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Electronic excitation spectra of furan and pyrrole: Revisited
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Electronic excitation spectra of furan and pyrrole are reinvestigated by the symmetry-adapted
cluster configuration-interaction method. The 47 and 46 lowest singlet and triplet electronic states
are computed for furan and pyrrole, respectively. Two sdiies and 2b,) of low-lying Rydberg

states and the valenee-7* excited states strongly influence each other in both furan and pyrrole.
The present calculations give detailed and satisfactory theoretical assignments of the vacuum
ultraviolet spectra and the electron energy-loss spectra of the two molecules. The similarities and
differences in the electronic excitations between furan and pyrrole are discussed in detail. The
accuracy and assignments of recent theoretical studies, i.e., complete active space second-order
perturbation, multireference Mgller—Plesset perturbation, second-order algebraic-diagrammatic
construction, multireference double configuration interaction, and CC3, are comparezD0®
American Institute of Physic§S0021-960600)30842-X]

I. INTRODUCTION obtained only by sophisticated electron-correlation methods
] _for ground and excited states. Third, dynamic polarization of
Furan and pyrrole are so-called five-membered Sine  electrons occurs strongly for some electronic excita-
m-electron aromatic ring molecules in which the heteroatomgions. Fourth, all of the previous three factors interact rather
oxygen and nitrogen donate twoelectrons and each of the strongly in furan and pyrrole.
four carbon atoms supplies one electron. The _electronlc As observed from the experimental excitation spectra of
spectra of furan and pyrrole have been the subjects of many,.an and pyrrole(Figs. 3 and 4 the peaks are broad and
experimental and theoretical studfe4® The interest in these omplicated for the existence of many valence- and

molecules is not surprising, considering the importance o . oo .
these molecules as fupn dan?ental units ingmany infportant bios ydberg-excited states and their vibrational structures. Gen-
; . —erall nd maxima and vertical excitation energi iffer
logical molecules. Further, recently, the calculations of the|re aty bq d . axima and vertical excitatio energies diffe
electronic excitation spectra have been considered as bencgml—ijtan.t'a”y' even f;% Ry(_jberg states the dewanqn e’f°eeds
marks for theoretical studies of excited states. The represen—'ﬁei\ir'r.]nsoge dga;n ézglsnfnoelm er:gu_ld dbi lt(r?é)ta?c ”:;‘Cd of
tative theoretical studies have been carried out so far by Na~ lcul tY' 9 '9 judg uracy
katsuji et al2! in 1985, Serrano-Andrest al?? in 1993, ca&lcuialions.

Palmer and co-worke?&24in 1995 and 1998. Trofimov and Among the previousb initio theoretical studies on furan
Schirmef®?” in 1997, and Christiansen and co-worké®  and pyrrole, the symmetry adapted clusteAC) and SAC—
in 1998 and 1999. configuration interactiolSAC—C) study’* was a pioneering

On the experimental side523%three types of elec- work, but due to the computational resources available at

tronic excitation spectra were measured for furan and pyrthat time, the rather limited basis sets and relatively small
role: the vacuum ultraviolet(\VUV) spectrum, electron active space impaired the quality of the results. In the later
energy-loss(EEL) spectrum, and ultraviolet photoelectron COMplete  active  space  second-order  perturbation
spectrum. These spectra provide information regarding siflCASPT2,?* multireference Maller—PlesséMRMP)*° per-

glet valence- and Rydberg-excited states, optically forbiddefurbation, second-order algebraic-diagrammatic construction

transitions such as triplet excitations, and ionization potenADC(2),°**" and a hierarchy of coupled cluster model
tials, respectively. (coupled-cluster single double, CE%%° studies, fairly large

On the other hand, the previoab initio quantum theo- basis sets were used: the atomic natural orbital basis set con
retical investigation$-2° have demonstrated the underlying tracted to[ 4s3p1d/2slp] and augmented by ring-centered
difficulties in calculating vertical excited states of furan anddiffuse s, p, and d functions in CASPT2, Dunning’s cc-
pyrrole. One is strong valence-Rydberg mixing. CalculationpVTZ basis set augmented by charge-centered3p, and
based only on the valence basis are obviously inadequate ald Rydberg functions in MRMP, cc-pVDZ augmented by
this is a main reason for the failure of early semiempiricalatom-centered diffuse functions and molecule-centered dif-
studies and earlgb initio studies. Second, the roles of elec- fuse functions in AD@), and cc-pVTZ augmented by atom-
tron correlations are crucial. Accurate and reliable results areentered diffuse functions and molecule-centered diffuse

functions in CC3.
dAuthor to whom correspondence should be addressed; electronic mail: However, there are still many inconsistencies among the
hiroshi@sbchem.kyoto-u.ac.jp results of these recent high-level theoretical studies with
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Z molecule-centered Rydberg functions, we have used a set of
X=0, NH diffuse functions (33p3d) selected from the studies of
Kaufmannet al.® and placed them on the molecular center
of gravity. These are the same as those used by Trofimov and
y Schirmer?®?” The total number of basis functions is 175 in
furan and 180 in pyrrole. This type of augmented basis is
believed to be adequate for describing widely different elec-
tronic structures of molecules in the ground state, singlet and
triplet valence and Rydberg excited states, describing diffuse
FIG. 1. Furan and pyrroléC,H,X, X=0, NH). character and differential correlation effects. The number of
Hartree—Fock canonical orbitals, calculated by thwus-
siN9g package” is 175, consisting of 18 occupied and 157
large basis sets. For example, the CASPT2 and MRMRjrtual orbitals in furan, and 180, consisting of 18 occupied
methods, which use a complete active space self-consisteghd 162 virtual orbitals in pyrrole. The self-consistent field
field reference function, gave very similar computational re{Scp occupied valence orbitals and some important virtual
sults for furan and proposed a relatively reasonable interpregrbitals of furan and pyrrole are shown in Table |, respec-
tation of the Singlet valence excitations Iylng lower than 78t|ve|y, together with their orbital energiesi SymmetrieS, and
eV, whereas, for pyrrole, they gave quite different resultscharacters.
(0.51 eV differencgfor the lowest valence excitation 6B, The details of the SAC/SAC—CI theory have been pre-
symmetry, which was assigned to the first band of the VUVsented elsewher®-*! The SAC/SAC—CI calculations were
spectrum. For the same band, the ARCstudies made a done using the local version of the SAC—CI modtiién all
conclusion that there was no valence excitatiod®f sym-  of the present SAC/SAC—CI calculations, the active space
metry in this region, which was explained solely by the Ry-consists of 13 occupied orbitals and 157 and 162 virtual
dberg transitions. Recently, the fourth-7* valence transi- orbitals in furan and pyrro|e, respective]y: On]y the dore
tion, V'(*B,), was identified by Palmeetal® as an molecular orbitals are frozen. The details of the SAC/
absorption peak at 8.7 eV in the VUV spectrum of furan withSAC—CI calculations are exactly the same as those recently
the aid of multireference multiroot Cl multireference double reported for cyclopentadierf3.
configuration interaction(lMRDCI) calculations. CASPT2 Table Il shows the previodsand present SAC/SAC—CI
calculated this state at 8.38 eV with an intensity of 0.27, an¢omputational details on furan and pyrrole. Note that, 15
MRMP did not visit this region. The CC3 estimated the Cor-years ago, SAC/SAC-CI was the on|y Sophisticated theory
responding state at an energy region higher than 9 eV.  for calculating the molecular excited states. The computa-
On the other hand, since pyrrole differs from furan onlytional resources were quite different from those available
by the substitution of an O atom by a N—H group, we wouldnow: The available main memory, disk space, and computa-
expect the electronic structures and excitation spectra of thgonal time were very limited, although the previous calcula-
two molecules to be similar. For example, the general protions were certainly “big” by the standard of that time. But
files of VUV spectra of the two molecul&s™ are very simi-  now, we can use a much better basis set and a much larger
lar in that they have two main intense and broad bands; thgctive space than those in the previous SAC/SAC—CI stud-
first is located at around 5.5-7 eV, and the second is morges. This greatly improves the calculated results, even though
intense and located between 7.0 and 8.8 eV. However, ame basic method used is the same, i.e., the SAC/SAC—CI
obvious difference exists in the spectra of pyrrole and furanmethod. Improvements in the SAC/SAC—-CI program, algo-
i.e., there is a weaker central band near 7 eV in the spectrumthm, etc., are also important, but when we do the compari-
of pyrrole. The similarities and differences in the electronicsons shown in Table II, we are strongly convinced that ad-
excitation spectra of furan and pyrrole, and the uncertaintiegances in computer technology over the past 15 years play
in the assignments of the valence and Rydberg excitations ifhe greatest role in the present improvement.
the spectra of furan and pyrrole have motivated us to rein-
vestigate them using the SAC/SAC-CI method. In Sec. Il we
outline the computational details. Calculated results and disHl. RESULTS AND DISCUSSION
cussion are presented in Sec. Ill. A summary is given in Sec.
V.

