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lonization of bromomethanes (GBr, CH,Br,, and CHBg) upon collision with metastable
He* (23S) atoms has been studied by means of collision-energy-resolved Penning ionization
electron spectroscopy. Lone-paing() orbitals of By, characters have larger ionization cross
sections thatr._g, orbitals. The collision-energy dependence of the partial ionization cross sections
shows that the interaction potential between the molecule and tH¢2H8) atom is highly
anisotropic around CBr or CH,Br,, while isotropic attractive interactions are found for CHBr
Bands observed at electron energies-@feV in the Hé& (2 3S) Penning ionization electron spectra
(PIES of CH,Br, and CHBg have no counterpart in ultraviol@tel) photoionization spectra and
theoretical(third-order algebraic diagrammatic construcjiame-electron and shake-up ionization
spectra. Energy analysis of the processes involved demonstrates that these bands and further bands
overlapping withoc g, or 7y, levels are related to autoionization of dissociating {H&r™) pairs.
Similarly, a band at an electron energy-ol eV in the Hé& (2 3S) PIES spectra of CkBr has been
ascribed to autoionizing Bf atoms released by dissociation (ahidentified excited states of the
target molecule. A further autoionizatié8) band can be discerned-atl eV below the lone-paing,

bands in the He(23S) PIES spectrum of CHBr This band has been ascribed to the decay of
autoionizing Rydberg states of the target molecWNEt ) into vibrationally excited states of the
molecular ion. It was found that for this transition, the interaction potential that prevails in the
entrance channel is merely attractive. 2004 American Institute of Physics.

[DOI: 10.1063/1.1769367

I. INTRODUCTION A*, whereas the excited electron A&t is ejected, provided
A* has a larger excitation energy than the energy required
Photoelectron spectroscopies are routinely used nowdor ionizing an electron in orbitap; . In a molecular orbital
days for studying in detail the electronic structure of mol-(MO) picture (or quasiparticle pictuneof ionization, the ex-
ecules, polymers, or solids. Spectra measured in vacuum kpess kinetic energy of the ejected electron is thus simply the
means of photoelectron techniques provide straightforwardifference between the excitation energy of the rare gas atom
acces5™ to transition energies between the ground state ofind the electron-binding energy of an electron in orhjtal
the molecular targetM) and electronic states of the corre- In a hard-sphere depiction, the probability of the electron
sponding molecular cationM;"). In a depiction that does transfer and, thus, the related cross section mainly depend on
not cope with configuration interactions in the cation and,the overlap during the collision between the lowest unoccu-
thus, shake-up transitions, the measured ionization energigsed orbital ofA* and the ionized molecular orbital of M,
are simply equal to one-electron binding energies. Upon nesutside the collision boundary surface.
glecting completely the effects of electron correlation and  On the basis of the electron-exchange mechanism,
relaxation, these, in turn, relate to orbital energies, accordingranching ratios of Penning ionization probabilities can be
to Koopmans’ theorem and Hartree-Fock theory. reliably studied by means of the exterior electron density
Besides providing information on ionization energies,(EED) model®~2° In this model, EED are defined for indi-
Penning ionization electron spectroscbpis also known as  vidual MOs,
one of the most suited methods for probing the shape and
spread of molecular orbitals. The transitions studied by this
spectroscopy are the result of collisional chemiionization
processes between a molecular taydt and rare gas atoms
in metastable excited states. In the electron exchange mechahere() is the subspace outside the repulsive molecular sur-
nism proposed for Penning ionizatiolA{+M —A+M;" face. EED values calculated wi#th initio MOs and using as
+e7),%"an electron in a molecular orbita} of the molecu-  repulsive molecular surface the envelope defined by rigid
lar targetM is transferred to the lowest unoccupied orbital of van der Waals spheres are knowhto provide consistent

(EED),= [ Jeutnl7ar, @
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insights into the relative intensities of bands in Penning ionqutoionization bands in the PIES of HE&l, CH,CII,°
ization electron spectréPIES.>!% The interaction potential CH,BrCl, and CHBrC} (Ref. 32 exhibits a reducednega-
energy surface betweek™ andM can, however, be highly tive) collision-energy dependence compared with that found
anisotropic, and branching ratidgartial ionization cross for the cross sections of the outermost nonbonding MO lev-
sectiong can strongly vary as a function of the collision els. For instance, the slope parameteof the linear regres-
energy:"*? sion of the cross sections as a function of the collision energy

According to a two-potential curve mod€lthe kinetic  amounts typically tom=—0.15 when the band relates to
energy of the ejected electrdim short, the electron energy autoionization of superexcited Br atoth, whereas m
in a Penning ionization process is equal to the energy differ= —0.35 for the electron exchange ionization bands associ-
ence between the incoming potential curve for the entrancated withng, lone pairs>?
channel A* +M) and the outgoing potential curve for the Another type of bandsreferred to as S bangswhich
exit channel A+M;"). Therefore, assuming a flat potential are thought to be induced by excitation transfé® +M
curve for the exit channel, the shifts in the electron energies—(A—M)** ] and autoionization of Rydberg states into vi-
(AE) characterizing the position of peaks in PIES relative tobrationally excited states of the molecular ion, was observed
the ionization potentialdPs) measured from ultraviolet pho- near theny lone-pair (i) bands of HCE®@2% H| ,27© and
toelectron spectr@UPS can in principle be used to extract CH,CII.*° These bands exhibit CEDPICS characterized by
information on the anisotropy of the interaction potential be-strongly negative slopes, for instance= —0.38 andm
tween the atomic probé* and the molecular targetl. =—0.37 with HCI and CHCII, respectively, and usually
However, in many cases, the potential energy curves for theake the form of a shoulder with very limited intensity on the
exit channels may not be flat, and much more sophisticatetbwer electron energy side of timg bands produced by elec-
approaches have to be considered for obtaining experimetron exchange Penning ionization processes.
tally reliable information on the stereodynamics of the reac-  In continuation to these studies, the main purpose of the
tion embodied in a Penning ionization process and on th@resent work was to investigate the stereodynamics of Pen-
anisotropy of the interactions involved in such a process. ning ionization of bromomethanes (GBF, CH,Br,, and

