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He*(23S) Penning ionization electron spectra (PIES) as well as He | ultraviolet photoelectron spectra have
been measured for GBrCIl, CHBrChL, and CHBrCN. For the lower ionization-potential bands, sporbit

split states are assigned in the spectra forBHEI and CHBrCN, whereas valence-orbital, ionic states are
assigned for CHBrGl These assignments are based on the fact that the intramolecular orbital interactions in
CHBrCl, are much stronger than those in the other molecules, whereas theospincoupling effects
predominate for the other two molecules. Collision energy dependence of partial Penning ionization cross
sections and the PIES indicate that the magnitudes of the attractive interactions in the electron distribution
regions of the lone pair orbitals (n) of the Cl and Br atoms and the N atom in the CN group-aodbitals

are in a sequence ofy®> ng; ~ 7cn > Ne.

I. Introduction Penning ionization of molecules. On the basis of the above
A molecule M can be ionized by collision with a metastable theoretical view, one can understand easily the fact that an A*

atom A* having an excitation energy larger than the lowest @PProach along a given direction can lead to a preferential
ionization potential (IP) of the molecule; this process is known €i€ction of the electron from a specific MO characterized by
as Penning ionizatiohExperimental studies on Penning ioniza- 2" electron density dlstr_lbutlon extended toward the incoming
tion can be worked out by different measurements such asA*’ Therefore, the anisotropy of an MO electron density
kinetic energy Eo) of the electrons emitted, collision energy distribution can pe reflgctgd in Pennlngllomzatlon dynamics.
(Eo) dependence of total or partial ionization cross sections, and T nereby, the partial ionization cross sections should depend on
the electron energy spectra in coincidence with the specific ion the relative velocity (or collision energf) between A* and
produced. M.

Penning ionization electron spectra (PIES) can be obtained The coupled techniques including velocity selection (collision-
by measuring thé, values? Spectral characteristics of PIES ~ energy-resolved) and electron kinetic energy analysis have been
have been noted in comparison with He | ultraviolet photoelec- developed:1°Velocity-controlled supersonic metastable beams
tron spectra (UPS) since the pioneering work ter@z:23 (i) have been utilized to measure collision-energy-resolved PIES
A peak shift AE) is frequently observed in PIES with respect (CERPIES) by collision with He*(25,2S)M In our laboratory,
to the corresponding UPS. (ii) Band shapes in PIES show the cross-correlation time-of-flight (TOF) method together with
somewhat broader features. (iii) Band intensities in PIES are & pseudorandom chopper is utilized to measure the velocity
different from those in UPS. Two fundamental models have distribution of A* and the time-dependent distribution of
been suggested for interpreting these characteristics: (a) a two-Penning electron:We can measure two-dimensional (electron-
state (incoming and outgoing channels) potential curve model €nergy and collision-energy-resolved) PIES (2D-PIES) ef-
proposed by Hermann ande@n&* and (b) the electron ficiently, where collision energy dependence of partial ionization
exchange model suggested by Hotop and Niehéuse assume cross sections (CEDPICS) can also be obtained simultaneously
that the potential curve of the outgoing channel is rather flat by measuring CERPIES. Therefore, we can get information
for the Penning ionization involving metastable rare gas atoms, Of anisotropic interactions of the steric access of A* to M.
the peak shiftAE is approximately related to the incoming Typically, a negative CEDPICS accompanied by a negatize
potential curvé. In the exchange mechanism, the ionization shows that there is an attractive region for a certain MO; a
occurs mainly at the turning point through a transfer of an outer- positive CEDPICS accompanied by a positix& shows a
orbital electron of M into the inner-orbital vacancy of A*, which ~ repulsive case.
in turn ejects the external electrdhe band intensities are Recently, a series of CERPIES and CEDPICS studies have
closely related to an overlap between the wave functions of a been reported for specific molecules having a cyano (CN) group
certain molecular orbital (MO) and one of the inner atomic (CHsSCN}!* CH3;CN,!® C3HsCN,® NCCN” CH3CH,CN,*?
orbitals of A*, reflecting the respective orbital reactivity for CH,CHCN 2 CH,CHCH,CN'9). These results indicate that the
Penning ionization. On the basis of this approximation, the interaction potentials between He®® andzcy orbitals are
relative intensity of bands in PIES can be successfully comparedstrongly attractive around the cyano group. In particular, an
with the exterior electron density (EED) for individual MOs, interesting conjugation effect was observed for,CHCN in
where the EED value is a measure of how far electron a comparison with ClCHCH,CN.*2 On the other hand, halo-
distributions expand outside a molecular boundaRurther- hydrocarbons also attracted our interest because the lone pair
more, anisotropy effects are expected to be significant in orbitals (n) of halogen atoms show distinctly attractive interac-
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tions. It has been found that perpendicular approach of the into anisotropic interactions and the role of the electrophilic
He*(23S) atom with respect to the-&Cl (or Br, 1) bond axis is reactions by exhibiting distinctly different slopes for the related
more attractive than approaches in the other directi&ms, bands (or orbitals). Regarding the spectral assignments, there
whereas the approach along the-E bond axis is more is a paradox on the SO split bands, particularly for the low
attractive for fluorohydrocarbori8:2° Moreover, the most at-  symmetry molecules having halogen atoms. Even for the strong
tractive interactions in two perpendicular directions with respect SO coupling effect (e.g., Br atom), it is somehow unclear that
to the G-ClI (or Br, I) bond axis may be slightly changed in we should use the SO split states or ionic states of respective
some molecules, such an effect can be obtained from the modeMOs for the assignments of the splig,nbands when the
potential curveg223However, these differences, reflecting the intramolecular orbital interactions compete with the SO coupling
interaction anisotropy, cannot be exhibited by CEDPICS when effects. Although the g MOs (d and & for the Cs symmetry

