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First-order properties for triplet excited states in the approximated coupled
cluster model CC2 using an explicitly spin coupled basis
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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 identity~RI! approximation for the electron repulsion
integrals. Results are presented for the change of the second moment of charge upon excitation in
the pp* valence andn53 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 lowest1E1u states. It is found that the often used %T1 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. ©2002 American Institute of Physics.@DOI: 10.1063/1.1457434#
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I. INTRODUCTION

Coupled cluster response theory has during the last
cade developed to the most efficient black box approach
the calculation of accurate excitation energies. It has b
implemented for a wide variety of models ranging fro
CCS, which is equivalent to CIS, to CCSD~Refs. 1, 2! and
several models that include also the effect of connec
triples either iteratively3 or by perturbation theory.4 Recently
Hald et al. have implemented the models CC2,5 CCSD,6 and
CC3 ~Ref. 7! for triplet excitation energies using an expli
itly spin coupled basis for the excitation operators and
corresponding projection manifold. This has lead to a red
tion of the computational requirements of about an orde
magnitude compared to a spin orbital based formulati
While the use of an explicitly spin coupled basis has be
standard for the singlet excitation manifold for many ye
and is employed in several program packages8–10 not only
for the calculation of excitation energies and transition m
ments, but also for numerous kinds of derivatives and lin
and nonlinear response properties, there have been only
implementations5–7,11 of electron correlatedab initio meth-
ods, where an explicitly spin coupled basis has been used
the triplet excitation manifold.

In the present communication we extend the work
Ref. 5 to first-order properties of excited triplet states at
approximate coupled cluster singles and doubles~CC2!
level.12 First-order properties—or expectation values—are
important tool for the characterization and the assignmen
excited states. For example, the change of the second
ment of charge upon excitation allows to distinguish betwe
valence states and Rydberg states with different main qu
5400021-9606/2002/116(13)/5401/10/$19.00
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tum numbersn. Similar, the change of the dipole mome
can be used to identify charge transfer excitations in po
molecules. We also note that in coupled cluster respo
theory the expressions for excited states first-or
properties—i.e., for the one-electron density matrices of
cited states—are closely related to the expressions for t
sition moments between two excited states, which requ
instead the transition density matrices. Thus, the present
velopments can with minor effort be extended to the cal
lation of transition moments between two excited trip
states.

The theory derived in Sec. II has been implemented
the RICC2 module13 of the TURBOMOLE program package,14

which employs the resolution of the identity~RI! approxima-
tion for the electron repulsion integrals.15 The latter approxi-
mation leads again to a dramatic reduction in the compu
tional requirements, and allows us to perform CC
calculations on much larger molecules or with much larg
basis sets than can be done with conventional~integral-
direct! implementations. In Sec. III we present for the e
cited pp* valence andn53 Rydberg states of benzene r
sults for the changes of the second moment of charge c
to the CC2 basis set limit, employing basis sets with up
828 functions. For the triplet states these are the first ca
lations of this property at a level that accounts for dynam
electron correlation. The results allow us to clarify som
doubts that have been put forward recently16 about the as-
signments of the lowest states with1E1u symmetry and to
correct the assignment of the lowest3E2g states in recent
CC2 calculations.5,6
1 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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II. EXCITED TRIPLET STATES IN THE CC2 MODEL

The calculation of triplet excitation energies within th
CC2, CCSD, and CC3 models has been described in deta
a series of previous papers by Haldet al.5–7 Therefore, we
will here only give a short review of the basic equations.

A convenient basis for the triplet single and double e
citation manifold is obtained by the excitation operators,

~3!tai5Tai , ~1!

~1 !taib j5TaiEb j1Tb jEai , ;a.b, i . j , ~2!

~2 !taib j5TaiEb j2Tb jEai , ;~ai !.~b j !, ~3!

with the second-quantization operators,

Epq5apa
† aqa1apb

† aqb , ~4!

Tpq5apa
† aqa2apb

† aqb . ~5!

Here and in the followingi, j, k, l and a, b, c, d label,
respectively, occupied and unoccupied spatial molecular
bitals. The indicesp, q, r, sare used for general orbitals an
a andb for the spin functions withms511/2 and21/2. The
triplet configuration state functionsum&5tmuHF& form to-
gether with the projection manifold

^ i
a~3!u5 1

2^HFu~3!tai
† , ~6!

^ i j
ab~1 !u5 1

8^HFu~1 !taib j
† , ~7!

^ i j
ab~2 !u5 1

8^HFu~2 !taib j
† , ~8!

an orthonormal basis. Within the CC2 model the double
doubles block of the Jacobian matrix is diagonal. Thus
CC2 eigenvalue problem,

S Am1n1
Am1n2

Am2n1
dm2n2

em2

D S En1
~v!

En2
~v!D 5vS Em1

~v!

Em2
~v!D , ~9!

with eaib j5ea2e i1eb2e j , can be partitioned into a non
linear eigenvalue problem for only the single excitation p
of the eigenvector,

FAm1n1
2(

g2

Am1g2
Ag2n1

eg2
2v GEn1

~v!

5Am1n1

eff ~v!En1
~v!

5vEm1
~v!, ~10!

and a linear equation which gives the double excitation p
of the eigenvectors in terms of the single excitation part,

Em2
~v!52

Sn1
Am2n1

En1
~v!

em2
2v

. ~11!