HC CH

HC CH

In the four m-orbital approximation, the two occupied

orbitals 2b,(m,) and lay(3), and the two virtual orbitals

Il COMPUTATIONAL DETAILS 3_b1(7rj{) anij 212(77_’5*_) illttstrated*in Fig. 2 give risiz to lfour

singlet 7—=* transitions: m3— 7* (V) and m,—7* (V').

The experimentally determined ground-state equilibriumThese four transitionsV('B,), V'(*A;), V(!A;), and

geometrie¥ for furan and pyrrole wittC,, symmetry illus-  V'(*B,) are expected to lie below the first ionization poten-

trated in Fig. 1 were commonly used for both ground andtial (IP,;) 8.883 eV in furan and 8.21 eV in pyrrole, and

excited states, so that the calculated excitation energies aveould give absorption bands in the range of 5.5-8.8 eV.

vertical in nature. In order to distinguish valence and Rydberg-type transi-
In the present calculations, we have used Dunning’s augtions, we use some properties discussed in our recent

mented correlation consistent basis set AUG-cc-p¥Cfdr ~ paper?? First, we take advantage of the fact that theand

O, N and C atoms, and cc-pVBZfor H atoms. For the B; Rydberg states are not perturbed by the valeneer*
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TABLE |. Hartree—Fock occupied molecular orbitaldOs) and some important unoccupied MOs of furan and pyrreland 7 stand for valence character
and Ryd stands for Rydberg character.

Symmetry Orbital energyeV) Nature

MOs Furan Pyrrole Furan Pyrrole Furan Pyrrole
Occupied
Cores o(1s) a(1s)
6 4a, da,; —39.820 —35.263 o(2s) o(2s)
7 5a, 5a,; —29.602 —28.470 (29) (29)
8 3b, 3b, —27.409 —26.621 o(2s) o(2s)
9 4b, 6a, —22.032 -21.711 (25) (25)
10 6a, 4b, —21.314 —20.913 o(2s) o(2s)
11 7a, 7a, —-20.170 —20.074 a(2p) a(2p)
12 b, 8a, —-17.230 -16.181 my a(2p)
13 5b, 5b, —16.621 —15.888 a(2p) a(2p)
14 6b, 1b, —15.694 —15.430 a(2p) y
15 8a, 6b, —-15.451 —14.861 a(2p) a(2p)
16 9, 9a, —14.732 —-14.411 a(2p) a(2p)
17 (next highest occupied molecular orbjtal 2b, 2b; —10.835 —9.454 ) )
18 (highest occupied molecular orbital la, la, —8.702 —8.054 3 3
Unoccupied
19 (lowest unoccupied molecular orbixal a; a; 0.047 0.041 s-Ryd sRyd
20 b, a, 0.162 0.146 p,-Ryd s/p,-Ryd
21 a; b, 0.166 0.164 s/p,-Ryd p,-Ryd
23 a; a, 0.201 0.207 s/d-Ryd s/d-Ryd
26 a, b, 0.355 0.359 d,,Ryd dy,-Ryd
27 a, a, 0.360 0.360 s/d-Ryd d,y-Ryd
29 a; a, 0.484 0.447 s/d-Ryd s/d,Ryd
30 b, b, 0.544 0.553 p,-Ryd p,-Ryd
32 b, b, 0.589 0.596 p,-Ryd p,-Ryd
33 b, a; 0.951 0.945 dy~Ryd s/d-Ryd
35 a a; 0.990 0.970 s/d-Ryd s/d-Ryd
36 a, b, 1.002 1.012 d,,Ryd dy,/py-Ryd
38 b, a, 1.011 1.017 d,,/py-Ryd dyy-Ryd
39 b, a, 1.396 1.376 p,-Ryd s/p,-Ryd
40 a; b, 1.432 1.423 s/p,-Ryd p,-Ryd
41 b, b, 1.499 1.519 p,-Ryd p,-Ryd
42 a; a, 1.874 1.876 s/d-Ryd s/d-Ryd
46 b, b, 2.286 2.304 d,,/py-Ryd d,,/px-Ryd
48 b, a; 3.439 3.436 a* os/d-Ryd
50 b, b, 3.587 3.666 p,-Ryd p,-Ryd
52 b, b, 3.627 3.787 Tpy ™
53 a, a, 4.043 4.145 ™ *
57 b, a; 4.837 4.920 ™ os/d-Ryd
59 a, b, 4.909 5.149 os/d-Ryd ™
61 by a, 6.298 6.054 ™ ™
62 a, b, 6.888 6.465 o a*
64 a, b, 6.988 6.852 ™ ™
66 b, a, 8.258 7.254 a* a*

transitions due to the symmetry constraint. We then use theorresponding previous values were—228.557 15,
expectation values of the second moments of the charge dis-228.81055, and-0.253 40 hartrees, respectively.
tribution (r2), and its componenté&?), (y?), and(z?). In The singlet vertical excitation energies calculated by the
addition, the oscillator strength has also been used by severgA\C—Cl method are given in Table IIl, which also shows the
authors as an indicator to compare valence and Rydbergscillator strengti f(r)] and the second moment of each
characters>>*?%%"We will use all of them to analyze our excited state. In Table IV, the present SAC—CI singlet and
SAC-Cl results. triplet excitation energies are compared with the experimen-
tal values, and with the results obtained by CASPT2,
MRDCI, ADC(2), and CC3. Since for furan the MRMP re-
sults are quite similar to those for CASPT2, they are not
The calculated SCF energy of furan is228.654 184 given in Table IV. Figure 3 shows a comparison of the ex-
hartrees. The SAC ground-state energy-229.070 173 har- perimental VUV spectruAi and the theoretical SAC—CI
trees, and the correlation energy-i9.415 988 hartrees. The spectrum of furan.

A. Furan
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TABLE Il. Comparison of the previous and present SAC/SAC-CI computational conditions for furan and

pyrrole.
Previous(Ref. 6 Present

Basis sets D# Rydberg AUG-cc-pVDZ+Rydberg
O, N and Ci[4s2p] O, N and C: AUG-cc-pvDZ
H: [2s] H: cc-pvDZz
Rydberg (32p1d) on the Rydberg (33p3d) on the
molecular center of gravity molecular center of gravity

Active space

Furan 675°51° 17515°,170]

Pyrrole 69[5°,5%] 18075°175]

Energy threshold Ag=4.0X107%, \,=5.0x10"° Ag=1.0X107%, A=1.0x10"°

for perturbation

selection(PS

Dimension of linked

operators after PS Singlet Triplet Singlet Triplet
A (G)¢ 2456 17 010
A, 1896 2496 61287 65942

Furan A, 2260 2425 58 006 69 327
B, 2352 2017 106 049 49 416
B, 1805 2379 60 292 59 803
A (G)¢ 2457 16 437

Pyrrole A, 1841 2515 67 165 71068
A, 1883 2199 72433 88101
B, 1913 2487 89 004 88 690
B, 1758 2701 66 404 65 683

#The total number of MOs.

The number of frozen orbitals. 5 meanss'tore”.

‘The size of the active spac@ccupied MO plus unoccupied MO
dSAC ground state.

