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Analytic gradients for excited states in the coupled-cluster model CC2
employing the resolution-of-the-identity approximation
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The derivation and implementation of excited state gradients is reported for the approximate
coupled-cluster singles and doubles model CC2 employing the resolution-of-the-identity
approximation for electron repulsion integrals. The implementation is profiled for a set of examples
with up to 1348 basis functions and exhibits no I/O bottlenecks. A test set of sample molecules is
used to assess the performance of the CC2 model for adiabatic excitation energies, excited state
structure constants and vibrational frequencies. We find very promising results, especially for
adiabatic excitation energies, though the need of a single-reference ground state and a
single-replacement dominated excited state puts some limits on the applicability of the method. Its
reliability, however, can always be tested on grounds of diagnostic measures. As an example
application, we present calculations on thé&« 7 excited state otrans-azobenzene. €003
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I. INTRODUCTION 0.1 eV} Above that, for a highly resolved spectrum, more
) o detailed information is desired, such as the position of the
The Born—Oppenheimer approximation is probably theg_q transition(i.e., the transition between the two lowest
most fundamental concept of quantum chemistry. It defines @iy rational levels of the two electronic statethe effects on
set of potential-energy hypersurfaces which are functions ofe molecular structure and the assignment of vibrational

the nuclear configuration space each of which can be aSSOC;5'rogressions. Similarly, for the investigation of fluorescence

ated W.'th different electronic states of the_: mole_cules. Stat|on-s ectra the knowledge of the relaxed excited state structure is
ary points on these surfaces are of particular interest as th

define equilibrium and transition structures. Locating the z evitable.
: quitibriu ransition structures. N9 N In this paper we report an implementation of excited

stationary points is one of the basic tasks in computationaétate analytic gradients for the approximate coupled-cluster
chemistry. A number of efficient algorithms have been devel- Yic g PP P

oped for this purpose, for which—apart from the energy_smgles and doubles model CE2Z2mploying the resolution-

. O : . of-the-identity (RI) approximatioh’° for two-electron re-
the knowledge of the analytical gradient is an important in-~" "~ ™ P . .
gredient. Starting with the pioneering work of Puiy pulsion integrals. Coupled-cluster thetras in recent time

gradient methods for ground states have become standapc?co,me very popula'r, as It offers a h|erqrchy of size-
tools in modern quantum chemistry. consistent wave-function models with increasing accufacy.

For excited states, however, gradient codes are still faEXCited states are accessible by applying response theory to

. . =25
from being a standard tool in applications, though an incread!'® underlying coupled-cluster wave-function mq%feﬁ ,
ing number of implementations for various methods isVith respect to excited state gradient theory, pioneering
available®~2® The vast majority of studies dealing with ex- work has been carried out by Stanton and Gauss for the

cited states are confined to vertical excitation energies, i.eCouPled-cluster singles and doubles model C¢§W7Th's

the electronic energy difference between ground and excitegode has later been modn‘?@do obtain an experimental ver-
state at the ground state equilibrium structure. By virtue offion of analytical gradients for the approximate coupled-
the Franck—Condon principle, the most intense vibronic tran¢luster singles and doubles model CC2. The computational
sition (or the band maximum in case of low-resolution spec-effort of that method scales with the fifth power of the mo-
tra) often is identified with a vertical transition, but strictly lecular size, unlike for other approximations to CCSD, like
speaking, vertical excitation energies are not well definedEOM—-CCSD2)* and P-EOM-MBPTR),° where some
physical observables. It has been shown in calculations th&teps with a higher scaling remdigIS(D),**° on the other
include vibronic coupling, that the deviation of band maxi- hand, can be viewed as a noniterative approximation to CC2;

mum and vertical transition can be on the order of more thaive will shortly comment on this issue in Sec. IV.QResults

from applications of CC2 to benzeffeand pyrrof! were
dCurrent address: Forschungszentrum Karlsruhe, Institute of NanotechnoT—Olgd to b.e rather ?ncouraﬂgmg’ as CC2 clearly |mproves on
ogy, P.O. Box 3640, D-76021 Karlsruhe, Germany; Electronic mail: CIS” (configuration interaction in the space of—relative to a
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the Rl approximation to CCERI-CC2 facilitates the imple- The last two terms of the Lagrangian in E@d) are also
mentation of aT,-direct code’>—>* which avoids the 1/O present in the ground state expression. The first one, contain-
bottleneck due to four-index intermediates. It thereby exing the Lagrange multipliet_, ensures that the CC2 ground
tends the applicability of CC2 to comparatively large sys-state equations

tems with more than 1000 basis functions.

In the following sections, we describe the derivation and 2., = {(u1|H+[H,T2]|HF)=0, 3
implementation of analytic gradients of RI-CC2 excited .
state energiesSecs. Il and II). In Sec. IV, the accuracy of Q,,=(ua| H+[F,T,]|HF)=0 (4)

the RI approximation is tested for adiabatic excitation ener- o fulfilled, wherer is the usual Fock operator.

gies and excited state structures and the applicability of the The other term, containing the Lagrange multiplier

appfroach to Iafrgtﬁ s;(/:s(t:ezms 'Z (ljgmonstrate(;.fTherem‘tter% tziiguplements the constraint that the subspageof the Fock
periormance of the Model 1S assessed for a set o atrix elements is zero, where one can either require a diag-

tsr?mple m0|ex0lftlez' ?St anfrexr?mglebforzzar:yrzlczli apphcaétlic;]nbnal Fock matrix(canonical conditionor that only the Bril-
€ —m exciled stale olransazobenzene IS AISCUSSed N 14 ,in condition be fulfilled E,,=0). The Hartree—Fock

Sec. V. state is parametrized as

HR) =2 exp(k, (7.~ 7)) |HFo), (5)
Il. EXCITED STATE GRADIENT THEORY FOR CC2 Ho
A. The relaxed excited state Lagrange function where|H.F0> is_ the gnperturbed state. If t_he perturpation is a
o ) . _ geometrical distortion some more care is approprigte;,)
The derivation of the excited state gradient parallels inen, js a state in the orthonormalized MOMO) basis at the
many respects the one for the ground state case in Ref. 3\ nyclear coordinates, generated from the MOs at the un-
Similar as for the ground state, we define a Lagrange funcperturbed geometry by a connection maffisThis will give

tion for the total energy of an excited stefte rise to an additional term in the gradient expression involv-
2 ing the derivative of the overlap matrixide infra).
L'=(HFIA+[A,T,]JHF)+ X > ELA,,El The second term in Eq1) occurs only in the excited
NEENCT state Lagrangian: It yields the excitation energyAE'
2 2 =o', i.e., in combination the first two terms sum up to the
+o|1-2 X EL. L. +E > TLiQm total energy of the molecular system in an excited stéte.
=1 oA =l oA andE are the left and right eigenvectors of the nonsymmetric
+2 ;LOF;LO- n Jacobian
Ko B 1, ®
This form of the Lagrange function for the total energy of an N

excited state .in'coupled-gtlauster response theory was suge subsequent term in the Lagrange function ensures the
gested by Christiansegt al™ (cf. also Ref. 38 An alterna- biorthonormality ofE andE. The derivative of the Lagrang-

tive formulation within the equation-of-motion formalism . ith E (E) lead he rightleft) ei |
was given by Stantoff The first term of Eq(1) gives the '2" with respect i (E) lea S_}O t ? rightleft) eigenvalue
problem of A and reveals thab'= w'.

coupled-cluster ground state energy, whekF) is the
Hartree—Fock reference state ane = i Ty ATE the clus-
ter operators consisting of the cluster amplitud,gisand the
singlet adapted excitation operators.®® With u; we de-

note single replacements, €., = 7, and likewiseu, is a The CC2 model can be implemented very efficiently us-

shortcut for double replacements; furthermore the usual coH—n”g thef reso:cutlctjnA-gf—tthtlav—llgetntltYF\;I) apgroxmatlon which
vention for occupiedi(j,k, ...), virtual (a,b,c,...) and afiows for a fas 0 ranstormation
general indices{,q,r, ...) is adopted. It is convenient to

B. Excited state relaxed one- and two-particle
densities

- —1/2
introduce theT;-transformed Hamiltoniat} B3= 2 ; Caazﬁ, Cpi(aBIP) |Vpg )
O=e TiHeT1=> f 41 n (-) 2 and a subsequent fast formation of four-index integrals in the
€ € % pq7pq Z%S(pq“S)qurs’ 2 MO Dbasis
where the integralrﬁpq and (pq|rs) are related to the re- (ai|bj)w(ai|bj)R':§ Bging' (8)

spective quantities in the canonical molecular orb{MD)

basis by the transformation matrica$=(1-t;) and\"  |n the latter equation¥po=(P|Q) and (a|P) are, respec-
=(1+t,), e.q., ﬁrs=2,,5,)\f,r7\2,shr,3, . Contracting these tively, two- and three-index electron repulsion integrals.
transformation matrices with the usual MO coefficient matrixSince onlyN3-scaling intermediates are needed on disk, the
C yields AP=C\P and A"=C\". We will refer to this basis 1/O requirements are reduced drastically compared to a con-

as AP, AM-basis®’ ventional four-index transformation. For further details about
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the RI approximation, e.g., the choice of auxiliary basis sets sepA = _ ()

and the accuracy obtained the reader is referred to Refs. $ars (E,E)= ZV Eu (mall Thgrsi 70, ]
and 39. .

