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Absorption spectra of a series of cyclic conjugated ketones and thioketones have been computed at
the multiconfigurational second-order multistate perturbation level of theory, the CASSCF/
MS-CASPT2 method. Excitation energies, transition dipole moments, oscillator strengths, and static
dipole moments are reported and discussed for excited states with energies lower7th@meV.

The main bands of the spectra have been assigned and characterized in most cases for the first time.
The spectroscopy of the different systems is compared in detail. Thioketones in particular have
low-energy and intense«* transitions which suggest corresponding enhanced nonlinear molecular
optical properties. Additionally, some of the methods used to estimate these properties from
spectroscopic data have been considered in order to analyze the main contributions to the nonlinear
optical properties. €002 American Institute of Physic§DOI: 10.1063/1.1482706

I. INTRODUCTION methodology, we will additionally complement the study
with an analysis of the relation of the NLO properties to the
Cyclopropenes, fulvenes, and heptafulvenes are nonatlectronic excited states.
ternant, cross-conjugated cyclic hydrocarbons with a strong The present paper reports calculations on the electronic
double bond fixatiorl. The nonbezenoid aromatic character spectra of a series of cyclic unsaturated ketones and thioke-
of the three- and seven-membered ring systems and the atpnes:  cyclopropenone ¢6,0), cyclopentadienone
tiaromatic character of the five-membered ring systems, a6CsH40), and cycloheptatrienongknown as tropone,
well as their high reactivity, have attracted a great deal ofc7HsO) and the corresponding thioketones: cyclopropeneth-
attention? The specific conjugation structure in these mol-ione (GH:S), cyclopentadienethione (8,S), and cyclo-
ecules results also in unusual and interesting excited statf§Ptatrienethionéthiotropone, GHeS). A detailed analysis

structures. For instance, unlike other systems of similar siz&/ill Pe performed for the excited states of the three-

and nature, they are colored compounds. The absorptio'?'i‘embered brmgs,dwheredth_?hbasmdnatur.e Offthﬁ Irc])w—lymgl
bands are the result of low lying— =* excitations® The states can be understood. The modest size of all these mol-

low-energy electronic transitions and the large changes of thecules allows us to use a high-level-correlated method, the
9y 9 g BASSCFIMS-CASPT2 approacti to study the structure of

dipolar moment upon excitation are responsible for the ®Niheir electronic states. Singlet and triplet excited states of

hancement of the electric properties of these compounds g, ajence and Rydberg nature are included in the calcu-
compared to analogous systems. Such changes as the exigly,ns together with several transition properties. The results
sion of the-electron conjugation or the substitution of the \i|| pe discussed and compared with the spectra of the parent
exocyclic atom from oxygen to sulfur may dramatically de- hydrocarbons. As a final step, the contribution of the excited
crease the gap between the excited and the ground staigates to the NLO properties of the compounds will be ana-
while do not increase significantly the overall moleculariyzed by using the sum-over-statéS80S method, able to
size®” All these facts are important in the context of nonlin- estimate qualitatively nonlinear optical properties from spec-
ear optical(NLO) materials>® Once an accurate and com- troscopic dataFig. 1).

prehensive study of the excited states structure of such sys-

tems is available by means of the CASSCF/MS-CASPTZ|. METHODS AND COMPUTATIONAL DETAILS

_ ~ The ground state geometry of cyclopropenone, cyclo-
dAuthor to whom correspondence should be addressed. Electronic ma'bentadienone cycloheptatrienone, cyclopropenethione, cy-
Luis.Serrano@uv.es o o ; '
YPermanent address: Department of Clinical Chemistry, Malmiversity Clopentadlenetmone, and cycloheptatrienethione were taken
Hospital, S-205 02 MaliaoSweden. from a previous work. The molecules are placed on tie
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y TABLE I. Computed CASSCFKCAS), PMCAS-CI, and MS-CASPT2
(MSPT2 excitation energiegeV), oscillator strengthsf(), orbital exten-
Ho Hs sions ((rz), a.u), and dipole moment$u, D) of the excited states and
H1 Ho electronic transitions of the cyclopropenone;KzO) molecule.
C3 C4
[ Cs Co Cs PMCAS-CF
o Mo o State CAS MSPT2 f (1) “
X e 31B, 46 —4.863
21A,(n—7*) 6.73 4.25 0.001 47 —-0.522
X=0,5,CH, 31A (n— %) 5.93 5.59 forb. 46  —2.433
z 2 1A, (m— ) 7.99 5.96 0.116 48  —1.925
1 e
FIG. 1. Molecular structures, atom numbering, and definition of the axis2 1Bl(n 3s) 7.83 6.90 0.018 108 9.502
system for the molecules discussed in the present work 4 By(n—3p,) 8.24 7.24 0.012 82 ~6.125
Y P : 51B,(n—3p,) 6.72 728 0034 103 1.787
31B,(m— ) 11.44 7.80 0.653 53 —4.032
41A,(n—3p,) 7.02 7.88 forb. 150 —0.564
plane with thez axis as theC, symmetry axis(standard SiAZ(n_’ngy) 894 809 0001 263 —11.870
Mulliken orientation). At these geometries, the vertical exci- 5132(”_’3 -y?) 8.66 8.09 0000 258  -7.634
. . : . 41B,(n—3d,2) 8.80 8.26 0.004 277 —6.612
tation energies for all the systems were 1cl)bta}med Wlt_h the 15 (7. 3s) 8.59 830 0011 101 7545
CASSCF/multistatéMS) CASPT2 method; *tusing atomic 3 A (n—3dy,) 7.49 8.30 0.008 307 -—1.194
natural (ANO) type basis seté!® contracted to §4p2d  3'Ay(n—3d,) 7.47 850  forb. 368 —5718
. . 3
functions for sulfur, 43p1d functions for carbon and oxy- 1 Bu(n—7") 5.61 4.05 48 —0.718
gen, and 21p functions for hydrogen. A simultaneous de- 13%%:::*)) igi g'gé ﬂ _g'igi
scription of both valence and Rydberg states is required fof sa_ (., -+ 538 6.98 46  _2274

an accurate description of the spectra. Therefore an opti
mized set of $1p1d Rydberg-type functions, centered at the PMCAS-CI wave functions. See Methods.
charge centroid of the molecule’s cations was added to the
atomic basis sets. The procedure employed to generate the

Rydberg-type functions is described elsewridre\ level active space, while for states of tBg andB, symmetries a
: . i , 5
shift of 0.30 hartree was used in the level-shiif6) CASPT2 space(6312 was employed. In ¢H,S we used a4531

(Ref. 7) procedure after careful testing. While state energy ctive space in all the cases. Those active spaces included six
differences were computed at the CASSCF, CASPT2, and P ' P

MS-CASPT? levels. transition dioole moments were Ob_electrons and at least nine Rydberg orbitals. Pilot calcula-
tained using the CAS state intergctioﬁASSl) method'® tions with extended active spaces designed to enable the de-

L " o
The state properties were computed using two different Wavgcrlptlon ofoo™* excitations were also performed. However,

functions, CASSCF, and perturbatively-modified CAS-CI no_such states were found at energies below 7.5 e_V. The
(PMCAS-C) 22 The PMCAS-CI wave functions are built as active spaces used to compute excited states of the five-ring