1. Singlet valence excited states tation energies of the B, state were calculated to be 6.04,
The first band system occurs in the region of 5.5-7.0 e\6-76, 5.95, 6.37, and 6.35 eV by CASPT2, MRDCI, MRMP,
of the VUV spectrum. The maximum of this band lies at 6.04ADC(2), and CC3, respectively. The corresponding oscilla-
eV (peak I in Fig. 3, which was assigned to the valence tor strengths are 0.1543, 0.183, 0.158, 0.148, and 0.144, re-
m—* transition V(!B,) by Palmeretal? In addition, spectively. When we estimate the accuracy of these theoret-
Flicker et al® observed the intensity maximum of a broadical results, we should take into account the difference
transition at 6.06 eV using electron impact spectroscopy antietween the vertical excitation energy and the peak maxi-
assigned it toX A;—1B,. In our present SAC—CI calcula- mum. For example, it has been repofeihat the difference
tions, the excitation energy of the'B, state is computed at between the vertical and the maximum peak excitation ener-
6.40 eV with an oscillator strength of 0.1852: it clearly rep-gies is at least 0.11 eV for thd,,, valence excited state of
resents the most intense feature of peak I. The second mbenzene.
ment (r?) is 92.5358 a.d, which defines it as a valence The region of greatest intensity in the VUV spectrum
excited state, even if it is somewhat more diffuse than thevccurs from approximately 7.2 to 8.4 eV, with an intensity
ground state (f?)=64.6624 a.f) due to valence—Rydberg maximum at 7.8 e\(peak Il in Fig. 3, to which the valence
mixing. The nature of the 1B, state is mainly thers—7*  transitionV(*A,) has been assigned by most experimental
(18—-48) excitations mixed with the Rydberg transitions and theoretical studies. Our present results calculated the
(18—41), (18-32), and (18—46), etc. We would like to 1A, state to lie at 8.34 eV above the ground state with an
assign the first peak at 6.06 eV to théB, state. The exci- intensity of 0.4826. It is clearly related to the most intense
feature of peak Il. Its second momeft) is 97.5047 a.g,
which shows that it is a valence excited state, although it is

somewhat more diffuse than the ground state due to slight
X=0,NH X=0, NH valence—Rydberg mixing. The nature of thé/§ state is a
mixing of m3—7* (18—53) and m,—7* (17—48) excita-

tions and the Rydberg transitioi47—46) and (17—38),

W(2b1)  m(lag) T (3b) 75 Qaz) etc. Based on these results, we assign tha 6state as the
. l g
FIG. 2. Two highest occupiegr orbitals and two lowest unoccupied* main component of th&)"( Al? .transmon. Note that the na-
orbitals of furan and pyrrole. ture of the 6'A, state is mixing ofmy—7* and m,—7*
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TABLE lll. Calculated excitation energien eV), second moments, and main configurations by the SAC/
SAC-CI method for furan.

Second moment

State Naturd AE®  Pof f(r) (x?) (y? ) (r?)

1 lAl Ground 0.0 0 24.6628 18.4772 21.5224 64.6624
1 1A2 3s—R 5.99 Forbid 42.5477 34.8039 38.6635 116.0150
1 le V-mix 6.40 y 0.1852 42.7817 23.8893 25.8647 92.5358
1 lBl 3py— R 6.45 X 0.0313 37.0420 65.4676 34.1141 136.6238
214, 3p,~R 6.66 Forbid 403748 332618  75.0431  148.6797
2 lAl \Y 6.79 z 0.0000 25.9881 20.0661 22.9068 68.9609
21B, 3p,~R 682 y 00158 653508 263912  37.7410  129.4920
3 1A2 3d—R 7.04 Forbid 41.6107 68.7722 33.1252 143.5080
2 lBl 3dyz— R 7.14 X 0.0005 37.0320 60.9984 64.9757 163.0060
4 1A2 3d—R 7.27 Forbid 52.6200 30.0711 89.0683 171.7594
3 lAl 3dxy_ R 7.36 z 0.0001 91.1382 80.6382 40.2160 211.9923
3 1Bl 3s'—R 7.45 X 0.0292 45.5458 47.8471 45.2990 138.6919
5 1A2 4s—R 7.50 Forbid 153.8467 90.5160 99.9118 344.2746
31B, 3d,,~R 751 y 00194 1082377  40.0669  97.4018  245.7064
4 lBl 4py7 R 7.67 X 0.0008 94.2931 226.6794 90.7120 411.6845
4 le 4p,—R 7.71 y 0.0010 246.8240 86.1320 96.7509 429.7070
6 1A2 4p,—R 7.72 Forbid 104.4467 91.4211 255.1376 451.0054
7 lAz 4d—-R 7.85 Forbid 113.9521 256.0963 75.7213 445.7697
5 1Bl 4dyz— R 7.89 X 0.0000 79.7302 185.1881 190.2943 455.2126
8 1A2 4d—R 7.93 Forbid 121.5102 76.7263 269.3098 467.5463
4 lAl 4dxy— R 7.99 z 0.0002 211.5385 200.0038 80.1687 491.7110
9 lAz 55—R 8.04 Forbid 366.5189 246.8423 260.1989 873.5601
5 le 4d,,— R 8.07 y 0.0069 225.2252 78.9295 209.5113 513.6660
6 lBl 3p,—R 8.07 X 0.0006 44,3096 48.8139 78.7930 171.9166
5 lAl 3p>'(— R 8.14 z 0.0205 83.4876 39.7525 37.0449 160.2850
7 lBl 5py7 R 8.18 X 0.0023 145.3949 381.7329 142.6457 669.7735
6 132 5p,—R 8.19 y 0.0016 389.8390 133.7052 144.3590 667.9031
10 1A2 5p,—R 8.21 Forbid 147.3133 136.8059 392.3236 676.4428
6 lAl V-mix 8.34 z 0.4826 38.4469 26.9042 32.1536 97.5047
8 lBl 5dy2* R 8.47 X 0.0017 54.9059 120.4527 100.1038 275.4624
9 lBl 3d'—R 8.54 X 0.0095 62.5576 135.8883 117.9192 316.3651
10151 3d'—-R 8.67 X 0.0292 57.9288 47.8102 74.4203 180.1593
7 lAl 5dxy7 R 8.69 z 0.0035 184.2435 173.1875 71.3490 428.7800
71B, 5d,,~R 875 y 00222 1688308 639795 157.0494  389.8597
8 le 3d)’(y— R 8.79 y 0.0243 88.9270 68.6441 50.3966 207.9677
11151 3d'—-R 8.87 X 0.0048 38.4421 52.1882 72.9737 163.6040
8 lAl 4s' —R 8.95 X 0.0036 135.2292 98.2036 116.8031 350.2359
12 1Bl 3d,,—R 8.95 z 0.0703 104.0758 41.4103 97.6589 243.1450
9 le V-mix 9.08 y 0.1662 56.3822 41.8921 32.1471 130.4213
13151 4'p,—R 9.15 X 0.0003 111.3931 93.3319 239.8221 4445471
1 382 \Y 4.39 v 25.0331 18.3365 22.6064 65.9760

1 3Al \Y% 5.63 cee 25.2181 19.2344 22.5002 66.9527

1 3A2 3s—R 5.98 .. 43.0576 34.1056 37.2876 114.4508

1 3B1 3py— R 6.52 e 37.8233 67.2748 34.9733 140.0714

2B, 3p,~R 6.66 . 735041 295236  34.6416  137.6693

2 3A2 3p,/s—R 6.68 cer 39.7699 33.0344 74.0609 146.8652

2 3A1 \ 7.10 ‘e 29.0880 22.2528 23.5868 74.9276

2 3Bl 3dyzf R 7.21 vee 38.2497 64.9995 68.9878 172.2370

a/ andR denote, respectively, valence and Rydberg excited state. For details see the text.
bTransition energy.
“Polarization direction of the transition moment.

transitions, and the notatiovi(*A,), based the simple four puted the 4A, state at 7.69 eV with an oscillator strength of
m-orbital model, is inadequate becaus¥’ denotes only 0.494, ADG2) at 8.16 eV with an oscillator strength of
ma—m* type transitions. 0.308, CC3 at 8.35 eV with an oscillator strength of 0.350.
CASPT2 computed the ¥, state at 7.74 eV with an Recently, Palmeet al?® assigned an absorption peak at
intensity of 0.4159, and it was reportedhat the appearance 8.7 eV in their VUV spectrum(peak Il in Fig. 3 to the
of intruder states in CASPT2 wave function renders an unvalence excitationV’ (*B,) with the aid of MRDCI calcu-
certainty of about 0.2 eV to this state. MRDCI computed thislated results: 9.422 eV with an intensity of 0.197. In their
state at 8.324 eV with an intensity of 0.476. MRMP com-studies, the relative intensities were important for relating
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TABLE IV. SAC-CI results compared with the experimental excitation energies and other theoretical results for furan.

Wan et al.