the intramolecular orbital interactions are too weak to compete molecule) exhibit the specifically spatial distributions of electron
with the strong spirrorbit (SO) coupling effects. Namely, the  densities, it is meaningful to investigate whether 2D-PIES can
CEDPICS for the SO split bands are almost equal. As interpretedderive this information by showing the different slopes of
previously23 although the lone pair electrons of the halogen CEDPICS. It is also interesting to investigate the orbital
atom are in two different orbitals (in@ symmetry molecule),  reactivity for the i, ngr, v (in the CN group), andrcy orbitals

they are still energetically degenerate if the intramolecular orbital shown in Penning ionizations by collision with the He*&)
interaction (or localized molecular interaction field) is extremely atoms. In this study, C#rCl, CHBrCh, and CHBrCN are
weak. These two orbitals having four electrons can be ap- studied by the 2D-PIES technique as well as theoretical
proximated as one orbital, and the total angular momentum of calculations.

the electrons is crudely approximated to be a good quantum

number. The SO coupling effect leads to two degenerate ionic Il. Experimental Method

stategE,,, and two ionization bands will be observed. For these ) . .

two SO split bands, the electron energy spectra only supply us The experimental apparatus used in this study has been

10,12,13
with the energetic information on these two states, which cannot repgrted dellosewg_er%;.] dMetasltabIe atoms ﬁf He*%8)| werhe i
directly correspond to the spatial electron distributions of the Produced by a discharged nozzle source with a tantalum hollow

related two MOs. Thereby, the interaction anisotropy arising gathog_e. E'e : re;onanci plhotons (584 A, 21'§2t eVl)JtprodLlJJgeSd
from the different spatial electron distributions cannot be y a discharge in pure heiium gas were used (o obtain )

reflected by CEDPICS for the SO split bands. Th? k_inetic energies_ O.f the electrons_ ejected in F_>ennin_g
ionization or photoionization were determined by a hemispheri-

cal electrostatic deflection type analyzer using an electron
collection angle 99 to the incident He* beam axis or He |

On the other hand, a strongly attractive interaction is usually
caused by an electron-transfer process in which the target

m0|eCUIe acts as an_electro_n acceptor: Thereby, the mag- photon beam axis. The energy resolution of the electron analyzer
nitudes of attractive interactions around halogen atoms and &, o< estimated to be 80 meV from the full width at haif-

cyano group are closely related to their electron affinity (EA). 1\4vimum (fwhm) of the Af(?P3) peak in the He | UPS for

As the cyano radical has a remarkable EA value (3.82%V) the higher-energy-resolution PIES and UPS measurements of
much higher than the halogens (EA 1.7 €V, EAc = 181 o samples; for the CEDPICS measurements, the resolution
eV, EAgr = 1.69 eV)i® a competition between halogen anion a5 jowered to 250 meV to obtain higher electron counting

and cyano anion formation is expected to happen when an aes The transmission efficiency curves of the electron energy
additional electron is attached to a pseudobihalogen moleculeanaerr for both of these two modes were determined by

XCN (X =F, Cl, Br, and I}" or a haloacetonitrile (CBKCN).**  ¢omparing our UPS data of some molecules with those obtained
Dissociative detachment has been observed for the haloacetoby Kimura et a3 and Gardner and Samséh.

nitriles using flowing-afterglow mass spectromet¥yrecently,

the 2D-PIES and emission spectrum of CREB) fragment
produced by the He*@5)-collision dissociation were studied
for BrCN.2%2Some particular dissociation processes were found
to be involved in the collisions with the metastable atafns.
On the other hand, halogenated derivatives of methane hav

_receiv_ed contir?uous interest from_ Novak and co-worRers; The CEDPICS were obtained from 2D data within an appropri-
In Wh'c_h the |ntram0_lecular orbital (> n and n< o) ate range ok, (typically the fwhm of the respective band) to
interactions were studied by the measurements of He | and He, iq the effect of neighboring bands. The CEDPIES were cut
Il UPS3-32and angle-resolved photoelectron spectra using the 44 the fWoE, (110 and 250 meV) from 2D data with some width.
synchrotron radiatio®! In particular, two lowest-ionization- The volatility at room temperature is high enough to create

Egt/?r:]g?L(IaogIihsz;?;if’egitgtei!cg)oirrrﬁizogglg%fo(;%tlagsﬁ?ir?tt(i) a sufficient concentration of target molecules in the gas phase,
| 2 H 5
two distinctly separated bands in the UPS of CHBCIvhereas and the ambient pressure was controlled at ca. Z0~ Torr.

