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Collision energy dependence of partial ionization cross secti@iDPICS of p-benzoquinone

with He* (2 3S) metastable atoms indicates that interaction potentials betwbenzoquinone and
He* (2 3S) are highly anisotropic in the studied collision energy rafig®—250 meV. Attractive
interactions were found around the=€© groups for in-plane and out-of-plane directions, while
repulsive interactions were found around CH bonds and the benzenoid ring. Assignment of the first
four ionic states op-benzoquinone and an analogous methyl-substituted compound was examined
with CEDPICS and anisotropic distributions of the corresponding two nonbonding oxygen orbitals
(ng,ng) and two 7c¢ orbitals (mie,mod). An extra band that shows negative CEDPICS was
observed at ca. 7.2 eV in Penning ionization electron spectrum20@ American Institute of
Physics. [DOI: 10.1063/1.1740740

. INTRODUCTION (ng<nd)<(mée<mco). This IP order was found to be sen-
sitive to benzenoid ring substitutiénit should be noted that

¢ The_f_electr?n dlen5|t3:)_(tj|?tr|tg1t|onl, energy. anc: S3{mrr|'etrythe energy splittings between the twg Imands and the twe
of Specific molecuiar or Iaﬁ_\/l 9 play an important rol€ -, 4 are about 0.3 eV or smaller according to the UPS
in intermolecular processes including chemical reactions as

6
is known in Fukui's frontier orbital theoryFor investigation results. . e
of the energy order and symmetry of frontier orbitals, the The as&gnrnent ,Of observed bands of PBQ is d,'ff'cun
symmetric or antisymmetric combination of atomic orbitals 219 gontroveraélmamly due to the small energy splitting
distributing around functional groups have been studied witd"entioned above and large electron correlation effedise
a concept of through-bond/through-space intramoleculafiscrepancy between the experiment and the theory can be
interactions’® Therefore, the assignment of ionic states anddissolved using experimental information of ionic states of
observation of the characteristics of MOs are of great imporPBQ and increasing the level of theoretical calculatioms.
tance for the study of chemical properties of moleculesTheoretical studies using Green'’s function method with two-
However, in spite of the importance for the electronic struc-particle-hole Tamm-—Dancoff approximatiof2ph-TDA),®
ture of molecules, assignment of neighboring ionic states i€ASSCF calculatiod,andab initio CI (configuration inter-
generally difficult for many molecules by experimental stud-action) method$!! with the experimental order of the four
ies as well as theoretical calculations. _ionic states (o <n<wc<mco). Recently, observation of

~ Benzoquinones are chemically important compounds irhigh resolution UPS and theoretical simulation of vibrational
biological systems and photochemistry because they arg e nased orab initio MO calculations with a vibronic
strong elegtron accept.ors n charge trgnsfer compleges. Th%upling model performed by Stanten al° suggested the
have four important high lying occupied MQkw ioniza- . -+ - n :

. . . . vertical IP order ohg<ng<mce<mcc. Their best theoret-
tion potential$, which are the twarcc orbitals and two oxy- . S ;

ical estimation is that the twar vertical IPs are nearly de-

gen lone pairs rfo).* 1,4-Benzoquinondp-benzoquinone, ) o ,
PBQ is a simple cyclic conjugated diketone and one of thedenerate around 11 eV and this qualitatively agrees with the

most important benzoquinones. In case of PBQ the through\(ibrational structure. It seems that there is a general agree-
bond interaction betweeryrorbitals, and the through-space Ment in theng <ng <(mcc,m¢J) vertical IP order. The or-
interaction betweenr orbitals, and the energy of these four der of mcc orbital is still not clearly determined. Obtaining
MOs have been extensively investigafeéthe Hartree—Fock new experimental data, which can help to assign clearly the
self-consistent-fieldSCH MO calculation of neutral PBQ four ionic states of PBQespecially the two nearly degener-
gives twog symmetric(—) and twou symmetric(+) orbitals  ate statels may help understand factors affecting the ioniza-
in the energy order of mlc(2bs)<mcc(lbyg)  tion energy order and energy splitting. In addition to this,
<ng (4bzg)<ng (5by). In contrast to this, the ultraviolet studying the characteristics of the four ionic states helps to
photoelectron spectroscoyPS of PBQ>® gave IP order of  get more information about the complex ionic states and the
electric structure of benzoquinones.

