ arises from a transi-
tion from an excited umbrella vibration in the ground elec-
tronic state to the ground vibrational state of the DBS. Since
the excited vibrational state has a much more negative iner-
tial defect than the zero point vibrational states and the deu-
tero isotope has an even larger (negative) A,,, one could be
tempted to say that CH,CN ™ is nonplanar. However, we
already know that CH,CN~ exhibits C,, symmetry (identi-
cal H’s) in all observed vibrational levels, so that the mole-
cule is at least “sampling” some planar structure. In large,
floppy molecules known to be planar,’* negative inertial de-

fects have been identified with the large amplitude out-of-
plane motions. However, in such cases when the inertial de-
fects are plotted against vibrational quantum number in the
out-of-plane vibration, a straight line is obtained.** The iner-
tial defect obtained by extrapolation to v = — 1/2 at the
vibrationless state is then found* to be positive, in accord
with the known planarity of the molecule. This same situa-
tion would appear to hold here. It the two A,;’s for each
isotopic species are extrapolated tov = — 1/2, a small posi-
tive inertial defect (0.7-0.11 amu A?) is obtained. However,
we are not able to say anything about a small barrier to inver-
sion seen by Moran et al.*’ The CH,CN~ photoelectron
spectroscopy experiment performed by Moran et al. yields
data that are more sensitive to the out-of-plane angle of the
CH, than are the present experiments. The reason for this is
that their photoelectron spectroscopy experiment accesses
many more vibrational states of the neutral than our experi-
ment does, so their potential energy function is more sensi-
tive.

While the difficulties described above preclude a quanti-
tative determination of structural parameters for the ground
state of the anion, the planarity of the dipole-bound state
permits us to extract some information concerning bond
lengths and bond angles for the DBS. There are four param-
eters to be determined (R¢y, Ree, Renr and ZHCH) assum-
ing a planar C,, molecule. There are also in principle four
pieces of information available from the six rotational con-
stants determined for the 4-DBS and 4-DBS. It is not possi-
ble to obtain a precise 7, structure from these data, but a
number of structural inferences may be drawn. First, the
ratio Ay /Ay should be mpy/my for a rigid molecule. The
observed ratio differs from the deuterium/hydrogen mass
ratio by about 5%, indicating the presence of substantial
hydrogen motion with respect to the CCN axis. Another
indication of significant hydrogen motion is that, if all bond
lengths are held constant, then we find that the optimum
HCH bond angle is some 3° larger than the corresponding
DCD bond angle. With this caveat in mind, a brief descrip-
tion of the fitting procedure is presented.

The parameters 4, B, and C for both isotropic species
were fit to rotational constants obtained for a rigid planar
molecule, with bond lengths and angles which did not
change upon isotopic substitution. The quantities best deter-
mined in such a fit are Ry sin(ZHCH/2) and
(Ren + Ree). A fit was first attempted for CD,CN since
the lower amplitude hydrogenic motions should make struc-
ture determination less problematic. The fairly large inertial
defect of course prevents a perfect fit between the experimen-
tal data and the model. The results of this fitting procedure
are given below:

(HCH = (118200 D 4 3)°

. 0.
Rey = (107 + D +0.02) A } [D1<0.05

and

Rey = (1165 A +£0.02) A .
on = (LIGSFA £ °]|A}<O.1 A.
R = (13954 A +£0.02) A
The quantities D and A show the degree of correlation
between parameters. The range of D or A is that which re-
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sults in a doubling of the residuals of the fit to all of the
rotational constants. The final number in the error is that
change in bond length or angle which is required to double
the residuals of a fit to the rotational constants. The correla-
tion between parameters is clearly apparent. When these
same parameters were employed to fit the CH,CN data, all
parameters were essentially at a local minimum except
ZHCH. Increasing this angle from 118° to 122.4° gave an
essentially perfect fit between the model and the experimen-
tal data.

VI. AUTODETACHMENT LIFETIMES AND BINDING
ENERGY OF THE DBS

Figure 5(a) depicts a single mode scan over a Q branch
transition to K ' = 2, showing several interesting phenomena
in CH,CN ™. The most obvious point is that the lowest J’s
are missing. This is even more evident in Fig. 5(b), which
shows transitions to X' = 1. Another interesting feature in
Fig. 5(a) is the increasing width of the lines as J increases.
Both of these phenomena can be understood in terms of a
model of the autodetachment mechanisms and energetics.

