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We recently developed a reduced scaling multireference configuration interédiv@l) method

based on local correlation in the intern@ccupied and external(virtual) orbital spaces. This
technique can be used, e.qg., to predict bond dissociation energies in large molecules with reasonable
accuracy. However, the inherent lack of size extensivity of truncated Cl is a disadvantage that in
principle worsens as the system size grows. Here we implemerd @niori size-extensive
modification of local MRCI known as the averaged coupled pair functiGh@PF method. We
demonstrate that local MR-ACPF recovers more correlation energy than local MRCI, in keeping
with trends observed previously for nonlocal ACPF. We test the size extensivity of local ACPF on
noninteracting He atoms and a series of hydrocarbons. Basis set and core correlation effects are
explored, as well as bond breaking in a variety of organic molecules. The local MR-ACPF method
proves to be a useful tool for investigating large molecules and represents a further improvement in
predictive accuracy over local MRCI. @004 American Institute of Physics.

[DOI: 10.1063/1.1635796

I. INTRODUCTION of basis functions.Single and double excitation GSDCI)
_ o o _ _ and the commonly used coupled cluster singles and doubles

A primary objective ofab initio quantum chemistry isto  with perturbative triple§CCSD(T)] method scale similarly
provide the means to accurately describe the correlated mgoorly, asn?N* andn®N*, respectively and require iterative
tion of electrons in atoms and molecules. Unlike densitysolutions, rendering them even more expensive. We see then
functional theory, where the description of electron correlathat the cost of all of these methods increases steeply with
tion resides in an unknown functional that has been approXithe size of the system. Therefore, in order to study large
mated with varying degrees of succesa, initio methods  molecules, it is necessary to devise numerical schemes to
such as configuration interacti@@l), coupled clustefCC),  reduce the scaling of these algorithms.
and Mgller—Plesse&MP) perturbation theory provide a hier- Most common approaches to reduce the scaling either
archical strategy to include and converge electron correlatiog,yolve approximations to the two-electron integrdthe
up to the exact limi{full Cl). However, these methods scale pseudospectrdii’? and the auxiliary basis S8t strategies
very poorly with system size, making it impossible to study are particularly noteworthy herer localization of orbitals
large molecules while simultaneously obtaining accurate valgy that classes of interactions may be intelligently
ues of correlation energies. The Mmethodgwherex is the neglected® 22 Saebg and Pulay®2* pioneered the concept
order of perturbationare easier to program than the others. ¢ |ocal correlation for MR (x=2-4), where they demon-
Moreover, the MR method4s are rigorously size extensive. gy ateq ocal MR methods could recover more than 99% of
However, MP2 scales asN", MP3 and MP4(confined 10 {he nonlocal MR correlation energy. A number of reduced
single, double, and quadruple substitutiprimth contain scaling®#111219-24\py methods have been developed. A
terms scaling as®N* andn34N3, while including triple sub- e\ yorthy work is that of Werner and co-workers, who de-
stitutions in MP4 yields1*N* scaling, wheren is number of veloped a linear scaling MP2 method based on local
orbitals occupied in the reference state &hd the number correlation?>=2 Another linear scaling MP2 method was de-

