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I INTRDDUCTION:

The Army Research Office, under a three-year contract, DAAG29-80-C-0105

began to support our research at Battelle Columbus Laboratories In the fall of

1980. I left Battelle to become professor of Chemistry and Physics at the

University of Florida, Quantum Theory Project in August, 1981. Consequently, I

submitted a new proposal for the second and third year of the existing contract

from the University of Florida. This contract was funded under the number

1DAAG29-82-K-0034 beginning in January, 1982. Hence, this report covers the
three-year period of the initial contract to Battelle and the st. sequent two

* years at Florida. As a part of both of these contracts have supported work

Involving a strong collaboration between myself and Dr. George Adams of the

Army's ballistic Research Laboratory, Aberdeen Proving Ground, his technical

*. .ports may also be consulted for voluminous information pertaining to the ab

Initio many-body perturbation theory(BPT) study of flawa species. In par-

ticular, technical report ARBRL-TR-02240 by Adams and Bent, entitled "Ab Initio

Prediction of Thermocheical Parameters for Flame Species," describes our ini-

tial NBPT predictions for formaldehyde, H2CO, the formyl radical, CO, methanol,

113CO1 and the mthoxy radical, 113CO, at length, Including a discussion of our

many-body methods.

In section 11, I will describe the objectives of our research for AR0, and

sumarise our progress. A list of papers and presentations supported by AMo is

presented in the third section. Our new ARO contract, DdhG29-84-K-0025, will

permit us to amplify these earlier advancee and use our many-body methods to

develop am techniques f or the treatmt of large molecules. Peesetsel sep-

ported by M30 (9/00-12/83) are Usted in sectioe IV. Copies of papers suppoeted

by 0 are iacluded is five copies of this report, for more detailed laofeties

about the reeach.



It. SUMIADY 07 PROGUSS

There were three main objectives for this research:

(I) Develop new techniques built upon many-body perturbation theory
and coupled cluster theory to more accurately describe potential
energy surfaces for molecules.

(2) Implement highly efficient computer codes to perform accurate
many-body calculations of molecular structures and reaction paths.

(3) Apply these methods to a series of examples pertaining to transient
molecules as occur in flames, to identify structures, transition
states for reactions, and exothermicities. This information
is required in kinetic models of flame systems.

Over the past three year period we have made exceptional progress in all

three areas. Some of this progress may be summarized. A more detailed account

Is available in the published papers.

The equations of many-body perturbation theory(MBPT) and its infinite-order

generalizations, coupled-cluster(CC) theory, were derived using diagrammatic

techniques[l]. These formulae were found to be well-suited to the new genera-

tion of vector computers, since the diagrams may be evaluated as products of row

and column vectors of suitably sorted molecular integrals. Codes were imple-

mented to include single, double, and quadruple excitation terms, defining the

fourth-order NOPT model(SDQ-MBPT(4)) and its infinite-order, CCD

(coupled-cluster doubles) and CCSD (single and double) extensionsel].

A primary advantage of these ab initio HBPT/CC models(l] is that they

scale properly with molecular size. We call this property size-extenlvity[2)

since it is the electronic equivalent of extensive properties in statistical

thermodynamics. Unlike configuration interaction(CI) this makes many-body

methods formally suited to large-molecule applications. It also guarantees an

inherent comparative efficiency compared to CI due to the elimination of

unlinked diagrams in the IMBT/CC approach.

References refer to the publications supported by ARO listed in section I1.
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One other consequence of this property is the very important one that the

theoretical heat of formation(AHf) in sow reaction A + B + C + D * may be

simply obtained as AHf = ARf(C) + AhRf(D) - AHf(A) - ARf(B), just as when using

experimental values, when the Aff of each species is calculated by a many-body

method. This is not true in CI. Instead one must compute the super-molecules

A + B and C + D infinitely far apart to obtain this Information[2]. Clearly,

this property is very important in thermochemical studies of flame species.

Among our first applications of these MBPT/CC techniques to flame spe-

cies were studies of the potential energy surface of formaldehyde, R2CO. The

ground state of H2CO may decompose via at least three routes: a) H2CO + H2+CO,

b) H2CO + HCO+H, and c) H2CO + HCOH + products. We studied this potential

energy surface using MBPT methods determining transition states and barriers

for routes a) and c), with no barrier in b). The exothermicities are quite

accurate. Also, we obtained excitation energies from the ground to the low-

lying singlet and triplet states. In the case of the triplet state, we predict

an excitation energy of 3.12eV while the experimental value is 3.14eV[3].

Our next study dealt with dissociation energies for the series of molecules

CH30H + CH30 + C20 + CO [4]. This made use of the size-extensive property

referred to above. It also made predictions about the structure and dissociation

energy of the methoxy radical, which are not known experimentally. For each spe-

cies, we obtained its molecular structure using KBPT techniques, showing that

bond lengths are typically accurate to 0.01A and bond angles to less than about

3"[4].

Our study on dissociation energies in the methanol flame was followed by a

more detailed study of decomposition pathways for methoxy CH3 o and its isomer,

the hydroxymethylene radical, C120[5j. Transition states and barriers to

hydrogen dissociation for methoxy, i.e., CH30 + CE20 + 3 and rearrangement,

C030 4 C32 0R were determined. The barriers for the two routes are quite close,



-suggesting that under some conditions the rearrangement route can compete with

direct CH bond fission. These results should have a bearing on kinetics models

of the methanol flame[5].

In addition to applications of our KBPT/CC techniques, we proposed to ARO

our intention to augment KBPT/CC methods to properly include the effects of

triple excitations. Hence, we developed formulae and wrote two separate

programs to find an efficient calculational method, since adding the triple

excitation terms adds an n7 step (n- I of basis functions) to our previously

n6 MBPT/CC models(61. We reported our results including comparisons with full

CI for a series of molecules, BH, HF, NH3 and H20, the latter at several

geometries[6]. This work demonstrates the high accuracy of the far more

efficient KBPT/CC methods compared to the best possible result (i.e. full CI),

even for highly difficult cases where the reference function is a poor approxi-

mation to the correct solution[6J.

Returning to applications, we made a study of methylene amidogen, CH2N[71,

which arises as a primary decomposition product of the explosive HHX. It Is

also expected to be an intermediate in flames oxidized by N 20. This work

reports a study of five different electronic states and ground state structural

parameters(7]. Comparisons are made among different ab initio methods reporting

complete active space sulti-configuration self-consistent field (CASSCF), Cl,

KEPT and CC results. Except for cases where the reference function is

inappropriate the KBPT/CC results are found to be quite accurate[71.

Besides the radicals that occur in hydrocarbon and nitramine flames, are

radicals containing halogens. In particular, T. Lee and co-workers observed the

existence of an unexpected inorganic free-radical in the reaction of I2 + I

8I + F. From their experiments, HIF was bound by - 30kcal/mole relative to

HI + P or If + 8 yet their experiment could not determine whether the structure

of the molecule was HIF, HFI, or PHI? Nor could they determine whether the

radical was linear? We undertook this study using KBPT to locate the eometry of

- - -II I . - - III II - -



the radicalM8. As might be expected from analogy with interhalogen species,

the heaviest halogen (I) is in the middle, but HIF has a bond angle of 84,

shoving some interaction between H and F. The barrier to dissociation for HF +

I is 12 kcal/mole. Another unusual feature is that HIF also shows a local mini-

mum at a bond angle of 137* which should cause an unusual vibrational

spectra[8]. This paper will be finalized shortly. In future work, we expect to

predict the vibrational spectra from the potential energy surface we have com-

puted.

Our initial work under ARO support has documented the applicability of

high-level, correlated ab initio many-body techniques for the detailed study of

potential energy surfaces for transient molecules. Often, only by such calcula-

tions is it possible to obtain structural, spectroscopic and kinetic information

for short-lived transient species like CH20, UNO, and HCO which have been

studied in this effort. The next important development in 4BPT/CC is to derive

and implement equations for the analytical evaluation of the gradient on a

potential energy surface. This problem, as well as the extension of ab initio

techniques to much larger molecules is the goal of our new ARO contract.
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MANY-BODY PERTURBATION *2733
THEORY AND COUPLED
CLUSTER THEORY FOR
ELECTRON CORRELATION
IN MOLECULES*

Rodney J. Bartlett*

Battelle Memorial Institute. Columbus. Ohio 432010

INTRODUCTION

Ten years ago in the Annual Review of Physical Chemistry, there was a
review article entitled "Many-Body Theories of the Electronic Structure
of Atoms and Molecules," by Karl Freed (I). In that article many-body
methods were defined to be those techniques which derive their impetus
from theories of the N-body problem for which N -- co. For the purposes
of this review, we further specify these methods as many-body perturba-
tion theory (MBFT) (2-5) and the closely related coupled-cluster meth-
ods (CCM) (6-9).

In the ten years since that review appeared, probably no area in theo-
retical chemistry has undergone more development than has the theory,
methodology, and applications of such ab initio many-body methods for

''T US Goramet has the ril to retain a aaeaclaime rayaltyjre Name i. al a
any eopyrilht covuring this paper.
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360 BARTLETT

studies of molecules and their interactions. In Freed's article the question
is asked, "Do [many-body methods] provide methods or insights which

are useful and/or new?" The answer is a resounding "yes!" Further-
more, these methods should h e an increasingly important impact on
chemistry over the next few decades, both conceptually and in providing
highly accurate theoretical predictions for a constantly expanding array
of problems.

In the present review, which is very much directed toward the nonspe-
cialist, I hope to present some of the logic underlying the application of
many-body theory for chemistry and to illustrate and call attention to
several of the contributions that have been made over the last decade. As
in any effort of this type, space limitations prohibit any attempt at com-
pleteness, but it is hoped that the essence of the developments in the area
will be communicated to the reader, along with an assessment of where
many important contributions remain to be made.'

Besides MBPT/CCM, many-body methods include techniques built
upon Dyson's equation and its generalizations, which go under a variety of
names such as Green's functions, propagator methods, and equations-of-
motion (EOM) techniques. These methods are most often used for obtain-

ing electronic spectra, ionization potentials, electron affinities, and the
related transition moments, although they can be used to obtain the total

electronic energy of a molecule as well, and thus also potential energy
surfaces. In fact, one of the most attractive approaches to excited-state

potential surfaces would be to combine EOM methods with ground-state

'Abbreviations used: ASGD, antisymmetrized Goldstone diagram; CCD. coupled duster
method limited to double excitation operators (this is also known as CPMET. coupled pair
many-electron theory); CCM. coupled cluster method; CCSD. coupled cluster method

limited to single and double excitation operators; CCD + ST(4) designates fourth-order

single and triple excitation contributions added to the CCD resut; CEPA. coupled electron

pair approximation; CGTO, contracted Gaussian type orbitals; CHF, coupled Hartre-Fock;
Cl. configuration interaction (CI specified to include various categories of excitations are

designated as D-Cl, for double excitations. SD-Cl for single and double excitations, and
SDTQ-CI for single, double, triple, and quadruple excitations); EN. Epstein-Nesbet parti-

tioning in perturbation theory (Ref. 65); EPV, exclusion principle violating; EOM. equations
of motion; GVVT, generalized Van Vleck transformation; ICSCF internally consistent self-

consistent field orbitals; L-CCD, linearized coupled duster double excitation model; MBPT
many-body perturbation theory [MBPT specified to include ASGD corresponding to single,

(S). double, (D), triple, (T), and quadruple (Q), excitations are identified as SDTQ-

MBPT(4), with the order dependence identified in the designation); M, Miler-Plesset
partitioning in perturbation theory (Ref. 64); PCILO. perturbed Cl with localized orbitals'

semiempirical model. PES, potential energy surface; PPP, PaTsr-Part-Pople semiempuical

model; RHF, restricted Hartrne-Fock; SCF, self-consistent field model; STO, Slater type

orbitals; UHF, unrestricted Hartre-Fock; VB, valence bond model.
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solutions obtained by MBPT/CCM (10, 11). These EOM and propagator
methods use techniques somewhat different than MBPT/CCM, and em-
brace a very large literature of their own; consequently, they are not
discussed here. These approaches are mentioned in Freed's review article,
and have been reviewed more recently by Ohrn (12), Simons (13),
Jorgensen (14), and Csanak, Taylor & Yaris (15). An excellent text cov-
ering this subject is by Linderberg & Ohrn (16).

Besides the review of Freed (1), a number of other reviews of MBPT
and CCM have appeared within the last decade. These include papers by
Robb (17), Kutzelnigg (18), Paldus & Cilek (19), part of a review by
Musher (20), and 2iiek & Paldus (21). The latter paper, as well as a
review of much of the effort of our group (22), appears in the proceedings
of the 1979 Nobel Symposium on Many-Body Theory of Atomic Systems.
These proceedings offer a quite up-to-date account of many-body theory
in its most comprehensive sense--embracing atoms, molecules, nuclei, and
solids-and are highly recommended.

Each of the previous reviews of MBPT/CCM deals with different as-
pects of the problem. Robb's review focuses on the relationship between
MBPT and the electron-pair theories as originally presented by Sinanoglu
(23) and Nesbet (24). Another article by Freed also addresses this aspect
(25). The paper by Paldus & iek presents a functional, very readable
account of the detailed MBPT theory. Kutzelnigg's article focuses mainly
on the coupled-cluster theory and its coupled electron pair approximation
(CEPA) versions (26). Also, the older review by Kelly (5) provides an
excellent account of the first MBPT calculations for atoms. The well-
known book (27) edited by Sinanoglu & Brueckner brings many of the
principal early papers together. The second article by Cicek & Paldus
(21) reviews the development of coupled-cluster theory, while the book by
Hurley (28) provides a good textbook account of CCM.

Most applications of ab initio MBPT/CCM for molecular problems
have only been made in the last five years. Hence, no prior review has
covered predominantly numerical results for molecules and some of the
implications of these results. This appears to be the natural subject for the
present effort. To further restrict the scope of the review, with important
exceptions, atomic calculations of the type pioneered by Kelly (5) and
semi-empirical molecular calculations also are not considered.

Following a discussion of some of the significant concepts underlying
MBPT/CCM, together with a synopsis of the theory, we proceed to some
informative numerical illustrations of the techniques, demonstrating the
deficiencies and the successes of the many-body methods, while emphasiz-
ing profitable future areas for research.
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CRITERIA FOR A
THEORETICAL MODEL CHEMISTRY

To offer a focus for the subsequent discussion, it is helpful to consider
some properties that quantum mechanical methods should attempt to sat-
isfy. In an interesting paper, Pople et al (29) proposed several criteria for
approximate numerical applications for molecules, if they are to be suit-
able as a basis for a "theoretical model chemistry." The definition of the
latter is a uniform level of calculation whose effectiveness may be assessed
by comparing with experimental data. Considering their suggestions as
well as some of our own (31), we think some of the conditions that such a
model should satisfy are that it be

I. size-extensive (i.e. scale properly with the size of molecule)
2. generally applicable to a wide class of problems within one framework

(i.e. the model should not be dependent on symmetry or specific
choices of configurations)

3. invariant to classes of transformations, particularly unitary transfor-
mations among degenerate orbitals

4. efficient and cost effective
5. applicable to excited states and open shells
6. able to dissociate a molecule correctly into its fragments.

The best possible solution in a basis set is configuration interaction (CI)
with all possible excitations (full CI). Except for efficiency, since full CI
is impossible for anything but the smallest molecules, it satisfies all these
criteria as well as being variational. However, lacking a coordinate lower
bound, a variational upper bound seems to be a less important require-
ment than it once was in quantum chemistry. There are two primary rea-
sons for this.

First, the quantities that are of interest, such as binding energies-or
more generally, the relative energy on a potential energy surface (PE)-
and excitation energies, have no variational bounds even if the separate
calculations are each variational. In fact, some of the most attractive
methods (e.g. EOM and perturbation techniques) for obtaining excitation
energies compute the differences directly rather than via two separate
calculations, an inherently nonvariational approach. Second, the many-
body methods that are routinely used, although nonvariational, usually
differ from rigorous variational bounds only in fourth and higher orders of
perturbation theory (30). Hence, at least for nonpathological cases for
which such higher-order corrections could be important, MBPT/CCM
methods as usually employed are quasivariational.
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At the current state of development, the first three conditions are easily
accomplished by MBPT/CCM. Any approach based upon the linked-
diagram theorem is size extensive, as discussed in depth in the next section.
A large class of problems can be studied within the general framework of
single reference MBPT/CCM calculations, provided that the reference
function is an adequate starting point. As long as entire diagrams are
evaluated, MBPT is invariant to unitary transformations among degener-
ate orbitals. CEPA models that include parts of MBPT diagrams usually
lack this invariance. CCM models are typically invariant to transforma-
tions exclusively among occupied orbitals and among excited orbitals, but
not necessarily when the two are mixed.

The efficiency criterion for correlated calculations is very important.
To emphasize this aspect, the number of points required to obtain a poten-
tial energy surface (PES) rises astronomically with the number of degrees
of freedom in the molecule. For a triatomic system, calculations at ten
displacements in each degree of freedom require 10' points, but for four
atoms, already 10' calculations would be required. Usually far fewer
points actually need to be obtained than suggested by such a brute-force
approach, but since each calculation still requires significant amounts of
computer time, the importance of efficiency cannot be overestimated.

Many-body methods have traits that enable them to offer distinct com-
putational advantages for many problems compared to some other corre-
lated techniques:

1. A simple second-order perturbation result, which only requires a trivial
addition to any SCF code, accounts for typically -90% of the basis
set correlation energy and removes most of the SCF error in other

AIc properties.
2. MBPT/CCM offer very efficient techniques for incorporating most of

the effect of higher than double excitations in CI.
3. Substantial computational efficiency is gained through the fixed

computational formulae (at least for a single reference function) of
MBPT/CCM, which are also ideally suited to vector-based compu-
tations.

Excited states can be handled with other kinds of many-body ap-
proaches such as EOM techniques (32) or with CI; while correct separa-
tion is currently most easily achieved using CI methods. The MBPT/
CCM theory for treating both these problems exists, but has not yet been
implemented into a general-purpose molecular problem. Of course, ex-
cited states, as long as they are the lowest state of a given symmetry, are
routinely studied with unrestricted Hartree-Fock (UHF) based MBPT/
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CCM (29, 30). Also, UHF plus MBPT/CCM usually permit smooth
separation on a PES although for some cases the path toward the sepa-
rated limit is not always accurate (22).

SIZE-EXTENSIVITY AND THE
IMPORTANCE OF HIGHER CI-EXCITATIONS
IN THE THEORY OF CORRELATION

MBPT/CCM are relatively new techniques, compared to configuration
iteration (C), for the determination of electron-correlation effects for
molecular properties. MBPT/CCM were originally developed for prob-
lems in nuclear and solid state physics, where emphasis on correct size-
dependence, which we refer to as "size-extensivity" (22, 30),2 becomes
mandatory. Size-extensivity is guaranteed by the evaluation of terms
that the many-body development identifies as linked diagrams, hence
the Brueckner-Goldstone (2-4) linked-diagram theorem of MBPT/CCM
serves as the cornerstone of the theory. In a solid consisting of an infinite
number of atoms, the correct size-dependence is obviously crucial, yet
even in molecular problems this is a highly desirable trait for an approxi-
mate method to possess.

'This term is borrowed from thermodynamics, where an extensive property is one that is
proportional to the size of a homogeneous system. Pople et al (29) proposed the term "size-
consistency" for a closely related property. A method is considered size-consistent if the
energy of a system made up of two subsystems A and B far apart is equal to the sum of the
energies A and B computed separately by the same method. For closed-shell systems dissoci-
sting to closed-shell fragments, an RHF (restricted Hartree-Fock) reference function isi-
consistent, and size-extensivity (or the absence of unlinked diagrams) is then a sufficient
condition for size-consistency of a correlated model based upon that reference function. On
the other hand, for a single-determinant reference function to be size-consistent when con-
sidering open-shell fragments. A and B, a UHF (unrestricted Hartrue-Fock) solution will
usually be required. Since either a RHF or a UHF function can be used to generate a linked
diagram, size-extensive expansion, the condition of size-consistency imposes another require-
menu on the reference function, in addition to the use of a linked diagram expansion. Hence,
some confusion aros over the distinction between proper sealing with size in a homogeneous
system ("extensivity") and correct separation of a moecule into its fragments. which is a
very different property. Adding to the confusion is the term se3parability onlitions," which
is also sometimes used (18). Hence, we prefer the term size-exteusivity to sagest only
oFret soling, and discuss corr separation a a second, equally desirable propeiy. to

avoid any possible confulon. Although ther are ns differences (33), the fundamental
element suggested by all three terms i correct saling with site.

The ides of size-extension Is implicit in the work of Brueckaer, GOcdtons, and o-workers.
although Primas was an of the atm to emphasize the cones" (34). Meyer (26) used this
deau pert of the Justication of the CEPA mdel.
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Two primary reasons for this are that only approximate methods that
scale properly with size are suitable for application to larger molecules,
such as those encountered in quantum biochemistry (31); and size-
extensivity assists in computing accurate dissociation energies (or, more
generally, correct relative energies on the potential surface), which re-
quire comparison of a molecule to its smaller fragments (22). The latter
aspect is also crucially dependent upon basis set effects and on whether
the approximate method being used permits smooth dissociation into the
different components, but size-extensivity remains an important aspect.
As an added benefit, heats of formation obtained from calculations using
size-extensive methods can be added together, just as experimental values
are, to obtain the heats of formation of some complex molecules (22),
while nonsize-extensive methods, like truncated CI, would normally re-
quire 'supeT molecule" calculations to provide these quantities most accu-
rately. This problem is of more than academic interest as pointed out by
Ahlrichs (35), since this error is -- 9 kcal/mole for 2BH, -, B2H, (35)
and is - 15 kcal/mole for CHJF + F- - CH3 F" (36).

Although full CI has the property of correct size-dependence, the fail-
ure of truncated CI models, such as Cl limited to all single and double
excitations (SD-CI), is related to the neglected contributions of higher
excitations in the CI method. The example usually employed to illustrate
this deficiency in CI is a lattice of noninteracting electron pair bonds,
such as a collection of well-separated H, molecules or He atoms. The
exact wavefunction for a single H2 molecule may be written in terms of a
complete set of natural orbitals as a reference determinant (i.e. the first
natural configuration, which is close to the SCF solution) plus all paired
double excitations from that determinant. Two noninteracting H2 mole-
cules would be exactly described by the product of two of these wavefunc-
tions, but the product of the simultaneous double excitations on each H2
molecule results in contributions to the product wavefunction of terms
that correspond to quadruple excitations, if the two H2 molecules are
treated as a "super molecule" in CI. Similarly, a third H2 molecule re-
quires hextuple excitations, and so forth. However, since the number of
configurations is proportional to (n)', where n is the number of basi
functions and I is the level of excitation, a prohibitive - 101 configuration
would be necessary for n - 100 to include just the quadruple excitations.
The fact that much of the effect of such higher excitation terms is tracta-
bly included in many-body theory is one of the principal advantages of
these techniques.

Since any large molecule can be viewed, in a first approximation, as a
superposition of largely noninteracting electron pair bonds, the kdalized
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Figure I Percentage of error in the correlation energy as measured by D-CI for N Us-
rated H2 molecules and He atoms. Values identified for specific molecules are obtained by
actual fourth-order calculations that include quadruple excitations compared to a fourth-
order approximation to D-CI. All calculations refer exclusively to the valence electrons, with
the K-shell electrons frozen at the SCF level.

N(H2) model has some significance for the general description of molecu-

lar electronic structure. This model problem has been considered by sev-
eral authors (37-43). Using very good full CI wavefunctions for H2 to
provide the one parameter required (31), it is possible to solve the model
problem exactly for the H 2 lattice problem, and thus to determine the
error in D-CI (double excitation CI) for N molecules as a function of N
(31). These numbers are illustrated in Figure I for H2 and He lattices.

Unlike a size-extensive correlated model, where

E,[N(H2)) - N[EAH 2)],

the correlation energy obtained by truncated Cl for the lattice is propel-
tional to 4N as N- o. Even for N - 10 (twenty electrons), the errorfbr
N(H2) amounts to 31 keal/mole, while for forty-electron system, which
are well within the range of current correlated studies, the error would be
about 108 kal/mole. The differences between the N(H2) curve and
N(He) curve reflect the difference between inner-shell lctron pair ad
the pairs in covalent bonds. Although ther are ether era in mnler
calculations that are equally large, or even larger, it is ap&Iarnt that
saze-xtensivity has a potentially important effect in ab Witlo cormlated
cakulations. A statement that size-extesivlty Is imlpnrtnt is eqiava-
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lent to a statement that higher than single- and double-Cl excitations are
important.

Also shown in Figure 1 are some results for the effect of quadruple
excitations on correlation energies obtained in actual calculations. These
quantities are determined by comparing fourth-order MBPT results that
include quadruple excitation effects with a fourth-order perturbation ap-
proximation to D-CI (22, 30). The core electrons are frozen in these
examples, so that the number of electron pairs, N, for each molecule
corresponds to the valence electrons only. The calculations for benzene
and dimethylnitramine use a double-zeta (DZ) basis, while at least
double-zeta-plus-polarization (DZP) sets are employed in the other cases.
Typically, a larger quadruple-excitation effect is observed with better ba-
sis sets, so the 20% error in the correlation energy in benzene, which
amounts to 64 kcal/mole, is likely to be an underestimate of the true
effect for this system. The actual calculations tend more nearly to follow
the N(H2) curve rather than that for N(He), as would be expected for the
valence electron bonds.

Although this example pertains to the total energy, while in chemistry
we are mainly concerned with energy differences, failure to maintain
proper size-dependence has additional consequences. Using the H, lattice
problem, Meunier & Levy (40) demonstrate that the density matrix and
electron excitation energies will also be drastically affected if these quan-
tities are computed by truncated CI. In each case, as N- co, the CI
density matrix and excitation energies will converge to the values corre-
sponding to the SCF reference function, so that a great deal of effort

involved in the correlation treatment for an extended system would be of
little value. Even for small molecules, however, the effects of quadruple
excitations can have observable consequences, as shown for the geometry
and force constants of H20 (33).

OUTLINE OF MBPT/CCM THEORY

The development of MBPT predates CCM, but the latter possesses some
conceptual simplifications that recommend that CCM be treated first,
with the various orders in MIFF being obt~ined from the CCM equa-
tion. Although, as illustrated by the H 2 lattice, the products of disjoint
doubl-excitation terms that are neglected in CI are fundamentally sim-
ple, the standard CI framework cannot exploit this simplicity. Many-body
methods accomplish this primarily through the exponential aatz (6-8),
which states that the correct wavefunction may be written in the form

* m e, I IIlri) .... ..
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where T is an excitation operator which we may define as

T.- T, + T2 + ... + T,. 2.
The subscripts refer to the number of excited electrons. In the occupation
number representation,

T,= I/n! , ij.." . abe... XXjx, 3.

abc...

where a,b,c.... are excited orbitals, while i,j,k... are orbitals occupied
in 40.In Eq. 1, 140) is some suitable, size-extensive reference function, and
the amplitudes S .. which are analogous to CI coefficients, are to be
determined. A double-excitation wavefunction of this type for two
separate H2 molecules, referred to as HA and H s, has the property
that (44)

exp (T' + T'12)I'4") - (exp T14'o)) (exp T1I40')) 4.
since the cross terms vanish for the noninteracting case.This approach should be contrasted with the truncated CI technique,
for which the D-CI wavefunction for the two H2 molecules may be writ-
ten as (I + T2 + T28 0 o). This does not correspond to

[(1 + T )I4 )J x ((1 + T4)],

since the product term, TAI#A ) Tfl4o') is a quadruple excitation and is
thus neglected, so that the result is not size extensive.

The exponential form of the wavefunction, Eq. 1, combined with the
condition that the T operator in Eq. 2 contains no disconnected parts (i.e.
parts which can be resolved into products of two or more lower T, opera-

. "torn), is sufficient to guarantee that the energy given by

E - (aojHeTI4.) S.

is size-extensive. An alternative expression for the energy is the linked-
diagram theorem (1, 2) of MBPT

E - X(4IH(Eo - HJ-HHhtI.)L 6.
k-0

which is an expansion of orders in the perturbation V - (H - HO). When
46 is a self-consistent field (SCF) function, the terms with k > 0 repre-
sent the correlation energy (45). Ho is a separable n-particle Hamiltonian
whose eigenfunction (at least in a matrix sense) is #.- The subscript L
indicates the limitation to linked diagrams, such as those shown in Figure
2. These topological figures provide a convenient mnemonic device for
writing down the contribution of any order of perturbation theory solely
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Figlur Z Antisymmetrized Goldstone diagrams (ASGDs) through fourth order MBVI. A
Hactree-Fock reference state is asumed. Orders are distinguished by the number of dashe
horizontal interaction lines. particle (p) and hole (h) states are represented by upward and
downward directed line segmntsrespectively. The excitation level of a diagram is distin
guished by the number of p-b pairs intersected by an imaginary central horizontal line. In
this mnnner the diagram have been labeled and counted as contributions to the correlation
energy arising from single (S). double (D), triple (n) and quadruple (Q) excitation types.

in terms of molecular integrals. The rules for interpreting such diagrams
have been presented (46). The close relationship between Eqs. 5 and 6 wil
become more evient below, where the Solutions of the CCM equations

* are considered.
The usual choice for #a is an SCF function of the restricted or un-

restricted form. Although this choice is not mandatory, it is computa-
* tionally simpler, since many team vanish for this case. For closed-shell

system near equilibrium a restricted Hartree-Fock (RHF) function is
usually a good choice forlie. Howeve, it is well-known that such a funic-
tion will not separate correctly upon dissociation for any molecule that
fails to separate into dlosed-shell fragment.. An unrestricted Harne-
Fock (UHF) function will usually, bet no always (47), separate cor-
rectdy. Howelver, such a function my suffer fromn extensive spin motami-

nation. particularly when a UHF function Is used for a multiply bonded
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singlet molecule like N2 (22). For most open-shell doublets, triplets, etc.
UHF functions have only a small amount of spin-contamination, in gen-
eral, and can usually be employed without excessive error (22). In the
UHF or closed-shell RHF case, Brillouin's theorem eliminates any need
to consider non-Hartree-Fock single-particle terms.

