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Multireference perturbation theory with complete active space self-consistent(G&8SCH
reference functions was applied to the study of the valeneer* excited states of benzene and
naphthalene. The eigenvectors and eigenvalues of CASSCF with vateactgve orbitals satisfy
pairing properties for the alternant hydrocarbons to a good approximation. The excited states of
polyacenes are classified into the covalenbusstates and ioniplus states with the use of the
alternancy symmetry. The present theory satisfactorily describes the ordering of low-lying valence
7—a* excited states. The overall accuracy of the present approach is surprisingly high. We were
able to predict the valence excitation energies with an accuracy of 0.27 eV for singflates and

of 0.52 eV or better for singleg states of naphthalene. Our predicted triplet states spectrum
provides a consistent assignment of the triplet—triplet absorption spectrum of naphthalene. For
benzene we were able to predict the valence excitation energy with an accuracy of about 0.29 eV.
The covalentminus states and ioni@lus states exhibit different behavior as far as the electron
correlation is concerned. The ionitus states are dominated by the single excitations but covalent
minusstates include a large fraction of doubly excited configurations. The cowvalients states
always give lower energy than the correspondorgc plus states. This is true for triplet states. The
dynamico— polarization effects introduced by perturbation theory are significant for the jpdurc

states while those on covalent excited states are usually of the same order as in the covalent ground
state. The enlargement of the active space of the reference functions represents a great improvement
of the description of the ionic states. The present approach with the pairing properties has proved to
be of great value in understanding and predicting the experimental data of the alternant
hydrocarbons. ©1996 American Institute of Physid$S0021-960626)00216-4

I. INTRODUCTION model. The apparent success of the PPP model to the spectra
of alternant hydrocarbons seems to be mainly due to the
The conjugate systems such as polyenes and polyacengfernancy symmetry properties. The other reason must be
are deservedly the objects of a good deal of experimental angat the electron correlation effect, neglected in the approach,
theoretical attention. The studies of the electronic structur@rongly affects mainly those singlet excited states which are
of conjugated systems have a long history. The first and simg;gle forbidden or weak and, hence, does not influence the
plest form of the molecular orbitgl theory of conjugated MOl- hain features of the calculated absorption spéttra.
ecules was proposed by Huckel in 193Then, the |dealwas The accurat@b initio treatment for such a large system
further developed by Goeppart-Mayer and SKiaariser as naphthalene has been limited so far. However, new devel-

and Parr, and Poplé as m-electron th_eory for f:onjugate_d ogament ofab initio molecular theory enables us to calculate
hydrocarbons. These simple but physical theories sometime o
Such a large system quantitatively. Recently we have devel-

turn out to work much better than they priori would be gped multireference based Rayleigh—Schrodinger perturba
expected. The electronic structure of conjugated systems, ; B i
XP : e Ug y ion theory, called multireference Mer—Plessef MRMP)

articularly the optical spectra of polyacenes are surprisingl ) .
b y P P poly P g heory® The MRMP perturbation theory using the complete

well described by Pariser—Parr—PopiRPP Hamiltonian®* , . : 10
This is a model Hamiltonian, based primarily on the assump@ctive space self-consistent fidldASSCH " reference func-

tion of zero differential overlap. In the original version of the tion has been proved to be a useful method for obtaining
Pariser—Parr Hamiltonian only singly excited configurations'®liable potential surfaces of chemical reactions and accurate
were taken into account. Nevertheless, a great deal of undeffansition energies for larger systes? In this paper, we
standing has been achieved on the interpretation of the optWill clarify the applicability of the multireference perturba-
cal spectra of hydrocarbons. tion theory to the calculation of accurate excitation spectra of
Benzene and naphthalene are alternant hydrocarbongenzene and naphthalene. We also hope to investigate the
i.e., hydrocarbons containing no ring with an odd number ofgeneral rules derived from the simple theories in view of the
carbon atoms. For such systems, the Huckel and PPP Ham#accurateab initio theory.
tonians possess a special symmetry property usually referred In Sec. Il we summarize the computational details. The
to as the alternancy symmetty’ The alternancy symmetry alternancy symmetry and the classification of the states into
is closely related to the topological properties of the givenplusandminusstates are briefly discussed in order to under-
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stand the basic features of the excited states of polyacenes amiltonians by Popfeand other§:” These one-electron
Sec. Ill. Calculated results and discussions of naphthalengymmetry properties were first utilized by PariSavho dis-
and benzene are given in Secs. IV and V, respectively. Cortinguished the states as so-callepltds’ and * minus’ ones.
clusions are presented in the final section. Now let us consider the low-lying singly excited con-
figurations in even alternant hydrocarbons. Due to the well
1. COMPUTATIONAL DETAILS known relation of ther orbital energy.e; = — ¢; +constant,
the energy of the configuration obtained by exciting an elec-

The ca}lculatlons were carged QUt for the ground andtron from the orbitali to thej’ is equal to that obtained by
low-lying singlet and tripletr— 7™ excited states of benzene excitation fromj to i’, even with the inclusion of electronic

and naphthalene. Experimental geometfiaere used, so interaction. The linear combinations of the two degenerate

the excitation energies calculated are vertical in nature. Thgonfigurations generate thminus (—) and plus (+) states
molecules are placed in thxg/ plane with the long molecular The singly excited states are defined as follows
axis corresponding to thg axis. Thus the dipole-allowed

transitions ofB3, andB,, in naphthalene are polarized along W) =|(i) =i’ (aB— Ba)l2|,
the long &) and short §) axes, respectively. e o

The basis sets used for carbon and hydrogen of benzene ¥ (ij")=|(ij’ *i'j)(aB+Ba)/2].
are Dunning’s cc-pVTZ and cc-pVD¥, respectively. The
Rydberg functions are not included in the present treatmen
We have examined the effect of the polarization functions o
H in benzene numerically and found that polarization func-

. : * o
tions on H Cr:}ave I'ttﬂ% effec_;c ct)_n the valemeaqh;exggc;gon triplet states but it is more useful to interpret the singlet and
energllgsr].tl ?mpu eb eru alt?]n er(;ecrgesthlh Qch ] .thtriplet excited states consistently. Thenusstate is antisym-
are sightly farger by 1ess than ©.Us € an those With,etric and theplus state is symmetric, respectively, with

[4s3p2d/2s1p] for both ionic and covalent states. The Cal'diespect to the interchanges of the conjugated pair of orbitals,

We used the abbreviationj() to represent a conjugated pair
#)f one-electron transitions of~ |’ andj—i’. The choice of
sign in the triplet wave functions is quite arbitrary. Our
choice isdifferentfrom the original Pariser’s definitidn for

culated oscillator strengths are almost the same with an Li" andj—j’. Theminusstate is a covalent state while the

v[\)nthogt POIa”Z?}:g; fon H. t‘)l'hus fgrhnzphthalin(:, we ulse lus state is an ionic state both for singlet and triplet states,
unning's cc-p or carbon and nydrogen but no polar, nich stems from the character of the states in a valence

ization on H. - . : .
. . bond description. The Hamiltonian matrix elements between
We first carried out the state-averaged CASSCF calcula- P

tions. The active space should include all valemcerbitals (Siljn%li (i>|<f:)|te:reconf|guraﬂons,\lf(|j ) and W(kl) with

in conjugated systems. For benzene, sixelectrons were '

treated as active electrons and distributed among three bon@w * (ij ) |H|*W * (k1"))=4(ij'|kl") — (il | jk) — (ik]|jI),

ing 7 and three antibonding™ orbitals. In order to study the

effect of the enlargement of the active space, we also used¥ ~(ij )[H|*W ™ (kI"))=C¥*(ij ) [H[P¥* (kI"))

the extended active space, wherer @lectrons were distrib- = (il |jk) — (ik]jl)

uted among 12r orbitals. That is, the active space is doubled '

in each symmetry and the same set of calculations were PEr3w —(ij ) |H|3W ~ (kI")) = — (il |jk) — (ik[jl),

formed. For naphthalene, temr electrons are distributed

among ten valencer orbitals. (i HHPE T (KIN)Y =GP (i) H|H]PP T (kI"))=0.
Perturbation calculations were performed with the

