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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-R
method. The present method described that thep1 state interacts with thep3

−2p* , p2
−2p* , and

p2
−1p3

−1p* 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 interactions of the 3b2 and 5a1

states with the shake-up states were remarkable for furan and pyrrole, while the 4b2 state of
thiophene had relatively large intensity. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1929730g

I. INTRODUCTION

Chemistry involving the excited and ionized states
shows a rich variety of phenomena that are both characteris-
tic and interesting. These phenomena can be understood
with the precise knowledge of the electronic structure
of molecules, and therefore, accurate theoretical descrip-
tion of these states has been an important and
challenging subject. The symmetry-adapted-cluster1 sSACd
symmetry-adapted-cluster configuration-interaction2–7 sSAC-
CId method has been well established as a useful quantum-
chemical method8 for studying molecular ground, excited,
ionized, and electron-attached states and has been success-
fully applied to wide varieties of chemistry. As one of the
extensive applications, we have been exploiting theoretical
fine spectroscopy with the SAC-CI method.

The excitation and ionization spectra of five-membered
ring molecules, furan, pyrrole, and thiophene, have been

widely studied both theoretically and experimentally, since
these systems are fundamental units in various important
biological systems. On the theoretical side, pioneering theo-
retical spectroscopy for the molecules was performed by the
SAC-CI method9 and was followed by many theoretical
works.10–18 In our previous works,17,18 accurate excitation
spectra of the molecules were calculated with the sufficiently
flexible basis sets of valence and Rydberg functions; the de-
tailed assignments were proposed for the ultravioletsUVd
and vacuum ultravioletsVUV d regions up to ionization
threshold. We are aiming at the consistent interpretations of
the electronic spectra of these molecules and therefore, we
expand application of theoretical fine spectroscopy into the
valence ionization spectra.

Experimentally, several methods19–21 have been em-
ployed for the study of the valence ionization spectra of the
molecules at issue. Ionization spectra for the outer-valence
region of the molecules were measured by HeI and HeII

photoelectron spectroscopysPESd,19,22–27 followed by
synchrotron-radiation PESsSRPESd measurement28 that cov-
ered the inner-valence region up to about 40 eV. Very re-
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cently, high-energy-resolution SRPES study29 was reported,
providing band assignments with the help of the Green’s-
function calculations. Penning ionization electron spectros-
copy sPIESd is another means to measure high-energy-
resolution ionization spectra and was applied to outer-
valence region of furan and pyrrole for which experimental
band assignments were made by taking advantage of
collision-energy dependence of the cross section.30 Binary
se,2ed spectroscopy or electron momentum spectroscopy
sEMSd is also known as a powerful tool for the study of the
valence ionization spectra. Although the energy resolution
obtainable is not satisfactory compared with those of PES
and PIES, the unique ability of EMS to experimentally de-
termine symmetries and monopole intensities for individual
transitions was applied to furan31 and pyrrole.32

In spite of the abundance of the experimental studies,
however, there is still the subject of controversy, in particu-
lar, concerning the band position of the outer-valencep1

orbital. There are two reasons behind this. Firstly, thep1

band has not been energetically resolved from the adjacent
bands even in the high-energy-resolution ionization spectra.
Secondly, although a number of theoretical
calculations9–12,27–34were made, the theoretical band assign-
ments have been diverse. Furthermore, for the inner-valence
region there have been no theoretical calculations that show
a fair agreement with the experimental ionization spectra.
Clearly, accurate theoretical study by the more advanced
method with sufficient basis set would be required for the
clarification of the valence ionization spectra of the mol-
ecules.

Recently, we have systematically applied the SAC-CI
general-R method35,36 to the valence ionization spectra.37–43

For ordinary single electron ionization processes, the
SAC-CI singles and doublessSDd-R method is reliable, but
for multiple-electron processes involved in the shake-up sat-
ellites, the general-R method has been shown to be a power-
ful tool. In the present work, we investigate the valence ion-
ization spectra of furan, pyrrole, and thiophene for the
accurate assignments of the main and satellite peaks. We
compare our results with the experimental spectra by
SRPES,28,29 EMS,31,32 and PIES+HeI PES.30 The results of
the critical analysis of the intensity distributions in the inner-
valence region are directly compared with those by EMS.

II. COMPUTATIONAL DETAILS

The basis sets were selected as flexible to describe the
electron correlations of the valence ionized states; the va-
lence triple zeta of Schaferet al.44 was used, namely,f5s3pg
Gaussian-type orbitalssGTOsd augmented withd-type polar-
ization function ofzd=0.75, 0.80, and 0.85 for C, N, and O,
respectively,f5s4pg GTOs plusd-type polarization function
of zd=0.421 for S atom, andf3sg for H atom. The effect of
Rydberg functions on the theoretical spectra was small with
the preliminary calculations; the convoluted spectra were al-
most unchanged, therefore, they were not included. The re-
sultant self-consistent-fieldsSCFd dimensions were 107, 110,

and 110 for furan, pyrrole, and thiophene, respectively. Ge-
ometries of these molecules were due to the experimental
ones.45

The SAC-CI general-R calculations were performed for
the vertical ionization spectra. The 1s orbitals of C, N, and O
and 1s, 2s, and 2p orbitals of S were taken as the core mo-
lecular orbitalssMOsd and were excluded from the active
space. The resultant SAC-CI active spaces were 13 occupied
and 89 unoccupied MOs for furan, 13 occupied and 92 un-
occupied MOs for pyrrole, 13 occupied and 88 unoccupied
MOs for thiophene. Most of the shake-up states were found
to be dominantly described by two-electron processes, and
therefore theR operators were included up to triples. In order
to reduce the computational effort, perturbation selection was
carried out in the perturbative way.7 The LevelOne accuracy
in GAUSSIAN03 sRef. 8d was adopted as follows. Since large
numbers of ionized states were calculated, sufficient opera-
tors were selected with this level of accuracy. The threshold
of the linked terms for the ground state was set tolg=1
310−5. The unlinked terms were described as the products of
the important linked terms whose SDCI coefficients were
larger than 0.005. For ionized state, the thresholds of the
linked doubles and triples were set tole=1310−6 and
le=5310−6, respectively. The thresholds of the CI coeffi-
cients for calculating the unlinked operators in the SAC-CI
method were 0.1 and 0.0 for theR andS operators, respec-
tively.

