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This chapter reviews briefly the theory of second-order Btefllesset perturbation theory
(MP2), the approximate coupled-cluster singles-and-tisumethod CC2 and closely related
ab initio methods for calculations on excited states whiehttthe electron-electron interaction
correctly through second order. It is shown how the comprtat costs (CPU time and storage
requirements) can be reduced for these methods by orderagiditades using the resolution-
of-the-identity approximation for electron repulsionegtals. The demands for the auxiliary
basis sets are discussed and it is shown how with optimizeis lsats the errors due to this
approximation become insignificant compared to the usumlabbasis set error. Furthermore,
a parallel implementation of RI-MP2 and RI-CC2 in the TURBOME program package for
distributed memory architectures (as e.g. clusters oklimxes) is presented and some proto-
typical applications are reviewed.

1 Introduction

During the last year many wavefunction based correlatiothous have been proposed
for applications on extended molecular systems. Most ahthee based on the so-called
local correlation approaét?, and/or on an extensive screening of small and often long
ranging contributions to the correlation enefg¥4 Some approaches introduce empiri-
cal parameters or rely on a balance between certain cotitnilsuwvhich in practise might
or might not be givet?~*5 For most of these approaches it is not yet clear to whichelxte
they can be developed in the near future into competitivéhoti for extended systems.
In particular, if the reduction of the computational costsripared to more traditional im-
plementations of quantum chemical methods) relies on astrg in the atomic orbital
(AO) basis set, calculations on extended systems are offigrpossible with rather small
basis sets which cannot supply the accuracy expected franmrelatedab initio method.
Eventhough, usually only explored for electronic grouradest, most of these approaches
could in principle also be generalized to excited stated.f@uarger molecules, calcula-
tions for excited states employ often so-called respongbauds and the parameterization
of the excited state used in these methods hampers the appiiof the local correlation
and related approach&s?!8

We will therefore in the following not go into the details dfetse approaches, but re-
strict the following discussion to the underlying eleciimstructure methods, which are
usually single-reference coupled-cluster (CC) and, iti@aar, for larger systems Mgller-
Plesset perturbation theory through second order (MP2glated methods for excited
states. The implementation of the latter methods has duhedast decade improved
dramatically by combining them with the so-called resantdf-the-identity (RI) approx-
imation for the four-index electron repulsion integralR(E) with optimized auxiliary
basis sets. Even without any further approximations arsetimeethods today applicable



to systems with up to 100 or more atoms. Since the Rl apprdiomdepends little on
the electronic structure of the investigated system it cadsliminish the applicability of
the underlying electronic structure methods. It is also jgatible and can be combined
with the above mentioned screening based approached toe édther the computational
costs!® 20 Thus, it can be expected that these two aspects, the tretihite electron
correlation through second-order and the RI approximdtoE&RIs will remain important
ingredients also in future correlated wavefunction basethods for extended systems.

In the following the theory of wavefunction based ab initietimods that treat the
electron-electron interaction correctly through seconder is briefly reviewed. The em-
phasis will be on methods for excited states which can beeel®o the approximate
coupled-cluster singles-and-doubles model CC2, an appedion to the coupled-cluster
singles-and-doubles method (CCSD). In Sec. 3 it is shown thencomputational costs
for these methods can be reduced drastically by using thefitbaimation and disc space
bottlenecks for these methods can be resolved by an doublg#ades-direct implemen-
tation. A recent parallel implementation for distributedmmory architectures is present in
Sec. 4 and some example applications with RI-MP2 and RI-G€2eviewed in Secs. 5
and 6.

2 Second-order methods for ground and excited states

Second-order Mgller-Plesset perturbation theory is aeptually simple and technically
the most simplest ab initfacorrelation method. It can be derived by expanding the wlut
of the electronic Schrodinger equation as a Taylor senake fluctuation potential (vide
infra). This can be done either in the framework of configorainteraction theory or
using the single-reference coupled-cluster ansatz fovgivefunctior?! We will take here
the latter starting point to have a close connection to amlxoluster response and related
methods for excited states. In the coupled-cluster ansatwavefunction is parameterized
as

|CC) = exp(T)[HF) (1)
with the cluster operator defined as
T=Ty+Ty+T5+... 2)
where
Ty = tfu =D thit, To=Y tufu, = Y tofa, ... (3)
11 ai 12 ai>bj

The coefficients,,, are called the cluster amplitudes and the excitation opesat, gen-
erate all possible single, double, and higher excited detemts if applied on the ground
state Hartree-Fock (HF) determinaHtF). Here and in the following, we use the conven-
tion that indeces, j, ...denote occupied, b, ...virtual, andp, ¢, ...arbitrary molecular
orbitals (MOs).

“Here and in the following we use “ab initio” for electronicwtture methods which are systematically improv-
able in the sense that they are members of a hierarchy whiorerges to the exact solution of the electronic
Schrddinger equations, i.e. the Full configuration intgoa (Full CI) limit.



Inserting the ansatz (1) into the electronic Schrodingeia¢gion and multiplying from

the left withexp(—1') one gets
exp(—T)H exp(T)|HF) = E|HF) . (4)

Projecting the above form of the Schrodinger equation ahéoHF determinant and a
projection manifold of (suitable linear combinations ofred determinants one obtains
an expression for the ground state energy

E = (HF| exp(—T)H exp(T)|HF) = (HF|H exp(T)|HF) , (5)
and the cluster equations
0 = (u;l exp(—f’)f{ eXp(T)|HF) , (6)

which determine the amplitudeg,. Since we have not yet made any approximation, the
above equations still give the exact ground state solutiotihe electronic Schrodinger
equation. Truncating the cluster operator (2) after thglsifl;) and double (%) excita-
tions gives the coupled-cluster singles-and-doubles @@&ethod, truncating it aftefs
the CCSDT method, and so oh.

Expressions for Mgller-Plesset perturbation theory avadioby splitting the Hamilto-
nian into the Fock operatdt as zeroth-order and the electron-electron fluctuationniate
as first-order contribution to the Hamiltonian

HO—p, A —b—H_F, @)

and expanding Egs. (5) and (6) in orders of the fluctuatioemal. If the Brillouin-
Theoremiis fulfilled and’,| H|HF) = 0, i.e. for a closed-shell or an unrestricted open-shell
Hartree-Fock (UHF) reference, the MP2 energy is obtained as

Enps = (HF|OTSV|HF) = > ¢ (HF|b[2h) ®)
ai>bj
with
(¢%||HF)

0=(F, TV +dHF) & 9 =4 1
<z][ » £2 ]+ | > ab €i_6a+€j_€b

9)
where we assumed canonical molecular orbitalsegratte the orbital energies.
Mgller-Plesset perturbation theory can not straigthfodiyabe applied to excited
states, since wavefunctions for excited states usuallyireq multi-reference treatment.
For reviews on multi-reference many-body perturbatiomtii@nd its application on elec-
tronically excited states see e.g. Refs. 22,23. Correlgednd-order methods for the cal-
culation of excitation energies based on a single-referéneatment for electronic ground
states can, however, be derived within the framework of tlipluster response theory.
The idea behind response theory is to study a system expodedd-dependent exter-
nal (e.g. electric) fields and to derive from the responseéhefwavefunction or density
the frequency-dependent properties of the system—for plapolarizabilities and hyper-
polarizabilities. The latter properties have singulastivhenever a frequency of a field

bSimilar as in configuration interaction theory, a truncatigter single excitations (CCS) does not give a usefull
method for the calculation of ground state energies. As¥el from the Brioullin theorent(’,| H|HF) = 0,

the cluster equations have then for a closed-shell or arstrioted open-shell reference determinant the trivial
solutiont?, = 0 and the CCS energy becomes equal the HF energy.



becomes equal to an excitation energies of an allowed tiamén the system. Thus, from

the poles of frequency-dependent properties one can fyeéné excitation energies.
Consider a quantum mechanical system described in the tumiped limit by the time-

independent Hamiltoniand (*) which is perturbed by a time-dependent potential:

H(t,e) = HO + V(t,e). (10)
We assume that the perturbatiBrcan be expanded as a sum over monochromatic Fourier
components

V(t,e) = Zvjeje_iwft , (11)
J

Wheref/j are hermitian time-independent one-electron operatogs f@ an electric field
the dipole operator}, the time and:; are the amplitudes of the associated field strengths.
Then the full time-dependent wavefunction of the system, the solution to the time-
dependent Schrodinger equation, can be expanded as a peries in the field strengths
as

