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I. INTRODUCTION:

The Army Research Office, under a three-year contract, DAAG29-80-C-0105
began to support our regsearch 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, 198l1. Consequently, I
subumitted 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
DAAG29-82-K-0034 beginning in January, 1982. Hence, this report covers the
three-year period of the initial coatract to Battelle and the su sequent two
years at Florida. As a part of both of these coutracts have gupported work
ianvolving 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(MBPT) study of flame species. In par-
ticular, technical report ARBRL-TR-02240 by Adams and Bent, entitled "Ab Initio
Prediction of Thermochemical Parameters for Flame Species,” describes our ini-
tial MBPT predictions for formaldehyde, B,C0, the formyl radical, HCO, methanol,
HyCOH, and the methoxy radical, H3CO, at length, including a discussion of our
many~body methods.

In section II, I will describe the objectives of our research for ARO, and

summarize our progress. A list of papers and presentations supported by ARO is

presented in the third section. Our new ARO contract, DAAG29-84-K-0023, will
permit us to saplify these earlier advances and use our many-body metheds to
davelop new techniques for the treatmeat of large molecules. Personnel sup~
ported by ARO (9/80-12/83) are listed {n section IV. Copies of papers eupported

by ARO sre included ia five copies of this report, for more detsiled informatiom
about the research.
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II. SUMMARY OF PROGRESS

There were three main objectives for this research:

(1) 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 gtructures, transition
states for reactions, and exothermicities. This information
is required in kinetic models of flame systeus.

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 J
tcchniquen[l]*. These formulae were found to be well-gsuited 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 MBPT wodel(SDQ-MBPT(4)) and its infinite-~order, CCD

(coupled-cluster doubles) and CCSD (single and double) extensions{l].

A primary advantage of these ab initio MBPT/CC models(l] is that they
scale properly with molecular size. We call this property size-extensivity[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 gusrantees an
inherent comparative efficiency compared to CI due to the elimination of
unlinked diagrams in the MBPT/CC approach.

* References refer to the publications supported by ARO listed in sectioa III.
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One other consequence of this property is the very important one that the
theoretical heat of fornation(AHf) in some reaction A +B + C + D , may be
simply obtained as Anf - Auf(C) + ABf(D) - Aﬂf(A) - Auf(n), just as when using
experimental values, when the Aﬂf 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 specles.

Among our first applications of these MBPT/CC techniques to flame spe-
cies were studies of the potential energy surface of formaldehyde, ﬂzco. The
ground state of H,CO may decompose via at least three routes: a) H,yCO * H,+CO,
b) H,CO + HCO+H, and c) HyCO * 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. 1In 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
0ﬂ30H * CH30 > cuzo + 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-
cles, we obtained its molecular structure using MBPT 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 caao and its isomer,
the hydroxymethylene radical, CH,0H[5). Transition states and barriers to
hydrogen dissociation for methoxy, 1i.e., cn,o + CHy0 + H and rearrangement,

cnso * cnzou 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 MBPT/CC techniques, we proposed to ARO
our intention to augment MBPT/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= # of basis functions) to our previously

n6 MBPT/CC models{6]. We reported our results including comparisons with full
CI for a series of molecules, BH, HF, NH3 and Hy0, the latter at several
geometries[6]. This work demonstrates the high accuracy of the far more
efficient MBPT/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{6].

Returning to applications, we made a study of methylene amidogen, cuzu[7],
which arises as a primary decomposition product of the explosive HMX. It {s
also expected to be an intermediate in flames oxidized by Nzo. 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 multi-configuration self-consistent field (CASSCF), CI,
MBPT and CC results. Except for cases where the reference function is
inappropriaste the MBPT/CC results are found to be quite accuratef[7].

Besides the radicals that occur in hydrocarbon and nitramine flames, are
radicsls containing halogens. 1In particular, Y. Lee and co-workers observed the
existence of an unexpected inorganic free-radical in the reaction of '2 + H +
HIF + F. From their experiments, HIF was bound by ~ 30kcal/mole relative to
HI + F or IF + H yet their experiment could not determine whether the structure
of the molecule was HIF, HFI, or FHI? Nor could they determine whether the

radical was linear? We undertook this study using MBPT to locate the geometry of
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the radical(8]. 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°,
showing some interaction between H and F. The barrier to dissociation for HF +
1 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 cnzo, HNO, and HCO which have been
studied 1in this effort. The next important development {n MBPT/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 1s the goal of our new ARO contract.
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III. PUBLICATIONS AND PRESENTATIONS SUPPORTED BY ARO
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8. S.A. Kucharski and R.J. Bartlett, "Fourth-Order MBPT Study of the Geometry

and Decomposition Path of the HIF Radical,” J. Chem. Phys., to be sub-
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(Rodney J. Bartlett, invited presentations
at conferences and universities)

1. “"Theoretical Chemistry: 1Its Contribution to the Department of Defense,”
Redstone Arsenal, Huntsville, AL, June 1980.

2. "Contribution of Many-Body Methods to the Study of Energetic Materials,”
Workshop on Fundamental Research Directions for the Decomposition of 1
Energetic Materials, Berkeley, CA, January 1981, organized by ONR.
ARO, and AFOSR.

3. "A Perspective on Many-Body Methods in Quantum Cheaistry,” Southeastern
Theoretical Chemistry Conference, Birmingham AL, May 1982.

4. “Progress in Many-Body Methods for Electron Correlation in Molecules,™

Fourth International Cougress of Quantua Chemistry, Uppsala, Swedea, June |
1982. _




9.

10.

11.

Iv.

"The Coupled-Cluster Single and Double Excitation Model with Localized
Orbitals,” Meeting on Electron Correlation in Molecular Systems: Methods
and Applications, Orenas, Sweden, June 1982.

“Many-Body Methods in Chemistry,” University of Gromnigen, Gronigen, The
Netherlands, June 1982.

"Many-Body Theory and Its Applications to Molecules,” Ohio State University,
Columbus, OH, February 1982.

"Applications of Many-Body Methods to Large Molecules,” Chemical Defense
Research Conference, Chemical Research and Development Center, Aberdeen
Proving Ground, November 1983.

“Many-Body Methods in Chemistry,” Departmental Colloquium, Georgia
Institute of Technology, Atlanta, GA, March 1983.

"Contributions of Ab Initio Quantum Chemistry to Defense Problems, "
Chemical Systems Laboratory, Edgewood, MD, May 1983,

"Single and Multi-Reference Many-Body Methods for Potential Energy
Surfaces,” Sanibel Symposium on the Quantum Theory of Matter, March 1984.

A number of contributed presentations by graduate students and postdoc-
toral students have been made at the Sanibel-Palm Coast meetings and the
Southeastern Theoretical Chemistry conferences, 1982-1984.

PERSONNEL SUPPORTED BY ARO

No students supported by ARO have yet received their degrees, although Mr.

Sohrab Zarrabian and Mr. David Magers have been working on ARO projects.

Postdoctoral students who have worked on ARO projects {nclude Dr. George Purvis,

Dr. Hideo Sekino, and Dr. S.A. Kucharski. Dr. Purvis who worked on this project

at Battelle and Florida, has now become an Associate in Chemistry and Manager of

the Quantum Theory Project's computer systems.
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MANY-BODY PERTURBATION 2733

THEORY AND COUPLED
CLUSTER THEORY FOR
ELECTRON CORRELATION
IN MOLECULES*

Rodney J. Bartlett'

Battellc Memorial Institute, Columbus, Ohio 43201*

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 (1). 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 (MBPT) (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

“The US Government has the right to retain a acnexclusive, royalty-free license in and to
any copyright covering this paper.

*This rescarch was sponsored by the Air Force Office of Sciemtific Rescarch, the Ofice of
Naval Research, and the Army Research Ofice under Contracts Nos. AFOSR 78-3661,
NOOO14-79-C-0821, and DAAG29-80-C-0103, respectively. The United States Govern-
ment is authorized to reproduce and distribute reprints for govornment purposes notwith-
standing any copyright notation bereon.

‘Present address: Quantem Theory Project, University of Flotida, Gainesville, FL 32611
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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 hz 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-
s 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, cne 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 cluster
method limited to double excitation operators (this is also known as CPMET, coupled pair
< many-clectron 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 result; CEPA, coupled clectron
pair approximation; CGTO, contracted Gaussian type orbitals: CHF, coupled Hartree-Fock;
Cl, configuration interaction (CI specified to include various categories of excitations are
designated as D-CI, for double excitations, SD-CI 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 coupied cluster 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); MP, Meller-Plesset
partitioning in perturbation theory (Ref. 64); PCILO, perturbed C1 with localized orbitals’
semiempirical mode!. PES, potential energy surface; PPP, Pariser-Parr-Pople semiempirical
. model; RHF, restricted Hartree-Fock; SCF, self-consistent field model; STO, Slater type
- orbitals; UHF, unrestricted Hartroe-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 & Cizek (19), part of a review by
Musher (20), and Cizek & 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 articie by Freed also addresses this aspect
(25). The paper by Paldus & CiZek 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 CiZek & 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 calcuiations 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.

B I
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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

1. size-extensive (i.e. scale properly with the size of molecule)

2. generally applicable to a wide class of problems within one framework
(i.c. 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

S. 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 (PES)—
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
cvaluated, MBPT is invariant to unitary transformations among degener-
ate orbitals. CEPA models that include parts of MBPT diagrams usually
fack 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 triviai
addition to any SCF code, accounts for typically ~90% of the basis
set correlation energy and removes most of the SCF error in other
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 casily achieved using CI methods. The MBPT/
CCM theory for treating both these problems exists, dut 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 (CI), 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),” 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
energics A and B computed separately by the same method. For closed-shell systems dissoci-
ating to closed-shell fragments, an RHF (restricted Hartree-Fock) reference function is size-
congsistent, 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 Hartroe-Fock) solution will
usually be required. Since cither 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-
mens on the reference function, in addition to the use of a linked diagram expansion. Hence,
some confusion arose over the distinction between proper scaling with size in a homogeneous
system (“extensivity™) and correct separation of a molecule into its fragments, which is a
very different property. Adding to the confusion is the term “separability conditions,” which
is also sometimes used (18). Hence, we prefer the term size-extemsivity to suggest only
correct scaling, and discuss correct separation as s second, equally desirable property, to
avoid any possible confusion. Although there are fine differences (33), the fundamental
element suggested by all three terms is oorrect scaling with size.

The idea of size-extension is implicit in the work of Brueckner, Goldstone, and co-workers,
sithough Primas was one of the first to emphasize the concept (34). Meyer (26) used this
ides a3 part of the justification of the CEPA models.
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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 caiculations 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 “super molecule” calculations 1o provide these quantities most accu-
rately. This problem is of more than academic interest as pointed out by
Abhlrichs (35), since this error is ~9 kcal/mole for 2BH, — B,H, (35)
and is ~15 kcal/mole for CH,F + F- — CH,F; (36).

Although full CI has the property of correct size-dependence, the fail-
ure of truncated CI models, such as CI 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 & collection of well-separated H, molecules or He atoms. The
exact wavefunction for a single H, 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 H, 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 H,
molecule results in contributions to the product wavefunction of terms
that correspond to quadruple excitations, if the two H, molecules are
treated as a “super molecule” in CI. Similarly, a third H, molecule re-
quires hextuple excitstions, and so forth. However, since the number of
configurations is proportional to (1), where n is the number of basis
functions and / is the level of excitation, a prohibitive ~10* configurations
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 idealized
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50

Percent Error

Figure 1 Percentage of error in the correlation energy as measured by D-CI for N sepa-
rated H, 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{(H,) mode! 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 H, to
provide the one parameter required (31), it is possible to solve the model
problem exactly for the H, 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 1 for H, and He lattices.

Unlike a size-extensive correlated model, where

E,IN(H,))] = N(E.(H))),
the correlation energy obtained by truncated Cl for the lattice is propor-
tional to VN as N — co. Even for N = 10 (twenty electrons), the error for
N(H,) amounts to 31 keal/mole, while for forty-electron systems, which
are well within the range of current correlated studies, the error would be
sbout 108 kcal/mole. The differences between the N(H,) curve and
N(He) curve reflect the difference between inner-shell electron pairs and
the pairs in covalent bonds. Although there are other errors in mnlecular
calculations that are equally large, or even larger, it is apparent that
size-extensivity has a potentially important effect in ab initio correlated
cakculations. A statement that size-extensivity is important is equiva-
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lent to a statement that higher than single- and double-ClI 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(H,) 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, Mecunier & 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 Cl
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 H,O (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 MBPT being obtained from the CCM equa-
tions. Although, as illustrated by the H, lattice, the products of disjoint
double-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 ansatz (6-8),
which states that the correct wavefunction may be written in the form

v =c'lo), 1

-
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where T is an excitation operator which we may define as
T=T,+T,+...+T, 2,

The subscripts refer to the number of excited electrons. In the occupation
number representation,

T,=1/n z 1 XIXOX! XXX, 3.

k..
abe...

where a,b.c, . . . are excited orbitals, while i,j,k ... are orbitals occupied
in ®,. In Eq. 1, |®,) is some suitable, size-extensive reference function, and
the amplitudes 55 -, which are analogous to CI coefficients, are to be
determined. A double-excitation wavefunction of this type for two
scparate H, molecules, referred to as H{ and H$}, has the property
that (44)

exp (T$ + TH|®]$5) = (exp T18)) (exp T3193) 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 H, molecules may be writ-
ten as (1 + T{ + T¥)|®;$3). This does not correspond to

(1 + THIEMN X [(1 + THI@,

since the product term, T$|®¢) TH#J) 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.c.
parts which can be resolved into products of two or more lower T, opera-
tors), is sufficient to guarantee that the energy given by

E = (®,He"1®,) 5.

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

E = 3 @JHI(E, ~ Ho)~'HI'Hy), 6.

which is an expansion of orders in the perturbation V = (H — H,). When
&, is a self-consistent field (SCF) function, the terms with k > 0 repre-
sent the correlation energy (45). H, 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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Figure 2 Antisymmetrized Goldstone diagrams (ASGDs) through fourth order MBPT. A
Hartree-Fock reference state is assumed. Orders are distinguished by the number of dashed
horizontal interaction lines. Particle (p) and hole (h) states are represented by upward and
downward directed line segments, respectively. The excitation level of a diagram is distin-
guished by the number of p-h pairs intersected by an imaginary central horizontal line. In
this manner the diagrams have been labeled and counted as contributions to the correlation
energy arising from single (S), double (D), triple (T), 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. $ and 6 will
become more evident below, where the solutions of the CCM equations
are considered.

The usual choice for &, is an SCF function of the restricted or un-
restricted form. Although this choice is not mandatory, it is computa-
tionally simpler, since many terms vanish for this case. For closed-shell
systems near equilibrium, a restricted Hartree-Fock (RHF) function is
usually a good choice for &, However, it is well-known that such a func-
tion will not separate correctly upon dissociation for any molecule that
fails to separate into closed-shell fragments. An unrestricted Hartree-
Fock (UHF) function will usually, but not always (47), separate cor-
rectly. However, such a function may suffer from extensive spin contami-
nation, particularly when a UHF function is used for a multiply bonded
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singlet molecule like N, (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. 1 and 2, originated in nuclear physics
primarily through the work of Coester & Kiimmel (6, 7), with CiZek (8)
presenting the theory in a suitable form for quantum chemistey. Cizek,
Paldus, and co-workers have made many applications to x-electron sys-
tems within the Pariser-Parr-Pople (PPP) semi-empirical framework (9).
Paldus, Cizek & 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 T, T,, Ty, 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 He ’|®,) onto the space of double excitations. These lead
to a set of nonlinear coupled equations for the amplitudes of the
form (8, 30)

0 = abl lif) — Dyt + D lablled) o5 + > kel lif) 132

e>d k>

+ 3 (— kbl Lje) 75 + Chal | o) e + (kb lic) e
ke

— (kal licy els} 4+ (kel led) eifeg — 2050 + o552

k>t
ce>d

— 20021 + 1312) + 40 + D). 1

The antisymmetrized two electron integrals
(pgl Irs) = (prigs) — (psigr),




Y

ELECTRON CORRELATION IN MOLECULES 371

are defined relative to the molecular orbital basis set, while D, =
(6 +¢ —¢ —¢) is composed of the SCF orbital energies. From the
number of operators involved, the highest terms in the exponential expan-
sion that contribute to these amplitudes are quadratic.