. S . . systems included 12 electrons and 13 orbi{@532. The
linear combinations of the CASSCF wave functions with co->) > o 5 ) 2
. . . . latter included the valence space, the lone pair of the het-
efficients obtained from the quasidegenerated multistate per- ”» .
. . eroatom, two additionad orbitals, and the fousp Rydberg
turbative treatment. These new wave functions have advargrbitals The equivalent active space. excluding the two ad
tages in comparison with the CASSCF functions such as th ' q pace, 9

2T L : ._ditional o orbitals, was used for the seven ring molecules,
diminished valence-Rydberg mixing. The basic characterls\-Nhich consists of ten electrons a@623 orbitals. Al the
tics of the PMCAS-CI functions have been described '

elsewherd® For the sake of brevity just the PMCAS-CI energy differences were computed with respect to the ground

properties and MS-CASPT@lso CASSCFexcitation ener- state obtained with the same active space. The core orbitals

gies will be included into the tables. They are considereo(1Sf0r oxygen and carbon,sPs2p for sulfur _and electrons
were frozen at the HF-SCF level of calculation and were not
anyway the most accurate results.

. . . included at the correlated level. The calculations were per-
To compute all excited states of interest, the active Space. o d with theMoLCAS.4 1 (Ref. 16 programs package
should, in general, include valeneer* orbitals, high-lying ' ' prog P ge-

lone pair orbitals, Rydberg orbitals of the first seri@sme

spdorbitalg, and, eventually, valenagcs™ orbitals to check

for the presence of states involving these orbitals, although; RESULTS AND DISCUSSION
they give rise usually to weak transitions. However, in order

to avoid excessively large active spaces or to deal with inf" The spectra of cyclopropenone

truder state problems, different active spaces were employe‘%{]d cyclopropenethione

for states of different character and different molecules, al- Tables | and Il compile the computed excitation ener-
ways testing for the stability of the wave function. Within the gies, oscillator strengths, orbital extensions, and dipole mo-
C,, symmetry, the notationa(b,b,a,) will be used for the ment values for the states and transitions in the absorption
description of the number of active orbitals used in the studspectra of GH,O and GH,S at different levels of approxi-
ied compounds. To compute the vertically excited states ofmation with respect to the treatment of the electronic corre-

cyclopropenone ofA; and A, symmetry we used &641)  lation. The PMCAS-CI/MS-CASPT2 values will be consid-
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TABLE II. Computed CASSCF(CAS), PMCAS-CI, and MS-CASPT2  would be 0.005 and 0.03, respectively. The band at 4.13 eV
(MSPT2 excitation energieseV), oscillator strengthsf(), orbital exten- has been assigned to @ 7* transition. In contrast, the
sions ((rz), a.u), and dipole moment$u, D) of the excited states and 5.5 eV band dtoi | ) itati f ' h
electronic transitions of the cyclopropenethiongKlgS) molecule. o€ ar? Was_ assumed 1o Invo V_e excitatons fromanhe .
bonds. This assignment seems unlikely because of the, in
PMCAS-CF general, very small oscillator strength @ =* transitions.
State CAS MSPT2 f (r?) L On the basis. _of the present result; we a;sign both bands to
n—a* transitions. The observed intensity for the 5.5 eV

1 — . .. . . .
11A1 . 62 5.028 band is probably originated by borrowing intensity from
11A,(n—7*) 3.89 3.23 forb. 62 —2.880 ) . Lo T
118, (n— %) 462 347 0000 64 0413 higher bands. The described situation is similar in thel{S
11By(m— %) 5.29 4.34 0.028 66 —0.551 molecule although it has important differences: The first two
ziBz(nﬂ3s) 5.21 4.98 0.061 109 —0.701 transitions are oh— #* type, but they are found at much
2 Ay(m—) 616 552 0533 82 -4540 |ower energies than in &1,0. In addition, the order of the
31%2332% g'gg g'gg ?(.)c:gz 11:; :iﬁ; states is reversed. The'A, state is computed to lie at 3.23
3 1Aj(nﬂ3p;) 565 508 04136 132 —0909 €V while the 1'B, state is located at 3.47 eV. The magnitude
2B, (7—3s) 6.06 6.34 0.007 119 0.636 of the changes in the dipole moments upon excitation is
4iBz(n—>3dZZ) 6.30 6.36 0.000 187 -—16.973 similar to that observed in 1,0, although in GH,S the
3 Ag(n—3dy) 637 665  forb. 235 -16.332  ginole moment of the 1B, state changes the sign. The fact
51By(n—3d,2_,2) 6.46 6.71 0026 244 ~8526 that the 1*A, state becomes lower in energy i Sis
417, (n—3d,,) 645 678 0061 226 -15.926 2 gy Ik
31B,(n—3dy) 6.55 6.79 0.024 247 -9.233 clearly related to the nature of the C—S bond as compared
4 1Ay (m—3p,) 6.50 6.91 forb. 140 —0.173 with the C—0O bond. The lengths of the C-S and C-0 bonds
4iBl(7H3pz) 6.68  6.99 0041 141 -2336  gre 1.617 A and 1.214 A, respectively, and, therefore, the
51A,(7—3p,) 7.57 7.10 0075 139 —2.042 o ; ; ; ; _
518, (m—30.) 7 oa 757 0.000 181 —20.919 Exméat_lor: to thg antibonding orbital Iczjca;llzic]j at.tthet_C S
6 1Ay (7—3d.,) 703 776 0001 237 —19.296 ond is lower in energy as compared to the situation in
5 1A, (m—3d,,) 734 778  forb. 198 -17.264  C3HO.

6 'B1(m—3d2_y2) 7.34 7.85 0.005 236 —10.132 Two 7— 7* transitions correspond to the most intense
6 1B,(m—3dyy) 7.62 792 0009 246 -9901  pands in the computed absorption spectrum gf£D. The
13A,(n—7*) 3.43 3.20 61 —2.553 11B, state qi ; ; ;

3 . 2 gives rise to a band at 5.96 eV with an oscillator
13B,(n—7*) 3.78 3.30 65 0.356 h of h level th functi
138, (m— ") 3.60 3.86 66 _1.806 _strengt of 0.116. At the PMCAS-CI eve t e wave unction
137, (m—7*) 3.87 3.99 63 —2.770 is clearly composed of a single configuration which repre-