MRMP method. Thus the influence of theelectrons is in- 1€ Plus states do not interact with theainus states. The

cluded in a perturbation treatment. The MRMP was appliedgr?und s]'c[at\:]e liehave;s I!Ifegarr:usstﬁt(e. I'I'hete>t<0|te]zcd anf'lgl:'
to each individual state. Oscillator strengths were calculatefions of the ype of—1-behave likeplusstates for single

by using transition moments computed at the CASSCF levetP'" States andhinusstates for triplet spin states. Thus the
and the MRMP transition energies singlet state originated from the HOMO-LUMO transition is

an ionic state but the corresponding triplet state is a covalent
state. The doubly excited configurations of the type of
(i)>=(j")? behave likeminus states. Thus the low-lying
First we shall briefly review the alternancy symmetry for doubly excited state arising from tHelOMO)?>—(LUMO)?
the even alternant hydrocarbons in Huckel and PPP Hamiltransition is predicted to interact with the singly exciﬂeﬁcg
tonians. Let the valence orbitals of the alternant hydrocar- states. The dipole transition moment between any pus
bons, which are normally filled in the ground state configu-states or between any twoinusstates is zero. That is, only
ration, be designated hyj,..., and those which are not filled transitions betweemplus and minus states are allowedall-
by i’,j’,.... The occupied orbitals are numbered from thetranspolyenes and polyacenes have a center of symmetry
highest one down and the unoccupied orbitals from the lowwhich gives rise to the following selection rulas:—u and
est one up. The orbitaisandi’ are called a conjugated pair g—g transitions are always one-photon forbidden whereas
and the well-known pairing properties are satisfied. Thesel—g andg—u transitions are two-photon forbidderwith
symmetry properties were first studied for Huckel Hamilto-the alternancy symmetry, one can write the energy of the
nians by Coulson and Rushbrodkand later for the PPP singly excited states as

IIl. ALTERNANCY SYMMETRY
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FIG. 1. The Huckel energy levels af orbitals of small polyacenes with even number rings. Xhe a characteristic value of the Huckel secular equations.

ECW T (ij")=Eo+ € — € +(iiljj) continues until the(n/2+1) orbital. The symmetry of the
o o (n/2+1) orbital is by, and its characteristic value of the
+3( 1) = (i), Huckel secular equations is 1. For unoccupied orbitals, the
ECW (i) =ECY(i] "))=Eg+ e —€+(iiljj) symmetry class i9,4, by, Dag, b?u, e frqm the lowest
one up. The sequence also continues until(thi@+1)" or-
—@j i)+ ilij), bital with \=—1, which belongs td5,. Whenn is odd, the
3w (ii 1)) — T sequence of occupied orbitalslof,, a,, -+, also continues
ECW ) 7)=Eot e — e+ (i i) un?il the (n+3)/2 oebital. The(n?%)/zuorbital hasb,y sym-
—(ij i} —Cjlij), metry and its orbital energy is degenerate with that of the

whereE, is the doubly occupied ground state energy. The(n+1)/2 orbital. The\ of these degenerate orbitals is equal

(iijj) and jij) are usual Coulomb and exchange inte_to 1. The sequence of the unoccupied orbital®iig, by,
. : ---. The (n+3)/2' orbital hasa, symmetry withh\=—1 and
grals. Thus energies of the singhlatnusand the correspond- . . . . ,
ing triplet plus states are the same and we have the relationsIts orbital energy is also degenerate with that of e 1)/2
drbital. For example, in benzene with=1, the b, orbital
EP(ij"))=EC¥*(ij")=EC¥Y (ij"), with A=1 is degenerate withz; HOMO and thea, orbital
., _ ., with A=—1 is degenerate with thie;, LUMO.
ECU™(ij)=ECY (). Thei-i’ excitations including thue HOMO-LUMO tran-
Note here that the above relations can only be satisfiedition always giveB;,(=a, X byg=bqy X b3g) symmetry for
within the CI with singles(CIS) approximation. Further- singlet spin states andl,, symmetry for triplet spin states.
more, the charge density of the ground state and all the sirfFhe 'B;, and®B,, states originating from single excitation
gly excited states is 1 at each carbon atom. from the occupied orbital with =1 to the unoccupied orbital
Exact Huckel solutions of polyacenes were given bywith A=—1 have the same energy for all the polyacenes in
Coulson in 1948°% The symmetry class of the conjugated Huckel approximation.

pair of orbitals(i,i") is (a,,byg) Or (byy,b3g) i Dy, sSym- The double excitation of HOMO)?>—(LUMO)? gives
metry orbitals. The corresponding symmetry class in ben-lAg symmetry. The(HOMO)?>—(LUMO)(LUMO+1) and
zene, which belongs t®gp, IS (az,b3g) O (€14,€2,)- its conjugated transition givb3Blg for small polyacenesgn

Therefore, the possible singly excited states arising from=1-3 and !B, for larger polyacenegn=3). These low-

transitions fromi to j" have the symmetrj,, By4, By, and  lying doubly excited states are expected to interact with the

Bs, in D,, symmetry. The corresponding states in benzeneingly excited states with the same symmetry.

areAqq, Ezgs B1ys Bay, andEy, in Dgy, Symmetry. In the case of altrans-polyenes, the symmetry class of
Figures 1 and 2 show the energy levelsmbrbitals of  the 7 orbitalsi and its conjugaté’ is (a,,bg) in Cy, sym-

small polyacenes obtained in Huckel approximation. There isnetry. The HOMO and LUMO of altrans-polyenes with

a simple rule on the order af orbitals. Letn be the number odd number of double bondeven number of double bonds

of rings in the polyacenes. Whenis even, the symmetry to have the symmetry ofa,(by) and by(a,), respectively.

which the occupied orbitals belong &,, bsg, a,, bgg, -~ Therefore, the possible singly excited states ficim |’ have

from the highest one down. The sequenceagfand by  the symmetryB, and Ay in C,, symmetry. The HOMO-
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FIG. 2. The Huckel energy levels af orbitals of small polyacenes with odd number rings. Rhis a characteristic value of the Huckel secular equations.

LUMO and otheri—i’ excitations always giv8,, symmetry lated vertical excitation energies and oscillator strengths with
for singlet spin states an8, symmetry for triplet spin the experimental data available are summarized in Table II.
states. This is true even for the—#* excited state of eth- Schematic summary of the singlet excitation energies is
ylene. The singlet state of ethylene is an iot (B}, in given in Fig. 3. Although previouab initio calculations are
D,,) and the corresponding triplet state is a covalentimited, there are many semiempirical calculatidifs*® of
®B,(°By,) state. The double excitaton of the spectrum of naphthalene following Pariser's pioneering
(HOMO)*—(LUMO)? gives 'A; symmetry and the work!® The present results have been compared in Table IIl
(HOMO)*—(LUMO)(LUMO +1) and its conjugated transi- to the previous calculations: the semiempirical CIS by
tion give 3B, symmetry. These low-lying doubly excited Pariset® and Swidereket al3® and theab initio SAC-CP
states are also expected to interact with the singly excitednd the CASSCF plus second-order perturbation theory
states with the same symmetry. (CASPT2 by Rubioet al#?

