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We present the methodology for correlation analysis of chemical bond operators (CACB) on ab initio wave
functions. In CACB the wave function is analyzed in a hierarchy of quantities (charge, bond order, bond
bond correlation), where each quantity is the expectation value of an operator related to the statistical covariance
of the previous quantity. CACB does not require any preconceived notion of which atoms are bonded and
should be useful for reasoning about the similarity, stability, and reactivity of molecular systems. CACB
does not require any special form of the wave function, but the applications here are for HatckeHF)

type wave functions. We use CACB to analyze the bonding in a number of molecules including transition
states for several reactions. This analysis extracts chemically useful information without using preconcerned
notations of bonding.

I. Introduction There have been several attempts to deduce electronic
Progress in quantum chemical (QC) calculations of organic character directly from the wave functi@nMost attempts at
and inorganic molecules has made it practicable to calculateinterpreting wave functions in terms of chemical concepts have
the structures and wave functions for very large molecules, focused on atom-centered properties (such as hybridization,
including the transition states (TS) and reaction intermediates valence, and partial atomic charges) or on the chemical bond
involved in complicated but important reactions. Indeed the (such as bond order, polarity, and bond energies). Mulliken
structural parameters, activation energies, and other propertiepopulation analysis continues to be the most popular, but new
are rapidly approaching the point where their reliability is approaches such as the natural bonding orbital analysis (by
sufficiently high to be trusted in the absence of experimental Weinhold et al) and the atoms in molecules method (by Bader
data. However, thimterpretationof wave functions has lagged et al.p have been developed and applied successfully to various
behind these developments in extending the methods. Thussystems. The descriptions of electronic structure produced by
QC papers will often discuss only structures, energies, andsuch approaches are generally in agreement with empirical
vibrational frequencies, with no discussion of the wave function notions about atoms and bonds in a molecule. This has allowed
and how it can be used to understand these properties. This ighe molecular properties and chemical reactivities based on
unfortunate since the possibility of interpreting the wave accurate ab initio wave functions to be discussed in terms of
functions is the unique attribute of quantum chemistry. The qualitative concepts.
problem is that the wave function has too much information. ~ Probably the most useful information to extract from such
The difficulty is extracting a few salient parameters that provide chemical concepts is the chemical reactivity. Thus, from a wave
chemical intuition useful in qualitative reasoning. function of the molecule one would like an algorithm that would
One strategy to extracting chemical information is typified predict the relative ease of breaking various bonds and how
by generalized valence bond (GVB) thedryThis utilizes a attack on one bond might affect others. At the heart of
particular way to incorporate electron correlation and then considerations about chemical reactivity is how pairs of bonds
extracts concepts directly from the GVB wave function. These interact with each other as bonds are distorted and exchanged
GVB concepts are often closely related to valence bond conceptsduring the reaction. The chemical reaction process can be
developed from empirical reasoning, and such GVB interpreta- viewed as in eq 1
tions have often been useful for understanding the mechanisms
of chemical reactions and the relationships between structure
and energetics for various systefngdowever, many ab initio H—H+D — > Heoo m veD — = H+H-D (1)
studies involve very highly correlated wave functions not
amenable to such orbital analyses. In addition, some first-
principles methodology [density functional theory (DFT)] builds
the electron correlation effects into a density functional that does
not lead simply to GVB-like orbital interpretations. Thus, we
wish to find a general way for extracting an interpretation
directly from the wave function, without a preference for the
particular nature of the wave function.

in which the arced arrow indicates how the covalent bonds
coupleor mave during the course of the reaction. We refer to
such coupling as bomisdcorrelations with the plural bonds
emphasizing that it is the correlation betwé®io bonds that is
being discussed rather than correlation within a bond. The
physics underlying such bonds correlations is the Pauli principle,
which for the simple HartreeFock (HF) wave function can be
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orbital by more than two electrons. For wave functions such that the values ofa correspond reasonably well to
containing electron correlation (GVB, MP2, MRCI), the Pauli common concepts. A particular form of atomic charge operator
principle can be expressed as allowing bond pairing (spatially is given in Section II.B.

symmetric or spin-singlet coupling) of no more than two (i) Starting with the atomic charge operators we define the
electrons at a time. Thus, during a reaction the Pauli principle bond order operatariag, as the covariance form of the charge
requires that as one bond is newly forming another bond must operators for center& and B

be breaking (generally there is not an increase in valence at the

exchange center). Such considerations lead directly to selection [pg = 00 — [0z — @0
rules whereby some reactions must necessarily have large
barriers while others are allowed to have small vafiés. where o= -2 (4a)

The implications of such bonds correlations are not limited
to chemical reactions. For example, the molecules formed from
the left half of the periodic table (groups-13) often have more
valence orbitals available than electrons, leading sometimes to
bonds very different than the simple two-electron bonds | =d.0 (4b)
characteristic of columns #417. For example, one might think AB TAB
of the diborane molecule (eq 2)

Herea is a multiplicative scale factor for normalizing the units.
Thebond order | ag, i§ obtained as the expectation value of the
bond order operatotag

(i) Starting with eq 4a, we define thbonds correlation
operator, vag cp, as the covariance form of the bond operators

H
Ho _H<_ .H Ho. 7\ uH for bonds AB and CD
H™ ~y~" T H H’B\/B\H @ . . n N N
H YaBcD™ (Iag = WDl cp — Uep VB

(@ (b)
where S =[cov(iag 1ae)cOVico 1cp)]™? (5a)
as either
(a) having two distinctive bonds between a bridge hydrogen The bonds correlation coefficientyas cn, is the expectation
and the two boron atoms (where each bond accounts for onevalue ofyag cp
electron) or
(b) having one three-center two-electron bond for each bridge Yag.co = Vas.co (5b)
hydrogen
In bond scheme 2a, the two bonds sharing one hydrogen are The use of the coefficients for charg@4), bond order I(xg),
obviouslycoupledbecause there are only three atomic orbitals and bonds correlatiorygs cp) leads to a hierarchical description
(AO) and two electrons available for these two covalent bonds. of the electronic structure for a molecule. The process is
This situation becomes even more complicated for metal (a) compute charges from the charge operator,
clusters. Thus, for icosahedralkf, there are 12 L&Li bonds (b) combine the charge operators to obtain bond order
to the central Li plus 30 L+Li bonds involving only surface operators from which the bond orders are obtained, and
atoms! With just 12 valence electrons there are clearly  (c) combine the bond order operators to form bonds correla-
couplings between the bonds. tion operators from which the bonds correlation coefficients are
In order to help clarify such dynamic bonds correlation obtained.
effects, we devised an index for analyzing the degree of coupling This process could also be extended to higher order. At each
between bond pairs. The approach, which we refer to as step we define a multiplicative scale factor for normalizing the
correlation analysis of chemical bonds (CACH) based on units so that the computed properties conform to empirical
standard statistical methods and does not rely on any specificconcepts about atoms, molecules, and reactions.
form of the wave function. Thus, it can be used for HF, GVB, B. The Atomic Charge Operator. Once an atomic charge
MRCI, Meller—Plesset, and DFT wave functions. CACB operator is defined, the CACB description of electronic property
provides a correlation coefficient,;, between the covalent bond is unique. Here we define the atomic charge operator for atom
orders for any two bonds$,andJ. This index is complementary A in eq &
to the atomic charge and bond order indices for characterizing
the electronic structure of a molecule. The integrated formalism . o
can be utilized in chemical similarity analyses for molecular Oa= Za a, [Bal=Qa (6)
systems. a

In Section Il we derive the CACB method. Although the s choice for the atomic charge in eq 6 is equivalent to the
approach is general, the specific equations developed here argy, i en gross atomic population. Other choice for the atomic

for single Slatgr determinant wave funct!ons_ Sect!on lll reports charge operator could be localized orthogonal atomic orbitals,
results for various molecules and reactions and discusses SOMQ ,ch as natural atomic orbitals (NAO®). In eq 6, the

of the interpretations. summation runs over the atomic orbitdla} belonging toA.
The brackets[{) and () denotelHF| and |HFC respectively.