The advantage of solving the nonlinear eigenvalue prob
in Eq. ~10! instead of the linear eigenvalue problem in E
~9! is that it does not require storage of double excitation t
or eigenvectors on file. This reduces the disk space requ
for the vectors fromO(n2N2) to O(nN), wheren andN is
the number of electrons and basis functions, respectively

Solution of the CC2 eigenvalue problem with iterati
techniques requires the linear transformation of trial vect
Downloaded 25 Mar 2002 to 129.13.64.201. Redistribution subject to A
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with the Jacobian. In coupled cluster theory the Jacobia
not symmetric and right and left eigenvectors are in gene
different. Thus, if one wants to compute not only excitati
energies but also excited state properties, both the mult
cation of the Jacobian matrix with a trial vector from th
right as well as the multiplication with a trial vector from th
left must be implemented. The left eigenvectorsĒm fulfill the
equations,

Ēm1
~2v!FAm1n1

2(
g2

Am1g2
Ag2n1

eg2
2v G

5Ēm1
~2v!Am1n1

eff ~v!

5vĒn1
~2v!, ~12!

Ēn2
~2v!52

Sm1
Ēm1

~2v!Am1n2

en2
2v

. ~13!

Note, that right eigenvectorsEm are associated with plus th
eigenvalue as frequency, while left eigenvectorsĒm are as-
sociated with minus the eigenvalue as frequency.17 Explicit
expressions for a vector obtained by multiplying the Ja
bian with a triplet trial vector from the right have been d
rived in Refs. 5 and 6. To obtain concise expressions
define the modified AO to MO transformation matrices,

Lp5C@12tm1

T #, ~14!

Lh5C@11tm1
#, ~15!

the integrals in theLp, Lh-basis,

~pqû rs!5 (
mnkl

Lmp
p Lnq

h Lkr
p Lls

h ~mnukl! ~16!

and the inactive Fock matrix

F̂pq5(
pq

Lmp
p Lnq

h Fmn1(
ck

@2~pqûck!2~pkûcq!#tck ,

~17!

where tm1
are the ground-state single excitation cluster a

plitudes. The transformed vector obtained by multiplying
trial vectorRn1

(v) onto the Jacobian from the right,

rm1

R ~v!5Am1n1

eff ~v!Rn1
~v!, ~18!

can then be expressed in the compact form given in Tab
The doubles excitation part of the trial vectors is there
generated on the fly from one-index transformed MO in
grals as

~1 !Ri j
ab5

1

2

~aiub j !1~b j uai !2~a j ubi !2~biua j !

e i2ea1e j2eb1v
, ~19!

~2 !Ri j
ab5

1

2

~b j uai !2~aiub j !

e i2ea1e j2eb1v
, ~20!

Ri j
ab52~ ~1 !Ri j

ab1 ~2 !Ri j
ab!, ~21!

with
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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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 right haide
vectors derived fromLBR like contractions. All three types of vectors can be split into six contributions,rS5rS

11rS
21rS

31rS
41rS

51rS
6, which involve the

same contractions for all vectors.

rS(v) ASS
(eff)(v)RS(v) LS(v)ASS

(eff)(2v) ~LBR!S2SD

~LBR!DADS

eD1vL2vR

rai
1 1SdEadRdi 1SdEdaLdi 1SdĒdaLdi

rai
2 2S lRalEli 2S lLalEil 2S lLalĒil

rai
3

2Sck(ki ûac)Rck 2SckLck( ik ûca) 1SckLck@2(cku ia)2( ikuca)2( ikuca)#

rai
4

1SdlcRil
cd( ld ûac) 1SdlcLil

cd(dl ûca) 1SdlcFil
cd( ld ûca)

1SdlcLil
cd@(dluca)1(dluca)#

rai
5

2SdlkRkl
ad( ld ûki) 2SdlkLkl

ad(dl û ik) 2SdlkFkl
ad( ld û ik)

2SdlkLkl
ad@(dlu ik)1(dlu ik)#

rai
6

Sck(Rik
acF̂kc2tki

acF̄kc) 2Sck( icuka)Cck Sck@2(kcu ia)2( icuka)#C̄ck

F̄kc52Sdl(kdu lc)Rdl
Cck52Sdltkl

dcLd f l C̄ck51SdlRlk
dcLdl

Eab5F̂ab2Sdkl(2tkl
ad2t lk

ad)( ldukb) Ēab5F̄ab2SdklRkl
ad( ldukb)

Eji 5F̂ j i 1Scdk(2t ik
cd2tki

cd)(kdu jc) Ēj i 5F̄ j i 1ScdkRik
cd(kdu jc)
c-

m
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~pqurs!5 (
mnkl

@L̄mp
p Lnq

h 1Lmp
p L̄nq

h #Lkr
p Lls

h ~mnukl!,

~22!

L̄p52CRm1

T , ~23!

L̄h5CRm1
. ~24!

The multiplication of the effective Jacobian with a trial ve
tor Ln1

(v) from the left

rm1

L ~v!5Ln1
~v!Am1n1

~eff! ~2v! ~25!

can be cast into a similar form, which involves the sa
types of one-, two-, and three-index contractions. Note
different sign of the frequency argument for trial vector a
effective Jacobian. The explicit expressions are given
Table I. Again, the double excitation part of the tri
vectors—or, after solution of the eigenvalue problem,
double excitation part of the eigenvectors—can be gener
on the fly from one-index transformed MO integrals,

~1 !Li j
ab5

1

2

~aĩub j !1~b j̃ uai !2~a j̃ ubi !2~bĩua j !

e i2ea1e j2eb2v
, ~26!