The ionization cross sections were calculated using the
monopole approximation46,47 to estimate the relative intensi-
ties of the peaks. For the calculations of monopole intensi-
ties, the correlated SAC/SAC-CI wave functions were used
for the ground and ionized states to include both the initial-
state correlation and final-ionic-state correlation. The
general-R spectra were convoluted with Gaussian envelope
for describing the Franck–Condon widths and the resolution
of spectrometer; the full width at half maximumsFWHMd of
Gaussian was adopted as 0.08sin eVd.

The SAC/SAC-CI calculations were executed using the
SAC-CI program system, which has been incorporated into
the recently distributedGAUSSIAN03 suite of programs.8

III. IONIZATION SPECTRUM OF FURAN

First, we discuss the valence ionization spectrum of fu-
ran. The valence electronic orbital sequence of furan is given
by

scoreds4a1ds5a1ds3b2ds4b2ds6a1ds7a1ds1b1ds5b2ds6b2d

3s8a1ds9a1ds2b1ds1a2d,

where the ionizations from the 4a1, 5a1, and 3b2 orbitals
appear in the inner-valence region. The general-R calcula-
tions were performed to simulate the spectrum up to about
36 eV; for this purpose, 170, 5, 20, and 80 solutions were
solved forA1, A2, B1, andB2 symmetries, respectively, since
the peak intensities ofA1 andB2 symmetries were distributed
up to high-energy region. In Fig. 1, the calculated spectrum
was compared with the SRPESsRef. 29d and EMSsRef. 31d
spectra in both the outer- and inner-valence regions. Table I
summarizes the ionization potentialssIPsd, monopole inten-
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sities, and the dominant configurations calculated by the
general-R method. Experimental IPs by HeI PES,19,30

SRPES,28 and EMSsRef. 31d were also given with the EMS
intensities.31 Note that we gave the values only for the ion-
ized states whose intensity is larger than 0.025 and that there
are many other states with small intensity.

As noted in the Introduction, different assignments origi-
nating in the position of the 1b1sp1d state were proposed for
the outer-valence region. First two peaks were unanimously
assigned to the 1a2sp3d and 2b1sp2d states. For the next
peak, a cluster of adjacent electronic states exists and the
following three types of the assignments were proposed:

sId 9a1,8a1,6b2,5b2,1b1sp1d,
sII d 9a1,8a1,6b2,1b1sp1d,5b2,
sIII d 9a1,1b1sp1d,8a1,6b2,5b2,1b1sp1d.

The ordering I was obtained by the outer-valence Green’s-
function sOVGFd calculation33 and the PIES study.30 The
previous SAC-CI study9 and the multireference single and
double sMRDd-CI calculation10 gave the ordering II, while
the EMS experiment31 suggested the ordering III, in which
the 1b1sp1d state splits into two peaks. Recent algebraic dia-
grammactic construction ADCs3d calculation also gave split
peaks, though the intensity of the lower state was very

small.29 This situation shows that the accurate calculation is
necessary for the reliable assignments in this energy region.
In the present calculation, the 1b1sp1d state dominantly splits
into two peaks by the interaction with the two-electron pro-
cess, 1a2sp3d−23b1sp*d; they were calculated at 14.03 and
15.84 eV with the intensities of 0.26 and 0.45, respectively.
This agrees with the EMS experiment31 where two peaks
were suggested at 13.6 and 15.6 eV with the equal intensity.
Thus, the ordering in this region was calculated to be

9a1 , 8a1,1b1sp1d , 6b2 , 5b2 , 1b1sp1d.

Other B1 shake-up states were also obtained with
small intensities in the region of 18–20 eV; these
states were characterized as 2b1sp2d−23b1sp*d and
2b1sp2d−12a2sp*d1a2sp3d−1 states.

In the higher-energy region of 17.5–22.5 eV, two peaks
were observed by the SRPES study,29 which correspond to
the ionizations from the 7a1, 6a1, and 4b2 orbitals. In Fig. 2,
for analyzing the spectrum, the intensity contributions from
the 7a1, 6a1, 5a1, 4b2, and 3b2 orbitals were shown for the
energy region of 16–32 eV. The 7a1 state was calculated to
be single peak at 17.77 eV, while the 6a1 and 4b2 states split
into two peaks with small energy separation due to the inter-
action with the 1a2

−212a1 and 2b1
−112a11a2

−1 states, respec-
tively. These states were calculated at 18.40 and 18.69 eV
and 19.37 and 19.46 eV, which agree well with the experi-
mental values of 18.8 and 19.7 eV,31 respectively.