The geﬂeral rules mentioned above are satisfied in the The ten valencer orbitals in naphtha|ene are in the or-
Huckel and PPP Ham|lto_n|a_ns put could possmly Serve as ger of energy: b, 1byg, b3, 20y, 18, 20,4, 2034, 304,
valuable tool for the qualitative interpretation of the excitedpy | and 33, The first five are occupied orbitals. They are
states calculated with the sophisticatdal initio methods of designated by 5, 4, 3, 2, 1/,2', 3, 4, and 5B, respectively.

alternant hydrocarbons and even of their substituted and hefhe HOMO-LUMO(1—1') excitation gives rise to the low-

erocyclic analogues. estB;, state with the ionic nature. The two single excita-
tions of 12’ and 2-1’ result in a pair of covalenB;, and

IV. LOW-LYING 7—#* EXCITED STATES OF ionic 'BJ, states. Transitions ttB3, states are pseudoparity

NAPHTHALENE forbidden while transitions t&B;, and'B3, states are dipole

Much effort has been devoted to the understanding ofllowed. Transitions from 2 to'3with its alternancy symme-
absorption spectra of naphthalene. Although benzene is %Y conjugate give dipole forbiddehA; states. A double
prototype of aromatic molecules, naphthalene is more interexcitation of(1)>—(1')* also gives rise tdA; state, which is
esting for spectroscopic studies. This is due to its lower symProposed to lie in this energy range. If such a state exists, it
metry which allows many transitions that are forbidden ininteracts with the singly exciteth; states. Two single ex-
benzene. The phosphorescence and some of the fluorescerdéi@tions of 1-3" and 3—1' give rise to a pair of covalent
of naphthalene appear in the visible region of the spectruniBig and ionic'B, states. Similarly double excitations of
while emissions of benzene are located in the ultraviolet ret1)>—(1')(2') with its alternancy symmetry conjugate give
gion. Naphthalene is thus probably the best experimentallf?BIg and leg states in this energy range. The double exci-
examined polyacen€2° Thus, we first discuss the calcu- tations are expected to have a profound effect on the descrip-
lated results of naphthalene. tion of the dipole—forbiddeﬁAg’ andlBl’g states of naphtha-

The CASSCF configurations for the ground and low-lene.
lying valence excited states are given in Table |. The ground For triplet excited states, the HOMO-LUMQ—1")
state is well described by the Hartree—Fock configurationexcitation gives rise to the lowe38,, state with a covalent
The ground state is of a covalent character. The energy wagature. The two single excitations of-22" and 2-1’ result
computed to be-384.616 35 a.u. at the MRMP level. Calcu- in a pair of covalentB3, and ionic®B3, states. Transitions
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TABLE I. Main configurations in CASSCF wave functions of naphthaféne.

Singlet Triplet
State Transitions Coefficients State Transitions Coefficients
1A
(5%(D*(3)%(2)%(1)? 0.901
1-1', 22’ —0.155
1-1', 3—3’ 0.139
(1)%—(1")? -0.121
1'Bg, 1°Bg,
1-2' 0.593 12’ 0.610
2—1’ —0.601 2-1' —0.588
34/ 0.127
43 —-0.142
1-1', 24’ 0.131
1-1', 42’ —0.140
1183, 1°By,
1—-1' 0.869 -1 0.772
2—-2' 0.302 2-2' 0.347
3—-3 0.284
4-4' 0.166
1'B3, 1%B3,
1-2' 0.621 12’ 0.672
2—1' 0.612 2-1' 0.656
2'Ay 13A,
2—3 0.524 2-3' 0.455
3-2' —0.515 3-2' —0.479
1-4 —-0.128 -4 —-0.351
p— 0.173 41’ 0.450
(1)%>—(1)? 0.248
1-1', 22’ 0.208
1By, 1%Bi,
1-3' 0.492 -3 0.608
3-1' —0.501 3-1' —0.613
1-1', 1-2’ 0.266 2-4' 0.116
1-1', 2—1’ —0.300 42 —0.143
1-3, 23 0.147
3—1', 3-2' —0.144
2183, 2°B,,
2—-2' 0.831 2-2' 0.789
1—-1’ —0.225 -1 0.346
3-3 0.254 252, 1-4' —-0.153
2—2', 4-1' 0.134
1By, 1°B4,
3—1' 0.628 3-1' 0.609
1-3 0.637 1-3 0.603
1-1', 12’ —-0.142
1-1', 2—-1’ —-0.251
31A, 237,
1—-4 —-0.341 -4 -0.287
i — 0.475 41’ 0.399
2—3 —0.169 2-3' 0.337
3—-2 0.128 3-2' -0.312
(1)2—(1")? 0.315 -2, 21 —0.344
1-2', 2—1' 0.278 2-1', 1-2' -0.297
1-1', 22’ —-0.222 5-3' 0.223
3—5 -0.162
1-1', 33 —-0.214
2B,
1-5' —0.235
5-1' 0.440
1-1', 1-3 0.343
1-1', 3—1’ —0.364
3—4/ -0.189
43 0.250
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TABLE I. (Continued

Singlet Triplet
State Transitions Coefficients State Transitions Coefficients
3'B3,
33’ 0.810
2—-2' —-0.221
1-1', 23 0.165
1-1', 3-=2' 0.158
1375
23’ 0.618
3—2 0.641
14 —-0.154
41’ -0.128
2%,
24’ —0.423
42’ 0.562
1-1', 12 —0.238
1-1', 2—1’ 0.227
2—2', 12 0.170
2—2', 21’ —0.188

®The ten valencer orbitals in naphthalene are in the order of enerdy; 1 10,4, 1bgq, 2by,, 1a,, 2b,g, 2bgg,
3b,,, 2a,, and s,. The first five are occupied orbitals. They are designated by 5, 4, 3, 2,2, 8', 4, and
5', respectively.

from 2 to 3 with its alternancy symmetry conjugate give the bronically allowed via theb,, vibration?”** The computed
lowest 3A§ state. Different from the corresponding singlet oscillator strength of 0.0002 is very low as expected.
state, a double excitation ¢fl)>—~(1')? is prohibited from  CASPT2 predicted théBs, state appears at 4.03 eV, which
the spin symmetry and the Iowe&g state is expected to be s very close to the present value. The SAC-CI computed the

dominated by the singly excited configurations. Two singleexcitation energy to be 4.90 eV, which is too large compared
excitations of 1-3" and 3-1' give rise to a pair of ionic  to the experiment.

By and covalent®Bj; states. Double excitations of The second valence excited state was identified to be the
(1)*=(1')(2') with its alternancy symmetry conjugate give g+ state. The state was predicted to locate at 4.62 eV at the
also®By4 and°By states in this energy range. MRMP level with a medium intensity of 0.0616. This is also

A. Singlet w—=* excited states of naphthalene very close to the observed peak at 4.45 eV in the absorption

. . spectrum with the oscillator strength of 0.182The energy-

we obserye n Table I.I that CASSCF tends to OV?reSt"I ss spectrum shows the second band in the range of 4.4-5.4
mate the excitation energies compared to the expenmentac(/ . : X
eV with the maximum at 4.7 e¥ The state comes mainly

ones. Flgure 3 shOV\_/s that the largest errors are fou_nd in thﬁom the HOMO-LUMO (1—1') excitation but also con-
states with the ionicplus character. For covalenminus . , . 1ot . L
ﬁams 2-2' transition. The'B,, state is an ionic state. Pre-

states, the CASSCF excitation energies are still too hig tudie® 22 sn d that th itati f
compared to the experiment but the deviation is much’'O4s studie showe at tne excitation energy of an

smaller than that for the ionic states. MRMP theory correctd®NiC State is overestimated considerably at the CASSCF
the deficiency and represents a great improvement ovdfVel and the introduction of a dynamie—m polarization
CASSCF. effect through the second-order perturbation reduces the ex-
The lowest singlet excited state is computed to be th&itation energy drastically. The transition energy to 18,
1B,. Table | shows that théB3, state is well described by State is esnmatec_i to be_ 6.61 eV at the CASSCF level.
singly excited 7—=* configurations of 2:2' and 21/, CASSCF overestimates its energy as much as 1.9 eV.
which have nearly the same weight with a different sign. ThéCASPT2 also gave the similar trend and predicted the tran-
pairing property is fully satisfied at the CASSCF level. sition energy to be 4.56 eV, which is also very close to the
MRMP predicts it appears at 4.09 eV which shows a goodPresent result. Nakatsigt al*! pointed out that the dynamic
agreement with the experimental value of 4.0 eV, observed-€lectron polarization is important to describe tHg;,
in the gas-phase energy-loss spectfdrfihe vapor absorp- state. The SAC-CI, however, predicted the state lies at 5.42
tion spectrum gives the peak at 3.97 8VThe B3, is a €V, which is too high compared to the experiment.
covalentminusstate and the transition from the ground state ~ The third valence excited state is th@j, state due to
of 1A; is pseudoparity forbidden. Transition to thB;, is  the strong optically allowed transition of-12’ and its con-
observed to be very weak with the oscillator strength ofjugate, which have the nearly same weight with a same sign
0.0022! It is discussed that the transition to this state is vi-in the CASSCF wave function. This state is also an ionic
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TABLE Il. Valence m—7* excitation energiegeV) and oscillator strength

