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First-order properties for triplet excited states in the approximated coupled
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An implementation is reported for first-order properties of excited triplet states within the
approximate coupled cluster model CC2 using an explicitly spin coupled basis for the triplet
excitation manifold and the resolution of the identiBl) approximation for the electron repulsion
integrals. Results are presented for the change of the second moment of charge upon excitation in
the w7* valence anch=3 Rydberg states of benzene. Employing large basis sets with up to 828
functions, we obtain results close to the CC2 basis set limit and are able to resolve an uncertainty
in the assignment of the lowesE,, states. It is found that the often usedT%measure for the

single excitation contribution to excited states is not reliable for a comparison across different
excitation operator manifolds. An alternative diagnostic is proposed which provides a unique
measure for the single excitation contribution that is independent of the chosen representation of the
excitation operator manifold. @002 American Institute of Physic§DOI: 10.1063/1.1457434

I. INTRODUCTION tum numbersn. Similar, the change of the dipole moment
can be used to identify charge transfer excitations in polar
Coupled cluster response theory has during the last denolecules. We also note that in coupled cluster response
cade developed to the most efficient black box approach fo{heory the expressions for excited states first-order
the calculation of accurate excitation energies. It has beeBropertieS—i.e., for the one-electron density matrices of ex-

implemented for a wide variety of models ranging from _ .
L . cited states—are closely related to the expressions for tran-
CCS, which is equivalent to CIS, to CCSRefs. 1, 2 and o y . P . .
Smon moments between two excited states, which require

several models that include also the effect of connecte tead the t ition densit tri Thus. th td
triples either iterativelyor by perturbation theo/Recently "> cad (€ transition density matrices. Thus, the present de-
velopments can with minor effort be extended to the calcu-

Hald et al. have implemented the models CEZCSD® and ) o s .
CC3 (Ref. 7) for triplet excitation energies using an explic- lation of transition moments between two excited triplet
itly spin coupled basis for the excitation operators and theStates.

corresponding projection manifold. This has lead to a reduc-  The theory derived in Sec. Il has been implemented in
tion of the computational requirements of about an order othe RICC2 modul® of the TURBOMOLE program packag¥,
magnitude compared to a spin orbital based formulationwhich employs the resolution of the identitil) approxima-
While the use of an explicitly spin coupled basis has beerion for the electron repulsion integrdf$The latter approxi-
standard for the singlet excitation manifold for many yearsmation leads again to a dramatic reduction in the computa-
and is employed in several program pack&g¥snot only  tional requirements, and allows us to perform CC2
for the calculation of excitation energies and transition mO'Ca|Cu|ationS on much |arger mo'ecu'es or W|th much |arger
ments, but also for numerous kinds of derivatives and lineap,sis sets than can be done with conventiofialegral-
and nonlinear response properties, there have been only fanrect) implementations. In Sec. Il we present for the ex-

; i ae7,11 i _ X
implementations " of electron correlate@b initio meth cited * valence anch=3 Rydberg states of benzene re-

ods, \{vhere an ex.pI|C|tIy spin coupled basis has been used fosrults for the changes of the second moment of charge close
the triplet excitation manifold.

In the present communication we extend the work oft0 the CC,2 basis set Iimit, employing basis sets With up to
Ref. 5 to first-order properties of excited triplet states at thesz_8 functlon_s. For the triplet states these are the first calgu-
approximate coupled cluster singles and double€?) lations of this prgperty at a level that accounts for.dynamlc
level? First-order properties—or expectation values—are ar£l€ctron correlation. The results allow us to clarify some
important tool for the characterization and the assignment oloubts that have been put forward recetftigbout the as-
excited states. For example, the change of the second méignments of the lowest states witk;, symmetry and to
ment of charge upon excitation allows to distinguish betweergorrect the assignment of the Iowe"‘ﬁ29 states in recent
valence states and Rydberg states with different main quarGC2 calculations:®
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Il. EXCITED TRIPLET STATES IN THE CC2 MODEL with the Jacobian. In coupled cluster theory the Jacobian is
not symmetric and right and left eigenvectors are in general

The calculation of triplet excitation energies within the girarent. Thus, if one wants to compute not only excitation
CC2, CCSD, and CC3 models has been described in detail ifhergies but also excited state properties, both the multipli-

. . 5-7
a series of previous papers by Hatal>"" Therefore, we  cation of the Jacobian matrix with a trial vector from the
will here only give a short review of the basic equations. right as well as the multiplication with a trial vector from the

A convenient basis for the triplet single and double ex- . . — i
citation manifold is obtained by the excitation operators, left must be implemented. The left eigenvectaysfulfill the

equations,
(S)Tai:Tai, (1) _ A,u Y A’y v
() T ErtToE.. i~ E,(—w)|A, , —> —2 21
Taibj TaIEbj+TbJEaI! Ya>b, 1>], (2) e o2 o €, —w
2
) 7ibi=TaiEpi— ToiEai»  V(ai)>(bj), 3 _
. aibj ai—bj .bJ (TII :E,u (_w)A;e/.ﬁv (w)
with the second-quantization operators, ! i
Epg=apalaat ahslas. (4) =0k, (~w), 12
. t _
Tpq= 8paBaa™appdqp- ) = B (o)A, 13
Here and in the following, j, k, | and a, b, c, dlabel, A €, —® ' (13