Some shake-up states were also obtained in the higher-
energy region of the 4b2 peak; their intensities originate
mostly in the 4b2 orbital. These states are dominantly de-
scribed by 6b2

−12a21a2
−1 and 2b1

−110a11a2
−1. In the EMS work,

the observedse,2ed cross sections were analyzed in terms of
monopole intensity not only for the main peaks but also for
the satellite peaks. According to the EMS analysis, the inten-
sity of the satellite at 21.9 eV was attributed to the 4b2, 7a1,
and 3b2 orbitals, whose contributions were evaluated as 0.25,
0.10, and 0.10, respectively.31 In the present calculations,
dominant contributions were due to the 4b2 orbital with the
total intensity of 0.17 and other small contributions were
from the 7a1 shake-up state at 20.91 eV with the intensity of
0.04 and from the 3b2 state at 21.57 eV with the intensity of
0.03.

In the inner-valence region, the breakdown of the orbital
picture is prominent and the intensities due to the 3b2 and
5a1 orbitals distribute among many shake-up states, as
shown in Figs. 1 and 2. The satellite peak observed at
23.1 eV with the intensity of 0.25s3b2d+0.10s6a1d sRef. 31d
was mainly attributed to the shake-up states ofb2 symmetry
calculated at 22.93, 23.52, and 23.89 eV with the total inten-
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
24.76 and 24.91s3b2d and 24.75, 24.99, and 25.53 eVs5a1d,
whose total intensities were 0.18 and 0.27, respectively; this
agrees with the EMS assignment and the estimated EMS
intensities were 0.10s3b2d and 0.25s5a1d. The satellites ob-
served at 26.2 eV were characterized as the 5a1 and 3b2 by
EMS and their intensities were evaluated as 0.20 and 0.25,
respectively.31 In the present calculation, dominant contribu-
tion was due to the 5a1 calculated at 25.95–27.61 eV with

FIG. 1. Valence ionization spectra of furan bysad SRPESsRef. 29d, sbd
EMS sRef. 31d, andscd SAC-CI general-R method.
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TABLE I. Ionization potentialssIPsd sin eVd, monopole intensitiessin parenthesisd, and main configurations of the outer- and inner-valence ionized states of
furan. Ionized states whose intensity is larger than 0.025 are shown.

