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Theoretical fine spectroscopy has been performed for the valence ionization spectra of furan,
pyrrole, and thiophene with the symmetry-adapted-cluster configuration-interaction general-
method. The present method described that #hestate interacts with ther;?s", m,%#", and
775177';177* shake-up states providing the split peaks and the outer-valence satellites, both of which
are in agreement with the experiments. The intensity distributions were analyzed in detail for the
inner-valence region. In particular, for furan, theoretical intensities were successfully compared with
the intensity measured by the electron momentum spectroscopy. The interactionsinf ainel 38,

states with the shake-up states were remarkable for furan and pyrrole, whildthstade of
thiophene had relatively large intensity. 005 American Institute of Physics

[DOI: 10.1063/1.1929730

I. INTRODUCTION widely studied both theoretically and experimentally, since
these systems are fundamental units in various important
Chemistry involving the excited and ionized statesbiological systems. On the theoretical side, pioneering theo-
shows a rich variety of phenomena that are both characterisetical spectroscopy for the molecules was performed by the
tic and interesting. These phenomena can be understo®AC-Cl method and was followed by many theoretical
with the precise knowledge of the electronic structureworks®® In our previous works/® accurate excitation
of molecules, and therefore, accurate theoretical descrigspectra of the molecules were calculated with the sufficiently
tion of these states has been an important andlexible basis sets of valence and Rydberg functions; the de-
challenging subject. The symmetry-adapted-cldst8AC)  tailed assignments were proposed for the ultravioldV)
symmetry-adapted-cluster configuration-interactiofSAC-  and vacuum ultravioletVUV) regions up to ionization
Cl) method has been well established as a useful quantunthreshold. We are aiming at the consistent interpretations of
chemical metholifor studying molecular ground, excited, the electronic spectra of these molecules and therefore, we
ionized, and electron-attached states and has been succesgpand application of theoretical fine spectroscopy into the
fully applied to wide varieties of chemistry. As one of the valence ionization spectra.
extensive applications, we have been exploiting theoretical ~Experimentally, several methdds?’ have been em-
fine spectroscopy with the SAC-CI method. ployed for the study of the valence ionization spectra of the
The excitation and ionization spectra of five-memberedmolecules at issue. lonization spectra for the outer-valence
ring molecules, furan, pyrrole, and thiophene, have beemegion of the molecules were measured byiHad Hel
photoelectron  spectroscopy(PES,**???" followed by

AElectronic mail: ehara@sbehem kyoto-u.ac.jp synchrotron-radiation PESSRPES measuremefit that cov-
PElectronic mail: hiroshi@sbchem.kyoto-u.ac.jp ered the inner-valence region up to about 40 eV. Very re-
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cently, high-energy-resolution SRPES sttitlwas reported, and 110 for furan, pyrrole, and thiophene, respectively. Ge-
providing band assignments with the help of the Green'sometries of these molecules were due to the experimental
function calculations. Penning ionization electron spectrosenes?”
copy (PIES is another means to measure high-energy- The SAC-CI generaR calculations were performed for
resolution ionization spectra and was applied to outerthe vertical ionization spectra. The @rbitals of C, N, and O
valence region of furan and pyrrole for which experimentaland Is, 2s, and 2 orbitals of S were taken as the core mo-
band assignments were made by taking advantage d&€cular orbitals(MOs) and were excluded from the active
collision-energy dependence of the cross sectioBinary space. The resultant SAC-CI active spaces were 13 occupied
(e,2e) spectroscopy or electron momentum spectroscopyand 89 unoccupied MOs for furan, 13 occupied and 92 un-
(EMS) is also known as a powerful tool for the study of the occupied MOs for pyrrole, 13 occupied and 88 unoccupied
valence ionization spectra. Although the energy resolutioMOs for thiophene. Most of the shake-up states were found
obtainable is not satisfactory compared with those of PESo be dominantly described by two-electron processes, and
and PIES, the unique ability of EMS to experimentally de-therefore thek operators were included up to triples. In order
termine symmetries and monopole intensities for individualto reduce the computational effort, perturbation selection was
transitions was applied to furdinand pyrrole® carried out in the perturbative wéyrhe LevelOne accuracy