. . . . V2
respectively, occupied and unoccupied spatial molecular or-

bitals. The indicep, g, r, sare used for general orbitals and Note, that right eigenvectoiS,, are associated with plus the
a andg for the spin functions wittn,= + 1/2 and—1/2. The  eigenvalue as frequency, while left eigenvectBrsare as-
triplet configuration state fUﬂCtiOI"IlS,L>:TM|HF> form to-  sociated with minus the eigenvalue as frequendgxplicit
gether with the projection manifold expressions for a vector obtained by multiplying the Jaco-
bian with a triplet trial vector from the right have been de-

ag)[=1 @1
(3= z(HA 7, ©) rived in Refs. 5 and 6. To obtain concise expressions we
ﬁb(+)| — %(HF|(+)T;ibj1 (7)  define the modified AO to MO transformation matrices,
- pP— —tT
ﬁb(—)|=%<HF|( >T;ibj! (8) AP=C[1 t:“l]’ (14)
an orthonormal basis. Within the CC2 model the doubles— AhZC[1+t“ ], (15
doubles block of the Jacobian matrix is diagonal. Thus the '
CC2 eigenvalue problem, the integrals in the\P, AM-basis,
A A -
e T E”l(‘")) —w E”l(‘”)) ©) (palrs)= > AP AN AL AN (upfih) (16)
My By | Evg(@) ]~ “{E(@) sivn
with €,ipj=€a— €+ €,— €;, can be partitioned into a non- and the inactive Fock matrix
linear eigenvalue problem for only the single excitation part | N - -
of the eigenvector, qu:% AprAquwﬂL% [2(pq|ck)— (pk|ca)]tek,
A _E AM172A72V1 E ( ) (17)
Ky 4 €y, ® vt @ wheret#l are the ground-state single excitation cluster am-
off plitudes. The transformed vector obtained by multiplying a
=A, 0 (0)E, (w) trial vectorR, (w) onto the Jacobian from the right,
= 0B, (o), (10 Py (@) =ALL (@R, (0), (18)

and a linear equation which gives the double excitation parta, then be expressed in the compact form given in Table I.
of the eigenvectors in terms of the single excitation part, the goubles excitation part of the trial vectors is thereby

S, ALE, (0 generated on the fly from one-index transformed MO inte-
w @)= — — = (11)  grals as
2 €u,” @

E
1 (ailbj)+ (bj|ai) — (ajlbi) - (bilaj)

The advantage of solving the nonlinear eigenvalue problem (+>Rﬁb: , (19
in Eq. (10) instead of the linear eigenvalue problem in Eq. 2 €~ €t €t w
(9) is that it does not require storage of double excitation trial T

. , . ) . a1 (bjlai)—(ailbj)
or eigenvectors on file. This reduces the disk space required ( )Rij =— , (20)
for the vectors from?(n®N?) to O(nN), wheren andN is 2e-€etemepto
the number of electrons and basis functions, respectively. Rﬁb=2((+)Rﬁb+<‘)Rﬁb), 21)

Solution of the CC2 eigenvalue problem with iterative
techniques requires the linear transformation of trial vectorsvith
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TABLE I. Explicit expressions for vectors transformed with the effective Jacobian either from the left or from the right and for effective rightidand s
vectors derived froni. BR like contractions. All three types of vectors can be split into six contributipgs,ps+ p§+ p§+ pe+p2+ pg, which involve the
same contractions for all vectors.

(LBR)pA
ps(®) ALD(w)Ryw) Ls(@)ASD(—0) (LBR)g~Sp—
eptw —wg
oL +3 4EadRui +34Eqal i +2dgdi-di
P — 3Ry Eji —3L4E; “SLaEr - o
P -3 (kilac)Rex —SolLeik]ca) +3 bl 2(cklia) —(ik|ca)—(ik|ca)]
pai +3gRe%(Id]ac) +3 gL SdI]ca) +3gcF(d]ca)
+3 gL (dl|ca) + (dl|ca)]
5 . .
Pai — i Rif(1d] ki) —SquLg(dl]ik) —Edlka(ld_\'k) o
o _ —SauiL(d1]ik) + (dlfik)]
pai S o(REE L — t2F ) —3o(iclka)Cex Sl 2(kclia) - (ic|ka)]Co
Fie= =g (kd|lc)Ry Co=—ZatifLan Co= +2d|leLd|
Eab:AFab_Ede(ZtEI(j_tde)(ld‘kb) Eap=Fap— 2 auRii f(1d|kb)
Eji=Fji+ S cad 2t~ ti) (kd|jc) Eji F]I+EcdkR d(kdljc)