\I/(t) _ [\I,(O) + Z qlgl)(wj)eje—iwjt + .. } 671‘ ftto dt,(‘i’(t)\ﬁ(t,ﬁ)*ia%/\‘i’(t» 7 (12)
J

phase-isolated wavefuncti@n

and an expectation value for an opergias

() () = (T @OaE (@) = p + Z«u; Vidw e+ (13)

For detailed reviews of modern response theory and its im@hgation for approximate
wavefunction methods the interested reader is referedf® R€—29. The important point
for the calculation excitation energies is that the polethéresponse function§u; V).,
occur whenw becomes equal to an eigenvalue of the stability matrix ofetimployed
electronic structure method for the unperturbed systene stability matrix contains the
derivatives of the residua of the equations which deterrttivevavefunction parameters
with respect to these parameters. For Hartree-Fock, roafiigurational self-consistent
field (MCSCF), density functional theory (DFT), configumatiinteraction (Cl) or other
methods which are variational in the sense that the wavdmparameters are deter-
mined by minimization of the energy, the stability matrixti® so-called electronic Hesse
matrix—the matrix of the second derivatives of the energyhwespect to the wavefunc-
tion parameters. For coupled-cluster methods the clusiplitudes are determined by the
cluster equations (6). Arranging the residua in a vectoction

Q. (t,) = (sl exp(=T)H exp(T)[HF) , (14)
the stability matrix is given by the Jacoby matrix
dQ,,, A .
A, = # = (wil exp(=T)[H,7,,] exp(T)HF) , (15)
Vi le=0

Note thatH (*) includes here the fluctutation potential in difference to @, where the fluctuation potentid
has been the perturbation.



where|.—o indicates that the derivatives are taken for the unpertlgystem, i.e. at zero
field strengths. In configuration interaction theory théaitgy matrix becomes the matrix
representation of the reduced Hamiltontn- £, (whereE, is the ground state energy) in
the space orthogonal to the electronic ground stdtecoupled-cluster theory this matrix
representation is obtained in a similarity transformeddyas

In this way excitation energies can in principle be derivedany electronic structure
method. However, to obtain physical meaningfull and adeurasults, the method has to
fulfill certain requirements. For example from the equatiéor the amplitudes in MP2,
Eq. (9), one obtains a Jacoby matrix which gives only exoitegnergies corresponding to
double excitations and these would be equal to the orbitaiggrdifferences in the denom-
inator of the amplitdes. The two most important requirersang firstly, that there must be
one-to-one correspondence between the parameters of leéumation and at least the in-
vestigated part of the spectrum of the Hamiltonian. Thisieg methods which determine
the time-dependent variables by single set of equations,cagime-dependent Hartree-
Fock (HF-SCF), density functional theory (DFT) or multinfiguration self-consistent
field (MCSCF, CASSCF, or RASSCF), but not a time-dependenfigoration interac-
tion (ClI) treatment on top of a time-dependent HF-SCF catioh. For this reason the
coefficients of the Hartree-Fock orbitals are above in Ef$) and (15) not considered
as parameters of the time-dependent wavefunction, sirnsesdicond set of variables in
the time-dependent problem would lead to a second set oheagiees corresponding to
single excited states, additionally to the one obtainethftbe parametrization through
the singles cluster amplitudes. Instead, the time-depgngavefunction is in coupled-
cluster response theory usually constructed using thee{tmdependent) orbitals of the
unperturbed system with time-dependent cluster amplktu8econdly, to obtain accurate
results the stability matrix must also provide an accurpfg@ximation of the those blocks
of the Hamiltonian which are most important for the investeyl states. For single exci-
tations these are the singles-singles bldck ,, and the off-diagonal blockd.,,,,, and
A, .2 nextto it. With the usual single-reference coupled-clustethods these blocks
are described most accurately and therefore the excitatiengies for single excitation
dominated transitions are obtained with the highest acguvéhile excitation energies for
double and higher excitations are usually considerablydesurate.

Already at the coupled-cluster singles (CCS) level (whateicitation energies is—in
contrast to ground state calculations—not equivalent tdrele-Fock, but to configuration
interaction singles (CIS)), excitation energies for gateminated by single replacements
of one spin-orbital in Hartree-Fock reference determirsaatobtained correctly through
first order in the electron-electron interaction.

A second-order method for excited states which accountth#@above requirements
and takes over the accuracy of MP2 to excited states dondibgteingle excitations can be
derived by approximating the cluster equations to lowesénin the fluctuation potential.
But in difference to the derivation of MP2 in Egs. (7) — (9) Wiewa in the Hamiltonian for
an additional one-electron perturbation

Ht)=F+d+V(t), (16)

4In connection with Cl and propagator methods (approximatalyix representations df — E are often also
refered to as secular matrix.

¢{pi| exp(=T) for the bra ancbxp(7')|1;) for the ket states, whergi;) = 7, [HF); for further details see
e.g. Ref. 21



which can induce transitions to single excitations and hasecessary in CC response
theory, not been included in the Hartree-Fock calculatiBecause of the latter, single
excitation amplitudes contribute now to the cluster opmratready in zeroth order in the
fluctuation potential®, and in first orderl}; and 7% both contribute to the wavefunc-
tion. Approximating the equations that determine theselidides to second (singles) and

first order (doubles) one obtains the equations for the aqipiaite coupled-cluster model
CC20.3L

0 = (9|[H, Ts] + H[HF) , (17)
0 = (|[F, T3] + H|HF) (18)

where a similarity transformed Hamiltonidit = exp(—17})H exp(1}) has been intro-

duced to obtain a compact notation. In difference to MP2 thea@ons for CC2 have to
be solved iteratively because of the coupling introduced’hy The ground state energy
obtained from CC2

Eccs = (HF|®(Ty + 171 T1)[HF) (19)

is, as for MP2, (only) correct through second-order in thetélation potentidl, but it leads

to a Jacoby matrix with the singles-singles blatk, ,, correct through second-order and
the off-diagonal blocks\ ,,,,, andA,,,, correct through first-order in the fluctuation po-
tential, while the doubles-doublées,,,., block is approximated by the zeroth-order term:

Aam<@uu%+[ iux%uHF>@nénﬁmHF>>_ 0)
I, FEIEE) (|, 7 [HF)

183 m”

CC2 is the computational simplest iterative coupled-eustodel which gives single ex-
citation energies which are correct through second-ord@érough the similarity trans-

formed Hamiltoniand = exp(—T})H exp(1}) the Jacoby matrix in Eq. (20) includes,
however, also some higher-order terms, since for the uniet system the singles ex-
citation amplitudes,,, contribute only in second- and higher orders to the grouatést
wavefunction? Excluding these terms and replacing the doubles amplitbgleke first-
order amplitudes, Eq. (9), from which the MP2 energy in clalmd, one obtains the Jacoby
matrix of the CIS(DQ,) approximatiod®, an iterative variant of the perturbative doubles
correctiorf® CIS(D) to CIS (or CCS):

CIS(Dwo) _ @l + [ﬁ,TQ]),%§|HF> <?|[1%77ﬁ1§fi]|HF>
A ( (<] [T, 7¢] [FTF) @ww%m)' @)

This jacobian contains the minimal number of terms requioezbtain the excitation ener-
gies for single replacement dominated transitions cotheough second order. However,

fTherefore, CC2 does in general not describe ground statgiesgstructures, or properties more accurately
than MP2. Its advantage upon MP2 is that, combined with @lipluster response theory, it can (in contrast to
the latter) applied succesfully to excited states.

9We assume here that the Brioullin theorem is fulfilled andstthe occupied/virtual block of the Fock matrix
vanishes. This holds for closed-shell and unrestrictech-gbell Hartree-Fock reference states. For a discussion
of adgitio?gal terms that need to be accounted for in restticipen-shell SCF based calculation we refer e.g. to
Refs?32:33



itis not possible to construct a coupled-cluster model Wieads exactly to such a Jacoby
matrix.