|

of naphthalene. ] 31Bz.,+
Excitation energyeV) Oscillator strength |
10.00

State CASSCF MRMP Exptl. Calculated Exptl. I
Singlet
1'B3, 4.34 409 39740 0.0002  0.002
1183, 6.61 462 448°47 00616 0.102,0.109 9.00 [
1'B3, 8.21 5.62  5.89°¢ 1.3256 1.Z1.3° I i 'B, *
2, 5.86 565 5.5% 0.0000  Forbidden ) P 1B ¢
1'By, 6.63 574 52% 0.0000  Forbidden ] el
2183, 8.12 595 6.0 0.2678 s00
1By, 8.61 6.14 0.0000  Forbidden e
3'A; 7.04 6.44  6.0% 0.0000  Forbidden
218, 8.03 7.23 0.0671
3B, 10.43 756 7% 0.8398 0.8
Triplet 7.00 |
1%By, 3.16 315 2.98 30 I
1%B3, 4.35 3.95 3.82,3.87
1°By, 4.45 437 _
2385, 4.65 4.40 o0 I
1°B3, 6.46 4.58 )
137, 5.55 5.27
1%B7, 8.18 5.86
1375 8.13 6.07
2%y 6.51 6.13 500 |
238y, 6.72 6.40 ;
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PR. H. Hubner, S. R. Mielczarek, and C. E. Kuyatt, Chem. Phys. [t. L """
464 (1972. 4.00 |
¢J. W. McConey, S. Trajmar, K. F. Man, and J. M. Ratliff, J. Phys2® L Exptl. MRMP CASSCF
2197(1992. I

9B. Dick and G. HohlIneicher, Chem. Phys. Ledt, 471 (1981).
T. Kitagawa, J. Mol. Spectros@6, 1 (1968.

D. E. Mann, J. R. Platt, and H. B. Klevens, J. Chem. Piys481(1949. FIG. 3. Schematic summary of the calculated results of the singletr™
9P. S. Swiderek, M. Michaud, G. Hohlneicher, and L. Sanche, Chem. Physexcitation energies of naphthalene.

Lett. 175 667 (1990.

"M. Allan, J. Electron Spectrosés8, 219 (1989.

'D. M. Hanson and G. W. Robinson, J. Chem. PH&.4174(1965.

erence nature. Even though the pairing property is also sat-
state and CASSCEF significantly overestimates the transitioisfied approximately at the CASSCF level. The state was
energy. The CASSCF excitation energy of 8.21 eV is rejpredicted to locate at 5.65 eV. The transition is dipole for-
duced to 5.62 eV by the addition of the dynamien polar-  bidden.
ization effect through MRMP. The oscillator strength iscom-  MRMP predicted that the dipole forbidde]rBl_g state
puted to be 1.3256, which is the strongest of all theexists slightly above théAg state. The excitation energy to
transitions in naphthalene treated here. This transition corrdhis state is computed to be 5.74 eV. This state is also a
sponds to the most important peak of naphthalene. The almixture of the singly excited configurations of<B’ and its
sorption spectrum give the maximum peak at 5.89 eV withconjugate and the doubly excited configurations of
the oscillator strength of 122and the energy-loss spectrum (HOMO)?>—(LUMO)(LUMO+1) and its conjugate.

also gives peak at 5.89 eV with a similar intensityThe Existence of two optically forbidden states is consistent
present theory underestimates the excitation energy by 0.2¥ith the experiment but the ordering is reverse. CASPT2
eV. CASPT2 predicted thtB3, state lies at 5.54 eV. also gave the same ordering as ours: 5.39(’9!\6) and 5.53

A two-photon spectrum measured in solution shows a&V (1Blg). The location of the unobserve’d\; and 1Bl‘g
broadband with the maximum at 5.52 eV and a shoulder astates in naphthalene is open to dispute.
5.22 eV?"?® These peaks were assigned &g and 'B,, The next valence excited state is computed to bBJ2,
from the analysis of the two-photon polarization. Theory pre-which occurs at 5.95 eV with the oscillator strength of
dicted the fourth valence excited state to be tH@\;. The 0.2678. This state is described by a singly excited configu-
state comes mainly from the two single excitations efZ ration from the second HOMO to the second LUMG:;2'.
and -4’ and their conjugates but includes a large fractionThus the state has an ionic character. The absorption spec-
of doubly excited configurations ofHOMO)?>—(LUMO)?  trum shows a shoulder at 6.14 eV on the high energy side of
and the(HOMO)(HOMO—1)—(LUMO)(LUMO+1). Thus the most intenséBJ, peak?! The similar shoulder was also
the 21A§ is a covalent state and has a character of multirefobserved in the energy-loss spectrum around 6.6*aese
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TABLE Ill. Comparison of calculated and experimental energeé) of naphthalene.

State MRMP CASPT?2 SAC-CI CNDO/S—C¥ Pariser's Exptl.
Singlet

1'B, 4.09 4.03 4.90 4.02 4.018 3.9%4.0
1'B3, 4.62 4.56 5.42 4.48 4.493 488,47
1'Bj3, 5.62 5.54 6.00 5.939 5.88°¢
2'A; 5.65 5.39 5.61 5.729 5.82
1By, 5.74 5.53 5.37 5.985 5.92
213, 5.95 5.93 5.98 6.309 &0
1By, 6.14 5.87 6.00 5.507

3'A; 6.44 6.04 5.76 7.359 6.05
2B, 7.23 7.18 8.010

3'B;, 7.56 7.16 8.182 7%
Triplet

1B, 3.15 3.04 2.98 2.180 2.983.0¢
1°B3, 3.95 3.84 3.89 3.639 3.823.87
1°By, 4.37 4.18 4.09 3.424

2%B5, 4.40 4.24 4.29 4.220

1383, 4.58 4.40 457 4.018

13a; 5.27 5.22 5.02 4.435

1384, 5.86 5.65 6.13 5.985

13A) 6.07 5.77 5.74 5.715

2°A, 6.13 5.85 6.020

2%, 6.40 6.18 6.19 5.526

8G. A. George and G. C. Morris, J. Mol. Spectro&6, 67 (1968.

bR. H. Hubner, S. R. Mielczarek, and C. E. Kuyatt, Chem. Phys. 1ét464 (1972.

°J. W. McConey, S. Trajmar, K. F. Man, and J. M. Ratliff, J. Phy2832197(1992.

9B. Dick and G. Hohlneicher, Chem. Phys. Letl, 471(1981).

°T. Kitagawa, J. Mol. Spectros6, 1 (1968.

P. Swiderek, M. Michaud, G. HohlIneicher, and L. Sanche, Chem. Phys. 17&t667 (1990.
9M. Allan, J. Electron Spectroség8, 219 (1989.

"D. M. Hanson and G. W. Robinson, J. Chem. PH3.4174(1965.

'M. Rubio, M. Mercha, E. Orfi and B. O. Roos, Chem. Phyk79, 395(1994).

'H. Nakatsuji, M. Komori, and O. Kitao, Chem. Phys. Leitfl2, 446 (1987.