~ In the present implementation the Hartree—Fock equa- +[[7'E);23,7-V1],T2]|HF)EV1
tions are still solved using conventional four-index integrals.

Therefore, we need to distinguish carefully between contri-
butions to the Lagrangian which arise from the reference
state and the Fock operator and those which are calculated
using the RI approximation. For this purpose, we rewrite the + E A 1 IHPE 14
Lagrange function, Eq1), as El o M2l Thgts: T IIHF)E,, (14

+ 2 EM1<M1|[TE:)EZS'TVZ]| HF>EV2

M1V2

L=(HFH|HF)+ o(1-E,E,) Explicit expressions for the densities are given in the

_ _ supplement® Note that only active orbitals contribute, i.e.,
+2> (D) +DEAEE)F gt > KpuoF g the elements oD andd™*Pare nonzero only if all indices
pa ro refer to active orbitals. The respective ground state densities
~ A _ ~ F _nF.¢é:(0) Ansep
HEY @ A ED s, (@ (O Soh & recorsred @9y Doa (! ) 8 thare
pars =dpgrs (1) where t'™) are the ground state Lagrangian
multipliers. DF* and d"P” contain the contributions from
the eigenvectors, which do not have counterparts in the ex-
pressions for the ground state densities.

where the superscripté are omitted for brevity. Here, we
have introduced the one-particle densities

ngf(t_):<H|:|[qu,Tl]|H|:> The implementation of the cluster equations and the so-
lution of the eigenvalue and response equations for the am-
+E t_Ml<M1|e—T1queT1+[qu'T2]|HF> plltudest, t, E, andE in the RI-CC2 apprqa_ch is dgscrlbed
) in Refs. 32 and 33. Note that the multipliersused in the

o above equations correspond to the sum of the ground state
+2 (ol [ Tpq, T21[HF) (100 multipliers t and the multipliers for the excitation energy
He N defined in Ref. 33. Thus, the response equatiort f@ads

and
=3 = T — ,(0) E
DEQA(E’E):MEVI Eu(#all7pq, 70, % A= 11, +% EuBuyEy, (15
+[[qu17v1]'Tl]|HF>Ev1 where the two right-hand side contributions contain the
- quantities
+ E E,ul<lu“1|[7-pq!7-1/2]|HF>EV2
M1V2 ~ ~
HHF|H-+[H,T,]|HF A
_ =% | (9[t 2D o Buy= " (16
+ 2 Eu(poll7pq.m,)IHPE,,. (1D v v
H2V2

. . — Explicit expressions for these terms are given in Refs. 33 and
These densities contain only contributions from the correla: S .
. . 34 and we refer the reader to these publications for details of
tion treatment. The two-electron densities are most conve;

niently expressed in thaP, AN-basis, which is indicated by the partitioned, doubles-direct formulation and implementa-

N T tion of the coupled-cluster response equations.
the notationd,4,s. They are connected to the densities in the : . . L —

. . o The orbital rotation Lagrangian multipliess are deter-
MO basis by the contravariant transformation:

mined from a set of CPHF equation@lso known as
Z-vector equationé’

h h A
dpqu: E )\gp,)\qq,)\r’r,)\SS,dprqrr/Sr . (12)
plq!rlsl
The two contributions to the nonseparable two-electron den- 2 ?N(A,’LBJ— OABEA— O11€)) = — ng'j. (17)
sity read Al
dReeRé(t) = (HFI[[ 74g)s, T1]. Tal+ [ 78 s, T2] HF) Here, we introduced the convention that capital indices refer
to both active and frozen orbitals. Orbital energies are de-
+§l tﬂl<ﬂll[r§,;2$,T1]+[T§,;25,Tz]lHF> noted bye, and the matrixA” is defined as
_ ) Apars=4(pd|rs)—(prlas)—(pslra). (18)
+2 t,u2<l’«2|TE)qZS|HF> (13
K2 The right-hand side can be calculated from the one- and two-
and particle densities Eq$10)—(14):
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i =3(DR+ D) (€ — €n) — %1% (DR +DEApgar  Fop™= %% CopCpq(DEr+ DM g

Pq p
2 (AR AR (pilrs)™ +2 CaCre2 (DR +rs)Arsig
—(dnsePex gnsep.ex A plrg RI , 19
(v ™ dlgrs I (APIFS)7] 9 33 CpCunS (AED % AP rslta)™,
where we have introduced the excited state densities Pa rst
F.ex_ nF.é F.A (28
Do =Dpg+Dpg s (20) I .
Note that, similar to the expression fety,, the above ex-
dpeel @ dpoeRt+ disent (21)  pression employs the two-particle densities in the MO repre-

Note, that the two-particle density in the MO basis has beeﬁentat'on'

used(see above

. o . . C. Triplet excited states
The first derivative of the excited state energy with re- P

spect to an external perturbationcan now be calculated ~ First-order properties and energy gradients for triplet ex-
from an expression which is completely analogous to thecited states within the coupled-cluster framework have pre-
ground state gradient viously been reported for spin—orbital based approaches, see,
e.g., Ref. 42. An explicitly spin-coupled basis for a more
d_'-:z pefhag Xl 4 1 E d%eP.39 4 | )X efficient evaluation of triplet excited states within coupled-
dx 4 @B VB 2y Tabve cluster theory has been developed by Helél**~*"In par-
ticular, the evaluation of first-order properties for triplet ex-
— > pefhacgX 1 S AP 8IP) - D ypoVEL, cited states was presented in Ref. 46. Within the triplet-
a P TP TP PQ PeTPQ coupled basis, the expressions obtained for the Jacobian

(22) transformations and th&-matrix transformation resemble
very much those for the singlet case.

where the effectivor relaxed one-particle density is de- For the triplet gradient expression, only tAetype den-
fined as sities(11) and(14) are subject to some minor changes. These
are indicated in the respective tables of the supplementary
D= > C,pCpqDon (23)  information® The Lagrange multipliers andx still possess
P singlet symmetry and are only indirectly affected via the in-
DSZ: DﬁqCF_l_ D;d§+ ngA+ %(quﬁL?qp)- (24) homogeneities of the corresponding response equations

which are subject to minor changes emerging from the
The separable part of the two-electron density has a verg-matrix transformatioficf. Eq.(15)] and the densitie®™*
simple structure and d"sePA [cf. Eq. (19)]. Details on theB-matrix transfor-
N mation with triplet adapted right and left eigenvectors are
Aot S5A(1— 3P (DG~ 3D5E*IDSE ™ (25 gescribed in Ref. 46.

and is constructed on-the-fly during the contraction with the ~ Y& recall that for CC2 both right and left excitation
derivatives of the electron repulsion integrals. Heg&£ ~ VECtors can be written as a sum of the symmetric and the
symmetrizes a function accordingﬂf/'gfggz f;§+ fg;’ and antlsymmet_nc part Wlth respect to an interchange of the in-
Pqs denotes a permutation operator which interchanges twd€X Pairs @i) and (j):
indices. 3Rie}b: %((+)Rﬁb+(7)Rﬁb ’ 29)