For excited state properties in addition to the eigenproblem

(pqlrs)= % [AﬁpquJFAp Vq]/\p Al(v|&N), for the left and right eigenvectors a set of linear equations
a (22) must be solved for the excited state Lagrangian
B multipliers;}’~*°
AP=-CR; , (23) _ _
! NA=—-E(—w)BE(w)=—n, (32
Ah_
AT= CRy,- (24 \whereB is defined as derivative of the Jacobian with respect
The multiplication of the effective Jacobian with a trial vec- 1 the ground-state cluster amplitudes,
tor Lvl(w) from the left 5 IA -
Py (@)=L, (0)AL]) (- ) (25) mTat,

can be cast into a similar form, which involves the sameFor CC2 the linear equations for the vectércan be parti-
types of one-, two-, and three-index contractions. Note thdioned into a set of coupled linear equations for only the
different sign of the frequency argument for trial vector andsingle excitation part and a set of uncoupled linear equations
effective Jacobian. The explicit expressions are given irffor the double excitation part,

Table |. Again, the double excitation part of the trial

(eff) —(eﬁ)
vectors—or, after solution of the eigenvalue problem, the N AVll“‘l(o) My (34)
double excitation part of the eigenvectors—can be generated I
on the fly from one-index transformed MO integrals, N = nv2+N,u1AM1V2 (35
~ ~ ~ L~ v €, ’
(+) ab_ L (2ib]) +(bjlai) —(aj|bi) — (bilaj) 26 2
T2 €—€te—ep—w ' with the effectiveright-hand side vectoﬁ(ﬂelﬁ) for the single
1 (bjlai)—(ai|bj) excitation part ofN in Eq. (34) given by
(- )Llﬁ}b J ] (27
—e.te—en—w' nt ff) _ &
2 T :“el E, BV171M1E71+E BV271M1E71
ab__H/(+) ab (—)| ab
Li =20 ""Lij "Ly, (28) B T Ao
with + E”lBVlel‘lEVz_ ;2 6— (36)
v2

(ai[b])=LaiFs The double excitation part of the right hand side vectors

+ > (AP, AR +AP KPIA bAM(MV|K>\) is for CC2 obtained as

MVKN o
(29) n#zz 1112}/1 EVlBVl}’l//-zE)’l' (37)
AP=APL, , (300 The expression font"™ can be cast into a form which re-

sembles those for the vectors transformed with the Jacobian

Ah_ Al T
Al=—A LMl' (3D) matrix. We give these expressions in the last column of Table
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TABLE II. Expressions for the one-particle density matrid@8, Dé(L), and DA(L,R). The formulas for
D¢(L) are given forL having singlet spin symmetry, while the expressionsBé(L,R) are forL, R having
triplet symmetry. The ground-state Lagrangian multiplier enteBrigare denoted by, .

Block DA D(L) DA(L,R)
occl/occ:D;j = 25;; fEableakbtﬁ(b *Eabkl—?kbtﬁb *EaLajRai*EabijakbRﬁb
occivir: D= DI 0 24 St | Sodod 25— 7] el ekRic

=S p(SkjcL e Ry
_ =3 (S oo et Raj
virlocc: D= tai Lai 0

virlvir: D= S et SiicLftne SiLaiRpit Sije LG CIRD

ijctij

1
+33 CLEORE

|. The matrixF,, appearing in Table | is a triplet response the SCF AO Fock matrix=,,, vanishes for the occupied/
version of the inactive Fock matrix, EGL7), which was first  virtual block F,.. As for the transformation of trial vectors
introduced in Ref. 5, with the effective Jacobian matrix, the double excitation vec-
o - tors R3°, L3°, andF;” are generated on the fly from one-
Fog= 2 [AD AN +AP ADIF,,— 2 (pclka)Re. (38)  index transformed integrals. Whilg:” and L3" are calcu-

r o _Ck lated, respectively, according to Eq®1)—(24) and Egs.
Because of the structure & andA", the contribution from  (28)—(31), the vectorFi"}b= (LBR),ip;, is obtained as

2(&i|bj)+2(bj|ai) — (&j|bi) — (bilaj) — LajF i~ LyiFaj

ab_

1 €~ €T €~ €y (39
|
with the one-index transformed integraii|bj) defined as expo 1 o oh o i ex
) D% =§% (AP AN+ AP AL DS, (42)
(ilbj)= -2 {2 LeiRex| (ka| bj) .
(A= 5% Ad(DEx+ Dgg)zgﬁ ALDSAC (43

(ic]bj). (40)

=2 | > LaRek
ol The symmetrization with respect to the indigggnd q in

Once the equations for the excited state left and right eigenEdS- (42—(43) accounts for the non-Hermitian similarity

vectorsE andE and the Lagrangian multipliewghave been transformed structure of coupled cluster metho@i§q and

a0 . [
solved, the unrelaxed one-particle density matrix for an exf‘“ﬁ denote the matrix elements of the one-particle operator

cited state can be calculated in the, AM-basis as Q in, respectively, theAP, A"- and in the atomic orbital
asis.