In spite of the abundance of the experimental studiesin GAussiANO03 (Ref. 8 was adopted as follows. Since large
however, there is still the subject of controversy, in particu-numbers of ionized states were calculated, sufficient opera-
lar, concerning the band position of the outer-valenge tors were selected with this level of accuracy. The threshold
orbital. There are two reasons behind this. Firstly, the of the linked terms for the ground state was set\{g-1
band has not been energetically resolved from the adjacent 107°. The unlinked terms were described as the products of
bands even in the high-energy-resolution ionization spectrahe important linked terms whose SDCI coefficients were
Secondly, although a number of theoreticallarger than 0.005. For ionized state, the thresholds of the
calculation& %2 34were made, the theoretical band assign-linked doubles and triples were set tq=1x10"° and
ments have been diverse. Furthermore, for the inner-valenoe,=5x 10°%, respectively. The thresholds of the CI coeffi-
region there have been no theoretical calculations that shogients for calculating the unlinked operators in the SAC-CI
a fair agreement with the experimental ionization spectramethod were 0.1 and 0.0 for tieand S operators, respec-
Clearly, accurate theoretical study by the more advancetvely.
method with sufficient basis set would be required for the  The ionization cross sections were calculated using the
clarification of the valence ionization spectra of the mol-monopole approximatié‘ﬁ’“to estimate the relative intensi-
ecules. ties of the peaks. For the calculations of monopole intensi-

Recently, we have systematically applied the SAC-Clties, the correlated SAC/SAC-CI wave functions were used
generalR method®® to the valence ionization spectta®®  for the ground and ionized states to include both the initial-
For ordinary single electron ionization processes, thestate correlation and final-ionic-state correlation. The
SAC-CI singles and doublg$SD)-R method is reliable, but generalR spectra were convoluted with Gaussian envelope
for multiple-electron processes involved in the shake-up satfor describing the Franck—Condon widths and the resolution
ellites, the generaR method has been shown to be a power-of spectrometer; the full width at half maximu@@WHM) of
ful tool. In the present work, we investigate the valence ion-Gaussian was adopted as 0@8eV).
ization spectra of furan, pyrrole, and thiophene for the = The SAC/SAC-CI calculations were executed using the
accurate assignments of the main and satellite peaks. WRAC-CI program system, which has been incorporated into
compare our results with the experimental spectra byhe recently distributedAussiANO3 suite of programg.
SRPES??EMS** and PIES+He PES® The results of
the critical analysis of the intensity distributions in the inner-;;; |oNIZATION SPECTRUM OF FURAN

valence region are directly compared with those by EMS.
First, we discuss the valence ionization spectrum of fu-

ran. The valence electronic orbital sequence of furan is given
by
Il. COMPUTATIONAL DETAILS (corg(4ay)(5a;)(3b,)(4by)(6a1)(7a1)(1by) (5b,)(6by)
The basis sets were selected as flexible to describe the < (620)(920)(2b)(127),
electron correlations of the valence ionized states; the vawhere the ionizations from thea4, 5a;, and 3, orbitals
lence triple zeta of Schafet al** was used, namely5s3p] appear in the inner-valence region. The gen&aalcula-
Gaussian-type orbital&sTO9 augmented witld-type polar-  tions were performed to simulate the spectrum up to about
ization function of{4=0.75, 0.80, and 0.85 for C, N, and O, 36 eV; for this purpose, 170, 5, 20, and 80 solutions were
respectively[5s4p] GTOs plusd-type polarization function solved forA;, A,, B;, andB, symmetries, respectively, since
of £4=0.421 for S atom, anf3s] for H atom. The effect of the peak intensities a&; andB, symmetries were distributed
Rydberg functions on the theoretical spectra was small witlup to high-energy region. In Fig. 1, the calculated spectrum
the preliminary calculations; the convoluted spectra were alwas compared with the SRPERef. 29 and EMS(Ref. 3]
most unchanged, therefore, they were not included. The respectra in both the outer- and inner-valence regions. Table |
sultant self-consistent-fieildCP dimensions were 107, 110, summarizes the ionization potentidgl®s), monopole inten-
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(a) SRPES

small?® This situation shows that the accurate calculation is

necessary for the reliable assignments in this energy region.
o In the present calculation, thé{ 7r;) state dominantly splits

i\ /7 g into two peaks by the interaction with the two-electron pro-

cess, h,(m3)723b,(7'); they were calculated at 14.03 and

a 15.84 eV with the intensities of 0.26 and 0.45, respectively.

SRR This agrees with the EMS experimé&htvhere two peaks

1 RS Y i - were suggested at 13.6 and 15.6 eV with the equal intensity.

- VoW Ty Thus, the ordering in this region was calculated to be

Relative intensity

9a1 < 831, 1b1(771) < 6b2 < 5b2 < 1b1(7T1) .