It is also possible to treat open-shell problems with Roothaan RHF
methods (48, 48a), but these do not treat all multiplicities in an equivalent
way, they require additional non-Hartree-Fock terms in the summations,
and they are not useful for treating entire potential energy surfaces.
Multi-reference function methods, which are more appropriate in such
cases, are discussed below. For some properties, such as excitation spectra
and ionization potentials, open-shell RHF MBPT should be useful.

The CCM theory, built upon Eqs. I and 2, originated in nuclear physics
primarily through the work of Coester & KOmmel (6, 7), with Click (8)
presenting the theory in a suitable form for quantum chemistry. Click.
Paldus, and co-workers have made many applications to r-electron sys-
tems within the Pariser-Parr-Pople (PPP) semi-empirical framework (9).
PalIdus, Click & Shavitt made the first, and still one of the most informa-
tive, ab initio applications in a minimum basis study of BH, (49). This
paper considers effects of T1, T2, T3, and T, in the CCM equations.

Restricting the T operator just to bi-excitations defines the coupled-
cluster doubles (CCD) model, also known as coupled-pair many electron
theory (CPMET). The first results from generally applicable computer
programs using the CCD model were reported by Bartlett & Purvis (30),
Pople et al (50), and Taylor et al (51).

Using the CCD model, equations for the amplitudes can be obtained by
back-projecting Her24'o) onto the space of double excitations. These lead
to a set of nonlinear coupled equations for the amplitudes of the
form (8, 30)

0- (alt 11) - D,,.bt + X(abt lcd) ill + X(kl i) tab
k>d>

+ I-(kbl Jct + (a IJc) t- + (0,I I4t;

-(kal 1l4 1) j + X(kil led) Itftlb - 2(t,'t'd + tbdte&,)

- 2(:tu% + '1'%) + 4(t,-1 + t~tI. 7.

The antisymmetrized two electron integrals

(pq, in) pqs) - (P q).

*-; . . .. . . . . . ... . . . . ... . ... .. . . . . . ...hi ii II I ill l m l I ' , , i a - 2 . 4...



xJ

ELECTRON CORRELATION IN MOLECULES 371

are defined relative to the molecular orbital basis set, while Dy, -

(t, + ej - t. - Eb) is composed of the SCF orbital energies. From the
number of operators involved, the highest terms in the exponential expan-
sion that contribute to thet amplitudes are quadratic.

Notice that there are no more amplitudes to determine in the wave-
function eT2'Io) than in the standard D-CI, yet at the modest cost of
solving a nonlinear equation, we now have a size-extensive method and the
inclusion of most of the effects of Cl quadruple excitations. The latter
follows by comparison, since the Cl quadruple excitation operator C, is
equivalent to

C. = T, + (1/2) T2 + (l/2)TIT2 + TT 3 + (1/4!)T4. 8.

However, as Sinanoglu observed (23), 7, corresponds to a true four-
particle interaction and is very small, while two simultaneous two-particle
interactions, which correspond to T', are far more important. This is also
supported by the fact that all quadruple excitation terms in fourth-order
perturbation theory come from T2, with T4 only starting to contribute in
fifth-order. Since T, - 0 for Brueckner orbitals and is usually small for
SCF orbitals, the last three terms are normally less important. Hence,
with only little more effort than D-CI we obtain a substantial extension of
the D-CI theory.

The iterative solution of Eq. 7, which defines several MBPT models,
proceeds in the following fashion. Initially all amplitudes are assumed to
be zero, giving

t, (l) - (abl ij)/ID,,. 9.

with energy

This is the second-order perturbation energy, which corresponds to the
antisymmtrized diagram DI in Figure 2. The next iteration, also only of
the linear terms, define

9' t*(2) - Zab I Icd)f(l) + '(k I lijt '(l)+ f-(k)l +Jc)r:(l) 1)

AtA

+ (k.I.l k+>+(() + (kbI ic)t(l) - (kaII c~t%(l)I, 11.

,.,+ U t() 2
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E3 is given by the third-order diagrams D2, D3, and D4 (Figure 2). The
next iteration of the linear term would be the same as in Eq. 11. except
that t,,(2) would be used in place of t'(1) to give t'(3;L). However, we
show elsewhere (52) that this computation is not necessary, since

E4= (ab lIij)Ib(3;L) - I tb(2)j'/Djjb 13.
a>b a>b
i>j i>j

E4' corresponds to diagrams D5-Dl6 in Figure 2.
The first nonlinear iteration contributes
tij(3;N) = -I (kil jcd){Itcd(1)tab(l)] -2t() l ,(~,()

k>1

-2[t, 1)tcd(l) + t,,(l)tab(l)] + 41t" l)tbc 1) + t,(Itbld 14.

which provides the amplitudes for

E? - E (abj lii) t?(3;N) 15.
a>b
i>'

or diagrams QI-Q7. The superscripts D and Q refer to the two compo-
nents of fourth-order perturbation theory corresponding to double- and
quadruple-excitation diagrams. This defines the perturbation theory
model DQ-MBPT(4). A similar consideration of the coupled-cluster sin-
gle and double excitation (CCSD) wavefunction, eT + r' W), leads in ad-
dition to the fourth-order contribution of single excitations, which we
define as SDQ-MBPT (4). This adds the SI-S4 diagram (Figure 2). The
triple excitation diagrams TI-T16 (Figure 2) arise fton T3 in Eq. 2.

In this manner, each of the terms in the linked-diagram expansion of
MBPT, Eq. 6, can be obtained from the general CCM equations. This de-
velopment emphasizes two alternative viewpoints, the infinite-order sum-
mation of selected terms, and the evaluation of all terms at some finite A
order. When higher-order terms are important, a model like CCSD,

which neglects the triple-excitation terms in fourth-order, may well be

preferable to SDTQ.MBPT(4) which includes these terms. On the other
hand, when good ooewrenoe is obtained, SDQ-MBPT(4) ow CCSD and
the largest remaining error will be the fourth-order triple excitation
terms. The latter applies to most cases where the reference function o, as
a nondegenerate RHF or UHF function, is adequate for the problem at
and. In such examples DQ-MBPT(4) usually differs from CCD by
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< 1 kcal/mole (22). For more difficult cases, where a single *o suffers
from some near degeneracy, CCD or CCSD might be preferred (30,
52-54).

A number of formal developments in the CCM theory have been made
by Paldus, ClIck, and co-workers that deal with open-shell systems (55),
excitation energies (11), and the spin-symmetry adapted form of the
theory (56). Nakatsuji and co-workers have developed and applied an
open-shell symmetry adapted cluster theory (57-59). Harris has also con-
sidered excitation energies, grafting EOM techniques onto the CCM
equations (10). Other papers by 2ivkovit (60) and Zivkovid & Monkhorst
(61) discuss excited-state solutions to the CCM equations. Monkhorst
also considers CCM predictions of properties other than the energy (62).
Freeman succeeded in solving the electron gas problem with CCM (63).

The correlation contributions in Eqs. 9-15 are calculated iteratively
solely from a list of transformed molecular integrals and associated de-
nominators composed of orbital energies. Very efficient computer pro-
pans for carrying out these computations can be constructed, and such
programs are well-suited to vector-oriented computers.

The computational effort of second-order perturbation theory has an
approximately te dependence on the number of basis functions, while
third-order and the fourth-order contributions of single, double, and qua-
druple excitations, as well as the CCD and CCSD models, are asymptoti-
cally proportional in effort to n". The quadruple excitation contributions
in fourth order and in CCD can be factored, since these correspond to T,
rather than T,. The latter type of term, which would occur in the most
general case, would require an n' procedure. This factorization offers a
dramatic pin in efficiency over attempting to include quadruple excita-
tions in a Cl procedure. The fourth-order triple excitation terms, on the
other hand, correspond to T3 rather than T,T, and hence do not factor,
requiring an n7 procedure. Perhaps of even greater signifcance for com-
putational purposes is that, if higher than fourth-order contributions of T3
are to be computed, as would be done in a CCM model that includes T, it
would be necessary to save the t' amplitudes, and this would require
sto Space Proportional to fe.

Sam other Cl models use a multireference space instead of s single
refrence function, and include all single and double excitations relative to
the severaI reference functions. In this case, preumably, the mot impr-.
tant triple and quadruple excitations are introduced into the calulation
Although, just like any truncated Cl model, this is no rigorously site-
ext enive, it sould be much better than siall-referece Sb-tI, and ma
be comparable or even superior to aiaghl-elerene MSI tCCM modiet.

_ _ 9
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which are rigorously size extensive and incorporate higher excitations. In
this review the term CI, when unspecified, means a single-reference, trun-
cated CI model.

Before focusing on MBPT/CCM applications and the individual orders
of perturbation theory, it is useful first to recognize some of the flexibility
inherent in the MBPT/CCM methodology.

The Jacobi type iterative solution of the CCD equations described
above is implicitly of Meller-Plesset (MP) type, since the simple denomi-
nators D,,, are those used by Moller & Plesset in their classic 1934 paper
on perturbation theory relative to an SCF reference function (64).' Nu-
merous other choices are possible. For example, the "diagonal" terms in
the linear summation of Eq. 7, (abl lab), (ij jij), (jb Ijb), (ja ija),
(ibi Jib), and (ial ia) could be combined with Dijb, with the other summa-
tion indices suitably restricted, to provide a different partitioning known
as the Epstein-Nesbet (EN) approach (65). In many-body language, such
denominator "shifts" are used to sum certain kinds of terms in perturba-
tion theory to all orders. Obviously, this technique will give very different
results for equivalent orders in perturbation theory, although at conver-
gence the final results must be the same. Some study of the nonlinear
terms will also lead to certain "quasidiagonal" parts that might be incor-
porated into the denominator of an iterative scheme. In fact, the latter is
necessary to make the connection between the rigorous CCD model and
the CEPA approximations to it (18, 66).

In addition to the flexibility in the partitioning used in solving the CCD
equations, it is also possible to get very different order-by-order results by
different choices for the molecular orbitals involved in the calculations
[the equations would then include extra terms in the non-SCF case (49)].
Alternative choices could be natural orbitals, Brueckner orbitals, modified
SCF orbitals proposed by Davidson (termed ICSCF for "internally con-
sistent") (67, 68), or those obtained by incorporating modified one-
electron potentials (e.g. VN - 1) into the calculation. In the last case, the

'ro avoid confusion, a point should be made pertaining to the terminology in the field. in

the calculations of Pople and co-workers (29, 33. 50) emphasis is placed on the SCF pertur-
bation theory of Miler & Plenet. coupled with the specification of the reference function,
rather than on the later MBPT developments employing the diagramnmatic theory. This
leads to the specification of their models as, for example UMP3. for third-order Moller-

Pleeset perturbation theory with unrestricted Hartree-Fock reference function, and

UMP4DQ. for fourth-order MB perturbation theory limited to effects of double and qua-

druple excitations. In our system, UMP3 - D.MBPT(3) and UMP4DQ - DQ-MBPT14),

whem the reference function is understood to be UHF for an open.shell case and RHF for a

closed-shell case. In most cases MP denominators are used, although Epetein-Nesbet de-

nominators, which are often referred to as "shifted," have also been employed in some

studies (52).

1~
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Arnau-Huzinaga (69) and Silverstone-Yin (70) approach provides V"- '
modified orbitals, which may be written as a transformation exclusively
among the usual virtual SCF orbitals. For this category of transforma-
tions, when only excited orbitals are mixed among themselves (and/or
occupied orbitals among themselves), the CCD equations are invariant, so
again the converged results will be the same, but not the various orders in
perturbation theory. The CCD equations are not invariant to more gen-
eral transformations that mix occupied and excited orbitals together, like
natural orbits or Brueckner orbitals, but the full CI or a full coupled-
cluster result would be invariant. Insofar as a given model begins to ap-
proach the full result, invariance to even very general transformations will
begin to be observed.

A third degree of flexibility is the reference function itself. An SCF
function is often convenient, but for some applications just a product of
bond-functions, as is used in the PCILO (perturbed Cl with localized
orbitals) semi-empirical perturbation method (72), or even a product of
symmetrically orthogonalized atomic orbitals, may be preferable. For ex-
ample, the latter two reference functions have certain localization charac-
teristics that may be exploited in an extended system like a metal surface
or a large biochemical molecule.

The enormous number of possibilities raises the question of what is the
best MBPT model. It would be useful to know, for example, what choice
of denominators, orbitals, or reference functions would give second-order
results that are consistently closest to the basis set limit for the correlation
energy or, perhaps, even to experiment.

Little work in this area has been done. Papers by Bartlett and co-
workers (52, 71, 73) have considered the order-by-order perturbation con-
vergence of the MP and EN partitionings relative to SCF orbitals, with
the former found to offer much better convergence than the latter for
most systems, since the pair-like terms included in the EN partitioning to
all orders tend to be biased toward negative contributions. Similar results
have also been found in the direct CI procedures for the solution of the CI
eigenvalue problem (74). For the case of Be or LiH, and similar systems
in which relatively separated electron pairs are involved, the pair-like
terms included in EN do heighten the convergence, making E2N a supe-
rior approximation compared to E" P, but for more than four electrons
this is seldom the case. [A potential exception would be for localized
orbitals (41).] This is due to the pair-pair interactions, as emphasized by
Micha (75) and Barr & Davidson (76), that tend to be positive and large
for more complicated molecules. In related work Paldus studied the con-
vergence of the CCD equations for Be as a continuous function of a
parameter weighting the denominator from MP to EN, finding the best
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convergence for a point closer to the EN denominator (77). In all studies
of convergence Pad6 approximants are routinely used to enhance the
speed of the convergence (52). The lowest (N, N - I I approximant is the
well-known geometric approximation.

Denominator shifts employing similar "conjoint" (33) (or less appropri-
ately, EPV, for exclusion principle violating) terms that come from the
quadratic part of the CCD equations were originally used by Kelly (5).
This technique has been found to be important by Freeman & Karplus
(78) in obtaining potential curves for diatomic molecules. Prime & Robb
discuss a related, but more general type of denominator shift (79), build-
ing upon a development by W. J. Taylor (80). An important objection to
denominator shifts is that the inclusion of "diagonal" elements of higher
order diagrams can result in expressions at a given order that would not
be invariant to transformations among degenerate orbitals (81) and may,
in fact, give the wrong size-dependence (41).

Different types of basis functions may also be considered. Adamowicz
& Sadlej (82) and Pan & King (83) have investigated the use of explicitly
correlated Gaussian geminal basis functions in perturbation theory and
electron pair theory.

Some work by Silver, Bartlett & Wilson (84) studied the convergence
of lower-order perturbation theory with VN - P orbitals, for various choices
of p. Although second-order results could be quite varied for different
potentials, by third-order there is already little difference in the net re-
sults in these studies. This problem has also been studied by Hiroike (85).
To the contrary, Lindgren et al found important imprvements when
using Brueckner orbitals instead of Hartree-Fock orbitals in studies of
hyperfine structures in alkali atoms (86). This might be expected due to
the importance of single excitation effects for such properties.

The most drastic modification of the theory described above is the gen-
eralization to multiple reference functions. Several frameworks for the
multireference MBPT/CCM problem have been proposed (87-92), al-
though few applications have yet been made. For many molecular prob-
lems it is apparent that multireference techniques will be preferred. This
area is discussed in the final section.

However, unlike traditional perturbation methods, in which the pertur-
bation is expected to be small, it should be recognized that single refer-
ence MBPT/CCM has been developed from an inherently infinite-
order" perturbation theory viewpoint. [This terminology derives from
Lowdin (93).] This means that via the infinite-order CCM models, or by
using techniques like denominator shifts to employ geometric series argu-
ments to sum classes (or components) of diagrams to all orders, conver-
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gence can often be accomplished even for highly difficult cases. A prime
example is found in H2 at large separation, where the to' and to' configu-
rations are equally important, and logic would recommend that both func-
tions be included in the reference space. Despite this. a single reference
CCD calculation based on the Ia, configuration will give a good potential
curve all the way to the dissociation limit (94). Similar studies on Li2 and
N 2 using denominator modifications also illustrate this point (78).

An intermediate level between single-reference and multireference func-
tions in MBPT has been considered by Kirtman & Cole (95). In this
study they have proposed that a valence bond (VB) function should be the
reference function for a perturbation approach. If this could be accom-
plished conveniently, one would have the advantage that, unlike an RHF
function, the valence-bond solutions would frequently separate correctly,
thus leading to a more accurate zeroth-order approximation to a potential
energy curve. A UHF function will normally separate correctly, but as
illustrated with the N2 example (22) (described below), the spin contami-
nation becomes too great to give a realistic potential curve in the interme-
diate range between equilibrium and the separated atom limit. Obviously,
when the zeroth-order solution is superior, then equivalent corrections
should be obtained in lower orders of perturbation theory.

There are several difficulties with the VB approach, however. The non-
orthogonalities that are involved in the original VB theory make the com-
putation time rise as N! for N electrons. Hence, it is usually necessary to
invoke strong orthogonality conditions in order to obtain the solution (96,
97). However even with such approximations, the different VB orbitals
are eigenfunctions of different one-electron Hamiltonians, eliminating the
convenient N-electron Hamiltonian of SCF theory. This feature is also
true for Hartree theory and most open-shell RHF-SCF theories, although
recent work suggests that a convenient, formal solution to this problem
may be found (98). This is an important question, since the elimination of
unlinked diagrams is the basis for the size-extensivity of the MBPT/CCM
methods, and this elimination is facilitated by the separability of the N-
particle Hamiltonian. Kirtman & Cole resort to a type of exchange per-
turbation theory to account for the different one-electron Hamiltonians.
Second-order results are reported for H, and LiH.

Although it is important to develop and apply the multireference tech-
niques for open-shell problems, for problems involving near degeneracies,
and for the accurate descnption of bond breaking, the point at which
efficiency versus accuracy considerations favor the multireference ap-
proach over the single-reference method, or over more general VB-based
methods, has not yet been determined.

m.. .......
.. .....
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STUDIES OF MOLECULAR
CORRELATION ENERGIES

The first molecular calculations using many-body methods were made by
Kelly for H, (99) and by Miller & Kelly for H 20 (100), using one-center
expansion techniques and numerical methods similar to those used for
atoms. Lee, Dutta & Das made similar calculations (101), with recent
work by McDowell (102). Although it is highly desirable to develop
purely numerical methods for molecules to avoid the limitations inherent
in basis set methods, the multicenter nature of molecular charge distribu-
tions presently requires the use of conventional finite basis sets of Slater
type orbitals (STO) or of contracted Gaussian type orbitals (CGTO). In
an interesting series of papers (103), McDowell has discussed the system-
atic elimination of the basis set error by using MBPT techniques.

Schulman & Kaufman (104) used the formal structure of MBPT and
finite basis sets in calculating the second-order correlation energy and
polarizability for H2. These authors also investigated sum rules to assess
the accuracy of their basis sets, an idea that should be used more fre-
quently. This was followed by similar studies of molecular correlation
energies, but with some consideration of higher-order effects, by Robb
(105), Bartlett & Silver (71), and Freeman & Karplus (78). In addition,
Kaldor demonstrated the accuracy of finite-basis MBPT calculations by
comparing them with Kelly's numerical results for Be (106).

Additional studies without approximation at the full third-order level
have been made by Urban, Kella & Hubad (107), Bartlett et al (73),
Pople et al (29), Kvasnicka & Laurinc (108), and Wilson & Silver (109).
It should also be noted that when an SCF reference function is used, and
until terms beyond the third order in perturbation theory are included, the
first two interations of SCF-based direct CI calculations (110) are equiva-
lent to D-MBPT(3). However, in the process of converging to the D-CI
solution, the size-extensivity of the D-MBPT(3) model is lost because the
truncated CI approach incorporates unlinked diagram terms in fourth and
higher orders of perturbation theory (30). This results in the paradoxical
situation that a second- or third-order perturbation result for the correla-
tion effects is likely to be superior to the converged D-C! or SD-C! model,
particularly for extended systems, and often even better for some proper-
ties of smaller molecules (33). Approximating these unlinked diagram
terms is the basis for the widely used Davidson's (I 1) approximation for
quadruple CI excitations (112-114).'

4Actually. two alternative viewpoints on how to approximate the quadruple and higher I
excitations in Cl have been taken. Bartlett & Shavitt (112) proposed the viewpoint that the
unlinked diagrams in fourth-order should be approximated and thereby eliminated from the

fl.
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In subsequent work, Bartlett & Shavitt computed fourth- and higher-
order MBPT contributions due to double excitations (52), and Krishnan
& Pople (115), Bartlett & Purvis (30), and Pople et al (50) developed
general purpose programs for the computation of fourth-order quadruple-
and single-excitation terms. The latter two papers also report CCD results
for a series of molecules. The triple-excitation diagrams have now been
computed by Krishnan et al (116), Kvasnicka et al (117), and Wilson and
co-workers (118, 119). At the level of quadruple and triple excitations,
MBPT/CCM offers a great deal of previously unattainable information
about the correlation problem for nontrivial molecules.

In a substantial achievement, Saxe, Schaefer & Handy have recently
carried out an all-electron full CI calculation for HO in a DZ (double
zeta) basis set (120). This calculation involved 256,473 configurations
and required about six hours on a CDC 7600 computer (H. F. Schaefer,
private communication). Since full C1 is the best possible solution in the
basis set, it is highly informative to compare MBPT/CCM predictions of
the correlation energy with the CI results. Table I provides this informa-
tion. Second-order perturbation theory, which is the simplest MBPT ap-
proximation, provides 94% of the full Ci correlation energy, with the full
fourth-order perturbation theory accounting for all but I mh, or 99.3% of
the correlation energy. The remainder of the full CI result is associated
with contributions from higher-order perturbation theory, but most of
these are included in the infinite order CCD result.

Since CCD reduces to DQ-MBPT(4) in fourth-order, the difference
between the results of these two models provides a measure of the higher
order contributions generated by the T2 operator, which correspond to
higher order effects due to even excitations. This difference is 0.668 mh.
Adding the fourth-order contribution of single and triple excitations [the
latter computed by Wilson & Guest (119)] to the CCD result gives agree-
ment with the full CI to 0.3 mh, or 99.8% of the full CI, and agreement
with SDTQ-CI (single, double, triple, and quadruple excitation CI) to
99.96% or 0.06 mh.

When the very good agreement between CCD plus the fourth-order
single and triple excitation terms [CCD + ST(4)] is combined with the

CI, and thereby derived Davidson's formula. This was generalized to all orders by Siegbahn
(113). This approach is general for any system, although no effort was made to separate the
"conjoint" components that remain in the linked diagrams from the "disjoint" tam (33).
Other authors, Pople et al (38). Davidson & Silver (39). and Brindas et al (43) have
obtained approximations based upon detailed considerations of a model problem like the H2
lattice discussed in the third section. This approach would seem to be somewhat dependent
on an idealized system. Luken (114) has also studied this problem from the viewpoint of
Sinanolius electron pair theory.

L7!
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Talk I Comnparison of niany-body results with full C11
(1110 14 CGiTO.DZ basisact, Ex7 - -7600984)

Correlation
energ AE(fuII

Cl) AE(SDTQ-CI)
model Configuration (Hartree au.) (kcal/male) (kcal/mole)

SD-Clb 361 -0.14019 4.9 4.8
SDTQ-C15  17,678 -0.14777 0.2 0.0
FULL Clb 256,743 -0.14903 0.0 -0.2
D-MDPT(2) -0.13949 5.4 5.2
D-MBPF(3) -0.14087 4.5 4.3
D-MBPTr(4) -0.14392 2.6 2.4
DQ.MBPTr(4) -0.14476 2.1 1.9
SDQ-MDP1r(4) -0.14565 1.5 1.3
SDTQ-MBPTr(4)' -0.14704 0.6 0.5
CCD -0.14544 1.6 1.5
CCD + ST(4) -0.14771 0.2 0.0

*MEPT/CCM calculatious Rt. J. krtlett.
bTbe CI calculations are by Saxe. Schaefer & Handy (120).
'The triple excitation component of SDTQ-MB3PT(4) is computed by Wilson A Goeat (119).

fact that these MBPT/CCM calculations require only a few seconds on
the CDC 7600. compared to six hours for the full CI or a few minutes for
the SDTQ-CI. the potential efficiency and accuracy of the many-body
methods is emphasized. Of course H,0 at equilibrium is well-described
by a closed-shell SCF reference function, which is clearly the dominant

Ac configuration, so MBPT/CCM methods based upon a single reference
function are easily applicable. With open shells or near degeneracies, even
a single-reference UHF-based MBPT/CCM approach may not be as reli-
able (30, 1 20a), and multireference function techniques are sometimes
preferred, with a consequent loss in efficiency.

In another calculation on H20 (33), a very good 39 STO basis set is
used (121). For this basis the full CI or even SDTQ-CI is out of the
question. However, one can still readily carry out SDQ-MBVT (4) and
CCD calculations. The inclusion of fourth-order triple excitations, an n
problem, adds a great deal to the time for the calculation (118S), but their
magnitude in the examples studied is typically of the same order as the
other fourth-order components. A suggested rule-of-thumb is that theI
triple excitation terms are about three times as large as the singlesi contri-
bution (122). These results are displayed in Table 2. The CCD model
with the addition of the fourth-order single and triple excitations is essen-j
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Table 2 Comparison of many-body results with SD-CP
(H20 39 STO basis set, Esc, - -76.06423)

Correlation energy AE(SD-CI)
Model (Hartree a.u.) (kcsl/mole)

SD-CIb (4.120 configurations) -0.27558 0
D-MBPT(2) -0.28178 -3.9
D-MBPT(3) -0.28502 -5.9
D-MBPT(4) -0.28934 --. 6
DQ.MBPT(4) -0.28614 -6.6
CCD -0.28621 -6.7
SDQ-MBPT(4) -0.28817 -7.9
SDTQ-MBPT(4)' -0.29604 -12.8
CCD + ST(4) -0.29611 -12.9
Exp. -0.370 -59.2

'The MBPT/CCD calculations are reported by Bartlett. Shavitt & Purvi (33).
br'e Cl calculation is by RosenberS & Shavitt (121).
cThe triple excitation componet is computed by Wilson (1 IS).

tially equivalent to SDTQ-MBPT (4) for this system, and accounts for
80% of the estimated total correlation energy of H20. A second-order
calculation recovers 95% of this, third-order recovers an additional 1.1%,
and fourth-order 3.7%. The fourth-order contributions are -4.3 mh for
double excitation diagrams, -2 mh for singles, -7.9 mh for triples, and
+ 3.2 mh for quadruple excitation diagrams.

As measured by fourth-order results, the net effect of quadruple excita-
tions in CI would be about - 13.9 mh,5 or about 4.7% of the computed
correlation energy (33). Adding in the triples as well, the higher Cl exci-
tations account for 21.8 mh or about 7.4% of the correlation energy,
compared to 5. 1 % in the DZ basis calculation.

In this study of H 20 a quartic force field was also predicted at several
levels of MBPT/CCM approximation, and compared with SCF and SD-
Cl (33, 125). The SCF predictions of the bond length and angle are
within 2% of experiment, while SD-Cl is accurate to about 0.5%. The
low-order many-body models D-MBPT(2) and D-MBPT(3) give some-

'It is important to distinguish between quadruple excitation diagrams and CI quadruple
excitations, stooe the Coem vootais components which deive from double excitation in
the Ci model (30. 33). These double-excitation terms are rspmonible for the quadruple
excitation diagrams being positive. This alo introducea the separation of the renormalisa-
lion terms in fourth-order perturbation theory into the "conjoint" (or EPV) and "disjoint'
parts mentioned in this review. Hube and co-workers (123. 124) present a detailed study of

these interrelationships.

m_



382 BARTLETT

what better agreement with experiment than SD-CI. The error in CCD is
<0.2%, and SDQ-MBPT(4) improves this to <0.1%.

In the prediction of the force constants, the SCF results show errors of
more than 30% for even some quadratic constants, while SD-CI is usually
fairly close to the various MBPT/CCM results, normally < 10% in error.
Forf"., though, there is about a 16% difference between SD-Cl and SDQ-
MBPT(4), with the CI result much further from experiment. There are
differences between various reported experimentally derived values of the
force constants, and to a lesser degree even for the bond length and bond
angle, so convergence to a particular set of experimental values cannot be
taken as evidence for any general superiority of MBPT/CCM to SD-CI,
although one would certainly expect that the higher excitation terms like
the quadruples included in SDQ-MBPT(4) and CCD should help in im-
proving the accuracy of the SD-CI calculations. In fact, adding
Davidson's approximation for quadruple excitations to SD-CI signifi-
cantly improves the results of the model in this example (125), and this is
a generally observed phenomenon for highly accurate CI studies (126).
What is most important here, however, is that size-inextensive models
show some significant differences from SD-CI even for a small molecule
like H20. We would certainly expect this to be the case for larger systems,
but even for H20, at the sophistication of current ab initio quantum
chemistry, there are observable consequences of size-inextensive models
that should be realized and corrected.

The fractions of the correlation energy attained within a given basis set
with the MP denominator and ordinary SCF occupied and excited
orbitals are presented in several places (22, 29, 30, 33, 50). The typical
behavior is illustrated in Table 3 for some molecules we have studied. The
higher than fourth-order terms are measured by means of the CCD
model, which only includes the '2 operator in Eq. 2, hence single- and
triple-excitation contributions are not included.

