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The nondynamical correlation energy may be defined as the difference between full configuration
interaction within the space of all valence orbitals and a single determinant of molecular orbitals
(Hartree—Fock theopyIn order to describe bond breaking, diradicals, and other electronic structure
problems where Hartree—Fock theory fails, a reliable description of nondynamical correlation is
essential as a starting point. Unfortunately, the exact calculation of nondynamical correlation
energy, as defined above, involves computational complexity that grows exponentially with
molecular size and is thus unfeasible beyond systems of just two or three heavy atoms. We introduce
a new hierarchy of feasible approximations to the nondynamical correlation energy based on
coupled-cluster theory with variationally optimized orbitals. The simplest member of this hierarchy
involves connected double excitations within the variationally optimized valence active space and
may be denoted as VOO-CCD, or VOD. VOO-CCD is size-consistent, has computational
complexity proportional to the sixth power of molecule size, and is expected to accurately
approximate the nondynamical correlation energy in such cases as single bond dissociation,
diradicals, and anti-ferromagnetic coupling. We report details of our implementation of VOO-CCD
and illustrate that it does indeed accurately recover the nondynamical correlation energy for
challenging multireference problems such as the torsion of ethylene and chemical bond breaking.
© 1998 American Institute of Physids$0021-960808)30148-§

I. INTRODUCTION tion as a linear combination of two electronic configurations
Recent advances in computer hardware andhrinitio W=CoWot+CyW¥y,
methods have made it possible to achieve very high accuracy ¥ ,=(0)2, (1)
in electronic structure calculatiohg.However, it is still dif- W, =(0*)?
1~ ’

ficult to describe many chemically important situations such

as bond breaking, transition states, and diradicals by wing and optimizing both the coefficients; and the molecular
initio theory. The key methodological problem is the inher-orbitals at each nuclear geometry. Wave functity often

ent multideterminantal nature of the wave function, oftenreferred as a two-configuration SCFCSCH wave function,
described amondynamical correlatioi® is the simplest example of a multiconfigurational SGIC-

As the simplest generic example of the bond breakingSCPH wave function. In this example the orbitadsand o*
problem, consider the dissociation of tle bond in H, define theactive spacewhich is the set of orbitals whose
shown schematically in Fig. 1. The simplexdt initio model,  occupations vary among the different configurations in-
the Hartree—FockHF) approximatiorf’ often called the cluded in an MCSCF wave function.
self-consistent fieldSCP method, describes each electron in If a minimal basis set is used, then theando™ orbitals
the molecule moving in the average field of the other elecare determined by symmetry, and the two configurations
trons. The mean-field model describes chemical bonding byo)? and (o*)? are the only ones allowed by symmetry for
a single electronic configuration, with all electrons occupy- the ground state of J Hence, for this particularly simple
ing variationally optimized orbitals. The resulting SCF wave example, the TCSCF wave functi¢h) happens to be iden-
function for H, is a doubly occupied orbital, which cannot tical to a full configuration interactioFCI) wave function
properly describe the molecule at the dissociation limit bedn the active space of and ¢* orbitals. More generally, a
cause there are two electronic configurations)?( and  FCl wave function defined in an active space of variationally
(0*)?, that equally contribute to the wave function of two optimized orbitals is called a complete-active-space SCF
noninteracting H atoms. The interaction energy betweefCASSCH wave functiorf} also known as full optimized re-
these two configurations is the nondynamical correlation enaction spacéFORS.? For the H molecule, when there are

ergy, which can be recovered by representing the wave fun@nly two valence orbitals, wave functiofl) recovers all
nondynamical correlation.For other molecules, however,
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A cannot be completely recovered by subsequent calculations
of dynamical correlation. It has been shown by DavidS8on
E O. that CASSCEF calculations for the Cope rearrangement per-
O*=81-s2, formed in am-orbitals active space is qualitatively incorrect,
and inclusion ofo-7 correlation by subsequent second-order
perturbation theoryCASMP2 calculations changes the en-
ergetics along the reaction coordinate significantly. Another
case where a large active space is necessary is reported by
Chabanet al:!! Their study of NO, isomers demonstrated
that the CASSCF space should include not only four NO
bonds and one NN bond, but also the oxygen lone pairs. The
resulting CASSCF space—14 electrons distributed in 12 or-
bitals, denoted14,19—is very close to today’s limit for the
OO CASSCF method.
0=51+S2, Another approach to the bond-breaking problem is to use
- the unrestricted Hartree—Fo¢kWHF) method, which allows
RH-H the « and B orbitals to be different. The UHF solution can
FIG. 1. Molecular orbital picture for kdissociation. At equilibrium, the descnbe_elect_ro_n loca“_zatlo_n near '_ndIVIduaI H atoms er H
two hydrogers orbitals form bondingr and anti-bonding-* orbitals which ~ at the dissociation limit using a single Slater determinant

