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Electron-energy-loss spectra in the range of vibrational excitation, and excitation functions for
selected vibrational peaks, were measured for the title compounds. Angular distributions of the
vibrationally inelastic peaks were measured fopropane and cyclopropane. The results in
n-propane are similar to the published results in ethane, only one very broad band is observed in all
channels, with gradual onset at about 3 eV and a maximum around 8 eV. In contrast, narrower
resonances emerge in all cyclic compounds. The effect is most pronounced in cyclopropane, where
two resonances appear, at 2.6 and 5.5 eV. The latter is exceptional in several respects. It is narrow
and thus relatively long lived for a shape resonance of this energy. It causes ring stretch excitation
with very high selectivity and pronounced angular distribution, which is reproduced very well by the
theory of Read and Andrick, revealing dominance of a partial wave with an unusually high angular
momentum,| =3, m=3, and unambiguously identifying the resonanceads The resonances in
ethylene oxide are similar, but somewhat broader and shifted to 3 and 4.8 eV, respectively.
Resonances in cyclopentane and cyclohexane resemble loosely the cyclopropane case. It is
concluded that the major cause of the dramatic differences in spectral appearance between linear and
cyclic alkanes are not major changes of resonant energies, but decrease of their
(lifetime-determined width, caused by higher symmetry, rigidity, and consequently larger
contribution of partial waves with highto the scattering. This implies that the vertical electron
affinity of linear alkanes is not around8 eV, as could be assumed from the position of the peak

in the attachment spectra, but higher, aroun8 eV. © 1996 American Institute of Physics.
[S0021-960606)03131-3

I. INTRODUCTION about 4 eV to more than 15 eV, peaking at around 7 eV. The
band peaks at only slightly different energies in the excita-
Experimental information o™ valence orbitals in al- tion of the different vibrations. From this result it could be
kanes and related saturated organic compounds may ®ncluded thav™* resonances in alkanes have similar char-
gained by the study of*-shape resonances in electron scat-acteristics as the™ resonance in ki° that is that they are
tering, that is of transient negative ions where #fieorbitals ~ exceedingly wide because of extremely short lifetime, to
are temporarily occupied. Such investigationsdadf reso-  such a degree that it may not even be justified to view them
nances have traditionally been somewhat neglected in conin the chemically useful way as temporary occupation of
parison to ther* resonance$.The reason is primarily the distinct ¢* orbitals. There has been an early evidence from
large energy width of the™ resonances caused by their very ETS, however, that narrower and more distinct resonances
short lifetime, often accompanied by large Franck—Condorare found in cyclic alkanesPreliminary experiments from
widths of the dissociative™ resonances. this laboratory have shown pronounced selectivity of vibra-
The large width of ther*-shape resonances hinders theirtional excitation in cyclopropan&? The present work deep-
observation in the electron transmission spectros¢&ds)  ens the cyclopropane study, and presents results from related
which has been used for pioneering studies of resonances gompounds, in an attempt to better characterize resonances,
hydrocarbon’ (see also an example of ETS nfpentand). and indirectlyc™ orbitals, in alkanes and other saturated or-
The experimentally more demanding method of recordingganic compounds.
cross sections for vibrational excitation by electron impactis  Another technique yielding information arf orbitals is
more suitable for the observation of broad shape resonancése inner-shell excitation spectroscopy, which has also been
since it is a “zero background” method. It has the further applied to cyclic alkane¥*! The core is positively charged
advantage of often giving additional evidence for the assignin this technique, in contrast to the neutral core in the present
ment of the resonances through the selectivity of the vibraexperiments, permitting only an indirect comparison of the
tional excitation and angular distribution of the scatteredresults. Finally,c* orbitals are temporarily occupied also in
electrons. The latter method has been applied to alkandbke o*-valence excited states. Studies of these states are rare,
larger than methane only very rarely. Boestral? have  however, such states being difficult to identify because of
studied vibrational excitation of ethane by electron impactgenerally large Franck—Condon widths and extensive
and has found an extremely broad band, extending fronvalence—Rydberg mixing.
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Il. EXPERIMENT vibrations of similar frequencies are generally of the same
type, for example a number of C—H stretch vibrations are