SAC—CI CASPTZ CCc3ccsDe MRDCI9 ADC(2)

State Naturg f(r) AEP Expt® AE State AE' Nature AE" Nature AE Nature

11A, 3s—R Forbid 5.99 591  5.92 iA, 6.11  B(*Ay) 5950  3(1A,) 586  B(1Ay)

1B, \% 0.1852 6.40 6.04 6.04 B, 6.35 V('B,) 6.759 V(!B 6.37 V(B

1B, 3p,—R 0.0313 6.45 6.47 6.46 B, 6.64  3,('B,) 6.659  P,('B,) 6.35 (‘B

21A, 3p,—R Forbid  6.66 6.61 659 A, 6.80  3p,(*A) 650  Pp(*A)

21A; \% 0.0000 6.79 6.16 A, 6.61 V('A) 6.024  V(*A) 6.70  V'(*A)

21B, 3p,—R 0.0158 6.82 6.75 648 B, 6.94  P('B) 6.633  ,('By) 6.73  3p('By)

31A, 3d—R Forbid 7.04 7.00  3A, 712 3d%(*A,)

21B, 3dy,~ R 0.0005  7.14 7.15 3B, 6.89 (A,

41A, 3d-R Forbid 7.27 7.22 4a, 6.98 (‘B

31A, 3d,,—R 0.0001 7.36 728 731 B\ 732 3;y,('By) 6.988  3,,('B,) 722 (A

31B, 3s'-R 0.0292 7.45 738 721 B, 752  F(By) 7.143 ¥ ('By) 7.05  F(By)

51A, 4s—R Forbid 7.50 7.80  45(1Ay)

31B, 3d,,—R 0.0194 7.51 743 713 B, 758 A (*Ay) 7.405  3d%(*A,) 711 (A

4B, 4p,—R 0.0008 7.67 7.52 770 #'A) 7594  &(1A,) 730 4(MAy)

41B, 4p,—R 0.0010 7.71 7.53 772 BB, 7750 3 (*A) 7.35 (B,

6 1A, 4p,—R Forbid 7.72

71A, 4d—R Forbid 7.85 7.70 7.824  @('B,) 7.48  4('By)

5B, 4d,,—R 0.0000 7.89 7.90  @B,('By)

81A, 4d—R Forbid 7.93 7.79 7.94 @B ('B,) 7652 §,('By) 753 4('By)

41, 4d,,—R 0.0002 7.99 751 4p(tAy)

91A, 5s—R Forbid 8.04 757  3P'(*Ay)

772 4(*By)
7.87  4('By)

51B, 4d,,—R 0.0069  8.07 8.01 8.26  d4,('B,) 7.82  4(*A)

6B, 3p,—R 0.0006 8.07 8.04 820  d4,(*A) 7.563  4d3(*A,) 7.66  4d(*A,)
8581 4, ('A)) 772 4(A))
8.844 (1A, 7.80  5(*Ap)

51A, 3p;—R 0.0205 8.14 8.10 8.26 3py(*A) 8.148  3p,(*A) 761  3p'(*By)

7B, 5p,—R 0.0023 8.18 8.19 834 /('By) 8.040  3p.('By) 796 (‘B

6'B, 5p,—R 0.0016 8.19 8.23 836 /B('B,) 799  5('B,)

10A, 5p,—R Forbid 8.21 771 P'(*A)

6 1A, V-mix 0.4826 8.34 7.8 7.74 ], 8.35  V('A) 8.324 V(*A) 8.16  V('A)

81B, 5d,,~R 0.0017 8.47 8.32 852 g,('By)

9B, 3d'-R 0.0095  8.54 8.34 850  djy(*A) 8.06  '(‘By)

10'B, 3dy,~R 0.0292 8.67 8.46 8.327 3d,(*A,) 8.32  W'('By)

7A, 5d,,—R 0.0035  8.69 8.359 3d,%('B,) 8.23  '('By)

71B, 5d,,— R 0.0222 8.75

81B, 3d,,—R 0.0243 8.79 8.77 8.936 3dj,-(!B,) 851  AW'(*A)

11'B, 3d'-R 0.0048  8.87 8.395 3d;¥(131)

81A, 3d,,—R 0.0036  8.95

12'B;, 4s'—R 0.0703  8.95

91B, V-mix 0.1662 9.08 8.7 8.38 VIB, >9 V('B,) 9.422  V'('By) 8.64 V'('By)

13B, 4'p,—R 0.0003  9.15 8.96 8.41  4'('By)

13B, \Y 4.39 3.99  3.99 3.931 4.31

13A, \Y 5.63 515 5.5 5.282 5.50

13A, 3s—R 5.98 5.86 8.682 5.81

13B, 3p,—R 6.52 6.42 9.077 6.31

23B, 3p,—R 6.66 ~6.5 6.313

23A, 3p,/s—R 6.68 8.733

23A, \% 710 ~6.5 6.648

a/ andR denote, respectively, valence and Rydberg excited state. For details see the text.

PTransition energyin eV).
‘Experimental data were taken from Refs. 21-25 and references therein.

‘Reference 21.
°Reference 25.
fCC3 for valence and CCSD for Rydberg.
9Reference 22.
"Different basis sets were used for valence and Rydberg.
Reference 24.

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 113, No. 18, 8 November 2000 Excitation of furan and pyrrole 7859

CASPT2 computed the 2\ state at 6.16 eV with an inten-

(o]
%! Furan sity of 0.0015, and its nature was reported to be a mixture of
> g0 VUV spectrum the configurations 8, —3b, and 1a,—2a, and the double
E excitation off (1a,)?— (3b;)?]. MRMP computed the 2A,
Z state at 6.16 eV with an intensity of 0.0035, and its nature
E 40 was almost the same as that by CASPT2, Rydberg mixing
Z was also found. ADR) computed this state at 6.70 eV with
20 an oscillator strength of 0.003. CC3 computed it to be 6.61
eV with an oscillator strength of 0.000. Our present calcula-
oh . tions give the 2A, state at 6.79 eV with an oscillator
6'a strength of 0.0000. Its second momént) is 68.9609 a.d,
= 0.3 | SAC-CI which clearly defines it as a valence excited state, and its
% ’ nature is a mixture ofr,—7* (17—48) and (17—61) and
2 i 1'B, \ ma—m* transitions(18—53) and (18—64). Double excita-
5 0.2 9B tion makes a rather small contribution. Note that all of the
g . above-mentioned theoretical methods, except MRDCI, gave
E 0.1 r 1'5,3'B, B°A 1 an energy order ofB,<*A;. This implies that the firstA;
= valence state should be located at a higher energy shoulder of
g 0 the first band. Due to the very weak intensity of this valence
°© 45 55 65 7.5 85 transition, there is no obvious experimental evidence to con-
ENERGY (in eV) firm the theoretical results, andce versa However, in the

case of thiophene, which will be discussed in a later p&per,

FIG. 3. VUV spectrum and SAC—CI theoretical spectrum of furan.  the 2'A,; state has been well characterized with regard to
both excitation energy and oscillator strength, in comparison
with the experimental data of the VUV and magnetic circular

calculated results with experimental data when MRDCI re_dlchr0|sm spectra.