_NA A= & N i i _ i -

Dgé_qu+ Dpo(E,E)+Do(N), (41 The approach outlined in Eq&)—(43) has been imple

A _ _ _._mented in the RICC2 modufof the TURBOMOLE program
whereD, is the ground-state one-particle density matrix in packag®® which employs the resolution of the identity

the AP, A"-basis andD*(E,E) andD*(N) are the contribu-  approximatioh® for electron repulsion integrals. This ap-

tions of, respectively, the excited state eigenvectors and thgroximation leads to a reduction of the operation count for
Lagrangian multiplier vector. The explicit expressions forthe construction of the double excitation amplitudes between
D%, D¢, andD* are given in Table II. The contractions gne and two orders of magnitude, and thus allows us to per-

step is the calculation of the double excitation amplitudes

t2°, t3°, etc. which are generated on-the-fly from integral

Ij ! * =
intermediates and are immediately contracted to contribul—“' THE mm” VALENCE AND N=3 RYDBERG STATES

. . . . - . OF BENZENE
tions to the density matrices or small intermediates with only
two indices. Frongg the one-particle density in the AO The w#* excited valence and=3 Rydberg states of

basis and unrelaxed one-electron first-order properties can lieenzene have been subject of numerous theoretical

obtained by, investigationg®1116-21-28,5ing a variety ofab initio meth-
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TABLE lll. Basis set convergence of CC2 vertical energies of#he* valence andrf{=3) Rydberg singlet states of benzene. Energies are given in eV. In
parentheses the biorthogonal no¢fy|E,) is displayed, serving as a measure for the single excitation character of the transition.

State aug-cc-pvVDzZ CM2 aug-cc-pVTZA CM2 aug-cc-pvVQz CM2 aug-cc-pvVQ&A CM8
Valencewm*

11B,, 5.276 (90.5 5.237 (90.2 5.230 (90.2 5.230 (90.2
1By, 6.501 (93.9 6.462 (93.2 6.457 (93.2 6.457 (93.2
11E,, 6.989 (92.5 7.065 (92.2 7.085 (92.7) 7.083 (92.)
2 lEzg 8.952 (85.2 8.880 (87.0 8.878 (85.1) 8.882 (85.3
Rydbergma* (n=3)

21E,, 7.282 (92.2 7.313 (92.3 7.340 92.3 7.337 (92.3
1 lEZg 7.636 (92.9 7.785 (92.3 7.838 (92.3 7.832 (92.3
21A 7.642 (92.5 7.792 (92.49 7.844 (92.4 7.838 (92.9
1 lAZg 7.664 (92.3 7.816 (92.2 7.869 (92.2 7.864 (92.2

ods ranging from RPA and CIS to highly correlated methoddity (RI). The Rl-errors introduced thereby have been shown
as CCSDR3) and CC3. In most of the calculations small to be more than one order of magnitude smaller than the
ANO (Ref. 20 or double{ type basis sets augmented with a corresponding deviations from the basis set limit for both
small set of diffuse Rydberg functions were employed. Onlytotal MP2 energies and MP2 first-order propertieBor CC2

few studies used basis sets of trigleuality’®?5=28or in-  energies and properties the Rl-errors are of similar
vestigated convergence with respect to augmentation witmagnitude’> No additional auxiliary basis functions were
diffuse Rydberg functions. Christiansest al,?®?’ showed found to be necessary to account for the Rydberg functions.
that for benzene when going from douldiés triple-{ quality ~ This can be understood from the Gaussian product theorem:
basis sets the lowest excitation energies change by aboBince mainly two-external integrals of the typ&i|jb) con-
+0.01-0.2 eV, but no estimate exits for basis set effectsribute, basically a proper representation of the electrostatic
beyond a triple¢ description. A balanced treatment of va- potential of a density formed by virtual-occupied products is
lence space and diffuse Rydberg functions is necessary forrzeeded. The diffuse mass-centered functions of CM2 and
correct description of the character of the different statesCM8 largely only contribute to the virtual space. Since their
which is crucial for the assignment and when calculatingexponents are small, however, they do not significantly en-
transition strengths or properties of the excited states. Ttarge the spectrum of exponents contributing to the product
obtain CC2 excitation energies and excited state first-ordespace, which is well fitted by atom-centered auxiliary basis
properties close to the complete basis set limit we employeflnctions.

the series of correlation consistent basisSetag-cc-pVDZ, All calculations employed the geometry of Ref. 21 and
aug-cc-pVTZ, and aug-cc-pVQZ augmented with a primitivethe 1s? shells of the carbon atoms were kept frozen in the
(2s2p2d) set of diffuse center-of-mass functioexponents CC2 calculations.