As mentioned in the Introduction, a transition is ob-
served only if the upper level of the transition autodetaches
while the excited anion is located in the interaction region.

1000
&
3 CH, CN™
o Q
é |
-
<
Z 500}
o
w
-4
o
o
5 !
5 1 1 V u| 1 1 i 1
"
2 o 38 34 30i 26 221814 J
12459.40 1246040 12461.40
LASER FREQUENCY (cm™)
1000
[} —-—
= CH2 CN
c
-]
5
L
-
<
=
©
[7o]
2 W
o
24
[
[&] I ] L L 1 3 I
W 353331 29 27 25 234"
w o t { }
12441.50 12441.70 12441.90 12442.10

LASER FREQUENCY (cm™)

FI1G. 5. Two Q branches showing the lack of observation of lower J’s in
K'=2(a)andK’' = 1(b).The lower J ’s missing in this figure were also not
observed in the P and R branches.

SIGNAL INTENSITY vs. J’

INTENSITY (arb. units)
H

FIG. 6. A graph of relative intensities in several branches in CH,CN~. The
peak intensities were obtained from continuous scans on a chart recorder,
not from the computer-spliced data shown in Figs. 2 and 5.

The length of time spent in the interaction region is

d 25 cm
— =" 7  ~2.5 us. (3)
v 1Xx107 ecm/s #

Therefore, if the autodetachment lifetime is more than a few
microseconds longer than this, the molecules that are excit-
ed will either fluoresce or hit the Faraday cup as negative
ions and in either case will not be counted as autodetachment
signal. This will tend to make the observed signal vary di-
rectly with the autodetachment rate. Shown in Fig. 6 is a
graph of intensity vs rotational quantum number for a few
different branches. Twobranches (K’ = 3,4) are sufficiently
far above the onset of the detachment continuum that their
width is not limited by the 20 MHz Doppler instrument reso-
lution, and three (K’ = 0,1,2) have apparent widths which
are limited solely by the Doppler width (i.e., Av <20 MHz).
Thebranches with K’ = 3 and 4 have a width determined by
lifetime broadening:

Av> L ,
2w AT

and these branches show a normal intensity distribution (at
least to J = 30), characteristic of a thermal distribution of
initial states and a perpendicular transition of a near-prolate
rotor. However, the branches with XK'= 0,1,2 that have
Doppler-limited linewidths at low J show an intensity in-
creasing linearly with J. This observation allows us to ex-
trapolate to obtain the linewidths of the longest lived levels.
For example, for K’ = 2, this procedure yields autodetach-
ment width that increases from =1 MHz at J = 11 to =20
MHz at J = 30, which is approximately the Doppler-limited
linewidth.

If the autodetachment rate and fluorescence rate are
about the same order of magnitude, we also have the possi-
bility of decreasing intensity. If a molecule is pumped up to a
certain J,K level (say, an ’Q branch, shown in Fig. 7) there
are serveral alternative pathways to deexcite the anion. We
measure the autodetachment channel only. Therefore, if the
sum of the optical transition rates out of the excited state are

(4)
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J, K
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DETACHMENT DETACHMENT
E £ THRESHOLD
J+l, K+
J, K+
J-1, K+l

J+l, K-1
J, K-
J-1, K-1

FIG. 7. Schematic diagram showing one optical (laser-induced) transition
to an excited state and several pathways out of this excited state. The up-
ward (downward) straight arrows signify absorption (emission) of pho-
tons, whereas the wavy arrow shows electron detachment.

much greater than the autodetachment rate, the intensity
will be abnormally low.

The resonance linewidths were obtained by scanning the
laser while measuring both the detachment signal and
Fabry-Perot fringes spaced by ~250 MHz (see Fig. 8). A
few of the lines were carefully fit to Lorentzians, a procedure
which gave approximately the same result as measuring the
full width at half-maximum by hand (within 20%), so the
remaining lines were cataloged using the latter method.
Shown in Figs. 9(a) and 9(b) are the experimentally deter-
mined linewidths (FWHM) vs total rotational quantum
number J for some selected K, stacks in CH,CN~ and
CD,CN . The two notable features are the relatively small
change in detachment rate with increasing J up to J=32 and
the rapid rise in detachment rate after this point. This rapid
rise occurs in the same range of J for all of the K stacks in
CH,CN . Figure 10 displays the linewidths for both iso-
topes as a function of both J and K to present this point in a
more detailed view. We now try to explain all of the observed
autodetachment features in CH,CN ™.