Notice that there are no more amplitudes to determine in the wave-
function e”’|®,) 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 CI quadruple excitations. The latter
follows by comparison, since the CI quadruple excitation operator C, is
equivalent to

Co=T,+ (/) T} + (1/TIT, + T\ T, + (1/4NT}. 8.
However, as Sinanoglu observed (23), T, corresponds to a true four-
particle interaction and is very small, while two simultaneous two-particle
interactions, which correspond to T3, 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 T, 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

15°(1) = {ab| lij)/ D, 9.
with energy
E,= ) {abllij)13(1) . 10.
2 ;g; /]
i>)

This is the second-order perturbation energy, which corresponds to the
antisymmetrized diagram D1 in Figure 2. The next iteration, also only of
the linear terms, defines

2) = 3 @bl leddeip(1) + 3 (ke D 1) + 3 (—(kbl L))
&e

e>d k>

+ (kal 1jo) (1) + (kb] lic)es(1) — (kal lieyeZ(D} 1.
Ey = N (abllif)13(2). 12.
A Z ¢

>/
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E, 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 13(2) would be used in place of 15’(1) to give ¢;°(3;L). However, we
show elsewhere (52) that this computation is not necessary, since

E2 = (abl|ip)e2(3:L) = S 122N/ D,y - 13.
i>j i>j

E?{ corresponds to diagrams D5-D16 in Figure 2.
The first nonlinear iteration contributes

GN) = Wkel led) e (1)e(D] = 2[5 (DA + e

k>t
c>c

=2{eR(1EHL) + (D)) + $eEME(1) + Z (DD, 14

which provides the amplitudes for

Ef = (abl |if) 12%(3;N) 15.
i>)

or diagrams Q1-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, e’ * |®,), leads in ad-
dition to the fourth-order contribution of single excitations, which we
define as SDQ-MBPT (4). This adds the S1-S4 diagram (Figure 2). The
triple excitation diagrams T1-T16 (Figure 2) arise fiom T, 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
order. When higher-order terms are important, 8 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 convergence is obtained, SDQ-MBPT(4) ~ CCSD a.nd
the largest remaining error will be the fourth-order triple excitation
terms. The latter applies to most cases where the reference function &, as
a nondegenerate RHF or UHF function, is adequate for the problem at
hand. 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 &, 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, CiZek, 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 Zivkovi¢ (60) and Zivkovi¢ & Monkhorst
(61) discuss excited-state solutions to the CCM cquations. 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-
grams 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 n* dependence on the number of basis functions, while
third-order and the fourth-order contributions of single, double, and qua-
drupie 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 T3
rather than 7,. The latter type of term, which would occur in the most
general case, would require an n* procedure. This factorization offers a
dramatic gain 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 T, rather than 7,7, and hence do not factor,
requiring an n’ procedure. Perhaps of even greater significance for com-
putational purposes is that, if higher than fourth-order coatributioas of 7,
are to be computed, as would be done in a CCM model that includes T, it
would be necessary to save the ¢{i amplitudes, and this would require
storage space proportional to n®.

Some other CI models use a multireference space instead of 4 single
reference function, and include all single and double excitations relative to
the several reference functions. In this case, prosumably, the most impot -
tant triple and quadruple excitations are introduced into the calculstion.
Although, just like any truncated CI model, this is ot rigorously size-
extensive, it should be much better than single-reference 8D-C1, and may
be comparabie or even superior to single-reference MBPT/CCM models.
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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 Meller & 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), (ijllij), (jbl|jb), (jallja),
(ib| lib), and (ial lia) could be combined with D,,,, 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-
clectron potentials (e.g. ¥ ~') into the calculation. In the last case, the

*To avoid confusion, & point should be made pertaining to the terminology in the field. In
the calculations of Pople and co-workers (29, 38, 50) emphasis is placed on the SCF pertur-
bation theory of Meller & Plesset, coupled with the specification of the reference fIIMIOI:I‘
rather than on the later MBPT developments employing the dia;nmm‘atic theory. This
leads to the specification of their models as, for cxample, UMP3, for thlrd-ordel: Meiler-
Plesset 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 UMPADQ = DQ-MBPT(4),
where 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 Epstein-Nesbet de-
nominators, which are often referred to as “shifted,” have also been employed in some
studies (52).
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Arnau-Huzinaga (69) and Silverstone-Yin (70) approach provides ¥* !
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 themseives), 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 CI 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 clectron pairs are invoived, the pair-like
terms included in EN do heighten the convergence, making E5" a supe-
rior approximation compared to E}”, 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 Padé approximants are routinely used to enhance the
speed of the convergence (52). The lowest [NV, N — 1] 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

1 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 ¥ —# 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 improvements when
using Brueckner orbitals instead of Hartree-Fock orbitals in studies of

) hyperfine structures in alkali atoms (86). This might be expected due to
A the importance of single excitation effects for such properties. ’ N

. ' 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
L3wdin (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-

e
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gence can often be accomplished even for highly difficult cases. A prime
example is found in H, at large separation, where the 17 and 142 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 157 configuration will give a good potential
curve all the way to the dissociation limit (94). Similar studies on Li, and
N, 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 N, 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 NV 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-clectron Hamiltonians, eliminating the
convenient N-clectron 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 description of bond bresking, 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.
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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,O (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 H,. 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, Kells & Huba¢ (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-CI or SD-CI 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 (111) approximation for
quadruple CI excitations (112-114).*

‘Actually, two alternative viewpoints on how to approximate the quadruple and higher
excitations in CI have been taken. Bartlett & Shavitt (112) proposed the viewpoint that the
unlinked diagrams in fourth-order should be approximated and thereby eliminated from the
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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 H,O 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 Cl 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 1 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 1 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 T, 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

ClI, and thereby derived Davidson's formula. This was generalized to all orders by Siegbabn
(113). This approach is general for any system, although no cffort was made to separate the
“conjoint” components that remain in the linked diagrams from the “disjoint™ terms (33).
Other authors, Pople et al (38), Davidson & Silver (39), and Briindas et al (43) have
obtained approximations based upon detailed considerations of a model problem like the H,
iattice discussed in the third section. This spproach would seem to be somewhat dependent
on an idealized system. Luken (114) has slso studied this problem from the viewpoint of
Sinanoglu’s electron puair theory.
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Table 1 Comparison of many-body results with full CI*
({H,0 14 CGTO-DZ basis set, Eqc, = —76.00984)

Correlation
energy AE(full
CI) AE(SDTQ-CI)
Model Configurations  (Hartreea.u.)  (kcal/mole) (kcal/mole)
sD-CI* 361 —0.14018 49 48
sSbTQ-CI* 17,678 —0.14777 0.2 0.0
FULL CI* 256,743 —0.14803 0.0 —~0.2
D-MBPT(2) —0.13948 54 5.2
D-MBPT(3) —0.14087 45 43
D-MBPT(4) —0.14392 26 24
DQ-MBPT(4) —0.14476 21 1.9
SDQ-MBPT(4) —0.14565 1.5 13
SDTQ-MBPT(4)* —0.14704 0.6 0.5
CCD —0.14544 1.6 1.5
CCD + ST(4) -0.147T71 0.2 0.0

*MBPT/CCM calculstions, R. J. Bartlett.
*The CI calculations are by Saxe, Schacfer & Handy (120).
“The triple excitation component of SDTQ-MBPT(4) is computed by Wilson & Guest (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,O at equilibrium is well-described
by a closed-shell SCF reference function, which is clearly the dominant
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, 120a), and multireference function techniques are sometimes
preferred, with a consequent loss in efficiency.

In another calculation on H,O (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-MBPT (4) and
CCD calculations. The inclusion of fourth-order triple excitations, an n’
problem, adds a great deal to the time for the calculation (118), 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 the
triple excitation terms are about three times as large as the singles 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-
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Table 2 Comparison of many-body results with SD-CI*
(H,0 39 STO basis set, Ecp = —76.06423)

Correlation energy AE(SD-CI)
Modet (Hartree a.u.) (kcal/mole)
SD-CI® (4,120 configurations) —0.27558 0
D-MBPT(2) ~0.28178 -39
D-MBPT(3) —0.28502 -59
D-MBPT(4) —0.28934 -8.6
DQ-MBPT(4) —0.28614 —6.6
cCcD ~0.28621 -6.7
SDQ-MBPT(4) —0.28817 -79
SDTQ-MBPT(4)° -0.29604 ~-12.8
CCD + ST(4) -0.29611 -129
Exp. -0.370 —59.2
*The MBPT/CCD calculations are reported by Bartlett, Shavitt & Purvis (33).
*The CI calculation is by Rosenberg & Shavitt (121).
“The triple excitati P is computed by Wilson (118).

tially equivalent to SDTQ-MBPT (4) for this system, and accounts for
80% of the estimated total correlation energy of H,0. 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,’ or about 4.7% of the computed
correlation energy (33). Adding in the triples as well, the higher CI 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,O a quartic force ficld was also predicted at several
levels of MBPT/CCM approximation, and compared with SCF and SD-
CI (33, 125). The SCF predictions of the bond length and angle are
within 2% of experiment, while SD-CI 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 Cl quadruple
excitations, since the former contains components which derive from double excitations in
the CI model (30. 33). These double-excitation terms are responsible for the quadruple
excitation diagrams being positive. This also introduces the separation of the renormaliza-
tion terms in fourth-order perturbation theory into the “conjoint™ (or EPV) and “disjoint”
parts mentioned in this review. Hubad and co-workers (123, 124) present a detailed study of
these interrelationships.




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.
For f,, though, there is about a 16% difference between SD-CI 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 H,0. We would certainly expect this to be the case for larger systems,
but even for H,O, 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 T, operator in Eq. 2, hence single- and
triple-excitation contributions are not included.

The worst case for second-order perturbation theory is BH,, 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, CO,, N,, HCN, and CH,CN
have a large E,, 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 farger, being —7, —12, —5, —4, and —5 mh, respectively
(30, 22).
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Table 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
H,0 97.7 1.5 0.7 0.06
NH, 94.3 5.0 0.6 0.12
CH, 896 9.3 09 0.16
co 100 —1.6 1.6 —0.09
co, 103.2 —4.1 09 0.0
HCN 98.0 0.7 10 0.18
N, 101.0 —22 1.3 —~0.11
HNO 989 ~0.5 1.9 -0.26
HCO 99.5 —02 0.7 ~0.05
CH,0 97.7 0.l 29 —0.01
CH, 95.6 0.6 38 -
(CH,),NNO, 94.1 44 1.5 —
CH,CN 96.5 —22 37 —
BH, 85.2 13.2 1.6 —

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

The fourth-order DQ contribution is comparable in size to E,, 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 T, 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, E, 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-CI 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 T3 term enables MBPT/
CCM to include such higher-excitation effects comparatively easily, while
only for small model problems is it possible to do CI 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 1 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 BH,, NH,, CO, HCN, CO,, and
N, 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 N, poten-
tial curve, just beyond the N, bifurcation into an RHF and a UHF solu-
tion. The problem is further considered in another paper (22).

Pople 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(c0) (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,0 (59), including some study of the excited states.

Krishnan (130) et al defined a new 6-311G** 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

s
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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 B,H,, to
a high of 96.6% for HF and 95.9% for F,. 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 BH, and 12.8% for B,H,, 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, N,, all triple-bonded molecules. As
pointed out by Frisch et al (122), the heat of formation of NH, from
N, and H, 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 H,0, using the same basis set that had previously been used by
Bartlett et al in their MBPT/CCD study for the H,O 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 H,0, respectively.)
Other calculations by Guest & Wilson (131) emphasized that the triple-
excitation terms are largest for multiple-bonded systems, including N,,
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 N, 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. Ahirichs & Zirz (132) offer a series of pertinent comparisons for
the correlation energy. CEPA(1) 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,

. e e



ELECTRON CORRELATION IN MOLECULES 387

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
components 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
field for H.O (33).

Considering polyatomic systems first, in a series of studies (128, 133),
the isomerization energies for the reactions CH,NC—CH,CN, HNC—
HCN, LiNC—LIiCN, and BNC—BCN were investigated at the SDQ-
MBPT(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 + 1 kcal/

: mole, but these calculations, as well as other MBPT calculations of Pople
- et al (50) and CI 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

ct 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,
CH,O0H—CH,0—CH,0—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 H,BNH, 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 agrcement with the now accepted experi-




388 BARTLETT

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 4+ CO has been determined
(137, 138) and used to provide a rate constant. Adams et al (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) + H,0O 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 H,CO—H, + CO route. This system has since been
studied with SDQ-MBPT(4) by Harding et al (144) as part of their
H,CO 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) resuits 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 H,CO surface, Harding et al
have investigated the unimolecular decomposition of methanol (146).
Pople et al (50) have also studied the 1,2 hydrogen shifts in C,H,, HCN,
CH,0., and N,H, 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 basis sets are at least DZP quality.)

—A E(kcal/mole)
MBPT/CCD
Reaction Ref. SCF E, Results Model Experiment
2BH, —BH, (127) 18.5 315 356 SDQ-MBPT(4) 366 + 2
BH, + CO —H,BCO (127) 8.0 251 20.5 D-MBPT(4) 204 + 2
BH, + NH, —H,BNH, (127) 205 320 301 D-MBPT(4) —
HNC — HCN (128) 10.7 18.0 150 SDQ-MBPT(4) (10.3 = 1)
HNC — [H ] (128) —334 —30.1 —295 SDQ-MBPT(4) —
BNC — BCN (128) -—189 -98 —124  SDQ-MBPT(4) —
LiNC — LiCN (128) —564 -23 —39 SDQ-MBPT(4) —
CHNC —-CH,CN (133 19.2 26.2 228  SDQ-MBPT(4) 23.7 t .14'
CHNC — [CH]* (133) -—-44 -40 —40 SDQ-MBPT(4) —~38.4¢
H + CO — HCO (137 48 118 136 CCD 15.7 £ 1.5
HCO — [HCOJ* (137) -128 -—-174 —18.1 CCDh —
H.CO—H, + CO (145) -7.2 -39 -39 CCD -1.9
H,CO —H + HCO (145) —686 828 —-860 CCD 860+ 1.0

*Square 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.

*Rel. (145b).

‘Ref. (134). Ref. (128) fudes that this experi I vaiue is in error. The result should be 15 + 2
kcal/mole.

‘Ref. (145c).

*Ref. (145d).

“Ref. (145¢).

‘Ref. (145().

‘Ref. (145g).

Kenney et al (148) used high-order D-MBPT to study the singlet-
triplet separation in the series of compounds H,C:, H,CC:, H,CCC:,
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 al (149)
and Osman et al (150), 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.

T s
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Earlier studies from the Carnegie-Mellon group used low-order pertur-
bation corrections to study the relative stability of the diftuoroethylene
isomers (151), the internal rotation of allene (152), the nature of the
carbon beryllium bond in CH,Be (153), and a series of highly unusual
clectron 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 Mg, (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 & Kells 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 CI (159). The
authors observe a substantial ditference 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. Kclld et al have also studied the proton affinity
of H,O at the third-order level (160). Huba¢ & Urban have used
D-MBPT(3) to obtain ionization potentials for Ne and H,O (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 erroncous behavior as pre-
viously observed and explained by Malricu (41).

Except for the cases of He, and Be, and similar molecules, an RHF
reference function cannot provide a potential curve of correct form ail 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' a
should be employed, when suitable. Ultimately, multireference MBrT
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-
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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
1169-171). This calculation employed electric field variant Gaussian
vases, as proposed by Sadlej (172), which offer an interesting concept for
wuch studies.

Bartlett & Purvis used finite-field methods with SDQ-MBPT(4) to
obtain dipole moments, polarizabilities, and hvperpolarizabilities for the
{IF molecule (170). In that work particular attention was paid to the
vhoice of basis set required to describe such properties, using numerical
iiartree-Fock calculations (173) as a guide. In another etfort, these au-
thors applied this technique to H.O (171), including an investigation of
he hyperpolarizability as a function of bond stretching and bending.
«‘urrelation is found to have a very large etfect on hyperpolarizabilities,
‘mplying that CHF perturbation methods cannot adequately treat this
problem. Also, the hyperpolarizability tensor elements are quite sensitive
:0 bond stretching.

Nuclear spin coupling constants in H. have been studied by ltagaki &
Saika (174). Using a large Gaussian basis set and second-order 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 diagrams of double-perturbation theory
to the field dependent energy, as it wouid be employed in finite-field
applications. They have also studied the electric field gradient in the HD
molccule 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 atfinities 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).
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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 N, (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 N, 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 ‘S 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, 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
N, 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
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 |®) = |®%®9...&%). 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, Q, such that Q®° =y, the correct eigen-
function of the Schrédinger equation. Q 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= ) |60 (@},
2
it then follows that Py, = ¢°, where the {¢°} are the “model” functions
expressed solely within the reference space. Then with a slight manipula-
tion of the Schridinger equation, Hy, = ¥, E,, 've obtain (88)

HY! = VIE, 17.
for H = PHQP.

From PHQP = |<b)ﬁ (Ql and y° = |®) C, Eq. 16 is regained by ex-
panding the operator Q 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 {Y° 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 Q 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 {®2), a = 1 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

R
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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 & = A4(ls;) and
$? = A(lal) 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 &9 or &% by two or fewer excitations will
contribute in second order, including double excitations from &9 which
are quadruple excitations relative to ®}. A full third-order treatment
would involve hextuple excitations relative to ¢!. 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
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
casily emerge. In particular, they require that if the configurations A(s7),
A(s3), and A(o}) are important in a problem, then the proper spin-coup-
led combinations of the configurations A(0,0.), A(0,0,), and A(s,0,) must
also be included in the reference space. Then, instead of nine matrix
clements, 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 uniinked 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
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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 H, (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 & Mairtensson (193)
have studied Be and C** as an example for cases of two important refer-
ence configurations, 15?25’ and 15°2p%, 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 1s'2s* 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 He, (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.'* 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 (SCFy*®
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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-jones, general-
ized Morse, and other types, with parameters determined either empirically” 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 1 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 {DZ, 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 **

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-
tions.** 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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FIGURE 1. An illustration of the dependence of an ab initio 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 (Cl) is usually accom-
plished by adding single and double excitations. MBPT and CCM, in general, exceed
SD-Ci in accuracy, since the effects of higher excitations are included to some degree.
MR-CCSD indicates a coupled-cluster theory that is limited to e™*™ but relative to more
than one reference function. The best possible solution in a basis set is full C1.

the calculations more efficient,” 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
{ £ 10%) for molecular conformations, equilibrium molecular structure, and first-
order properties; that is, properties obtained as an expectation value over the
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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, GVB"), 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 MBPT/CCM calculations, provided that RHF (Restricted
Hartree-Fock) {(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 CI; the fifth is currently most easily
achieved using CI 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.