sents an excitation from theb3 orbital (delocalized over the
C=C bond and the oxygen atgniowards the &, orbital
(antibonding G=C orbital). The dipole moment of the B,
ered as the final results to discuss the absorption spectra 8fate is drastically reduced as compared to the ground state.
the computed systems. Other values at the CASSCFThe secondr— z* excitation, related to the ¥A; state, is
CASPT?2 level can be found elsewhéfe. computed to lie 7.80 eV above the ground state. It has an
If we focus on PMCAS-CI/MS-CASPT2 values, the oscillator strength of 0.653 and the corresponding state di-
spectra of GH,O and GH,S both start with two low-lying pole moment (4.032 D) is close to the ground state value
and weakn— 7* transitions. In GH,O the lowest excitation (—4.863 D). The state CASSCF wave function has a large
corresponds to the B, state and can be interpreted as re-multiconfigurational character. The main contribution can be
sulting from a one-electron promotion from the oxygen lonemainly attributed to an excitation from the samie; orbital
pair orbital ofb, symmetry into the antibonding, 7* or-  to the 4, orbital. The latter is ar* orbital delocalized over
bital perpendicular to the C—O bond. There is therefore aithe entire moleculgécarbons and oxygerand explains the
important transfer of charge from the exocyclic heteroatonsmall change in dipole moments as compared to the ground
to the ring. This leads to a reduction of the polarity as re-state. The computed results correlate quite well with the elec-
flected in the drastic decrease of the dipole moment from th&ron impact spectrum of Cyclopropeno’ﬁ‘eA valence 7
ground state € 4.863 D) to the B, state (- 0.522 D). The —a* transition of medium intensity was reported at 6.1 eV
second transition (1A,) is also ofn— 7* character, placed (relative intensity 0.20 corresponding to the transition to-
at 5.59 eV, and one-photon symmetry forbidden. It correwards the B, state. A second band was found in the range
sponds to the promotion of one electron from the oxygerfrom 7.9 to 8.2 eV with a sharp maximum at 8.1 ¥Mn
lone pair to an orbital characterized as an antibondingaddition, there is a rich structure of Rydberg transitions
7* C=0 orbital of b; symmetry. We find a concomitant which makes it difficult to accurately place the valence band.
decrease in the dipole moment of théA, state as com- It is clear from the reported spectrum that the broad and
pared to the ground state value. However, the transfer ahtense band beneath the highest peaks must correspond to a
charge to ther system is in this case rather small. The re-valence excitation, which we assign to théA4 band. In
ported electron impact spectrum of cyclopropertfrieas  C;H,S the two equivalentr— 7* transitions have lower
two weak and structureless features with maxima at 4.13 anenergies in agreement with the larger size of the sulfur atom
5.5 eV, respectively. If we normalize the most intense pealand longer &S bond as compared to;B,0. Here too, the
of the spectrum at 7.8—8.1 eV to a relative intensity of 0.651 1B, state remains the lowest of the twe— 7* excited
the corresponding values for the 4.13 and 5.5 eV bandstates and the corresponding band is predicted to have a

#PMCAS-CI wave functions. See Methods.
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maximum at 4.34 eV and an oscillator strength of 0.028n— #* states, for instance, are compact already at the
Thus, the 1B, band is redshifted by 1.57 eV in comparison CASSCF level, and have orbital extensiofis?), similar to
to C;H,0. The redshift for the secondl— 7* excited tran-  those of the ground state. Therefore the difference in the
sition (21A,) is found to be even larger, 2.28 eV, placing the transition energies calculated at the CASPT2 and the MS-
absorption maximum at 5.52 eV, with an oscillator strengthCASPT2 level of approximation are always very sniatly
of 0.533. The changes in the dipole moments are similar tdor the 1A, n— z* in C3H,0O increases to 0.15 gVLike-
those calculated for £H,0. wise the properties computed on the basis of the CASSCF
Apart from the valence spectrum, a number of Rydbergvave functions are very similar to those derived from the
transitions have been also computed. IgHEO the first PMCAS-CI wave functions. The latter are linear combina-
Rydberg series originates from excitations from the oxygertion of the CASSCF wave functions of the states of the same
lone pair orbital. The lowest Rydberg excited state, ti82  symmetry which are included in the multistate treatment.
n—3s state, is predicted at 6.90 eV. The distinct diffuse The w— =* states exhibit, however, a different behavior. For
character of the Rydberg states can be observed in the valuastance, the 3A, state of GH,S has ar?) of 132 a.u. at
of (r2), which are much larger than for the valence statesthe CASSCF level, which closely resembles, and even ex-
Table | also includes one member of the second Rydbergeeds, the extensions of some of the Rydberg states. The
series. This state originates from a one-electron promotiointeraction of the 2A; state with the other state dfA,
from the the highedb, 7 orbital and is placed at 8.30 eV. In symmetry, especially with the— pd Rydberg states, causes
C;H,S, the first Rydberg series starts with thé B n a drastic change in the character of the wave function, as
—3s transition at 4.98 eV and ends at 6.79 eV fgyH30. well as a change in the excitation energies. TH&2 state
Members of the second Rydberg series are found in the erfpecomes much more compact at the PMCAS-CI leyed)
ergy range from 6.34 e¥the 2'B, m—3s staté to 7.92 eV.  of 82 a.u); the oscillator strength of the corresponding tran-
For both series the excitation energies decrease about 2 &ition increases from 0.256CASSCH to 0.533 (PMCAS-
with respect to the corresponding states gHgD. With the  ClI), and the dipole moment of the state slightly increases. It
exception of 3'A; n—3p, state, the computed oscillator is clear that the 3A, state has acquired much more valence
strengths for the Rydberg transitions are very small. Unforcharacter. On the other hand, the changes in the Rydberg
tunately, comparison to experiment is almost impossible bestates of'A; symmetry are also noticeable: For almost all
cause, to the best of our knowledge, there is not enoughtates the excitation energy remains almost unchanged as
information available. Comparing the spectroscopic propercompared to the CASPT2 value except for théAg (m
ties of similar compounds, Harshbarger and co-worRers-  —3d,,) state which increases by 0.54 eV owing to the in-
timated the position of some Rydberg excited states:3s  teraction with the valence state. The oscillator strength of the
at 6.22 eVn—3p at 6.88 eV, andr—3s at 7.73 eV. On the transitions decreases strongly for both th&A5 (7— 3p,)
basis of our results it seems that they systematically undeand 6'A; (7—3d,,) states, and the changes in the dipole
estimated the position of the states by 0.6 eV. In addition, thenoment values are also of significance. A similar situation is
observed spectrum displays the sharpest and most distinatso observed for the other— 7* states in GH,O and
Rydberg peaks between 6.9-7.2 eV and 7.9-8.3 eV, whiclB3H,S. The strength of the state interactions depends on
are the regions where the calculations place the most intengeany factors such as the degree of the near-degeneration and
of the Rydberg excitations. the basis sets used. Especially, the basis set dependency has
A number of triplet states have been also computed. Irbeen discussed earlier at several occasibidlt is therefore
C;H,0, the low-lying triplet excited valence state, théBl not surprising to find that calculations using different, in par-
(n— 7*) state, is found to be located at 4.05 eV. Unlike for ticular much smaller, basis sets may provide results com-
the singlet—singlet transitions, the second lowest exciteghuted at the CASPT2 level of theory which are in good
state is not of then— #* nature. It originates in ar— 7* agreement with results obtained using MS-CASPT2/
transition to the £B, state at 4.81 eV. In §H,S the order in  PMCAS-CI approach in combination with large, flexible ba-
the triplet—triplet transitions remains the same as for theisis sets. The relevant values for the previous discussion can

equivalent singlet—triplet states in;id,0. be found elsewher¥.
B. Comparison between CASSCF /CASPT2 C. The spectra of cyclopentadienone
and PMCAS-CI/MS-CASPT2 results and cyclopentadienethione