~2 !Li j
ab5

1

2

~b j̃ uai !2~aĩub j !

e i2ea1e j2eb2v
, ~27!

Li j
ab52~ ~1 !Li j

ab1 ~2 !Li j
ab!, ~28!

with

~aĩub j !5LaiF̂ jb

1 (
mnkl

@L̃ma
p Ln i

h 1Lma
p L̃n i

h #Lkb
p Ll j

h ~mnukl!,

~29!

L̃p5LpLm1
, ~30!

L̃h52LhLm1

T . ~31!
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For excited state properties in addition to the eigenprob
for the left and right eigenvectors a set of linear equatio
must be solved for the excited state Lagrang
multipliers,17–19

N̄A52Ē~2v!BE~v!52n̄, ~32!

whereB is defined as derivative of the Jacobian with resp
to the ground-state cluster amplitudes,

Bmng5
]Amn

]tg
. ~33!

For CC2 the linear equations for the vectorN̄ can be parti-
tioned into a set of coupled linear equations for only t
single excitation part and a set of uncoupled linear equati
for the double excitation part,

N̄n1
An1m1

~eff! ~0!52n̄m1

~eff! , ~34!

N̄n2
52

n̄n2
1N̄m1

Am1n2

en2

, ~35!

with the effectiveright-hand side vectorn̄m1

(eff) for the single

excitation part ofN̄ in Eq. ~34! given by

n̄m1

~eff!5Ēn1
Bn1g1m1

Eg1
1Ēn2

Bn2g1m1
Eg1

1Ēn1
Bn1g2m1

Eg2
2(

n2

n̄n2
An2m1

en2

. ~36!

The double excitation part of the right hand side vectorsn̄m2

is for CC2 obtained as

n̄m2
5 (

n1g1

Ēn1
Bn1g1m2

Eg1
. ~37!

The expression forn̄m1

(eff) can be cast into a form which re

sembles those for the vectors transformed with the Jaco
matrix. We give these expressions in the last column of Ta
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Expressions for the one-particle density matricesDL, Dj(L), and DA(L,R). The formulas for
Dj(L) are given forL having singlet spin symmetry, while the expressions forDA(L,R) are forL, R having

triplet symmetry. The ground-state Lagrangian multiplier enteringDL are denoted byt̄ m .

Block DL Dj(L) DA(L,R)

occ/occ:Di j 5 2d i j 2Sabkt̄ jk
abt ik

ab 2SabkL jk
abt ik

ab 2SaLa jRai2SabkL jk
abRik

ab

occ/vir: Dia5 Sckt̄ ck@2t ik
ac2tki

ac# SckLck@2t ik
ac2tki

ac# SckLckRik
ac

2Sb(Sk jcLk j
bctk j

ac)Rbi

2S j (ScbkL jk
cbt ik

cb)Ra j

vir/occ: Dai5 t̄ ai
Lai 0

vir/vir: Dab5 S i jc t̄ i j
act i j

bc S i jcLi j
act i j

bc S iLaiRbi1S i jc
(2)Li j

ac (2)Ri j
bc

1
1

2
Sijc

~1!Lij
ac ~1!Rij

bc
e /

s
c-
-

I. The matrix F̄pq appearing in Table I is a triplet respons
version of the inactive Fock matrix, Eq.~17!, which was first
introduced in Ref. 5,

F̄pq5(
mn

@L̄mp
p Lnq

h 1Lmp
p L̄nq

h #Fmn2(
ck

~pcukq!Rck . ~38!

Because of the structure ofL̄p andL̄h, the contribution from
e

ex
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t
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ar 2002 to 129.13.64.201. Redistribution subject to A
the SCF AO Fock matrixFmn vanishes for the occupied

virtual block F̄kc . As for the transformation of trial vector
with the effective Jacobian matrix, the double excitation ve
tors Ri j

ab , Li j
ab , andFi j

ab are generated on the fly from one
index transformed integrals. WhileRi j

ab and Li j
ab are calcu-

lated, respectively, according to Eqs.~21!–~24! and Eqs.
~28!–~31!, the vectorFi j

ab5(LBR)aib j , is obtained as
Fi j
ab5

2~ ăi ub j !12~ b̆ j uai !2~ ă j ubi !2~ b̆i ua j !2La jF̄bi2LbiF̄a j

e i2ea1e j2eb
, ~39!
y

tor

y
-
for
een
per-
een

f
tical
with the one-index transformed integrals (ăi ub j) defined as

~ ǎi ub j !52(
k

F(
c

LciRckG~kaûb j !

2(
c

F(
k

LakRckG~ ic ûb j !. ~40!

Once the equations for the excited state left and right eig
vectorsĒ andE and the Lagrangian multipliersN̄ have been
solved, the unrelaxed one-particle density matrix for an
cited state can be calculated in theLp, Lh-basis as

Dpq
ex5Dpq

L 1Dpq
A ~Ē,E!1Dpq

j ~N̄!, ~41!

whereDpq
L is the ground-state one-particle density matrix

theLp, Lh-basis andDA(Ē,E) andDj(N̄) are the contribu-
tions of, respectively, the excited state eigenvectors and
Lagrangian multiplier vector. The explicit expressions f
DL, Dj, and DA are given in Table II. The contraction
needed for the three different density matrices are very s
lar and are evaluated using the same algorithms. The
step is the calculation of the double excitation amplitud
t i j
ab , t̄ i j

ab , etc. which are generated on-the-fly from integ
intermediates and are immediately contracted to contr
tions to the density matrices or small intermediates with o
two indices. FromDpq

ex the one-particle density in the AO
basis and unrelaxed one-electron first-order properties ca
obtained by,
n-

-

he
r

i-
ey
s
l
-

y

be

Dab
ex,AO5

1

2 (
pq

~Lap
p Lbq

h 1Laq
p Lbp

h !Dpq
ex , ~42!

