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Theoretical study of the electronic spectrum of p-benzoquinone
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The electronic excited states @kbenzoquinone have been studied using multiconfigurational
second-order perturbation thedi@ASPT2 and extended atomic natural orbif@INO) basis sets.

The calculation of the singlet—singlet and singlet—triplet transition energies comprises 19 valence
singlet excited states, 4 valence triplet states, and the singjlgf,3and 31 members of the Rydberg
series converging to the first four ionization limits. The computed vertical excitation energies are
found to be in agreement with the available experimental data. Conclusive assignments to both
valence and Rydberg states have been performed. The main features of the electronic spectrum
correspond to therm* 1'A;—1'By, andwn* 1'A;—3'B,, transitions, computed to be at 5.15

and 7.08 eV, respectively. Assignments of the observed low-energy Rydberg bands have been
proposed: Am— 3p transition for the sharp absorption located at ca. 7.4 eV anditw@d and

77— 3s transitions for the broad band observed at ca. 7.8 eV. The lowest triplet state is computed
to be ann#* 3B1g state, in agreement with the experimental evidence.1999 American Institute

of Physics[S0021-96069)30419-0

I. INTRODUCTION experimental work can be also found, for instance, in Refs. 8
and 9)

p-Benzoquinone is the parent molecule of a class of  From a theoretical point of view, the nature and location
compounds which play a relevant role in biological systemsf the excited states have been mostly analyzed by employ-
and in the formation of charge-transfer salts. Derivatives ofng semiempirical methodsThese studies have been useful
this molecule have been recognized as important electroffer the assignment of important bands of the specttdm.
transfer agents in biology. Plastoquinones and ubiguinonesjowever, only a few studies have dealt with these problems
for instance, function as electron acceptors in the photosyrby using ab initio procedures. Wodd reported self-
thetic reaction center and in the process of oxidativeconsistent fieldSCPH and singly excited configuration inter-
phosphorylatiort. Other derivatives, such as topa-quinone,action (SCI) results employing minimal basis sets of Slater
are involved as redox cofactors in the so-calledtype orbitals(STO-4QG for five singlet and eight triplet ex-
quinoenzyme$. p-Quinones are also present in biochemi- cited states of-benzoquinone. Cl calculations were also car-
cally active sites of anthracyclines, a family of compounds ofried out by Ha!! using a double-zet&DZ) basis set. All
great biomedical importance due to their antitumor activity. singly and doubly excited configurations considering
On the other hand, most of the organic conductors based ahe valence-shell electrons, based on both one-reference con-
charge-transfer complexes contaip-aenzoquinone deriva- figuration (SDCI) and multireference wave functions
tive as the acceptor componént. (MRSDCI), were included. His analysis comprised eight sin-

As a consequence of the attention tipabenzoquinone glet and six triplet excited states. The remainilg initio
derivatives have attracted in so many different fields, thestudies were limited only to a few excited states. Martin and
electronic structure op-benzoquinone, the simpleparas  Wadt?!® examined the two lowest-lying singlet and triplet
quinone, has been extensively studied. It represents a simpéxcited stateslelg, A, 3Blg, and3A,) by employing an
model which may provide insight into the important role thatalternative approach for the computation of excitation ener-
this class of compounds plays in chemistry and biochemistrygies, i.e., a valence-bond model based on a nonorthogonal
Its electronic spectrum has been the subject of numerousvo-configuration wave function involving broken-symmetry
investigations since the 1920’s, when the first quantitativeSCF solutions, using minimal and DZ basis sets. Ball and
study in the vapor phase and in several liquid solutions waghomsort* studied two triplet excited states’H;, and
carried out A detailed knowledge of the nature and ordering®B,,). They carried out geometry optimizations for the ex-
of its excited states is required for the understanding of itgited states at different Hartree—Fock levels, employing
photophysic&and photochemistry Analyses of the absorp- STO-3G and 3-21G basis sets. Optimized geometries of the
tion and emission spectra in a large variety of environmentsgnolecule in thegB1g| state and vibrational analyses were also
(in the vapor phase, in pure and mixed crystals, in solid rareecently reported by Mohandas and Umapdthywho em-
gas hosts, in rigid glasses, gf@as well as excitation spectra ployed the unrestricted Hartree—Fock method as well as sev-
in a supersonic jet, are now availablEor a recent review of eral density-functional procedures and a 6-84,§) basis
the experimental and theoretical studies on the excited eleset. Optimization of the molecular geometry of
tronic states of this molecule, see Ref. 6. Reviews of theg-benzoquinone in the lowest triplet state was also per-
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formed by Erikssoret al® at the B3LYP/6-311@i,p)level.  Therefore, unless otherwise stated, a total number of 173
Despite the useful information these calculations yield basis functions were used in the calculation of the electronic
they do not provide a full interpretation of the electronic states.
spectrum ofp-benzoquinone. Computed excitation energies  The vertical excitation energies have been computed by
exhibit significant deviations from the experimental data inmeans of the CASPT2 approath?® In this method, the
certain cases, even when computationally demanding procéirst-order wave function and the second-order energy in full
dures, like MRSDCI, are uséd.Surprisingly, the important Cl space are calculated using the CASSCF wave function as
valence transition responsible for the prominent peak dereference. This reference includes all strongly interacting
tected at 7.1 eV has not been yet studied withinitio meth-  configurations and the remainiridynamio correlation ef-
ods. No theoretical information about Rydberg states ifects are taken into account in the second-order perturbation
available. In addition, a controversial issue concerns the nareatment. Numerous previous studies have shown that this
ture of the lowest triplet state, which has been proven to bgrocedure yields accurate excitation energfeé? Based on
of n—7* type® SCF as well as SCI calculations predicted, the experience gained for systems with the molecular size
however, a lowest triplet state withr—7* charactet?  equivalent to that ofp-benzoquinone, deviations less than
Inclusion of additional correlation effects through the +0.2 eV with respect to experimental data can be expected
MRSDCI procedure did not change the conclusibn. for correctly correlated transitions. In the CASSCF calcula-
In this paper, we present an extensafeinitio study of  tion, the carbon and oxygersklectrons were kept frozen in
the electronic transitions gd-benzoquinone in order to an- the form determined by the ground state SCF wave function.
swer the unresolved questions and to give quantitatively refhey were not correlated at the second-order level.
liable vertical excitation energies for the main valence and  Transitions of7— 7* character are expected to be re-
Rydberg states. The multiconfigurational second-order pefated to the most intense features of the singlet—singlet spec-
turbation(CASPT2 method’~*°has been used for the cal- trum. The = valence active space, which comprises eight
culation of the electronic states. This method has been demyctive electrons and eight active orbitéfisur 7 and fours*
onstrated to be a valuable tool for the computation offynctions, is the natural choice to perform the calculations.
differential correlation effects on excitation energies. Its abil-The 7+ valence active space will be denoted(8y03010301,
ity to provide accurate predictions and reliable interpretayhere the first label gives the number of active electrons and
tions of the electronic spectra of organic molecules has alsghe following labels indicate the number of active orbitals in
been shown in numerous applicatigs?? each of the eight irreducible representatioag,(bs,, by,
D1g, D1y, bag, bsg, anda,) of the Dy, symmetry point
Il. METHODS AND COMPUTATIONAL DETAILS group. Nevertheless, additional valence transitions are also
As a first step, the ground state geometry pf important for the interpretation of the spectrum, such as the
benzoquinone was optimized by employing the complete acR— #* transitions, which are responsible for the absorptions
tive space(CAS)SCF approximatioR® The active space in the visible region. To compute this type of excitations, the
comprised ther and 7* valence molecular orbitak8 MOs  n orbitals were added to the active space. According to the
and 8 electrons Calculations were carried out withip,, labeling explained above, it will be denoted byl2/
symmetry, according to the experimental d&tahe mol- 03110311
ecule was placed in thez plane, with the two oxygen atoms In order to compute Rydberg states, the active space was
along thez axis. Generally contracted basis sets of atomicextended to include thes33p, and 3 orbitals. Inclusion of
natural orbital(ANO) type were used. They were obtained nine orbitals would yield an excessively large active space.
from C,0(149p4d)/H(8s4p) primitive sets by employing However, the high symmetry of the molecule makes it pos-
the contraction scheme J,@3p1d]/H[2s1p].2° This basis  sible to design partitions of this set of orbitals. As mentioned
set has been shown in previous studies to be flexible enougtbove, four series of Rydberg states are considered: Two of
for a proper description of ground and valence excitedthem resulting from excitation from the two highest occupied
states®2’ ar orbitals and the other two from excitations from the two
As a second step, the vertical excitation energies obrbitals. The active space employed for the first two series
p-benzoquinone were computed. The molecule shows awas constructed by adding selected sets of Rydberg orbitals
electronic structure with the four highest occupied M@0 to the (8/0301030]1 w-valence space. For the other two se-
7 and twon orbitalg close in energy. This gives rise to ries, the appropriate Rydberg orbitals were added td1Bé
Rydberg series converging to four ionization limits. The bal-0311031) set. Each series was treated independently. Only
anced representation of the Rydberg excited states requiréise required Rydberg orbitals, according to the symmetry of
an enlargement of the basis set. According to the procedura given state, were included. The active spaces employed for
explained elsewher@ the basis set was supplemented with athe computation of the excited singlet states of
set of specifically designedslpld Rydberg-type functions p-benzoquinone, the number of configuration state functions
contracted from a set ofsSBp8d primitives, placed at the (CSF3, and the number of state-averaged CASSCF roots are
center of the molecule. Four states of thdenzoquinone shown in Table |. The calculation of the valence singlet
cation were included in the average procedure to build thetates was carried out simultaneously with the Rydberg
Rydberg function€® They correspond to the states which arestates. In a few cases, extra orbitals had to be included in the
mainly described with an even electron located otr @r-  active space to minimize the effect of intruder states in the
bital (?B14, ?B3y) and on ann-type orbital €Bsy, ?B,,).  CASPT2 calculations. All excitation energies were obtained
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TABLE |. CASSCF wave functions employed to compute the valence andTABLE Il. Geometrical parameters for the ground statgdfenzoquinone

