A complete active space valence bond method with nonorthogonal orbitals
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A complete active space self-consistent fi€BCH wave function is transformed into a valence

bond type representation built from nonorthogonal orbitals, each strongly localized on a single atom.
Nonorthogonal complete active space SCF orbitals are constructed by Ruedenberg’s projected
localization procedure so that they have maximal overlaps with the corresponding minimum basis
set of atomic orbitals of the free-atoms. The valence bond structures which are composed of such
nonorthogonal quasiatomic orbitals constitute the wave function closest to the concept of the oldest
and most simple valence bond method. The method is applied to benzene, butadiene, hydrogen, and
methane molecules and compared to the previously proposed complete active space valence bond
approach with orthogonal orbitals. The results demonstrate the validity of the method as a powerful
tool for describing the electronic structure of various molecules.1%®7 American Institute of
Physics[S0021-96007)01647-4

I. INTRODUCTION type constructed with tailless orbitals, each purely localized
on a single center. Thus, the less atomiclike the localized
In a previous publicatioh,a method was outlined for orbitals become, the greater the difference will be between
determining the complete active space valence bonehis approach and a conventional VB calculation. A CASVB
(CASVB) wave functions. They are obtained simply by representation with orthogonal LMO'’s tends to introduce a
transforming a canonical complete active space selfsomewhat greater degree of mixing of ionic structures, even
consistent field CASSCH functior? and are readily inter- for states having largely covalent character. The requirement
preted in terms of the well-known classical valence bondor ionic structures arises mainly from the orthogonality con-
(VB) resonance structures. The method is applied to thetraints. Ohanessian and Hibérsgudied critically the use of
ground and excited states of benzene, butadiene, and tlwthogonalized atomic orbital§AO’s) in VB type wave
ground state of methane. CASVB affords a clear view of thefunctions and concluded that VB with orthogonal orbitals
wave functions for the various states and forms a usefuplaces a higher weight on ionic structures than when nonor-
bridge from molecular orbitalMO) theory to the familiar thogonal orbitals are used.
concepts of chemists. CASVB provides greater insight than  The invariance of the CASSCIFORS wave function to
delocalized MO-based methods, yet the methods are complénear transformations among active orbitals has inspired a
mentary, each one providing different perspectives that arisaumber of localization schem&$,analogous to those used
from identical total densities and total energies. for single determinantal SCF wave functidti®.Ruedenberg
The CASSCHRef. 2 or full optimized reaction space et al® have shown that CASSCF active orbitals can be cho-
(FORS (Ref. 3 method is an attempt to generalize the sen as being so strongly localized that they are almost iden-
Hartree—Fock(HF) model to situations where the state- tical with the minimal basis set of the SCF AO’s of the free
specific nondynamical correlation is important, while keep-atoms. This involves the projection of the canonical FORS
ing the conceptual simplicity of the HF model as much asMO onto the atomic basis, followed by symmetric orthogo-
possible. It is size-consistent and the wave function is invarinalization of the resulting projections. They call the pro-
ant to linear transformations among active orbitals. Althoughected localized FORS MO'’s as the “atom-adapted mini-
CASSCF does not include dynamical correlation, it can easmum FORS MO’s.” McDouall and Robthave proposed an
ily be taken into account by a CASSCF-based perturbatiomntrinsic localization procedure for active CASSCF orbitals.
theory, such as CASPT2 by Roesal’ and our multirefer- The CASSCF wave function obtained using these localized
ence Mdler—Plesset theoryMRMP).> active orbitals corresponds to a full VB calculations where
In the previous treatment, we determined the atomiclikethe VB structures are built from orthogonal quasiatomic or-
localized MQO’s (LMQ’s) by a unitary transformation with bitals.
Boy’s localization procedur@LMO’s obtained in this man- Nonorthogonal orbitals have also been used to express
ner nearly always turn out to be well localized on a singlethe CASSCF wave functions in terms of the VB structures.
atomic center. Each LMO resembles the atomiclike functionin 1987, McDouall and Rob) have shown the transforma-
Although very atomic in nature, LMO’s are still MO’s and tion of the CASSCF wave function to the spin-coup(&@)
therefore these LMO’s are orthogonal. The localized MO’sVB wave function of Gerratet al1? The orthogonal local-
possess small tails on the other atoms in order to maintaiized orbitals obtained by the intrinsic localization procedure
their orthogonality to each other. The classical VB functionare transformed to nonorthogonal orbitals by orbital rotations
is a linear combination of configuration state functions of VBamong CASSCF active orbitals. Thorsteinssiral® also
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investigated the transformations of CASSCF functions toThen,’s give an estimate of the importance of the VB struc-
modern VB representatior{they also call it CASVB. They ture. This is the outline of the CASVB method with orthogo-
examined transformations for which the total wave functionnal LMO'’s.
is dominated by covalent structures built from a common  Now let us consider the case of nonorthogonal LMO’s.
product of nonorthogonal orbitals. What is a criterion for choosing a nonorthogonal set? It is

