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Geometry optimizations with the coupled-cluster model CC2
using the resolution-of-the-identity approximation

Christof Hättiga)

Forschungszentrum Karlsruhe, Institute of Nanotechnology, P.O. Box 3640, D-76021 Karlsruhe, Germany

~Received 30 July 2002; accepted 5 February 2003!

An implementation of the gradient for the second-order coupled-cluster singles-and-doubles model
CC2 is reported, which employs the resolution-of-the-identity~RI! approximation for electron
repulsion integrals. The performance of the CC2 model for ground state equilibrium geometries and
harmonic frequencies is investigated and compared with experiment and otherab initio methods. It
is found that CC2 equilibrium geometries have a similar accuracy to those calculated with
second-order Møller–Plesset perturbation theory~MP2!, but the bond lengths are larger. In
particular, double and triple bonds and bonds in electron-rich compounds are elongated by 0.5–1.5
pm. Thereby CC2 slightly outperforms MP2 for single bonds, in particular in electron-rich
compounds, but for strong double and triple bonds CC2 is somewhat inferior to MP2. The results
for harmonic frequencies go in parallel with the results for equilibrium structures. The error
introduced by the RI approximation is found to be negligible compared to the remaining
one-electron basis set error, if optimized auxiliary basis sets are used. Typically, the RI error in bond
lengths is of the order of 1023 pm and the error in angles 1023– 1022 deg. Applications are
reported for the geometry oftrans-azobenzene and for the geometry and harmonic frequencies of
cis,trans-1,4-difluorobutadiene. ©2003 American Institute of Physics.@DOI: 10.1063/1.1564061#
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I. INTRODUCTION

The determination of equilibrium geometries is one
the main issues of modernab initio quantum chemistry and
for a large variety of methods analytic gradients, which
required for efficient geometry optimizations, have be
made available during the last decades. For well-beha
closed-shell molecules there exists also a well-establis
hierarchy of single-reference ‘‘black box’’ methods—dens
functional theory~DFT!, second-order Møller–Plesset pe
turbation theory~MP2!, coupled-cluster singles-and-doubl
with a perturbative correction for connected tripl
substitutions@CCSD~T!#—which at each level give signifi
cantly more accurate equilibrium geometries for, howev
increased computational costs.1 Also for a number of multi-
reference methods analytic gradients are available today

In the present communication an implementation of
analytic gradient for the second-order approximate coupl
cluster singles-and-doubles model CC2 is reported. The C
model was developed some years ago by Christiansenet al.2

as an approximation to the CCSD method, which giv
ground state energies and, for excited states dominate
single excitations, excitation energies correct through sec
order in the electron fluctuation potential. The computatio
costs for CC2 calculations scale as for MP2 withO(n5),
wheren is a measure for the system size. However, the C
equations have to be solved iteratively which makes th
calculations about an order of magnitude more expen
than MP2 calculations. Both methods give ground state
ergies correct through second order in the fluctuation po
tial and it is expected that MP2 and CC2 give results

a!Electronic mail: christof.haettig@int.fzk.de
7750021-9606/2003/118(17)/7751/11/$20.00
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similar accuracy; but different from the MP2 the CC2 mod
can also be applied for the calculation of excitation energ
within the framework of response theory. For ground sta
the main difference between MP2 and CC2 is that the la
model allows for a relaxation of connected single excitatio
which are neglected in MP2, but this does not lead to
systematically improved accuracy. As will be shown in t
following, this relaxation has, however, a notable effect
trends in the calculated equilibrium geometries.

From the above-presented discussion it is apparent
CC2 equilibrium geometries for electronic ground states w
not be of much interest for themselves, since a similar ac
racy is obtained with an order of magnitude smaller com
tational efforts if MP2 is used. The main application of th
CC2 model is the calculation of excitation energies, wher
is today—beside the configuration interaction singles wit
perturbative correction for double-substitutions3,4

@CIS~D!#—the only alternative to~TD!DFT5 calculations, if
the costly CCSD response cannot be applied. If only vert
excitation energies are needed, then such calculations ca
done using any sufficiently accurate ground state geome
If, however, adiabatic excitation energies are needed, t
both the excited state and the ground state equilibrium
ometries and the respective total energies should be d
mined by the same quantum chemical method. It will
these kinds of problems which will be the main applicati
of a CC2 gradient.

Implementations of the ground state gradient for C
have been reported before by Christiansenet al.6 and Halkier
et al.7–9 While the former was only a test implementatio
with anO(n6) scaling of the operation count, the latter is a
1 © 2003 American Institute of Physics
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7752 J. Chem. Phys., Vol. 118, No. 17, 1 May 2003 Christof Hättig
integral-density direct implementation with an operati
count scaling asO(ON4), whereN is the number of basis
functions andO the number of occupied orbitals. The impl
mentation reported here employs the resolution-of-t
identity ~RI! approximation for the electron repulsion int
grals ~ERIs! in the correlation treatment. As described in
number of previous publications10–13 the RI approximation
leads for CC2 to a reduction of the operation count
O(O2N2Nx), whereNx'2 – 3N is the size of the auxiliary
or fitting basis for the resolution of the identity. In practic
typically a reduction by about an order of magnitude or m
is obtained.10,13–15The analytic gradient for the RI-CC2 ap
proach will thus open the possibility for CC2 geometry o
timizations for considerably larger molecules than has b
possible with previous implementations. This is demo
strated in Sec. IV by applying the RI-CC2 gradient in calc
lations on the CC2 equilibrium geometry for the ground st
of trans-azobenzene and the geometry and harmonic
quencies ofcis,trans-1,4-difluorobutadiene.

Even though there have been two previo
implementations8,6 of the CC2 ground state gradient, only
few applications6,16,17 have been reported and only little
known about the performance of the CC2 model for mole
lar structures. For this reason, the CC2 equilibrium geo
etries and harmonic frequencies are investigated in Sec
for a number of small prototype molecules for which acc
rate experimental orab initio reference data are availabl
and the accuracy and the trends of CC2 geometries are
cussed. Particular focus is put on the comparison with
MP2 method and on the predictability of failures of CC2
means of recently suggested diagnostics. The error in
duced by the RI approximation compared to the result
tained with conventional four-index ERIs, the RI error,
demonstrated to be insignificant; typically of the ord
1023 pm for bond lengths and 1023– 1022 deg for angles.

II. ANALYTIC FIRST DERIVATIVES FOR THE CC2
MODEL

The Lagrange function for the~orbital-relaxed! CC2
model is

LCC25^HFuĤ1@Ĥ,T2#uHF&

1(
m2

t̄ m2
^m2uĤ1@F,T2#uHF&

1(
m1

t̄ m1
^m1uĤ1@Ĥ,T2#uHF&1(

m0

k̄m0
Fm0

, ~1!

where t̄ m1
, t̄ m2

are the Lagrangian multipliers for, respe
tively, the singles and the doubles part of the cluster eq
tions andk̄m0

the Lagrangian multipliers for the orbital rota
tions. The Hartree–Fock~HF! determinant is thereby
parametrized as

uHF&5expS (
m0

km0
~Em0

2Em0

† ! D uHF0&, ~2!

whereuHF0& is a suitable reference determinant chosen s
that for the unperturbed systemkm0

50. The cluster operato
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is written asT5( i 51
2 Ti with Ti5(m i

tm i
tm i

. For a closed
shell reference state we choosetai5Eai and taib j

5EaiEb j , wherei , j denote active occupied anda, b active
virtual orbitals. The operatorsEpq are the usual second quan
tization singlet excitation operators.1 For convenience, we
introduced in Eq.~1! the similarity transformed Hamiltonian

Ĥ5e2T1HeT15(
pq

ĥpqEpq1
1

2 (
pqrs

~pq ûrs!epqrs . ~3!

