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Observation of temporary-negative-ion states in condensed methanol via vibrational excitation
induced by slow electron scattering
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We report the measurements of electron-impact vibrational excitation of amorphous methanol condensed on
a polycrystalline Pt substrate over incident energies of 1-20 eV at a large off-specular angle. The spectra
obtained show that vibrations within solid methanol in its ground state are rather sensitive to the variation of
impact energy and there is tangible evidence of the formation of at least three compound temporary-negative-
ion (TNI) states. The low-energy feature lying between 3 and 6 eV is assigned tentativeRAtovalence-
shape resonance with 4N, (8a’'c*)!] configuration, whose parent state is the ground stdte of the
molecule. The origin of the second broad structure centered around 7.0 eV in the excitation functions may be
threefold: a Feshbach-type resonarféé of the electronic configuratiod[ (2a”)?,(3sa’)?] (about 7 eV; a
nearby shape resonanéa’ of ?[(N,(9a’¢*)'] (about 8 eV; and probably also a minor contribution from
another?[(7a’)!,(3sa’')?] Feshbach resonanéé\’ (about 9 eV. The third broad bandlike resonant feature,
extending from 11 up to 17 eV, may consist of overlapping TNI states, dominated by the
?[(6a’)',(3sa’)?] Feshbach resonanéd’. Plausible decay channels from their configurations are discussed.
[S1050-294{@6)09011-1

PACS numbgs): 79.20.Kz, 34.80.Gs, 79.60.Dp, 77.55.

[. INTRODUCTION often, the substitution of an electron-repelling group,@bt
H increases the energy of the TNI stf®g, thus destabilizing

The scattering of low-energy0—20 eV} electrons from the resonance state and consequently shortening its lifetime.
molecules adsorbed on surfaces often leads to considerabléis should be reflected in our present measurements of TNI
enhancement of vibrational excitation of intramolecularstates. Although methanol is widely employed in synthetic
modes within the adsorbate, owing to the formation of tem-Chemistry and biochemistry as a solvent and/or starting ma-
porary negative iofTNI) states, in which the incident elec- terial, our knowledge pf resonance electron scattering from it
tron is temporarily captured in the vicinity of the adsorbateh@s, however, been limited to a single early effort made by
and simultaneously triggers a perturbation of equilibrium in-Mathur and Hasted10]. They observed with an electron-
ternuclear distancefl]. The phenomenon, usually referred transmission spectrometer a broad hollow feature between 6

to as resonance electron scattering, has been observed, us 010 hee:/ e'ncthth(;[atl s;:a(tetenr(l)ng grcqus ;eqt'ﬂﬂq;‘:{t‘c}f?hgf
high-resolution electron-energy-lo84dREEL) spectroscopy, vapor-phas .ko put gav Specilic assig -
in both strongly(chemisorption and weakly(physisorption more recent dissociative electron attachm_(@EA) studies

of Kuhn, Fenzlaff, and lllenberd11], Curtis and Walker

bound absorbate-surface systems. While the former can :
. . } 2], and Parenteau, Jay-Gerin, and Sar{d#, resonances
depicted by the case studies of benzene chemisorbed ng] y i

re identified by observing the dissociated anion fragments
Pd100 (Ref.[2]) and CO on Ni110 (Ref. [3]), the latter i, the stable anion yield. Their findings were necessarily lim-

may be demonstrated by examples gfad Q adsorbed on jieq o dissociativeTNI states that have lifetimes of the same
Ag films [4]. In addition, resonance scattering also finds itSgrder of or longer than a vibrational period. Although it has
way into molecular solids condensed on a metal surfaceyeen known that a much more complete picture of the TNI
This can be seen in some of the work of this laboratory, suclnanifold of methanol may be obtained from incident-energy
as solid Q deposited on polycrystalline niobiufib], and  dependences of vibrational excitatidie., excitation func-
amorphous B, CO, and HO deposited on polycrystalline tions), the direct observation of TNI resonant states in
platinum[6,7]. methanol through vibrational excitation induced by low-
We report in this paper experimental work on resonanenergy electrons is still not available, to the best of our
vibrational excitation of an organic solid, that is, methanol,knowledge, even in the vapor phase.
the simplest of alcoholic species. Methanol may be regarded In the present study, which is an extension of the electron-
as a methylated derivative of H-OH and hence its low-energgenergy-loss work of Michaud, Fraser, and Sangh4] on
electron-scattering spectroscopy may be expected to remethanol, we have measured with HREEL spectroscopy vi-
semble that of water, which is of particular relevance in im-brational excitation and its corresponding excitation func-
proving our understanding of the effects of ionizing radiationtions for solid films of methanol in the energy range 1-20 eV
on the human body and other biological me@@. Very at a large off-specular angle. Because of the use of a rela-
tively thick film (30 layers in our experiment, to ensure that
the results are independent of the film thickness and the re-
* Author to whom correspondence should be addressed. flectivity of the substrate, multiple elastic and inelastic scat-
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tering events within the film become inevitalpls,16. This T