^A&5
1

2 (
pq

Apq
L ~Dpq

ex1Dqp
ex !5(

ab
Aab

ao Dab
ex,AO. ~43!

The symmetrization with respect to the indicesp and q in
Eqs. ~42!–~43! accounts for the non-Hermitian similarit
transformed structure of coupled cluster methods.Apq

L and
Aab

ao denote the matrix elements of the one-particle opera
Â in, respectively, theLp, Lh- and in the atomic orbital
basis.

The approach outlined in Eqs.~9!–~43! has been imple-
mented in the RICC2 module13 of the TURBOMOLE program
package14 which employs the resolution of the identit
approximation15,20 for electron repulsion integrals. This ap
proximation leads to a reduction of the operation count
the construction of the double excitation amplitudes betw
one and two orders of magnitude, and thus allows us to
form CC2 calculations on much larger systems than has b
possible with previous implementations.

III. THE pp* VALENCE AND NÄ3 RYDBERG STATES
OF BENZENE

The pp* excited valence andn53 Rydberg states o
benzene have been subject of numerous theore
investigations5,6,11,16,21–28using a variety ofab initio meth-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



. In

5405J. Chem. Phys., Vol. 116, No. 13, 1 April 2002 Triplet excited states
TABLE III. Basis set convergence of CC2 vertical energies of thepp* valence and (n53) Rydberg singlet states of benzene. Energies are given in eV

parentheses the biorthogonal norm^Ē1uE1& is displayed, serving as a measure for the single excitation character of the transition.

State aug-cc-pVDZ1CM2 aug-cc-pVTZ1CM2 aug-cc-pVQZ1CM2 aug-cc-pVQZ1CM8

Valencepp*
1 1B2u 5.276 ~90.5! 5.237 ~90.2! 5.230 ~90.2! 5.230 ~90.2!
1 1B1u 6.501 ~93.4! 6.462 ~93.2! 6.457 ~93.2! 6.457 ~93.2!
1 1E1u 6.989 ~92.5! 7.065 ~92.2! 7.085 ~92.1! 7.083 ~92.1!
2 1E2g 8.952 ~85.2! 8.880 ~87.0! 8.878 ~85.1! 8.882 ~85.3!

Rydbergpp* (n53)
2 1E1u 7.282 ~92.2! 7.313 ~92.3! 7.340 ~92.3! 7.337 ~92.3!
1 1E2g 7.636 ~92.4! 7.785 ~92.3! 7.838 ~92.3! 7.832 ~92.3!
2 1A1g 7.642 ~92.5! 7.792 ~92.4! 7.844 ~92.4! 7.838 ~92.4!
1 1A2g 7.664 ~92.3! 7.816 ~92.2! 7.869 ~92.2! 7.864 ~92.2!
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ods ranging from RPA and CIS to highly correlated metho
as CCSDR~3! and CC3. In most of the calculations sma
ANO ~Ref. 21! or double-z type basis sets augmented with
small set of diffuse Rydberg functions were employed. O
few studies used basis sets of triple-z quality5,6,26–28or in-
vestigated convergence with respect to augmentation
diffuse Rydberg functions. Christiansenet al.,26,27 showed
that for benzene when going from double-z to triple-z quality
basis sets the lowest excitation energies change by a
60.01–0.2 eV, but no estimate exits for basis set effe
beyond a triple-z description. A balanced treatment of v
lence space and diffuse Rydberg functions is necessary
correct description of the character of the different sta
which is crucial for the assignment and when calculat
transition strengths or properties of the excited states.
obtain CC2 excitation energies and excited state first-o
properties close to the complete basis set limit we emplo
the series of correlation consistent basis sets29 aug-cc-pVDZ,
aug-cc-pVTZ, and aug-cc-pVQZ augmented with a primiti
(2s2p2d) set of diffuse center-of-mass functions~exponents
0.01 and 0.0033!, as proposed in Ref. 26. To check conve
gence with respect to augmentation with Rydberg functi
we performed in addition a calculation with a larg
(8s8p8d) set of center-of-mass functions~aug-cc-pVQZ-
CM8!, employing the primitive functions of Kaufman
et al.30 The same primitive functions have been used in R
21 for the construction of a (1s1p1d) ANO Rydberg basis.
The recently proposed optimized auxiliary basis sets31 for the
Dunning basis sets were used for the resolution of the id
Downloaded 25 Mar 2002 to 129.13.64.201. Redistribution subject to A
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tity ~RI!. The RI-errors introduced thereby have been sho
to be more than one order of magnitude smaller than
corresponding deviations from the basis set limit for bo
total MP2 energies and MP2 first-order properties.31 For CC2
energies and properties the RI-errors are of sim
magnitude.32 No additional auxiliary basis functions wer
found to be necessary to account for the Rydberg functio
This can be understood from the Gaussian product theor
Since mainly two-external integrals of the type (aiu jb) con-
tribute, basically a proper representation of the electrost
potential of a density formed by virtual-occupied products
needed. The diffuse mass-centered functions of CM2
CM8 largely only contribute to the virtual space. Since th
exponents are small, however, they do not significantly
large the spectrum of exponents contributing to the prod
space, which is well fitted by atom-centered auxiliary ba
functions.