] » n Other B, shake-up states were also obtained with
5 i small intensities in the region of 18-20eV; these
states were characterized asb,@r,)?3b, (7)) and
j ¢ [ 2b,(m,) 12a,(7") 1lay(m;) ! states.
,;,i s f: 5 + In the higher-energy region of 17.5-22.5 eV, two peaks
: g’gw g were observed by the SRPES stddyyhich correspond to
the ionizations from the &, 6a,, and 4, orbitals. In Fig. 2,
————r e - ‘ for analyzing the spectrum, the intensity contributions from
T T (;) SACCT the 7a,;, 6a,, 5a,, 4b,, and 3, orbitals were shown for the
] L energy region of 16—32 eV. Theay state was calculated to
be single peak at 17.77 eV, while the;6and %, states split
g into two peaks with small energy separation due to the inter-
I
t L
o ‘ l
o —1 11
5 10 1

Relative intensity

action with the &,%12a, and ;'12a,1a," states, respec-

tively. These states were calculated at 18.40 and 18.69 eV

a and 19.37 and 19.46 eV, which agree well with the experi-
mental values of 18.8 and 19.7 éVrespectively.

Some shake-up states were also obtained in the higher-

Monopole intensity
1

V

' 2'0 2‘; 3‘0 3‘5 0 energy region of the &, peak; their intensities originate
mostly in the 4, orbital. These states are dominantly de-
scribed by ®,'2a,1a," and 2;10a,1a5". In the EMS work,

FIG. 1. Valence ionization spectra of furan k) SRPES(Ref. 29, (b)  the observede, 2e) cross sections were analyzed in terms of

EMS (Ref. 33, and(c) SAC-CI generaR method. monopole intensity not only for the main peaks but also for

the satellite peaks. According to the EMS analysis, the inten-

sities, and the dominant configurations calculated by th&!ty Of the satellite at 21.9 eV was attributed to th®,47a,,
generalR method. Experimental IPs by He PES!9-30 and 3, orbitals, whose contributions were evaluated as 0.25,

SRPES?® and EMS(Ref. 31 were also given with the EMs 0-10, and 0.10, respectivel}.In the present calculations,
intensities’! Note that we gave the values only for the ion- dominant contributions were due to thb,4orbital with the

ized states whose intensity is larger than 0.025 and that theﬁgtal t'ﬂtegds |tyhofk 0.17 ?rld ottge(z)r gjma\‘lll c_(:r:lttrr:bu_tltt)ns _\f{veri
are many other states with small intensity. rom the /a, shake-up state at 20,51 eV wi € intensity 0

As noted in the Introduction, different assignments origi-o'04 and from the 3; state at 21.57 eV with the intensity of

nating in the position of theld,(,) state were proposed for 0.03.

) . . In the inner-valence region, the breakdown of the orbital
the outer-valence region. First two peaks were unammousl}gicture is prominent and the intensities due to tie 8nd
assigned to the d(m3) and 2,(m,) states. For the next P

eak, a cluster of adjacent electronic states exists and t5611 orbitals distribute ‘among many shake-up states, as
peax, ) Shown in Figs. 1 and 2. The satellite peak observed at

following three types of the assignments were proposed: 23.1 eV with the intensity of 0.48b,)+0.106a,) (Ref. 31

5
Binding Energy (eV)

() 9a;<8a;<6hb,<5b,<1b;(my), was mainly attributed to the shake-up state®.06ymmetry
(1) 9a; <8a; < 6b,< 1b;(7r;) <5b,, calculated at 22.93, 23.52, and 23.89 eV with the total inten-
(1) 9a; < 1by(m;) <8a; < 6b,<5b,<1b;(my). sity of 0.28. In the energy region of the peak at 24.6 eV, the

shake-up states of different symmetry were calculated at
The ordering | was obtained by the outer-valence Green's24.76 and 24.9Bb,) and 24.75, 24.99, and 25.53 @&4;),
function (OVGF) calculatiori® and the PIES stuo‘i?. The  whose total intensities were 0.18 and 0.27, respectively; this
previous SAC-CI studyand the multireference single and agrees with the EMS assignment and the estimated EMS
double (MRD)-CI calculation gave the ordering I, while intensities were 0.18b,) and 0.285a,). The satellites ob-
the EMS experimeﬁ’[ suggested the ordering Ill, in which served at 26.2 eV were characterized as thgénd 3, by
the 1b,(7,) state splits into two peaks. Recent algebraic dia-EMS and their intensities were evaluated as 0.20 and 0.25,
grammactic construction AD@) calculation also gave split respectively’ In the present calculation, dominant contribu-
peaks, though the intensity of the lower state was veryion was due to the & calculated at 25.95—-27.61 eV with
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TABLE I. lonization potentialIPs) (in eV), monopole intensitiefin parenthesis and main configurations of the outer- and inner-valence ionized states of
furan. lonized states whose intensity is larger than 0.025 are shown.