S1ZE-EXTENSIVITY 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
warked 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) = @,M(i) + xM(i). ()

where ®,"{i) is the first natural determinant (close to the Hartree-Fock solution)
and x™(i) is the sum of doubly-excited determinants, including their appropriate
coefficients. The norm of the function in (1)is 1 + S, where

(i) = (M x ™MD, @
(®M(i)] x™(i)) = 0. ()]
The wave function for the lattice is
N
ot = TT i#™i) + x*i. “
-1
Antisymmetry is disregarded because the molecules are noninteracting.
With H = 2 H{i). the energy of the lattice
(’Ll H 3 l’l.)
THrR)

where F,, ™ is the energy of the H, molecule. With 8 - (#,(i)| H(i)| x,{i)). which
is essentially the correlation energy of the molecule,

El - = NE,™. ®




!
E Bartlett & Purvis: Electron Correlation 67
|
3

EyM - EM + 8. U]

A method is said to be “size-extensive” if the total energy calculated by the
method is appropriately linear in N, as in (5)

Notice that the product wavefunction in (4) includes quadratic and higher
product terms like x™(fx™(j}. which correspond to simultaneous double-excita-
tions on different centers, but are quadruple and higher excitations in a supermo-
lecule CI 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
v - IL o, ]
with energy
N
El =Y EMi) - NEM. ®

=1

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

N
Who =W+ 2 c ¥k
| 28

N ;
- <+ - BN Wb xMk)/ @Mk 9
404 - - BN) + 3 xR/ ® /
N
"'o"+chZ*‘1kl.

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

o MMM = 8,8, (10)
OMDIH XM = $EWMS - 8]
AE - E* - NEM,
it follows that

(W' | HY[ ¥ k) = B8, 1)
(Wi (k)| H | Wi(])) = 8{NSEM + (S - 1)8]. (12)

From these matrix elements, the DCI secular equation becomes
AE - Ncf -0, {13a)
{8 - [SAE + (S - 1)8]lc - 0. (13b)
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Solving {13) simultaneously for AE and c,

ﬂ[~(1 -8)s J;;- SY +asN| _ N48—— 8NTS,

AEpg =

The positive sign is required, since AE < 0 and 8 < 0. Since the correct AE - NS,
DCl 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 for H, is 0.0181.
Some representative values are shown in TABLE 1, along with values for a lattice
of He atoms for comparison (S,, = 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 1
ERRORS IN DCI As A FUNCTION OF N
FOR A Latrice OF NH; MOLECULES AND NHe ATOMS

H, He
% Error in Correlation % Error in Correlation

N Energy N* Energy
2 1.97 1.5 1.98 08
4 3.81 4.8 an 2.4
[} 5.54 7.7 5.77 38
8 7.19 101 7.58 $.2
10 8.77 12.3 9.35 8.5
20 15.8 211 178 121
50 32.0 35.6 38.2 23.6
100 51.0 48.0 65.2 348
1,000 208.5 79.1 292.2 70.8

covalent bonds than for inner-shell electron pairs, as in He atoms. In fact, we
shall find that TABLE 1 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 x™(i}x™{j) 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 CI. 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 ~(100)', or 10°, configurations. Hence, better
computational methods for including effects of higher excitations in correlated

i)
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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 DCIL”

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 = p%F, (15)

Similarly, for an excitation energy.”
Li_l.n- ( E"ICI _ Elmll - E’SCF _ EiSCF' (16)

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

A+B—C+D, a7

the heat of the reaction, AH,,, = AH;(C) + AH;(D) — AH/(A) — AH,(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 AH,(C + D) at R¢p — o from being AH,(C) + AH((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 THEORY

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 prasenting 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'* 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.* Using the Rayleigh-Schrodinger 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

Heydy = Eot.
H,Dg- - Efz Dz, 1)
for ¢y, 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 = Ey + (65| VIds) + (9] VRV 8y) + (6] VRV — (V)R V |y)
+ (@] VRo(V ~ (V)Ry(V — (V)IRV|6,)
= (ds] VRV Id) (6ol VRV o). (19)
The resolvent, R,. has the expression
Ry =|h)(h|E, — Ho|B) (). (20}

where| h) is composed of all the CI excitations, D&, Even though| 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 ¢, 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 R, 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 H, 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)* = (64| VRV |60, (21)
as an example, we have, from Slater’s rules,
1
E,L-z}‘:tl(iillab>l*/(e,+¢,-¢.—¢.,). (22)
4 ab
The notation {ij | ab) = (ij|ab) — (ij|ba) = (ia|bj) - {d|aj). and l¢,} and {¢,} are

the SCF orbital energies for the occupied and excited orbitals, respectively.
Using a little algebra,

Et =23 Y [tia)pF - tialjbib|ial/te, + ¢ - €& ~ &). (29)

t<) a<b
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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 H, 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 (jc) on the same H,
molecule. Hence, it follows that

E' = NEM ’ (24)

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

We shall now consider the fourth order. The renormalization term is
composed of an E, term and a similar term, A = (¢,| VR::V|¢,). which differs
from E, only by the squared denominator. Since

E" =~ NE™ A" - NaM (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 E, 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 E, 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,2, may be written in the form

EQ-EA+Q (28)

where Q is properly size extensive. Hence, E,A 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 (28) represents Q as linked
diagrams, while E,A 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+ §. (el VI(E, ~ Ho) "'V P o0)e. @

where L limits the terms to linked diagrams.

It should be evident that if quadruple excitations had not been included in E,,
then the E,A term with the erroneous N* 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 CI, 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 CI calcula-
tions for sufficiently large molecules.

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

1
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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 methnds. 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 e'|¢,). where T is an operator. This form of the
wavefunction ensures the linked-diagram, size extensive basis of the theory.

T has the form

T-Ty+Ty+Ty+---, (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

e =T+ %T + BT 4+ ... (29)

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

Co = Ty + BT + UT,* + BTT, + T, T, 39)

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 Brueckner 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 simulte-
neous double excitations on different H, molecules, which is exactly what T,
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, - ¥ T, is
a very good approximation." Using this ansatz,' we have the coupled-cluster
doubles (CCD) approximation for the wavefunction, e™|#,).* 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 DCL.%" This provides the benefit that we have a size
extensive method: it is of infinite order, although restricted to T,, and we have 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 equalions 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, j. ... and a, b, . .. and their orbital energies ¢,
€ - .. € &, . .. are obtained from an SCF calculation, all the necessary informa-
tion is available for a correlated calculation. The SCF calculation generates a set
of 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 | cd), or, alternatively, a direct calculation of E, and
E,, in terms of the integrals relative to atomic orbitals (probably orthogonalized} is
required. In the case of E,, however, only a very small number of integrals are

TABLE 2
PERCENTAGE CONTRIBUTION OF DIFFERENT ORDERS OF PERTURBATION THEORY

Fourth-Order Higher Order

Molecule* Second-Order Third-Order (bQ) (DQ)
BH, 80.0 165 3.0 0.50
H.0 97.7 15 0.7 0.06
NH, 9.3 50 0.6 0.12
CH, 89.6 9.3 0.9 0.18
CO 100.0 -1.6 1.6 -0.09
co, 103.2 -41 0.9 0.0
HCN 98.0 0.7 1.0 0.18
N, 101.0 -22 13 -011
CH, 95.6 0.6 38 -
CH,CN 96.5 -22 3.7 -
B,H, 85.2 13.2 18 -

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

required, since each integral involves only two occupied and two unoccupied
orbitals. Consequently, E, requires no more than n2, nl,. < n* operations; fewer
operations than are required in the SCF calculation itself. In a sufficiently large
molecule, one in which the primitive integrals (a8 ] v8) vanish unless « and 8 are
in the same neighborhood as v and 8, and unless the charge distributions (a8) and
{v8) are not too far apart, the SCF calculations goes as ~n’. In this case, evaluating
E, directly in terms of (a8] v8] 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 E,, E, and the
fourth order contributions just from double and quadruple excitation diagrams
for a variety of molecules.”® Using an SCF starting point, E, and E, are solely
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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,?)
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
bonded systems such as N,, CO, and CO,, E, tends to slightly overestimate the net
correlation energy in the basis set, while, for saturated systems like H,O, 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 BH;,
convergence of the perturbation theory is much slower, making E, 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,’
E, 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,
cumpared 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
structure, 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 1s 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 C{1¢)
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
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valence correlation energy. Even $o, it is apparent from TABLE 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 8Y SCF AND MBPT
WITH EXPERIMENT*

- AE {kcal/mole)
Reaction Method SCF E, MBPT/CCD Experiment

2 BH, — B,H,t SDQ-MBPTI4) 185 375 35.6 366 + 2**
BH, + CO — H,BCOt D-MBPT(4) 8.0 25.1 20.5 204 + 2**
BH, + NH, —

H,BNH,t D-MBPT4} 205 320 30.1 -
HNC — HCN$ SDQ-MBPT(4) 107 18.0 15.0 (103 = 1}t
HNC — [H\ }t SDQ-MBPT(4) -334 -301 -295 -
BNC — BCN} SDQ-MBPT{4) -18.9 -938 -94 —
LiNC — LiCN% SDQ-MBPT4) -64 -23 -38 —
CH,NC — CH,CN§  SDQ-MBPT(4) 19.2 26.2 228 23.7 + 0.14%¢
CH,NC — [CH,} SDQ-MBPT4) -4 -40 -40 ~38.4§§
H + CO— HCO CCD 48 11.8 13.6 15.7 + 1.5]}
HCO — [HCOJl CCD - -128 -174 -18.1 —
H,CO—H,+COY CCD -72 -39 -39 -1.9%¢
H,CO--H + HCO1 CCD -686 -828 -86.0 -86.0 + 1.0°**

* All basis sets are at least DZP quality.

tReference 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.

IReference 56.

fReference 57.

**Reference 58.

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

$1Reference 60.

ﬁﬁkeference 61.

Reference 62.
¥%Reference 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 TABLE 1 and (14), an effect
of ~147, which is in reasonable agreement with the calculated 127%. 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.®* 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
SDCl 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) {only)

Escr ~230.6369 — —
E, -0.4922 -0.3622 -0.0539
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
E.(SDQ} 0.0229 -0.0070 -0.0069
SDQ-MBPT (4) -05172 ~0.3697 ~0.0785
Experimental Valence {—1.065)

Correlation Energyt
CCD — ~0.3671 -0.0850
SD-RSPT(4] ~ SD-CI -0.4160 -0.3259 -0.0774
Net effect of quadruple -0.1012 (20%) —0.0438(12%) -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.

1 would like to thank Dr. H. Weinstein and Dr. }. 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
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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 correlation 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. GopoarD (California Institute of Technology, Pasadena): That was really
great work. 1 might point out that there is one approach, the generalized valence
bond plus CI, which is size extensive and which does go to the right limits.

M. KARPLUS (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?

BARTLETT: 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. KaAUFMAN (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?

BARTLETT: Within a year. [ suspect.

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

BARTLETT: 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.J: Could you compare second order
perturbation theory with the density functional approach? In the latter, you couid
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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.

CLEMENT!: | 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.

|. SCHULMAN {Queens College—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.

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

SCHULMAN: 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'tit? ]

BARTLETT: It could be, but our experience is that the SCF would be much
further off. See TAsLE 3.

ScHuLMaN: Do you ever experience any convergence difficulties?

BARTLETT: 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 15°2¢’ configuration and a 15°2p? configuration in your reference space. If
you try to do the problem without the 2p? 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.

ScHULMAN: Do you ever converge to the wrong energy?

BARTLETT: That could happen. but 1 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.

BARTLETT: We are now studying insertion of Be into H,. In this case, we have
two reference functions in Be that should be important, and we're breaking the
H, bonds so that the (10,) configuration will be degenerate with the (10,)*. 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.

GopDARD: There might be some good examples for transition metal atoms.
Take the case of nickel with the s'd® 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.

BARTLETT: 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?

BARTLETT: 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?

BARTLETT: This is a notorious problem. N, 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. 1f
yon 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 possibile from higher states. As long as you have an open shell problem, you do
a UHF 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-
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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 N, when you take
the coupled cluster?

BARTLETT: 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?

BARTLETT: | 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 arbital 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?

BARTLETT: 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

X 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.
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Many-body perturbation theory (MBPT)} and coupled-cluster method calculations are reported for the

SyX '4)) and T la *4") electronic states of formaldehyde. The structural parameters for the S, minimum
{Rew= 1102 A, Reo =1.211 A, HCH = 116.2') and the T, minimum (R, = 1.085 A, R, = 1.327 A,
HCH = 118", “out-of-plane” angle = 37° 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 S, —= T,. while a vertical

transition energy for S,—S, is reported.

I. INTRODUCTION

Formaldehyde is an important and ubiquitous chemical
species. In recent years the photochemistry resulting
from excitation to the first excited singlet state S, has
been the subject of a number of experimental"‘ and
theoretical®~’ reports which raise a number of impor-
tant questions about interpretation of experimental data.
Formaldehyde also occurs as a crucial species in mod-
els that describe the flame-zone chemistry pertinent to
the combustion of carbon-containing molecules.? In
fact, Fifer concludes that the vapor-phase combustion
of nitrate esters is dominated by the reaction sequence
that describes the oxidation of formaldehyde by nitro-
gen dioxide.®

Numerous reports of theoretical studies on various
electronic states of formaldehyde occur in the litera-
ture. Recent papers by Goddard and Schaefer (GS), *
Goddard, Yamaguchi, and Schaefer (GYS),**’ and Bell®
provide excellent results as well as thorough discus-
sions of previous molecular obital calculations.®® [n
particular, the results in the GS paper would support a
tunneling mechanism'! for the decomposition of HyCO to
H;+ CO. However, the question of whether this is re-
quired to interpret the experimental results is based
upon energy differences of only 4 or 5 kcal mol™. Since
the CI calculations of GS* and GYS"**’ estimate the ef-
fects of unlinked diagrams associated with the CI qua-
druple excitations by the formula of Davidson, '* and
since the estimate amounts to approximately 3 kcal mol™!
for formaldehyde, it seems pertinent to study the for-
maldehyde decomposition with many-body methods that
properly treat the effects of unlinked diagrams and
quadruple excitations. *~'®* Consequently, dissociation
energies and energy barriers are predicted by MBPT/
CCD for the dissociation to radical products

“This research was sponsored in part by the U. 8, Army Re-
search Office under grant No. DAAG29-80-C-0105.

Y'NAS-NRC Resident Research Associate.

® Present address: Department of Physics, University of
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CH,O0~-HCO+H , (n
molecular products

CH,0-H,+CO , (I
and the rearrangement to trans-hydroxycarbene

CH,0~ HCOH . (rmn)

Other important questions pertain to the electronic
excitations in formaldehyde. Equations-of-motion cal-
culations for a number of excitation energies have been
reported. '""!* Wwe report here MBPT/CCD calculations
for the ground (X'A,, S,y) and first excited (¢ °A"*, T,)
electronic states of formaldehyde. The results include
equilibrium structural parameters for each state, the
adiabatic excitation energy for S¢—- T,, and vertical
excitation energies for Sy— T, and Sy~ S,.

Il. OUTLINE OF THE CALCULATIONS

For the closed-shell states included in this study,
the Hartree-Fock representation of a state is given by
a restricted Hartree-Fock (RHF) wave function, where-
as open-shell states are described by unrestricted
Hartree-Fock (UHF) wave functions. The integrals
over atomic functions were computed using Dunning’s
4s3p contraction of Huzinaga’'s 9s5p Gaussian primitive
set for first-row atoms, and Dunning’s scaled (£ = 1. 2)
3s contraction of Huzinaga’'s 4s primitive set for hydro-
gen.!'®® A single set of d-type polarization functions
augments the atomic basis sets for carbon and oxygen,
with orbital exponents 0.75 and 0.85, respectively.®
A set of p-type polarization functions, with a=1.0, aug-
ments the hydrogen basis set. Integral calculations
for the MBPT/CCD calculations were performed using
the MOLECULE integral program®; electronic structure
calculations were performed using the GRNENC and UMBPT
programs. ®*

Structural parameters for the formaldehyde con-
formers were obtained in several ways. Optimal pa-
rameters for the equilibrium positions on both the S,
and T, surfaces were determined by fitting the results

© 1981 American Institute of Physics
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H

(a) (b)

(c) (d)
FIG. 1. Definition of structural parameters for formaldehyde
calculations: {(a)} equilibrium, (b} molecular products transi-
tion state, (c) rearrangement transition state, (d) equilibrium
for T, state.

of frozen-core, double-excitation MBPT (4) calcula-
tions. Such a procedure is impractical when seeking
transition state structures. Structural parameters for
saddlepoints on the S, surface resulted from analytic
gradient based calculations. In particular, we used

the GRADSCF computer codes.® In order to be consis-
tent in computing energy differences on the S, surface,
equilibrium structural parameters for formaldehyde
were also determined using the GRADSCF codes. Finally.
vibrational frequencies were estimated using the gradi-
ent codes. The same basis set was used for all calcu-
lations. The structural parameters for each configura-

TABLE 1. Structural parameters for formaldehyde (S;).*

Equilibrium configuration » s a
SCF

This work 1.092 1.182 115.9

Dz® 1.084 1.217 116.8

DZ+ P 1.096 1.189 116.3
DZ +P CI° 1.100 1.212 116.2
D-MBPT(4) 1.102 1,211 116.2
Experimentd 1,099 1,203  116.5
Molecular products transition state

R4 4] s a ¢

SCF

This work 1,606 1.097 1.141 113.3 1.219

DZ + p* 1.586 1.104 1.151 112.5 1.203
DZ+PCl 1.672 1.096 1.179 110.8 1.213

Rearrangement transition state

n r s o B
SCF
This work 1.213 1.095 1.266 56.4 116.6
DZ+ P 1.262 1.087 1.318 55.0 117.3
DZ+PCl 1.232 1.106 1.303 $5.2 115.0

TABLE II. Electronie structure calculations
for CH,0(X'A)).*

Structure
Level of theory SCF D-MBPT(4)
SCF -113.8990 -113.8974
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 ~114.2830
CCD -114. 2760 -114.2772

2Units: angstroms, degrees. SReference 7(a).
®Reference 5. %Reference 24.