veloped by Ayala and Scuseffabased on the use of Laplace
A0n leave from: Department of Chemistry, University of Utah, 315 S. 1400transform<® Unfortunately, the MR methods have their
E, Rm. 2020, Salt Lake City, UT 84112, and Institute for Physical andOWn limitations, recovering less correlation energy for the
Theoretical Chemistry, Technical University Braunschweig, Hans- T
Sommer-Str. 10, D-38106 Braunschweig, Germany. same level of excitation compared to CC and ClI, as well as
PElectronic mail: eac@chem.ucla.edu having series convergence problems. Moreover, they perform
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poorly for open shell molecules and do not describe covalenwith MRCI, where unfortunately no rigorous yet inexpensive
bond breaking well due to their single-reference ansatz. Mulsubset of MRCI exists with which to approximate the weak
tireference MR®%3! algorithms do exist, but often they are pairs. Hence in the work of Walteet al, weak and distant
not suitable for mapping out potential energy surfa@sg., pairs were both neglected. This type of WP approximation
intruder states can lead to singularities at certain points owas shown to reduce the cost of a typical calculation by
the surfacg 40%, while still recovering 98%—99% of the correlation en-
CC methods are employed ubiquitously, offering the ad-ergy compared to the nonlocal MRCI calculation. Unfortu-
vantage of being size extensive. However, as mentioned eamnately, localization in the occupied orbital space quickly
lier, the expense of CC methods is significantly greater thatoses steam, with the virtual space increasing rapidly with
the MPx methods at the same excitation rank. Similar tothe size of the system. Thus, local correlation in the external
MP2, considerable effort has been devoted to developing lospace becomes necessary to cut down the cost of the calcu-
cal correlation techniques based on CC. The work of Hampdhtion. Local correlation in the virtual space for MRCI was
and Werner on local CCSP demonstrated recovery of achieved by using Saebg and Pulay’s method of obtaining
98%—99% of the correlation energy, compared to the correlocalized virtuals$’ In the external space, only those external
sponding nonlocal calculation. Recently Sthand Werner  orbitals are included in the Cl expansion that are spatially
developed a local CCSD methtidn which they achieved close to the set of correlated internal orbitals. This method is
linear scaling by implementing an integral-direct called the truncation of virtualsTOV) approximation, dis-
algorithm* Large molecules with up to 1000 basis functionscussed in a recent paper by Waleerall® Here, we will
could be treated, while still obtaining results of the samedefine local Cl as the method which incorporates both the
quality as from the nonlocal calculations. Next, Szhand WP and TOV approximations. Waltet al. showed that this
Werner developed the perturbative triples correction to localocal Cl method is an extremely efficient tool to study large
CCSD® and Schtz went on to construct #near scaling  systems, while maintaining accurate energies. The major
version of local CCSDT),*® again based on integral-direct bottlenecks, involving the all- and half-externalt{cd) and
algorithms3* This is an impressive achievement. However,(ij|ab) integrals, were removed by the TOV approximation,
the inherent limitations of CC methoddifficulties in treat-  reducing their cost téN® from ~N® while recovering 97%—
ing open-shell molecules or systems requiring multireferenc®8% of the correlation energy compared to the nonlocal Cl
wave functions, e.g., transition metals and chemical bondaalculation.
breaking led us to consider alternatives to CC for develop-  While MRSDCI is known as the most accurate form of
ment of reduced scaling local correlation methods. We not€l that is practical to usé€full Cl scaling asN!), it suffers
there exists a significant research effort on multireference C@om a lack of size-extensivityunlike full Cl, which is size
methods’’~*' However, multireference CC methods are still extensive. Therefore, the local MRSDCI method also suffers
challenged when it comes to mapping out potential energyrom this same flaw. While local MRSDCI is a good tool for
surfaceg PES3.40-42 studying large molecules, the lack of size-extensivity means
In comparison to CC, CI is conceptually simple andthat relative errors in the correlation energy will grow with
naturally incorporates multireference wave functions. Itsystem size. This makes it difficult to study systems with
therefore may be considered the method of choice when nedarge number of electrons, e.g., transition metal complexes,
degeneracies occie.g., for transition metals, bond breaking polymers, etc. Various posteriori size-extensivity correc-
events, and resonance phenomehacal SDCI was first de- tions anda priori size extensive modifications to Cl have
veloped by Saebg and Pufdyfor closed shell molecules. been proposed over the years and most can be incorporated
Martinez et al. developed pseudospectral approximations ofeasily into existing Cl codes.
full Cl, doubles CI, and multireference singles and doubles = Among the size-extensivity corrections to Cl are those
Cl (MRSDCI)*1%1?tg reduce the scaling. Reynoldsall’'®  proposed by Davidso#;*® Pople et al,*® Siegbahrf/*®
later incorporated local correlation approximations into pseuBartlett and Shavitt® and Meissnet® Davidson’s original
dospectral SDCI. However, with the exception of the Mar-proposal* is an extremely simple correction to SDCI justi-
tinez et al. work on pseudospectral MRSDCI, none of the fied subsequently by perturbation theory. Generally, the
reduced scaling Cl methods were developed for multireferothers are modifications to or are closely related to David-
ence wavefunctions. son’s proposals. Unfortunately, none of these corrections to
Recently, Walteet al. developed several local MRSDCI CI are accurate for large systems. The errors in size-
methods. Walter and Cartet™local correlation in the inter- extensivity-corrected SDCI increase linedr§? or even
nal space involves neglect of all excitations from pairs offastef®~°°with the number of subsystems. Moreover, when
localized internal orbitals that are far away from each otherthese corrections are applied to multireference wave func-
This was called the weak pai(¥/P) approximation, similiar  tions, the errors in the size-extensivity-corrected MRCI in-
to Saebg and Pulay’s classification of strong, weak, and dissrease with the size of the reference sp¥ce.
tant pairs in their local MR method?® The pairs are distin- An alternative toa posterioricorrections is the coupled
guished based on the distance between centroids of orbitalgair functional(CPP method®**a size extensive approach
In Saebg and Pulay’s work, strong pairs were included at thdeveloped by Ahlrichs and co-workers that modiféegriori
full MPx level, weak pairs approximated at a subset of thethe ClI equations to be solved, leading to a self-consistent
full level of correlation(e.g., at the MP2 levelwhile distant  size extensive wave function and energy. The original CPF
pairs were excluded. The work of Waltet al. is concerned theory was extended in the modified coupled pair functional
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(MCPP®® method, in order to describe near degeneraciebe imposed in the SGA is the maximum number of open

better. Unfortunately, both the CPF and MCPF methods arshells allowed in any one CSF. The maximum number of

based on single reference wave functions and do not accounpen shells does not depend on the size of the system, but

for unlinked-cluster terms that arise with multireferenceonly on the spin multiplicity and the choice of reference

wave functions. The unlinked-cluster terms are corrected irspace. We have shown that this limitation does not pose any

the averaged coupled pair functiof@lCPF method devel- problems for the algorithms used to compute the needed cou-

oped by Gdanitz and Ahlrict®8;>” and it has been applied to pling coefficients in typical moleculés.Only an exceptional

conventional nonlocal MRCGY case, such as a highly delocalizedsystem, is expected to
Here we present an implementation of the ACPF methogose difficulties for this approach.

in order to correct for size-extensivity errors within the local

MRSDCI formalism. In Sec. Il, we review local MRSDCI B | ocal multireference configuration interaction

theory, size-extensivity issues, and the ACPF method, as well ) ) )

as summarize the implementation of our local ACPF scheme. '€ conventional MRSDCI equations in an orthogonal

Calculational details are provided in Sec. Ill, with Sec. Iv Pasis are documented in an article by Saunders and van

67 - . B -
presenting results. We first provide initial tests of local ACPFLeNthe:" More detailed derivations can be found in the re-

theory focusing on recovery of correlation energy as a funcYieW article by Duch and KarwowsKF. Here we only briefly

tion of system size, comparing against nonlocal ACPF, nont€Vview the metf;odology of the WPTOV approximation for
local CI, and local Cl. We then study basis set and corelocal MRSDCI:® First, we localize the internal orbitals using

correlation effects. We then go on to map out a potentiaf® Boys localization proceduP& Then, we prune the list of

energy surface requiring a multireference description and~2 €lectron C_Slzsmaccording to a distance criterion that ne-
calculate bond dissociation energies of some organic mo@€CtS weak pairs>**Then we truncate the virtual space into
ecules using the local ACPF technique. We conclude in sedvhich eachN-2 electron configuration is allowed to excite

V by discussing the pros and cons of the local ACPF method/© €lectrons. We first need to localize these virtuals by
and expected future developments. forming a set of projected atomic orbitgRAOS, where the

Cl equations are written in this new basis. Before the start of
Il. THEORY the ClI calculation in the PAO basis, we determine the set of
A. Direct Cl and the symmetric group approach PAOs (virtuals) associated with each internal orbital pair be-