The nonseparable part of the two-electron density is con-

tracted with two- and three-index electron repulsion integrals H)Rﬁb: (+)ijia: - (+)Ribjaa (30
to the intermediates (’)Rf}bz —(*)Rf’iaaé(*)Rﬁa. (31)
P_ h Ansep,ex, | —1 i i i
AN =2 MDA dpsetrs|Q)Vpg (26)  This 4r3eflects the symmetries of the underlying operator
pq rsQ basis:® Therefore, the expression for the doubles contribu-
and tion (cf. Ref. 40 to the excited state one-particle density has
to be calculated according to
= aB|R)A2PVRE. 2 _ ~
YPQ O%R( BIR)ALE Vra (27) S LaPRaD= 3 (+)L]§ikb(+)Riakb+2 LR,
abk abk abk
The latter term occurs in the gradient expression since also (32

the auxiliary basis depends on the nuclear coordinates which

gives rise to a contribution from the first derivative of the 2’ LﬁCRibjC: %E (+)Lﬁ°(+)Rﬁ-°+E (_)Lﬁc(_)RﬁC,
ijc ijc

metric matrixVpq. A similar contribution from the overlap ijc
matrix of the one-electron basis is contracted with an effec- (33
tive Fock matrix, which can be expressed as where the prime indicates a restricted summation.
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Pass 1 Pass 2
loop 1J-blocks loop IJ-blocks

calculate 7% and 1 for i, j € I,J

increment DZ’)‘: +=ije f"’;t,bf

increment Y-type intermediates, e.g.
P+ =320t —1b)BS,

increment C-type intermediates, e.g.
Ciat+= 2y, (2 —tP)

calculate EZf and EF for i, j € I,J
increment DY + = ¥ EXEY
increment Y-type intermediates, e.g.
P2+ =5,;(2E% — EL)BS,
increment C-type intermediates, e.g.
Ciat+= 24, (2B — EFEY

FIG. 1. Schematic algorithm for cal-
culation of excited state densities. It

illustrates how both¢ and A type in-
termediates can be calculated using
the same subroutines. Refer also to the
supplement(Ref. 40 for explicit ex-
pressions.

end loop IJ-blocks
loop AB-blocks

end loop 1J-blocks
loop AB-blocks
calculate f,f’;’ and t,?‘;?’ fora,bc A,B calculate £ i‘ljb and Ei‘;»b fora,bc A,B
- : F,A =
increment ijf‘g +=S tﬁcbt;‘kb increment D; " += ¥t E,.‘;(bEj“.,f
end loop AB-blocks end loop AB-blocks

. . ) AT . :
complete ¢T intermediates according to complete “T" intermediates according to

Table V of supplement. Table V of supplement.
form ¢ Q and H intermediates according to form AQ and 4H intermediates according to
Table VI of supplement. Table VI of supplement.
lIl. IMPLEMENTATION Explicit expressions for th&-type intermediates antfQ®

expy (x) H ;
The excited state gradient has been implemented in th%nd H'™ are given in Ref. 40. The scheme to calculate the

RICC2 module of the TURBOMOLE program package. Theexcited state gradient can be summarized as follows.
central new quantity which has to be computed is the RKi) First the ground state equations are solvedtfand the
two-particle densityA3%°. As stated in Ref. 34 for the excitation vectorsE andE as well as the Lagrange multipli-
ground state gradient, the storage of? on disk or in g1 are determined. This is done using the algorithms de-
memory is not desirable. Noting, that for tripiebasis sets g ipaq in previous communicatiof&® These take full ad-
typically the number of active occupied orbitals is only avantage of the doubles-direct formulation, i.e., they avoid the

ig?gé?}; tlgszxo:etshsetr?;rtr\;\?oer g:tiglaeszjseausri]tcnt? nss,eltf. 'S rri}ore storage of four-index intermediates on disk or in memory
b P y by ’ and instead recalculate them from three-index quantities

the intermediates grouped together in brackets are Onl%henever needed

stored as sujnthree-index intermediates having one active . Th lculati f th ticl d the RI-t
occupied index, and the appropriate transformation matriced!) 'he cajculation ot the one-particie and the RI-wo-
particle densities is organized in two passes: First#jlpe

intermediates and after that #ktype intermediates are cal-

culated, where both times the same program modules are

N T used(the same routines serve also for calculating the ground

+AFJ(2)’QK21' +A§j(t) éFJ(,CB')'(:)JFA'@).vi(E) AFJ(%)'Q)- state gradient as the ground state intermediates are only spe-
(34) cial cases of thg intermediates A sketch of the algorithm is

presented in Fig. 1.

(iii ) After completion of thet- and A-type intermediates, the

right-hand side for the CPHF equations is set up according to

Eq. (36) and the CPHF equations are solved using an integral

direct algorithm. After that the densi®" and the effective

Fock matrixF®" are constructed.

(iv) Finally the gradient expression E@2) is evaluated us-

ing the same algorithm as for the ground st4t&he sepa-

rable two-particle densitd5 7} 5°is constructed on-the-fly for

a fixed AO shell quadruple and contracted with the deriva-

tives of the conventional two-electron integrals. The RI two-

particle densityAi‘};F> is constructed according to E(4) in

a batched loop oveg and contracted with the derivatives of

the RI three-center integrals.

A‘;%’ng (Caj(frl(aﬁ)vQ+ AFJ(%)’Q)+(§FJ(3)’Q+ AFJ(Z),Q)A?;]_

In addition we use two intermediate$H and (), from
which the effective Fock matrix, E428), and the inhomo-
geneity for the CPHF equations, Ed.9), can be evaluated
as

FE™=3 CoyCant(DF D& CuCae (DF

+ES>Ars.q+% CupCpq(®Hpgt¥Qqp),  (39)

71/'§’|f=%(D/EieerDrAex)(ﬂ—EA)—%% (Dpi™+ Dgp™) Apgal

T (HA =% QA= "H o +¥Q)p). (36)

Downloaded 13 Feb 2004 to 141.52.232.84. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



5026 J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 A. Kohn and C. Hattig

10000 T T T T T
total ——
Rl part ——-x-—- .
conventional part ----*--- A

1000 | tional part - :
[%2]
2 100 L
2 R FIG. 2. Double-logarithmic plot illustrating the scaling
E behavior of Rl and conventional part for the polyenes
c 10 ] CyHnso (N=2, 4, 6, 10, 14, 18, 22, 26, BOFor each
[} molecule, the gradient of theB,, state was calculated
.g using the cc-pVTZ basis set. Given are wall times ob-
t='“ tained on one Intel P4 nod2.4 GHz, 4GB RAM. The
2 1 E C,y, point-group symmetry was exploited and the core

memory usage was restricted to 1 GB.
01 b r
001 1 1 1 1 1
200 400 600 800 1200
number of basis functions

IV. PERFORMANCE AND ACCURACY total runtime for GgHs,. At variance, for medium sized
OF CC2 FOR EXCITED STATES and/or less favorably shaped molecules, we observe that a
A. Timings for ground and excited state gradients relatively large part of the computation time is consumed by

h ; ¢ tha-di h usi the calculation of four-index integrals, e.g., 20% fosHg.
The performance of thé@,-direct CC2 approach using This is even more pronounced in calculations with diffuse

the RI approximation has already been reported previdisly. basis sets, e.g., in a calculation on benzene with a aug-cc-

Compared to a cppventional disk—baseq apprpach, itturns 0w\/TZ basis set we found that more than 50% of the compu-
to be already efficient for small systerftsatomic molecules tation time is due to these steps. To overcome this imbalance

with double{ basis sets even though it recalculates the a combination with the recently published RI—S&proce-
doubles amplitudes several times. As the molecular systemg e appears highly desirable

grow larger and basis sets of triplear even higher quality
are employed, it clearly outperforms the conventional imple-
mentation.