All calculations employed the geometry of Ref. 21 a
the 1s2 shells of the carbon atoms were kept frozen in t
CC2 calculations.

The results obtained for the CC2 excitation energies
the pp* valence and (n53) Rydberg states are listed i
Tables III and IV. For excitation energies the present res
for the aug-cc-pVDZ-CM2 and aug-cc-pVTZ-CM2 basis se
are almost equivalent to the numbers reported in Refs. 6
27, apart for the rather small effect of the frozen core a
proximation. We also find for the singlet as well as for t
triplet valencepp* states shifts between20.06 and 0.08 eV
going from aug-cc-pVDZ-CM2 to aug-cc-pVTZ-CM2, whil
. In
TABLE IV. Basis set convergence of CC2 vertical energies of thepp* valence and (n53) Rydberg triplet states of benzene. Energies are given in eV

parentheses the biorthogonal norm^Ē1uE1& is displayed, serving as a measure for the single excitation character of the transition.

State aug-cc-pVDZ1CM2 aug-cc-pVTZ1CM2 aug-cc-pVQZ1CM2 aug-cc-pVQZ1CM8

Valencepp*
1 3B1u 4.350 ~96.1! 4.349 ~96.0! 4.360 ~95.9! 4.360 ~95.9!
1 3E1u 5.083 ~93.1! 5.061 ~92.9! 5.065 ~92.8! 5.065 ~92.8!
1 3B2u 5.905 ~93.1! 5.873 ~94.3! 5.875 ~94.2! 5.875 ~94.2!
1 3E2g 7.991 ~93.9! 7.970 ~93.7! 7.979 ~93.5! 7.978 ~93.5!

Rydbergpp* (n53)
2 3E1u 7.027 ~92.8! 7.165 ~92.8! 7.215 ~92.8! 7.210 ~92.8!
1 3A1g 7.589 ~92.8! 7.737 ~92.7! 7.789 ~92.7! 7.782 ~92.7!
2 3E2g 7.625 ~92.6! 7.770 ~92.6! 7.820 ~92.7! 7.814 ~92.7!
1 3A2g 7.668 ~92.3! 7.820 ~92.2! 7.873 ~92.2! 7.868 ~92.2!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE V. Basis set convergence of CC2 isotropic second moment of the difference density, calculated for thepp* valence and (n53) Rydberg singlet states
of benzene. The values are given in atomic units (a0

2).

State aug-cc-pVDZ1CM2 aug-cc-pVTZ1CM2 aug-cc-pVQZ1CM2 aug-cc-pVQZ1CM8

Valencepp*
1 1B2u 0.72 0.65 0.64 0.64
1 1B1u 1.50 1.35 1.33 1.33
1 1E1u 21.53 12.49 9.76 9.84
2 1E2g 2.14 8.31 2.83 27.92

Rydbergpp* (n53)
2 1E1u 11.63 18.54 20.53 20.07
1 1E2g 54.08 51.78 50.75 50.15
2 1A1g 56.18 53.95 52.91 52.18
1 1A2g 56.73 54.63 53.74 53.09
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the Rydberg excitations are shifted by 0.14–0.15 eV, w
the exception of 21E1u , which changes only by 0.03 eV. A
similar difference in the behavior of valence and Rydbe
states is found when going from aug-cc-pVTZ-CM2 to au
cc-pVQZ-CM2: For the valence 11B2u , 1 1B1u , and 21E2g

states the excitation energies decrease by negligible 0
eV, while for the triplet valence states the excitation energ
increase slightly by 0.002–0.01 eV; only for the 11E1u state,
which due to a coupling with the close-by lying 21E1u state
has partial Rydberg character~see below!, the excitation en-
ergy increases by 0.02 eV. For the Rydberg states the s
are with 0.05 eV significantly larger. Going from the sm
CM2 Rydberg basis to the larger CM8 set no significa
changes are found in the excitation energies for states of
valence character and also for then53 Rydberg states the
shifts are with'20.006 eV rather small. An exception is th
2 1E2g state which adopts partial Rydberg character wh
going from aug-cc-pVQZ-CM2 to aug-cc-pVQZ-CM8. Th
latter state has, however, a large contribution from dou
and higher excited determinants and cannot be described
curately at the CC2 level. The aug-cc-pVQZ-CM8 results
the excitation energies are expected to be forpp* valence
states within 0.01 eV and for then53 Rydberg states within
0.03 eV of the CC2 complete basis set limit.

In coupled cluster response theory beyond CCS, the
curacy obtained for excitation energies correlates with
weight of the single excitation contribution to the excit
state. Usually the single excitation contribution to the no
of the right eigenvector, denoted as %T1 ,
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is used as a measure for the single excitation contribution
Ref. 6 it was observed that the %T1 measure is often signifi-
cantly higher for triplet excitations than for correspondi
singlet excitations of similar character. For example, for
singlet valence states of benzene %T1 is 85–95% while it is
98–99% for the valence triplet states. For the singlet R
berg states %T1 is 95–96% while it is 98–99% for triple
Rydberg states.6 It was therefore suspected that the CCS
results for the triplet excitation energies might have som
what smaller errors than the CCSD results for the cor
sponding singlet excitation energies. However, a problem
the %T1 measure is, that the values depend on the cho
representation of the excitation operator manifold, i.e., wit
different combination of, e.g.,(1)taib j and(2)taib j different
results would be obtained for %T1 . This problem is not spe-
cial for triplet excitations; also for singlet excitations diffe
ent results for %T1 are obtained in a spin coupled basis a
in a spin–orbital basis. Also, often significant differences
found between %T1 for left and for right eigenvectors. A
unique measure for the weight of the single excitation c
tributions to an excited state is obtained by the biorthogo
norm,

^Ē1uE1&5(
n1

Ēn1
En1

^n1utn1
uHF&, ~44!
TABLE VI. Basis set convergence of the CC2 isotropic second moment of the difference density, calculated for thepp* valence and (n53) Rydberg triplet
states of benzene. The values are given in atomic units (a0

2).