State

Expt. SAC-CI general-R

He I PESa He I PESb SRPESc EMSd IP sIntensityd Main configurationsuCuù0.4de

1a2 8.78 9.11 9.0 9.0s0.95d 8.83 s0.92d 0.93s1a2
−1d

2b1 10.38 10.48 10.4 10.4s0.90d 10.10s0.87d 0.91s2b1
−1d

9a1 12.94 13.10 13.0 13.0s,1d 12.94s0.86d 0.87s9a1
−1d

8a1 13.84 13.74 13.6 13.8s,1d 13.73s0.86d 0.87s8a1
−1d

6b2 14.47 14.46 14.2 14.4s,1d 14.21s0.87d 0.90s6b2
−1d

5b2 15.20 15.18 15.2 15.2s,1d 15.21s0.86d 0.90s5b2
−1d

1b1 13.6 s0.50d 14.03s0.26d 0.50s1b1
−1d+0.72s1a2

−23b1d
s15.2d 15.44 15.6 15.6s0.50d 15.84s0.45d 0.66s1b1

−1d−0.49s1a2
−23b1d

17.97s0.10d 0.70s2b1
−12a21a2

−1d+0.48s2b1
−23b1d

19.28s0.03d 0.90s1a2
−12a22b1

−1d+0.51s2b1
−12a21a2

−1d
20.32s0.05d 0.66s2b1

−23b1d−0.44s2b1
−12a21a2

−1d
7a1 17.77 17.49 17.5 17.5

s0.75+0.25d
17.77s0.75d 0.84s7a1

−1d

21.9 s0.10d 20.91s0.04d 0.47s2b1
−13b19a1

−1d−0.44s1a2
−12a29a1

−1d
+041s1a2

−13b16b2
−1d

23.15s0.03d 0.77s1a2
−13b15b2

−1d
24.13s0.05d 0.41s2b1

−13b18a1
−1d

6a1 18.68 18.7 18.8 18.40s0.31d 0.54s6a1
−1d

s0.75+0.10d 18.69s0.33d 0.55s6a1
−1d+0.51s1a2

−212a1d
19.7 s0.05d 19.60s0.06d 0.65s1a2

−210a1d
23.1 s0.10d 23.15s0.03d 0.77s1a2

−13b15b2
−1d

23.70s0.03d 0.47s1a2
−12a29a1

−1d
23.78s0.03d 0.48s2b1

−213a1d
4b2 19.8 19.7s0.65d 19.37s0.24d 0.47s4b2

−1d+0.37s2b1
−112a11a2

−1d
19.46s0.34d 0.57s4b2

−1d−0.32s2b1
−112a11a2

−1d
20.72s0.04d 0.59s6b2

−12a21a2
−1d+0.44s6b2

−13b12b1
−1d

20.79s0.09d 0.48s6b2
−12a21a2

−1d
21.9 21.9s0.25d 21.63s0.04d 0.55s1a2

−110a12b1
−1d+0.47s2b1

−110a11a2
−1d

3b2 21.9 s0.10d 21.57s0.03d 0.50s1a2
−13b18a1

−1d
22.93s0.05d 0.46s2b1

−13b15b2
−1d

23.1 23.1s0.25d 23.52s0.12d 0.35s3b2
−1d+0.37s1a2

−210b2d
23.89s0.11d 0.34s3b2

−1d+0.38s8a1
−12a22b1

−1d
24.76s0.04d 0.54s2b1

−13b16b2
−1d+0.45s1a2

−12a26b2
−1d

24.6 24.6s0.10d 24.91s0.14d 0.37s3b2
−1d+0.41s2b1

−12a29a1
−1d

24.45s0.03d 0.50s2b1
−27b2d

26.2 26.2s0.25d 25.63s0.03d 0.50s2b1
−28b2d

25.93s0.04d 0.66s1a2
−12a25b2

−1d
5a1 24.6 24.6s0.25d 24.75s0.07d 0.52s2b1

−12a26b2
−1d

24.99s0.03d 0.58s4b2
−13b11a2

−1d
25.53s0.17d 0.40s5a1

−1d−0.41s2b1
−13b16a1

−1d
+0.41s6a1

−13b12b1
−1d

25.95s0.05d 0.55s2b1
−12a25b2

−1d
26.2 26.2s0.20d 26.23s0.03d 0.44s1b1

−17b21a2
−1d

26.46s0.05d 0.35s7a1
−12a21a2

−1d
26.69s0.03d 0.61s2b1

−214a1d
27.61s0.04d 0.38s2b1

−112b21a2
−1d

29.7 29.7s0.30d 30.80s0.03d 0.68s2b1
−14b18a1

−1d
4a1 33.5 33.52s0.03d —

34.52s0.03d —

aReference 19.
bReference 30.
cReference 28.
dReference 31.
eMain configurations with the coefficients ofuCuù0.4 are shown; “—” means there are no main configurations.
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the total intensity of 0.20 and the shake-up states of the 3b2

component were also obtained at 25.45, 25.63, and 25.93 eV
with the total intensity of 0.1. In the energy region of the
peak observed at 29.7 eV, many satellites with small inten-
sities, most of which were not given in Table I, were calcu-
lated. Many shake-up states whose intensities originate in the
4a1 orbital were also obtained in the energy region around
33.5 eV; this peak is located higher in energy than those of
pyrrole and thiophene.

In Fig. 3, the intensity contributions from thea1 or b2

component are compared between the SAC-CI and EMS. In
the low-energy region of the satellite spectrum, thea1 com-
ponent is dominant, while theb2 contribution is large in the
high-energy region. Note that the EMS intensities involve
contributions from the shake-off processes that produce the
doubly ionized molecular ion. Nevertheless, one can see
from the figure that the SAC-CI and EMS results are consis-
tent with each other in the details of the satellite structure.

IV. IONIZATION SPECTRUM OF PYRROLE

Next, outer- and inner-valence ionization spectra of pyr-
role are discussed. The SAC-CI spectrum was calculated up
to about 32 eV. Figure 4 compares the theoretical spectrum
with the SRPESsRef. 29d and EMSsRef. 32d spectra. More
detailed intensity contributions in the energy region of
16–32 eV were shown in Fig. 5. Table II summarizes the
results of the SAC-CI general-R method in comparison with

the experimental IPs by HeI PES+PIES,30 HeII PES,23 and
EMS;32 the experimental values were reported only in the
outer-valence region.

Different assignments have also been proposed for the
outer-valence region of pyrrole. First two peaks observed at
8.28 and 9.26 eV by HeI PESsRef. 30d were assigned to the
1a2 and 2b1 states. For the next two peaks in the region of
12.5–15.0 eV, four different assignments exist with respect
to the 1b1sp1d states; the controversy is reminiscent of that
for furan. The OVGFsRef. 34d and the previous SAC-CI
SD-R calculations9 gave the assignment of

sId 9a1 , 6b2 , 1b1 , 5b2 , 8a1,

while the MRD-CI calculation11 predicted different sequence
as

sII d 1b1 , 9a1 , 6b2 , 5b2 , 8a1.

The HeI PES+PIES study30 suggested different ordering,

sIII d 9a1 , 1b1 , 6b2 , 5b2 , 8a1,

and the sequence,

sIV d 1b1 , 9a1 , 6b2 , 1b1 , 5b2 , 8a1,

was proposed by the EMS experiment.32

The present general-R method calculated the main lines
at 12.61s9a1d, 12.77s1b1d, 13.35s6b2d, 14.49s5b2d, and
14.57s8a1d eV in comparison with the HeI PES values30 of
12.74, 12.94, 13.48, 14.29, and 14.76 eV, respectively. The
shake-up state described by 1a2

−23b1 was also obtained at
14.70 eV with the intensity of 0.19; this state should corre-
spond to the satellite observed at 13.8 eV by EMS with the
intensity of 0.20.32 Though the agreement of the IP was not

FIG. 2. MO contributions to monopole intensities in the energy region of
16–32 eV for furan.

FIG. 3. Intensity contributions from thea1 andb2 orbitals for the satellites
of furan; comparison between thesad EMS sRef. 31d and sbd SAC-CI.
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satisfactory for this satellite, the present calculation sup-
ported the picture of the splitting of the 1b1 states. The peak
at about,12.5 eV was attributed to the 1b1 state by EMS
sRef. 32d and SRPES,29 while it was assigned to the 9a1 state
by PIES.30 The present calculation gave the ordering in the
energy region of 12.5–15.0 eV as

9a1,1b1 , 6b2 , 1b1 , 5b2 , 8a1,

though the energy separation between 9a1 and 1b1 is again
very close like in furan. The ADCs3d calculation29 gave the
different ordering of the 9a1 and 1b1 states; this difference
can be ascribed to the calculated energy of the 9a1 state. By
HeI PES,30 the satellite was observed at,16.62 eV. Corre-
spondingly, the shake-up states were calculated at 17.01 and
17.42 eV, which were dominantly characterized as
2b1sp2d−23b1sp*d and 2b1sp2d−12a2sp*d1a2sp3d−1 states, re-
spectively.

