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Near-Threshold Electron-Impact Excitation of the Low-Lying Rydberg States of Ethylene
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Excitation functions for théBs, 7 — 3s and®Bi4 and Ay  — 3p Rydberg states of ethylene have been
measured and found to display structure due to the decay of core-excited anion states. Evidence is also provided
that thes~%(3sy anion state undergoes significant decay to the> z* singlet state in highly twisted
configurations.

1. Introduction geometry. A single monochromator is used to select the energy
of the incident electron€,) which are passed through a static
cell where scattering with the target gas takes place, and a dual-
stage monochromator is used to analyze the residual energy
(Ere9 Of the scattered electrons. The electrons are counted at a
dual-microchannel plate detector. The measured scattering cross
sections are limited by the linear geometry of the instrument to
the forward and backward directions, producing cross sections
that are superpositions of thé &nd 180 partial cross sectior?s.

The transmission efficiency of the analyzer is inversely pro-
portional to the pass energy; to correct for this, each data point

Most electron-energy-loss studies of the electronically excited in the excitation functiqns has been mu!tiplied by the analyzer

states of ethylene have focused on direct excitation processesenergy at that point. Thls simple correction procedure has been
; ; ~“found to be reliable in the energy range from threshold to 10

The present study examines the production of the electroni- eV 24 The incident energy was calibrated to the 6.66:¥3s}

cally excited states of ethylene through the decay of temporary Feshbach resonance of ethyl@& and the energy loss was

gmon stfattes. This |ncl'udest (?xplonngb the p(;)tssmlhtt))/ that th(laI calibrated using the sharp Rydberg state at 8.26 aVie
inz(i:?(/as?sibelg]ﬁaorii%%?toﬁnss a e_s) Cin ot?a rl:t?zl er?e?ro sir?ggza Yinstrumental resolution was about 70 meV, and the calibration
9 WP 9y is expected to be accurate 485 meV.

of the neutral molecule. For this to be a viable approach, it is
necessary that the temporary anion state (assumed to be formegj Results and Discussion

by vertical electron capture) undergo considerable nuclear ="

distortion prior to electron detachment. Although measurements Constant Residual Energy Spectra.Figure 1 displays

of vibrational excitation cross sections for electron impact electron-energy-loss spectra obtained with constant residual
provide ample evidence of the importance of geometrical energies of 0.08, 0.13, 0.18, 0.31, and 0.41 eV. The spectra are
distortions for valence-type temporary anion stéfeshe plotted as a function OEoss = Ein — Eres WhereEin and Ees
lifetimes of most valence-type temporary anion states are too are the incident and residual energies, respectively. PBg,1
short to permit sampling of regions of the potential energy 7 — 7* state is visible near 4.2 eV in thE,.s = 0.08 eV
surface far removed from that of the initial electron capture. spectrum (which was the only one recorded below 5 eV). The
On the other hand, Feshbach resonances, such as sy Eres = 0.08 eV spectrum also displays a series of sharp peaks
anion state of ethylene, tend to be relatively long-lived and, starting atE.ss= 6.57 eV. This structure moves to lower energy-
thus, are more attractive candidates for intermediates, leadingloss values and diminishes in intensity as the residual energy is
to highly distorted structures of neutral molecules. Thus, the increased, indicating that it arises from a temporary anion state.
decay of Feshbach resonances via electron autodetachmenthe anion state involved is the lowest Feshbach resonance that
would nicely compliment the more common use of bound has thex %(3sf configuration and that has been observed
anions, combined with electron photodetachment, for accessingpreviously in theEj,ss= 6.30 and 6.66 eV excitation functions

The electronic spectrum of the ethylene molecule has been
the subject of numerous experimeAtéland theoreticaf—18
studies. Electron energy loss spectroscopy, since it permits
characterization of dipole- and spin-forbidden transitions, has
played a particularly important role in elucidating the excited
states of ethylen&:® In this context, it should be noted that
there are two distinct mechanisms for the production of
electronically excited states via electron impact: (1) direct
excitation and (2) indirect excitation proceeding through the
formation and decay of intermediate temporary anion stdtes.

neutral molecules at distorted geometAgs? for the 1By, state (see Figure 2 and ref 29) as well as in electron
_ _ transmission spectra (ETS), where it appears as a series of five
2. Experimental Section peaks at 6.66, 6.83, 6.98, 7.16, and 7.322&%due to they =

0—4 members of the €C stretch progression. The sharp
structure observed in the present constant residual energy spectra
has nearly the same spacings as that observed in the electron
transmission spectrum for the"1(3sf anion state, consistent
with the interpretation that it arises from this species.

* Present address; Division of Natural and Professional Sciences, | Nne low-energy vibrational levels of thﬁrl(3_5)2 anion state
Schreiner College, 2100 Memorial Blvd, Kerrville, TX 78028. can decay only to the ground state and the triplet and singlet
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The magnetically collimated electron-energy-loss spectrom-
eter used in this work has been described previotfsiyand
only the salient features are covered here. The instrument
employs three trochoidal monochromatSrén a collinear
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Figure 1. Energy-loss spectrum of ethylene obtained at constant
residual energies of (a) 0.08, (b) 0.13, (c) 0.18, (d) 0.31, and (e) 0.41
eV. The inset shows the-5/-eV region of theEes= 0.31 and 0.41 eV
spectra multiplied by 20. The assignments of the various electronically
excited states are indicated. The positions ofittee 0—3 members of

the G=C stretch progression in the (3s} anion state (as observed

in ETS) are indicated at the top of the figure.