Here and in the following, indicesp,q,r ,s denote any occu-
pied or virtual molecular orbital. If the CC2 model is used
conjunction with the RI approximation, all electron repulsio
integrals entering in the correlation treatment are appro
mated by an expansion in an auxiliary basis,18–21

~pqurs!RI5(
PQ

~pquP!VPQ
21~Qurs!, ~4!

VPQ5~PuQ!, ~5!

while the Hartree–Fock contribution to the total energy a
the self-consistent field~SCF! Fock operator,

Fpq5hpq1(
rs

Drs
SCFF ~pqurs!2

1

2
~psurq !G , ~6!

are evaluated in a preceding SCF calculation, which is c
ried out with conventional four-index ERIs. To distinguis
carefully between contributions and intermediates calcula
from conventional ERIs and those evaluated using the
approximation, we write the Lagrangian as

LRI-CC25^HFuHuHF&1(
pq

Dpq
F Fpq1(

m0

k̄m0
Fm0

1
1

2 (
pqrs

dpqrs
L,nsep~pqû rs!RI ~7!

with

Dpq
F 5^HFu@Epq ,T1#uHF&

1(
m1

t̄ m1
^m1ue2T1Epqe

T11@Epq ,T2#uHF&

1(
m2

t̄ m2
^m2u@Epq ,T2#uHF&, ~8!

dpqrs
L,nsep5^HFu@@epqrs ,T1#,T1#1@epqrs ,T2#uHF&

1(
m1

t̄ m1
^m1u@epqrs ,T1#1@epqrs ,T2#uHF&

1(
m2

t̄ m2
^m2uepqrsuHF&, ~9!

where the integrals (pq ûrs)RI refer to the basis of the simi
larity transformed HamiltonianĤ, denoted asLp,Lh basis.
For the respective two-particle density therefore a supersc
L is used; nsep indicates that this is the nonseparable co
lation contribution to the two-particle density~vide infra!.
Explicit expressions for the matricesDF and dL,nsep are
given in Table I. Both densities have nonvanishing eleme
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7753J. Chem. Phys., Vol. 118, No. 17, 1 May 2003 Geometry optimization with CC2
only in the active occupied and virtual spaces. Note, t
with this formulation there are no frozen-core contributio
to the density matricesDF and dL. The frozen-core contri-
butions, coming from the Hartree–Fock contribution to t
energy and the contributions from the SCF Fock matrixF,
enter only via the SCF one-particle density and the separ
part of the two-particle density~vide infra!, which makes the
implementation of the frozen-core approximation for the g
dient an easy task.

As usual, the equations for both the Lagrangian multip
ers t̄ m andk̄m0

and the wave function parameterstm andkm0

are obtained by requiringLCC2 to be stationary in its vari-
ables. The equations fortm and t̄ m and their implementation
within the RI-CC2 approach have been reported in preced
communications10,12,13and will not be discussed here furthe
The orbital rotation parameterskm0

vanish for the unper-
turbed system due to the parametrization chosen in Eq.~2!.
The index range ofkm0

and the corresponding Lagrangia
multipliers k̄m0

depend on the constraints applied to the S
Fock operator, i.e., whether a canonical or a noncanonic22

or semicanonical23–25 representation is chosen. In any ca
the occupied/virtual blockk̄ IA is obtained as solution of th
CPHF equations also known asZ-vector equations:

(
AIBJ

k̄AI~AAIBJ1dABeA2d IJe I !52hBJ
k 52

]LCC2

]kBJ
,

~10!

where the indicesI ,J andA,B denote, respectively, gener
~i.e., active and frozen! occupied and virtual indices andep

the SCF orbital energies. The matrixApqrs is defined as
Apqrs54(pqurs)2(prusq)2(psurq) with conventional
four-index ERIs.

Analytic first derivatives with respect to an external p
rameterx, as, e.g., the gradient, can then be calculated a

TABLE I. The density matricesDF anddL,nsep. For the densitydL,nseponly
the unique nonvanishing blocks are listed; the other nonvanishing bl
dkai j

L,nsep, dabi j
L,nsep, dbcia

L,nsep, anddai jb
L,nsepare related to the given blocks by th

particle exchange symmetrydpqrs
L 5drspq

L . Indicesi , j ,k refer to active oc-
cupied and indicesa,b,c to active virtual molecular orbitals. Note, that the
are no frozen-core contributions toDF anddL,nsep. For the definition ofCai

see Table II.

Di j
F 52(abkt̄ jk

abt ik
ab2(at̄ a jtai

Dia
F 5Cai12tai2(b j t̄ b jtbita j

Dai
F 5 t̄ ai

Dab
F 5( i jc t̄ i j

act i j
bc1( i t̄ aitbi

di jka
L,nsep52(bt̄ b j@2t ik

ba2tki
ba#

di jab
L,nsep52 t̄ a jtbi

dia jb
L,nsep52(22 P̂i j )(t i j

ab1taitb j1Caitb j)

diab j
L,nsep52 t̄ b jtai

diabc
L,nsep5( j t̄ b j@2t j i

ca2t i j
ca#

daib j
L,nsep5 t̄ i j

ab
Downloaded 16 Apr 2003 to 141.52.232.84. Redistribution subject to A
t

le

-

-

g

F
l
,

-

dLCC2

dx
5

]LCC2

]x

5(
ab

Dab
eff,aohab

[x] 1
1

2 (
abgd

dabgd
sep,ao~abugd! [x]

2(
ab

Fab
eff,aoSab

[1]1 (
abP

Dab
ao,P~abuP! [x]

2(
PQ

gPQVPQ
[x] . ~11!

In Eq. ~11! the indicesa,b,g,d refer to the atomic orbital
basis and the superscript@x# indicates first derivatives with
respect to the parameterx. The relaxed one-particle densit
Deff,ao and the separable part of the two-particle dens
dsep,ao, which has to be contracted with derivatives of fou
index integrals, are obtained as

Dab
eff,ao5(

pq
CapCbqDpq

eff , ~12!

Dpq
eff,ao5Dpq

SCF1Dpq
F 1~ k̄pq1k̄qp!/2, ~13!

dabgd
sep,ao5 P̂bd

agS 12
1

2
P̂bdD S Dab

eff,ao2
1

2
Dab

SCF,aoDDgd
SCF,ao, ~14!

whereP̂bd is an operator which permutes the two indicesb
andd. Due to its simple structuredsep,aocan be constructed
on-the-fly fromDab

eff,ao and Dab
SCF,ao and contracted with the

integrals (abugd) [x] without storing any four-index interme
diates in memory or on disk or employing multipass alg
rithms.