The instrument and the procedure of calibrating its re-

sponse as a function of the incident and residual energies dgund around 370380 meW—C—Hscissoring and defor-

helium have already been describaBand only a very brief mations around 180 meV, C-C stretch vibrations around

description is given here. It is essentially a standard electronloo_110 meV. The spectra thus indicate which type of mo-

energy-loss spectrometer using hemispherical electrostatfo" 'S excited by a given resonance, even in cases where the

deflectors for electron energy selection. The analyzer can b .act vibration, in partlgulgr Its Symme”y* cannot b.e det_er-
rotated from—3° to 135° with respect to the incident beam. mined. _The useful quahtatl_ve relathn between ar?“b"f‘d'”g
Sample gas was introduced into the collision region as aRroperties of the temporarily occupied MO and vibrational

effusive beam through a nozzle with 2%n diameter, kept excitation intensity may thus be used even for the present
at about 70 °C. Instrumental response function for elastié‘,"lrge molecules, without detailed assignment of the vibra-

scattering has been determined with help of the helium eladlons. . )
Symmetry arguments indicate that totally symmetrical

tic signal, the analyzer response function has been deter-

mined on the helium near threshold ionization continuum.vibrational modes will be excited for nondegenerate orbitals

The excitation functions and energy-loss spectra were co@"d for an electron entering and leaving the molecule in the
rected for the instrumental response function, under the aS@me partial wave, and totally symmetrical vibrations are in
sumption of the product rule of the analyzer and monochrop_raclt'ce generally found to dom!nate reson.ant vibrational ex-
mator sensitivitied?> The present paper concentrates onCitation. We therefore label a given peak in the energy-loss
excitation at higher energies, the performance of the instruSPECtrum as a totally symmetrical vibration in cases where
ment was not optimized very clogéew tenths of an elec- closely s.pace.d V|prat|pn§ cause amblgwty,. since the to_tally
tronvol) to threshold and this region is not shown in the Symmetrical vibration is likely to be responsible for a major-
excitation functions. The angular distribution spectra werd®y Of the peak’s intensity even when contribution of other
measured by repetitively scanning the analyzer position witfYiPrations, of different symmetribut generally of the same

a stepping motor. The response function of the instrumen®/P® cannot be excluded. In the case of degenerate orbitals,
with respect to the scattering angle has been calibrated on tfgund in the present work in cyclopropane, vibrations with
helium elastic signal and the angular distribution spectrdn® Symmetry species equal to the direct product of the spe-
were corrected accordingly.Absolute elastic cross section €i€s of the MO with itself may also be gxcné?jExcnann

in cyclopropane has been determined using the relative floRf other nontotally symmetrical vibrations were also ob-
technique. The error of the absolute value is withiB5%. Served in previous work, and may be attributed to vibronic
The energy scale was calibrated on the 19.366 eV resonan€8UPling bltztl/geen resonancésr to the electron leaving in

in helium and is accurate withit30 meV, the resolution ans wave.=

was between 15 and 25 mefivhm, in energy-loss mode The dependence of the intensiiye., the relative differ-
ential cross section, DG 9f selected vibrational energy-loss

peaks, previously identified in the energy-loss spectrum, is
then recorded as a function of incident electron energy in the
The first part of the experimental results consists ofnext stage of the experiment. A band in such an excitation
energy-loss spectra in the range of vibrational excitation, refunction, indicating enhanced vibrational excitation at given
corded at various incident energies. This work emphasizescident energies, can generally be associated with a shape
on resonant scattering. Large scattering angles of 90° or 120&sonance. An attempt is then made to associate it with tem-
were therefore generally chosen to reduce the contribution gorary occupation of orbitals with nodal structure and thus
direct (dipole) excitation of IR-active vibrations, which peak antibonding properties consistent with exciting the given
in the forward scatteringand at low incident energigsVi- type of vibrational motion.
brational excitation is generally dominated by the “shape” The dependence of the DCS on scattering angle is also
resonances where the incident electron may be thought of agven in propane and cyclopropane, it may be indicative of
being temporarily trapped in a normally vacant MO, withoutthe symmetry of the resonance causing the vibrational exci-
electronic excitation of the target molecule. Resonant vibratation.
tional excitation is induced by geometry relaxation during Figure 1 shows energy-loss spectra of propane, recorded
the short lifetime of the resonance, the intensities of vibraat two incident energies. Propane has 27 vibrational modes
tional peaks being indicative of along which normal modesout of which nine(v;—g) are totally symmetrical® They
did the relaxation occur. The usefulness of the vibrationatannot all be resolved but the type of motion which is ex-
intensities thus lies in the fact that they can be qualitativelycited can generally be determined without ambiguity, be-
related to the bonding or antibonding properties of the temeause vibrations of similar typ@imilar local motion tend to
porarily occupied MOg? have similar frequencies. For example, all C—H stretch vi-
The present study is concerned with relatively large mol-brations have transition energies of about 360 nigdpre-
ecules with many vibrations of closely spaced frequenties, sentative symbob; is used to label the peakH—C—H de-
which cannot be all resolved with the electron-impact experiformation vibrations about 170 meWfepresentative label
ment. Useful information may be derived from the spectrayg), torsion vibrations 27 meV. The symmetrical C—C stretch
despite this circumstance, however, because the unresolveg at 107 meV has a unique transition energy even with the