T T T T I T T T T | T T T T | T T T T
(a) By, = 8.25eV
'A,m— 3p
(b) By = 7.77 €V
(€) e =697 eV
(d) Eyps = 6.66 6V ' (4p)*?
“a
=
2
51
Q
|27]
o
g ()
S w7 (3d)?
= nl(4s)?
ﬁ 1 2
8 ©'(3py
o
2
= 3
= "By, T~ 3s
& (©
@ W
1 1 1 1 T 1 i1 1 1 | 1 1 1 1 I 1 1 L 1

6.0 7.0 8.0 10.0

Incident Electron Energy (eV)

9.0

Figure 2. Relative partial cross sections for excitation of thg and
3B1gT — 3p, *Baur — 3s, and'By, w — 7* states of ethylene at energy-
loss values of (a) 8.25, (b) 7.77, (c) 6.97, and (d) 6.66 eV, respectively.
Structures arising from the=%(3sf, 7~4(3pX/a~(4sy, andx~1(4py
anion states are indicated.

— m* states of the neutral molecule (as these are the only
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sr* state. The lowest energy feature observed inEhre= 0.41
eV spectrum falls at 6.25 eV, 0:®.8 eV above the origf#
of the singletr — x* state, which has a perpendiculByqy
equilibrium structuré315:30,31

In thesz~%(3s} region of the constant residual energy spectra,
the second and fourth peaks are weaker than the first and third
peaks; this is especially apparent in thgs = 0.31 and 0.41
eV spectra shown in the inset. This alternating intensity pattern
is not observed in the electron transmission spectrum. This could
be the consequence of the different decay channels “sampled”
in the two experiments: The energy-loss spectra necessarily
represent inelastic decay processes, whereas ETS is dominated
by the elastic channel. Specifically, the alternating intensity
pattern in the constant residual energy spectra could be due to
the decay of ther"1(3sy anion state to the singlet — 7*
state. The electron transmission spectra reveal that the torsional
mode is excited upon electron capture to formané&(3sy state,
and it is possible that this mode is involved in the decay to the
singletr — x* state.

The 7#~1(3sy¥ anion state, like its parent Rydberg state, is
expected to be twisted about25om planar®2 The decay of
the 7~1(3sy anion state to ther — x* excited state requires
configuration mixing in one or both states. (Mixing between
the 771(3s¥ and z~(x*) 2 anionic configurations seems espe-
cially likely.) In the region of ther — 3s states (767.5 eV),
the shape and relative intensities of the peaks in the spectra
change considerably as the residual energy is increased from
0.08t0 0.31 eV. In contrast, thges= 0.31 and 0.41 eV spectra
are nearly indentical. Although vibrational structure due to the
13B3, r — 3s state might be expected in tkas = 0.08 and
0.13 eV spectra, it is obscured by the structure due to the decay
of thezz~%(3s) anion state to the underlyif@,, = — =* state.

Of the spectra reported in Figure 1, the vibrational structure in
the 7.0-7.5-eV region is sharpest in thEes = 0.18 eV
spectrum, with pronounced peaks visible at 6.98, 7.13, and 7.29
eV, followed by a weaker peak at 7.42 eV. This structure is
believed to derive mainly from the’Rs, 7 — 3s state.

At somewhat higher energies, thg.s = 0.08-0.41 eV
spectra display peaks at 7.78 and 8.26 eV and weaker features
near 7.93, 8.42, and 8.60 eV. The peak at 7.78 eV is quite strong
in theEes= 0.08 eV spectrum, but the intensities of this feature
and of the accompanying 7.93-eV shoulder decrease rapidly as
the residual energy is increased. This is consistent with this
structure being due to tH8,4 7 — 3p, state as assigned in ref
5. The 7.93-eV shoulder is likely due to one quantum sfC
stretch in the®Byg state, although it may also result, in part,
from thelB,4 or 3B,y 1 — 3p;, states. (MPl measurements place
the 1By state at 7.90 eV-?) Reference 5 reported a feature at
8.15 eV that was assigned to thiy 7t — 3py state; however,
our spectra do not show a feature at this energy. The strong
peak observed near 8.26 eV and the shoulder at 8.42 eV retain
appreciable intensity as the residual energy is increased from
0.08 to 0.41 eV. This structure is attributed to tifg = — 3px
state reported previously at 8.29 é¥The weak feature at 8.60
eV is assigned to one or more of the— 3d, states that have
been observed at 8.62 &\

The constant residual energy spectra also display considerable
structure above 8.8 eV. For example, thgs = 0.31 eV
spectrum has peaks at 8.95, 9.14, 9.28, and 9.39 eV, for which
there are no corresponding features of comparable intensity in
the optical spectrum. The CIS calculations of Wiberg €t*al.