dElectronic mail: ohnok@gpcrkk.chem.tohoku.ac.jp Penning ionization (M-He* (23S)—M*+He+e") by
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collision between target M and a metastable helium atonsix-memberetf hetero cyclic compounds and satellite
He* (2 3S) provides a kinetic energy distribution of ejected band$®-3° due to m—=* shake-up process have been dis-
electrons corresponding to each ionic state, which is knowrussed with the characteristic slope of CEDPICS and aniso-
as Penning ionization electron specPAES.1>1*Although  tropic interaction potential. The slope of CEDPICS for auto-
PIES are very similar to UPS, the relative band intensity ofionization via an ion-pair potential of HeM~ was utilized
PIES are different from those in UPS.In other words, for assignments of some extra bands observed in PIES, of O
branching ratios into produced ionic states differ betweer(Ref. 29 and CS (Ref. 31) molecules.

Penning ionization and photoionization. Photoionization  In this study, we assigned the first four bands in PIES to
cross sections obey the electric dipole selection rties, pairs of n and = MOs on the basis of different trends of
whereas Penning ionization cross sections are governed BYEDPICS in 2D—-PIES of PBQ and model calculations of
autoionization matrix element§.In Penning ionization pro- interaction potential between PBQ and *Hen addition,
cess, an electron in the respective MO to be ionized is transsince first four bands of tetramethyl-1,4-benzoquinone
ferred to the & orbital of H&", and the excited electron in (TMPBQ) can be observed separately by the substitution
He* is ejected, which is known as the electron exchangeffect? different slope of CEDPICS for bands 1-4 of
model proposed by Hotop and Niehadtg he probability of TMPBQ was utilized to confirm the assignment of first four
electron transfer, therefore, largely depends on the overlabands of PBQ in PIES. lonization process and anisotropic
between the orbitals of M and Meand PIES provides in- interactions around PBQ were also studied with the different
formation on the electron distribution of individual MOs in slopes of CEDPICS.

the reactive region outside the molecular surfédoeundary

surface of collision between a molecule M and metastablél- EXPERIMENT

He* (2 °s) atoms.*® In this connection, quantitative estima-  The experimental apparatus for H& 3S) PIES and He
tion of PIES intensity and steric properties of MOs were| yjtraviolet photoelectron spectruriUPS was reported
studied with exterior electron densitiED) concept®®out- previously?*—?32Metastable atoms of H¢2 1S,23S) were
side of the molecular surface approximated by van der Waalgroduced by a discharge nozzle source with a tantalum hol-
surface. In these studies; orbitals of aromatic compounds  |ow cathode. The Hg(21S) component was quenched by a
and lone pair orbitals were shown to be extending outside ofyater-cooled helium discharge lamp. The background pres-
the molecular surface and having large EED values rathegre in a reaction chamber was on the order of ®1Pa.
than bondings orbitals:®*? Sample molecules were purified under vacuum condition and

Collisional reaction dynamics in Penning ionization canadmitted into a reaction chamber with gently heating. He |
be studied by detecting of products as a function of CO||iSi0rlJPS were measured by using the He | resonance photons
energy E.), and it enables us to investigate details of inter-(584 A, 21.22 eV produced by a discharge in pure helium
action potential between Meand target systems.The col-  gas. The kinetic energy of ejected electrons was measured by
lision energy dependence of total ionization cross sectiong hemispherical electrostatic deflection type analyzer using
has been measured with the detection of produced ions prem electron collection angle 90° to the incident*i23S) or
viously by means of velocity selection of ideam?®*In  photon beam. The energy resolution of the electron energy
the case that the target system is an atom, where the interagnalyzer was estimated to be 60 meV from the full width at
tion potential is isotropic, the study of the total ionization half-maximum (fwhm) of the Ar"(?P;,) peak in the He |
cross section is sufficient, but in the case of a moleculeUPS. The transmission efficiency curve of the electron en-
where the interaction potential is anisotropic, only an averergy analyzer was determined by comparing our UPS data of
aged potential can be deduced from the collision energy desome molecules with those by Gardner and Sarfisand
pendence of total ionization cross sections. If several ioniKimura et al®>* Calibration of electron energy scale was
states form in Penning ionization of a molecule, the totalmade by reference to the lowest ionic state gfriixed with
ionization cross section is the sum of partial ionization crosshe sample molecule in He | UPSE{=5.639eV} and
sections corresponding to each ionic state. Since a giveRe* (2°3S) PIES E.=4.292 eVy>*¢including peak energy
ionic state originates from the ionization of a given MO lo- shift of 50 meV and the difference between the metastable
calized on a special part of the molecule, the collision energexcitation energy and the lowest IP.
dependence of partial Penning ionization cross sections For collision-energy-resolved measurements of Penning
(CEDPICS reflects the anisotropy of the interaction poten-ionization, the metastable B¢ 3S) beam was modulated
tial around the MO regioA*%° by a pseudorandom chopp®rotating 400 Hz, and then in-