sults did not agree with the experimental data for the higher
m—* transitions. Our present results give théB) state at 2 Singlet Rydberg states
9.08 eV with an intensity of 0.1662 in this region. The sec-  The lowest singlet Rydberg transition has been assigned
ond moment(r?) of this state is 130.4213 a’u.which  to the 1a,—3s Rydberg series. Robih first assigned the
clearly shows that this state has significant diffuse characteweak feature at 5.94 eV to the dipole-forbiddex, Rydberg
lts nature is mainly due to ther,—m* (17—53) and state, and later Roebbet al!® also assigned the weak peak
(17—64) excitationsV' (*B,) mixed by the Rydberg transi- at 5.91 eV to the 4,— 3s Rydberg state using multiphoton
tions (17—26) and (17—36), etc. CASPT2 calculated this ionization spectroscopyMPI). In the present calculations,
state at 8.38 eV with an intensity of 0.27. MRMP did not the 1A, state is computed at 5.99 eV and its nature is a
give this state. ADQ) computed this state at 8.64 eV with 3s-Rydberg transition. The CASPT2, MRDCI, MRMP,
an oscillator strength of 0.116. CC3 estimated this state to bADC(2), and CCSD methods computed this state at 5.92,
above 9 eV and therefore outside of the energy range corb.95, 5.84, 5.86, and 6.11 eV, respectively.
sidered. The group of transitions in the region 6.4—-6.8 eV has
Finally, we discuss the valence excitatiow!(*A;), usually been assigned to thasl-3p Rydberg series. Der-
which is expected to occur in the first band. However, con+ick and co-workers® assigned the band with a 0—0 origin at
trary to theV(*B,) valence excitation which has been rela- 6.475 eV to the transition d,—3pb,. Cooperet al!? as-
tively well established, th&'’(*A,) excitation is so compli- signed 6.47 eV to the 8 Rydberg states in their MPI spec-
cated that it has not yet been reasonably assigned. There igrascopy studies, which supported the results of Derrick and
progression of weak peaks at 5.70, 5.80, 5.89, and 5.91 eV ico-workers. Recently, thepd,('B;) assignment was ques-
the UV absorption spectrum. This was assigned to a Rydbertioned by Palmeet al.?? who assigned 6.472 eV to tH8,
transition and its vibronic lines by Robid, and to the state on the basis of their MRDCI calculations. Our present
V'(*A,) valence transition by Roebbet al!® Palmeret al.  calculations computed the'B, state at 6.82 eV, well sepa-
stated that their recent wdrksupported the valence-type rated from the B, transition at 6.45 eV, which is consis-
assignment because their MRDCI calculations gave the erient with the ADG2) and CCSD results. Therefore, we as-
ergy order'A;<'B, for the two lowest valence transitions, signed an observed transition at 6.47 eV to the, 1
although the numerical results for these two states changee: 3p, (1 1B,) Rydberg series.
greatly with different basis sets. Tha, state was calculated The nature of the transition observed at 6.75 eV has been
at 6.024 eV with an intensity of 0.011, and tH®, state was the subject of controversy:**?*Cooperet al? assigned it
calculated at 6.759 eV with an intensity of 0.183 using thetentatively to the'A; valence-type transition. This was criti-
double zeta plus polarizatioDZP) basis, and these two cized by Robirt> and more recently, this peak at 6.75 eV
states were calculated at 6.63 and 6.88 eV, respectively, usvas assigned to thep3Rydberg transition by Nyulaszf.
ing the DZPR basis in a MRDCI study Note that the nature Recently, Palmer et al?®> convincingly proved the
of the 2'A; state in the MRDCI study is onlyr,— 7*. 3p-Rydberg origin of the 6.75 eV band, but assigned it to
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1a2—>3py(1Bl) based on their MRDCI results. Taking into 3. Triplet excited states

account the discussion on the 6.47 eV transition, we believe  The two lowest triplet transitions of furan have been
the 2B, state is a better candidate for the observed 6.75 eVvell identified by electron energy-loss (EEL)
transition, which is consistent with the ADZ) and CCSD spectroscop¥1%23at 3.99 and 5.2 eV, which are assigned to
results. CASPT2 computed the', and 2'B, states at 6.46 the B, and °A, valence transitions, respectively. Our
and 6.48 eV, respectively, and assigned both of them to thfresent calculations computed thég, state at 4.39 eV with
6.47 eV transition. MRMP computed the'B; and 2'B,  a second moment of 65.9760 &,and 1°A, at 5.63 eV with
state at 6.40 and 6.50 eV, respectively, and also assigneflsecond moment of 66.9527 &.uThe second moments of
both of them to the 6.47 eV transition. Apparently, the ob-these two states clearly characterize them as valence excita-
served 6.75 eV transition was overlooked by the CASPTZ3jons. The main configurations ofB, are (18—48),

and MRMP studies, which is rather misleading because n@18—.61), (18-57), etc., and those ofA; are (17—48),
evidence for a second transition at 6.48 eV can be found in18—64), (18—-53), (17—61), etc.
the experimental spectrum. In addition, we computed the Recently, Palmeret al?® observed two higher triplet
dipole-forbidden ZA, state at 6.66 eV, which is aa}  transitions at around 6.5 eV in their EEL spectrum study and
—3p, Rydberg series. assigned them to the ®A; and 2°B, states. Our present
Following the above-mentioned threep-Rydberg calculations gave theBseries of triplet Rydberg states in
states, there is an experimentally identified Rydberg transithis energy region, iBl(Spy) at 6.52 eV, 2B,(3p,) at
tion at 7.28 eV. This transition was interpreted as thes.66 eV, and 2A,(3p,) at 6.68 eV. The valence triplet ex-
3d-Rydberg serie8, ' however, the spatial symmetry des- cited state A, was given at 7.10 eV with the main con-
ignation of this series is again not fully secure. Derrick andfigurations of (17—48), (18—53), (18—64), etc. These
co-workers® experimentally assigned the transition at 7.28states are related to the two higher triplet transitions in the
eV to the 3'A; state. CASPT2 calculations gave thé®  EEL spectrum.
state at 7.15 eV and the'd; state at 7.31 eV, and followed
the assignment of Derrick and co-workers MRMP andB. pyrrole
ADC(2) also followed the choice of CASPT2: the'B; and
31A, states were computed at 7.10 and 7.26 eV by MRMP
and at 6.98 and 7.22 eV by ADR), respectively. Recently,
however, Palmeet al?? assigned the observed 7.28 eV tran-
sition to the 31(!B,) state according to their MRDCI results:
the 2B, state at 6.988 eV and the'd, state at 7.75 eV.
CCSD calculated the ds/z(lBl) state at 7.32 eV and fol-
lowed the assignment by Palmet al. Our present results

The SCF energy of pyrrole is -208.838 068 hartrees. The
SAC ground-state energy is209.218 937 hartrees, and the
correlation energy is-0.380 869 hartrees. The correspond-
ing previous values were-208.754 72,—208.993 36, and
—0.238 64 hartrees, respectively.

The principal SAC—CI results for the singlet and triplet
vertical excitation energies are shown in Table V, along with

computed the 281(3dyz) state at 7.14 eV, and the the oscillator strengthif(r)] and second moment of each

31A,(3d,) state at 7.36 eV. The assignment to thee).(C'ted stgte: In Table' VI, the present SAC-CI smglgt and
y —triplet excitation energies are compared to the experimental

1
?hdexlé %Lf}?ﬁg:ﬁg&i?fﬁgg tzgzl, ;;mFS thegrefoégrgi a:;'%]alues, and to the results obtained by CASPT2, MRMP,
: 11 3Gxy) RY 9 ' ADC(2), and CC3. Figure 4 shows a comparison of the ex-

with CASPT2, MR.N.IP’ and AD). : aerimental VUV spectrudf and the theoretical SAC—CI
The next transition at 7.38 eV has usually been assigne " . L
Spectrum of pyrrole. Additionally, to interpret the similarities

; 5,12,23 _
20 r:t'eoi]bsl_)asse?%gb;g (zir,')e sst(agu)a. at 7 %U;S/rez?é;‘iz and differences between the VUV spectra of pyrrole and fu-
uatl gav 1 ' ' ' ran, the excitation energies, oscillator strengths, second mo-

MthDCIt’ 7M 2F§LM7P ’123DC;23)’1ar;do§C83 (;a;czula\t)ons gavia' thl's ments, and main configurations of the valence excitations of
state at /.22, 1,245, 1.5, 1,09, and [.oc eV, TESPECUVEL. 1,0 vo molecules are compared in Table VII.

Regarding the transitions at 7.43, 7.52, and 7.53 eV,
MRDCI calculations assigned them to the dipole-forbiddenl- The first intense and broad band (5.2 —6.6 eV) of
transitions B,—3d (A,, 7.405 eV, 1la,—4s (1A,, 7.594  the VUV spectrum
eV) and the dipole-allowed transitiora3— 3d (*A;, 7.750 Our present calculations show that the first thi@&s
eV) states, respectively. AD@) studies assigned these three states are computed at 5.88, 6.48, and 6.76 eV, respectively,
transitions to the 8 (*A,, 7.22 eV}, 4s (*A,, 7.30 eV}, and  with oscillator strengths of 0.0805, 0.0475 and 0.0789, re-
3d (!B,, 7.35 eV states, respectively. However, according spectively. The second moments of the three excited states
to our present results, we prefer to tentatively assign them tare 132.1, 146.3, and 224.7 & uespectively. It is difficult
3'B, (3d,,, 7.51 eV, 4B, (4py, 7.67 eV}, and 4'B, to distinguish these three states as valence excitation or Ry-
(4py, 7.71 eV). Our present assignment of Rydberg transi-dberg excitation by the second moments and oscillator
tions lower than 7.53 eV is consistent with the energy ordestrengths. However, we can use a simple hybrid model to
and gap of the experimental data. give an interpretation. Since there are three configurations

In the energy region higher than 7.53 eV, Rydberg tran1 B, (1a,—3p,), 2'B, (valence Hh,—=*), and
sitions become increasingly dense, and the assignment 6f'B, (1a,— 3d,,) which are close in energy, we can as-
individual Rydberg transitions is more difficult. Therefore, sume that these three configurationsa{% 3p,, #*, and
the assignments of the experimental data higher than 7.53 e¥d,,) are strongly mixed with each other and then construct
given in Table IV are tentative. three new  hybrid excited states 1B, (la,
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TABLE V. Calculated excitation energiéi eV), oscillator strengths, and second moments of pyrrole.