*Units: hartree.

tion are depicted in Fig. 1. Theoretical and experi-
mental structural parameters for each configuration
are listed in Table I. We report dissociation energy
and energy barrier results for several levels of com-
putation: SCF; fourth-order MBPT including all dou-
ble-excitation diagrams D-MBPT (4); fourth-order
MBPT including all single-, double-, and quadruple-
excitation diagrams SDQ-MBPT (4); and coupled clus-
ter double calculations, CCD based upon the wave func-
tion exp(T;)$,. Excitation energies are reported at both
SCF and MBPT/CCD levels of computation. All re-
ported energies include the core electrons.

To compute dissociation energies and energy barriers
requires accurate calculation of energy differences. In
addition to the electronic energy, vibrational, rotation-
al, and translational energy differences must be esti-
mated. We assume that the rotational and translational
degrees of freedom are classical. Vibrational frequen-
cies for the various formaldehyde conformers were pre-
dicted using SCF-gradient calculations. %

{1l, THE S,(X'A,) STATE OF FORMALDEHYDE

At its ground state equilibrium configuration, formal-
dehyde possesses C,, symmetry. The structural pa-
rameters obtained by several theoretical calculations
are compared with experimentally®® derived values in
Table I. The agreement between theory and experi-
ment is excellent, especially for the CI calculations?®’
and the MBPT results.

To determine chemical energy differences requires a
high-quality ab initio calculation of the electronic ener-
gy of those species involved in the chemical reaction.
The results of several levels of electronic structure
calculation for the Sy(X '4,) state of formaldehyde are
listed in Table II. The Hartree-Fock energy for the
structure determined using the gradient-based SCF cal-
culations is lower than that corresponding to the struc-
ture found by fitting the results of D-MBPT (4) calcula-
tions. However, through fourth order, the MBPT cal-
culations yield lower energies for the structure obtained
using the D-MBPT (4) structure. In addition, the re-
sults of CCD calculations predict a lower energy for
the structure determined using the D-MBPT (4) struc-
ture. Each of the SCF energies reported here is a few
millihartrees lower than the single-configuration
DZ+ P result reported by Goddard and Schaefer.?

We expect, therefore, that our basis set is comparable
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in quality to that used by GS in their initial study of the
S, surface of formaldehyde.® The two fourth-order
MBPT calculations, D-MBPT (4) and SDQ-MBPT (4),
agree almost exactly with one another. Clearly the
contribution of the single- and quadruple-excitation
diagrams almost cancel at fourth order. The fourth-
order triple excitation contributions would lower

the electronic energies. The CCD calculation,

which includes higher order effects of aouble and qua-
druple excitations, but neglects single- and triple-ex-
citation effects, predicts a smaller contribution of elec-
tron correlation than do the fourth-order MBPT calcu-
lations. This is due to the neglect of single- and triple-
excitation effects, both of which are negative. Although
CCD is not rigorously variational, since the principal
terms neglected in the calculation are negative, it is
quasivariational and yields the lowest energy to date

for the S, state of formaldehyde.

IV. DISSOCIATION REACTIONS OF FORMALDEHYDE

Thermal dissociation of formaldehyde is assumed to
produce radical products, hydrogen atom and formyl
radical.?® [nterestingly, the dissociation to molecular
products H, and CO is approximately thermoneutral,
while the observed thermal dissociation energy is ap-
proximately 88 kcal mol™'.?” Both sets of products cor-
relate by symmetry with the ground electronic state.

The first singlet excited state of formaldehyde
[S{{A'A’"}], has an excitation energy threshold lower
than the threshold for thermal dissociation.! Photo-
chemical studies of reactions subsequent to excitation
of formaldehyde to the S, state are interpreted in terms
of the following three processes!:

H,CO(S,, V')~ H,+CO , (v)
-H+HCO , v)
~ H,CO(Sy, V') +hv . (v

Most investigators agree that the formation of molecular
products (IV) dominates for excitation energies near the
S, threshold (3.495 ev, 80.5 kcalmol™). The impor-
tance of the radical products channel (V) increases with
increasing excitation energy. * For an excitation ener-
& equal to 91. 3 kcal mol™!, the sum of quantum yields
for processes (IV) and (V) is almost one, with the molec-
ular quantum yield 0.32+ 0.03 and the radical quantum
yield 0. 68+ 0.03.?

The crucial datum in understanding the photochemical
dissociation of formaldehyde is the energy difference
between the S, threshold (80.5 kcal mol™!) and the poten-
tial energy barrier to the formation of H; + CO on the
S, surface. The appearance of carbon monoxide is much
slower than the decay rate for S,, 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
to an intermediate species or to a different electronic
state of formaldehyde. The identity of the intermedi-
ate(s) remains a point of contention, but the results of
the CI calculations by GS* and GYS™* imply that the in-
termediate occurs on the S, surface.

Adams, Bent, Bartlett, and Purvis: Electronic structure of formaldehyde

Goddard and Schaefer reported extensive configura-
tion interaction calculations, including all single- and
double excitations relative to their reference functions,
that elucidated many features of the potential energy
hypersurface that pertain to the photodissociation of
formaldehyde.® Subsequently, GYS'™*’ reinvestigated
the S, surface using analytic gradient methods that in-
cluded correlation effects. The calculations addressed
reactions (IV) and (V) and the isomerization of formal-
dehyde to form trans-hydroxycarbene, all on the S, po-
tential energy surface. The SD-CI study® provided im-
proved values for energy barriers to photochemical re-
actions of formaldehyde. A significant result of the
study was the prediction that the energy required for
isomerization to hydroxycarbene is only slightly greater
than the energies needed for radical or molecular pho-
todissociation.® The SD~CI calculations also predicted
a small energy barrier above the S, origin to any pho-
tochemical reaction of formaldehyde.

In subsequent research Goddard, Yamaguchi, and
Schaefer”®’ reported features of the formaldehyde po-
tential energy surface using analytic configuration in-
teraction techniques.?®'® The results of that research
differ little from the results obtained by GS.® A note-
worthy conclusion of the GYS work is that the results
of CI calculations using the SCF optimized geometry
differs little {rom those obtained using the CI deter-
mined transition state. For a double zeta plus polariza-
tion basis set, the two predictions of the molecular
products dissociation barrier differ by only 0.8
kcal mol ™,

Miller!! employed the barrier height and vibrational
frequencies predicted by GS® to calculate the collision-
less decay rate for So~ H, to CO as a function of ener-
gy. The results of Miller’s analysis suggest that S,
can decay rapidly to molecular products even at ener-
gies as much as 10 kcal mol™! lower than the barrier
height. Since that analysis, however, additional stud-
ies of the S, surface by Harding et al.,* Goddard et
al.,”™ and this work have modified the original esti-
mate of the vibrational frequencies for the rearrange-
ment transition state.5 The effect of these studies is
to reduce the barrier height for the rearrangement of
formaldehyde to {rans-hydroxycarbene relative to the
barrier for molecular products dissociation.

A. CH,0-CHO+H

The theoretical investigation of the formyl radical
using MBPT and CCD has been published.’! we report
in Table III the results of those calculations that per-
tain to the study of the dissociation of formaldehyde.
The experimental zero-point vibrational energies of
formaldehyde and formyl radical are 16.2% and 7.8

TABLE Ill. Electronic structure results for HCO(X 141.*

UHF D-MBPT) SDQ-MBPT(4) CCD

Energy -113.2769 -113.6343 -113.6364 -113.6288

*Units: hartree.
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TABLE IV, Heat of reaction for the dissociation of
formaldehyde to radical products.®

Level of calculation AE,, AE, AE,

SCF 77.0 -8.4 68.6
D-MBPT(4) 9.8 -8.4 86.4
SDQ-MBPT(4) 93.4 -8.4 85.0
ccb 9.5 -8.4 86.1
SD-CI+QC® 87.4 ~8.3 79.1
Experiment: Ref, 3 86.0+1.0
Experiment: Ref. 27 86.7+1.5

3Units: kecal mol*!,

*Reference 4, QC implies that Davidson's formula
was used to estimate the effect of quadruple excita-
tions.

kcal mol™, ¥ respectively. The electronic energy of
the hydrogen atom, using our basis set, is ~0,49778
hartree. Goddard and Schaefer computed the zero-
point energies using vibrational frequencies derived
from force constants predicted by ab initio SCF calcu-
lations.® Although the magnitude of individual frequen-
cies differed from the experimental values, the zero-
point energy difference determined from SCF theory
differs little from the experimental value.

A series of computed dissociation energies is pre-
sented in Table IV. Our self-consistent field calcula-
tions predict a dissociation energy (68. 6 kcal mol™) that
is much lower than the experimental values®** listed in
the table. The two MBPT results (D-MBPT(4), 86.4
kcal mol™!); SDQ-MBPT(4), 85.0 kcal mol™!) and the
CCD result (86.1 kcal mol™!) agree well with the ex-
perimental values, ¥ while the GS~CI calculations pre-
dict a dissociation energy of approximately 79 kcal
xmol't, 5 The present MBPT/CCD calculations employ
UHF reference functions for the radical products, while
the SD-CI calculations® use a two-configuration RHF -
SCF root function. In the latter calculation, an esti-
mate of higher excitation effects is obtained by using a
two-configuration modification of Davidson’s formula, !
although the justification for using such a formula with
a two-configuration reference is not clear.® For for-
maldehyde the net effect is less than 1 kcal mol™! in any
event. The linked diagram and SD-CI results together
demonstrate that high quality theoretical calculations
can predict energy differences with good accuracy.

B. CH,0~H,+CO

Since MBPT/CCD results are size-extensive, dis-
sociation energies may be obtained without requiring

TABLE V. Summary of electronic
structure resuits for H,+ CO.*

Level of calculation Total energy
SCF - 113.8977
D-MBPT(4) -114.2762
SDQ-MBPT(4) - 114, 2780
CCD —114,2709

*Units: hartree.

TABLE VI. Predicted and experimental values
for the dissociation of formaldehyde to molecu-
lar products.®

Level of calculation  AE,; AE, AEg
SCF 0.1 -7.1 -7.0
D-MBPT(4) 4.4 -7.1  -2.7
SDQ-MBPT(4) 3.1 -7.1 -4,0
CCD 3.9 -7.1 -3.2
Experiment: Ref. 36 -1.9

“Units: kecal mol™,

supermolecule calculations. Table V contains a sum-
mary of electronic energies for the supermolecule

H, -+ - CO obtained by addition. The zero-point energy
change, computed with experimental frequencies is
~7.1 kcal mol’!, Predicted heats of reaction, for

T =0 K, are gathered in Table VI. The experimental
value (- 1.9 kcal mol™!) corresponds to the value derived
from heat-of-formation data suggested by Benson, %
corrected to zero degrees. The SCF results yield a
heat of reaction that is more negative than that obtained
from either of the MBPT or the CCD calculations. The
MBPT and CCD calculations predict a heat of reaction
that is less than that estimated from the thermochemi-
cal data.

In both dissociation energy estimates described here,
the high-quality (DZP) ab initio electronic structure cal-
culations predict dissociation energies that are below
the experimentally obtained values. Since the experimen-
tal studies for these two reactions have good precision, it
seems relevant to inquire whether theory will generally
underestimate dissociation energies. One aspect of the
computations suggests that theory will generally under-
estimate the change in electronic energy in going from
reactant to dissociation products. The reason for this
is that the finite basis sets used in the molecular calcu-
lations should be better suited to computations on the
smaller product fragments than on the reactant mole-
cule.® In a future article describing a series of hy-
drogen-dissociation reactions, we will report results
that suggest that MBPT calculations of the quality used
here predict dissociation energies that are generally
low by about 1-3 kcal mol"!.*® [n each case reported,
however, the zeroth-order reference function was weli-
represented by a single determinant.

V. MOLECULAR PRODUCTS TRANSITION STATES

The dissociation of formaldehyde to form molecular
products may occur by one of several proposed com-
peting pathways. Two possible reaction channels were
studied by Goddard and Schaefer, leading to the identi-
fication of two reaction intermediates.® One of these
intermediates, represented schematically in Fig. 1(b),
occurs on the S, potential surface in the channel leading
to the direct formation of molecular products. The
other intermediate, represented schematically in Fig.
1(c), occurs on the S, potential surface in the channel
leading to formation of the metastable species, hy-
droxycarbene. Because the dissociation energies pre-
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dicted by the fourth-order MBPT and the CCD calcula-
tions differed by several kcal mol™ from the dissocia-
tion energy predicted by the SD-CI calculations,? it is
important to determine whether the same difference
occurs for energy barrier predictions.

The calculations reported in Tables VII and VIII re-
fer to structural parameters determined at the SCF lev~
el using the GRADSCF computer codes.® As noted by
GYS, 7 the results of the barrier predictions should
not be greatly affected by use of structural parameters
determined from SCF results, since the transition
states are well described by a single determinant wave
function. The vibrational frequencies for the three
formaldehyde structures, determined using our (431/31)
basis set, are presented in Table IX, along with exper-
imental values® and several other theoretical esti-
mates. "4 All calculations were done using basis
sets that included polarization functions. Although the
vibrational frequencies predicted using correlated wave
function calculations agree better with experimental
harmonic frequencies than do the SCF-level estimates,
none of the theoretical methods succeeds in obtaining
good agreement with experimental values. Yamaguchi
et al. "™ suggest that the effects of higher excitations,
perhaps unlinked cluster contributions, have a signifi-
cant effect on the theoretical computation of frequencies.
A study by Pople et al.*! supports that conclusion. Cal-
culations for 12 vibrational frequencies using second-
order Moller-Plesset theory, with a molecular basis
that includes polarization functions on heavy atoms,
yield results that differ, on the average, from experi-
mental harmonic frequencies by 47.7 cm™, or 2.5%.*

It is more germane to the study of the barriers on the
Sy surface, however, to note the variation in zero-point
energy differences occasioned by the different levels of
theory. The results reported by GYS™’ clearly dem-
onstrate that the zero-point energy differences shift
little when different levels of theory are used. For the
two barriers reported in that study, the SCF and CI
calculations based upon the DZ + P basis lead to vibra-
tional energy correction differences of 0.4 and 0.2

TABLE VII. Electronic structure calcu-
lations for the molecular products transi-
tion state.?

Theoretical method Electronic energy

SCF

This work -113.7319

DZ - P® —113.7265
DZ+PCI® -114.0391
D-MBPT(4)® -114.1321
D-MBPT(4)¢ -114.1310
SDQ-MBPT(4)% -114.1314
ccpe -114.1241
ccp? -114.1230

*Units: hartree.

SReference 7(a).

®Structural parameters, Ref, 5.
SStructural parameters, this work.
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TABLE VIII. Electronic structure calcu-
lations for the rearrangement transition
state.?

Theoretical method Electronic energy

SCF
This work —113.7397
DZ + PP - 113, 7366
DZ+PCDP —~114.0481
D-MBPT(4)* -114.1365
D-MBPT(4)¢ -114.1365
SDQ-MBPT(4)4 -114.1380
CcCDe -114.1293
ccp? -114.1295
2Units: hartree.
®Reference 7(a).
SStructural parameters, Ref. 5.

dStructural parameters, this work.

keal mol™®. Larger differences occur between the SCF
and CI for the calculations that did not include polariza-
tion functions. Since our basis set is of the same qual-
ity as the DZ + P basis used by GYS™**’ the zero-point
energy difference predicted by our SCF calculations
should be as accurate as those obtained by those authors.
The zero-point energy differences were computed using
the frequencies presented in Table IX. The vibrational
correction for the molecular products dissociation is
~5.7 kcal mol™!, and that for the rearrangement reac-
tion is - 4.3 kcal mol™'. These values agree well with
those determined by GYS™®’ and Harding et al.,® ir-
respective of the theoretical method used to estimate
the frequencies.

Table X contains a summary of the predicted energy
barriers for the formaldehyde reactions. We report
the results of SCF, fourth-order MBPT calculations in-
cluding double-excitation diagrams, and including all
single-, double- and quadruple-excitation diagrams that
contribute at that order, and CCD calculations. These
results may be compared to the CI results, "®’ the
Moller—Plesset resuits of Harding et al.,*® and to the
predicted dissociation energy for the formation of radi-
cal products. In each case, the SCF calculations pre-
dict barriers that exceed those predicted by the corre-
lation methods. Further, the correlated calculations
agree well with one another in the prediction of the bar-
rier heights,

Isomerization of formaldehyde to form hydroxycarbene
exemplifies the 1, 2-hydrogen shift, an important class
of chemical reactions. A recent review by Schaefer
elucidates the features of this reaction and provides a
review of the experimental literature. 2 The energy
barriers predicted by the various correlated methods
range from 85.7 (SDQ-MBPT) to 88. 2 kcal mol™!
(SD-CD)."™ Each theoretical technique predicts that
the barrier to formation of molecular products exceeds
the rearrangement barrier. However, the correlated
predictions for this barrier range from 88.0 (RMP-4)%°
to 92. 8 kcat mol™! (SD-CI), "™ with the difference in the
barrier heights equal to approximately 3.0 kcal mol™.
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TABLE IX. Vibrational frequencies: CH,0(S)).

Equilibrium structure mode

vy (ap) vy (ay) vy (ay) vq (by) vs (by) Vs (by)

Experiment® 2944 1764 1563 1191 3009 1287
Experiment® 2782 1746 1500 1167 2843 1247
SCF

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 CI [Ref. T(b)] 3074 1869 1596 1243 3155 1306
CEPA 2925.6 1797.2 1580.9 1220.9 3032.3 1308.9

Rearrangement transition state

vy (@) vy (a’) vy (a”) v (a9 vy (a’) vg (@’
SCF
This work 3155 2806 1637 1408 2645 637
Ref. 7(b) 3180 2832 1639 1408 2650¢ 625
DZ+ P CI
Ref. 7(b) 3057 2748 1512 1356 23564 ~ 6004
Molecular products transition state
vy (a’) vy (@) vy (a) vy (a’) vs (an° vg (a’’)
SCF
This work 3250 2101 1484 819 22954 1043
Ref. 7(b) 3243 2092 1526 829 2305¢ 1024
DZ+PCl
Ref. 7(b) 3263 1939 1555 876 21244 ~ 9509

iReference 39(a).
PReference 39(b).