The computational savings of CIS(D) compared to CC2 are rather limifédind CC2
has, as a memember of the hierarchy of coupled-cluster @etB@S, CC2, CCSD, CC3,
CCSDT,. .. certain conceptual advantages. The Jacoby matrix of théDGtS approxi-
mation may, however, used as starting point to derive theigsative doubles correction
CIS(D) to the CIS (or CCS) excitation energiés

§ CIS U1K
(y( ) E

2 R2V1

CIS
ES! (22)

CIS(Dos) _ A CIS
A#ll’l A#ll’l + Z WwCIS _ ¢
K2
H1v1 K2
or
ACIS(Dec) p CIS(Do)
CIS(D) __ , CIS (D) _ CIS | A CIS(Doo) k2 KoVl CIS
w =w +w - Z EMl AMlVl + Z WwCIS _ ¢ EV1
Hivy K2 2

. (23)
wheree,, contains the orbital energy difference for a double exicitakfjb = €q — € +

€p — €5.

Another second-order method for excited states which éedlto CC2 and CIS(D) is
the so-called algebraic diagrammatic construction thingegzond order ADC(23%:37 The
secular matrix of ADC(2) is just the symmetric partAf1S(P-):

1
AAPCER) — 1ACIS(D) | %(ACIS(DW)) : (24)

which leads to some conceptual and also computational gicgplons e.g. in the calcu-
lation of derivatives (gradients!) since the left and rigigenvectors are identical. Other
second-order methods for excited states are the secowd{oothrization propagator ap-
proach3®3°SOPPA and the perturbative doubles correctfoRPA(D), to time-dependent
Hartree-Fock, which for excitation energies is also knowrree random phase approxi-
mation (RPA). The latter method can also be understood as-dt@m@tive approximation
to SOPPA, similar as CIS(D) is a non-iterative approximatio CIS(D,,). The relation
of RPA(D) and SOPPA to the single-reference coupled-alustponse methods is some-
what more difficult, since these methods are are member&efetit hierarchy of methods
(with RPA (TDHF) as first-order model) which is related to wecalled orbital-optimized
coupled-cluster (OCC) methdds*?2 Therefore, these methods will not be discussed in de-
tail in the following, but we note that same concepts (dosialaplitude-direct formulation
and Rl-approximation) can by applied to reduce also fordtthe computational costs to
the same extend as for CC2, ADC(2), CIS{D and CIS(D).

2.1 Doubles amplitude-direct formulation of second-ordemethods

An important feature of second-order methods or approx@mdaubles methods, as one
might also call them, is that an explicite storage (in RAM ardisk) of complete sets of
double excitation amplitudes can be avoided similar astthrage of triples amplitudes is
avoided in the approximate triples methods CCSD(T), CC3DTCSDR(3), or CC3346
This is important for applications on large molecules sisicailar as for the approximate
triples methods the storage of the amplitudes would protahje-scale applications sim-
ply by a storage space or I/O bottleneck.



For example, the MP2 energy can be calculated without gfdhia double excitation
amplitudes using the following schefne

do ¢ = 1, nocc
do j = 1, nocc
do a =1, nvirt
do b =1, nvirt
e = (ialjb)/(€; — €a + € — €)
Enmpa = Enpa + {2(ialjb) — (ialjb)}t2),
end do
end do
end do
end do

Similar as for MP2, also for CC2 the equations for the doulalewlitudes can—for
given singles amplitude§—immediately be inverted to

£, = (ailbj)/(e; — €a + € — €b) (25)
where the similarity transformation wittxp(7}) has been included in the AO-to-MO
transformation for the modified two-electron integrals

(ailbg) =Y AR, S AR AT AL (aflv0) (26)
@ B8 v §

With A, = Coq — > Caxth andA”, = Cui + Y, Cactl. Inserting Eq. (25) into the
equation for the singles amplitudes, Eq. (17), gives a seffettive equations for the CC2
singles amplitudes, which reference the doubles amphtuieonly as intermediates,
which can be calculated and contracted with one- and twegnals “on-the-fly” whithout

storing a complete set of these amplitudes on disk:

do ¢ = 1, nocc
do j = 1, nocc
do a =1, nvirt
do b =1, nvirt

t% = (ailbj)/(e; — €a + €j — €)
Qci - Qci + Zabj (Qﬁljb - tZ'Zl)(ijCG)

Qak = Qak — oy, (265, — t57) (jbik)

end do
end do
end do
end do

" The explicite formulas given here and below are for a clasteel} restricted Hartree-Fock reference determinant.



To avoid the storage of doubles amplitudes is even more itaptfor excited states, since
in this case else doubles contributions to eigen- or triatass would have to be stored for
several simultaniously solved eigenvalues and a numhatib@s. An explicite reference
to the doubles part of eigen- or trial vectors during the soiuof the eigen problem can
for the approximate doubles methods be removed by expipttie particular structure
of the Jacoby or secular matrices of these methods, in whieldoubles-doubles block
is in the canonical orbital basis diagonal with the diagaiaiments equal to SCF orbital

energy differences:
A#ll/l A#1V2 ) (El/1 ) (Eyl )
=w . 27

(A,UQVI 5#2 va € K, L, (27)
The doubles part of the eigenvectors is thus related to tigdes part and the eigenvalue
through the equation

A v El/1

= M . (28)

W= €,

Eﬂz
which allows to partition the linear eigenvalue problemtia space of singles and doubles
replacements as an effective eigenvalue problem in theeggfainly the single excitations:

3 AW1+Z%“27‘3:“ B, =Y A (WE, =wE,, .  (29)

121 K2 V1

The last equation is, however, in difference to Eq. (27) alinear eigenvalue problem
because the effective Jacoby matAgff ) depends on the eigenvaluewhich is itself
first know when the equation has been solved. But with itegdéichniques this eigenvalue
problem can be solved almost as efficiently as the originadi eigenvalue problem and
the elimination of the need to store the doubles part of gniudr trial vectors more than
compensates this complicatiéh.

To apply these iterative techniques for the solution ofdasgale eigenvalue problems
one needs to implement matrix vector products of the form

Ulh w bl/1 Z Ae 11/1 Z AHl vy bul + Z Alh K2 Vl AN2V1 b < (30)

— €ky

Note the similarty of the quotient in the last term with th@esssion in Eq. (28). For CC2
this term becomes

i b 2(ailbj) — (bilaj
b9 = 3 Asagrett = S0, 7R = 200) = (bilad) gy

€; — € €; — € w
ck ck v a+j bt

with the modified MO electron repulsion integrals

(ailef) = P> (RnaAl + ALAL ) S AZ AL, (aflo) (32)
af 7Y
with A2, = — 3, Coxbk, AT, = +3,Cucbl and P a symmetrization operator

defined througfﬁjgfia,jb = fiajb + fjvia. The linear transformation in Eq. (30) can
thus be calculated using a similar algorithm as for the regid of the ground state cluster



equations without storing any doubles vectors:

do 7 = 1, nocc
do j = 1, nocc
do a =1, nvirt
do b =1, nvirt
b = (ailbj)/(€; — € + € — € +w)

Oci = O¢j + Zabj(QbfzJé) - bZZz)(Jcha’)

fffb = (ailbj)/ (& — €a + €5 — €)

Oai = Oqi + ij (2t27b - tz{;) ch [2(jb|kc) - (]C|k’b] bCk
end do
end do
end do
end do

The fact that the doubles amplitudes of CC2 are determinedhbysingles ampli-
tudes through Egs. (25) and (26), and reducetfgr — t(l) = 0 to the first-order
amplitudes of MP2, opens a simple possibility to |mplemetﬁ§(Doo) and CIS(D) as
approximations to CC2. Considering the effective Jacoblrimydq. (29), as a functional
of the singles amplitudeA©// (¢, , w) one obtains the connection:

Ccc2 ; S AT (1992 W)E,, = wE,,
CIS(Dx) : S, AL (1 W)E,, = wE,,
CIS(D) : WwCsMd) — Z#m ECISAifIIJjI (ﬁfcll)7 )EEIIS

The attentative reader has probably observed that theipaetil, doubles amplitude-direct
formulation for the second-order methods—eventhoughitonees the need to store com-
plete sets of any doubles amplitudes—does alone not reducke tine storage requirements
of these methods: the calculation of the doubles amplitueigsires the electron repulsion
integrals (ERISs) in the (modified) MO basis, which are ob¢dithrough four-index trans-
formations from the AO integrals, as e.qg. in Egs. (26) and.(Bficient implementations
of this transformations require the storage of an array wéh-transformed integrals of
the size 0%02]\72, whereO is the number of occupied and the number of atomic or-
bitals, which is even slightly more than needed for the desibimplitudes. For CC2 and
also for the other second-order methods for excited statdsrathe calculation gradi-
ents also the MP2 energies, the doubles amplitudes needcntracted in addition with
two-electron integrals with three occupied or virtual indg, (ai|jk) and(ai|bc), which
within the schemes sketched above would give rise to evgerdatorage requirements.
The dilema can be solved with the resolution-of-the-idgrapproximation for electron
repulsion integrals.