The three- and two-index two-particle densitiesDao,P

andgPQ are defined as

Dab
ao,P5(

pq
Lap

p Lbq
h (

rsQ
dpqrs

L,nsep~rs ûQ!VQP
21, ~15!

gPQ5 (
abR

Dab
ao,P~abuR!VRQ

21, ~16!

where LP5C(12t1
T) and Lh5C(11t1) are the ao-to-MO

transformation matrices for the similarity transformed ba
introduced in Eq.~3!.

The intermediateFeff,ao is the usual effective Fock ma
trix used to formulate derivatives of correlated methods26

also known as energy weighted density matrix, which is h
adapted for the RI-CC2 approach and written in the con
variant ao basis:

Fab
eff,ao5(

pq
CapCbq

1

2
~Dpq

eff1Dqp
eff!eq

1(
Ip

CaICbq(
rs

~Drs
F 1k̄ rs!ArsIq

1(
pq

CapCbq(
rst

1

2
~drstp

nsep1drspt
nsep!~rsutq!RI,

~17!

ks
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Related toFeff is the right-hand-side vector for theZ-vector
equations, which is given by

hAI
k 5

1

2
~DAI

F 1DIA
F !~e I2eA!2

1

4 (
pq

~Dpq
F 1Dqp

F !ApqAI

1 (
pqrs

@~dpArs
nsep1dAprs

nsep!~pIurs!RI

2~dpIrs
nsep1dIprs

nsep!~Apurs!RI#. ~18!

In Eqs. ~17! and ~18! we used for convenience the two
particle density in the canonical MO basisdpqrs

nsep

5(p8q8r 8s8lpp8
p lqq8

h l rr 8
p lss8

h dp8q8r 8s8
L,RI with the transforma-

tion matriceslP512t1
T andlh511t1 .

The most important intermediate for the calculation
the RI-CC2 gradient is the three-index densityDab

ao,P . Stor-
age of Dab

ao,P either in memory or on disk would requir
O(N2Nx) words, whereN is the number of basis function
and Nx'2.5N the size of the auxiliary basis set. For larg
scale calculations this would lead to a storage bottlene
ThereforeDao,P is rewritten in terms of three smaller inte
mediatesG (a), G (b), and G (c), which can more easily be
stored on disk, and three transformation matrices:

Dab
ao,Q5(

j
$Ca jG j b

(a),Q1G j a
(b),QLb j

h 1L̆a j
p G j b

(c),Q%. ~19!

Explicit expressions for these intermediates and the trans
mation matrices are given in Table II. The same interme
ates can be used to calculate the contribution ofDao,P to
Feff,ao and to the right-hand-side vector for theZ-vector
equationshAI

k . For this we introduce for eachG intermediate
two matricesHpq and Vpq for which the expressions ar
given Table III. With these matricesFeff,ao and hk can be
calculated as

TABLE II. Intermediates used to calcuclate the three-index two-part
density matrixDab

ao,Q, the effective Fock matrixFab
eff,aoand the inhomogeneity

hAI
k .

G j b
(a),Q5(pCbp(PVPQ

21/2Ỹp j
P

G j b
(b),Q5(aLba

p (PVPQ
21/2Y̆a j

P

G j b
(c),Q5(pCbp(PVPQ

21/2Yp j
!P

Ỹp j
P 5(a(Ya j

P 1(cB̂ac
P tc j)l̆pa

h 1(aD ja
P lpa

h

D jb
P 5Yb j

P 1Ȳb j
P 12tb j(kSkk

P 2(ktbkSk j
P

12Cb j(kÎ kk
P 2(kCbkÎ jk

P 12tb j(ckt̄ ckB̂ck
P

Ypi
!,P5(b(Ybi

P 2(ktbkB̂ki
P )lpb

h 12lpi
h (kÎ kk

P

Yai
P 5(b j(2t i j

ab2t j i
ab)B̂b j

P

Ȳai
P 5(b j(2t i j

ab2t j i
ab)B̆b j

P

Y̆ai
P 5(b j t̄ i j

abB̂b j
P

Bpq
P 5(abQCapCbq(abuQ)VPQ

21/2

B̂pq
P 5(abQLap

p Lbq
h (abuQ)VPQ

21/2

B̆pq
P 5(abQ(L̆ap

p Lbq
h 1Lap

p L̆bq
h )(abuQ)VPQ

21/2

Î i j
P5(cB̂ic

P tc j

Si j
P5 Î i j

P1(cB̂ic
P Cc j

Cai5(b j(2t i j
ab2t j i

ab) t̄ b j

Ľp5Cľp ľp5(12t1
T) t̄

Ľh5Cľh ľh5(11t1) t̄T
Downloaded 16 Apr 2003 to 141.52.232.84. Redistribution subject to A
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Fab
eff,ao5(

pq
CapCbq~Dqp

eff1Dpq
eff!

ep

2

1(
Ip

CaICbq(
rs

~Drs
F 1k̄ rs!ArsIq

1
1

2 (
pq

CapCbq (
x5a,b,c

$Hpq
x 1Vqp

a %, ~20!

hAI
k 5

1

2
~DAI

F 1DIA
F !~e I2eA!2

1

4 (
pq

~Dpq
F 1Dqp

F !ApqAI

1 (
x5a,b,c

$HAI
(x)2VAI

(x)2HIA
(x)1V IA

(x)%. ~21!

The calculation of the RI-CC2 gradient can be sketched
follows:

~1! As in a conventional CC2 implementation, first th
cluster amplitude equations are solved fortm and subse-
quently the Lagrangian multiplierst̄ m are determined. How-
ever, in the RI-CC2 approach only the single excitation pa
tm1

and t̄ m1
are stored. To avoid storage bottlenecks,

double excitation parts are recalculated whenever nee
from three-index integrals. From the solution of the clus
equations the intermediateYai

P ~see Table II! is available on
file.

~2! Then all intermediates for the one- and two-partic
densities which require the double excitation parts of eit
the cluster amplitudes or the Lagrangian multipliers are
termined. This is done in two steps. First, the contract
( i jc t̄ i j

act i j
bc and the intermediatesCai , Ȳai

P , andY̆ai
P are com-

puted in a batched loop over the two involved occupied
dices. Inside thist̄ i j

ab and t i j
ab are calculated for a fixed pai

i , j and contracted on-the-fly to the required intermediates
the next step the contraction(abk t̄ jk

abt ik
ab is evaluated in a

similar loop but with occupied and virtual indices inte
changed.

~3! After thesen5 scaling steps are completed, the thre
index intermediatesG (x) and the matricesH (x) with x
5a,b,c are evaluated from precalculated intermediates
different three-index integrals.

~4! From the intermediatesG (x) the matricesV (x) are
calculated using the algorithm described in Ref. 10 for
closely related matrixVa i

JG used in the calculation of the
residuum of the cluster equations.