T T T T T T T T
may introduce some common extra features into a scattering

spectrum 6,7], thus making the elastic and vibrational exci- CHBOH (30 Layers)/Pt
tation functions look similar at first glance. The phenomeno- 0, = 14°, 8y = 45°

logical origin of such an apparent similarity is considered to
be twofold:(a) the existence of a common multiple inelastic-
scattering background, arfd) the modulation by the elastic
reflectivity (i.e., multiple elastic scattering before and after
an inelastic-scattering evenin our study of the resonance
scattering contribution to the vibrational-excitation functions
of methanol, the former effect is simply removed by sub-
tracting the closest background, whereas the assessment of
the latter relies essentially upon a rigorous comparigog.,
accurate energy positions of the maxjrbatween the elastic

and the various vibrational-excitation functions. In this work,
we show that by measuring and analyzing carefully incident-
energy dependences for some physically meaningful “back-
ground” losses, the scattering intensities arising from the
multiple-scattering effedtl6] can be diminished sufficiently,

and obscured genuine spectral features can therefore be bet-
ter observed. We present here the resulting data showing the =

x0.40

[

SCATTERED INTENSITY (arb. units)
x0.15

.,.
(S

(=
pronounced effect of the incident electron energy on the in- %
tensity and line shape of some vibrational energy losses, and
report our observation of electron-scattering resonances in T
solid methanol through both energy-loss spectra and 0.0 0.2 0.4 0.6 08
vibrational-excitation functions. ENERGY LOSS (eV)
Il. EXPERIMENTAL DETAILS FIG. 1. Vibrational electron-energy-loss spectra obtained for a

30-layer solid methanol film deposited on a polycrystalline plati-

The apparatus used in the present work has already beeiam foil held at 15 K. The incident electron-beam enerdigsare
described in detail by Sanche and Michd46dl and therefore 2.4, 7.9, and 16.4 eV. The incoming beam is oriented at 14° relative
only a brief description of the salient features is given hereto the surface normal and the scattered electrons are detected at 45°
The electron spectrometer is housed in a cryopumped UHWith respect to the normal. Except for their elastic peak, all spectra
system reaching a typical base pressure)@ﬂ_@fll torr. An are plotted with the same gain to best illustrate the effect of reso-
energetically well defined electron beaf®.2~0.4 nA)  hance electron scattering. A strong resonant enhancement of vari-
emerging from a single hemispherical monochromator im-2Us vibrational rr_10des is_marjifested in the_ 7.9-e\_/ spectrum; th_e
pinges upon a polycrystalline Pt ribbon cleaned by resistiv@ependgnpe of different vibrational frequencies on impact energy is
heating within the UHV chamber. The ribbon is pressedcleary visible.
tightly against the cold tip of a closed-cycle cryostat to reach
the working temperature of 15 K. Electrons reflected from . RESULTS AND DISCUSSION
the Pt surface are focused into a second similar hemispheri-
cal energy analyzer fixed at 45° with respect to the surface
normal. In the electron optics, two double-zoom lens sys- Three typical representative HREEL spectra of 30-layer
tems, which are placed at the exit of the monochromator an@H;OH films are given in Fig. 1, where a strong incident-
the entrance of the analyzer allow us to measure with ease @amergy dependence of energy-loss intensities is evident.
excitation function over a wide range of incident energyThough not presented here, the angular dependence of the
(e.g., 1-20 eY. The monochromator can be rotated over anintensities was also examined at different film thicknesses.
angular range of 1426,<70° relative to the normal, allow- The results showed essentially that the intensity contribution
ing differential cross sections to be measured. The spectronirom the long-range dipole interactidne., the dipole lobge
eter was adjusted to an overall energy resolution of 9—1@bserved near the specular beam direc{{¢s° at mono-
meV, determined by the full width at half maximum layer coverage diminished considerably at higher coverages
(FWHM) of the elastically backscattered peak. The incidentand was suppressed effectively abovel® layers in our
electron energy E;) was calibrated against the vacuum solid CH;OH/polycrystalline Pt systerfil7].
level, within £0.05 eV, by measuring the onset of the elec- The vibrational modes and frequencies derived for solid
tron current transmitted through the condensed films. methanol from the early infrared work of Falk and Walley

Reagent-grade anhydrous metha(@®.95% purchased [18] are summarized in Table |. Most of these modes are
from Aldrich Chemical Ltd. was degassed by several freezeelearly present in Fig. 1. Although with the current instru-
pump-thaw cycles before being leaked into the UHV systenmental resolution a decisive assignment for every mode is
through a capillary tube whose end is located just in front ofnot always realistic and reliable, the proposed assignments
the Pt ribbon[6]. The purity of the sample was further ex- involving the fundamentals are also tabulated in Table I. A
aminedin situ by mass spectroscopy. full account of the methanol vibrational-energy losses asso-

A. Electron-energy-loss spectra
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TABLE |I. Comparison of the vibrationéme\®) in the IR spectra of solid methanol with the observed
vibrational energy lossdsneV) in the HREEL spectrum of methanol condensed on a 15 K polycrystalline Pt

foil.
CHZOH CH;OH on CHZOH
amorphous  polycrystal crystal

Symmetry solid, 93 K Pt foil, 15 K 93 K Approximate

species No. (Ref.[18]) (this work) (Ref.[18]) type of mode

a’ 12 (IR,RP 401.1(vs)® 407=1 (s) 426.9(sh v(OH) stretch

396*2 () 407.2(vs)