The worst case for second-order perturbation theory is BH 3, which re-
flects the residual degeneracy in this system. However, even though the
third-order contribution is comparatively large, the higher-order effects
are modest, showing good convergence. The fourth-order single-excitation
contribution to BH, amounts to only -0.18 mh (30). Diborane shows a
somewhat similar behavior, and the single excitations give only -0. 14 mh
(127). The multiply-bonded molecules CO, CO2, N2, HCN, and CH3CN
have a large E2, with a positive E , except for HCN. In a larger basis
including double-polarization functions, E, for HCN is positive (128).
The negative single-excitation contribution for each of these molecules
is somewhat larger, being -7, -12, -5, -4, and -5 mh, respectively
(30, 22).
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Tae 3 Percentage of the correlation energy obtained
by different orders of perturbation theory,

Molecule Second-order Third-order Fourth-order (DQ) Higher order (DQ)

BH, 80.0 16.5 3.0 0.50

H20 97.7 1.5 0.7 0.06

NH, 94.3 5.0 0.6 0.12

CH, 89.6 9.3 0.9 0.16

CO 100 -1.6 1.6 -0.09

CO2  103.2 -4.1 0.9 0.0

HCN 98.0 0.7 1.0 0.18

N, 101.0 -2.2 1.3 -0.11

HNO 98.9 -0.5 1.9 -0.26

HCO 99.5 -0.2 0.7 -0.05

CH2O 97.7 0.1 2.9 -0.01

CH, 95.6 0.6 3.8 -

(CH,),NNO2  94.1 4.4 1.5 -

CHCN 96.5 -2.2 3.7 -

B2H, 85.2 13.2 1.6 -

'The basis set is at least of double zeta plus polarization quality, except for CH. and (CH,)NNO,
where a double zeta basis is used.

The fourth-order DQ contribution is comparable in size to E3, although
it can be larger. The usual justification for this is that effects of quadruple
excitations are included here for the first time, although it is too much
to expect that the perturbation series will be monotonically decreasing.
When the DQ terms derived from T2 are included to all orders, as is done
in the CCD model, one still generally finds little differences between CCD
and DQ-MBPT(4) as shown in Table 3 (22), implying that even though
the fourth-order contribution can be larger than E, there is really no
problem with convergence through DQ-MBPT(4) for most cases. When
the single-reference function MBPT/CCM method is used for problems
where near degeneracies are encountered, convergence can be far worse
(30, 129).

Even though the fourth-order DQ contribution can be larger than E,
once fourth-order single and triple excitations are included, the magni-
tude of the total fourth-order term is even greater, since both these new
contributions are negative, thus augmenting the negative DQ component.
In the SCF case, due to Brillouin's theorem, this is the lowest order in
which these terms can appear, accounting for their significant effect.
Since there are only a few examples where higher-order T, contributions
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are considered (49, 129), and only one example that includes T to higher
order (49), less justification for adequate convergence of the SDTQ-
MBPT(4) model is available, although it is anticipated that this level
should also be well converged.

In addition to the applications made by Battelle's group, very thorough
studies of molecular correlation energies are presented by Pople and co-
workers in a series of papers (29, 38, 50, 115, 116, 122). In the first major
effort (29), Pople et al reported on calculations at the level of second- and
third-order perturbation theory for a variety of atoms and hydride mole-
cules, including some considerations of multiplet splittings, dissociation
energies, and second-order predictions of bond lengths and angles. For
geometries, these authors find that D-MBPT(2) shows a mean difference
between theory and experiment of only 0.003 A, compared to 0.01 A at
the UHF level, while bond angles are accurate to a few degrees. As seen
in Table 3, E2 is generally sufficient to account for -90% of the basis set
correlation energy and Pople et al show that it also removes at least 50%
of the error remaining in the UHF predictions of geometries.

In a subsequent paper (38), Pople and co-workers compared D-MBPT
(3) with variational D-CI and SD-CI predictions of correlation energies,
dissociation energies, and multiplet separations for the same series of
atoms and molecules. At the third-order level there is not much difference
between MBPT and the CI results for small molecules, as one would
expect from the fact that D-MBPT(3) corresponds to the initial iterations
leading to the D-CI result. It is difficult to separate the effects of size-
extensivity in D-MBPT(3) versus D-CI from the higher-order contribu-
tions included in D-CI, but this paper also considers a size-extensivity
correction to D-CI that suggests that there is about a 2 kcal/mole effect
in multiplet splittings and dissociation energies for the simple systems
studied.

The potentially more significant differences between MBPT/CCM and
SD-Cl models start to appear at the fourth order of perturbation theory.
As described above, the inclusion of most of the effects of CI quadruple
excitations in MBPT/CCM via the factorizable T term enables MBPT/
CCM to include such higher-excitation effects comparatively easily, while
only for small model problems is it possible to do Cl calculations that
include the full set of quadruple excitations, as in the work of Saxe et al
(120). In fact, a very large number of MBPT/CCM calculations that
include quadruple excitation effects have been made for rather compli-
cated systems, and some of the results are shown in Table 3. The general
size of the error due to neglect of CI quadruple excitations is illustrated in
Figure I for a few examples, and ranges up to 20% for benzene.

A paper by Krishnan & Pople (115) reports SDQ-MBPT(4) results for
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the same series of molecules studied in their previous papers on SD-CI
and second- and third-order perturbation theory. These authors point out
that this model, neglecting triple excitation terms, is correct through
fourth-order for an assembly of isolated two-electron systems.

Bartlett & Purvis (30) discussed the fourth-order theory and its rela-
tionship to CCD, with emphasis on the cancellations in the fourth-order
theory that distinguish many-body models from truncated CI. A number
of results in DZP or better basis sets for BH1, NH 3, CO, HCN, CO2, and
N2 are presented at the SDQ-MBPT(4) and CCD levels, showing that
DQ-MBPT(4) results are quite close to the CCD values. This paper also
points out the convergence problems ercountered when one attempts to
use an RHF reference function in an MBPT calculation of the N2 poten-
tial curve, just beyond the N2 bifurcation into an RHF and a UHF solu-
tion. The problem is further considered in another paper (22).

Pbple et al (50) reported CCD results and compared these with the
linearized (L-CCD) model and DQ-MBPT(4) for their usual set of first-
row atoms and hydride molecules. The L-CCD model, which neglects
the nonlinear terms in Eq. 7, corresponds to the sum of just the double-
excitation MBPT diagrams to all orders, or D-MBPT(o) (30), and is
also known as CEPA(0) (18). Since the nonlinear terms are generally
positive, L-CCD results overestimate the CCD correlation energies by as
much as 6 mh for some of the molecules studied. However, since the
neglected fourth-order single- and triple-excitation diagrams are negative,
the errors in L-CCD compensate to some extent for the omission of these
terms. These authors also observe the close coincidence of CCD with DQ-
MBPT(4) in their applications.

Nakatsuji has applied his symmetry-adapted cluster theories to Be,
BH, and H,O (59), including some study of the excited states.

Krishnan (130) et al defined a new 6-31 lG** basis set and predicted
geometries and atomization energies for a series of small molecules at the
D-MBPT(3), DQ-MBPT(4). and SDQ-MBPT(4) levels. Agreement with
experimental bond lengths and angles is not substantially improved over
the simple D-MBPT(2) predictions for most examples. In particular,
SDQ-MBPT(4) tends to increase the bond lengths between first-row
atoms due to the effects of the single excitations. The atomization ener-
gies at the SDQ-MBPT(4) level are within 5 to 13% of the experimental
values. The effect of single substitutions are as large as 3-4 kcal/mole in
multiple-bonded systems, but much smaller for hydride molecules.

A large group of molecules with single, double, and triple bonds have
been studied with SDTQ-MBPT(4) to assess the effect of the triple-
excitation terms (122). These calculations use a 6-31G" basis which, un-
like the DZP results in Table 3, do not have polarization functions on the
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H atoms. However, the general behavior is quite similar. Using the corre-
lation energy through fourth-order as the reference point, the second-
order energy accounts for a low of 79.2% for BH, and 82.5% for B2H6, to
a high of 96.6% for HF and 95.9% for F2. Of the twenty-six molecules
studied, all but five exceed 90% recovery in second-order. The third-order
results have a maximum of 15.9% for BH3 and 12.8% for B2H6, as well as
a surprisingly high 10.0% for CH,, but are less than 10% for all the other
molecules. The fourth-order contribution varies from about 2 to 7%. The
maximum is given by HCN, CO, N2, all triple-bonded molecules. As
pointed out by Frisch et al (122), the heat of formation of NH 3 from
N2 and H2 has a contribution of 5.5 kcal/mole solely from triple excita-
tion terms.

Wilson & Saunders (118), have also studied the contribution of triple-
excitation diagrams to molecular correlation energies. In applications to
Ne, it is found that these terms account for -1.1 mh in the largest basis
studied. In H20, using the same basis set that had previously been used by
Bartlett et al in their MBPT/CCD study for the H20 quartic force field,
the contribution of triple excitations is -7.9 mh. (It should be noted that
the original papers had errors that suggested much larger contributions of
-9 and -21 mh for the triple excitations in Ne and H20, respectively.)
Other calculations by Guest & Wilson (131) emphasized that the triple-
excitation terms are largest for multiple-bonded systems, including N2,
CO. SiO, and SiS. In addition, it is found that E.'changes from -9 mh to
- 34 mh in a range of internuclear separations for N2 compared to 4.5 mh
to 8.4 mh for Ey. This dramatic change is probably partially due to the
instability in MBPT treatments of N, based upon an RHF reference func-
tion at internuclear distances past equilibrium, as discussed previously
(22, 30) and in the last section.

CEPA models (18, 26) are basically a modification of SD-CI, which
accounts in an approximate way for higher excitations. Ahlrichs (66) has
discussed in detail the relationships between CEPA with MBPT and
CCD. CEPA models may be derived by making different approximations
for the nonlinear term in the CCD equation, which corresponds to the
fourth-order quadruple excitation diagrams of MBPT. These models have
been extensively applied (18). With the recent SDQ-MBPT(4) and CCD
results becoming available, it is now possible to begin to assess the accu-
racy of the different CEPA models for inclusion of such higher excitation
terms. Ahlrichs & Zirz (132) offer a series of pertinent comparisons for
the correlation energy. CEPA(I) agrees with the rigorous fourth-order
effect of quadruple excitations to within 0.6% for a series of molecules.
CEPA(2) usually overshoots by 1-2% and CEPA(0) by 1-3%. However,
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since the fourth-order triple-excitation diagrams are negative, the latter
two models may actually be closer to reality in many cases.

DISSOCIATION ENERGIES,

?OTENTIAL ENERGY SURFACES,
AND PROPERTIES OTHER THAN THE ENERGY

In addition to papers devoted to the theory or to studies of the various
:omponents of the correlation energy, MBPT/CCM models are now be-
.ng used routinely to investigate a variety of chemically interesting ques-
tions. Most of the more recent applications involve at least some fourth-
order MBPT contributions, and often even CCD as in the quartic force
,.eld for H.O (33).

Considering polyatomic systems first, in a series of studies (128, 133),
.he isomerization energies for the reactions CHNC-.CHCN, HNC-.
HICN, LiNC-LiCN, and BNC-BCN were investigated at the SDQ-
\ BPT(4) level as well as the activation barriers for the first two isomers.
The isomerization energy and activation barrier in the methylisocyanide
system are in good agreement with experiment. For the HNC-HCN
isomerization an unpublished experimental value (134) is 10 ± I kcal/
mole, but these calculations, as well as other MBPT calculations of Pople
et al (50) and Cl calculations of Pearson et al (135), tend to support a
value of 15 ± 2 kcal/mole for this isomerization. The theoretical re-
sults seem to be vindicated by a recent, as yet unpublished ion cyclotron
resonance experiment of Pau & Hehre, who report 14.8 ± 2 kcal/mole
(W. J. Hehre, private communication). Thorough studies of the HCN and
HNC potential surfaces near equilibrium have also been made by Taylor
et al (51) using CCD and various CEPA models.

CCD and SDQ-MBPT(4) applications have been made by Adams
ct al (136) in a study of the stepwise decomposition of methyl alcohol,
CHOH-CH 3O-CH 2O-CHO-H + CO. This paper reports a series
of dissociation energies and predicted geometries for these molecules. The
geometries for the known species are typically accurate to <.01 A for
bond lengths and to within a couple of degrees for angles. This work pro-
vides a prediction for the experimentally unknown structure of methoxy.

The binding energies for the borane-containing molecules, B,H ,
H,BCO, and HBNH3 have been of substantial interest to chemists for
some time. For a long period, different experiments obtained different
binding energies for the first two, while the third has yet to be experimen-
tally obtained. Redmon et al (127) studied these molecules with MBPT
methods, obtaining exceptional agreement with the now accepted experi-

i J" i "I -
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mental values and making a prediction of the binding energy of borazane.
Good agreement with previous CEPA calculations is also observed (35).

In more complete studies of potential surfaces, a reaction path for the
unimolecular decomposition of HCO -- H + CO has been determined
(137, 138) and used to provide a rate constant. Adams et a[ (138) have
also provided reaction paths for the three lowest states of the HNO radi-
cal. The SDQ-MBPT(4) model was used to provide a global potential
energy surface for the O(P) + HO collision in order to predict vibra-
tional excitation cross sections (139). The He + LiH surface has been
studied at the D-MBPT(3) level (140).

The reaction path for formaldehyde offers a particularly interesting
study. Goddard & Schaefer (141), using SD-CI techniques and David-
son's correction to estimate the effects of quadruple excitations, deter-
mined the barriers and dissociation energies for the molecular products
H, + CO, the radical products H + HCO, and for the rearrangement to
hydroxycarbene. The results of the CI calculations suggest an alternative
interpretation (142) of the photodissociation experiments of Houston &
Moore (143) for the HCO-H 2 + CO route. This system has since been
studied with SDQ-MBPT(4) by Harding et al (144) as part of their
HCO surface, and by Adams et al (145) at the SDQ-MBPT(4) and CCD
level. Although the MBPT/CCM calculations show somewhat better pre-
dictions of dissociation energies, in essentials (and with the correct zero-
point energy for the hydroxycarbene transition state) the predicted barriers
support the CI results of Goddard & Schaefer. However, more recent
SDTQ-MBPT(4) results of Frisch et al (145a) obtain a substantial -5
kcal/mole reduction in the activation barrier for molecular product disso-
ciation due to a change in basis set and another -3-4 kcal/mole once
triple excitation contributions are included, bringing the calculations into
agreement with experiment.

Table 4 presents a summary of some of the results obtained in these
efforts, compared with SCF, second-order perturbation theory, and exper-
iment. Second-order perturbation theory removes most of the error in the
SCF results for these dissociation and isomerization energies, which is an
encouraging result for such a simple addition to an SCF calculation.

In addition to their thorough study of the HCO surface, Harding et at
have investigated the unimolecular decomposition of methanol (146).
Pople et al (50) have also studied the 1,2 hydrogen shifts in C2H,, HCN,
CHO, and N 2H2 at the SDQ-MBPT(4) level, finding cis and trans forms
of HCOH and HNNH that differ by about 6 kcal/mole. A thorough D-
MBPT(3) study of the isomers formed by 1,2 and 1,3 intramolecular
hydrogen shifts in CH,-NO and their associated transition states was
reported by Adeney et al (147).
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Table 4 Comparison of thermochemistry results obtained by SCF and MBPT/CCD with
experiment (All baais sets are at least DZP quality.)

-AE(kcal/mole)

MBPT/CCD

Reaction Ref. SCF E, Results Model Experiment

2 BH, - 8H, (127) 18.5 37.5 35.6 SOQ.MBPT(4) 36.6 ±2

BH, + CO -H,BCO (127) 8.0 25.1 20.5 D-MBPr(4) 20.4 ±2'

1111. + N H, - H,BNH, (127) 20.5 32.0 30.1 D-MBPIT(4) -

INC -HCN (128) 10.7 18.0 15.0 SDQ-MBPT(4) (10.3 ± 1)'

HINC - [H.,11 (128) -33.4 -30.1 -29.5 SDQ.MBPT(4) -

BNC - BCN (128) -1(8.9 -9.8 -12.4 SDQ-MBPT(4) -

LiNC -- LiCN (128) -6.4 -2.3 -3.9 SDQ.MBPT(4)

CH.NC - CH,CN (133) 19.2 26.2 22.8 SDQ-MBPT(4) 23.7 ± .14f

(ilNC - ICH ,'1 (133) -44 -40 -40 SDQ.MBPT(4) -38.4'

11 + CO - HCO (137) 4.8 11.8 13.6 CCD 15.7 1 .5'

11CO - IHCOJI (137) -(2.8 -17.4 -18.1 CCD

11(CO - H, + CO ((45) -7.2 -3.9 -3.9 CCD -1.9'

fICO - H + (ff0 (145) -68.6 -82.8 -86.0 CCD -86.0 ± 1.01

.Squarc bracket indicates a transition state. This result includes a 4 kcal/mole zero point correction for
the transition state.

'Square bracket indicates a transition state. This result includes a 4.8 kcal/mole zero point correction
for the transition state.

"This result includes a 5 kcal/mole zero point correction for the transition state.
'Ref. (145b).

'Ref. ((34). Ref. ((28) concludes that this experinmental value is in error. The result should be (5 ±2
kcal/mole.

'Ref. (145c).
'Ref. (145d).
'Ref. (145c),
'Ref. (145f).
'Ref. (145g).

Kenney et at (148) used high-order D-MBPT to study the singlet-
triplet separation in the series of compounds HC:, H,CC:, HCCC:,
predicting a singlet ground state for vinylidene and vinylidene carbene.

Because of its correct size-dependence, one of the natural places to
apply MBPT 'CCM is in the emerging area of ab initio quantum bio-
chemistry (31). An example of this is the work of Weinstein et at (149)
and Osman et al (ISO), who investigated the stacking of complexes of 5-
and 6-hydroxytryptamine with imidazolium (represented by model com-
pounds) to probe receptor sites for hallucinogenes. No doubt many more
applications of this type will appear in the next decade.
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Earlier studies from the Carnegie-Mellon group used low-order pertur-
bation corrections to study the relative stability of the difluoroethylene
isomers (151), the internal rotation of allene (152), the nature of the
carbon beryllium bond in CH2Be (153), and a series of highly unusual
electron deficient carbon compounds that violate van't Hoff stereochemis-
try (154). De Frees et al (155) studied geometries of several complicated
species like FOOF at the D-MBPT(2) level.

A number of diatomic potential energy curves have been studied with
fourth-order MBPT methods and with CCD. These include Mg2 (156,
157), Be. (30, 120a), and N, (22). These calculations offer information
concerning the applicability of single-reference MBPT-CCD for entire
potential curves. Later work by Chiles & Dykstra (158) studied He, Be.,
and Mg, at the CCD and CEPA levels.

In lower-order studies, Urban & Keli6 used D-MBPT(3) for potential
energy curves for BH, F,. and N, in the vicinity of equilibrium, in order to
determine spectroscopic constants and to compare with Cl (159). The
authors observe a substantial difference between SD-CI and D-MBPT(3)
for F, and attribute this to the failure of SD-CI to be size-extensive.
CEPA comparisons with D-MBPT(2) were also reported and found to be
in very good agreement. Kelki et al have also studied the proton affinity
of HO at the third-order level (160). Hubad & Urban have used
D-MBPT(3) to obtain ionization potentials for Ne and H2O (161). Addi-
tional third-order near-equilibrium potential curve applications to BH
(162), BF, N,, CO (163), and CH' (164) and full curves for He, (165)
and Be, (166) have also appeared. D-MBPT(3) computations on He, with
the EN denominator are found to have an erroneous behavior as pre-
viously observed and explained by Malrieu (41).

Except for the cases of He2 and Be, and similar molecules, an RHF
reference function cannot provide a potential curve of correct form all the
way to separation, and the utility of single-determinant RHF as a basis
for D-MBPT(3) for such problems is questionable. Either very high-order
theories like CCM need to be used to attempt to overcome the erroneous
behavior of RHF at large separations, or a UHF reference func' -n
should be employed, when suitable. Ultimately, multireference MB'T
approaches should be developed for these categories of problems.

In studying properties other than potential curves, correlation correc-
tions to the coupled Hartree-Fock (CHF) perturbation theory are of sub-
stantial interest. A paper by Caves & Karplus has analyzed the problem
diagrammatically (167). Numerical MBPT results are now starting to
become available.

Adamowicz & Sadlej (168) computed second-order correlation correc-

'A
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tions to the CHF polarizability of Be. These authors found a substantial
correction of 20% due to this term. which is consistent with other work
,169-171). This calculation employed electric field variant Gaussian
'oases. as proposed by Sadlej (172). which offer an interesting concept for
-,uch studies.

Blartlett & Purvis used finite-field methods with SDQ-MBPT(4) to
obtain dipole moments. polarizabilities, and hyperpolarizabilities for the
:IF molecule (170). In that work particular attention was paid to the
:hoice of basis set required to describe such properties, using numerical
'iartree-Fock calculations (173) as a guide. In another effort, these au-
thors applied this technique to HO (171). including an investigation of
-,he hyperpolarizability as a function of bond stretching and bending.

o'rrelation is found to have a very large effect on hyperpolarizabilities.
replying that CHF perturbation methods cannot adequately treat this
iproblem. Also, the hyperpolarizability tensor elements are quite sensitive
:o bond stretching.

Nuclear spin coupling constants in H. have been studied by Itagaki &
Saika (174). Using a large Gaussian basis set and sccond-ordcr correla-
tion contributions, augmented by some additional terms up to fourth-
order, these authors obtained a result within - 10% of the experimental
value for the Fermi contact term.

In another study these authors determined the correlation energy
and dipole polarizability for H. (175). This paper also discussed the de-
coupling of the energy denominators in MBPT. and employed these tech-
niques to relate the polarizability diagrdms of double-perturbation theory
to the field dependent energy, as it would be employed in finite-field
applications. They have also studied the electric field gradient in the HD
molecule with MBPT, obtaining quite good agreement with other very
extensive calculations (176).

D-MBPT(2) was used by Yoshioka & Jordan to obtain dipole mo-
ments, polarizabilities, and electron affinities for the highly polar LiF and
BeO molecules (177). Using a large and flexible basis set, they found that
D-MBPT(2) gave almost perfect agreement with experiment for the di-
pole moments of LiF. There are no experimental values for the other
quantities.

The interesting work of Kelly & Carter concerning photoionization
cross sections for atoms should also be mentioned (178), because of its
implications for molecular studies.

Bent et al have investigated Jahn-Teller distortions in the methoxy
radical, coupling MBPT methods with a clever treatment of the dynamic
Jahn-Teller effect (179).

i ....
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Many MBPT finite-field and related studies of electric and magnetic
properties, NMR chemical shifts, and spin-spin coupling constants will
doubtlessly appear soon in the literature.

MULTIREFERENCE SPACE MBPT METHODS

In order to be able to describe many processes at the level of accuracy
required in current quantum chemistry applications, it frequently appears
to be necessary to employ multireference determinants in MBPT/CCM.
To illustrate the nature of the problem, Figure 3 shows potential energy
curves for the ground state of N2 (22). It is evident that RHF-based
MBPT calculations follow the experimental curve accurately until about
2.6 a.u., where the erroneous separation of the RHF reference function
can no longer be corrected by the D-MBPT(6) procedure. Using the same
reference function, but treating correlation at the CCD level, which
includes the effects of quadruple excitations, the applicability of the
RHF + CCD model is extended to slightly longer bond lengths, where
instabilities with solutions of the CCD equations begin to occur (129).

On the other hand, after the bifurcation of the SCF solution for N2 into
separate UHF and RHF results, it is also possible to use UHF + MBPT/
CCM to obtain potential curves. Unlike the RHF-based models, the UHF
solution separates correctly to two 4S N atoms and, in fact, gives a dissoci-
ation energy which is only about 0.6 eV too small, but it is apparent that
the path toward dissociation is in error. This is primarily due to a large
amount of spin contamination for this singlet state. The N 2 UHF multi-

", plicity along the curve is about 3.5, and correlation of the D-MBPT(6)
model is unable to introduce a high enough level of correction to improve
it. It should be possible to correct this problem partially by annihilating
the principal (triplet) component of the spin contamination, although
there are problems with this approach as discussed by Rossky & Karplus
(180).

Another intriguing potential solution has its impetus in the observation
that if the lowest of the various single-reference MBPT/CCD curves for
N2 could be connected together smoothly, then it would be possible to
obtain a good potential curve solely from a single-reference function. The
orbitals in the single reference function MBPT/CCD solution change
from RHF to UHF, however. Consequently, this smooth connection could
be accomplished systematically by using some variational or stationary
principle to obtain the lowest correlated solution as a function of the orbit-
als. In other words, this would be an MBPT/CCM analogue of multicon-
figurational SCF theory (181).
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Figure 3 (UHF) and (RHF)D-MBPT(6) and (RHF)-CCD potential energy curves for N,.
The minima of the curves are superimposed. The D-MBPT(6) correlated UHF curves are

A" higher in energy than the D.MBPT(6) RHF curves between R - 2.0 Bohr and R - 2.7
Bohr. The (RHF)-CCD result extends the reliability of the curve over the (RHF)-D-
MBPT(6) approximation to somewhat larger R values, but ultimately the approximation
becomes unstable.

However, the most universal solution to this type of problem is to em-
ploy multireference functions that, presumably, include within the refer.
ence space all important configurations for correct dissociation. Besides
this bond breaking problem, similar difficulties, susceptible to the same
approach, may be encountered with open-shell problems and with various
treatments of some excited states.

The multireference analogue of the linked diagram theorem has been
developed by Brandow (87), with other work by Mukherjee et al (89),
Lindgren (88), Levy (91), Hose & Kaldor (90), and Kirtman (92). See
also the related CCM work of Banerjee & Simons (182).

Although these developments can have important differences, the basic
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structure is similar. The use of more than one reference function requires
the consideration of an effective Hamiltonian matrix whose order is the
number of reference functions 14')= J1°C ... 4'°). The effective
Hamiltonian matrix is represented as a sum of matrices

H = H, + H, + H, + ... 16.
that correspond to orders in the perturbation, whose diagonalization
yields the energies and the "model" functions defined solely within the
space of reference functions. This idea is well-known from textbook ac-
counts of degenerate perturbation theory, but now generalized to the
nondegenerate case.

One way the effective Hamiltonian is defined in many-body theory is to
introduce a wave-operator, f9, such that RV,' = 4,, the correct eigen-
function of the Schr6dinger equation. 9 is the same for each state so this
is not the typical Brillouin-Wigner energy dependent wave operator (93).
If one also defines a projector onto the reference space

P=

k-I

it then follows that P4, = 4,0, where the {4°1 are the "model" functions
expressed solely within the reference space. Then with a slight manipula-
tion of the Schr~dinger equation, H4,, = 4jE,, we obtain (88)

H4° = 4,°'E, 17.
for H - PHOP.

From PHfOP - 14')H{@ and 4 -) 1 C, Eq. 16 is regained by ex-
panding the operator 0 in powers of the perturbation. The solutions to_Eq.
17 provide the exact energies and the model functions. The operator H is
nonhermitian so the ({,°) are not necessarily orthogonal, although
Hermitian combinations can be constructed (183). From this point a se-
ries of equations for the Q operator may be defined recursively from
zeroth-order. The existence of a size-extensive connected diagram expan-
sion emerges through the prescription for the different developments for
the 0 operator, as presented elsewhere (87-91).

Through first order, the effective Hamiltonian matrix of Eq. 16 is
Hermitian. Its eigenvalues and eigenvectors correspond to the CI solution
in terms of the reference determinants (4V°}, a - I to m. If this space were
chosen to consist of the SCF determinant and all single excitations, the
eigenvectors would correspond to the Tamm-Dancoff approximation (32)
and the ground-state energy would simply be the SCF result. This usually
provides a reasonable first approximation to the electronic excitation
spectra. The remaining configurations start to contribute in second order.
For the SCF plus all singles choice, double and triple excitations will

I _ _. a
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begin to mix in at second order, and up to pentuple excitations in third
order (184).

On the other hand, if we were interested in the ground-state potential
curve of H, we would want the two configurations 4*' = A(la-) and
,P',' = A( Io) to be in the reference space. These configurations differ by a
double excitation. Here the solution through first-order corresponds to the
two-configuration CI result, while the additional configurations begin to
contribute in second order. In the general (not two-electron) case, any
configurations that differ from 40 or 4 by two or fewer excitations will
contribute in second order, including double excitations from 4. which
are quadruple excitations relative to (b'. A full third-order treatment
Would involve hextuple excitations relative to V. The hope, of course, is
that by using both important configurations in the reference space, the
remaining effects can be treated adequately by low orders in perturbation
theory.

The relatively high levels of excitation encountered in the multi-
reference theory, even at low order, recommend the use of many-body,
diagrammatic techniques that, in addition to facilitating size-extensivity,
are more suited to handling higher categories of excitation than configu-
ration based schemes. One also hopes that some of the partial summation
techniques common to many-body and coupled-cluster theory (88) will be
able to sum selectively many of the dominant, physically significant con-
tributions to all orders.

One other comment that is pertinent to the Brandow-stimulated ap-
proaches to the multidimensional many-body theory is that the choice of

U I reference space is not as arbitrary as one would like. In their diagram-
matic development of the above equations, it turns out that only with
specific choices of reference functions does a connected diagram theorem
easily emerge. In particular, they require that if the configurations A(uj),
A(a), and A(a) are important in a problem, then the proper spin-coup-
led combinations of the configurations A(rv), A(cur), and A(020 3) must
also be included in the reference space. Then, instead of nine matrix
elements, one must compute four times as many.