In order to test the applicability and the stability of the
program for large systems, gradient calculations were run for  Naturally, the Rl approximation introduces an additional
a series of polyenes (8,,,, Nn=2, 4, 6, 10, 14, 18, 22, 26, source of errofhereafter denoted as Rl eryorhe RI error
30), using a basis set of triplg-quality (cc-pVT2). The has already been studied very carefully in the case of
elapsed times for single point calculations at the MP2 groundRI-MP23%4%50|t was established that the RI error basically
state structure are plotted in a double-logarithmic diagrambehaves like the conventional one-electron basis set error,
Fig. 2. The largest example comprises 152 correlated eled-e., it varies smoothly and exhibits global consisteticjhe
trons, 1348 basis functions and 3390 auxiliary basis funcRI error can be kept small compared to basis set and corre-
tions. A system of that size still proves to be feasible, thougHation errors if auxiliary basis sets are optimized, thereby
the total computation time for the gradient is nearly five daysretaining an economic size of the latter. In a series of pre-
on an Intel P4 systenfcompare caption of Fig.)2 The ceding communications, we have addressed the RI error for
elapsed time is solely determined by the CPU performanceyertical excitation energies, transition moments, excited state
no major 1/O bottlenecks are observed. The mass storadg@st-order response propertigsas well as for ground state
requirement is about 30 GB; for comparison: a conventionastructure parametefé.lt was found that for CC2, similar as
implementation would roughly need as much as 18 GB tdor MP2, the RI error is nearly two orders in magnitude
store the doubles part @ine excitation vector. smaller than the one-electron basis set error and thus is neg-

For the largest cases an effective scaling of aboutigible in any practical application.
O(N*9) is found. The computation times of the smaller poly- At this place, it did not appear necessary to carry out
enes are governed by lower-scaling pditgéegral transfor- another large scale study for the gradient code as calculations
mations and steps involving conventional four-index inte-with conventional electron repulsion integrals are rather time
grals, e.g., between gHg and GH, the effective scaling is consuming. Instead, the influence of the RI approximation is
O(N3%. Due to the topology of the polyenes, integral pre-demonstrated for a few sample molecules, for which we cal-
screening is very effective for the four-index integrals, i.e.,culated adiabatic excitation energies and structure constants
the solution of the CPHF equations and the four-index intewith both a conventional implementatigncesi®) and the
gral gradient. The scaling for this part drops®N?) for the  present RI code. The aug-cc-pVTZ basis set was used and all
larger cases and therefore contributes only with 2% to thelectrons were correlated, since the conventional code does

B. Accuracy of the RI approximation
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TABLE I. Rl error in excited state bond lengths and angles of selected molecules. The aug-cc-pVTZ basis set
was used, all electrons were correlated. The error is definéd'asx®'—x, wherex is the respective quantity
under consideration. The excitation energies are given in eV, lengths and angles are quoted in pm and degrees,

respectively.
Te Structure
Molecule State RI-CC2 AR Parameter RI-CC2 AR
BH 1M1 2.813 —0.000 26 le 119.97 0.000
BF 11 6.378 —0.000 19 e 131.59 0.001
1311 3.399 —0.000 27 e 132.15 0.001
CcO 1 7.983 —0.000 08 Ie 128.64 0.002
SiF, 1B, 5.511 —0.000 07 d(SiF) 162.85 0.000
£ (FSiF) 115.85 —-0.032
CCl, 1B, 2.080 —0.000 63 d(CCl) 164.21 —0.006
2 (CIccl) 132.72 -0.023
HCN 11A” 6.869 +0.000 16 d(CH) 110.88 0.013
d(CN) 131.70 0.036
£ (HCN) 122.31 -0.329
HCP 11A” 4.572 +0.000 18 d(CH) 108.27 0.000
d(CP) 171.07 —0.005
/ (HCP) 129.30 0.017
C,H, 11A, 5.454 +0.000 15 d(CH) 108.63 0.000
d(cc) 137.70 0.005
£ (HCC) 121.97 —-0.013
CH,O 11tA” 3.621 —0.000 29 d(CH) 108.46 —-0.011
d(CO) 135.28 0.011
£ (HCH) 121.35 0.101
& 25.87 —-0.330
CH,S 1 1A2 2.224 —0.000 30 d(CH) 107.87 0.001
d(Cs) 170.22 -0.003
£ (HCH) 120.59 0.000

not support the frozen-core approximation in gradient calcuthe CC2 level by about 2—3 pm. The corresponding vibra-
lations. The results are listed in Table I. tional frequencies are too weak by about 100—200 tn®n
As for vertical excitation energies, the RI error in adia- the other hand, CC2 performs slightly better than MP2 for
batic excitation energies is very small: for all cases of the tesinolecules with many lone-pairs. Here, MP2 typically yields
set it is well below 1 meV. Though it may slightly increase too short bonds and too strong force constants.
for molecules with more extended chromophotei,is ex- Unfortunately, it is at present not feasible to set up a
pected not to exceed the range of 10-50 meV. similar test set for excited states and to compare CC2 resullts
Similarly, the errors in the structure parameters causegiith a highly correlated method. Gradient codes are only
by the RI approximation are small. In our test set we findgyajlaple for CCSD, whereas at least triples corrected meth-

errors below 0.1 pm for bond lengths and at most 0.33 degs |ike CC3 would be necessary to obtain reliable results to
grees for angles. We note that, compared to the RI error iRgmnare with. Some high-level results for diatomic mol-

to integrals of the typegblij) which contribute a large part dients is rather tedious and computationally expensive.

to the.exgltatlon energy but may.r'10t be f'tt.Ed optimally as thel’herefore we adopted in large parts the test set used by
optimization procedure for auxiliary basis sets focuses on- . . .

I i S . . urche and Ahlrichs for assessing a TDDFT gradient cdde.
(ailbj) type integrals” This hypothesis still needs to be The test set consists of molecules, for which presumabl
tested. In our opinion, however, the RI error obtained with : ) tal dat st W trict dpth yt
the current auxiliary basis sets is small enough to be nedccurate experimental data exists. YWe restricted the presen

; o study to molecules with a closed shell ground state and re-
glected in applications. : ) )
moved molecules like BeO, which are multiple reference
cases and not suited for CC2. The reduced set consists of 20
molecules with 2—6 atoms.

In a previous communicatiof,we have already studied As argued in Ref. 13, extensive statistics are not suitable
the accuracy of CC2 in ground state calculations. Structurefor evaluating the results, as the outcome strongly depends
and vibrational frequencies of a set of molecules were calcuen the choice of the test molecules. Above that, many uncer-
lated using CC2 and MP2 analytic gradient codes. Results dainties arise since the experimental 0—0 transitions, structure
the CCSDT) level were used as reference. As expected, CCPparameters and vibrational frequencies of polyatomic mol-
has an accuracy comparable to MP2. Some shortcomingsgcules are not corrected for anharmonicities, which on the
however, were found for triple bonds, which are too long attheoretical side are very costly to incorporate. Even though

C. Performance of CC2 for excited state properties
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for diatomic molecules such corrected values are available, FABLE Il. Measures of the quality of the CC2 wave function obtained with
has to be kept in mind that these numbers are no observabl&§ aug-cc-pVTZ basis set at the optimized structures.TthandD, mea-
. . . . sures assess the quality of the ground-state wave function. The biorthogonal
but fit parameters of a model Hamiltonian. Again, a more —_— . - -
t . ith experiment could onlv be made bnorm (E,4|E,) gives the percentage of single-excitation contribution to the
accurate comparison wi p y ¥xcitation. For the exact definition see Sec. IV.

simulating the spectra and including higher-order corrections

to the forcefield, which would be costly and beyond the Molecule State D, D (E5|E,)
scope of the present investigation. Her_e, we _rather aim at— - 1is: 0.0212 0.1873 03.6
testing the applicability of the method, i.e., which types of 5}, 1] 0.0163 0.1495 97.4
molecules and excited states are described well and for gg 11 0.0458 0.1463 96.7
which cases is CC2 not appropriate. 131 0.0459 0.1466 98.8
(a) Computational procedure: All calculations were car- 122+ 0.0381 0.1443 97.7
ried out with the RI-CC2 code described in the previous 2 ng 8'8328 8'222 3471'1
sections. The correlation-consistent basis sets aug-&ZpV 14T 0.0491 02151 92.9
i 54 9 : : :