“p. Swiderek, M. Michaad, G. Hohlneicher, and L. Sanche, Chem. Phys 1Z&ft667 (1990.
'R. Pariser, J. Chem. Phy&4, 250 (1956.

shoulders should be assigned as the transition to tf85,2 double excitations. The main singly excited configurations
state. originate from the transitions of-25’ and 3—4’ with their
The state following the 2B3, is computed to be the conjugates but the weight of conjugate pairs is no longer
'By, state. Contrary to the correspondingnus*By, state, ~equivalent as in the 8\, state. Thus the B3, state has
the plus state is dominated by singly excited configurationspoth covalent and ionic nature. The CASSCF excitation en-
of 13" and 3-1'. The state has an ionic character and isergy of 8.03 eV is reduced by 0.80 eV by the addition of the
optically forbidden. Theplus g state is pseudoparity forbid- - qynamico—a polarization effect through MRMP. The oscil-
den even for two-photon excitation. There is no experimentafysor strength is computed to be 0.0671, which is rather large
evidence of this state. as a pseudoparity-forbiddeminus state. This arises also

A f'.rSt maximum of the strong bands at 6'0'_5 eV ob from the breakdown of the pairing property. Due to the com-
served in the two-photon spectrum was characterlzel@\@s . T .
o plexity of the observed spectrum in this energy region, there
symmetry from the measured polarizatidnThe theory pre- ! - . . ;
is no definite assignment corresponding to this state.

dicted the third 3A; state appears at 6.44 eV. The state is . .
9 Pp The second intense band of the absorption spectrum of

represented by singly excited configurations ef4' and i _
2—3' with their respective conjugates but has aconsiderabl@aﬂgtgazlfne appears above 7 eV with a maximum at 7.6
V. 2" The spectrum in this energy range shows very

weight of doubly excited configurations. Note that the weight®V- - : >
of the 14’ and 41’ configurations is quite different. Thus COMPplex structure with many overlapping Rydberg series but

the pairing property breaks down to some extent in this statdhe broadness and intensity of the bands suggest the exist-
This implies that the state has mainly a covalent charactegnce of a valence excitatidfi.The present theory predicted
but also includes a fraction of an ionic character. Thereforethat the 3'B;, state lies at 7.56 eV with the oscillator
the differential dynamico—m polarization effect becomes strength of 0.8398, in good agreement with the experiment.
rather significant. CASPT2 gave 6.04 eV for this transition. This is an ionic state, mainly described by a singly excited

The 2'B;, state is computed to lie at 7.23 eV with a configuration of 3-3'. CASPT2 also suggested the transi-
medium intensity. The 2B, state is a mixture of single and tion energy to this state appears at 7.16 eV.
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TABLE IV. Triplet—triplet excitation energiegeV) and oscillator strength of naphthalene.

Excitation energyeV) Oscillator strength

State CASSCF MRMP Exptl. Calculated Exptl.
1°%B5, 0.00 0.00 0.0000
1°B3, 1.19 0.80 0.000 Forbidden
1By, 1.29 1.22 1.30-1.35 5x107° <2x107%2
23B,, 1.49 1.25 0.0000 Forbidden
1383, 3.30 1.43 0.0000 Forbidden
137, 2.39 2.11 2.28,2.17F 0.0007
1°B4, 5.02 2.71 3.1% 0.0854 0.14,012
13AF 497 2.92 X105

¢]
2°A, 3.35 2.99 2.93 0.0014 0.002
2%, 3.56 3.25 0.0008

&Y. M. Meyer, R. Astier, and J. M. Leclerg, J. Chem. Ph§8, 801 (1972.
PH. E. Hunziker, J. Chem. Phy56, 400 (1972.

‘W. H. Melhuish, J. Chem. Phy&0, 2779(1969.

9H. E. Hunziker, Chem. Phys. Le®, 504 (1969.

B. Triplet m—a* excited states of naphthalene tion has not been detected in experiment. It was predicted

Calculated triplet excitation energies are also listed iffrom the corresponding tra_nsi_tions observed in anthracene
Table 1. The triplet—tripletT—T) spectrum is summarized ar_1d tetracerfé that the excitation occur§4at 1'30_1'35_ ev
in Table IV with the experimental dagg23033-3943he with the oscillator strength less thark20™". Our result is

lowest triplet excited state is thgéB2u state, which is well consistent with the prediction. Rubiet al.™ predicted the

established in experimeff*! Transitions from the lowest State lies at 1.14 ev abO\ée the lowest triplet state. .
triplet °B,, state to some of the higher tripi34, and®B, The state following theB, is predicted to be the B,,

triplet levels are allowed. Thus the major source of experiState. The state is computed to lie at 4.40 eV above the
mental information about the triplet states comes from thélround state. The state is represented by singly excited con-
T—T absorption spectrum. Experimental information aboutfigurations of 252" and 1-1". CASPT2 also predicted the
the higher’B,, and®B,, states is rather limited. state locates at 4.24 eV.

The lowest triplefB5, state is predicted to lie at 3.15ev  The first triplet state with an ionic character is th,
with MRMP. The energy-loss spectrum of solid naphthalenéstate. The state is predicted to lie at 4.58 eV above the
yields the transition from the lowest singlet state to the low-ground state. The state is dominated by singly excited con-
est triplet state at 2.98 é¥and the energy-loss spectrum in figurations of -2’ and its conjugate. Because of the ionic
the gas-phase gives the transition at 3.0°2Vhus our cal- hature, the position of the state is affected significantly by
culation is in good agreement with these experimental valthe dynamico—m polarization effect. The CASSCF excita-
ues. The state is dominated by singly excited configuration§on energy is decreased by 1.88 eV at the MRMP level. The
of 1-1', 2-2', and 3-3". The ®B,, state has a covalent transition energy computed with CASPT2 was 4.40 eV.
nature. Thus the dynamie— polarization effect is of the As expected, the two single excitations of+3’ and
same order as that of the ground state. CASPT2 also pr&—2’ result in a pair of covalertA; and ionic®Ag states.
dicted the’B;, state appears at 3.04 eV, which is close to theContrary to the corresponding singlet states, the tripAgt
present result. and 3A5 states are dominated by singly excited configura-

The second lowest triplet state is tfj, state, which is  tions since a low-lying double excitation ¢1)°—(1') is
predicted to appear at 3.95 eV. The CASSCF wave functioprohibited from the spin symmetry. The CASSCF wave
is mainly characterized by the singly excited configurationunctions in Table | indicate that the singly excited configu-
of 1-2" and its conjugate 21'. This state has also a cova- rations of -4’ and its conjugate are also important to de-
lent nature. A weak band was observed in§ge> T absorp- ~ scribe theminus®A; state. The transitions-23’ and 1-4'
tion spectrum of monocrystal at 3.82 é¥The energy-loss give the almost same energy in Huckel approximation. The
spectrum in the gas-phase also give a band at 3.8 &Wis  minusstate is predicted to appear at 2.11 eV and ghes
band must originate from the transition to tf@;, state. state at 2.92 eV, above the lowest triplet state. In addition,
CASPT2 also computed the transition to tfg, state oc- MRMP predicted anothe?mg state exists slightly above the
curs at 3.84 eV. ’A; state. The second A is computed to lie at 2.99 eV.

MRMP predicted the third triplet state is a covalemt  This state is a mixture of the singly excited configurations of
nus ?’Bl’g state, located at 1.22 eV above the lowest tripletl—4’ and 2-3' with their conjugates and the doubly ex-
state. The state comes mainly from the transitions-ef31  cited configurations of (HOMO)(HOMO-1)—(LUMO)
and its conjugate. The intensity is computed to be very weakLUMO +1). The computed oscillator strengths of these
with the oscillator strength of 810° since the transition three transitions are 0.0007x30°°, and 0.0014, respec-
minus T,—minus T; is pseudoparity forbidden. This transi- tively, from the lowest up. Surprisingly the intensity of the
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pseudoparity allowed transition to tﬁ.e;r is computed to be  21A-(23,1171',121'2')<1'B;(13,1112")
. . 4 g 1 L] ]_g 1

very weak. This is due to the fact thatﬂ‘:fkeg and the lowest .