0.01 and 0.0033 as proposed in Ref. 26. To check conver- The results obtained for the CC2 excitation energies for
gence with respect to augmentation with Rydberg functionshe =#* valence and rf=3) Rydberg states are listed in
we performed in addition a calculation with a larger Tables Il and IV. For excitation energies the present results
(8s8p8d) set of center-of-mass functiongug-cc-pVQZ- for the aug-cc-pVDZ-CM2 and aug-cc-pVTZ-CM2 basis sets
CM8), employing the primitive functions of Kaufmann are almost equivalent to the numbers reported in Refs. 6 and
et al®® The same primitive functions have been used in Ref27, apart for the rather small effect of the frozen core ap-
21 for the construction of a Glpld) ANO Rydberg basis. proximation. We also find for the singlet as well as for the
The recently proposed optimized auxiliary basis¥dtw the  triplet valencer=* states shifts between0.06 and 0.08 eV
Dunning basis sets were used for the resolution of the idengoing from aug-cc-pVDZ-CM2 to aug-cc-pVTZ-CM2, while

TABLE IV. Basis set convergence of CC2 vertical energies of#he® valence andrf=3) Rydberg triplet states of benzene. Energies are given in eV. In
parentheses the biorthogonal no¢Ey|E,) is displayed, serving as a measure for the single excitation character of the transition.

State aug-cc-pVDZ CM2 aug-cc-pVTZ CM2 aug-cc-pvVQz&A CM2 aug-cc-pvQ2A- CM8
Valencer 7

1°B,, 4.350 (96.1 4.349 (96.0 4.360 (95.9 4.360 (95.9
13E,, 5.083 (93.2 5.061 (92.9 5.065 (92.8 5.065 (92.9
13B,, 5.905 (93.1) 5.873 (94.3 5.875 (94.2 5.875 (94.2
1 3Ezg 7.991 (93.9 7.970 (93.7 7.979 (93.95 7.978 (93.95
Rydbergzm7* (n=3)

23E,, 7.027 (92.8 7.165 (92.8 7.215 (92.8 7.210 (92.8
1 3Alg 7.589 (92.9 7.737 (92.7 7.789 (92.79 7.782 (92.7)
2 3EZg 7.625 (92.9 7.770 (92.6 7.820 (92.79 7.814 (92.7
1 3Azg 7.668 (92.3 7.820 (92.2 7.873 (92.2 7.868 (92.2
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TABLE V. Basis set convergence of CC2 isotropic second moment of the difference density, calculatedrfet thalence andr{=3) Rydberg singlet states
of benzene. The values are given in atomic urfﬁé)(

State aug-cc-pVDzZ CM2 aug-cc-pVTZ CM2 aug-cc-pvVQ&A CM2 aug-cc-pvVQ&A CM8
Valencen=*

11B,, 0.72 0.65 0.64 0.64

1By, 1.50 1.35 1.33 1.33

11E,, 21.53 12.49 9.76 9.84

21E,, 214 8.31 2.83 27.92
Rydbergma* (n=3)

21, 11.63 18.54 20.53 20.07

11Ey, 54.08 51.78 50.75 50.15

21A 56.18 53.95 52.91 52.18

1A 56.73 54.63 53.74 53.09

the Rydberg excitations are shifted by 0.14-0.15 eV, with s, EE

the exception of 2E,,, which changes only by 0.03 eV. A %le2 = ! 21 = % 100%

similar difference in the behavior of valence and Rydberg B T 208,

states is found when going from aug-cc-pVTZ-CM2 to aug-. . o o
cc-pVQZ-CM2: For the valence *B,,, 1By, and 2'E, is used as a measure for the single excitation contribution. In

g . . .
states the excitation energies decrease by negligible 0.0d3€f- 6 it was observed that thePp measure is often signifi-
eV, while for the triplet valence states the excitation energie§antly higher for triplet excitations than for corresponding
increase slightly by 0.002—0.01 eV: only for théH,, state, Singlet excitations of similar character. For example, for the
which due to a coupling with the close-by lying'E,, state  Singlet valence states of be_nzené’%s 85-95% while it is
has partial Rydberg charactéesee below; the excitation en- 98—99% for the valence triplet states. For the singlet Ryd-
ergy increases by 0.02 eV. For the Rydberg states the shiff2erg states %; is 95-96% while it is 98-99% for triplet
are with 0.05 eV significantly larger. Going from the small Rydberg state8.It was therefore suspected that the CCSD
CM2 Rydberg basis to the larger CM8 set no significant@Sults for the triplet excitation energies might have some-
changes are found in the excitation energies for states of puMhat smaller errors than the CCSD results for the corre-
valence character and also for the-3 Rydberg states the SPonding singlet excitation energies. However, a problem of
shifts are with~—0.006 eV rather small. An exception is the the %T, measure is, that the values depend on the chosen
2'E,, state which adopts partial Rydberg character wherfepresentation of the excitation operator manifold, i.e., with a
going from aug-cc-pVQZ-CM2 to aug-cc-pVQZ-CM8. The different combination of, e.g&") ryip; and ™7y, different
latter state has, however, a large contribution from doublyesults would be obtained for %. This problem is not spe-
and higher excited determinants and cannot be described agi@! for triplet excitations; also for singlet excitations differ-
curately at the CC2 level. The aug-cc-pVQZ-CMS8 results for€nt results for 9%, are obtained in a spin coupled basis and
the excitation energies are expected to bedar* valence N @ spin—orbital basis. Also, often significant differences are
states within 0.01 eV and for the= 3 Rydberg states within found between 9, for left and for right eigenvectors. A
0.03 eV of the CC2 complete basis set limit. unique measure for the weight of the single excitation con-
In coupled cluster response theory beyond CCS, the adfibutions to an excited state is obtained by the biorthogonal
curacy obtained for excitation energies correlates with thdorm,
weight of the single excitation contribution to the excited
state. qually the single excitation contribution to the norm (g, |E,)=> EleV1< V1|Tu1|HF>, (44)
of the right eigenvector, denoted asT¥g V1