10
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Figure 1. The left column shows exponents of an even-tempered (13s) atomic gaussian typ orbital (GTO)
basisy,.(r) = exp(—r2a,) and the column in the middle the exponents of all 169 overtagsgian functions
resulting on the same atom from the produgtsy... The right column shows the exponents of an even-tempered
(25s) auxiliary basi§)(r) = exp(—r2ag) set which could be used to expand these products.

3 The resolution-of-the-identity approximation for ERIs

The main idea behind the resolution-of-the-identity appratiorf®->for electron repul-
sion integrals can be sketched as follows: With increastog orbital basis sets the
products of AOs appearing for the electrons 1 and 2 in theesgion for the four-index
two-electron integrals,

(aflyd) = //Xa )LXW(TQ)X(S(TQ)dTldTQ) (33)

will soon become (numerically) highly linear dependent #mdk it should be possible to
expand these products which good accuracy in a basis sexitibayfunctionsq,

Xa (1) x5(71) ZQ 71)CQ,a8 (34)

with a dimension much smaller then that of the original pridipace N(N + 1)/2, as
illustrated in Fig. 1 for an atom with only-type functions. The coefficientg) .3 can be
determined through a least square procedure. Defining thainéng error in the expansion
of an orbital pair

Rap(F1) = Xa(71)x5(71) ZQ 1)cq.a8 » (35)

11



the quadratic error in the coulomb repulsion integtal§|yd) can be written as

1
(Rag|Rys) = / / Rap(r) —Rys(m2)dmidrs (36)
R3 JR3 T12
and fulfill the Schwartz inequality
(Ragl Rys) < 1/ (Rapl Rag)/ (Rys| Bos) (37)

Minimization of (R.3|Raz3) With respect to the expansion coefficienteads to the linear
equation:

———(Rap|Rap) =0 & (RaplQ) =0 & (aBlQ) =D cpas(PIQ) =0
P

dcg,ap
38)
with
o) = [ [ PE)--Qidndn (39
@01Q) = [ [ xalxa()——Qe)dndn (40)

Arranging the two-center integrals in a matiixy = (P|Q) the expansion coefficients
can be expressed as

cgap =Y _(aBIP)V ' pq, (41)

P

and one obtains for the four-index coulomb integrals the@agdmation

(aBlyd) = > (aBlQ)V ™ r(Pld) . (42)
QP

We have above derived Eqg. (42) as result of a least squargfjitiocedure for the over-
lap densitiesy, () x g (7), which is why this approximation is also known as “density fit
ting”1%2% En.: (42) can be compared with the expression for an (ajymetie) resolution
of the identity for square integrable functions in threexeinsional space,

1Y QIS er(Pl  with Spo= [ QOIPMr.  (43)
QP R3
applied to four-center overlap integrals

/}Rs Xa (7)X5(7) Xy (F)xs (F)dr = (aploy) = Y (aBlQ)S  or(Pl6y) . (44)
QP

We see that Eq. (42) can alternatively be viewed as an (appab&) resolution of identity
in a Hilbert space where the coulomb operaitpr;- is used to define the scalar product
as in Eq. (33). This approximation has thus all propertigzeeted from a resolution-of-
the-identity or basis set approximation as e.g. that thenrafrthe error in the expansion
[|Ragll = (Rap|Rap) Will allwvays decrease with an extension of the auxiliaryibasd
that the approximation becomes exact in the limit of a cote@exiliary basis sef@}.
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Itis important to note that the resolution-of-the-idenéipproximation does not—or at
least not in general—reduce the computational costs focalmilation of AO four-index
electron repulsion integrals, since the right hand sidef(E2) is more complicated to
evaluate the left hand side. A reduction of the computaticnats is only achieved if
the decomposition of the four-index integrals into threwd awo-index intermediates, pro-
vided by this approximation, can be exploited to simplifyptractions of the AO coulomb
integrals with other intermediates.

A common bottleneck of all second-order correlation methdr ground and excited
states) is the four-index transformation of the AO ERIg}|vd) to ERIs in a molecular
orbital basis (possibly modified as in Eq. (26) or (32)) witlotoccupied and two virtual
indeces:

(ailbj) = >  Caa Y Cyp > Cpiy_ Cs; (aB|yd) (45)
« o B )

Efficients algorithms for this transformation require a menof floating point multipli-
cations that scales for the individual partial transfoiiora with %ON4 + %OQN3 +
102V N? + L0?V2N (ignoring possible sparsities in the integrals or coeffits and,
as already pointed out above, disc space in the ordéwﬂ\ﬂ.

Using the resolution-of-the-identity approximation, fbar-index integrals in the MO
basis can be obtained as

(az|b]) ~ ZBP’aiBP’bj (46)
P

with

Bpai =Y _[V7'pq Y Caa Y Cui(Qlap) (47)
Q a B

which requires onlyON2N, + OVNN, + OVNZ + 10?V?2N, floating point mul-
tiplications and memory or disc space in the ordeN N,. With auxiliary basis sets
optimizecd® % 5" for the application in second-order methalls is typically 2—4 x N,..
Assuming thatD <« V =~ N (usually given in correlated calculations), one finds that
the number of floating point operations is by the RI approtiomareduced by factor of
~ (N/O + 3)N/N,. With doubly polarized or correlation-consistent trigldsasis sets
(e.g. TZVPP or cc-pVTZ) as often used with MP2 or CC2, the Riragimation typi-
cally reduces the CPU time for the calculation of {lag|bj) integrals by more than an
order of magnitude. Some typical examples for MP2 calooetifor the ground state cor-
relation energy are given in Table 1. These also demondimtethe reduction in CPU
time obtained with the Rl approximation increases with tize ®f the orbital basis set.
An important point for calculations on weakly bonded (i.gdiogen-bridged or van der
Waals) systems is that the efficiency of the integral prestdrgy, which is important for
the performance of conventional implementations usingdex AO ERIs, diminishes if
diffuse functions are included in the basis set. For weaklyded complexes such diffuse
functions are, however, needed for an accurate descripfithe long range electrostatic,
exchange-correlation, and dispersion interactions. &a s the calculations for benzene
with the QZVPP and the aug-cc-pVQZ basis, RI-MP2 calcutetiare much less sensitive
to such effects: while the CPU time for the conventional MBRRglation increases from
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Table 1. ... fill in caption...

molecule basis #fcts. #  Tyups Tri—mp2
benzene QZVPP 522 30 28 min 24 sec
benzene  aug-cc-pVTZ 756 30 3.8h 1.2 min
Fe(CO), QZVPP 670 66 11.3h  8.7min

Fe(GHs)»  QZVPP 970 66 843h  45min
2277

QZVPP to aug-cc-pVQZ by more than a factor of 8, the CPU timedee for the RI-MP2
calculation increases only by a factor of 3.

However, for large scale applications at least as impoiitattiat the scaling of the
storage requirements in the calculation of the integfal$bj) with the system size
is reduced toO(ONN,). In combination with the doubles amplitude-direct formu-
lation outlined in the previous subsection, the Rl appration completely removes
the need to store any intermediates larger tftH®N N,.) on disc or in memory. For
example the MP2 ground state energy can now be calculategltins following algorithm:

precomputeBg 4;
do ¢ = 1, nocc
do 5 = 1, nocc

I, =30 BqaiBou; Y a.b (matrix-matrix multiply)
do a =1, nvirt
do b =1, nvirt
t = {23 — )}/ (ei — €a+ € — )
Envipa = Evpa + I;Jl;ﬁijé,
end do
end do
end do
end do

The reductions are even larger for CC2 and other second-oné¢hods for excited
states and for thé(A\/®)-scaling steps in the calculation of MP2 gradients. It tusos
that all contractions which involve other four-index intelg in the MO basis than those
of (VO|V O)-type, needed in second-order methods, can with the decsitigmogiven by
Eq. (42) reformulated such that an explicite calculatiotheffour-index MO integrals can
be avoided.

Together with the reduction in the CPU time the eleminatibtine storage bottleneck
opened the possibility to apply MP2 and CC2 to much largetesys as was feasible with
conventional implementations based on four-index AO ERlisice the steep increase of
the computational costs with the basis set size is reducetdeébfRl approximation from
O(N*) to O(N2N,) itis also easier than before to carry out such calculatidtis accu-
rate basis sets, as needed to exploit fully the accuracy &f,NIIE2 or the other second-
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Figure 2. Exponents of the primitive GTOs in the cc-pVTZ P (on the left) and auxilia§f57 (on the right)
basis sets for the neon atom.

order methods.