The theory of Hose & Kaldor (185) permits the use of an arbitrary
reference space at the cost of introducing a certain type of unlinked dia-
gram which, however, does not destroy the size-extensivity of the model.

Another approach pursued by Kirtman (92) and discussed by Brandow
(183). is the generalized Van Vleck transformation (GVVT) (186). Al-
though it is ultimately similar to the wave operator approach above (183,
187, 188), the GVVT development generates a Hermitian effective Ham-
iltonian whose eigenvectors are consequently orthogonal. Full, rather than

intermediate normalization is convenient. Furthermore, and potentially

Ik , ........ ........... ....... . ... ... ......i " I , , , , l ... .I . ..........A. ..,
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most important, the GVVT method can be developed entirely within a Lie
algebraic structure (34), which can ensure a properly size-extensive con-
nected diagram description for general reference spaces.

A very limited number of applications of the multireference MBPT
theory have so far been made. Kaldor applied Brandow's method to some
excited states of H2 (189), obtaining good results through third-order.
Another paper by Stern & Kaldor studied states of BH (190), including
their transition moments.

Lindgren's development using atomic numerical methods has been ap-
plied to open shell atoms by Morrison & Rajnak (191) and Morrison &
Salomonson (192), while Salomonson, Lindgren & Mirtensson (193)
have studied Be and C2  as an example for cases of two important refer-
ence configurations, 1S2 2s2 and 1s22p2, for a closed-shell system. For Be,
the second-order two-reference calculation recovers 93.6% of the correla-
tion energy compared to 80.9% for second-order with only the IS22s2 con-
figuration as reference.

The work of Hegarty & Robb based upon the Brandow approach
should be mentioned (194). Also, the related CI perturbation method of
Davidson & Bender for a multireference problem is pertinent (195).
In the latter case, these authors used their method to study several states
of Mg,.

Hose & Kaldor applied their new general reference space approach to
excited states of He2 (185). These authors make the important point that
the use of a complete model space of the type required in Brandow's
theory spans a very broad energy range, while still leaving out other states
within that energy range, which can cause severe convergence problems
for perturbation theory [the problem of intruder states (183, 185)].

In a somewhat different vein, certain forms of the multireference func-
tion theory have also been frequently used in developing effective valence
shell or pi-electron theories for molecules. Work of this type is reported by
Brandow (183), Freed and co-workers (196), Westhaus and co-workers
(197), Baker, Hegarty & Robb (198), and others (199, 200).
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INTRODUCTION

In the application of quantum chemical methods to problems involving
biochemical molecules and their interactions, there is a natural progression from
empirical or semiempirical models and methods to ab initio self-consistent field
(SCF) approaches, and, eventually, to ab initio approaches that properly include
the effects of electron correlation. The purpose of this contribution is to discuss
the many-body methods " (i.e., many-body perturbation theory. MBPT. 4 and
coupled cluster methods, CCM*") for including electron correlation. The empha-
sis is on the advantages that these methods offer over the more traditional
configuration interaction (CI) approaches in large molecule applications.

Semiempirical models and methods, which should be used synergistically
with experimental results, are most properly employed to investigate trends
among a series of similar molecules. Such methods can be used for rather large
molecules relatively inexpensively, and are thus finding wide use in biochemis-
try and particularly in drug design."" On the other hand. ab initio methods can,
in principle, provide hard, quantitative results for molecular systems, which can,
potentially, be used to complement various experimental methods by providing
answers to classes of problems that are not as amenable to experiment. An
example would be identifying the transition state and activation barrier in a
reaction.

In practice, however, ab initio quantum chemistry suffers from severe limita-
tions, which have permitted highly accurate results to be obtained for only
comparatively small molecules. These limitations are basically of three types:

1. The number of degrees of freedom in molecular systems
2. The limited size of the basis set that can be used
3. The required degree of accuracy of the ab initio approach.

The problem in the first category essentially revolves around the Born-
Oppenheimer (or fixed nuclei) approximation, since the calculation of the
electronic structure and energy must be repeated for each choice of coordinates
for the nuclei. Limitations 2 and 3 pertain to each of these calculations. For
example, mapping out a potential energy surface for a four-atom system with
3N - 6 - 6 degrees of freedom and computing 10 points for each degree of
freedom would amount to a million calculations. In quantum biochemistry.
fortunately, one is not often interested in a complete energy surface, but usually
only in a few crucial bond lengths and angles that need to be optimized, but this
is still a formidable problem. The development of self-consistent field (SCF)21'
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and correlated gradient methods is a welcome addition to the quantum
chemist's repertoire. but even these techniques are only applicable to a few
degrees of freedom.

To take an example in quantum biochemistry, consider a solvated molecule in
which it is recognized that the solvation characteristics are partially responsible
for the conformation of the molecule, which can, in its turn, directly affect a
highly specific interaction. The only feasible approach to such a problem at
present is to determine analytic model potentials of the Lennard-lones. general-
ized Morse, and other types, with parameters determined either empiricalyV or,
perhaps, from highly accurate quantum chemical calculations of the component
of the dynamical movement of the molecule and solvent, allowing the more
accurate quantum chemical methods, augmented by gradient techniques, to focus
on the most crucial active site interactions. The results of this procedure.
however, are no more accurate than the individual calculations, which are
subject to limitations 2 and 3.

In FIGURE I is shown a schematic drawing that illustrates the dependence of
an ab initio quantum chemical calculation on basis set and caliber of method.
Improving only one of the two is not enough, but rather a systematic improve.
ment in both is required.

First, consider the basis set problem. Depending upon the property of interest.
it is a matter of opinion just how many basis functions are required to obtain good
SCF results for molecules, but one would certainly want at least a minimum basis
set of one Slater orbital (or contracted Gaussian orbital, i.e.. SZ-single zeta) for
each electron and probably two JDZ. double zeta) or more (DZP. double zeta +
polarization). The number of molecular integrals needed to do an SCF calcu-
lation rises formally as n', where n is the number of basis functions, although this
dependence can be reduced to n' for sufficiently large molecules. The largest
SCF calculations that have been done employ no more than -300 functions. This
imposes a limit of. at most. 300 electrons or. more realistically, -100 to 150
electrons explicitly considered.

The problem is further compounded when electron correlation is included.
Except for second-order perturbation theory, which will be considered in more
detail below, correlated methods have a dependence on the number of basis
functions of -n'. Again, it is possible to reduce this by perhaps two orders of
magnitude for sufficiently large molecules, but it is evident that even fewer
problems can be studied at the correlated level than at the SCF level.""1

No really good idea for eliminating the basis set problem in quantum
chemistry has yet appeared. Completely numerical SCF calculations have only
been accomplished for a few diatomic molecules' and nothing of general utility
has yet emerged. At the cost of using unrealistic potentials. the numerical
procedures of the type used in MS-X. have had some success.'~ The development
of effective potentials for the chemically inert electrons in heavy atom molecules
is very useful from the viewpoint of basis set quantum chemical computa-
tlons." Also, using Gaussian lobe functions" to represent the bonds in a
molecule rather than locating them on the various atomic centers has reduced the
number of basis functions while simplifying the calculations of the integrals.*
Various integral approximations and other clever schemes can also aid in making
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AB INITIO CALCULATIONS
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FIGURE 1. An illustration of the dependence of an ab initlo calculation on the basis set
and on the quality of the theory. SZ, SZP, DZ and DZP are, respectively, single zeta. single
zeta plus polarization, double zeta, etc. Configuration interaction ICiI is usually accom-
plished by adding single and double excitations. MBPT and CCM, in general, exceed
SD-Cl in accuracy, since the effects of higher excitations are included to some degree.
MR-CCSD indicates a coupled-cluster theory that is limited to eT'*y2 but relative to more
than one reference function. The best possible solution in a basis set is full CL.

the calculations more efficient,3 but the basis set problem is still a fundamental
limitation.

The third limitation above, illustrated in FIGURE 1, pertains to the degree of
accuracy of method that is required for the property of interest. this is the main
concern of this article. Generally. SCF theory is considered to be adequate
I ± 100. for molecular conformations, equilibrium molecular structure, and first.
order properties; that is, properties obtained as an expectation value over the

mA"'l _
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SCF density, such as the electrostatic potential or dipole moments. On the other
hand, correlated methods are considered absolutely necessary in predicting
electronic and photoelectronic spectra, in studying binding energies and other
thermochemical quantities in reactions where bond breaking is occurring, and, in
investigating most second and higher order properties, such as polarizabilities.
shielding constants, magnetic succeptibilities. Since many questions in quantum
biochemistry revolve around one or another of the properties that need an
accurate treatment of electron correlation, it is important to consider the charac-
teristics that a correlated method should have if it is to be applied to the large
molecules that occur in quantum biochemistry.

A few desirable characteristics for such a correlated approach are that the
method should be"'

1. Size-extensive (i.e., should scale properly with the size of molecule)
2. Generally applicable to a wide class of problems (i.e., avoid specific

formulations or choices of configurations)
3. Efficient and cost-effective ( i.e., provide large correlation corrections

inexpensively)
4. Applicable to both open-shells and excited states
5. Able to correctly separate a molecule into its fragments.

Another condition that one might expect is that the method be variational, giving
an upper bound for the total energy. Lacking a coordinate lower bound, we
believe this to be an unnecessary restriction because the quantities of interest in
quantum chemistry are, invariably, energy differences like binding energies,
which possess no rigorous variational properties even if the individual calcula-
tions are variational. Furthermore, except for SCF, full CI, and a few other
isolated cases (e.g., generalized valence bond, GVB14 ), a variational requirement
is not consistent with the size-extensive condition above, which is felt to be much
more important to satisfy for large molecules.

In the present state of the art of correlated theory, the first three conditions
are easily accomplished with MBPT. Any approach based upon the linked-
diagram theorem is size-extensive. A large class of problems can be studied with
single reference MBPr/CCM calculations, provided that RHF (Restricted
Hartree-Fockl (or a UHF (Unrestricted) open-shell solution) is an adequate
starting point.

As to the cost-effective property-it will be shown that second order pertur-
bation theory, which is the simplest MBPT approximation, typically accounts for
-90% of the correlation energy in a basis set and significantly improves the SCF
predictions of dissociation energies and molecular geometries. Since this
requires only marginally more effort than an SCF calculation, is size-extensive
and has rather general utility, it is a very attractive lowest-order approximation.

The fourth requirement can be handled with many-body approaches, such as
equation -of-motion techniques."~ or with Cl; the fifth is currently most easily
achieved using Cl methods. The MBPT/CCM theory does exist for this latter
problem, but it has not yet been implemented in a general purpose program."'
In many cases, a UHF reference function will permit correct separation, but the
path toward the separated limit is not always accurate.'
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In the next section, the size extensive property of MBPT/CCM will be
discussed in some detail, since this is an extremely important condition for
potential applications of correlated methods to large molecules. We will then
present a brief discussion of some other concepts in many-body theory that are
important for large molecules, while the final section will focus on some
applications to benzene in order to demonstrate the nature of correlation effects
due to higher excitations in this prototype system. Emphasis will also be placed
on the accuracy of the simplest approximation, second order perturbation theory.
which typically provides a very large part of the electron correlation effect as an
inexpensive by-product of the SCF calculation.

Siz-Ex'ENsvrTY IN MOLECULAR CALCULATIONS

Probably the best way to illustrate the importance of quantum mechanical
methods that scale properly with the size of a molecule is to consider the model
problem of a lattice of separated electron pair bonds, such as H, molecules, since
this serves as a first approximation to any large molecule. This problem has been
worked out by several investigators,"' " but it is pertinent enough to the
discussion that it is worth presenting a version here.

Assume that the H, molecules are either sufficiently far apart or separated by
barriers so that they can be considered noninteracting. For simplicity's sake, we
will further assume that the component set of molecular orbitals for each H,
molecule are natural orbitals so that single excitations in the H, wavefunction
need not be considered. Then the intermediately normalized wavefunction for
each molecule, i, may be written,

,(i)- *.() + XM(i. (1)

where 4,Mf i) is the first natural determinant (close to the Hartree-Fock solution)
and XM(i) is the sum of doubly-excited determinants, including their appropriate
coefficients. The norm of the function in (1) is I + S, where

Sl - (x "il 0(i)). (2)

(#.MIAil x M il) - 0. (3)

The wave function for the lattice is

L II (4"10i + xTMlil). (4)
e-I

Antisymmetry is disregarded because the molecules are noninteracting.
With H' - Z H(i), the energy of the lattice

(LIHLIL) - NEH.M. (5)

where E,," is the energy of the H molecule. With o - (#.&ll I HiI I x,"1), which
is essentially the correlation energy of the molecule,
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Er.- EN + fl. (6)

A method is said to be "size-extensive" if the total energy calculated by the
method is appropriately linear in N, as in ().

Notice that the product wavefunction in (4) includes quadratic and higher
product terms like x"(i)xm(fl. which correspond to simultaneous double-excita-
tions on different centers, but are quadruple and higher excitations in a supermo-
lecule C1 description. Since these terms arise from disjoint double-excitations.
they are fundamentally simple, but the standard CI framework is not able to
exploit this inherent simplicity. This causes an innate error in truncated CI that
becomes most important for large molecules.

To investigate this, we can consider a reference wavefunction for the lattice
of the form

N
L- fl ,m-) (7)

with energy
N_, "Fofi - NEDm

.  (
i-I

Using this reference function, the double-excitation CI (DCI) wavefunction for
the lattice is constructed as

N44 - . + .cVk

- *()O.(2). - JN) + Nc&*.LX'JkV*.,1k) )
k--i

N k-t!- OL + C * 4k,.

The weighting coefficient, c. is the same for each H, molecule in a noninter-
acting lattice. Using the expressions

((li) IXOM(i) - 64 S. (e

(x" i IHLIxN i)) - JEKM S -

AE- El - N m.

it follows that
(#.LI HLI*4(kl) - 0. -

( Ik I HLI *L( 1) -8riNSE, m + (S - lVl. (12)

From these matrix elements, the DCI secular equation becomes

AE - N -O. Ia)

10 - (SAE + (S - 11011c - 0. (15b)
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Solving (13) simultaneously for AE and c,

-1[1 - S±(l - S)f + 4SN Nd/fai-R (14)
A io 2S

The positive sign is required, since AE < 0 and 0 < 0. Since the correct AE -N16
DCI is not size-extensive.

With the aid of a value for S in (2) and (14), it is possible to get some feel for the
size of these effects. From a natural orbital study by Davidson and Jones" of the
50 term Kolos-Roothaan wavefunction for H, at R - 1.40,s' S for H, is 0.0181.
Some representative values are shown in TAsLE 1, along with values for a lattice
of He atoms for comparison (SH. - 0.0083). It is apparent that the error in the
correlation energy as determined by DCI can be significant even for modest
numbers of electrons. It is also apparent that the errors are greater for typical

TABLE I
Eaops iN DCI As A FU NCnON OF N

FOR A LATncS OF NH, MOLECULES AO NHe ATOMS

H, He
% Error in Correlation % Error in Correlation

N No Energy NdN Energy
2 1.97 1.5 1.96 0.8
4 3.81 4.8 3.91 2.4
6 5.54 7.7 5.77 3.8
a 7.19 10.1 7.58 5.2

10 8.77 12.3 9.35 6.5
20 15.8 21.1 17.6 12.1
50 32.0 35.6 36.2 23.6

100 51.0 48.0 65.2 34.8
1.000 209.5 79.1 202.2 70.8

covalent bonds than for inner-shell electron pairs, as in He atoms. In fact, we
shall find that TABs i can provide a rather accurate estimate of the effects of
higher excitations if one simply counts the number of electrons in covalent bonds
and inner-shell electron pairs.

Since the product terms xNi1XNl) correspond to quadruple excitations in a
supermolecule CI, triple products correspond to hextuple excitations, and so on,
the size-extensive property of MBPT/CCM, which is a consequence of the
linked-diagram theorem, '- is essentially a result of a more proper treatment of
quadruple and higher excitations than in Cf. Hence, the statement that size
extensivity Is important in correlated calculations is equivalent to the statement
that quadruple and higher excitations are important. Since the number of
configurations in Cl is proportional to the number of basis functions raised to the
level of excitation included, the number of quadruple excitations generated from
100 basis functions would require -(100r, or 10'. configurations. Hence, better
computational methods for including effects of higher excitations In correlated

-=- . .Il .. . . -
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calculations are extremely important. Many-body methods tend to take the
intelligent viewpoint that removing the erroneous terms (i.e.. unlinked diagrams)
in DCI is preferable to a more explicit inclusion of higher excitations. In practice.
this viewpoint leads to computationally more tractable equations that are closer
to those in DCI.7

Since the correct density is in error because of the neglect of the product
terms in the wavefunctions. further analysis discussed elsewhere demonstrates
that the density matrix obtained from a truncated CI reduces to just the density
computed from the reference function." If the latter is an SCF function, then we
have

lim p m - p" . (15)
N-

Similarly, for an excitation energy."
Jim (Eld - - 4F-c - Eis(F. (16)

N- -

Hence, size-extensivity affects more than the total energy.
One additional consequence worth mentioning is that, in a typical reaction.

A + B- C + D. (17)

the heat of the reaction, AH,. - AHf(CJ + AHf(D) - AH(Al - AHI(B). However.
if these individual quantities are determined by a truncated CI. this simple
addition is not entirely justified, since the truncated CI Ignores the simultaneous
excitations that prohibit AHf(C + D) at RCD - a from being AHf(C) + AHf(D). In
practice, this frequently requires that one compute the supermolecules C + D
and A + B in CI to make the energy difference most accurate. This should be
contrasted to predictions made with a size extensive method in which a table of
results for species obtained at a given level of approximation may be added and
subtracted just like the experimental values.

SyNopsis OF MANY-BoDY THioRy

MBPT/CCM has been discussed in detail in several places. " In particular.
Reference 7 provides a fairly detailed mathematical description from the view-
point taken in this article. The theory, as originally developed, uses second-
quantization and diagram techniques, which, being unfamiliar to many quantum
chemists, tend to camouflage the important concepts that emerge from the
many-body approach. Instead of presenting any detailed mathematical develop-
ment here, we will sketch the basis for the two significant concepts that emerge
from MBPT/CCM, namely the linked-diagram theorem, which guarantees size
extensivity, and the cluster decomposition of CI excitations into separate.
more physically satisfying pieces that lead to tractable equations that include
the effects of higher excitations. Consult Reference 7 for detailed equations and
the original references 4 for the complete formal development. For simplicity's
sake, we will limit ourselves in the following to a single reference function, such
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as an unrestricted Hartree-Fock [SCF] solution. Various versions of the
multi-reference function theory are available."'

It is well known that one way to solve a CI eigenvalue equation is with
perturbation theory.u Using the Rayleigh-Schradinger form, we can separate the
Hamiltonian H - H + V. where H. is the sum of the SCF one-electron
Hamiltonians and V is the two-electron part minus the SCF effective one-
particle Hamiltonian; we then have

He#* - E.
H. - E': D':, 13)

for 4 the SCF solution, and D'. the various determinants that can be formed
by replacing occupied SCF orbitals with excited SCF orbitals. The CI eigenvalue
through the fourth order then becomes

E - E, + (#4IVI4) + (#0IVRVI,,) + (#,IVR4V - (V))1.VVI#,)

+ <#*I V1(V - (V)R(V - (V))1%VI )

- (#l1Vv I)(IV1 RvI'l. (is)
The resolvent, It. has the expression

R.-Ih>(hl - H.I h) -1 (h1. (20)

where I h) is composed of all the CI excitations, D k Even thoughl h) is formally
complete, Slater's rules for matrix elements choose from all possibilities only the
few that have nonvanishing contributions.

Subject to an SCF reference function, only double excitations can mix across
V with 0., so the second and third order terms in (19) involve only double
excitations. The first of the two terms in the fourth order, however, can mix
single, double, triple, and quadruple excitations at the middle &% although the
second fourth order term (i.e.. the renormalization term) still has no contribu-
tions, except from double excitations.

From the model problem of separated H2 molecules presented in the previous
section, it is easy to check whether each of the terms in (19) is size extensive.
Considering the second order energy of the H, lattice

E.L- _ , (#I VR.Vl). (21)

as an example, we have. from Slater's rules.

E2L-i lillob)l12((, + ,, . )

The notation (ij ab) - (iilab) - (ijilba) - liolbl - libla, and {e, }and {.lare
the SCF orbital energies for the occupied and excited orbitals, respectively.
Using a little algebra,

F." - 2 Ilial ib) - lialIb ib I(olEl, + e, - e,. - ebl. (23)

iiILa'. ' - -.. ... ...
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Since this expression is invariant to any unitary transformation among degener-
ate orbitals we may choose the orbitals to be localized on the H2 molecules in the
lattice to make the argument most transparent. In this case. the only nonvanish-
ing integrals have the charge distribution (ia). (jb). (ib), or (,c) on the same H,
molecule. Hence. it follows that

E L
- NELZ (U)

and second order perturbation theory is size extenstive. It can be similarly shown
that this is also true for E3.

We shall now consider the fourth order. The renormalization term is
composed of an Es term and a similar term, A - (4%1 VR'V 1). which differs
from E. only by the squared denominator. Since

E2L - NEM, aL - NM, (25)

the product of the two has an N' dependence, which is erroneous. If E, is to be
size extensive, then the first term in E4 must also have an equal and opposite N'
dependence to cancel out these uncharacteristic terms. The single, double, and
triple excitation contributions to the first part of E4 can be shown to be size
extensive. Hence, to resolve the problem, it is necessary to consider the contribu-
tions of the quadruple excitations. After a great deal of algebra," the quadruple
excitation part, E', , may be written in the form

E
Q 

- EA + Q, (26)

where Q is properly size extensive. Hence, E2 cancels the renormalization term
and, with it. the erroneous N' dependence. This is the substance of the linked-
diagram theorem. The algebraic analysis that leads to (26) represents Q as linked
diagrams, while EA corresponds to unlinked diagrams. A similar analysis
applies in all higher orders; this is the linked-diagram theorem! This provides
the expression for the energy

E - E. + t (. 1 VI(E. - H.l-'Vr1.),. (27)
P-0

where L limits the terms to linked diagrams.
It should be evident that if quadruple excitations had not been included in E4.,

then the EA term with the erroneous N1 dependence would remain. This is
exactly what happens when a truncated CI calculation is made. Limiting the
configurations to single and double excitations, for example, will necessarily
retain these erroneous terms, thus destroying the size extensivity of the method.
If quadruple excitations were included in the Cl, the result would be size
extensive through the fifth order, but would fail in the sixth and higher orders
due to hextuple excitations. On the other hand. any approximation to the
linked-diagram theorem (equation 27) is size extensive. This means that even
second order perturbation theory can be much better than very good Cl calcula-
tions for sufficiently large molecules.

For small molecules, multireference Cl techniques that incorporate at least
the most important quadruple excitations as double excitations from a double



oA.

72 Annals New York Academy of Sciences

excitation reference space will be size extensive for most practical purposes.
GVB calculations are size extensive, but GVBCI will be only approximately size
extensive unless all excitations into the GVB orbitals are included. Since GVB
provides a better choice of orbitals than SCF, and since one includes higher level
excitations than is normal for SCF-based CI approaches. GVBCI will usually be
more nearly size extensive than other CI methods. An added advantage is that.
within the GVB method, it is often possible to ensure correct separation.

The other important idea developed in many-body theory is that of the cluster
expansion of the wavefunction. The basic concept is that the correct wavefunc-
tion may be written as eT 100). where T is an operator. This form of the
wavefunction ensures the linked-diagram, size extensive basis of the theory. j

T has the form

T- T, + T, + T, +. • .. (28)

where T,. T, ... are one-body, two-body, ... cluster operators. The T, operator
generates double excitations with amplitudes to be determined by the coupled-
cluster equations." but the exponential form

eT - T+1/2T" + V!Ta+ • • • (29)

causes some very different things to happen than in the CI approach. To see this.
consider the Cl operator for quadruple excitations, C. By equating the CI and
coupled-cluster expressions for the quadruple excitations, we have

C. - T4 + rZz + 1T,' + V rT + TT,. (30)

Physically, what does this mean? Roughly. T. represents an interaction among
four electrons while T,. represents two simultaneous interactions of two elec-
trons. A transformation to Brue ckner orbitals makes T, vanish, while T, is usually
small, even for SCF orbitals, so the final three terms are negligible most of the
time. Since the normal electrostatic Hamiltonian involves only one- and two-
electron operators, simultaneous two-electron interactions would seem to be
much more frequent in molecules than "true" four-electron interactions. From
another viewpoint, the NH% lattice problem emphasizes the neglect of simulta-
neous double excitations on different H, molecules, which is exactly what TI'
offers. Thirdly. from perturbation theory, it may be shown that all the fourth
order quadruple excitation terms arise from T,.' with T. only contributing in fifth
and higher orders. Consequently. it was suggested by Sinanoglu that C, - %T22 is
a very good approximation." Using this ansatz." we have the coupled-cluster
doubles (CCD) approximation for the wavefunction, eTI*a).I This leads to a set of
nonlinear equations for the T, amplitudes, but there are only as many of these
amplitudes as there are in a DCI.Y This provides the benefit that we have a size
extensive method: it is of infinite order, although restricted to T. and we h'ave no
more amplitudes than in a DCI calculation, even though the effect of quadruple
excitations is included. Since, in fourth order perturbation theory. CCD reduces
to double and quadruple excitation diagrams, it is straightforward to solve the
CCD equations as successive iterations of a fourth order MBPT calculation.'
Hence, coupled-cluster methods may be viewed as complementary to MBPT
when higher order corrections are needed, as in pathological cases.'
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ILLUSTRATION OF MBPT/CCM RESULTS FOR SOME SMALL MOLECULES

The simplest approximation to the correlation energy in MBPT (assuming an
SCF reference function for simplicity) is given by the second order perturbation
theory expression of (22)

Since the molecular orbitals i. .. and a, b.. and their orbital energies i,

, , ... . are obtained from an SCF calculation, all the necessary informa-
tion is available for a correlated calculation. The SCF calculation generates a set

rof two-electron integrals relative to atomic (i.e.. primitive) basis functions and, in
the general case, either an integral transformation, which depends on the
number of basis functions as n', is required to obtain the integrals relative to the
molecular orbitals, i.e.. (ab I cd), or. alternatively, a direct calculation of E2 and
E, in terms of the integrals relative to atomic orbitals (probably orthogonalizedl is
required. In the case of E,, however, only a very small number of integrals are

TASLE 2

P.RCENTAGE CONTRIBUTION OF DiFrERENT ORDERS OF PERTURnATION THEORY

Fourth-Order Higher Order
Molecule* Second-Order Third-Order (DQ (1DQ)

BH, 80.0 16.5 3.0 0.50
HO 97.7 1.5 0.7 0.06
NH, 94.3 5.0 0.6 0.12
CH, 69.6 9.3 0.9 0.16
CO 100.0 -1.6 1.6 -0.09
CO, 103.2 -4.1 0.9 0.0
HCN 96.0 0.7 1.0 0.18
N, 101.0 -2.2 1.3 -0.11
CH. 95.6 0.6 3.8 -
CHCN 96.5 -2.2 3.7
BH, 85.2 13.2 1.6

*In every example except C.H,. the basis set is at least of double zeta plus polarization
quality. In CsHe. a double zeta basis is used.

required, since each integral involves only two occupied and two unoccupied
orbitals. Consequently, E2 requires no more than n' 4r < n' operations; fewer 4
operations than are required in the SCF calculation itself. In a sufficiently large

J molecule, one in which the primitive integrals (aO hy4 ) vanish unless a and 1 are
in the same neighborhood as -y and 6, and unless the charge distributions (ao) and

('16) are not too far apart, the SCF calculations goes as - n. In this case, evaluating
E. directly in terms of {aaI -r]6 will permit a similar simplification: hence. E, can
always be evaluated as a by-product of large SCF calculations at negligible
additional expense.

This approximation is certainly recommended by convenience, but how
reliable an approximation is it for the correlation energy? In TABLE 2 are shown
the fractions of the correlation energy within a basis set given by E2, E3 and the
fourth order contributions just from double and quadruple excitation diagrams
for a variety of molecules." Using an SCF starting point. E2 and E3 are solely

. . . . .. . .l 1 _ i I . .. I - r , _ . , -- - . . .. . . ..
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determined by double excitations, with single, double, triple, and quadruple
excitations appearing in the fourth order, but, in the interest of also comparing
the higher order corrections obtained by the CCD (coupled-cluster doubles)
approximation, which includes only double excitations and the disjoint (i.e., T,2'
quadruple excitations to all orders, the single and triple excitation contributions
are omitted from TABLE 2.

It is apparent from the table that the simple second order approximation
accounts for the vast majority of the correlation energy obtainable within the
basis set. A few generalizations about the results may be made. In multiply Jj
bonded systems such as N2, CO. and CO,, E, tends to slightly overestimate the net
correlation energy in the basis set, while, for saturated systems like H2O. CH",
etc., it is more likely to underestimate the effect. HCN and benzene are
intermediate. In a case where near-degeneracy plays a role, such as BH1,
convergence of the perturbation theory is much slower, making E2 a poorer
approximation. No particular differences are observed for open-shell molecules
when a UHFSCF instead of an RHFSCF solution is used as the unperturbed
solution. On the average, it is clear that E. accounts for -90% of the correlation
energy obtainable within the basis set. Since these basis sets are good enough that
they account for -70% of the "experimental" valence shell correlation energy,'
E2 gives -60% of the experimental valence correlation energy. It is also clear that
DQ-MBPT{4) is usually very close to the infinite order CCD model.' This is a
common occurrence, except in cases where near-degeneracy is a problem.