One of these approaches is the so-called collisionCHBr3) and the anisotropy of the interaction potentials in
energy/electron-energy-resolved two-dimensional Penninghese processes by means of 2D-PIES measurements, in con-
ionization electron spectroscop{2D-PIES.** In contrast  junction with model potential calculations, and EED studies
with measurements of the collision-energy dependende-of of model Penning ionization cross sections. In the course of
tal ionization cross sections through a count of ionthe study, autoionization bands of the S arfdtfpes have
signals}5_18 jonic-state-selected measurements of thd)een identified by comparison with available HgPS, and
collision-energy dependence gbartial ionization cross benchmark one-particle Green's functighp-GH calcula-
section$!'2 (CEDPICS enable straightforward studies of tions of one-electron and shake-up ionization spectra. These
the anisotropy, outside the collision boundary surfacélpf €xtra autoionization bands have also been systematically
of the interaction potential energy surface between thétudied by means of 2D-PIES, in order to unravel the main
atomic probeA* and the molecular targét for each ioniza-  features of the related ionization mechanism.
tion channel(i.e., for each ionized orbitap;, in an orbital
picture of ionization.

Attractive interactions have been found previously
around halogen atoms of (GHCCI*® C,H,Cl,,?° The experimental apparatus for H& 3S) PIES and
CH,=—CHX (X=Cl,),%* C,HsX (X=F,Cl),? and  Hel UPS has been reported previously*°In our experi-
CgHsX (X=F,Cl,Br,1),2 while the oy, orbital region ap- mental setup, beams of metastable and electronically excited
pears to be repulsive upon collision with H& 3S) atomic  helium atoms were produced by a discharge nozzle source
probes. On the other hand, the interaction around the halogesith a tantalum hollow cathode. The HE 'S) component
atom X is highly anisotropic. WherK=F, the interaction was quenched by a water-cooled helium discharge lamp. He
potential along an axis perpendicular to the C-F bond is les§lPS were measured by using the IHe&sonance photons
attractive than for a collinear direction appro&éf® The (584 A, 21.22 eV produced by a discharge in pure helium
opposite was found wheX=Cl, Br, and I; specifically, in gas. The background pressure in a reaction chamber was of
these cases, the potential along an axis perpendicular to thiee order of 107 Torr. Sample molecules were purified un-
C-X axis is more attractive than for a collinear direction der vacuum condition. The kinetic energy of ejected elec-
approactf=23 trons was measured by a hemispherical electrostatic deflec-

Besides the bands relating to an electron exchange Petion type analyzer using an electron collection angle of 90°
ning ionization process, bands due to autoionization via surelative to the incident Hg2 3S) or photon beam. Measure-
perexcited specié&33are occasionally seen in PIES experi- ment of the full width at half maximum{FWHM) of the
ments. These bands are nowadays raising considerabfe ™ (?P5,) peak in the He UPS led to an estimate of 60
interest. For instance, autoionization bands of superexcitetheV for the energy resolution of the electron energy ana-
Cl, Br, or S specie$S*) produced by dissociation processeslyzer. The transmission efficiency curve of the electron en-
have been identified in 2D-PIES studies of HEGH,CII,*®  ergy analyzer was determined by comparing our UPS data of
CH,BrCl,3? CHBrCl,,* CS,,3! and OCS® The collision- some molecules with those by Gardner and Sari{sand
energy dependence of the ionization cross sections of thesémura et al>® Calibration of the electron energy scale was

II. EXPERIMENT
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made by reference to the lowest ionic state gfiixed with  of programé* and using Dunning’s aug-cc-pVDZ basis §et.
the sample molecule in HEUPS (E.=5.639eV, Ref. 36  With the 1p-GF/ADQ3) approach, the primary one-hole and
and Hé (23S) PIES E.=4.292eV, Ref. 3Y, taking into  shake-up two-hole-one-particle ionization energies are re-
account a peak energy shift of 50 meV in PIES due to repulcovered through third and first order in correlation, respec-
sive interaction between Pleand N,, and the difference tively. Constant self-energy diagrams have been computed
between the lowest IP and the metastable excitation energirough fourth order in correlation, using charge-consiéfent
[He* (23S)=19.82e\]. one-electron densities. A threshold on pole strengths of 0.005
In the experimental setup for the collision-energy-has been retained for solving the A[BY secular equation,
resolved Penning ionization measurement, the metastablesing a Block-Davidson diagonalization procediria the
atom beam was modulated by a pseudorandom chdPperfinal diagonalization stefsee Ref. 4&1)]. The assumption of
and then introduced into a reaction cell located at 504 mnirozen core electrons has been used throughout, and symme-
downstream from the chopper disk. The measured Penningy has been exploited to the extent of the largest abelian
ionization spectrd(E.,t) were stored as a function of the subgroup of the full molecular symmetry point group. The
electron kinetic energj, and timet. The resolution of the  ADC(3) ionization spectra are also compared with the results
analyzer was lowered to 250 meV in order to obtain hlgherof simp|er outer-valence Green’s functfngVGF) calcula-
counting rates of Penning electrons. Analysis of the timetjons performed with theaussiaNgs package of progranfs.
dependent Penning ionization spedtgéE.,t) by means of Al OVGF and ADQ(3) calculations discussed in the present
the Hadamard transformatidhnormalized by the velocity study are based on molecular geometries that have been op-
distribution of the H& beam, can lead to a two-dimensional tjmized using the aug-cc-pVDZ basis set, density functional
mapping of the Penning ionization cross section as functiongneory(DFT) in conjunction with the nonlocal hybrid, and
[o(Ee,Ec)] of the electron energie§, and collision ener-  gradient corrected Becke three-parameter Lee-Yang-Parr
gies E;. The velocity distribution in the metastable atom f,nctionaf® (B3LYP) [an approach which is known to pro-

beam was determined by monitoring secondary electrongqe structural results of quality comparable to that achieved
emitted from a stainless steel plate inserted in the reactiog ine benchmark CCSD) theoretical levet].

cell. Interaction potential curves* between H&(23S) and

the targets for various directions were also calculated on the
1. CALCULATIONS basis of the well-known resemblarfcebetween the