TABLE VI. Basis set convergence of the CC2 isotropic second moment of the difference density, calculatedrfat thalence andrf{=3) Rydberg triplet
states of benzene. The values are given in atomic uaﬁ)s (

State aug-cc-pVDZ CM2 aug-cc-pVTZ CM2 aug-cc-pvQ& CM2 aug-cc-pvQ2A- CM8
Valencenm*

1°B,, 0.42 0.39 0.39 0.39
13%E,, 0.65 0.60 0.59 0.59
13B,, 1.00 0.90 0.89 0.89
13E,, 9.40 6.88 8.44 7.90
Rydbergm* (n=3)

23E,, 28.46 26.99 26.34 25.94
13A,, 49.45 47.22 46.19 45.61
23Ey, 51.82 47.08 44.16 44.01
13A,, 57.33 55.26 54.39 53.72
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TABLE VII. Comparison of recent and selected preceding results for vertical excitation energies and second moments of charge for the lowest states of
symmetry. Energies are given in eV, the expectation véig is given in atomic units 515).

11E,, 2E,, 13%E,, 23E,,
Method Basis AE en (Z%) AE en (Z%) AE en (2 AEqen (2
CASSCP ANO1 6.46 79.1 8.53 35.1 5.07 30.3 6.92 74.8
CASPTZ2P ANO1 7.16 7.03 4.49 6.98
ccs ANO1 7.18 89.4 8.06 34.3 4.88 7.12
CC# ANO1 7.01 79.7 7.37 42.6 5.08 7.04
ccsp ANO1 7.17 79.2 7.58 41.4 4.92 7.18
cc® ANO1 7.13 7.42
cce Sadlej- CM6 7.18 84.6 7.93 54.6
ccH Sadlej- CM6 6.97 73.4 7.29 48.3
ccst Sadlej- CM6 7.12 70.9 7.48 456
ccz aug-cc-pVQ2z- CM8 7.08 48.7 7.34 68.5 5.07 30.1 7.21 81.5
Experimenit 6.96 7.41 4.75

®Reference 21. The geometry is identical to the one used in the presentRgqrk 1.395 A, Ro;=1.085 A).

bThe energies are ordered as to match their zeroth order CASSCF states.

Singlet excitation energies from Ref. 27, second moments from Ref. 16, triplet excitation energies from Ref. 6. The geometry is identical toeithénone us
the present work.

YReference 16. A CCSD/TZ2P geometry was uéRg.=1.392 369 A,R.,,=1.079 368 A.

®Present work. For the ground state the expectation val(g?)js=29.8.

fAE oy is given which may differ fromAE,.. 1 and 2'E,,: Ref. 40, 1°E,, : Ref. 36.

with the complete excitation vectors, i.e., for CC2 and CCSDchange the conclusions since for 3 Rydberg states mainly
the single excitation and the double excitation contributionthe z component changes. A comparison of preceding and

normalized to present results for the states Bf, and Ey symmetry is
o o given in Tables VII and VI, since for these states some
(E[EYy=2>, > E,E, (v|r,|HF)=1. (45  differences to earlier studies occur as discussed below.
i v; I | I

For the excited singlet states of benzene transition
This norm is independent of the chosen operator basis, iftrengths and second moments of charge have been reported
particular identical results are obtained in spin orbit#iF)  at the CASSCF level using an ANO1 bdSisnd for the
and explicitly spin coupledRHF) calculations. It requires hierarchy CCS, CC2, and CCSD using a Sadlej POI1 Hasis
however that both left and right eigenvectors are calculatecaugmented with different diffuse Rydberg basis sets. For the
The results obtained for the#* valence and Rydberg ex- triplet states only CASSCF/ANO1 results for the second mo-
cited states of benzene are given in parentheses in Tables Hient of charge have been reportédin particular the
and IV. The biorthogonal nornéE,|E;) follows the same CASSCEF results from Ref. 21 for the second moments of
trends as the %, in Refs. 6, 27, if we only compare within charge have been used as basis for assigning the excited
either singlet or triplet states. TypicallfE,|E,) is slightly ~ States as va!ence or Rydberg states. Even t.hough 'the correla-
smaller than the 9, for the right eigenvectors, in particular 10N corrections to the excitation energies going from
for triplet states. Apart from the *E,, and 23E »y States, CASSCF to CASPT2 were rather large and the Iqwest va-
which differ very much in character, tH&,|E,) values ob- |€nce and the lowest Rydberg statestgf, symmetry in the