Figure 11 is a simplified energy level diagram for both
the CH,CN~ DBS and the CH,CN radical, using the DBS
rotational constants for both species. Much like Rydberg
states, we expect the structures of these two states to be very
similar. This expectation has been borne out in the DBS of
acetaldehyde enolate!” (CH,CHO™) and vinoxy radical®
(CH,CHO) where the rotational constants are within 1% of
each other. Since microwave data are not available for the
CH,CN radical, this procedure gives us the best levels avail-

J7=32 33 34 35 36 37

LINE -
—» 75MHz
WIDTH

90MHz 40MHz 2I0MHz 250MHz 380MHz

FIG. 8. Chart recording of typical data showing the rapid increase of the
linewidth at high J. The data were obtained by sending the output of the
electron multiplier into a discriminator and then into a rate meter and then
into the y input of a chart recorder. The markers at the top of the figure are
Fabry-Perot fringes (250 MHz spacing) recorded simultaneously.
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FIG. 9. Experimentally measured linewidths as a function of rotational
quantum number for afew X 'stacks. (a) CH,CN—;0,K'=1: +,K'=3;
O, K'=5AK' =6X,K'=7,,K'=8.(b)CD,CN":0,K"'=3; +,
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able at present. Also shown schematically is the continuum
for the electron and neutral and some typical autodetach-
ment transitions. The continuum onset is indicated to occur
just below the lowest observed autodetaching level (J =9,
K, =2) in the CH,CN~ DBS. This observation places a
rigorous upper limit on the binding energy of the DBS of
~67 cm™ 1, and, from the term value for the DBS, gives an
electron affinity of ~12 500 cm™'. However, the binding
energy could be even lower than this if the nonobserved low-
er states live too long to be seen in our apparatus.

Marks er al.?® obtained a binding energy of ~160cm ™",
based upon lower resolution data (comparable to Fig. 1)
where individual rotational levels were not resolved and a
model that assumes no variation in lifetimes of the upper
states. The resolved spectra reported here show this assump-
tion to be inaccurate, leading to too high a binding energy for
CH,CN™~. A related assumption was used in the assign-
ment? of the CD,CN ™ spectra, and in this case the more
closely spaced levels lead to an incorrect numbering of the
CD,CN~ Kstacks (i.e.,thebranchlabeled X' = 3« K" =2
in their Table Ishould belabeled K ' = 1K " = 0,andsoon
for the other branches).

There are several important selection rules governing
autodetachment from CH,CN ~. A rigorous selection rule is
that aJ,K level must decay via AK, =0, + 2, + 4,...due to
the identical H’s around the C,,(a) axis (no nuclear spin
exchange). A propensity rule is that the transition should
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FIG. 10. Three-dimensional projection of the linewidth variation as a func-
tion of J and K: (a) CH,CN~, (b) CD,CN .

take place with the minimum possible change in angular mo-
mentum. Shown in Fig. 11 by curved arrows are some repre-
sentative autodetaching transitions. Only even X stacks and
only a few J levels are shown for clarity. Transitions labeled
A correspond to AJ = — 5 or — 4 and AK = 0. These are
the only electron detachment pathways open to the lowest
observed levelsinK =0and K = 1. AIIDBS K = 0, 1 levels
below this autodetach so slowly that either we cannot ob-
serve them in our apparatus or the levels are bound, e.g.,
J<=13 in K = 0. The slow decay rate of those levels for
which autodetachment is energetically possible is due to the
large change in J which would be required for autodetach-
ment. The transition B corresponds to AJ= —5 and
AK = — 2, the smallest AJ channel open for the low J’s in
K = 2. The two different types of channels open for K = 0,1
and K = 2 manifest themselves in the different slopes shown
in Fig. 6 for the different observed intensities. Transition C