Because of significant state interaction matrix elements, The spectra of the fulvene-type molecules have a num-
the results obtained at the CASSCF/CASPT2 and thder of important differences as compared to the three-ring
PMCAS-CI/MS-CASPT2 levels of approximation differ systems which can be rationalized on the basis of their or-
with respect to the properties of the individual states andital structure. Unlike gH,O and GH,S, the HOMO orbital
transitions propertie¥’. This is particularly true for the exci- of the five-membered ring systems isreorbital of & sym-
tation energies to the— =* states, undergoing decreases ofmetry, localized at the ring, and corresponds to the antisym-
about 0.4-0.6 eV when changing from one to the other apmetric combination of ethene alike orbitals. The LUMO is
proach. Oscillator strengths and dipole moment values una 77* orbital of b; symmetry, very low in energy, and delo-
dergo somewhat smaller changes. The large and, in principlealized over the whole system. Therefore,—~7* excita-
unexpected differences, are mainly related to the extent dfons of B, symmetry can be expected at low energies. In
the valence-Rydberg mixing of the different states. Thespite of that, then— 7* 1A, state is still found to be the
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TABLE [ll. Computed CASSCF(CAS), PMCAS-CI, and MS-CASPT2 TABLE IV. Computed CASSCHCAS), PMCAS-CI, and MS-CASPT2

(MSPT2 excitation energieseV), oscillator strengthsf(), orbital exten- (MSPT2 excitation energieseV), oscillator strengthsf(), orbital exten-
sions ((rz), a.u), and dipole moment$u, D) of the excited states and sions ((rz), a.u), and dipole moments$u, D) of the excited states and
electronic transitions of the cyclopentadienongH¢O) molecule. electronic transitions of the cyclopentadienethiongH£5) molecule.
PMCAS-CP PMCAS-CP
Staté CAS  MSPT2 f (r?) m Staté CAS  MSPT2 f (r?) u
1A, 71 —3.169 1A, 90 —2.369
1 A,(n— 7*) 4.71 2.48 forb. 70  —0.839 11A,(n—7*) 2.67 1.43 forb. 88 —0.127
1B, (7— 7*) 6.66 3.00 0.045 62 —6.204 1B, (7r— 7*) 4.04 1.99 0.002 82 —6.397
1B (nm—7* 7*) 6.65 4.49 0.000 64 —1.083 1B (nm— 7 7*) 3.95 2.89 0.000 82 —1.448
21A (mm— m* *) 6.02 5.42 0.097 71 —4.219 2 1A (m—7*) 5.99 4.42 0.368 91 -3.646
31A (m—7*) 7.77 5.98 0.259 74 —3.661 3A (ma— 7)) 5.60 4.84 0.000 88 —5.016
2 1A, (7—3s) 7.90 6.50 forb. 120 1.444  4'A (nn—* 7*) 6.86 5.06 0.050 88 1.327
31A,(n—7*) 9.08 6.66 forb. 70 —1.912 210, (n7—7* ) 6.61 5.13 forb. 93 -—1.167
47, (0—7*) 9.48 6.81 forb. 85 —1.229 2 1By(m—7*) 7.40 5.38 0.005 85 —5.560
21B,(n—3s) 8.21 6.87 0.015 126 —3.179 31A(c— %) 7.66 5.73 forb. 100 -—0.383
41A,(n—3p,)° 9.21 7.02 0.036 122 -3.154 31B,(n—3s) 6.45 5.84 0.065 154 —2.968
21By(7—3p,) 8.18 7.06 0.037 188 -—1.738 2B (c— ") 7.71 5.96 0.032 89 —1.475
3 1B, (mm— 7 7*) 9.72 7.08 0.016 66 —1.829 417,(7—3s) 6.75 6.07 forb. 150 2.392
31B;(n—7*) 10.91 7.09 0.000 73 0.072 5'A,(nT—7*7*) 7.29 6.11 0.000 104 —3.830
5 1A, (m—7*) 10.84 7.10 0.384 77 —2.280 51A,(n—m*) 9.27 6.19 forb. 89 —0.286
51A,(n—3p,) 8.62 7.11 forb. 115 —1.937 6 ‘A, (n—3p,) 6.51 6.30 0.001 225 -3.018
41B,(—3py) 8.30 7.16 0.025 144 —-3.062 41B,(n—3p,) 6.99 6.33 0.006 149 —-3.820
6 LA, (7—3p,) 8.55 7.19 forb. 125 -0.683 6 1A,(n—3p,) 7.04 6.36 foro. 169 -—0.171
51B,(n—3p,) 8.65 7.32 0.008 121 -0.155 31B,(n— %) 9.17 6.59 0.000 89 1.193
13B,(7— 7*) 2.38 1.97 75 —3.664 41B,(7—3p,) 7.05 6.65 0.022 230 2.491
13A,(n—7*) 3.54 2.51 71 -1511 51B,(7—3p,) 7.10 6.71 0.025 179 0.357
13A (7 —7*) 2.90 3.78 77 —1118 7 1A,(7—3p,) 7.39 6.74 forb. 159 -0.081
13B,(nm—7* 7*) 5.63 4.46 73 —0.994 13A,(n—*) 0.82 1.26 90 -0.319
13B,(7r— 7*) 1.17 1.61 90 —3.776
#PMCAS-CI wave functions. See Methods. 137 (m—7*) 217 241 90 ~-1.934
PLabels (rm— 7* 7*) or (nm— =* w*) describe states with predominant 1 3B, (n7— 7* %) 2.67 2.88 90 —1.707

double excited character.
‘Due to intruder state problems a level-shift of 0.4 a.u. was used in this statépMCAS-CI wave functions. See Methods.
bLabels (rm— 7* w*) or (nm— 7* 7*) describe states with predominant
double excited character.

lowest singlet-singlet excited valence state in the spectra of

both GH,O (2.48 eV} and GH,4S (1.43 eV). Here too, the 5.98, respectively. The deviation of calculated and experi-

decrease in the excitation energy upon replacement of themental excitations energies is near 0.3 eV and larger than

oxygen atom by sulfur is large and can be related to thebserved previously for many different systems. However, a

length of the exocyclic heteroatomic bo@=0 1.227 A,  comparison of the results obtained with the CASSCF/

C=S 1.633 A. The second transition is, however, af CASPT2 and the PMCAS-CI/MS-CASPT2 approaches

—ar* in origin. The corresponding B, states are found at shows that the CASPT2 wave function for the— 7* ex-

3.00 and 1.99 eV, respectively. The intensity of these cited states strongly interact with near degenerate states,

—ar* transitions is not particularly high. leading possibly to less accurate results. We have not found
Another consequence of the smal 7* orbital energy any more recent and detailed experimental data concerning

gap is to favor low-energy electronic states with strong multhe spectrum of this molecule. The most intense bands of our

ticonfigurational character and significant contributions fromtheoretical spectrum correspond to transitions to tHé\3

doubly or higher excited configurations. The analysis of thestate at 5.98 eVoscillator strength 0.25%nd 5'A; at 7.10

CASSCF wave functions for theB, states of GH,0 and eV (0.384. The absence of the transition at 5.42 eV is some-

CsH,S reveals that these states have large contributions fromvhat surprising.

double excitations. They are found at 4.49 and 2.89 eV, re- Comparing the Rydberg excited states igHZO with

spectively. For this reason the character of these and similahose of GH,S (only the 35 and 3 components have been

states are labelethr— 7* 7*) or (w7m— @«* #*) in Tables  computed we observe significant differences. IRKL,O the

