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We describe a new multireference perturbation algorithm dbr initio electronic structure
calculations, based on a generalized valence b@WB) reference system, a local version of
second-order Miter—Plesset perturbation theofMP2), and pseudospectraPS numerical
methods. This PS-GVB-LMP2 algorithm is shown to have a computational scaling of approximately
N® with basis set sizeN, and is readily applicable to medium to large size molecules using
workstations with relatively modest memory and disk storage. Furthermore, the PS-GVB-LMP2
method is applicable to an arbitrary molecule in an automated fagaithrough specific protocols

for resonance interactions must be incorporatadd hence constitutes a well-defined model
chemistry, in contrast to some alternative multireference methodologies. A calculation on the
alanine dipeptide using the cc-pVTZf) basis set338 basis functions totais presented as an
example. We then apply the method to the calculation of 36 conformational energy differences
assembled by Halgren and co-workéds Comput. Chem16, 1483 (1995], where we obtain
uniformly good agreemer{better than 0.4 kcal/maolebetween theory and experiment for all test
cases but one, for which it appears as though the experimental measurement is less accurate than the
theory. In contrast, quadratic configuration interaction QQISDcalculations are, surprisingly,
shown to fail badly on one test case, methyl vinyl ether, for which the calculated energy difference
is 2.5 kcal/mole and the experimental value is 1.15 kcal/mole. We hypothesize that single reference
methods sometimes have difficulties describing multireference character due to low lying excited
states in carbon—carbon pi bonds. 1®97 American Institute of Physics.

[S0021-96067)00312-1

I. INTRODUCTION approaches as unworthy of further consideration in quantum
) ) ) ) . chemical methods development. Instead, it is suggested that
The use of mglhconﬂguratlonal_ self-consistent field (1o two paths worth pursuing are based on coupled cluster
(MC_—SCF) metr_lods_ln guantum _chem|str3_/ q§tes back to th%pproaches, e.g., QCISD or CCSOT), which are capable
earliest numerical implementations @b initio -metr-\od§1.. of high accuracy, albeit at a very substantial computational
Initially, such methods were derived from physical intuition, cost, and density functional methods, which achieve reason-

in particular valence bond formalisms which suggested imypy go0d accuracy for certain molecular properties while
portant configurations for a given molecdléinfortunately, retaining a modest scaling of computational effort with sys-
the use of a small number of chemically important configu-o, size.

rations is insufficient to obtain quantitative accuracy for mo-  gq; the past several years, we have been pursuing an
lecular properties. More recently, the trend has been 10 ingyc_SCF approach which, in contradiction to the point of
clut_je a comprehensive set of cqnﬂguratlons with a restrictetia\y described above, is at once highly systematic and has a
active space, for example in complete active Spacessonable scaling of computational effort with system size.
(CASSCH methodologies.In conjunction with a subsequent The approach is based on two componefitsa generalized
configuration interaction or perturbation step, such methodg,ence bondGVB) formulation of the underlying MC-SCF
have the potential of achieving near-chemical accuracy for guterence system(2) localized MP2(LMP2) method&” for
wide range of systems. The difficulty here is the exponential5rying out perturbative corrections. Pseudospectral numeri-
scaling of computational effort with the size of the active .o methods are used to make both of these technologies
space, restricting applications to small active spaces anfigny efficient®=*® Results for the individual pieces of the
hence, typically, to small molecules. _ method have been described in previous publicatiéhs.
This analysis suggests that it is difficult, if not iMpos- fare \we present for the first time computations with the

sible, to define a systematic model chemistity the lan- ., mpined methodology, GVB-LMP2, with specific applica-
guage of Pople and co-workgtsased on MC-SCF methods jon, 1o molecular conformational energies.

which is both tractable and accurate for large systems. In- 1nq first part of this paper discusses the GVB-LMP2

deed, strong claims to this effect have been made in a rece%mputational methodology, including scaling of computa-

. . 4 . . . .
review article, which essentially dismisses MCSCF-based;jong) effort as a function of system size, which is shown to
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5074 Murphy, Pollard, and Friesner: Calculation of conformational energies

be in theN?—N?2 range where\ is the basis set size. We also cause it is a compact representation of the dominant “static”
investigate ways to reduce the absolute CPU time, a proces®rrelation effects not captured by a single determinant ref-
which is far from completed. We find that for large systemserence. In particular, the GVB wave function is constructed
the method is considerably more efficient than any competito give a good zeroth-order description of dissociative pro-
tive wave function-basedb initio approach, even when ev- cesses and other bonding situations which, on a per bond pair
ery bond is correlated at the GVB level; if only a small part basis, require at the minimum a two configuration descrip-
of a larger system is of interest, a subset of bonds can bon to be described correctly. Examples of these multicon-
correlated at the GVB level, and the computational advanfigurational cases range from “long bonds” at surfaées,
tage will grow substantially. Application to systems of 50— correlation in transition metafS,to pi bonds in the simple
100 atoms with large basis sets is thus quite feasible, a ranggganic molecules discussed here. Given that we intend to
in which it is impossible to carry out CCSD) calculations improve the reference with perturbation theory, it is essential
due to theN’ scaling of this method. that the reference contain all near degeneracy effects if the

In the second section, we examine the accuracy of calperturbative corrections are to be reliable. Single-reference
culating conformational energy differences, a subject whictbased perturbation methods are know to diverge
we have previously studied using the local MP2 mettod. dramatically* or to be totally unreliable even for transition
We find that GVB-LMP2 provides uniform near-chemical metal atom® when a multireference character dominates the
accuracy; indeed, it is possible that the theoretical results angroblem. Lastly, the local-orbital and contracted-Cl at-
more reliable than the experimental ones. In contrast, alteitributes of the GVB expansion are ideally suited to an effi-
native approaches do not display a high level of reliability. Incient local multiconfigurational treatment of dynamic corre-
particular, systems containing carbon—carbon double bondation when coupled with local correlation methods.
(which have low lying pi excitationsare shown to be ex- The GMP theory of Pulay'® and Roo&?! has been
traordinarily difficult to treat with single-reference methods, shown over the past several years, most notably by the work
including DFT and, surprisingly, coupled cluster methods,of Rooset al,?! to be an efficient, size-consistent, and accu-
which display a 1.5 kcal/mole relative conformational energyrate method of describing dynamic correlation at the level of
error for one molecule, methyl vinyl ether, even with a largethe more costly multireference Cl method. Applications of
basis set. Thus, there appear to be a class of problems, evts theory to GVB and GVB-RCI references by Murphy and
for conformational energy differences where no bonds arélessmet®?®have indicated that GMP theory works equally
made or broken, where CC$D or QCISO(T) methods are  well with the less extensive GVB-RCI references as with the
qualitatively inadequate due to failure to properly handlemore complete although computationally very demanding
multireference character. This observation is in substantiaCASSCF reference expansions. The local formulation of
contradiction to assertions in many recent publicafibns GMP theory using a GVB reference is shown for the first
which have suggestgdlthough without examining anything time here to be formulated as a simple extension of the
resembling a fully representative set of molecular strucjuressingle-reference LMP2 theory.
that CCSIT) methods provide reliable results for all but the