~5! The one-particle densityDF and the inhomogeneity
for the Z-vector equationshk are set up and theZ-vector

TABLE III. Definition matricesH andV. The matrices are defined here fo
general~i.e., frozen and active! indices, but their elements are nonzero on
if p refers to an active orbital, whileq may also refer to frozen occupied o
virtual orbital.

Hpq
(a)5(QiỸpiBiq

Q

Hpq
(b)5(alpa

p (QiY̆ai( rl r j
h Bqr

Q

Hpq
(c)5(QiYp j

!,Q( rl r j
p Brq

Q

Vqp
(a)5(aCaq( jlp j

p (QbG j b
(a),Q(abuQ)

Vqp
(b)5(aCaq( jlp j

h (QbG j b
(b),Q(abuQ)

Vqp
(c)5(aCaq( j l̆p j

p (QbG j b
(c),Q(abuQ)

e

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7755J. Chem. Phys., Vol. 118, No. 17, 1 May 2003 Geometry optimization with CC2
equations are solved for the Lagrangian multipliersk̄m0
.

Then the effective one-particle densityDeff,ao and the effec-
tive Fock matrixFeff,ao are calculated.

~6! After the densities andFeff,ao are available, the de
rivative integrals are calculated and contracted on-the-fly
contributions to the gradient according to Eq.~11!. For the
four-center contribution(abgd dabgd

sep,ao(abugd) [x] the sepa-
rable two-particle density is only generated on-the-fly
fixed ao shell quadruples fromDeff,ao andDscf,ao. The three-
center contribution(Pab Dab

ao,P(abuP) [x] is evaluated in a
batched loop over the ao indexb. For each batch the densit
Dao is calculated via Eq.~19! and then contracted with th
integrals (abuP) [x] .

III. THE ACCURACY OF CC2 FOR GROUND STATE
EQUILIBRIUM STRUCTURES AND HARMONIC
VIBRATIONAL FREQUENCIES

As pointed out in Sec. I, only little is known about th
performance of the CC2 model for equilibrium geometri
Even though numerous CC2 calculations have been repo
for excitation energies and a large variety of second-
higher-order properties, only few calculations6,16,17 of equi-
librium geometries have been reported. The results indic
that CC2 gives ground state geometries with a similar ac
racy as obtained with MP2, but the investigated examp
cover only a limited number of bonds.

To obtain a more systematic analysis of the accuracy
CC2 ground state equilibrium structures we employ a set27 of
19 single-configuration dominated molecules recently int
duced by Helgakeret al.28 for a statistical analysis of equi
librium geometries of molecules consisting of hydrogen a
first-row atoms for a number of standard single-refere
methods and basis sets. For these molecules very acc
experimental and empirical results for the equilibrium geo
etries are available as reference.29 From the original set used
in Ref. 28 we had to leave out O3 , since for this case CC2
fails to converge. For the 19 molecules included, the M
and CC2 equilibrium structures~28 unique bond lengths an
nine bond angles! have been determined for the correlatio
consistent basis sets30–33cc-pVDZ, cc-pVTZ, and cc-pVQZ.
These calculations have been carried out with the RI-M
program14 of the TURBOMOLE package34 and the RI-CC2
implementation described earlier. For the resolution of
identity the optimized auxiliary cc-pVDZ, cc-pVTZ, and cc
pVQZ basis sets from Ref. 35 were used. To determine
errors in the geometries introduced by the RI approximati
also conventional MP2 and CC2 calculations were carr
using the programsMPGRAD36 andDALTON.8 For better com-
parison with Ref. 28 all electrons were correlated in the
calculations.

The statistical analysis of the results for the 28 bo
lengths is shown in Table IV. Essentially, for all three ba
sets the MP2 and the CC2 methods yield very similar ac
racies. In particular, if one compares the present results w
for example, the errors obtained at the CCSD~T!/cc-pVQZ
level, which in Ref. 28 were determined as:D̄520.12 pm,
D̄abs50.16 pm, Dstd50.20 pm, andDmax50.61 pm ~for the
set including O3 and slightly different reference data!. The
Downloaded 16 Apr 2003 to 141.52.232.84. Redistribution subject to A
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most pronounced difference between the MP2 and the C
structures is an elongation of the bonds from MP2 to C

manifested in the'0.5 pm difference in mean errorsD̄ ob-
tained for all three basis sets. For the cc-pVDZ basis, wh
gives for most correlated methods considerably too lo
bonds, this leads to an increase of the mean absolute e

D̄absby 0.5 pm from MP2 to CC2, but for the more accura
cc-pVTZ and cc-pVQZ basis sets very similar mean abso
errors are obtained for MP2 and CC2, since close to the b
set limit MP2 has a tendency to underestimate bond leng
while CC2 has a tendency to give too long bond lengths. T
standard deviations and the maximum errors are quite sim
for all three basis sets and, as for MP2, the full accuracy
the CC2 method is first obtained with a triple-z basis, but no
significant further improvement is obtained from
quadruple-z basis, since at this level the correlation err
inherent to the second-order methods dominates. In this c
nection also the results for the segmented contracted TZV

basis37,38 are of interest. They are for MP2:D̄50.03 pm,

D̄abs50.50 pm, Dstd50.65 pm, andDmax51.51 pm. Thus,
as seen from the results for the mean error (D̄), this basis
gives geometries slightly less close to the basis set limit t
obtained with cc-pVTZ, but due to a more favorable err
cancellation at the MP2 level, the errors compared to exp
mental bond lengths are slightly smaller.

The above-mentioned results must be taken with so
caution, since the details depend very much on the choic
the test set. Restricting the analysis to single bonds unv
that the difference between MP2 and CC2 depends on
bond type: for the cc-pVQZ basis one obtains in this case

TABLE IV. Errors relative to experiment in calculated bond lengthsRe for
MP2 and CC2 and relative RI errors in the bond lengths for RI-MP2 a

RI-CC2. Listed are the mean errorsD̄5 (1/n) ( i 51
n D i , the mean ab-

solute errors D̄5 (1/n) ( i 51
n uD i u, the standard deviations Dstd

5A@1/(n21)# ( i 51
n (D i2D̄)2, and the maximum absolute errors,Dmax

5maxi uDiu with D i5Re
X2Re

ref . All errors are given in pm. For details con
cerning the test set and the reference values see the text. For the cc-p
basis the CC2 results listed are obtained with the resolution-of-the-ide
implementations, for the cc-pVDZ and the cc-pVTZ basis the results
conventional calculations are given.

Basis

MP2 CC2

D r e
DRI D r e

DRI

cc-pVDZ D̄ 1.33 20.0015 1.83 20.0012

D̄abs
1.33 0.0019 1.83 0.0019

Dstd 0.75 0.0018 0.94 0.0020
Dmax 3.16 0.0044 3.85 0.0048

cc-pVTZ D̄ 20.13 20.0001 0.33 20.0002

D̄abs
0.55 0.0007 0.63 0.0009

Dstd 0.67 0.0011 0.80 0.0013
Dmax 1.69 0.0034 1.97 0.0044

cc-pVQZ D̄ 20.24 0.0001 0.30

D̄abs
0.51 0.0003 0.59

Dstd 0.61 0.0004 0.74
Dmax 1.74 0.0010 1.88
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 16 A
TABLE V. Bond lengths. Comparison of CC2 with MP2 and CCSD~T! results. All calculations were carried ou
using the cc-pVTZ basis and a frozen-core approximation (1s for first-row and 1s2s2p for second-row atoms!.