are well separated in energy. The wave function describing chemical bon¢onstructed from different and 8 orbitals

formation can be represented by doubly occupyingdtwebital. For a large

nuclear separation, whem and o* are degenerate, electrons are localized Vune=151(1) a(1)s,(2) B(2)). 2
near individual H atoms and occupy orbitalsands, .

However, wave function2) is only a half of the correct

solution, and it no longer has the correct space or spin sym-
figurations in the valence space can be important in the zerdhetry. At the dissociation limit the UHF-solutiof®) is a
order wave function. For instance, to describe the dissociaMixture of triplet and singlet electronic configurations and is
tion of each particular bond in a polyatomic molecule by anot an eigenstate of thg® operator. To restore the correct
TCSCF wave function, different ando™* orbitals should be symmetry we have to adb,(1)8(1)s,(2)a(2)) to ¥yue
included in the active space. However, describing the dissdEq. (2)]. As far as these two configurations are degenerate at
ciation of twoo bonds at the same timer one double bond  the dissociation limit, the energy can be described reasonably
requires an MCSCF wave function including four electronicwell by the incomplete wave functiof®), which results in a
configurations. More generally, a zero-order wave functiorsmooth, qualitatively correct potential energy curve. Quanti-
which includes all electronic configurations that can betatively the shape of UHF curve is not very accurate, but can
formed by distributing the valence electrons among the vabe corrected by post Hartree—Fock calculations using the
lence orbitalgbonding, anti-bonding, and lone pair orbitals UHF reference. For many chemical applications, however,
is capable of describing the breaking of any type of chemicathe molecular wave function is also important, since observ-
bond (double, triple, etg.and, moreover, the simultaneous ables other than the energy are often required. Spin-
breaking of any number of bonds. In other wortlee non-  contaminated or symmetry-broken wave functions are inap-
dynamical correlation energy may be defined as the differpropriate in such cases. Excited-state theories using UHF
ence between full configuration interaction within the spacereferences yield wave functions which are even more spin
of all valence orbitals, and a single determinant of molecularcontaminated than the ground state. The calculation of nona-
orbitals (Hartree-Fock theory)® Hence, the CASSCF wave diabatic or spin—orbital couplings using such wave functions
function incorporates all nondynamical correlation when theis impossible(e.g., singlet and triplet electronic states be-
full valence active space is considered. Dynamical correlacome scrambled, making forbidden transitions allowé&the
tion energy, which is the difference between the FCI andpoor quality of the wave function restricts the use of the
CASSCF energiescan be included later. Unfortunately, the UHF model in chemical applications. For this reason, al-
exact calculation of nondynamical correlation energy, as dethough in certain cases they can vyield very accurate
fined above, involves computational complexity that growspotential-energy surfaces, models using UHF references are
exponentially with molecular size and is thus unfeasible benot discussed in this paper. The MCSCF and CASSCF meth-
yond systems of just two or three heavy atoms. ods to which we compare our results also almost always

One strategy to approximate nondynamical correlatioremploy restricted orbitals.