395.2(9)

a’ v, (IR,R) 369.7(sh 368+1 (vs) 369.7(m) 1(CHg) asymmetric stretch
366.4(s)

a’ vy (IR,R) 365.9(vs) (360=2)¢ 361.1(sh

a’' vz (IR,R) 350.7(s) 351+2 (sh 350.8(s) 1(CHg) symmetric stretch

a’ v, (IR,R) 180.0(m) 180+1 (vs) 180.8(sh S&(CHg) asymmetric bend

a” vy (IR,R) 179.2(m)

a’ vs5 (IR) 175.4(sh (175=2) 176.8(sh) S&(CHg) symmetric bend

a’ vg (IR) 179.8(m) (187+2) 187.7(m) S&(OH) in-plane bend
182.3(m)

a’ 17 (IR,R) 139.4(w) 140+1 (m) 144.1(vw) p(CHjy) rock
141.6(w)

a’ v (R) 155.7 (w) 155+2 (w) 155.7 (w)

a’ rg (IR,R) 128.0(vs) 128+1 (vs) 129.7 (w) »(CO) stretch
127.6(vs)

a” v15 (IR) 90.5(s) 97+2 (m) 98.0(s) ¥(OH) out-of-plane bend

86*2 (sh 84.9 (m)

The data in c' have been converted to meV by the convertion factor of 8.065'ameV 1.

BIR: Infrared active; R: Raman active, derived from liquid methanol.

%(vs) very strong;(s) strong;(m) medium;(w) weak; (vw) very weak;(sh) shoulder.

The figure in parentheses is not fully resolved in the HREEL spectra and mainly inferred from shoulders
and/or overlapping peaks.

ciated with not merely the fundamental modes but also theito the excitation-function intensity in our spectra.
combinations, overtones, and double losses will be presented It is of particular interest to note the remarkable increase
in a forthcoming publicatiofl17]. Since the emphasis of the in intensity induced by the incident energy of 7.9 eV in Fig.
present contribution is on resonance electron scattering, ds through which not only double-loss and/or combination
stated in the introduction, only a few points concerning thetransitions can be determined readily, but overtone excitation
energy-loss spectra in Fig. 1, which will be relevant to ourmay also be ascertained. However, it should be pointed out
observation of the TNI states, are discussed here as followshat such an increase is not uniform throughout the energy-
Lattice phonon modes, both translational and librationalJoss spectrum and a variation of the relative intensity change
are seemingly missing here in the HREEL spectra of solidnay be found among the different vibrational modes. For
methanol. This is in sharp contrast to what has been seen instance, while some of the spectral features in the 7.9-eV
the case of amorphous i€@]. According to the infrared data spectrum are at least three times as intense as their counter-
of methanol[18], the amorphous film gives rise to only one parts in the other two spectra, others are merely twice or less.
single weak intermolecular vibrational band near 320 tm The latter is evidenced by the intensities of the elastic peaks
which would yield an energy-loss feature at approximatelyand thewv;, energy losses shown in the 7.9- and 16.4-eV
40 meV. Given the fact that we have essentially the sameapectra. It is worth noting at this point that within the Born-
instrumental resolution in the two studies of water andapproximation framework, theoretical calculations of vibra-
methanol, we should be able to observe this lattice mode itional excitation for water[19], the parent molecule of
our HREEL spectra, as seen in amorphous ice. Perhaps timethanol, indicate that the cross sections of different vibra-
faint indication of a shoulder near 40 meV in the 2.4-eVtional modes are reduced only slightly as the incident energy
spectrum may be associated with this optical-phonon featuréncreases from 8 to 16 eV. In fact, this is almost always the
since the cross section for dipole scattering favors low im-case for direct excitation, because its cross section favors
pact energies. The apparent absence of it in the spectra Www-energy electrons and varies noticeably only in a very
higher incident energies may plausibly reflect that it is relalow energy bracke{<3 eV) [19]. As such, one would then
tively too weak in intensity to be detected and/or to be re-expect the cross-section increase to be rather marginal also
solved from the elastic peak. Thus, one may expect that thior methanol on going from 16.4 to 7.9 eV. But this would,
multiple losses of this phonon mode would only make ain turn, contradict what we have seen in Fig. 1. It is thus
rather limited contribution to the energy-loss background orclear that an interpretation invoking only a simple direct-



54 OBSERVATION OF TEMPORARY-NEGATIVE-ION . . . 4165

—————— 1 methanol. It should be pointed out that the excitation func-
CH30H (30 Layers)/Pt tions recorded at energy losses of 180 and 368_ meV fqr the
fundamental frequencies of, ;o and v, may contain contri-
butions from the nearby fundamental modes, double losses,
and/or combinations of the low-frequency modes, as sug-
gested in Fig. 2, since they are energetically too close to each
other.