] ) ing correlated(an N-2 electron CSF This set of PAOs is
Large scale CI algorithms are based on direct method§yjieq a virtual orbital domain. The average virtual domain

where small pieces of the Hamiltonian are computed andj¢ s independent of the molecular size; this is the key to

then used in an iterative diagonalizaﬁ&rprocedure N the reduced scaling of the method. In the following, orthogo-
which one forms the produgt of the HamiltoniarH and the 4 yirtyal orbitals obtained as the by-product of a self-

trial Cl vector C,*** where consistent fieldSCP procedure are denoted ash, ¢, andd,
- while the PAOs are referred to @sq, r, ands.
Zuzzy HuCo 1) The computational savings in the local correlation ap-
o proximation is achieved by diretly forming the Hamiltonian
The Hamiltonian is constructed as and the resultant vectd in the PAO CSF basis, which is
A . much smaller than the conventional nonlocal CSF basis.
Hﬂu:% A{f”(||h|1)+i% Al (jlkD, (2} However, the iterative diagonalization procedure requites

_ _ _ of Eq. (1) to be in an orthogonal basis in order to upd@te
where n and v are configuration state function€SF3,  This orthogonal basis is generated using CSFs that include
i,j,k| are orbitals, and\j” and Ajy are integral coupling virtyal orbitals obtained through canonical orthogon-
coefficients. o _ alizatiorf® of the PAOs in the domain of the interna{2

These methods were first implemented in terms of thesjectron CSF. We denote these canonically orthogonalized
unitary group approach(UGA) in its graphical form paQs ast, u, v, andw. These orbitals will be orthogonal
(GUGA).*+®?In these algorithms, both the spin and spatialonly if they belong to the domain of the same internal CSF.
parts of the wave function are intertwined. Given the strategy|though the orthogonalized PAOs in the domain of one in-
adopted in local correlation, where spatial criteria are used tgsrnal CSE may not be orthogonal to those in the domain of
eliminate contributions to the CI vector, this intimate mixture gnother internal CSF, the orthogonality of the full CSFs is
of spin and spatial components adds unnecessary complexiynsured by the orthogonality of the internal CSFs. Linear
Here we employ the symmetric group approdSiGA o dependencies within the PAO domains are removed during
which has the advantage of a natural separation of the spifhe orthogonalization step. Generation of the orthogonalized
and spatial parts of the wave function, thereby allowing easya0s and the required transformation matrices is done only
elimination of contributions to the Hamiltonian based ongnce before the start of the Cl calculation.
spatial criteria. Efficient graphical SGA algorithms e%i$f A trial CI vector is then formed in this orthogonal PAO
for computing the coupling coefficients on-the-fly, which re- hasis in order to start the iterative diagonalization routine.

duces disk storage requirements. Lastly, common implemenrhis trial C vector is then transformed to the PAO basis as
tations of the GUGA have had limitations on the number of

internal orbitals allowed, making it difficult to study large =S T AT )
systems. By contrast, the only practical limitation that must Pa & Pt ua
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where T is the transformation matrix. Then, the resultantsubsystems would not equaltimes the energy of a single
vector,Z, is obtained in the PAO basis from E@.), where  subsystem. Thus, it should also be true thgf2n) is equal
now H is the matrix representation of the Hamiltoniggg.  to 1. This requirement can be simultaneously satisfied for
(2)] andC is the CI vectofEq. (3)] in the basis oN-particle ~ both a single two-electron subsystem amahoninteracting
CSFs within the PAO basis. Tl®vector is then transformed two-electron subsystems by choosiggo be equal to 2

to the orthogonal PAO CSF basis as whereN is the total number of correlated electrons.
Although we motivated the single referen(@R) ACPF
Z:\UZZ Ttkngq-rau_ (4) method by considering noninteracting two-electron systems,
p.q this does not imply that when the ACPF method is applied to

The Davidsof update is performed within the orthogonal interacting pairs of e!ectrpns that it \{vill neglect.the cou.pling
PAO basis and the iterative procedure is repeated using Eq@&tween electron paifé.Since SDCI includes this coupling,
(1)—(4). then ACPF will as well.

Although the TOV approximation substantially reduces The ACPF method can aI;o be US?Q with mult|_conf|gu-
the cost of the ClI calculation, making it possible to performrational reference wave functions. This is accomplished by
MRCI calculations on large molecules, the lack of size-Partitioning the CI wave function into mutually orthogonal
extensivity introduces an error that grows with system sizec0mponents and applying a differepfactor for each com-
This motivates the next stage of our local correlation develPonent. The partitioning employed by Gdanitz and

opment, namely size-extensivity modifications to MRSDCI. Ahlrichs*®® involves dividing the wave function into five
parts. The first part includes the reference CSFs only. The

second part includes CSFs having excitations only within the
active spacdi.e., excitations from one active orbital to an-
An electronic structure method is called size extensive ifother active orbita| and the third part involves configura-
the energy increases linearly with the number of electronstions in which inactive(doubly occupied in all references
The ACPF methodf illuminates quite simply the lack of orbitals are replaced by active orbitdle., excitations from
size-extensivity in Cl methods and the means to approxiinactive orbitals to active orbitalsThe fourth and fifth com-
mately correct the errors. We can decompose the wave fungonents involve the usual single and double replacements of
tion of each subsystem into a sum of its SCF reference waveny occupied orbitals in the CSF references with virtuals.
function, denoted with a subscript 0, and a correspondingor the first two components, tligvalue is taken to be equal
orthogonal correlation function denoted with a subscdpt to 1. The choice ofy=1 for the reference follows naturally
Then the CI energy functional is given as from our preceding discussion, since the reference CSFs are
(‘I’o+‘1’c||:|—Eo|‘I’o+‘1’c> part of ¥ of I_Eq. (6). The choice. ofg=1 for the second
o= ) (5) component relies on the assumption that the reference space
1+ (W[ W) is close to some complete active spd€AS) and that ex-
It can be proven easily that the denominator in B5).is  tensivity corrections therefore are not needed for these terms.
generally too large, artificially reducing the correlation en-For this reason, ACPF methods can be sensitive to the choice
ergy. Gdanitz and Ahlrichi§ therefore proposed to minimize Of the reference space. If the reference space is far from

C. Size-extensivity and the ACPF method

the following modified CI energy functional: some CAS, they value for this component of the CI wave
- function may require alteration. For the remaining classes of
£ (Vo t WH-Eo|Wo+ W) (6 terms.gis usually taken to be equal toN/ The ACPF
ACPF 1+g(W |W,.) method using the above-mentiongdalues is called multi-

which includes a prefactog to modulate the effect of the reference ACPRMR ACPP).