. : ... A. GVB reference

most challenging electronic structure problems. The difficul-
ties that we have uncovered here are likely to be exacerbated The reference GVB perfect-pairingGVB-PP wave
for transition states, where the alternative configurations aréunction WP is composed oNg,g pairs of two singlet-
even closer in energy to the ground state. coupled local orbitalsp;;, @i, defining theith GVB pair, a
closed-shell core, andll high spin coupled open shell orbit-
als ¢,, . The perfect-pairing nomenclature refers to the use of
only the single valence bond spin coupling among the GVB

The method we outline here is a synthesis of our pseuPars,
dospectral implementatioh of Pulay and Saebo's LMP2 GVB-PP— /icordl o010+ @oniona) 1o duo® 1.
theory®’ and the generalized Ker—Plesse{(GMP) theory 1)
of Pulay and Roo$ %' applied to a GVB reference. 0={(aB~Ba)(af—-Ba)aa:-a}

The computational and physical advantages of the localith .-# the antisymmetrizing operator. The local orbital
approximation, wherein excitations from the reference argrairs ¢;;,¢;, mutually overlap; however, a strong-
made from local orbitals to a limited set of local virtual or- orthogonality restriction is applied which forces orbitals of
bitals, have been discussed at length in Refs. 6, 7, and 1@ifferent pairs to be mutually orthogonal. As shown by God-
and will be further supported by this work. In particular we dardet al® this restriction and a computationally more useful
have showl? how the local approximation is exceptionally form of ¥¢VB-PP can be represented by expanding each local
well adapted to an efficient pseudospectral formation of theyrbital pair ¢;4,¢;, in terms of mutually orthogonal natural
two electron integrals which can overcome the integral transerbitals ¢;,, ¢;, via the relations
formation bottleneck of all analytic-integral based formula-
tions. This efficiency is retained in the multiconfigurational o= (o't o’ ¢l (ain+ oi)

IIl. METHODS AND COMPUTATIONAL EFFICIENCY

exte.nsion di;cussed here and is the key to retaining\the 0i=(0H2¢i1— o) (o1 + o12) 2,
scaling of this theory. ,
The GVB wave function was chosen as a reference be-  onm>0;071+07,=1 )
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with the pairwise normalization conditions of the last equa-traction is similar to that used in our definition of the GVB-
tion. The natural orbital pairg;;,¢;, are generally well lo- RCI wave function:* The \Ifi(jl) retain the spin eigenvalue of
calized between a pair of atoms with; of the “bonding”  the reference and do not have “spin contamination” of other
type andg;, having more nodal or “antibonding” character. spin eigenstates besides that of the reference. The configura-
This simple transformation put§©VE-"Pinto the form tion generated by the semi-internal excitati@,E,;, with
_pp_ 2 2 2 k a GVB natural orbital and any orbital outside of th&th
WOVBTPP= _/[{corg{(o 1151~ o105 (on1dRs pair can be represented in a form which retains orthogonality

— on22,) O] to the reference as
O={apap - aaal. @ EnEulVo)= A (0n1dh— anadiy)()--ip--()
Expansion of this expression shows tH&t 2P describing X (g it ol 1. 7

Ngyg pairs is an expansion™2ve closed-shell configuration-

state functions with only Bgyg variationally optimized Cl nition of the GVB-RCI wave functiod? it is an excitation to
coefficients{c}. )
. : ... the complementary root of theh pair's 2 by 2 CI space.
The pseudospectral implementation of the optimization . e .
Introducing the square coefficient matridgs to be de-

of the GVB wave function has been discussed at length in, oo 4 \yithin the GMP approximation below") is writ-
Ref. 12 where it is shown to retain a favorat\é scaling ten as

applicable to large numbers of GVB paifsf order 50 on
workstations. Our contracted GVB-RCI| wave functidn,
which allows for a more complete description of spin cou-

pling effects, also retains this favorable scaling and applica- o B
bility to large systems. In contrast, the state—of—the—arﬁ""th the pq sum containing both local AO and semi-internal

CASSCF codé are limited to of order 12 electrorig GvB  Indices. The local AO virtuals are defined exactly as in
pairs. LMP2 theory, by orthogonalization of the contracted AO ba-

sis functions{p,.} to theN,.. GVB, core, and open orbitals
of Eq. (3)

The excitation at paik is identical to that used in our defi-

\Ir“):i;j)pq CPIwha ®)

B. First-order wave function

The first-order wave functiol”) is defined by double |pj>:|pa°j>_i:1N | ¢ il Pag)- ©
excitations from occupied natural orbitdig } to either local ] o . . B .
AO virtual orbitals{pg} or other GVB natural orbitals in the We define local correlating domains for eaghpair analo-
case of semi-internal/internal excitatiofsingles do not con- 9ously to the single determinant LMP2 metHodirst the
tribute via the generalized Brillouin theorgmA particular ~ €Ore and open-shell orbitals are independently localized via

excited term contributing t@? is thus generated as the Boys or Pipek schemé%? These unitary transforma-
-~ A o tions leave the GVB energy unchanged. The GVB natural
WEI=E,iEqj|Peve) =], (4)  orbitals are by construction well localized and all local orbit-

where the excitation operators are defined by the generat@S! are typically centered within a small number of atoms

state formalism implemented by Pulayal® "a)={a;}, n=2 for bond orbitals, and=1 for lone
pairs. The correlating domafw;} for an occupied orbitad;

Eni= P71+ pP)(oF). (5)  consists of the local AO virtualsp} centered on the atoms