Molecule

MP2a CC2 CCSD~T!a

r e D1 D2 r e D1 D2 r e

max(uDre
MP2u,uDr e

CC2u)<0.5 pm
HF 91.80 0.010 0.110 91.96 0.013 0.112 91.7
H2O 95.91 0.009 0.116 96.05 0.013 0.118 95.9
NH3 101.1 0.009 0.118 101.2 0.011 0.119 101.4
CH4 108.5 0.010 0.116 108.6 0.012 0.116 108.9
HCl 127.3 0.007 0.124 127.4 0.011 0.125 127.7
BF 126.8 0.026 0.143 127.4 0.042 0.144 127.1
CH2NH 102.0, 108.6, 0.026 0.166 102.1, 108.6 0.035 0.172 102.2, 108.8

109.0, 127.5 109.1, 128.0 109.2, 127.7
C2H4 108.0, 133.2 0.024 0.163 108.1, 133.5 0.031 0.167 108.3, 133.7

0.5 pm,max(uDre
MP2u,uDr e

CC2u)<1 pm
H2 73.70 0.005 0.100 73.73 0.007 0.101 74.3
SiH4 147.7 0.009 0.115 147.8 0.014 0.116 148.3
CH2 110.4 0.009 0.127 110.5 0.013 0.128 111.0
H2S 133.5 0.011 0.131 133.6 0.017 0.132 134.1
H2O2 96.44, 144.9 0.019 0.160 96.65, 146.4 0.025 0.168 96.40, 145.9
C2H2 106.2, 121.1 0.025 0.165 106.2, 121.6 0.032 0.170 106.4, 121.0
CH2O 110.1, 121.0 0.035 0.162 110.2, 121.7 0.050 0.172 110.3, 121.0
Cl2O 170.7 0.028 0.163 171.8 0.056 0.170 171.5
HNC 99.61, 117.6 0.029 0.152 99.75, 118.4 0.042 0.161 99.6, 117.5
N2H2 102.9, 125.6 0.028 0.175 103.0, 126.4 0.037 0.182 103.1, 125.4

1 pm,max(uDre
MP2u,uDr e

CC2u)<2 pm
BCl 171.7 0.021 0.150 172.1 0.036 0.152 172.9
FOH 96.74, 142.4 0.028 0.166 96.98, 144.2 0.041 0.178 96.8, 143.8
ClOH 96.66, 169.7 0.019 0.155 96.89, 170.4 0.027 0.162 96.5, 170.9
CO2 116.9 0.043 0.151 117.9 0.065 0.170 116.6
CO 113.8 0.036 0.146 114.9 0.054 0.158 113.6
HCN 106.4, 116.7 0.026 0.168 106.5, 117.4 0.034 0.175 106.7, 116.0
N2 111.4 0.026 0.167 112.1 0.033 0.174 110.4
F2 139.8 0.023 0.182 141.3 0.031 0.194 141.6
Cl2 199.7 0.015 0.152 200.0 0.021 0.156 201.8
HNO 105.0, 122.1 0.036 0.180 105.4, 123.3 0.051 0.192 105.5, 121.4

2 pm,max(uDre
MP2u,uDr e

CC2u)
P2 192.6 0.028 0.194 194.0 0.039 0.204 191.6
C2 126.0 0.051 0.264 128.0 0.092 0.302 125.1
C3 130.0 0.050 0.196 131.2 0.077 0.218 130.2
CN1 121.7 0.101 0.255 121.1 0.200 0.330 116.7
ClNO 113.7, 202.1 0.052 0.189 115.9, 203.1 0.111 0.217 114.1, 198.2
FNO 113.7, 153.3 0.052 0.172 115.1, 159.6 0.125 0.211 114.2, 149.

aFrom Ref. 40, H2 and H2O2 results from present work.
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MP2 D̄520.56 pm, Dstd50.45 pm, andDmax51.74 pm
and for CC2 D̄520.16 pm, Dstd50.28 pm, and Dmax

50.62 pm. If also the O–O, F–F, and F–O bonds, which
not described accurately at the MP2 level, are removed f
the test set the results change toD̄520.38 pm, Dstd

50.17 pm, and Dmax50.70 pm for MP2 and D̄
520.24 pm,Dstd50.21 pm, andDmax50.62 pm for CC2.

The test set employed for the above-mentioned st
includes only nine bond angles. Therefore, a statistical an
sis of the latter is abandoned. For all nine bond angles
CC2 results are rather close to the MP2 values, with
slightly larger tendency of CC2 to underestimate the exp
mental result, but this effect is rather minor.

In Table IV also an analysis of the RI errors in the eq
pr 2003 to 141.52.232.84. Redistribution subject to A
e
m

y
y-
e
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i-
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librium bond lengths are given. For the bond angles RI err
of 1023– 1022 deg are found. From these numbers it is o
vious that the effect of the RI approximation on the equil
rium structures is negligible for all practical purposes, if au
iliary basis sets optimized as suggested in Refs. 35 and
are used. This corroborates again the results of a numbe
previous investigations,10,13,35,37which showed that the R
approximation does not lead to any significant loss of ac
racy.

To study the difference in the trends of CC2 and M
equilibrium geometries in more detail and for a more rep
sentative set of molecules, we compare in Table V the b
lengths calculated for 34 molecules at the CC2/cc-pV
level with the respective MP2 results and the CCSD~T! val-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ues as reference. These calculations were carried out
only the valence electrons correlated. To rationalize the
sults the recently suggestedD1 and D2 diagnostics39,40 are
given in Table V, which are defined as

D15AmaxS lmaxF(
i

taitbiG ,lmaxF(
a

taita jG D , ~22!

D25AmaxS lmaxF(
ick

t ik
act ik

bcG ,lmaxF(
ack

t ik
act jk

acG D , ~23!

where lmax@M # is the largest eigenvalue of the matrixM .
The double-substitution amplitudes used for MP2 are th
for the MP1 wave function, while the single-substitution a
plitudes have to be taken from the MP2 wavefunction. F
CC2 the single- and the double-substitution amplitudes
obtained as solution of the cluster equations.

For a better comparison, the molecules are sorted
four groups according to the maximum deviation betwe
the MP2/CC2 and the CCSD~T! equilibrium bond lengths.
The first group comprises mainly hydrides of first-row ato
and HCl and BF, only CH2NH and C2H4 contain double
bounds. For all these molecules theD1 and D2 diagnostics
are small and there is little~0.1–0.2 pm! difference between
the MP2 and CC2 bond lengths, with the exception of
CvN and CvC double bonds in CH2NH and C2H4, re-
spectively. For these two molecules the diagnostics are
somewhat larger than for the other molecules. The CC2 b
lengths are slightly larger than the corresponding MP2 val
and, for these molecules, mostly somewhat closer to
CCSD~T! reference.