for larger systems is to perform CASSCF calculations in  Single-reference configuration interactiofCl) and
smaller active spaces. In that case, nondynamical correlatiorbupled-clustefCC) methods approximate the total correla-
is no longer completely described in the zero-order wavdion energy and do not distinguish between nondynamical
function. Practically, this approximation introduces arbitrari-and dynamical contributions. Though these methods can be
ness into theoretical descriptions because the active spaceligghly accurate when the electronic state is dominated by
no longer uniquely defined and must be chosen based omne configuration, they fail to describe multireference states
physical considerations for each particular process. Oftereven qualitatively correctly when truncated. Single-reference
small active orbital spaces lead to significant errors, whichCl methods are not generally reliable for dissociation pro-
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cesses, because a truncated Cl wave function is not size-

extensive: The product of the Cl wave functions of two non- i

interacting fragments is not itself the same CI wave function. — . .
Size-extensive coupled-cluster methfds can describe — Hre&“’y‘\c_tes ‘gg’t)“a'
molecules at their equilibrium geometries with state-of-the- - onmvelence
art accuracy but may fail for geometrically distorted mol- —
ecules(such as transition states along a reaction coordinate —
The reason for this is in the unbalanced description of the —
important configuration§(o)? and (o*)? for H,]: Excita- —
tions outside the valence space describe dynamical correla- — | -—
tion for the reference[(o)?] electronic configuration,
whereas dynamical correlation for other important configu- —
rations [ (¢0*)?] is neglected. Multireference configuration
interactior® (MRCI) and multi-reference  coupled-
clustet®~22 (MRCC) methods address these difficulties by —
explicitly modeling both dynamical and nondynamical cor-

relation. Unfortunately, these methods are not suitable as

“model chemistries’ in the sense that there is some am-FIG. 2. Schematic representation of active and restricted orbital spaces.
Excitations are allowed within the window of active orbitals. Orbitals in

blguﬂy in the choice of the active space and reference Conéach subspace are defined variationally, by minimizing total energy with

figurations. _ _ _ respect to orbital rotations between occupied/virtual and restricted/active
Here we introduce a new hierarchy of computationallysubspaces.

efficient approximations to the nondynamical correlation en-

ergy based on coupled-cluster theoWe approximate the

active-space full Cl expansion in the CASSCF wave functioteracting (and, approximately, weakly interactingingle

by a coupled-cluster expansiofiVe optimize the orbitals bonds at the CCD level. The corresponding RASSCF wave
variationally to minimize the total energy, exactly as in function, truncated at double excitations, could only describe
CASSCEF or any other MCSCF procedure. Since the coupledsne single bond dissociation: The simultaneous breaking of
cluster wave functiolf'*® is size-extensivdi.e., containing two single bonds, even if they are noninteracting, would re-
only linked diagrams, making the total energy scale linearlyquire explicit quadruple excitations in the RASSCF.

with system siz#), the resulting active-space coupled- The simplest member of this hierarchy involves con-
cluster wave function will also be size extensive. Further-nected double excitations within the variationally optimized
more, the method will also be size consistdithplying  valence active space and may be denoted as the valence op-
qualitatively correct dissociation to produtisas long as the timized orbital coupled-cluster doubles mod®10O-CCD,
active space is chosen to be the full valence space and tig simply VOD). VOO-CCD is size-consistent for single-
maximum allowed excitation level is sufficient to describe bond breaking, has a computational complexity proportional
the dissociation process. Always choosing the valence spade the sixth power of the molecule size, and is expected to
as the active space makes the active space uniquely definégcurately approximate the nondynamical correlation energy
and enables us to describe any molecular process where nof- such cases as single bond dissociation, diradicals, and
dynamical correlation is important with uniform accuracy, anti-ferromagnetic coupling.

without altering the active space and without selecting “im-  The structure of the paper is as follows: Sec. Il presents
portant” electronic configurations. Models of increasing the theoretical model and introduces VOO-CCD. In Sec. IlI
complexity are systematically defined by the maximum leveMe illustrate that our method does indeed accurately recover
of electronic excitations allowed in coupled-cluster wavethe nondynamical correlation energy for challenging multi-
function. This determines the type of chemical bonds whicHeference problems such as dissociation and the torsion of
can be broken: The valence active space coupled-clust&thylene. Comparison with otheb initio models demon-
doubles(CCD) model is capable of describing the dissocia-Strates the importance of a balanced description of nondy-
tion of any single bond in the moleculer any number of namical correlation and supports our strategy for the accurate
such bonds, if they are noninteractingvhile the coupled- theoretical modeling of multireference electronic wave func-
cluster doubles triples and quadrupl€CDTQ model can tions.