Il. Method The creation and annihilation operators satisfy the commutation
A. The Covariance Hierarchy in Describing Electronic relations in eq 7

Structure. Our approach to describing the electronic structure

is a hierarchy that starts with ab +btat=0
(i) a definition of theatomic charge Qa, in terms of the ab +ba =0 @)

expectation value of aatomic charge operatQra. B +bat =5
a a’ =0,

Qa = [0 (3) which uses a mixed covariant and contravariant baajs{=



Correlation Analysis of Chemical Bonds J. Phys. Chem. A, Vol. 102, No. 17, 1998921

Oap) Since atomic orbitals are generally nonorthogonal. For operators. Thus, we construct
orthogonal atomic orbitals we read= a in eqs 6 and 7.

Our representation does not distinguish between an atom and_ _ (Ipg — OrgD(0 cp — oD
a group of atoms. Thus we can consider the charge for a group?as,.co — N TR
of atoms,@cd= Qc, whereG consists of several atoms. [cov(l ag: [ap)-cOV(lcp Icp)]

C. The Bond Order Operator. From eq 6, we construct
the bond order operator as =

(iAB - @ABD(iCD - [jcom

e = ~20s0 o — lpa)(ins — DpgDTlico — leoico — HooT™
Where 6’AB — (qA _ [ﬁ]AU(qB _ [ﬁ]BD (8) [m AB ABD( AB ABDDm CD CDD( CD CD@E.I]
The expectation value Gfag is - 4G ag — BasNep — Begl)
AB AB' CD CD
@ABDZ EGCIA - [ﬁlA[)(CIB - @BUD [4m5AB - @ABU(C}AB - E&ABU@E@CD - @CDU((}CD - BFCDUEJJM

= [@r0s — Qals — GaQp + QaQs0 =
(6AB - @ABg(aCD - |j’co[ﬂ

- EﬁlAqB a QAQBD: mAqBD_ QAQBAZ [m(}AB - @ABU((}AB - [&Aagﬂm‘}co - @CDU((}CD - Ea’cogu]llz
(01— 1,11 (9)
. . . . aABCD
Replacing theIterms with the density matrix components for ST (13a)
a single determinant wave function, given in the Appendix, leads [apae 9cocnl

to the results in eq 10
Replacing the operatofgg anddcp by the definition in eq 8,

| g = —2(@0s0— B, M0 the expectation value gfag,cpo becomes the bonds correlation
coefficient
o
— bp a
- 202 4€ Pt (10) VaB,co= Fae.co GABCDI(UABAB'‘7CDCD)1/2 (13b)
gz beB
where
Here A A A NoA P
Onaco = [Ba060cbp I [Ba0c0p Mg [Bg0c0p M-
o Lo cb (spin) a (B0 D il Toip - 61,000 Bl T
2 =2 CaCl (P o T, T (0,4 T T - (o0 T, T
ZmCQDmADDBD"' zmAQBDEICD]mDD_ EﬁlAqucQDD—
where Ci, and C{ denote the covariant and contravariant Ay, Ty (T8 6, 0 (14)

coefficients, respectively, of thigh molecular orbital. (Note
that we defineP,P as half of the usual bond order density matrix
components.)

Equation 10 corresponds to the bond order quantity known
as the Mayer bond indékoriginally introduced by Giambiagi
et. al., which is the extension of the Wiberg bond intdex
nonorthogonal basis sets.

Thus, our objective quantityagcpis connected to fourth-order
density matrix algebra. (Note thdjs = Yaaata.) The
expectation values are computed for eatfterm of eq 14 as
given in the Appendix. Density matrix algebra for terms
appearing in eq 14 were also derived by Giambiagi and co-
workers?3

AB Using the abbreviations in eq 15

lLs=4Y P P2 (closed shell) (12) o A
beB Py= P,
=2 Z s
Giambiagt and Mayet? have shown thalag is related to
the covariance form of the atomic charge operators in atdms of AB
andB, as in eq 8. Bond indices such as in eq 12 are known to Pag = z Pabea
give intuitively acceptable bond orders (approximately one for 0a0b &,
ordinary single bonds and two for ordinary double bonds). We
will see below that the bond orders computed for HF wave of ABC
functions give values in agreement with chemical intuition for Papc = z Z Pa'DPbCPCa (15)
most bonds. Oa0n0c AB,C
The bond order in this definition may be computed for two
groups of atoms as well as for two atomic centers. of ABCD
D. The Correlation Coefficient between Bonds. Extending Pagcp = P.°P. P P2
the idea of the bond order operator constructed from the atomic 0a,000c,04 a,b,C,d

charge operators, we use standard statistical procedures to define
the bonds correlation operatoryagco, from the two bond Equation 14 leads to the expressions in eq 16 with which the
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correlation coefficient in eq 13 is computed

0pecp = Pap'Pec T Pac'Pep — Pascp — Pasoc — Pacep —
Pacos — Papec — Papcs (163)

0p8ap = Pag'Pap — Pa'Pep T Paa'Pep T Pagp T Paps —
2PAABD - 2PAADB - 2PABAD (16b)

Opaca™ Pag'Pac = Pa'Pac T Paa'Pec t Pagc T Pacs —
2Ppppc— 2Pance — 2Pagac (16€)

0pgep = Pap'Pes — Pe'Pap T Pag'Pep T Pagp t Paps —
ZPABBD_ ZPABDB - 2PADBB (16d)

0pece = Pac'Pes = Pe'Pac T Pag'Pec t Pasc T Pacs —
2Ppgpc— 2Ppgcp — 2Paces (16€)

Opeas = Pa'Pg = Pag = Pg'Pan = Pa'Pgg T Pag'Pag +
PAA'PBB + ZPAAB + ZPABB - ZPABAB - 4PAABB (16f)

Opeea= Pa'Pg = Pag = Pg'Pan = Pa'Pgg T Pag'Pag +
PAA' PBB + 2PAAB + 2PABB - 2PABAB_ 4PAABB (169)

The bonds correlation coefficientag,cp dictates how two
bonds interact with each other. Thus the signy@gcp is
positive when theA—B and C—D bonds both form or break
simultaneously, while a negative sign means that forming the
A—B bond is correlated with breaking of tt@-D bond and
vice versa.

Ill. Results and Discussion

We will now use the CACB descriptive scheme to discuss
the electronic structure and the reactivity of molecular systems.
In the following, we used Gaussian-94 for HF calcula-
tions4

A. CACB with HF Wave Functions, Basis Set Depen-
dence. Energetic quantities (activation barriers, bond energies)
can be quite sensitive to the level of wave function and to the

basis set; however, a useful interpretive analysis (charges, bond

orders, bonds correlations) should be relatively insensitive to
the level of wave function or the basis set. Consequently we
carried out CACB on the HF wave functions using two basis
sets for a number of molecular systems, with the results in
Tables +4. Here we considered an extended basis (valence
double¢ plus polarization functions, 6-31G**) and a minimal
basis (STO-3G). We find that for most systems the bonds
correlation coefficientsy(;) give similar results for minimal
and extended basis.

The root-mean-square (rms) difference between minimal and
extended basis in Tables-# are computed to be 0.12Q(),
0.069 (ag), and 0.034 %,;). (Multiplicity of the Qa, Ias, and
y13 in @ molecule is taken into account.) That the cha@g) (
and the bond orderl{g) are nearly independent of basis is
expected since they have intrinsic significance. The observed
independence in the,; quantity suggests it to also be a
fundamental electronic property. We note that the basis set
dependence decreases in the ordeQgf I, andy,;, as the
electronic property becomes higher order in the covariance
hierarchy.