It is at first sight peculiar somehow that all of these exci-
tation functions have a roughly similar overall shape: a broad
humplike feature around 6 eV followed by a tail extending
over the entire high-impact-energy regime. Such collective
behavior is expected when the scattered intensities corre-
sponding to the energy-loss features include those arising
0.140 eV from multiple-scattering processes, both elastic and inelastic,
as a result of using relatively thick molecular films. In the
-------- measurement of slow electron scattering by a disordered
! [+(2v, 4V, )+2v 7] film, the problem associated with the backscattered electron

127740 0351 oV intensity can be addressed, when the angular distribution is
x1 : not required, simply by solving the Boltzmann transport
equation for a plane-parallel system in the “two-stream”
approximatior{ 15]. According to this model, for sufficiently
thick films one has to deal witfa) the presence of a
multiple-scattering background, upon which the single-loss
features are superimposed, dbyithe occurrence of multiple
elastic scattering before and after an inelastic-scattering
event, which may result in an energy modulation of the
single-loss features. While the former effect can be separated
from the real signals through a background subtraction with

FIG. 2. Excitation functions obtained at eight selecteda well selected background measurement, the latter, closely
vibrational-energy losses for a 30-layer solid methanol film. There|ated to the elastic reflectivity of the film, cannot be re-
corresponding fundamental vibrational modes of methanol are indimgyed, in general, by normalizing simply with the elastic
cated for each curve and the modes that may contribute also to iAtensity, since it depends also upon the degree of angular
specific excitation function are suggested in parentheses. The excéfnisotropy of the inelastic event. For example, the two-
tation functions for the fundamental frequencies are presented Witgtream model shows that when elastic-reflectivity values are
the same gain in order to depict the variation in the scattering prObémaIIer than 50%, the intensity of a single-loss feature is
abilities of exciting different vibrational modes in methanol. practically indepeﬁdent of the reflectivity in the isotropic
excitation mechanism cannot be sustained. scattering process, but it becomes almost proportional to the

For adsorbed molecules, there are three major diﬁerer{f‘ﬂecuv'ty in the case of purely anisotropic scatter[g].

8, = 14°, 0, = 45°

AE =0.0eV

““““ 0.091 eV

ATTERED INTENSITY (arb. units)

SC

2 4 6 8 10 12 14 16 18
INCIDENT ELECTRON ENERGY (eV)

electron-molecule scattering mechanisms that have bee hengogg}r:]g?iZeé(g'izt'%gguor}ctt;]oenzI'gsgég'gaihog][d g(r)tticsdg
identified so far, viz., dipole, impact, and resonance scatter‘:—)g/ncern are also the sourious features Ft)hat .mi hrf be intro-
ing [1,20]. Though favored under the present experimentaF P g

o My : duced into such a normalization, as they would confuse
conditions of incident electron energy and scattering geom ather than facilitate the interpretatip@1].

etry, impact scattering is unable to explain the exceptionaf N ) '
enhancement in intensity in the 7.9-eV spectrum. Such an Though .S'”.‘"ar to ee_lch othgr N many ways, the profiles
;]the excitation functions still display, even before any

enhancement must then be attributed to resonance electrgack round removal. a noticeable difference in peak position
scattering, whose signature is generally an enhanced inten- 9 ' . 'P P
and shape among the different modes. For instance, close

sity of vibrational modes over a relatively narrow impact- . . o . .
Y Y P spection shows that the two excitation functions associated

energy range. Although the spectra in Fig. 1 have already ; ;
provided tangible evidence of the occurrence of resonant vig:';r;(iﬂﬁnt]wr?egydgrog\ll\(gg)s rgogss(:}(ellgatg/(jell;/lzfor\:vae\/retrtlgilrthe

brational excitation in solid methanol, resonance scatterin thers. In addition. the excitation function of the—QO
may still be best observed through the structure that it create ' ' .

in excitation functions of certain vibrational-excitation chan- stretching vibrationvg, a strong infrared(dipole) -aqtlve
nels. mode, does not follow the energy-dependent behavior of the

elastic peak{=0) in Fig. 2. Obviously, it is quite desirable
to remove the multiple-scattering background as much as
possible to reveal weak electron resonant features in the ex-
We have measured excitation functions for the elasticcitation functions. In order to eliminate the energy-dependent
peak and major vibrational-energy losses in solid methandbackground, we have, along with the fundamental
and they, except for the elastic, are plotted with the sameibrational-excitation functions, also measured the energy-
gain in Fig. 2 to best illustrate the variation in the scatteringdependent distributions of four minima located at 68, 113,
probability from exciting the different vibrational modes of 165, and 340 meMi.e., just before the four fundamental