Expt. SAC-CI generaR

State Hel PES Hel PES SRPES$ EmMS IP (Intensity) Main configuration(|C|=0.4)®
la, 8.78 9.11 9.0 9.00.95 8.83(0.92 0.931a;Y
2b, 10.38 10.48 10.4 10.00.90 10.10(0.87 0.91(2b7Y
%, 12.94 13.10 13.0 13.0~1) 12.94(0.86) 0.879a;Y
8a, 13.84 13.74 13.6 13.6~1) 13.73(0.86) 0.878a;Y
6b, 14.47 14.46 14.2 14.6~1) 14.21(0.87 0.906b,%)
5b, 15.20 15.18 15.2 15.2~1) 15.21(0.86 0.90(5b,%)
b, 13.6(0.50 14.03(0.26 0.50(1b;%) +0.721a;%3b,)

(15.2 15.44 15.6 15.60.50 15.84(0.45 0.66(1b;%) -0.491a,%3b,)

17.97(0.10 0.70(2b;'2a,1a;%) +0.482b;%30,)
19.28(0.03 0.90(1a,%2a,2b;%) +0.51(2b; 2a,1a,h)
20.32(0.09 0.66(2b;23b,) - 0.442b; 2a,1a5Y)

7a, 17.77 17.49 17.5 17.5 17.77(0.79  0.847a;}
(0.75+0.2%
21.9(0.10 20.91(0.04 0.472b;*3b,9a;%) - 0.441a,2a,9a; %)
+041(1a,"3b,6b,%)

23.15(0.03 0.771a,"3b,5b,%)
24.13(0.05 0.41(2b;*3b,8a;%)

6a, 18.68 18.7 18.8 18.4(0.3)  0.546a;")
(0.75+0.10 18.69(0.33 0.556a;%) +0.51(1a,%12a,)
19.7(0.05 19.60(0.06 0.651a,%10a,)
23.1(0.10 23.15(0.03 0.771a,"3b,5b,")

23.70(0.03 0.471a,"2a,9a; %)
23.78(0.03 0.482b;%*13a,)

4b, 19.8 19.7(0.65 19.37(0.24 0.474b,% +0.372b; 128, 1a,%)
19.46(0.34 0.574b,%) - 0.322b; 123, 143"
20.72(0.04 0.596b'2a,1a;%) +0.4460,30,2b;%)
20.79(0.09 0.486b,"2a,1a,%)

21.9 21.9(0.25 21.63(0.049 0.551a,%10a,2b; %) +0.472b; 108, 18,%)
3b, 21.9(0.10 21.57(0.03 0.50(1a,"3b,8a;")
22.93(0.05 0.462b;*3b,5b,%)
23.1 23.1(0.29 23.52(0.12 0.353b3") +0.3711a,?10b,)

23.89(0.11) 0.34(3b,%) +0.388a;2a,2b; Y)
24.76(0.04 0.542b;3b,6b,%) +0.451a,2a,6b5")

24.6 24.6(0.10 24.91(0.19 0.373b,%) +0.41(2b; *2a,9a; %)
24.45(0.03 0.50(2b;%7b,)
26.2 26.2(0.25 25.63(0.03 0.5012b;%8b,)
25.93(0.04 0.661a,"2a,5b,%)
Sa, 24.6 24.6(0.25 24.75(0.07) 0.522b;*2a,6b,%)

24.99(0.03 0.584b*3b,1a,%)

25.53(0.17) 0.405a;) - 0.41(2b; *3b,6a; )
+0.416a;'3b,2b;%)

25.95(0.05 0.552b;2a,5b;,")

26.2 26.2(0.20 26.23(0.03 0.441b;7b,1a5Y)
26.46(0.05 0.357a;*2a,1a,%)
26.69(0.03 0.61(2b;%14a,)
27.61(0.049 0.392b;*12b,1a,%

29.7 29.7(0.30 30.80(0.03 0.6812b;*4b,8a;")
4a, 33.5 33.52(0.03 —
34.52(0.03 —
*Reference 19.
PReference 30.
‘Reference 28.
“Reference 31.
®Main configurations with the coefficients ¢€|=0.4 are shown; “—" means there are no main configurations.
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Binding Energy (eV) FIG. 3. Intensity contributions from tha, andb, orbitals for the satellites
of furan; comparison between tli@ EMS (Ref. 3) and(b) SAC-CI.