Rydberg singlet excited states pfbenzoquinone. optimized at ther—CASSCEF level.
Active spacé States confi.  Ngped Parametér CASSCF Exg
8/03020301 AG(V1y, Vig,H—3d,y) 1374 4 r(C=0) 1.210 1.225-0.002
8/04010301 1A4(H-1-3p,) 1402 5 r(C=0) 1.343 1.3440.003
12/03110321 1A4(V4, V1o, N_—3dy,) 8000 6 r(C—C) 1.479 1.48%0.002
12/03210311 1A4(n;—3py) 8000 6 r(C—H) 1.074 1.089-0.011
8/33010301 !B, (H-1—3s,3d,2_,2,3d2) 4128 3 /(C—C—0 117.4 118.%0.3
12/03120312 B3y (V7, ny—3d,y) 27 680 2 £ (C=C—H) 122.2 (121.4°
12/23110301 1By (H—3p,) 4060 2
8/04010301 1B,y (Vis,H—3py) 1274 3 @Bond distances in A and angles in degrees.
8/03020301 1BZU(H-1H3de) 1302 2 bGas-phase electron diffraction dafef. 24.
12/03111311 1B,,(n_—3p,) 7588 1 ‘Assumed value.
12/33110311  !Byy(n.—3s,3d,2_y2,3d,2) 91818 4
8/33210301 1B1g(H—35,3d2_,2,3d,2) 17 799 4
8/23110301 1B14(H-1—3p,) 4004 2 are close to the data determined for 1,4-cyclohexadiene
12103110411 *By4(Vy Vs Vi, N-—30hy) 7588 6 (1.33-1.35 A for double bonds and 1.49-1.52 A for single
12/04110311 Big(n.—3py) 7588 3 bonds.323 For p-benzoquinone, the €0 bond length
8/03010501  B;y(Vg,Via, Vis,H-1—3d,,) 3520 4 L .
12/03210311 1B,(n —3 (1.225 A is similar to that obtained for other ketones such as
w(n-—3p,) 7800 4 34
12/03110321 1B,,(n, —3d,,) 7800 4 acetong(1.222 A).
8/03011311 1Byy(H-1—3p,) 1680 1 The computed parameters shown in Table Il are in
8/03012311 ) 'Byg(H—3dy,) 4060 2 agreement with the available experimental data. As expected,
12/03120311 Bag(Vs: Ve, N-—3dy) 7396 4 the theoretical parameters support the gas-phase electron dif-
8/03010501 Bag(Vs, Vs, H—3dy,) 3360 4 . y .
12/03111311 1B, (n, -3 fraction datz?* Nevertheless, as can be noted in Table Il, the
3g\l+— P2) 7588 3 R .
12/33111311  'Bgy(n_—3s,3d,2_y2,3d,2) 267 960 5 carbon—oxygen bond is 0.015 A shorter than the derived
8/03011301 A(H—3p,) 574 1 experimental value. Two possible sources can be invoked to
8/03010311 'Ay(H-1-3d,,) 602 1 explain such a discrepancy. One is that the@bond dis-
ggiﬁggﬁ Au(V2 ;Xl‘)('nvi'32+)_’3dxz) 277525 j tance is particularly sensitive to electron correlation effects,
I . and the other is that the data derived from electron diffrac-
Number of active electrons/number of active orbitals of symmagrybs, , tion are not free from the assumptions and limitations
bou, big, b1y, byg, bag, anda,, respectively. used®=® The previously available SCF calculations, em-

SNumber of CSFs.