Any full Cl wave function is invariant under linear trans- desirable to have some well-defined criterion for the trans-
formations of the defining orbitals, and we may choose tdormation of the CASSCF orbitals to LMO's that are similar
transform the orbitals to a nonorthogonal set that is similar tdo those which arise in VB theory. The canonical MO
those which arise in classical VB theory. The method wemethod puts electrons into orthogonal delocalized MQO'’s
develop in this paper can be defined as a CASVB wave funcwhile the VB method puts electrons into nonorthogonal
tion built from nonorthogonal orbitals each strongly local- AO’s. Thus, we will employ Ruedenberg’s procedure of pro-
ized on a single atom. The nonorthogonal LMO’s are deterjected localized MO’s(Ref. 8 and obtain quasiatomic
mined following to Ruedenberg’'s suggestion so that theyCASSCF MO’s which have maximal overlaps with the mini-
have the maximal overlap with the minimal basis set of AO’smum basis of AO’s of the free atoms.
of the free atom&.The VB structures composed of such Let P be the projection operator constructed by
nonorthogonal quasiatomic orbitals are expected to constiEASSCF active orbitalg; ,
tute wave functions that are closest to the concept of the ]
oldest and most simple VB method. P=3[¢i){eil.

In Sec. Il we yvill de;cribe in more detail how to obt_ain Consider a free-atom minimum basis set of AQys,, cen-
the CASVB functions Wlth nonorthogonal orbitals. Applica- 1oraq on a nucleus. Diagonalizing
tions to benzene, butadiene, hydrogen, and methane mol-
ecules are discussed in Sec. Ill. A summary is given in the  P|ya){(xalP,

final section.
and choosing the eigenvector with the largest eigenvalue
gives the LMO,\ o, which has the maximum overlap with
Xa - Similarly we can defin@ég,\c,... . The{\ ,} obtained

Il. CASVB METHOD WITH NONORTHOGONAL in this manner are nonorthogonal to each other. Ruedefiberg

ORBITALS orthogonalized these atom-adapted LMO’s but we are will-

The details of the CASVB method with orthogonal or- ing to abandon the orthogonality requiremgnts. A set of non-
bitals have been given in the previous publicafidtiere we ~ Orthogonal atom-adapted CASSCF MO's is mu’ch closer to
will give a brief survey of the main features. We first carry e minimal basis set of the free-atom SCF AO's than a set

out a standard CASSCF calculation. The CASSCF wav@f orthogonal ones. , L
function is invariant against unitary transformations among '€ €xact form of thévx’'s was not specified; they can

active orbitals. Making use of this arbitrariness, we can conP€ the minimum basis set &f p, ord type AQ’s or they can
struct LMO's. The LMO's are nearly always well localized P& arbitrary independent hybrid AO’s. We may also choose

on a single atomic center with small localization tails ontothe floating functions that are not atom centered. The floating

the neighboring atoms. Then the bonded functions with thdunctions can introduce the polarization effect to the SCF

Rumer spin eigenfunctions based on these LMO's are corfitomic functions. Thus, an arbitrary nonorthogonal transfor-

structed and a full Cl is performed within the active spaceMation is still undetermined on any one atom and we shall
spanned by the bonded functions. That is, the CASSCF fundind several uses for this remaining freedom.