At this point it becomes neccessary to ask what are the eimtosduced by the RI
approximation? As is obvious from the above discussionattwiracy (but also the ef-
ficiency) of the RI approximation depend on the choice of theilery basis sets. For
a balanced treatment the auxiliary basis set should be gtihfor the particular orbital
basis set used in the calculation. Firstly, because theéabgrioducts that need to be well
represented depend strongly on the orbital basis and, dggbecause the accuracy of the
approximation should increase with increasing accuradh@®fbrbital basis to make sure
that eventually a correct basis set limit will be obtained fdily exploit the potential of the
approximation it is advantageous to further “tune” the dary basis set for the integrals
most important in the employed electronic structure metheor second-order methods
these are, as shown aboyej|bj)-type integrals. The auxiliary basis functions are thus
used to expand products of occupied with virtual molecuthitals:

$a(P$i(7) = > Q(F)eqai - (48)
Q

If we consider an atom, all products will be linear combioas of gaussian type functions
centered at the atom with angular momenta up,t@ = lob + loce, Wherel,,, is the
highest angular momentum included in the orbital basis sdt a. the highest angular
momentum of an occupied orbital. Also the range of expontatisshould be covered by
the auxiliary basis can be deducted from similar considmraf but it should be taken into
accocunt that the importance of the orbital produgts; for electron correlation varies
over orders of magnitudes. E.g., the contributions of cabitals and similar those over
very high lying tight virtual orbitals (sometimes referedas “anti core” orbitals) is small
because of large orbital energy denominators in the exjoreésr the amplitudes. This
limits the importance of tight functions in the auxiliarydis, in particular if a frozen core
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approximation is used and the core orbitals cannot at atritre to the correlation treat-
ment. In the other direction, the most diffuse exponent aded the auxiliary basis set
is bound by the exponent of any atomic orbital contributirgm#icantly to an occupied

orbital, irrespectively how diffuse functions are inclada the basis set. A typical compo-
sition of an orbital basis and a respective auxiliary basi®&correlated calculations with
a second-order method is shown in Fig. 2 at the example ofaf®/d Z basis sets for the
neon atom.

It turns out that the above arguments, although strictly ealid for atoms, apply in
practise usually also well to molecuiesTherefore, the auxiliary basis sets can be opti-
mized once at the atoms for each orbital basis and then stor@dbasis set library. On
the Turbomole web pa§optimized auxiliary basis sets for correlated calculagioith
second-order methods are available for several orbitéd sats including SV®, TZVP5L,
TZVPP3, and QZVPP? and most of the correlation-consistent basis *8€t5% (cc-
pVXZ, aug-cc-p\X Z, cc-pwCVX Z, etc.). These have been optimi2&d&® >’such that
the Rl error, i.e. the additional error introduced by the Rprximation, is for the ground
state correlation energies (MP2 or CC2) about 2—3 ordersaginitudes smaller than the
one-electron (orbital) basis set error of the respectivitairbasis set. The correlation-
consistent basis sets cc-p\Z with X =D, T, Q, ...and the series SVP, TZVPP, QZVPP,
... constitute hierarchies that converge to the (valenasistset limit and are thus a good
example to demonstrate how orbital and auxiliary basis setserge in parallel. Fig.
3 shows the results of an error analysis for the MP2 valencelation energies for 72
molecules containing first and second row atoms (H, He, B-AlteAr). The RI errors
are somewhat larger for other properties than ground statelation energies, for which
they have been optimized. In particular in response caiouls for excited states the dif-
fuse functions and also some other integral type become mpertant than they are for
ground state calculations. But, still the RI error remairtAeen one and two orders of
magnitudes smaller than the orbital basis set error as isrsioFig. 4 by an error anal-
ysis for RI-CC2 calculations on excited states with the aagVTZ basis sets. Since the
RI approximation is a basis set expansion approach the Bl Bria smooth and usually
extremly flat function of the coordinates. Therefore mogsheferror cancels out in the cal-
culation of energy differences, as e.g. reaction enthgjjgied the errors in geometries are
very small—typically a fewt 0—3 pm and, thus, usually below the convergence thresholds
applied in geometry optimization.

In summary, the major advantages of the resolution-ofidieaty approximation for
the electron repulsion integrals for correlated secortomethods are

o It allows efficient doubles amplitude-direct implemertas and eliminates the need
to store anyO(AN*) arrays in memory or on disc.

e The CPU time for the correlation treatment is reduced by thowrder of magnitude
and more.

e Itis applicable in response calculations for excited statace it does not depend on
the locality of any intermediates.

“An exception are the atoms with ondyorbitals occupied in the ground state configuration, inipaldar H and
Li, which in chemical bonds are often strongly polarizedr ff@se atoms the auxiliary basis sets contain usually
functions up td,.., + 1 (instead of onlyl,,,.;) and are often optimized on small molecules.
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Figure 3. On the left: one-electron basis set errors in th@ Mdfence correlation energy (in % of the estimated
limiting value) shown as normalized gaussian distribugidetermined from\ and A, for a tests of 72 small
and medium sized molecules with row 1 (B-Ne) and row 2 (Al-#9ms$557. On the right: error in the MP2
valence correlation energies due to the resolution-ofdbatity approximation for ERIs for the same tesP8é¥.
Note that the scales on the abscissa differ by about threrad magnitude!

Another important point related to the elimination of theybstorage demands féx(N*)
scaling intermediates (i.e. two-electron integrals or ktongles) is that the parallizability
of these methods is improved since less data needs to be auigated between computer
nodes participating in a parallel calculation. We will cobyeck to this point in the next
section.

4 Parallel implementation of RI-MP2 and RI-CC2 for distribu ted
memory architectures

As discussed above, the time-determining steps in RI-MRRodiner second-order meth-
ods implemented with the RI approximation are the computatf the electron repulsion
integrals in the MO basis$ia|jb) and/or the double excitation amplitud&g and their
contraction with integrals or other amplitudes to new intediates, as for example

Youi = Y teyBob; - (49)
bj

Also for this step the computational costs increas®@9*V >N, ). As described in Refs.
52,70,69,71,72Yq «; and all other intermediates calculated fro)jfg can efficiently be
calculated in a loop over two indices for occupied orbitaihw® (N?) memory demands.
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Figure 4. Mean and maximum of the one-electron orbital aedRherrors in RI-CC2 calculations for excited
states with the aug-cc-pVTZ basis $8t8%56 On the left: errors in excitation energies for 132 statesthe
middle: errors in the oscillator strengths for 32 states.ti@nright: errors in the dipole moments of the excited
states. For the test sets used and the technical detailse5€% Rom where the data has been taken.

The time-determining steps of RI-MP2 can thus efficientlyaialized over pairs of in-
dices for occupied orbitals since these are common all fisstealing withO(O2?V2N,,)
orO(0*V3). An alternative could be pairs of virtual orbitals, but thisuld result in short
loop lengths and diminished efficiency for medium sized roglles. A parallelization over
auxiliary basis functions would require the communicatidért-index MO integrals be-
tween computer nodes, which would require high-perforrearetworks. Such a solution
would restrict the applicability of the program to high-esupercomputer architectures.
Turbomole, however, has been designed for low-cost PCeskistith standard networks
(e.g. Fast Ethernet or Gigabit). Therefore we choose for thec2 code a parallization
over pairs of occupied orbitals and accepted that this tegulan implementation which
will not be suited for massively parallel systems, since adjmad balance between the
participating CPUs will only be achieved fér > ncpy (vide infra).

A key problem for the parallelization of RI-MP2 and RI-CC2nigh this strategy the
distribution of pairs of occupied orbita{$j) over distributed memory nodes such that

a) the symmetry ofia|jb) with respect to permutation é# — ;b can still be exploited

b) the demands on the individual computer nodes for acagssid/or storing the three-
index intermediate®, ,; andYy ,; are as low as possible.