“Number of state-averaged CASSCF roots. ploying large basis sets, predict a bond length of 1.194—

1.196 A®3"~*which is about 0.03 A shorter than the ex-
perimental value. Inclusion of electron correlation effects by
ygeans of the MP2 approach results in an overestimation of
e C=0 bond length by 0.012-0.016 R-**The CASSCF
method leads, however, to a somewhat shortetOCbond
gdistance compared to the experimental data.

using the ground state energy computed with the same acti
space as was used in the calculation of the correspondi
excited states.

The transition dipole moments were computed by usin
the CASSCF state interactioif€CASSIl) method, which en-
ables an efficient calculation of the transition properties forB. Qualitative analysis
nonorthogonal state f“nCti‘_)ﬁ%'zg Energy differences cor- In order to achieve an understanding of the most impor-
rected by CASPT2 correlation energies were used in the 083 features of the electronic spectrum pbenzoquinone
cillator st'rength formula. All calculations have been Per-presented later, an analysis of the molecular orbitsl©s)
formed with themoLcAs-4 program package. distribution can be helpful. The orbital energy levels close to

the highest occupied M@HOMO) and lowest unoccupied
11l. RESULTS AND DISCUSSION MO (LUMO) calculated at the SCF level are depicted in Fig.
1. The six highest occupied molecular orbitals correspond to
four 7 orbitals and twon orbitals. Then orbitals are de-

The equilibrium geometrical parameters computed at thecribed essentially by either the symmetnic, | or antisym-
m-CASSCEF level for the ground state pfbenzoquinone are metric combination 1§ _) of the 2p, atomic orbitals on the
listed in Table Il. For the sake of comparison, available ex-oxygen atoms. The electronic spectrunpdienzoquinone is
perimental data derived from electron diffraction determined to a large extent by the four highest occupied
measurement$ are also included. The bond-length alter- orbitals, which are separated by more than 2.5 eV from the
nancy found for the carbon—carbon bonds clearly reveals theemaining. At this level of calculation, the HOMO and
quinoidal character of this molecule. Experimentally, two of HOMO-1 are computed to be of nature. Next, in decreas-
them have bond distances of a typical value for & @ ing ordering of orbital energies the lone-pairs of the oxygens,
double bond(1.34 A), whereas the four remaining bonds n_ (HOMO-2) andn, (HOMO-3), are located. The calcu-
exhibit longer distancegl.48 A), which lie within the range lation places the four orbitals within a narrow energy range,
expected for a C—C single bond. These bond lengths areith small splittings between the two levels and between
different from those observed for benzefie395 A),*! but  the two 7 one-electron functions. Due to this unique struc-

A. Geometry optimization
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y vertical excitation energies computed at CASSCF and
E (V) * f_,z CASPT2 !evgls, respectively. The dif_fere_nce between th.e
two energies is a measure of the contribution of the dynamic
4 - correlation to the energy of a state. The available experimen-
oy, () @} tal data are listed in column 4. Column 5 colleqts the calcu.—
3 - 1a, (1) —— lated oscillator strengths, together with the available experi-
—§§— mental value4®
2 The CASSCF wave functions calculated for the valence
singlet states op-benzoquinone are summarized in Table
TS IV. The configurations with coefficients larger than 0.05
0 Dby () L Q have been classified into four groups, according to the num-
ber of excitations with respect to the main configuration of
pa the ground state. The number of configurations and the
11 —gg— weights for each group are reported on the left-hand side of
N 12219((’13 — H*_'1 O_§§ﬂ the table. The principal configurations are listed, together
A2 4b:u(nj . with t_heir weights, on the right part. In (_)rder 'Fo s_implify the
5 "(nj n‘ 8—{}—8 notation, they are described as electronic excitations from the
43 _| 2 * g_@_g principal configuration of the ground state.
-14 1. Valence excited singlet states
45 | a. The1'B,, and 1'A, states.The two lowest-lying
Togg (1) —— o{»e singlet excited statesVy andV,) are of B4 and A, sym-
46 metry. The states are predicted to be degenerate at the
oo (@ —— 0{3*0 CASPT2 level. The CASSCF wave functions are dominated

by n—a* one-electron excitations, b4,— 2b,, (1lBlg)
E'?' L SChfr:“ag%s/:%gj_aLTM%‘OWing ”gea”d” '."O'ew'g; O”iita'.s distt)f_it‘ | and 5y, 2by (1 IA,) (cf. Table IV). In terms of the one-
Cgr:qopnogfii; of the MOs is disp?;y%gj e (r‘i;'r?f”e' © atomic orbita electron levels(see Fig. 1, they correspond to the promo-

tionsn_—L andn,—L, respectively. The computed verti-

cal excitation energy, 2.50 eV, is in agreement with the
ture, a number of electronic transition energies and ioniza@vailable experimental data, 2.48—2.49 &V .The two tran-
tion potentials are expected to be found also in a narrovditions, 1'A;—1'B;, and 1'A;—1'A,, are electric-
region. In this sense, it is worth mentioning the difficulties dipole forbidden. They derive most of the intensity by vi-
found in the assignment of certain bands of the electroni®ronic interaction with the higher-energy alloweds™
spectrunf Likewise, the interpretation of the photoelectron States through the activity of out-of-plane vibratidns.
spectrum ofp-benzoquinone has given rise to an important ~ The assignment of the absorption bands in the lowest-
controversy** Several assignments have been proposed fognergy region of the spectrum to the —L transitions was
the first bands, since four ionization energies have bee@lready proposed in the 1950's on the basis of simple mo-
found in a small energy range, 10-11 &V. lecular orbital analysf§ and semiempirical calculatioris.