3B,, states are mainly dominated by the-3' and 1-1’ <1°B;4(13)

transitions, respectively. Thus the transition moment be- Lnera va) oy

tween these two states is zero to the first-order approxima- <3'Ag(14,11117,121°2°).

tion. It was suggested the band at 2.17 eV with the oscillatoiThe resulting ordering for triplet states is

strength of 0.002 in th&—T absorption spectrum is due to . 3o— ..., 15 oo 3o /4

the ®B;,—3A; transition®® And two peaks at 2.25 and at 17B,,(11',22,33')<1°B3,(12)

2.93 eV observed in the gas-phdseT absorption spectrum <2%B,,(22',11)
were assigned as tHa; and®A; states’’ MRMP suggests
that the band observed at 2.2%517) eV is due to the first <13B3,(12)

*A, transition and the band at 2.93 eV is due to the secon
2°%A, transition. The transition to th#A] is very weak and
probably cannot be detected in tHe-T absorption spec- 1°B;4(13)<13A;(23,14))
trum. Similar results were reported by Rulgbal*2

The strongest transition is that from the lowest triplet

gnd the ordering for tripleg states is

<1°Bj,4(13,1112")

state to theB;,.*>** The band for this transition was placed <13A%(23)
at 3.12 eV with an oscillator strength of 0.14 in the-T 9
absorption spectrum in the gas phaS&he present theory <23Ag‘(14’,23’,121’2’)

predicted the transition occurs at 2.71 eV with the oscillator 3 , o
strength of 0.0854. The state has an ionic nature and is de- <2°Byy(24,11127).
scribed mainly by singly excited configurations of-8" and  The covalenminusstates always give lower energy than the
3—1" with a mixture of double excitations of corresponding ioniplusstates. This is true for triplet states.
(HOMO)*>—(LUMO)(LUMO+1) and its conjugate. Due to The calculated transition energies are in good agreement
the ionic nature, CASSCF overestimates its energy as mucRith the pertinent experimental data. We were able to predict
as 2.3 eV. CASPT2 predicted the state lies at 2.61 eV abovghe valence excitation energies with an accuracy of 0.27 eV
the lowest triplet state. for singletu states and of 0.52 eV or better for singhpt
Above the second 27, state, theory predicted the ex- states. Our predicted triplet states provides a consistent as-
istence of the second*B  state. The 2B state is a mix-  signment of theT—T absorption spectrum. The error of the
ture of single and double excitations. The main singly eX-T_T absorption position compared to the experiment is less
cited configurations originate from the transitions of:2’ than 0.41 eV.

and 4-2' but the weight of two configurations is no longer  The covalentminusstates and ioniplus states exhibit
equivalent. Thus the state has both covalent and ionic naturgifferent behavior as far as the electron correlation is con-
The excitation energy from the lowest triplet state was comcerned. The low-lyingu states andy plus states are domi-
puted to be 3.25 eV at the MRMP level. The oscillator nated by the single excitations bgt minusstates with the
strength to this transition is computed to be 0.0008. There igovalent nature include a large fraction of doubly excited
no definite assignment corresponding to this state. configurations. For singlet spin states, a double excitation of

The present theory satisfactorily describes the orderingHOMO)?— (LUMO)? strongly admixes to the wave function
of all valence excited states up to 7—8 eV. The relative ordepf the 21A5_ Also double-excited configurations of

of the lowest singleti states of naphthalene is (HOMO)?>—(LUMO)(LUMO+1) and its conjugate make a
significant contribution to the ﬁBIg wave function. This is
11B5,(12)<1'B,,(11',22) true for triplet states. However, the lowégt; state is domi-

nated by singly excited configurations since the
(HOMO)?—(LUMO)? excitation is prohibited by spin sym-
metry. As known well, the Hartree—Fock method underesti-
mates the contribution of the covalent valence bond structure

<11B;,(12)

<2'B;, (22,33 ,11) in the ground and low-lying excited states. As nondynamical
electron correlation is introduced, the contribution of the
<21B;,(15,34',1173") ionic valence bond structure decreases in favor of larger co-

valent valence bond structure. Thus the low-lying double ex-
citations are expected to have a profound effect on the cova-
<31B,,(33,22). lent minusstates in the CASSCF approximation.
The excitation energy of an ionjalus state is overesti-

Main configurations are given in parentheses. We also useahated considerably at the CASSCF level and the introduc-
the abbreviation(ij’) to represent the one-electron transi- tion of dynamico—m polarization effect through the second-
tions ofi—|' and its conjugate¢—i’ and (jk'l") the two-  order perturbation reduces the excitation energy drastically.
electron transitions ofi(j)—(k’)(l") and its conjugate. For the covalent states including the ground state, some of
The relative order of thg states is the dynamico—1r polarization effects cancel each other due
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to the pairing properties. Thus the dynamie polarization  e,,(1a,), andbyg(2bsg) in Dg, Symmetry. The symmetry
effect on a covalent excited state is usually of the same ordetlass inD,, symmetry was given in parentheses. The first
as that of the ground state. However, it is not the case fothree are occupied orbitals. They are designated by 3, 2, 1,
ionic states and the dynamie—7 polarization effect be- 1', 2, and 3, respectively. The 1 and 2 are degenerate
comes much more significant than that on a covalent grountfOMO and 1 and 2 are degenerate LUMO. The numbering
state. of the degenerate orbitals follows Coulson’s analytical solu-

In Sec. Il we have mentioned that energies of the singletions. The two HOMO-LUMO(1—1" and 2-2') excita-
minusand the corresponding tripletus states are the same. tions give rise to the lowestB;,('B5,) and *E],(*B;,)
This is true at the CIS level. The ionus states are usually states. The alternant HOMO-LUMO excitations of52’
well described by singly excited configurations but the dou-and 21’ result in a pair of'B,,(*B3,) and ‘E;,(‘B3,)
bly excitations are rather important for covaleninusstates.  states. Transitions from 1 td’ &nd from 2 to 3 with their
Thus the relation breaks down at the highly correlated levelrespective conjugates give degenerati,,(*Ay,'B1y,)

The calculated excitation energies oflEigu, 21A§, and states. Double excitations G1OMO)>—(LUMO)? also give
1'Bi, states are 4.09, 5.65, and 5.74 eV and the correspondise to 'E;4('A; ,'By,) states, which lie in this energy
ing triplet excitation energies are 4.58, 6.07, and 5.86 eVrange. Thus the strong admixture of double excitations to the
respectively. The energy splitting between singlet and tripletvavefunction of the covaleriltEgg states of benzene is ex-

is small for theB,,. However, it is not the case for other pected. Transitions tdE;, states are dipole allowed while
states. transitions t0'B1,,, B, and'E;, states are forbidden.

The main configurations of CASSCF wave functions of
benzene are listed in Table V. Calculated excitation energies
and oscillator strengths were summarized in Tables VI and
VII. The ground state energies at the MRMP level with 6

The excited states of benzene have been the Subject @ﬁtiveﬂ orbitals and 12 activer orbitals are—231.630 73
many previous theoretical and experimental investigationsand —231.629 03 a.u., respectively. The MRMP based on
The three well-known absorption bands in the uv spectrunASSCF with smaller active space gives lower energy al-
of benzene at 4.90, 6.20, and 6.94 eV are now unambiguthough the energy difference is small. In general, the second-
ously assigned to transitions which lead to states of symmearder perturbation theory tends to overestimate the correla-
try B,,, !By, andE,,, respectively***° The valence ex- tion energy when the zeroth order Hamiltonian is not fully
cited state oflEzg has recently been observed $j—S,  appropriate.
absorption and is located at 7.80 &¥.