We performed Hartree-FockHF) self-consistent field He* (2 °S) and Li(2%S) species in collision processes. More
(SCP calculations in order to obtain electron density mapssPecifically the velocity dependence of the total scattering
The geometries of the neutral target molecules were selectéd0ss section of Hg(2 °S) by He, Ar, and Kr very closely
from experimental studi€€ ! In the electron density con- Matches that of L¥? Furthermore, the Hg23S) and
tour maps shown in the sequel, thick solid curves indicate th&i(2 S) probes have very similar interaction potential with
repulsive molecular surface approximated by atomic spheregarious targets?>*both for the location and the depth of the
of van der Waals radf? which have been used to calculate Well. In a recent study of atomic targetd, Li, Na, K, and
EED values to each MO of the SCF model. The HF-SCF andig),” it has been shown that the interaction potential with
EED calculations were performed using the 6+33* basis He*(2 3S) probes is very faithfully reproduced, within ratios
set. from 1.1 to 1.2 on the depth of the well, by the Li model

Vertical ionization spectra have been computed withinpotential. With regards to these findings and the difficulties
the framework of 1p-GF theory and the so-called third-orderrising with calculations of potential energy surfaces for ex-
algebraic diagrammatic constructipADC(3)] schemé® by  cited states, the Li(2S) atom was used in place of the
means of the original code interfaced to thevESspackage He* (2 3S) atom. Thus, the interaction potential between the

TABLE |. Assignment of the Penning ionization spectrum of 8 by comparison with ultraviolet photo-
emission and theoreticBDVGF and ADQ3)] spectra, EED values, or CEDPICS slope parameter®niza-
tion potentials and the peak energy siifE in PIES are in eV and meV, respectively. OVGF and ABpole
strengths are given in bracket.

Band IRjps IPovee IPapca)®™ MO EED AE m
CH,Br
1 10.44 10.600.92 10.52(0.92 6e (Ng;,€3) 10.42 —150 -0.34
22 10.77 6e (Ng;,€1/2) —150 -0.35
3 13.21 13.400.92 13.41(0.91) 10a; (oc.pr) 2.76 —130 —-0.20
4,5 15.01 15.370.90 15.51(0.89 5e (mcp) 6.66 (+30) —0.05
S (18.8° . —-0.10

@bserved by spin-orbit interaction.

PEstimated by H&(2 3S) PIES.

‘lonization lines for the 8, orbital have been identified at binding energies of 21({d&e strengtk-0.48),
22.74(0.13), and 23.33 e\(0.10.

dionization lines for the &, orbital have been identified at binding energies of 24@dle strengtk-0.22),
24.96(0.15, and 25.37 e\0.15.
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TABLE Il. Assignment of the Penning ionization spectrum of B#,, by comparison with ultraviolet photo-
emission and theoreticBDVGF and ADQ3)] spectra, EED values, or CEDPICS slope parameter®niza-
tion potentials and the peak energy siiff in PIES are in eV and meV, respectively. OVGF and ABJoole
strengths are given in bracket.

Band IRps IPovar IPapc(a)™® MO EED AE m
CH,Br,
1 10.52  10.600.92 10.52(0.99) 13v, (ngy)  3.10 -130 -0.35
2 10.74  10.770.92 10.70(0.91) 6by (NgL) 345 —120
3 1121 11.140.9) 11.04(0.90 5a,(ngl) 3.52 —-130 -—0.36
4 (11.3  11.20(0.92 11.13(0.90 158, (Ngy) 356 -
5 14.05  14.020.9) 14.06(0.89 12, (0cg) 194 —70 —0.26
6 14.68  14.670.90 14.71(0.86 14a, (0cg) 252 —140 —0.28
7 16.34  16.300.89  16.38(0.24, 16.63(0.62 ~ 5by (wcy,) 274 -+ —-0.22
S* 17.72 —0.30
8 19.3  21.300.8) 20.97(0.53, 22.52(0.07  13a; (Cyy)

3 stimated by H&(2 3S) PIES.

Blonization lines for the 14, orbital have been identified at binding energies of 233tle strengtk-0.086),
22.52(0.07, and 23.86 e\0.22.

‘lonization lines for the 12, MO orbital have been identified at binding energies of 25®&8e strengtk=0.07),
25.90(0.08), and 26.11 e\{0.09.

molecular target and an incoming He 3S) atom has been The experimental UP$Hel) and Hé (2°3S) PIES of
calculated along various direction approaches using a modé&HzBr, CH,Br,, and CHBg are displayed in Figs. 1-3,
Li(2 2S) probe, at the level of second-order Mgller-Plessetrespectively, and compared with theoretical ABZaug-cc-
perturbation theoryMP2), in conjunction with a 6-3+G*  pVDZ spike spectra. In the latter spectra, line intensities are

basis set. simply scaled according to the computed pole strengths. The
electron energy scale of the HE 3S) PIES measurements
IV. RESULTS was shifted by 1.40 eV relative to the H&PS records,
In Tables I-11I, we compare the ionization potentials ob-according to the difference in the respective excitation ener-

tained from UPS measurements on B8 CH,Br,, and gies(21.22—-19.82 €Y In these figures, the calculated EED
CHBr3, with the results of the OVGF and AQ@) calcula-  values are also displayed in the form of simulated spectra,
tions on these compounds. In these tables, all theoretical IRgsing the band positions and band widths that were measured
characterized by a pole strength larger than 0.05 have begR the Her spectra. For the bands splitted by spin-orbit inter-
listed. We also provide the peak energy shifts in PIRE) actions(e.g., bands 1, 2 of CiBr as well as bands 2, 3 and
with respect to the nominal ener@()_(dgfined as the differ- 5, 6 of CHBE), the energy splitting was estimated from
ence between the metastable excitation energy qf thie H PS, and the EED value for the individual lines was divided
probe and the UPS value for the targé) together with the . . . o
calculated EED values and the slope parameters characterf’igu'V"’_‘lentIy in the 5|mulated' EED spectrum.. Striking fea-
ing the measured CEDPICBN). These slope parameters tUres in the PIES of CkBr (Fig. 1), CH,Br; (Fig. 2), and

were obtained by a least-squares method for collision enefcHBr3 (Fig. 3) are the bands labeled Sat electron energies
gies ranging from 100 to 300 meV. around~1 or ~2 eV. These bands are missing in the IHe

TABLE Ill. Assignment of the Penning ionization spectrum of CHBby comparison with ultraviolet photoemission and theorefi€d/GF and ADG3)]
spectra, EED values or CEDPICS slope parametetsnization potentials and the peak energy shii in PIES are in eV and meV, respectively. OVGF and
ADC(3) pole strengths are given in bracket.