[l and IV. two lowest Rydberg series start at 6.50 and 6.87 eV, corre-
Experimental spectroscopic information is sparse. Thesponding to ther—3s (21A, statg and n—3s (31B,)

UV spectra reported by Garbiset al?° display two bands transitions, respectively. In48,S, the equivalent transitions

at 3.27 and 6.21 eV for 4,0 with extinction coefficients and state change order and decrease their energies in a very

79 and 55000 Imoltcm™?, respectively. In view of our different way. Therefore, the—3s (31B,) transition be-

calculations the assignment is straightforward although thereomes the lowest Rydberg excitation at 5.84 eV while the

are certain deviations. Assuming that the experimentally obsr— 3s (4 'A,) transition is located at 6.57 eV. The energy

served transitions are af— 7 character the bands should decrease with respect tg8,0 is 1.03 eV —3s) and 0.43

be assigned to the B, and 3'A, states at 3.00 eV and eV (7—3s), respectively. These trends, which can be re-
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lated with the character of the carbon—sulfur bond, are JABLE V. Computed CASSCHCAS), PMCAS-CI, and MS-CASPT2

common characteristic of all the systems studied here OnC@ASPTZ excitation energiegeV), oscillator strengthsf(), orbital exten-
sions ((rz), a.u), and dipole moments$u, D) of the excited states and

Su”ur_ replaces O),(ygen' electronic transitions of the cycloheptatrienoneigO) molecule.
Pilot calculations on €H,0 and GH,S showed that,

unlike the three-membered ring systems, the electronic spec- PMCAS-CF

. * "

tra of the pentadieneketones have alse =* transitions at . Stat@ CAS  MSPT?2 f (r2)

very low energy. Therefore, we used an extended active—

space for the five-membered ring systems. The final result%lgl(n " is6 286 0.000 1035 :2-1‘1‘(13

include for GH,O oneo— 7* 4 1A, excited state located at pneT ’ ' ) '

N ) B 1A,(n—7*) 4.28 3.94 forb. 95 —1.252
6.81 eV and for GH,S twoo— 7* excited states, 3A, and > A, (s 7 %) 5.04 4.22 0.064 104 —4.241

M

21B,, located at 5.73 and 5.96 eV, respectively. All these1 'B,(7— *) 4.83 4.26 0.042 102 —3.648

transitions are one-photon forbidden or, at least, have lovd ‘Ai(m—m*) 7.68 5.67 0280 105 —4.526

intensity. 2 152(7H *)° 5.95 6.05 0.012 100 -2.613
. . . 21By(m—3s) 5.76 6.19 0.000 162 3.474

As regardmg the triplet states, the effect pf thellow-lyl_ng 3B, (7 ") 793 6.31 0055 108 —3.621
m—7* excitations can be also observed in their relatives 1g,(n_.3s) 6.31 6.74 0.003 155 1.127
position. In GH,O the m— 7* 1 3B, state is the lowest one 2 LAy (m—3p,) 6.29 6.81 forb. 202 1.122
in the spectrum at 1.97 eV, followed by te-7* 1A, 4 Ay(7—3p) 640 697  0.005 197 2.066

state at 2.51 eV. In the sulfur compound their order is re 1/?157“381)) e R o

. 13 W\T— T . . . — .

51B,(m— ) 8.34 7.16 0.085 107 —3.368

D. The spectra of tropone and thiotropone 31A,(n—3py) 6.99 7.31 forb. 188 —1.281

. . 7 A (m— ) 8.81 7.36 0.340 113 -3.175

The orbital structure of the seven-ring compounds,ia inz—z*m%)c 825 739 forb. 95 _1073
tropone (GHgO) and thiotropone (@HgS) changes from 61B,(n—3p,) 6.80 7.40 0.003 213 9.457

that of the five-ring fulvene-type systems. 7 orbital 4 'By(n—=*) 7.97 7.51 0.000 96 —1.067

. . . 1

becomes the HOMO orbital, while a pair of near-degeneraté& ;Az(7—3s) 789 796  forb. 162 2.092

* : - : 1%By(7—7*) 1.50 2.75 e 105 —3.328

a, andb; 7* orbitals are the lowest-lying virtual valence 13A.(n %) 3.77 374 o5 1052

. ) _ L(n— , i 1
prb|ta_ls. The orbltgls ob; symmetry are typ|cally Qelocal— 13A, (7 ) 2.89 3.77 104 —2.908
ized in both the ring and the=£0O or C=S moieties. In  13B,(n7— =* 7*) 3.97 4.05 95  —0.205

contrast, orbitals o, symmetry are limited to the ring sys- ,
tem. Both GHgO and GH¢S molecules have two low-lying Z’EMCAS'C' wave functions. See Methods. . .

* . . abels (mm— 7* 7*) or (nm— =* 7*) describe states with predominant
n—a* states which are very close in eneipecause of the  jouple excited character.
closeness of the low-lying virtua, and b, orbitalg. The  °Due to intruder state problems a level-shift of 0.4 a.u. was used in this state.
decrease in energies between the 7* states of tropone
(3.86 and 3.94 eV and thiotropong2.05 and 2.10 eYis
much larger than in the other compounds. In order of ascend-#* type) and parallel to it — #*). The estimated oscil-
ing state energies next follow a pair af—7* excited va- lator strengthg(if two bands were considered to form the
lence states. They can be characterized to arise from excit4-13 eV transition are 0.01 and 0.1% respectively. The
tions from the HOMOb; = orbital to the low-lying virtual  calculatedn— #* transitions in tropone lie at 3.86 and 3.94
a, andb; orbitals. The electronic singlet states with energieseV and can be clearly related to the observed out-of-plane
higher than the two lowest— 7* excited valence states are transition, while ther— #* transitions computed to the
typically composed of contributions of several configura-21A; and 1'B, states are obtained at 4.22 and 4.26 eV, with
tions, that is, they have a clear multiconfigurational characescillator strengths 0.064 and 0.042, respectively. These four
ter. The labels used to characterize the states in Tables V amkcitations originate the band observed at 4.13 eV with a
VI have been chosen such as to describe the largest contsmall intensity. The band undergoes a slight redshift in polar
bution. Unlike the fulvene-type molecules, more detailed exsolvents?! which can be related to the stabilization of the
perimental information is available for the heptafulvene-type2 1A state which has a large dipole moment. As regards the
systems. Evidence for the presencenef =* transitions at  spectrum of GHgS in hexane solution, a very weak band has
low energies have been reported for several tropones. Theeen identified at 1.82 eV followed by another weak feature
most intense bands observed in the spectrum of troponat 2.03 eV. Both were reported to have low extinction coef-
(C,H¢O) in the vapor are: a medium intense transition atficients, 9 and 47 Imol* cm™*, respectively?? In the energy
4.13 eV, an intense peak at 5.56 €bboth having in-plane range close to 2 eV we have computed two staté#,land
polarization, a broad shoulder at 6.9 eV, and an intensel 1B;. The 1A, state may be related to the band at 1.82 eV,
group of transitions above 7.2 eV. The latter have not beemlthough the presence of a nearby excitation to a triplet state
studied in detaif! The estimated oscillator strengths of the has to be noticed. It is, however, most likely that the 2.03 eV
three low-energy features are 0.13, 0.37, and 0.lband arises from a mixture of an—7* excitation and the
respectively’® Studies on the polarization of the low-lying more intenser— 7* transition to the B, state.
band in the vapor spectrum of,B0,2%%? at 4.13 eV The computed data lead to a clear interpretation of the
showed that it is composed of overlapping transitions of dif-experimental observations also for the remaining data in both
ferent polarization, perpendicular to the molecular pléame compounds. A7— 7* transition has been computed for
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TABLE VI. Computed CASSCHCAS), PMCAS-CI, and MS-CASPT2 7 v* transition computed at 2.31 eV with an oscillator
(MSPT2 excitation energieseV), oscillator strengthsf(), orbital exten- strength of 0.027 can possibly be related to the weak peak
sions ((rz), a.u), and dipole moment$u, D) of the excited states and b d at 2.03 eV in the h t?arﬂ'h t
electronic transitions of the cycloheptatrienethioneH§S) molecule. O served at c. - €V in the hexane spec . € mos.
intense band which has been recorded experimentally is lo-
PMCAS-CF cated at 3.34 eV in hexane with an extinction coefficient of
Staté CAS MSPT2  f 2 . 15135 moltcm™! and at 3.25 eV in methan&?.The.as-
signment to the 2A; state computed at 3.21 eV with an