B. Vibrational-excitation functions
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vibrational losses of the,,, vg, v,, andw, modes in Fig. 1,

respectively. By subtracting the four background energy-
deppendentycur\}//es given ingFig(a;% from the (g:gorrespondinggy (@) CH3OH(30 Layers)/Pt
excitation functions of the above-mentioned four fundamen- s AE. = 0.068 &V
tals, we obtained four resultingifference functions pre- ra “-'-v»«,«.m-.-.w»w,.\lw__ -
sented in Fig. @). It must be borne in mind, however, that .,.,-/' X1 e
these difference functions should be regarded as a useful =~ |-ttt o1 ot o1 o1 o1 1
complement and not by any means a replacement for the g i
recorded excitation functions in Fig. 2. 5| Fa
Among the excitation function in Fig.(B), one can dis- €1 5 g, E2 = 0113 &V
tinguish at least three energetically distinct features. An > | xt 7 w"“f:«v«_.,,_m
asymmetric plateau lying between 3 and 6 eV, which is 5 T I“'
mainly visible in the v;,(OH) excitation function, a bell- z poi,
shaped structure centered around 7 eV, which appears more E s - -
clearly in the v5(CO) excitation function, and a relatively a e ':‘1%.,,,.-,_.,.\?53=0-‘65 ev |
weak broad band extending from 11 up to 17 eV, which is L & ’."-v.,.\ .
seen more clearly in thAE=0.180 eV excitation function. W bd s
These features are considered to be the outcome of resonance & bttt W10t o011
excitation, though each of them has its own origin and differs 2 i
in major ways from the others. The nature and character of
each of these resonant features will be discussed respectively [ '.f'"'"“’*;_h
in the following. - e, AE,=0.340eV
In the ground state, the methanol molecule has the elec- i .‘"'.f. L "M
tron configuration ...(5a’)?(1a")?(6a’)?(7a’)%(2a")? . 4 6 8 10 12 11 16 18
(8a'0*)°(%a’0*)°(10a')°(3a")°, A or INCIDENT ELECTRON ENERGY (eV)
...(3s@)°(3pa’)°(3pa’)°(3pa”)® in the united atom,
where the two lowest unfilled valence-shell molecular orbit- JE-
als (MO's) of (8a’c*)° and (%’c*)° are nearly identical (0) DT AE = 0.091 eV
to the (Fa’)° and (Pa’)° Rydberg orbitals of methanol s T, R )
[22—24]. It should be pointed out that the lowest unoccupied :"' SN
MO 8a’, while being of the Rydberg type for small internu- : B
clear distances, will turn into an antibonding MO@f(O-H) P e S EE TS I FE KA A H
for larger internuclear separatiofig4]. Therefore, we may P 5:.—""’“‘«... AE = 0.128 eV
either use the descriptiorsa’ when we would like to stress 5 ;‘ Vg (CO stretch)
the relation to the higher members of the Rydberg series, or -CEU r ‘“'~.~.,.
adopt the descriptiona& o* when we want to determine the - “*J-..‘W,_N R
bonding properties of the MO’s and/or the valence-shell El &~ it
character of the resulting electronic states. In fact, the fist 2 [————— L ———————————=
broad band centered at 6.7 eV in the far-UV absorption and & Ry AE =0.180 eV
energy-loss spectra of methanol has been assigned to either £ -
Rydberg excitation of &"—3sa [25-27 or a ] P
2a”"—8a’ ¢* valence transition28-3Q, although the con- « '_.»'
sensus seems to be that the band arises from both typesof £ (.-, [ 7/ ° ", |
excitations(Rydberg-valence conjugadesSince it is the lat- S IR
ter type that is of most interest in the present study, we shall ¢ e AE = 0.368 eV
take the view of the valence-shell MO description for the s ) V5 (CHjz asym.
low-energy region of electronic excitation. T stretch)
w"‘g (v +2v5 42, 7) T e,
C. The TNI state(s) below 6 eV bl S ST NP U U NS I NS

2 4 6 8 10 12 14 16 18

The plateaulike feature between 3 and 6 eV is more no- INCIDENT ELECTRON ENERGY (eV)

table in they;, excitation function in Fig. &), which is
related to the O-H bond of the molecule. Since the valence- FIG. 3. (@) Energy dependences recorded for four background

shell MO 8a’o* (OH) is, especially upon condensation, the osses pE) 68, 113, 165, and 340 meV in the energy range 1—20
only unoccupied orbital in this energy region available forey. (1) Difference excitation functions obtained by subtracting the
the trapping of the incident electron, we are inclined to aSvfour energy_dependent curves of the background |Ossea),ir|'e_
sign the feature in question to a valence-shell shape res@pectively, from the four raw excitation functions of the vibrational
nance of the electronic configuration written asmodesy;,, vg, ¥4, and v, in Fig. 2. The shaded area suggests the
2[N,(8a’'0*)!], 2A’, where N denotes the ground state presence of a broadbandlike feature consisting of overlapping
1A’ of methanol. Feshbach resonances.