A combined technique of electron spectroscopy and vetroduced into a reaction cell located at 504 mm downstream
locity selection of H& beam with the cross-correlation time- from the chopper disk. Two-dimensional ddtgE,.,t) of
of-flight method® enables us to observe a two-dimensionalemitted electrons from sample molecules were stored in a
(collision-energy/electron-energy-resolyeBenning ioniza- memory as functions of electron kinetic energ,( and
tion electron spectrum(2D-PIES?’ which includes both time (t). The resolution of the analyzer was lowered to 250
CEDPICS and collision-energy-resolved Penning ionizatiormeV in order to obtain higher counting rates of Penning
electron spectrdCERPIES.?® For highly anisotropic sys- electrons. Another experiment for CEDPICS of overlapping
tems, assignment of observed bands in 2D-PIES to MOs cdpands 1-4 of PBQ was performed with higher electron en-
be determined on the different trend of CEDPICS. For ex-ergy resolution modd€ca. 60 meV. The two-dimensional
ample, assignments of bands for five-memberéd and  spectrum can lead to the two-dimensional Penning ionization
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cross sectiowr(E,,E.) as functions oE, andE. (collision Ionization Potential/eV

energy normalized by the velocity distribution of the 9 10 11 12 13 14 15 16 17 18 19 20 21
He* (2 3S) beam. The velocity distribution of Pebeam was L
determined by monitoring secondary electrons emitted from
a stainless steel plate inserted in the reaction cell.

Hel UPS 7,8

I1l. CALCULATIONS

We performedab initio SCF calculations in order to ob-
tain electron density maps. The geometries of PBgnd
TMPBQ*® were selected from previous studies. For TMPBQ,
D, symmetry was assumed. In the electron density contour
maps, thick solid curves indicate the repulsive molecular sur-
face approximated by atomic spheres of van der Waals
radii.3® In schematic diagrams of molecular orbitals, circles
and ellipses were used. Solid circles indicate valence s orbit-
als, where couples of ellipses and dashed circles showed in
plane and out-of-plane components pforbitals, respec- He*(23S) PIES
tively. lonization potentials were calculated by outer valence
Green’s functiofOVGF)* method with the partial third or-
der calculation(P3 with the cc-pVDZ basis function in
GAUSSIAN 98 program?t

Interaction potentiaM(R) energy between Hd2 3S)
and the target molecule for various directions was also cal-
culated on the basis of a well-known resemblance between
He* (23S) and Li(22S); the shape of the velocity depen-
dence of the total scattering cross section of {&°S) by
He, Ar, and Kr is very similar to that of L and the location 11 10 9 8 7 6 5 4 3 2 1 0

12 11 10 9 8 7 6 5 4 3 2 1 0
Electron Energy/eV

o

of a interaction potential well and its depth are very similar Electron Energy/eV
for He*(23S) and Li(22S) with various target§3** For
atomic target$H, Li, Na, K, and Hg, quantitative estimation FIG. 1. He | UPS and He(2 °S) PIES of p-benzoquinonéPBQ.

of the well depth was summarized to be in a good agreement

with the ratio of 1.1 to 1.2 by Li model potential with respect

to He* (239) in a recent stud§? Due to these findings and

difficulties associated with calculations for excited states, th@!0ts of CEDPICS for PBQ and bands 1-4 of TMPBQ, re-
Li atom was used in place of F€2 3S) atom. We performed spectively. The electron densny. maps are shown on the mo-
interaction potential energy calculations for access ofécular plane, and those for orbitals are shown on a plane
He* (Li) to PBQ and TMPBQ. By the computational limita- at a distance of 1.7 Avan der Waals radii of Cfrom the
tion, 6-31+G* and 3-21G* basis functions were adopted Molecular plane. The CEDPICS were obtained from the two-
for PBQ and TMPBQ, respectively. The effects of electrondimensional spectrum within an appropriate rangeEqf
correlations were taken into consideration by the seconddypically the fwhm of the respective bantb avoid the ef-
order Maller—Plesset perturbation thedP2). Due to the fect of neighboring bands. In_ the F|g_. 3, values_ qf the slope
strong spin contamination effect, the restricted open shelparameter of CEDPICS estimated in the collision energy
MP2 (ROMP2 method was selected for potential energy cal-ange of 100-250 meV by a least-squares method at each