Ill. RESULTS AND DISCUSSION
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FIG. 1. Energy loss spectra of propan@he top spectrum is a sum of FIG. 2. Relative elasti¢botton) and vibrationally inelastic cross sections

spectra recorded at 7.6 and at 8 gV. for propane, recorded as a function of the incident electron energy. The
vibrational labels are only representative, other unresolved vibrations may
also be excited as explained in the text.

present resolution and can be unambiguously identified in

the spectrunithe antisymmetrical C—C stretah, is at 131 |ow-frequency vibrations at 8 eV, eith@—C—C deforma-

meV, an energy which is sufficiently different to be re- tion (o) or torsion(vy, or v,-).

SOlVEd. The intensities of the Vibrationa"y inelastic peaks in Revea"ng is the excitation of overtones and of combina-

Fig. 1 thus indicate changésearly certainly lengthenin®f  tion vibrations »;+vg and »,+vg, since it further supports

C—H bond lengths, changes bf—-C—H angles, and of the the conclusion that the observed excitation is resonant

C—C bond length upon an attachment of 3 or 8 eV electrongcaused by geometry relaxation during the lifetime of the
The most intense inelastic peak in the top spectrum ofemporary anionand not direct excitation of infrared active

Fig. 1 is at an energy loss of 363 meV. It is wider than themgges.

elastic peak28 meV compared to 19 meyindicating si- Figures 2 and 3 show the energy dependence of the vi-

multaneous excitation of several totally symmetrical vibra-prational excitation cross sections. The data is relative and

tions, presumably,, v,, andvs, (369, 367, and 358 meY  the individual curves are not on the same vertical scale. The
all of which are C—H stretch vibrationgA less probable

cause is high degree of rotational excitatjohhis peak thus
points, despite the ambiguity of the assignment, to lengthen- L

ing of the C—H bond in the negative ion, that is to a tempo- P
rary occupation of an orbital with nodes across the C—H CHs CHy
bond. The second highest peak is at 173 meV. It is even 9=120

wider than the C—H peak, and is presumably dominated by ViV

the excitation ofy,, vs, andyg, (183, 181, and 169 meyall

of which areH-C—H deformation vibrations. Other, nonto-
tally symmetrical, vibrations in the 170-190 meV range are
V11, Y17, Vg, and ,,.1° They could also contribute to the
energy-loss peak at 173 meV, but are atseC—H deforma-
tion vibrations, so that the conclusion that attachment of an
electron changes thel-C—H angle is not affected by the
ambiguity of the vibrational assignment. Excitation of v; CHj rock
(C—C stretch, 107 meY) is clearly visible as a shoulder at
110 meV. The gap between the 110 meV shoulder and the

7

v H-C-H def.

8.8eV

1

Cross Section (arb. units)
3

173 meV peak is “filled” with signal, indicating probably Vo C-C-C def.
the excitation ofv; (CH; rock, 144 meV. There is a clear T S T T TR
indication of the excitation of the 12 (and other C—H Electron Energy (eV)

stretch overtone and the;+ v, and v;+vg combination vi-
bratlons.. Flnally', the asym.met”(fal appgarance of _the' eIaStIﬁlG. 3. Vibrationally inelastic cross sections for propane, continued from
peak, with a tail on the right side, indicates excitation ofFig. 2.
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FIG. 4. Relative DCSs in propane recorded in function of the scattering FIG. 5. Energy loss spectra of cyclopropane.

angle.