the other g bands cannot be resolved clearly in the UPS both
of CHBrCl*2 and of CHCI,.33 These results may be interpreted
not only by the different molecular symmetries but also by the  The geometrical parameters of these three molecules were
existence of the Br atom in CHBrg&lwhich can lead to stronger optimized withCs symmetry using the second-order Mgtter
intramolecular orbital & <> nc and e <> ngy interactions. To  plesset perturbation (MP2) method and 6-8Gid,p) basis set.
our best knowledge, no similar studies are extended te-CH Tg obtain the MO wave functions, HartreEock self-consistent-
XCN for studying the orbital p <> 7cy interactions. field (HF—SCF) calculations with the 6-331G(d,p) basis were

As mentioned above, the 2D-PIES measurements have aperformed over the optimized structures. Electron density
considerable stereochemical significance for elucidation of MO contour maps for respective SCF MOs are plotted, where thick
characteristics, in particular, CEDPICS further provides insight solid curves indicate the repulsive molecular surface ap-

For the collision-energy-resolved measurements of Penning
ionization, the metastable He{®) beam was modulated by a
pseudorandom chopper, and then introduced into a reaction cell.
Time dependent electron signals for each kinetic electron energy
E. were recorded with scanning electron energies of a 40 meV

estep and the dwell time for the TOF measurements was.3

Ill. Calculations
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proximated by atomic spheres of van der Waals radji=£ CH:2BrCl

1.7Am=12Ar=18A g =195Ary=15A)3 n Potential / eV

The IP values were calculated by the outer valence Green’s — ; T . T

function (OVGF) metho?f with the 6-311G(d,p) basis set. 10 12 14 16 18 20
It is well-known that the shape of velocity dependence of

the total scattering cross section of HE’§2 by He, Ar, and He 1 UPS

Kr is very similar to that of Li(2S)372 and interaction well g 223,213"73"

depths and locations of potential wells have been found to be <0y (34

very similar for interactions of various targets with HE*&

and Li(2ZS)537.c So this similarity between He*¢S) and 1

Li(22S) is usually used to compare the computationally much CBi) =

more feasible LM potentials with the experimental results
on the He*(2S)-M interactionst3 2429 |n this study, the ‘ﬁ}\J

Tonizatio
T

interaction potential calculations with the 138 atomV*(R,0,¢)
(whereR, 6, and¢ were defined in the figures), were performed
at the unrestricted MP2 level of theory using the 6-&i(d,p)
basis set with scanning, 6, or ¢ values and the geometrical
parameters of the targets fixed at the previously optimized

values. Spin contamination is negligible for these calculations. 12 0o 8 6 2 o0
The present calculations of interaction potentials and IP values Electron Energy / eV
were performed with GAUSSIAN 98
3.4 %
IV. Results (M) [(ng") He*(23S) PIES

I N
The He | UPS and He*@5) PIES of CHBICI, CHBrCh, (nsr) ()

and CHBrCN are shown in Figures-13, respectively. SO in 2
the assignments represents the spirbit coupling effect. S*
bands in the PIES of Figures 1 and 2 represent the autoionization
band, whereas S(S*) represents the possibility of satellite states
mixed with autoionizations. The details will be discussed in
section V.
Figures 4-6 show the CERPIES of GiBrCl, CHBrCL, and
CH,BrCN, respectively. Hot spectra at the high&rca. 250 — —— —
meV are exhibited by dotted curves, and cold spectra at the 10 8 6 4 2 0
lower E. ca. 110 meV are exhibited by solid curves. Electron Energy / eV
log o vs log E¢ plots of the CEDPICS in a collision energy  figure 1. He | UPS and He*(3S) PIES of CHBICI. SO represents
range of 106-300 meV are shown in Figures—B for CH,- the strong spirrorbit coupling effect.
BrCl, CHBrCkL, and CHBrCN, respectively. The calculated ] N ) ]
electron density maps are given to grasp the most effective @s the differences between the peak positions in PEsS in
directions of the ionization or effective access of the He* atom. €lectron energy scale) and the nominal valtg, difference
The maps having the molecular surfaces represented by thePetween the metastable excitation energy and sample IP),
thinner curves, for'&type orbitals of CHBrCl and CHBICN, AE = Epies — Eo.
were plotted on a plane 1.7 A (van der Waals radius of C atom) i .
above the molecular nodal plane. SO in the figures indicated V- Discussion
that two bands are separated by the strong SO coupling effect. A. Features in PIES and UPS.The He | UPS of these
The schematic diagrams of the MOs of CHByr@te shown in molecules except for C#BrCN have been reportéd. In
Figure 8 for clearly representing the MO characteristics, where particular, the extensive assignments in the He | and He Il UPS
the solid circles showed a valence s orbital, and couples of have been made by Novak et al. not only for BICI and
ellipses and dashed circles show in-plane and out-of-plane CHBrCl, but also for other halogenated methaffe82:39
components of p orbitals. However, some arguments on the assignments should be
Figures 16-13 show the calculated interaction potential addressed here. As discussed in one of our previous reforts,
energy curves for these three molecules. For a comparison ofthe SO split bands cannot simply be assigned by normal ionic
anisotropic interactions of therand m; orbitals in the different  states of respective MOs. If a strong SO coupling effect plays
molecules, the interaction energies were calculated in the a crucial role in the band splitting, the ionic states for the split
directions perpendicular to each other in the certain planes bands should be assigné{, for the Cs symmetry molecules)
including the C-Cl or C—Br bond. Moreover, we scanned the using the extended group suggested by Herzberg €t@h
polar angled and the azimuthal angle in two planes the contrary, the assignments of normal ionic states can be used