Excited states of benzene have been studied with a var
ety of theoretical approaches since the early days of quantum First we will discuss MRMP results with the smaller 6
chemistry. It was rather difficult to describe the excited statesctive 7 orbitals given in Table VI. The lowest singlet
of benzene accurately withb initio methods. It took a long 7—* excited state was computed to be th,(1B3,).
time for theoretical chemistry to achieve an accuracy lesJable V shows that théB,, state is mainly described by
than 1 eV. Recent theoretical studies based on multireferenddOMO—LUMO configurations of +-2" and 2-1’ but also
Cl with doubles(MRDCI*" and SAC-Cf® computed the includes a considerable amount of doubly excited configura-
valencer— 7™ excited states of benzene with an accuracy oftions. MRMP predicts it appears at 4.71 eV which shows a
about 0.5 eV. Very recent CASPT2and our MRMP!also  good agreement with the experimental value of 4.90 eV. The
predicted the excited states with an accuracy of about 0.2 e\&tate has a covalent nature and ther polarization effect is
In the previous papét we have applied the state-specific almost similar to that in the ground state.

MRMP to the study of valence and Rydberg excitation ener-  Second m—#* excited states of benzene is the
gies of benzene. The results compare well with the experitB{,('B;,). The state is dominated by singly excited con-
ment. The calculated valenee-#* excitation energie¢ex-  figurations arising from degenerate HOM@Q.UMO excita-
perimental values in parenthesese'B,,, 4.77(4.90, 'B,,,  tions of 1»1" and 2-2’. Thus the state has an ionic nature.
6.28(6.20), 1Elu, 6.98(6.99), andlEzg, 7.88(7.80 eV, re-  The excitation energy calculated at the CASSCF level is 7.91
spectively. The Rydberg excitation energies are also preeV. The introduction of ther—= polarization effect reduces
dicted with an accuracy of 0.18 eV or better. However, thethe excitation energy dramatically. The transition energy
same orbitals optimized for each singlet excited state wereomputed at the MRMP level is 5.83 eV. However, it under-
used to compute the corresponding triplet state, which led testimates the observed value of 6.20 eV by 0.37 eV, which
slightly poor description for the triplet states compared to thamplies that perturbation theory seems to overestimate the
singlet states. The imbalance of the singlet and triplet treatdifferential o—a polarization effect considerably.

ment gave rise to the incorrect ordering betwéen, and Third valence excited state is thkE;,(*B3,.2 1BJ,)

B,, and betweer?E29 and'E,,, which are close in energy. state. This is theplus state corresponding to theinus
Thus we decided to compute again the valeneer* excited B, (!B3,) state. The CASSCF wave function of the
states of benzene in refined theory with a larger basis set. *E;,(1B5,) is dominated by the singly excited configurations

In benzene the six valence orbitals are in the order of of 1—-2" and 2-1', which is different from theminus
energy: ap,(1by), eq(1byg), e4(lhsg), €,(2b1),  'Bau('B3,) state. The'E;,(2'Bj,) state is dominated by

V. LOW-LYING @—#* EXCITED STATES OF
BENZENE

‘A_\. Singlet w— @™ excited states of benzene
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TABLE V. Main configurations in CASSCFwith six active 7 orbital§ wave functions of benzerfe.

Singlet Triplet
State Transitions Coefficients State Transitions Coefficients
11AL(11A)
(3)2(2)%(1)? 0.943
1-1', 22 —-0.176
(1)2—(1')? —0.145
(2)2—(2')? —0.145
1'B2u(1"Bay) 1°B3,(1°B3y)
12 0.632 -2 0.645
21’ —0.632 251" 0.645
1-1', 23 —0.168 151/, 23 0.189
1-1', 3—2' 0.189 1, 352 0.164
2—2', 23 —-0.138
2—2', 32’ 0.154
1'B{u(1'B3y) 1°B1,(1°Bsy)
11 0.688 -1 0.660
22 0.688 252" —0.660
3-3 -0.194
1'E{u(1'B3y) 13%E5,(1°B3y)
12’ 0.663 12 0.699
21 0.663 2-1 —0.699
1-2', 1-3 0.121
2—1', 31’ 0.148
1'E{u(2'B5y) 13E5,(2°B,y)
11’ 0.663 -1 0.645
2.2 —0.663 22 0.645
2—1', 23’ -0.121 252, 153 0.173
1-2', 3-2 —-0.148 252/, 31 -0.231
11E54(2%Ay) 13E54(1°%Ay)
1-3 —-0.361 -3 —0.461
3-1' 0.571 3-1 0.659
(1)%—(1")? 0.453 251, 12 0.349
1-2', 21 -0.225
1-2', 2—1’ 0.295
22", 11 —0.268
(2)'—(1")? —0.198
1'E;4(1'B1y) 13E;4(13B1y)
2.3 —-0.361 253 —0.461
3—2' 0.571 32 0.659
22", 12" 0.461 252,12 0.232
22", 21’ -0.421 2.2, 21 -0.261
1-3', 2—3' -0.133 -1, 1-2' —0.261
3—-1', 352’ 0.172 11, 21’ 0.232

4n benzene the six valenceorbitals are in the order of energg;, (1by,), €14(1b,,), €14(1bsg), €24(2by,),
€,4(1ay), andbyg(2bsg) in Dgy, Ssymmetry. The symmetry class By, group was given in parentheses. The
first three are occupied orbitals. They are designated by 3, 2, 2/,1and 3, respectively. The 1 and 2 are
degenerate HOMO and &nd 2 are degenerate LUMO.

the singly excited configurations of41' and 2-2'. The but includes a large fraction of the doubly excited configu-

state is also ionic and the—sr polarization effect is signifi- rations (1)?>-(1")?, 1-2', 2—1',-- etc. The absolute

cant. The MRMP excitation energy is computed to be 6.33veights of 1-3' and 3—1' are no more equivalent, imply-

eV. The theory underestimates the experimental value ahg that the state is basically of covalent character but also

6.94 eV by 0.61 eV. The transition to this state is dipole-includes an ionic nature. THsEz’g(lBl’g) is also represented

allowed and the calculated oscillator strength is 0.7558 whildoy a mixture of configurations23’ and 3—2" and the dou-

the experimental value is 1.28. bly excited configurations. Theory predicted it lies at 7.73 eV
The highest valence excited state treated here is thabove the ground state, which is very close to the observed

'Exq(*Ay .'Bg). The CASSCF wave function of the value of 7.80 eV.

'E24(*Ay) is a mixture of configurations-%3" and 3-1' From the MRMP results with six active orbitals, we
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TABLE VI. Valence m—n* excitation energiegeV) and oscillator strength of benzene with six actiwe

orbitals.
State Excitation energgeV) Oscillator strength
Dsgn D,y CASSCF MRMP Exptl. Calculated Exptl.
Singlet
1185, 1183, 4.82 4.71 4.99 0.0000
1187, 11B;, 7.91 5.83 6.20° 0.0000
1'Ef, 1'B3, 9.29 6.33 6.92 0.7558 1.25
2'B3, 9.29 6.33 0.7558
1B, 2'A; 8.01 7.73 7.80 0.0000 Forbidden
1By 8.01 7.74 0.0000
Triplet
1%B, 1385, 3.69 3.90 3.9%
1%E, 1°B3, 4.80 4.44 4.76
2By, 4.80 4.44
1383, 1%B3, 7.24 5.07 5.60
13E,, 13A, 7.01 6.96 6.83
138y, 7.01 6.96

@A. Hiraya and K. Shobatake, J. Chem. Ph94, 7700(199).

PE. N. Lassetre, A. Skerbele, M. A. Dillon, and K. J. Ross, J. Chem. R{#/5066(1968.

°N. Nakashima, H. Inoue, M. Sumitani, and K. Yoshihara, J. Chem. Pt8/$£976(1980.

43. P. Doering, J. Chem. Phys1, 2866(1969.

°R. Astier and Y. H. Meyer, Chem. Phys. Le®. 399 (1969.