Band IRyps IPover IPapce) MO EED AE m
CHBr,
1 10.40 10.460.91) 10.38(0.90 5a, (Ngy) 3.61 -110 -0.48
2 10.74 10.990.92 10.98(0.90 15a; (Ng.L) 5.16 -130 -0.47
3, £ 10.83 10.8900.91) 10.84(0.90 18e (ng,L) 9.30 -0.45
5, & 11.64 11.650.91) 11.59(0.89 17e (Ngy) 9.70 -130 -0.47
S (12.7° —0.48
7,8 14.65 14.620.90 14.72(0.85 168 (0c.q) 4.22 (-170 -0.48
9 15.85 15.830.89 15.82(0.19, 16.01(0.39, 16.32(0.22) 14a; (0cmrcn) 2.35 (=50 -0.45
S* (17.9° —0.48
10 (19.3 20.66(0.82 20.18(0.09), 20.29(0.06), 20.36(0.06) 133, (Cyy)

20.56(0.14), 20.80(0.22), 21.10(0.06

#Observed by spin-orbit interaction with splitting energy of 0.38 eV.
PObserved by spin-orbit interaction with splitting energy of 0.14 eV.
Estimated by He(2 3S) PIES.
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FIG. 1. Comparison of the HeUPS and H&(2 3S) PIES of CHBr with
the theoretical AD@3) spike spectruntabove and an EED simulatiofbe-
low).

UPS records and cannot be accounted for by the EPC
calculations.

He* (23S) CERPIES (collision-energy-resolved PIBS
of CH;3Br and CHBr, are shown in Figs. 4 and 5, respec-
tively, for collision energies of~100 (dashed curveand
~200 meV (solid curve. In Fig. 6, we compare the
He*(23S) and Né(3°P,, CERPIES of CHBj, taken
also at collision energies 0f100 (dashed curveand ~200
meV (solid curve. In the latter figure, the electron energy

Kishimoto et al.

Ionization Potential / eV
12 14 16 18 20
I T I | T | I | T

10

T T "‘I
Saz, 15a1
34

6b; CH,Br,» Hel UPS

12 10 8 6 4 2 0
Electron Energy / eV
34 3
2 He*(238) PIES

EED

6
Electron Energy / eV

FIG. 2. Comparison of the HEUPS and H&(2 3S) PIES of CHBr, com-
pared with the theoretical AD@) spike spectrum@above and an EED
simulation (below).

(see Sec. VL A further autoionization band S, which will
also be discussed in the sequel, is seen below the outermost
lone pairs (g,) in the PIES of CHBs (Figs. 3 and &

The collision-energy dependences of the partial ioniza-
tion cross sectionfCEDPICS of CHzBr, CH,Br,, and
CHBr; are displayed as IB. vs. Ino plots in Figs. 7-9,
respectively. These CEDPICS plots were obtained from the
2D-PIES measurements within an appropriate range of elec-
tron energies, typically in electron energy intervals equal to

scale of the N&(33P,,) CERPIES measurements has beenthe resolution of the spectrometer, i.e250 meV, to avoid a

shifted relative to that of the Hg2 3S) CERPIES according
to a difference of 3.10 eM=19.82-16.72 between the
He* (23S) and Né (33P,) excitation energies. In that fig-

ure, solid arrows give the energy location in the PIES spec-

contamination from neighboring bands. Molecular orbital
density contour maps are also shown in the figures, along
with the employed cutting planes.

Figure 10 shows interaction potential energy curves

trum of the electrons released by an autoionizing dissociatioW* (R) as functions of the distand® between the model Li

of the molecule into CHBy, in its ground state and the three
lowest electronic configurations of the Bradical cation

probe and(a) CH;Br, (b) CH,Br,, and (c) CHBr; along
various direction approaches.
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Tonization Potential / eV CH;Br et B <200 meV
T 1l0| I |112 ! 1‘l‘ I‘ |1'|6| v 118 T 210 LN He*(23S) PiEzS — 1 E; ~100 meV
152,
N CHBr3 Hel UPS
M

12 10 8 6 4 2 0

0
Electron Energy / eV Electron Energy / eV
He*(23S) PIES FIG. 4. Collision-energy-resolved H€2 3S) PIES of CHBr (solid curve at
100 meV and dashed curve at 200 meXrrows indicate estimates of the
S* energy of electrons released through autoionization of*adBom into the

3P, (V), 1D, (M), and'S, (@) states of the B ion (see text

PIES of Fig. 1 and exhibit a strong collision energy depen-
dence in CEDPICS or CERPIES experimefigs. 4 and 7,
respectively. The large PIES intensities of bands 1 and 2 can

L be related to the large EED value found for the doubly de-
generate 6 orbital. As in UPS, it is found that band 1 has
larger intensity than band 2 in PIES. The same feature was
observed previously for theg, bands of HBE"® CH,BrClI,

EED and CHBrCN.*

5,6 The combination of SO interaction and Jahn-Teller

effect$ leads to a splitting of the outermaosg, energy level

of CH;Br into two componentse;, ande;,) separated by

an energy interval of-0.33 eV. The related partial ionization

7.8 . . . .
/\/9\ cross sections exhibit the same negative collision energy de-
3 j‘ I— pendencerf= —0.34) and indicate that the potential energy
Electron Energy / eV surface describing the interaction between the molecule and

the HE probe is strongly attractive around the Br atom. In-

. . ] _ : _
FIG. 3. Comparison of the HeUPS and H&(2 °S) PIES of CHBg com- ey \when the long-range attractive part of the interaction

pared with the theoretical AD@) spike spectrumiabove and an EED

simulation (below). potentialV* is dominant and of the form
V*(R)xR ™S, 2
V. DISCUSSION OF THE ANISOTROPIES OF
INTERACTIONS AROUND CH4Br, CH,Br,, AND CHBr4 CHBr, e . E. ~200 meV
The electronic structure of bromomethanes has already He*(2’S) PIES34 —— : E~100 meV

been amply studied by means of ultraviolet photoemission 12
spectroscopy23>°6-84it is well known that the nonbonding ’
orbitals of methyl halides are affected by SO interactions.