As shown in Fig. 1, the LUMO corresponds to an anti- This fact did not avoid the controversy concerning the inter-
bondingr* orbital (2b,4). The remaining valence antibond- Pretation of the vibronic bands detected in the vapor phase
ing = orbitals (1a,, 3bs,, and 3,,) have a pronounced absorption spectrum and the exact position of the corre-
spacing with respect to the LUMO. In spite of its qualitative Sponding origins for the two transitiofis?°* With the help
character, the MOs distribution obtained at the SCF levePf the absorption spectra of the single cry3t&r>*and in Ne
represents a useful tool for the interpretation of the finding10st® at low-temperature, this problem was partially over-

obtained by using more advancehd complexwave func- ~ come. The reduction of the symmetry induced by the crystal
tions. field allowed detection of new bands. A subsequent study of

the singletn7* excitation spectra in a supersonic*jeaf-
forded accurate determinations of the origins of both transi-
tions. They were found to be quasidegenerate, with'fe
The results obtained by means of the CASSCF/CASPT 3tate below thérBlg state and a splitting of 54 cnt.

procedure are collected in Table Ill. The first column identi- Previousab initio calculations predicted thelB1g and

fies the different excited states pbenzoquinone. The char- 1A, states as the lowest singlet excited states of
acter of the state is shortly described within parentheses. Thebenzoquinoné®! with the exception of SCF/DZ calcula-
singlet and triplet valence states have been labeledasd  tions, which placed ar7* singlet excited state d834 sym-

T, respectively. The description of the valence states isnetry between the twar* states® At the SCF level, the
supplemented by indicating ther* or nm* character of the computed excitation energies were found to be too high, by
CASSCF wave function. In the case of Rydberg states, thenore than 2 eV, with a Iargla_%lg—lAu splitting 1°~*3Inclu-

two orbitals involved in the corresponding one-electron pro-sion of correlation by means of Cl procedures considerably
motion are given. The second and third columns report theeduced the transition energies and the splittthtf:'® For

C. Vertical excited states
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TABLE Ill. Computed vertical excitation energies and oscillator strengths for the electronic states of
p-benzoquinone. Experimental data are also included.

Excitation energiegeV)

State CASSCF CASPT2 Exp. Osc. St@
Singlet states
1A,
1'Byg (Vq,n7*) 3.88 2.50 2.48,2.49
1A, (Vy,na*) 3.84 2.50 2.48
1'Byg (V3,77%) 6.11 4.19 4.0 ---(0.005+0.002°
21Ag (V4,n7%) 6.17 4.41
1'Byg (Vs,n7*) 6.87 4.80
1By, (Vg,mm*) 7.81 5.15 5.13 0.6160(0.44+ 0.05°
1By, (V7,n7*) 6.92 5.15 0.0002
2'Byg (Vg,n7*) 9.37 5.49
21Byg (Vg,n7*) 7.22 5.76
21A, (Vig.n7*) 7.22 5.79
31A, (Vyq,777*) 7.04 5.90
2'Bag (Vip, m7*) 8.84 6.34
3 1By (N_—3s) 8.32 6.53
2By, (n_—3py) 9.11 6.86 0.0127
1By, (Vig,7*) 8.30 6.89 0.0219
3By, (Vig, m7) 10.45 7.08 74 0.6243(0.81+0.10°
41A, (n,—3py) 9.12 7.08
21B,, (n,—3s) 7.91 7.10 0.0038
41B,, (Vi5,m7) 8.72 7.24 0.0297
4'Bgq (N, —3py) 8.87 7.27
3'Byg (N+—3py) 8.44 7.33
4B (Vag,n7*) 8.98 7.36
31A, (n_—3py) 8.50 7.36
41A, (Vyz,n7*) 8.97 7.39
31B,, (n-—3p,) 8.25 7.44 7.2 0.0171(0.03'
51A; (Vig, m7*) 8.77 7.46
51B3q (N_—3dy2_2) 9.25 7.62
5By (H—3s) 8.01 7.70
5By, (n+—3dy,) 9.86 7.79 7.8 0.0290(0.03'
51A, (n,—3d,,) 9.18 7.82
6 1Aq (Vig,N7*) 9.63 7.85
41B,, (N, —3d_y2) 8.81 7.87 0.0002
71Ay (n_—3d,,) 9.74 7.91
6 'Bag (N_—3d,2) 9.51 7.94
2 1By, (H-1—3s) 8.11 8.01 0.0246
6 1Blg (n-—3dy,) 9.30 8.02
31B29 (n74’3dxy) 9.12 8.12
3'Bg, (N, —3dyy) 8.84 8.17 0.0004
81A, (H-1—3p,) 8.92 8.18
5'B,, (n.—3d2) 9.07 8.20 0.0039
4'B,, (H—3py) 8.71 8.31 0.0008
71By4 (H-1—3p,) 8.77 8.35
6 1B,, (H—3py) 9.07 8.42 0.0136
6 1Au (H—3p,) 8.88 8.75
4B,y (H-1—3p,) 8.69 8.76
81B1y (H—3dy2_y2) 9.27 8.93
5B, (H-1—3d,2_2) 9.02 9.12 0.0007
9 1Ag (H_’sdxy) 9.64 9.16
6By, (H-1—3d,,) 9.60 9.24 0.0006
7 B3y (H—3d,,) 9.73 9.26
7By, (H-1—3d,,) 9.38 9.33 0.0023
5'B,q (H—3dy,) 9.38 9.35
7'A, (H-1-3d,,) 9.14 9.44
9'Byg (H—3dy) 9.64 9.53
6 'By, (H-1—3d,2) 9.36 9.54 0.0089
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TABLE Ill. (Continued)

Excitation energieseV)

State CASSCF CASPT2 Exp. Osc. St
Triplet states
13By4 (Ty,n7™) 3.53 2.17 2.28 2.3
13A, (T,,n7*) 3.55 2.27 2.329 2.39'
13B,, (Ta,mm) 341 2.91
13839 (Ty,m7*) 3.82 3.19

#Experimental values within parentheses. Three consecutive( dotsepresent forbidden states.
bVapor phase absorption spectriRef. 8.

‘Excitation spectrum in a supersonic j&ef. 47.

%vapor phase absorption spectriRef. 9.

&acuum ultraviolet absorption spectruiRef. 46.

fEstimated valuéRef. 46.

9%apor phase emission spectruyiRef. 71.