tion is projected onto the space spanned by the VB functions, 1he full configuration space of all possible configura-
The total energies and total densities are, of course, identicdPnS which are generated by these quasiatomic CASSCF

to those of the canonical CASSCF. The Rumer spin funcMO’S is identical with that of full CI space which is con-

tions are linearly independent but nonorthogonal to eaci§iructed from the canonical CASSCF MO's. Thus, we use

other. These are specified by the branching diagram or the .} from which a CASVB wave function is constructed. To
standard Young tableaux. There is a one-to-one correspo@Pt@in the weights of the corresponding VB structures, we
dence between the spin couplings specified by the standaffoject & canonical CASSCF wave function onto a VB wave
Young tableaux or the branching diagram symbols and th&!nction. The projection does not modify the original wave
covalent VB structures function but simply reexpress it in the VB language. Let
: CASSCF - :
The relative weighi{the occupation numbgn, for the v be a canonical CASSCF wave function

VB structure | is defined as CASSCRL 3 ¢ pCASSCF gy CASSCRZ p CASSCR 1 1)

I I ] ’ 1 I | 1

m=C1%,8,Cy, where ®ASSCF gre the configuration state functions con-
structed by orthogonal orbitalsp;} andC;’s are the known
full Cl expansion coefficients. Similarly we can define the
CASVB function in terms of bonded functions as

where the sum goes over all the VB structures. Thés the
coefficient of the VB structuré andS,; is the overlap inte-
gral between structurdsandJ. Then,’s add up to 1,

E,n, -1 \I,CASVB:EiAi(I)iCASVB, (I)iCASVBEq)iCASVB({)\i}),
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FIG. 1. One of the six equivalent orthogonal and nonorthoganatbitals 6) ©6) (12) )
of benzene. Contours are plotted inog mirror (perpendicular to the mo-
lecular plang and plotted in the plane 0.3 A above thg plane. FIG. 2. Rumer diagrams and number of equivalent individual structures for

the 11Alg symmetry of benzene.

where ®“*SVB are bonded functions constructed by nonor-

thogonal LMO's{\;}, and A’s are the expansion coeffi- projecting CASSCF MO's onto the free-atom minimum ba-
cients to be determined. The total wave function§**'®  js set of 3 functions of the same cc-VDZ basis. The gen-

Qnd.\IfCAss/fSFSa}:rFe the Saéﬂgvgxcept fg;g'fglggf phase factor. Proera| contraction scheme is used in Dunning’s cc basis set and
jecting @; onto¥ and ¥ , we have the minimum basis set of the atomip 2unction consists of
3,0,A=C; with Q; :<q)iCAss<:ﬁ(bijsv5>_ all the p-type Gaussian primitives. The polarization func-

. o _ . tions are not included although they are used for the
The expansion coefficien{s\;} are obtained by solving the CASSCF calculations. The nonorthogonal orbital is again
above linear equations. This procedure only requires the calyell localized on a single carbon atom. As noticed by

culation of one-electron overlap integrals; . Ruedenber§, each nonorthogonal orbital has a very high
overlap with the corresponding free-atomp 2function,
IIl. RESULTS AND DISCUSSIONS (N1]2p)=0.9941 and has a good overlap with its two nearest

neighbors{\1|\,)=0.3304. The twor orbitals in meta and
para positions have overlaps of 0.0772 and 0.0335, respec-
To describe the electronic structure of benzene, we firstively. Note the shift of the nodal planes on going from or-
carried out a standard CASSCF calculation using a basis sétogonal to nonorthogonal orbitals. We observe that ihe
of double zeta plus polarization quality, $3p1d/2slp), orbital becomes slightly inflated due to the relaxation of or-
taken from Dunning’s correlation-consistefur) basist* A thogonality constraints.
regular hexagonal geometry is used for the ground and ex- In the VB treatment, there are 22 different types of
cited states with experimental C—C and C—H bond lengths dbonding schemes with 175 structures in benzene and these
1.397 and 1.084 A® The six = electrons are distributed are given in Fig. 2. Each of these bonding schemes gives rise
among six 7 orbitals. These area,,(1b;,), €14(1byg), to a linearly independent symmetry function. The number in
€19(1b3g), €xu(1byy), ex(1a,), andbyy(2bsg) in order of  parentheses in the figure shows the number of equivalent
energy inDg,, (D5,) symmetry. They are designated by 3, 2, structures withlAlg symmetry. There are five covalent VB
1,1, 2" and 3, respectively. The occupied orbitals in the structures, two of which are Kekule and three of which are
HF approximation are numbered from the highest one dowmewar structures.
and the unoccupied orbitals from the lowest one up. The In Table | we present the structure occupation numbers
orbitalsi andi’ are called a conjugated pair and the well- for the ground state of benzene. For comparison, previous
known pairing propertié§! are satisfied. CASVB results with orthogonal orbitals and SC-VB results
Orthogonal and nonorthogonal orbitals of benzene aréy Tantardiniet al!® are also listed in the table. Although
given in Fig. 1. The nonorthogonal LMO’s were obtained bythe basis set used in the SC-VB is of inferior quality, the