(AK = —2,AJ = —2) represents a process energetically
allowed for the higher X stacks, a small AJ accompanied by a
AK = — 2. The transitions labeled D illustrate the reason

for the rapid increase in the autodetachment rate beginning
J=33 (=38 for CD,CN ™). This process corresponds to a
AJ = — 3 and AK = O transition and first becomes energeti-
cally allowed at the same value of J, Jr, regardless of K. The
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FIG. 11. Simplified energy level diagram showing several different path-
ways for detachment. The diagram has been drawn assuming a binding en-
ergy of ~60 cm™"' for the DBS. Only a few J levels in the even K stacks are
shown for clarity. The letters labeling a few of the autodetaching transitions
signify A, the transitions observed from the low J levels in K = 0,1 (i.e.,
AJ>4, AK = 0); B, the transitions observed from the low J levelsin X = 2,3
(ie.,AJ>4,AK = — 2);C, thetransitions observed from the low J levelsin
the high K stacks (i.e., AJ = AK = — 2); D, the transitions observed from
the high J levels in all of the K stacks (i.e., AJ<3, AK =0); and E, the
transitions that are not observed due to energy conservation. The fast turn
oninrate atJ= 33 for CH,CN~ ( =38 for CD,CN ™) occurs due to process
D taking over.

region of an abrupt rise in autodetachment corresponds to a
binding energy of £, S 6BJ; where B is the effective rota-
tional constant for end-over-end rotation ( ~0.33 cm ! for
CH,CN™) and J is the “turn-on” value. The reason for the
value, 6BJ ., for the energy difference is that rotational levels
are separated in energy by AE = 2BJAJ. Above J=40, the
transitions into the continuum are so rapid that the higher
J’s are not distinguishable.

Since the lowest observed level in the CH,CN ™~ DBS has
~67 cm™! rotational energy, the binding energy must be
smaller than this. An intriguing possibility is that the rapid
turn on in autodetachment rate at J = 33 corresponds to an
E, S4BJ (44 cm™!) and that the rapid rate change is due to
the opening of the AJ = — 2 channel. In fact, the lowest
level observed in CD,CN~is (J' =9, K ' = 3) and also im-
plies a binding energy of <66 cm ™" for the CD,CN~ DBS.
Infact, K" = 3 can only detach to K’ = 1, which leads to an
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estimate of 62 cm ™. In light of these facts, we cannot totally
determine which exact channel opening (AJ =2 or AJ = 3)
is responsible for the rapid increase in rate.*® However, we
can state with certainty that autodetachment is inhibited for
AK #0 transitions. In the following section, we will explore
some of the reasons for these selection rules in rotational
autodetachment of CH,CN .

Vil. AUTODETACHMENT MECHANISMS

The phenomenon of autodetachment (autoionization)
arises from the breakdown of the Born—Oppenheimer ap-
proximation, namely, due to terms that in the molecular
Hamiltonian couple the bound state to the continuum. From
these couplings, we can calculate transition rates into the
continuum via the Golden Rule®’

rate « 27” (| T18,) %

« 27”k2’+1|<¢f|T'|¢i>|2, (5)

where T is the coupling operator, ¢, is the negative ion
(DBS) wave function, Yy is the electron plus neutral wave
function, and p is the density of states; in the second form, &
and / are the linear and angular momenta of the leaving elec-
tron, and T’ is the energy independent coupling operator.
There are four different types of coupling operators of sig-
nificance in molecular autodetachment.?” These are as fol-
lows: (1) configuration interaction (electron—electron), (2)
spin—orbit, (3) vibrational-electronic, and (4) rotational—
electronic. We will briefly discuss each of these and show
that the only coupling mechanism operative in the lowest
vibrational level of the DBS is rotation—electronic coupling.

Configuration interaction driven autoionization has
been studied in a few systems>® for autoionization and arises
from electron—~electron repulsion. This coupling will only
induce autodetachment if the neutral electronic state lies be-
low the negative ion electronic state. From Fig. 11, we see
this is not the case, so this mechanism of coupling to the
continuum is not operative here. Spin—orbit autoionization
(autodetachment) has recently been studied in several sys-
tems*® and occurs when a molecular core can make a spin—
orbit change to a lower state to allow the electron to leave the
molecule. However, asymmetric top molecules cannot have
electronic orbital angular momentum?® (i.e., no axial sym-
metry to which to couple the electron) so that this type of
coupling is inactive in CH,CN .

Both vibration—electronic and rotation—electronic cou-
pling are driven by the nuclear kinetic energy operator T,

2 2
Tr =Ty + T = A4 ik N?, (6)
2M dR? 2MR?

acting on the electronic wave function. There has been a
great deal of theoretical>”***? and experimental*’ effort de-
voted to vibration—electronic coupling. Since the autode-
taching transitions studied in this paper originate from the
ground vibrational state of the DBS, the vibration—elec-
tronic terms will be unimportant. However, in the spectral
range covered, we do observe sequence bands to higher (un-
known) vibrational states. These sequence bands were com-

posed of broad lines ( > 500 MHz) which were too weak and
too broad to obtain a rotational analysis. Presumably these
vibrationally excited states of the DBS decay by vibration—
electronic coupling, and at a rate generally more rapid than
for those analyzed levels reported here.