culation for the access to the=G0 group of PBQ and €lectron energy of 0.1 eV with the width of 200 meV were
TMPBQ. plotted. Shadings show band positions estimated from the

slope parameter.

Tables | and Il list the vertical ionization potentialé
IV RESULTS determined from the He | UBSand assignment of the ob-

Figure 1 shows the He | UPS and H@ 3S) PIES of served bands for PBQ and TMPBQ, respectively. The orien-
PBQ. Figure 2 shows UPS and PIES of TMPBQ for bandgation of PBQ in the coordinate system was fixed along with
1-4. The electron energy scale for PIES is shifted relative tahe z axis for C=0 groups. Calculated IP values by P3,
those for the UPS by the difference in the excitation energies2ph—TDA8 EOMIP-CCSD!? and SAC—-C}' methods are
21.22-19.821.40 eV. A satellite band at electron energy listed. The peak energy shiftAE) in PIES with respect to
around 7.2 eMIP~12.6 eVj in PIES was labele®. E, (=the difference between metastable excitation energy

Figures 3 and 4 show CERPIES of PBQ and TMPBQ,and target IP are also shown. The values of peak energy
respectively. In each figure, the low collision enefgyerage shift of some diffuse bands or shoulders were shown in pa-
ca. 90 meV spectra are shown by a solid curve, and the highrentheses. Values of the slope parametidor the logo ver-
collision energy(average ca. 250 me\épectra are shown by sus loge, plots were estimated in the collision energy range
a dashed curve. Figure 5 and 6 show thedogersus loge,  of 100—250 meV by a least-squares method. The peak posi-
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FIG. 2. He | UPS and PIES of tetramethybenzoquinonéTMPBQ) for

bands 1-4.

tions of bands 1-4 for PBQ were determined from the

change of slopen in Fig. 3.

Figure 7 shows model potential energy cur¥d®) for
the access of Li atom to PBQ or TMPBQ. The distafte
between the target molecule and Li is measured from the rin
center(X) of the molecule. The l4X—0 angle(6) for the

o He*(23S) CERPIES

Slope of CEDPICS

11,12
10

:Ec ~225 meV
:Ec ~ 90 meV

Electron Energy/eV

FIG. 3. Collision-energy-resolved PIES pfbenzoquinonéPBQ): Dashed

Penning ionization of p-benzoquinone 11065
He*(23 ERPIES = B¢ ~225 meV
© ( S) C S :E¢c ~ 90 meV
e}
Me.
Me’
e}

Electron Energy/eV

FIG. 4. Collision-energy-resolved PIES of tetrametpldenzoquinone
(TMPBQ) for bands 1-4: Dashed curve at 250 meV and solid curve at 90
meV.

out-of-plane direction was on the vertical plane to the mo-
lecular plane.

V. DISCUSSION
A. First four bands of PBQ and TMPBQ

lonic states of PB&145-54have been investigated by
photoelectron spectra as well as theoretical calculations with
a semiempiricalHAM/3)%* or ab initio MO method3™**that
take the electron correlation effect into consideration. How-
ever, there are still some discussions regarding the assign-
ment of four ionic statesng ,ng ,7cc, Teo) as mentioned
in the introduction sectioriSec. ). On the other hand, for
TMPBQ, bands 1-4 in UPS were resolved by the substitu-
tion effect with four methyl group$The suggested IP order
of the four bandsrfg < mce<ng < 7o) ®>* of TMPBQ was
consistent with the OVGF P3 calculation in this study. For
the first two ionic states of PBQ, two recent theoretical cal-
culations (EOMIP-CCSDB° and SAC/SAC-CY) and the
simulation of UPS with a vibronic coupling mod&lhave
thdicated that the IP of theg orbital is smaller than that of
the n§ orbital as suggested by the UPS study utilizing sub-
stitution effects for PBQ.In this study, we have also con-
firmed the IP order ofg bands ig<ng) by observing the
difference of negative slope of CEDPICS and the electron
density distributions corresponding with these bands.