To achieve this, we partition the occupied orbitals intep;; batchesZ,,, of (as much as
possible) equal size, wherg: py is the number of computer nodes. The pairs of batches
(Zin, Zn) with m < m’ can be ordered either on the upper triangle of a symmetric ma-
trix or on block diagonal stripes as shown in F2. Now, each computer node gets
assigned in a suitable way one block from of each diagonah suat each node needs
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Figure 5. 22 .. fill in caption...

only access to a minimal number of batctigsof Bg 4; andYy ;. The minimal number
of batches a node needs to access—in the following denoteglas-increases approxi-
mately with,/ncpy. The calculation of these three-index ERig ,; would require about
O(N?Nx) + O(ON?Nx) x nyx/ncpy floating point multiplications. Similar compu-
tational costs arise for the calculation 4 ,; and other intermediates. Thus, a conflict
between minimization of the operation count and commuitnatrises:

o Ifthe three-index intermediatés, ,; andYy .; are communicated between the nodes
to avoid multiple integral evaluations, the communicatiemands per node become
relatively large~ NN, x O/\/ncpu.

¢ If the communication of three-index intermediates is aedithy evaluating on each
node all integrals needed, the operation count for the stéjpsh in are RI-MP2 and
RI-CC2 the next expensive ones after t(ié0O?V?Nx) steps decreases only with

1/,/nCpU.

The first option requires a high bandwidth for communicatidmile the second option can
also realized with a low bandwidth, but on the expense of & édficient parallelization.
For both ways a prerequisite for a satisfactory efficiencthat the total computational
costs are dominated by those for t¢\N®) steps such that the time needed for multiple
calculations O(N*)) or communication@(N?)) of three-index intermediates is a negli-
gible fraction of the total time for the calculation. Bothtigms have been realized in our
parallel implementation of thei cc2 code and shall in the following be denoted as modes
for “slow communication” and “fast communication”.
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To implement the blocked distribution of occupied orbitatlices and index pairs
sketched above we define at the beginning of the calculadt®following index sets:

e 7,,: ablock of occupied orbitalsassigned to node:

e J..: merged set of the;; blocksZ, for which nodem needs the three-index ERIs
By i or calculates a contribution ;) .

e S,,: the set of all columns in the blocked distribution to whiobde m calculates
contributions (cmp. Fig??)

e R,,(n): the indeces of the rows in columnassigned in this distribution to node

With this concept one obtains an efficient parallelizatibmost program parts that involve

at least one occupied index. These parts use only threevamthtiex AO integrals and
include all steps that scale with(A*) or O(N?) in RI-MP2 single point calculations
for energies or RI-CC2 calculations for excitation enesgiad spectra. For a discussion
of additional demanding steps in the computation of analgérivatives (gradients) the
interested reader is referred to R&tg1 7372 Here, we only sketch how the computation
of the intermediat&’y ,; can be implemented without any MPI communication once each
computer node has calculated or received all integralnmeeiiates3, ,; needed there:

loopn € S,,, loopI (wherel C Z,)
readBg q; forall i € I
loopn’ € R, (n), loopj € Z,,, with j <4
* readBgq ;
* t o BQ=aiBQ7bj/{€i —€ate— Eb}
¥ Ypai — (2t — 1)) Bpy,; andforj # i alsoYpy; « (2t — ;) Bpai
end loopj, loopn’
storeYp ,; andYp;,; on disk (distributed)

end loop!, loopn

If only the RI-MP2 energy is needed, it can be evaluated tiradter the calculation of the
integrals(ia|jb) according to Eq.%?) and the calculation ofy, ., can be skipped. If the
latter intermediates are needed, the contributions td’¢hg; intermediate are added and
redistributed (after the loop overhas been closed) such that each node has the complete
results forYp 4, for all i € 7, (requiring the communication o€ 20V N,./\/ncpru
floating point numbers per node).

4.1 Performance for parallel RI-MP2 energy calculations

To benchmark the calculation of MP2 energies we used foucaypest systems with
structures as shown in Fig?:

e A calicheamicine model taken from Ref. 74, which has alsogiotigroup symmetry.
These calculations have been done in the cc-pVTZ basi®¥<$ét&with 934 orbital
and 2429 auxiliary functions and 124 electrons have beeaeleted.
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Figure 6. 2?2 fill in caption...

e The fullerene Gy, which has ), symmetry, but since the present version of the parallel
implementation can handle only Abelian point groups in thalwation of the MP2
density the calculations have been carried out in the suipgiy;. The cc-pVTZ
basis set has been used, which in this cases comprises 18@0 and 4860 auxiliary
basis functions and the 240 valence electrons were cazcklat

e a cluster of 40 water molecules as an example for a systemewheggral pre-
screening leads to large reductions in the costs in coruedtiMP2 calculations.
The basis sets are 6-32@or the orbital® and cc-pVDZ for the auxilial? basis
with, respectively, 760 and 3840 functions; the point grisup; and the 320 valence
electrons have been correlated.

e a chlorophyll derivative shown in Fig@? which has also no point group symmetry.
The cc-pVDZ basis with in total 918 orbital and 3436 auxilifuinctions have been
used and 264 electrons have been correlated.

The maximum amount of core memory used by the program wabdalallations limited
to 750 Mb. The calculations were run on two different Linuxster: one cluster with
ca. 100 Xeon Dual 2.8 GHz nodes connected through a cascadedithetwork and a
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Figure 7.

second cluster with ca. 64 Athlon 1800MP MHz nodes conndtiedigh a 100 MBit fast
ethernet network. Due to a much larger load on the first dlastd its network the transfer
rates reached in the benchmark calculations varied betea&0—200 MBit/sec per node.
On the Athlon Cluster with the 100 MBit network we reachecdhsfer rates of ca. 20-50
MBit/sec per node.

Fig. 7 shows timings for the calculation of MP2 energies fier G, fullerene. On both
architectures in sequential runs about 55% of the time amedsim the matrix multiplication
for the /> step. With increasing number of nodes this ratio slowly dases. In case of the
“slow communication” mode because the costs for integraluation take an increasing
fraction of the total wall time; in the “fast communicatiomiode (and here in particular on
the cluster with the slower network) because of the incregiaction of time spent in the
communication of the 3-index MO integral intermedi#tg ,;. Not parallelized steps—as
e.g. the evaluation of the matriXp of 2-index ERIs, its Cholesky decomposition and
formation of the inverse— take only a marginal fraction oé total wall time and the
fraction of the time spend in the 1/O stays approximatelystant with the number of
nodes used for the calculation. Another important messame Fig 7 is that even with
a relatively slow network it is advantageous to communith&3-index intermediates,
although on the cluster with the slower network the diffeesim performance between the
two modes is not large. We note, however, that this depeisdsoal the size of the system
and the basis sets.

Because of the symmetry of the molecule, an RI-MP2 energyutation for Gy is
today not really a large scale application. The same holdghfo other three test exam-
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ples. Nevertheless, already for these (for parallel cataus) small examples the speed
ups obtained with the present implementation are reaserzbFig. 8 shows. The speed
up obtained increases with the system size as the compuahtiosts become dominated
by the V®-scaling matrix multiplication in the construction of theQW-index ERIs and
the less good parallelizing calculation and/or commuiacetf the 3-index MO integrals
becomes unimportant for the total wall time.

Cgo Fullerene —a—
7 4 | Calicheamicine = —

(H,0)49 ——

1 T T T T T T
1 3 5 7 9 11 13 15

Figure 8. ...fill in caption...

5 RI-MP2 calculations for the fullerenes G and Cy49

An important aspect of the parallel implementation of RI-M®that it allows to combine
the fast RI-MP2 approach witiarallel Hartree-Fock self-consistent field (HF-SCF) calcu-
lations, available today in many program packages for eaat structure calculations, to
optimize geometries for relatively large molecules at tHieé2Mevel. An example for such
a calculation is the determination of the MP2 basis limittfoe ground state equilibrium
structure of Gy. The structure of & has been studied before at the MP2 level by Haser
and Alml6f®in 1991, but due to the large computational costs of MP2 theutations had

to be limited to a singly polarized TZP basis set ([5s3pliifidbasis functions), which is
known to cover only about 75% of the correlation energy. Whithparallel implementation
of RI-MP2 it was now possible repeat this calculation usingp®TZ basis ([4s3p2d1f],
1800 basis functions), which gives typically correlatiorergies almost within 90% of the
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Table 2. Equilibrium bond distances o§& dc—c denotes the distance between adjacent C atoms in a five-ring
anddc=c the distance between to the C-C bond shared between tongix-riThe bond distances are given in
Angstroem A) and the total energies in Hartrees (H).