describe any double bond dissociation, &bur approach

can be V|_ewed as a systematic strategy of a_pprommatmg th_ﬁ_ THE MODEL

exponentially complex CASSCF wave function by polynomi-

ally complex CC model©ur approach is similar in spirit to We propose a systematic way to approximate the expo-
the restricted active space self-consistent-fiGRASSCH  nentially complex CASSCF wave function by polynomially
method?®?” which approximates CASSCF by limiting the complex coupled-clusteiCC) wave functions. The essence
maximum excitation level in the active space. However, byof the model is to define a CC wave function within a va-
employing a coupled-cluster expansion instead of a configulence active space: Electronic excitations are allowed only
ration interaction expansion in the active space, we are ableithin the small orbital active space shown in Fig. 2. Just as
to treat the simultaneous breaking of any number of noninin any traditional MCSCF or CASSCF modtl, the active

active virtual
(valence)

active occupied
- (valence)

-+——restricted core



10672  J. Chem. Phys., Vol. 109, No. 24, 22 December 1998 Krylov et al.

space is defined variationally, by minimizing the total energyadditional orbital rotations: For OO-CCD only mixing be-
with respect to orbital rotations between the four orbital subtween occupied and virtual orbital subspaces alters the total
spacegFig. 2. energy, whereas for VOO-CCD the total energy depends also
The choice of the active space is straightforwafdVe  on restricted—active orbital rotations. VOO-CCD is capable
select all valence orbitals, such as bonding, anti-bonding, andf describing diradical transition states and any number of
lone pairs, imitating the molecular orbital picture in a mini- noninteracting single bonds breaking simultaneously. Includ-
mal basis set. The variational optimization of each orbitaling triple and quadruple excitatiof¥OO-CCDTQ will al-
subspace makes the active space uniquely defined and oplibw us to describe double bond breaking and tetraradicals.
mal for each molecular geometry. As long as all valence
orbitals are included in the active space, we can describe any. RESULTS AND DISCUSSION

reaction coordinate with uniform accuracy, without altering In this section we consider two examples of chemically

the active space and without selecting “important” elec-. L e
. i ; . important situations when the accurate description of nondy-
tronic configurations. Increasingly accurate models are de-

) . . . namical correlation is essential. We discuss chemical bond
fined by the maximum level of electronic excitations allowed . P . .
: . : .~ dissociation in diatomic and polyatomic molecules and con-
in the coupled-cluster wave function. Besides theoretical. C -

sider diradical transition states, and we compare the VOO-

consistency and computational efficiency, this model enableéCD model against the CASSCF method, to which VOO-

us to interpret results of electronic structure calculations per-FCD can be considered an approximation. The CASSCF and

fqrmed n large basis sets using a _S|mple mok_acular_orbltavoo_CCD calculations reported here are always performed
picture in a valence space of bonding and anti-bonding or: . . . .
bitals. in a full valence active space, with core orbitals restricted

This work introduces the simplest model which inCIudes(except for BH results when core orbitals were included into

connected double excitations. Recently, we have reported a{[rqe active spageWe also show examples of single-reference

optimized orbital coupled-cluster doublg8O-CCD, or sim- calcul'atlons.. Re;trlc_ted Ha}rtreg Fock self conS|stent. field
. . ) . (SCB; configuration interaction singles and doub{€4SD);
ply OD) electronic structure model in which the orbitals are . '
: o S . second-order Mier—Plesset perturbation theoryMP2);
obtained variationally by minimizing the energy with respectcou led-cluster singles and doubléECSD:3 coupled
to orbital rotations between occupied and virtual subsp&tes, P g ; P

: . cluster singles, doubles, and full tripld€CSDT);*? and
and we have noted that the orbitals so obtained are approxk~qp wi?h triple  excitations trepaet(e d pe?turbatively
mate Brueckner orbitals. An algorithm for this method WaS[CCSlIT)] 3 £or all calculations we used a restricted

introduced previously; and .'t contrgsts W'.th the typical Hartree—Fock reference. Some comparisons with full CI
Brueckner CCD methotf, which obtains orbitals by a pro-
(FCI) are also reported.

jection equation involving singly substituted determinants. The present study employs a doulflelus polarization