In TABLE 3, we show some thermochemical results obtained from E,
compared to higher order correlation approximations. Although E, predictions
are not as good as the better approximations, they are clearly superior to the SCF
predictions, as they provide most of the observed correlation corrections.

A similar result can be obtained for second order predictions of molecular
atructure, where, on the average, 50% of the error in the SCF geometries is
removed."

To obtain the exceptional accuracy reflected in TABLE 3 and elsewhere for
various properties of small molecules,"' it is necessary to go beyond the second
order, but. for large molecules, the simplicity and comparatively high accuracy of
this approximation demands that it be used to augment any large-scale SCF
calculation of biochemical interactions.

Benzene serves as a prototype of many of the large conjugated molecules that
occur in biochemistry. As such, it is appropriate to analyze the higher order
MBPT/CCM description of electron correlation in benzene to develop some
feeling for the effect of quadruple excitations.

The basis set is a standard Dunning double zeta contraction of Huzinaga's
9s5p primitive Gaussian basis for carbon and the two H is orbitals corresponding
to a Slater exponent of 1.2, giving 72 CGTO (Contracted Gaussian Type Orbitals.
The SCF energy of -230.6369 differs by 0.113 atomic units (a.u.) from the SCF
result for a DZP basis and 0.18 a.u. from the estimated SCF limit.* The ,1s)
electrons are kept frozen at the SCF level so the correlated calculations only
pertain to the valence correlation energy. Polarization functions are usually
found to he more important for correlation effects than in the SCF calculation
itself, so the current DZ predictions should underestimate the magnitude of the

mam
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valence correlation energy. Even so. it is apparent from TABE 4 that quadruple
excitations amount to -20% of the predicted correlation energy.

In an attempt to study the origin of the quadruple excitation effects, the
occupied and excited pi-orbitals were removed and the calculation repeated to
give a value for just the sigma framework excited solely into unoccupied sigma
orbitals. The same procedure was carried out for the pi-electrons. These results
are reported in the second and third columns of TABLE 4.

TABLE 3

COMPARISON OF THERMOCHEMISTRY RESULTS OBTAINED BY SCF AND MBPT
" WITH Ex(PERIM E T*

- & {kcal/mole)

Reaction Method SCF E2 MBPT/CCD Experiment

2 BH, - BH.f SDQ-MBPT{4) 18.5 37.5 35.6 36.6 ± 2*
BH + CO- H3BCOt D-MBPTr4l 8.0 25.1 20.5 20.4 ± 2*
BH, + NH,-

HBNHt D-MBPqT4I 20.5 32.0 30.1 -
HNC : HCN: SDQ-MBPT(4I 10.7 18.0 15.0 (10.3 ± I"
HNC - IHCI* SDQ-MBPT{4) -33.4 -30.1 -29.5 -

BNC - BCN* SDQ-MBPT{4) -18.9 -9.8 -9.4 -
LiNC - LiCN* SDQ-MBPTI4I -6.4 -2.3 -3.8 -
CH,NC - CHCN§ SDQ-MBPTr4) 19.2 26.2 22.8 23.7 ± 0.14#*
CH,NC - CH," SDQ-MBPT14l -44 -40 -40 -38.4§§
H + CO- HCOF CCD 4.8 11.8 13.6 15.7 t 1.510
HCO- - HCOII CCD -12.8 -17.4 -18.1 -
HCO - H, + CO1 CCD -7.2 -3.9 -3.9 -1.911
HCO - H + HCO CCD -68.6 -82.8 -86.0 -86.0 ± 1.0"**

"All basis sets are at least DZP quality.
fReference 53.
:Reference 55. The square bracket indicates a transition state. This result includes a 4

kcal/mol zero point correction for the transition state.
§Reference 54. The square bracket indicates a transition state. This result includes a 4.8

kcal/mol zero point correction for the transition state.
I Reference 56.
IReference 57.
-Reference 58.

ttReference 59. Reference 55 concludes that this experimental value is in error. The
result should be 15 ± 2 kcal/mol.

#4Reference 60.
I Reference 61.
Reference 62.

IlReference 63.
'*Reference 64.

The sigma framework accounts for over half the net quadruple excitation

effect, while the correlation effects of the delocalized pi-electrons are relatively

independent of the quadruple excitations. Since the former involves 12 roughly

independent covalent bonds, one would estimate, from TAB.E I and (14), an effect
of -141I,. which is in reasonable agreement with the calculated 12%.,. The effect

of the quadruple excitations on the pi-electron bonds is much smaller. but this is
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primarily due to the fact that only three bonds are possible. If the appropriate S
for the pi-structure were as small as for He. the estimated effect of quadruple
excitations would be 1.6%. The remaining correlation effects come from the
sigma-pi interactions. It is interesting that configurations corresponding to excita-
tions of sigma electrons into pi-excited orbitals and vice versa contribute -13% of
the correction energy.

The DZ basis used here is capable of providing only about 49% of the
experimental valence correlation energy."M Polarization functions would
improve this result by about 20%.. Since the quadruple excitations are responsi-
ble for more than 20% of the correlation energy, the size of error encountered in
SDCI is as severe as excluding polarization functions from the basis set. Since the
effects of quadruple and higher CI excitations will inevitably increase as

TABLE 4

EFFECT OF QUADRUPLE EXCITATIONS ON THE CORRELATION ENERGY OF BENZENE*

All Sigma Pi
valence electrons electrons

Method electrons [only) Jonly)
E..- 230.6369 - -
E, -0.4922 -0.3622 -00539
E, -0.0030 -0.0005 -0.0177
S -0.0028 -0.0021 -0.0002
D -0.0272 -0.0123 -0.0079
Q +0.0079 +0.0074 40.0012
E4I SDQ) 0.0229 -0.0070 -0.0069
SDQ-MBPT (4) -0.5172 -0.3697 -0.0785
Experimental Valence (-1.065)

Correlation Energyt
CCD - -0.3671 -0.0850
SD-RSP'I41 - SD-Cl -0.4160 -0.3259 -0.0774
Net effect of quadruple -0.1012(20%) -0.0438112%) -0.0011 (1%)

excitations
*All energies are in Hartree atomic units.
tReference 65,

molecules larger than benzene are studied, a correlation method that does not
account for such effects has little chance of contributing to the investigation of
biochemical interactions.

I would like to thank Dr. H. Weinstein and Dr. J. P. Green for the opportunity
to speak at this meeting.

SUMMARY

One of the goals of quantum chemistry in the biomedical sciences is to
provide accurate calculations of molecular interactions among biochemical
molecules, drugs, carcinogens, etc. In this effort, there is a natural progression

m
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from semiempirical quantum chemistry to ab initio self-consistent field theory to
methods that properly include electron-correlation. As ab initio theories continue
to develop, many more problems of biomedical interest can be addressed by
accurate correlated methods. In this article were discussed many-body
approaches to the rorrelation problem, i.e., many-body perturbation theory and
coupled-cluster methods. Unlike most configuration interaction methods,
MBPT/CCM offers a number of important features in its extension to larger
molecules. These include the proper dependence of the correlated calculation on
the size of the molecule (i.e., size extensivity. This has significant consequences
for predictions of ground and excited-state properties. These features were
illustrated by applications to selected molecules. It was demonstrated that
MBPT/CCM offers a natural generalization of SCF theory that is formally
suitable for applications to some of the molecules that occur in biomedical
studies.
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DISCUSSION

W. GODDARD (California Institute of Technology, Pasadena): That was really
great work. I might point out that there is one approach, the generalized valence
bond plus Cl. which is size extensive and which does go to the right limits.

M. KARIPLuS Harvard University, Cambridge, Mass.): Is the percentage of the
correlation energy that you presented calculated with reference to the best that
one obtains with the given basis set or does it really refer to the correlation energy
of the system?

BAR rL"r The basis set. These are fractions of the total correlation energy

determined in a given basis set, usually by coupled cluster calculations. This is
the best model we have right now. It's a question of fractions within a basis set.

J. KAUFMAN (Johns Hopkins University, Baltimore, Md.): We're interested in
reactive surfaces for large molecules, for which we either have to do configura.
tion interaction or use many-body pertubation theory on multi-reference deter.
minants. Can you give us an estimate of when these methods are going to be
usable?

BARnLE'rrl Within a year. I suspect.

KAUFMAN: How do you think they'll compare to potential energy surfaces
obtained from CI calculations?

BARMm: We are essentially comparing single reference many-body
approaches with single reference CI approaches. But these approaches have
advantages of size, extensiveness. etc. The same thing will apply to the multi-
reference approaches. There will be a linked diagram theorem, an analogue of
the ground state theorem that will apply to excited states. It will eliminate the
problem of getting transition energies and excitation energies that go to zero as
the number of atoms goes to infinity. You have to use these types of methods
because they're formally suitable for larger molecules. It's quite another thing to
say that they will be applicable to chlorophyll or something that large because of
the basis set problem.

E. CLEMENTI (IBM. Poughkeepsie, N.Y.): Could you compare second order
perturbation theory with the density functional approach? In the latter, you could
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also get the correlation energy plus or minus 20%. And you'll also have to have
more than one reference state. The density functional approach, however, is very
cheap: it costs roughly one iteration, and you can go to large molecules.

GODDARD: There are all sorts of problems with the density functional
approach. If you want to look at potential surfaces, you don't necessarily go to the
right limits at infinity; you have a bias towards high spin states when you start to
break bonds. All sorts of things blow up, although impressive results were
obtained for geometries. You don't know what the correlation is in the density
functional approach because you don't get correct excitation energies. How can
you talk about percentage of correlation there? The real test will come when they
actually try open shell systems. Ozone would be a good case. The approach is
well known for atoms, and they make errors of one or two eV and also errors in
excitation energies.

CLEMENTE: I think it's on the order of 0.2 eV from helium to an atomic number
of 54.

GODDARD: At a symposium in Paris a couple of weeks ago, W. L. Jones
presented results for some transition metal atoms showing excitation energies
and how you get the wrong order for states within an eV.

1. SCHULMAN (Queens CoIlege-CUNY, New York): Since these errors can be
plus or minus relative to the complete many-body result, wouldn't it be rather
risky to use second order energies for thermochemistry? It could accentuate.
rather than cancel, the error.

BARTLEM.r Our experience is that it does give most of the answer. It's true that
you cannot expect, say, the second order energy for BH-I compared with twice
the second order energy for BH, to be as accurate for the dissociation energy as
our higher order calculations.

SCHUJLMAN: Suppose that product C and D have greater than 100% error (i.e..
120% correlation), whereas reactants A and B have the lower estimate (i.e.. 80%).
The total error of reaction is going to be greater. perhaps, than if you did an SCF.
isn't it?

BARTLE'rr It could be. but our experience Is that the SCF would be much
further off. See TABLE 3.

SCHUJLMAN: Do you ever experience any convergence difficulties?

BARTLErr' This can happen if you use a single reference function. Then.
anytime you have some near-degeneracies, as with beryllium, you would like to
use a is2s2 configuration and a 19'2W2 configuration in your reference space. If
you try to do the problem without the 2p2. it will be comparatively slowly
convergent; it will converge, however, and you will get a good answer. But you
will have to do more work and go to higher order terms and pay a great deal of
attention to the coupled cluster type of contributions.

SCHUJLMAN: Do you ever converge to the wrong energy?

7"'BAitTLErr That could happen. but I don't remember an example. Coupled
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cluster theory itself, because it is done in an iterative fashion, can converge to the
wrong energy purely for numerical reasons. If you use superior numerical
methods (we use something that we call reduced partitioning procedure) then
you get much better convergence of the coupled cluster equation.

M. ZERNER (University of Guelph, Ontario): You would have trouble with this
when there are near-degeneracies between the reference determinant and other
states.

SCHULMAN: That's the point I'm making.

ZERNER: This happens quite often when you get to things like transition state
complexes.

B,rTLEr'. We are now studying insertion of Be into Hz. In this case, we have
two reference functions in Be that should be important, and we're breaking the
H, bonds so that the (Iu)f configuration will be degenerate with the (la,). If we
can handle that problem, we think we're in pretty good shape with single
reference approaches. But we're also doing that problem with a multi-reference
function.

ZERNER: In most cases the reference space will not require more than two
determinants.

GODDARD: There might be some good examples for transition metal atoms.
Take the case of nickel with the std' and the s~d' states, which are experimentally
degenerate. You get the triplet D states for both configurations. That would be a
terrific case to test.

BARTLE1rrr It would be a very difficult problem.

A. Rossi (University of Connecticut, Storrs): How would you calculate a
potential energy surface using your method? Would you include correlation at
each point on the surface?

BAarLvrr. Yes. We would do an SCF calculation at each point, UHF if it
happened to be an open shell problem, and add on SDQ MBPT or coupled
cluster theory at each point.

GODDARD: Then, for something like N,. do you use UHF only for part of the
way? What happens the rest of the way on the potential surface?

BARTLE'rr: This is a notorious problem. N2 is very well described with an RHF
reference function near equilibrium, but, a little beyond equilibrium, there's a
bifurcation into a UHF and an RHF solution. You can converge both solutions. If
you want it to separate correctly, you'd use a UHF function, but it's very
spin-contaminated. If you take the RHF function, the coupled cluster theory will
push it even a little bit farther toward dissociation, but it won't take you all the
way to the separated nitrogens. This is the worst possible case for something like
UHF because you're dealing with a singlet, so it has as much spin contamination
as ponsille from higher states. As long as you have an open shell problem, you do
a IJHF calculation and the multiplicity will come out correct to a couple of
decimal places, so we're willing to use UHF plus correlation to do thermochemi-

II U "
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cal calculations in which we'd have to compare open shell species with closed
shell species. But we cannot do something like N. well without a superior
method.

GODDARD: What kind of error does it actually make in the N2 when you take
the coupled cluster?

BATLE'rr: In the dissociation energy we are off by about 0.5 eV.

SCHULMAN: At what order would it cease to be worthwhile to do Hartree-Fock
at all, and be better to use some linear combination and then do the many-body
correction? People have suggested earlier that it might be a relatively low order,
that there's a crossing point between the two. Have you looked at that?

BARTLEr. I haven't really looked at that. I would be speculating, but many of
the things we can do, such as change our basis sets or sum certain terms to all
orders with denominator shifts, become less important after third order in
perturbation theory. So you might expect that, if you wanted to do something like
what is done in the PCILO method, where they take a bond orbital and perturb
from it. you might actually be able to avoid Hartree-Fock if you went to fourth
order.

SCHULMAN: I notice that, for acetonitrile, the fourth order correction is larger
than the third. Is that correct?

BARTLEmr Yes. Since I was using the coupled cluster method as my reference
point for these first several calculations, I limited myself to DQ. This means
double and quadruple excitation diagrams. The MBPT quadruples are positive
because they involve part of the renormalization term. The magnitude of this
number will actually become larger when the singles and triples are added to it,
and, in fact. it will generally be bigger than third order. That's to be expected
because, if we're starting from the SCF calculation, this is the first time that
singles. triples, and quadruples have an opportunity to contribute. However,
even if we sum some category of terms to high orders, as we do in CCD, we get no
significant change. So we believe the results that we get through fourth order,
even if the fourth is bigger than the third. It's asking too much to expect the series
to be a monotonically decreasing set of numbers.

f-
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Many-body perturbation theory (MBPT) and coupled-cluster method calculations are reported for the
So(X 'A ) and T,(a 'A ) electronic states of formaldehyde. The structural parameters for the So minimum
(Rc,= 1.102 A, Rco= 1.211 A. HCH = 116.2') and the T, minimum (Rc. = 1.085 A, RCo = 1.327 A,
HCH = 118', "out-of-plane" angle = 3r 12') agree well with experimentally deduced values. Calculated
heats of reaction for dissociation to radical products and molecular products agree well with literature values.
The energy barriers for dissociation to molecular products and rearrangement to hydroxycarbene are
presented. Vertical and adiabatic transition energies are reported for SO T1 . while a vertical
transition energy for So-.S is reported.

I. INTRODUCTION CHZO-HCOi-H , (I)

Formaldehyde is an important and ubiquitous chemical molecular products
species. In recent years the photochemistry resulting CH 2O-H+CO (II)
from excitation to the first excited singlet state S t has
been the subject of a number of experimental' - 4 and and the rearrangement to trons-hydroxycarbene
theoretical5 - 7 reports which raise a number of impor-
tant questions about interpretation of experimental data. CH 20- HCOH . (III)
Formaldehyde also occurs as a crucial species in rod- Other important questions pertain to the electronic
els that describe the flame-zone chemistry pertinent to excitations in formaldehyde. Equations-of-motion cal-
the combustion of carbon-containing molecules. a In culations for a number of excitation energies have been
fact, Fifer concludes that the vapor-phase combustion reported, 17,to We report here MBPT/CCD calculations
of nitrate esters is dominated by the reaction sequence for the ground (X'A,, SO) and first excited (a 3A", Tt)
that describes the oxidation of formaldehyde by nitro- electronic states of formaldehyde. The results include
gen dioxide. a equilibrium structural parameters for each state, the

Numerous reports of theoretical studies on various adiabatic excitation energy for So- T1 , and vertical

electronic states of formaldehyde occur in the litera- excitation energies for So - T, and SO -St.

ture. Recent papers by Goddard and Schaefer (GS), 5

Goddard, Yamaguchi, and Schaefer (GYS), (') and Bells II. OUTLINE OF THE CALCULATIONS
provide excellent results as well as thorough discus-

For the closed-shell states included in this study,sions of previous molecular obital calculations. 9 In the Hartree-Fock representation of a state is given by
particular, the results in the GS paper would support a
tunneling mechanism" for the decomposition of HCO to

as open-shell states are described by unrestrictedHs +CO. However, the question of whether this is re- HrreFc UF aefntos h nerl
quired to interpret the experimental results is based

over atomic functions were computed using Dunning's
upon energy differences of only 4 or 5 kcal ol . 4s3p contraction of Huzinaga's 9sp Gaussian primitive
the CI calculations of GS' and GYS ,a) estimate the ef-

set for first-row atoms, and Dunning's scaled (Q = 1. 2)
fects of unlinked diagrams associated with the CI qua- 3s contraction of Huzinaga's 4s primitive set for hydro-
druple excitations by the form ula of D avidson, 'a and 3 e n. t in of of d -ty pe p ri i ti on fonctions

since the estimate amounts to approximately 3 kcal mol t  gen. A single set of d-type polarization functions
augments the atomic basis sets for carbon and oxygen,for formaldehyde, it seems pertinent to study the for- with orbital exponents 0.75 and 0.85, respectively. at

maldehyde decomposition with many-body methods that A set of p-type polarization functions, with a = 1.0, aug-
properly treat the effects of unlinked diagrams and ments the hydrogen basis set. 2 Integral calculations
quadruple excitations. 11 Consequently, dissociation for the MBPT/CCD calculations were performed using
energies and energy barriers are predicted by MBPT/CCD or he issciaionto adial rodctsthe MOtiLL!LE integral program a; electronic structure
CCD for the dissociation to radical products calculations were performed using theGRNF, and UthmlT

programs.3
"This research was sponsored in part by the U. S. Army Re-

search Office under grant No. DAAG29-80-C-0105. Structural parameters for the formaldehyde con-
btNA8-NRC Resident Research Associate. formers were obtained in several ways. Optimal pa-
0 Present address: Department of Physics, University of rameters for the equilibrium positions on both the So

Conneoticutt, torrs, Conn. 06268. and TI surfaces were determined by fitting the results

834 J. Chem. Phys. 75(2), 15 July 1961 0021-ge0/81/140834-O9SO1.00 0 1981 American Institute of Physics
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HH TABLE II. Electronin structure calculations
t 'for CH, 0 (X tA,).a

C H a Structure
Hj , I 0 Level of theory SCF D-MBPT(4)

SCF -113.8990 -113.8974

(a) (b) D-MBPT(2) -114.2672 -114.2692
D-MBPT(3) -114.2730 -114.2738
D-MBPT(4) -114.2818 -114.2832

SDQ-MBPT(4) -114. 2814 - 114.2830H CCD -114.2760 -114.2772H ____-___________r__
rz  H

C ~ H~">~.L0 "Units: hartree.

tion are depicted in Fig. 1. Theoretical and experi-

mental structural parameters for each configuration
(c) (d) are listed in Table 1. We report dissociation energy

FIG. 1. Definition of structural parameters for formaldehyde and energy barrier results for several levels of com-
calculations: (a) equilibrium, (bh molecular products transi- putation: SCF; fourth-order MBPT including all dou-
tion state, (c) rearrangement transition state, (d) equilibrium ble-excitation diagrams D-MBPT (4); fourth-order
for T, state. MBPT including all single-, double-, and quadruple-

excitation diagrams SDQ-MBPT (4); and coupled clus-
ter double calculations, CCD based upon the wave func-

of frozen-core, double-excitation MBPT (4) calcula- tion exp(Tz) o . Excitation energies are reported at both
tions. Such a procedure is impractical when seeking SCF and MBPT/CCD levels of computation. All re-
transition state structures. Structural parameters for ported energies include the core electrons.
saddlepoints on the So surface resulted from analytic
gradient based calculations. In particular, we used To compute dissociation energies and energy barriers
the GRADSCF computer codes."4 In order to be consis- requires accurate calculation of energy differences. In
tent in computing energy differences on the So surface, addition to the electronic energy, vibrational, rotation-
equilibrium structural parameters for formaldehyde al, and translational energy differences must be esti-
were also determined using the .oscv codes. Finally. mated. We assume that the rotational and translational
vibrational frequencies were estimated using the gradi- degrees of freedom are classical. Vibrational frequen-
ent codes. The same basis set was used for all calcu- cies for the various formaldehyde conformers were pre-
lations. The structural parameters for each configura- dicted using SCF-gradient calculations. 2

Ill. THE S, (X 'A 1) STATE OF FORMALDEHYDE

At its ground state equilibrium configuration, formal-
TABLE I. Structural parameters for formaldehyde (S0).' dehyde possesses C2. symmetry. The structural pa-

rameters obtained by several theoretical calculations
are compared with experimentally's derived values in

SCF Table I. The agreement between theory and experi-
This work 1.092 1.182 115.9 inent is excellent, especially for the CI calculations7T a

DZ+Pb 1.096 1.189 116.3
DZ + P Cl1 1. 100 1.212 116.2 To determine chemical energy differences requires a
D-MBPT(4) 1.102 1.211 116.2 high-quality ab initio calculation of the electronic ener-Experiment d  

1.099 1.203 116.5 gy of those species involved in the chemical reaction.
Molecular products transition state The results of several levels of electronic structure

.r, g a t calculation for the So(X 'A1,) state of formaldehyde are
SCF listed in Table II. The Hartree-Fock energy for the

This work 1.606 1.097 1.141 113.3 1.219 structure determined using the gradient-based SCF cal-
DZ + Pb  1.586 1.104 1.151 112.5 1.203 culations is lower than that corresponding to the struc-

DZ + P CI 1.572 1.096 1.179 110.8 1.213 ture found by fitting the results of D-MBPT (4) calcula-

tions. However, through fourth order, the MBPT cal-Rearrangement transition state culations yield lower energies for the structure obtained
a using the D-MBPT (4) structure. In addition, the re-

SCF sutts of CCD calculations predict a lower energy for
This work 1.213 1.095 1.266 56.4 116.6 the structure determined using the D-MBPT (4) struc-
DZ+ P 1.262 1.087 1.316 55.0 117.3 ure. Each of the SCF energies reported here Is a few

DZ + PCI 1.232 1.106 1.303 55.2 115.0 millihartrees lower than the single-configuration
'Units: angstroms, degrees. *Reference 7(a). DZ + P result reported by Goddard and Schaefer.$
bReference 5. 4Reference 24. We expect, therefore, that our basis set is comparable

J. Chem. Phys., Vol. 75, No. 2. 15 July 1981
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in quality to that used by GS in their initial study of the Goddard and Schaefer reported extensive configura-
So surface of formaldehyde.5 The two fourth-order tion interaction calculations, including all single- and
MBPT calculations, D-MBPT (4) and SDQ-MBPT (4), double excitations relative to their reference functions,
agree almost exactly with one another. Clearly the that elucidated many features of the potential energy
contribution of the single- and quadruple-excitation hypersurface that pertain to the photodissociation of
diagrams almost cancel at fourth order. The fourth- formaldehyde. 5 Subsequently, GYS7 (' ) reinvestigated
order triple excitation contributions would lower the So surface using analytic gradient methods that in-

the electronic energies. The CCD calculation, cluded correlation effects. The calculations addressed
which includes higher order effects of oouble and qua- reactions (IV) and (V) and the isomerization of formal-
druple excitations, but neglects single- and triple-ex- dehyde to form trans-hydroxycarbene, all on the S. po-
citation effects, predicts a smaller contribution of elec- tential energy surface. The SD-Cl study5 provided im-
tron correlation than do the fourth-order MBPT calcu- proved values for energy barriers to photochemical re-
lations. This is due to the neglect of single- and triple- actions of formaldehyde. A significant result of the
excitation effects, both of which are negative. Although study was the prediction that the energy required for

CCD is not rigorously variational, since the principal isomerization to hydroxycarbene is only slightly greater
terms neglected in the calculation are negative, it is than the energies needed for radical or molecular pho-
quasivariational and yields the lowest energy to date todissociation. 5 The SD-Cl calculations also predicted
for the So state of formaldehyde. a small energy barrier above the S1 origin to any pho-

tochemical reaction of formaldehyde.

IV. DISSOCIATION REACTIONS OF FORMALDEHYDE In subsequent research Goddard, Yamaguchi, and

Thermal dissociation of formaldehyde is assumed to Schaefer 7(a7 reported features of the formaldehyde po-

produce radical products, hydrogen atom and formyl tential energy surface using analytic configuration in-

radical. 28 Interestingly, the dissociation to molecular teraction techniques. 2'2 The results of that research

products H2 and CO is approximately thermoneutral, differ little from the results obtained by GS. 5 A note-

while the observed thermal dissociation energy is ap- worthy conclusion of the GYS work is that the results

proximately 88 kcal mot " . 27 Both sets of products cor- of CI calculations using the SCF optimized geometry

relate by symmetry with the ground electronic state. differs little from those obtained using the Cl deter-
mined transition state. For a double zeta plus polariza-

The first singlet excited state of formaldehyde tion basis set, the two predictions of the molecular
[S1 (A 'A")I, has an excitation energy threshold lower products dissociation barrier differ by only 0.8
than the threshold for thermal dissociation.' Photo- kcal mo t '.
chemical studies of reactions subsequent to excitation
of formaldehyde to the S, state are interpreted in terms Miller 11 employed the barrier height and vibrational

of the following three processes': frequencies predicted by GS5 to calculate the collision-
less decay rate for S0 - H2 to CO as a function of ener-

H2CO (S, v')- H2 + CO (IV) gy. The results of Miller's analysis suggest that S.