(X=D, T, Q of Dunning and co-workerd®* were em- 11A, 0.0524 0.2232 96.8
ployed, with exception of the Rydberg state of water for co 1 0.0948 0.1919 93.8
which triply augmented basis set$-§ug-cc-p\XZ) were 1°1 0.0742 0.1766 96.9
used. For lithium and magnesium only the basis sets Mg, 137 0.0250 0.1886 95.3
: Sio 1 0.1812 0.2464 85.8

cc-pVXZ are available. For these elements we constructed 13 0.2600 0.3049 86.9
aug-cc-pVTZ-like basis sets by adding diffuse functions with |, 218, 00318 01276 90.6
exponents obtained by even-tempered extrapolation of the so, 1°B, 0.1229 0.2625 91.2
two smallest exponents in the cc-pVTZ basis. Corresponding SiF, 1'B, 0.0596 0.1536 94.8
auxiliary basis sets were optimized using the procedure de- CCk 1'B, 0.0874 0.1523 94.9
scribed in Refs. 39 and 50. The diffuse exponents and the E%N 1?’25 8-22?; 8-;35; gg-é
aux!llary basis sets are given in Ref. 4p. These auxiliary HGP 11a7 0.1416 0.2386 95 7
basis sets were also used for calculations in the aug-cc- pu, 1A} 0.0228 0.1284 89.3
pVDZ basis, whereas we desisted from calculations with ¢, 111, 0.0803 0.2227 93.4
quadruple¢ basis sets for these elements. Structures were C,H, 1A, 0.0522 0.2366 96.6
converged to an internal gradient norm of £&,, /a,, force CH0 1A 0.0796 0.2067 91.6
constants were obtained by numerical differentiaticentral 13A7 00723  0.2057 93.1
differences in Cartesian coordinates with an increment of <2 1A, 0.0746 0.1998 92.9
13A" 0.0697 0.1980 94.3

0.01ap). trans-(CHO), 1A, 0.0670  0.1973 91.6
(b) Diagnostics: Criteria which allow to decide whether  Hc,cHO 11p7 0.1155 0.2290 88.6

a method is adequate for a certain system are important toot
for the interpretation of calculated data. For coupled-cluste?r
ground states, Janssen and Niet38fhhave proposed two the ahove expressions at the equilibrium geometry of the
diagnostics, excited state as obtained in the aug-cc-pVTZ basis set. In
r Refs. 55 and 56 the authors give values of Q@5 for D,
D,= \/ ma><)\ma > taitbi},)\ma{E taitajD (37 and 0.17(0.18 for D, which in the case of MP2CCSD
L1 a should not be exceeded, to obtain reliable results. Consider-
and ing, however, thaia) for excited states we certainly enter
_ more difficult regions of the nuclear configuration space and
ac.be ab.ab (b) that we in general do not expect highly accurate results
D2= \/ma>< M ”EC Gt }’)\ma{ gb i } ) (38 from a second-order method like CC2, these bounds are too
o ] N ~_strict for our purposes. To our experience, results will be still
whereh n,[M] is the largest eigenvalue of a positive definite 4¢ceptable up to values of 0.10 to 0.15 By and 0.2 to 0.25
matrix M. In connection with CC2, these diagnostics havegy, D,, whereas higher values indicate a breakdown of the

already been discussed in Ref. 34. . — =
_ _ method. In addition, %E,|E,) should be larger than 85%.
To be well described at the CC2 level, excited StateSryose diagnostics can of course only assist the interpretation

must be dommgted by smgle—excnauons out of the groundof results and do not replace the understanding of the chem-
state wave function. For this purpose we suggested rec‘,‘@ntlyi stry

the percent contribution of the single excitation part to the (c) Excitation energies: For diatomic molecules adiabatic

he t-aug-cc-pVTZ basis set was used.

total biorthogonal norm of the excitation vectdsandE, excitation energie$, were computed, since for those experi-
o _ mental estimates exist. For all other molecules 0-0 transition
%(E1|E1)=2 E, E, (vi| 7, |HF)*100%. (39 energies were calculated using the harmonic approximation.
vy

Anharmonicities should influence the results little as only the
This definition has the advantage of being independent of thdifferences between the ground and the excited states enter.
choice of the excitation operator basis. The results are listed in Tables Il and V.
The resulting diagnostics for the molecules in our test set  The double¢ basis gives for most cases qualitatively
are summarized in Table II. We list the values obtained fromcorrect results, though for a number of molecules it turns out
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TABLE IIl. Adiabatic excitation energied (eV) of diatomic molecules  double excitation contributions. For water, the large devia-
calculated with RI-CC2 using different basis sets. The experimental valueﬁOn is somewhat unexpected, since m? and D, diagnos-
are taken from Ref. 71. . . .

tics are small, even in the sense of the strict bounds of Refs.
Molecule State  aug-cc-pVDZ aug-cc-pVTZ  aug-cc-pvQz  Expt. 55 and 56. Also the double-excitation character does not ex-
ceed 10%. In a previous study employing a modified aug-cc-

Li 1137 1.90 1.91 1.74 ) . 2 .

2 o (1.92° (1.92° pVDZ basis, however, vertical excitation energies of water

BH 117 2.87 283 2.82 2g7 deviated by—0.4 to —0.5 e\?’ from the full Cl result. Fur-

BF 11 6.38 6.38 6.37 6.34  thermore it is known from other theoretical studies of verti-
1°n 3.25 3.39 3.42 361  cal excitation energies that CC2 typically yields too low-
1337 7.56 7.54 7.55 757 i 31,58

3 ying Rydberg states.

N, 1%, 7.12 7.25 7.29 7.39 d'S - Resul displaved in Table V. Wh
113, 8.56 8.65 8.69 8.45 (d) ' truct'ures. esu ts are displayed in Table . When
1M1, 8.29 8.35 8.38 859 comparing with experimental bond lengths, uncertainties of
114, 9.22 9.31 9.35 8.94 about 0.5 pm have to be taken into accotias the values

co 1 7.91 7.93 7.96 8.07  for polyatomic molecules are not corrected for vibrational
L 595 6.03 607 804 offects. We find that, as f d states, CC2 has a t

Mg,  1is+ 300 301 303 Ccffects. We find that, as for ground states, ( as a ten-

! (3.247 (3.16° dency to overestimate bond lengths, in particular for triple
sio 11 4.65 4.74 4.77 531 bonds. For N and CO excited state bond lengths are ob-
13A 3.47 3.71 3.78 452  tained too long by up to 5.5 pm. For HCN-Q.4 pm), HCP

(+2.6 pm) and acetylene{0.6 pm), the overestimation of
the bond lengths is more moderate. Since the errors in the
ground and excited state structure parameters have the same
sign, the changes in the bond lengths are obtained with better
to be too inflexible. The deviations from the excitation ener-accuracy; e.g., for HCNr¢“%(aug-cc-pVQZ)=15.0 pm
gies obtained with aug-cc-pVQZ are between 0.1 and 0.3 eWersusAr®P=14.1 pm.
whereas results obtained with triplebasis sets deviate by Furthermore it is observed that CC2 calculations tend to
less than 0.1 eV. This stresses clearly the well-known facoverestimate the change in the carbon—oxygen bond of alde-
that triple< basis sets are most appropriate for second-ordenydes afterm* «<—n excitations. For formaldehyde this bond
correlation methods. The same observation applies for alk too long by about 3 pm for the\” and3A” state, a similar
other properties investigated. result is found for thioformaldehyde. The carbonyl bond of
Comparing calculated and experimental excitation enerpropynal is even too long by 8 pm, which is not unexpected,
gies CC2 proves to be very reliable. Most deviations fall intobecause the diagnostics indicate for this caséearby
a range of=0.3 eV. Larger deviations are only found for breakdown of the CC2 model.
SiO (—0.7 eV) and the Rydberg state of water Q.8 eV). The dimers of lithium and magnesium are difficult cases,
SiO clearly is a difficult case with considerable multirefer- since their potential energy curves are very shallow. Small
ence character, as indicated by large valueDfp(>0.18)  changes in the energy have a huge effect on the structure.
andD, (>0.25). Above that, the excited states exhibit largeTaking this into account, CC2 gives a satisfying description
of these molecules. Apart from that, another problem arises
from the basis sets. The separation of the valence orbitals
r(Fmd the & shell of lithium (the 2s2p shell of magnesium,

&/alues in parentheses refer to calculations with correlageshll (lithium)
or correlated 82p shell (magnesium respectively.