S*

perpendicular to each other for CHBgCI when the intramolecular orbital through-space (or through-bond)
Tables -3 summarized the experimental and calculated IPs, interaction and hyperconjugation predominate. To judge whether
experimental peak shifiSE, slope parametersnj of CEDPICS, an SO coupling effect is relatively important is based on the

and the band assignments with the orbital characteristics. Thesplit energies of two bands, on the band shapes, and CEDPICS.
slope parameters were obtained by a least-squares fitting of theThe band shape can reflect the interactions between the n
log o vs log E; plots in a collision energy range of 16@00 electrons and the electrons of other groups or bonds, usually
meV. The vertical IPs were determined from present He | UPS by exhibiting vibrational structures. CEDPICS accurately indi-
except for some specific notations. ThE values were obtained  cates whether two split bands correspond to two different MOs
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Figure 2. He | UPS and He*(2S) PIES of CHBrGJ.

Electron Energy / eV

Figure 3. He | UPS and He*(2S) PIES of CHBIrCN. SO represents

respectively or have a mixed characteristic of two MOs. The he strong spirrorbit coupling effect.

anisotropic interactions can be reflected by the distinctly respective MOs. Therefore, the SO split bands 1 and 2 are

different slopes of CEDPICS for the bands corresponding to : . -
the MOs having different spatial electron distributions, but they ?:t?wlgp ?ﬁa\a\/ltg:'WB?éluz lonic states for CLBCl and CHBICN

cannot be reflected (and show almost identical slopes) for the

. . i The orbital i t din thi k bered f
bands corresponding to the mixed MO characterigfid¢s. © Orblta’ assignments used in this Work ars numuered rom

Theref h lioni b ioned for the f the core orbital for each molecule, which differs from the
erefore, the normal ionic states can be assigned for the ormer,assignments given by Novak et®32 In Figure 1, the relative

but the SO coupling splits states for the latter. Because theyiensities of bands—4 in the UPS are similar to those in the
effects of energy-levét** and the MO electron density  pieg This result contrasts to bands&in Figure 3, where
distributiong? 4 1618°23420 can be reflected by CEDPICS, the  pangg 3-5 are enhanced significantly with respect to banel@ 1
slope of CEDPICS is the most important of the three techniques, the PIES. As mentioned in the Introduction, the band
to determine characteristics of the split bands. In Figures 1 andjntensities in PIES are closely related to the EED values of the
3, bands 1 and 2 exhibit different band shapes. Vibrational respective MOs, further reflecting the orbital reactivity in
structures have been recognized in the high-energy-resolutionpenning ionization. Regarding the MO characteristics of bands
UPS for these band$However, the strong SO coupling effects 15 in Figures 1 and 3 (see electron density maps in Figures
of the Br atoms are still the most important factor because these7 gnd 9), a reactivity sequence in Penning ionizations for the
two bands have the typical characteristics caused by SOng ng, ny, andzcy orbitals can be estimated by the relative
coupling: the first band has a little higher intensity with respect ratios of band intensities in the PIES, fca. 1.8)> ey (ca.

to the second band both in He | UPS and in HESRPIES? 1.6)> ng (ca. 1.4)> ng (ca. 1.0). Here some arguments should
(also see Figures 1 and 3), and these two bands have similabe addressed for bands 3 and 4 (20, the parallel
CEDPICS342 (as discussed in section B). Nonetheless, it is distribution, and 64, zcn”, the perpendicular distribution). In
surprising that band 1 is weaker than band 2 for CHBIGI a high symmetry (e.gCs,), the SO coupling effect together
Figure 2. A strong intramolecular orbital interaction is expected with Jahn-Teller effect leads to the split bands for a degenerate
in this molecule. As is well-known, the OVGF method cannot ¢y orbital. In CHBrCN, the lowerCs symmetry results in a
predict the SO splitting energ§,but the IP values of bands 1  large splitting energy ca. 200 meV estimated by the OVGF
and 2 have been well predicted only for CHBsCThis result calculations in Table 3. Moreover, one may notice the great
indicates that these bands have characteristics of ionic states oband-shape changes in a comparison between the UPS and PIES
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TABLE 1: Band Assignments, lonization Potentials (IP, eV), CH2BrCl
Peak Shifts AE, meV), and Slope Parametersrf) for
CH,BrCl He*(23S) PIES
34

IPover _ ) ——— Ec~110meV

band IRbsa  (pole strength) orbital character AE m 1
U | O — Ec ~250 meV

12 10.75 10.62 (0.94) 84ns") —80+ 10 —0.35 A
22 11.08 10.65 (0.94) 22@g,) —50+ 20 —0.36
3 11.43(0.92) 214ngf") ~ B
. 1179 1150 (0.92) 74nc) 60+ 10 —0.31
5 14.63 14.40 (0.92) 20@cs:) —20+20 —0.21
6 15.40 15.28 (0.91) 1%cci, oc) —10+40 —0.22
7 1632 16.59 (0.90) 6dch) —10+80 —0.19
S* 17.9-18.2 —0.16

a Spin—orbit split bands (details discussed in tektlstimated from
the PIES in Figures 1 and 4.