The MBPT/CCD results suggest that the energy re-
quirements for all three unimolecular processes are
approximately equal. Since it is often assumed that
even good correlated wave function calculations over-
estimate barrier heights and underestimate dissociation
energies, the MBPT/CCD results imply that the rear-
rangement to hydroxycarbene is the energetically fav-
ored reaction pathway. Such a result agrees with the
conclusions of Goddard ef al.*"® However, basis set
changes and the inclusion of triple excitation diagrams
may change this result.

It is interesting to note the substantial difference be-
tween the energy difference obtained from correlated
calculations and the results obtained using just SCF cal-
culations. As stated, the results obtained with MBPT,
CCD, and SD-CI imply that the energy requirements
for all three reaction pathways are almost equal. The
SCF calculations predict that the barriers for dissocia-
tion to molecular products (95.7 kcal mol™!) and the bar-
rier for rearrangement to frans-hydroxycarbene (99. 2
kcal mol™!) differ by a relatively small amount of ener-
gy. However, the SCF results imply that each of these
barriers is much larger than the barrier for dissocla-
tion to radical products (68.6 kcalmol™). These ener-
gy differences demonstrate the importance of including

J. Chem. Phys,, Vol. 75,
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TABLE X. Predicted energy barriers for formaldehyde reac-

tions.*
Reaction
Molecular Radical
Theoretical method 1, 2-shift products products
SCF }
This work 95,7 99,2 68.6
Ref. 7(a) 95.2 100.2 sesd
D-MBPT(4) 86.9 89.0 86.4
SDQ-MBPT(4) 85.7 88.4 85.0
CCD 87.6 90.3 86.1
CI [Ref. 7(a)]
SD-CI 88.2 92.8 80.0
SD-CI-+QC®° 85.9 88.9 79.1
RM P4
Ref. 30 86.2 88.0 see®

Units: keal mol*',
®No comparable SCF results reported.

SIncludes correction for quadrupie excitations based upon

Davidson’s formula.
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correlation energy effects to obtain chemically accurate
results,

An additional result of the configuration interaction
study was that each decomposition reaction possesses an
energy barrier relative to the S; band origin. To de-~
termine whether tne linked-diagram related methods
will also predict the existence of this barrier, we must
consider the first excited state of formaldehyde.

Vi. THEa*A" STATE OF FORMALDEHYDE

The ultraviolet absorption spectrum of formaldehyde
vapor consists of two band systems: a strong bund with
apparent originat 3530 A (3. 454 eV) and a weak band with
apparent originat 3960 A (3. 124 eV). Walsh predicted
that these states would have nonplanar structure, ** and
this was verified for both the singlet*** and the trip-
let!®47 states. Jones and Coon derived experimental
structures for the excited states, including a specifica-
tion of the out-of-plane bending angle by a distribution
function for each vibrational level of the bending mode.*®
Recent theoretical studies of the excited states include
ab initio calculations by Garrison, Schaefer, and Les-
ter, ® Bell,® and Goddard and Schaefer,® as well as equa-
tions-of -motion calculations of the vertical excitation
energies. ™! This report complements and extends
Bell's work.

Recent calculations®® used excited state structural
parameters determined by optimizing the electronic
energy at the SCF level. This study reports structural
parameters for the a 34’7 state determined by optimizing
the energy at the correlated level, Fourth order, dou-
ble-excitation MBPT calculations, with core orbitals
frozen, were performed for structures obtained by vary-
ing the CH and CO bond lengths, the HCH angle, and the
out-of -plane bending angle. The CH bond length and the
HCH angle were reoptimized after determination of the
optimal out-of -plane bending angle. We report the op-
timal structural parameters in Table XI.

The carbon-hydrogen bond length (1.085 A) reported
here is slightly less than the experimental value
(1.0962 A) while the carbon-oxygen bond length (1.327
A) exceeds the experimental value (1.307 A). The op-
timum HCH and out-of-plane bending angles (118° and
37°12") agree well with the experimental values (118°
and 37°54'). Comparison of these theoretical results
with Bell's structure® shows that the inclusion of cor-

TABLE XI. Formaldehyde structural parameters, a’A*’
state.

reu® reo' HCH o
Experiment® 1.0962  1.3069 118’ 37° 54’
Theory
DZP-sCFe 1.0779 1.3404 119.67° 38°30'
D-MBPT(4)-FC 1.0848 1.3271 118" 37712

*Units: angstroms.
SReference 43,
°Reference 6.

TABLE XII. Adiabatic excitation energies,

$y—~T,.
AE (eV)  AE tkealmol™)

Experiment? 3.124 71.9
D-MBPT4) 3.1455 72.5
SDQ-MBPTH)  3,1436 72.5
cCDh 3.093 71.3
SD-CIP 3.01 69.5
SD-CI¢ 2,664 61.4
scrd 2,183 50.3
SCF, this work 1,412 44,1

2Reference 32,
bReference 5.
¢Reference 6.
9Reference 10.

relation effects improves the agreement between theory
and experiment.

We report, in Table XII, three theoretical results for
the adiabatic excitation energy corresponding to Sy—T,.
Both the D-MBPT(4) and SDQ-MBPT(4) calculations
yield 72.5 kcal mol™ for the excitation energy, while
the CCD calculations yielded a value of 71.3 kcal mol™'.
These results may be compared to the near Hartree-
Fock value, 50.3 kcal mol™,'® two SD-CI values 67.4
keal mol™'® and 68.9 kcal mol™,*® and a value obtained
by including the unlinked cluster correction of quadruple-
excitation effects 69.5 keal mol™'.® All the theoretical
values compare well with the experimental value 71.9
kcal mol™t, % None of the theoretical values, however,
include any correction for zero-point energy differences
that may contribute to the observed value.

Although no effort has been made to determine the
structure of formaldehyde in the A !A’'(S,) state, ver-
tical excitation energies are computed for both the
So~S, and Sy~ T, transitions. Since the UHF wave
function for the S, state was contaminated by higher-
order spin states, particularly T,, the computed exci-
tation energy for this state is expected to be less ac-
curate than that for the T, state. Nonetheless, vertical
excitation energies for both transitions are presented
in Table XIII, along with other theoretical predictions
and experimental estimates. The excitation energy for
So~ T, is less than that for §;—~S,, although the latter
is probably lower than would be obtained were the ref-

TABLE XIll. Vertical excitation
energies for formaldehyde.*

S =T S$—3
D-MBDPT(4} 84.2 89.3
MRD-CI® 78.6 87.9
EOM® 79.8 93.2
Experiment! 83,0 98.2

*Units: keal moi™.

®Reference 50,

®Reference 18.

dEstimated excitation energies,
Ref, 51.
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TABLE XIV. Energy prediction comparisons for photochemical processes.?®

Reference 5 Reference 7(a} SDQ-MBPT(4) CCD Experiment
Sy—Ty 69.5 72.5 7.3 7.9
D, ~ 79, 85.0 86.1 86.0¢1°
E, (H,CO) 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.)  80.5°

2Reference 32. ®Reference 3.

erence function not spin-contaminated. Thedifferencein
the excitation energy predictions is much less than the
difference obtained from the equation of motion calcu-
lations'” or estimated from experimental data.’! How-
ever, it should be noted that MRD-CI calculations pre-
dict a significantly smaller excitation energy difference
(9.3 keal mol™)® than is estimated by Chutjian (15. 2
kcal mol~!).%! Since the difference between the two adia-
batic excitations is 8.1 kcal mol™!, it seems best to con-
clude that the S;~ S, vertical excitation energy remains
uncertain.

VII. DISCUSSION

The present calculatiors demonstrate that linked-dia-
gram related computational methods predict relative
energies of small molecular systems to high accuracy.
For the results that can be compared with experiment,
the dissociation energy for formation of radical prod-
ucts and the S;— T, adiabatic excitation energy, the
SDQ-MBPT(4) and the CCD results agree well with the
experimental values.

It is instructive to review results pertinent to photo-
chemical dissociation and rearrangement of formalde-
hyde. We collect, in Table XIV, the excitation energy,
dissociation energy (D), and reaction barrier (E,) re-
sults obtained in this study and in work by Goddard and
co-workers.*7'¥? Note that the values for S,~ S, are
estimates based on the theoretical results for the Sy~ T,
excitation energy, and the observed T,-S, separation.
In analyzing the CI results, the authors noted that high
level theoretical calculations underestimate dissocia-
tion energies and slightly overestimate rearrangement
barriers.’®*® If it is assumed that the CI calculations
underestimate the dissociation energy by 3 to 5 kcal
xmol"!, and overestimate the energy barriers by a
similar amount, then the CI results imply that the en-
ergy requirements for the radical products and molecu-
lar products dissociation pathways are similar.® Fur-
thermore, the energy requirements suggest that the hy-
droxycarbene intermediate cannot be ruled out. The
subsequent analytic gradient CI calculations support
these results, but each of the energy barriers increases
slightly. ™' Finally, those authors noted that the bar-
riers exceed the estimated adiabatic excitation energy
for S,-S,. Thus, there all small barriers above the
S, origin to all three photochemical processes.

Examinations of the SDQ-MBPT CCD results reveals
no significant difference from the results of the CI cal-
culations, even though our basis set is somewhat larger
than the GS DZ + P basis, However, our SCF result for

®Reference 1,

the molecular products transition state shows an energy
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Dissociation cnergies for the step-wise removal of hydrogen from methanol, CH30H - CH;0 - CH,0 — CHQl-v CO,
are ootained by many-body perturbation theory. The heat of formation of CH30 is predicted as 2 + 3 kcal mole . Com-
puted geometries are in excellent agreement with experiment, where available, and provide a prediction for CH30.

1. Introduction

A major task for theoretical chemists is the devel-
opment of methods to predict energy differences
with chemical accuracy. Most quantum chemists
agree that accurate prediction of relative energies
requires application of theories that include electron
correlation effects. effects not treated in self-con-
sistent-field (SCF) calculations [1-4]. Estimates of
molecular correlation energy have been obtained by
using the method of configuration interaction to
improve the wavefunction obtained from an ab initio
SCF calculation. Recently. however, theoretical
techniques based upon the linked-diagram theorem
have been extended to molecular applications [1,2,
4]. and these methods provide an alternative ap-
proach to the correlation problem. Several compari-
sons of the various theoretical methods have ap-
peared {1,2.4].

This report describes the application of many-body
perturbation theory (MBPT) to predict the dissocia-
tion encrgies for a series of reactions that occur in

® This research was sponsored in part by the US Army Re-
search Office under Grant No. DAAG29-80-C-0105.

* NAS-NRC Resident Research Associate. Present address:
Department of Physics, University of Connecticut, Storrs,
Connecticut 06268, USA.

flame zone combustion models. The reaction set
comprises the unimolecular reactions that oxidize
methanol to carbon monoxide:

CH30H ~ CH30 + H, (1)
CH;0 - CH,0 + H, ¢
CH,0 - CHO +H, 3)
CHO-CO+H. @)

Reactions (1) and (2) involve the methoxy radical.
Since heat of formation data are available for the
other moieties in those two reactions, accurate pre-
dictions of the dissociation energies for these reac-
tions wili enable us to predict the heat of formation
for the methoxy radical.

The theoretical techniques used are outlined in
section 2, and the results for the series of dissociation
reactions follow in section 3.

2. Outline of the computations

For the closed-shell molecules included in this
study, a restricted Hartree~Fock (RHF) wavefunction
represents the ground state, whereas unrestricted
Hartree—Fock (UHF) wavefunctions represent the
ground state for open-shell molecules. The integrals

46)
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over atomic functions were computed using
Dunning's 4s3p contraction of Huzinaga's 9s5p
gaussian primitive set for first-row atoms, and
Dunnings scaled (§ = 1.2) 3s contraction of
Huzinaga’s 4s primitive set for hydrogen [5,6]. A
single set of d-type polarization functions (gaussian)
augments the atomic basis sets for carbon and oxygen,
with exponents 0.75 and 0.85 respectively [7]. A set
of p-type polarization functions (gaussian), a = 1.0,
augments the hydrogen basis set. All integral calcula-
tions were performed using the MOLECULE integral
program [8]. Electronic structure calculations were
performed using the GRNFNC and UMBPT pro-
grams ¥,

The total energy reported for each molecule per-
tains to structural parameters that have been opti-

* The program GRNFNC, written by G.D. Purvis, does SCF
iterations and integral transformations. The program
UMBPT, written by R.J. Bartlett and G.D. Purvis, does
MBPT, CCD and VP CL

Ha\
X
'/|(

Fig. 1. Definition of bond lengths and of bond angles for
CH30H, CH30, CH,0, and CHO.
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mized relative to double-excitation, frozen-core,
fourth-order MBPT calculations. The structural
parameters optimized for each molecule are defined
in fig. 1. Computed structural parameters are com-
pared with available experimental values in table 1.
In the absence of experiment, we offer a prediction
of the methoxy structure which we estimate to be
accurate to 0.01 A in bond length and 2—3° in bond
angles. .

We report dissociation energy predictions for
three levels of calculation: SCF, fourth-order MBPT
including all double-excitation diagrams, D MBPT(4),
and fourth-order MBPT including all single-, double-,
and quadruple-excitation diagrams that contribute
at that order, SDQ MBPT(4).

The prediction of dissociation energies requires

Table 1
Optimized structural parameters for molecules included in
this study @

Parameter This work Experiment
CH3;0HD) r, 1.093 1.0937
rs 1.093 1.0937
a 107 9 108° 32
methyl tilt 2° 12 312
5 1.432 1.4214
f 0.963 0.963
8 107 2 108° 2
CH30 r 1.085
rs 1.081
ay 108° 42’
ay 112° 12
B 103° 48°
82 111° 30
5 1.405
CH,09 1, 1.102 1.099
51 1.211 1.203
a 116° 11 116° 30’
cHo 9 " 1111 1.125
5 1.188 1.175
a 124° 124° 5T
co® 5 2125 2.127

3) Bond lengths in A.
Experimental values: ref. {12].

€) Experimental valuzs: ref. i13].
Experimental values: ref. [14].

©) Experimental values: ref. [15].
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accurate computation of energy differences. In addi
tion to the change in the electronic energy, vibra-
tional, rotational, and translational energy differences
must aiso be obtained. We assume that rotational and
translational energy effects are well approximated by
the equipartinion of energy among those degrees of
treedom. Since vibrational frequencies are established
tor all the molecular species addressed in this study
except the methoxy radical, empirical zero-point
energy changes are used for these cases.

Churacterization ot the methoxy radical was the
mostditficult problem encountered in this study.
Bent et al. [9] obtained optimal structural parameters
tor the Jahn - Teller distorted ground-state conforma-
non atter extensive D MBPT(4) calculations. An anal-
viis of the potential energy function obtained in that
study provided guidelines to estimating the vibra-
tienal frequencies tor the ¢ modes. Engelking et al.
{ 10] and Inoue et al. [11] have published experi-
mental values for several frequencies. By combining
theoretical predictions and experimental data with
ohservations on similar molecules. such as CH3F*, we
assign the tollowing values o the vibrational eigen-
values for the methoxy radical (directly observed
vulues are underlined: 3006 (e). 2930 (ay), 1380 (e).
1325 €ay) 1060 (ay). 090 em =1 (e).

These frequencies correspond to a methoxy radical
zero-point vibrational energy equal to 22.1 keal mole~ 1.

3. Dissociation energy predictions

Because linked-diagram derived methods are size
extensive [2], the electronic energy change for a dis-

Table 2
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Electronic energy predictions and zero-point energies for CH,0 molecules

1 August 1981

sociation reaction, A = B + C, may be written
AE = Fy(B) + E (C) — Ey(A).

Since each of the reactions considered here contains
the hydrogen atom as one of the products, AE re-
quires a correlated calculation for only the reactant
and the molecular product. Table 2 contains predicted
electronic energies for methanol, CH;OH, methoxy
radical, CH,0, formaldehyde, CH,0. formy! radical,
HCO, carbon monoxide. CO, and the SCF energy for
the hydrogen atom. Table 2 also contains the zero-
point vibrational energy for each molecule in the
study [10-15].

The information summarized in table 2 is sufficient
to determine the zero-degree heat of reaction for
cach of the four reactions included in this study. We
summarize the values for each of the molecules in the
third row of table 3. For most molecules, there is no
experimental data available to compare with the pre-

dicted AER(0 K) values. An exception is formaldehyde.

Reilly et al. [16] have confirmed that the threshold
energy for the dissociation of formaldehyde to radical
products is 86.0 £ 1.0 kcal mole~1. The SDQ MBPT(4)
calculations predict that the threshold energy equals
85.0 kcal mole™!. In this case. the agreement between
theory and experiment is very good.

In addition to the experimental data of Reilly et
al. [16], experimental values for room-temperature
heats of reaction are available for methanol [17],
formaldehyde [18] and the formyl radical [19]. To
compare the theoretical predictions with these heat
of reaction data, we must estimate the effect of the
rotational and translational degrees of freedom, and
the effect of the pV work term must be included.