PPure crystal absorption spectruiRef. 6.

instance, MRSDCI calculations yielded a separation betweeabserved spectrurisee below There is an apparent discrep-
the two lowesth#* states of 0.03 eV. The MRSDCI excita- ancy between the relative theoretical and experimental oscil-
tion energies exhibited, however, deviations of 0.5-0.6%V. lator strength(cf. Table Ill). One has to bear in mind, how-
Valence bond calculations underestimated the excitation erever, that no vibronic coupling betweeWi; and Vg is
ergies with smaller deviation®.3-0.4 eV and led to split- included in the present theoretical description. Therefore, it
tings of about 100 cm*.1213 is not surprising that an oscillator strength larger than ex-
b. The 1183g and 1'B,, states.In the near ultraviolet pected is actually computed for thg transition.
region of the spectrum, two features have been experimen- Theseww* excited states have been previously calcu-
tally observed: a shoulder at about 4.1 eV, and a strong alated with SCF and CI method®!! The SCF procedure
sorption around 5.1 eV. On the basis of simple moleculaoverestimated the excitation energtés! Addition of elec-
orbitals calculations and of the effect of chemical substitutron correlation by means of one-reference configuration in-
tion on the position of these bands, Orjeittributed these teraction approaches did not lead to a significant improve-
absorptions to the followingr#* transitions: the weaker ment. For instance, at the SDCI/DZ level, t’r%g state was
absorption to alAgﬂlB3g excitation (forbidder) and the placed at 5.30 eV, more than 1.2 eV higher than the observed
most intense one to %g*)lBlu transition (allowed. Fur-  value!! This error was even larger than the deviation ob-
ther studies on the direction of the transition moment bytained at the SCF level using the same basiSG&6 eV).
means of polarized light corroborated the assignment of theikewise, the excitation energy computed for th#,, state
strongest bantf52:53 at the SDCI/DZ level, 6.84 eV, is too high by 1.72 eV. De-
These two states (1]339 and 1'B,,) have been ob- viations are also seen for multireference SDCI res(@t42
tained in the present study ¥s andVg. The corresponding and 0.99 eV.}!
CASSCF wave functions possess a dominant singly excited c. The3B,, state. The CASPT2 calculations predict
m—* configuration: Db;q— 2b,, (11839) and 2, the occurrence of an additional strong valence absorption
—2byg (1'B,,), which can be related to the—L and band at 7.08 eV. It corresponds to théAlgai%lBlu transi-
H-1—L one-electron promotionsee Fig. 1, respectively. tion with a large oscillator strength. The most important con-
A second configuration exhibits a significant weight in thetribution to the wave functiorisee Table IV is the 71— 7*
CASSCF wave functions of the two states. An electron isone-electron promotion 44— 1a,, which corresponds to
promoted from the same orbitalsl andH-1) to the second an excitation from the HOMO to the second unoccupi€d
active orbital of the LUMO symmetry (8,,). The states orbital. No previousab initio calculation has been reported
have singly excited character, with a total weight of singlyfor this valence state.
excited configurations larger than 60%. The computed verti-  Spectral information in this region is obtained from the
cal excitation energies for the 11\g—>1 1539 and 11Ag ultraviolet absorption data reported by Brittal*® Several
—11'B,, transitions are 4.19 and 5.15 eV, respectively, inintense peaks detected in the range 7—8 eV have been attrib-
agreement with the experimental dta. uted to a valence transition at 7.0-7.1 eV and two Rydberg
Although the transition to th&; state is optically for- transitions at about 7.4 and 7.8 é¥The valence feature
bidden, a low intensity band corresponding to this transitionrwas assigned to an allowed#* 1Ag—>181u absorption
has been observéfl Vibronic coupling between th¥; and  originated by the one-electron excitation involving thie, J
Vg states has been suggested as the source of this nonvaand 1a, orbitals. The assignment was supported by the
ishing featur€. The calculated oscillator strength for the results of two different semiempirical CNDO/S
transition to theV state is found to be large. Indeed, the calculations’®°® which predicted the occurrence of an in-
value is similar to the result obtained for the transition to thetense band in the energy range 7.3-7.6 eV. The results of
V4 state, which is related to the most intense feature of théhese studies agree in the symmetry and nature of the excited
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TABLE IV. CASSCF wave functions fop-benzoquinone: Numbéweights of singly (S), doubly (D), triply (T), and quadruplyQ) excited configuratioris
with coefficients larger than 0.05, principal configurations and weights.

No. conf.(weighd

State S D T Q Principal configurations %
1'Aq 3(129% 16(11%) (1b3,)2(1b26)2(5b2y) *(4b3g) 2(205,)2(1b1)? 73
(1bag)—(3bz) 0
1 1Blg 2(70%) 11(20%) 6(3%) 1(<1%) (4bgg)—(2byg) 61
(5b2,) (2b3,) = (2bag)? 13
(5b2y) —(3bgy) 9
1A, 2(70%) 11(18%) 6(3%) 1(<1%) (5byy) —(2byg) 61
(4D3) (2b3,) — (2b5g)? 13
(4b3g) —(3by) 9
1 lB3g 6(65%) 15(26%) 2(1%) (1byg)—(2byg) 35
(1byg) —(3byg) 27
(1b5g) (1b1g) —(2b,g) (3byg) 8
2 1Ag 8(82%) 12(11%) 2(1%) (4b39)2—)(2b29)(3b29) 21
(5b2,)?— (2b2g) (3bag) 20
(4b3g)2— (2byg)? 11
(5b,)°— (2byg)? 1
(4b3g)>— (3byg)? 8
(5b2,)?— (3byg)? 8
1 182g 1(27%) 16(56%) 9(6%) 2(1%) (5by,)—(1a,) 27
(4b3q) (1byg) —(2b24) (3b2g) 12
(4b34) (1b1g) —(2Db54)? 11
(4b3q) (2bz,) —(1a,)(3byg) 8
(505,) (1b1g) —(2b,g) (3b3y) 8
(4b34)(2b3,) —(2byg)(1ay) 7
1By, 5(77%) 16(14%) 5(2%) (2bgy) —(2byg) 44
(2b3,) —(3byg) 26
11Bg, 2(32%) 17(52%) 11(6%) 1(<1%) (4bsg)—(1ay) 31
(503) (1b1g) = (2b,g) (3byg) 10
(5b2,) (1byg) —(2byg)? 10
(5b,,)(2b3,) — (1a,)(3byg) 5
2 lBZg 1(34%) 16(50%) 15(6%) (5by,)—(1ay) 34
(4b3g) (1b1g) —(2byg)? 18
(4b3g) (1b1g) = (2bsg) (3bs) 12
2By, 3(30%) 16(57%) 8(4%) 2(1%) (5by,)—(3bay) 27
(5b,) (2b3,) = (2byg)? 24
(1bag) (4bsg) = (2byg)? 15
(4b3g) (2b5,) —(2bsg) (3b3,) 9
21A, 3(28%) 13(58%) 11(4%) 2(<1%) (4b3g)— (3bgy) 26
(4b3g) (2b3,) —(2byg)? 25
(1b2g) (5b,,) = (2byg)? 16
(5b2y) (2b3,) = (2b24) (3b3y) 9
3 lAg 3(20%) 26(65%) 10(5%) 1(<1%) (2bs,)%— (2b2g) (3byg) 15
(2b3,)—(2byg)? 13
(1byg)—(2byg) 12
(1b1g)?—(2byg)? 6
(2b3,)—(3bay) 6
2 lB39 5(63%) 13(26%) 8(4%) 1(<1%) (2bs,)—(1a,) 52
(1D26) (2b3,)— (12,) (3bzg) 10
(1b1g) —(2bgg) 5
11B,, 3(22%) 23(62%) 11(6%) 2(1%) (1byg)—(3bgy) 14
(2b3,) (1b1g) —(2byg) (3bs) 10
(2b3,) (1b1g) = (2byg)? 8
(lb2g)_’(1au) 7
(2b3,)?—(1a,)(3bag) 7
(153,) (1b14)— (2b4) (3bsg) 6
(1b2g) (1b16) — (2b5g) (3b3,) 5
31By, 4(71%) 8(15%) 11(8%) (1byg)—(1ay) 69
(1b2g) (1byg) —(1a,)(3bz) 7
41B,, 6(35%) 20(52%) 8(4%) 2(1%) (1b3,)— (2byg) 22
(2b3,) (1bzg) = (2byg) (3b) 10
(1bg,)—(3bzg) 8
(2D3,) (1b29)— (2b5g)? 8
(2b3,)— (2bag) (3b3,) 6
4 lB1g 3(11%) 17(68%) 11(8%) 2(1%) (5b,,)(1byg) —(2byg) (1a,) 20
(1b3,) (5bay) — (2byg)? 19
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TABLE IV. (Continued)