tained for corresponding singlet and triplet state are veryindlet space and ok, symmetry in the triplet space
similar. For then=3 Rydberg states the differences are only¢hange thereby their order, the same assignment has been
about 0.5%. Thus, we have to conclude that the systematitS€d for the coupled cluster calculations in Refs. 5, 6, 26—~

difference obtained between theTovalues for singlet and 28- Christianseret al!® showed that in correlated calcula-
triplet states is an artifact of the different operator basis, an§ons (CC2 and CCSDusing both the ANO1 basis and the
that the 9@, measure only provides a reliable comparison if Sadlej POL1 basi; augmented with diffuse Rydberg func-
used within the same operator basis. The present results suins. the first'Ey, state is more diffuse than the second, as
gest that CC2 and also CCSD will give results of similarit is the case in CCS and CASSCF calculations which do not

accuracy for singlet and for triplet excited states, if the state§' only partially include dynamical correlatiofcf. Table
are of similar character. VII). Thus it was suspected that the assignment of these
The second moments of charge are often used as a bagites might be wrong. Although, this study investigated only
for a subdivision of excited states into valence and Rydberdghe convergence with respect to diffuse Rydberg functions
states of different quantum numbers. We have calculated th&ithout testing convergence with respect to the valence basis
change of the isotropic second moments upon excitation Set(the POLL basis is still only of double zeta quality for the
. B valence regio)y it made apparent that the results obtained in
Aa=5((ro)s—=(ro)- (46)  Ref. 21 with the ANO1 basis for the second moments of
Tables V and VI list the CC2 results fdxra for the singlet  charge of the excited states are not converged and for some
and triplet w7* valence andh=3 Rydberg states. Earlier of the stategthose where perturbation theory changes the
studies used the expectation val(#), which does not ordering are unreliable.
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TABLE VIIl. Comparison of recent and selected preceding results for vertical excitation energies and second moments of charge for the loviesstates o
symmetry. Energies are given in eV, the expectation véig is given in atomic units 515).

1'Eyg 2'Ey, 13E,, 23Ey,
Method Basis AE e (2% AE e (2% AE e (2% AE e (2%
CASSCE ANO1 7.09 88.3 7.96 29.8 7.61 39.3 7.44 77.6
CASPTZP ANO1 7.77 7.90 7.12 7.55
cCcs ANO1 7.80 10.58 7.93 7.60
ccZ ANO1 7.64 8.97 7.99 7.64
CCsD» ANO1 7.84 9.17 7.71 7.88
cc® ANO1 7.85 8.41 7.51 7.85
cc aug-cc-pVQ2z- CM8 7.84 100.1 8.88 64.8 7.98 39.4 7.81 89.3
Experiment 7.81 7.8 6.9, 7.70.3

“Reference 21. The geometry is identical to the one used in the present work.

PThe energies are ordered as to match their zeroth order CASSCF states.

Singlet excitation energies from Ref. 27, triplet excitation energies from Ref. 6. The geometry is identical to the one used in the present work.
YPresent work. For the ground state the expectation val(#?js=29.8.

fAEax IS given which may differ fromAE, ;. 1 lEzg: Ref. 39; ZlEzg: Ref. 41;3Ezg: estimates based on data from Refs. 36, 34, an(s88 text
Reference 42, the values for theTyosmeasure for the contribution of singly excited determinants are 95??_-'@ and 97.6 (2’3Ezg).

As for the excitation energies we investigated the con-effects beyond the CC2 level. Therefore, we conclude that
vergence with respect to the valence basis set using the serit® original assignment of the 'E,, state as the valence
aug-cc-pVDZ-CM2, aug-cc-pVTZ-CM2, and aug-cc-pVQZ- state and the 2E,, state as Rydberg state is correct. A mis-
CM2, while convergence with respect to diffuse functionsassignment as suspected in Ref. 16 seems to be excluded by
was tested by an additional calculation with the large CM8the present results.

Rydberg(aug-cc-pvVQZ-CM83. Another difficult case is the assignment of the lowest

For the triplet states 3B, 1°By,, 1°Ey, and the sin-  two °E, states as valence or Rydberg states. At the CASSCF
glet states 1B,,, 1'B,, our results agree with the finding level, the lower state is predicted to possess Rydberg charac-
of the previous studies, that these states are of pure valenter, whereas the second state is of valence tigbeTable
character. For the triplet states°’Alg, and 13A2g and their  VIIlI). The energy ordering changes after applying the
singlet counterparts %‘19 and 11A2g the values forAa  second-order CASPT2 correction. In the present study, we
show that these states are of pure Rydhetg3 character; find that at the CC2 level the Rydbetgr*(n=23) 3Ezg state
the same applies to thellEzg state. The results for the triplet is lower in energy than the valeneer* 3E2g state. The re-
state 2°E,,, indicate some valence/Rydberg mixing, with the sults obtained for the change of the second moment of charge
state having mostly Rydberg character. So far, the presemfa is not sensitive to the one-electron basis set, although
results support the original assignment for these states.  they indicate some valence/Rydberg mixing. In Refs. 5 and 6