Molecule

Flectronic energy (hartree) Zero-point energy
—_—— (kcal mole™")
SCF (UHF) D MBPT4) SDQ MBPT@4)

CH3O0H -115.0744 -115.4942 -115.4920 31.1 [12]

CH30 -114.4532 -114.8248 -114.8232 22.1 (9]

CH,;0 -113.8974 -114.2832 -114.2829 16.2 [13]

CHO -113.2769 -113.6343 -113.6363 1.8 [14)

co -112.7665 ~113.1105 -113.1124 3.1 (15)

H -0.49778
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Table 3
Dissociation energies predicted by SDQ MBPT(4) results
(in kcal mole™")

CH3;OH CH30 CH,0 CHO
afel 1073 266 934 16.4
AEVib 9.0 -59 -84 -4
AER(GK) 983  20.7 85.0 1.7
AEI}'GOO K) 0.9 0.9 0.9 0.9
AETOY(300 K) 0 0 0 -0.3
AER (300 K) 99.2  21.6 85.9 12.3
aHY 300 998  22.2 86.5 12.9

Translational and rotational energy contributions are
estimated by assuming that each degree of freedom
contributes%kT Thus, for 7= 300 K, each degree
of freedom contributes =~ 0.3 kcal mole~ 1. The
translational and rotational energy changes for each
reaction are listed in table 3. Combining these con-
tributions with the zero-degree dissociation energy,
we obtain the energy of the reaction for 7= 300 K.
Finally, we assume that pV = An(RT), and add this
contribution to AER(300 K) to obtain predicted
values for the heat of reaction, AH%(300 K), which
are listed in the last line of table 3.

Table 4 contains a comparison of the heats of
reaction predicted by our SDQ MBPT(4) calculations
with experimental values. Several conclusions may be
gleaned from the theoretical results summarized in
table 4. First, the inclusion of correlation effects is
necessary to predict dissociation energies with chem-
ical accuracy. Ab initio self-consistent-field calcula-
tions predict dissociation energies substantially dif-
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ferent from experimental values. Each of the corre-
lated treatments, D MBPT(4) and SDQ MBPT(4),
predicts dissociation energies that agree well with
experiment. There is little reason to prefer the more
expensive SDQ MBPT(4) calculations to the

D MBPT(4) caiculations for these examples. In each
case reported here, the contributions of the single-
and quadruple-excitation diagrams at fourth order
almost cancel. This is not always the case, so there
are instances where SDQ MBPT(4) is preferred. The
fourth-order triple excitations can also be important
for some examples [20]. Finally, in each case where
theoretical predictions can be compared with experi-
mental results, the predicted dissociation energy is
less than the experimental value. This is not sur-
prising. The finite basis sets used in molecular cal-
culations describe the product molecules better than
they describe the reactant. This characteristic implies
that the clectronic energy difference between prod-
ucts and reactant usually will be too low. Reliable
estimates of the magnitude of this error are not
available, but our experience {21-24] suggests that
dissociation energies predicted by MBPT, for breaking
a single bond in a polyatomic molecule, and for the
quality of basis set used in these calculations, typi-
cally underestimate experiment by 1~3 kcal mole~ 1.
On the other hand, atomization energies are much
poorer due to the limited basis sets [21].

4. Heat of formation of the methoxy radical

Two experimental values for the heat of formation

Table 4
Comparison of predicted and experimental dissociation energics (in kcal mole—’)
Molecule Predicted ”?(.300 Experiment
SCF (UHF) D MBPT(®4) SDQ MBPT(4) ”&.300 ref.
CH30H 69.9 100.2 99.8 100.9 [10])
104.0 17
CH,3O 329 23.1 22,2
CH,0 70.1 86.4 86.5 88.2¢ 1.6 (18]
87.5:1.0% [16]
CHO 4.4 12.9 12.9 15.5+ 1.5 (18]

17.0 £ 2.0 {19]

4) We estimate this value based upon the AE?{,SOO value of 86.0 ¢ 1 [16].
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Table §
Heat of reaction for H; elimination from CH3;0
CH;30 b d CHO + Hjy
clectronic energy a) -114.8232 -113.6363 -1.1656
arl (0,0213 3) 13.4Y)
zero-point energy D) 22.1 7.8 6.2(15)
AEZP -8ab
AER(0 K) 539
rotational energy (300 K) ) 0.9 0.9 0.6
ARTOY(300 K) 0.6 ®)
translational energy (300 K) 0.9 0.9 0.9
AT 0.9
AE (300 K) 6.8b)
AHE 7.4b)
Raoo -

D 1nhartree. 2 In keal mole ™.

of the methoxy radical have been reported recently
[10.17]. Batt and McCulloch [17] derived a heat of
formation equal to 3.9 keal mole~! using parameters
obtained from chemical kinetic data. Engelking et al.
[10] measured the electron affinity of the methoxy
radical, and estimated the heat of formation for
methoxy to be 0.7 kcal mole~ L. Since our calculations
predict heats of reaction for two processes that in-
clude the methoxy radical, by combining these re-
sults with published heat of formation data we can
obtain a heat of formation for CH;0. We assume the
following heats of formation: CH,0H, ~48.0 kcal
mole™!: CH,0, ~26.0 kcal mole~1, H, 52.1 keal
mole~! [25]. Combining the dissociation energy of
methanol with the heats of formation of methanol
and hydrogen, we predict the methoxy heat of for-
mation to be —0.3 kcal mole~1. On the other hand,
combining the methoxy radical dissociation energy
with heats of formation for formaldehyde and hy-
drogen, we predict the methoxy heat of formation
to be 3.9 kcal mole~!.

In addition to the two hydrogen elimination reac-
tions already considered, the heat of formation for
CH;0 can be obtained by considering the elimination
of the hydrogen molecule from the methoxy radical,
giving the formyl radical and H, as products. The
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-
cal dissociation energy D, equal to 13.4 kcal mole~!.
Combining the estimated frequencies for the methoxy
radical with empirical values for the formy! radical

and H,, we estimate a zero-point energy change of
—8.1 keal mole~! for the reaction. When rotational
and translational energy effects and our estimate of
the pV terms are included, we obtain a value for the
heat of reaction equal to 7.4 kcal mole—!. Assuming
that AH(f),SOO for the formyl radical is 9.0 kcal mole—!
[25]. we predict that the heat of formation for the
methoxy radical is 1.6 kcal mole~1.

The lack of agreement among the predicted values
for the heat of formation is not surprising. It is ap-
parent from the results of this work and the results of
theoretical studies using alternative methods [1,3}
that theoretical calculations underestimate dissocia-
tion energies. For the H-dissociation reactions re-
ported here, and in other work done using these
methods [21,26], our dissociation energy errors
range from 1 to 3 kcal mole~1. Considering the sign
of this error, it is reasonable to suggest that the heat
of formation of the methoxy radical should be greater
than —0.3 kcal mole~! and less than 3.9 kcal mole—1.
The heat of formation obtained by studying the hy-
drogen molecule elimination reaction of CH30 sug-
gests a heat of formation for the radical of 1.6 kcal
mole=1 that lies between the two extreme values.
Taking the likely errors into account we suggest a
value equal to 2.0 * 3.0 kcal mole—1.
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Recent experiments suggest that the isomerization reaction CH30 = CH, OH may compete with the hydrogen dissocia-

tion reaction CH;0 ~+ CH,0 + H. We report correlated many-body calculations of barrier hejghts for these reactions and
other decompositions of CH30 and CH, OH. The barriers for isomerization and dissociation are similar, while the reaction

CH30 - HCO + H; has a higher energy barrier.

1. Introduction

The methoxy radical CH4O is thought to play an
important role in hydrocarbon oxidation processes
relevant to combustion and photochemical air pollu-
tion [1]. Recently, Radford [2] has suggested that the
unimolecular isomerization of methoxy to form the
hydroxymethylene radical,

CH,0 ~ CH,OH, ®
followed by the fast reaction
CH,OH + 0, » CH,0 + HO,, ¢

may provide an alternate route for the oxidation of
methyl radicals. Subsequently, Batt et al. [3] pointed
out that although the isomerization reaction should be
competitive with the hydrogen-dissociation reaction
of the methoxy radical,

CH;0-+CH,0 +H, (€
neither reaction should occur quickly enough to com-
* This work was supported, in part, by the Army Research Of-

fice under contract No. DAAG29-80-C-0105 to the Universi-
ty of Florida.

pete with other faster reactions of the radical that are
important in atmospheric chemistry. However, at the
higher temperatures encountered in combustion pro-
cesses, the unimolecular reactions may be more signifi-
cant.

Here we report computed classical barriers for sever-
al unimolecular reactions of CH30 and CH,OH. In ad-
dition to (1) and (3), we also discuss the hydrogen-dis-
sociation reactions of hydroxymethylene,

CH,0H -~ CH,0 +H, @

and the hydrogen molecule elimination reaction of
methoxy,

CH,0 -+ CHO + H,. )

2. Outline of the calculations

For each of the open-shell species in this study an
unrestricted Hartree—Fock (UHF) wavefunction is
chosen for the ground electronic reference state. The
structural parameters for the reactants and the various
transition states are determined using the analytic gra-
dient based GRADSCF codes (4] and 2 6-31G** basis
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{5]. The many-body perturbation theory (MBPT) cal-
culations use double zeta-quality basis sets [6] aug-
mented with polarization functions on all atoms [6] .
Since self-consistent-field calculations provide poor es-
timates of energy differences, the electronic energy is
determined using MBPT [7]. In particular, fourth-order
MBPT calculations that include all single-, double-, and
quadruple excitation diagrams [SDQ MBPT(4)] are
reported.

3. Equilibrium configurations for methoxy and
hydroxymethylene

The structural parameters determined for the meth-
oxy and hydroxymethylene radicals are shown in fig.
1. Qur SCF calculations predict structural parameters
for CH3 O that agree closely with those of Yarkony et
al. [8]. Each of the SCF calculations, however, dis-
agrees somewhat with the results of our previous cor-
related D MBPT(4) calculation for this radical [9]. In
that study, Bent et al. showed that the C3, symmetry
axis is broken by a reduction in the in-plane OCH bond
angle, while, to the contrary, the SCF calculations pre-
dict that the symmetry changes via an increase of the
in-plane OCH bond angle. A correlated calculation of
the CH30, CH;0H, CH,0, and HCO structures has
also been published [10]. Since the structures of the
radicals and transition states described in this work are
determined using UHF calculations, for consistency,
all energy differences for the methoxy reactions are
computed at the structural parameters determined in
the UHF calculations.

The electronic energies for the two radicals, includ-
ing both the UHF and SDQ MBPT(4) results, are re-
ported in table 1. Interestingly, the UHF calculations
suggest that the methoxy radical CH3O is more stable

16 56

H9 8y*

CH,OH (eq)

CH50 {eq)

Fig. 1. UHF predicted equilibrium structures for CH30 and
CH,0OH (bond lengths in bohr).
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Table 1
Electronic energy predictions (hartree)
Structure UHF SDQ MBPT(4)
CH;0, equilibrium -114.4484 -114.7621
CH,OH, equilibrium -114.4419 -114.7684
1,2-shift SP 2) ~114.3668 ~114.7054
CH;30 - CH,0 + HSP -114.3845 -114.7060
CH,0H - CH,0 + H SP -114.3679 -114,6923

3) 5p = saddie point.

than the hydroxymethylene radical CHyOH. The ener-
gy difference equals 4.07 kcal/mole. On the other hand,
the correlated SDQ MBPT(4) calculations predict that
the hydroxymethylene radical is more stable, by 3.90
kcal/mole. Experimental studies [11,12] indicate that
hydroxymethylene is 5—10 kcal/mole more stable than
methoxy, although a more recent experimental [13]
determination of the heat of formation of the methoxy
radical would reduce this range by 3 kcal/mole. Qur
result of 3.90 is in good agreement with this lower
(2-7 kcal/mole) estimate.

4. Isomerization and dissociation reactions

The isomerization reaction that converts methoxy
to hydroxymethylene belongs to the reaction class iden-
tified as 1,2-hydrogen shifts, A recent review by Schaefer
[14] discusses this class of reactions. The transition state
identified for the isomerization reaction is shown in
fig. 2. Such isomerizations are often ignored in chemical
kinetic models, since it is assumed that the potential
energy barrier for the reaction is large. As the results
in table 1 show, however, the electronic energy for this
transition state does not differ significantly from those
values calculated for the two hydrogen-dissociation re-
actions.

In particular, as summarized in table 2, the classical
barrier for the isomerization, reaction (1), is 35.6 kcal/
mole (39.5 kcal/mole for the reverse reaction) with the
competing H-dissociation, reaction (3), having a 35.2
kcal/mole barrier. The UHF transition state structures
are shown in fig. 2. Since the 1,2 shift transition state
has a more compact structure, one would expect that
the zero-point vibrational energy differences would re-
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o m
c 5351 °
H=x -7 25638
<
e 26° ures*

1,2- Shift Hp - elimunation

1576 H

ng.re* 121 38°

H-elimingtion, CHL0 H - elimingtion, CHOH

Fig. 2. UHF predictions of transition states for CH0 under-
going 1,2-H shift, H elimination, H, elimination, and for H
elimination from CH,OH (bond lengths in bohr).

sult in a lower O K activation barrier for (3) than for
(1). Nevertheless, the classical barriers are so nearly
equal that it is expected that both reactions will occur
under most conditions.

In addition to the above. the H-dissociation reaction,
reaction (4), is also of interest. The competing reaction

CH,OH ~HCOH +H 6)

is ruled out since its energy barrier is greater than 85
kcal/mole {15-17].

The saddle-point structure for (4) is shown in fig. 2.
SDQ MBPT(4) calculations at the UHF determined
geometries suggests a barrier of 47.8 kcal/mole for (4).
Consequently, it would appear that the preferred uni-
molecular reaction of CHyOH is the isomerization to
CH;0.

Table 2

Reaction barriers (kml/mole)_ o o
Reaction Barrier height 3
CH3;0-CH0 +H 35.2
CH,0 — CH,OH 35.6
CH,0H - CH;30 395
CH;0H - CH,0+ H 478

3 All barrier heights are classical. No attempt has been made
to correct for differences in the zero-point vibrational ener-
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5. The Hz-elimination reaction of methoxy

The reaction of methoxy to produce the formyl
radical and hydrogen molecule is similar to the molec-
ular products reaction channel of formaldehyde [16—
22]. Like formaldehyde, the methoxy radical has a
hydrogen-dissociation channel, an isomerization channel,
and an H,-elimination channel. Recent MINDO/3 re-
sults suggest that the dominant dissociation of the ra-
dical is the H,-elimination reaction {23} . Furthermore,
those results suggest that the isomerization reaction and
the H,-elimination reaction have nearly the same activa-
tion energy.

We have made numerous efforts to locate the Hy-
elimination reaction saddle point using the GRADSCF
computer codes. The structure shown in fig. 2 corre-
sponds to a structure for which the norm of the gradient
satisfies a stringent convergence criterion. Proper iden-
tification of a saddle point, however, requires the calcu-
lation of the vibrational frequencies for the structure.
If one of the vibrational frequencies is imaginary, then
the structure corresponds to a saddle point. The struc-
ture shown in fig. 2 fails this test, because the vibra-
tional analysis yields two imaginary frequencies. Addi-
tional study of the hypersurface in this region, how-
ever, suggests that the second imaginary frequency is
due to an artifact in the SCF results for this structure.
In particular, our UHF wavefunction breaks the Cg sym-
metry assumed for the problem. The symmetry break-
ing may be viewed as due to the existence of a large-
amplitude wagging motion characterized by a double-
minimum potential energy fun . This vibration may
be viewed as a rocking of the H, fragment perpendicu-
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
leads to a minimum that corresponds to the products
H; and HCO. Distortion of the structure along the
normal mode of the second imaginary frequency fol-
lowed by steepest-descent minimization appears to lead
to rno products. Instead, the search routine wanders in
hyperspace near the transition state structure. After
twelve evaluations, the structure remains almost equiva-
lent to that located by the transition state search rou-
tine.

Finally, to test whether the symmetry breaking was
an artifact of the UHF calculation, a transition-state
search was carried out using an analytic gradient based
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restricted Hartree -Fock calculation. This calculation
also converged, in forty-eight function evaluations, to
a structure with no plane of symmetry. The bond
lengths and bond angles predicted in that calculation
are close to those predicted by the UHF caleulations.
Furthermore, when force constants for the structure
are calculated at the RHF level, we still obtain two
imaginary frequencies. Thus there is no substantial dif-
ference between the UHF and RHF predictions.

In sum, our calculations to date demonstrate that
the transition state does lead to the hydrogen molecule
product. The calculations do not conclusively demon-
strate the existence of a double-minimum potential well
about the transition state, To determine whether this
potential is, as we believe, an artifact of the SCF level
calculations requires a re-examination of this transition-
state region using a theoretical method that includes
correlation effects. We anticipate reporting such calcu-
lations soon.

The electronic energy including the correlation en-
ergy tor this transition state is —114.6732 au, and the
reaction barrier, 55.8 kcal/mole. can be compared with
the other reaction bacriers in table 2. The barcier for the
Hj-climination reaction exceeds the barriers determined
for the other methoxy radical reactions by more than
20 keal/mole.

6. Discussion and conclusion

The encrgy barrier results determined by these cal-
culations and summarized in table 2 support Radford’s
contention that the hydrogen-dissociation and isomeri-
zation reactions of methoxy radical could compete
favorably under appropriate conditions. In addition,
these results suggest that for hydroxymethylene, the
isomerization reaction should be faster than the hydro-
gen-dissociation reaction. Finally, our prefiminary re-
sults indicate that the Hy-elimination reaction of the
methoxy radical has a much larger energy barrier than
etther of the other methoxy reactions considered here.
In all cases. the calculations do not consider the some-
times important effect of the fourth-order triplet-exci-
tation diagrams [22,24,25] and are limited to UHF
determined structures. For example, the triple-excita-
tion contribution in HyCO — H;y + CO reduced the bar-
rier by =3 kcal/mole [22] and it is possible to obtain
similar changes by using better, correlated structures.
The spin contamination present in UHF calculations
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can sometimes cause additional problems. For the H,-
elimination pathway, the UHF multiplicity is 2.013

and SDQ MBPT(4) improves this. We expect that a

correlated determination of the (5) transition state

should eliminate any possible artifacts with the SCF 1
transition state.
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Abstract

Ab initio ¢lectronic structure calculations are reported for five electronic states of the methylene amidogen
radical. Structure parameters for the ground clectronic state are predicted by RHF and D-MBPT (4) caleu-
lations. Vertical excitation energies were determined using four different thearetical chemical madels:
complete active space (CAS) MCSCF, CAS/MCSCF plus singles and doubles 1. fourth-order many-body
perturbation theory sDQ MBPT(4), and coupled-cluster theory.