- H + HCO , (V) can decay rapidly to molecular products even at ener-
gies as much as 10 kcal mo-' lower than the barrier

- H2CO S0 , i")+h . (VI) height. Since that analysis, however, additional stud-
ies of the S0 surface by Harding et al. , so Goddard et

Most investigators agree that the formation of molecular ad th srave odifet al et

products (IV) dominates (or excitation energies near the al. , , and this work have modified the original esti-

preshol (3. 95 domies 80. 5ecao enrgesnetThe impor- mate of the vibrational frequencies for the rearrange-
t threshold (3.495 eV, 80.5 kcal mo'). The inipor- ment transition state.$ The effect of these studies is
lance of the radical products channel (V) increases with to reduce the barrier height for the rearrangement of
increasing excitation energy. 2 For an excitation ener- formaldehyde to trans-hydroxycarbene relative to the
gy equal to 91. 3 kcal mo t , the sum of quantum yields barrier for molecular products dissociation.
for processes (IV) and (V) is almost one, with the molec-
ular quantum yield 0.32: 0.03 and the radical quantum A. CH 20-CHO+H
yield 0. 68± 0.03. 2

The theoretical investigation of the formyl radical
The crucial datum in understanding the photochemical using MBPT and CCD has been published .31 We report

dissociation of formaldehyde is the energy difference in Table Ill the results of those calculations that per-

between the S, threshold (80. 5 kcal mol-1) and the poten- tain to the study of the dissociation of formaldehyde.

tial energy barrier to the formation of H2 + CO on the The experimental zero-point vibrational energies of

So surface. The appearance of carbon monoxide is much formaldehyde and formyl radical are 16.2 and 7.8

slower than the decay rate for S1, and the formation of

carbon monoxide requires a collision. This behavior
suggests that the high-pressure (>0.1 Torr) photochem-

istry of formaldehyde excited to S, involves a transition TABLE Ill. Electronic structure results for HCO(SAI).a
to an intermediate species or to a different electronic
state of formaldehyde. The identity of the intermedi- UltF D-MBPT(4 SDQ-MBPTit CCD

ate(s) remains a point of contention, but the results of Energy -113.2769 -113.6343 -113.6364 -113.6288
the CI calculations by GS5 and GYS

7
46' imply that the in-

termediate occurs on the So surface. at'nts: hartree.
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TABLE IV. Heat of reaction for the dissociation of TABLE VI. Predicted and experimental values
formaldehyde to radical products.' for the dissociation of formaldehyde to molecu-

lar products.'
Level of calculation ARE# AE &E,

SCF 77.0 -8.4 68.6 Level of calculation AER6  &E, AE,

D-MBPT(4) 94.8 -8.4 86.4 SCF 0.1 -7.1 -7.0
SDQ-MBPT(4) 93.4 -8.4 85.0 D-MBPT(4) 4.4 -7.1 -2.7
CCD 94.5 -8.4 86.1 SDQ-MBPT(4) 3.1 -7.1 -4.0

SD-CI+QCb 87.4 -8.3 79.1 CCD 3.9 -7.1 -3.2
Experiment: Ref. 3 86.0*1.0 Experiment: Ref. 36 -1.9
Experiment: Ref. 27 86.7*1.5

S'Units: kcal mol-1.
'Unis: kcal mol-.
4tReference 4. QC implies that Davidson's formula

was used to estimate the effect of quadruple excita-
tions. supermolecule calculations. Table V contains a sum-

mary of electronic energies for the supermolecule

kcal mol-1, 3 3 respectively. The electronic energy of H2 .. CO obtained by addition. The zero-point energy

the hydrogen atom, using our basis set, is - 0. 49778 change, computed with experimental frequencies is

hartree. Goddard and Schaefer computed the zero- - 7. 1 kcal mol'. Predicted heats of reaction, for

point energies using vibrational frequencies derived T = 0 K, are gathered in Table VI. The experimental

from force constants predicted by ab initio SCF calcu- value (- 1.9 kca mot-') corresponds to the value derived

lations. 5 Although the magnitude of individual frequen- from heat-of-formation data suggested by Benson, 3

cies differed from the experimental values, the zero- corrected to zero degrees. The SCF results yield a

point energy difference determined from SCF theory heat of reaction that is more negative than that obtained

differs little from the experimental value, from either of the MBPT or the CCD calculations. The
MBPT and CCD calculations predict a heat of reaction

A series of computed dissociation energies is pre- that is less than that estimated from the thermochemi-
sented in Table IV. Our self-consistent field calcula- cal data.
tions predict a dissociation energy (68.6 kcal mol') thatis mch owertha th exprimntalvales114 lste in In both dissociation energy estimates described here,
ih blwe Th the eprietal value 4 ) 8isted in the high-quality (DZP) ab initio electronic structure cal-

eale oThe two MBPTresults0 kDalBmoT-))and86.4 culations predict dissociation energies that are below
result(86.1kcal mot) 85.0e weal mo t han the x- the experimentally obtained values. Since the experimen-

C.1 4 tal studies for these two reactions have good precision, it
perimental values, s, while the GS-CI calculations pre- seems relevant to inquire whether theory will generally
dict a dissociation energy of approximately 79 kcal underestimate dissociation energies. One aspect of the
x mo-'. 5 The present MBPT/CCD calculations employ computations suggests that theory will generally under-
UHF reference functions for the radical products, while
the SD-CI calculations$ use a two-configuration RHF- etmt h hnei lcrnceeg ngigfo

reactant to dissociation products. The reason for this
SCF root function. In the latter calculation, an esti-maF rot funhe cti thelationn affectsisobtaine y esig a is that the finite basis sets used in the molecular calcu-
mate of higher excitation effects is obtained by using acomputations on the
two-configuration modification of Davidson's formula, lationsdsmaller product fragments than on the reactant mole-
although the justification for using such a formula with sle p7ronu frets than tere ol-

a to-cnfiurtio reernceis otclear. 35 For for- cule." in a future article describing a series of hy-a two-configuration reference is not cl or for- drogen-dissociation reactions, we will report results
maldehyde the net effect is less than 1 kcal ol t in any that suggest that MBPT calculations of the quality used
event. The linked diagram and SD-CI results together here predict dissociation energies that are generally
demonstrate that high quality theoretical calculations low by about 1-3 kcal mol"'. 3 8 In each case reported,
can predict energy differences with good accuracy. however, the zeroth-order reference function was well-

8. CHO-'H3 +CO represented by a single determinant.

Since MBPT/CCD results are size-extensive, dis- V. MOLECULAR PRODUCTS TRANSITION STATES
sociation energies may be obtained without requiring The dissociation of formaldehyde to form molecular

products may occur by one of several proposed com-
peting pathways. Two possible reaction channels were

TABLE V. Summary of electronic studied by Goddard and Schaefer, leading to the identi-
structure results for 11 + Co.2 fication of two reaction intermediates.$ One of these

Level of calculation Total energy intermediates, represented schematically In Fig. 1(b),

SCF -113.8977 occurs on the So potential surface in the channel leading

D-MIPTI -114.2762 to the direct formation of molecular products. The
SDQ-tilBPlr(4) -114.2780 other intermediate, represented schematically in Fig.
CCD -114. 2709 I(c), occurs on the So potential surface in the channel

leading to formation of the metastable species, hy-
'Units: hartree. droxycarbene. Because the dissociation energies pre-
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dicted by the fourth-order MBPT and the CCD calcula- TABLE VIII. Electronic structure calcu-
tions differed by several kcal mol "1 from the dissocia- lations for the rearrangement transition

tion energy predicted by the SD-Cl calculations, 5 it is state.'

important to determine whether the same difference Theoretical method Electronic energy
occurs for energy barrier predictions.

SCF
The calculations reported in Tables VII and VIII re-

fer to structural parameters determined at the SCF 1ev- DZ oPr -113.7366
el using the GRADSCF computer codes. 4 As noted by
GYS, "al the results of the barrier predictions should DZ P Cl3  -114.0481
not be greatly affected by use of structural parameters DMBPT(4)c -114. 1365D-MBPT(4) d  - 114. 1365
determined from SCF results, since the transition SD-MBPT(4) -114. 1380

states are well described by a single determinant wave CCDO -114. 1293
function. The vibrational frequencies for the three CCDd -114. 1295
formaldehyde structures, determined using our (431/31)
basis set, are presented in Table IX, along with exper- "Unlts: hartree.
imental values 3 and several other theoretical esti- bReference 7(a).

mates. 7(b,.40 All calculations were done using basis 'Structural parameters, Ref. 5.

sets that included polarization functions. Although the dtructural parameters, this work.

vibrational frequencies predicted using correlated wave
function calculations agree better with experimental
harmonic frequencies than do the SCF-level estimates, kcal mol "1 . Larger differences occur between the SCF
none of the theoretical methods succeeds in obtaining
good agreement with experimental values. Yamaguchi and Cl for the calculations that did not include polariza-
et al.7 

7
1 suggest that the effects of higher excitations, tion functions. Since our basis set is of the same qual-

perhaps unlinked cluster contributions, have a signifi- ity as the DZ + P basis used by GYS 7t C1 the zero-pointcnefeton the theoretical computation of frequencies. energy difference predicted by our SCF calculations
cant effect oshould be as accurate as those obtained by those authors.
A study by Pople et al.41 supports that conclusion. Cal-
culations for 12 vibrational frequencies using second- The zero-point energy differences were computed usingthe frequencies presented in Table IX. The vibrational
order Moller-Plesset theory, with a molecular basis
that includes polarization functions on heavy atoms, correction for the molecular products dissociation is
yield results that differ, on the average, from experi-
mental harmonic frequencies by 47. 7 cn, or 2' tion is -4.3 kcal morl - . These values agree well with

those determined by GYSUO1 and Harding et al. , 30 ir-
It is more germane to the study of the barriers on the respective of the theoretical method used to estimate

So surface, however, to note the variation in zero-point the frequencies.
energy differences occasioned by the different levels of

he eresults reported by GYS 7  clearly dem- Table X contains a summary of the predicted energythery.Thebarriers for the formaldehyde reactions. We report
onstrate that the zero-point energy differences shift thers of thF forth-der WT calul t

little when different levels of theory are used. For the crudin d ou - tatodr and cludin all

two barriers reported in that study, the SCF and CI cluding double- excitation diagrams, and including all

calculations based upon the DZ + P basis lead to vibra- single-, double- and quadruple-excitation diagrams that

tional energy correction differences of 0. 4 and 0. 2 contribute at that order, and CCD calculations. These
results may be compared to the CI results, 7Ca) the
Moller-Plesset results of Harding et al. s3 and to the
predicted dissociation energy for the formation of radi-

TABLE VII. Electronic structure calcu- cal products. In each case, the SCF calculations pre-
lations for the molecular products transi- dict barriers that exceed those predicted by the corre-
tion state.a lation methods. Further, the correlated calculations

agree well with one another in the prediction of the bar-Theoretical method Electronic energyre hihsrier heights.
SC F

Isomerization of formaldehyde to form hydroxycarbene
This work -113.7319 exemplifies the 1, 2-hydrogen shift, an important class

of chemical reactions. A recent review by Schaefer

DZ - P Clb  -114. 0391 elucidates the features of this reaction and provides a
D-MBPT(4)0 -114. 1321 review of the experimental literature. 2 The energy

D-,MBPT(4)d - 114.1310 barriers predicted by the various correlated methods
SDQ-MNBP'r(4) d  - 114. 1314 range from 85.7 (SDQ-MBPT) to 88.2 kcal mol"'
CCDC -114. 1241 (SD-CI). 7") Each theoretical technique predicts that
CCDd -114. 1230 the barrier to formation of molecular products exceeds
8 Cnits: hartree, the rearrangement barrier. However, the correlated

"Reference 7(a). predictions for this barrier range from 88.0 (RMP-4)'
OStructural parameters, Ref. 5. to 92.8 kcal mol' (SD-CI), T'a' with the difference in the
structural parameters, this work. barrier heights equal to approximately 3.0 kcal mol-1.
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TABLE IX. Vibrational frequencies: Cl1 20(S,-).

Equilibrium structure mode

V, (a,) P2 (a,) V3 (at) v4 (bl) es (b2) & (b2)

Experimenta 2944 1764 1563 1191 3009 1287
Experimentb 2782 1746 1500 1167 2843 1247

SC F

This work 3191 2004 1659 1343 3113 1368
Ref. 7(b) 3149 2006 1656 1335 3226 1367
Ref. 40 2971.2 1882.6 1600.1 1301.4 3070.6 1349.7

DZ + P Ct [Ref. 7(b)l 3074 1869 1596 1243 3155 1306

CEPA 2925.6 1797.2 1580.9 1220.9 3032.3 1308.9

Rearrangement transition state

L! (a') V2 (a') V3 (a') v4 (a') v5 (a') v6 (a")

SCF

This work 3155 2806 1637 1408 2645i 637
Ref. 7(b) 3180 2832 1639 1408 2650i 625

DZ- P CI

Ref. 7(b) 3057 2748 1512 1356 2356i - 6 0 0 d

Molecular products transition state

v, (a') v2 (a') V3 (a) v4 (a') V5 (a') ¢  
v6 (a")

SCF

This work 3250 2101 1484 819 2295i 1043

Ref. 7(b) 3243 2092 1526 829 2305i 1024

DZ+ P C1

Ref. 7(b) 3263 1939 1555 876 2124i - 950
d

aReference 39(a). CReaction coordinate.

bReference 39(b). dEstimated.

The MBPT/CCD results suggest that the energy re- TABLE X. Predicted energy barriers for formaldehyde reac-
quirements for all three unimolecular processes are tions.a
approximately equal. Since it is often assumed that
even good correlated wave function calculations over- Reaction
estimate barrier heights and underestimate dissociation
energies, the MBPT/CCD results imply that the rear- Theoretical method 1, 2-shift products products

rangement to hydroxycarbene is the energetically fav-
ored reaction pathway. Such a result agrees with the SCF
conclusions of Goddard et at. 5,7(' However, basis set This work 95.7 99.2 68.6
changes and the inclusion of triple excitation diagrams Ref. 7(a) 95.2 100.2 .b..b

may change this result.
D-NiBPT(4) 86.9 89.0 86.4

It is interesting to note the substantial difference be- SDQ-MBPT(4) 85.7 88.4 85.0
tween the energy difference obtained from correlated

calculations and the results obtained using just SCF cal- CCD 87.6 90.3 86.1
culations. As stated, the results obtained with MBPT, Cl [Ref. 7(a)]
CCD, and SD-CI imply that the energy requirements
for all three reaction pathways are almost equal. The SD-CI 88.2 92.8 80.0

SCF calculations predict that the barriers for dissocia- SD-CI - QCO 85.9 88.9 79.1

tion to molecular products (95.7 kcal mol "1) and the bar- RM P4
rier for rearrangement to trans -hydroxycarbene (99. 2
kcal mol-1) differ by a relatively small amount of ener- Ref. 30 86.2 88.0
gy. However, the SCF results imply that each of these "Units: kcal mol " .
barriers is much larger than the barrier for dissocia- bNo comparable SCF results reported.
tion to radical products (68.6 kcal mol-'). These ener- *Includes correction for quadruple excitations based upon
gy differences demonstrate the importance of including Davldson's formula.
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correlation energy effects to obtain chemically accurate TABLE Xii. Adiabatic excitation energies,

results. S0 - T,.

An additional result of the configuration interaction aE (eV) AE (kcal ,nol')

study was that each decomposition reaction possesses an Experimenta 3. 1.4 71.9

energy barrier relative to the S, band origin. To de- D-MBI'T(4) 3.1455 72.5

termine whether tne linked-diagram related methods St)Q-MPT(4) 3.1436 72.5

will also predict the existence of this barrier, we must CCD 3.093 71.3

consider the first excited state of formaldehyde. SD-Cl
6  3.01 69.5

SD-CIO 2.664 61.4
SC 1"" 2.13 50.3

VI. THEa 3A" STATE OF FORMALDEHYDE St", this work 1.912 44.1

The ultraviolet absorption spectrum of formaldehyde
vapor consists of two band systems: a strong band with 'Reference 32.

apparent origin at 3530 A (3. 454 eV) and a weak band with bReference 5.

apparent origin at 3960 A (3. 124 eV). Walsh predicted cRelerence 6.

that these states would have nonplanar structure, 43 and "Reference 10.

this was verified for both the singlet 44
,
45 and the trip-

let46 '4 7 states. Jones and Coon derived experimental relation effects improves the agreement between theory

structures for the excited states, including a specifica- and experiment.

tion of the out-of-plane bending angle by a distribution

function for each vibrational level of the bending mode 4 8  We report, in Table XII, three theoretical results for

Recent theoretical studies of the excited states include the adiabatic excitation energy corresponding to S 0 - T1.

ab inilio calculations by Garrison, Schaefer, and Les- Both the D-MBPT(4) and SDQ-MBPT(4) calculations

ter, 10 Bell, 6 and Goddard and Schaefer,$ as well as equa- yield 72. 5 kcal mol" for the excitation energy, while

tions-of-motion calculations of the vertical excitation the CCD calculations yielded a value of 71.3 kcal mol-1.

energies. 17.18 This report complements and extends These results may be compared to the near Hartree-

Bell's work. Fock value, 50.3 kcal mol - , 10 two SD-Cl values 67.4

kcal mol "
'

5 and 68.9 kcal mol, 49 and a value obtainedRecent calculations
s ' 

used excited state structural
araeet calculrtin ed exoptitedg sthe eltrctul by including the unlinked cluster correction of quadruple-

parameters determined by optimizing the electronic

energy at the SCF level. This study reports structural excitation effects 69.5 kcal moP'. 5 All the theoretical
values compare well with the experimental value 71.9

parameters for the a 3A" state determined by optimizing kcal molP'. 32 None of the theoretical values, however,

the energy at the correlated level. Fourth order, dou- include any correction for zero-point energy differences

ble-excitation MBPT calculations, with core orbitals
that may contribute to the observed value.

frozen, were performed for structures obtained by vary-

ing the CH and CO bond lengths, the ICH angle, and the Although no effort has been made to determine the

out-of-plane bending angle. The CH bond length and the structure of formaldehyde in the A 'A"(S,) state, ver-

HCH angle were reoptimized after determination of the tical excitation energies are computed for both the

optimal out-of-plane bending angle. We report the op- So-SI and So- T, transitions. Since the UHF wave

timal structural par'meters in Table X1. function for the S, state was contaminated by higher-

The carbon-hydrogen bond length (1.085 A) reported order spin states, particularly TI, the computed exci-

here is slightly less than the experimental value tation energy for this state is expected to be less ac-

1. 0962 A) while the carbon-oxygen bond length (1. 327 curate than that for the T, state. Nonetheless, vertical

A) exceeds the experimental value (1. 307 A). The op- excitation energies for both transitions are presented

timum HCH and out-of-plane bending angles (118' and in Table XIII, along with other theoretical predictions
370°12') agree well with the experimental values (1180 and experimental estimates. The excitation energy for

and 37'54'). Comparison of these theoretical results So- T, is less than that for So -S,, although the latter

with Bell's structure
s shows that the inclusion of cor- is probably lower than would be obtained were the ref-

TABILE XII. Vertical excitation

TABLE XI. Formaldehyde structural parameters, a3A"1 energies for formaldehyde.'
state.

So - Tt  So -S,

'CH o D-MI BIT(41 84.2 89.3

Experiment
b  1.0962 1.3069 118' 37'54' MItD-C

b  78.6 87.9
EOMc 79.8 93.2
Experimentd 83.0 98.2

DZ P-SCF0  1.0779 1.3404 119.67' 38' 30'

D-MNBI'T(4-FC 1.0848 1.3271 118' 37' 12' "tnlts: kcal mol
"
1.

bReference 50.

aUnits: angstroms. 'Reference 18.

bReference 48. dEstimated excitation energ.es,

*Reference 6. Ref. 51.
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TABLE XIV. Energy prediction comparisons for photochemical processes.'

Reference 5 Reference 7(a) SDQ-MLBPT(4) CCD Experiment

S,- T, 69.5 72.5 71.3 71. .e
D, -79. 85.0 86.1 86. U

b

E, ([2CO) 87.5 88.9 88.4 90.3

E, 83.9 85 9 85.7 87.6
SO - S, 78(est. ) 81. 0(est. ) 79. 8(est. ) 80. 5c

aReference 32. b Reference 3. cReference 1.

erence function not spin-contaminated. The difference in the molecular products transition state shows an energy
the excitation energy predictions is much less than the lowering of 3.4 kcal reol compared to the DZ + P re-

difference obtained from the equation of motion calcu- suits, suggesting that basis set changes may still be
lations"7 or estimated from experimental data. t How- significant in this problem. We cannot make realistic
ever, it should be noted that M.RD-Cl calculations pre- estimates of the errors associated with the barrier cal-
dict a significantly smaller excitation energy difference culations, since we have no data for comparison. We
(9.3 kcal mol't)50 than is estimated by Chutjian (15.2 assume that these calculations overestimate the energy
kcal mol'). 5 Since the difference between the two adia- barriers by 2 to 4 kcal mol-1. With these assumptiotis,

batic excitations is 8. 1 kcal mol- t , it seems best to con- the results of these calculations lead to the same conclu-
clude that the So-Sl vertical excitation energy remains sions obtained by GS5 and Goddard 0t a1. a') However,
uncertain. recent work by Frisch ,t al. 4 suggests that basis set

effects and triple excitations lower the computed bar-

VII. DISCUSSION riers by - 8 kcal mol, which is below the origin of the

The present calculatio;,s demonstrate that linked-dia- H2CO excited singlet state.

gram related computational methods predict relative
energies of small molecular systems to high accuracy. '. D. McQUigg and J. G. Calvert, J. Am. Chem. Soc. 91,

1590 (1979).
For the results that can be compared with experiment, " A. ttorowitz and J. G. Calvert, Int. J. Chem. Kinet. 10, 713
the dissociation energy for formation of radical prod- (1978).

ucts and the S.- T, adiabatic excitation energy, tile 
3
j . If. Clark, C. 13. Moore, and N. S. Nogar, J. Chem. Phys.

SDQ-MBPT(4) and the CCD results agree well with the 68, 1264 (197Th.
experimental values. 

4
J. C. Weisshaar and C. 13. Moore, J. Chem. Phys. 70, 5135
(19791.

It is instructive to review results pertinent to photo- 5j. D. Goddard and It. F. Schaefer, J. Chem. Phys. 70, 5117
chemical dissociation and rearrangement of formalde- (1979).

hyde. We collect, in Table XIV, the excitation energy, 6S. Bell, Mol. Phvs. 37, 255 (1979).

dissociation energy (DO), and reaction barrier (E 0) re- '(a J. D. Goddard, V. Yamaguchi, and 1t. F. Schaefer (to be
suits obtained in this study and in work by Goddard and published); (b) Y. Yamaguchi and It. F. Schaefer, J. Chem.

co-workers. 5,7ta) Note that the values for S 0 -Sl are Phys. 73, 2310 (19,0M.

estimates based on the theoretical results for the S0- T, 'It. A. Fifer, Eighteenth Symposium (International) on Com-
estatie r bustion (Combustion Institute, Pittsburgh, 1979).
excikttion energy, and the observ'ed Tt-St separation. " R. .. Jaffe and K. Morokuma, .J. Chem. t'hys. 64, 4881

In analyzing the CI results, tile authors noted that high (1976).
level theoretical calculations underestimate dissocia- 1t1. J. Garrison, It. F. Schaefer, and W. A. Lester, J.
tion energies and slightly overestimate rearrangement Chem. Phys. 61, 3039 (1974).
barriers. 52,53 If it is assumed that the CI calculations t. Miller, J. Am. Chem. Soc. 101, 6810 (1979s.

underestimate the dissociation energy by 3 to 5 kcal 12S. It. t.anghoff and E. It. Davidson, lit. J. Quantum Chem.

x morl, and overestimate the energy barriers by a 8, 61 (1974), E. It. l)avidson and D. W. Silver, Chem.
similar amiount, then the CI results imply that the en- Phys. Lett. 52, 403 (197S.

"tIf. p. Nellv, Adv. Chem. l'hvs. 14, 129 (1969).

ergy requirements for the radical products and molecu- i4; Cizek, J. Ch h 'hys. 45, 4236 (1969).
lar products dissociation pathways are similar.5 Fur- 

1 5 fl. J. Bartlett and G. D. Purvis, Int. J. Quantum Chem. 14,
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CALCULATION OF DISSOCIATION ENERGIES USING MANY-BODY PERTURBATION THEORY *
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Dissociation energies for the step-wise removal of hydrogen from methanol, CH 3OH - CH 30 - CH 20 - CHO - CO-
arc ootimed by many-body perturbation theory. The heat of formation of CH3O is predicted as 2 ± 3 kcal mole -1 . Com-
puted geometries are in excellent agreement with experiment, where available, and provide a prediction for CH 30.

I. Introduction flame zone combustion models. The reaction set
comprises the unimolecular reactions that oxidize

A major task for theoretical chemists is the devel- methanol to carbon monoxide:
opment of methods to predict energy differences CH3 0H - CH3 0 + 1, ()
with chemical accuracy. Most quantum chemists
agree that accurate prediction of relative energies CH30 - CH20 + H, (2)
requires application of theories that include electron HO CHO+H (3)
correlation effects. effects not treated in self-con- CH20
sistent-field (SCF) calculations [1-41. Estimates of CHO -- CO + H. (4)
molecular correlation energy have been obtained by Reactions (I) and (2) involve the methoxy radical.
using the method of configuration interaction to

Since heat of formation data are available for the
improve the wavefunction obtained from an ab initio othe met i to s t rtion , a cuae pr e
SCF calculation. Recently. however, theoretical
techniques based upon the linked-diagram theorem dictions of the dissociation energies for these reac-

have been extended to molecular applications [ 1,2, tions wili enable us to predict the heat of formation
4]. and these methods provide an alternative ap- for the methoxy radical.and hes ntehod proideThe theoretical techniques used are outlined in
proach to the correlation problem. Several compari-Thteotiatcnqussd eotlednpoah o the cariorstorelti l le d S veaopi- section 2, and the results for the series of dissociationsons of the various theoretical methods have ap- ratosflo nscin3

peared 11,2,41. reactions follow in section 3.
This report describes the application of many-body

perturbation theory (MBPT) to predict the dissocia- 2. Odwe of the computations
tion energies for a series of reactions that occur in

For the closed-shell molecules included in this
This research was sponsored in part by the US Army Re- study, a restricted Hartree-Fock (RHF) wavefunction
search Office under Grant No. DAAG29-80-C-0105. represents the ground state, whereas unrestricted

* NAS-NRC Resident Research Associate. Present address: Hartree-Fock (UHF) wavefunctions represent the
Department of Physics, University of Connecticut, Storrs,
Connecticut 06268, USA. ground state for open-shell molecules. The integrals
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over atomic functions were computed using mized relative to double-excitation, frozen-core,
Dunning's 4s3p contraction of Huzinaga's 9s5p fourth-order MBPT calculations. The structural
gaussian primitive set for first-row atoms, and parameters optimized for each molecule are defined
Dunnings scaled (5 = 1.2) 3s contraction of in fig. 1. Computed structural parameters are com-
Huzinaga's 4s primitive set for hydrogen [5,6]. A pared with available experimental values in table 1.
single set of d-type polarization functions (gaussian) In the absence of experiment, we offer a prediction
augments the atomic basis sets for carbon and oxygen, of the methoxy structure which we estimate to be
with exponents 0.75 and 0.85 respectively [7]. A set accurate to 0.01 A in bond length and 2-30 in bond
of p-type polarization functions (gaussian), a = 1.0, angles.
augments the hydrogen basis set. All integral calcula- We report dissociation energy predictions for
tions were performed using the MOLECULE integral three levels of calculation: SCF, fourth-order MBPT
program [8]. Electronic structure calculations were including all double-excitation diagrams, D MBPT(4),
performed using the GRNFNC and UMBPT pro- and fourth-order MBPT including all single-, double-,
grams * and quadruple-excitation diagrams that contribute

The total energy reported for each molecule per- at that order, SDQ MBPT(4).
tains to structural parameters that have been opti- The prediction of dissociation energies requires

* The program GRNFNC, written by G.D. Purvis, does SCF Table 1

iterations and integral transformations. The program Optimized structural parameters for molecules included in

UMIBPT, written by R.J. Bartlett and G.D. Purvis. does this study )

MBPT, CCD and VP CI. Parameter This work Experiment

CH3OH b) r, 1.093 1.0937
H H r2 1.093 1.0937

.- B ,/ a 107" 9' 108" 32'
C 0 methyl tilt 20 12' 3* 12'

/1 1.432 1.4214
t/ 0.963 0.963

H// 0 107 2' 108" 2'

H CH30 r t  1.085
r2 1.081

H at 108" 42'
r B1  a 2  112" 12'

0 13 103' 48'
02 1110 30'
st 1.405

H CH20 c) r1  1.102 1.099
H

$1 1.211 1.203

H a 1160 11' 1160 30'

a Si- 0 CHO d) r1  1.111 1.125
S1 1.188 1.175
a 124* 124* 57'

H

CO e) sl 2.125 2,127
SIT a a) Bond lengths in A.

HI. a b) Experimental values: ref. 1121.
c) Experimental valt, as: ref. 1131.

Fig. 1. Definition of bond lengths and of bond angles for d) Experimental values: ref. 114).
CH3QH, C1130, CH20, and CHIO. e) Experimental values: ref. 1151.
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A,:Curate computation of energy differences. In addi- socialion reaction, A B + C, may be written
t tile change in the electronic energy, vibra- AEel = (B) + El(C) - El(A)"

:;onal. rotational, and translational enery differences e

mo t lso be obtained. We assume that rotational and Since each of the reactions considered here contains
tiatislational energy effects are well approximated by the hydrogen atom as one of the products, AEeI re-
lie eqtulpartition of enere' among those degrees of quires a correlated calculation for only the reactant

iieedotn. Since vibrational frequencies are established and the molecular product. Table 2 contains predicted
,,r all the molecular species addressed in this study electronic energies for methanol, CH3OH, methoxy

except the niethoxy radical, empirical zero-point radical, CH30, formaldehyde, CH2O. formyl radical,
energ'y changes are used for these cases. HCO, carbon monoxide, CO, and the SCF energy for

( haracteriiation of the methoxy radical was the the hydrogen atom. Table 2 also contains the zero-
mno't diftficult problem encountered in this study. point vibrational energy for each molecule in the

Bent et al. 19! obtained optimal structural parameters study 110- 15].
for the Jalin -'reller distorted ground-state conforma- The information summarized in table 2 is sufficient
lti after extensive D NIBPT(4) calculations. An anal- to determine the zero-degree heat of reaction for

'%,is of the potential energy function obtained in that each of the four reactions included in this study. We
Study provided guidelines to estimating the vibra- summarize the values for each of the molecules in the
totnai frequencies for the e modes. Engelking et al. third row of table 3. For most molecules, there is no
I 1it and Inotie et al. I l11 have published experi- experimental data available to compare with the pre-
Mental values for several frequencies. By combining dicted AER(O K) values. An exception is formaldehyde.
theoretical pr,:dictions and experimental data with Reilly et a]. [ 161 have confirmed that the threshold
ohervations on similar molecules, such as Ct13F, we energy for the dissociation of formaldehyde to radical
.hn ,he v'lh'sine"alues to the vibrational cigen- products is 86.0 ± 1.0 kcal mole- 1. The SDQ MBPT(4)
values for the methoxy radical (directly observed calculations predict that the threshold energy equals
values are underlined: 3006 (e). 2Q30 (a1), 1380 (e), 85.0 kcal mole- 1. In this case. the agreement between

325 (al). 10060 (at). 690 cmln (e). theory and experiment is very good.
These frertiencics correspond to a niethoxy radical In addition to the experimental data of Reilly et

zero-point vibrational energy equal to 22.1 kcal mole- al. [ 16], experimental values for room-temperature
heats of reaction are available for methanol [17]
formaldehyde [181 and the formyl radical [19]. To

3. Dissociation energy predictions compare the theoretical predictions with these heat
of reaction data, we must estimate the effect of the

Because linked-diagram derived methods are size rotational and translational degrees of freedom, and
extensive [2], the electronic energy change for a dis- the effect of the pV work term must be included.