1. Bonds Correlations between @ident Bonds. Table 1
considers covalent and polar covalent bonds in molecules, while
Table 2 examines the sequencgCHCHs, H,C=CH,, and
HC=CH. The computed bond orders for such cases are mostly

Yamasaki and Goddard

TABLE 1: CACB ( y);) of Simple AX, Molecules with
Minimal and Extended Basis Sets. Charge@,) and Bond
Order (1) Values Are Also Shown

STO-3G 6-31G**
(a) AXy
Methane (CH)
Qa(C) 6.263 6.473
Qa(H) 0.934 0.882
18(C—H) 0.991 0.978
yuw(H—C—H) 0.248 0.275
Silane (SiH)
Qa(Si) 13.361 13.334
Qa(H) 1.160 1.167
Iag(S1I—H) 0.943 0.950
yu(H—Si—H) 0.234 0.249
Tetramethylmethane (Neopentane) [CELH
Qa(C) 5.937 6.078
Qa(Cwe) 6.181 6.304
Qa(H) 0.945 0.892
1a5(C—C) 0.983 0.979
1ag(C—H) 0.983 0.975
y13(C—C—C) 0.060 0.074
y1(C—C—H) 0.121 0.137
yw(H—C—H) 0.243 0.279
y1u(C—C, C—H; gauche) 0.000 0.000
y1u(C—C, C—H; anti) 0.001 0.001
(b) AX3
BH3
Qa(B) 4.818 4.770
a(H) 1.061 1.077
lag(B—H) 0.995 0.990
yi(H—B—H) 0.332 0.351
CH;
Qa(C) 6.177(6.180 6.384 (6.392
Qa(H) 0.94% (0.940 0.872(0.869
1s(C—H) 0.976' (0.986 0.964 (0.973
yiu(H—C—H) 0.32%(0.327 0.355(0.358
NH3
Qa(N) 7.441 7.792
A(H) 0.853 0.736
1a(N—H) 0.962 0.918
yu(H—N—H) 0.319 0.348
PHs
Qa(P) 14.652 14.840
Qa(H) 1.116 1.053
1 as(P—H) 0.974 0.974
yi(H—P—H) 0.324 0.351
(c) AX
BeH,
Qa(Be) 3.909 3.783
Qa(H) 1.046 1.109
I ne(Be—H) 0.998 0.988
yu(H—Be—H) 0.499 0.477
Water (HO)
Qa(O) 8.331 8.671
Qa(H) 0.835 0.665
18(0O—H) 0.964 0.884
yu(H—0O—H) 0.481 0.460
Hydrogen Sulfide (Sk)
Qa(S) 15.928 16.134
Qa(H) 1.036 0.933
Ias(S—H) 0.991 0.969
yi(H—S—H) 0.496 0.538
(d) ABA
Ozone (0—-0-0')
Qa(0) 7.860 7.674
Qa(O) 8.070 8.163
18(0—0") 1.359 1.353
1p8(0'—O' 0.500 0.363
yu(0'—0—-0O' 0.081 0.171
yu(0—0', O-0) —0.409 —0.486
Sulfur Dioxide (SQ)
Qa(S) 15.311 14.925
Qa(O) 8.345 8.538
15(S—0) 1.465 1.741
18(0—0) 0.468 0.115
y1:(0—S-0) 0.094 0.280
yu(S—0, 0-0) —0.419 —0.554

aUHF results? ROHF results.



Correlation Analysis of Chemical Bonds J. Phys. Chem. A, Vol. 102, No. 17, 1998923

TABLE 2: CACB ( y;) of C,H,, Molecules with Minimal and

. s s
e tne i Shon O o pend Orcer () S0 ~n o
STO-3G 6-31G* @ ®
) (a) Ethane (@6"61)75 6.335 But the a structure requires d character on the S missing in the
Q:(H) 0.942 0888 mlr_umal basis. 'I_'hls is supported by _the_z analysis for ozong, (O
I(C—C) 1.009 0.966 which can only involve the b description. For @e central
Ias(C—H) 0.984 0.977 bond orders change from 1.359 to 1.353 as the basis is extended,
y1I(C—C—H) 0.124 0.138 indicating that d functions are not essential.
yu(H—C—H) 0.244 0.281 In O3 and SQ molecules, the bonding in thesystem leads
71:(C—H, C—H; gauche) 0.000 0.000 to partial bonding between the two end oxygens. This results
yi(C—H, C—H; anti) 0.003 0.003 in a very large negative correlation to the central bonds [
(b) Ethylene (GH,) (0-0, O-0') = —0.486 for Q@ and y3(S—0, O-0) =
Qn(C) 6.121 6.254 —0.554 for SQ]. Thus, CACB leads to a bonding scheme very
8/;%2):0) g'gig g'ggg different than Bekl or H,O even though each has #&BA
| ' structure.
;/A:JB(((C:;g)—H) 8:%2 8:2;? The basis set dependence for the bond order between the
y3(H—C—H) 0.238 0.274 terminal oxygens is also large in 20Thus, as the basis is
113(C—H, C—H; cis) 0.003 0.000 extended in SQ 145(0O—0) changes from 0.468 to 0.115. In
y13(C—H, C—H; trans) 0.006 0.004 contrast, for @ the increase in basis chandgg(O'—0O') from
(c) Acetylene (GHy) 0.500 to 0.363.
Qa(C) 6.109 6.233 B. Hydrogen and Donor—Acceptor Bonds. Bonding
Qa(H) 0.891 0.767 interactions involving hydrogen bonds and donacceptor
|as(C=C) 3.000 3.190 (DA) (Lewis base-Lewis acid) bonds are given in Table 3.
IAB((g;g)_H) 8'2?? 8'233 1. Water Dimer. For a hydrogen-bonded system such as
g:j(C:H’ C—H) 0.002 0.007 water dimer, the hydrogen bond order is small and changes little
(0.054 to 0.056) as the basis is extended. The hydrogen bond
close to the formal bond orders. For such cases, eacls has very small correlations (0.02 to 0.03) to adjacertHO

generally positive with relatively large coefficients for bonds bonds. A similar tendency is observed for DA bonds (vide
that share a centery,; assesses the dependence between bondgnfra).

in a molecule, reflecting the nature of the underlying wave 2. Donor—Acceptor Bonds.For typical DA complexes, such
function. The sequence GH\Hs, OH; leads toy;;(H—X—H) as BH—NH; or AlH3—PHz in Table 3, the DA bonds are much

= 0.275, 0.348, 0.460, while SiHPHs;, SH, leads to 0.249,  stronger than a hydrogen bond, witks(B—N) = 0.453 and
0.351, 0.538. This effect is due to the difference in the orbital |as(Al—P)=0.279. The DA bond orders decrease significantly
space contributing to each bond order. Polar bonds have bondupon extending the basis (0.561 to 0.453 forM and 0.336
orbital spaces that are less exclusive of each other (in terms ofto 0.279 for A-P). This may arise from the basis set
the interaction through theéensity matricesthan for covalent ~ superposition error (BSSE) expected for MO's in such systems.
bonds. This is supported by comparing £hhd C(CH)4: For DA bonds the correlation to adjacent bonds is positive (0.08
between the central CC bonds of C(§Hly;(C—C—C) = 0.074 and 0.05) but smaller than ordinary intramolecular bonds
indicating little correlation. However, the methyl groups for ~correlations (0.2 to 0.3). The basis set dependence is also
C(CHg), lead toy,;(H—C—H) = 0.279 which is comparable to  negligible.