FIG. 2. MO contributions to monopole intensities in the energy region of

16-32 eV for furan. the experimental IPs by HEPES+PIES® Henl PES? and

EMS:* the experimental values were reported only in the
the total intensity of 0.20 and the shake-up states of the 3 outer-valence region.
component were also obtained at 25.45, 25.63, and 25.93 eV Different assignments have also been proposed for the
with the total intensity of 0.1. In the energy region of the outer-valence region of pyrrole. First two peaks observed at
peak observed at 29.7 eV, many satellites with small inten8.28 and 9.26 eV by HePES(Ref. 30 were assigned to the
sities, most of which were not given in Table |, were calcu-1a, and D, states. For the next two peaks in the region of
lated. Many shake-up states whose intensities originate in th&2.5-15.0 eV, four different assignments exist with respect
4a, orbital were also obtained in the energy region aroundo the 1b,(m;) states; the controversy is reminiscent of that
33.5 eV; this peak is located higher in energy than those ofor furan. The OVGF(Ref. 34 and the previous SAC-CI
pyrrole and thiophene. SD-R calculation$ gave the assignment of

In Fig. 3, the intensity contributions from they or b,

component are compared between the SAC-CI and EMS. In (1) 92, < 6b, < 1b; < 5b, < 82,
the low-energy region of the satellite spectrum, thecom-  while the MRD-CI calculatioft predicted different sequence
ponent is dominant, while thie, contribution is large in the as
high-energy region. Note that the EMS intensities involve
contributions from the shake-off processes that produce the (1) 16y < 9a, < 6b, < 5by < 8a;.
doubly ionized molecular ion. Nevertheless, one can sedhe Hel PES+PIES stuoﬂ? suggested different ordering,
from the figure that the SAC-CI _and EMS resul_ts are consis- (1) 9a; < 1b, < 6b, < 5h, < 8a,,
tent with each other in the details of the satellite structure.

and the sequence,

(IV) 1b; < 9a; < 6b, < 1b; < 5b, < 8a,

IV. IONIZATION SPECTRUM OF PYRROLE was proposed by the EMS experiméft.
The present gener&-method calculated the main lines

Next, outer- and inner-valence ionization spectra of pyr-at 12.619a;), 12.741b;), 13.356b,), 14.495b,), and
role are discussed. The SAC-CI spectrum was calculated up4.578a,) eV in comparison with the HePES value¥ of
to about 32 eV. Figure 4 compares the theoretical spectrurh2.74, 12.94, 13.48, 14.29, and 14.76 eV, respectively. The
with the SRPESRef. 29 and EMS(Ref. 32 spectra. More  shake-up state described bw,i3b, was also obtained at
detailed intensity contributions in the energy region 0f14.70 eV with the intensity of 0.19; this state should corre-
16-32 eV were shown in Fig. 5. Table Il summarizes thespond to the satellite observed at 13.8 eV by EMS with the
results of the SAC-CI gener&-method in comparison with intensity of 0.20°2 Though the agreement of the IP was not
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FIG. 4. Valence ionization spectra of pyrrole tg) SRPES(Ref. 29, (b) P 1 SY y Y EL 1

-2
EMS (Ref. 32, and(c) SAC-CI generaR method. 2b;"nay. . . . L
In the inner-valence region, the peak split of the ioniza-

) . . ) tion from the &, and 3, orbitals is remarkable like in furan.
satisfactory for this satellite, the present calculation suptpe present calculation reproduces the peak positions and
ported the picture of the sp!itting of thebjlstates. The peak e shape of the peaks in good agreement with SRIRES
at about~12.5 eV was atributed to thebi state by EMS  59) and EMS™ The detailed experimental analysis of this
(Ref. 333%”d SRPES] while it was assigned to theadstate  gnergy region has not been reported, however, two split clus-
by PIES: The present calculation gave the ordering in theyo g of the peaks were observed in SRPESs cited in Fig.
energy region of 12.5-15.0 eV as 4. In the present calculation, the peaks in the lower-energy

9a,,1b, < 6b, < 1b, < 5b, < 8a,, si_de were attributed to .thebg component and those in the

higher energy were attributed to the components of both 3

though the energy separation between 8nd b, is again  and 5, as shown in Fig. 5. This energy region is an inter-
very close like in furan. The AD@) calculatiori® gave the  esting target for the detailed experimental study. In the en-
different ordering of the & and b, states; this difference ergy region of~30 eV, the cluster of peaks whose intensities
can be ascribed to the calculated energy of thes@ate. By  are due to the @, orbital exists; these peaks are lower in
He1 PES the satellite was observed at16.62 eV. Corre-  energy than those of furan reflecting the IP sf@bital of
spondingly, the shake-up states were calculated at 17.01 arige N atom.
17.42 eV, which were dominantly characterized as
2b,(1,)723by(7") and Dy(m,) 12a,(7")1a,(m;) ! states, re-
spectively. , o V. IONIZATION SPECTRUM OF THIOPHENE