A. Benzene
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TABLE I. Occupation numbers for 1A;; symmetry structures of benzene. concerned. In a MO treatment, the electronic excited states
are described in terms of singly, doubly,..., excited configu-

Symmetry Orthogonal Nonorthogonal SC-VB . . .
structure orbitals orbitals with STO basié _rat|ons gonstructed_frqm occupied and unoccgp|ed delocal-
ized orbitals. The ionic plus states are dominated by the
' 0.154 0.209 0.222 single excitations but covalent minus states include a large
1 0.076 0.104 0.110 fracti f doubl ited f i It I
i 0.952 0.246 0.951 raction of doubly excited configurations. It is now well-
v 0.118 0.108 0.117 known that dynamier— polarization effects are significant
\Y 0.045 0.052 0.042 for the ionic plus states, sineeionic configurations strongly
Vi 0.043 0.027 0.038 polarize theo space.
\\//|I|I| 8'852 8'88‘; 8'85? The VB description gives a quite different picture for the
X 0.002 0001 0.001 excitation from the MO despnpuon. The excitation process is
X 0.005 0.002 0.003 represented in VB theory in terms of the rearrangement of
Xl 0.000 0.000 0.000 spin couplings and charge transfer. The former generates the
Xl 0.019 0.008 0.012 covalent excited states and the latter gives rise to the ionic
X 0.004 0.001 0.002 excited states, in which the covalent bond is broken and a
XIV 0.013 0.006 0.009 ionic bond is f d. Thus. the sinalv. doubl |
XV 0117 0.105 0.086 new ionic bond is formed. Thus, the singly, doubly,... polar
XVI 0.023 0.022 0.016 structures are generated from their respective “parent”
XVII 0.018 0.004 0.011 ground-state covalerhonpolay, singly,... polar structures.
XVl 0.031 0.024 0.021 The lowest singletr— 7* excited state i$B,, (1Bg,).
XIX 0.022 0.019 0.015 1p— ; ; ;
The-"B,, state is mainly described by HOMOGLUMO con-
XX 0.000 0.000 0.000 f . £ 159" and 251" | h
XX 0.007 0.001 0.003 1|gL_Jrat|ons 'o ' an | 2 in a MO treatment. 'T e
XXII 0.017 0.014 0.010 B,, state is described in a CASVB picture predominantly