the y3(H-C—H) = 0.275 for CH [the bond orders are 3. Diborane. In diborane (Table 3) the bridge bonds are
similar: 0.978 in CH and 0.979 in C(Ck)4]. Similarly SiH, best described as a three-center two-electron bonetB-

leads toy;;(H—Si—H) = 0.249 [closer to the/(H-C—H) = B'). Indeed the partial bond order between the boron atoms is
0.275 for CH, even thoughQa(H; CH4) = 0.882 whileQa(H; significant,| xg(B—B) = 0.47 compared to (BuH) = 0.48. This
SiHy) = 1.167]. suggests that the four electrons are involved in multicentered

Small bonds correlations are observed between nonadjacenbonds involving both boron atoms and both bridge-hydrogen
bonds in hydrocarbons (Table 2). Thus, for ethylene;HC atoms.
bonds on different centers lead to small valug{C—H, C—H; Alternatively, we can consider diborane as a resonance of
cis) = 0.000 andy;;(C—H, C—H; trans)= 0.004], whereas  two bonding configurations, one with bonds-BH and B—
bonds at one center are positiyg,(H—C—H) = 0.274]. For uH' the other with B-uH'" and B—uH. This would lead to
C—H bonds on different centers of,8;, C;H4, and GHg we average bond orders dfg(B—uH) = 0.48, as observed. In
find that |y;;(C—H, C—H)| < 0.01 for all cases. this view each BH bond can interact with the empty in-plane

Tables 1 and 2 show that bonds correlations decrease to zerwrbital of the adjacent Bil as in NB—BHs. This leads to the
as there are additional bonds between them. Thus, although aond order of 0.73 for each BAg(B—uH) plus half of[xg(B—
molecule withN bonds ha$\(N + 1)/2 bonds correlation pairs,  B)], stronger than the DA bond dfg = 0.45 for NHs—BHs.
the number of nonzero coefficients is of ordér In DA complexes such as NHBH3 and diborane, the sum

2. SQ versus Q. An exception to the basis set invariance of the bond orders in Table 3 (6.042 for BHNH; and 6.346
of the bond orders is SO Here thelag(S—O) bond order for diborane) exceeds the value of 6.0 expected for two isolated
changes from 1.465 to 1.741 between the two basis sets.molecules. This difference arises from the extra DA bonding.
This suggests that the d functions included with the ex- The nitrogen lone pair of Nkor the B-H bond of BH; forms
tended basis set lead to a fundamental change in the charactea partial covalent bond with the boron vacant orbital of;BH
of SO,. Thus, one can visualize $(Gas a resonance be- This partial covalent bond contribute to a total bond order
tween exceeding the sum of formal bond orders.
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TABLE 3: CACB ( y;) of Molecular Complexes with
Donor/Acceptor Bonds and Hydrogen Bonds. Charge@,)
and Bond Order (I ag) Values Are Also Shown

TABLE 4: CACB Analysis for the Transition States of
Simple Reactions. Values Are Shown for Minimal and
Extended Basis Sets

STO-3G 6-31G** STO-3G 6-31G**
(a) HO DimeP (H.OH,—O'H'2) () [H++He++H]~
Qa(0) 8.383 8.716 Qa(Ho) 0.920 0.841
Qa(Ha) 0.859 0.675 Qa(H) 1.540 1.597
Qa(Ho) 0.804 0.637 Iag(Hc—H) 0.497 0.501
Qa(0) 8.333 8.671 I as(H—H) 0.211 0.115
Qa(H) 0.811 0.650 yu(H—Hc—H) -0.330 —0.196
:ﬁgga_—% 8-3;3 8-§§§ yu(H—He, H—H) -0.198 -0.277
1ae(0'—H") 0.954 0.873 (D) [He++Hee++H]
1a(Hb—0O'") (H-bond) 0.054 0.056 Qa(Ho) 0.999 (0.999) 1.079 (1.082)
719(Ha—O—Hy) 0.456 0.440 Qa(H) 1.00E (1.001} 0.96F (0.959)
yu(H'—O'—H") 0.456 0.440 Ia8(Hc—H) 0.46F (0.500} 0.439 (0.441})
y1:(0—H,—0'") —0.024 0.016 I a(H—H) 0.13G (0.250% 0.05F (0.050%
yiu(Hp—O' —H") 0.025 0.027 yiy(H—Hc—H) —0.300'(—0.333f  —0.173(—0.169)
(b) BHs—NHs yi(H—Hc, H—H) —0.144(—0.218%  —0.229'(—0.239Y
Qa(B) 4.936 4.792 (c) [H+*+He++H]* (Linear)
Qa(Hs) 1.134 1.157 Qa(Ho) 1.101 1.301
Qa(N) 7.390 7.715 Qa(H) 0.449 0.349
IQAgEiN)H) 8-;?2 8-833 Ias(Hc—H) 0.495 0.455
As(B— - : I as(H—H) 0.202 0.122
ag(N—H) 0.921 0.885 yu(H—He—H) -0.329 —0.294
'AB((E—I’;') (HD)A bond) 8-25765-} gé‘gg yu(H=He, H—H) -0.192 -0.138
YulR—b— . .
yiy(H—N—H) 0.257 0.290 (d) H3 (Trigonal Day)
yiy(H=B—N) 0.083 0.078 Qa(H) 0.667 0.667
y13(B—N—H) 0.080 0.078 I as(H—H) 0.444 0.444
y1:(B—H, N—H; anti) 0.002 0.001 yiu(H—H—H) —0.286 —0.286
(c) AlH3;—PH; () [F++CHa+-F]~
Qa(Al) 12.230 12.452 Qa(C) 5.901 5.836
Qa(Ha) 1.324 1.233 Qa(H) 1.053 0.886
Qa(P) 14.618 14.789 Qa(F) 9.469 9.753
lQAEEIP) " é-ggg cl)-ggg ag(C—H) 0.920 0.974
ABlAl= : . 1as(C—F 0.590 0.359
nP—H) 0.970 0.966 ;Iffp_c)_p) ~0.056 —~0.045
1 a6(Al —P) (DA bond) 0.336 0.279 H-C_F 0105 0146
—Al— }’lJ( ) . .
V”EE l’?;' H';) 8%22 8-%?2 yi(H—C—H) 0.213 0.289
yulR—F— . .
yiu(H—AI—P) 0.050 0.046 (f) [He]° Den
y1i(Al—P—H) 0.053 0.047 Qa(H) 1 1
yiu(Al—H, P—H; anti) 0.001 0.001 Ias(H1i—H2) 0.444 0.465
(d) Diborané (BZHG) |AB(H1*H4) 0111 0069
Qa(B) 4.910 4.870 713(H1—Hz, Ha—Hy) 0.148 0.138
Qa(uH) 1.018 1.028 yiu(Hi—H2—Hg) 0.000 0.018
Qa(H) 1.036 1.051 y(Hi—Hz, H3—Hg) 0.296 0.329
Iag(B—H) 0.988 0.993 yu(Hi—Hz, Hi—Hs) ~ —0.037 —0.048
Ias(B—uH) 0.483 0.476 a b H
In(B—B) 0506 0.470 UHF results? ROHF results.c He~/ 1\H2
)/L](H_B_H) 0.282 0.301 | \~:'_/ ‘I
yiy(H—B—uH) 0.137 0.148
y1:(H—B—B) 0.075 0.078 “5\'.4 P
yiu(uH—B—uH") 0.039 0.045 . _ . _
yu(B—uH—B) —0.148 —0.146 Den Symmetric transition state. Only representative values are shown.
y1:(B—B—uH) —0.205 —-0.211
a H-Bond b uH C. Chemical Reactions and Transition States (TS).
Ha\ / H g 4 \B' aH Bo1r]dg1lg Zchemes for the TS of some simple reactions are shown
O——Hp-===--- O' ¢ nilH' / \H In laple 4. .
® \ . H \uH/ 1. Three-Centered Exchangdhe reaction, 4+ D — H
H + HD, is the simplest one-bond exchange process. (Here D is