Next peaks corresponding to the ionization from tlag, 7
4b,, and @, orbitals were observed as one band in SRPES Finally, the valence ionization spectrum of thiophene up
(Ref. 29 and many satellite peaks were calculated with conto about 30 eV is discussed. The SRPE® Hel PES
siderably distributed intensities by the AD& method. In  +PIES®® and Hell PES(Ref. 24 works were reported for
this work, the intensities were also distributed to many two-this molecule. The calculated spectrum was shown in Fig. 6
electron processes, however, the main lines of these statesth the SRPES spectrufi.The detailed SAC-CI results for
had relatively large intensities. These main lines were calcuthe outer- and inner-valence region were summarized with
lated to be at 17.51, 18.30, and 19.02 eV, which were verghe experimental IPs in Table III.
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TABLE Il. lonization potentialgIP9) (in eV), monopole intensitiefin parenthesis and main configurations of the outer- and inner-valence ionized states of
pyrrole. lonized states whose intensity is larger than 0.025 are shown.

Expt. SAC-CI generaR
State Hel PES Hell PEQ EMS® IP (Intensity) Main configuration(|C|=0.4)®
la, 8.28 8.21 7.90.91) 0.931a;%)
2b, 9.26 9.20 8.76.87 0.92(2b;%)
9a, 12.74 12.60 13@.0 12.610.86 0.909a;%)
1b, 12.94 12.60.80 12.770.49 0.691b;%)+0.531a,23b,)
13.7 13.80.20 14.700.19 0.41(1b;*)-0.681a,%3b,)
S (16.62 17.010.07) 0.562b;23b,)
17.420.09 0.772b;*2a,1a,%) +0.771a,'2a,2b; %)
18.680.07) 0.61(2b;23b,)
6b, 13.48 13.0 13.@.0 13.350.88 0.90/6b,%)
5b, 14.29 14.3 14.3.0 14.490.86 0.90(5b%
8a, 14.76 14.8 14.5D.86 0.908a;%)
7a, 17.200.04 0.84(1a,%10a,)
17.44 17.5 17.5D.58 0.737a;%)
18.280.12 0.327a;%) +0.571a,%13a,) +0.521a5%1 1a,)
22.570.04 0.691a,'3b,5b5%)
22.980.06 0.522b;*3b,9a;%) +0.401a,%2a,9a; %)
4b, 18.00 18.1 18.3@.65 0.7814b,%)
19.230.04 0.761a,%13a,2b; %) +0.53 18,1118, 2b;, %)
20.850.03 0.54(2b;*3b,6b,%) - 0.541a,2a,6b,)
6a; 18.8 19.020.53 0.706a;%)
19.300.09 0.639a;2a,1a,%)
19.370.04) 0.6812b;%10a,)
19.500.06 0.4012b;'8b,1a,")
19.680.03 0.661a,%12a,)
22.180.03 0.472b;*2a,6b5%)
24.760.07) 0.4891a;'2a,8a;%) +0.452b; *3b,8a; %)
3b, 21.700.03 0.51(2b;*3b,5b,%)
22.330.09 0.491a,%10b,)
22.700.06 0.491a,"3b,8a;%)
22.760.04 0.601a,'3b,8a;%)
23.300.03 0.521a,"16a,2b;%)
23.640.07) 0.548a;2a,2b;%)
23.760.17 0.373b% -0.492b;3b,60,%)
23.810.09 0.61(8a;2a,2b7%)
24.070.03 0.477a;*3b,1a,%)
24.360.09 0.51(2b;*16a,1a,") - 0.41(6a;*3b, 18,
24.710.04 0.721a,%2a,5b,%)
26.860.03 0.437a;'2a,2b7%)
Sa, 23.740.04 0.61(1a,'10b,2b;") +0.43 1a,%16a,)
23.920.05 0.584b;,'3b,1a5%)
24.330.07) 0.5%(7a;*3b,2b7%)
24.640.11) 0.335a;%) -0.437a;*3b, 207 %)
24.680.03 0.322b;13a,1b;%)
24.810.12 0.325a;%) - 0.452b;'2a,50,%)
25.800.03 0.736b,"4b,1a")
26.370.09 0.571a,"4b,6b,%)
26.540.03 0.332b;'3b,8a;%)
4a, 30.280.03 —
30.520.03 —
31.520.03 —
*Reference 30.
PReference 23.
‘Reference 32.
Main configurations with the coefficients = 0.4 are shown; “—" means there are no main configurations.
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I shows that the electron correlations of these states are not so
1 : (a) SRPES | significant in comparison with those of furan. More detailed
- ,_'i s - intensity contributions in the energy region of 16-32 eV