Note that these excitation operators are also directly appli{‘?]i} andt ':he Stet of n?tural _(;r:l)tl;[]adﬁ)rtse_rrnrl]-mternal};v(\j/hmh
cable as defined when the GVB reference contains high-spiﬁ are at least one atom wi € $ai}.‘ € occupied pairs
open-shell occupations. To test this statement we wrote arll dgfmmg the fII’S.t orQer wave function are aSS|g_|_1ed a cor-
other version of the GVB-LMP2 code in which Serffaron-  '¢/afing space which is the uniofu;}U{v;} of theij cor-

figurations were employed. The Serber and generator Sta{glat!ng Spaces. Our code can also assign more extgnded cor-
relating spacegv;} if needed for delocalized situations or

function codes gave identical results. As pointed out in Refs.. . ; . :
6 and 7, the generator state formalism is preferred since ituations involving resonance as discussed for one case be-
' ow. However, the default mode is to base g} on bond

removes internal coupling coefficients and is more efficient™". | irs. This default . t has b h
than traditional CSF definitions. To illustrate the contracted®®!'> O 10N€ palrs. This detautt assighment has been snown

nature of these expansions consider a t&# .., generated to be sufficient in our applications of LMP2 with the excep-

from exciting the GVB natural orbitalg,; and ¢, of Eq. t|or_1 of trans_|t|on states where an assignment of more delo-
. calized{v;} is necessary.
(3), to AO virtualspq, . . .
An important aspect of this theory is that not all elec-

Witme=-A - (011051 01203 T trons must be correlated at the GVB-LMP2 level. In the
. ol N © present implementation the valence closed shell spdee
P Omabme e ()] ) fined by electrons not GVB paired in the referenisetreated

This representative term is contracted in the sense that it iat the LMP2 level of correlation as in conventional LMP2. A

composed of order "%&ve determinants with weights deter- closed shell orbital will however use any semi-internal or-

mined by the GVB-CI coefficient§s} of Eq. (3). This con-  bital which falls into its corrrelation domain. In addition we
J. Chem. Phys., Vol. 106, No. 12, 22 March 1997
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5076 Murphy, Pollard, and Friesner: Calculation of conformational energies

can easily implement a version which leaves some region of P
the molecule at the Hartree—Fock or GVB levie., a re- Tij :Kij+_,2_, Aijij (FCirj:S+SGyj F)
gion without MP2 correlation This ability to locally define H
a level of correlation is important for treating large systems
efficiently. + 2 Bij.irj'Cirjr|S,
(14
. K”:E Diji’j’Ki’j"
C. GVB-LMP2 second-order solution iy’

The basic equation to be solved at second-order for thé the notation above bold faced matrices in each operation

first-order wave function® is® have dimensions of the AO—AO part Gf/;- in that opera-
tion, while Tj; , K;;, andK;; are matrices with the dimen-
T@=(Hy—Eq) ¥V +H'W¥,=0, (100 sion of theij virtual space. An elemeri]“ of the exchange

matrix is the exchange integralyjq). The formulae for the
where T is the second-order residuum functidthg is the coupling coefficients4,B,D) are supplied in the Appendix.
zeroth-order GMP Fock operato =Ho+H’ is the full  |n comparison to a single-reference LMP2 calculation, the
Hamiltonian, and¥,=¥yp here. The operatoH, is de-  GVB expression for the residual only generates more cou-
fined as the generalized Fock operator of Pulay and ®8Bs  pjings than the single-reference case whgnor i'j’ are

natural orbitals of the same GVB pair. For example, in the

Ho=h+> pul Ju— 1 Kkl)_ (12) GVB expressionlwe have.nonzgﬁq?ia'ibib parameters for
Kl 2 ia,ib natural orbitals of paif, while in the single-reference
caseAij,i'j’ = & 8j;'. Thus, aside from the increase in oc-

Hereh is the bare one electron operatpy; is the occupied—  cypied orbitals in going from the single reference to GVB,
occupied orbital density matrix of the reference, diid are  the increase in the couplings among the pairs in the residual
the Coulomb and exchange operators within this density. Fogypression is nominal. Furthermore, the expressions for the
the GVB wave functiomp, is diagonal with elements of (A B D) coupling coefficients are quite simpliadependent
for the GVB natural orbitals and 2 or 1 for closed/open or-nf the AO indices and can be quickly computed as needed.
bitals, respectively. Thg; , K;; matrices in AO space fdara The expression for the part of the residual involving one
GVB natural orbital or open shell orbital and the closed shelly two GVB natural orbital semi-internal indices is similar to
Fock operator are formed with® scaling during the GVB  that in Eq.(15) with additional projection factors. For ex-
optimization and hence do not have to be regenerated. Thayple, consider the following part of the residual element
?enerzlizgd Fock ope(;ator in A? space iﬁ Subseqqe(;\/tly trar;q-ﬁ,p coming from the coupling to the term represented by
ormed via a two index transform to the occupied/virtual g’ . .

P Ci';. Herek is a GVB natural orbital from théth GVB

orbital space witlN® scaling. : , . o
At thi int it i il ve for® with 0.  Pai, andqq are AO wrtggls. Wr!tlng (_)_u_t t_he l_ara and ket we
t this point it is possible to solve fo th a pro can see that if th&th pair is not in theji 'j’ sites, then the

cedure similar to the single-reference LMP2 formalism. The

et of coule equatons for 8, matices of Eq(o) an - o’ O% Y e semintema exctalon ovces e
be derived by the projection of the contravariant function upat P y hatd

on the resdiuum function of EGL0). As defined within the ~P&" N Poth the bra and ket,

generator state formalism the contravariant functiog, is T:<J.P= 4ok -jp.--g;HqHO

simply .,
_ —E0|-~i’q’-~~j’q-'vU(k)C?,jq,-i--“ i (15)
W= (2W-wlP), (12

The net effect of this complementary occupation is an over-

where. /"' is a normalization factor. This formula applies to 1ap factora which weights this contribution to the residual

the high-spin open-shell limit as well. Note that this contra-in addition to the other coupling factors in tha,8,D) co-
variant definition is used only in the formation of the re- €fficients above. These additional semi-internal projection

sidual. factors are dependent on the relationship betweenkthe
A particular residual matriT;; obtained by this projec- Pair site and théji 'j’ sites. If in the above exampjé =k,
tion satisfies the equation for ti&; matrices, is the first natural orbital of th&th pair andk=k, is the
second natural orbital, no additional projection factor is
Ti(j2)=<f1}”||_|0_EO|\p(1>>+<{f,ij|H'|qfO>=o_ (13 needed beyond that which is built into tha,B,D) coeffi-

cients. This site dependence of the projection factor compli-
The difference with the single-reference limit arises from acates the evaluation of these GVB semi-internal terms. With
slightly more complicated form of the matrix elements in thean outer loop on thg residual label, for eactji 'j' term we
residual expression. The general expression for the contribiscale the semi-internal block @&;/;» with the appropriate
tion to the residual from the external excitations to AO vir- projection factors, and then use this scaled coefficient matrix
tuals(the AO—AO block can be written in terms of overlap in the matrix operations. In this manner the speed of the
S, FockF=H,, and exchange integral matricks, as matrix multiply in the semi-internal space can be retained at
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TABLE |. CPU times (minutes for pseudospectral GVBT-GVBg** for 6-31G™ basis, T-GVBcc for
cc-pVTZ(—f ) basis using the 6-31'G initial guesd, exchange integral generatiofi-Kij), and iterative solve
(T-Solv) on a single IBM-SP2 390 thin mode.