— _ _ _ by a combination of the covalent Kekule and the correspond-
a%l'zg'(lgg%’“d'”" M. Raimondi, and M. Simonetta, J. Am. Chem. 36¢.  ing orthopolar structures of type Ill. There are no significant
' contributions from the Dewar structures or the corresponding
orthopolar structuregIV). Although the relative weights
comparison is still interesting. We observe that the CASVBchange upon going from orthogonal to nonorthogonal orbit-
results with nonorthogonal orbitals are closer to the SC-VBals, the general feature is almost invariant.
results than when the orthogonal orbitals are used. It is We observe that linear combinations of the two equiva-
noted, however, that the variation of occupation numbers otent Kekule structures generate the plus and minus states.
going from orthogonal to nonorthogonal orbitals is not soTheir positive combination gives rise to the totally symmet-
large, and that it does not change the general trend. ric lAIg ground state, while the negative combination yields
The ground state of benzene is classified as a covalettie excited'B,, (1B3,).
state in view of the alternant hydrocarbons. Both CASVB  The secondr— 7* excited state of benzene i8],
descriptions show that the most important contributions('B;,). The state is dominated by singly excited configura-
come from the two Kekule, three Dewar and 24 orthopolattions arising from degenerate HOM&LUMO excitations
(an electron is transferred from one orbital to that centeredf 1—1’ and 2—2’ in a MO picture. Thus, the state has an
on an adjacent atonstructures. The occupation number of ionic nature. Figure 3 shows that the state is described by a
the Dewar structures is about half of that of the Kekule struchumber of ionic structures. There is no contribution from the
tures. However, the occupation numbers for individual struccovalent structures. The leading ionic structures are the dou-
tures imply that the Kekule structure is the most importantbly polar structures. These structures come from the ortho-
and that the next most important is the Dewar structure. Agolar structures of the ground state. Thus, one of the remain-
noticed by Ohanessian and Hibeftihe relative weights of ing covalent bonds in the VB structures of 1l is broken, and
the covalent structures increase and those of polar structuréise plus and minus charges are generated so as to favor the
decrease with use of the nonorthogonal orbitals. The occwelectrostatic interactions as much as possible. The relative
pation number formed from five covalent structures yieldsweights of the ionic structures in the ground state decrease,
0.313 when nonorthogonal orbitals are used while theas discussed above, when nonorthogonal orbitals are used.
SC-VB gives 0.332. Similarly, the relative weights of the doubly polar structures
The leading VB structures with their structure occupa-decrease in théB;, (B;,) state. The next most important
tion numbers for the ground and valenge- 7* singlet ex-  structures are the orthopolar structures, which originate from
cited states of benzene are shown in Fig. 3. For comparisotthe two Kekule structures of the ground state. The parapolar
the previous results with orthogonal orbitals are also listed irstructures must come from the Dewar structures of the
parentheses. ground state. Thus, the relative ratios of the occupation num-
The excited states of benzene were discussed in detdiers of these three leading polar structures are similar to
elsewheré’ They may be classified into the covalent minusthose of the corresponding parent structures in the ground
states and ionic plus states with the use of the alternancstate.
symmetry. The covalent minus states and ionic plus states The third valence excited states are the degenéafge
exhibit different behavior as far as electron correlation is(*Bg,,2'B;,) states. ThéE;, (*Bj,) state is the plus state

J. Chem. Phys., Vol. 107, No. 23, 15 December 1997



9970 Hirao, Nakano, and Nakayama: Complete active space valence bond method
1A (1'Ag) 1Er* (2'B2y")
0.2094 0.1045 @ @ @ 0.1457 | - * -
<0~1537)[ © * @ } 00757) { * ' ©1173) | L J (- (U
~ +
+0.0807
';3'22542603) [ :© + ©j + 5 other pairsofks] (0.0727) [ Q - O }
+00756 @ _*@ . @ _@*
?001110;96) [-@ + @+ + 5 other pairs of RS ] (0.0685) + vl + v
2 + ~
r + +
+0.0741 -@ _ @ . @- _ @
- (0.0684) 3 i
*;(;’}1107520) [ O++ ’O* + 5 other pairs ofRS:| L = e J
+00679 ‘O _©*‘ ,,+©+ - @’
0.0711) | + + - = Nt
1'B2y" (1'Bay) t oo (D [D - @ ' @
(0.0547) L‘ - - *

0.4663
0.3 748)

—

1'Epg” (2'Ag)
5011
(O 12%) [@ - 0.5@ -0.5@]
+02382 [‘@ . '@ . @*+ ED' l
0.2687) | - + - .
+ ..

1 1 ey
118yt (1185, piie [-@ 2.-9© ]
0.3415 _© - +©* + 5 other pairs of RS o
(035100 | I+ -

+0.2674 —@ _ ©+ + S other osneof RS

0.2217 _ + Sother pairs o -qlg. -

{t )|+ 11E29 (1'B4q)

+0.1463 ) "

(0.1342) @ - @ + Zother pairs of RS 0.5011 @ ) @ }
= ¥

+0.4271

+ 5 other pairs of RS
( 0.4659)

+0.0596
(0.0740)

Q@@

O + 5 other pairs of RS ]

] (0.4285)
coomss [ AN AN +0.971 J @ @
0938) | L _J, - L (0.2214) _® * B -

A ¥ | :
o +0.1611 @ . @- _ @ _@]
0.1824) | | 4
1'Ey,* (1'Ba,") L > )

0.1210 |-
(0.1091)

@
+0.1175 @ @ B .©
(0.0951) + - L . )
e b | FIG. 3. Description of the ground and excited state CASVB wave functions

. _ _ of benzene with nonorthogonal orbitals. Values are the occupation numbers

733&113) _@ . O _ ©+ . @ of the Rumer functions. RS indicates the corresponding symmetry related
d + +