denominator and hopefully confer size-extensivity. , The Chl?'ce (_)f M da;’ theg factqr fordt'he dogble |_e|x0|ta—
A reasonable value fog can be determined by consid- tions is well motivated by our previous discussion. However,

ering the Cl energy of two-electron subsystems for whichfﬁr single excitations, ”;]efe 'SF';O obv||oucs;(;ea_son that th'j 'S
SDCI corresponds to full C¥7° For a single two-electron '€ MOSt appropriate choice. Recently, Gdanitz proposed an

subsystem, the denominator in the ACPF energy functiond?‘CPF meﬂthoa n \C’h'Ch thc_eg values for the single excita-
tions are “damped” according to

will be

1+g(2) (Wl W), 7 1
where W is its correlation function. Fon noninteracting g= N[l— m} €)
two-electron subsystems the denominator will take the form

1+g2n) (PR W =1+ng(2n)(V¥l), (8

This damping is introduced with the aim of reducing the
where ¥ is the correlation function fon noninteracting overestimation of the contribution of the single excitations
subsystems. For a single subsystem, SDCI is exacgé®ll  due to the inherent double counting of such excitatiins.
will therefore be equal to 1. In order to achieve size-The ACPF method which uses the modifggdalues is called
extensivity, the denominator in the ACPF energy functionalthe MR ACPF-2 method.

should not change going from a single subsystem sub- Upon introducing the partitioning of the correlation
systems. Otherwise, the ACPF energy rohoninteracting function, the ACPF functional becomes
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<q,o+qfc||Z|_Eo|q,0+q,C> nal PAO basis using Eq4). Then the construction of the
Eacpr—= 173 g.(W,[W,) , (100 residual and trial vectors are carried out in the orthogonal
N PAO basis.
where the¥; andg; are the different partitions of the corre-
lation function, V., and their associated values, respec- |ll. CALCULATIONAL DETAILS

tively, and where The JAGUAR version 4.1 quantum chemistry pack&ge

(Po|P)=0 (11)  from Schralinger, Inc., was used to solve for HF or GVB-
perfect pairing(GVB-PP orbitals used as the one-particle
basis in the subsequent CI or ACPF calculation. The

Eo=(Wo|H|W,). (12)  Pople-stylé® and Dunning correlation-consistéht.-particle

o S ) ) Gaussian basis sets were used. All molecular geometries
Variational (_)pt|m|zat|on of the ACPF functional W|th ré- \vere optimized at the GVB-PP level of theory. For single
spect to the various components'bf leads to the following  reference CI or ACPF, either a closed shell HF or a restricted
equation fort: open-shell HF(ROHP reference wave function was em-
. . ployed. For multireference ClI or ACPF, we used either
o=(1— W) ¥o|)| H—Eo—Eacprs GiPi||Wo+ ¥ ) GVB-PP”® or the GVB with restricted configuration interac-
' tion (GVB-RCI)’® reference wave functions.
=0, (13) The GVB-PP wave function uses two spatial configura-

A , , tions for each correlated pair of electrons: the first places the
where the operatoP; projects out théth component of the  ggctron pair in a bonding orbital and the second places the
correlation function from the total’. and has no effect on gjeciron pair in an antibonding orbital. The one-electron

V¥,. Similar to the MRSDCI method, the important ingredi-
ent in the iterative algorithms for solving E(LJ) is the o
(residua) vector. This is used to construct an improved so-

and

GVB orbitals in each pair are nonorthogonal, but the natural
orbitals formed from them are orthogonal. GVB-RCI con-
g S sists of allowing, in addition to GVB-PP double excitations
lution, ¢, given by within each correlated pair of natural orbitals, the corre-

L\t sponding single excitations within each pair of orbitals. The

[Wy=|We)—| Ho—Eo—Encpr GiPi| o, (14 GVB-PP and GVB-RCI calculations are denoted a£f),

' wheren is the number of electron pairs and & the number
where H, are the diagonal elements of the Hamiltonian,of orbitals used to describe these pairs of electrons. GVB-PP
which are used as precondition&fsThe ACPF correlation wave functions have a total of"2spatial configurations,
energy Eacpp) is computed iteratively in Eq$13) and(14)  while GVB-RCI has a maximum of'3spatial configurations
using the Jacobi methad.Incorporating the ACPF method (some may be disallowed by symmetrVB-RCl is a par-
into traditional MRSDCI algorithms is straightforward, since ticularly useful reference wave function for the computation
construction of the residual and trial vectors resembles vergf bond dissociation energieBDES) involving multiple
closely the traditional MRSDCI method. bonds, as it allows bonds to dissociate properly to ground
state fragment§’

The HERMIT package by Helgakeet al.”® was used to
compute all the one-electron and two-electron integrals in
the atomic orbitalAO) basis. In the current version of our

We refer to the incorporation of the ACPF scheme intocode, depending on the type of ClI calculation, the AO inte-
local MRCI as local ACPF. In our original local MRCI code, grals are transformed to the molecular orb{tdlO) or to the
we use Davidson’s iterative diagonalization procediren  PAO basis and then the various classes of transformed inte-
local ACPF, we replace this diagonalization with the ACPFgrals used in the Cl calculation are written to disk.
iterative solver given in Eq$13) and(14). The algorithm for In order to perform the local MRCI and local ACPF
performing the local ACPF is as follows: We first obtain the calculations, we must localize the orbitals and set parameters
reference wave functiofifrom some SCF(Hartree—Fock to specify our truncation procedures. The MOs are localized
(HF), generalized valence bontlGVB), complete active using the Boys algorithffi in JaAGuAR. The GVB active or-
space SCHCASSCH, etc., calculatio] and compute the bitals are localized naturally as a by-product of the GVB
reference energl, before the start of the ACPF calculation. orbital optimization”>®As discussed previously, truncation
The trial correlation energyHxcpp) and the trial vectory,  parameters are established for the WP and TOV approxima-
are initialized to 0. We compute the residual vector as givenions. The specific definitions are given in Refs. 3 and 16.
in Eq. (13) and we use this residual vector to compute a newFor the internal orbitals, the scaling parameteras 1.2 and
trial vector as shown in Eq(14). This new trial vector is 0.8 for the WP and TOV approximations, respectively. The
used to compute a neWcpr via Eq. (10) and this ACPF  default sphere radius was 0.8 bohr and the occupation thresh-
correlation energy is then used to generate a new residuald was 0.8 for both the WP and TOV approximations. For
vector in Eq.(13) and the procedure is repeated until con-the PAOs« was 0.4, the default radius was 0.4 bohr, and the
vergence. The savings from the local correlation approximaeccupation threshold was 0.8. As explained previotfsfgr
tion here is achieved by constructing|¥.) in the PAO the purpose of studying bond breaking, we use a cylinder
basis and then backtransforming tBisector to the orthogo- with hemispherical ends that expands along with the bond to