TABLE 2: Band Assignments, lonization Potentials (IP, eV),
Peak Shifts AE, meV), and Slope Parametersr() for Electron Energy / eV

HBrCl ' - .

¢ Cl> Figure 4. Collision-energy-resolved He*¢3) PIES of CHBrCI: solid
IPover ) curve,E; ~ 105-115 meV, average 110 meV; dotted curlze;~ 237—

band IRsa  (pole strength)  orbital character AE m 263 meV, average 250 meV.

1 10.91 10.85(0.92) 14#ng/", occ) —70+20 —0.32

2 11.21 11.09 (0.92) 24@s”, och, 0cc) —60+20 —0.35 CHBrCl2

3 11.65 11.48 (0.92) 23ac’, ng") —60+ 10 —0.30

4 1188 11.65(0.91) 13&nc/', ng/) —20+10 —0.31 A He*(23S) PIES

5 12.31(0.91) 22anc”, ng?) B B

6 1252 1234(090) 124mcc) 5020 ~0.33 3/ 56 —— Ec~110meV

7 15.35 (090) 21’@7(}4, GCC|) N2 120NN -

8 15.62 15.69 (0.90) 114occ) 0+60 —0.23 E;~250 meV

9 16.65 16.67 (0.90) 20@cy, Coss Cli —204 60 —0.23

S(S*) 18.0-18.3 -0.19

a Estimated from the PIES in Figures 2 and 5.

TABLE 3: Band Assignments, lonization Potentials (IP, eV),
Peak Shifts (AE, neV), and Slope Parametersrf) for

CH,BICN
IPover
band IRwsa (pole strength) orbital character AE m . . : . . '
12 1121 10.97 (0.94) 74ns") -40+0 -0.34 10 8 6 4 2 0
2 1152 1121.3021(9514)) Zzggsr'ql) -50+10 —0.35 Electron Energy / eV
4 1257 1254 (0'_91) eg(ﬁcCNND) —190+60° —0.35 Figure 5. Collision-energy-resolved He*¢3) PIES of CHBrdJ: solid
5 13.44 13.97(0.90 1%m) —200+ 20 —0.46 curve,E; ~ 106-114 meV, average 110 meV; dotted curize;~ 238—
6 1510 14.49(0.91) 18acn, oce) —40+80 —0.36 262 meV, average 250 meV.
7 1695 16.96 (0.91) 5S4(ch) —20+ 100 —0.23
8 18.20 17d(och) —0.20 strong attraction for the He* access along the CN axis. This
aSpin—orbit split bands (details discussed in teXtfhe ap- phenomenon was observed in CERPIES of nitrile com-

proximately adiabatic IP value in the UPS of Figure® Estimated poundst?4-17 Band 9 in Figure 2 is enhanced significantly in
between band 3 (in UPS) and band 4 (in PIESgstimated with a big the PIES with respect to that in the UPS because the corre-
experimental error (ca. 0.10 eV). sponding 20aorbital has some characteristics of;Grbital (see
Figure 8), and it has been noted that the resonant excitation
for the overlap band 3 and 4 in Figure 3. It seems that the transfer and the subsequent autoionization frequently occurs for
magnitude of enhancement for band 4'(6acn™) should be the Gs bandst?
larger than band 3 (2Qarcy') in the PIES. This difference as The S* and S(S*) bands have been observed clearly in the
well as the large splitting energy indicates that these two bandsPIES of Figures 1, 2, 4, and 5. They may not belong to the
correspond to ionization from two MOs rather than the SO split satellite states related to shake-up or shake-off processes,
states. The interpretation to this difference is that the approachesecause no similar bands were observed at the same energy
perpendicular to the molecular nodal plane (fof 6acn") are regions in the photoelectron spectra by the synchrotron radia-
more effective than the in-plane approaches (for' 26ay"). tion3! and He Il radiatior$? On the other hand, the photoexci-
Similarly, this can explain the observation in which band 2 is tation and photodissociation dynamics of 1Cl have been
much stronger than band 1 in the PIES of Figure 2. These investigated both theoreticafy and experimentally> Two
shielding effects by the hindrance of the repulsive interactions dissociative products, Cl and Br, were expected to predominate
along C-Cl and C-Br bond axes will be discussed in detail in  in the energetically favored channé¥sThe relationship between
section B. Moreover, band 7 in the PIES of Figure 3 is relatively ionization and formation of Rydberg states has been pointed
weak due to the repulsive interaction around the,@irbup out by Miller and Morgner® In the PIES, the autoionizations
(see Figure 10a), although they electrons are distributed  of Rydberg-state atomic fragments as the dissociative products
extensively. However, a distinguished enhancement of band 5in Penning ionization were frequently obser/éd® The series
in Figure 3 cannot be explained by the extensive electron lines of autoionizations usually become a broad flat band in
distribution of the corresponding MO 19ay), it is owed to the electron low-energy-resolution spectfa?® Therefore, the
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TABLE 4: Excitation Energies and Dissociation Energies CH2BrCN
with Respect to the Neutral Ground-State CHBrClI
" He*(23S) PIES
transition energy (eV) 5
Excitation (Theoreticaf) E¢~ 110 meV
Nygr — o* (CBr) 6.12 e Ec ~250 meV