54 OBSERVATION OF TEMPORARY-NEGATIVE-ION . . . 4167
Although the resonance may have its center around 4.0ndergo dissociation of the O-H bond, based on the experi-
eV, its width cannot possibly be evaluated, since it eventumental findings from the photodissociation study of the par-
ally overlaps the next resonant structure. However, thient singlet statd33] as well as from the electron-impact
shape resonance may decay via two totally different opeulissociative attachment work of Parenteau, Jay-Gerin, and
channels:(a) one returns to the ground stafé\’ by the  Sanchd13]. The latter work shows a shoulder feature at 7.3
ejection of the extra electrofautodetachmeptand (b) the eV appearing in the H total-yield spectrum of electron-
other dissociates into stable neutral and negatively chargestimulated desorption, which may be related to our 7.0-eV
fragmentgDEA). The width of the resonance is then closely resonant feature.
related to these two partial widths. The resulting OH™~ The second resonant component in the region involves the
negative ions are very likely to undergo autodetachmentnethanol’s second virtual valence MG %™, which has a
since this type of resonance is generally coupled strongly t&ydberg conjugate orbital@’ (or 3po, corresponding to
its parent state. Apparently, no fine structure appears in thdPb, in water[23]). Although theoretical studies of electron
excitation functions, implying that the resonant state may p&cattering by methanol are still scarce, calcula}tlons on water
either repulsive, or relatively short lived such that very little [34—38 have shown repeatedly a strong configuration mix-
vibration of the nuclei occurs during the lifetime of the reso-I"d @ssociated with the second unfilled valenbg@* mani-

nance(the impulse limit[31]). On the other hand, however, fold and the Rydberg B0, manifOId' The very essence of
some of the CHOH~ ions formed may have a sizeable sur- such a computing outcome is expected to be applicable to

vival probability [32] and therefore may reach the crossing :gi:han?rzebg VIrrt#eethoafntgle WSEI?)LIS dstro;]gopar(:)r;tssgees.slf C?g'e
point .of the CI—&QH’ and_.CI-gOH potential—energy curves, 3'1[(,2a”)1 (3pa’)1] and 3 (2a"),(9a’ o*)!] configura-

at wf;ch C;H;OH |sdstabll|zeddaga|nst the decayochar;]nel Oftions that,are Rydberg-valence co,njuga[tié%] The excited
autodetachment and starts to dissociate inteHH;O ™. This . . ; - ;

latter decay path is apparently supported by the DEA Worlﬁlectronlc states in question have, using electron impact,

on vapor-phase metharidl1], where the most intense signal een observed for vapor-phase methanol around 7.7-7.8 eV
of CH;0™ has been found at 6.0 eV. It is of interest to note[26’37-| and their corresponding daughter TNI states—the

ml "2 _
here that both the relatively broad line width perceived and:eshb";ICh reSf)nfnlcé[(Za )~(3pa’)] and shape reso
the detection of CED™ are suggestive of a repulsive Q?ncﬁn[ﬁlﬁégiaao)r ];:Srg e\)/(vri)ti(:ttehdet?:::ht?;?:ﬁnitggf Ie?n
potential-curve section in the Frank-Condon region, which is gy por p ! ying

i i ml 12
somehow consistent with the antibonding character of thgIIghtIy bEIO.W it. However, thé[(Za_l ) (3pa’)”] Feshbach
8a’ * (OH) MO [32]. This could probably explaiin part fesonance is expected to be annihilated completely or blue-

why this valence-shape resonance is more pronounced in ths(lénft substantially upon condensation, because its electronic

OH-mode-related excitation functions. Therefore, the broa r? ng?#é?tr'lc;?]éméilggst f;:osnogmsﬁdb%rgitgaerfgrtdgi]ﬁifg nof the
resonant feature observed between 3 and 6 eV may represenfe ’ P PP 9y

a shape resonance occurring in th& 8 MO of the O-H rz)olarizat,iorl 1and hydrogen bc%lg‘gling eﬁec[§,1_4], the
valence bond. Going below this shape resonance, there a [N.(9a’c™)"] shape resonan should remain essen-

pears a very weak, but perceivable bumplike feature betwee ally .if“aCt upon the same perturbation, since it is much less
1 and 2 eV in sorr;e of the excitation functions in Figh3 sensitive to condensed-phase effects. Therefore, the second

: . esonant constituent of concern here should be the shape
Presently, we have no adequate explanation for this featuréésonancezA’, and it is most likely to lie near 7.5 eV. If
assigned correctly, this shape resonance would correlate well
with the 7.88-eV TNI resonant state determined for the
The structure in this region is best manifested in the 128vapor-phase methanol by electron-transmission spectroscopy
meV excitation function of Fig. ®). Centered around 7.0 (ETS) [10], and be in agreement also with RobihZ7] as-
eV, it has an apparently broad FWHM of almost 6 eV. How-signment of the’[ N, (2b,o*)!] shape resonance to the wa-
ever, the large width of the structure is not an unambiguouser’s 7.96-eV TNI resonant staf&0]. Interestingly, the ETS
indication of the lifetime, since it may be governed by the7.88-eV TNI state in vapor-phase methanol was considered
Franck-Condon width of a dissociative state, or be due tdy Robin [27] to bear a different origin than that of the
several overlapping components. Indeed, both of the lattewvater’s 7.96-eV resonance. And it has since been assigned to
considerations are applicable here, and we consider that theae Feshbach-type resonanéd” of 2[(2a”)!,(3pa")?] in-
may exist at least two, or perhaps three, TNI states beneatitead, which has thé"(2a”)!,(3pa”)'] Rydberg states
the bell-shaped structure; some of them, though different ifabout 8.32 e\[{26] or 8.41 eV[23,27)) as its parents. This
origin, decay into H and CHO and/or CHOH. assignment was based chiefly on the standard Feshbach dec-
The first of such resonant components, determined at theement of 0.50 eV with respect to the parent state. However,
feature maximum around 7.0 eV, is attributed tentatively to ave believe that thiS’A” Feshbach resonance, if not totally
Feshbach-type resonanéd”, with the Rydberg electronic obliterated, would be located somewhere around 9 eV in
configuration of?[ (2a”)!,(3sa’)?]. The parent states of this solid methanol due to the high-density “pressure shift” in
resonance are both the singlet and triplet Rydberg statake energy levels.
33 (2a")t,(3sa’)!] (3'A"), which, appearing at 6.7 eV in  Given the fact that the second shape resonarmceir-
the vapor phase, has upshifted to 7.7 eV in the solid[fil§  volves an electron occupying thea®* antibonding MO
because of the condensed-phase eff2827]. The CHOH™ associated with the C-O valence bond, no one would be sur-
formed is considered to be dissociative, owing to the mixecprised at the sharp contrast of the line shape between the
antibonding character of thes®' orbital [22,23, and may 128-meV excitation function, which describes essentially