propane is rigid and does not have very low frequency de-

elastic cross section is included for completeness in the bofermation and torsion vibratiohdwhich caused a tail on the
tom of Fig. 2. The signal does not drop to zero at low ener-elastic peak in propane. Important for the following discus-
gies, but the signal remaining to the left of the broad resosion is that the excitation of both the first and the second
nance peak is probably due to direct excitation ofovertones of they; ring stretch vibration can be discerned
overlapping IR-active modes, as is evidenced by the fact thatearly unobscured in the 5.5 eV spectrum. Cyclopropane
the signal approaches zero much more for the excitation afloes not have any totally symmetrical vibration which could
the overtone 2, than for the excitation of the IR allowed be responsible for the peak at 108 meV, the possible assign-
fundamentaby,. ments of this peak appear to be, a5 CH, rock or v;q, €’

All the inelastic DCSs in Figs. 2 and 3 exhibit only a ring deformation. The large width of the peak at 146 meV
single extremely broad band with an onset at around 3 eVindicates excitation of another overlapping vibration, prob-
and this result resembles the observation in etHafire  ably thee’ CH, wagging vibrationy;o (128 me\}®).

peak is at a slightly higher energ.8 eV) for the C-C An interesting detail is that the, peak is only slightly
excitation than for the C—H excitatidi@.4 eV), and the band wider than the elastic peak in the upper curve of FigR®.5
is broader. meV compared to 16.5 meV This is probably a conse-

Figure 4 shows the angular dependence of selectequence of the fact that there is only one totally symmetrical
energy-loss peaks, recorded at 8 eV, near the cross secti@+H stretch vibration in cyclopropane, while there are three,
maxima(see Figs. 2 and)3Angular dependence of the elas- spaced by 11 meV, in-propane. The Ckiscissoring peak is
tic cross section at 6 eV is also shown—it is not directlymore prominent at the lower incident energy, as in
relevant for the present discussion, but may be a useful refa-propane.
erence for theoretical studies. The angular distributions are Figure 6 shows the absolute elastic DCS, which repre-
not far from isotropic, without indication of the dominance sents an important reference for theoretical calculatighs-
of any partial wave, indicating mixture of partial waves andgular dependence of the absolute elastic DCS have already
possibly overlapping resonances. been shown and compared to existing calculations in Ref. 9

No distinct resonances are thus observed apart from thBelevant for the present discussion is that the broad 6 eV
very broad band, and not many conclusions can be drawpeak in the elastic DCS in propafi€ig. 2) is split into two
from the data with respect to resonance assignment. Notg@eaks in cyclopropane, at 5.5 and 7.9 eV.
worthy is, however, that the CHscissoring peak in Fig. 1 is Figures 7 and 8 show the dependence of the vibra-
more prominent at 3 eV than at 8 eV. This observation hasionally inelastic DCSs on the incident electron energy.
an analogy for all the compound studied here as will beThese spectra are dramatically different from those of pro-
discussed below. pane(in Figs. 2 and B in that at least two narrower reso-

Figure 5 shows energy-loss spectra of cyclopropane. Theances can be discerned at about 2.6 and at 5.5 eV, apart
general features resemble the propane spectra: C—H stretdhom the very broad band peaking between 8 and 10 eV.
H—C—Hdeformation(scissoring, and C—C(ring) stretch are The resonance at 5.5 eV has truly remarkable properties.
prominent, overtone and combination vibrations are excitedlt is, to the best of our knowledge, the narrowest resonance
Note that the elastic peak has now symmetrical shape, cyclaeported for an alkane. This points to a high centrifugal bar-

J. Chem. Phys., Vol. 105, No. 9, 1 September 1996
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i
rier, that is a partial wave with high with no contribution of v, CH, scis.
low | values. Remarkable is further the very high degree of i W W T
lectivity in the vibrati I o d by the 5.5 eV 0 5 10 15 20
selectivity in the vibrational excitation caused by the 5.5 e Electron Energy (V)

resonance—it is dominant in the; ring stretch excitation

and its two overtonegFig. 7), and it is not discernible at all ¢ g vibrationally inelastic cross sections for cyclopropane, continued

in the C—H stretch excitation and the €Btissoring excita-  from Fig. 7.

tion (Figs. 7 and 8 It appears only very weakly in thg +v,

combination vibration and the;; ring deformation DCSs.