Next peaks corresponding to the ionization from the 7a1,
4b2, and 6a1 orbitals were observed as one band in SRPES
sRef. 29d and many satellite peaks were calculated with con-
siderably distributed intensities by the ADCs3d method. In
this work, the intensities were also distributed to many two-
electron processes, however, the main lines of these states
had relatively large intensities. These main lines were calcu-
lated to be at 17.51, 18.30, and 19.02 eV, which were very

close in energy, and in good agreement with the HeII PES
sRef. 23d values of 17.5, 18.1, and 18.8 eV. The two-electron
processes ofa1 symmetry are described by 1a2

−2na1 and
2b1

−2na1.
In the inner-valence region, the peak split of the ioniza-

tion from the 5a1 and 3b2 orbitals is remarkable like in furan.
The present calculation reproduces the peak positions and
the shape of the peaks in good agreement with SRPESsRef.
29d and EMS.32 The detailed experimental analysis of this
energy region has not been reported, however, two split clus-
ters of the peaks were observed in SRPES,29 as cited in Fig.
4. In the present calculation, the peaks in the lower-energy
side were attributed to the 3b2 component and those in the
higher energy were attributed to the components of both 3b2

and 5a1, as shown in Fig. 5. This energy region is an inter-
esting target for the detailed experimental study. In the en-
ergy region of,30 eV, the cluster of peaks whose intensities
are due to the 4a1 orbital exists; these peaks are lower in
energy than those of furan reflecting the IP of 2s orbital of
the N atom.

V. IONIZATION SPECTRUM OF THIOPHENE

Finally, the valence ionization spectrum of thiophene up
to about 30 eV is discussed. The SRPES,28,29 He I PES
+PIES,30 and HeII PES sRef. 24d works were reported for
this molecule. The calculated spectrum was shown in Fig. 6
with the SRPES spectrum.29 The detailed SAC-CI results for
the outer- and inner-valence region were summarized with
the experimental IPs in Table III.

FIG. 4. Valence ionization spectra of pyrrole bysad SRPESsRef. 29d, sbd
EMS sRef. 32d, andscd SAC-CI general-R method.

FIG. 5. MO contributions to monopole intensities in the energy region of
16–32 eV for pyrrole.
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TABLE II. Ionization potentialssIPsd sin eVd, monopole intensitiessin parenthesisd, and main configurations of the outer- and inner-valence ionized states of
pyrrole. Ionized states whose intensity is larger than 0.025 are shown.