Molecule Npas N pair T-GVBg** T-GVBcc T-Kij T-Solv
Alanine Dipeptide 338 29 222 793 213 393
Methylcyclohexane 287 21 76 550 107 103
Cyclohexane 246 18 43 340 67 81
Methylvinylether 146 12 12 83 16 30

the cost of the pre-scaling. For the timings presented here wia GVB-LMP2. Ten to fifteen iterations are typically re-
have not fully optimized this procedure and significant im-quired to achieve convergence which is similar to the situa-
provements are certainly possible. tion seen in the QCISO) calculations.

The exchange termsi‘}gi,j, in the residual are composed Once theC;; matrices have been found the second order
of linear combinations of exchange integrals of the formenergyE? is given by a sum of traces
KE%=(ip|jg), where thepq range over the virtual space of
theij pair. We use the pseudospectral formalism discussed E(Z)zE (i Cij), (16)
in detail in Ref. 15 to form these exchange matrices with =] _
better tharN® scaling. Relative to LMP2, GVB-LMP2 sim- where.7Zj; resembles;; with an additional exchange con-
ply requires extending thg indices to include GVB natural tribution (see the Appendix
orbitals or open-shell orbitals and tipe) indices to include
the semi-internal dimensions, and finally making linear com- ,%’iqu:E @UIJK.D?WL(/: i,j,Kiq,Fj’, . 17
binations to form the contractdd matrices. In the limit that iy’ ’
all pairs are GVB correlated, the formation of tg matri-  \ve are presently extending this formalism to GVB-KCI

ces is only four times as expensive as the correspondingference wave functions in a similar although technically
LMP2 calculation. This exceptional scaling of the exchangenore complicated manner.

algorithm is the key to keeping the over all GVB-LMP2

scaling in theN® regime. As shown below the formation of

the exchange matrices is significantly faster than our current;. TIMINGS

GVB reference optimization timing though both exhibif

scaling. Elements of the contracted exchange matrices in- Preliminary timings for GVB-LMP2 in a cc-pVTZ

volving semi-internals require extra consideration such as the—f) basis are shown in Table I for up to 338 basis functions

insertion of projection factors discussed above. and 29 GVB pairs. In every case all GVB pairs are corre-
Finally, note that linearly dependent terms and Pauli exJated. In these tests we follow the protocol of running the

cluded terms can arise in coefficient matrices. For examplé>VB to convergence with a 6-&™ basis and use these

CRY for k, the first natural orbital of GVB pak, represents  results as an initial guess for the cc-pMF) GVB initial
the same state &f9_with k, the second natural orbital. In guess. This .pr.O.tOCOI IS roughly twice as fast as using a
) b"b bq i cc-pVTZ(—f) initial guess. This test set displays an overall
this case we zero out th@kbkb matrix. We also zero out scaling of approximatelyNZ2 in comparison to the HF-
elements corresponding to pure single excitatiofs:X)  LMP2 scaling ofNZ2. The GVB-LMP2 times reported here
such asCEﬁ. A Pauli excluded term is of the forrﬁ:ikjakb in which all GVB pairs are correlated are roughly eight times
whereij are not in pairk. Such elements among others aremore expensive than the corresponding pseudospectral
set to zero. LMP2 times and with further optimization we expect them to
The iterative solution of Eqg15) for the C;; matrices is  be approximately five times as expensive in the all pair cor-
achieved by a modification of our iterative LMP2 solver by related limit. The GVB-LMP2 times are dominated by the
including the additional GVB-LMP2 coupling coefficients self-consistent GVB calculation in the cc-pV{Zf) basis
(A,B,D) in the construction of the residual as well as sepa{T-GVBcc). The cc-pVTZ—f) GVB times can be reduced
rate routines for handling the semi-internal blocks of the re-by a factor of 2 with improvements to our SCF algorithms in
sidual. Once the residual matrices are formed we use thprogress. The generation of the local exchange integrals
updating scheme outlined by Pulayhich transforms to and (T-Kij) is comparatively very efficient. This is to be con-
from a temporary orthogonal basis within each pair spacetrasted to analytic methods for which this step is rate limit-
with the exception that we use a DIIS accelerator instead oing. The time to solve for the pair Cl coefficien(fB-Solv) in
a conjugate gradient accelerator. We have found that the useughly 10-15 iterations is about 20% of the calculation cost
of the generator state formalism greatly reduces convergena@nd roughly the same cost as generating the local exchange
problems. However, the GVB-LMP2 equations do exhibitintegrals. In comparison, the iterative solver time for
slower convergence behavior than the single-referencelF-LMP2 is only 20% ofT-Kij. As discussed above the
LMP2 case as expected from the larger number of couplingkgic associated with the semi-internals has additional costs
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5078 Murphy, Pollard, and Friesner: Calculation of conformational energies

which we have not made a serious attempt to optimize yet. H
We expect that with a proper optimizationSolv should /
- (B)
approach 50% of -Kij. Lo H—O
Thus, with a relatively small effort we expect the timings 0 °

presented here can be improved by approximately a factor of VAN
2. More extensive efforts involving the development of mul- H: H (A
tigrid techniques will result in even greater speedups and will
certainly lower the overall scaling below the current value of
2.9. This type of performance is to be compared with methf!G- 1. Hydrogen bonding of two water molecules. GVB-LMP2 requires a