The second group, for which the MP2/CC2 results de
ate at most by 1 pm from the CCSD~T! bond lengths, still
contains mainly well-behaved closed-shell molecules,
also some intermediate cases with double and triple bo
For the latter cases we observe the largest deviations
tween CC2 and CCSD~T!: the double bonds in CH2O ~0.7
pm! and N2H2 ~1.0 pm! and the triple bonds in C2H2 ~0.6
pm! and HNC ~0.9 pm!. The respective MP2 bond length
are still close to the CCSD~T! reference, deviating not mor
than 0.2 pm. But there is also one case—the electron-
compound Cl2O—where MP2 underestimates the bo
length as much as 0.8 pm, while the CC2 result deviates
more than 0.3 pm from the CCSD~T! value.

The third group, where the MP2 and/or the CC2 bo
lengths deviate more than 1 pm from the CCSD~T! values
comprises the difficult cases with strong correlation effec
as clearly indicated by theD1 andD2 diagnostics. Let us we
first consider the molecules withD2(CC2),0.2. The results
for these cases underpin the trends found for the prev
group of molecules: the relaxation of the single-substitut
amplitudes in CC2 leads to an overestimation of the bo
lengths for strong double or triple bonds, e.g., CO2 ~1.3 pm!,
CO ~1.3 pm!, HCN ~1.4 pm!, N2 ~1.7 pm!, HNO ~1.9 pm!.
But we also observe the improvement in bond lengths
single bonds between atoms with several lone pairs, as F
ClOH, and F2 , where the MP2 results are too short by 1.2
1.8 pm. For these molecules theD1(CC2) diagnostic is be-
tween 0.02 and 0.065 andD1(CC2) is between 0.15 and 0.2
indicating strong correlation effects. For the last six m
Downloaded 16 Apr 2003 to 141.52.232.84. Redistribution subject to A
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ecules in Table V withD2(CC2).0.2 the errors in the MP2
and the CC2 bond lengths become larger then 2 pm, wh
shows that second-order methods are inadequate to des
accurately the electronic structure of these molecules. Th
in particular the case for the last three molecules where
D1 diagnostics indicate also notable static correlation effe
It is, however, encouraging that strong correlation effects t
may lead to problems in the CC2 bond lengths are relia
indicated by theD1 andD2 diagnostics.

In Table VI the harmonic frequencies obtained with t
CC2 model are compared for a subset of the abo
mentioned molecules with the MP2 results and CCSD~T!
values as reference. Not unexpected, the accuracy obta
for the harmonic frequencies goes very much in parallel w
that obtained for bond lengths, in particular for stretchi
modes. In almost all cases, the CC2 harmonic frequen
are below the respective MP2 values. For stretching mo
corresponding to single and CvC double bonds the CC2
results are thereby somewhat closer to the CCSD~T! refer-
ence values than the MP2 harmonic frequencies. In m
cases the differences between the CC2 and the MP2 re
are only minor. Only for the stretching modes in some co
pounds with several lone pairs (F2 , Cl2 , Cl2O, FOH! the
CC2 model improves considerably upon MP2. However,
most double bonds and for all triple bonds CC2 gives h
monic frequencies for the stretching modes, which are
low by 60 cm21 (CvO in CH2O) to 250 cm21 (N2). On
average CC2 gives harmonic frequencies of similar accur
as obtained with MP2, deviating by about 30– 50 cm21
from the CCSD~T! reference values, which are close to t
experimental results.

IV. LARGE SCALE APPLICATIONS: THE EQUILIBRIUM
GEOMETRIES OF TRANS-AZOBENZENE
AND CIS,TRANS-1,4-DIFLUOROBUTADIENE

To test the implementation of the RI-CC2 ground sta
gradient in typical applications, the equilibrium geometry
trans-azobenzene and the geometry and harmonic frequ
cies ofcis,trans-1,4-difluorobutadiene.

Let us first considertrans-azobenzene. This molecul
and its derivatives play an important role in the developm
of materials for optical data storage.41–44 The equilibrium
structure oftrans-azobenzene has for many years been s
ject of an ongoing discussion in the literature, since differ
experimental investigations came to contradictory conc
sions about the symmetry of the ground state, i.e., wheth
is planar withC2h symmetry or distorted toC2 or Ci sym-
metry. Only recently could it be shown that the gas-pha
equilibrium geometry indeed hasC2h symmetry.45,46 The
mechanism exploited for optical data storage involves acis/
trans isomerization induced by excitation to the lowe
p→p! excited states. The excited states oftrans-
azobenzene are therefore subject of intensive theore
investigations.11,46–48As pointed out in Sec. I, in particular
study of adiabatic transitions relies on an accurate desc
tion also of the ground state by the methods employed for
excited states. In this context it is of interest to know wheth
the CC2 model gives an accurate ground state equilibr
structure fortrans-azobenzene, and to which extent the CC
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VI. Harmonic frequencies. Comparison of CC2 with MP2 a
CCSD~T! results. All calculations were carried out using the cc-pVTZ ba
and a frozen-core approximation (1s for first-row and 1s2s2p for second-
row atoms!.

Molecule MP2a CC2 CCSD~T!a

max(uDre
MP2u,uDr e

CC2u)<0.5 pm
HF 4180 4149 4177
H2O 1652,3855,3976 1649,3830,3951 1669,3841,3946
NH3 1088,1687,3512, 1092,1684,3497, 1109,1688,3472

3655, 3637 3598
CH4 1350,1586,3076, 1348,1584,3070, 1344,1571,3035

3212 3202 3154
HCl 3054 3046 3000
BF 1416 1391 1403
CH2NH 1075,1101,1177, 1068,1091,1169, 1073,1081,1162

1378,1494,1679, 1370,1481,1653, 1387,1483,1675
3090,3197,3482 3078,3186,3466 3052,3152,3441

C2H4 828,960,983, 825,948,977, 823,942,967,
1076,1247,1384, 1072,1244,1376, 1047,1242,1369
1485,1684,3179, 1481,1667,3174, 1479,1672,3139
3197,3268,3294 3190,3260,3287 3157,3219,3246

0.5 pm,max(uDre
MP2u,uDr e

CC2u)<1 pm
H2 4527 4521 4409
SiH4 951,1004,2296, 948,1002,2294, 931,984,2251

2303 2300 2259
CH2 1430,2990,3067 1428,2981,3055 1407,2912,2983
H2S 1211,2780,2799 1209,2773,2791 1204,2717,2732
C2H2 589,753,1975, 563,743,1933, 578,747,2001,

3446,3541 3442,3531 3410,3511
CH2O 1209,1280,1553, 1197,1266,1533, 1192,1275,1543

1772,2970,3043 1723,2951,3013 1781,2929,2996
Cl2O 301,657,740 289,634,699 294,644,700
HNC 503,2025,3837 470,1942,3810 473,2045,3825
N2H2 1347,1348,1513, 1337,1338,1447, 1328,1350,1558