TABLE V. 0-0 transitions of polyatomic molecules calculated with RI-
CC2 in the harmonic approximation. The experimental values are take

from Ref. 71 unless otherwise noted. respectively is too low to apply the frozen-core approxima-
tion to these inner shells. As a consequence, for the magne-
aug-cc- - aug-cc- - aug-cc- sium dimer the bond is too long if only thesZlectrons are
Molecule ~ State  pvDz  pVIZ  pVQZ  BXpL  o4prelated. Unfortunately, adequate tight polarization func-
H,O? 2B, 8.91 9.11 9.20 10.00  tions are missing to describe the inner-shell correlation ef-
SG, 1°B, 2.56 2.86 2.92 319 fects in a well-tempered fashion: If we use the present basis
Sk 1’8, 5.46 549 549 534 gets, too short bonds arise due to basis set superposition ef-
ccCl, 1'B, 2.24 213 211 214 o
cs, 13A, 3.17 3.27 3.29 3.25 ' _ ) _
HCN 11A7 6.55 6.68 6.72 6.48 It should be stressed, that CC2 provides in all considered
HCP 1A” 4.43 4.45 4.48 431 cases a qualitatively correct description of the excited state
Cs 14, 3.09 3.09 3.09 3.06  structures—with the exception of the cumulengvhich has
CoH, 1 iAﬁf 5.09 5.29 5.33 523 peen forced by symmetry restriction to keep its high symme-
CHO 132,, g'gg g'g;’ ggg g'ig try structure(cf. next paragraph The planarity of theS;
CH,S 11A, 213 213 215 203 State of thiofqrm{aldehyde is correctly p_redicted, as wgll as
13A” 1.74 1.77 1.79 180 the pyramidalization at the carbon atom in thestate and in
trans-(CHO), 1A, 2.67 2.69 2.70 2.72  the excited states of formaldehyde. CC2 also describes prop-
HC,CHO 1A 3.08 3.14 3.17 324  erly the nonlinear excited state structures of acetylene, HCN

*The t-aug-cc-p\KZ basis sets were used, and HCP and the planqr structure of $hestate of propynal.
bExperimental data taken from Ref. 72. (e) Harmonic vibrational frequencies: Table VI lists the
Experimental data taken from Ref. 73. calculated vibrational frequencies as obtained from the har-
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TABLE V. Excited state structure parametéb®nd lengths in pm and angles in degpeeaiculated with RI-CC2. For diatomic molecules, the experimental
re values are quoted which are corrected for vibrational effects. Experimental values are taken from Refs. 71 and 74 unless otherwise noted.

Molecule State Parameter aug-cc-pvDZ aug-cc-pvTZ aug-cc-pvQz Expt.
Li, 1130 le 313.1 307.6 310.7
(307.6° (307.52
BH 11 re 122.7 121.0 120.9 121.9
BF 1 le 136.5 132.4 131.8 130.4
1311 le 136.5 132.9 132.3 130.8
1337 le 125.7 123.0 122.4 121.5
N, 130, le 126.8 125.6 125.1 121.3
113) le 132.2 131.1 130.7 127.6
1M1, le 128.4 127.3 126.8 122.0
1A, le 131.0 129.9 129.5 126.8
Cco 11 le 131.5 129.8 129.0 123.5
1311 le 124.8 123.6 123.0 120.6
Mg, 1137 le 314.7 314.6 308.2
(310.22 (305.92
Sio 11 re 182.8 175.8 174.7 162.0
13A le 188.6 185.8 185.2 171.5
H,OP 2B, d(OH) 104.3 103.3 102.1 106.9
/ (HOH) 102.6 102.1 103.2 101.6
SO, 13B, d(sSo) 162.9 156.4 155.4 149.4
/(0S0) 130.2 129.1 128.8 126.1
SiF,° 1'B, d(SiF) 168.4 163.5 162.8 160.1
£ (FSiF) 116.8 116.2 115.9 115.9
CClL,° 1'B, d(ccl 167.4 165.4 164.8 165.2
/ (CIcCl) 131.1 132.0 132.0 131.4
CS, 13A, d(cs) 167.1 165.4 164.9 164
/(SCS) 134.4 1355 135.7 135.8
HCN 11A” d(CH) 113.2 111.6 111.5 114.0
d(CN) 133.9 132.4 132.1 129.7
/ (HCN) 121.5 122.3 122.3 125.0
HCP 11A” d(CP) 174.2 172.1 171.6 169
£ (HCP) 125.6 128.0 128.4 128
Cs 1, d(cc) 134.6 132.6 132.2 130.5
C,H,¢ 1A, d(cc) 140.1 138.4 138.1 137.5
d(CH) 110.7 109.3 109.2 110.5
/ (HCC) 121.0 121.8 122.0 121.4
CH,0® 1tA” d(CH) 110.0 108.8 108.7 109.8
d(co) 137.7 136.1 135.5 132.3
/ (HCH) 122.0 121.6 121.6 118.4
¢ 26.1 25.7 25.7 34.0
13A" d(CH) 110.5 109.3 109.2 108.4
d(Co) 135.5 134.1 133.6 130.7
/ (HCH) 118.3 117.9 118.0 121.8
¢ 38.5 38.1 38.1 41.1
CH,S 1A, d(CH) 109.6 108.3 108.3 107.7
d(cs) 172.8 171.1 170.6 168.2
/ (HCH) 121.2 121.1 121.2 120.7
13A" d(CH) 109.5 108.3 108.2 108.2
d(Cs) 171.1 169.4 168.9 168.3
/ (HCH) 120.7 120.6 120.5 119.3
& 15.3 15.4 15.0 11.9
trans-(CHO),9 1A, d(cc) 149.2 148.0 147.9 146.0
d(CH) 110.6 109.5 109.5 111.5
d(co) 127.0 125.8 125.4 125.2
/ (HCC) 114.8 114.5 114.5 114
/. (0CC) 123.8 123.9 123.9 123.7
HC,CHO 1tA” d(C,Cy) 125.8 123.9 123.8 123.8
d(CsH) 109.6 108.5 108.5 109.1
d(C;0) 143.0 141.2 140.6 132.5

Aalues in parentheses refer to calculations with correlatedhkll (lithium) or correlated 82p shell (magnesiuny respectively.
PThe t-aug-cc-p\KZ basis sets were used.

‘Experimental values from Ref. 72.

YExperimental values from Ref. 75.

*Experimental values from Ref. 73.

fout-of-plane angle of the oxygen or sulfur atom, respectively.

9Experimental values from Ref. 76.
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TABLE VI. Harmonic vibrational frequencies (cm) calculated with RI-CC2. For diatomic molecules, the experimentavalues are quoted which are
corrected for anharmonicities. Experimental values are taken from Refs. 71 and 74 unless otherwise noted.

Molecule State Mode aug-cc-pvVDZ aug-cc-pvVTZ aug-cc-pvQZz Expt.
Li, 1130 we 269.8 275.9 255.5
(279.02 (268.22
BH 1 we 2417.3 2458.0 2461.3 2256.9
BF 11 we 1049.6 1189.4 1204.5 1264.9
131 we 1162.5 1261.5 1270.4 1323.8
133 we 1416.6 1565.1 1581.5 1629.3
N, 1°M, we 1411.6 1407.2 1425.4 1733.4
113, we 1280.4 1283.0 1296.5 1530.3
1, we 1337.5 1327.2 1346.5 1694.2
1A, we 1340.2 1341.1 1353.6 1559.3
co 17 we 1089.4 1138.1 1159.0 1518.2
131 we 1479.6 1516.3 1533.9 1743.4
Mg, 1137 we 182.8 180.9 190.6
(191.32 (202.22
Sio 171 we 482.6 517.5 532.0 852.8
13A we 639.8 574.7 567.2 767
H,0° 2B, va(ay) 2872.2 2976.9 3077.0 3170
SO, 13B; va(ay) 480.3 650.5 673.3 905.7
vy(ay) 221.2 275.3 285.0 359.8
SiF, 1B, va(ay) 613.4 686.0 705.2 598
vo(ay) 208.4 228.8 234.6 342
ccle 1B, vi(ay) 619.8 628.7 640.9 634.3
vo(ay) 304.0 305.0 307.8 302.6
cs 13A, vy(ay) 682.1 675.8 682.0 691.5
vo(ay) 259.3 243.0 243.4 310.8
HCN 11A” vy(a’) 1309.3 1334.8 1344.9 1495.9
vy(a’) 956.2 958.0 963.3 940.6
HCP 1A” vy(a’) 852.5 879.9 888.0 950.9
vy(a’) 680.5 635.7 636.1 566.6
Cs 111, vi(og) 1037.3 1060.2 1163.7 1085.9
vo(oy) i666.7 i472.8 i762.3
va(7ry) 190.4 262.2 263.6 307.9
C,H, 1A, vy(ag) 1350.5 1362.6 1367.9 1385.0
vy(ag) 1094.6 1086.3 1085.7 1047.6
CH,0® 11A” vy(a’) 3066.2 3064.9 3064.2 2846
vy(a’) 1311.6 1323.1 1320.7 1293.1
vy(a’) 969.6 1007.0 1014.6 1183
vs(a") 3212.3 3200.1 3202.0 2968.3
ve(a”) 862.1 870.3 873.0 904
13A" vy(a’) 1285.0 1301.7 1297.8 1283.0
CH,S° 11A, vi(ay) 3128.5 3128.1 3126.8 3034
vo(ay) 1347.3 1342.0 1343.2 1316
vs(ay) 779.6 791.3 798.8 820
v4(by) 3258.4 3251.0 3253.4 3081.3
vs(by) 776.6 768.5 769.4 799
13a” vy(a’) 1338.0 1338.0 1336.9 1320
vy(a’) 829.0 839.1 846.0 859
trans-(CHO),' 1A, vi(ag) 3064.8 3054.3 3051.9 2809
vy(ag) 1339.1 1363.9 1369.3 1391.4
v3(ag) 1222.8 1233.5 1232.8 1195.2
va(ay) 1000.6 995.3 994.7 952.4
v5(ag) 488.1 493.2 494.3 509.0
ve(ay) 740.6 752.9 754.4 720.0
vo(ay) 212.5 218.0 218.9 233.3
vg(bg) 743.4 763.2 762.8 735.1
v1o(by) 1207.9 1238.1 1248.0 1280.8
v11(by) 1140.7 1172.2 1176.4 1172
vi(by) 363.8 368.9 371.6 379.3
HC,CHC® 1A” vy(a’) 3183.1 3169.5 3170.0 2952.5
vy(a’) 1873.7 1890.7 1898.2 1945.8
vy(a’) 1202.4 1214.5 1217.7 1304.0
vs(a') 1066.9 1072.1 1074.1 1119.5
ve(a') 725.5 766.8 779.5 951.6
vo(a’) 582.5 634.1 642.1 650
vg(a') 442.8 466.0 470.7 506.9
vo(a') 150.9 168.9 171.1 189.4
v1(a") 518.0 547.2 550.2 462.1
v(a”) 354.0 410.6 415.7 389.7
IEY 108.6 313.3 323.9 345.9