used to discriminate the reactant and product.) At the TS the

CACB shows some bonds correlations of diborane to be bond orders for the central to terminal bonds are 0.44 for H
negative, namely, the bond correlations between the:B (neutral), 0.50 for H, and 0.46 for linear . The two end
bonds }13(B—uH—B') = —0.146] and between the-B:H bond hydrogens are partially bonding (as in &1d SQ), with bond
and the B-B bond f,;(B—B—uH) = —0.211]. This effect is orders of 0.05, 0.12, and 0.12 forsHH;, and I{ (linear),
typical for interrelated bonds. The Pauli principle causes an respectively. The; is negative for the two interchanging bonds
interdependence between such bonds so that the increase in thim all three cases=—0.17 for K, —0.20 for H;, and—0.29 for
bond order of one bond leads to a decrease in the bond ordetinear I-|3+ The interchanging bonds also have negative cor-
of the other (correlated) bond. relations against the terminalHH bonds: —0.23 (~0.24) for
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Hs, —0.28 for H;, and—0.14 for linear H. Letting H; relax
to the D3, minimum energy (equilateral triangle) leads to
negligible changes: tbag(H—H) from 0.46 to 0.44 and;-
(H—H—H) from —0.29 to—0.29.

Similar results are obtained for the TS for the2Snversion
process [F+CHg--F]~. However,y;;(F—C—F) is small (-0.045),

J. Phys. Chem. A, Vol. 102, No. 17, 1998925

valence atomic orbital terms. These terms interact through the
first- and higher-order density matrices and contribute expecta-
tion values. If such finite occupied atomic orbitals are well-
localized at each atom and consistent (transferable) between
different basis sets, we obtain physically meaningful consistent
results with CACB formalism.

presumably because of the enhanced ionic nature of bonds being 1. Mulliken versus NAO Charge OperatorTable 5 shows

exchanged.
2. Six-Centered Exchangelhe 2 + 25 + 25 exchange

H,+ D,+ T,— HD + DT + TH

the charge, bond order, and bonds correlation properties for
selected molecules in Tables-3 calculated using the NAO

charge operator, eq 17, with highly extended basis sets, such
as cc-pVTZ and AUG-cc-pVTZ. These results are compared

represents a simple example of a symmetry-allowed multibond With those using the Mulliken charge operator, eq 6, for, SO

exchange proces$s.(Here D and T are used to discriminate

molecule. In this example, the charge and bond properties are

atoms.) Assuming that all three bonds are interchanged Still similar between different basis sets. However, the CACB

simultaneously, the TS has a symmeig, geometry. At the
RHF level, we calculate the TS to be at 91.7 kcal/mol above
the initial state. Clearly a higher level of theory is required to

properties are much less sensitive to basis for NAO, eq 17, than
for Mulliken, eq 6. For example, with Mulliken the bond order
IAs(O—0) is large (0.51) in minimal basis and small (0-03

account for the stabilization in the simultaneous exchange of 0.15) in extended basis, whereas with NAO it is 0.22 for
three bonds Desplte the |nadequacy Of HF, we W|" ana'yze nonmlnlmal baSIS sets. A|SO, the Mu”lken Charge OperatOI’ |eadS
the bonding in analogy to other stable molecules and favorablet0 & honmonotonic change in the bond order as the basis is

TS. There are six interchanging-HH bonds (withl g = 0.465)
and three very weak diagonal bonds (witks = 0.069).
Adjacent bonds do not couple [e.g3(H1—H2>—H3) = 0.018],
while second neighbor bonds couple positively [eyg(H1—

H,, H3—H,) = 0.138]. On the other hand, diagonal bonds (e.qg.,
Hs—He) couple strongly with parallel bonds [e.gug(H1—Ha,
Hs—Hs) = 0.329], but parallel bonds couple slightly [e.gi-
(H1—H>, H4—Hs) = —0.048]. Thus, CACB analysis at HF level
indicates that the electronic structure of tésembles that of a

extended. It decreases from 0.12 to 0.03 upon adding diffuse
s and p functions to the 6-31G** basis set but increases to 0.15
for the highly extended basis, AUG-cc-pVTZ. The bonds
correlation coefficients also show particular deviation in the
6-317TG** case.

The NAO charge operator gave quite consistent results for
these quantities with doublgand highly extended basis sets.
Thus for the extended basis (6-31G** through AUG-cc-pVTZ),
the largest deviation is 1.9% in;(O—S—0) of AUG-cc-pVTZ.

stable molecule. It does not possess a strong bonds-interchang- |5 addition, we also evaluated those properties with natural
ing nature. Such multibond exchange processes are studiedyinimal basis (NMB) in AUG-cc-pVTZ2 NMB includes the

further in Section III.E.

D. Basis Set Dependence and Charge Operatoilthough
CACB is a general formalism, the particular choice used in this
paper is only on the Mulliken-type charge operator as in eq 6

same number of atomic orbitals as the minimal basis set (e.g.,
STO-3G), but each atomic orbital is determined on the basis of
the NAO procedure with HF/AUG-cc-pVTZ. We also consid-
ered NMB(d), in which an extra d function NAO is included in

(referred to as the Mulliken charge operator). The results in we NIB. Here we see that NMB leads to both the sulfur charge

Tables 4 show that the basis set dependence of charge, bond

order, and bonds correlation is not very significant. However
it is known that Mulliken population analyses can give
unrealistic values for highly extended basis 3etsAlso the
Mulliken charge operator is non-Hermite and be problematic
in calculating the bonds orders and bonds correlations.

One approach to avoiding this problem is to use a localized
orthogonal atomic orbital set. An appropriate choice will be
the natural atomic orbitals (NAO) of Weinhold et & which
we briefly analyze here. We write the NAO charge operator
as

core valence rydberg

Ga=Cacat Y vavat Yy Tala (17
Cc v r

with the associated first-order density matrix

valence

Y vann,, var) +
rydberg

S AN, Ta0)| (18)

r

Mol

P = )3

core

3 cAne, cu(r) +

wheren; denotes the occupation numbeiithf NAO. (For RHF,
n~20<n=<2n~0;forUHF,nc~,0<n,<1,n~
0.)

and sulfur-oxygen bond order that differ from the full-basis
results. Including the first-shell d functions in NAO, which
have non-negligible occupancies (0.64B040), leads to the
charge and bond order closer to the full-basis results. This
shows the importance of d function for $(as discussed in
Section 111.B.2). Including the next shell s function NAO to
NMB(d), [i.e., NMB(sd)],Qa(S) leads to 14.126 ardg(S—0)

to 1.428 in much better agreement with full-basis results.

The NAO results for BH—NHj; are also given in Table 5.
Computed properties are consistent among the extended basis
sets. The largest deviation is 4.8%Qa(Hn) of AUG-cc-pVTZ.

The DA bond order (0.560.59) increases slightly as the basis
is extended from 6-31G** to AUG-cc-pVTZ. Here NMB gives
results quite similar to the full basis.

For both S@ and BH;—NHg3, the STO-3G results are quite
different from the extended basis set results. Thus the STO-
3G basis is inadequate with too limited freedom to properly
define the atomic orbital space and HF density.