No. conf. (weight

State S D T Q Principal configurations %
(1byg) (4b3g)—(2byg)? 8
(4bzg)— (4byg) 6
41A, 3(16%) 16(64%) 6(6%) 3(1%) (1b3y) (4bzg) —(2b,4)2 17
(4b3g) (1byg) —(2b,g) (1ay) 17
(5bay)— (4byg) 1
(1b2g) (5bu) —(2byg)? 8
(5b2y) (1byg) —(1a,)(3b3y) 5
51A, 3(12% 20(68%) 14(10%) (1b34)2— (2byg)? 15
(2b3y) (1byg) —(2b,g) (1ay) 1
(1blg)2‘>(1au)2 8
(1bgy)(2b3,) —(2bgg)? 8
(1bgg)—(2byg) 7
(1b3y) (203,) — (20,4) (3bag) 5
6 1A, 2(75%) 16(15%) 7(3%) (5b3u) (4bgg) —(3b3,) (3byg) 43
(5bgy) (4b3g) — (3b3,) (2byg) 32

aWith respect to the ground-state principal configuration.

state impliedhere 3!B,,), although they differ substantially ground state. Most of the states are related to optically for-
in the relative intensity of the band. Merienne-Lafore andbidden transitions and those allowed,( Vi3, and V;s)

Trommsdorff® calculated an oscillator strength smaller thanexhibit small oscillator strengths. The corresponding wave
that computed for the intense band at 5.1 eV, but a reverskinctions have important differences with respect to the five
trend was reported by Bigelow. states already analyzed. The largest weight for the additional

The CASPT2 results give full support to the assignmentl4 states comes from the set of doubly excited configura-
proposed by Brintet al*® The 3'B,, state {/;,) is com- tions. The only exception ¥, (the 21839 statg, located at
puted to be 7.08 eV above the ground state, in excellen®.34 eV, for which the weight of the singly excited configu-
agreement with the experimental data. The additional varations is 63%. This state is mainly described by th® 2
lence transitions predicted in this regiov,;3 (1'B,,) and — 1a, one-electron promotion, i.e., the excitation fratal
V15 (41B,,), appear at 6.89 and 7.24 eV, respectively, butto the secondr* orbital. Most of the excited states have a
both have small oscillator strengths. Consequently, contribupronounced doubly excited multiconfigurational character
tion of theV,; andV 5 states to the observed band are pre-with a one-electron promotion as the principal configuration.
dicted to be negligible. The large difference between the exin particular, it holds true for th¥'s, V;, Vg, Vg, V1o, V13,
citation energies for th&/,, state obtained at the CASSCF andV 5 states.

(10.45 eV and CASPT2(7.08 eVj levels indicates the im- The ab initio excitation energies reported by Haiffer
portance of the dynamic correlation effects for the correcfrom the present CASPT2 findings. For instance, at the
description of this excited state. The assignment proposed BIRSDCI level, the excitation energies for the states labeled
also supported by the following reasoning. The main orbitalhere asv,, V,,, andV,;3; were computed to be 7.07, 7.75,
describing the 3B, state, b,y and 1a,, have no contri- and 8.47 eV, respectively. The corresponding values ob-
bution from the carbonyl groups. They are primarily the out-tained at the CASPT2 level are 5.15, 6.34, and 6.89 eV. The
of-phase combination of the bonding and antibondingr-  ClI transition energies are more than 1 eV higher than the
bitals of the G=C bonds(cf. Fig. 1). Topologically, the CASPT2 results, but closer to the CASSCF values. The
orbitals are similar to the corresponding MOs in 1,4-available semiempirical results, for instance at the CNDO/S
cyclohexadiene. A combined experimental and theoreticalevel*®°°are closer to the CASPT2 values.

investigation of the electronic spectra of this molecule has  Regarding the valence excited states which have a prin-
been recently reportéti.One of the excited states studied in cipal doubly excited configuration, the wave functions also
that work,V, (11Bg,), has a principal one-electron configu- exhibit a multiconfigurational character. Thellézg state
ration which is analogous to that found for thg, state of (V,) appears at 4.41 eV, below the first intense* band.
p-benzoquinone. The corresponding excitation energies aréhe 31Ag state §/4,), at 5.90 eV, is located between the two
similar for the two systems. The CASSCF/CASPT?2 resultsstrong w#* absorptions. TheV,s—V,o States are placed
are 10.47/7.16 eV for 1,4-cyclohexadiene and 10.45/7.08 eWithin the energy range 7.3—-7.9 eV. As far as we know,
for p-benzoquinone. The CASPT2 findings are in agreementheoretical results for these excited states have not been pre-
with the experimental dat{:%* viously reported.