The method may be defined by the following set of COUpIGd(DZP) basis set of contracted Gaussian functions, comprised

equations’? of the standard Huzinaga—Dunnifig® double¢ basis aug-
<q)0||:| |(1+-“|-2)¢)0>: E, 3 mented by sixd-type polarization functions for first-row at-
oms[ay(B)=0.5, ay(C)=0.75, a4(N) = 0.8, a4y(0O)=0.85
(@ﬁb||3||(1+?2+%?g)q)o):Eaﬂb, (4)  and threep-type polarization function$a,(H)=0.75 for
hydrogen. For BH, we used the exponent for hydrogen
C=C°U(6), [ ap(H) =1.0] employed by Harrison and HandyThe con-
JEaU(0) traction scheme for the DZP basis iss@pld/4s2pld) for

_ (5) first-row atoms and (¢1p/2slp) for hydrogen. To elucidate
au(e) a6 ’ the theoretical difficulties encountered for triple-bond break-

h h % defi Il double el . . ing in N,, some additional results were obtained with the
where the operatol, defines all double electronic excita- | i.-1"s15.3G basid?

tions in an active orbital space€; is the molecular orbital
matrix, C° defines some set of guess orbitals, &hds the

Calculations were performed using tved initio pack-

bital ; ) ' defined by th * orbi Iages:Q-CHEM38 and ps1® Our program for VOO-CCD cal-
orbital transformation matrix defined by the set of orbital o, 4ins s linked to both platforms. Full CI results were

rotation angle®. Equationg3) and(4) define the energy and obtained using the determinant-based CI programc, >

T, amplitudes in the CCD model, whereas E5).defines the  and most CASSCF calculations were performed using a new
variationally optimized orbitals. The final programmable rogram written by C.D.S., which has been interfaced to

equations for the energy, gradients with respect to orbitaherc). Additional CASSCF results were obtained using the
rotations and nuclear displacements, and an efficient newaves<! electronic structure program.

method for solving Eq93)—(5) are given in Ref. 28, which

focused on the model in which all orbitals are active. HereA- BH molecule

we consider the case in which all nonvalence orbitals are  The failure of single-reference methods when applied to
made inactive, or restricted. THe excitation operator now dissociation problem, an inherently multiconfigurational situ-
works only in the active space of valence orbitals. We de-ation, is well known-**42However,quantitativedemonstra-
scribe this as the valence optimized orbital coupled-clustetions of this failure are relatively rare, due to the lack of
doubles mode(VOO-CCD, or simply VOD. The presence benchmark full CI surfaces. In Fig. 3, we compare potential-
of inactive orbitals requires us to generalize Eg).to allow  energy curves calculated by the SCF, CISD, MP2, CCSD,
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FIG. 3. Potential-energy curves for the BH molecule using a DZP basis set.
FIG. 4. Relative error against FCI calculation for BH molecule, DZP basis

set.

CCSOT), CASSCH6,6), and VOO-CCD methods for BH to

the full ClI curve. Note that for chemical applications the

absolute error in the energy is not important; we are inter-CCSD(T) model. At small nuclear separations, when the ref-
ested only in the relative error along the potential-energyerence configuration is dominant, the CG$Pcurve almost
curve. Figure 3 demonstrates that although the potentiakoincides with the FCI one. However, the perturbative treat-
energy curves close to the equilibrium geometry are reproment of triple excitations by the CCSD) model fails at
duced reasonably well by the uncorrelated Hartree—FocKissociation: The near-degeneracies of orbitals in the course
method and much better by the CISD and MP2 methods, thef nuclear separation make the perturbative approach invalid.
errors in the dissociation energy are enormous. This behavidrOO-CCD and CASSC,6) curves are indistinguishable,

is completely expected and is due to the inherent multireferwith the maximum relative error of VOO-CCD against
ence character of the dissociated molecule, which is not inCASSCK6,6) is about 0.0001 hartree (0.06 kcal mb)l.