1. 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
role in the study of evanescent species, since the tools used by the electronic structure
theorist are equally applicabie to stable well-characterized molecules and transient
radical specics. Results obtained via theoretical methods should be as accurate for
a short-lived radical. such as CH,N, 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 CH,N.

The first experimental evidence for the CH,N radical was provided by the ESR
spectrum of Cochran, Adrian, and Bowers [1]. 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.

© 1983 john Wiley & Sons, Inc. CCC 0020-7608/83/020437-10502.00
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[2] confirmed the identification and provided a qualitative description of the molecular
orbital occupied by the unpaired electron. The SR experiments, ;md‘lhc issue of hy-
perconjugation, spawned a series of self-consistent field molecular orbital calculations.
culminating in Hinchliffe's recent report {8 10].

The electronic spectrum of methylene amidogen was first described by Ogilvie und
Horne [3]. Subsequently, Horne and Norrish published a detailed electronic spectrum
of this radical [4]. Their spectrum consisted of a diffuse absorption with a maximum
intensity at 280.8 nm and a second. weaker absorption in four diffuse bands with in-
tensity maxima at 284.5, 284.75, 285.0, and 285.4 nm. Ogilvic interpreted the spectrum
of CH>N 1o be due to two different clectronic transitions originating in the ground
state, and he reiterated the validity of his maximum absorption coefficients [5].

Methylene amidogen was identified by Morgan and Beyer as a primary decom-
position product of the 1.3.5.7-tetranitro 1.3,3.7-tetrazocyclooctane (HMX) molecule
{6]. The radical has been suggested o play a role in the reaction of H atom with HON
[11]. and has been suggested as an intermediate in flames oxidized by N-O. The in-
terest of flame diagnosticians spurred this study of the electronic structure and the
excitation energy spectrum of this radical. A recent report by So [12] reports structural
parameters for two electronic states of CH:N. Here we report structural parameters
for the ground clectronic state of this radical. as well as a series of calculations designed
to elucidate the details of the vbserved absorption spectrum of this radical. Further-
more. the calculations provide an interesting comparison of results obtained by ap-
plication of MCSCH Cmethods with those obtained using two linked cluster methods
MBPT and CCM.

2. Description of Theoretical Methods

All the calculations reported here were performed using basis sets of double-zeta
plus polarization quality. Those many-body perturbation theory (MBPT) calculations
performed to determine the structural parameters for the ground clectronic state of
methylene amidogen were performed using Dunning’s [13] double-zeta contractions
of Huzinaga's [14] 955p primitive set for carbon and nitrogen and the double-zeta
contraction of the 4s primitive set for hvdrogen. A single set of d-type polarization
functions [15] augments the basis for the first row atoms, while the hydrogen basis
set includes a single set of p-type functions {15]. All other calculations reported here
use the v-31G** basis sct proposed by Hariharan et al. [16]. These include the RHF
predictions of structural parameters for the ground clectronic state of CH>N, and all
the vertical excitation energy calculations.

In its ground clectronic state, methylene amidogen has C», structural symmetry.
The unpaired clectron occupies an in-plane nitrogen orbital; thus the ground state
has B~ symmetry. The orbital occupation is (1a,)? - - (5a,)7(15:)2(2b>)(1b))2. This
state is represented by the orbital diagram [Fig. 1(a)]. Figures 1({b) to 1(d) represent
clectronic excited states formed by excitations involving the Sa,, 2bs, and 1h, orbitals;
the excitations lead to the 1 °8,. 1 2.4, and 2 *B) clectronic states. The calculations
described here refer to vertical excitations from X 28+ 10 cach of these excited states,
plus the excitation to the lowest quartet excited state (*B-).
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{a} (b}

lc) {d)

bigure 1 Voo ee bond representations of the first Towr electronmic states of methylene anndogen. The figure
planc s the A7 plane (o 178 b 800 T Hd) 2K

The application of MBPT has been described in a series of papers by the present
authors and others [17 19]. A recent review paper by Bartlett [20] offers a description
of the medchods, summirizes recent results, and provides many references. The MBPT
calculations for methylene amidogen include results through fourth order: the
fourth-order caleulations include all single-. double-. and gquadruple-excitation di-
agrams which contribute.

The coupled-cluster method caleulations reported here use the computational
procedures described by Purvis and Bartlett [21]. In particular. the cluster operator
includes the single- and double-excitation operators, viz.,

T=T+T.
The particulate 4nsarz described by Purvis and Bartlett includes both single- and
double-excitation cluster effects, as well as disconnected triple excitations (7, 7~ and
I/~T 1) and quadruple excitations (T3, /AT T and '477).

Finally, the states in question were characterized at the MCSCEF CI level using a
procedure originally applied to describe the low-lying states of MgO [22]. Using an
active space comprising five molecular orbitals (3a,, Vhy, by, Vb2 and 2b5), complete
active space comprising five molecular orbitals (Say. by, 25, 1b>, and 2b>), complete
active space (¢ AS) MCSCF calculations were performed for the five electronic states
discussed here. In each case, the CAS space was reduced 1o a compact configuration
cients greater than 0.075 in the €As MOSCE. The resulting compact ¢Sy descriptions
(see Table I), provide a qualitatively accurate description of these states and the ref-
erence space for a single- and aouble-excitation C1(SDCH) described below,

3. Structure of the X' B, Ground State

While spectroscopic data demonstrate that methylene amidogen exists as a stable
species with two cquivalent hydrogen atoms. no empirical structural parameters have
been derived for this radical. As a part of this study, we obtained optimal structural
parameters for the ground electronie state of this radical using the 114U BRL analy tical
gradient driven SCE MOSCE programs [23]. These results may be compared with
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TABLE |, MCSCF expansions,

State Label  Electron Occupations® Qi_mﬁv_gnof_wi-c_l
tnselected Selected
2 2 2 2 2
1 B, A 4a,¢ 5a, lbz 1b, 2b2 16879 9209
2 2 2 2
4a,¢ 5a,¢ 1b,° 26,4 2b,
12p, B 43,2 52,2 15,2 2,2 1b, 16965 8686
2 2 2 2
4a, Ibz 2b2 Ib.l Zl'a1
2 2 2 2 2
12, c  4a;% 1by% 2b,° 1b, 2 5a, 16760 9220
2 2 2 2
4a,€ 1b,¢ 2b,° 2b,° Sa,
2 2 2
18, 0 da,” Sa,‘ 1b,° 2b, b, 2b, 18219 7962
1, 278, 42,2 52,2 15,2 20,2 b,
2 2 2 2
4a,° 16,% 2b,° 1,2 2p, 33852 16194

2 2 2 2
43,% S5a, 'Ib2 1b, < 2b,

2,2 5 2
say? 15,2 2b,% 2b,

 Fully occupied 1a,. 2a,. 3a, orbitals are omitted for clarity,

results obtained in an earlier study using fourth-order many-body perturbation theory
calculations [24]. Both sets of structural data are presented in Table I, 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 Cy, structural symmetry. The
modestly larger basis sets used in Ref. 10 and these MBPT calculations do not lead
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 1.  Structural parameters for CH,N®

Re-n Re-n < HCH_
Reference 12 1,078 1.263 1160.23
Reference 10 1.14 1.2¢ 119
This work
SCr 1.08 1.24 114.2
MBPT 1.095 1.23 17

a Units: bond lengths, angstroms, angles. degrees.

o o et
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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;N, both the ground electronic
state, X 2B, and the first excited state of 4, symmetry have spin multiplicities much
greater than two (see Table 111). Thus, some caution should be exercised in interpreting
energy differences that include these two states. As noted by Adams et al. [25], 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 Methylene Amidogen

As noted in Section 1, the observed electronic spectrum of CHaN comprises two
diffuse absorptions; a strong, diffuse band with a maximum intensity at 280.8 nm
(35612.5 cm™') and a weaker, absorption in four diffuse bands, with maximum in-
tensities ot 284.5 nm (35149.3 cm™!), 284.75 nm (35118.5cm™"), 285.0 nm (35087.0
cm~'), and 285.4 nm (35038.5 cm—!) [4]. Ogilvie assigns the two absorptions to
separate clectronic excitations originating in the X 28, 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
114.2°,

All MBPT and cCSD calculations were performed relative to single determinant
reference functions. The UHF wave functions for the X 2B; and B 24, electronic states

TABLE 1ll.  UNHF spin multiplities for methylene amidogen.

State Spin-multiplicity
2

12, 207

128, 2.004

14, 2216

2%, 2.on

14, 4.008
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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 UHF wave functions for the four
states studied had the orbital occupations

12B;  (1a1)2- - (5a1)2(15,)%(152)%(2b>),
128y ---(5a1)3(15,)(162)%(2b,)?, ’
124; -+ (44))%(5a))(15:)3(152)%(2b,)?,
228, -+ (5a1)%(16,)%(2by)(1b,)?,
14B; -+ (5a;)2(15,)(2b4)(152)%(2by).

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™!. Thus, a low-lying quartet state has, apparently, been located.
In addition, the UHF results predict that the excitations to the 1 24, and the 2 2B, states
differ by only 299 cm~!, suggesting the relatively small observed separation in the
absorption spectrum (ca. 520 cm~!). However, the results of the UHF calculations
for the 2 2B, state do not yield an upper bound to the electronic energy, 50 we assume
a substantial error in the calculation of the corresponding excitstion energy, even
improved by the MBPT and CCSD calculations. The excitation energy must be too low.

The results obtained from the MBPT and CCSD calculations are presented in Tables
1V 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 agree well with
one another on the excitation energy for the X 28, — | 24, process: MBPT, 36,064
cm™' and CCSD, 36,024 cm—'. However, the MBPT calkculations predict a much larger
difference between the first and second excitation energics than do the CCSD calcu-
lations, while predicting a smaller difference between the second and third excitation
encrgies. Were one to attempt 10 assign the absorption spectrum based upon the results
of the MBPT calculations, it wowld be tempting to assign the processes as | 28; — |
24, and | 2B; —= 2 2B,. Such an assignment, however, scems unlikely if one recalls

TABLE IV. Electromic energies for CH)N: UNF. MBPT. and CCSD results.*

Snate L4 JOOMT(Y) . CCOPS
vis, 93,4353 B X 43,198
%, -93.2917% -93.93510 93,3541
v, ~93.27933 -93.34348 915000
s, -93.20097 =93.54003 “$3.54233
1%, -93.20609 «93.91988 “93.52100
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TABLE V. Excitation energies for CH;N: UHF. MBPT. and CCSD results.*

Excitation UHF MBPT CCSD

12, + 12, 31534 33513 e

128, ¢ 1%, 36239 6064 3602¢

128, + 2%, 36538 36882 37192

1252 v, 32465 41449 an?
3 Units: cm™'.

that the higher energy absorption is significantly stronger than the diffuse, longer
wavelength transition. Since a B, — B, transition is symmetry forbidden, intensity
arguments lead us to reject this proposed assignment.

The only significant difference between the MBPT and CCSD caiculations is the
spacing of the 24, state relative to the two 28, states. The CCSD results reduce the
energy gap between the | 2B, state and the | 24, state while increasing the gap between
the 1 24, and 2 28 states. The predicted ) 2B; — ] 24, separation is almost equal
to that predicted by the MBPT calculations. These results do not lend credence to the
MBPT 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
1, 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 V1. Note
that of the two CSF expansions B and E reported for the 2B, states, expansion B is
appropriate for a description of the 1 2B, state relative tothe 1 28,5, 1 24,,and 1 4B,
states, while expansion £ is required to treat the 1 2B, and 2 2B, states in an even-
handed manner. Those results presented in Table V1 show that the 1 4B, state is well

TAsLE VI.  Energies of lowest root CH;N states at | 28, equilibrium geometry.*

Method MCSCP_Coefficients®
state msce soc1 il ]
12, ~93.47720  ~91.70540 0.979 -0.20)
12, -93.29265  -93.34333 0.998 ~0.03¢
Vi, “93.29114  -93.3412¢ 0.978 ~0.20¢
1%, «93.27667  -93.30992 1.0

 See Table | for definition of corresponding CSF's.

e ‘;VCQ > ALY
P~ LA
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TABLE VII.  MCSCF wave functions for the 1.2 28, states of CHaN.

MCSCF Coefficients®

State E:nerqyb Cy C2 CJ c‘

a2, © -93.30438 0.598 -0.032 -0.120 0.791
2%, © ~92.84998 0.084 0.984 -0.152  -0.047
12p, d -93.29309 0.781 -0.507 0.022 0.1362
2%, 9 -93.26699 0.468 -0.134 0.855 0.179

* Sce Tabie | for definition of corresponding CSF's.
b Units: hartrees.

¢ From | 2B, optimization.

¢ From 2 2B, optimization.

described by a single reference CSF, the 1 2B; and 1 24, states have appreciable
multiconfigurational character, while the 1 2B, state has slight multiconfigurational
character. The results gathered in Table VI show that the 2 2B, state has substantial
multiconfigurational character: these results also indicate that the attribute *multi-
configurational” depends upon the method used to derive the corresponding MCSCF
expansion. This is exemplified by the results for the 1 28, 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 C1
wave functions for these electronic states. Initiafly 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 gencologically coupled CSF's [26).
The dimension for each SDC1 space is presented in Table I. Since the CSF space de-
scribing the 1,2 28, 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 2 manner distinct from that
appropriate to the treatment of the lowest root of each symmetry.

The results of the SDCI calculations are presented in Tables VIand V1L Table I1X
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 1 28; — | 2B, transition. Its weak intensity and
structure are attributed to the transition being vibronically allowed by electronically
forbidden in C3, symmetry. The strong absorption about 500 cm=! to the blue is as-
signed to the symmetry allowed | 28, — 1 24, transition. The position of the 2 28,
state, 6100 cm™"' to the blue of the | 28, state, is reassuring, since this eliminates the
state as a possible participant in the absorption spectrum. This result is significant.
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TABLE VIII.  sDC1 Energics of the 1.2 2B, states of CHaN.»

2 2
1°B. B
Orbitals 1 B
o:bngu optimized
for B, state -93.54724 -93.451216
3 Orbitals optimized
¢ for 2 !l state ~93,54964 -93.5218%

+ Units: hartrecs.

since the agrecment of the SDCI excitation energies with the experimental values must
be regarded as fortuitous.

The lack of agreement between the sDCI results and the MBPT/CCSD results could
have been anticipated on two grounds. There is no adequate single CSF description
) for the 2 2B, state, so on¢ expects that a substantial error should occur in treating both
H of the 2B, states. Furthermore. spin contamination of the 24, and 28, wave functions
' suggests a contribution to the UHF wave function that is not ignorable. That both the
MBPT and CCSD methods predict the excitation energy for the 1 28, — 1 24, transition
as does the SDCI technique is both intriguing and mystifying. 1

5. 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 28, 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 28, clectronic 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.

TABLE I1X. Excitation energies for CHaN.

METHOD
Transition MBPT CCsp SbCL
2 2

12n, o 12, 33513 146 35525
120, « 1%, 36064 36024 36024
125, + 2%, 36082 ne2 1633
1, 0 1%y, a4 “n? 42903
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COMPARISON OF MBPT AND COUPLED-CLUSTER METHODS WITH FULL CI.
IMPORTANCE OF TRIPLET EXCITATIONS AND INFINITE SUMMATIONS *
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Received 21 March 1983

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 CI results for BH, HF, NH;, and H;0. For H,0, 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 H,0.

1. Introduction

Recently, a series of full CI calculations on mole-
cules with small basis sets have become available [1,2].
Such calculations provide interesting benchmark re-
sults that may be compared with results from different
methods for electron correlation. The first calculation
of this type was for H,0 in a double-zeta (DZ) basis set
reported by Saxe et al. [1]. Comparison many-body
perturbation theory (MBPT) and coupled-cluster
doubles (CCD) results have been reported by Bartlett
[3], and coupled-cluster singles and doubles (CCSD)
results by Purvis and Bartlett [4]. Comparison MBPT
and CCSD results in a crude localized-orbital basis set
have now been added to this list [S]. The MBPT/CC
results are in excellent agreement with the full CI for
these examples. However, H,0 at its equilibrium
geometry is well described by a single SCF reference
function. This determinant has a coefficient of 0.975
in the full C1 wavefunction, built upon the usual SCF
orbitals. Consequently, this is not a difficult case for
single-reference-function-correlated methods like
MBPT/CC.

Harrison and Handy [2] have now extended this

* This research has been supported by the Army Research
Office undez contract No. DAAG29-82-K-0034.
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study of DZ H,O to large symmetric displacements of
the OH bonds, extending to twice the equilibrium dis-
tance. For such displacements other single and double
excitations in the CI wavefunction are of comparable
importance to the SCF determinant. Consequently,
these displaced geometries offer a far more stringent
test of the applicability of single-reference MBPT/CC
methods. In particular, one would expect the infinite-
order summations of correlation corrections that are
built into coupled-cluster methods to be more impor-
tant than is the case at the equilibrium geometry [6].

In addition to DZ H,O at displaced geometries,
Harrison and Handy have also reported full CI results
for BH, HF, and NHj. In the following, we report full
fourth-order MBPT, and CCSD results for all of these -
examples. In the case of H,O displaced from equilib-
rium, we have also considered the differences in the
results of MBPT/CC calculations based upon restricted
(RH:’) and unrestricted (UHF) reference functions
(6,7].