2. Bonds Correlation and Galency. In Table 5, we also
compare the NAO results for methane and neopentane. Here
we are particularly interested in the bonds correlation effect for
very covalent (G-C) and partially covalent (€H) bonds.
Using the NAO charge operator, we obtgig{C—C—C) = 0.06
for neopentane, much smaller value than for any other adjacent
bonds correlation coefficients.yg(H—C—H) is 0.23-0.25 in

The important terms in the charge operator, eq 17, are thoseboth molecules.) This indicates that the bond orbital spaces
with nonzero occupation numbers in eq 18, i.e., the core and are exclusive with each other for covalent bonds in neopentane
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TABLE 5: Basis Set Dependency of the CACB Analysis from Highly Extended Basis Se8. The Results of Using the Mulliken
Charge Operator [Eq 6] and the NAO Charge Operator [Eq 17] Are Compared

STO-3G 6-31G** 6-3#+G** AUG-cc-pVTZ NMB¢ NMB(d)¢ NMB(sdyf

Mulliken Charge Operator
Sulfur Dioxide (SQ)

Qa(S) 15.062 14.925 14.925 14.803
Qa(O) 8.468 8.538 8.537 8.599
1a8(S—0) 1.461 1.741 1.587 1.790
1e(0O—0) 0.507 0.115 0.027 0.148
y13(0—S—-0) 0.057 0.280 0.346 0.275
yu(S—0, 0-0) —0.392 —0.554 —0.631 —0.531
NAO Charge Operator
Sulfur Dioxide (SQ)
Qa(S) 15.053 14.144 14.133 14.150 13.952 14.077 14.126
Qa(0) 8.473 8.928 8.933 8.925 8.859 8.859 8.859
1A6(S—0) 1.469 1.459 1.456 1.470 1.288 1.394 1.428
1A8(0O—0) 0.488 0.220 0.222 0.216 0.197 0.197 0.197
y13(0—S—-0) 0.066 0.153 0.152 0.157 0.093 0.137 0.148
y3(S—0, 0-0) —0.398 —0.445 —0.443 —0.447 —-0.414 —0.438 —0.445
BH3;—NH3
Qa(B) 4.818 5.041 5.034 5.026 5.017
Qa(Hg) 1.183 1.093 1.097 1.104 1.100
Qa(N) 7.364 7.983 7.953 7.826 7.806
Qa(Hn) 0.756 0.566 0.574 0.612 0.609
Ie(B—H) 0.959 0.983 0.983 0.980 0.975
Ias(N—H) 0.936 0.802 0.809 0.839 0.833
Iae(B—N) (DA bond) 0.601 0.559 0.563 0.588 0.581
yiu(H—B—H) 0.286 0.275 0.275 0.271 0.270
yiu(H—N—H) 0.263 0.236 0.238 0.242 0.239
yia(H=N—N) 0.087 0.087 0.087 0.088 0.081
yia(B—N—H) 0.087 0.079 0.079 0.082 0.087
yiu(B—H, N—H; gauche) 0.000 0.000 0.000 0.000 0.000
yia(B—H, N—H; anti) 0.001 0.002 0.002 0.002 0.002
6-31G** cc-pVTZ
Methane (CH)
Qa(C) 6.880 6.718
Qa(H) 0.780 0.820
IAe(C—H) 0.951 0.968
yiu(H—C—H) 0.243 0.245
Tetramethylmethane (Neopentane) [CEEH
Qa(C) 6.050 5.969
Qa(Cue) 6.641 6.515
Qa(H) 0.782 0.831
1Ae(C—C) 0.997 0.999
Iae(C—H) 0.940 0.957
yi3(C—C-C) 0.060 0.059
y13(C—C—H) 0.120 0.119
yia(H—C—H) 0.233 0.235
y13(C—C, C—H; gauche) 0.000 0.000
yi(C—C, C—H; anti) 0.002 0.003

aThe 6-31G** optimized geometry was used for all calculations. For this reasoneS0lts for STO-3G are different from those in Table 1.
b Basis set notations are those in Gaussian-94 program (ref 14). STO-3G: 1s (H), 2s/1P (2nd row), 3s/2p (3rd row). 6-31G**: 2s/1p (H), 3s/2p/1d
(2nd row), 4s/3p/1d (3rd row). 6-33+G**: 3s/1p (H), 4s/3p/1d (2nd row), 5s/4p/1d (3rd row). cc-pVTZ: 3s/2p/1d (H), 4s/3p/2d/1f (2nd row),
5s/4p/2d/1f (3rd row). AUG-cc-pVTZ: 4s/3p/2d (H), 5s/4p/3d/2f (2nd row), 6s/5p/3d/2f (3rd roMatural minimal basis set (NMB) in AUG-
cc-pVTZ NAO.YNMB in AUG-cc-pVTZ supplemented one d NAO functionNMB in AUG-cc-pVTZ supplemented one d and one s NAO
functions.

interacting less in underlying wave function (as discussed in adds to the HC bond. The CACB description of bond
Section 111.A.1) correlations is quite similar for each of these TS’s. In (a), (b),
E. CACB Description of Multibond Exchange Reactions. and (d) negative correlation coefficients were obtained for the
We applied CACB to selected reactions with the results in v,3(1, 2) andy,5(3, 4) interactions. An extra diagonal bonding
Figure 1. These structures correspond to the intermediatesinteraction, bond 5, has a negative correlation to the other four
and TS for the simultaneous exchange of two bonds. bonds.
Thus, there are four electrons involved in a total number of  For the metathesis case, the intermediate (c) and TS (b)
four bonds. The structures in Figure 1 were obtained assumingoptimize to similar four-membered structures. Geometric
Cs point symmetry. In (a), the hydrogen molecule inserts parameters (in A) for R(1), R(2), R(3), R(4), and R(5) are
into the Ti-H bond of CLTiH*, and in (d), the ethylene  2.286, 1.381, 2.471, 1.876, and 2.492 for the TS, and 1.959,
molecule inserts into the ZC bond. (b) and (c) correspond 1.575, 1.575, 1.959, and 2.392 for the intermediate state,
to the model metathesis reaction in which ethylene cyclo- respectively. However, the electronic structure descriptions
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CLTiH* + H,
Cl
Tap (1) = Ing (4) = 0.550
Iap (2) =14p (3) = 0426
I4p (5)= 0.133
(@ Cps Zr CH3 * + CoHy
1,2y =y(4,3) = -0.074
W1,3)=v4,2) =0.221 Iap (1) = 0.633
Y1.5) =¥(4,5) = -0.394 Iap (2)=1.066
aC 2,5) =35 =-0275 Ixg (3) = 0342
Transition State w4 =0.061 Lap () =0646 5y 0005
¥(2,3) = 0.023 " Tap () =0.169 50056
¥(1,4) = 0.025
¥(2,3) = 0.028
CLTiCH; + CyHy Y(2,4) = 0.024
¥(3,4) = -0.043
Ixp (1) =0454 (4,5) = -0.085
iAB gi = (1)?% ¥(1,2) = -0.040 (1,5 = -0.301
AB (2) =0 ¥(1,3) =0.154 . %3.,5) =-0.152
= " T i Stat
g () =1421 ) 4y 0043 ramsision State ¥2,5) =-0.141
Lap 3)=025% 453y _0.020
(©)] (2,4 = 0.015
3.4 =-0.048 Ethylene + Butadiene [2+4]
¥(4,5) = -0.029
¥(1,5) = -0.354
¥(3,5)=-0.381
¥2,5) = -0.101
Transition State
Iap (1) =Iap (2) = 0.385
(&)
CLTiCH, + CyHy ¥1,2) = 0.015
Tap (1) = 1.011
Iag (2)=0.763
Iap (3)=0.763
Iap (4)=1.011
© ¥1,2) =v(3,4)=0.031 Transition State
¥(1,3) = (2,4) = 0.063
¥(1,4) = 0.072
¥(2.3) = 0.063

Intermediate

Figure 1. CACB on two bond exchange reactions. Structures are optimized at the RHF level with th&\tddy ECP+ DZ basis (LANL1DZ)
for (a), (b), (c), and (d) and 6-31G** for (el’s point symmetry was assumed for all cases. Structure (a) optimiz€g, tsymmetry.

by bond orders and bonds correlations are very different. Thus, The three reactions (19a, b, c)

in the intermediate state, the extra bonding interaction (bond

5 in TS) is negligibly small g = 0.025) andy); values are  Cl,TiH" + D, — CL,TiH*/D, — CLTiH(D,)* (19a)
all positive. At the TS, bond 5 has a bond order of 0.259

and the bonds correlations are similar to other TS cases (a) andCI,TiCH, + C,H, — CI,TiCH,/C,H, —

(d). . . .