Method dc,cl,& dC:C/A Energy/hartree
SCF/DZP 1.450 1.375 -2272.10290
SCF/TZP 1.448 1.370 -2272.33262
MP2/DZP 1.451 1.412 -2279.73496
MP2/TZP 1.446 1.406 -2280.41073
MP2/cc-pVTZ 1.443 1.404 -2281.65632
MP2/cc-pVQZ 1.441 1.402 —2282.34442
expd 1.458(6) 1.401(10)
exp? 1.45 1.40
exp! 1.432(9) 1.388(5)

2 from Ref. 77;° from Ref. 76;° from Ref. 72, at the MP2/cc-pVTZ optimized structure
the SCF energy is -2272.40406 hartrégas phase electron diffraction, Ref. ?&olid
state NMR, Ref. 79 X-ray of Cs((OsOy)(4-tert-butylpyridine), Ref. 80;

basis set limit, and the cc-pVQZ basis ([5s4p3d2f1g], 33@8ivfunctions), which usu-
ally cuts the remaining basis set errors again into half. rEselts for the bond lengths
and the total energies are summarized in Table 2 togetharthgt results from Ref. 76
and the available experimental data. As anticipated fraargtinality of the basis sets, the
result for the correlation energy increases by about 15% fhee MP2/TZP to the MP2/cc-
pVTZ calculation and again by about 6% from the cc-pVTZ to ¢hepVQZ basis. Also
the changes in the bond lengths from the MP2/TZP to the MPR2¥QZ level are with
0.004-0.005A of the same magnitudes as between the MP2/DZP and MP2/TEB-ca
lations. But the difference between the two C—C distancewiies almost unchanged,
and also the comparison with the experimental data is net&ftl, since the error bars
of the latter are with about1 pm of the same order of magnitude as the basis effects.
The inclusion of core correlation effects would lead to atfar slight contraction of the
bond lengths, but the largest uncertainty comes from highger correlation effects which
would probably increase the bond lengths in this systemjkmiy not more than 0.008..
Therefore, it is estimated that the MP2/cc-pVQZ resultgtierequilibrium bond distances
(r.) of the buckminster fullerenedg are accurate withis= 0.005A. This is slightly less
than the uncertainty of the presently available experiadetdta. Within their uncertaini-
ties the ab initio calculations and the experiments areithgsod agreement.

Another example demonstrating which system sizes can balétmwith the parallel
implementation of RI-MP2 is the next larger icosahedral btwgue of the Buckminster
fullerene Gy: the G4 molecule.The correlation consistent trigldsasis cc-pVTZ com-
prises for this molecules 7200 basis functions and, if thedre orbitals are kept frozen,
960 electrons have to be correlated. This calculation has hen on a Linux cluster with
Dual Xeon 2.8 GHz nodes connected by a Gigabit network. Berthe memory demands
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Figure 9. Structure of the icosahedral fullereng

of implemenation increase for non-Abelian point groupswiite square of the dimension
of the irreducible representations the calculation waseziout in the B;, subgroup of
the molecular point group,l On 19 CPUs the RI-MP2 calculation was completed after 16
hours and 6 minutes. About 12.5% of the time was spend in thieation and distribution
of the two- and three-index integrals and 85% in @2V N,,) scaling construction of
the four-index integrals in the MO basiigu|jb). In Daj, symmetry abou6 x 10! four-
index MO integrals# 4.8 TByte) had to be evaluated to calculate the MP2 energig Th
shows that such a calculation would with a conventional {ROhMP2 require either an
enormous amount of disc space or many costly re-evaluatibtiee four-index AO two-
electron integrals and would thus even on a massively ghealtthitecture difficult to carry
out. To the best of our knowledge this is the largest candM&® calculation done until
today. With the parallel implementation of the RI-MP2 apgrio calculations of this size
can now be carried out on PC clusters build with standard tans low cost) hardware
and are expected to become soon routine applications.

The total energy of &, obtained with MP2/cc-pVTZ at the BP868ISVPY:55 op-
timized structur®* is —9128.832558 H. For the buckminster fullereng @ single point
MP2/cc-pVTZ calculation at the BP86/SVP optimized geomeives a total energy of
—2281.645107 H. Neglecting differential zero-point enegffgcts, which in this case are
expected to be small, we obtain from our calculations amegé for the reaction enthalpy
of 4 x Cgo — Coyo of —2.25 H, i.e. a change in the enthalpie of formation per carbon
atom of—9.4 mH or—25 kJ/mol. This can be compared with the experimental résfolt
AyH of Cg relative to graphite of 39.250.25 kJ/mol. Thus, the present calculations
predict that the strain energy per carbon atomdm@s with ~ 15 kJ/mol only about 35%
of the respective value indg.
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Figure 10. Enumeration of the atoms in NMC6 (R = methyl) andJ8TR =tertbutyl). For DMABN R = methyl
and aliphatic six-ring is replaced by a (second) methyl gratthe N-atom.

6 Geometry optimizations for excited states with RI-CC2: tle
intramolecular charge transfer states in aminobenzonitrle
derivatives

An example for the optimization of excited state equililbonistructures with RI-CC2 are re-
cent investigatiorf 87 on N-alkyl-substituted aminobenzonitrils (see Fig. 10)prablem
discussed for this class of molecules in the literaturessggveral decades in many publica-
tions has been the structure of a so-called intramolechkge-transfer (ICT) state which
is observed in fluorescence and femtosecond spectroscquadmments close to a so-called
locally excited (LE) staté€®-9? The two states belong to the two lowest singlet hypersur-
faces S1 and S2, which are connected through a conicaléctéye seam. Experimental
and theoretical resufts®’indicate that the reaction coordinate which connects tméma

on the two surfaces through the conical intersection ire®bsKekulé-like distortion of the
phenyl ring and a twist of the amino group, which for the N,iéthyl-aminobenzonitril
(DMABN) is known to be in the ground state almost coplanahwfite phenyl ring. That
the twisting coordinate is involved probably explains idist effects of different aliphatic
substituents at the amino group on the fluorescence prepéditide infra) which are in-
tensively discussed in the literature. Intertbutyl-6-cyano-1,2,3,4-tetrahydroquinoline
(NTC6) and 1-metyl-6-cyano-1,2,3,4-tetrahydroquinel{iNMC6) a twist of the amino
group is restricted by the aliphatic ring to a certain ranigeision angles, but on the other
side the sterically demanding bulkgrt-butyl substituent in NTC6 disfavours a coplanar
orientation. CC2/TZVPP calculatiofispredict for the ground state of NMC6 an almost
coplanar orientation of the phenyl and amino moieties, butNTC6 a tilted geometry
with a twist angle of about 28(cmp. Table 3).

Table 4 gives an overview of the CC2/TZVPP results for soneetspscopic properties
of DMABN, NMC6 and NTCS6, e.g. the absorption and emissionrgies and the dipole
moments in comparison with the available experimental.detathe ICT states we found
for NMC6 and NTC6 three conformations. Table 5 summarizesréisults for the ener-
getically lowest-lying structures and the ones with thénkigt dipole moments denoted as,
respectively, ICT-1 and ICT-2, in comparison with the stane of the single conformer in
the ICT state of DMABN. In all three molecules the ICT equilibn geometries display
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Table 3. Calculated bond lengths (pm) and angf§sof the ground states of DMABN, NMC6, and NTC6 in
comparison (from Ref. 87, for the enumeration of the atoressg. 10).

DMABN NMC6 NTC6
d(Cpn-N1)? 137.7 138.1 139.0
d(CsCs/) 141.4 141.2 141.2
d(Cs/Cs) 141.4 141.9 141.1
d(C:Cs) 138.7 138.7 138.9
d(C5Cs) 138.7 138.9 138.6
d(CsCr) 140.2 140.0 139.9
d(C5Cs) 140.2 140.2 140.3
d(CsCen) 142.7 142.6 142.6
d(CN) 118.2 118.1 118.1

7 0 0.1 27.9

b1° 23 24.8 18.9

$o° <1 1 1.5

2 bond distance between phenyl ring and amino gréuprsion angle, defined as dihe-
dral angle of the normals defined by the plangsGs -Cs. and G-N;-Cgr and the bond
Cs/-N;. © out-of-plane angle of the bondsGN; with respect to the planeseN;-Cg
(“wagging” angle). ¢ out-of-plane angle of the bondsGN; with respect to the plane
Cs-Cg/-Cs.

marked quinoid distortions of the aromatic ring system. portant finding, which was
not anticipated from the experimental data that has bedtablain the literature, is that
the aromatic ring is no longer confined to planarity in theitextstate. Rather, the carbon
atom labeled 8’ in Fig. 10 is pyramidalized. Therefore thphatic six-ring can accommo-
date twist angles of the amino group of up to 6057 illustrated in Fig. 11, and in this
way energetically low-lying twisted ICT states can be raadieven in NTC6 and NMCB6.
In the literature it was before assumed that the aliphaticiag, which connects the amino
group with phenyl ring restricts these molecules to “pléreat” structures and makes such
a twist impossible.