State aug-cc-pVDZ1CM2 aug-cc-pVTZ1CM2 aug-cc-pVQZ1CM2 aug-cc-pVQZ1CM8

Valencepp*
1 3B1u 0.42 0.39 0.39 0.39
1 3E1u 0.65 0.60 0.59 0.59
1 3B2u 1.00 0.90 0.89 0.89
1 3E2g 9.40 6.88 8.44 7.90

Rydbergpp* (n53)
2 3E1u 28.46 26.99 26.34 25.94
1 3A1g 49.45 47.22 46.19 45.61
2 3E2g 51.82 47.08 44.16 44.01
1 3A2g 57.33 55.26 54.39 53.72
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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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 staE1u

symmetry. Energies are given in eV, the expectation value^z2& is given in atomic units (a0
2).

Method Basis
1 1E1u

DEvert ^z2&
2 1E1u

DEvert ^z2&
1 3E1u

DEvert ^z2&
2 3E1u

DEvert ^z2&

CASSCFa ANO1 6.46 79.1 8.53 35.1 5.07 30.3 6.92 74.8
CASPT2a,b ANO1 7.16 7.03 4.49 6.98
CCSc ANO1 7.18 89.4 8.06 34.3 4.88 7.12
CC2c ANO1 7.01 79.7 7.37 42.6 5.08 7.04
CCSDc ANO1 7.17 79.2 7.58 41.4 4.92 7.18
CC3c ANO1 7.13 7.42
CCSd Sadlej1CM6 7.18 84.6 7.93 54.6
CC2d Sadlej1CM6 6.97 73.4 7.29 48.3
CCSDd Sadlej1CM6 7.12 70.9 7.48 45.6
CC2e aug-cc-pVQZ1CM8 7.08 48.7 7.34 68.5 5.07 30.1 7.21 81.5
Experimentf 6.96 7.41 4.75

aReference 21. The geometry is identical to the one used in the present work~RCC51.395 Å, RCH51.085 Å!.
bThe energies are ordered as to match their zeroth order CASSCF states.
cSinglet excitation energies from Ref. 27, second moments from Ref. 16, triplet excitation energies from Ref. 6. The geometry is identical to the oned in
the present work.

dReference 16. A CCSD/TZ2P geometry was used~RCC51.392 369 Å,RCH51.079 368 Å!.
ePresent work. For the ground state the expectation value is^z2&529.8.
fDEmax is given which may differ fromDEvert . 1 and 21E1u : Ref. 40, 13E1u : Ref. 36.
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with the complete excitation vectors, i.e., for CC2 and CC
the single excitation and the double excitation contributi
normalized to

^ĒuE&5(
i

(
n i

Ēn i
En i

^n i utn i
uHF&51. ~45!

This norm is independent of the chosen operator basis
particular identical results are obtained in spin orbital~UHF!
and explicitly spin coupled~RHF! calculations. It requires
however that both left and right eigenvectors are calcula
The results obtained for thepp* valence and Rydberg ex
cited states of benzene are given in parentheses in Table
and IV. The biorthogonal norm̂Ē1uE1& follows the same
trends as the %T1 in Refs. 6, 27, if we only compare within
either singlet or triplet states. TypicallŷĒ1uE1& is slightly
smaller than the %T1 for the right eigenvectors, in particula
for triplet states. Apart from the 21E2g and 23E2g states,
which differ very much in character, the^Ē1uE1& values ob-
tained for corresponding singlet and triplet state are v
similar. For then53 Rydberg states the differences are on
about 0.5%. Thus, we have to conclude that the system
difference obtained between the %T1 values for singlet and
triplet states is an artifact of the different operator basis,
that the %T1 measure only provides a reliable comparison
used within the same operator basis. The present results
gest that CC2 and also CCSD will give results of simi
accuracy for singlet and for triplet excited states, if the sta
are of similar character.

The second moments of charge are often used as a
for a subdivision of excited states into valence and Rydb
states of different quantum numbers. We have calculated
change of the isotropic second moments upon excitation

Da5 1
3~^r

2& f2^r 2&0!. ~46!

Tables V and VI list the CC2 results forDa for the singlet
and triplet pp* valence andn53 Rydberg states. Earlie
studies used the expectation value^z2&, which does not
Downloaded 25 Mar 2002 to 129.13.64.201. Redistribution subject to A
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change the conclusions since forn53 Rydberg states mainly
the z component changes. A comparison of preceding a
present results for the states ofE1u and E2g symmetry is
given in Tables VII and VIII, since for these states som
differences to earlier studies occur as discussed below.