Second moment

State Naturé AE®  Pof f(r) (x?) (y?) (2% (r?
1 1A1 Ground 0 0 26.3093 20.6830 18.3334 65.3256
1 lAz 3s—R 5.11 Forbid 38.5385 31.6834 44,4993 114.7213
1 lBl 3py— R 5.80 X 0.0211 40.1805 69.3496 35.1595 144.6895
21A, 3p,—R 5.81 Forbid 440000  38.9442  56.7104  139.6547
1 le 3p,—R 5.88 y 0.0805 70.6606 31.5707 29.9041 132.1354
2 1Bl 3s'—R 6.05 X 0.0005 39.1957 37.2409 43.7521 120.1888
3 1A2 3d—R 6.38 Forbid 42.1899 78.4625 47.3118 167.9642
3 lBl 3dy,—R 6.39 X 0.0037 40.0846 64.5531 64.3982 169.0359
2 lAl \% 6.41 z 0.0002 29.5900 24.3270 19.4281 73.3451
4 1A2 3d—R 6.44 Forbid 70.1989 31.9981 57.5656 159.7626

218, V-3d,~R 648 y  0.0475 68.3278  30.0456  47.9410  146.3143

31A, 3d,,—R 6.64 z  0.0000 95.7588  83.8498  37.4214  217.0300
418, 3p,—R 6.68 x  0.0266 443956 447269  61.0966  150.2190
51A, 4s—-R 6.71 Forbid ~ 112.8202  79.8926  147.4559  340.1687
3B, 3d,,~R 676 y 0.0789  103.2229 415147  79.9981  224.7356
41A, 3p,—R 6.86 z 0.0146 81.7840  39.3504  32.4668  153.6102
51B, 4p,—R 6.93 x 00029 1035279 2547510  99.6378  457.9166
6 1A, 4p,—R 6.95 Forbid ~ 131.9602  107.6015 177.5677  417.1295
41, 4p,~R 6.99 y 00020 2447481  87.0448  89.8109  421.6038
717, 4d-R 7.11 Forbid ~ 167.1016  189.0867  88.1108  444.2990
81A, 4d-R 7.13 Forbid ~ 105.1136  149.2357  231.5695  485.9187
618, 4d,,—R 714  x  0.0001 86.5404 2035861  194.1834  484.3100
51A, 4d,,—R 726 z 00041  216.4420 205.8745  77.9965  500.3131
71B, 3d'-R 726 x  0.0018 49.2432  59.8176 595719  168.6327
51B, 4d,,~R 726 y 00119  209.6781  75.2864  199.8960  484.8605
914, 5s—R 7.27 Forbid  296.8269  230.0584  330.6280  857.5133
8B, 3d’—R 734 x  0.0092 63.3648  73.0189  33.5406  169.9242
10'A,  5p,—R 7.44 Forbid ~ 195.3911  177.9971  371.4336  744.8217
9B, 5p,—R 7.44  x  0.0048 1427447 373.8345 138.7340  655.3133
6B, 5p,—R 745 y 00020  390.0070 135.3600 136.3607  661.7277
6 1A, 3d,,~R 749  z  0.0679 88.5856  41.1360  73.4847  203.2063
71B, 3d,~R 755 y 00052  100.2877  91.3482  37.2567  228.8926
10'B,  4s'-R 763 x 00000 1155165  80.3642  149.7550  345.6358
11'8,  5d,,—R 775  x  0.0002 83.3076  190.2939  187.5531  461.1546
71, 4'p,—R 7.83 z 0.0020 2437424  93.9043  89.3948  427.0415
81A, V-mix 788 z 03252 1136843  66.9987  70.1911  250.8741
8B, 5d,,~ R 793 y 00127  184.2486  67.3410 173.6527  425.2423
91A, 5d,,—R 799 z 00814 1611558 144.0513  66.2029  371.4099
12'B,  4d’'-R 802 x 00001  105.1475 189.7472  184.0334  478.9280
91B, 4d;,—R 814 y  0.0445  198.4062  188.6370  71.1856  458.2288
10'A,  4d -R 820 z 00758 1954445  73.8492  177.7282  447.0220
10'B,  V-mix 825 y  0.2553 69.5117  56.0848  33.4018  158.9982
11'A;,  5'p,—R 832 z 00014  398.9488  141.0667 139.6109  679.6265
13B, Vv 458 26.7894  20.9241  19.4356  67.1491
134, 3s—R 5.08 38.9417 315646 425046  113.0110
134, Vv 5.60 27.3228  22.2646  18.8990  68.4864
138, 3p,—R 5.82 400917  67.9226  34.3289  142.3432

a/ andR denote, respectively, the valence and Rydberg excited state. For details see the text.
PTransition energy.
Polarization direction of the transition moment.

—3p,,7,3dy,), 2B, (valence h,— 7*, 3p,, 3d,,) and and explains why Rydberg transitionsa(l—3p,, 7*, 3d,,
31B, (1la,—3d,,,7*,3p,) that are moderately separated in and 1a,— 3d,,, 7*, 3p,) show strong intensity in this en-
energy. Thus, an attempt to assign pure Rydberg or purergy region. Our present calculated excitation energies, 0s-
valence excitations in this case is meaningless. In our presenillator strengths, and second moments for the thrBe
calculations, we found that one valence transition configurastates are very similar to those by CC3 calculations. Assign-
tion, la,— 7* (18—52), is included in all threéB, states, ment of the first'B, valence excitation in this energy region
and its contributionsabsolute value of the coefficient of has been controversial in other theoretical stuéfeé?°26:2°
configuration to the thre€'B, states are 0.35, 0.48 and 0.53, Although the 2!'B, state was calculated and assigned to be
respectively. This further shows that the intensity of this enthe valence excitation and was the major source of intensity
ergy region can be attributed mostly to valence excitationfor this energy region in CASPT2 and MRMP?® studies,
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TABLE VI. SAC-CI results compared with the experimental excitation ener@esV) and other theoretical results for pyrrole.

SAC SAC—CI CASPTZ MRMP® ADC(2)f cc?

State Naturé f(r) AEP Expt® AE Nature AE AE Nature AE Nature

11A, 3s—R Forbid 511 ~5.22 5.08 11A,-3s 4.92 5.03 3(1A,) 5.20 FB(1A,)

1B, 3p,—R 0.0211 580 ~5.7 5.85 1'B;-3p 5.70 5.68 »(*By) 5.95 P,(*By)

21A, 3p,—R Forbid 5.81 5.83 2A,-3p 5.74 5.71 D(MA,) 5.94 3,(*A,)

1B, 3p,—RIV 0.0805 5.88 ~5.86 5.78 1B,-3p 5.87 5.86 »(1B,) 6.04 3,(*B,)

2B, 3s'-R 0.0005 6.05 5.97 3B,-3s’ 5.81 5.77 3'('B,) 6.12 ¥'('B,)

31A, 3d—-R Forbid 6.38 6.40 3A,-3d 6.45 6.25 (A, 6.51 A(A,)

3B, 3d,,—R 0.0037 6.39 ~6.42 6.42 3'B;-3d 6.38 6.27 A(*B,) 6.55 A,,(1B,)

21A; \% 0.0002 6.41 5.92 -V 5.98 6.66  V'(*A) 6.37 V(*A)

41A, 3d—R Forbid 6.44 6.51 4A,-3d 6.44 6.37 3(tA,) 6.57 A(*A,)

21B, V/3d,,—R 0.0475 6.48 6.2-6.5 6.00 B,-V 6.51 6.48 2A(*B,) 6.57 V('B,)

31A, 3d,,—R 0.0000 6.64 6.54 3A,-3d 6.52 6.54 ACA) 6.87 A,y (*A)

41B, 3p,—R 0.0266 6.68 6.5-6.7 6.62 B8,-3p’ 6.48 6.43 D'(*By) 6.82 3p.(*By)

51A, 4s—R Forbid 6.71 6.55 8(*A,) 6.92 45(1A,)

31B, 3d,,— R/IV 0.0789 6.76 6.78 6.53 B,-3d 6.61 6.71  V(!B,) 6.90 A,,(1B,)
7.31 6'A,-3d’ 7.25 6.97 3p,(*A)?