. . . delocalization of the semi-internal excitations from the OH bond of mono-
ods of comparable accuracy such as quadratic configuratiof., g 1o include the semi-internal orbitals of monorer
interaction[QCISD,QCISOT)] which formally scale aN®
and N’, respectively. Using the data from a recent
publicatiori® we obtain a scaling oN>%° for QCISD in a
cc-pVDZ basis andN®>%8 for the corresponding local version approach are(a) reduction in computation timeéb) elimina-
of this theory using analytic integration. Furthermore, thetion of basis set superposition error.
disk usage of GVB-LMP2 is modest in comparison to that of ~ An alternative approach is to retain the localized atomic
QCISD methods which requirall two-electron integrals on space but include all semi-internal GVB orbitals. Tests of
disk. The disk useage of GVB-LMP2 is given by the maxi- this method indicated that for the vast majority of molecules
mum used for the GVB or that used independently by thdn our test suite, this approach is either equivalent or inferior
LMP2 section. The GVB storage requires Storing rough|yt0 the use of localized semi-internals. In most cases, the dif-
5+4N,,; square matrices of dimensidd,,s on disk. The ferences in conformational energy separations amounted to
LMP2 portion requires Storing five square matrices of d|-01—02 kC&l/mOle, with the localized semi-internal approach
mensionN,,s and SN2, square matrices of dimensidw,, ~ Most often closest to experiment. Therefore, we chose the
with N, the number of correlated orbitals ahg,. the size localized protocol as the default methodology for assembling
of the local correlating space, on average 60 for a cc-pvTzhe bond and lone pair correlation spaces.
(—f) basis. The dipeptide calculation above only requires 2  However, there are specific cases in which the localized
gigabytes of disk space while the Corresponding QQ'[BD protocol is found to be qualitatively inadequate. We empha-
calculation would have inordinate disk and CPU require-Size that in each of these cases there is a specific chemical
ments. reason for a targeted delocalization of the virtual space. Ex-

amples along this line can also be found in local MP2,

where, for example, delocalization to three centers is in
IV. RESULTS many cases necessary to accurately compute transition state

energies. The particular examples we focus on here are prob-
A. GVB-LMP2 protocol Iemsgthat arisepspecifically in (gVB-LMPZ calculations. SSch

We shall consider a protocol here in which all bonds anddelocalizations are acceptable as part of a well defined model
lone pairs are correlated at the GVB-PP level. We have carchemistry provided that the protocol is uniformly applied
ried out some experimentation with reducing the number okvery time the relevant chemical structure is identified. The
GVB pairs, and it is likely that some approach along thesgrocedures defined below straightforwardly meet this crite-
lines can be worked out, particularly for larger molecules;rion.
however, initial efforts for the small molecule database we  The first important case that we have encountered is for
investigate here did not lead to a completely robust schemdwydrogen bonded structures. Tests on the water dimer indi-
This direction will be pursued in later publications. cate that it is necessary to treat the hydrogen bond as a
A key issue is the treatment of the correlation space fof'bond” when constructing the delocalization protocol for

the local MP2 part of the calculation. The analogy of theexcitations into the GVB semi-internal space. Consider the
standard LMP2 protocol that we have used above is to emwater dimer geometry shown in Fig. 1. The virtual space for
ploy the usual union of orthogonalized atomic basis sets asexcitation from the O—H bond of monomér must contain
sociated with the bonds being correlated, and add to thithe GVB natural orbitals of the hydrogen bonded O—H bond
semi-internal excitations into GVB natural orbitals which of monomerB. Results of the calculation with and without
meet the same localization criteria. The arguments for thisnclusion of these terms are shown in Table Il, along with

TABLE Il. Water dimer binding energiegkcal/mole. All results use the counterpoise correction of the corre-
sponding reference wave function. GVB-LMP2 uses the local protocol and GVB-LMP2-d delocalizes the OH
semi-internal excitations.

HF LMP2 GvB GVB-LMP2 GVB-LMP2-d LMP4 LCEPAZ Expt.

4.17 5.03 3.15 3.62 4.67 4.61 4.68 54.7)

3 ocal MP4 and local CEPA2 results from Ref. 17.
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results from other calculatiort$.It can be seen that the ex- diffuse functions, do not appear to yield significant improve-
clusion of the semi-internal excitations results in a hydrogerment in the theory/experiment comparisofisis may, of
bonding strength that is clearly too low. The justification of course, be due to inaccuracies in the experimental)data
the extension of the semi-internal space is straightforwardThus, our view is that extensive studies with larger basis sets
The AO virtual space is orthogonalized to the GVB naturalwill require better quality control with regard to the experi-
orbitals and hence this region of phase space is excludemiental data.
from the AO virtual spacein contrast to LMP2 where ex-
clusion of virtual space cannot occur since it is totally con-
tained in the AO virtual space with no semi-internal space
Thus, if the excitation is physically important, it must be As in our previous work, we study here the database of
included explicitly. Excitation of an electron across the hy-small molecule conformational energies assembled by Hal-
drogen bond is clearly a potentially important excitation andgren, Kollman, and co-workeré.Table IIl presents results
it is therefore unsurprising that elimination of this state fromfor conformational energy differences of all of these mol-
the virtual basis results in an underestimation of the hydroecules at the HF, LMP2, and GVB-LMP2 levels. In addition,
gen bond energy. Addition of a single orbital to the pairwe have carried out a number of QCI8D/cc-pVTZ(—f)
virtual space is highly unlikely to lead to large basis setcalculations for selected cases, the reasons for which will be
superposition errors, which typically arise from enhanceddescribed belowwe did not perform such computation for
dynamical correlation of the monomer which requires a largeall test molecules due to the formidable computational ex-
number of functions to describe. The semi-internal delocalpense of such an undertakjn@hese latter calculations were
ized result is in very good agreement with the localperformed with theGaussiaN 92 suite of programs. All
MP4(SDQ) and local CEPA2 values of Ref. 17. GVB-LMP2 numbers reported in Table Il utilized the local

We have therefore incorporated a protocol in our GVB-semi-internal protocol described above with the exception of
LMP2 code in which delocalization into GVB natural orbit- glyoxylic acid, where the delocalized protocol was em-
als in hydrogen bonding situations is implemented. As stategloyed. (The localized value is provided in Table V but is
above, this protocol is entirely automatic and uniformly ap-not used in computation of average or rms erpors.
plied to any chemical structure. The only parametrization = The most significant result of Table Il is the remarkably
that is required is a definition of the cutoff distance for thegood agreement between theory and experiment for the
hydrogen bond. A distance is used at which the effect is verygVB-LMP2 calculations. Numerous improvements as com-
small, thus avoiding discontinuities in the potential energypared to the LMP2 results can be seen, most strikingly me-
surface. thyl vinyl ether where the error is reduced by a factord.