Table 2
Electronic energy predictions and zero-point energies for CilO molecules

Molecule Electronic energy (hartree) Zero-point energy
(kcal mole-')

SCF (UIIF) D MBPT(4) SDQ MBPT(4)

C113 01I -115.0744 -115.4942 -115.4920 31.1 1121
('1130 -114.4532 -114.8248 -114.8232 22.1 191
C1t20 -113.8974 -114.2832 -114.2829 16.2 1131
CliO -113.2769 -113.6343 -113.6363 7.8 [141
CO -112.7665 -113.1105 -113.1124 3.1 [151
II -0.49778
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Table 3 ferent from experimental values. Each of the corre-
Dissociation energies predicted by SDQ MBPT(4) results lated treatments, D MBPT(4) and SDQ MBPT(4),
(in kcal mole - ) predicts dissociation energies that agree well with

CH3OH CH30 CH20 CHO experiment. There is little reason to prefer the more
expensive SDQ MBPT(4) calculations to the

AEe l  107.3 26.6 93.4 16.4 D MBPT(4) calculations for these examples. In each
A.Evb -9.0 -5.9 -8.4 -4.7 case reported here, the contributions of the single-

(0 K) 98.3 20.7 85.0 11.7 and quadruple-excitation diagrams at fourth order
AE~(300 K) 0.9 0.9 0.9 0.9

1 00 K) 0.9 0.9 0.9 0almost cancel. This is not alwaya the case, so thereaEr0t(300 K) 0 0 0 -0.3
AE,(300 K) 99.2 21.6 85.9 12.3 are instances where SDQ MBPT(4) is preferred. The
4 300 99.8 22.2 86.5 12.9 fourth-order triple excitations can also be important

for some examples [20]. Finally, in each case where
theoretical predictions can be compared with experi-

Translational and rotational energy contributions are mental results, the predicted dissociation energy is
estimated by assuming that each degree of freedom less than the experimental value. This is not sur-
contributes U kT Thus. for T = 300 K, each degree prising. The finite basis sets used in molecular cal-
of freedom contributes - 0.3 kcal mole- 1. The culations describe the product molecules better than
translational and rotational energy changes for each they describe the reactant. This characteristic implies
reaction are listed in table 3. Combining these con- that the electronic energy difference between prod-
tributions with the zero-degree dissociation energy, ucts and reactant usually will be too low. Reliable
we obtain the energy of the reaction for T = 300 K. estimates of the magnitude of this error are not
Finally, we assume that p V = An(R T), and add this available, but our experience [21-24] suggests that
contribution to AER( 30 0 K) to obtain predicted dissociation energies predicted by MBPT, for breaking
values for the heat of reaction, AOR(300 K), which a single bond in a polyatomic molecule, and for the
are listed in the last line of table 3. quality of basis set used in these calculations, typi-

Table 4 contains a comparison of the heats of cally underestimate experiment by 1-3 kcal mole- 1 .
reaction predicted by our SDQ MBPT(4) calculations On the other hand, atomization energies are much
with experimental values. Several conclusions may be poorer due to the limited basis sets [21].
gleaned from the theoretical results summarized in
table 4. First, the inclusion of correlation effects is
necessary to predict dissociation energies with chem- 4. Heat of formation of the methoxy radical
ical accuracy. Ab initio self-consistent-field calcula-
tions predict dissociation energies substantially dif- Two experimental values for the heat of formation

Table 4
Comparison of predicted and experimental dissociation energies (in kcal mole - )

Molecule Predicted 'R,300 Experiment

SCF (UHF) D MBPT(4) SDQ MBPT(4) /2R,300 ref.

CH3OH 69.9 100.2 99.8 100.9 (101
104.0 (171

CH 3 0 32.9 23.1 22.2

C1120 70.1 86.4 86.5 88.2 ± 1.6 1181
87.5 ± 1.0a) 1161

ClIO 4.4 12.9 12.9 15.5 ± 1.5 1181
17.0 ± 2.0 (191

a) We estimate this value based upon the AeR,300 value of 86.0 t 11161.
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Table 5
Ilear of reation for 112 elimination from ('"130

CH 30 " CHO + H 2

electronic energy a) -114.8232 -113.6363 - 1.1656
.y

:1  (0.0213 a)) 13.4 b)

zero-point energy b) 22.1 7.8 6.2 1151
.I. zP -8.1 b)
AER(

0 K) 5.3 b)

rotational energy (300 K) b) 0.9 0.9 0.6
,Irot(300 K) 0.6 b)

translational energy (300 K) 0.9 0.9 0.9
./%r  0.9 b)
•-Ee300 K) 6.8 b)

fV 30 0  
7.4 b)

a) In hartree, b) In kcal mole-
'.

of the methoxv radical have been reported recently and H2, we estimate a zero-point energy change of

[10. 171. Batt and McCulloch [ 171 derived a heat of -8.1 kcal mole- 1 for the reaction. When rotational
formation equal to 3.9 kcal mole- I using parameters and translational energy effects and our estimate of
obtained from chemical kinetic data. Engelking et al. the pV terms are included, we obtain a value for the
[101 measured the electron affinity of the methoxy heat of reaction equal to 7.4 kcal mole- 1. Assuming
radical, and estimated the heat of formation for that A- 300 for the formyl radical is 9.0 kcal mole- 1

methoxy to be 0.7 kcal mole- 1. Since our calculations [251, we predict that the heat of formation for the
predict heats of reaction for two processes that in- methoxy radical is 1.6 kcal mole- 1.
clude the methoxy radical, by combining these re- The lack of agreement among the predicted values
sults with published heat of formation data we can for the heat of formation is not surprising. It is ap-
obtain a heat of formation for CH30. We assume the parent from the results of this work and the results of
following heats of formation: CH3OH, -48.0 kcal theoretical studies using alternative methods [ 1,31
mole- 1: CH20, -26.0 kcal mole- 1, H, 52.1 kcal that theoretical calculations underestimate dissocia-
mole-, [25]. Combining the dissociation energy of tion energies. For the H-dissociation reactions re-
methanol with the heats of formation of methanol ported here, and in other work done using these
and hydrogen, we predict the methoxy heat of for- methods [21,26], our dissociation energy errors
mation to be -0.3 kcal mole- 1. On the other hand, range from I to 3 kcal mole- 1. Considering the sign
combining the methoxy radical dissociation energy of this error, it is reasonable to suggest that the heat
with heats of formation for formaldehyde and hy- of formation of the methoxy radical should be greater
drogen, we predict the methoxy heat of formation than -0.3 kcal mole- I and less than 3.9 kcal mole- 1.
to be 3.9 kcal mole- 1 . The heat of formation obtained by studying the hy-

In addition to the two hydrogen elimination reac- drogen molecule elimination reaction of CH30 sug-
j tions already considered, the heat of formation for gests a heat of formation for the radical of 1.6 kcal

CH 30 can be obtained by considering the elimination mole- 1 that lies between the two extreme values.
of the hydrogen molecule from the methoxy radical, Taking the likely errors into account we suggest a
giving the formyl radical and H2 as products. The value equal to 2.0 ± 3.0 kcal mole-.
pertinent information needed to estimate the heat of
reaction for this process is summarized in table 5. The
results of SDQ MBPT(4) calculations predict a classi- References
cal dissociation energy D e equal to 13.4 kcal mole- .

Combining the estimated frequencies for the methoxy I l J.A. Pople, R. Krishnan, H.B. Schlegel and J.S. Binkley.
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Recent experiments suggest that the isomerization reaction CH30 - CH2OH may compete with the hydrogen dissocia-
tion reaction CH30 - CH2 0 + H. We report correlated many-body calculations of barrier hqjghts for these reactions and
other decompositions of C1130 and CH2OH. The barriers for isomerization and dissociation are similar, while the reaction
CH30 - HCO + H2 has a higher energy barrier.

I. Introduction pete with other faster reactions of the radical that are
important in atmospheric chemistry. However, at the

The methoxy radical CH30 is thought to play an higher temperatures encountered in combustion pro-
important role in hydrocarbon oxidation processes cesses, the unimolecular reactions may be more signifi-
relevant to combustion and photochemical air pollu- cant.
tion [ I]. Recently, Radford [21 has suggested that the Here we report computed classical barriers for sever-
unimolecular isomerization of methoxy to form the al unimolecular reactions of CH30 and CH2OH. In ad-
hydroxymethylene radical, dition to (1) and (3), we also discuss the hydrogen-dis-

CH3 0 -CH 2OH, () sociation reactions of hydroxymethylene,

followed by the fast reaction CH2OH -. CH20 + H, (4)

and the hydrogen molecule elimination reaction of
CH2OH -02 "- Cf 2 0 + HO2 , (2) methoxy,
may provide an alternate route for the oxidation of
methyl radicals. Subsequently, Batt et al. [3] pointed CH 30 - CHO + H2. (5)
out that although the isomerization reaction should be
competitive with the hydrogen-dissociation reaction
of the methoxy radical, 2. Outline of the calculations

C" 30 -. C012 0 + H, (3) For each of the open-shell species in this study an

neither reaction should occur quickly enough to com- unrestricted Hartree-Fock (UHF) wavefunction is

chosen for the ground electronic reference state. The
structural parameters for the reactants and the various

n This work was supported, in part, by the Army Research Of- tructiraon states are determined using the analytic gra-
flee under contract No. DAAG29-8-C-O5 the Universi- transito

ty of Florida. dient based GRADSCF codes 141 and a 6-31G** basis
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[51. The many-body perturbation theory (MBPT) cal- Table I
culations use double zeta-quality basis sets [61 aug- Electronic energy predictions (hartree)

mented with polarization functions on all atoms [61. Structure UHF SDQ MBPT(4)
Since self-consistent-field calculations provide poor es-
timates of energy differences, the electronic energy is CH3O, equilibrium -114.4484 -114.7621
determined using MBPT [71. In particular, fourth-order CH20, equilibrium -114.4419 -114.7684
MBPT calculations that include all single-, double-, and 1,2-shift SPa) -114.3668 -i 14.7054
quadruple excitation diagrams [SDQ MBPT(4)] are CH3 0 CH 2O + H SP - 114.3845 - 114,7060
reported. CH 2OH - C112 0 + tI SP -114.3679 -114.6923

3. Equilibrium configurations for methoxy and a)

hydroxymethylene
than the hydroxymethylene radical CH2OH. The ener-

The structural parameters determined for the meth- gy difference equals 4.07 kcal/mole. On the other hand,
oxy and hydroxymethylene radicals are shown in fig. the correlated SDQ MBPT(4) calculations predict that
1. Our SCF calculations predict structural parameters the hydroxymethylene radical is more stable, by 3.90
for CH 30 that agree closely with those of Yarkony et kcal/mole. Experimental studies [11,12] indicate that
al. [8]. Each of the SCF calculations, however, dis- hydroxymethylene is 5-10 kcal/mole more stable than
agrees somewhat with the results of our previous cor- methoxy, although a more recent experimental [ 131
related D MBPT(4) calculation for this radical [9]. In determination of the heat of formation of the methoxy
that study, Bent et al. showed that the C3 , symmetry radical would reduce this range by 3 kcal/mole. Our
axis is broken by a reduction in the in-plane OCH bond result of 3.90 is in good agreement with this lower
angle, while, to the contrary, the SCF calculations pre- (2-7 kcal/mole) estimate.
dict that the symmetry changes via an increase of the
in-plane OCH bond angle. A correlated calculation of
the CH3 0, CH 30!, CH 2 0, and HCO structures has 4. Isomerization and dissociation reactions
also been published [101. Since the structures of the
radicals and transition states described in this work are The isonerization reaction that converts methoxy
determined using UHF calculations, for consistency, to hydroxymethylene belongs to the reaction class iden-
all energy differences for the methoxy reactions are tified as 1,2-hydrogen shifts. A recent review by Schaefer
computed at the structural parameters determined in [141 discusses this class of reactions. The transition state
the UHF calculations, identified for the isomerization reaction is shown in

The electronic energies for the two radicals, includ- fig. 2. Such isomerizations are often ignored in chemical
ing both the UHtF and SDQ MBPT(4) results, are re- kinetic models, since it is assumed that the potential
ported in table 1. Interestingly, the UHF calculations energy barrier for the reaction is large. As the results
suggest that the methoxy radical CH3 0 is more stable in table I show, however, the electronic energy for this

transition state does not differ significantly from those
values calculated for the two hydrogen-dissociation re-

11on7 actions.
In particular, as summarized in table 2, the classical

0-'- o 25,1 barrier for the isomerization, reaction (I), is 35.6 kcal/,- ,,"mole (39.5 kcallmole for the reverse reaction) with the

- ,,ss competing H-dissociation, reaction (3), having a 35.2
' kcal/mole barrier. The UJHF transition state structures

CHso teq) CH20H fe1 are shown in fig. 2. Since the 1,2 shift transition state

I Uig. 1. UHF predicted equilibrium structures for C"I30 and has a more compact structure, one would expect that
('112011 (bond lengths in bohr). the zero-point vibrational energy differences would re-

-/" 312.

C~zO te barier TheUHFtranitin stte trucure
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S m-5. The H2 -elimination reaction of methoxy

c0 C 503o The reaction of methoxy to produce the formyl

./ 3,,. radical and hydrogen molecule is similar to the molec-110 26ular products reaction channel of formaldehyde [16-

1,2.- shit K2eimnoluo 22]. Like formaldehyde, the methoxy radical has a
hydrogen-dissociation channel, an isomerization channel,
and an H2 -elimination channel. Recent MINDO/3 re-

I13/ " /.# suits suggest that the dominant dissociation of the ra-

i--z -C o -,--o dical is the H2 -elimination reaction 1231. Furthermore,

H those results suggest that the isomerization reaction and
,C4 loss* 26 the H2,-elimination reaction have nearly the same activa-

H-elimmotoon, CH3O H -elimnoton, CHZOH tion energy.
We have made numerous efforts to locate the H2-

Fig. 2. UIlF predictions of transition states for C113 0 under- elimination reaction saddle point using the GRADSCF
going 1,2-11 shift, 11 elimination. H2 elimination, and for H computer codes. The structure shown in fig. 2 corre-
elimination from Ctl 2OH (bond lengths in bohr), sponds to a structure for which the norm of the gradient

satisfies a stringent convergence criterion. Proper iden-
suit in a lower 0 K activation barrier for (3) than for tification of a saddle point, however, requires the calcu-
(I). Nevertheless, the classical barriers are so nearly lation of the vibrational frequencies for the structure.
equal that it is expected that both reactions will occur If one of the vibrational frequencies is imaginary, then
under most conditions, the structure corresponds to a saddle point. The struc-

In addition to the above, the H-dissociation reaction, ture shown in fig. 2 fails this test, because the vibra-
reaction (4), is also of interest. The competing reaction tional analysis yields two imaginary frequencies. Addi-

tional study of the hypersurface in this region, how-
ever, suggests that the second imaginary frequency is

is ruled out since its energy barrier is greater than 85 due to an artifact in the SCF results for this structure.
kcal/mole [15-171. In particular, our UHF wavefunction breaks the Cs sym-

The saddle-point structure for (4) is shown in fig. 2. metry assumed for the problem. The symmetry break-
SDQ MBPT(4) calculations at the UHF determined ing may be viewed as due to the existence of a large-
geometries suggests a barrier of 47.8 kcal/mole for (4). amplitude wagging motion characterized by a double-
Consequently, it would appear that the preferred uni- minimum potential energy fun )n. This vibration may
molecular reaction of CH2OH is the isomerization to be viewed as a rocking of the H2 fragment perpendicu-
CH30. lar to the plane defined by the formyl radical fragment.

To test this view, we extended the "transition state"
along the apparent reaction coordinate, and searched
for a minimum on the hypersurface. This calculation

Reaction barriers (kca/mole) leads to a minimum that corresponds to the products
.. H2 and HCO. Distortion of the structure along the

Reaction Barrier height a) normal mode of the second imaginary frequency fol-
... ... ... lowed by steepest-descent minimization appears to lead

CH 30 - CH 2 0 + H 35.2 to no products. Instead, the search routine wanders in
C1130 - CH2OH 35.6 hyperspace near the transition state structure. After
CH20IH -. CH30 39.5 twelve evaluations, the structure remains almost equiva-

C11 201 -. C1 2O + H 47.8 lent to that located by the transition state search rou-
tine.

a) All barrier heights are classical. No attempt has been made Finally, to test whether the symmetry breaking was

to correct for differences in the zero-point vibrational ener- an artifact of the UHF calculation, a transition-state
gies. search was carried out using an analytic gradient based

. 7313

.1 ... ... .. ./ :, ... ...L., .... .. il l
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restricted Ilartree -Fock calculation. This calculation can sometimes cause additional problems. For the H2-
also converged, in forty-eight function evaluations, to elimination pathway, the UHF multiplicity is 2.013
a structure with no plane of symmetry. The bond and SDQ MBPT(4) improves this. We expect that a
lengths and bond angles predicted in that calculation correlated determination of the (5) transition state
are close to those predicted by the UHF calculations. should eliminate any possible artifacts with the SCF
Furthermore, when force constants for the structure transition state.
are calculated at the RIIF level, we still obtain two (
imaginaty frequencies. Thus there is no substantial dif-
ference between tile UHF and RIIF predictions. [ I K.L. Demerjian, J.A. Kerr and J.A. Calvert, Advan. En-

In sum, our calculations to date demonstrate that viron. Sci. Technol. 4 (1974) 1.
the transition state does lead to the hydrogen molecule 121 II.E. Radford. Chem. Phys. Letters 71 (1980) 195.
product. The calculations do not conclusively demon- 131 L. Batt. J.P. Burrows and G.N. Robinson, Chem. Phys.

Letters 78 (1981)467.
strate the existence of a double-minimum potential well 141 A. Komornicki, National Resource for Computations in
about the transition state. To determine whether this Chemistry, Software Catalog, Vol. 1, Program No. QHO4
potent ial is, as we believe, an artifact of the SCF level (GRADSCF) (1980).
calculations requires a re-examination of this transition- 151 P.C. Itariharan and J.A. Pople. Mot. Phys. 27 (1974) 209.

161 T.I. Dunning Jr. and P.J. Hay, in: Modern theoretical
state region using a theoretical method that includes chemistry. Vol. 3. Methods of electronic structure theory.
correlation effects. We anticipate reporting such calcu- ed. lt... Schaefer Itt (Plenum Press, New York, 1977):
lations soon. L.T. Redmon, G.D. Purvis and R.J. Bartlett, J. Am. Chem.

The electronic energy including the correlation en- Soc. l01 (1979) 2856.
ergy for this transition state is - 114.6732 au, and the 171 G.I. Adams. G.D. Bent. R.J. Bartlett and G.D. Purvis. in:

Potential energy surfaces and dynamics calculations, ed.
reaction barrier, 55.8 kcal/mole, can be compared with D.G. Truhlar (Plenum Press, New York. 1981) p. 133.
the other reaction barriers in table 2. The barrier for the t,1 O.R. N'arkony. II.V. Schaeter III and S. Rothenberg, 3.
It2 -elisination reaction exceeds the barriers determined Am. Chem. Soc. 96 (1974) 656.
for the other methoxy radical reactions by more than 191 G.I). Bent. G.F. Adams. R.J. Bartram. R.J. Bartlett and
20 keal/inole. G.D. Purvis. J. Chem. Phys.. to be published.

[101 G.F. Adams. G.D. Bent. G.D. Purvis and R.J. Bartlett.
Chem. Phys. Letters 81 (1981) 46 1.

JIll ].A. Kerr, Chem. Rev. 66 (1966) 465.
6. Discussion and conclusion 1121 M.A. taney and J.L. Franklin, Trans. Faraday Soc. 65

(1969) 1794.
The energy barrier results determined by these cal- I131 P.C. Engelking. G.B. Ellison and W.C. Lineberger, J. Chem.

Phys. 69 (1978) 1826.
culations and summarized in table 2 support Radford's 1141 I.. Schaefer III, Accounts Chem. Res. 12 (1979) 288.
contention that the hydrogen-dissociation and isomeri- 1151 S.W. Benson. Thermochemical kinetics, 2nd Ed. (Wiley,
zation reactions of methoxy radical could compete New York, 1976).
favorably under appropriate conditions. In addition, 1161 i.D. Goddard and I.F. Schaefer III, J. Chem. Phys. 70

these results suggest that for hydroxymethylene, the I 7 9 D. Goddard, Y. Yamaguchi and F. Schaefer Ill. to be

isomerization reaction should be faster than the hydro- published.
gen-dissociation reaction. Finally, our preliminary re- 1181 LB. Iarding. H.B. Schlegel. R. Krishnan and J.A. Pople.
stilts indicate that the H2 -elimination reaction of the J. Phys. ('hem. 84 (1980) 3394.
methoxy radical has a much larger energy barrier than 1191 G.F. Adams, G.D. Bent. R.J. Bartlett and G.D. Purvis.

J. Chem. Phys. 75 (1981) 834.
either of the other methoxy reactions considered here. 1201 A. lorowitz and J.G. Calvert. Intern. J. Chem. Kinetics
In all cases, the calculations do not consider the some- 10 (1978) 713.
times important effect of the fourth-order triplet-exci- 1211 P.C. Houston and C.B. Moore, J. Chem. Phys. 65 (1976)
tation diagrams [22,24,251 and are limited to UIF 757.
determined structures. For example, the triple-excita- 1221 M.J. Irisch. R. Krishnan and J.A. Pople, J. Phys. Chem.85 (1981) 1467.
tion contribution in 112 CO - H12 + CO reduced the bar- 1231 . Ritchie and M.I.R. Dewar, private communication.
rier by -3 kcal/mole 1221 and it is possible to obtain 1241 R.J. Bartlett and G.D. Purvis, Intern. J. Quantum Chem.
similar changes by using better, correlated structures. 14 (1978) 561.
The spin contamination present in UIIF calculations 1251 R. Krishnan, M.J. Frisch and J.A. Pople, J. Chem. Phys.

72 (1980) 4244.
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Abstract

Ab initio electronic structure calculations are reported for five electronic states of the methylene amidogen
radical. Structure parameters for the ground electronic state are predicted by RItl and i)-xtBPr (4) calcu-
lations. Vertical excitation energies were determined using four different theoretical chemca modets:
complete active space ((AS) MCSCF. CAS/M('SCF plus singles and doubles ci. fourth-order many-bodV
perturbation theory sI)Q MBI'T14). and coupled-cluster theory-

!. Introduction

Experimental study of the spectra and properties of molecules allows the accurate
determination of the structural parameters, electronic state separations, and the
distribution of electrons in the molecule. However, not all molecular species are sus-
ceptible to detailed experimental study. Some free radicals possess such short lifetimes
that even the demonstration of existence may challenge the most sophisticated ex-
periment. Other radicals, such as methylene amidogen, have been experimentally
detected [ 1-6], but enjoy such a transient existence that the structure and properties
have not been determined. As noted by Schaefer [7], theory may play an important

Ilk, role in the study of evanescent species, since the tools used by the electronic structure
theorist are equally applicable to stable well-characterized molecules and transient
radical species. Results obtained via theoretical methods should be as accurate for
a short-lived radical, such as CHN, as those obtained for a molecule such as form-
aldehyde. This works, provided that the method used accounts properly for open-skill
character. We present here the results of ab initio electronic structure calculations
on the methylene amidogen radical CHN.

The first experimental evidence for the CH2N radical was provided by the ESR
spectrum of Cochran, Adrian. and Bowers [I ]. Subsequent work by Banks and Gordy

* Supported, in part, by the U.S. Army Armaments Research and Development Command.
Supported by the Army Research Office under contract No, DAAG29.80-C.0105 to the University of

Florida.

(0 1983 John Wiley & Sons, Inc. CCC 0020-7608/83/020437-10502.00
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[21 confirmed the identification and provided a qualitative description of the molecular
orbital occupied by the unpaired electron. The I SR experiments, and the issue ofhv-
perconjugation. spa%% ned a series of self-consistent field molecular orbital calculations,
culminating in ilinchliffe's recent report [8 101.

The electronic spectrum of meth%!ene amidogen wkas first described b\ Ogilvie and
lorne [3]. Subsequently, Horne and Norrish published a detailed electronic spectrum

of this radical [4]. Their spectrum consisted of a diffuse absorption with a maximum
intensitN at 280.8 nm and a second, weaker absorption in four diffuse bands with in-
tensit% maxima at 284.5.. 284.75, 285.0. and 285.4 rim. Ogilvie interpreted the spectrum
of CIi N to be due to two different electronic transitions originating in the ground
state, and he reiterated the validit. of his maximum absorption coefficients [51.

Methylene amidogen wLas identified by Morgan and Beer as a primary decom-
position product of the 1.3.5.7-tetranitro 1.3,5.7-tctraztoc),clo)octane ( M X) molecule
161. The radical has been suggested to pla. a role in the reaction of IH atom \% ith IICN
[I 11. and has been suggested as an intermediate in flames oxidiied b NO. The in-
terest of flame diagnosticians spurred this stud\ of the electronic structure and the
excitation energy spectrum of this radical. A recent report b\ So i2] reports structural
parameters for two electronic states of CII-N. I lere we report structural parameters
for the ground electronic state of this radical, as well as a series of calculations designed
to elucidate the delails of the observed absorption spectrum of this radical. Further-
more. the calculations provide an interesting comparison of results obtained by ap-
plication of \l(S(l (I methods with those obtained using two linked cluster methods
%iiiPI and c m.

2. Description of Theoretical Methods

All the calculations reported here were pertormed using basis sets of double-zeta
plus polarization quality. Those manx-body perturbation theor\ (NIBPT) calculations

performed to determine the structural parameters for the ground electronic state of
methylene amidogcn were performed using Dunning's 1131 double-zeta contractions
of Iluzinaga's 1141 9s5p primitive set for carbon and nitrogen and the double-zeta
contraction of the 4s primitive set for hydrogen. A single set of d-type polarization
functions 151 augments the basis for the first roy. atoms, while the hydrogen basis
set includes a single set of p-type functions 1151. All other calculations reported here
use the 0-31G** basis set proposed by Hariharan et al. 1161. These include the RIM-
predictions of structural parameters for the ground electronic state of CH 2N, and all
the vertical excitation energy calculations.

In its ground electronic state, methylene amidogen has C,, structural symmetry.
The unpaired electron occupies an in-plane nitrogen orbital: thus the ground state
has B symmetry. The orbital occupation is (Ia )- • • • (5a )2( I 2)2(2h.)( lb, )2. This
state is represented by the orbital diagram f Fig. I (a)j. Figures I(b) to I(d) represent
electronic excited states formed by excitations involving the 5aj, 2h, and lb, orbitals:
the excitations lead to the I '81. I .A 1, and 2 2Bi electronic states. The calculations
described here refer to vertical excitations from .X 'B to each of these excited states,
plus the excitation to the lowest quartet excited state (48).
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o) (b)

(d)

e application of o w I I has been described in a series of papers b, the present
authors and others [7 191. recent reviepaper bs Bartlett 1-01 Olfers a description
of the 1I.thods, summari,,s recent result, and provides man' references. The \I BPT
calculations f'or ieth.lene aidcogen include results through f urth order: the
• fOurth-ordcr calculations include all single-, double-, and quadruple-excitation di-

: agrms hich contribute.

The coupled-uter method calculations reported here use the computational
procedursdescribed b% Purvis and Bartlett [-'11. In particular. the cluster operator
include,, the single- and double-xcitation operators. %ii.,

T= J +

The particulate .4nsat: described b Purvis and Bartlett includes both single- and
double-excitation cluster effects, as well as disconnected triple excitations ( T, T, and

T ) and quadruple excitations (i, '7 Tfr and '/ ,).
FinallN, the states in question were characterized at the xlcsr (i level using a

procedure originally applied to describe the low-lying states of MgO [221. Using an
active space comprising five molecular orbitals (5a1. 1l 2h I b2,. and 2b,), complete

- 'active space comprising five molecular orbitals (5a1, I , 2b1. Ib2, and 2b,), complete
active space (r\S) mcSc-i: calculations were performed for the five electronic states
discussed here. In each case, the (AS space \%as reduced to a compact configuration
cients greater than 0.075 in the (.,\s \I(,S(I. The resulting compact (sv descriptions
(see Table I). provide a qualitatively accurate description of these states and the ref-
erencc space for a single- and oouble-excitation Ct (Swix) described below.

hie3. Structure of the X 2 z Ground State

While spectroscopic data demonstrate that tnethxlene amidogen exists as a table
species with two equivalent hydrogen atoms, no empirical structural parameters have
been derived for this radical. As a part of this stud\. \%e obtained optimal structural
parameters for the ground electronic state of this radical using the .itt BRI anal\tical
gradient driven I %(s I programs 1231. These results may be compared with
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TABLE I. %ICSCF exlPnsions.

State lAbel Electron Occupatinsa Wimension of SD-CI
tunselected Selected

24 1  5a 1 2 lb 2
2 

lb 2 2b2  16879 9209

4al2 Sa1 2 lb 2 2b 1 2 2b2

1231 B 4a,2 Sa1
2 

lb2

2 
2b2

2 
lb 1  16965 8686

4a 1 2 lb 2 2b 22 lb 2 2b1

1
2
A1  C 4a, 2 b 2

2 
2b2

2 
lb1

2 
Sal 16760 9220

2 lb2
2 

2b2

2 
2b1

2 
5c1

1482 D 4a! 1  lb2
2 
2b2 lbI 2bI  18219 7962

1, 22B1 E 4a,
2 

Sa1

2 
lb2

2 
2b2

2 
lbi

4a,2 lb 2
2 

2b2
2 

lb1
2 

2 1I  33852 16194

4a1 2 Sa1 2 lb 2 lb 2 2b1

4a2 Sal 2 lb2
2 

2b2

2 
2b1

4 Fully occupied Ia1 , 2aI. 3aI orbitals arc omitted for clarity.

4 results obtained in an earlier study using fourth-order many-body perturbation theory
calculations [241. Both sets of structural data are presented in Table II, along with
the results of previously published SCF calculations [ 10,12]. The notable result is that

*, .. each of the methods predicts the ground state to have Ci. structural symmetry. The
modestly larger basis sets used in Ref. 10 and these MBPT calculations do not lead

q to results startling in their diversity, although the C-H bond length predicted in Ref.
10 is longer than normally observed for such a bond, while the bond angle predicted

TABLE II. Structural parameters for CH2N.9

Rc-I PC-N CiCH

Reference 12 1.078 1.263 118.23

Reference 10 1.14 1.24 119

1Thi,, work
w C r 1.08 1.24 114.2

MUP? 1.095 1.23 11

aUnits: bond lengths. angstroms. angles, degrees.
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in our own SCF calculations is significantly outside the range of the other three pre-
dictions.