41A, 3p;—R 0.0146 6.86 7.0-7.1 6.65 n,-3p’ 6.62 6.42 DAY 7.04 3p,(*A)

5B, 4p,—R 0.0029 6.93 7.0-7.1 6.78  p4'B)) 7.17 4p,(*B,)

6 1A, 4p,—R Forbid 6.95 6.77 5A,-3d’ 6.70 6.78 H('A) 7.16 4p,(1A,)

41B, 4p,—R 0.0020 6.99 7.0-7.1 6.88  p4'By) 7.20 4p,(1B,)

71A, 4d—R Forbid 7.11 6.98 4a(*A) 7.34 4(1A,)

8'A, 4d—R Forbid 7.13 6.99 d(*A,) 7.36 A(*A,)

6'B; 4d,,—R 0.0001 7.14 7.00 d('B,) 7.37 4d,(*By)

51A, 4d,,—R 0.0041 7.26 ~7.35 7.12 4(*A) 7.48 ad,,(*A7)

7B, 3d'-R 0.0018 7.26 7.39 6B,-3d’ 7.23 6.97 2’ (*By) 7.41 '(*B,)

51B, 4d,,—R 0.0119 726 ~7.4 7.72 5'B,-4d 7.14 4(*B,) 7.48 4,,('B,)

91A, 5s—R Forbid 7.27

8B, 3d'-R 0.0092 7.34 7.32 5B,-3d’ 7.14 7.09 2’ (*B,y) 7.47 ' (*B,)

10%A, 5p,—R Forbid 7.44

9B, 5p,—R 0.0048 7.44 ~7.54

6'B, 5p,—R 0.0020 7.45 and more Ryds

61A, 3d,,—R 0.0679 7.49 7.36 5A,-3d’ 7.20 7.23 ' (*A)

7B, 3d,,—R 0.0052 755 ~7.7 7.43 41B,-3d’ 7.36 7.26 3'(1B,)

10'B, 4s'—R 0.0000 7.63 7.24 4 (!B,)

11'B, 5dy,~ R 0.0002 7.75 ~7.85

7, 4'p,—R 0.0020 7.83 ~7.95

81A, V-mix 0.3252 7.88 7.5-8 7.46 ®,-v 7.48 775 V(A) 7.91 V(A,)

8B, 5d,,— R 0.0127 7.93 ~8.0

91A, 5d,y,—R 0.0814 799 ~8.1

12'B, 4d'—R 0.0001 8.02 and more Ryds

9'B, 4d,,—R 0.0445 8.14

10A, 4d,,~R 0.0758 8.20 7.88 TA-4d’

101B, V-mix 0.2553 8.25 8.31 V(!B,)

111A, 5'p,—R 0.0014 8.32

13B, \Y 4.58 4.2 4.21 4.59

13A, 3s—R 5.08 5.04 5.00

137, \Y 5.60 5.10 5.16 5.55

13B, 3p,—R 5.82 5.82 5.63

a/ andR denote, respectively, valence and Rydberg excited state. For details see the text.

bTransition energy.

‘Experimental data are taken from Refs. 3, 7, 9, and 22, and references therein. Those for valence excitations are chosen as the bands’ maximum; those fo
Rydberg transitions are 0—0 excitation energies.

YReference 21.

°Reference 23.

'Reference 24.

9Reference 25.

the difference in the calculated vertical excitation energy 0f5.22 eV and assigned to ohA; state in the VUV absorption

the 2'B, state between CASPT2 and MRMP studies is asspectrum by Mullen and Orloff.However, this assignment

large as 0.51 eV. In recent AP studies’®® however, the was disputed by Robif and experimentally assigned to a

first !B, valence excitation was suggested to be outside thiRydberg state. The present calculations compute the,1

energy region, and the intensity for this region was ascribedtate with J,— 3s nature at 5.11 eV, which supports the

mostly to the h,—3p(1'B,) Rydberg transition. notion that the lowest singlet state might be due to the vibra-
A weak singlet excited state has been observed at abotibnal structure of the dipole-forbiddenal— 3s Rydberg
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2b;—3b; and 1a,—2a, configurations in combination
with a large fraction(25%) of double excitations (&,)?
—(3b;)%2. MRMP computed this state at 5.98 eV with an
intensity of 0.0098, and its nature was almost the same as
that of CASPT2. Note that here there is again a discrepancy
between SAC-CI, CC3, and CASPT2, MRMP results. How-
ever, in the case of thiophene, which will be discussed in a
later papef? the 2'A; state(lowest excited stajehas been
well characterized to be predominantly single excitation by
both SAC-CI and CASPT2 with regard to both excitation
energy and oscillator strength, in good accordance with the
experimental data of the VUV and magnetic circular dichro-
ism spectra. Generally speaking, the SAC-CI SD-R method
used here, together with the CCSD/CC3 and EOM-CO3D
methods, is best applied to states that are largely single ex-
citation in nature, and may give a relatively high excitation
energy estimate for the state of significant doubly excited
character. Therefore, the doubly excited characters of the
2 A, states of this series of five-membered ring compounds
I deserve to be further investigated by the SAC—CI general-R
| o method?* which is suitable for two- and many-electron pro-
cesses.

In the VUV spectrum of Mullen and Orloff absorption
peaks are observed at around 5.71 and 5.88 eV, and a ques-
tion arises as to whether these two absorption peaks repre-
sent two separate electronic transitions or one transition with
an associated vibrational structure. In the later UV spectrum
transition, since the present calculations, together with pre@f Bavia et al,” absorption peaks were reported at around
vious high-level calculation®252° show that there is no ©9-82 and 5.86 eV, however, an obvious absorption peak at
other singlet state in this energy region. around 5.7 eV was ignored. In the latest VUV spectrum of

Next, we discuss the valence excitatidfi(1A,), which ~ Palmeret al,?* absorption peaks were reported at around
is expected to occur in the first band. As we discussed for th8-698 and 5.861 eV and assigned to thtB} (1a,—3p”)
2 1A, state of furan, a similar situation occurs in thés, ~ and 1'B;(1a,—3p,) states, respectively. The 5.861 eV
state of pyrrole. Our present calculations give th]g\z state transition is the most intense and shows obvious vibrational
at 6.41 eV with an oscillator strength of 0.0002. Its secondstructures in the first band. Other nearby peaks, e.g., 5.82 and
moment(rz) is 73.3451 a.d, which clearly characterizes it 5.88 eV, are interpreted as part of the vibrational structure of
as a valence excited state, and its nature is a mixture ¢his transition. Palmeet al,** by comparing this with the
m—m* (17—52) and ma—7* transitions (18—53) and  envelope of the first band in PES;onfirmed that the 5.861
(18—66). Double excitation makes a rather small contribu-€V absorption arises from the excitation of a,1+3p Ry-
tion. CC3 computed it to be 6.37 eV with an oscillator dberg state associated with,IF8.21 e\j. Our present calcu-
strength of 0.001. AD@) computed this state at 6.66 eV lations support this general experimental assignment, but the
with an oscillator strength of 0.017. CASPT2 computed thecalculated excitation energy orders and oscillator strengths
2 1A, state at 5.92 eV with an intensity of 0.0195, and itsprefer the assignment of the 5.861 eV transition to
nature was reported to be a mixture of the single excitatiorl B, (1a,—3p,,7*) and the 5.698 eV transition to

Pyrrole

50 [ VUV spectrum
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FIG. 4. VUV spectrum and SAC-CI theoretical spectrum of pyrrole.

TABLE VII. Comparison of electronic transition mechanisms in pyrrole and furan.