Nysr — 0% (cBn) 6.04
Nzci — 0% (ca)) 7.18
Nyar — Rydb A 7.42
nysr — Rydb A 7.40
n,co— Rydb A 8.15
Nkar — 0% (ccl) 8.59
nyer — Rydb A’ 9.09
nker — Rydb A" 9.1 W N
Excitation (Experimental)
Ngr — O'*(CBr) 6.1 (2026ﬂ: 0.5 nm)) (203 nm} L T T T T T T T 1
N — U*(cc|) 7.17 (173 nm‘) 10 8 6 4 2 0
7.56 (164 nm Electron Energy / eV
Nzc1— 0% cen 7.8 Figure 6. Collision-energy-resolved He*{8) PIES of CHBICN:
Dissociation solid curve,E; ~ 107-113 meV, average 110 meV; dotted curve,
CH,CI + Br 2.95 (285 kJ/mol) E. ~ 241-259 meV, average 250 meV.

CH.Br + Cl 3.43 (331 kJ/mol)

aFrom ref 46, calculated at the MS-CASPT2 level. The transitions
having oscillator strengths larger than 0.007 are listed in this table. 3
b From ref 45g.° From ref 45d.9 Estimated by Rozgonyi et al., in ref
44. ¢ Estimated by Lee et al., in ref 45¢, and used in ref 45@om
ref 45f,

1 CEin)

2 CE2)

S* band in Figure 1 may indicate autoionizations of CI** or
Br** species, whereas S(S*) in Figure 2 may comprise a mixed
band of some satellite states and the autoionizations because
its band shape differs from the S* band. Here the PIES of-CH
BrCl is analyzed as an example. Table 4 summarizes the related
excitation and formation energies available from the litera-
ture4448 In general, the following processes may be involved
in the Penning ionizations:

Cross Section / arb. unit

T

He*(2°S) + CH,BrCl — He + CH,BrCI*
(valence-excited or Rydberg states)
— He+ CH,Br + CI** Q)

— He+ CH,CI + Br*

then followed by the autoionizations CI**> CI* + e~ and mc tisi 11:00 / \;000
Br** — Brt + e". As shown in Table 4, the excitation energies N ofislon Energy fmev.
for the molecular Rydberg states are smaller than the ionization Figure 7. Collision energy dependence of partial ionization cross

; ; ; sections for CHBrCI collided by He*(2S). Electron density maps of
phote(;’!tlals .Of .the a and. B orbltals*but ar%mucj hl*gher than the a-type orbitals are plotted on the molecular nodal plane; those of
the dissociation energies. Itn— o0*cci and ny — o*cer are the &'-type orbitals are plotted on a plane above 1.7 A from the nodal
involved, the dissociation energy barrier of the excited,CH  plane. SO represents the strong sgimbit coupling effect.

BrCl will be lowered because the excited electron occupies an

antibondingo*cci or o*cgr orbital. Therefore, the excitation  dissociations (ChBrCl** — CH, + CI* + Br**) may be
transfer may be energetically favored with respect to the additional contributions. The increasing background of the PIES
ionization—dissociation processes. Similar processes are ex-(see Figures 1, 2, 4, and 5) also indicates the dissociations occur
pected to occur for CHBr@l! In the PIES of Figures 1 and 2,  in the low-electron-energy region. As halogen atoms and a CN
bands S* and S(S*) are structureless due to the energy resolutiorgroup have the large EA valué?® the ionic-pairs such as
(ca. 80 meV). Although there are no clear bands correspondingHe*Br~CH,Cl and HECN-CH,Br may be the intermediates

to the above processes observed in the PIES fosBOEN in the reactions. Although no additional bands are observed for
because the valence-orbital-ionization band 7 is just in that these intermediates in this study, the additional bands for the
energy region (see Figure 3), the autoionizations of Br* atom similar intermediates frequently appeared in the PS¢
cannot be excluded. However, the excited CN species dissoci- B. CEDPICS and Anisotropic Interactions. In Figures 4-6,

ated from CHBICN by the He* collision should be raf>  the hot spectra are underneath the cold spectra. They indicate
Moreover, we cannot determine which autoionization process that CEDPICS for each band shows the negative slope (see
(CP* —CI* + e or Br** — Brt + e7) plays a more important ~ Figures 7-9). However, the distinctly different parameters

role for band S*. The branching ratio ofCl and G-Br bond of these negative slopes are listed in Table81As discussed
cleavage was observed to be dependent on the photon energiegreviously?® when the entrance channel is governed by a long-
but the C-Br bond cleavage was predomindteThe double range attractive interaction,
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Figure 8. Collision energy dependence of partial ionization cross
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Figure 9. Collision energy dependence of partial ionization cross

plotted on the plane including the mass center that is 0.68 A below the Sections for CHBICN collided by He*(2S). Electron density maps of

carbon atom.