The second case is where there is a strong resonandéis case and others are discussed in detail below.
within a particular functional group. This poses particular  In Ref. 15, we attempted to ascertain which of the larger
problems for GVB methods in which the orbitals localize theory/experiment disagreements might be due to problems
into a single resonance structure. This localization can bavith the experimental value. We shall proceed along the
corrected quite effectively by the perturbation theory compo-same lines here, armed with substantial additional high level
nent of the methodology; however, in order to do so it istheoretical data from both GVB-LMP2 and QCIED cal-
necessary to build a correlation space delocalized over theulations. The first case we consider is formic acid. Here, all
resonant functional group. theoretical results beyond the HF lev@hcluding gradient

As in the hydrogen bonded case, is is straightforward tacorrected DFT calculations, not shown heyield an energy
define an automatic protocol once a relevant chemical groudifference of 4.5 kcal/mole, whereas the experimental result
is identified. In this paper, we have encountered only onés 3.9 kcal/mole. In view of the exceptionally good agree-
situation in which resonance presents significant accuracgnent between the QCISD) and GVB-LMP2 results, and
problems; this is the carboxylic acid group in the glyoxylic the lack of large perturbation from the MP2 results, it seems
acid molecule, which also makes an internal hydrogen bondverwhelming likely that the experimental value is in error
A detailed discussion of this cases is presented below. In here(by ~15%, a very reasonable error bar when the con-
subsequent publication, we will describe a survey of chemiformational energy difference is largeNe therefore elimi-
cal functionalities in which resonance plays a role along withnate this case from calculation of the average and rms error.
a protocol for each case where resonance presents difficulhe second case is that of cyclohexanol, where computation
ties. Only in this manner can a robust methodology of uni-of the energy difference of the two conformers as we inter-
form accuracy be constructed from a local orbital approachpreted them in Ref. 32 yields a resultsf-0.1 kcal/mole, in

All calculations were carried out with the Dunning cor- contrast to the experimental energy difference of 0.52 kcal/
relation consistent cc-pVTZf) basis sef! Our tests indi- mole. However, examination of the original experimental lit-
cate that this basis set provides a good balance between agrature indicates that Ref. 32 contained an error with regard
curacy and computational tractability for the level of to labeling of the conformational difference relevant to the
precision we are seeking hefe-0.5 kcal/mole maximum experiment. The correct difference is that between the lowest
error). Smaller basis sets are incapable of providing this sorenergy axial conformer and the lowest energy equatorial con-
of reliability (at least in our handswhile our initial tests former. We have carried out the appropriate calculations to
with larger basis sets, e.g., those includihdgunctions or  determine this, and our GVB-LMP2 result, 0.6 kcal/mole,

B. Overview of results for conformational energies
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TABLE lll. Relative conformational energiekcal/mole from HF (HF), local MP2 (LMP2), GVB, GVB-
LMP2, and QCISDTT) calculations with a cc-pVTEZ-f) basis set.

Molecule HF LMP2 GVB GVB-LMP2 Expt.
ethanol -0.18 0.07 0.20 0.19 0.12
piperidine 0.78 0.56 0.89 0.56 0.40
isopropylamine 0.31 0.26 0.33 0.41 0.45
isopropanol 0.31 0.31 0.29 0.28 0.28
2,3-dimethylbutane -0.07 -0.11 0.09 0.07 0.17
propylamine 0.54 0.18 0.46 0.38 0.42
cyclohexanol 0.85 0.54 0.74 0.61 0.52
methylcyclohexane 0.89 1.80 2.15 1.73 1.75
methoxycyclohexane 0.91 0.30 0.80 0.61 0.45
butanone 1.18 0.90 1.13 1.04 1.15
isoprene 2.80 2.68 1.34 2.49 2.65
1,3-butadiene 3.64 3.18 2.07 231 2.49
methyl vinyl ether 1.54 2.62 0.48 1.45 1.15
methyl vinyl ether (QCISDT=2.53
N-methylacetamide 2.49 1.89 2.53 2.14 2.30
formic acid 5.01 4.30 4.29 4.52 3.90
formic acid (QCISDT=4.49
N-methylformadide 1.00 0.90 1.13 1.35 1.45
N-methylformadide (QCISDT=0.949
ethyl formate 0.69 0.29 0.96 0.56 0.19
2-butene 1.74 121 1.63 1.15 1.00
acrolein 2.39 2.20 1.82 2.25 2.00
butane 1.09 0.73 0.97 0.86 0.75
methyl ethyl ether 1.69 1.22 1.70 1.53 1.50
methyl formate 5.47 5.35 4.66 5.09 4.75
ethyl ether 1.75 1.12 1.73 1.39 1.10
N-methyl piperidine 3.97 3.42 3.95 3.38 3.15
cyclohexane 7.00 6.04 6.25 5.85 5.50
glyoxylic acid 0.40 1.05 —0.50 0.93 1.20
cyclohexamine 1.29 0.80 1.19 0.78 1.10
propionaldehyde 0.85 0.67 0.57 0.80 0.95
dimethyl dioxane 1.30 0.85 1.00 1.02 0.90
methyl acetate 8.82 7.72 8.14 7.91 7.5-85
1-butene 0.74 0.76 0.80 0.22 0.53
fluoropropane -0.02 0.39 0.03 0.14 0.35
chloropropane 0.43 -0.16 0.36 -0.21 —0.05
1,2-difluoroethane 0.07 0.56 0.57 0.58 0.80
1,2-dichloroethane 2.02 1.31 1.90 1.35 1.20
methoyxytet.hydropan 0.49 1.25 0.68 1.22 1.05

now agrees with experiment to within 0.1 kcal/mole. This isimportantly, the largest errors are of order 0.35 kcal, such as
the value that has been entered into Table IIl. in the formates and in the glyoxylic acid case discussed be-
With this set of decisions in place, the average errors antbw. These results suggest that, for the first time, a robust
rms errors of all computations are presented in Table IV. Wanethod for the determination of conformational energy dif-
have also included the DFT results from Ref. 32 for com-ferencegat least of organic moleculeias been developed.
parison. It can be seen that the GVB-LMP2 performance ifNote that this is not the case for QCISD which apparently
superior to all other methods by a significant margin. Mostmakes a 1.35 kcal/mole error for methyl vinyl ether. This is
despite the fact that, if one simply looked at the MP2 and
QCISD(T) results, one would believe that the answer was