For these electron levels, band splitting is further compli-

cated by vibronic interactions and Jahn-Teller effécts>®

The ionization energies of thas, bands in these compounds

have been calculated previously on rather questionable semi-
empirical grounds® He* PIES? data and a photoelectron
spectrum by synchrotron radiatfnare also available for

CHsBr. |

1
A. CH.Br 12 10 8 6 4 2 0
' 8 Electron Energy / eV

The first two(1,2) bands in the Penning ionization elec- FG. 5. Colis ved HE2 29) PIES of CHEr, (solid
PR, . . 5. Collision-energy-resolve o} r, (solid curve
tron spectrum of CEBr are due to ionization of the outer at 100 meV and dashed curve at 200 meAfrows indicate estimates of the

. . 2 .
most lone-pair orbitals (g, E3/2,1/2){ of domm_antly _Bﬁp_ energy of electrons released through autoionization of*ag@om into the
character. These bands emerge with strong intensity in th#, (¥), D, (l), and'S, (®) states of the BF ion (see text
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S* | 6e @ (i)
\
1y, ; =
A\ s =t
R n ° E
| | | S =
12 10 g ' 6 4 2 0 2l
Elect{on Energy / eV g
| 7
i 8 -
® CHBr; L e : Eg ~200 meV
NC*(33P0’ 2) PIES |
! | —— :E.~100 meV
; -
~Sgm.
1/ Lol ol
- 10 100 1000
e T Collision Energy / meV
8 6 4 2 0
Electron Energy / eV FIG. 7. Collision-energy dependence of the partial ionization cross sections

for CH,Br with He* (2 3S). Electron density maps are shown for respective
FIG. 6. Collision-energy-resolved PIES of CHB(solid curve at 100 meV ~ MOs. Perpendicular cutting planés and (ii) include H-C-Br bonds and
and dashed curve at 200 mefor (a) He* (2 3S) and (b) Ne*(3P0_2). Ar- two H atoms, respectively.
rows indicate estimates of the energy of electrons released through autoion-
ization of a B¥ atom into the’P, (V), 1D, (M), and'S, (@) states of the
Br* ion (see text

ness of the potential curves€ —2/m), a largers value is

correspondingly expected for band 3. Unsurprisingly there-
the collision-energy dependence of the partial ionizatiorfore, the potential energy surface for the head-on access to
cross sectionr(E.) can be expresséd-*'as the C-Br bond in the CkBr molecule is less attractive and

shows a relatively smaller slope in the long-range region

Ino(Ey)=(—2/s)InE, 3 than the interaction potential for an approach along a perpen-
where s= —2/m for atomic targets. The slope values ob- dicular direction[Fig. 10(a)]. This result is consistent with
tained from CEDPICS measurements for ionization from thehe conclusions drawn previously in a similar study of the
ng, orbitals are similar for CkBr(m=-0.34), Penning ionization electron spectra of monohalogenoben-
CH,BrCl(m=—0.35-0.36) 3> and CHBrCN (m=—0.34,  zenes—CgHsX (X=F,CI,Br,)— (Ref. 22 upon collision
—0.35)*—it thus appears that an analogy with atomic tar-with He* (2 3S) atoms. In this study, the most attractive in-
gets is justified, since the molecular environment has veryeractions with incoming Hg(2 3S) species were also found
limited influence. Correspondingly, an attractive potentialalong axes that are perpendicular to theX@onds, with the
well is observed in the model potential curiffeg. 10 when  exception of the gHsF compound, for which the most en-
the Li probe interacts with a Br atom, whatever the directionergetically favorable direction approach is collinear with the
of the approach. Note that the well is the most strongly at-C-F bond.
tractive when the probe approaches the bromine atom in a A very limited collision-energy dependence is observed
direction that is perpendicular to the C-Br bond. ComparedTable )) in CEDPICS (= —0.05) and CERPIES measure-
with available UPS data, a peak shit £) of —150 meV for ments on the pair of ionization lingg,5) arising from the
the ng, bands confirms experimentally the existence of andoubly degenerateé(wCHg) level. Despite the limited reso-
attractive potential well of this order, in good agreement withjution of the spectrometer, it is obvious from the band widths
the calculated well deptHsig. 10@)]. in the UPS and PIES records displayed in Fig. 1 that this
The third band in the PIES of GBr can be assigned doubly degenerate level is subject to very strong vibronic

(Table ) to the 1@, orbital on the basis of the OVGF and coupling effects. It is known th&tthe slope parameten is
ADC(3) calculations. This orbital corresponds merely to therelated to the effective decay parametefor the repulsive
oc.g bond and exhibits therefore limited PIES intensity. Ininteraction potentia] V* (R) =B exp(—dR)], whereR repre-
line with its more strongly localized nature and the EEDsents the distance between the metastable atomic probe and a
results, this orbital is characterized by a reduced collisiontarget molecule, and the effective paramdtéor the transi-

energy dependence of the related partial ionization cross sefion probability[ W(R) = C exp(—bR)] through the relation
tion (m=—0.20) compared with the lone-pair bands 1, 2.

Since the slope of CEDPICS can be connected to the steep- m=(b/d)—1/2. (4)
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FIG. 8. Collision-energy dependence of partial ionization cross sections for 10~ 100 1000
CH,Br, with He* (2 3S). Electron density maps are shown for respective Collision Energy / meV
MOs. Perpendicular cutting planég and(ii) include a H atom and two Br o S .
atoms, respectively. FIG. 9. Collision-energy dependence of partial ionization cross sections for

CHBr; with He* (2 3S). Electron density maps are shown for respective
MOs. Perpendicular cutting plané$ and(ii) include two Br atoms and the
C atom, respectively.