1622,3320,3354 1610,3303,3334 1622,3269,3301

1 pm,max(uDre
MP2u,uDr e

CC2u)
BCl 858 854 838
FOH 996,1412,3798 920,1375,3761 925,1397,3780
ClOH 769,1278,3802 746,1264,3765 731,1280,3809
CO2 656,1332,2426 629,1253,2334 660,1346,2396
CO 2121 1985 2154
HCN 719,2027,3476 706,1954,3457 716,2111,3444
N2 2195 2093 2346
F2 1017 957 920
Cl2 577 569 546
HNO 1486,1586,3028 1378,1546,2956 1540,1597,2938

D̄ 19 24

D̄abs
31 34

Dstd 37 54
Dmax 151 253

w/o problem casesb

D̄ 24 9

D̄abs
27 24

Dstd 26 30
Dmax 118 112

aFrom Refs. 39 and 40. For the CCSD~T! harmonic frequencies for C2H2 ,
CH4 , CO, CO2 , H2 , H2O, HCN, HF, NH3 , N2 , CH2O, and F2 see also
Ref. 53.

bWithout problem cases, i.e., the following stretching modesn~F–O! ~in
FOH!, n~Cl–O! ~in ClOH!, n~F–F! ~in F2), n~Cl–Cl! ~in Cl2), n~C–O! ~in
CO2 , CO!, n~C–N! ~in HCN, HNC!, n~N–N! ~in N2 , N2H2), n~N–O! ~in
HNO!.
Downloaded 16 Apr 2003 to 141.52.232.84. Redistribution subject to A
bond lengths and angles differ from the MP2 and the exp
mental values. In Table VII the results for the CC2/cc-pVT
geometry oftrans-azobenzene are listed in comparison w
the respective MP2 and the experimental~GED! results. The
CC2 and MP2 calculations11 were carried out using a frozen
core approximation for the 1s orbitals of carbon and nitro-
gen. For the numbering of the atoms see Fig. 1. This co
parison shows that the results from the previous section
transferable to larger molecules. Apart from the NvN
double bond, all other bond lengths and angles agree v
well with the experimental results, keeping in mind that t
latter refer to the vibrational averaged (R0) parameters.
Little difference—only 0.1–0.2 pm in the bond lengths a
0.1 deg in the bond angles—is found between the CC2
the MP2 equilibrium structure. Only for the NvN double
bond the difference is larger, here one finds again the tr
already observed in Sec. III, namely that the lengths of m
tiple bonds are overestimated by 0.5–1.5 pm.

The second example,cis,trans-1,4-difluorobutadiene, is
one of the compounds studied recently within a series
experimental investigations on the structures and vibratio
spectra of fluorinated unsaturated hydrocarbons.49–52 In
Table VIII the MP2 and CC2 equilibrium structures calc
lated within the cc-pVQZ basis sets are listed. For these

TABLE VII. The CC2 equilibrium structure (Re) of trans-azobenzene in
comparison with the MP2 structure and experimental (R0) results.

Bond

Ab initio calculations Experiments

MP2/cc-pVTZa CC2/cc-pVTZ GEDb GEDc

Bond length~pm!
N2vN1 126.8 127.5 126.8 126.0~8!
C3– N1 141.7 141.9 142.7 142.7~8!
C5– C3 140.0 140.2 139.6 140.5
C7– C3 139.7 139.8 139.6 140.1
C9– C7 139.1 139.3 139.6 139.6
C11– C9 139.3 139.4 139.6 139.7
C13– C11 139.8 140.0 139.6 140.2
C13– C5 138.8 138.9 139.6 139.3
H15– C5 108.0 108.0 108.8 110.2~7!
H17– C7 108.1 108.2 108.8 110.2~7!
H19– C9 108.1 108.2 108.8 110.2~7!
H21– C11 108.1 108.1 108.8 110.2~7!
H23– C13 108.2 108.2 108.8 110.2~7!

Angles ~deg!
C3– N1vN2 113.7 113.6 114.5 113.6~8!
C5– C3– N1 124.6 124.5 123.0 124.7~9!
C7– C3– N1 115.1 115.0
C3– C5– C13 119.3 119.2
C3– C7– C9 120.1 120.0
C5– C13– C11 120.5 120.5
C5– C3– C7 120.3 120.3
C13– C11– C9 120.0 120.0
C11– C9– C7 119.8 119.7
H15– C5– C3 119.1 119.1
H23– C13– C5 119.7 119.7
H21– C11– C13 119.9 119.9
H19– C9– C11 120.2 120.1
H17– C7– C9 121.6 121.6

aSecond-order Møller–Plesset perturbation theory, Ref. 11.
bGas electron diffraction, Ref. 54.
cGas electron diffraction, Ref. 45; in addition to values given also the
ference (/C(5)-C(3)-N(1)-/C(7)-C(3)-N(1))/2 was determined to be 5.0~9!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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culations again a frozen-core approximation was emplo
for the 1s orbitals of the carbon and fluorine atoms. For t
numbering of the atoms see Fig. 2. The harmonic frequen
calculated with MP2 and CC2 in the cc-pVTZ basis~using
geometries optimized with the same methods and basis!
are listed in Table IX. Again, the comparison of MP2 a
CC2 results for the bond lengths confirms the trends foun
Sec. IV: while there is little difference in the bond lengths f
the C2– C3 and C–H single bonds, the CvC double bonds
and the C–F bonds are elongated by about 0.3 and 0.45
respectively. Even though it is difficult to claim that eith
CC2 or MP2 is more appropriate for these molecules, fr
the findings of Sec. III one can expect that CC2 gives for t
example the more accurate equilibrium structure. In parti

FIG. 1. Trans-azobenzene. Structure and enumeration of atoms.

TABLE VIII. The equilibrium structure ofcis,trans-1,4-difluorobutadiene
calculated at the CC2/cc-pVQZ level in comparison with the MP2 struc
and the experimental result.

Bond/angle MP2/cc-pVQZ CC2/cc-pVQZ Expt.a R0

Bond lengths~pm!
C2– C3 144.5 144.5 143.9~18!
C1vC2 133.0 133.4 134.9~11!
C3vC4 133.1 133.4 134.5~2!
C1– F1 133.8 134.3 134.7~3!
C4– F4 134.2 134.7 134.7~3!
C1– H1 107.9 108.1 108.3~4!
C2– H2 107.9 108.1 108.2b

C3– H3 108.0 108.1 108.3b

C4– H4 107.7 107.8 109.2~2!