A rather unsystematic behavior is found for the seconcho properties of the excited states were available and there-
moment of charge of the 12529 state with a sudden change fore the excitation energies were assigned based only on
in character going from aug-cc-pVQZ-CM2 to aug-cc- their ordering. From the results fake we must conclude
pVQZ-CM8, which indicates a mixing with Rydberg states that this lead to a misassignment of the CC2 excitation en-
for n=3. However, as pointed out above, this state is noergies for 13E2g and 23E2g in these studies. The basis set
accurately described at the CC2 level and therefore no connvestigation shows, that with increasing quality of the va-
clusions about its character can be drawn from the presem¢nce basis the RydbngEzg state gets less diffuse and its
calculations. excitation energy increases such that with aug-cc-pVQZ-

For the two lowest singlet states &f;, symmetry we CMB8 the separation between the CC2 excitation energies be-
find similar as in Ref. 16, that these states are of mixedween the Rydberg and the vaIerf’dEezg states amounts only
valence/Rydberg character, where the degree of the valenc& 0.16 eV. This is clearly below the accuracy of CC2 and no
Rydberg mixing and the order of the states is strongly basisonclusions concerning the true ordering of the two states
set dependent. The present results show that—as noticed @an be drawn from the CC2 excitation energies. By re-
Ref. 16—the Rydberg state is preferred, i.e., lower in energyinspecting the eigenvectors obtained in the ANO1 basis at
in double< type valence basis sets, if these are augmented bihe CC2 and CCSD levels in Ref. 6 we became aware, that
a sufficient number of diffuse functions. However, if the the lowest Rydberg and valenﬁlézg states change their or-
quality of the valence basis set is systematically increasedering between CC2 and CCSD. Thus the CCSD excitation
going from aug-cc-pVDZ-CM2 to aug-cc-pVTZ-CM2 and energies for thé"Ezg states have been correctly assigned in
aug-cc-pvVQZ-CM2 the 1E,, state adopts predominantly Ref. 6: 13E29J as valencer#* state and ?Ezg as Rydberg
valence character. This result does not change if the diffuse#*(n=3) state. This is in line with the previous CASPT2
Rydberg basis is again improved going from aug-cc-pVQZ+esults, though a discrepancy for the excitation energies re-
CM2 to aug-cc-pvVQZ-CM8. A comparison of the CC2 and mains.

CCSD results of Ref. 16 indicates that the valence/Rydberg Experimentally, not much is known about this state.
mixing in these twd'E,, states is not sensitive to correlation Astier and Meyet* reported a transient absorption at 2.9 eV
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after flash excitation in solution, which they attribute it to ansingle excitations it is expected that the coupled cluster re-
3E2_0,<—1 3B,, excitation. This absorption was not found in sults are more accurate, in particular because they were ob-
the gas phas®. Nakashimaet al. did not observe such a tained with basis sets of higher quality. But further experi-
band for technical reasons, but instead assigned a broadental and theoretical efforts are required before definite
shoulder at 3.5-4.0 eV to §1E29<—1 3B,, transition. How-  conclusions can be drawn for these states.

ever, they do not exclude the possibility of photoproducts  The %T,; measure for the single excitation contribution
being involved in this band. In gas phase a band in the sami® excited states is found to be unreliable for comparison
region (3.7 eV) was observed but for convincing reasonsacross different excitation operator manifolds. Therefore, we

attributed to the formation of a secondary speciespropose the biorthogonal norti,|E,), based on the over-
(bipheny).** Based on a combination of either of these datajap between the bra and the ket representations of the excited
with the well established value of 3.95 eV for th€'B;,  states, as an alternative measure for the single excitation con-
—X transition®® excitation energies like 6.83 efRef. 37 or tribution since it provides a unique result independent of the
7.24-7.74(Ref. 21 are cited in theoretical articles, where chosen representation for the excitation operator manifold
the latter value was shifted by 0.2 eV due to solvent ef- and independent of the choice of the eigenvectte or
fects. Judging from Refs. 38 and 39, rather the opposite sigright). While the %T,; measure suggests that triplet excited
is expected, i.e., all the reportédingle) gas phase excita- states have a systematically higher single excitation contri-
tion energies are higher than those obtained in solutionbution within the coupled cluster response ansatz than corre-
Therefore we expect theeEzg state either around 6.9 eV or sponding singlet states of the same character, the results for

7.7+0.3 eV above the ground state. For a doubtless assighihe (E,|E;) norm clearly demonstrates that this is an artifact
ment of these states further theoretical—transition momentgf the difference in the operator manifolds for singlet and
and higher correlated, e.g., CC3, calculations—and expeririplet excitations.

mental efforts are needed.
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