For the excited singlet states of benzene transit
strengths and second moments of charge have been rep
at the CASSCF level using an ANO1 basis21 and for the
hierarchy CCS, CC2, and CCSD using a Sadlej POI1 bas16

augmented with different diffuse Rydberg basis sets. For
triplet states only CASSCF/ANO1 results for the second m
ment of charge have been reported.21 In particular the
CASSCF results from Ref. 21 for the second moments
charge have been used as basis for assigning the ex
states as valence or Rydberg states. Even though the cor
tion corrections to the excitation energies going fro
CASSCF to CASPT2 were rather large and the lowest
lence and the lowest Rydberg states ofE1u symmetry in the
singlet space and ofE2g symmetry in the triplet space
change thereby their order, the same assignment has
used for the coupled cluster calculations in Refs. 5, 6, 2
28. Christiansenet al.16 showed that in correlated calcula
tions ~CC2 and CCSD! using both the ANO1 basis and th
Sadlej POL1 basis,33 augmented with diffuse Rydberg func
tions, the first1E1u state is more diffuse than the second,
it is the case in CCS and CASSCF calculations which do
or only partially include dynamical correlation~cf. Table
VII !. Thus it was suspected that the assignment of th
states might be wrong. Although, this study investigated o
the convergence with respect to diffuse Rydberg functio
without testing convergence with respect to the valence b
set~the POL1 basis is still only of double zeta quality for th
valence region!, it made apparent that the results obtained
Ref. 21 with the ANO1 basis for the second moments
charge of the excited states are not converged and for s
of the states~those where perturbation theory changes
ordering! are unreliable.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VIII. Comparison of recent and selected preceding results for vertical excitation energies and second moments of charge for the lowest staf E2g

symmetry. Energies are given in eV, the expectation value^z2& is given in atomic units (a0
2).

Method Basis
1 1E2g

DEvert ^z2&
2 1E2g

DEvert ^z2&
1 3E2g

DEvert ^z2&
2 3E2g

DEvert ^z2&

CASSCFa ANO1 7.09 88.3 7.96 29.8 7.61 39.3 7.44 77.6
CASPT2a,b ANO1 7.77 7.90 7.12 7.55
CCSc ANO1 7.80 10.58 7.93 7.60
CC2c ANO1 7.64 8.97 7.99 7.64
CCSDc ANO1 7.84 9.17 7.71 7.88
CC3c ANO1 7.85 8.41 7.51f 7.85f

CC2d aug-cc-pVQZ1CM8 7.84 100.1 8.88 64.8 7.98 39.4 7.81 89.3
Experimente 7.81 7.8 6.9, 7.760.3

aReference 21. The geometry is identical to the one used in the present work.
bThe energies are ordered as to match their zeroth order CASSCF states.
cSinglet excitation energies from Ref. 27, triplet excitation energies from Ref. 6. The geometry is identical to the one used in the present work.
dPresent work. For the ground state the expectation value is^z2&529.8.
eDEmax is given which may differ fromDEvert . 1 1E2g : Ref. 39; 21E2g : Ref. 41;3E2g : estimates based on data from Refs. 36, 34, and 38~see text!.
fReference 42, the values for the %T1 measure for the contribution of singly excited determinants are 95.2 (13E2g) and 97.6 (23E2g).
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As for the excitation energies we investigated the c
vergence with respect to the valence basis set using the s
aug-cc-pVDZ-CM2, aug-cc-pVTZ-CM2, and aug-cc-pVQ
CM2, while convergence with respect to diffuse functio
was tested by an additional calculation with the large C
Rydberg~aug-cc-pVQZ-CM8!.

For the triplet states 13B2u , 1 3B1u , 1 3E1u and the sin-
glet states 11B2u , 1 1B1u our results agree with the findin
of the previous studies, that these states are of pure val
character. For the triplet states 13A1g , and 13A2g and their
singlet counterparts 21A1g and 11A2g the values forDa
show that these states are of pure Rydbergn53 character;
the same applies to the 11E2g state. The results for the triple
state 23E1u indicate some valence/Rydberg mixing, with th
state having mostly Rydberg character. So far, the pre
results support the original assignment for these states.

A rather unsystematic behavior is found for the seco
moment of charge of the 21E2g state with a sudden chang
in character going from aug-cc-pVQZ-CM2 to aug-c
pVQZ-CM8, which indicates a mixing with Rydberg stat
for n>3. However, as pointed out above, this state is
accurately described at the CC2 level and therefore no c
clusions about its character can be drawn from the pre
calculations.

For the two lowest singlet states ofE1u symmetry we
find similar as in Ref. 16, that these states are of mix
valence/Rydberg character, where the degree of the vale
Rydberg mixing and the order of the states is strongly ba
set dependent. The present results show that—as notice
Ref. 16—the Rydberg state is preferred, i.e., lower in ene
in double-z type valence basis sets, if these are augmente
a sufficient number of diffuse functions. However, if th
quality of the valence basis set is systematically increa
going from aug-cc-pVDZ-CM2 to aug-cc-pVTZ-CM2 an
aug-cc-pVQZ-CM2 the 11E1u state adopts predominantl
valence character. This result does not change if the diff
Rydberg basis is again improved going from aug-cc-pVQ
CM2 to aug-cc-pVQZ-CM8. A comparison of the CC2 an
CCSD results of Ref. 16 indicates that the valence/Rydb
mixing in these two1E1u states is not sensitive to correlatio
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effects beyond the CC2 level. Therefore, we conclude t
the original assignment of the 11E1u state as the valenc
state and the 21E1u state as Rydberg state is correct. A m
assignment as suspected in Ref. 16 seems to be exclude
the present results.