1 iAl i —4210 oscillator strength of 0.598 is straightforward. The batochro-
11A,(n—7*) 2.22 2.05 forb. 110 —1.660 . : : X . X
11B,(n— %) 278 510 0000 112 0451 Mic shift of_ about 0.1 eV in polzir solvents is con5|s_tent with
11B,(m—7*) 295 231 0027 115 —1.663 the large dipole moment of the*?; state. Two less intense

2 A (m—7*) 411 3.21 0598 112 -7.275 bands are reported at 4.90 and 5.53 eV with extinction coef-
31A(m—*) 567 474 0037 115 -4.989 ficients 9338 and 7762 Imof cm !, respectively, in both

2 1B,y (mm— 7 ) 5.81 4.80 0.073 118 -1.951
3 1B, (7—7*) 6.17 5.19 0.092 110 —8.208
417 (mr— 7 ) 5.79 5.22 0.147 115 —2.420

hexane and methandl. Their assignment is less clear. A
number of7— #* transitions in that region may contribute

4'B,(n—3s) 5.00 523 0019 178 2201 to the intensity of the 4.90 eV band. The most likely candi-
2 1B, (7—3s) 5.12 5.32 0.002 178 3251 dates are 3A; at 4.74 eV §=0.037), 2'B, at 4.80 eV
ziAz(me*w*) 5.98 5.44 forb. 116 —0.680 =0.073), 2'B, at 5.19 eV (=0.092), and, particularly

5 A, (n—3p,) 545 547 0004 263 0614 41A; at 5.22 eV §=0.147). The analysis of the CASSCF
3B, (nm— 7 7*) 6.46 5.78 0.000 114 -0.581 functi f the 4A. state indicates that this state al
518,(n—3p,) 5 49 582 0016 185 1142 Wave function of the 4A, state indicates that this state also
6 1B,(7— 7*) 7.09 587 0025 115 -2.174 contains a large contribution from doubly excited configura-
31A,(n—3py) 5.51 5.91 forb. 217 1.215 tions. In view of the structure of the wave function the large
BiAl(w—pr) 5.58 5.95 0.006 242 1651  oscillator strength is somewhat surprising. Another weak
4 Ag(m—3py) 567 597 forb. 271 2378  pand has been observed at 5.53 eV in the spectrumidiE

7IA (m— ) 7.69 6.04 0.068 115 —1.939 in both h d methanol. A ing that Rvdb
4'B,(m—3p,) 577 6.09 0000 191 3764 N both hexane and methanol. Assuming that no Rydberg

5 1A, (N7 7* ) 8.05 6.19 forb. 114 —0.051 transition contributes to the intensity in condensed media, the
51B,(n7m—m* 7*) 7.78 6.28 0.000 109 —1.036 shoulder can be most probably attributed to the transition to
6 ‘Ay(nm—m* ) 7.07 6.35 forb. 111 -1.982 the 5'B, state, computed at 5.87 eV with an oscillator
6'By(nm—m*7*) 724 640 0000 111 -0.648  grength of 0.025. However, a contribution of the lower en-

1 *\C
;lijg:::*; 3:;3 ;jg 8:83; ﬂ; 73:;?2 ergy 4'A; band cannot be discarded. To our knowledge,
8 1B, (7 7*) 8.58 733 0169 115 —3.866 there is no experimental study of the electronic spectrum of
7 1A (m—3s) 7.91 7.66 forb. 183 —0.199 C,HgS investigating the energy region beyond 6.0 eV. The
7281(7H38) 7.65 7.69 0.002 181 2.655  most prominent transition in this energy range is the excita-
1 Bo(m—m”) 158 200 - 118 =2417  ign to the 7!B, state, computed at 7.33 eV, with an oscilla-
13A (m— ) 1.78 2.11 118  —2.568
13A,(n—7*) 210 215 112 —1.079 tor strength of 0.169.
1°%B,(n—*) 2.65 2.48 112 —0.685

_ E. The spectra of the cross-conjugated cyclic

:PMCAS-CI wav*e f:mctlons. See*MSthods. _ _ _ hydrocarbons

Labels @m— 7* 7*) or (nm— 7* 7*) describe states with predominant

double excited character. Before confronting the spectroscopic properties of the

Due to intruder state problems a level-shift of 0.4 a.u. was used in this stat%yC”C ketones and thioketones with those of the cross-
conjugated cyclic hydrocarbons, it is useful to recall the stan-
dard model of the electronic structure of such molectfes.

CsH,O to have a maximum at 5.67 eV with an oscillator The three and seven-carbon ring systems are known to have

strength of 0.280. This transition is responsible for the mea strong charge donor character. In contrast, the five-

dium intensity peak observed at 5.56 eV with an oscillatormembered ring is largely an electron attractor. This is clearly
strength 0.37. More questionable is the assignment of theeen from the stability of their radicals cations and anions,
broadband located at 6.9 eV. It most likely can be assigned teespectively¥* The basic trends observed in the excitation
the m— r* transition to the 5B, state at 7.16 eV. The latter energies on passing from the small to the large rings are
is the most intense transition computed for that range otherefore well explained: In general, a decrease of the tran-
energies, having an oscillator strength of 0.086. Howeversition energies is observed, for the lowest> 7* and =
contributions from ther— 3p Rydberg transitions and some — #* excitations when passing from the three- to five-
other weaks— 7* band cannot be ruled out. Finally, the membered ring compounds. This trend can undoubtedly be
region of the spectrum above 7.2 eV is clearly dominated byelated to the electron attractor character of the five-carbon
the transition to the A, state, computed at 7.36 eV with an cycle. In contrast, and in accordance with the electron donor
oscillator strength of 0.340. The presence of this transitiomature of the seven-membered ring system, an increase of the
explains the intense band observed in the experimental vapeixcitation energies is observed for these systems as com-
spectrunt! pared to the five-membered ring compounds. Table VII com-
The computed spectrum of cycloheptatrienethionepiles the computed and experimental data for the spectrum of

(C;HgS) has a structure similar to that of tropone. Apartthe discussed compounds. Two factors determine the excited

from the already mentioned— 7* excitations, the lowest states properties of the heterosubstituted compounds with
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TABLE VII. Computed (MS-CASPT2 unless indicatgénd experimental excitation energie@sE, eV) and
oscillator strengthsf() for the compounds shown in Fig. 1.