D. Local ACPF
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determine the weak pairs and virtual orbital domains for the L L L L L L L L Y LY L L LY LN B I
active orbitals used to describe the bond cleavage. This is | =
necessary due to the delocalized nature of the bonding natu (| g—gggﬂggzi gggm
ral orbitals as the bond is cleaved. This process leads to PES T+ Linear Fit

that are comparable in smoothness to the nonlocal Cl sur-
faces. For active orbitals, the cylinder radius was taken to be. 0.5
2.0 and 0.5 in the WP and TOV approximations, respectively.

All reported BDEs are 298 K binding enthalpies. For the
nonlocal and local SDCI and ACPF calculations, these 298 K
binding enthalpies were calculated in the following manner.
We first compute the Born—Oppenheimer binding energies
from the CI or ACPF energy difference between the “super-
molecule” (fragments at their equilibrium geometries sepa-
rated by 50 a.y.and the bound molecule at its equilibrium ~ 02
geometry. We then add zero-point vibrational energies and
298 K heat capacity corrections. Zero-point energies are
computed using HF or ROHF harmonic vibrational frequen- .
cies. Unless otherwise noted, the experimental values ol g °
BDEs are obtained from tables of BDEs and heats of forma- oL
tion in the CRC Handbook of Chemistry and Physits.

For the carbon—carbon double bond in tetrafluoroethyl-
ene, an additional complication arises in the calculation of!G: 1. Correlation energy recovered using nonlocal SDCI and nonlocal SR
the BDE. The supermolecule diabatically diSSOCiateﬁ':\CPF for a linear chain of noninteracting He atoms. The linear fit is to the

onlocal SR ACPF data.
carbon—carbon double bonds to triplet fragments, whereas in
this case the actual ground state fragments are singlets
(*A; CF,). Therefore, the diabatiD, (for tetrafluoroethyl- tet states. The quartet—doublet energy spliting for the
eng must be reduced by the splitting between the triplet anq CH,);CC fragment is 21.8 kcal/mol for local MRSDCI and
singlet states of the fragment molecules. The triplet state i23.1 kcal/mol for local MR ACPF-2, whereas for the CLH
treated using a SDCI or ACPF calculation based on a ROHFragment it is 21.8 kcal/mol for local MRSDCI and 22.3
reference configuration and the singlet state is treated usirkgcal/mol for local MR ACPF-2. The sum of these quartet—
an MRSDCI, MR ACPF, or MR ACPF-2 calculation based doublet energy splittings is 43.6 kcal/mol for local MRSDCI
on a GVB-RCI(1/2) reference state. This choice of referenceand 45.4 kcal/mol for local MR ACPF-2 within the 6-31G
wave functions yields two active orbitals in the treatments ofbasis set. The adiabatia, is then computed by subtracting
both the triplet and singlet states, leading to a more balanceithis total quartet—doublet energy splitting from the diabatic
description of the electron correlation in both stéfe§or D, and the 298 K BDE is obtained as discussed before.
example, correlating both core and valence electrons, this
procedure leads to triplet—singlet energy splittings for eachy RESULTS AND DISCUSSION
CF, fragment of 53.1/51.4 kcal/mol for nonlocal/local _ i
MRSDCI, 54.7/52.3 kcal/mol for nonlocal/local MR ACPF, A- Noninteracting He atoms
and 54.4/52.4 kcal/mol for nonlocal/local MR ACPF-2 The ACPF modification to MRSDCI was first tested by
within 6-31G™ basis sets. The adiabafiX, is obtained by  performing nonlocal Cl and SR ACPF calculations on a lin-
subtracting twice the triplet—singlet energy splitting of theear chain of noninteracting He atoms, where we varied the
CF, fragment from the diabatiD,. The 298 K BDE is then number of He atoms along the chain. Each He atom was
obtained by adding zero-point vibrational energy and enseparated from its neighboring He atom by a distance of 50
thalpy corrections for g, and CF; (*A,) to this adiabatic  a.u. Figure 1 shows that SR ACPF nicely recovers the corre-
De. lation energy not recovered by SDCI. The correlation energy

A similar problem arises for carbon—carbon triple bonds.recovery by SR ACPF is shown to be completely linear in
The supermolecule approach diabatically dissociates aystem size, demonstrating that SR ACPF exhibits rigorous
carbon—carbon triple bond to quartet fragments, whereas th&ize-extensivity.
actual ground state fragments are usually doublets. There- The difference in correlation energy between SDCI and
fore, the diabatid, [e.g., in (CH)3;CC=CCH;] will be SR ACPF increases with the number of electrons. For two
reduced by the splitting between the quartet and doubletoninteracting He atoms, the difference in correlation energy
states of the fragment molecules. For each fragment, theetween the SR ACPF and SDCI is 0.3 kcal/mol, while for
quartet state is treated using a SDCI or ACPF calculatior20 noninteracting He atoms, the correlation energy recovered
based on a ROHF reference configuration and the doubldty SDCI and SR ACPF is 358.5 and 404.2 kcal/mol, respec-
state is treated using an MRSDCI, MR ACPF, or MR tively, a difference of 45.7 kcal/mol. Hence SR ACPF recov-
ACPF-2 calculation based on a GVB-RTR) reference ers 12.75% more correlation energy compared to SDCI in the
state. This choice of reference wave functions yields thredatter case. A similiar test was performed using our local
active orbitals in the treatments of both the doublet and quarversion of SR ACPF, yieldingas it shouldl the same results

04—
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Correlation energy (Hartree;

0.1

A T A O I A O A O
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FIG. 2. Correlation energy recovered using nonlocal SDCI, nonlocal and & r Ve b
local SR ACPF methods for series of straight chain hydrocarbons. The linear E,, 35 //6‘ 7]
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as that of nonlocal SR ACPF. These were simply preliminar 1.9 2 xl 22 23
- _ ply p ¢ y log (basis functions)
tests to ensure that our ACPF implementation performs simi-
larly to trends seen earlief:>’ FIG. 3. (a) Performance of local SR ACPF vs nonlocal SR ACR¥.Scal-

ing of local SR ACPF.