cluded in the SCF zero-order description since the single Figure 4 shows the errors against FCI. The CASSCF and
Slater determinant places both electrons in the same molecOO-CCD potential-energy curves are almost parallel to the
lar orbital. Hence, the SCF approximation results in a tod=Cl curve at the dissociation limjtwhile they introduce a
ionic wave function at the dissociation limit—both electronsrelative error of around 0.01 hartree for small internuclear
can be localized near one of the atoms. MP2 theory, whiclseparationgthe error decreases monotonically with increas-
treats the second electronic configuration as a perturbation fag internuclear distangeBy contrast, CC methods yield a
the Hartree—Fock wave function, obviously should not besmall error near equilibrium which monotonically increases
applied at the dissociation limit, where both configurationswith atomic separation. This is because the nature of the
are of the same importance. The CISD method fails to deerror is different for the CC and CASSCF models: CASSCF
scribe the dissociated molecule because it is not sizerecovers all nondynamical correlation but completely lacks
consistent: The product of the two fragment CISD wavedynamical correlation. Dynamical correlation is local, and,
functions is not itself a CISD wave functiofit contains therefore, is more important for small internuclear distances.
triple and quadruple excitationsThe error for the CCSD The locality of dynamical correlations results in a systematic
method is much smaller, because coupled-cluster wave funoverestimation of bond lengths by MCSCF models. Such
tions are size-extensive and include important higher excitabehavior of the error is rather encouraging and suggests that
tions through nonlinear terms. However, the description ofvhen a description of dynamical correlation is added to the
the two important configurations is not balanced: ExcitationsCASSCF or VOO-CCD wave function@.g., by perturba-
outside the valence space describe dynamical correlation fdion theory, the resulting potential-energy curve should be
the referencd (o)?] electronic configuration, whereas dy- nearly parallel to the FCI one. Indeed, the success of the
namical correlation for the second configuratidie™*)%] is  CASPTZ***model when the CASSCF is performed in a full
incompletely described. Figure 3 shows also results for thealence space supports our expectations. For reference,
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TABLE Il. Total energieghartreg for C—O bond breaking in C¥DH using

TABLE I. Total energies(hartree for BH dissociation using the VOO-
the VOO-CCD and CASSCFL4,12 methods with a DZP basis s&t.

CCD, CASSCHg,6), and full Cl methods with a DZP basis Set.

Rgy (bohn VOO-CCD CASSCF FCI Rco (A) VOO-CCD CASSCF
1.8 —25.123 112 —25.123 143 —25.177 247 1.321 —115.203 242 —115.204 206
2.0 —25.158 668 —25.158 696 —25.211118 1.421 —115.213 390 —115.214 466
2.2 —25.174 435 —25.174 471 —25.225193 1.621 —115.197 829 —115.199 165
2.4 —25.178 286 —25.178 335 —25.227 417 2.421 —115.080 734 —115.083 278
2.8 —25.167 874 —25.167 956 —25.214 156 3.321 —115.052 036 —115.053 618
3.2 —25.148 281 —25.148 394 —25.192 401
3.6 —25.127 643 —25.127 772 —25.170 278 30ther coordinates fixed ®cp=1.094A, Roy=0.963 A, 6,,0c=108.0°.
4.0 —25.109 155 —25.109 273 —25.150 922 The SCF energy éRco=1.421 A was—115.072 788 hartree.
5.0 —25.077 674 —25.077 645 —25.119 025
6.0 —25.064 497 —25.064 366 —25.105991
7.0 —25060360  —25.060250  —25.101928 (0.9 kcalmor?). Table Il contains VOO-CCD and
8.0 —25.059 160 —25.059 088 —25.100 770

CASSCHK14,12 total energies for several points shown in

#The SCF energy at 2.4 bohr is25.124 742 hartree. Core electrons were Fig. 5.
correlated.

C. Multiple bond dissociation

Since VOO-CCD includes only double excitations, it is
only capable of describing the dissociation of a single bond
(or an arbitrary number of noninteracting single bond$e
following example demonstrates the limitations of the VOO-
CCD model. To describe the dissociation of the triple bond
in the N, molecule, the wave function should contain qua-
VOO-CCD and CASSCf4,12 potential-energy curves druple and, in pr.inciple, sextuple excitations. Figure 6 com-
for C-0O bond dissociation in methanol are compared in Figlpares thehpotentlal—energy curves for th@mblehcule ca!cu—

5. Excellent agreement between the CASSCF and VOO—ated byt' € CASSQEO,& and VOO.'CCD methods using a
CCD results demonstrates that VOO-CCD approximates th ZP basis. At small internuclear distances, up~0.75., .
CASSCF energy successfully for the dissociation of a sing| e agreement between VOO-CCD and CASSCF models is

bond between two heavy atoms. The maximum relative erro§urprlsmgly good. Neverthele_ss, the VOO-CCD moc_iel f{;uls
along the dissociation curve is about 0.0015 hartreeat larger internuclear separations. The reason for this failure

Table | contains VOO-CCD, CASS@#.6), and FCI total
energies for several points shown in Figs. 3 and 4.