2. Theory

There are three currently popular approaches to
the accurate inclusion of electron correlation effects

in molecules; configuration inseraction (CI) {8.9],
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many-body perturbation theory (MBPT) (10,11], and
coupled-cluster (CC) methods [12,13]. These differ in
how the approximations are introduced, which, in
turn, result in different properties for the calculations.
For example, truncated CI results are variational but
not size-extensive while MBPT and CC methods are
not variational but scale correctly with size [3,14].
The full CI, where all possible N-tuple excitations are
included for NV electrons, is both variational and size-
extensive and also separates correctly into fragments
when a bond is broken.

The CI wavefunction relative to some single-
determinant reference function & (often the SCF de-
terminant) may be written (intermediately normalized)
as

N
(f;
Ca = cobe-ativtictk.. (:=1,2,3,.),
" icj<k... k... a'ibljc ==1,2 ﬁ))

a<b<ec...

where (n) indicates the level of excitation and V is the
number of electrons. The operators and indices i, /, k...
represent orbitals occupied in & whilea, b, ... are
excited orbitals, and the coefficients C,":" are to be
determined for each n variationally. If all possible ex-
citations are included, i.e. n = ¥V, we obtain the full
CI result. Except for small problems, the CI wave-
function must be truncated. For many years, the level
of all single and double excitations from ¢y, i.e. CISD,
has been routinely applicable to realistic problems
[3,15]. More recently, modified CI methods that first
determine an MC SCF or CI reference space, and then
form all single and double excitations from that entire
space, are becoming applicable [16,17]. Such methods
presumably introduce the dominant higher-excitations
relative to a single reference, $,.

The fundamental formula of MBPT is the linked-
diagram theorem ([10], which gives the wavefunction
and energy as

Vet = (1 + V)&g + L [(Eq - Ho) ' VIFidg,
k=1 (3)

E=Ey+ D @qlViEg-Ho VIFIogL . )

The subscript L indicates the limitation to linked dia-
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grams. Although various categories of infinite-order
summations are obtainable from eq. (4), the method is
usually limited by terminating at some order of per-
turbation theory. The most attractive current MBPT
model is the complete fourth-order result, which con-
sists of all single-, double-, triple- and quadruple-
excitation terms [18]. Because of the contribution of
triple and quadruple excitations, this model should
exceed CISD in accuracy. Of course, any linked-dia-
gram approximation is size extensive [3].

The coupled-cluster theory uses the ansatz [12,13]
for the wavefunction

Voo =exp(T)idg , )
T=T +Ty+T3+.., ©)
(n)
= be... 4 ipt s =
T, = 2 tfik" atibtjctk. (m=1,2,.N).
a<hp<e...

Essential approximations are introduced by restricting
T to some categories of excitation. The current state
of the art is CCSD [4], where

‘I’CCSD = exp(Tl + Tz)ld’o) (8)
and
E= (‘bol”l \l’cmp) .

Since the complete solution to ¥cgp includes all
powers of T} and T and their coupling, a comparison
with CI demonstrates the inclusion of large parts of
higher excitation terms. For example,

Co=iT2+ T\ T, +3T3T, +5TY+ T, 9)
hence by including non-linear T and 7; terms most
of the quadruple contribution is obtained without re-
quiring explicit evaluation of T, e g refs. [6,7]. The
MBPT linked-diagram expansion can be obtained by
iteratively solving the CC equations. All single, double
and quadruple terms that arise in fourth-order MBPT
(the SDQ MBPT(4) model) come from low-order
iterations of CCSD. However, the fourth-order triples
arise from the first contribution of T to the CCSDT
equations. Coupled-cluster theory is clearly size-
extensive as guaranteed by the exponential ansatz,
and unlike MBPT, is an infinite order method.
MBPT/CC methods using a multi-reference space are
also possible but are not discussed here [19).
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3. Boron hydride

In table | we present results for the BH molecule,
at the experimental equilibrium in a double-zeta plus
polarization (DZP) basis set. The basis set and geom-
etry are the same as Harrison and Handy [2]. Results
are compared including the core-correlation effects,
and with the 1s electrons unexcited.

The BH molecule exhibits siower convergence than
average in MBPT calculations [6,20] due to the near
degeneracy of the 2p and 2s orbitals. This is reflected
in table 1 by the better convergence of the infinite-
order CCSD model compared to its fourth-order
MBPT approximation, SDQ MBPT(4). The best agree-
ment of the many-body methods with the full Cl is
given by CCSD + T(4), where the fourth-order triple
excitation terms that are neglected in CCSD are added
(see ref. [21] for the method for including the triple-
excitation contributions). For this example, these
terms amount to 0.4 kcal/mole.

The best agreement of the MBPT/CC methods com-
pared to full CI for the dissociation energy is also ob-
tained by the CCSD + T(4) model, which is within 0.2
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kcal/mole of the full CI result. Sin.e B is an open-
shell atom, the MBPT/CC calculations for the atom
are based upon an unrestricted Hartree-Fock (UHF)
reference function. In this example, as is usually the
case for open-shell problems, the computed CCSD
multiplicity is quite accurate (see ref. [22] for the
procedure for evaluating S2), giving 2.000016, com-
pared to 2.00505 for the UHF reference function.

4. Hydrogen fluoride

The HF molecule serves as a second example of
MBPT/CC comparisons with full CI within a DZP basis
set. These results are in table 2. Unlike BH, HF ex-
hibits good convergence. In BH there is a 2.4 kcal/
mole energy correction for higher than fourth-order
terms obtained by comparing CCSD to its fourth-
order approximation, SDQ MBPT(4), while in HF, this
difference is only 0.3 kcal/mole, but with an opposite
sign. The triple-excitation contribution is 1.8 kcal/
mole in HF compared to 0.4 for BH, causing SDTQ
MBPT(4) to be lower than the full Cl in this example.

(valence

A (result B(au)

De
~fullCI)  (core + valence)  (kcal/mole) &)

Table 1

Correlation corrections for boron hydride (DZP basis set; R = 2.329 bohr) 3)
BH A (result BH
(core + vajence) - full CI)
correlation) (kcal/mole)

correlation, au) €} (kcal/mole)

SCF 25.125260 64.2 25.125360 55.1 24.529577 (UHFW)61.5
24.526781 (RHF))
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 MBPT(4) 25.222817 " 3.02 25.208222 3.01 24.599104 7.1
SD MBPT(4) 25.223125 2.83 25.208520 2.83 24.599309 9.2
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
CCcSD 25.225834 113 25.211367 1.04 24601545 19.5
oCSD + T(4) 25.226461 0.73 25.211949 067 24.601870 9.6

CISp b 25.222417 3.27 25.208933 257 24.600618 9) 717949
CISpTQ b 25.227600 0.02 25.213024 0.00 - -
fuliCt b 25.227627 0.00 25.213024 0.00 24602641 199

a) All results for total energies are in hartres and sre negative.
) CI results aze taken from ref. (2].

€) Valence correlation encrgy is defined by l‘nuhgthe B(13) electrons and dropping the corresponding virtual orbital.
for B(

6) C1 results ase based upon a RHF solution P).

) MBPT/CC tesults for D,, are based upon an UHF solution for BCP). £(H) = ~0.497639 au.
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Table 2
Correlation corrections for hydrogen fluoride (DZP basis;
R = 1.732 bohr)

CHEMICAL PHYSICS LETTERS 10 June 1983

Table 3
Correlation corrections for ammonia (DZ basis; R = 1,.91165
bohr, ¢ = 106.7°) )

—Energy A (result % valence
(au) — full C1) correlation
(kcal/  energy ¥
mole)
SCF 100.048009  125.3 0.0
D MBPT(2) 100.240133 4.7 96.2
D MBPT(3) 100.242166 3. 97.2
D MBPT(4) 100.244665 1.9 98.5
SD MBPT(4) 100.246181 0.9 99.3
SDQ MBPT(4) 100.245247 1.5 98.8
SDTQ MBPT(4)  100.248129 -03  100.2
CCSD 100.244833 1.8 98.6
CCSD + T(4) 100.247715 -0.02 100.02
cisp b 100.238526 5.7 95.4
CIspT b 100.240685 44 96.5
CISDTQ D) 100.247410 0.2 99.9
futiCi1® 100.247684 0.0 1000

—Energy 4 (result % valence
(au) — full CI) correlation
(keal/  energy &)
mole)
SCF $6.165931 79.5 00.0
D MBPT(2) 56.277352 9.6 88.0
D MBPT(3) 56.285281 46 94.2
D MBPT(4) 56.288908 23 97.1
SD MBPT(4) 56.289359 20 974
SDQ MBPT(4) 56.289584 1.9 976
SDTQ MBPT(4)  56.290692 1.2 98.5
CCSD 56.290904 1.1 98.7
CCSD + T(4) 56.292011 0.4 99.5
CISD b) 56.285574 44 94.4
CISDT P) 56.286825 36 954
CISDTQ ®) $6.292405 0.1 99.8
full CI b) 56.292612 0.0 100.0

a) Valence correlation energy is defined by freezing the F(1s)
electrons at the SCF level and dropping the corresponding
virtual orbital.

b) CI results are from ref. [2].

CCSD is slightly higher than its fourth-order, SDQ
MBPT(4) approximation, reflecting the residual posi-
tive character of the non-linear contributions of T to
the CCSD result [4].

By comparing CISD and CISDT with CISDTQ, the
contributions of ClI triple excitations are 1.4 kcal/
mole, and quadruple excitations, 4.2 kcal/mole. The
triples number compares well with the fourth-order
MBPT values of 1.8 kcal/mole. To obtain the fourth-
order MBPT value for CI quadruple excitations, it is
necessary to add the quadruple diagram values E4q
and the value due to the unlinked quadrupole dia-
grams, which is 54, where A =(¢,1¢,) is the overlap
of the first-order perturbed wavefunction, This value
is 4.6, again in good agreement with the CI quadruple
estimate. As usual, the unlinked portion of the qua-
druples, which is automatically eliminated from the
linked-diagram expansion of MBPT/CC, is the domi-
nant portion, in this case being 113% of the value.
This should also apply to higher categories of excita-
tions, and this part (the unlinked part) of the hextuple,
octuple, and higher excitations is automatically elimi-
nated from the linked-diagram expansion. Harrison

a) Valence correlation energy is defined be freezing the N(1s)
electrons at the SCF level and dropping the corresponding
virtual orbital.

b) Cl results are from ref. [2).

and Handy’s statement that hextuples would be diffi-
cult to include in MBPT/CC should be qualified to
read that the hextuples from T‘; or any hextuple com-
bination of T; and T, are included in CCSD. Further-
more, all unlinked hextuples that would contribute to
CI hextuples, which are probably the dominant part,
are appropriately eliminated, via the linked-diagram
theorem. The remaining hextuples from Tg AYPYAR
T,T,, Tg.etc. would, indeed, be very difficult to in-
clude.

S. Ammonia

The NHj results of Harrison and Handy employ an
unscaled, double-zeta basis set. In MBPT/CC there is
usually better convergence for larger basis sets, since
once polarization functions are included, there is a
better representation of low-lying virtual orbitals.
Previous work has compared the convergence of
MBPT/CC in different basis sets [7]. In comparing
NH;(DZ) with HF(DZP) (see table 3) it is clear there
is a larger residual error at second-order and between

69




otk ST

Volume 98, number 1

the fourth-order SDQ MBPT(4) and CCSD results.
Again CI triples amount to 0.8 kcal/mole and com-
pare well with 0.7 from E4 1, while CI quadruples at
2.5 kcal/mole are well approximated by E4y + E24 =
3.0. Only in very small basis sets is £4 computed to
be negative [7], as in this example. Again the unlinked
diagram part, £ A amounts to 95% of the total CI
quadruple excitation contribution.

6. Water

The most interesting example in this study is the
H,0 molecule in a DZ basis set, which has been sub-
jected to a symmetric OH stretch to 1.5R and 2.0R,
where R is the equilibrium bond distance (see table 4).
Most previous comparisons of full CI with MBPT/CC
have been for geometries near equilibrium, where a
single RHF reference function is a good approxima-
tion to the correct wavefunction. For example, at
equilibrium, the RHF function has a coefficient of
Co = 0.975 in the full CI, while at 1.5R, C =0.923,
and at 2.0R, Cg = 0.764. Consequently, any single-
reference-function procedure suffers from a much
poorer starting point. However, with some reserva-
tions, even very difficult cases can often be described
by CCSD [23].
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Comparing DZ NH3 with DZ H,0 at equilibrium,
by third order the convergence is very similar. Com-
parison with CI triples gives 0.85 kcal/mole from £,
and 0.72 from CI. Similarly, quadruples from CI are
4.0 kcal/mole and £4 + £,4 = 4.1, of which the
linked part is only 0.5, with 88% from £, 4. The
higher than fourth-order corrections are only 0.3
kcal/mole.

Once we consider displaced geometries, the con-
vergence is much worse. The infinite-order corrections
at 1.5R are 2.8 kcal/mole, closer to that observed in
BH, increasing to 12 kcal/mole at 2.0R. The CI
triples vary from 0.7 at Rto 2.3 at 1.5R and 6.7 at
2.0R. These may be compared to the corresponding
E4 numbers of 0.9, 2.5 and 7.6 kcal/mole which
show some overestimate in fourth order as in HF.
E41 is sufficiently large at 2.0R to cause the straight-
forward addition of £41 to CCSD to exceed the full
CI result. Presumably, higher-order contributions of
triples, either introduced directly or via allowing Ty
to affect the I’} and T, amplitudes, would reduce the
net effect of triples to be more in line with the Cl
value. The quadruple excitations have an even more
dramatic dependence on geometry, varying from 4.0

to 11.0 to 28.5 kcal/mole in CI compared to 4.1, 10.6.

and 25.8 as measured in fourth order.
At large displacements, unrestricted Hartree—Fock

Table 4
Correlation corrections for H,O as a function of symmetric bond displacement (DZ basis set; R = 1.84345 bohr, 6 = 110.5°%) a)
R 1.5R 2.0R (RHT) 2.0R (UHF)
—energy A (result —energy A (result —energy A (result -energy A (result
(au) - full CI) (au) - full CI) - full CI) - full ChH
(kcal/ (kcal/ (kcal/ (kcal/
mole) mole) mole) mole)
SCF 76.009836 929 75.803529 1320  75.595180 1946  75.801918 64.8
D MBPT(2) 76.149315 54 75.994577 125 75.852461 331 75.866403 44
D MBPT(3) 76.150707 4.5 75.989393 158  75.834803 44.2  75.872822 20.3
D MBPT(4) 76.153790 26 76.000665 8.7 75.871252 213 75.87434S 19.4
SD MBPT(4) 76.154698 2.0 76.004625 6.2 75.885014 127 75.875826 18.5
SDQ MBPT(4) 76.155513 1.5 76.004468 6.3 75.876785 179  75.875853 184
SDTQ MBPT(4)  76.156876 0.6 76.008395 3.8 75.888867 103 75.876654 17.9
CCsD 76.156076 1.1 76.008931 3.5 75.895913 59  75.892927 1.7
CCSD + T(4) 76.157439 0.3 76.012858 1.0 15.907997 -17 75.893727 7.3
cisp b 76.150015 49 75.992140 14.0 75.844817 379
cispT» 76.151156 4.2 75.995843 11.7 75.855527 31.2
c1soTQ» 76.157626 0.2 76.013418 0.7 75.900896 2.7
full Ct ©) 76.157866 0.0 76.014521 0.0 75.905247 0.0

2) All total energies are in hartree and are negative. ) Cl results are from ref. 2].
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(UHF) results might be preferred, in order to enable
the molecule to separate correctly into O(3P) plus
2H(2S) atoms. However, in any UHF calculation, one
has to be careful to obtain the correct UHF solution
of the plethora of possibilities. Although the UHF re-
sults reverses the trend that the RHF energy is progres-
sively farther from the correct answer due to its in-
ability to separate correctly, the convergence toward
the correct answer is not very good. This is largely
due to the fact that only one of the several almost
orthogonal and equivalent UHF configurations is used
as a reference function for H,0, introducing the ef-
fects of the remaining equivalent configurations from
the complementary space painfully slowly. After an
excessive number of CCSD iterations the CCSD +
T(4) result gains 11.8 kcal/mole over the fourth-order
value, to give 89% of the full CI correlation energy
result. Unlike the RHF case, the fourth-order triplet
excitations are only 0.5 kcal/mole and quadruples

are 0.7.

Using UHF to correctly separate a singlet mole-
cule into open-shell atoms is probably the worst pos-
sible application of the method. In true open-shell
systems, the UHF + CCSD multiplicity is nearly al-
ways a pure doublet, triplet, etc., to ~4 decimal
places, as in the B(2P) atom discussed above. How-
gver, for a singlet case it is very difficult to eliminate
higher contaminating multiplicities. Straightforward
spin annihilation of the reference function can be
introduced, but this introduces some formal ques-
tions about how spin annihilation is preserved through-
out the iterations of the CCSD equations. Alternative-
ly, spin-adapted cluster methods as developed by
Nakatsuji [24] could be appropriate. However, the
ultimate resolution of bond breaking problems would
seem to require a multi-reference function MBPT/CC
approach [25].

To summarize, CCSD + T(4) provides 99.7, 99.2
and 101.2% of the full Cl correlation energy as a
function of displacement in H,0. In each case, the
variational CISDTQ gives, respectively, 99.8, 99.5
and 99.0%. In both cases, the error is non-uniform,
oscillating to within 2 kcal/mole for CCSD + T(4)
and 3 kcal/mole for CISDTQ. Multi-reference-function
CI, MBPT or CC techniques potentially offer smoother
behavior as a function of displacement. In most ex-
amples, the fourth-order triple- and quadruple-excita-
tion effects overestimate those measured by CI. This
suggests that higher-order coupling involving triples
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and quadruples would tend to slightly reduce the net
effect of such terms.
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