Figure le shows the Diels Alder {2+ 44 cycloaddition CLTICH,(CH,) = CLTI(CH,); (190)
reaction. There has been some controversy about this reactio + +
concerning whether the bond exchange takes place synchroijbpzerH3 *+ CoHy = CpyZrCH, /CH, —
nously via a symmetric TS or favors the two-step process via Cp,ZrCH,(C,H,)" (19c)

a biradical intermediate stat&.The structure in (e) corresponds

to the synchronous pathway (the structure was optimized with correspond to Figure tal. These belong to the generic class
symmetry constraints). The CACB shows a positive coupling, of reaction with formula

yia(1, 2) = 0.015, between the two forming bonds. This is

similar to the nonadjacent bond correlations in ethane and X,MY + Z (initial) — X,MY/Z (coordinated)—

ethylene molecules (Table 2). This indicates some synchronicity X,MYZ (TS or intermediate) (19)

in the bond formation; i.e., the formation of one bond has the

effect of slightly accelerating the formation of the other bond. \yhere M= Ti, Zr; X = CI, Cp; Y = H, CH,, CHs; Z = D5,

The synchronicity of the overall process depends on how much c,H,.

the bond energies in the breaking bonds are compensated by |n eq 19, the second species is the coordinated complex and
those in forming bonds. the third species is the TS of the reaction. In eq 19b the reaction

F. Similarity in Chemical Reactivity. To further study the proceeds to the stable metallacycle butane intermediate (fourth
similarity in the chemical reactivity, we considered insertion species), which is compared to the TS step.
reactions depicted in Figure 1. These results are shown in Table 1. Insertion of Molecular Hydrogen into a ¥H Bond
6. (Reaction 19a).First we analyze the reactions separately. For
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TABLE 6: Similarity in Insertion Reactions of General Scheme

%,
)\ Xl —Y
/M—y + 7 —
X,MY Z X;MY/Z Z
initial state coordinated complex

%,
XA-M_._.:'Y
Al ll'
[

X;MYZ Z

transition state

intermediate state

where M = Ti, Zl'; X = Cl, Cp, Y = H, CH2, CH3, Z= D2, C2H4

(a) Initial State

Yamasaki and Goddard

XoMY Cl,TiHT ClzTI(CHg) szZl’(CH3)+ st. dev. 6-)&1
Qu 2.690 (1.310) 3.111(0.889) 2.975(1.025) 0.215(0.215)
Qv 1.036 (-0.036) 7.972(0.028) 9.2270.227) 4.412(0.133)
Qx 7.137 (-0.137) 7.459¢0.450) 34.899(0.101) 15.936(0.281)
Ox 7.137 (-0.137) 7.459¢0.459) 34.899(0.101) 15.936(0.281)
[5(Qw) on? = 9.125(0.227)
[5(Qn) (¢ = 0.888(0.480)
Imy 0.928 1.157 0.982 0.120
Imx 1.328 0.949 1.665 0.358
Imx 1.328 0.949 1.665 0.358
I}lr(IAB)Bond= 0.239
@(1ag)% = 0.555
YXMMY 0.212 0.219 0.209 0.005
VXMMY 0.212 0.219 0.209 0.005
YXMMX 0.155 0.141 0.213 0.038
Iz"(VIJ)I-_@,LON: 0.016
6(y19) = 0.098
(b) Coordinated Complex
XMY/Z Cl,TiH*/D, ClzTI(CHz)/(CzH4) CpZZr(CH3)+/(C2H4) st. dev @')
Qu 2.940(1.060) 3.208(0.792) 3.223(0.777) 0.159(0.159)
Qv 0.965(0.035) 8.015¢0.015) 9.189¢0.189) 4.448(0.118)
Qx 7.125(-0.125) 7.45140.451) 34.912(0.088) 15.950(0.271)
Qx 7.125(-0.125) 7.4514-0.451) 34.912(0.088) 15.950(0.271)
Q 1.845(0.155) 15.876(0.124) 15.765(0.235) 8.069(0.057)
(3(Qn)[Aiom = 8.915(0.175)
[6(Qa) % = 0.867(0.370)
Imy 0.909 1.455 0.981 0.297
Imx 1.364 0.964 1.679 0.358
Imx 1.364 0.964 1.679 0.358
Imz 0.273 0.420 0.410 0.082
(1 pe) hiom = 0.274
[b(Iag)d = 0.636
YXMMY 0.192 0.211 0.214 0.012
YXMMY 0.192 0.211 0.214 0.012
YXMMX 0.177 0.128 0.222 0.047
Yymmz 0.093 0.092 0.123 0.018
YXMMZ 0.098 0.115 0.138 0.020
VxmMz 0.098 0.115 0.138 0.020

() TS

Er(yu)lim =0.021
Rr(yu)lﬂj =0.131

XoMYZ  Cl,TiH(D2)* (TS) CLTi(CH2)(CaHa) (TS)  ChTi(CH2)(CoHa) (Intermediate)  CgZr(CHs)(CoHa)* (TS)

st. dev. §)

Qm
Qv
Qz
Qx
Qx

Imy
Imx
Imx
Imz
lvz

2.857(1.143)
0.980(0.020)
1.862(0.138)
7.150(-0.150)
7.150(-0.150)

0.550
1321
1321
0.683
0.400

3.202(0.798)
8.022{0.022)
15.910(0.090)
7.4330.433)
7.433(0.433)

1.437
0.986
0.986
0.721
0.144

3.026(0.974)
8.150¢0.150)
16.0441.044)
7.390¢0.390)
7.390{-0.390)

1.032
1.021
1.021
1.149
0.678

3.464(0.536)
9.032(-0.032)
15.751(0.249)
34.877(0.123)
34.877(0.123)

0.735
1.762
1.762
0.804
0.342

0.259(0.259)
3.738(0.073)
7.021(0.121)
13.777(0.256)
13.777(0.256)
[0(Qa) Chiom = 7.714(0.193)
[6(Qa) 3 = 0.750(0.408)
0.387
0.359
0.359

0.220
(I ng) Bona = 0.308
B(las){ = 0.715
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TABLE 6 (Continued)
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(c) TS (continued)

XoMYZ  CITiH(D2)* (TS)  ChTi(CH2)(C2Ha) (TS)  ChTi(CH2)(C2Ha) (Intermediate)  CEZr(CHs)(CoHa)* (TS) st. dev. ¢)
PXMMY 0.119 0.194 0.135 0.179 0.036
Xy 0.119 0.194 0.135 0.179 0.036
¥ XMMX 0.141 0.123 0.124 0.209 0.041
Yz —0.303 0.041 -0.202 —0.188 0.145
Yxmmz 0.132 0.135 0.142 0.165 0.015
Yxnmiz 0.132 0.135 0.142 0.165 0.015
Ywv.vz ~0.350 —0.307 -0.323 —0.329 0.018
Ymizzy —0.003 —0.389 -0.253 —0.138 0.164
Yxumyz 0.009 0.002 0.010 —0.009 0.009
Yxuvz 0.009 0.002 0.010 —0.009 0.009

mT(VIJ)@orr =0.049
ET(MJ)SI] =0.296

a Standard deviation for each roWTotal charge for each atom or fragmefiNet atomic or fragment chargé Step-averaged standard deviation
for the propertyP = Qa (Qa"), las, las, y13. € Ratio of step-averaged versus total standard deviationB forQa (Qa"), lag, Y.