The transition to the ICT state is at the ground state gegnaetminated by the one-
electron HOMO-LUMO excitation in these molecules. Both orbitals are of Wlanti-
binding character, but the orbital energy of the LUMO desesaslightly faster with in-
creasing twisting angle than the energy of the HOMO and dfresaich a simple model
predicts for the ICT state close to the ground state georaairgdient directed to a twisted
structure. With increasing twisting angle the transitisawames an increasing contribution
from the HOMO-2-LUMO excitation. The HOMO-2 is the Ph-N binding counterpafrt
the HOMO and increases in energy with the twisting angle anesnwith the HOMO.
As the angle approaches90ne of the two orbitals becomes the lone-pair at the amino
N atom while the other is localized in the aromatic system thedtransition to the ICT
state is dominated by the — 7* excitation. In a many electron picture this change in
the character of the excitation corresponds to an avoideskitrg of S2 with another, at
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Table 4. Calculated absorption and emission energies gradedmoments for DMABN, NMC6 and NTC6 in
comparison with experimental data. The CC2 results for igitiem and emission energies are vertical electronic
transition energies; the dipole moments were calculatethalytic derivatives of the CC2 total energies.

DMABN NMC6 NTC6
ccx exp. cc2 exp. CcC2 exp.
absorption (9) [eV] 4.471° 4.25 43¢ 4.33
absorption ($) [eV] 477 4.56° 458 432 443 414
osc. strengths (3 0.03* 0.03 0.0F
osc. strengths (3 0.62% 0.49 0.5%
T. (LE) [eV] 4.14 4.07 3.91
emission (LE) [eV] 3.78 3.76 3.6 3.6° 3.3& 3.5C°
T.(ICT)[eV]  4.06-4.16 4.18 3.71
emission (ICT) [eV] 2.49-3.2F 2.8-3.2 253 251 2.8-3.3
dipole (GS) [D] 7.4 6.6 75 68 7.7 6.8
dipole (LE) [D] 10.1 9.7 104 106 12.6
dipole (ICT) [D] 13.3-15.1 17+13 12.F 13.5° 17-19

2 From Ref. 86 unless indicated otherwi8eCC2/TZVPP (Ref®). ¢ EELS band max-
imum (Ref. 99).¢ Vertical excitation energy to the,L(or S;) state which has a sig-
nificantly larger oscillator strengtli. Experimental band maximum im-hexane (Ref.
90).f Oscillator strength for vertical electronic transitiodazdated at the CC2/TZVPP
level in length gauge® Vertical energy separation from ground state at the exsitate
equilibrium structure® Maximum of dispersed emission from jet-coold DMABN (Ref.
100).* The first value is the result for the gas phase equilibriunncstire and the sec-
ond value is obtained at the;Csymmetric saddle point (Ref. 86).Emission energy
from ICT state from maxima of fluorescence bands; groune stgtole moment de-
rived from the dielectric constant and refractive indexioxdne and the excited state
dipole moments from time-resolved microwave conductimigasurements in dioxane
(Ref. 101).* Value refers to the ICT-2 conformeYt. Experimental band maximum in
methanol (Ref. 90)." Derived from solvatochromic shift of fluorescence maximum
(Ref. 90).

the ground state structure energetically higher lying rgbdransfer state—in DMABN
according to DFT/SCI calculation in Ref. 102 the S5 statee @toided crossing with
this state is the main driving force for the formation of th€T structures (twisting and
pyramidilization at the @ atom) in DMABN, NTC6, NMC6 and other alkyl-substituted
amino-benzonitrils. It leads to a pronounced stabilizatibthe ICT state at large twisting
angles and enhances the charge-transfer character, apjpasent from the expectation
values for the dipole moment (see Table 4). For all three oudés, DMABN, NMC6, and
NTCB6, one finds a similar change in the electronic charaoten the vertical excitation in
the Franck-Condon region to the equilibrium geometrieheflCT states. This is in line
with the interpretation of recent measurements of the ditog dynamics in DMABN
derivatives after excitation to $3.103-106
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Figure 11. Equilibrium structures of the ICT states in DMABMMCG6, and NTC6.

For NTC6 the increase in the twist angle from the ground toetkgted ICT states
reduces the steric strain of thert-butyl group und thus compensates for the hindrance of
the twist by the aliphatic bridge. We obtain at the CC2/TZ\M&Rrel that for NTC6 and
DMABN the ICT states are energetically slightly below the kfate, which is reached
by an one-electron transition from the PH-N antibinding HONb a Ph-N non-binding
orbital. For NMC6, however, the inhibition of a 9@wist is not compensated by the
release of a similar strain since the methyl substituenteiscally much less demanding.
Thus, in difference to DMABN and NTC6 the LEICT reaction for NMC6 is predicted
by the RI-CC2 calculations to be slightly endotherm. Thiglais why NMC6 is not dual
fluorescent, in contrast to DMABN and NTC6.

7 Summary

The computational costs of wavefunction based correldbadiio methods that treat the
electron—electron interaction correctly through secamién(so-called second-order meth-
ods) have in conventional implementations been dominagdtidhuge operation counts
for the calculation of the four-index electron repulsiotegrals in the AO basis and their
transformation to the MO basis. The costs for these stepsase rapidly the size of the
system studied and the basis sets used. In addition, alsutieestorage demands for the
four-index transformation hindered applications on lagstems.

With the resolution-of-the-identity approximation foretielectron repulsion integrals
the CPU time for the calculation of the MO integrals needed second-order methods is
reduced by about an order of magnitude (and sometimes evehn maore) and the scaling
of the storage demands is reduced fr6{O? N?) to O(OV N,,). If optimized auxiliary
basis sets are used, as they today available for many obait# sets, the errors due to
RI approximation are insignificant compared to the erroestduthe incompleteness of the
orbital basis sets.

In combination with a new parallel implementation in TURBQIUE for distributed
memory architectures (e.g. PC clusters) it became now pedsi carry out RI-MP2 cal-
culations for energies and structures with several thalsahbasis functions and several
hundreds of correlated electrons. This extends the ajfilityeof MP2 to systems which
else can only be treated with SCF or DFT methods. Calculationexcited states using
e.g. the approximate coupled-cluster singles and doubétsad CC2 or the perturbative
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Table 5. Calculated bond lengths (pm) and angt¢suid weights of the two most important one-electron excita-
tions (%) for the intramolecular charge-transfer stateBMABN, NMC6, and NTC6 in comparison (from Ref.
87, for the enumeration of the atoms see Fig. 10).

DMABN NMC6 NTC6
ICT ICT-1 ICT-2 ICT-1 ICT-2
d(Cpn-N1)? 144.3 146.8 145.0 146.8 145.7
d(CsCs/) 144.6 1435 144.8 142.9 144.9
d(Cs/Cs/) 144.6 146.2 1445 146.0 143.6
d(C:Cs) 137.2 137.2 137.7 137.3 137.8
d(CsCs/) 137.2 138.0 136.9 137.9 137.1
d(CsCr) 142.9 143.4 142.4 143.8 142.4
d(C5Cs) 142.9 141.8 143.7 141.9 144.0
d(CsCen) 140.9 141.2 140.9 141.1 140.8
d(CN) 118.9 118.8 118.9 118.8 118.9
7 90 54.3  66.6 58.5  65.0
H1P 0 241  14.7 207 5.2
hoP 41 43.9 446 36.4 43.4
HOMO—LUMO 65 62 69 64
HOMO-2—LUMO 15 17 25 16

2 pond distance between phenyl ring and amino gréupr the definition of the torsion
and the out-of-plane angles see Table 3.

doubles correction to configuration interaction singlekS(D), are somewhat more in-

volved and structure optimizations for excited states laeeguse of weakly avoided cross-
ings or conical intersections) much less straigthforwaahtfor ground states. With the

parallel implementation of RI-CC2 they become still fesesifior molecules with more than

30 atoms and many hundred basis functions even if the malestructure has no point

group symmetry.
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