+0.0998 "Q* -
(0.0913) | *

resonance structures. Values in parentheses are the occupation numbers of
CASVB description with orthogonal orbitals.
+0.0794 { N L +_
©0.0789)| [ J, * A *

J. Chem. Phys., Vol. 107, No. 23, 15 December 1997



Hirao, Nakano, and Nakayama: Complete active space valence bond method 9971

Orthogonal orbitals
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FIG. 4. Orthogonal and nonorthogonalorbitals oftrans-butadiene. Contours are plotted irrg mirror (perpendicular to the molecular plarend plotted
in the plane 0.3 A above the;, plane.

corresponding to the minds,,, (1B;,) state. The CASSCF and an atomic @ of the free atom is 0.991£0.9883. The
wave function for th¢E;, (*Bj,) is dominated by the singly overlaps between LMO’s are listed in Table II.
excited configurations -2’ and 2-1' and the 'Ej, The occupation numbers ftrans-butadiene are summa-
(2'B;,) state is dominated by the singly excited configura-rized in Table Ill. The ground state is mainly comprised of
tions of 1—-1" and 2—2’. These states are ionic in nature. the Kekule-type structure with a small contribution from the
The ionic character of these states can easily be found fromRewar-type structure, while the doubly excited covalent
CASVB description. 21A; state is expressed predominantly by a Dewar-type
The highest valence excited states treated here are tlstructure with small mixing from the Kekule-type structure.
covalent'E,(*A; ,'By,). The CASSCF'E,,(*A;) wave ~MRMP predicts that the transition occurs at 6.31 eV above
function is a mixture of configurations23' and 3—1’ but  the ground staté® Again, we can see from Table IIl that
includes a large fraction of the doubly excited configurationsCASVB with nonorthogonal orbitals makes the weights of
(1)°-(1")% 1-2', 2-1',..., etc. The'E,y(*By,) state  the covalent structures increase relative to those of the ionic
is also represented by a mixture of configurations® and  structures. However, the effect of orbital relaxation is not so
3—2’ and doubly excited configurations. The states have &ignificant.
predominantly Dewar character with smaller contributions  The dipole-allowed 1B state is well described by a
from the corresponding orthopolar VB structures IV. Nosingly excitedm— #* configuration, HOMG-LUMO in a
contribution can be found from the Kekule structures. ThusMO description. MRMP places the energy of thég], state
the Kekule structures dominate the ground state and the siat 6.21 eV(Ref. 20 above the ground state or 0.3 eV above
gly excited 'B,,(!B3,) state while the Dewar structures the experimental intensity maximum of 5.92 eV. The state

dominate the doubly excited degener&% states. has an ionic nature which can be readily interpreted in terms
of the VB resonance structures. ThéB,| state is a mixture
B. Butadiene of a large number of ionic structures. The covalent structures

CASSCF functions were computed with an active space
of 4 7 electrons in 44 orbitals. The calculations were done
using the experimental geomejﬁ‘ywith the (3s2pld/2s) TABLE Il. Overlap integrals between the nonorthogopadrbitals of buta-
basis!* The orthogonal and nonorthogonai LMO’s of  diene-
transbutadiene are shown in Fig. 4. The nonorthogonal
LMO’s were constructed by the method outlined in the case
of benzene. Ther LMO’s are well localized on a single M 1.0

A A, A3 A

atomic center with small localization tails onto the neighbor- 22 g'gggg 3'2104 10
ing carbons. Eachr LMO again resembles an atomiclikg2 0.0083 0.0633 0.3635 1.0

function. The overlap between the termirieéntey = LMO
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TABLE Ill. The occupation numbers of the ground and excited state
CASVB wave functions of butadiene.