Pyrrole Furan
State Nature AE f(r) Sm? mcP State Nature AE  f(r) SM MC
1A, Ground 0 —65.3 1'A;,  Ground 0 —64.7
1B, 3p,—R~V 5.88 0.081 -132.1 la,—3p,, la,—7* 1B, V-mix 6.40 0.185 -92.5 la,— 7*
21A, \% 6.41 0.000 -733 2,—7*, la,—a* 2A, VvV 6.79 0.000 -69.0 2o,—7*, la,—u*

21B, V-3d,,—R 6.48  0.048 -146.3 Ja,—7*, la,—3d,, 2!B, 3p,—R 6.82 0.016 —1295  Ia,—3p,

31B, 3d,,—R~V 6.76  0.079 —224.7 1a,—3d,,, la,— = 3B, 3d,,—R 7.51 0.019 -2457 1a,—3d,,

81A; V-mix 7.88 0325 —250.9 la,—7*, 2b,—7* 6A, V-mix 834 0483 -975 la,—w*, 2b,—7*
10'B,  V-mix 825 0.255 —-159.0 D,—7* 9B, V-mix 9.08 0.166 -1304 ,—7*

aSM denotes second moment.
PMC denotes main configuration.
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1181(1a2—>3py), which is opposite the assignments of sible for the rather large second momé2$0.9 a..f) of this
Palmeret al?? Except for CASPT2, all previous theoretical state. The nature of the 1B, state is of strong mixture of
studies, i.e., CC3, MRMP, and A®), gave similar trends #—=* transitions(17—53), (17—66), and (18—52) with
for excitation energy orders and oscillator strengths to ouRydberg transitionN17—27), etc., which is responsible for
present results, however, all of them followed Baeizal”  the large second momerit59.0 a.lf) of this state. The
and ignored the 5.7 eV peak, and assigned the 5.861 eStrong mixture ofr—o* excitations with Rydberg excita-
transition to 1'B, (1a,— 3p,) and the 5.82 or 5.88 eV tran- tions reflects the strong interactions between valence and Ry-
sition instead of the 5.7 eV transition to'B, (la,—3py). dberg excited states. Note that these interactions in pyrrole
The next peak in the VUV spectrum is observed atare stronger than those in furan. The two states mentioned
around 6.2 eV. This peak was assigned experimentally to thpreviously are defined as energetically high valence states of
2b,—3s Rydberg transition by Derrickt al® On the other A, and B, symmetries, respectively, considering oscillator
hand, this peak, together with other peaks at slightly highestrengths, main configurations, and second moments. Our
energies, was assigned experimentally to a vibrational strugresent calculations show that a significant portion of the
ture of the t,—3p, Rydberg state by Baviat al.” Our  electronic absorption intensity in this region is due to the two
present calculations support an alternative assignment fanergetically high valence excitations mentioned previously.
this group of peaks, and associates them with\ti2 !B,) We also predict that theab—4d series, h,—5p series,
state calculated at 6.48 eV and its vibrational structure. Ad2b,— 3d series, h,—5d series, b;—4d series, etc., Ry-
ditionally, the 1a,—3dy,(3 !B,) Rydberg states, etc., are dberg states are located in this energy region, and some of
also predicted to be in this region. Note that the absorptiothem have relatively large oscillator strengths. There are so
peaks were reported at around 6.42 eV and assigned to tlmeany Rydberg states in gnh 1 eVrange, and therefore it is
la,—3d Rydberg state in the UV spectrum of Bawaal.”! difficult to make an accurate assignment of Rydberg transi-
tions in this energy region. For vibrational and geometrical
2. The second weak central band (6.6 —7.1eV) in the relaxations, Rydberg transitions can easily overlap, and thus
VUV spectrum the absorption in this region becomes very complicated.

A re'ative'y intense absorption peak was Observed aHOWeVer, we believe that it iS I’easonab|e to aSSOCiate the
around 6.78 eV in the VUV spectrum by Palnetral,>* and valence and Rydberg excitations mentioned previously to the
assigned to the d,—3d Rydberg transition instead ofa} ~ fine structure in the region 7.1-8.2 eV.

—4s,” which is dipole forbidden. Two other weaker bands

at 7.021 and 7.044 eV were assigned to the excitations of the. Triplet excited states

2b,— 3p series of Rydberg transitio$.Our present calcu-
lations support the above-given general assignments of thilae

energy region. The 38, state (,—3d,,) is computed at at 4.2 and 5.1 eV, which are assigned to fis and3A,

?n]etiel:{ Vr;"th atr: ors<:;illart;tor Stlie"?%:: oan.r078r9, \;V:'Chnéshthr?valence transitions, respectively. Our present calculations
mostintense absorption pea S energy region a ene mputed the £B, state at 4.58 eV with a second moment
is reasonably associated with the absorption peak at arou

. ; 7.1 auwr he £A .60 eV with
6.78 eV in the VUV spectrum. It is easy to understand wh;?m?nemaolf%a;g ta%.Thé 2?;;? ?ng(r)nSntngf S]essegotr\;fo

this Rydberg transition is intense via the above'ment'on?%tates(listed in Table V clearly characterize them as valence

hybrid model. It is mixed with valence transition and hence 'texcitations. The main configurations of®, are (18—+52),

;E’Of“t’ws".tthef'?r:er}?"ti’ frog‘ the "3";”03 ”ans'tt')on't?".gsio; 18--62), (18-59), (18—-64), etc., and those of 3A, are
e intensity of the first and second bands can be attributed t9 ;£ (18 ,66) (18-,53), (17—62), etc. In the same

the same valence transition. Additionally, thb,;2->3p se- nergy region, we found two Rydberg excited states

ries of Rydberg states are also predicted in this region, and 3 3 3 . .
the 1a,—4p series of Rydberg states are predicted at th(?esgzelcti'\éélsnd "B, which are given at 5.08 and 5.82 eV,

high-energy tail of this energy region. Note that CC3 calcu-
lations predicted very similar results in this energy region )
and also supported the assignment. However, CASPT2 arfg: Comparison of furan and pyrrole

The two lowest triplet transitions of pyrrole have been
ntified by the electron energy-logSEL)®~19?4spectrum

MRMP assigned the 6.78 eV peak to thie,2-3p series of Comparing the present calculations of furan with those
Rydberg transitions according to their calculations. of pyrrole, it is obvious that a similar electronic excitation
mechanism occurs in both molecules. There are two valence
3. The third strong intense and broad band (7.1 -8.2 excitations inB, and A; symmetry, respectively, which are
eV) in the VUV spectrum responsible for most of the intensity of the electronic absorp-

A strong intense and broad absorption superimposetion bands, and hence span the general profiles of the VUV
with a few sharp peaks was observed at 7.1-8.2 eV in thepectra in the energy region up to around 8.2 eV in pyrrole
VUV spectrum. Our present calculations computed th&8  and 8.8 eV in furan. From the main configurations listed in
state at 7.88 eV with an oscillator strength of 0.3252 and th@able VII, we can see that bothal and 2, seriesm—7*
10B, state at 8.25 eV with an oscillator strength of 0.2553.valence transition configurations contribute to the two va-
The nature of the 8A; state is a strong mixture of the lence excitations of\; symmetry in both molecules. How-
7—a* transitions(18—53) and (17—52) with the Rydberg ever, the &, seriesm—a* valence transition configurations
transitions(17—26) and (18—38), etc., which are respon- predominantly contribute to the lowest valence excitation of
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B, symmetry and the 2, seriesm—#* predominantly con- intense band and second weak band of the VUV spectrum,

tribute to the higher-energy valence excitatiorBgfsymme-  our present calculated results show a strong mixture of va-

try in both molecules. At the same time, these valence excilence and Rydberg excitations in the first thid@ excited

tations are more or less influenced by low-lying Rydbergstates. For the third strong and broad band, the present cal-

transitions. In the case of pyrrole, due to the lower first ion-culations give two valence excited statesAg and 10'B,,

ization potential11P9, the Rydberg states are expected to bewhich are strongly influenced by Rydberg transitions. These

in the lower energy region, which is proven by our presentvalence excitations, together with Rydberg excitations, span

calculations. In furan, the lowest excited state is the valencéhe general profile of the VUV spectrum observed by Palmer

excitation of B, symmetry except for the dipole-forbidden et al?*

3s Rydberg transition, whereas in pyrrole the energies of the

3p series Rydbgrg _transitions are lower than that of .the loOWA cKNOWLEDGMENTS
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