CASPT2 MSCASPT2 MSCASPT2
JE— Expt. - Expt. - Expt.
State AE f AE (f) AE f AE (f) AE f AE (f)
C,H,2 C,H,0P C,H,S
n— ¥ 425 0001 413 (0005) 323 forb.
n— ‘e ‘e .o 5.59  forb. 5.5 (0.03) 347  0.000
m—a* 413 0009 401(001) 596 0.116 6.1 (0.20) 434 0028
m—aw* 682 0584 602(034) 780 0653 79-81(065 552 0533
CeHg* CsH,0! CsH,S
n—ar¥ 2.48 forb. e 1.43 forb.
n— 449  0.000 2.89  0.000
m—a* 329 0005 334(001) 300 0045 3.27 (79) 1.99  0.002
m—a* 530 0060 } 527 (034) 542 0.097 .o 442 0368
moa* 575 0248 J 7 ’ 598 0259 621 (55000) 4.84  0.000
s 7.10 0384 506  0.050
CeHg® C,HOf C,HgS8
n— ¥ .o 3.86  0.000 205  forb. 1.82 (9)
n— 291 (0.02) 394 forb. } 2.10  0.000 }
¥ 443 (039) 422 0.064 413013 231 0.027 203 (47)
T ¥ 426 0.042
¥ 582 (0.5) 567 0280 5.56 (0.37) 321 0598 334 (15135)
s 6.05 0012 .o 480 0073 } 490 (9332)
¥ 631  0.055 .o 519  0.092
s 7.05  0.000 } 69 (0.1) 522 0.147 } 5.53 (7762)
¥ 7.16 0086 M 587  0.025
¥ 736 0340 >7.2 733 0.169

8CASPT2(Ref. 30. Spectrum im-pentane(Ref. 31).

PElectron impact spectrurtRef. 18. See also Ref. 32. Intensities as band heights normalized to 0.65.
CCASPT2(Ref. 33. Electron-energy-loss spectruief. 33. See also Ref. 34.

dOptical absorption spectruiiRef. 20. Intensities as extinction coefficients (I mélcm™1).

®Optical absorption spectruiiRef. 35. See also Ref. 21.

fVapor spectrdRefs. 21, 36 See also Ref. 37.

9Spectrum in hexanéRefs. 23, 38 See also Ref. 39. Intensities as extinction coefficients (I'thoin™1).

identical rings: The electron affinity of the heteroatomtuted cyclopentadiene systems. In these systems the five-
(higher for the oxygenand the length of the exocyclic membered ring is strongly competing with the electron affin-
double bond(larger in the sulfur compoungsWithin the ity of the exocyclic heteroatom. This leads, in general, to a
family of systems with a cyclopropene ring, it is more favor- drop of the transition energies. As can be expected this effect
able to transfer charge from the lone pair to the ring inis smallest for fulvene and largest fogld,O (a decrease of
C3H,S than in GH,O. The excitation towards the=€S  2.96 eV for the firstm— 7* excited valence stateFinally,
antibonding orbital is more favorable due to the relaxation offor the seven-membered ring compounds the trend is re-
the C=S bond, as it is reflected by the decrease in the exciverted due to the electron donor character of the ring. De-
tation energy for the 1B, n— #* transition in GH,S with  spite the changes in the position of the low-lying states, it
respect to GH,O. The electron affinity of the exocyclic het- can be observed that, in general, the bulk of the intensity
eroatom works in the opposite direction. The two lowest goes in all cases into a transition to'A; excited state,
—ar excited valence states of methylenecyclopropenavhose excitation energy drops by around 1 eV with each step
(C4H,) are placed at lower energies than the correspondinthe size of the ring is increased.

states of cyclopropenone. The blue shift amounts to about

1.8 and 1.0 eV for the first and second lowest: 7 excited ) )

valence state, respectively. Changing the oxygen atom by & The NLO properties of the cyclic ketones

sulfur atom leads again to a redshift. It is interesting to note"’mOI thioketones

that it is larger for the second lowest— 7 excited valence The specific excited state structure of ketones and
state(1.6 vs 2.3 eV. The strong electron attractor character thioketones, in particular their low excitation energies and
of oxygen is responsible for such behavior. large intensities, makes them special subjects of interest from

A completely different trend is observed for the substi-the point of view of materials with nonlinear optic@ILO)
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properties:® Recently we presented a stidgf the NLO  TABLE Viil. Main elements contributing to the two-level SOS expression
properties of cyclic ketones and thioketones. We focused off the computed molecules.

thg static eIectrig propqrties ranging from dipole moments t0 p;o1ecule State  AEg (eV) i —Apg (D)
third order polarizabilities. From the knowledge of the ex-

. . . . . . 1 —
cited state properties such as excitation energies and transi- <2Hz0 4 A 7.80 0.653 0.881
tion dipole moments a number of NLO properties can be CazS 2 A 252 0-533 —0.488

dip , prop C:H,0 31A, 5.98 0.259 0.492
obtained by means of perturlga;‘gve teqhnlques I§n0\_/vn as the 51A, 710 0.384 0889
sum-over-state§SO9 method?®?®We think that this give us CsH,S 21a, 4.42 0.368 1.279
the opportunity to complement the previous study on excited C;HsO 3'A; 5.67 0.280 0.785
states of ketones and thioketones with an analysis of the chs 71A1 ;2613 g-ggg —g-ggg

1 1 1 H 7M6 2 Al . . .
main contributions to the NLO properties. Here we shall 2in c oo 0.147 1790

compare some of the molecular properties obtained by ap-
plying SOS methods with the results obtained earlier using
finite-field ab initio calculations’ In particular, we shall ana-
lyze thezz andzzzcomponents of the polarizabilitya,)
and first hyperpolarizability 8,,, using a two-(SOS2 and
three-level(SOS3 sum-over-states procedlfr7eWe will re-
strict the analysis to the contributions of the valente
—a* transitions. This study should not be considered a te

dipole moments. The summation can be reduced to one
single term when the system has a clear dominant transition
and charge transfer is unidirectional, as it is in the case of
typical organic chromophores. The two-state model is then
educed to the classical Oudar expresgibiihe three-level

. - %0S model involves the ground and two excited stattes,
spectroscopical data to analyze the contributions to the NL%nd J

properties by using the SOS method.
To compute the components of the polarizability tensors _2 2 MgMg;My,
we applied following formulas which were obtained from Bsoss= T 7 AEgAEy;

H 8
perturbation tr;eorﬁ. In the following discussion we shall focus only on theg,
a:E Mg, 0 and B,,, components of the polarizability tensors._ For sym-
T AEy’ metry reasons only states 6A; symmetry contribute to
) » ] these elements.
where Mg, is the transition dipole moment between the 1546 viil compiles the electronic properties of the most
ground statey and the excited stateandAEy is the corre-  jmnortant states for the different systems which enter the
sponding excitation energy. Two different models have beers5so formula of3,,,. The same states have been selected to
considered to compute the first hyperpolarizabilify, The  contripute to the SOS3 expression, although the correspond-
expression og the two-state sum-of-states m@8@S3 can g transition dipole moment elements are listed as auxiliary
be written a$ material'’ Table IX lists the values of,, and 3,,,0btained
MSIA/J’gI for the different systems, both at the SOS2, SOS3, and finite-
TAEZ (2)  field levels. The results show the well known weakness of
gl the SOS model: It is very sensitive to the proper choice of
It includes the transition dipole momentég,, the energy states included in the expansion. Unless there is a well-
differencesAEy,, and the elementd uy, . The latter corre-  defined electronic transition which combines a large intensity
spond to the difference between the ground and excited stateith a strong charge transfer character, the obtained results,

()

Bsos= 2

TABLE IX. Components of the polarizability and first hyperpolarizability tensor of the studied ketones and
thioketones at different levels of theofs.u).®?