D. The TNI structure between 6 and 10 eV
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the energy-dependent behavior of the C-O stretching modm the vapor-phase energy-loss spe¢f%,40, is obliterated
vg in methanol, and the others in Fig(t3. The idea of de- in the condensed pha§&4].

termining a meaningful width for this shape resonance may

not, however, be practical due to the plausible involvement E. The TNI states beyond 10 eV

of other TNI states in the region. Yet the width of the ETS g1, the 180- and 368-meV excitation functions show

7.88-eV resonant state was estimated to be fairly l&r§8  gome relative increase in scattering intensity above 10 eV, as
3_.8 eV FWHI\(D [10]. This value, along with the absence of suggested by the shaded areas in Fif),3vhich are absent
fine structure in both phases, suggests that the resonance mgyine 128-meV excitation function of the strong dipole-
be probed mostly within the repulsive part of the potential-active mode. Several Feshbach-type resonances may be
energy curve and possess a relatively short lifetime. This iformed in this energy region. Though perhaps overlapping
further supported by the gas-phase measurement on the Okbach other, the first of these resonances is, with the configu-
anion yield of DEA[11], where the OH signal around 8 eV ration of ?[(6a’)*,(3sa’)?] (°A’), expected to lie between

is notably small compared to the major peak at 10.5 eV11 and 12 eV; it has been detected at 10.5 eV in the vapor
reflecting that most of the resonant TNI may have alreadyhase[12] and estimated to be around 11.5 eV in the con-
autodetached even before reaching the crossing point of trdensed phasgl3]. It may then be followed by two other
potential-energy curves for the resonant sta# and the similar Feshbach resonance$(1a”)?,(3sa’)?] (°A”) and
ground state’A’, or other low-lying electronic states. Al- 2[(5a’)*,(3sa’)?], whose parent Rydberg states give rise to
though the second shape resonance is most likely to decdyo very intense bandlike featurdd1-14 eV, superim-
back to the ground state, with the release of the captureBosed on the @ and 7a’ ionization continua, in the
incident electron, a conclusion cannot be complete withouglectron-energy-loss spectrum of vapor meth426]. Note,
theoretical calculations of the resonant energy-level systefiowever, that all the parents of these three resonances have
of CHyOH . the electron transition terminating at the& Rydberg or-

The effect of resonance electron scattering is also evidertital Of mi_xed OH antibonding character, and thus might
in the 180- and 368-meV excitation functions, both of Whichundergo dissociation of the O-H bond. It has been found that

are associated chiefly with the Gldsymmetric bending and if the parent state is dissociative, the line width of the related

i _— Feshbach resonance can be considerably broadened so as to
stretching modes. A similar phenomenon has also been seen ;
. I . ecome undiscernabl@7]. Hence, these resonances are ex-
in the excitation functions of vapor-phase eth&@él,CH,)

: pected to produce relatively weak broadband features ex-
[38] and methylamine(CH;NH,) [39], where a valence- tending over several electron volts.

shape resonance has been located at 7.5 eV and been considy, jqdition to this 3a’ series of Feshbach resonances

ered as a consequence of trapping the electron istO  5qther series with core excitation terminating @t Ryd-

of the C-C and C-N valence bonds, respectively. This corréperg orbitals may also possibly be involved in this broad
lates quite well with our second shape resonance occurring igand. as suggested by the DEA data of vapor metharig)

the ¢*(C-O) MO. Thus, it appears that the resonant effectthere the O and OH vield functions of vapor methanol
found in the mainly Chrelated excitation functions may exhipit a predominant peak at 10.5 eV. Such anion fragments
result Iargely from a major perturbation of the C-O valencestrong|y imply the breaking of the C-O valence bond and
bond owing to the occurrence of the second shape resonanggance the possible involvement of thp@ Rydberg orbital,
The unselective behavior of resonant vibrational excitation inyhich also bears the C-O antibonding chara§gs]. Start-