Since H& atoms at smaller collision energies can be
attracted to the region that the MO extenddO region
more effectively than Heatoms at higher collision energies,
negative CEDPICS indicates attractive interacttor&?®
around the MO region. In the case of atomic targets, if the
long-range attractive part of the interaction potent&R)
has a function form

V(R)=R™S, (1)
the ionization cross sectiom(E.) is representéd?’ by
o(Eo)=E; *°. 2)

curve at 250 meV and solid curve at 90 meV. Plot of slope parameter ofON the contrary, for repulsive interactions, lllenberger and

CEDPICS for bands 1-4 at each electron energy with width of 200 meV isNiehaug® showed thair(E,) can be expressed as
inserted. Band position estimated from the change of slope parameter was

shown by shadings.

a(Eo)=[In(B/Eg)]X(E./B) ™)™, ()
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0] o

+ He*(238) ﬁ +He*(2°S)

) .

§ 9bu(no™) E
S 4 ]
10"M'

10 100 1000
Collision Energy/ meV

Cross Section/ arb. units

FIG. 6. Collision energy dependence of partial ionization cross sections of
tetramethylp-benzoquinong TMPBQ) collided with He (2 3S) for bands
1-4.

HOMO.5*%€ The value ofb is, therefore, common for all
ionic states of a given molecule M and can be expressed as

b=2[21(M)]¥? (6)

where [ (M) is the lowest IP. Positive slope of CEDPICS
shows that H& atoms at higher collision energies can access
the inner reactive region against the repulsive wall with the
effective hardness[ =b/(m-+1/2)].%° If the corresponding
MO extends in both repulsive and attractive interaction re-
gions, then the slope value of the positive or negative
CEDPICS shows the extent of deflection of *Hatoms by
repulsive and attractive interactions. The negative slope of
CEDPICS for band 1 ri=-0.21) and band 2 n
=-0.35) can be ascribed to the attractive interactions
around the O atoms. Further, the smaller negative slope of
band 1 compared with band 2 is thought to be due to the
. ; repulsive interaction around thecy, bonds of the 434 or-
10 100 1000 bital region. The interaction potential calculations showed
Collision Energy/ meV attractive wells larger than 250 meV for access of Li to the
. o _ C=0 group and repulsive interaction around thg, bonds

FIG. 5. qul|5|on energy erenqence of partial ionization cross sections O{Fig. 7). It should be noted that attractive interactions were
p-benzoquinonéPBQ) collided with He (2 3S).

found around the €-O group for HCHO and CKHCHCHO

(Ref. 57 or (NH,),C=0 (Ref. 58 by 2D-PIES. For band

1 (ng) and band 3 1f5) of TMPBQ, smaller negative
based on the assumption of the simple forms for the interac€EDPICS were also observed for ionization frog orbital
tion potential V(R) and the transition probabilityV(R) in (m=—0.06) than that fong orbital (m=—0.32).

Cross Section/ arb. units

the simple theoretical model, Peak energy shifts in PIES with respectEg derived
from IPs and the excitation energy of H& ®S) can be re-
V(R)xBexp —dR 4 .
(R)=B exp( ) @ lated to the energy difference between the entrance (M
and +He*(23S)) and exit channels (M+He) by a two curve

) model®® When interactions for the exit channels are assumed
to be very weak, large negative peak energy shifts for bands
The asymptotic decay of every Hartree—Fock orbital wasl and 2 of PBQ indicate that the transition occurs in the
probed to be the same except for the Be atom and thentrance channel of the attractive interaction area.
asymptotic value of the orbital exponent was shown to be As for band 3 and band 4 of PBQ in PIES, the positive
equal to - 2eqomo) % Whereepomo is the orbital energy of CEDPICS was observed for band #1€0.14), while a

W(R)xC exp(—bR).
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TABLE I. Band assignments, ionization potenti{fit/eV), peak energy shiftAE/meV), and Slope parametém, see textfor p-benzoquinonéPBQ).