Another difficult case is the assignment of the lowe
two 3E2g states as valence or Rydberg states. At the CASS
level, the lower state is predicted to possess Rydberg cha
ter, whereas the second state is of valence type~cf. Table
VIII !. The energy ordering changes after applying t
second-order CASPT2 correction. In the present study,
find that at the CC2 level the Rydbergpp!(n53) 3E2g state
is lower in energy than the valencepp! 3E2g state. The re-
sults obtained for the change of the second moment of ch
Da is not sensitive to the one-electron basis set, altho
they indicate some valence/Rydberg mixing. In Refs. 5 an
no properties of the excited states were available and th
fore the excitation energies were assigned based only
their ordering. From the results forDa we must conclude
that this lead to a misassignment of the CC2 excitation
ergies for 13E2g and 23E2g in these studies. The basis s
investigation shows, that with increasing quality of the v
lence basis the Rydberg3E2g state gets less diffuse and i
excitation energy increases such that with aug-cc-pVQ
CM8 the separation between the CC2 excitation energies
tween the Rydberg and the valence3E2g states amounts only
to 0.16 eV. This is clearly below the accuracy of CC2 and
conclusions concerning the true ordering of the two sta
can be drawn from the CC2 excitation energies. By
inspecting the eigenvectors obtained in the ANO1 basis
the CC2 and CCSD levels in Ref. 6 we became aware,
the lowest Rydberg and valence3E2g states change their or
dering between CC2 and CCSD. Thus the CCSD excita
energies for the3E2g states have been correctly assigned
Ref. 6: 13E2g as valencepp! state and 23E2g as Rydberg
pp!(n53) state. This is in line with the previous CASPT
results, though a discrepancy for the excitation energies
mains.

Experimentally, not much is known about this sta
Astier and Meyer34 reported a transient absorption at 2.9 e
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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after flash excitation in solution, which they attribute it to
3E2g←1 3B1u excitation. This absorption was not found
the gas phase.35 Nakashimaet al. did not observe such a
band for technical reasons, but instead assigned a b
shoulder at 3.5–4.0 eV to an3E2g←1 3B1u transition. How-
ever, they do not exclude the possibility of photoprodu
being involved in this band. In gas phase a band in the s
region ~3.7 eV! was observed but for convincing reaso
attributed to the formation of a secondary spec
~biphenyl!.35 Based on a combination of either of these d
with the well established value of 3.95 eV for the 13B1u

←X̃ transition,36 excitation energies like 6.83 eV~Ref. 37! or
7.24–7.74~Ref. 21! are cited in theoretical articles, wher
the latter value was shifted by20.2 eV due to solvent ef-
fects. Judging from Refs. 38 and 39, rather the opposite
is expected, i.e., all the reported~singlet! gas phase excita
tion energies are higher than those obtained in solut
Therefore we expect the3E2g state either around 6.9 eV o
7.760.3 eV above the ground state. For a doubtless ass
ment of these states further theoretical—transition mome
and higher correlated, e.g., CC3, calculations—and exp
mental efforts are needed.

IV. SUMMARY AND CONCLUSIONS

Expressions have been derived for first-order proper
of excited triplet states at the approximate coupled clu
singles and doubles~CC2! level using an explicitly spin
coupled basis for the triplet excitation manifold. With th
formulation it is now possible to perform calculations f
triplet states with essentially the same costs as for exc
singlet states. The expressions have been implemented i
RICC2 module of theTURBOMOLE program package, which
employs the resolution of the identity approximation for t
electron repulsion integrals.

This implementation allowed us to perform calculatio
for the change of the second moment of charge for the
cited pp* valence andn53 Rydberg states of benzene u
ing basis sets with up to 828 functions. Using the series
correlation consistent basis sets aug-cc-pVDZ, aug-cc-V
and aug-cc-pVQZ and two different diffuse Rydberg ba
sets, we investigated the basis set convergence of the ex
tion energies and the second moment of charge with res
to both the valence and the Rydberg basis, and obtained
sults close to the CC2 basis set limit. The results allowed
to clarify the doubts about the assignment of the lowestE1u

states. It is found that the singlet states 11E1u and 21E1u

have a mixed valence/Rydberg character. The degree o
valence/Rydberg mixing depends strongly on the basis s
but in the CC2 basis set limit the 11E1u state adopts pre
dominantly valence character. In the triplet case no s
strong basis set dependence is found. The lowest valence
Rydberg states of3E2g symmetry are obtained at the CC
level in the wrong order. Taking into account the reorder
of these states between CC2 and CCSD, the coupled clu
results for these states are in qualitative, but not in quan
tive agreement with the CASPT2 results. A rather large d
crepancy remains for the excitation energy of the vale
pp! 1 3E2g state. Since both states are clearly dominated
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single excitations it is expected that the coupled cluster
sults are more accurate, in particular because they were
tained with basis sets of higher quality. But further expe
mental and theoretical efforts are required before defin
conclusions can be drawn for these states.

The %T1 measure for the single excitation contributio
to excited states is found to be unreliable for comparis
across different excitation operator manifolds. Therefore,
propose the biorthogonal norm̂Ē1uE1&, based on the over
lap between the bra and the ket representations of the ex
states, as an alternative measure for the single excitation
tribution since it provides a unique result independent of
chosen representation for the excitation operator mani
and independent of the choice of the eigenvectors~left or
right!. While the %T1 measure suggests that triplet excit
states have a systematically higher single excitation con
bution within the coupled cluster response ansatz than co
sponding singlet states of the same character, the result
the ^Ē1uE1& norm clearly demonstrates that this is an artifa
of the difference in the operator manifolds for singlet a
triplet excitations.
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