energetically accessible states). The appearance of the sharplace the threer — 4p states at 9.09, 9.19, and 9.29 eV. This
structure at low energies in the constant residual energy spectrasuggests that the 9.14-, 9.28-, and 9.39-eV features in the present

strongly suggests that part of the decay is to the singlet

spectra are due to the three— 4p states and that the 8.95-eV



Near-Threshold Electron-Impact Excitation of Ethylene J. Phys. Chem. A, Vol. 103, No. 29, 1999669

feature is due to a@ — 4s state, although we cannot rule out an in the Ejoss = 6.97 €V spectrum. ThEj,ss= 7.77 €V spectrum
alternative interpretation that all the structure between 8.9 and also displays very weak structure at 8.4 and 8.6 eV, which is
9.4 eV is due tar — 4p states, with one or more of the peaks probably of the same origin as the broad feature centered at 8.5
being due to the vibrational structure. The energy-loss spectraeV in the Ess = 6.97 eV spectrum. Thé&ss = 8.25 eV

of Wilden et aP displayed two peaks at 9.36 and 9.50 eV, which spectrum does not display a peak near the threshold but does
were tentatively identified as the three— 4p states. The 9.36-  display a broad peak near 8.8 eV, which is likely dugt&(4py

eV feature of Wilden et al. almost certainly corresponds to that anion states.

observed at 9.39 eV in our spectra and that we believe is the

highest energyr — 4p state. If this interpretation is correct, 4. Conclusions

the 9.50-eV feature observed by Wilden et al. could then  \ear threshold electron-energy-loss spectra, for energy losses
correspond to a V|brat|ona}lly excited level of this state. Our up to about 10 eV, have been obtained for ethylene. The constant
energy-loss spectra also display peaks near 9.7, 10.0, and 10.3¢giqyal energy spectra reveal sharp structure due to the
eV, which could be due ter — 5p Rydberg transitions. formation and decay of the%(3s} Feshbach resonance. Part

anstantiEngrgy-Loss SpectraFigure 2 displays the spectra  of the decay is to the underlyii@, & — 7* state. The energy
obtained with fixed energy-loss values of 6.97, 7.77, and 8.25 of the vibrational zero-point level of tH@,, 7 — 7* state has

eV, which correspond to excitation of the= 0 levels of the been estimated to lie between 5.4 and 5.75é¥5:16:31ahout 2

*Bau  — 3s,3Byg 7 — 3p, and'Aq 7 — 3p Rydberg states, eV below the vertical excitation energy (7.7 eV). WittEas
respectively. At higher energies, each of these excitation value of 0.41 eV, the largest used in this study, the singlet
functions increases nearly linearly with increasing incident z* state can be formed at 6.25 eV upon decay of the 6.66-eV
energy, which reflects some contribution from the underlying 7-(3sy anion state. Given the magnitudes of the structure in
1Byy r — o* transition. TheEss = 6.66 eV [Byy w — 7*] the Eres= 0.41 eV spectrum, it seems highly probable that with
excitation function, for which decay to the Rydberg states is use of larger residual energies, it would be possible to access
not possible energetically, is included for comparison. This even lower energy vibrational levels (and, perhaps, even the
excitation function displays a series of sharp features at 6.77, origin) of the 1By, = — * state by this decay mechanism.
6.92, and 7.10 eV that correspond to the 1, 2, and 3 levels The electron-energy-loss spectra also show structure assigned
of the G=C stretch progression in the 1(3sy anion. Each of to the3Ba, 7 — 3s state (6.97 eV) and t1iB,gand'Aq 7z — 3p
these three peaks lies 0.06 eV lower than the correspondingRydberg states at 7.77 and 8.25 eV, respectively. In addition,
level in the electron transmission spectrum. Although part of structure attributed tor — 4p Rydberg states is observed
this energy difference could be “nonphysical” (e.g., due to errors petween 9.1 and 9.4 eV.

in calibration), part of the offset could be “physical” in the sense  The excitation functions for th&B,, x — 7%, 3B3, 7 — 3s,

that the structure due to temporary anions can appear at differen®B,; ;7 — 3p,, and'A4 = — 3p, states were obtained by scanning
energies in different decay chann€l$he electron transmission  the incident energy with fixed energy losses of 6.66, 6.97, 7.77,
experiment is a total cross-section measurement which isand 8.25 eV, respectively. Both ti&ss = 6.66 and 6.97 eV
expected to be dominated by the elastic scattering componentspectra display sharp structure due to the formation of the
whereas the structure in the excitation function results from 7z-1(3s¥ anion and its subsequent decay to the underlyBg
inelastic processes, with the dominant channel believed to besz — 7* state and higher lying Feshbach resonances.

decay to the singlet — x* state2®

The Epss = 6.97 eV spectrum displays a sharp peak at 7.10  Acknowledgment. This research was supported by a grant

eV that is attributed to the = 3 level of thez(3s} anion. from the National Science Foundation.

Energetically, ther = 3 level of the anion can decay to the
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