State

Expt. SAC-CI general-R

He I PESa He II PESb EMSc IP sIntensityd Main configurationsuCuù0.4dd

1a2 8.28 8.21 7.98s0.91d 0.93s1a2
−1d

2b1 9.26 9.20 8.78s0.87d 0.91s2b1
−1d

9a1 12.74 12.60 13.0s1.0d 12.61s0.86d 0.90s9a1
−1d

1b1 12.94 12.6s0.80d 12.77s0.49d 0.69s1b1
−1d+0.53s1a2

−23b1d
13.7 13.8s0.20d 14.70s0.19d 0.41s1b1

−1d−0.68s1a2
−23b1d

S s16.62d 17.01s0.07d 0.56s2b1
−23b1d

17.42s0.09d 0.77s2b1
−12a21a2

−1d+0.77s1a2
−12a22b1

−1d
18.68s0.07d 0.61s2b1

−23b1d
6b2 13.48 13.0 13.7s1.0d 13.35s0.88d 0.90s6b2

−1d
5b2 14.29 14.3 14.3s1.0d 14.49s0.86d 0.90s5b2

−1d
8a1 14.76 14.8 14.57s0.86d 0.90s8a1

−1d
7a1 17.20s0.04d 0.84s1a2

−210a1d
17.44 17.5 17.51s0.58d 0.73s7a1

−1d
18.28s0.12d 0.32s7a1

−1d+0.57s1a2
−213a1d+0.52s1a2

−211a1d
22.57s0.04d 0.69s1a2

−13b15b2
−1d

22.98s0.06d 0.52s2b1
−13b19a1

−1d+0.40s1a2
−12a29a1

−1d
4b2 18.00 18.1 18.30s0.65d 0.78s4b2

−1d
19.23s0.04d 0.76s1a2

−113a12b1
−1d+0.53s1a2

−111a12b1
−1d

20.85s0.03d 0.54s2b1
−13b16b2

−1d−0.54s1a2
−12a26b2

−1d
6a1 18.8 19.02s0.53d 0.70s6a1

−1d
19.30s0.04d 0.63s9a1

−12a21a2
−1d

19.32s0.04d 0.68s2b1
−210a1d

19.50s0.06d 0.40s2b1
−18b21a2

−1d
19.68s0.03d 0.66s1a2

−212a1d
22.18s0.03d 0.47s2b1

−12a26b2
−1d

24.76s0.07d 0.48s1a2
−12a28a1

−1d+0.45s2b1
−13b18a1

−1d
3b2 21.70s0.03d 0.51s2b1

−13b15b2
−1d

22.33s0.08d 0.49s1a2
−210b2d

22.70s0.06d 0.49s1a2
−13b18a1

−1d
22.76s0.04d 0.60s1a2

−13b18a1
−1d

23.30s0.03d 0.52s1a2
−116a12b1

−1d
23.64s0.07d 0.54s8a1

−12a22b1
−1d

23.76s0.17d 0.37s3b2
−1d−0.49s2b1

−13b16b2
−1d

23.81s0.05d 0.61s8a1
−12a22b1

−1d
24.07s0.03d 0.47s7a1

−13b11a2
−1d

24.36s0.09d 0.51s2b1
−116a11a2

−1d−0.41s6a1
−13b11a2

−1d
24.71s0.04d 0.72s1a2

−12a25b2
−1d

26.86s0.03d 0.43s7a1
−12a22b1

−1d
5a1 23.74s0.04d 0.61s1a2

−110b22b1
−1d+0.43s1a2

−216a1d
23.92s0.05d 0.58s4b2

−13b11a2
−1d

24.33s0.07d 0.51s7a1
−13b12b1

−1d
24.64s0.11d 0.33s5a1

−1d−0.43s7a1
−13b12b1

−1d
24.68s0.03d 0.32s2b1

−113a11b1
−1d

24.81s0.12d 0.32s5a1
−1d−0.45s2b1

−12a25b2
−1d

25.80s0.03d 0.73s6b2
−14b11a2

−1d
26.37s0.09d 0.57s1a2

−14b16b2
−1d

26.54s0.03d 0.33s2b1
−13b18a1

−1d
4a1 30.28s0.03d —

30.52s0.03d —
31.52s0.03d —

aReference 30.
bReference 23.
cReference 32.
dMain configurations with the coefficients ofuCuù0.4 are shown; “—” means there are no main configurations.
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It is generally agreed that the assignment of the outer-
valence region of thiophene is in the ordering of

1a2sp3d , 3b1sp2d , 11a1 , 2b1sp1d , 7b2

, 10a1 , 6b2 , 9a1 , 5b2 , 8a1,

where the order of 2b1sp1d and 7b2 is reversed from that of
the Koopmans picture. The present general-R calculation
also gave the same ordering of the valence shell. The impor-
tant feature of this spectrum is a satellite peak observed in
the low-energy region at 15.66 eV by HeI PES+PIES.30

For the five outer-valence ionized states from 11a1 to
6b2, IPs were calculated to be 11.70, 12.56, 13.32, 13.41, and
14.16 eV in agreement with the experimental values30 of
12.04, 12.49, 13.15, 13.71, and 14.26 eV, respectively.
Among these states, the 2b1sp1d state has the considerable
interaction with the two-electron processes and has relatively
small intensity as 0.61; the effect of higherR operators was
important for this state. As the satellites of this peak, the
shake-up states were calculated with the considerable inten-
sity at 14.78, 16.19, and 17.42 eV; these states were charac-
terized as 1a2

−24b1, 3b1
−24b1, and 3b1

−12a21a2
−1 as those in

furan and pyrrole. Similar splitting was also obtained in the
ADCs3d calculation.29 The satellite calculated at 16.19 eV
was attributed to the observed peak at 15.66 eV.30

Among the peaks originating the 9a1, 5b2, and 8a1 or-
bitals, the ionization from the 9a1 orbital was calculated to
be lower by about 1 eV than the other two states as shown in
Fig. 6 and this state was observed as a separated peak in
SRPES.29 The 5b2 and 8a1 states were dominantly single
peak at almost the same energy and there were few satellites
with small intensities in the higher-energy region, which

shows that the electron correlations of these states are not so
significant in comparison with those of furan. More detailed
intensity contributions in the energy region of 16–32 eV
were shown in Fig. 7.

The characteristic spectrum shape in the inner-valence
region was well reproduced in the present calculation. One
prominent peak was observed at 22.1 or 22.3 eV by SRPES
sRef. 28d and HeII PES,24 respectively. In the present result,
this peak was attributed to the ionization from the 4b2 orbital
and the 4b2 intensity was not distributed to the shake-up
states around it, which is different from the satellite peaks in
this region of furan and pyrrole. On the other hand, the 7a1

state interacts with many two-electron processes and there is
no strong peak with large intensity. This characteristic fea-
ture is different from those obtained in the previous theoret-
ical works.27,29 The peak observed at 20.8 or 22.1 eV by
SRPESsRef. 29d and HeII PES,24 respectively, was assigned
to many satellite peaks of the 7a1 component and also to
some contributions from the 4b2 component.

In the higher-energy region of strong peak assigned to
the 4b2 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 the 7a1, 4b2, 7a1, 7a1+6a1, and 6a1

orbitals for the peaks observed at 23.2, 24.4, 25.7, 26.8, and
28.3 eV by SRPES,28 respectively. Note that the 6a1 peaks
start from the low-energy region in comparison with the cor-
responding states of furan and pyrrole.

VI. CONCLUSION

We have applied the SAC-CI general-R method to the
valence ionization spectra of furan, pyrrole, and thiophene in
both the outer- and inner-valence regions. The present calcu-
lations well reproduced the experimental spectra observed by
SRPES,28,29 EMS,31,32 and HeI PESsRefs. 19 and 30d with
respect to the peak positions and the intensities.

For the outer-valence region, it was shown that thep1

state strongly interacts with the shake-up states,p3
−2p* ,

p2
−2p* , andp2

−1p3
−1p* , distributing the considerable intensity;

the effect of higherR operators was important for these
states. These interactions with the shake-up states result in
the split peaks and the outer-valence satellites, both of which
are in agreement with the experiments. The previous theoret-
ical calculation29 also gave the similar splittings of thep1

states in all three molecules, which confirms the present re-
sults. The relative intensities of these states calculated by the
present method also agree with those measured by EMS. The
present calculation gave the consistent interpretation with the
experimental observation for the outer-valence ionized
states.

For the inner-valence region, the detailed analysis of the
intensity distributions was performed. For furan, theoretical
intensity distributions were successfully compared with the
experimental values by EMS. Theoretical intensity distribu-
tions were also calculated for pyrrole and thiophene. The
interactions of both the 3b2 and 5a1 states with the shake-up

FIG. 6. Valence ionization spectra of thiophene bysad SRPESsRef. 29d and
sbd SAC-CI general-R method.
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TABLE III. Ionization potentialssIPsd sin eVd, monopole intensitiessin parenthesisd, and main configurations of
the outer- and inner-valence ionized states of thiophene. Ionized states whose intensity is larger than 0.025 are
shown.