B. CH;OH

~108.12 : : . .
-115.02 : : . .
*—¢ CASSCF
+——e CASSCF — VOO-CCD
=—a VOO-CCD +— CCSD
~108.38 |
-115.07 | ]
[\
o
g E  -108.62 |
& £
E 5
o 5
8 _115.02 | ] g
& 3 -108.88 |
E =
o
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-115.17 ¢ ] ~109.12 i
~109.38 : - - :
11522 . . . . 10 20 30 40 50 60
10 15 20 25 30 35 R, ., bohr
Rcfo’A

FIG. 5. C-O bond breaking in GE@H using

CASSCHK14,12 methods with a DZP basis set.

the VOO-CCD and

FIG. 6. Potential-energy curve for,Nising a DZP basis set. Total VOO-
CCD energy at the experimental equilibrium geometry=(1.0977 A) is
—109.103 639 hartree.
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FIG. 8. Schematic molecular orbital picture of ground and excited states of
ethylene along the torsional coordinate. Twisted ethylene at 90° can be
considered as a simple diradical transition state.

-108.0 ' . .
0.0 2.0 4.0 6.0 8.0 10.0

R, ., bohr p orbitals decreases and becomes zero at 90°. Therefore, at
90° the w and #* orbitals become degenerate and the
FIG. 7. Potential-energy curve for,Nising a minimal STO-3G basis set.  pond is broken. In order to describe twisted ethylene at 90°,
we have to introduce the two configurations)¢ and (*)?

. s cqnsistently into our zero-order description.
is an absence of quadruple and sextuple excitations essential’ ;
Figure 9 shows potential-energy curves along the ethyl-

for the correct breaking of a triple bond. Since the CCD . ; .
. - . ne torsional coordinate, with all other degrees of freedom
model does not include these excitations, the amplitudes : e
rozen at the experimental equilibrium valGegsee Table

double electronic excitations can be overestimated by th . .
truncated nonlinear Edd), when the weight of higher exci- il ). The restricted Hartree—Fock potential-energy curve has

tations in the FCI wave function is large. This results in an

overestimation of the correlation energy defined by &).

Such behavior of the nonvariational CCD energy is similar to ' ' ' P n
that of the MP2 model, and we note that the CCSD method = SCF

(all orbitals active behaves the same way as VOO-CCD at :Z’g
large internuclear distances. To strengthen this comparison, «—CISD
additional calculations were performed for CCSD and VOO- Y7 CCSD
CCD using a minimal basis sé6TO-3G, for which VOO- —78.0 \.\'\.N,
CCD and CCSD become more similar. The results are com-

pared to FCI in Fig. 7: Again, VOO-CCDwhich here is the
same as OO-CCD if the core orbital is made agtigeeatly
overestimates the correlation energy at the dissociation limit

N-N?

Energy, hartree

and yields a curve nearly identical to that of CCSD. -78.2
D. Ethylene torsional barrier

Next, we consider the torsional barrier in the ethylene
molecule. This example, though simple, represents a wide 254 )

class of chemically important problems such as transition
states and diradicafS:*® The molecular orbital picture of
ethylene at the equilibrium geometry and along the twisting
coordinate is sketched in Fig. 8. At the equilibrium geom-
etry, the two carboip orbitals perpendicular to the molecular
plane form bondings and anti-bondingz* orbitals. The -78.6 ' ' ' : :
ground state(labeled theN statg¢ doubly occupies the 0 30 60. % 120150180
mr-orbital. A w— 7* excitation results in th¥ state. Doubly Torsion angle, deg

occupying ther™ orbital results in theZ state. As we twist  Fig. 9. Ethylene torsional barrier using a DZP basis set. The RHF SCF
ethylene around the C—C bond, the overlap between the twenergy at for the planar structureis78.049 241 hartree.