This high degree of selectivity indicates a temporary occu-

pation of an orbital localized on the carbon ring, with no 0zoné®), despite possible objections to the use of this crude

coefficients on the hydrogen atoms. approach for very short-lived resonances. Figure 9 summa-
We use the Koopmans’ theoréin(applicable to anions rizes the calculated results of Ref. 9 for propane and cyclo-

only with an empirical linear scaling relati#h AE=(¢  propane. As already pointed out in the preliminary

—2.33/1.31 relating HF 6-31 & virtual orbital energiex,  reports’~® a shape resonance corresponding to a temporary

obtained from the Gaussi#inprogram, to an estimated at- occupation of the a, orbital explains very well the observed

tachment energy AE, both in @Vn an initial attempt to energy and vibrational excitation selectivity of the 5.5 eV

assign this resonanée® We feel that this attempt is justified resonance. The calculated energy is 5.1 eV, a very satisfac-

by the success of this approach to rationalize experimentabry agreement in view of the crude theoretical treatment.

energies of shape resonances in a wide range of snuanonshe 1a; orbital has nodes across the C—C bonds, which will

and for unrelated kinds of orbitalgpropellane’ allene?  be appreciably lengthened by a temporary capture of an elec-
LIS LI L L I I I O
0=120° Cth A
CH5-CH, V) 4by

i
2v, 13

g
| 4@%}

3vy

s
bR
%?

Cross Section (arb. units)
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FIG. 9. Energies of HF/6-31Gvirtual orbitals(scale on the leftand ver-

tical attachment energies for propane and cyclopropane, estimated from the
orbital energies using Koopmans’ theorem and an empirical scaling relation
FIG. 7. Relative vibrationally inelastic cross sections for cyclopropane, re-as explained in the text. Schematic diagrams of the orbitals were drawn with
corded as a function of the incident electron energy. mopLOT (Ref. 28.
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We analyzed this angular distributions using the angular
correlation theory developed by Ré&Adand Andrick and
Read?® This theory had been developed under the assump-
tion that the angular distribution of the scattered electrons
depends only on the symmetries of the states involved in the
resonant process, it can be used for all types of molecules
belonging to all symmetry groups, and allows the treatment
of vibronic (vibrational and electronjcstates, essential when
dealing with polyatomic molecules. Since the angular mo-
mentum in the theoretical treatment appears as a parameter,
the comparison of the measured and calculated angular be-
haviors of resonantly scattered electrons can give clear infor-
mation about the symmetry of the resonant state in the case
when only the first partial wave with the lowest angular mo-
mentum participates, or at least is strongly dominant in the
formation and decay of the resonance. The cyclopropane
molecule belongs to thB;, symmetry group and the reso-
nance at 5.5 eV is observed to lead to dominant excitation of
the totally symmetricald;) C—C ring breathing mode. Only

, .
FIG. 10. Relative DCSs in cyclopropane recorded in function of the scatOne symmetry of the resonant state, nan&ézly resulted in a

tering angle.

tron, and has no coefficients on the H atoms, predicting th%

satisfactory agreement of experiment and theory. The first
allowed partial wave in the entrance and exit channels is then
| =3, m=3. In this particular case the expected angular de-
endence is:

the C—H bond lengths will not be significantly changed.

A stringent test of this assumption is provided by the 1161 2 3093 4 2315 I
angular distributions, shown for selected vibrational peaks DCS*1+ 97 ©° - 97 ©° o+ 97 ©° ¥
and electron energies in Figs. 10 and 11. Most of the curves D

resemble qualitatively the propane resulig. 4), being

nearly isotropic. The variations with angle are not pro'pwinimum at 90° and a weak maxima at 60° and 120°, in

nounced, and it is not possible to rationalize them in terms o ; ;
) X ) - . agreement with the behavior of thg, 2v;, and 3,; energy
a single partial wave. This result indicates the action of sevs I
loss peaks in Fig. 11.

eral overlapping resonances or resonances where two or . .
In an attempt to compare the theoretical and experimen-

more partial waves contribute significantly. An exception is . ; .
the ring stretch excitatiofr; and its overtongsvia the 5.5 tal angular dependencies more precisely, we f&ge Fig. ¥
3 ' that not only the “5.5 eV resonance,” but also the low en-

This calculated curve is symmetrical about 90°, with a

eV resonance, with pronounced angular behavior.