The remaining form of autodetachment arises from ro-
tation-to-electronic coupling. This process has not been
studied as much as vibration—electronic coupling because:
(1) most autoionization studies have not had rotational re-
solution; (2) when other mechanisms are available, rota-
tion—electronic coupling will usually be negligible in com-
parison; (3) in autoionization, the longest range force is the
Coulomb force which dwarfs the dipolar force in most mole-
cules.

The form of the coupling operator is given by the follow-
ing expression®”:
__#

2m,R?

This operator is similar in form to A-type doubling; as the
molecule rotates faster and faster, the electron becomes un-
coupled from the axis. In neutral Rydberg diatomic mole-
cules, there is a transition from Hund’s case (a) [or case
(b)] to Hund’s case (d) as n (the principal hydrogenic
quantum number of the Rydberg molecule) increases. This
is due to the fact that the orbital angular momentum of the
outer electron “sees” an isotropic Coulomb core** as the
electron’s orbital radius increases. This physical effect is
very similar to rotational autodetachment from dipole
bound states, where the anisotropic dipole binding force be-
gins to be averaged out.

In order to understand the rotational autodetachment
process, we need first to understand the rotational motion of
CH,CN . The classical motion of a prolate symmetric top
(A>B=C) is described in Refs. 45 and 46. As stated in Sec.
IV, Jis the total angular momentum of the molecule and K,
is the component of the angular momentum along the a iner-
tial axis for a prolate top. The angular momentum vector J is
fixed in space while the figure axis nutates about it at fre-
quency 2BJc and the molecule rotates about the figure axis at
frequency 2(A4 — B)Kc. Since A > B, what this means in rela-
tion to CH,CN ~ is that J/ motion tends to rotate the C-C-N
in an end-over-end fashion; whereas K motion tends to ro-
tate the H’s around the g axis (Fig. 12). This means that
high J’s will rotate the dipole moment, regardless of K,
whereas J =K does not rotate the dipole moment. Since the
DBS electron must remain near the positive end of the dipole
to be bound, rotation that moves the dipole axis is destabiliz-
ing. Therefore, the higher J’s should decouple the electron

T, <

rot

Nel 'Nrot . ( 7 )

77N FIG. 12, Schematic of
CH,CN~ showing two differ-
ent types of limiting behavior
in the rotational motion: (a)
~- corresponds to J= X, (b) cor-

responds to J» K. The dotted
\ line shows the qualitative
shape of the DBS orbital, but it
should be expanded a factor of
~ 30 to show the correct size of
the orbital.
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morerapidly than the higher K ’s, even though the higher K ’s
are much higher in energy. For example, J = 40, K = 0 lies
~350 cm ™! lower than J = 30, K = 8 but the former auto-
detaches at least three times more rapidly. This effect is per-
haps better seen in a classical picture, as follows.

Suppose that the only force binding the electron in the
DBS were the dipolar force, given by a point dipole potential
U(r,0). The radial dipole force Fy,, (7,0) would then be

Q(_J_= __ d(eDcos 6 /4me,r?)
or or

__ 2eDcos @
4rer
where e is the electron charge, in Coulombs; D is the dipole
moment, in Debyes (3.3 1073°C m D™!); #is the electron
distance from the dipole; and & is the angle betwen the dipo-
lar axis and the electron’s position.
Now, the force that will decouple the electron from the
dipole will be the centrifugal force, given by

Fdip= -

(8)

mv?  m,Qmrv,)?
Fcent (r) = = -

r r

=4rm,m%,, (9)

where m, is the mass of the electron, r is the electron’s dis-
tance from the dipole, and v,,, is the rotational frequency of
the dipole given by

Viee = 2 BeyT(J + 1) =2Bcl, (10)

where B =rotational constant (in cm™') of dipole,
¢ = speed of light, J = rotational quantum number of the
dipole.