d. Additional valence singlet excited statés.addition
to the five excited states presented so fér,(V,, Vi, Vs,
and Vy,), fourteen singlet valence states have been calc
lated and the results are also included in Tables Ill and IV. Rydberg states converging to the four ionization limits
They lie within the energy range 4.4-7.9 eV above theare expected to overlap in energy, even for early series mem-

Lg. Rydberg excited singlet states
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bers. In the present work, the states described by excitatiorshould be noted, however, that the first members of the series
out of H, H-1, n_, andn, to the 3 and to the different from theH andH-1 = orbitals also appear in the same en-
components of the 8 and 3 Rydberg orbitals are exam- ergy range. The SBlg (H—3s) and 2'Bg, (H-1 —3s)
ined. states have excitation energies of 7.70 and 8.01 eV, respec-
a.n— 3s and n— 3p statesThe lowest-energy Rydberg tively. The former is forbidden, while the latter is allowed.
singlet states occur in the energy interval 6.5-7.5 eV. These From an experimental point of view, a band has been
states represent excitations from therbitals to the 3 and  detected in this region at about 7.8 eV with an estimated
3p functions. The 3B, state, described by the one-electron oscillator strength of 0.0% It has been assigned to—3d
promotionn_— 3s, is obtained as the lowest Rydberg sin- transitions?® The band appears to be a doublet. The tvo
glet state. The calculated excitation energy is 6.53 eV andtates have been suggested to be of different symmetry. Ac-
the transition is dipole forbidden. Three additional Rydbergcording to the excitation energies obtained at the CASPT2
states have been calculated close to the valence state resp@gvel, three allowed transitions could be responsible for this
sible for the most intense band of the spectromyf. They  feature: 11Ag—>5 B, (n.—3d,,), 11Ag—>4 B,, (n.
are the 2By, (n_—3py), 4'Ay (n,—3py), and 2'By, —3d,2_,2), and 1'A;—2'Bs, (H-1—3s). The corre-
(n,—3s) states, with transition energies 6.86, 7.08, andsponding computed vertical excitation energies are 7.79,
7.10 eV, respectively. The second state is forbidden. The first g7 and 8.01 eV, respectively. The second electronic tran-
and the third states exhibit small computed oscillatorsition exhibits a small value of oscillator strengh0003,
strengths. Between 7.2 and 7.4 eV, three forbidden Rydbergjjje the results for the other two transitions are more than a
transitions are obtained. The corresponding excited states ifyndred times largel0.0290 and 0.0246Consequently, the
V%We‘d are 4By, (n:—3p,y), 3'Big (n.—3py), and  gjectronic transition with the smallest oscillator strength can
3'A, (n-—3p,). In addition, the 3B, (N —3p,) state o excluded as candidate for the assignment of this band.
appears at 7.44 eV and is predicted to have a small OSC'”atGIFherefore, in the light of the CASPT2 results, one can con-

strength. clude that the absorption band is due to two different elec-

_The vacuum ultraviolet absorption spectrum analyzed by, nic yransitions, involving states of different symmetry and
Brint et al,™ shows in this region a sharp peak at about 7.4

V. with ) d osail Hof0.03. Th i hature, 5'B;, and 2'B,,. Whereas one does belong to the
N ’W't. an estlmate oscillator strength of 0.03. They attri “d-type series, the other feature does not; it issayge tran-
uted this absorption to the lowest-energy member piype sition
series and suggested that it probably Ipgscharacter. In i

) . The theoretical interpretation does not support the con-
view of the results obtained here at the CASPT2 level, the, _. . 16 .
. : S ' . ncerning the char r of
only candidate for this absorption is the'B,, (n_—3p,) Clusion proposed by Briret al.™ concerning the character o

the observed Rydberg bands. On the basis of a rough estima-

tsrtztzlsgiowr%:r? tr?) b:s;i; E'mé;\é'amus’ the results suppotriton of the total Rydberg oscillator strength and its compari-
Thegdi ole—aFI)Ioveed traniition - .thelB (n_—3p,) son with the corresponding value measured for benzene,
P Ly \N-"=3Py formaldehyde, and acetone, they concluded that the observed

state, which appears at 6.86 eV, has not been previousleé dberg series gb-benzoquinone are ketonic, involving the
assigned. Transitions to thg, orbitals were proposed by y b't? localized in th q bonvl 'th th 9 b
Brint et al. as responsible for a weak feature at about 7.7 ey Oroitals focalized In Ihe carbony! groups, rather than ben-

In the light of the CASPT2 results, however, this assignmenFeno'd’ involving thgw orpﬂgls. Therefore, they assumed
that the Rydberg series originate from the molecular or-

can be ruled out. Probably, it is masked by the intense va-. ) .
lence band located at 7.1 eV. 6htals (assignments baS(_ad on thme orb_ltal would_ apply
equally wel) and accordingly gave an interpretation of all

No evidence of-type absorptions has been found in the I . )
measured spectruffi. The two possible candidates for the the observed bands. The possibility of an assignment involv-
ing the 7 orbitals was thus completely discard®dThe

lowest 3 feature can be related to the states involving the"9 : °
n_ andn, orbitals, i.e., the 3‘839 and 21B,, states, respec- CASPT2 results suggest, however, that this possibility

tively. Transition to the former is forbidden. Actually, it is Should not be excluded. The interpretation of the spectrum
not observed. Nevertheless, when reductions of the molece€ms to be more adequate when both type of Rydberg tran-
lar symmetry are carried out by replacing hydrogen atomgitions are taken into account.
with methyl groups, the observed spectra show an absorption € 7—3p and m—3d states.The Rydberg states de-
feature between 6.5 and 7 &¥The peak has been assigned Scribed by excitations frorhl andH-1 to the 3 orbitals are
to a 3 Rydberg transitiofi? The excitation energy com- Ccomputed to lie 8.15-8.80 eV above the ground state. As can
puted for the 31539 (n_—3s) state, 6.53 eV, is within that be seen in Table lll, two transitions are allowed. Only the
energy range. In contrast, the oscillator strength value for thfansition involving the 6B,, (H—3p,) state exhibits a
optically allowed 2'B,, (n, —3s) state, placed at 7.10 eV, significant oscillator strength. The corresponding excitation
is computed to be small. energy is 8.42 eV. In the energy interval 8.9-9.6 eV, the

b. n—3d and m—3s states.The first Rydberg state — 3d states appear, which are predicted to have a low oscil-
above 7.5 eV is the 5839 (n_—3dy2_y2). This is the first lator strength. It should be noted, however, that a full theo-
member of then—3d series, which is found between 7.5 retical assignment of the spectrum in this region cannot at
and 8.2 eV. Tem— 3d states have been calculated, but onlypresent be achieved. Further members of the different series,
one of the allowed transitions, that involving the'B;,,  which are not considered in the current investigation, are
(ny—3dy,) state, has a non-negligible oscillator strength. Itexpected to lie close to the computed states.
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3. Triplet excited states for the twonw* states, 2.17 eV'A;—3By4) and 2.27 eV
(*A;—3A,) correlate well with the available experimental