Bond angles~deg!
C1vC2– C3 121.3 121.3 120.1~18!
C2– C3vC4 124.2 124.2 123.1~8!
C2vC1– H1 125.4 125.6 127.4~11!
C1vC2– H2 119.2 119.3 119.0b

C4vC3– H3 116.1 116.1 116.0b

C3vC4– H4 125.4 125.6 126.4~3!
C2vC1– F1 121.8 121.7 121.3~11!
C3vC4– F4 121.7 121.7 121.2~2!
H1– C1– F1 112.8 112.6 111.3~2!
C3– C2– H2 119.6 119.5 120.9~7!
C2– C3– H3 119.6 119.6 120.9~8!
H4– C4– F4 112.9 112.8 112.3~1!

aFrom microwave spectroscopy, Ref. 52.
bResults of DFT calculations. For the fitting of the structure parameter
the results obtained from the microwave spectra the C2– H2 and C3– H3

bond lengths and the angles C1vC2– H2 and C4vC3– H3 were fixed to the
results of a DFT calculations. Reference 52.
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lar, for the C–F and CvC bonds the MP2 results are ex
pected to underestimate the true results for the equilibr
bond lengths (Re). The experimental results of a very rece
microwave study52 listed for comparison in Table VIII are
slightly closer to the structure obtained with CC2. This do
however, not really confirm the above-mentioned conclus
since the experimental results refer to the vibrational av
aged structure (R0), while the calculated results are equilib
rium structures (Re). In the present case, the experimen
results—obtained by a fit to the microwave spectra of a nu
ber of isotopomers of C4H4F2—are also affected by con
straints imposed to the fit~the bond lengths and angles at th

e

to

FIG. 2. Cis, trans-1,4-difluorobutadiene. Structure and enumeration of
oms.

TABLE IX. Harmonic vibrational frequencies for cis,trans-1,4-
difluorobutadiene calculated at the CC2/cc-pVTZ level in comparison w
the MP2 harmonic frequencies and the experimental fundamental band

Band/symmetry MP2/cc-pVTZ CC2/cc-pVTZ Infrareda Ramana

n1 a8 3268 3258 3114 3114
n2 a8 3245 3235 3082 3078
n3 a8 3237 3229 3062
n4 a8 3228 3218 3036
n5 a8 1749 1725 1690 1679
n6 a8 1686 1658 1629 1621
n7 a8 1434 1421 1391 1385
n8 a8 1351 1341 1313 1313
n9 a8 1286 1272 1253 1252
n10 a8 1249 1239 1224 1219
n11 a8 1174 1168 1138
n12 a8 1168 1152 1129 1106
n13 a8 1033 1020 1017 1015
n18 a9 965 962 929 930
n19 a9 918 904 887 893
n20 a9 855 837 824 826
n21 a9 787 784 758 765
n14 a8 717 712 706 704
n22 a9 527 523
n15 a8 512 506 504 505
n16 a8 305 302 308 312
n23 a9 242 246 230 242
n24 a9 162 157 155
n17 a8 136 136 138 146

aInfrared and Raman spectra from Ref. 52.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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atoms H2 and H3 were fixed to the results of a B3-LYP/TZ2
DFT calculation! and numerical problems, which lead
relatively large uncertainties for some structure paramet
The most evident difference between the experimental
sults and theab initio calculated structures is that in th
structure fitted to the microwave spectra the two C–F bo
have the same lengths, while the lengths for C1vC2 and
C3vC4 bonds differ by 0.4 pm. On the contrary, the prese
MP2 and CC2 calculations and the B3-LYP/TZ2P dens
functional theory~DFT! calculations of Ref. 52 give in clos
agreement that there is little difference between the leng
of the two CvC double bonds and that the C4– F4 bond is
about 0.4 pm longer than the C1– F1 bond. Another apparen
difference is the C2– C3 bond length, which in MP2 and CC
is obtained 0.6 pm shorter than the experimental value.
latter has, however, a rather large uncertainty~see Table
VIII !.

V. CONCLUSIONS

An analytic gradient of the second-order approxim
coupled-cluster singles-and-doubles model CC2 has b
implemented in the RI-CC2 program of theTURBOMOLE

package. By virtue of the RI approximation the compu
tional costs, i.e., CPU time, memory and disk space requ
ments are largely reduced compared to implementations
ploying conventional four-index electron repulsion integra
Thereby, CC2 geometry optimizations for medium siz
molecules with 10–30 atoms, which were challenging or i
possible to carry out with previous implementations, beco
routine applications taking not more than a few hours or d
of CPU time. As has been found before for MP2, the
approximation leads also for CC2 only to negligible errors
equilibrium structures—far beyond experimental accurac
if optimized auxiliary basis sets are used. With the recen
suggested auxiliary basis sets for the correlation-consis
one-electron basis sets cc-pVXZ (X5D, T, Q!, the RI errors
in the bond lengths are of the order of 1023 pm and the RI
errors in the angles are about 1023– 1022 deg.

While structurally similar to MP2, differing only in the
relaxation of the single-substitution amplitudes, CC2 sho
notable differences in its trends for equilibrium geometri
multiple bonds, in particular triple bonds, are compared
MP2 elongated by 0.5–2 pm, which in many cases lead
an overestimation of the experimental values forRe . On the
contrary, for most single bonds, in particular for those b
tween atoms with correlated lone pairs as, e.g., in Cl2O and
F2 , the CC2 bond lengths are somewhat closer to
CCSD~T! and the experimental values than the MP2 resu
Overall, the present investigation, which covered 34 m
ecules with first- and second-row atoms and basis set
different quality, shows that the CC2 model leads—as ant
pated in previous publications—to equilibrium geometries
similar accuracy as obtained with MP2. TheD1 andD2 di-
agnostics are found to be reliable indicators for static
strong dynamic correlation effects not adequately treate
the CC2 level. The accuracy obtained for harmonic frequ
cies goes in parallel with the trends observed for bo
lengths. In most cases CC2 gives smaller harmonic frequ
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cies than MP2. For stretching modes corresponding to sin
bonds the CC2 results are thereby mostly somewhat clos
the CCSD~T! and the experimental values, for most doub
bonds and, in particular, for triple bonds, where CC2 gives
long bond lengths, the harmonic frequencies for the co
sponding stretching modes are considerably underestima
The applicability of RI-CC2 geometry optimizations on mo
ecules, which for conventional implementations are
present out of reach, has been demonstrated by calcula
for the equilibrium structure oftrans-azobenzene and
cis,trans-1,4-difluorobutadiene. The CC2 equilibrium stru
ture and harmonic frequencies forcis,trans-1,4-
difluorobutadiene are the most accurate availableab initio
results for this molecule.

Thus, the present results are quite encouraging for fu
applications of the RI-CC2 approach for the investigations
equilibrium structures and vibrational frequencies for exci
states of medium sized molecules, which cannot be acce
by highly correlated methods as, for instance, CCSD or C
or multireference CI and coupled-pair functional metho
Work on this subject is in progress and will be reported in
forthcoming publication.55
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50B. Maté, A. Hight Walker, R. D. Suenram, and N. C. Craig, J. Phys. Che

A 104, 9489~2000!.
51N. C. Craig, C. M. Oertel, D. C. Oertel, and M. Lock, J. Phys. Chem

105, 6008~2001!.
52N. C. Craig, C. M. Oertel, D. C. Oertel, M. J. Tubergen, R. J. Lavrich, a

A. M. Chaka, J. Phys. Chem. A106, 4230~2002!.
53J. M. L. Martin, J. Chem. Phys.100, 8186~1994!.
54M. Traetteberg, I. Hilmo, and K. Hagen, J. Mol. Struct.39, 231 ~1977!.
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