TABLE IV. M | iatiofMAD lute RMS deviati . ) i
ean absolute deviatiofMAD) and absolute RMS deviations .\, 0 gaq unproblematically. We should point out that, in

(RMS) of the conformational energy differencéal/mole of the previous

table from experiment. addition to the agreement with experiment of the GVB-
LMP2 results, there are two independent experiniérits
Error HF  LMP2  NLSDA  GVB  GVB-LMP2 (performed, in fact, with different types of experimental ap-
Full MAD 050 025 0.33 041 0.19 paratu$ on methyl vinyl ether, both of which yield nearly
Full RMS 0.62  0.37 0.46 0.54 0.23 identical answers for the conformational energy difference.
Filtered MAD 049  0.25 0.32 0.41 0.18 Because this result is so surprising, further theoretical and
Filtered RMS ~ 0.60  0.37 045 054 021 experimental investigations are nevertheless warranted.
3The filtered average removes formic acike text for which the experi- A closer examination of Table Il reveals that the largest
mental value is questioned. errors in the LMP2 results occur for systems with one or
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more carbon-carbon double bond, e.g., methyl vinyl ether o O0—H
and 1,3 butadiene. Interestingly, these are also the systems \\ /

for which gradient corrected DFT displays the poorest

results®? and as discussed above, QCI$Dcannot properly C ¢ (A)
treat methyl vinyl ether. A simple interpretation of this ob- / \\

servation is that a €C moiety has a low lying pi excited H 0

state and hence possesses some important multireference

character, in particular multireference effects appear to occur

when the carbon—carbon double bond interacts with a second

functional group, which in the case of methyl vinyl ether is H\
the lone pairs on the ether oxygen. The conclusion of our 0]

study is that such character cannot be accurately represented \\ /
by intrinsically single-reference theories, whether that theory c——2C (B)
is DFT, QCISOT), or MP2. This problem of course occurs / \\

in a more extreme form in molecules such as ozone or, more H

generally, in studying transition states. Further examples of 0

the break down of single-reference methods can be found in

Refs. 22, 25, and 26. GVB-LMP2, as the only multireference

method with a scaling in th&l>~N?® range(the lower end

requires treatment of only part of the molecule at the GVB H
level, which is plausible when treating larger systemsp- o 0

resents a systematic, automated approach to building in the \\ //

requisite multireference character at a modest computational C C (©)

cost.
It should be noted that other LMP2 cases with somewhat / \
. S H
smaller errors are also improved significantly by the GVB- 0.
LMP2 calculations. These include cyclohexamémethyl
formadide [Where the QCISDI—) result is not partlcularly FIG. 2. Two conformers of glyoxylic acid studiedb) is the hydrogen

accurate eithgr N-methyl acetamide, methyl ethyl ether, and ongeqg ground statéc) depicts a resonance structure(lof which stabilizes
2,3-dimethyl butane. In no case does the GVB-LMP2 treatihe internal hydrogen bond.

ment lead to a qualitative increase in the theory/experiment
deviations. However, the LMP2 results are qualitatively rea-

sonable for all of these cases as opposed to methyl vinWroup, which mandates a sigma-pi localized orbital descrip-
ether or(to a lesser extentl,3 butadiene. tion, fails to properly describe the resonance structure in Fig.
2(c). Ideas like this have been presented extensively in the
previous literature, for example by Goddard and
co-workers:’

Figures 2a) and(b) present the two conformers of gly- We next examine what happens when the GVB-PP wave
oxylic acid studied in this paper. The ground state conformafunctions are correlated at the GVB-LMP?2 level. First of all,
tion B has an internal hydrogen bond between the carboxylievithin the local space protocol discussed above the GVB-
acid hydrogen and the adjacent carbonyl; indeed, this is theMP2 result of —0.27 kcal, although an improvement over
only internal hydrogen bond in our test suite. This hydrogenGVB, is not satisfactory. From a study of the water dimer at
bond, which is not present in conformar stabilizes a reso- the GVB-LMP2 level, we discovered that it is essential to
nance structure of the acidic group shown in Fi¢gc)2in allow the semi-internal spaces of the H bonded units to be
which the oxygen on the carbonyl becomes negativelyshared among these units rather than localized, as was dis-
charged and the the OH group positively charged. The posieussed above. The delocalization of the CO and OH hydro-
tively charged OH group also strengthens the internal hydrogen bonded semi-internals among each other, for the CO
gen bond. Experimental evidence for resonance in the acidipairs we include the semi-internals of the OH pairs and vice-
group can be inferréd from the CO and OH bond lengths versa brings the energy difference to the correct sign and
being longer/shorter than in a typical ketone/alcohol, respeowithin 0.7 kcal of experiment. Finally, to account for the

C. Resonance effects: Glyoxylic acid

tively. resonance in the OCOH group as depicted in Fig),2ve
From Table V it can be seen that the GVB referencedelocalize the virtual space of pairs within the OCOH unit to
predicts a 0.5 kcal/mole energy difference in thieong di- include all virtuals (both AO and semi-internalin the

rection as compared to experiment. The correspondin@COH unit. This additional delocalization along with the
GVB-RCI* calculation which includes intra pair open-shell hydrogen bond semi-internal delocalization brings the en-
configurations and additional spin couplings does not im-ergy difference to 0.93 kcal/mole, which is quite acceptable.
prove the situation. We hypothesize that this occurs becaus®'e made a similar LMP2 calculation in which the AO vir-
the GVB description of the carbonyl of the acid OCOH tuals were delocalized among the OCOH unit and obtained
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TABLE V. Energy differencegkcal/mole between the two conformers of glyoxylic acid with HF, GVB,
GVB-RCI, and GVB-LMP2 within the local protocdlGVB-LMP2-1), with H bonding accounted foiGVB-
LMP2-h), and with both H bonding and resonance effects accountetGdB-LMP2-hr).

HF LMP2 GVB GVB-RCI GVB-LMP2-1 GVB-LMP2h  GVB-LMP2-hr Expt.