alues in parentheses refer to calculations with correlagedhkll (lithium) or correlated 82p shell (magnesiuny respectively.
PBenchmark calculation€CCSDT-3/cc-pV5Z, Ref. 52result in 2374,

‘The t-aug-cc-p\XZ basis sets were used.

YExperimental values from Ref. 72.

*Experimental values from Ref. 73.

Experimental values from Ref. 77.

9Experimental values from Ref. 78, and vg are corrected for Fermi resonance.
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TABLE VII. Excited state dipole moments calculated with CC2 in the unrelaxed and the relaxed formulation.

Molecule State aug-cc-pvDzZ aug-cc-pvTZ aug-cc-pvQz Expt.
BH X1+ 1.55 1.56 1.62 1.62 1.62 1.63 127
1M1 0.49 0.59 0.47 0.57 0.47 0.57 0%8

co X3+ —-0.40 —-0.26 —0.40 -0.27 —0.40 —-0.28 -0.1P

11 -0.29 0.04 —0.26 0.04 —-0.22 0.05 0.32
CH,0O XA, 2.27 2.40 2.27 2.38 2.33 2.38 2933
11A” 1.11 1.79 1.09 1.74 1.10 1.73 1%6
13A” 1.06 1.47 1.06 1.45 1.08 1.46 129
CH,S XA, 1.67 1.74 1.64 1.71 1.66 1.72 1%5
11A, 0.37 0.98 0.36 0.95 0.38 0.96 0°79
13A” 0.29 0.53 0.29 0.54 0.29 0.56 0%7

3 rom Ref. 71.

From Ref. 79. A minus sign implies a charge distributionar .
‘From Ref. 73.

monic force field. The quoted experimental frequencies oimember of the coupled-cluster hierarchy. Therefore, CC2 is
polyatomic molecules are not corrected for anharmonicitiesexpected to be a systematic improvement over CIS. This is
Thus, the calculated harmonic frequencies are expected to lenfirmed by comparison of the CIS results from Ref. 13
in general slightly above the experimental fundamental frewith the present results for CC2. Adiabatic excitation ener-
guencies. gies at the CIS level often have errors on the order of

The errors in the calculated harmonic frequencies aret1.0 eV and the impact of the electronic excitations on the
correlated with the deviations in the bond lengths. Fgr N structure is in several cases not correct even at a qualitative
and CO the too long bonds are accompanied by an underekevel; e.g., nearly no elongation of the carbonyl bond is pre-
timation of the vibrational frequencies by 200 to 360¢m  dicted for aldehydes and for thE, state of CHS a planar
For the remaining molecules with triple bonds only moderatestructure is calculated. For molecules with triple bonds, like
deviations of around—100cm ! are found. As for bond N,, CIS sometimes shows a fortuitous error compensation
lengths, the changes upon excitation are predicted rather afor structures and force constants. However, the energetic
curately, e.g., for HCNA»®“Y(aug-cc-pVQZ)=618cm!  separations of the excited states are reproduced only very
versusA v®P=601 cm 1. poorly.

For the cumulene £ we note that at the CC2 level As CC2, TDDFT proves to be a substantial improvement
adiabatic excitation energies and structure constants seem oo CIS® Structures and vibrational frequencies in the test
match well, if no symmetry breaking is allowed. However, set are reproduced relatively well, even for molecules with
the force constant calculation reveals an imaginary frequenciyiple bonds. Compared to CC2, TDDFT has a better toler-
along theo, mode. ance for near-multireference cases and still works well for

(f) Dipole moments: There exist only few accurate gas-transition metal compounds and metal clusters. Taking into
phase measurements of excited state dipole moments. Thascount the low computational costs, TDDFT certainly is the
only four examples are listed in Table VII. We also quote themethod of choice for large systems. However, for a given
ground state results, since these have not been investigateddpplication it often appears difficult to assess the reliability
the preceding communication, Ref. 34. Strikingly, for excitedof DFT calculations, since no systematic improvement of the
states somewhat larger differences occur between dipole méunctionals is possible. It may even be difficult to predict the
ments calculated from the relaxed and the unrelaxed formuerror within a certain class of excitations, as e.g., for the
lation of the Lagrange functiofi.e., with and without in- #*«n excitation of formaldehyde TDDFT performs well,
cluding the contributions from orbital relaxation effecfBhe  but it exhibits large errors in excitation energies, structure
deviations amount to up to 0.6 debye for formaldehyde. Anconstants and vibrational frequencies for glyoXarhe most
analysis of the calculations reveals that in all cases in theerious problem of TDDFT is its tendency to underestimate
relaxed formulation theelectronic contribution is smaller excitation energies, partly as a problem of the asymptotic
than in the unrelaxed approximation. The difference betweebehavior of the standard functiondlome remedies for this
relaxed and unrelaxed dipole moments is less pronounced f@roblem exist®), partly because of the tendency of TDDFT
ground state dipole moments, which is not unexpected sinct® delocalize electrons, which leads to a pronounced under-
here theT, amplitudes cover large parts of the orbital relax- estimation of excitation energies for charge-transfer states.
ation effects. Throughout, the relaxed dipole moments are The strength of CC2, as compared to TDDFT, is its
closer to the experimental values. higher reliability for excitation energies. It is the method of

(g) Comparison with CIS and TDDFT: Results for CIS choice for medium sized organic and inorganic main group
and TDDFT were reported for a similar test set in Ref. 13.compoundsup to about 30-50 atomhsas long as they do
The authors used a basis of trigJeguality which is quite  not have significant multireference character. Its reliability
close to the basis set limit for these methods. Cl@ssfar as can be assessed by the diagnostics described above and, in
energies and relaxed derivatives thereof are concg¢rded-  addition, for small model molecules the coupled-cluster hi-
tical to coupled-cluster single@CCS, which is the first erarchy can be applied to test and improve the results.