IPps/eV [N Y IPspc_ctleV
Band IRypsa/€V Orbital (pole strength (pole strength (intensity IPeomip_coso/eV AE/meV m

1 10.05 4bsg (no) 10.07(0.89 10.18(0.82¢ 9.57(0.899 10.05+0.10 —170+100 —0.219

2 10.23 5by, (NS) 10.14(0.87) 10.71(0.81)¢ 9.91(0.893 10.30+0.10 —400+100 -0.3%

3 10.97 1byq (7c0) 11.06(0.90 10.89(0.90¢ 10.910.949 11.05+0.20 —50+150 0.14

4 10.97 2bg, (70 10.80(0.88 10.75(0.85¢ 10.660.93) 11.15+0.10 —450+100 -0.23

S (12.6° b 13.68(0.82 13.02(0.37) 13.590.849 -0.25

5 13.4 D34 (Ngy) 13.80(0.87 13.91(0.59 13.500.909) (—130+200 —0.24

6 14.42 &g (0co) 14.37(0.89 14.49(0.84 14.020.913 —250+150 -0.27
7.8 14.95 1bg, (7o) 14.87(0.84) 14.80(0.63 14.770.872 (—200+200) -0.29

7b1y (oco) 15.16(0.88 15.16(0.76 14.630.90) (—200=200)

9 15.59 by, (ocp) 15.75(0.87 15.75(0.85 15.550.907) (—70x200) -0.28
10 16.45 ®,, (0co) 16.34(0.89 16.42(0.80 16.260.907 (—130+150 —-0.30
11 16.7 g, (0co) 16.93(0.86 16.99(0.75 16.730.887) (0200 -0.33
12 16.9 3, (o) 16.98(0.89H 17.71(0.54 16.810.875 (0200

*Estimated from PIES.

PAccording to 2ph—TDA calculatiofiRef. 8, assignment can be written abz) + 2b3,”2b3,.
‘Reference 8. IP values with pole strength more than 0.35 are listed.

9P values by Davidson diagonalization in Ref. 8 were listed.

‘Reference 11.

'Best theoretical estimate values by authors of Ref. 10.

90bserved in a higher electron energy resolution mock. 60 meV.

negative slope was obtained for band wh=f—0.23) as Lito PBQ in the angle#=30°. The deep attractive well was
shown in the inserted plot of CEDPICS in Fig. 3 when ob-calculated forR=3—-4 A, which is located around the oxy-
served in a higher electron energy resolution mode. Since thgen atom. This strong attraction is due to the short-range
IP order ofng<ng<mée<mcc did not reproduce the ob- orbital interaction between the’type lowest unoccupied
served vibrational structure for bands 3 and 4 in the highioO (LUMO) and the D orbital of Li. The negative slope of
resolution UPS} it was finally concluded that the twar  CEDPICS for them{.(2bs,) orbital (m=—0.23), there-

states were nearly degenerate around 11 eV of IR.the  fore, can be ascribed to the electron density around the oxy-
case of PIES, the larger negative peak energy shift of band éen atoms.

(—450+100 mg\b com.pared with that of bgnd(3—50i150 In the case of TMPBQ, the slope of CEDPICS fog.
meV) made it possible to observe different slope of oy, (band 2m=—0.23) is larger than that far . orbital

CEDPICS for band 3 and 4 in PIES. Assumlng nearly degen and 4,m=—0.31) as observed for PBQ in ionization from
erater states, one can expect negative CEDPICS for band the mo. orbital (M=0.14) and themi. orbital (m=
rather than band 3 because of the attractive interactions in the - - C¢ ' mec

entrance channel resulting in the negative peak shift. al._ 0-23). This trend can be ascribed to the attractive interac-

though electron densities of the twoorbitals are commonly tion ground the €O groups of TMPBQ+and the electron
distributed either above or below carbon atoms of the bendensity around the £0O groups for themce MO. The at-
zenoid ring, the electron density of’.(2bs,) orbital dis- tractive potential well around the=€0O groups was calcu-
tribute not only around the carbon atoms but also around thi&ted to be smaller for TMPBQ-1.1 V) than that for PBQ
oxygen atoms, which can be related to the attractive interad—1.5 V). This difference can be explained by the larger
tion and large negative slope for bandm+ —0.23). Model ~ Orbital energy of ther*-type LUMO in TMPBQ(0.025 a.u.
potential calculation§Fig. 7) show repulsive potential curve by the SCF calculatiorthrough methyl substitution than that
for the access to the center of the ring in the vertical direcin PBQ (0.008 a.u. and also by the small efficiency of the
tion, which is consistent with the positive CEDPICS of bandorbital interaction between LUMO of TMPBQ and the Lp2

3 (m=0.14) for ionization from therc:(1b,g) orbital. On  orbital.

the other hand, strong attraction of more than 1000 meV was Some differences observed on comparing the PIES of
calculated for the out-of-plane direction of PBQ for access offMPBQ and PBQ are as follows:

TABLE Il. Band assignments, ionization potenti&P/eV), peak energy shiftAE/meV), and Slope parameter
(m, see text of observed bands 1-4 for tetrametlpybenzoquinoné TMPBQ).