Comp. S0S2 S0S3 MP2 CASPT2  SOS2 SOS3 MP2 CASPT2
C;3H,0 CsH,S

gy 11.92 e 48.34 47.75 19.41 e 84.33 82.70

Bazz 13.59 52.89 67.64 18.38 —12.43 -59.21
CsH,0 CsH,S

gy 24.92 e 76.11 75.40 20.81 e 116.36 113.96

Bazz 1.00 20.89 26.12 38.31 —44.08 —74.87 —40357 —197.93
C;HgO C7HeS

@y, 56.04 e 121.99 120.27 74.64 e 188.72 185.11

Bazs —4457 —119.67 -159.44 —181.88 —633.22 —680.87 —1203.86 —1666.44

aTwo (SOS2 and threg(SOS3 levels sum-over-states method. See text.
bFinite-field MP2 and CASPT2 calculatioriRef. 5.

Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



1658 J. Chem. Phys., Vol. 117, No. 4, 22 July 2002 Serrano-Andrés et al.

although showing often the right trends, are unlikely to pro-different ring systems. As discussed in previous section the
duce quantitatively correct data. We have decided to focus ifive-membered ring accepts charges whereas the three- and
the a,,andB,,,components, only, because of the bulk of theseven-membered rings are charge donors. Especially in
intensity in the computed molecules is obtained by states dhiotropone the combination of low excitation energies, large
A, symmetry, and therefore the application of SOS methodgransition intensities, and large dipole moment for thgA2

is justified. The finite-field results show a change in sign andr7™* state leads to a very large value of the first hyperpolar-
a increases,,, on enlarging the molecular size for the oxo- izability component.

substituted systems, while a large increase in negative values Finally, we may conclude that in order to maximize the
is observed for the sulfur-substituted compounds. The SOSILO properties of a compound research has to focus on low
values fall within the right order of magnitude. In all cases,lying intense electronic transitions. In addition, chemical
however, the values oft,, and 3,,, are about half of the modification should be made in such ways to maximize the
value computed with the finite-field approatfihe trends difference in dipole moments of ground and excited states
are therefore correct, and, except for cyclopropenethione, thehere as the overall volume of the compound should change
components have the right sign. The systematic underestimas little as possible. For the present systems, the substitution
tion of the tensor elements is basically related to the fact tha@f oxygen by sulfur leads to a decrease in the excitation
the transitions have no strong charge transfer character. gnergies. In addition, the transfer of charge from the ring to
one considers other components, suchgag,, involving the heteroatom is easier because of the longerSCbond
transitions to states 3B, symmetry, the SOS results largely and the lower electron affinity of the sulfur compared to
underestimate the finite-field values because of the ver@xygen. This leads to the desired large increase in the dipole
small transition dipole moment values. This clearly showsmoment differences for the low-lyingA; and also'B,

that the model cannot provide accurate results unless a mu&tates.

larger number of states is considered. In some of the cases

the use of the three-level model, has noticeable consequencis SUMMARY AND CONCLUSIONS

in the final results, an indication of the important contribu- . . . .
. - . . The electronic absorption spectra of a series of exocyclic
tions of transition dipole moments between the different ex-

cited stated? ketones and thioketones have been studied by means of the
The simplicity of the SOS model, however, allows to CASSCF/MS-CASPT2 approach. State energies and transi-

analyze the trends in terms of the excited states and transt||-.On properties of a large number of valence and Rydberg,

. : . : : singlet, and triplet excited states have been included in the
tion properties and also allows to explain the irregularity we . . -

) . . study. The discussion focused on the characteristics of the
find for cyclopropenethione. Table VIII compiles the elec-

. ; . . spectra and the relation among the different states upon sub-
tronic proper.tles of the most important states for the d'ﬁerengtitution of the exocyclic double bond has been performed.
thStems ngchder)ter the SOS(;Z tfr(])rmula ,@Izt;- FO:j the ¢ Comprehensive and sometimes novel assignments of the ob-

yree-membered ring compounds the summation reduces 10, o4 pands have been proposed for most of the com-
single term. Therefore, the sign @f,,,is determined by the

. ) . . pounds.
f'gn OfA.'U“Z' By mspectmn of Table VIll we find that the Particular attention has been given to the calculation of
A, excited state dipole moments of the cyclopropeneke;[

i d it t 10 th d stat I | as(rfmsition matrix elements between the different electronic
tones decreases with respect o the ground state values 1eafsqq This information has been used to analyze the contri-
ing, in both cases, to a positive contributiongg,,. There-

. butions to the NLO properties because of the potential use of
fore, the two-level modgl cannot account for the Negativepese molecules in the synthesis of novel materials. The NLO
value of _the component in4El,S. . . properties were compared to results obtained earlier using
The Increase 0B,, components on increasing the mo- the finite field approach. A perturbative approach, the SOS
lecular size can also be understood from the data shown IBoproach, has been used to estimate NLO properties from
Table VIII. On going from the three- to the five-membered g0 croscopic data. If restricted to a small number of states,
ring compounds, a large decrease of the excitation energies iz method has been found to give qualitatively correct re-
observed, which combined with a reversal on the excited, ;s which reproduce the trends but underestimate the abso-
states dipole moment change leads to the increag®, f  |yte values. The key of the study is, however, that the SOS
The change in the excited state dipole moment is particularly,ethog allows a detailed analysis of the main effects related

large (1.279 D in cyclopentadienethione. In contrast, the 1 {he excited states structure contributing to the NLO mo-
change of intensity of the corresponding electronic transiygcyar properties.

tions is small. Therefore we find a large decrease inghe
component, whereaa,, is hardly changed. As regards the
CsH,0 the situation is differents,,,includes two contribu-
tions with dipole moment changes of opposite sign. Hence, The authors acknowledge the financial support obtained
the overall effect is rather small. Enlarging the ring towardsby the TMR Network DELOS, Contract No. FMRX-CT96-
the cycloheptatriene-type structure cauggs, to dramati- 0047, by a grant from the Swedish Natural Science Research
cally increase. The excitation energies and transition intensi€ouncil (NFR), by Project Nos. PB97-1377 and BQU2001-
ties do not change drastically. The largest differences ar2926 of Spain, and by the Generalitat Valenciana. The sup-
found for the low-lying*A; excited state dipole moments, port by the CNP¢Conselho Nacional de Desenvolvimento
which reflect the electron donor—acceptor properties of the€€ientfico Tecnolmico) and FAPESRFunda@o de Amparo
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