In th f th i -
n the stdy of the absorption spectrum gf OQata(cf. Table Ill). The finding that théBlg state is related

benzoquinone at low temperature in the crystalline state, Si

man proposed that a very weak absorption system detectéﬁ the lowest-energy electronic transition is consistent with
slightly below the lowest-energy singlet—singlet bands coulot € experlmentalievildence inr%ae;rﬁ? in the crystgl and from
be related to a singlet—triplai— 7* transition®® Subse- V2PO' phase emission spectra.™™"" Moreover, since the

. . * 3
guently, these bands as well as the nature of the lowest tripkj,;’tr etsent COf;‘lpUEatIOI’I \(/jv'ats zerfo;rr?e?vacutq_thfhnw Big h
valence states have been exhaustively examined by means?’f’l € can also be predicted as Ine lowest In the vapor phase.
a large variety of techniques in different environments. A urther experlmental Investigations would be helpful in or-
detailed description of all these experimental studies can bger Io confirm our prediction.

i *x 3 3
found elsewhere(see Refs. 6, 9, and references cited 'I;jranst,)ltlonsztglthegg 1981\“/ and 839! stlate_?harefcom-h
therein. The information provided by these investigations puted to be at 2.91 and 3.19 eV, respectively. Theretore, they

| ; *

led to important conclusions. The triplet character of the exare found at higher energies than the siates. Thi energy

cited state involved in such low-energy band was prdiiéf. difference _between the triplet statesmfr and mm type

The absorption was assigned to%gﬂ3Au (nm*) transi- (>0.6 eV is large enough to determine unambiguously the
. ! . .

tion; spin-orbit interaction was suggested as the responsibl@” character of the lowest triplet stake vacuo It is aiso

. . oo
mechanism for the observed intendf§’, Nevertheless, a worth noting that the CASPT2 results locate the™ triplet

. ! .
new controversy arose. The absorption spectrum Oﬁ:at(_ast abov':a :_he Igw?str smgl?ﬂ:tatesa_m a?hreement \,:V':jh
p-benzoquinone in the crystal showed an additional evef€ Interpretation by TrommsdortfiRegarding the compute

weaker band located 004 eV below thJeAg_)gAu singlet—triplet splittings, they are found to be larger for the

* *
transition®® The new feature was attributed to a different 77 States than for the7* states(cf. Table Il). In a

electronic transition and two possible assignments Wer<§'rnple MO model, the splitting can be related to the magni-
proposed®® either a w7* 'A,—°%B;, or an nz* A

tude of the exchange integral involving the two MOs of the
g
*}3819 transition. Trommsdorf? proved that only the sec-

excitation. The fact that this value is larger for—7* than

ond assignment was compatible with the experimental dat or n_”T.* _excnatlons rationalizes the computed singlet—
He concluded that the lowest triplet is ther* 3Blg state, tiplet splittings.
with the n7* 3A, state located slightly above, and that the
mw* 3B,, state lies at still higher energy above the
nm* 1Blg state. The assignment of the lowest-energy tripleﬂv' CONCLUSIONS
s‘Fate was further confirmeq by other spectroscopic tech- \ye have presented results from alm initio study of the
niques both for pure and mixed crystédf¥."In the vapor  glectronic spectrum gp-benzoguinone. The study has been
phase, the transition to thi®,, state has not been identified performed with multiconfigurational second-order perturba-
in the absorption spectrufnA weak phosphorescence band, tion theory using the CASPT2 method. The results enable
placed 0.04 eV below that correspon_dm?gl to ﬁﬁ%l’é‘g the understanding of the main features of the spectrum. The
emission, was ?bsefved,by Koyanagial"* It was attrib-  computed valence singlet—singlet transition energies agree
uted to a’B;g—"Aq transition. This band has not been un- yjith the available experimental data. Certain assignments
ambiguously observed in more recent studies. proposed earlier have been confirmed. The absorption in the

Theoretical determination of the lowest triplet state hasisjple region is due tai7* 1Ay— 1By, and A 1A, elec-

been controveisigl 32955“" remairlssunresolved. It has beefonic transitions and the bands in the near ultraviolet corre-
predilqted amm™ By, or annm Big staté by semi- spond toma* lAg—>1|339 and lAg—>151u excitations. The
empirical methods, depending on the approach. At the SChysst intense band observed around 7.1 eV is attributed to a
SCI, and MRSDCI levels, the lowest triplet state is calcu- .« LA,—1By, transition. The results obtained for the Ry-

3 0,11 e o ) s . .
lated to be ther* °By, staté 67*_‘7"{h'Ch is in contradiction  gperg singlet states make it possible to assign the bands de-
to the experimental eviden€é: In order to get further  tected at about 7.4 and 7.8 eV. The former corresponds to an
insight into the nature of the lowest triplet state, the twe* ;35 excitation, whereas two transitions of different char-

states {B1y and*A,) and the twomr* states {By, and  geter (13d and w— 3s) are involved in the latter. In ad-
Bsg) have been calculated with the CASSCF/CASPT2 progjition, then* 3B, state is predicted to be the lowest trip-

cedure. The CASSCF calculations were cariied out with vayet state, in agreement with available experimental findings.
lence active space$8/0301030]1 for the 7 ' states and  The 7a* 3p,, state has been computed to lie more than 0.7
(12/03110311 for the n7* states, employing the C,O gy apove the lowest triplet stategr™ 3B,4, and is located

[4s3p1d)J/H[2s1p] basis set. _ above the two lowest7* singlet states.
The triplet states considered are described by the same

main singly excited configuration as the corresponding sin-

glet state. At the CASSCF level, the lowest triplet state iSy cxNOWLEDGMENTS
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