Statea

Expt. SAC-CI general-R

He I PESb He II PESc SRPESd IP sIntensityd Main configurationsuCuù0.4dc

1a2 8.96 8.87 9.0 8.92s0.90d 0.93s1a2
−1d

3b1 9.58 9.52 9.5 9.05s0.89d 0.91s3b1
−1d

11a1 12.04 12.1 12.0 11.70s0.87d 0.90s11a1
−1d

2b1 12.49 12.7 12.5 12.56s0.61d 0.76s2b1
−1d+0.38s1a2

−24b1d
14.78s0.08d 0.79s1a2

−24b1d
S 15.66 16.19s0.11d 0.33s2b1

−1d+0.75s3b1
−24b1d

17.42s0.07d 0.85s3b1
−12a21a2

−1d+0.75s1a2
−12a23b1

−1d
7b2 13.15 13.3 13.2 13.32s0.87d 0.90s7b2

−1d
10a1 13.71 ,13.9 13.9 13.41s0.85d 0.89s10a1

−1d
6b2 14.26 14.3 14.4 14.16s0.86d 0.89s6b2

−1d
9a1 16.52 16.6 16.6 16.84s0.72d 0.82s9a1

−1d
5b2 17.62 17.6 17.6 18.05s0.50d 0.69s5b2

−1d−0.34s1a2
−14b111a1

−1d
18.09s0.04d 0.66s1a2

−14a13b1
−1d+0.52s1a2

−115a13b1
−1d

18.45s0.05d 0.68s3b1
−114a11a2

−1d
18.76s0.03d 0.63s1a2

−14b111a1
−1d−0.59s7b2

−14b13b1
−1d

18.85s0.06d 0.73s7b2
−14b13b1

−1d+0.47s1a2
−14b111a1

−1d
20.25s0.05d 0.63s3b1

−14b17b2
−1d

8a1 17.78s0.13d 0.33s8a1
−1d+0.67s7b2

−14b11a2
−1d

−0.62s11a1
−14b13b1

−1d
18.30 ,18.3 18.4 18.07s0.47d 0.66s8a1

−1d
19.24s0.09d 0.55s3b1

−14b111a1
−1d

19.72s0.04d 0.49s11a1
−12a21a2

−1d+0.41s3b1
−214a1d

21.73s0.06d 0.68s11a1
−14b16b2

−1d
7a1 ,22.1 20.8 22.39s0.07d 0.54s11a1

−14b12b1
−1d

22.50s0.08d 0.37s3b1
−111b21a2

−1d
22.72s0.03d 0.51s1a2

−216a1d
22.82s0.06d 0.43s3b1

−112b21a2
−1d

22.99s0.03d 0.37s3b1
−12a27b2

−1d
23.17s0.04d —
23.23s0.03d 0.45s3b1

−220a1d
a 23.2 23.28s0.07d —

23.47s0.05d 0.42s3b1
−12a26b2

−1d
23.57s0.04d 0.40s1a2

−111b23b1
−1d

24.60s0.04d 0.40s7b2
−18b211a1d

25.06s0.03d 0.40s9a1
−12a21a2

−1d
25.41s0.03d 0.40s11a1

−18b27b2
−1d

c 25.7 25.71s0.07d 0.41s11a1
−18b27b2

−1d+0.41s5b2
−14b11a2

−1d
d 26.8 26.68s0.04d —

4b2 22.09s0.03d 0.52s3b1
−12a211a1

−1d−0.49s3b1
−12a210a1

−1d
22.38s0.06d 0.49s3b1

−12a211a1
−1d

,22.3 22.1 23.29s0.32d 0.55s4b2
−1d

24.19s0.03d 0.43s5b2
−14b13b1

−1d−0.42s8a14b11a2
−1d

b 24.4 24.30s0.03d 0.48s2b1
−113a11a2

−1d
6a1 26.8 26.80s0.03d 0.34s3b1

−14b18a1
−1d

27.77s0.03d —
e 28.3 28.48s0.03d 0.36s7b2

−19b211a1
−1d

28.68s0.03d 0.33s2b1
−117a13b1

−1d
28.79s0.04d 0.44s5b2

−12a23b1
−1d

28.89s0.04d —

aThe peak numbers, a–e, in the inner-valence region are due to Ref. 28.
bReference 30.
cReference 24.
dReference 28.
eMain configurations with the coefficients ofuCuù0.4 are shown; “—” means there are no main configurations.
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states were remarkable for furan and pyrrole, while the 4b2

of thiophene did not strongly interact with the shake-up
states and had relatively large intensity.

ACKNOWLEDGMENT

This study has been supported by the Grant for Creative
Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan.

1H. Nakatsuji and K. Hirao, J. Chem. Phys.68, 2053s1978d.
2H. Nakatsuji, Chem. Phys. Lett.59, 362 s1978d.
3H. Nakatsuji, Chem. Phys. Lett.67, 329 s1979d.
4H. Nakatsuji, Chem. Phys. Lett.67, 334 s1979d.
5H. Nakatsuji,Computational Chemistry-Review of Current TrendssWorld
Scientific, Singapore, 1997d, Vol. 2, pp. 62–124.

6M. Ehara, J. Hasegawa, and H. Nakatsuji,Theory and Applications of
Computational Chemistry: The First40 yearssin pressd.

7H. Nakatsuji, Chem. Phys.75, 425 s1983d.
8M. J. Frisch, G. W. Trucks, H. B. Schlegelet al., GAUSSIAN03, Gaussian,
Inc., Pittsburgh, PA, 2003.