the energy range 6—10 eV shown by all the excitation fU”C'ing around 10 eV, this series may perhaps be led by the
tions, however, may be regarded as the result of overlappingeshpach resonanc@A() of 2[(7a’)%,(3pa’)?], whose
resonances taking place among the valezm’f:eM_O and Ry- parent would then be the Rydberg stafé7a’)%,(3pa’)?]
dberg orbitals of the O-H and C-O bonds, which perturb the]ying at 9.44 eV[23,37] in the vapor phase. The following

entire molecule. o o two TNI states in line may be thos# (6a’)?!,(3pa’)?]
There appears also some scattering intensity lying arounEhAr) and Z[(1a")%,(3pa’)?] (2A") Feshbach resonances.
9 eV [more discernible in the 180- and 368-meV excitation-l-he parent of the Ié\tterl[(la”)l (3pa’)!] (*A"), has been

functions of Fig. 8b)]. This might have something to do |ycated at 12.9 eV in the vapor phakes]. Yet the a’

with the Feshbach res”orfan?:é’”o; 2[(7a’)1,(33a”’)2], and  geries, if ever present, should be much weaker than its coun-
perhaps also thé[(2a") ,(3pa3) ] res,oPancez,Al, having  terpart of the 3a’ series, as its parents have much lower
t3he ,E)airent ) Etates of (7a')h (3sa) ] ~and  profiles in the energy-loss specii26,37,40. All the Fesh-

Y (2a")?%,(3pa”)?!], respectively. The former, which ap- bach resonances of this sort, overlapping or not, as a whole,

pears at 8 eV in the vapor phas], has been observed near may form a weak broad band in the high-energy region of
9 eV, as the most intense feature, in the DEA &hion-yield  he excitation functions.

spectrum of amorphous methar@]. Such a large H in-
tensity may signify that théA’ Feshbach state is a reason-
ably longer-lived species and its contribution to the intensity
of our excitation functions may therefore be relatively small. We have reported the measurements of vibrational
The latter >A” resonance, as projected by Ro7], may = HREEL spectra and excitation functions for solid methanol
shift upward from the lower-energy region; however, thefilm grown on a polycrystalline platinum foil held at 15 K
scattering intensity it generates is expected to be fairly weakwithin the impact-energy range of 1-20 eV in the large off-
based on the fact that its parent stafg2a”)!,(3p)'],  specular direction. The vibrational HREEL spectra obtained
which is strikingly intense and even vibrationally structuredshow that vibrations of solid methanol in its ground state are

IV. SUMMARY
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quite sensitive to the variation of incident electron energyO-H and C-O bonds, forming negative ions, such as H
and the intensity of the vibrational losses can be enhance@H™, and O.
substantially by resonance electron scattering. All of the resonances reported here exhibit no fine struc-
The excitation functions recorded for the intramolecularture. While the first shape resonance is observed largely in
fundamental vibrational modes exhibit three compound resothe excitation functions of those vibrational modes involving
nant states, located below 6 eV, between 6 and 10 eV, anghe OH group, the second strong band structure between 6
beyond 10 eV, respectively. The plateaulike feature below &nd 10 eV appears, in a much less selective fashion, in all the
eV is attributed tentatively to the valence-type shape resogygitation functions of the fundamental vibrational modes of
nance“A’ of the “[N,(8a’c™)"] electronic conflguratlon. methanol investigated. The behavior of the latter may be
Ihe seconld valence-shape  resonancéA of  associated with an occurrence of electron-attachment disso-
[N.(9a'0*)"] appears around 7.5-8.0 eV and is sur-gjation involving both the O-H and C-O bonds of methanol
rzound,(,aol by, Zthe 2Fe”shbach resonances, such  &gjthin the compound resonant states. Further theoretical
JL(2a7),(3sa))’]  (PA%,  about 7 eV and york onthe CHOH™ states and similar experimental studies
[(7a’)",(3sa&’)“] ("A’, about 9 eV. The shape resonance jn the vapor phase would be helpful in determining more

near 7-8 eV has also been observed in several othgfecisely the nature of electron resonances in methanol.
methanol-like molecules and seems to be a common occur-

rence. Both of the shape resonances are considered to be
short lived and decay largely to the ground state of the mol-
ecule via autodetachment.

The weak, broadbandlike feature above 10 eV is tenta- This work was supported by Le Conseil de Recherches
tively assigned to a group of overlapping Feshbach resoMedicales du Canada. We are grateful to Marie-ddSeaser
nances led by thé[(6a’)?,(3sa’)?] anion state, with pos- for her assistance with the experimental work, and to Luc
sible overlapping with another group of the Parenteau for several useful discussions concerning his own
[(7a")},(3pa’)?] configuration. Most of the Feshbach work on methanol. One of U#\.T.W.) wishes to express his
resonances discussed here are essentially considered to gratitude to Dr. Michael A. Hels for the information on
dissociative and involved in with the two Rydberg orbitals dissociative electron attachment that he has shared so gener-
3sa’ and Ja’ having a strong antibonding character. Theirously, and for several illuminating confabulations, which
decay processes are expected to result in the rupture of thveere all fertile and valuable.
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