B. Straight chain alkanes
To check the effectiveness of local ACPF in recoveringg?ré%h'tli%g)?;l nsoi :‘ncept':hSi%Snlng]Z ggigg;fgklgstigg‘? 5
the correlation energy via-vis standard nonlocal ACPF, we = . ) ’ . .

9y iteration while local SR ACPF takes only 3530 s/iteration

: : : : /|
carried out a series of calculations correlating all core anza )
valence electrons on straight chain hydrocarbons. Figure I_I calculations were performed on _Compaq DEC ES40 ma-
I:ghlnes): more than an order of magnitude speedup. The over-

ACPF correlation energies for propane through nonane aqll p;]erformarllge of lo\(;\?l ?RdAEPFl verls;er:Ac\)g::c))lr::al iR ACPF
their equilibrium geometries. Again, the difference betweer]> SNOWN 1N FIQ. &). We find that loca takes two
nonlocal SR ACPF and nonlocal SDCI correlation energie§0 three iterations more than nonlocal SR ACPF to converge

increases with system size. A linear fit shows that the ACP#W'th 11 being the typical number of iterations requieiolit

approach exhibits size-extensivity even for interacting sys-Slnce the local ACPF takes far less time per iteration, sub-

tems. For the case of nonanesfGy), the difference in cor- sta_ntial _comp_utational time is still saved. The extra number
relation energies between nonlocal SDCI and nonlocal SF.?f iterations is not due to the AC_PF approach, but to the
ACPF is ~248 kcal/mol! This illustrates starkly the impor- mheren}G convergence c_haracterlstlcs of the local Cl
tance of including size-extensivity corrections for large moI—methOdi Figure 3b) provides a ploa whosg slope re\{eals
ecules. Figure 2 also shows that the local SR ACPF approxf-he.sc"Jlllng of local SR ACPF to beN" for this system size
mation recovers the majority of the correlation energyreg'me'
yielded by the nonlocal ACPF method. For example, the per-
centage of correlation energy recovered by local SR ACPI‘9
relative to nonlocal SR ACPF is-98.4% for GHg and Next we investigated how predictions of BDEs via the
~97.5% for GH,o. Thus, the amount of correlation energy local and nonlocal versions of MRSDCI and MR ACPF are
recovered by local SR ACPF decreases slightly with systenaffected by basis set quality. Here we focused on theCC
size. This is likely due to thédeliberate neglect of long- BDE in ethylene, since it is well known experimentally.
range correlation effects in local CI. Table | provides these results, where all electrons were cor-
The fact that local SR ACPF does not deviate from lin-related. The 6-31G basis set gives the lowest BDE for all
earity with respect to correlation energy recovery as a funcmethods. The 6-31t basis set increases the BDE by 9.7
tion of number of carbon atoms suggests that local SR ACPkcal/mol for local MRSDCI and 11.7 kcal/mol for local MR
exhibits good size-extensivity. Moreover, the cost savings iIACPF-2, compared to the BDEs obtained using the 6-31G
substantial with the local version: the total number of CSFdasis set. Polarization functions are clearly very important
for nonane used in the nonlocal SR ACPF case is 26.8 milfor obtaining an accurate description of the molecule and

. Basis set effects
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TABLE |. Basis set dependence of 298 K BD&sal/mo) for H,C=CH,, andd functions on hydrogen are clearly crucial, lowering the
calculated via nonlocal and local versions of MRSDCI and MR ACPF-2. total energy in the equilibrium geometry more than in the

MRSDCI MR ACPE-2 supermolecule, and yielding larger BDEs in excellent agree-
ment with experiments.

Basis set Nonlocal Local Nonlocal Local We also investigated how Dunning’s cc-pVDZ,
6-31G 151.3 150.9 151.2 150.7  cc-pVTZ(-f), cc-pVTZ, and augmented cc-pVTZA(-
6-31G* 163.2 161.6 167.3 1624 correlation-consistent basis sets affect the BDEs. Overall,
aug-6-31G 169.1 167.5 171.0 169.1  ihese basis sets gave roughly similar trends to the Pople

el g gnly p
6-31G™* 162.0 160.3 163.1 1611 ] I ing f VDZ
6-311G 1518 150.5 1518 150.5 ases: small improvements are seen going from cc-pVDZ to
6-311G* 161.4 159.6 162.5 160.4  Cc-pVTZ and no improvement is provided by augmentation
6-311G* *+ 161.8 160.0 162.9 162.4  with diffuse functions. Again, similar to augmented
cc-pvDZ 161.0 159.0 161.9 159.6  §-31G™, the cc-pVTZ yielded higher BDESs for all methods,
cC-pVTZ-h) 1634 161.1 164.4 1619 \vhere the inclusion of,,+2 polarization functions is again
aug-cc-pVTZ-f) 163.4 160.9 164.4 161.7 b ial f btaini 1 keal/mol .
Co-pVTZ 1701 166.8 1715 1681 Seen to be crucial for obtaining 1 kcal/mol accuracy in

_ BDEs.

Experiment 17+1.0 In similar fashion, we also estimated basis set effects on
“GVB-RCI(2/4) reference wave function; all core and valence electrons cor-BDES for prototypical single C—C and triple=€C bonds in
related. H;C—-CH; and HG=CH, as shown in Table II. We will use

®One f function on each carbon atom; omefunction on each hydrogen  gJ| of these findings to estimate the error due to finite basis
atom. sets for BDEs in large molecules.

recovery of extra correlation energy. Note also that the local
MR ACPF-2 gives a higher BDE than local MRSDCI, due to
the size-extensivity conferred by local ACPF. Addition of
diffuse functions to the 6-31G basis set slightly lowers the
BDE for all methods. Of course for neutrakigd,, diffuse We also investigated how omitting core electron correla-
functions are not expected to be necessary and we indeed séen affects BDEs calculated with local and nonlocal
that they make little difference to the BDEs. The BDEs com-MRSDCI and ACPF methodéTable Ill). Inclusion of core
puted using the 6-311G basis set for both the local MRSDCtorrelation increased the BDEs in all cases. Generally, this
and the local MR ACPF-2 resemble quite closely those froneffect is fairly small for all methods;-1 kcal/mol or less.