9H. Nakatsuji, O. Kitao, and T. Yonezawa, J. Chem. Phys.83, 723s1985d.
10M. H. Palmer, I. C. Walker, C. C. Ballard, and M. F. Guest, Chem. Phys.

192, 111 s1995d.
11M. H. Palmer and A. J. Beveridge, Chem. Phys.111, 179 s1987d.
12M. H. Palmer, I. C. Walker, and M. F. Guest, Chem. Phys.241, 275

s1999d.
13L. Serrano-Andres, M. Merchan, I. Nebot-Gil, B. O. Roos, and M.

Fulscher, J. Am. Chem. Soc.115, 6184s1993d.
14H. Nakano, T. Tsuneda, T. Hashimoto, and K. Hirao, J. Chem. Phys.104,

2312 s1996d.
15A. B. Trofimov and J. Schirmer, Chem. Phys.214, 153 s1997d.
16O. Christiansen, J. Gauss, J. Stanton, and P. Jorgensen, J. Chem. Phys.

111, 525 s1999d.
17J. Wan, J. Meller, M. Hada, M. Ehara, and H. Nakatsuji, J. Chem. Phys.

113, 7853s2000d.
18J. Wan, M. Hada, M. Ehara, and H. Nakatsuji, J. Chem. Phys.114, 842

s2001d.
19K. Kimura, S. Katsumata, Y. Achiba, T. Yamazaki, and S. Iwata,Hand-

book of He I Photoelectron Spectra of Fundamental Organic Molecules
sJapan Scientific, Tokyo, 1981d.

20D. W. Turner, C. Baker, A. D. Baker, and C. R. Brundle,Molecular
Photoelectron SpectroscopysWiley-Interscience, London, 1970d.

21E. Weigold and J. E. McCarthy,Electron Momentum SpectroscopysKlu-
wer Academic/Plenum, New York, 1999d.

22P. J. Derrick, L. Asbrink, O. Edqvist, B.-O. Jonsson, and E. Lindholm,
Int. J. Mass Spectrom. Ion Phys.6, 161 s1971d.

23P. J. Derrick, L. Asbrink, O. Edqvist, B.-O. Jonsson, and E. Lindholm,
Int. J. Mass Spectrom. Ion Phys.6, 177 s1971d.

24P. J. Derrick, L. Asbrink, O. Edqvist, B.-O. Jonsson, and E. Lindholm,
Int. J. Mass Spectrom. Ion Phys.6, 191 s1971d.

25U. Gelius, C. J. Allan, G. Johansson, H. Siegbahn, D. A. Allison, and K.
Siegbahn, Phys. Scr.3, 237 s1971d.

26J. A. Sell and A. Kuppermann, Chem. Phys. Lett.61, 355 s1979d.
27G. Bieri, L. Asbrink, and W. von Niessen, J. Electron Spectrosc. Relat.

Phenom.27, 129 s1982d.
28A. D. O. Bawagan, B. J. Olsson, K. H. Tan, J. M. Chen, and B. X. Yang,

Chem. Phys.164, 283 s1992d.
29D. M. P. Holland, L. Karlsson, and W. von Niessen, J. Electron Spectrosc.

Relat. Phenom.113, 221 s2001d.
30N. Kishimoto, H. Yamakado, and K. Ohno, J. Phys. Chem.100, 8204

s1996d.
31M. Takahasi, K. Otsuka, and Y. Udagawa, Chem. Phys.227, 375s1998d.
32M. Takahasi, R. Ogino, and Y. Udagawa, Chem. Phys. Lett.288, 821

s1998d.
33W. von Niessen, W. P. Kraemaer, and L. S. Cederbaum, J. Electron Spec-

trosc. Relat. Phenom.16, 65 s1979d.
34W. von Niessen, L. S. Cederbaum, and G. H. F. Diercksen, J. Am. Chem.

Soc. 99, 2066s1976d.
35H. Nakatsuji, Chem. Phys. Lett.177, 331 s1991d.
36H. Nakatsuji, J. Chem. Phys.83, 731s1985d; 83, 5743s1985d; 94, 6716

s1991d.
37M. Ehara and H. Nakatsuji, Chem. Phys. Lett.282, 347 s1998d.
38M. Ehara, M. Ishida, K. Toyota, and H. Nakatsuji,Reviews in Modern

Quantum Chemistry, edited by K. D. SensWorld Scientific, Singapore,
2002d, pp. 293–319.

39M. Ehara, P. Tomasello, J. Hasegawa, and H. Nakatsuji, Theor. Chem.
Acc. 102, 161 s1999d.

40M. Ehara and H. Nakatsuji, Spectrochim. Acta, Part A55, 487 s1998d.
41M. Ehara, M. Ishida, and H. Nakatsuji, J. Chem. Phys.114, 8990s2001d.
42M. Ishida, M. Ehara, and H. Nakatsuji, J. Chem. Phys.116, 1934s2002d.
43M. Ehara, M. Ishida, and H. Nakatsuji, J. Chem. Phys.117, 3248s2002d.
44A. Schafer, H. Horn, and R. Ahlrichs, J. Chem. Phys.97, 2574s1992d.
45Structure Data of Free Polyatomic Molecules, Landolt-Bornstein, Vol. 7

sSpringer, Berlin, 1976d.
46S. Suzer, S. T. Lee, and D. A. Shirley, Phys. Rev. A13, 1842s1976d.
47R. I. Martin and D. A. Shirley, J. Chem. Phys.64, 3685s1976d.

FIG. 7. MO contributions to monopole intensities in the energy region of
16–32 eV for thiophene.

234319-10 Ehara et al. J. Chem. Phys. 122, 234319 ~2005!

Downloaded 28 Dec 2005 to 133.3.135.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