If Eq. (10) is substituted into Eq. (9) and the forces
Fy,, (r,0) and F_, () are set equal, the resulting relation
between r and J corresponds to complete decoupling of the
electron from the rotational axis

4 2eD 1
4 (22)( )
drey) \167°m B2 (J + 1)

That is, the electron will not be able to follow the dipole and
will lag behind. This lag in turn produces a catastrophic ejec-
tion because the cos 8 dependence of the dipole force wea-
kens the restoring force as the electron “slips behind.” We
know that since the abrupt turn on occurs at ~J = 33 for
CH,CNT, the distance ry;, from the dipole of the electron
that is bound to the dipole is given by

Vaip = 68 A.
We can obtain the radius of the electron orbit in another

way by using our binding energy of ~ 60 cm ™' and assuming
a dipole moment of 3.5 D. The relation

eD

— (12)
dmegr %,

Ebind = -

then gives 7y, =36 A. Of course, we do not know either the
exact binding energy of the DBS or the exact dipole moment
for CH,CN, but the fact that these two values for the radius
of the electron orbit are within a factor of 2 is satisfying.
While this classical view is self-consistent, it cannot be taken
literally, since the electron de Broglie wavelength is compar-
able with 74,,. An 80 cm™" electron has a 120 A de Broglie
wavelength.

Lykke et al.: Autodetachment spectroscopy of CH,CN~

One part of autodetachment (autoionization) that has
not been discussed in detail is the role the angular momen-
tum barrier,

I+ 1)

2

(13)

E barrier
2mr

plays in determining the autodetachment rate. This has not
been dealt with in autoionization because the Coulomb force
overwhelms this force for the different partial waves. This is
why the cross section for photoionization has a constant val-
ue, independent of / (the angular momentum of the leaving
electron), at threshold in contrast to the threshold behavior
for photodetachment which is given by*’

o'ock21+l, (14)

The combination of the angular momentum barrier and
the anisotropic dipole binding makes an extremely compli-
cated trajectory for the leaving electron. The electron is
bound to the electropositive end of CH,CN until it becomes
decoupled. The electron does not “feel” the angular momen-
tum barrier until it starts to decouple from the internuclear
axis and assumes a value of /, the orbital angular momentum
of the leaving electron. Therefore, we have a problem that
could be dealt with by a frame transformation*8;i.e., a totally
body centered frame at the start, transforming to a lab fixed
frame at the end. This full procedure has not yet been at-
tempted for CH,CN ~ autodetachment, but Clary*® has tak-
en a substantial step in this direction. He calculates rotation-
ally adiabatic “CH,CN DBS potentials, in which the
autodetaching levels appear as Feshbach resonances. Initial
agreement is encouraging, and inclusion of AJ> 1 transi-
tions promises quantitative understanding of this process.

VIil. NONOBSERVATION OF ELECTRIC FIELD
STRIPPING

The quadrupole deflector which terminates the coaxial
interaction region provides a transverse electric field which
can be used qualitatively to study electric field stripping of
specific rotational levels of the dipole bound state. If an opti-
cally excited level of the DBS, bound or unbound, lives long-
er than a few us, then the excited ion will proceed from the
coaxial interaction into the quadrupole deflector. If the elec-
tric field of the quadrupole deflector produces field ioniza-
tion, then a signal will be seen on the neutral detector, but
not on the slow electron detector. This method was used'” to
observe the bound levels in acetaldehyde enolate’s dipole
bound state (AEDBS). We expected to see similar electric
field stripping in CH,CN, but extensive searches at wave-
lengths where these bound states were known to exist gave
no hint of electric field induced stripping. Levels bound by
~5cm™'in AEDBS were field stripped by only ~ 70 V/cm;
whereas similarly bound states in CH,CN ~ were not affect-
ed by 5 kV/cm. We now try to account for such behavior.

Inspection of the appropriate energy level diagrams
shows that the bound levels in AEDBS could be stripped
with a change in angular momentum of AJ £ 2, but the levels
with similar binding energy in CH,CN~ require at least
AJZ 14 (see Fig. 11). However, these levels could strip with
alow AJ if the stripping process removed ~ 50 cm ™ instead
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of just 5 em™'. A much larger electric field would be re-
quired in this case. We are not set up at present to vary the
electric field in a quantitative fashion, but this would clearly
be an interesting experiment.

IX. CONCLUSIONS

Autodetachment spectroscopy of CH,CN ™ has yielded
much information on many of the properties of dipole bound
states. Any molecule with a dipole moment = 2 D will bind
an electron in a weakly bound, large orbital, much like Ryd-
berg states. The study of these states with rotational resolu-
tion has given considerable insight into the dynamics of the
detachment process. It should now be possible to predict
which negative ions can be studied with autodetachment
spectroscopy.
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