M. W. Williams, R. A. MacRae, R. N. Hamm, and E. T. Arakawa, Phys. Rev. 2&t1088(1969.

can see that the computational error of the ionic states, The calculated results with the 12 actiweorbitals are
B (*B5,) andE],(*B3,,1B;,), is much larger than that summarized in Table VII. The enlargement of the active
of the covalent statesB,,('B3,) and'Exy(*A; ,'B1y). For  space has improved agreement with experiment consider-
the ionic states, the dynamical correlation includingdher  ably. The size of the active space has a significant effect
polarization effect is rather significant. It may be too large toparticularly on the description of the ionic states. While the
be treated as a perturbation if the active space of th€ ASSCF excitation energies of the covalent states are rather
CASSCEF theory is not large enough. So we doubled the adnsensitive to the extension of the active space, the transition
tive space in each symmetry and performed the similar calenergies of the ionic states has been decreased by 0.3-0.5 eV

culations. at the extended CASSCF level, which are still too high com-

TABLE VII. Valence m—#* excitation energieseV) and oscillator strength of benzene with 12 active

orbitals.
State Excitation energgeV) Oscillator strength
Dsp D,y CASSCF MRMP Exptl. Calculated Exptl.
Singlet
11B,, 11B3, 4.89 4.67 4.90 0.0000
1B, 1'B3, 7.57 6.14 6.20° 0.0000
1E], 1'B3, 8.78 6.84 6.9% 0.8599 1.25
2183, 8.78 6.84 0.8599
1, 2'A; 8.04 7.71 7.80 0.0000 Forbidden
1By 8.04 7.71 0.0000
Triplet
1%B, 1%B,, 3.85 3.83 3.9%
13E, 1%B3, 4.83 4.47 4.7%
23B,, 4.83
1383, 1383, 6.78 5.45 5.66
13, 13A, 7.15 6.92 6.83
1°By, 7.15 6.92

@A. Hiraya and K. Shobatake, J. Chem. Ph94, 7700(199).

PE. N. Lassetre, A. Skerbele, M. A. Dillon, and K. J. Ross, J. Chem. Rt&/5066(1968.

°N. Nakashima, H. Inoue, M. Sumitani, and K. Yoshihara, J. Chem. P18/$976(1980.

43. P. Doering, J. Chem. Phys1, 2866(1969.

°R. Astier and Y. H. Meyer, Chem. Phys. Le®.399(1969.

M. W. Williams, R. A. MacRae, R. N. Hamm, and E. T. Arakawa, Phys. Rev. 22t1088(1969.
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pared to the experiment. The MRMP results with 12 active The highest valence excited state treated here is the
orbitals represent a great improvement for the ionic state%Ez‘g(3A§ ,3BIg). The CASSCF wave function of the
over those with 6 activer orbitals. The oscillator strength of 3Ez‘g(s‘Aa) is a mixture of singly excited configurations
the dipole allowedE;, transition is also improved. The de- 1—3' and 3-1' and the doubly excited configurations.
viation of the excitation energy from the experiment is Similar to the corresponding singlet state, the triplet state is a
within 0.23 eV for all the singlet states. The present calculamixture of covalent and ionic character. The present theory
tions lead to the conclusion that the accurate description gbredicted it lies at 6.96 eV above the ground state, which is
the ionic states needs large enough active space. very close to the observed value of 6.83 eV.
The MRMP results with 12 activer orbitals given in

) ) Table VII show a great improvement for the ionic states over

B. Triplet m— =" excited states of benzene the MRMP with 6 activerr orbitals. The extension of the

The lowest three triplet states of benzene were observedctive space has also a significant effect on the description of

at 3.95, 4.76, and 5.60 eV by the low-energy electron impacthe ionic states. The maximum deviation from the experi-
Study?’l These are assigned %Blu and 3E1u* andsBZw re- ment is 0.29 eV for the case of tﬁElu state.

spectively. The fourth valence triplet state %ﬁzg was de- The present MRMP with 12 active orbitals satisfacto-
termined to lie at 6.83 eV from the T-T absorption rily describes the low-lying valence excited states of ben-
spectrunt? zene. The relative order of the lowest singletstates of

For triplet states, the two HOMO—-LUM@1—1" and benzene is

3—12’% excitations give rise to the lowesB1,(®B,,) and 1p- (1g-) (1) <1BF (18] )(11,22)

E1.(°B,,) states. The alternant HOMO-LUMO excitations

of 12" and 2-1’ result in a pair of®E;,(®B3,) and <E],(*B3)(12)=1E;,('B;,)(22',11).
3BJ,(°B3,) states. Transitions from 1 td &nd from 2 to 3
with their alternancy symmetry conjugates give degenerat
Eoy(°Ag °Byy) states. The doubly excited triplet states®B,(®B,,)(11',22')<3EL,(°B3,)(12)
arising from the transitions such as+1’, 2—2' and 1-2’, 3e— 3 o
2—1' exist in lower energy region and are expected to inter- = E1(*Bg)(22,11)

act with the singlyﬁ exciteq states_ SEgg. In t_he case pf <B;,(3BL)(12).

naphthalene, théAg state is dominated by singly excited

configurations and we cannot see any mixture of doubly exThe ordering is the same as that in naphthalene. The covalent
cited configurations. In benzene, however, the occupied Minusstates also give lower energy than the corresponding
and 2 and unoccupied’ land 2 are degenerate and the ionic plus states. The singlet and tripfetE (%A ,**B1,)
352—9(3A§ ,351—9) states are expected to have a considerablétates are a strong mixture of singly and doubly excited con-
fraction of doubly excited configurations. Thus, the situationfigurations.

is different from that in naphthalene. The calculated transition energies are in good agreement

The calculated triplet excitation energies are summarizetVith the pertinent experimental data. We were able to predict
in Table VI. The lowest triplet excited states of benzene isthe valence excitation energies with an accuracy of 0.23 eV
the ®B1,(°B,,). The state is dominated by singly excited for singlet states and of 0.29 eV or better for triplet states
configurations arising from HOMOLUMO excitations of ~With MRMP based on the 12 active orbitals.

1-1" and 2-2'. The state has an covalent nature. The tran-
_S|t|_on energy computed _at the MRMP level is 3.90 eV, WhlchVL SUMMARY
is in good agreement with the observed value of 3.95 eV.

Second valence triplet excited state is the  Multireference perturbation theory with CASSCF refer-
3E,(°B3,.°B,,) state. The CASSCF wave function of the ence functions was applied to the study of the valence
3E1,(®°B3,) is dominated by the singly excited configurations m—* excited states of benzene and naphthalene. The
of 1—2' and 2-1'. However, the’E;,(°B,,) State is repre- present approach leads to the prediction of benzene and
sented by a mixture of singly and doubly excitations. Thenaphthalene spectra which provide a consistent assignment
state is also of covalent nature. The MRMP excitation energyf the experimental data. The eigenvectors and eigenvalues
is computed to be 4.44 eV, which is smaller by 0.32 eVof CASSCF with valencer active orbitals satisfy pairing
compared to the experimental value of 4.76 eV. properties for the alternant hydrocarbons to a good approxi-

Third lowest triplet excited state is computed to be themation. The excited states of polyacenes are classified into
3B,,(®B3,). This is theplus state corresponding to tmeinus  the covalenminusstates and ioniplus states with the use of
3 (®B3y). The ®BJ,(°B3,) state is mainly described by the alternancy symmetry. The pairing properties, which are
singly excited configurations of-22" and 2-1" but also rather approximation invariant, are proved to be valuable in
includes a considerable amount of doubly excited configurainterpreting the excited states of benzene and naphthalene.
tions. MRMP predicts it appears at 5.07 eV. The deviation  The present theory satisfactorily describes the ordering
from the experiment is as much as 0.53 eV. This indicate®sf low-lying valencem—#* excited states. The calculated
also that the MRMP based on the smaller CASSCEF is ratheransition energies are in good agreement with the pertinent
poor for the description of a triplet ionic state. experimental data although the comparison with the experi-

'el'he resulting ordering for triplet states is
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