0.4 1.05 -05 -0.15 -0.23 0.53 0.93 1.2+5)

an energy difference of 1.05 kcal which is identical to theACKNOWLEDGMENTS
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APPENDIX

D. Conclusion We tabulate here the residual coupling coefficients

We have presented the first multireference methodolog%A’B'D) of Eq. (15 and .the energy cqefﬂmenf&&, ! of
which is capable of achieving chemical accuracy for confor- - ,(17)' In these equations .GVB qrb!tal§ are denoted by
mational energies, can be applied in an automated fashiorg',x'_Jy) or for the natu_ral _orb|tal pairsi{,ip), open_-shell
and has a scaling with system size suitable for large molecul rpltals are denoted by o), and_ closed_-shell orbitals l.)y
applications. It is clear from our results that multireference’ 'j])’ iy ar?d iy denote GVB pair coeff|C|er!ts from pairs
character is essential in describing important classes dl. respectively{Eq. (4)], F;; denotes a matrix element of
chemical problems, even for closed-shell ground state spdbe generalized Fock operator, ak§l" is the two electron
cies of apparently innocuous character. Furthermore, thétegral QD|_JQ)- The sections are organized with respect to
CPU times, disk space, and memory required for the calcuth® pair indices occuring ifi; , for exampleij both closed,
lations are quite reasonable and will allow application ini closedj, a GVB orbital, etc. Unless otherwise noted
production situations where high accuracy is desired. prlme(_i |nd|ces_ are gss_umed to be distinct from _the|r corre-

If one is willing to accept errors 0f0.5 kcal/mole for sponding unprimed |n_d|ces. For the sake of brevity we have
small molecules, a reasonable approach would be to utiliz€Mly tabulated the unique cases here and have not presented
GVB-LMP2 when the molecule contains=C double the details of the semi-internal projection factors which oc-
bonds, and LMP2 otherwise. The LMP2 calculations arecur as outlined above or a few of the more complicated semi-
considerably less expensive than the GVB-LMP2 calculainternal exchange elements.
tions, and not all applications require the kind of precision1. closed-shell-closed-shell couplings
that GVB-LMP2 can supply. On the other hand, as the cost/

performance of computing continues to be drastically re- Aij,irj = 8ii 811 = Dijivjr (A1)
duced, one will have the option of using an accurate method Bij.irjr=—8i/Fjj — 8 Fiir, (A2)
such as GVB-LMP2 for an increasing number of problems. )
The scaling with system size is sufficiently modest so that Bij,ij)’/: _O'ijj,j)’/- (A3)
large molecules can be treated on workstations even at the 5
present time. Bijij=—ai Fii (A4)
An interesting question, not addressed in this paper, is
Bij,ij(’):_Fj,jé' (AS)

whether it is possible to develop hierarchical methods, such
as those presented by Petterson and co-workénswhich a

large basis set is used at the Hartree—Fock level and small@r GVB—GVB couplings
basis sets are employed for the correlated calculations.

. . In this section the intrapair elemeht, is defined by
Petterson and co-workers were examining bond energetics

and, in cases where a small basis set was used for the corre- Fij,= Z(UizaFiaia+ criszibib); (A6)
lation part of the calculation, were interested in an accuracy

on the order of 2 kcal/mole for quite small moleculgise Ay iy = TixTiy=Di i (A7)
G2 data base We have carried out some preliminary tests 2 2

which indicate that the present situation, involving higher by gy = G i Oy = Diy iz (A8)
precision and larger molecules, may be qualitatively differ- o ouE (A9)
ent. Nevertheless, this is a research direction which certainly bobaotlyly AL

needs to be pursued, as the computational savings could in o~ __ = 2 o (A10)
principle be substantial. oty Y Y
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2 2
Bixixviyj,:_o-ixo-j)’lo-iniyj)’/’ (All) Bijoxi]‘;:_gj)’/Fj;jo’ (A39)
Bii,iyig= ~ 010, Fiics (A12) Bijgiis= ~Filig (A40)
Biyiyii,= ~ 01,01 Fiirs (A13) Bijguioiy= ~Fiig- (A41)
B‘xiy'ixjy_U 7] Y(F' LT Fiyiy ™ Fip = Fip), (Al4) o GVB-open couplings

_ .2 2
Biiasivin™ 71,7127, iy (A15) Aiigiis= TixO! iis = Dioilins (A42)
2
Biiy aia= ~ 91,71,91.F iy (A16) Biigijo=x(Fii, ~Fip—Fj ), (A43)
Bixiyvi’Jy:_Uia—f/yFi’ix’ (Al?) Biajo'ibjozaiagibFiaib’ (A44)
2 _
Bixiy,i;Jy:_O-izxo-jzyo-i)’(Fixi;’ (A18) Bixjo'iaia_ _G.ixa-iaFiij’ (A45)
., =—g?F, .,
Bii, iiy= ~ OO F s (A19) Bisioi'io= ~ i, i (A46)
Bii iri 0'20' Fiiss (A4T)
. oo
3. GVB-closed-shell couplings X
_ 2 _ . = —g2E. .,
Aijy i, = Biir i o = Dij vy (A20) Bisio.igio™ ~ 7i,Fiig: (A48)
_ 2
Bijyrijyzo-izy(ijjy_FiP_Fii): (A21) Bixjovixj'__o-iXFi'jo’ (A49)
2
Bija’ijbzo-jao-ijjajb’ (AZZ) iij'ixj;/ — O U F] JO (ASO)
b= 71,5,y (A23) Bijo.ids =~ OixFioiy: (A51)
Bijy,ii:_a'jz Fij,» (A24) _ .
y 6. Open—open couplings
2
Bijy,i'jy_ O'ijma (A25) AinOiéjéz 5ioi6'j0j6:Dinoi(’)j6’ (A52)
_ 2 2
Bijy'i;jy__a-jyai;lzii;’ (A26) Bigio oo™ ~ Figio™ Figio (AS3)
Bijy,ij’:_o-jzij’jy! (AZ?) Biojo,i’jOZ_Fi'iO! (A54)
2 o, 2
Bijy ,ij;,: B szyo-i)’/ijj)’/’ (A28) B'0]0"x]0 I 'F' xio’ (ASS)
Bijy,ij('):_o'jzijyj(')a (A29) Bigioigio= ~ Figio (AS6)
_ 2 The general relations for ther, ' coefficients of Eq(17)
Bijy’jyj;—_O'ij'j;,Fij)',, (A30) are
ny,iyi(;:—fszfug,- (A31) iy =vDiji Jf4, i1 =0 v (A57)
) ij'i'j’ core or GVB orbitals: y=4, §=-2, (A58)
4. Closed-shell-open couplings
ii’ core/GVB jj' open orbitals: y=2, §=—1, A59
Aijoi/i(’):5ii/,ioj6:Dijoi/ié’ (A32) ” p Y ( )
iji’j’ open orbitals: y=1, §=—1. (A60)
Bijg.ii,= —Fii —Fjgiy (A33)
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