Occupation numbers

Orthogonal  Nonorthogonal
Structure MO MO
1'A; (ground state
[C=C-C=C] 0.3960 0.4789
1
[C-C=C-C] 0.0525 0.0633
[C—C'—C=C]+[C=C-C'-C] 0.1970 0.1746
[C*—C —C=C]+[C=C-C -C'] 0.1812 0.1565
I 1 I 1
[cC-C'-C -C]+[C-C -C"—C] 0.0436 0.0312
— —1
[C--C-C'—C]+[C-C -C-C'] 0.0194 0.0185
1 1
[C*-C-C -C]+[C-C -C-C'] 0.0152 0.0126
[C"-C=C-C']+[C*-C=C-C] 0.0102 0.0102
[C-C'-C -C']+[CT-C -C'-C] 0.0506 0.0369
[cC-C'-C"-C] 0.0182 0.0100
[C*—C -C -C*] 0.0155 0.0078
[CT-C -C'-C']+[C'-C'-C -C] 0.0002 —0.0002
2'A; (covaleny
1
[C-C=C-C] 0.6059 0.6439
[C=C-C=C] 0.0789 0.0809
I 1 I 1
[cC-C -C'-C]+[C-C'-C —-C] 0.2330 0.1967
— —
[c*~C-C -C]+[C-C -C-C'] 0.0219 0.0249
1 1
[c—=C-C'-C]+[C-C"'-C-C] 0.0118 0.0166
[C"-C'-C=C]+[C=C-C'-C] 0.0188 0.0169
[CT—C —C=C]+[C=C-C -C'] 0.0154 0.0142
[C-C=C-C']+[C"-C=C-C] 0.0040 0.0040
[C*—C -C -C*] 0.0037 0.0026
[CT-C'-C"'-C] 0.0028 0.0017
[C-C'-C -C']+[C"-C -C'-C] 0.0038 0.0024
[C-C -C'-C']+[CT-C"-C -C] 0.0002 0.0000
1B (ionic)
[C-C'-C=C]-[C=C-C"'-C] 0.1940 0.2157
[C*-C -C=C]-[C=C-C -C'] 0.1488 0.1655
[C-C=C-C']-[C*-C=C-C] 0.1362 0.1367
1
[c"-Cc-C'-C]-[C-C'-C-C] 0.1322 0.1278
—
[C*-C-C -C]-[C-C -C-C'] 0.1006 0.0942
I 1 I 1
[C-C -C'—C]-[C-C"'-C =C] 0.0948 0.1038
[C-C'-C -C']-[Cc'-C -C'-C] 0.1900 0.1576
[C-C -C'-C']-[C'-C'-C -C] 0.0034 —-0.0014

Orthogonal orbitals

FIG. 5. Orthogonal and nonorthogonas brbitals of the hydrogen mol-
ecule.

Although singly and doubly ionic structures have nearly the
same occupation numbers when orthogonal orbitals are used,
use of nonorthogonal orbitals enhances the weight of singly
ionic structures and diminishes the weight of more polar
doubly ionic structures.

C. Hydrogen molecule

The first quantum mechanical treatment of the hydrogen
molecule was done by Heitler and London in 1$2Their
ideas have been extended to give a general theory of chemi-
cal bonding, the VB theory. It is of interest to consider the
problem using the present modern CASVB approach. The
basis set used is of double-zeta plus polarization quality. Or-
thogonal and nonorthogonal orbitals of, kit 0.7 A are
shown in Fig. 5. Nonorthogonal orbitals were obtained by
projecting the CASSCF MO'’s onto theslatomic function of
the free atom. We observe that the orthogonal LMO is de-
formed significantly from the atomicslfunction and has a
small tail on the other hydrogen atom due to the orthogonal-
ity constraint. The orthogonality requirement between
LMO’s forces small antibonding admixture from orbitals on
neighboring atoms into each LMO. On the contrary, the non-
orthogonal LMO looks very much like an atomis function

are strictly excluded from the ionic states. The leading term&the overlap is 0.983%nd the LMO's overlap strongly with
are the singly and doubly polar structures,

[C -C"'—C=C]-[C=C-C'-C ]

and

[C-C'-C -C']-[C*-C -C"'-C].

each othe0.7779.
The occupation numbers of covalent and ionic structures
in the CASVB description in terms of orthogonal LMQO's are
0.6082Ha—Hg]+0.3918[HA Hg ]+ [HAH5 T}

Nonorthogonal LMO’s change the picture of ionic-covalent
resonance dramatically,
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Orthogonal orbitals TABLE IV. Overlap integrals between the nonorthogonal orbitals of
methané.
— T — _— . Ae Au Ao Ay
‘ Ae 1.0
i Au 0.7498 1.0
| W e 0.0090 0.1359 1.0
Nhr 0.1359 0.2694 0.7498 1.0

aThe ¢ and\, denote the carbosip®-like hybrid and hydrogend orbitals,
respectively.