IPps/eV
Band IRypsa/eV (pole strength Orbital AE/meV m
1 9.21 9.42(0.88 9by (No) —80*+100 —0.06
2 9.44 9.52(0.90 138, (e —30+150 -0.23
3 9.73 9.81(0.86 9b, (nd) —50+200 -0.32
4 9.97 9.88(0.88 10b, (7&Q) —100*+100 —0.31
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800 . T T T B. Assignment of bands Sand5

Weak band structures were reported in UPS around 13
eV in IP8 In this study, an extra ban@band in PIES at ca.
7.2 eV in electron energgca. 12.6 eV in IP showed nega-
tive CEDPICS. Since this band was not sharp, it could not
have originated from KD. Another possible compound is
hydroquinone (gH4(OH),), which can be obtained from
reduction of PBQ. The UPS or PIES of hydroquinone should
show 7 bands of the benzene ring in low IP regi®70 eV
in the case of phend), though we did not observe such an
extra band.

Calculated IP values for théBzg state with pole
strengths in parentheses are 13.02 (6\87) and 14.96 eV
—or ] (0.32 according to the 2ph—TDA meth§d13.59 eV(0.84)
according to the SAC/SAC—-CI theotyand 13.68 e\(0.82
-600 [ 7 according to the OVGF P3 method in this study. Two theo-
retical calculations performed by the 2ph—THAnd the
-800 . L e SAC/SAC-CI theor}* suggested that th%Bzg state corre-

o sponds to a mixed configuration of ionization from the
1byy (7o) MO and ionization from the B, (m¢0) MO
FIG. 7. quel potential energy curv&4R) for the.access of Hg2 39) to with  7(2bg,)—7* (2b29) shake-up process b;gl
p-benzoquinongPBQ) and tetramethyp-benzoquinond TMPBQ) for the 21 . .
in-plane direction to the CH bon@) and out-of-plane directions vertical to + 2b3u 2b29 by an usual expressmm\Nhen we aSSIgned the
the molecular plane with the angle of Li-X-0; 6=0° (AA), 6=30° S band to theZBzg state, the negative CEDPICS for band
(0@), and#=90° (VY), whereR s the distance from the ring centex) of S(m=—0.25) may be explained by the attractive interaction
PBQ or TMPBQ. around the €=O groups in ionization from the by (7o)
and 23, (m¢o) MOs. It should be noted that thebg, MO
also extends around the=G0 groups and shows similar
negative slope of CEDPICS for band € —0.23). It is
(1) PIES intensity of bands 3-4n{ ,7¢o) is larger than known that shake-up states have a tendency to be enhanced
that for bands 1 and 2ng , 7o) in TMPBQ, while the in PIES rather than UPS and that the slope of CEDPICS for
intensity of bands 1 and I ,nJ) is larger than that of the shake-up state reflects the character of the orbital from
bands 3 and 4+cc,m&0) for PBQ. The in-phase exten- which the electron ejected?®
sion ofn§ and 7 MOs around the molecule is favor- Another possible ionization process for teband in
able for Penning ionization for TMPBQ. On the other PIES is an electron exchange process from th@ibital of
hand, attractive interactions and orbital extension aroundie* to #*-type LUMO (2bzg)11 of PBQ and from the
the C=0 groups are effective for the ionization prob- HOMO (4bg4,ng) of PBQ to the & orbital of He", fol-
ability of PBQ with He". lowed by autoionization from the HOMO of PBQ. In this
(2) The slopes of CEDPICS for band hg,m=—0.06) case, the final ionic state is aldB,4 (4b3;2b3,) state, and
and band 3.(15 ,m=—0.32) of TMPBQ show quite dif- the electron emitted from the HOMO should lose kinetic
ferent trends, while the slopes of CEDPICS for band 1energy being consistent with—7* excitation (2.49 e\).*°