Scattering Angle (deg)

ergy wing of the extremely broad “10 eV resonance” con-
tribute to the excitation; and its overtones at 5.5 eV. An-
gular distribution for 35 excitation just below and just above

AL the “5.5 eV resonance” are nearly isotrogtop of Fig. 11.
3 An approximation of the signal due to the “5.5 eV reso-
WWM/S'S eV nance” alone was consequently obtained by subtracting an
eV isotropic backgroundcorresponding to 25% and 18% of the
2 WW«MW‘/ total signal at 120° for & and 3, respectively from the
g o =3 OV raw data in Fig. 11 to obtain the data shown as dots in Fig.
£ 2 12.
8 W 55eV The very satisfactory agreement of experiment and
3 theory in Fig. 12 identifies the “5.5 eV resonance” unam-
2 biguously asaj. It is worth emphasizing that although the
o original proposition of this assignment came from the appli-
K cation of the Koopmans’ theorem, the assignment is now
NN 55V based on angular distribution of the scattered electrons and
W“%V does not depend on the validity of the Koopmans’ theorem!
e e <=3 €V There is a less dominant, but clear indication of another
.2|0...|...6|6..|..i(|)(.)..|..i‘|“‘)..|...| resonance peak at around 2.6 eV in Figs. 7 and 8. It appears

as a shoulder in the DCS for GHcissoring, its overtone,
and combination with C—H stretch. It can also be discerned

FIG. 11. Relative DCSs in cyclopropane recorded in function of the scat—f'Jls a V‘_/ea_k ShOUIder in the C-H Stre_tCh exc_itation DCS. There
tering angle, continued from Fig. 10. is no indication of this resonance in the ring stretch excita-
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FIG. 12. Comparison of the shapes of the experimental angular distribution 8 E=30eV
(dots and the theoretical distribution given by E@4) (line), for the excita- “ ‘1;_'900
tion of v; overtones by thej resonance at 5.5 eV. A constaigotropio -
backgroundamounting to 25% of the signal intensity at 120° far; 2nd J
18% for 3;) was subtracted from the experimental spectra, as explained in 2\ so X200
the text Looa b s boaa toa boaa g ol
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tion. This selectivity indicates temporary occupation of an FIG. 13. Energy loss spectra of ethylene oxide.

orbital with nodes between the H atoms on the same carbon,
but not affecting the C—C bond. Inspection of the nodal
properties of the virtual orbitals in Fig. 9 reveals th, MO ing mechanism in the two compounds. In particular note that
as a possible candidate for this resonance, since it has a nottee CH, scissoring vibration is relatively more intense in the
between the H atoms on each C atom, its temporary occupa-eV spectrum than it is in the 4.8 eV spectrum, indicating a
tion should lead to an increase of the-C—H angle. It is  resonant excitation analogous to the “2.6 eV resonance” of
nominally weakly bonding along the C—C bonds, but thiscyclopropane.
effect is likely to be compensates by the general “inflation” The vibrationally inelastic DCSs, shown as a function of
of the molecule following the increase of repulsive interac-the incident electron energy in Fig. 14, are also reminiscent
tions in the presence of an extra electron. This assignment tsf those in cyclopropane. The “5.5 eV resonance” of cyclo-
less certain than the assignment of the “5 eV resonance,’propane is lowered to 4.8 eV in ethylene oxide. Like the 5.5
however. Our attempts to describe the observed angular digV resonance of cyclopropane, the 4.8 eV resonance of eth-
tribution in terms of a single partial wave failed for the 2.6 ylene oxide is most pronounced in the C—C stretch excita-
eV resonance, indicating that several partial waves contribtion. The degree of selectivity of excitation which it causes is
ute. more difficult to judge than it is in cyclopropane, however,
Virtual orbitals of propane are also included in Fig. 9 to
illustrate the situation encountered when trying to apply the
Koopmans’ theorem to linear alkanes. Six relatively closely LA g oS T IR SN

spaced virtual orbitals are obtained, which are not very use- o
ful for the assignment of the very broad observed peak. The C{{Z—\CHz
situation could be somewhat clarified by applying a form of
the stabilization method, i.e., testing the sensitivity of the v+ vy
virtual orbital energies on the size of the basis set, in an _
attempt to identify some of the virtual orbitals as ‘“dis- 2
cretized continuum states.” We do not apply this method e vi CHstr
here in the belief that a more elaborate scattering calculation =
is required in the propane case. Noteworthy in Fig. 9 is per- f‘; )
haps that the B, orbital of propane is a % orbital closely 21 — v, CH scis.
related to the 25 orbital of cyclopropane, and a possible 5
candidate for the explanation of the enhanced excitation of o 2,
the CH, deformation vibration at 3 eVFig. 1). —

The excitation function for the superelastic peak;; J\’N3 ring stretch
(electron-energy gain of 107 meV, see also Figisbalso g
given in Fig. 8. As expected, its shape is identical to that of o T T T b
the inelasticy,; peak. 0 > Elewgﬁ Energlys(ev) 2

The energy-loss spectra of ethylene oxide in Fig. 13 re-

semble c:_losely the cyclopropane spectra in Fig. 5, bearing|g. 14. Relative DCSs in ethylene oxide recorded in function of the inci-
out the similarity of vibrational structure and of the scatter-dent electron energy.