One other detail of the calculations should be noted. The MBPT and CCSD calcu-
lations employ single-determinental unrestricted Hartree-Fock wave function as a
reference function. This does not imply a lack of generality of these methods, but
identifies a restriction on the application of these techniques. Since UHF wave functions
are not constructed to be eigenfunctions of the total spin, there is the possibility that
the reference function may contain contributions from wave functions of higher spin,
than the state under consideration. In this study of CH 2N. both the ground electronic
state, X 2B2, and the first excited state of A 1 symmetry have spin multiplicities much
greater than two (see Table I ll). Thus, some caution should be exercised in interpreting
energy differences that include these two states. As noted by Adams et al. [251, spin
contamination in reference functions degrades the accuracy of MBPT/CCM calcula-
tions, thus affecting the computed electronic excitation energy results.

4. Vertical Excitation Energies of Methyleue AmMogen

As noted in Section I, the observed electronic spectrum of CH2N comprises two
diffuse absorptions; a strong, diffuse band with a maximum intensity at 280.8 nm
(35612.5 cm - 1) and a weaker, absorption in four diffuse bands, with maximum in-
tensities of 284.5 nm (35149.3 cm-), 284.75 nm (35118.5 cm-), 285.0 nm (35087.0
cm-'), and 285.4 nm (35038.5 cm-') [41. Ogilvie assigns the two absorptions to
separate electronic excitations originating in the X 2B2 ground state, but he makes
no assignment of the upper states (5]. Here we present two distinct sets of quantum
chemical calculations that provide a reasonable explanation of the electronic spectrum
of this radical. All of these calculations were performed using the structural parameters
predicted by the present RHF calculations. Thus, the carbon-hydrogen bond length
is 1.08 A, the carbon-nitrogen distance is 1.24 A, and the HCH bond angle is
I 14.20.

All MBPT and CCSD calculations were performed relative to single determinant
reference functions. The UHF wave functions for the X 282 A 8 2A electronic states

TABLE III. UHF spin multiplities for mbetylene amdopen.

State spin-Wlttplicity

1282 2.178

1281 2.004

i 2AI 2.216

222 2.011

1461 4.000

-
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had spin multiplicities 2.178 and 2.216, respectively. These results suggest the oc-
currence of at least one low-lying quartet state. The UH F wave functions for the four
states studied had the orbital occupations

1 2B2 (ial) 2 . . . (5a1 )2(I b l ) 2( l b2)2(2b 2)
,

I 2B, ... (Sa) 2(Ib)(b 2)
2(2b 2)2,

1 2AI ""(4a,)2 (5a)(Ibj)2(Ib 2)
2(2b 2)2"

2 1B, ... ,(5aj)1(Ibj)2(2bj)(Ib2) 2,

I 4B2 ... (5a,) 2(lb)(2b )(Ib 2)2 (2b 2).

The excitation energies predicted by the UHF results are collected in Table IV. At this
level of theory, the excitation to the quartet state exceeds the lowest excitation energy
by less than 1000 cm- 1. Thus, a low-lying quartet state has. apparently, been located.
In addition, the UHF results predict that the excitations to the I 2A, and the 2 2B, states
differ by only 299 cm- 1, suggesting the relatively small observed separation in the
absorption spectrum (ca. 520 cm-). However, the results of the UHF calculations
for the 2 2, state do not yield an upper bound to the electronic energy, so we assume
a substantial error in the calculation of the corresponding excitation energy, even
improved by the MDPT and CCSD calculations. The excitation energy must be too low.

The results obtained from the msPT and CCSD calculations are presented in Tables
IV and V. Both of these methods predict a large increase in the excitation energy for
the quartet state relative to UHF results. Furthermore, the calculations agre well with
one another on the excitation energy for the X 282 - I 2A, prons: MBPT, 36,064
cm- I and CCSD, 36,024 cm-'. Howevr. the Ma"T calculations predict a much larger
difference between the first an second excitation energies than do the CCSD calcu-
lations, while predicing a smaller difkerence between the second and third excitation
energies. Were one to attempt to asign the abmarplion spectrum hoed upon the results
of the miwr calculations, it would be tempting to assign the processes as I B2 - I
2A, and I 252 -- 2 281. Such an assignment. however, seems unlikely if one recalls

TAmL IV. Elsseu q.s for CH2 N: UHF. WIPT. i OcCS mdlt',
/ .*I

state te am~i~ta w

120 -t92.4153 -!93.?SNT" 45.711t9

Ot -93.2915 .4.10 -4311 541

O2% -93.S609 111456 -45I5S6

III I I I II5I
-sUsei nzssls-3.810

'V em

I , I I , n l
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TABLE V. Excitation energies for CH 2N: UHF. MBPT. and CCSD rSults.,

Excitation UHF HBPT CCSD

1282 + 1281 31534 33513 34146

1ZB2 + 12A 1  36239 36064 36024

132 * 223a 36530 36882 37192

12B2 * 1432 32465 41449 41917

'Units: cm- .

that the higher energy absorption is significantly stronger than the diffuse, longer
wavelength transition. Since a 82 -- B, transition is symmetry forbidden, intensity
arguments lead us to reject this proposed assignment.

The only significant difference between the MBPT and CCSD calculations is the
spacing of the 2A, state relative to the two 2B states. The CCSD results reduce the
energy gap between the I 2B1 state and the I 2A state while increasing the gap between
the 1 2,41 and 2 2B, states, The predicted 1 2Bz - I 2Al separation is almost equal
to that predicted by the MBPT calculations. These results do not lend credence to the
M BPT based interpretation of the experimental spectrum, nor do they provide an al-
ternative suggestion. An analysis of the results of the MBPT and ccsD calculations
reveals the importance of single- and double-excitation contributions involving the
lb, and 2b, molecular orbitals. The reasons for this dominance will become apparent
as we discuss the results of the MCSCF calculations for this radical.

The results of the MCSCF calculations are summarized in Tables VI and VII. Note
that of the two CSF expansions B and E reported for the 2B states, expansion B is
appropriate for a description of the I 2B, state relative to the I 2B2, I 2A1, and I 4B2
states, while expansion E is required to treat the I 2B, and 2 2B, states in an even-
handed manner. Those results presented in Table VI show that the 1 '82 state is well

TANLE VI. Energies o(Iowut root CH2N states at I 252 equilibrium eometry.4

state soc cl  C2

1 24 -93.47720 -93.70S40 0.979 -0.203

I If)1 -9$.2926:1s -9$.5SS3 0.990 -O.0$4

IN1A -93.391!14 -93.$4126 0.978 -O. M

1-93.2747 -.93.4092 1.0

b Units: rI r oein.
b5w Tahe I ford'fiAltosdcav (SFii s,

i rInII ,
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TABLE VII MCSCF wave functions for the 1.2 2B, states of CHN.

NCSCF Coeffilentaa

State Eergyb C 1  C2  C 3  C 4

J281 -93.30438 0.598 -0.032 -0.120 0.791

-.w. 22B c -92.84998 0.084 0.984 -0.152 -0.047

1281 d -93.29309 0.781 -0.507 0.022 0.362

2251 d -93.26699 0.468 -0.134 0.855 0.179

See Table I for definition of corresponding csF's.
b Units: hartrees.

From I 2B, optimization.
d From 2 2B, optimization.

described by a single reference CSF, the I 2B2 and I 2A 1 states have appreciable
multiconfigurational character, while the I 2BI state has slight multiconfigurational
character. The results gathered in Table VII show that the 2 2B, state has substantial
multiconfigurational character: these results also indicate that the attribute "mu ti-
configurational" depends upon the method used to derive the corresponding MCSCF
expansion. This is exemplified by the results for the I 2B, state presented in Table VII.
wherein the state has more multiconfigurational character than indicated by the data
presented in Table VI.

The MCSCF wave functions comprise the basis for the construction of extended cl
wave functions for these electronic states. Initially all CSF's which are single- or
double-excitations away from any of the reference states were included in the CSF
expansion. The K shells of carbon and nitrogen were kept fully occupied in this pro-
cedure. This expansion was reduced by an a priori selection procedure which ap-
proximates the Hartree-Fock interacting space for geneologically coupled CSF's 1261.
The dimension for each SDCl space is presented in Table I. Since the CSF space de-
scribing the 1.2 2B, states is almost twice as large as any of the other expansions in
the table, it is clear that these roots must be treated in a manner distinct from that
appropriate to the treatment of the lowest root of each symmetry.

The results of the sDCl calculations are presented in Tables VI and VIII. Table IX
summarizes the excitation energy results. These results provide an obvious interpre-
tation of the absorption spectrum. The low-energy weak absorption with appreciable
fine structure corresponds to the I 252 -* I 29B transition. Its weak intensity and
structure are attributed to the transition being vibronically allowed by electronically
forbidden in C2 symmetry. The strong absorption about 500 cm- ' to the blue is as-
signed to the symmetry allowed 1 2B2 - 1 2 AI transition. The position of the 2 2B,
state. 6100 cm-' to the blue of the I 2B, state, is reassuring, since this eliminates the
state as a possible pmnicipant in the absorption spectrum. This result is significant,

EL
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TABLE VIII. Six'l Encrgics of the 1.2 28, statesof'CH2N.

Orbitals 1
2
B 1  2281

Orbitals optimized
for 123I @tate -93.54724 -93.451216

Orbitals optimized
for 2231 state -93.54964 -93.52191

.. Units: hartrccs.

since the agreement of the SDCI excitation energies with the experimental values must
be regarded as fortuitous.

The lack of agreement between the sDci results and the MBPvT/CCSD results could
have been anticipated on two grounds. There is no adequate single CSF description
for the 2 2B, state, so one expects that a substantial error should occur in treating both
of the 28 states. Furthermore, spin contamination of the 2A 1 and 2B2 wave functions
suggests a contribution to the U11F wave function that is not ignorable. That both the
MBPT and CCSD methods predict the excitation energy for the I 2B2 - I 2A, transition
as does the SDCI technique is both intriguing and mystifying.

S. Summary
We have reported an extensive set of electronic structure theory calculations for

several excited states of the methylene amidogen radical. The results of MCSCF/SDCI
calculations permit the assignment of the observed electronic absorption spectrum
for the radical. A comparison of the results of MCSCF/SDCI calculations with those
obtained using the MBPT and CCSD techniques show reasonable agreement for several
excitation energies, but poor agreement when considering excitations to two 2B1 excited
states. It seems clear that the single reference CSF's used as reference functions in the
MBPT/CCSD calculations are not adequate descriptions of the 2BI electronic states.
Several other sources of error should be noted. None of the theoretical methods con-
sidered the major triple excitation contributions to the correlation energy. Further,
the atomic orbital basis set should have included diffuse functions to provide a better
description of the 2 2B, state.

TAstE IX. Excitation encrgies for CH2N.

MET"HO
Tranei tion HOP' CCSD SDCs

* "1232 *12Il 33513 34146 35525

- '12 # 12AS 36064 36024 34024

1292 * 2211 36012 37192 41433

1282 # 1492 41449 41917 4 M 3
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COMPARISON OF MBPT AND COUPLED-CLUSTER METHODS WITH FULL C1.
IMPORTANCE OF TRIPLET EXCITATIONS AND INFINITE SUMMATIONS
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Results from full fourth-order perturbation theory (SDTQ MBPT(4)], and the coupled-cluster single- and double-exci-
tation model (CCSD), are compared with recent full C1 results for BH, HF, NH3 , and H20. For H20, studies include large
symmetric displacements of the OH bonds, which offer a severe test for any single-reference MBPT/CC method. In every
case, CCSD plus fourth-order triple-excitation terms provide agreement with the full Cl to < 2 kcal/mole. SDTQ MBPT(4)
has an error 10 kcal/mole for displaced H2 0.

I. Introduction study of DZ H2 0 to large symmetric displacements of
the OH bonds, extending to twice the equilibrium dis-

Recently, a series of full CI calculations on mole- tance. For such displacements other single and double
cules with small basis sets have become available [1,2]. excitations in the Cl wavefunction are of comparable
Such calculations provide interesting benchmark re- importance to the SCF determinant. Consequently,
suits that may be compared with results from different these displaced geometries offer a far more stringent
methods for electron correlation. The first calculation test of the applicability of single-reference MBPT/CC
of this type was for H20 in a double-zeta (DZ) basis set methods. In particular, one would expect the infinite-
reported by Saxe et al. [I]. Comparison many-body order summations of correlation corrections that are
perturbation theory (MBPT) and coupled-duster built into coupled-cluster methods to be more impor-
doubles (CCD) results have been reported by Bartlett tant than is the case at the equilibrium geometry [6].
[31, and coupled-duster singles and doubles (CCSD) In addition to DZ H20 at displaced geometries,
results by Purvis and Bartlett (4]. Comparison MBPT Hirrison and Handy have also reported full CI results

* and CCSD results in a crude localized-orbital basis set for BH, HF, and NH 3 - In the following, we report full
have now been added to this list IS]. The MBPT/CC fourth-order MBPT, and CCSD results for all of these

, results are in excellent ageement with the full CI for examples. In the case of H20 displaced from equilib-
thse examples. However, H2 0 at its equilibrium lum, we have also considered the differences in the
geometry is well described by a single SCF reference results of MBPT/CC calculations based upon restricted
function. This determinant has a coeffident of 0.97S (RHF) and unrestricted (UHF) reference functions
in the full Cl wavefunctlon, built upon the usual SCF 16,71.
orbitals. Consequently, this is not a difficult case for
single-reference-function-conelated methods like
MDPT/CC. 2. Teory

Harrison and Handy [21 have now extended this
There are three currently popuar approaches to

* This Fmmh has ben supported by the Army Resarct the accurate indulsion of electron correlation effects
Offlie under contract No. DAAG2942-K-0034. in molecules; configuration interaction (CI) [8,91,
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many-body perturbation theory (MBPT) [10,11], and grams. Although various categories of infite-order
coupled-duster (CC) methods [12,131. These differ in summations are obtainable from eq. (4), the method is
how the approximations are introduced, which, in usually limited by terminating at some order of per-
turn, result in different properties for the calculations. turbation theory. The most attractive current MBPT
For example, truncated CI results are variational but model is the complete fourth-order result, which con-
not size-extensive while MBPT and CC methods are sists of all single-, double-, triple- and quadruple-
not variational but scale correctly with size [3,141. excitation terms [181. Because of the contribution of
The full CI, where all possible N-tuple excitations are triple and quadruple excitations, this model should
included for N electrons, is both variational and size- exceed CISD in accuracy. Of course, any linked-dia-
extensive and also separates correctly into fragments gram approximation is size extensive [3].
when a bond is broken. The coupled-cluster theory uses the ansatz 12,13]

The Cl wavefunction relative to some single- for the wavefunction
determinant reference function 0 0 (often the SCF de-
terminant) may be written (intermediately normalized)
as N T= T + T2 + T3 +. (6)
O = 'b +  C.i*> II

n = T ,bc'... attictk... (n 1,2,..N).()i<i<k... "'

d C,,fb c..tjbtjctk.(. 23,..) a <b<c...
<i<k... "'". (2) Essential approximations are introduced by restricting

a <b<c... T to some categories of excitation. The current state

where (n) indicates the level of excitation and N is the of the art is CCSD [41, where
number of electrons. The operators and indices i,j, k,...p
represent orbitals occupied in 0 while a, b, c... are $CCSD = exp(Tl + T2)10o) (8)

excited orbitals, and the coefficients C'bc.- " are to be and
determined for each n variationally. If all possible ex- E = ( VCCSD)
citations are included, ie. n = N, we obtain the full
CI result. Except for small problems, the CI wave- Since the complete solution to "CCSD includes all
function must be truncated. For many years, the level powers of T1 and T2 and their coupling, a comparison
of all single and double excitations from *0, i.e. CISD, with CI demonstrates the inclusion of large parts of
has been routinely applicable to realistic problems higher excitation terms. For example,
[3,15]. More recently, modified Cl methods that first
determine an MC SCF or Cl reference space, and then 1 3 1 (9)
form all single and double excitations from that entire hence by including non-linear T2 and T1 terms most
space, are becoming applicable [16,171. Such methods of the quadruple contribution is obtained without re-
presumably introduce the dominant higher-excitations quiring explicit evaluation of T4 , e4g refs. [6,71. The
relative to a single reference, 00. MBPT linked-diagram expansion can be obtained by

The fundamental formula of MDPT is the linked- iteratively solving the CC equations. All single, double
diagram theorem [ 101, which gives the wavefunction and quadruple terms that arise in fourth-order MDPT

, and energy as (the SDQ MDPT(4) model) come from loworder

P 0 + l iterations of CCSD. However, the fourth-order triples
MDPT s(l 4' V)%O +  ((E0 - HO 1  l00L arise from the first contribution of T3 to the CCSDT

(3) equations. Coupled-duster theory is dearly sin.

, - extensive as guaranteed by the exponential anstt,
EE- o  10 (IoV(Eo _Ho)- tVkIL. (4) and unlike MPT, is an infinte4rder method.

MBPT/CC methods usng a nudtleference spew are
The subscript L indicates the limitation to linked dia. also possible but are not dhacuud he [191.
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3. Boron hydride kcal/mole of the full C! result. Sii,,e B is an open-
shell atom, the MBPT/CC calculations for the atom

In table I we present results for the BH molecule, are based upon an unrestricted Hartree-Fock (UHF)
at the experimental equilibrium in a double-zeta plus reference function. In this example, as is usually the
polarization (DZP) basis set. The basis set and geom- case for open-shell problems, the computed CCSD
etry are the same as Harrison and Handy [2]. Results multiplicity is quite accurate (see ref. [221 for the
are compared including the core-correlation effects, procedure for evaluating S2 ), giving 2.000016, com-
and with the Is electrons unexcited. pared to 2.00505 for the UHF reference function.

The BH molecule exhibits slower convergence than
average in MBPT calculations [6,201 due to the near
degeneracy of the 2p and 2s orbitals. This is reflected 4. Hydrogen fluoride
in table 1 by the better convergence of the infinite-
order CCSD model compared to its fourth-order The HF molecule serves as a second example of
MBPT approximation, SDQ MBPT(4). The best agree- MBPT/CC comparisons with full CI within a DZP basis
ment of the many-body methods with the full CI is set. These results are in table 2. Unlike BH, HF ex-
given by CCSD + T(4), where the fourth-order triple hibits good convergence. In BH there is a 2.4 kcal/
excitation terms that are neglected in CCSD are added mole energy correction for higher than fourth-order
(see ref. (211 for the method for including the triple- terms obtained by comparing CCSD to its fourth-
excitation contributions). For this example, these order approximation, SDQ MBPT(4), while in HF, this
terms amount to 0.4 kcal/mole. difference is only 0.3 kcal/mole, but with an opposite

The best agreement of the MBPT/CC methods com- sign. The triple-excitation contribution is 1.8 kcal/
pared to full Cl for the dissociation energy is also ob- mole in HF compared to 0.4 for BH, causing SDTQ
tained by the CCSD + T(4) model, which is within 02 MBPT(4) to be lower than the full CI in this example.

Table 1
Correlation corrections for boron hydride (DZP basis set; R - 2.329 bohr) a)

BK A (result BH A (result B(au) De

correlation) (kcal/mole) correlation, au) c) (kcal/mole)

SCF 25.125260 64.2 25.125360 55.1 24.529577 (UHF)d)61.5
24.526781 (RHF)d)

D MBPT(2) 25.198988 18.0 25.185557 17.2 24.579623 76.4
D MBPT(3) 25.216566 6.94 25.202040 6.89 24.593577 78.7
D MPT(4) 25.222817 3.02 25.208222 3.01 24.599104 79.1
SD MBPT(4) 25.223125 2.83 25.208520 2.03 24.599309 79.2
SDQ MBPT(4) 25.221940 3.57 25.207381 3.54 24.598446 79.0
SDTQ MBPT(4) 25.222567 3.18 25.207964 3.18 24.598781 79.1
CCSD 25.225834 1.13 25.211367 1.04 24.601545 79.5
CCSD + T(4) 25.226461 0.73 25.211949 0.67 24.601870 79.6

CISDb) 25.222417 3.27 25.208933 2.57 24.6006 18d) 77.9d)
CISDTQ b) 25.227600 0.02 25.213024 0.00 - -
uaCI b) 25.227627 0.00 25.213024 0.00 24.602641 79.9

a) All rmalts for total energies are in hartree mad a r neptive.
b)O malts as taken from ref. 121.
c) Visnce conekton energy Is defined by fmez 8 the D(s) electrom and droppifn the ormirtondial virtual orbital.
d)CI results are bed upon a RHF solution for ( P).

e) MIFTICC realt for De are bused upon an UHF solution for 0(Sp). EH) * -0.497639 au.
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Table 2 Table 3
Correlation corrections for hydrogen fluoride (DZP basis; Correlation corrections for ammonia (DZ basis;R - 1.91165
R = 1.732 bohr) bohro = 106.70) a)

-Energy a (result % valence -Energy a (result % valence
(au) - full Cl) correlation (au) - full CI) correlation

(kcal/ energy a) (kcal/ energy a)
mole) mole)

SCF 100.048009 125.3 0.0 SCF 56.165931 79.5 00.0
D MBPT(2) 100.240133 4.7 96.2 D MBPT(2) 56.277352 9.6 88.0
D MBPT(3) 100.242166 3.5 97.2 D MBPT(3) 56.285281 4.6 94.2
D MBPT(4) 100.244665 1.9 98.5 D MBPT(4) 56.288908 2.3 97.1
SD MBPT(4) 100.246181 0.9 99.3 SD MBPT(4) 56.289359 2.0 97.4
SDQ MBPT(4) 100.245247 1.5 98.8 SDQ MBPT(4) 56.289584 1.9 97.6
SDTQ MBPT(4) 100.248129 -0.3 100.2 SDTQ MBPT(4) 56.290692 1.2 98.5
CCSD 100.244833 1.8 98.6 CCSD 56.290904 1.1 98.7
CCSD + T(4) 100.247715 -0.02 100.02 CCSD + T(4) 56.292011 0.4 99.5

CISD b) 100.238526 5.7 95.4 CISD b) 56.285574 4.4 94.4
CISDT b) 100.240685 4.4 96.5 CISDT b) 56.286825 3.6 95.4
CISDTQ b) 100.247410 0.2 99.9 CISDTQ b) 56.292405 0.1 99.8
fulC! b) 100.247684 0.0 100.0 full Cl b) 56.292612 0.0 100.0

a) Valence correlation energy is defined by freezing the F(ls) a) Valence correlation energy is defined be freezing the N(ls)
electrons at the SCF level and dropping the corresponding electrons at the SCF level and dropping the corresponding
virtual orbital, virtual orbital.

b) Cl results are from ref. (21. b)C! results are from ref. [21.

CCSD is slightly higher than its fourth-order, SDQ and Handy's statement that hextuples would be diffi-
MBPT(4) approximation, reflecting the residual posi- cult to include in MBPT/CC should be qualified to
tive character of the non-linear contributions of T1 to read that the hextuples from 71 or any hextuple com-
the CCSD result (4]. bination of T1 and T2 are included in CCSD. Further-

By comparing CISD and CISDT with CISDTQ, the more, all unlinked hextuples that would contribute to
contributions of Cl triple excitations are 1.4 kcal/ CI hextuples, which are probably the dominant part,
mole, and quadruple excitations, 4.2 kcal/mole. The are appropriately eliminated, via the linked-diagram
triples number compares well with the fourth-order theorem. The remaining hextuples from T3. T1 T2 T3,
MBPT values of 1.8 kcal/mole. To obtain the fourth- T2 T4 , T6 , etc. would, indeed, be very"difficult to in-
order MBPT value for C! quadruple excitations, it is dude.
necessary to add the quadruple diagram values E4 Q
and the value due to the unlinked quadrupole dia-

4 grams, which is E 2A, where A = (01101) is the overlap 5. Ammonia

of the first-order perturbed wavefunction. This value
is 4.6, again in good agreement with the CI quadruple The NH 3 results of Harrison and Handy employ an

, estimate. As usual, the unlinked portion of the qua- unscaled, double-zeta basis set. In MBPT/CC there is
druples, which is automatically eliminated from the usually better convergence for larger basis sets, since
linked-diagram expansion of MBPT/CC, is the domi- once polarization functions are included, there is a
nant portion, in this case being 113% of the value, better representation of low4ying virtual orbitals.
This should also apply to higher categories of excita- Previous work has compared the convergence of
tions, and this part (the unlinked part) of the hextuple, MBr/CC in different basis sets [7). In comparing
octuple, and higher excitations is automatically elimi- NH3 (DZ) with HF(DZP) (see table 3) it is clear there
nated from the linked-diagram expansion. Harrison is a larger residual error at second-order and between
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the fourth-order SDQ MBPT(4) and CCSD results. Comparing DZ NH 3 with DZ H2 0 at equilibrium,
Again Cl triples amount to 0.8 kcal/mole and com- by third order the convergence is very similar. Com-

pare well with 0.7 from E4T, while CI quadruples at parison with CI triples gives 0.85 kcal/mole from E4T

2.5 kcal/mole are well approximated by E4 Q + E2 A = and 0.72 from Cl. Similarly, quadruples from Cl are
3.0. Only in very small basis sets is E4 Q computed to 4.0 kcal/mole and E4 0 - E2A = 4.1, of which the

be negative [7], as in this example. Again the unlinked linked part is only 0.5, with 88% from E2 A. The
diagram part, E 2A amounts to 95% of the total Cl higher than fourth-order corrections are only 0.3
quadruple excitation contribution. kcal/mole.

Once we consider displaced geometries, the con-
vergence is much worse. The infinite-order corrections

6. Water at L.5R are 2.8 kcal/mole, closer to that observed in

BH, increasing to 12 kcal/mole at 2.0R. The CI
The most interesting example in this study is the triples vary from 0.7 at R to 2.3 at 1.5R and 6.7 at

H 2 0 molecule in a DZ basis set, which has been sub- 2.0R. These may be compared to the corresponding
jected to a symmetric OH stretch to 1.5R and 2.QR, E4T numbers of 0.9, 2.5 and 7.6 kcal/mole which
where R is the equilibrium bond distance (see table 4). show some overestimate in fourth order as in HF.

Most previous comparisons of full CI with MBPT/CC E4T is sufficiently large at 2.OR to cause the straight-
have been for geometries near equilibrium, where a forward addition of E4T to CCSD to exceed the full
single RHF reference function is a good approxima- CI result. Presumably, higher-order contributions of
tion to the correct wavefunction. For example, at triples, either introduced directly or via allowing T3
equilibrium, the RHF function has a coefficient of to affect the T, and T 2 amplitudes, would reduce the
CO = 0.975 in the full Cl, while at 1.5R, CO = 0.923, net effect of triples to be more in line with the Cl
and at 2.OR, CO = 0.764. Consequently, any single- value. The quadruple excitations have an even more
reference-function procedure suffers from a much dramatic dependence on geometry, varying from 4.0
poorer starting point. However, with some reserva- to 11.0 to 28.5 kcal/mole in CI compared to 4.1. 10.6.
tions, even very difficult cases can often be described and 25.8 as measured in fourth order.
by CCSD [231. At large displacements, unrestricted Hartree-Fock

Table 4
Correlation corrections for H2 0 as a function of symmetric bond displacement (DZ basis set;R = 1.84345 bor. 0 10. ) 4)

R 1.5R 2.OR (RHF) 2.0R IUHF)

-energy a (result -energy A (result -energy A (result -energy A (result
(au) - full CI) (au) - fun Cl) - full CI) - full Cl)

(kcal/ (kcal/ (kcal/ (kcal/
mole) mole) mole) mole)

SCF 76.009836 92.9 75.803529 132.0 75.595180 194.6 75.801918 64.8
D MBPT(2) 76.149315 5.4 75.994577 12.5 75.852461 33.1 75.866403 24.4
D MBPT(3) 76.150707 4.5 75.989393 15.8 75.834803 44.2 75.872822 20.3
D MBPT(4) 76.153790 2.6 76.000665 8.7 75.871252 21.3 75.874345 19.4
SD MBPT(4) 76.154698 2.0 76.004625 6.2 75.885014 12.7 75.875826 18.5
SDO MBPT(4) 76.155513 1.5 76.004468 6.3 75.876785 17.9 7S.875853 18.4
SDTQ MBPT(4) 76.156876 0.6 76.008395 3.8 75.888867 10.3 75.876654 17.9
CCSD 76.156076 1.1 76.008931 3.5 75.895913 5.9 75.892927 7.7
CCSD + T(4) 76.157439 0.3 76.012858 1.0 75.907997 -1.7 75.893727 7.3

CISD b) 76.150015 4.9 75.992140 14.0 75.844817 37.9
CISIvT b) 76.151156 4.2 75.995843 11.7 75.855527 31.2
CISDTQ b) 76.157626 0.2 76.013418 0.7 75.900896 2.7
full Cl b) 76.157866 0.0 76.014521 0.0 75.905247 0.0

a) All total energies are in hartree and are neptive. b) CI results are from ref. (21.

70



Volume 98, number 1 CHEMICAL PHYSICS LETTERS 10 June 1983

(UHF) results might be preferred, in order to enable and quadruples would tend to slightly reduce the net
the molecule to separate correctly into 0( 3p) plus effect of such terms.
2H(2 S) atoms. However, in any UHF calculation, one
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