the 6-31G basis set. Thus, a triply split valence basis is ndfor several cases, nonlocal MRSDCI and nonlocal ACPF
necessary for neutral organic molecules. Using a 6-311G were sensitive to omission of the core orbitals, showing dif-
basis, we find BDEs about 9.1 kcal/mol higher for local ferences of~3 kcal/mol. Generally, invocation of the local
MRSDCI and 9.9 kcal/mol higher for local MR ACPF-2 correlation approximation for either MRSDCI or ACPF re-
compared to the 6-311G basis set. We see that, as in thiuced the importance of including core correlation. This is
6-31G case, adding polarization functions has a dramatic ebecause the WP approximation neglects all weakly correlated
fect. And again, addition of diffuse functions to the pairs, and the tightly held core electrons are spatially far
6-311G™ basis set results in a very marginal increase in theapart from other core electrons on another atom, so these
BDE using local MRSDCI, though it yields a 2.0 kcal/mol pairs will be eliminated anyway in both local methods. The
increase in the BDE using local MR ACPF-2 for reasons thasmall differences seen are due to the core-valence correlation
are unclear. The BDEs obtained from the augmentedn the same atom that will be included in the local methods.
6-31G™ basis set are 6 kcal/mol higher for nonlocal andGiven that the core correlation effects within the local MRS-
local MRSDCI and local MR ACPF-2 and 4 kcal/mol higher DCI and local MR ACPF are so smalkl kcal/mo), we

for nonlocal MR ACPF-2 than those obtained using theconclude that it is generally unnecessary to include such ef-
6-31G™ basis set. Inclusion df functions on heavy atoms fects in large molecules.

D. Core correlation effects

TABLE Il. Basis set dependence of 298 K BDHscal/mo) for H;C—CH; and HG=CH calculated via
nonlocal and local versions of MRSDCI and MR ACPE-2.

MRSDCI MR ACPF-2
Molecule/Ref.
Wave function Basis set Nonlocal Local Nonlocal Local Experiment
HyC—CH, /RCI(1/2) 6-31G* 86.9 85.0 88.2 85.8 87:90.5
aug-6-31a* ¢ 89.5 86.3 91.4 87.5
HC=CH/RCI(3/6) 6-31G™* 221.1 220.6 217.6 219.5 236:6.7
aug-6-31G¢* d 229.2 227.2 228.1 226.4

All core and valence electrons correlated.

PReference 79.

‘Reference 89.

donef function on each carbon atom; odefunction on each hydrogen atom.
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TABLE Ill. BDEs (kcal/mol) at 298 K for some organic molecules examining core correlation effects within a
6-31G™ basis set. For the last two molecules, only the valence electrons were correlated. Best estimates are
extrapolations of 6-318 BDEs to aug-6-31& values.

Molecule/Ref. wave function

Core—valence correctifn Nonlocal/local ~ Nonlocal/local ~ Nonlocal/local
Basis set extrapolatién MRSDCI MR ACPF MR ACPF-2 Experiment
C,Hs—OCH; /RCI(1/2)/ 76.7/76.1 81.0/77.6 81.1/77.8 B85.0°
79.8/76.9 81.1/77.8 81.5/78.2
AE e vs 3.1/0.8 0.1/0.2 0.4/0.4
Best estimate 82.4/78.2 84.7/79.9
H,N—C(CHjz)3 /RCI(1/2)/ 79.7/76.1 82.4/77.1 82.6/77.1 850.5°
80.4/76.3 83.0/77.4 83.2/77.3
AE oo vd 0.7/0.2 0.6/0.3 0.6/0.4
Best estimate 83.0/77.6 B 86.4/79.2
H,C=CH, /RCI(2/4)/ 162.7/161.2 163.7/161.9 163.7/162.0 7107
163.2/161.8 164.3/162.4 167.3/162.4
AEspre v 0.5/0.4 0.6/0.5 3.6/0.4
Best estimate 169.1/167.8 171.0/169.1
F,C=CF, /RCI(2/4)/ 65.7/67.7 62.2/65.9 63.0/66.2 53@.7
67.0/68.5 63.2/67.6 64.3/67.6 69.0+2.7°
AE e va 1.3/0.8 1.0/1.1 1.3/0.8 76:38.0"
Best estimate 72.9/74.4 68.0/73.7
CH3;CH=CHCH;/RCI(2/4)/ 160.4/160.0 s 171.5/162.1
163.0/160.7 s 173.0/162.5
AEcore_va 2.6/0.7 1.5/0.4
Best estimate 168.9/166.8 ‘e 176.7/169.2
C,HsCH=CHGC,Hs /RCI(2/4)/ —/160.9 —/164.1
—/161.2 . —/164.8'
AEcore_va -/0.3 e —-/0.4
Best estimate —/167.F —/171.2
Corrected for local truncatién 169.4 178.7
PhCH=CH, /RCI(2/4)/ —/177.2 —/180.4
Best estimate —/183.1 ‘e —/187.1
Corrected for local truncatidn 185.4 194.6
(CH3)3CC=CCH;/RCI(3/6)/ —/208.2 —/203.6
Best estimate —/214.8 —/210.5
Corrected for local truncatién 216.8 212.2

4ncludes correlation of both core and valence electrons.

PAE,ore_va=BDE (all electrons correlatgd-BDE (valence only correlated

“Using values from Tables | and Il, aug-6-3TGBDEs were estimated, except forld,, where they were
calculated explicitly(see Table)l

“The local truncation errors found for GAH—=CHCH, and HG=CH are used to get better estimates of these
BDEs.

°Reference 79.

Reference 83.

9Reference 84.

"Reference 85.