V*(ROR® (2)
the cross section can be expressed by
cOE, 2" €)

the a-type orbitals are plotted on the molecular nodal plane; those of
the &-type orbitals are plotted on a plane above 1.7 A from the nodal
plane. SO represents the strong spimbit coupling effect.

obtained from experimental CEDPICS, and the peak shilis
for the r, ngr, NN, andszcny bands, one can derive the magnitude
sequence of the attractive interactions>® wcy ~ nNgr > Ny

In Tables 1 and 3, then values of bands 1 and 2 are almost

where thes value represents the steepness of the attractive identical due to the strong SO coupling effects as interpreted

potential part of the curv®*(R). Furthermore, a comparative

above, whereas bands 1 and 2 for CHBri@hve differentm

relationship between experimental CEDPICS and calculated values in Table 2 because of the strong intramolecular orbital

potentials can be established by= —2/s. The s values are
estimated to be ca. 5.8 and 4.4, with tievalues of bands 1
and 2 for the g, orbitals, and band 5 for they orbital,

interaction, as discussed in section C.
The interaction anisotropy can be reflected both by the
attractive interactions and by the repulsive ones. Bardg s

respectively, in Tables 1 and 3. These results suggest that thelTable 1 and bands-68 in Table 3 show the smaller absolute

interaction energies for thay orbital should decrease more
quickly than those for theg, orbitals and are consistent with
the fact that the potential curve E for ting orbital damps a
little more sharply than the curves B and C for thg orbitals
(see Figures 10 and 13).

The calculated potential wells can indicate the strength of

values of negativen and AE, which can be interpreted by the
repulsive interactions along -€Cl or C—Br bond axis and
around the Chligroup in Figures 10 and 13. In particular, band
7 (7tcH) exhibits the fairly smaller absolute valuesmfand AE
(m= —0.19,-0.20, andAE = —10 + 40 meV for CHBrCI
and CHBIrCN, respectively). Curve D in Figure 10 correspond-

the attractive interactions. The well depths in the potential curves ingly shows that the approach to then electrons is repulsive.

of the directions perpendicular to the-8r bond axis in Figures
10a and 13a are much larger (37200 meV) than those (depth

The steric interaction potentials around CHBr@te a little
more complex. In Figure 11, the interaction potential curve on

~ 100 meV) of the curves F and G in Figure 10b. The wideness planeb is symmetrical, whereas the curve on the planis
of bands 3 and 4 in PIES of Figure 3 can be interpreted by the significantly asymmetrical. It indicates that the, rorbitals
broad potential wells of the curves D and F in Figure 13b besides interact strongly with the g orbital. Furthermore, the curves

the vibrational structures. In particular, the curve D shows a
little deeper well than the curve F, which explains well the
higher intensity of band 4 with respect to that of band 3 in the
PIES of Figure 3. In Table 3, band 5 (19ay) exhibits the
extremely large negative (—0.46) andAE (—290+ 20 meV)
values. Correspondingly, the curve E having a potential well-

in Figure 12a indicate that the attractive interactions for the local
approaches (A and B) perpendicular to the- B bond axis
differ from the interactions (B and C) in Figure 10a. The
interactions for the local approaches perpendicular to th€IC
bond axis even show the repulsive characteristics for CHBrCI
in Figure 12b. In Table 2, the slope parameter of banoh#(

depth ca. 320 meV in Figure 13b shows that the approaches—0.32) differs distinctly from that of band 2n(= —0.35).

along or parallel to the CN bond axis are the most attractive.
On the basis of the calculated potential curves, thealues

Because of this fact as well as their different band shapes in
Figure 2, it is reasonable to assign bands 1 and 2 with two
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() = 180 with a Li—C distance 4.5 A.

> values of energy shifts of the four,Xone pairs in CHYX%
E 400 relative to the energies of the same four lone pairs ipXGH°
g ig They estimated that the interaction energies were 0.43 eV for
£ 204 ——G nc; — ngr with a reference of CkBr — CH,BrCl and 1.53 eV
for ng; — ng) with a reference of CkCl, — CHBrCl.30 With
0l e the help of different cases for the same molecules (0.50 eV for
= ner — Nc; with a reference of CCI33 — CH,BrCl and 0.74
200 L . , eV for nci; — ng; with a reference of CkBr33 — CHBICl), it
0 1 2 3 4 5 6 follows that intramolecular interactions between halogen atoms

R(Li-Cl)/ A in CHBrCl, are large and lone-pair orbitals have mixed

Figure 10. Interaction potential energy curv®¥(R) between Li and

the Br, C, or Cl atom in CEBrCI. In (a), A is the headon access along

the C-Br bond axis, B is the in-plane access perpendicular to thBIC
bond axis, C is the out-of-plane access perpendicular to trer®@ond

character, as shown in Table 2. Also, they — ng, interaction
energy (1.35 eV) with a reference of @Bt33 — CH,BrCN is
estimated to be larger thag A~ ng; interaction with a reference
of CHsBr — CH,BrClI (0.43 eV).