< 7 I were shown in Fig. 7.
\ / i The characteristic spectrum shape in the inner-valence
[ region was well reproduced in the present calculation. One
r prominent peak was observed at 22.1 or 22.3 eV by SRPES
F (Ref. 28 and Hell PES?* respectively. In the present result,
this peak was attributed to the ionization from th® 4rbital
: and the 4, intensity was not distributed to the shake-up
L states around it, which is different from the satellite peaks in
E— S this region of furan and pyrrole. On the other hand, thg 7
state interacts with many two-electron processes and there is
13 [\ no strong peak with large intensity. This characteristic fea-
1 ' \ - ture is different from those obtained in the previous theoret-
/ ; ical works?"?° The peak observed at 20.8 or 22.1 eV by
] \ /\ s SRPES(Ref. 29 and Hell PES? respectively, was assigned
|
ik

Relative intensity

.0 L Y
it 7 SRR
s, 7wy

g .. -
bad N S e,

(b) SAC-CI

Monopole intensity

E / ‘ to many satellite peaks of theay component and also to
3 / b \ /\ - some contributions from theb4 component.

" \ / . /“Jl 3 In the higher-energy region of strong peak assigned to
0 :J \—/ A1) |I\/| .ll JJ|TITJJ.. dual s
5 10 15 20 25 30 35
Binding Energy (eV)

the 4, peak, the continuous satellite peaks were observed.
Accordingly, the present calculations gave many satellites in
this energy region and the dominant components of the in-
tensity were due to theaf, 4b,, 7a;, 7a;+6a;, and Gy

FIG. 6. Valence ionization spectra of thiophene(BySRPES(Ref. 29 and  Orbitals for the peaks observed at 23.2, 24.4, 25.7, 26.8, and
(b) SAC-CI generaR method. 28.3 eV by SRPE% respectively. Note that theag peaks
start from the low-energy region in comparison with the cor-

It is generally agreed that the assignment of the outer’®SPonding states of furan and pyrrole.
valence region of thiophene is in the ordering of

1a.2(’7T3) < 3b1(772) < 11&1 < 2bl(’7Tl) < 7b2
< 10a, < 6b, < 9a, < 5h, < 8ay, VI. CONCLUSION

where the order of 12,(7;) and b, is reversed from that of We have applied the SAC-CI geneiRlmethod to the
the Koopmans picture. The present gen&atalculation valence ionization spectra of furan, pyrrole, and thiophene in
also gave the same ordering of the valence shell. The impoboth the outer- and inner-valence regions. The present calcu-
tant feature of this spectrum is a satellite peak observed ifations well reproduced the experimental spectra observed by
the low-energy region at 15.66 eV by HPES+PIES? SRPES®? EMS 332 and Hel PES(Refs. 19 and 30with

For the five outer-valence ionized states fromel1o  respect to the peak positions and the intensities.
6b,, IPs were calculated to be 11.70, 12.56, 13.32, 13.41, and For the outer-valence region, it was shown that #e
14.16 eV in agreement with the experimental vafflesft  state strongly interacts with the shake-up stateg?m’,
12.04, 12.49, 13.15, 13.71, and 14.26 eV, respectivelyr,?7", andm, m; 7", distributing the considerable intensity;
Among these states, théoZm,) state has the considerable the effect of higherR operators was important for these
interaction with the two-electron processes and has relativelgtates. These interactions with the shake-up states result in
small intensity as 0.61; the effect of highRroperators was the split peaks and the outer-valence satellites, both of which
important for this state. As the satellites of this peak, theare in agreement with the experiments. The previous theoret-
shake-up states were calculated with the considerable inteizal calculatior® also gave the similar splittings of the;
sity at 14.78, 16.19, and 17.42 eV, these states were charastates in all three molecules, which confirms the present re-
terized as #&,°4b,, 3b;%4b,, and ;'2a,1a," as those in sults. The relative intensities of these states calculated by the
furan and pyrrole. Similar splitting was also obtained in thepresent method also agree with those measured by EMS. The
ADC(3) calculation?® The satellite calculated at 16.19 eV present calculation gave the consistent interpretation with the