functions. The projected localization procedure yields four

Non-orthogonal orbitals equivalent pairs of LMO'’s. A pair of these LMO’s is shown
in Fig. 6. Each pair comprises an orbital predominantly lo-
— — S : calized on the carbon and a second orbital predominantly

localized on the hydrogen. Their overlap integrals with the
i corresponding carbon hybrid AO and hydrogen AO are
found to be(\¢|sp®)=0.9787 and\ 4| 1s)=0.9880, respec-
tively. The overlaps between LMQO’s are given in Table IV.
Contrary to the assumption of classical VB theory introduced
by Pauling, twosp-like hybrids are not strictly orthogonal
but have a small overlap of 0.0090. However, each of these
hybrid orbitals overlaps most strongl0.74989 with one
FIG. 6. A pair of orthogonal and nonorthogonal cartspt and hydrogen  slightly deformed hydrogen sl orbital to which it points.
1s orbitals of methane. Comparison of orthogonal and nonorthogonal orbitals shows
that the orthogonality restriction has rather significant effects
I - on each orbital. The carba@p®-like hybrid and hydrogend
0.989§H,~Hg]+0.0104[HaHg ]+ [HaHg I} orbitals relax substantially on going from the orthogonal to
Orbital relaxation increases the covalent character of th@onorthogonal orbitals.
H—H bond and decreases the ionic character. This trend is
stronger than that observed in the casemobonds. The
present description seems more reasonable conceptually.

H

0.3488 |

Cicrren, "
D. Methane (0.1021) / \HH

Methane is also a molecule to which CASVB theory
with orthogonal orbitals was applied. With orthogonal orbit- r y
als CASVB resembles Pauling’s pioneering viéthat each
of the four equivalent covalent bonds is taken to arise from *(09 f;f;) 5 +3 other RS
the overlap of a & function on a hydrogen atom and one of w A
four orthogonakp® hybrids on carbon, with singlet coupling - -
of the associated electron pairs. However, there are also im-
portant differences. One of them is that CASVB with or- -
thogonal orbitals needs large numbers of ionic structures. +0.349] - +11 other RS
The occupation number of a totally symmetric covalent per- 7 1 v X
fect pairing structure is only 0.1021.

A tetrahedral geometry with a CH bond length equal to
1.091 A was used. The basis set used is the double-zeta plus - y
polarization, (32pld/2slp) taken from Dunning’s -
cc-pvVDZ 1 With the restriction that thedorbital of carbon (;%1172%3) 5 +3 other RS
remains doubly occupied, the eight valence electrons are ' w \\""'“
treated as active electrons and distributed among eight va- - -
lence orbitalg2a,, 1t,, 2t,, and 3,). Thesp’-like hybrid
atomic orbitals were used as basis AO'’s for carbon instead of o
the free-atomic 8 and 2 functions. Hybrid orbitals were
determined by Boys' localization procedure, mixing carbonF'G' 7_. Description of the CASVB wave _function of the ground‘ state meth-

ane with nonorthogonal orbitals. RS indicates the corresponding symmetry

2s ?nd_three P AO’s. Hydrogen LMO's were CompUted bY  related resonance structures. Values in parentheses are the occupation num-
projecting CASSCF MO'’s onto the corresponding SC§ 1 bers of the CASVB description with orthogonal orbitals.

J. Chem. Phys., Vol. 107, No. 23, 15 December 1997



9974 Hirao, Nakano, and Nakayama: Complete active space valence bond method

The number of linearly independent symmetry structuresvhich are composed of such nonorthogonal atomiclike MO’s
belonging to the\, irreducible representation of tHg point  constitute the wave function closest to the concept of the
group is 104 for methane. The important VB structures analdest and most simple VB method. Use of nonorthogonal
their occupation numbers are given in Fig. 7. We arrangedarbitals places a higher weight on covalent structures than
the VB structures in the order of decreasing occupation numwhen orthogonal orbitals are used. The results demonstrate
ber for individual structures. Both CASVB methods with or- the validity of the CASVB method as a powerful tool for
thogonal and nonorthogonal orbitals give a similar generatlescribing the various electronic structures of molecules.
conceptual picture, but the variation in the relative weight of
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