E. Potential energy surface in 3-hexene This represents a qualitative improvement over earlier at-
tempts to break bonds with local correlation employing or-
ital domains, which showed discontinuities along the bond-
reaking patf{*

In earlier work, we demonstrated that local MRSDCI
produced smooth potential energy surfaces for bon(ﬁ
breaking'® Here, we examine if the same is true for local
ACPF. Figure 4 displays the potential energy surface for .
breaking the €&=C double bond in trans-3-hexene, calculatedF' BDEs of some organic molecules
using nonlocal and local MRSDCI, as well as the local MR Table IIl also provides comparisons of local MRSDCI
ACPF-2 method. At the equilibrium geometry, the lowestand local MR ACPF/MR ACPF-2 estimations of some
energy (highest BDE is obtained using the local MR single, double, and triple BDEs at 298 K. The nonlocal MR
ACPF-2 approach, as shown in the inset in Fig. 4. All threeACPF/MR ACPF-2 method recovers up te8 kcal/mol
approaches give rise to smooth potential energy surfacesjore correlation energy than nonlocal MRSDCI, bringing
suggesting they all may be used with confidence to study aonlocal ACPF BDEs closer to the experimental values. In-
variety of bond breaking processes. Use of a spherocylindeteed, the extended basis set extrapolations for the “best es-
that expands in length with the breaking bond to determingimate” BDEs show excellent agreement between nonlocal
the orbital domaingdescribed in Sec. IJlis critical to ob- MR ACPF-2 and experiment. These “best estimates” are ob-
taining smooth potential energy surfaces for bond breakingtained using theABDEs in Tables | and IlI, comparing
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prohibitive computational costs, nonlocal calculations for

—)

20 3-hexene, styrene, and (§4CC=CCH; could not be per-
0 formed, while their local counterparts were entirely manage-
able. The BDEs of double bonds like 2-butene, 3-hexene,
-20 and styrene show a consistent increase in the BDEs going to
0 local ACPF from local MRSDCI, suggesting an improved

recovery of correlation. The case of (gHCC=CCH; ex-
hibits behavior similar to fC—CF,, where the BDE for the
C=2C triple bond using local MR ACPF-2 is lower than the
local MRSDCI prediction. The reason is the same: here also
the adiabatic bond energy is affected by the electronic energy
differences of the dissociated fragments. The quartet—
doublet energy difference obtained from local MR ACPF-2 is
higher than that obtained by local MRSDCI, which lowers
the binding energy. The last half of Table Il serve as predic-
tions of some large molecule thermochemistry, where we
have estimated corrections for basis set and correlation trun-
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Energy (kcal/mol)
o
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cation.
2 4 6 8 10 12 14
C=C bond distance (bohs) V. CONCLUDING REMARKS
FIG. 4. Potential energy surface for 3-hexene using nonlocal MRSDGI We have implemented am priori size extensive modifi-
local MRSDCI(¢), and local MR ACPF-2+). cation to local MRSDCI via the MR-ACPF method. We ob-

tain improved descriptions of electron correlation in large

molecules. First, we demonstrated correlation energy recov-
6-31G™ and aug-6-31&" basis sets. On the other hand, useery is linear in system size within this local ACPF approach.
of the local correlation approximation degrades the BDEs byThen, the effectiveness of local ACPF was tested by its ap-
up to ~8 kcal/mol. This truncation error can be used to fur- plication to straight chain alkanes, mapping a potential en-
ther correct the BDEs calculated with local ACPF for largeergy surface, calculating single and multiple BDEs of sample
molecules, as shown toward the bottom of Table Ill. For bothorganic molecules, and predicting large molecule thermo-
local and nonlocal cases, the BDEs from MR ACPF and MRchemistry. The method exhibits dramatic speedups over non-
ACPF-2 are very similar tgthough generally higher than local ACPF and improved accuracy over local MRSDCI. In
MRSDCI. Overall, MR ACPF-2 appears to be slightly betteralmost all cases, local ACPF performs better than the corre-
than MR ACPF, so for the largest molecules examined, wesponding local MRSDCI approach, recovering extra correla-
only used MR ACPF-2 to compare with MRSDCI. tion energy and yielding BDEs closer to experiment.

Tetrafluoroethylene (£~,) has one of the weakest&C As is well known, the choice of basis employed for cal-
double bonds known, due to final state electronic relaxatiorculations is very crucial in the determination of BDEs. Here
effects that are extremely lar§é®? Experimental we have shown that polarization throughfunctions on
estimate®>~8%of the G=C bond energy in ¢F, range from  heavy atoms and functions on hydrogen atoms in the basis
53 to 67 kcal/mol. Local MRSDCI/MR ACPF/MR ACPF-2 set are required to obtain chemical accuracy in BDE4$
yielded higher FC=CF, BDEs than the corresponding non- kcal/mol erroj, while diffuse and triple zeta valence func-
local methods. This can be traced to differences in the estiions do not play a significant role in the calculation of BDEs
mates of the CFk triplet—singlet energy splitting AEgy), of neutral organic molecules. Also, while inclusion of core
which is used to calculate the adiabatic bond engspe  electron correlation improves BDEs calculated with nonlocal
Sec. ). Local MRSDCI predicts AEg{CF,) methods, the error in computing BDEs by omitting core cor-
=51.5kcal/mol, whereas nonlocal MRSDCI yields relation is less than 1.0 kcal/mol for both local MRSDCI and
AEs{{CF,)=53.1kcal/mol. Similarly, local MR ACPF-2 local MR ACPF methods, since many of these terms are
predicts AEs1{(CF,) =52.5 kcal/mol, whereas nonlocal MR already eliminated by WP truncation.

ACPF-2 producesAEg{(CF,)=54.6 kcal/mol. The larger The BDEs obtained using local ACPF can be as much as
AEgt in the nonlocal calculations lowers the adiabatic BDE~8 kcal/mol lower than their nonlocal ACPF counterparts.

reported here. We consider the basis set extrapolated BDE &fart of this truncation error is already evident in the local

68.0 kcal/mol from nonlocal MR ACPF-2 to be our best MRSDCI predictions, but the error roughly doubles upon

estimate at this level of basis set, which is very close to theoing to the local ACPF scheme. Systematically, local ACPF
middle experimental val{ and also agrees well with the does yield higher BDEs than local MRSDCI, but truncation

earlier correlation consistent QCCCI) result of 64.5-2.5  error should be taken into account when attempting to make
kcal/mol by Carter and Goddafd. predictions of large molecule thermochemistry.

The strength of this local ACPF approach is that it can  The local ACPF method clearly still could benefit from
be used to estimate BDEs of large molecules for which littlefurther improvement, due to the neglect of long-range corre-
experimental data exist and where conventional correlatiotation effects by the WP approximation. In principle, one
methods are impractical to employ. For example, due to theiwould like to treat these weak pairs by an inexpensive ap-
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