was attributed to the observed peak at 15.66°8V. experimental observation for the outer-valence ionized
Among the peaks originating theaQ 5b,, and &, or-  states.
bitals, the ionization from the& orbital was calculated to For the inner-valence region, the detailed analysis of the

be lower by about 1 eV than the other two states as shown iimtensity distributions was performed. For furan, theoretical
Fig. 6 and this state was observed as a separated peak iirtensity distributions were successfully compared with the
SRPES” The %, and &; states were dominantly single experimental values by EMS. Theoretical intensity distribu-
peak at almost the same energy and there were few satellitéiens were also calculated for pyrrole and thiophene. The
with small intensities in the higher-energy region, whichinteractions of both thel8 and &, states with the shake-up
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TABLE lll. lonization potential§IPs) (in eV), monopole intensitie@n parenthesis and main configurations of
the outer- and inner-valence ionized states of thiophene. lonized states whose intensity is larger than 0.025 are

shown.
Expt. SAC-CI generaR
Staté Hel PES Hell PES SRPES IP (Intensity Main configuration(|C|=0.4)°
la, 8.96 8.87 9.0 8.99.90  0.931a}
3b, 9.58 9.52 9.5 9.08.89  0.91(3bY
11a, 12.04 12.1 12.0 11.70.87  0.9011a;%)
2b, 12.49 12.7 12,5 12.56.6)  0.762b;)+0.391a,%4b;)
14.780.08  0.791a,%4b,)
S 15.66 16.10.1)  0.332b;%)+0.753b;%4b,)
17.420.07  0.853b;'2a,1a,") +0.751a,%2a,30;%)
7b, 13.15 13.3 13.2 13.32.87  0.907b,Y
108, 13.71 ~13.9 13.9 13.40.89  0.8910a;Y
6b, 14.26 14.3 14.4 14.16.89  0.896bY
9a, 16.52 16.6 16.6 16.80.72  0.829aY
5b, 17.62 17.6 17.6 18.08.50  0.695b,%)-0.341a,"4b,11a;%)
18.090.04  0.661a,"4a,3b;%)+0.521a,%15a,30;%)
18.450.09  0.683b;*14a,1a")
18.760.03  0.631a,"4b,11a;")-0.597b,%b,30;%)
18.850.09  0.737b,%4b,3b;%)+0.471a,"4b, 118 %)
20.250.05  0.633b;4b,7byY)
8a, 17.780.13  0.338a;})+0.677b,"4b,1a;%)
-0.6211a;%4b,3b;Y)
18.30 ~18.3 18.4 18.000.47  0.668a;Y

19.240.09  0.553b;%4b,11a;%)
19.720.049  0.4911a;'2a,1a;") +0.41(3b;%14a,)
21.730.09  0.6811a;'4b,60,%

7a, ~22.1 20.8 22.3@.07  0.5411a;%4b,2b;%)
22.500.08  0.373b;'11b,1ayY)
22.720.03  0.511a,*16a,)
22.820.09  0.433b;*120b,1a,%)
22.990.03  0.373b;'2a,7b,%)
23.170.04  —
23.230.09  0.453b;?20a,)

a 23.2 23.280.00 —

23.470.05  0.423b;'2a,6b%)
23.570.04  0.401a,'11b,3b;Y
24.600.049  0.407b,'8b,11a,)
25.060.03  0.409a;'2a,1ayY)
25.410.03  0.4011a;'8b,7byY)

c 25.7 25.710.07  0.41(11a;'8b,7b,%) +0.41(5h,"4b, 1a,")
d 26.8 26.68.049 —
4b, 22.090.03  0.523b;'2a,11a;)-0.493b;'2a,10a;%)
22.380.06  0.493b;'2a,11a;%)
~22.3 22.1 23.2®.32  0.554b,%
24.190.03  0.435b,4b,3b;%) -0.428a,4b,1a;")
b 24.4 24.300.09  0.482b;'13a,1a;Y)
6a, 26.8 26.800.09  0.343b;%4b,8a;%)
27.770.03  —
e 28.3 28.480.03  0.3§7b,*9b,11a7%)

28.680.03  0.332b;'17a,3b7Y)
28.790.04  0.44(5b,'2a,3b7%)
28.890.04 —

*The peak numbers, a—e, in the inner-valence region are due to Ref. 28.

PReference 30.

‘Reference 24.

“Reference 28.

®Main configurations with the coefficients (| = 0.4 are shown; “—" means there are no main configurations.
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