Downloaded 13 Feb 2004 to 141.52.232.84. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Excited state gradients for CC2 5033

(h) Comparison with other approximations to CCSD: A pm. Additional diffuse functions have only some moderate
number of alternative approximations to CCSD for excitedeffect on the excitation energy and the structure parameters
states have been devised within the EOM picture. The firsthange by less than 0.2 pm only.
one of these was EOM—CC$2?° [or EOM—MBPT2)] With respect to the CC2 ground state structure, the elon-
which, however, is only interesting for ionization problems, gation of the azo-bond is the most obvious structural change.
as for excitation energies it still scales with the sixth powerlt is accompanied by a shortening of the nitrogen—carbon
of the system size in the iterative stépd.ater a partitioned bond and a quinoidal distortion of the phenyl moieties. This
variant, termed P-EOM-MBR®), was developed® for reflects the charge-transfer character of this state: electron
which only one noniterativé)(N®)-step remains. For geom- density is transferred from the central azo group towards the
etry optimizations focusing on one particular state, howeveraromatic rings. The lengthening of the=AN bond is prob-
this step may still dominate the calculation time, as alreadybly too pronounced in the CC2 model, as perturbation
noted by the authors of Ref. 9. Only few applications weretheory will be biased by a low-lying#*)? state as the bond
presented for this methddVlost notably, P-EOM-MBPT) is stretched. TheéD; diagnostic is low(0.03), but the D,
tends to give too large excitation energies for valence statediagnostic(0.24) indeed indicates a low-lying doubly excited
(both vertica! and adiabati, whereas for excited state state, which is also reflected in a rather high double-
structures it may be somewhat superior to CC2. A more inexcitation contribution of 11.6%.
teresting alternative to CC2 is constituted by @$Bwhich The minimum character of the planar structure was as-
involves a noniterativé)(N®°)-step only. From the data pre- sessed by calculating the harmonic force field. To save com-
sented in Ref. 8, however, the authors took a rather pessimigutation time, this was only done at the doubldevel,
tic view on the performance of C(B) for excited state hy- which is expected to yield a qualitatively correct result. An-
persurfaces. Like CC2 in our study, QL3 yields rather other calculation of the harmonic force field was carried out
erratic results for the structures of CO and.Nrhetranss  for the ground state. The calculations confirm the planar
bent state of acetylene is described rather satisfactorily witlstructures for both ground and excited state. We do not want
both CC2 and CI®), but for theS, state of formaldehyde to discuss the vibrational spectra in detail, since this is be-
CC2 seems to be superior to Q8. The latter predicts a yond the scope of the present communication.
very small pyramidalization of the carbon atom only. The  The difference in the zero-point vibrational energy be-
general problem of CI®) is, that it potentially behaves er- tween ground and excited state can be used together with the
ratically in the case of near degenerate states. This is not theug-cc-pVTZ result foiT, to estimate the 0—0 transition as
case for CC2, which is closely related to the degenerate exX3.5 eV. In the experimental gas-phase spectrum the lowest
tension to CI®D), CIS(D..), devised by Head-Gordon and vibrational band can be assumed in the region between 3.65

co-workers?? and 3.75 eV?® which correlates rather well with the CC2
result.

V. THE @* —a-EXCITED STATE The current result is in agreement with a theoretical

OF TRANS-AZOBENZENE study by Ishikawaet al®® who calculated two minima on the

Azobenzene and its derivatives have recently gainec?‘2 hypte_rSlljrfa_?re]_ c?_rrz_spondm_g t(;)ttls:]ans atnd t(_:lsl-lsomer, b
considerable interest as building blocks for the developmenrlg/alS’pte_C ':’ely'm Ihs n lnlg dregw:; t the EO entia C.t",:./es y
of materials for optical data stora§&®In the previous pa- onti "€t al, © who conclude at ther™—m excitation

per dealing with ground state gradieftshe CC2 ground would lead to a phot0|.somer|zat|or.1 along Fhe rotation path-
state structure ofransazobenzene was reported and com-V&Y: A planars, state is also consistent with recent femto-

pared to the one obtained at the MP2 level. Here, we repoﬁecond spectroscopic experimefftsyhich indicate that no
the structure of them* < 7 excited state oftrans photoisomerization takes place aftef < 7 excitation, but

azobenzene, which belongs to tBs hypersurface of the that internal conversion t8; is the nearly exclusive decay

system. At this point, we do not want to conceal, that thepath'

certainly more interesting, surface constitutes a problem

for a single-reference based method as CC2. At a qualitative

level, CC2 correctly predicts the molecule to twist aroundy; cONCLUSIONS

the nitrogen—nitrogen bond. However, this leads directly into

the region where the reference determinant changes from We have presented an implementation of excited state

()2 to (w*)2. Of course, CC2 offers no reliable description gradients for the coupled-cluster model CC2, which employs

of this situation and therefore it is not possible to establisithe resolution-of-the-identity approximation. The expres-

whether only one minimum exists along the reaction pattsions obtained can be cast into a formulation that resembles

leading to thecis-isomer. much the one for the ground state gradient. Similar as the
The 7* — 7 excited state is less problematic, we find aunderlying implementation of RI-CC2 excitation energies,

planar structure which was confirmed by a vibrational nor-the code features a low resource consumption with main

mal mode analysigvide infra). The structure constants ob- memory requirements scaling &(N?) and mass storage

tained with different basis sets are displayed in Table Vlliscaling asO(N°%). Of course, the asymptotic scaling of the

(compare also Fig.)3Basis set effects are moderate: chang-computation time is stilO(N®), as demonstrated by numeri-

ing from cc-pVDZ to cc-pVTZ, the adiabatic excitation en- cal examples. Developments towards lower scaling coupled-

ergy is lowered by 0.1 eV and bonds shorten by typically 1cluster methods using the local ansatz have been recently
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TABLE VIII. Calculated structure parameters of thB (7* — ) state oftrans-azobenzene(,,), using
RI-CC2 and different basis sefthe corresponding auxiliary basis sets from Ref. 39 were)used

cc-pvDz cc-pVTZ aug-cc-pvVTZ
Te 3.728 3.616 3.538
Vo_o 3.675 (expt?® 3.65-3.7%
Bond lengthgpm)
N=N 139.34 139.00 £11.47) 139.09
N-C1 136.66 135.88 +5.99) 135.91
C,-GC, 144.21 143.04 £3.24) 143.06
C—-GCs 144.81 143.71 £3.48) 143.74
C,-G 139.07 137.81 {1.54) 137.83
Ce—Cs 139.59 138.41 £0.57) 138.48
C;—-C, 142.25 141.12 £1.63) 141.20
C,—GC 141.61 140.36 £0.36) 140.39
C,—H 109.59 108.27 £0.06) 108.36
Ce—H 109.31 108.00 £0.17) 108.12
C;—H 109.57 108.22 £0.15) 108.30
Cs—H 109.64 108.28 £0.06) 108.36
C,—H 109.62 108.27 £0.07) 108.34
Bond anglegdeg
C;—N-N 109.57 109.73 €3.90) 109.82
C,—C,—N 116.49 116.55 £1.46) 116.42
Cs—C,—N 125.11 124.90 £0.31) 124.86
C,—C—-GCs 118.41 118.55 €1.77) 118.71
C,-C-G 120.77 120.64 £0.59) 120.54
C,-C—GC 119.81 119.72 £0.43) 119.61
C,—-C—-C, 120.14 120.18 £0.39) 120.18
Ce—C—C, 120.88 120.85 £0.34) 120.84
C;—-C—-GC 119.99 120.06 £0.03) 120.12
H-C,-C; 117.10 117.37 £0.92) 117.42
H-G-C, 117.23 117.53 £1.48) 117.68
H-C;-GC, 120.11 120.11 £0.08) 120.16
H-CG-C 119.71 119.73 £0.02) 119.75
H-C,—C; 119.94 119.89 €0.16) 119.85

#Experimental value estimated from spectrum in Ref. 65.
bValues in parentheses are the difference to the CC2/cc-pVTZ ground state gedRetry34 (RT*™
-RY).

reported®® ? but these methods are still at their early stagegossible remedy we suggest a combination of RI-CC2 with
and encounter relatively large errors in the excitation enerthe recently published RI-SCF approdéh.
gies. In order to assess the accuracy of CC2, adiabatic excita-
The efficiency and stability of the current implementa-tion energies, excited state structures, and vibrational fre-
tion is demonstrated by several applications including poly-quencies of 20 small molecules were examined. We find that
ene chains with up to 62 atont$348 basis functionsFor  especially for excitation energies CC2 gives very promising
medium-sized molecules and for calculations with diffuseresults. Except for cases with strong multireference charac-
basis sets, the analysis of the computation times revealstar, which can be identified on grounds of the diagnostic
bottleneck due to contributions from the SCF part, which isvalues discussed in Sec. IV, the average error for valence
still carried out with conventional four-index integrals. As a excitations is in the order of 0.3 eV. A problem is reported

FIG. 3. Numbering of atoms itrans-azobenzene for
Table VIII.
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