(ng ,m=—0.21) and band 2r(5 ,m=-0.35) of PBQ The estimated electron energy is ca. 7.28(e\19.82-10.05

show a similar negative trend. This difference also can—2.49, which corresponds to the IP value of 12.54 eV. The

be ascribed to the steric effect by methyl groups ofslope of CEDPICS for th&band (n= —0.25) also shows a

TMPBQ; accessibility of H& atoms in smaller collision Vvalue similar to the slope of CEDPICS fag MO (band 1,

energies to thag orbital region of TMPBQ is thought m=—0.21).

to be reduced due to the repulsive interaction around For band 5, negative CEDPICS was obtained with a
methyl groups. slope value oim= —0.24. The IP value of 13.50 eV calcu-

lated by SAC/SAC—CI theoly is in good agreement with

To summarize, assignment of bands 1-4 in PIES of PBQhe observed IP valu@ 3.4 e\j, while the IP values by using
is in the ordeng <nj<wcc<m¢c, which is the same order Green’s function metho@13.80 eV by OVGF P3 and 13.91
that was theoretically estimated based on EOMIP—CCS[2V by 2ph—TDA metho® are relatively large for ionization
calculation and large triple excitation contributiBhAssum-  from 3bgg(Ng) MO. Since the electron densities of
ing nearly degeneratecc states as concluded by Stanton 3bgy (ng) MO and 434 (ng) MO are distributed in similar
et al,'° large negative peak energy shift for ionization from regions around the oxygen atoms, the negative CEDPICS of
the 7. orbital enables us to observe negative CEDPICS foband 1 (d3g,m=—0.21) is thought to agree with that of
band 4 in PIES due to the attractive interaction arousd@ band 5 (h=—0.24). The slope of CEDPICS for band 5
groups where ther’. orbital extends. (ng;,m=-0.24) is less negative than that for band 2

SN

V(R)/meV
T T
1
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(n ,m=—0.35) because of the repulsive interaction aroundCEDPICS for the twomcc bands. The positive CEDPICS

the oy bonds for the 84 (ng) MO. observed for band 3 can be ascribed to the repulsive interac-
tion in vertical directions to the benzenoid ring around the
C. Bands 6-8 and 9—-12 of PBQ ¢ orbital region. On the other hand, negative slope of

. CEDPICS for band 4 can be ascribed to strong attractive

Negative slope values of CEDF.)IC.S fror(.2 to __0'3 interaction around the CO groups in the out-of-plane direc-
were observed for bands 6-8. lonization frargo orbitals 4 ng \yhere ther . orbital has electron density. Different
(8ag and 7,,) was calculated for band 6 and band 8 by theCEDPICS for twomee bands of TMPBQ supported the as-

P3 calculation, while band 7 was assignedgg(1bs,) - - T :
signing of and bands in PIES of PBQ to bands 3
orbital that extended in the out-of-plane directions. In the ging o mec 7ce Q

. and 4, respectively.
case of other carbonyl compourtis®®! large negative P y

. An extra bandSwas observed in PIES at 12.6 eV in IP,
CEDPICS with a slope value of ca:0.4 were observed for which was not distinctly observed in UPS. Therefore, b&nd

oco bands. Nevertheless, the negative dependence of OVEL: 1 be ascribed to the followin o .

. : . g procesa: mixed configu-
lapping bands 6 and 7, 8 of PE’Q is relatively S”.“(a“‘?-” ration for direct ionization from b,y (7co) MO and 7 ion-
and —0.29, which can be ascribed to the repulsive interac-; . accompanied by—=* shake-up process db) the
t|o+n in the ou_t—of-plane direction in ionization from the electron exchange from thesrbital of He* to the LUMO
WCO(.lbsru) orbital that extends around the center of the ben—of PBQ and from the HOMO of PBQ to theslorbital of
zenoid ring. He*, followed by autoionization from the HOMO of PBQ.

Bands 9_12. were caIcuIatgd to ionization fremorbit- Negative CEDPICS for banfican be expected in both cases
als. The 4, orbital corresponding to band 9 extends around(a) and (b)

ocy bonds where the interaction potential is repulsive. The
intensity of band 9 in PIES is relatively small compared with
UPS. The small ionization probability from theév4, orbital ~ACKNOWLEDGMENT
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