Here, the effective parametbrderives from the first ioniza-

tion potentiaf>®4[1(M)] via

b=2{21 (M)}12 ®) with CHzBrz,. an attrgcuve mteracuop potential with a

' broader well is found in model potentials calculated along

Therefore, the very limited slope of the CEDPICS char-direction approaches that are perpendicular to the C-Br axis
acterizing bands 4, 5 indicates that the interaction potentidlsee Fig. 1(b) versus Fig. 1&)].
that prevails around thec,, MO region is mostly repulsive. The ADQ(3) calculations indicate a breakdown of the
This finding corroborates the model potential displayed inorbital picture of ionization for the nondegenerate
Fig. 1@, which shows only a very shallow energy mini- 5b1 (7cp,) orbital of CH,Br, (m=—0.22), in the form of a
mum at a relatively largeRc.jnexy distance(5.0 A), and  substantial dispersion of the ionization intensity into a
foretells soft repulsive interactions Wh&._j(pex)<4.0 A. shake-up line at-16.4 eV. This breakdown corroborates a

It is worth mentioning that in previous studies by count- significant band broadening in the H&IPS on the experi-
ing of ion fragments produced in dissociative ionization pro-mental sidgFig. 2). A striking feature in the Penning ioniza-
cesses of CECI and CHBr upon collision with tion spectrum of ChBr,, which is completely missing in the
Ne* (33P, ) atoms®® the relatively limited collision-energy Hel UPS and theoretical AD@) spectra, is a ban(5*) at
dependence of the GH CH,CI*, and CHBr" signals was electron energies around 2 eV. As shall be shown in Sec. VI,
already ascribed to a soft repulsive interaction around théhis band relates to autoionization processes.
methyl group. The results drawn here from a CEDPICS
analysis andb initio calculations confirm this assumption. C. CHBr,

B. CH,Br, Both with the OVGF and ADQ@) calculations for
The four outermost ionization band$—-4) of CH,Br, CHBr5, the following ionization energy order was suggested
originate fromng, lone-pair orbitals. Band 2 has larger PIES for the six outermost levels of CHBr 5a,<18e<<15a,
intensity than band 1, in very fair agreement with the EED<17e. Because of spin-orbitSO) interactions, the 16 or-
spectrum(Fig. 2). All four ng, bands(1—4) exhibit (Table II) bital energies clearly appear in the UPS and PIES measure-
CEDPICS slope parameters and peak energy shiftAE ments(Fig. 3) as a pair of linegbands 3, #separated by an
similar to those reported in Sec. V A for thes, bands of energy interval of 0.38 eV, to compare with a well-known
CHsBr (m=—0.34, AE=—150meV). On the other hand, SO-splitting parameter of 0.305 eV for the bromine afom.
the slightly stronger collision-energy dependence of the parThus band 2 can be ascribed to theail®rbital (ng.L, ex-
tial ionization cross sections of the._ g, bands(5 and § of  tending for the out-of-plane direction of the plane including
CH,Br, (Table 1)) reflects the overall more attractive nature three Br atomps This fully symmetric orbital strongly pro-
of the interaction potential between GBt, and Hé (2 3S), trudes outside the collision boundary surfd€eg. 9 and is
compared with therc_g, bands of CHBr (Table |). Indeed, characterized by a large EED value; unsurprisingly therefore,
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FIG. 11. Energy analysis of the dissociation and autoionization processes of, @et&unting for the Sbands in the He(2 ®S) and Né(3P0,2) PIES of
Fig. 6.

band 2 has large PIES intensitlyig. 3). On the other hand, has been assigned to an excitation transfer to high-IgRyg
band 1 in the PIES of CHBrrelates to an antisymmetric dberg states of HBf* Rydberg states dissociating into
orbital (5a,). Since the overlap with the Fels orbital van-  H(1s) and Rydberg B atoms which, in turn, decay
ishes at the nodal plane of th@5MO, this band is charac- through autoionization into Br (*D, or °P; ,) species’®
terized by a much more limited EED value and, thus, PIESvery similarly, broad extra bands in the Hg *S) PIES of
intensity. All bands in the spectrum exhibit similar CEDPICS HI have been assigned to ionic states 6f produced via
characteristics ro~—0.48), which reflects attractive and autoionization within the potential energy surface of a tran-
isotropic interactions around the molecule, in agreement witlsient HI™-He* ionic pair?”® S* bands with limited intensity
the calculated interaction potential curviig. 10)]. I have also been observed at electron energies smallertBan
particular, it is noted that the interaction potential curveev in the Hé&(2°3S) PIES of other halogenomethanes
found for head-on access to the C-H bond of CkHiBrmuch  (CH,BrCl and CHBrC}).>? In the present study on bro-
more attractive than that calculated for the C-H bonds Oinomethanesy broad bands which very C|ear|y do not corre-
CH3Br [Fig. 10@), see Sec. VA The larger PIES intensity |ate with one-electron or shake-up ionization states are seen
of band 9 relative to that of bands 7(Big. 3), in spite of the  at electron energies 0f1.0, ~2.1, and~1.9 eV in the
smaller EED value for the B4 orbital compared with that of He* (23S) PIES of CHBr, CH,Br,, and CHBE, respec-
the doubly degenerate é6et, as well as a significant dis- tiyely. The purpose of this section is to demonstrate that
persion of the 14, ionization intensity over several these & pands relate to autoionization of BRydberg atoms
shake-up lines yvith conqurab'le spectroscopic strength, iﬁroduced through dissociation of the molecular target.
due to overlapping autoionization” ands(see Sec. UL In order to identify on clear grounds the various transi-
Note that, again, the breakdown of the molecular orbital picyjons involved in these processes, we compare in Fig. 11 the
ture which is predicted from the ADB) calculations for the excitation energy level diagram of He and Ne with the ion-
14a, orbital of CH;Br (Table Ill, Fig. 3 provides a consis- i, ation energy diagram of a bromine atom in its doublet elec-
tent explanation to the large width of band 9 in H8PS. tronic ground state?Ps,), as established from HeUPS
data®® and taking into account a theoretical estimate of 2.64
VI. ANALYSIS OF THE S* AND S AUTOIONIZATION eV for the dissociation energy of CHRBmto Br(*P5,,) and
BANDS CHBI,(?A") radical speciegthis value has been obtained
A broad extra band at an electron energy-ct eV has from single-point calculations at the benchmark CCBD
been observed previousfiB band in Ref. 2f)] in PIES level [Ref. 67], in conjunction with the aug-cc-pVDZ basis
measurements on HBr upon collision with*H& 3S) atoms,  set, on B3LYP/aug-cc-pVDZ geometries, and including a
and has been ascribed to autoionization of an electron by thB3LYP/aug-cc-pVDZ correction of—0.112 eV for the
attractive potential of a transient ion pair (HBHe") into  change in zero-point vibrational energie§rom this com-
various ionic states. In particular, a sharp band structure iparison, it is obvious that, regardless of vibrational compli-
the PIES of HBr at an electron energy smaller thah5 eV  cations, the electron energies released upon dissociation and
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FIG. 10. Interaction potential curvas® (R) for the (a) CH3Br-Li, (b) CH,Br,-Li, and (c) CHBr;-Li systems, along various direction approachess the
distance between Li and Br or C atoms.