2
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TABLE lll. Total energies and geometries for planar ethylebBg). —78.00 T T
&——@ CASSCF
Method Energyhartre¢  Roc (A) Ry (A) Ouch = voo-ccp
VOO-CCD/DZP —78.192 135 1.358 1.102 116.84
MRDCI (Ref. 49 —78.3452 1.328 1.10 117.
Exp. (Ref. 47 n/a 1.334 1.081 117.36
-78.05 1

&Core electrons correlated.

a pronounced cusp at 90° because it completely lacks the
second important configuration. Restricted density functional
theory (DFT) with the B3LYP* hybrid exchange-correlation
functional also yields a sharp cusp. Neither MP2 or CISD
can eliminate the cusp due to the inconsistent treatment of
double excitations. The CCSD curve exhibits a cusp at 90°
because the configurationrt)? is undercorrelated with re-
spect to the referencer(?, whereas both configurations are -78.15 r 1
of the same importance at the barrier. Perturbative treatment
of higher excitations in the coupled-cluster wave function
does not eliminate the cusp: We have found that CA$D
also has a small cusp. CASSCF, however, results in a smooth
curve. . s

Figure 10 compares two different approximations of the 20 3.0
CASSCK12,12 wave function in the full valence active Ryp A
space: VOO-CCD and TCSCF. TCSCF is a CASECH S _
calculation which describes only the two most important™'C: 11. C—H bond dissociation in ethylene using CAS&@F2 and

. . . . VOO-CCD with a DZP basis set.

electronic configurations for this processt)€ and (7*)?.
The TCSCF curve is shifted down by 0.113 hartree to show
all curves on the same scale. All three curves are smooth and . ] )
almost coincide at small torsional angles. The maximum ertOr @gainst CASSCHE2,12 occurs at the barrier and is small
for both methods. The maximum error for VOO-CCD is
0.0025 hartree (1.6 kcal maf), while the error for TCSCF
is twice as large—0.005 hartree (3.1 kcal mol). The ex-

—78.10 1

Energy, hartree

-78.20
1.0

:SZZS_CCFCD cellent agreement between VOO-CCD and CAS8RHR 2
—— 1C5cr shows that our approach indeed approximates nondynamical
correlation very accurately. The larger error for the TCSCF
_78.09 | | calculations shows that our strategy for approximating non-

dynamical correlation gives better results than the traditional
one, when CASSCF calculations are performed in smaller
active spaces. For this particular case, when only two elec-
tronic configurationg()? and (7*)?] are of the major im-
portance, the effect on the energy is rather small; however,
other properties can be affected much more dramatically. It
has been reportéUthat o- correlation, which is omitted in
_78.14 | thel TCSCF wave functiop,_is indeed very important and is
difficult to recover when it is not present in the zero-order
wave function. Our model is free from this type of difficulty,
since we always choose the full valence space as our active
space. The drastically reduced computational expense of
CCD compared to full ClI allows us to treat much larger
molecules using the full valence space than is possible for

Energy, hartree

CASSCF.
_78.19 , . . Another important advantage of our strategy is that we
0.0 50.0 100.0 150.0 can describe with the same accuraapy single bond-
Torsion angle, deg breaking in ethylene without altering the active space. By

contrast, for small active space CASSCF calculations, the
FIG. 10. The torsional barrier for ethylene_ as computed{by CASSZED, active space must be Carefu”y chosen for each particu|ar
TCSCF[CASSCR?2,2] and VOO-CCD using a DZP basis set. An absolute (o4 tinn coordinate. This advantage is of tremendous impor-
error of 0.113 hartree is subtracted from the TCSCF energy in order to . ) ) .
compare all three curves on the same scale. The VOO-CCD total energy EiNCe€ where chemistry in polyatomic molecules is con-
—78.188 456 at equilibrium ane 78.061 061 at the barrier. cerned: Very often several reaction channels can be open for
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TABLE IV. Total energies, geometries, and barrier heights for twisted ethylBng)

Method Energy(hartre Rec (R) Rey (A) Ouch Barrier (eV)
VOO-CCD/DZP —78.084 796 1.494 1.105 116.88 2.92
MRDCI (Ref. 49 —78.2451 1.484 1.104 117 2.72
Exp. (Refs. 50-54 n/a n/a n/a n/a 2.8,2.59

&Core electrons correlated.
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