axis, and D is the out-of-plane access perpendicular to the carbon atom. T4 study the possibility and magnitude of further splitting of

In (b), F is the out-of-plane access perpendicular to theCCbond
axis, G is the in-plane access perpendicular to theCCbond axis,

certain bands, one needs investigations on the extent of the

orbital interactions by measuring the splitting energies compared
to the energies in the absence of such interacfidimsthis work,
valence-orbital, ionic states rather than the SO split states aswe study the orbital § <> ngj, nci < ng;, and < e
given for the other two molecules. Obviously, bands 3 and 4 interactions on the basis of analyzing their differences of the
also have the mixed MO characteristics as given in Table 2 IP values, electron density distributions, and CEDPICS reflecting
and shown in Figure 8. More details will be presented in section anisotropic interactions. First, we should recalculate the splitting
C. energies arising from the-p<> nc; gr and g, <> ey interactions.
The absolute slope values of CEDPICS for bands S* Although the SO coupling effect is not included in the OVGF
(autoionization band) and S(S*) are the smallest for each method3® the IP differences of the related MOs can be
molecule (CHBrCl and CHBrC}). This suggests that the approximated to be the splitting energies arising from the
interaction potential around the avoided curve-crossing betweennc; <> ngi gy and iy, <> zcn interactions together with the
He*—CH,BrCl (or CHBrCL) should be either repulsive or less symmetry lowering effects. In Tables 1 and 3, the splitting
attractive than those for the ionizations of the valence orbitals. energies of the g orbitals interacted with the gp and ey
However, there is no further theoretical or experimental orbitals are predicted to be 30 and 70 meV for BKCI and
information available. Further investigations on the processes CH,BrCN, respectively. Although the splitting energy of the
of the collision-excitation followed by dissociations for these n¢ obritals interacted with the gp orbitals for CHBrCI is
systems are needed. predicted to be 70 meV, the split bands (bands 3 and 4) of the
C. Intramolecular Orbital Interactions. For a measurement  ng orbitals cannot be resolved due to the low energy resolution.
of the intramolecular orbital (or subunit) interactions, it has been The splitting energies arising from the intramolecular orbital
suggested to have a beferafter dichotomy of the MOs interactions predicted by the OVGF calculations are smaller than
involved3C Under this theoretical frame, Novak et al. proposed the typical SO splitting energies of Br (ca. 300 méWyhereas
a method to calculate this interaction energy between subnits. comparable values to the splitting energy were known for Cl
To study Y — X influence in the molecular pair G, — (80 meV). Therefore, it is reasonable to assign band2 fo
CHYXy, the interaction energy is equal to the sum of absolute the SO split states (Figures 1 and 3). In Table 2, the value 240

and E is the head on access along theGC bond axis.
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Figure 12. Interaction potential energy curv®¥(R) between Li and

the Br or Cl atom in CHBIGl In (a), A is the out-of-plane (vertical to
the a plane) access perpendicular to theBT bond axis, and B and C
are the approaches perpendicular to theBEbond axis in the a plane.

In (b), D and E are the out-of-plane (vertical to the plane b) approaches
perpendicular to the €CI bond axis, and F and G are the approaches
perpendicular to the €Cl bond axis in the b plane. Here tlagplane

is the H-C—Br plane and thé plane is the C+C—Cl plane, which is
vertical to thea plane.

meV comparable with the SO splitting energy ¢ orbitals
have been predicted for the two lowest IPs of CHByCI
therefore, the interactions to the,mrbitals by four i orbitals
are relatively strong with respect to the similar case inyCH
BrClI. Furthermore, the observed splitting energy (230 meV)
between bands 3 and 4 is well predicted by the OVGF
calculations (170 meV). These values suggest that the normal
ionic states of valence-orbital ionizations should be used for
assignments in the electron spectra of CHBrCI

It is interesting to study thercy band splitting by the
interactions of the different orbitals in th€s symmetry
molecules. In Figure 14, the IP differenc&lR) between the
acnN' and ey bands represents the splitting energy observed
in the UPSI3141633There are some characteristics in this
diagram: the neighboringrchcc bonds cannot lead to a
significant split of the doubly degeneratey orbital in CHs-
CH,CN and CHCHCH,CN;3:33the lone pair orbital of the S
atom () results in the biggest splitting energy (1.85 eV) in
CH3SCN14 the calculatedIP(cn) by the g interaction in
CH2BrCN is much smaller than the values for the interactions
by the pseudor (composed o0bc ccorbitals of cyclopropane)
in cyanocyclopropane @EIsCN)633and by therc—c in CH,-
CHCNZ2The hyperconjugation effect leads to another strongly
attractive interaction for the He* access perpendicular to the
CN bond axis (besides the attractive interaction in the direction
of the CN bond axis) for CRCHCN/!2 but the m, orbital of
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Figure 13. Interaction potential energy curv®$(R) between Li and
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Figure 14. Diagram of the split energy betweerncy” and ey
bands in UPS, by the intramolecular orbital interactions@f cc,*?%?
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CH2BrCN does not change the characteristics of the interactions
around the CN group (see Figure 13), as shown fog@Hi-
CN and CHCHCH,CN.13
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