autoionization of a transient (HeBr~)* ionic pair into He  pared with the EED simulatiofFig. 3 can be attributed to

in its ground state (S,) and the lowest electronic states of overlapping bands due to the decay of a transient'(1Be")

the Br" ion amount to 5.373P,), 3.90 (D,), and 1.92 eV  ionic pair into He and BF in their singlet ground{S) and
(*Sy). The & band at an electron energy of ca. 1.9 eV in thetriplet excited P,) states, respectively.

He* (23S) PIES of CHBE (Fig. 3) can thus undoubtedly be The negative collision-energy dependence of the partial
assigned to the formation of a transient ionic pair (Be™) ionization cross sections associated to the Isand of
and autoionization into the B(!S;)-He state by the attrac- CHBrz (m=—0.48) and CHBr, (m=—0.30) indicates an
tive potential of the H& ion. Also, autoionization into the attractive interaction for the entrance channel. Assuming that
Br*(®P,)-He and Bf (*D,)-He states provides a consistent the generation of the intermediate ionic pair {BHe") oc-
explanation to the very large intensities of bands at electroeurs at large distances between the molecular taigand
energies of~5 and~3.7 eV, in contrast with the relatively the H& probe, and that the interaction potential that prevails
limited intensities of bands 7, 8, and 9 in the simulationtherefore is of the Coulomb types€1), one should nor-
drawn from the exterior electron density model of electronmally find values around-2 for the slope parameters char-
exchange Penning ionization(see Fig. 3. When acterizing the CEDPICS measurements on theb&nds of
Ne*(33P0,2) metastable atoms are used for ionizing CEIBr these two molecules. In reality, the obtained parameters are
autoionization energies of 2.28R,) and 0.85 eV{D,) are much smaller in absolute valuem&—0.30 and m
found (Fig. 11), which is consistent with the large electron = —0.48, respectivelyand very comparabl€Tables Il and

counts at electron energies lower thar2.0 eV in the Ill) to those found for th@g, and oc_g, bands produced by

Ne* (3P, CERPIES of Fig. ). electron-exchange-type ionization. Thus, it can be concluded
Many of the observations drawn from the analysis of thethat the generation of the (BrHe") ionic pair occurs at

S* autoionization bands of CHBrlso prevail for CHBr,. short-range distances between the bromine atoms in the mo-

The CCSDT)/aug-cc-pVDZ dissociation energf2.78 eV  lecular target and the Pleprobe, and that the unoccupied
[Ref. 68)) of this molecule into Br and C§Br radical species MOs of CH,Br, and CHBEg having relation with this charge

is very similar to that required for the homolytic cleavage ofand excitation transfer are* orbitals that are merely local-

a C-Br bond in CHBg. Unsurprisingly therefore, the energy ized around the C-Br bonds. Contour plots at the
location of the autoionization*Sbhand remains practically HF/6-314+G* level suggest that the lowest unoccupied mo-
unchanged~2.1 eV). Exactly as for bandé7,8) and 9 in the  lecular orbitals(LUMO) of CH,Br, [16a,, Fig. 12b)] and,
He* (23S) PIES of CHBE, the relatively much too large almost, CHBg [16a,, Fig. 12c)] are likely candidates for
intensity of band 7 in the Hg2 3S) PIES of CHBr, com-  such electron transfer processes, since they show a strong
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localization around the central and positively charge carbomarger for CHBg than that for CHBr or CH,Br,. Indeed, for
atom and one nodal plane across the C-Br bonds. At thi&HBr,, the observed ratio between the relative intensities of

stage, it must be noted that unoccupied orbitals obtained gfe ¢ .. (7,8 and ng, (1-6) bands in the PIE spectrum
the HF level using a finite basis set represent only appl’OXi(lobszlobs”obs:O 379) strikingly differs from the ratio
g n *

agn

mations to continuum functions. For molecules characterbased on EED estimations of these relative intensiﬂiEE]D(
ized, as here, by unbound or weakly bound anion staes  _ |EED/| EED_ 3 152)  Thus, the EED simulation underesti-
o n " " 1

fqr_thelj, the shape of t_hese orbitals is subject to rathe_r S9mates the relative intensity of thecg, (7,8 band by a
nificant changes upon improvements of the basis set, in paBranchin ratio of °°/1EED= 2 493 For comparison. the
ticular the inclusion of diffuse functionsee, e.g., Ref. 69 9 ) ) P ’

o/n'to/n —
It is thus worth noting that the 6-31G* basis set already branching ratio towards autoionizing states estimated in a
includes such functions.