J. Chem. Phys., Vol. 105, No. 9, 1 September 1996



3566 M. Allan and L. Andric: Electron impact-induced vibrational excitation

TTTTTTTT T I T[T T IfTITT] TT T T T [T T T T[T T T T [ TTTTTT7
C-H stretch
~
. N—
CH, rock\,: 8 = 90°
c-C stretch—-:\ ™~
’T 2x C-H stretch
Ei=7eV
= 9 =90° z C-H stretch
AN El T3
= <
¥ \J u T S CH, scis.
El =
= &l —
g X‘S;‘,MJ L L & 3
= 1723
~ e 8| e 2x C-C stretch
4 @]
8 6.6 103
3 Lo CH, rock (?)
J\/\ C-C stretch
Looalaso teoa v booabynalogal 4 e b e T Ll
02 00 02 04 06 08 10 0 5 10 15 20
Electron Energy Loss (eV) Electron Energy (eV)
FIG. 15. Energy loss spectra of cyclopentane. FIG. 16. Relative DCSs in cyclopentane recorded in function of the incident

electron energy.

because the C-C stretch and the ,Qidissoring vibrations
are less well separated in ethylene oxide than they are in
cyclopropane, and an overlap of the energy-loss b@Rds 6.6 eV, possibly related to the 5.5 eV resonance of cyclopro-
13) may affect the spectra in Fig. 14. The weak appearancpane. The selectivity is similar but less strict than in
of the 4.8 eV resonance in the gBcissoring may be due to cyclopropane—the 6.6 eV band is more prominent in the
this overlap, rather than to weaker selectivity. A broad weakC—C stretch excitation functions, but can be discerned to
shoulder may just be discerned at around 3 eV in thg CHsome degree even in the remaining excitation functions in
scissoring and the C—H stretch excitation curves in Fig. 14Fig. 16. The reduced selectivity may be interpreted as a con-
indicating a resonance analogous to the 2.6 eV resonance s®equence of the smaller symmetry of cyclopentdra:con-
cyclopropane. Its visibility is less clear than in cyclopropanetrast to cyclopropane there are no orbitals located exclusively
because the 4.8 eV resonance and the shoulder at 3 eV awa the carbon ring, having zero coefficients on the hydrogen
less separated than the corresponding features in cyclopratoms.
pane and consequently overlap more. The onset of the resonant signal in the upper three curves
Cyclopentane has a large number of vibrational mdfles, in Fig. 16 is at somewhat lower energy than in the lower
but related types are again grouped around certain frequethree curves, indicating a resonant process in the 2—4 eV
cies, permitting th&€somewhat tentatiyeassignment of the region, exciting preferentially the GHscissoring and the
peaks observed in the energy-loss spectra to certain types 6fH stretch vibrations. This finding resembles that in cyclo-
vibrations, indicated in Fig. 15. The spectra resemble qualipropane, although it is less pronounced.
tatively those of the previous compounds: A prominent  The energy-loss spectra of cyclohexane, Fig. 17, are also
group of three peakérobably comprising more than three reminiscent of those of the previous compounds, with a
vibrationg is found in the 0.10-0.20 eV energy-loss range,prominent band in the 0.1-0.2 eV range, which can be ratio-
comprising the C—C stretch, the Glbcking, and the CKHl  nalized well as excitation of the totally symmetrical vibra-
scissoring vibrations. Note that, as in the previous comitions v (CH, scissoring, v, (CH, rocking, and v5 (C—C
pounds, the Chiscissoring mode is more prominent at 3 thanstretch, a prominent C—H stretch band, and the overtone and
at 7 eV. A weaker group of unresolved signal is found in thecombination bandgvibrational frequencies are taken from
0.2-0.35 eV range, comprising the overtones and combinaRef. 15. Excitation of low frequency vibrations may be dis-
tions of the vibrations in the 0.1-0.2 eV range. Finally, acerned below 0.08 eV, as in both previous “floppy” com-
prominent C—H stretch band follows, peaking at 365 nfiVV  pounds, propane, and cyclopentane.
is wider than the elastic peak and thus consists of several The features in the excitation curves of cyclohexane,
vibrationg. Overtones of the C—H group and combinationsFig. 18, are even broader than in cyclopentane and the re-
of C—H with the vibrations in the 0.1-0.2 eV range can besemblance with cyclopropane is even weaker. There is a
discerned at higher energy losses. Low frequency vibrationdyand at 7.5 eV, which resembles somewhat the 5.5 eV cy-
at around 40 and 70 meV, are also excited. clopropane band in terms of energy, but not in terms of se-
The excitation functions in Fig. 16 also bear some remidectivity, it is not prominent in the C—C stretch excitation. A
niscence of the results in cyclopropane, but less than thshoulder at around 4.2 eV resembles somewhat the cyclopro-
ethylene oxide results. A relatively narrow band is found atpane 2.6 eV resonance, also in that it can be discerned in the
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tremely broad band, with a gradual onset around 3 eV, peak-