similar way for CHBr, and CHBr only amounts to 1.67

In line with the previous estimates for CHBmnd (=3.06/1.83 and 1.33=3.76/2.83 only. The increase of the
CH,Br,, single-point CCSDT)/aug-cc-pVDZ calculations importance of autoionization processes with the number of
on B3LYP/aug-cc-pVDZ geometries lead to a value of 2.92bromine atoms reflects thus very well both a stronger local-
eV [Ref. 70 for the radical dissociation energy of a C-Br ization of the LUMO around C-Br bonds, and an increase of
bond in CHBr. In spite of this, the autoionization*Sand the electron affinity.
of CH;Br was observed at an unexpectedly low electron en- A rather intense band is observed-al eV below the
ergy of about 1 eV. At this stage, it is worth recalling that electron energy(~7.1 e\) characterizing band 5, 6 in the
autoionization bands of superexcité@ydberg Br** atoms He* PIES of CHBg [Fig. 6(@]. This band is clearly very
have been observed at electron energies lower than 1.5 eV different from the Frank-Condon vibrational progression as-
the He' (2 3S) Penning ionization spectrum of HB” The  sociated to bands 5, 6 in the H&IPS (Fig. 3 and is char-
CEDPICS characterizing the *Sband of CHBr(m  acterized by a large negative collision-energy dependence
=—0.10) is intermediate to that seen for thecg (M  (=—0.48) of its partial ionization cross section. As this
=—0.20) andmcy, bands (n=—0.05), which reflects re-  hanq has no equivalent in the available photoelectron spectra
pulsive interactions in the entrance channel and, relatively tPHe! UPS and He UPS, Ref. 60 and in the theoretical
CHBr; [Fig. 12¢)] and CHBr; [Fig. 12n)], a larger delo-  ApC(3) one-electron and shake-up ionization spectrum of
calization of the LUMO (1a,) of CHyBr, also ac™ orbital,  chpr, (Fig. 3), it must also be ascribed to autoionization
over the methyl groupFig. 12a)]. Note also that the more  cosses. Similar bands, at electron energigseV below

diffuse nature of that orbital reflects both its higher position, deepest lone pairs, have also been observed in the PIES

in the continuum and the lesser positive charge on the centr%lf HI [Ref. 270)] and HCI(Ref. 29 obtained upon collision
carbon atom of CkBr, compared with ChBr, and, almost, with He* (23S) species. These extra bands have been as-

CHBr;. Since the H&(2 3S) probe reacts here as a nucleo- . S .
3 (27S) p Egned to autoionization of superexcited states of a

philic species, the excitation and charge transfers leading t LX) lex i ibrationall ited f th
autoionization processes must therefore be less selective a He- )** complex into vibrationally excited states of the

efficient than in the case of GBr, and CHBg. Relatedly, HX* _molecu_la_r ion in its electronic ground state. A large
Br* ions have been scarcely obseffeih Penning ioniza- Negative collision-energy dependence was found for the par-
tion studies of CHBr upon collision with N&(33P,,) spe- tial ionization cross section of that extra band in the case of
cies, which indicates that the excitation energy ofHClI(m=—0.38)°which reflects a strongly attractive inter-
Ne*(33P0Y2) is not sufficient for enabling excitation trans- action and indicates that the attack occurred at the level of
fers into dissociative states of GBIr. In simpler words, theng lone pairs. Compared with an unperturbed HCI mol-
CH3Br has a too limited electron affinity for ionizing a ecule, the stretching of the HCI bond from 1.247 A in the
Ne* (3°3P, ) species. unperturbed HCI molecule to 1.45 A in the most stable form
With regards to the intensity of the" ®ands in the PIES  of a model H-CI-Li complex is equivalent to exciting HCI

of CHBr3 compared with that of theg, bands andoce: into its vibrational leveb =2. For bromomethanes, the large
bands nearby, the autoionization processes clearly ovefegative collision-energy dependence of the S bands can be
whelm the electron exchange Penning ionization processes Ukcriped to a distortion of the interaction potential for the

this mlolecule' at elegtron'e.nelig|es b](celavﬁ eI\/. This is not  onirance channel by an avoided crossing between the
entirely surprising, since it is known from electron transmis- e« 1" and HeM** potential energy surfaces at longer

sion spectroscopy and continuum multiple scatteigcal- C-Br bond length than the one in the equilibrium state.

culations that the electron affinity of bromomethanes in- The S band is clearly missing in the N& *Po ) CER-

creases with the number of Br atoftsCHBr; has an . oY .
electron affinity of 0.45 eV and, thus, a stable ground aniorFIES[F'g' 6b)] O,f QHBr3. This difference ;:an be asc.rlbed
to the lower excitation energy of the NE °P,,) species,

state’® In contrast, the lowest anion states of £, and 2 .
CH3Br lie at ~0.2 and~2.1 eV above the vacuum level, compared to that of the H¢2 °S) species. Thus, the energy

respectively’’ and are thus subject to decay. Therefore, in thedf the excitation transfer state (Hé)** is thought to be
competition for intensity with the electron exchange Pennindhigher than that of Ne A similar observation had been made
ionization processes in thec g, electron energy region, the previously?"® for the Frank-Condon vibrational structure de-
branching ratio towards autoionizing states produced via ascribed a a S band in the He2 3S) PIES of HI. This band
intermediate Br-He" ionic pair should logically be much was also missing in N%(33P0,2) PIES27©
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0} (i) CHBr3, and, to a lesser extent, for GBIr,, autoionization
processes lead to further bands that clearly overwhelm the
oc.gr OF mcy, bands due to electron exchange Penning ion-
ization processes. The collision-energy dependence of the
relative intensity of the S bands reflects the fact that an
attractive interaction between the Herobe and the Br at-
oms of the target molecule prevails prior to the autoioniza-
tion event. The S band of CHBr is seen at an electron
energy of~1 eV, a value which is very similar to that found
previously for the bands of HB[Ref. 27b)]. By analogy,
this band has thus been ascribed to autoionization of super-
excited Bi** atoms into Bf .

An autoionization band of the S type has also been iden-
tified in the H& PIES spectrum of CHBr, at ~1 eV below
the deepestg, bands. By analogy with previous PIES stud-
ies of HI[Ref. 27c)] and HCI?® this band has been assigned
to the dissociation and autoionization of a superexcited
(He-Br-CHB)** complex into vibrationally excited states
of the CHBg molecular ion. Here also, the strongly negative
collision-energy dependence of the related partial ionization
cross section demonstrates that the interaction potential per-
taining to the entrance channel in the autoionization process
is also attractive.

(a) CH3Br
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FIG. 12. The lowest unoccupied molecular orbitaUMO) of (a) CH;Br,
(b) CH,Br,, and(c) CHBr;.
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