v cHst—g— T ing in the 7—8 eV range, and extending to more than 15 eV.
\fg%::;;;r\'\\'\'\ﬁ The energy and width of this band depend only little on
vs C-C stretch;'\, I~ which compound and which ylbrqtlon is consm_lered. This
Vg C-C-C def. result resembles the observation ip,Hvhere a single ex-

: Ej=7eV tremely short-lived and consequently broatl resonance
- =90 causes a band in the vibrational excitation function. These
E ﬂ observations may give rise to the impression that a single,
£ uniform scattering process is responsible for the vibrational
= XWJ “v L\ s excitation in linear alkanes, with a “vertical” attachment
E e energy of about 8 eV, far above the attachment energies of
% alkenes, such as ethefwertical attachment energy 1.8 8V
g Profound changes are encountered in the attachment
& Ej=425eV spectra, however, when going from the linear alkanes to oth-
#=90° erwise closely related cyclic compounds: several distinguish-
" ) L 00 able_resonances emerge from the extremely broad banq in
Lo LTy the linear alkanes, the lowest being at much lower energies

00 0.5 1.0 than the 8 eV peak of the linear alkanes. The second of these
Blectron Energy Loss (V) resonancesat 5.5 e\ can be assigned unambiguously in
cyclopropane. For cyclopropane and ethylene oxide, the en-
ergies of these narrower resonances, and the selectivity of
vibrational excitation which they cause can be rationalized
CH, scissoring and the C—H modes, but not in the C—Cwell in the perceptually useful terms of a temporary capture
stretch mode. of the incident electron in distinct virtual orbitals, just as is
HF virtual orbitals and Koopmans’ theorem are not verycustomary for ther™ resonances of unsaturated compounds.
helpful in assigning the resonances in cyclopentane and cy- In view of this it is interesting that, despite the obvious
clohexane because too many orbitals result from the calcularamatic differences, parallels are found in the vibrational
tions. They have many nodes and do not permit qualitativexcitation patterns oi-propane and of the cyclic com-
predictions of selectivity of vibrational excitation, in agree- pounds, in particular the more prominent excitation of the
ment with the experimental observations in Figs. 16 and 18CH, scissoring vibration at lower energies, 2—4 eV. This

FIG. 17. Energy loss spectra of cyclohexane.

where only weak selectivity is found. indicates, that even the extremely broad band in alkanes may
be usefully viewed as several overlapping resonances, not
IV. CONCLUSIONS discernible individually in the spectra because of the overlap.

L o . - These resonances become distinguishable in the cyclic com-
Vibrational excitation fun_ct|ons in Ilne_ta_r alkanes such aspounds primarily not because of large shifts in energy, but
ethane(Ref. 4 or propane(this work exhibit only one ex- because the higher symmetry and the rigidity of the mol-
ecules cause partial waves with higHeto dominate the
scattering, resulting in higher centrifugal barriers, longer

resonance lifetimes and narrower widths. This view has a

ﬂ consequence relevant to chemistry, namely that the notion of

¥ =90° alkanes having a vertical electron attachment energy of 8 eV
v+ Vs (i.e., vert. electron affinity of-8 eV) is not appropriate, it

appears much more appropriate to consider the lowest attach-
ment energy of even linear alkanes to be around 3 eV, where
pronounced resonant vibrational excitation setgaithough

:

75

g ,
=
% /\ the term *“vertical” is not applicable because no distinct
2 ' band is observed This is still well above, but much closer
sl = v CHstr to, the vertical attachment energies of small unsaturated hy-
L‘)é drocarbons like ethen@ttachment energy of 1.8 &V
8,'9 v; CH scis.
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