CI,TiH™ the net charges in the initial state &g = 1.31,Qc

= —0.14, andQy = —0.04, while the bond orders atgy =
0.93 andtic) = 1.33 and the bonds correlations agri tin =
0.21 andycrriticc = 0.16. (This covalent character of such
Ti—H bonds was originally pointed out by Steigerwald and
Goddarc®®) Coordination with the B leads to a net charge
Qp, = 0.16 and a change i@y by +0.07. As a resulQy;
decreases by 0.25. The net bond ordéfiis, = 0.27, which

is accompanied by an increase of 0.04 inlthg and a decrease
of 0.02 inlyn. The D, has a similar bonds correlation of
0.1 with the TCl and Ti—H bonds. Going to the TS leads
to a slight increase (0.08) i@r. At the TS Q¢ and ltic
return toward the values of the metal complex as degsTici-

At the TSQy = 0.02 whileQp, = 0.14. Since the D next
to the Ti must haveQp = 0.02, this leave®)p = 0.12 for
the far D. The bond orddy drops from 0.91 to 0.55 while
ITip,) increases from 0.27 to 0.68. Givénp = 0.55 for the
near D bond leavesrp = 0.13 for the far TiD bond order.
The bond orders ofriy = Iyip = 0.55 andlyp = Ipp =

YZrCHa CH(CoHy) = —0.33 for reaction 19c, anqi'TiH,H(Dz) =
—0.35in 19a. These negative bonds correlations indicate strong
competitive couplings between the bonds.

3. Insersion of Ethylene into a=FC Bond (Reaction 19b).
For CLTi(CHy) the net charges ai®c = —0.46,Qr; = 0.89,
and Qcn, = 0.03. Thus, the FCH, bond is covalent.
However, the bond orders atgcy = 0.95 andltich, = 1.16
implying that the metal carbene bond is not nearly the double
bond implied by the GVB orbital¥. The lticy, can be
partitioned intoo and st contributions in canonical MO with
Iich,(0) = 0.48 andltich, (r) = 0.50. Electrons in each MO
are decomposed tQri(c) = 0.31, Qcn,(0) = 1.55, Qyi() =
1.48, andQch,(r) = 0.34. Thus, there are two bonds but each
is partially polar. Covalent complexing with,B,4 leads to a
net charge oQc,n, = 0.12 withdQri = —0.10 anddQcr, =
—0.04. Here the bond orders increalsg;,+, = 0.42 (compare
to the 0.41 forlzc,m, in reaction 19b) withltich, = 1.46 (an
increase of 0.30). The bonds correlations pg&a,tiTic,H, =
0.09 (equal toyyiTin, for reaction 19a) angtcrri tic,H, = 0.12

0.43 (see Figure 1a) agree with the covalent character of this(between the values of 0.10 and 0.14 for reactions 19a and 19c).
reaction as deduced from GVB calculations by Steigerwald and Going from the GITiCH,/C,H4 complex to the TS leads to little

Goddardd
2. Insertion of Ethylene into a ZC Bond (Reaction 19c).
Next we consider the GArCH; + C,H, reactior? a proto-

change in the charges (ca. 0.03 iaHg) but big changes in
bond orders. ThudicH, increases from 0.42 to 0.72 while
lchycoH, INCreases from O to 0.14. Finally we form the

type of metallocene-catalyzed polymerization. For the initial Metallacycle butane stable intermedidteith net charges of

state we find charges @Jc, = 0.10 whileQz = 1.03 andQcw,
= —0.23. The bond orders atgc, = 1.67 andizcH, = 0.98.
This supports the idea that the metal methyl bond is covalent.

Qri = 0.97,Qci = —0.39,Qch, = —0.15, andQc,+, = —0.04.
At this point the bond orders (see Figure 1c) &ie = 1.01
(two cases) andcc = 0.76 [whereas the group bond orders

It also suggests that the bonding between the Zr and Cp involves(Table 6) ardrich, = 1.03 andl ¢y cH; = 0.68]. Here there
more than one pair of electrons. Coordinating one olefin to are three strong negative bond correlationsich, cric.H, =

the Zr leads to a charge @c,n, = +0.24 on the olefin while
the charge on the Zr changes BQz; = —0.25. This
corresponds to a Lewis baskewis acid bond with the bond
orderlz cn, = 0.41 that compares well to the bond ordigy

= 0.45 in BHNH3. However, the bonds correlation of
Y CHsZr,ZrCoHy — 0.12 is Iarger than th?BH,BN = 0.08 for BHs-
NHs. This indicates a stronger coupling to the-ZHs by the
bonding of GH4 to Zr. Going from coordinated £l to the
TS for insertion, there is no change in the charge on t¢,C
(0QcH, = 0.01) but the Zr becomes less positivQg, =
—0.24) while the CH becomes more positivéQcp, = 0.16).
Similarly the bond ordelzcn, decreases from 0.98 to 0.74 while
I z1(coHq) INCreases from 0.41 to 0.80 ahghyc,H,) iNCreases from
0 to 0.34 [the zcp Stays constan®{zcp = +0.08)]. Of course
the internal double bond in £, decreases from 1.97 to 1.07
(see Figure 1d). ThechuzrzicH, = —0.19, which is large and
negative likeyuritip, = —0.30 in reaction 19a. Similarly

_0-321VTiC2H4,C2H4CH3 = —0.25, al’\Ct/(:HsTi’TicZH4 = —-0.20, which
are also negative for the TS of 19a and 19b.

4. Comparisons of Reaction®verall these analyses of the
HF wave functions for the three reactions in eq 19 give the
description of a 2st+ 2s cycloaddition, as derived from early
GVB calculationgd~h However, the CACB analysis can be
done for a wave function using the delocalized MOs from a
HF or DFT wave function. In addition, CACB provides a
gualitative measure of the character.

Previous electronic structure calculations on reaction 19
suggest that there are many similarities in these reactions. We
want now to examine how well the CACB electronic structure
descriptors would identify the similarities between these three
reactions with chargeQy), net atomic chargeda"®), bond order
(Iag), and bonds correlation coefficient,{) shown in Table 6
for each step. The similarity of these reactions was evaluated
by computing average standard deviatidagl, Step)] for each
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descriptor Appendix. Derivation of the Contracted Density
Operators
P = Qa QAnet, lae OF y; and A.1. Definitions. This appendix presents the contractions
- ) ) of density operators required in the calculation of bebdnd
Step= Initial, Coordinated, TS, and Intermediate correlation coefficient8. We consider here only single Slater

o _ determinant wave functions (i.e., RHF and UHF).
We also computed the standard deviations of each descriptor The atomic charge operator is defined by,

over the elements and reaction stepf)]. These ares(Qa)

=10.279,0(Qa") = 0.474,0(I ag) = 0.431, ands(y,;) = 0.164, A L
which indicate the distribution of parameter values. 0. = Za a (A1)
Obviously, the charge() comparison is valid only when a

similar atoms or fragments are compared. The net atomic

charge Qa™) seems to be a transferable descriptor, with wherea anda are covariant and contravariant basis, respectively,
standard deviations for step&(Qa"®)[Awm) of 0.227 (initial), and satisfy the following commutation rules.

0.175 (coordinated), and 0.193 (TS and intermediate). These e e

values are smaller than the total standard deviadi@n"®) = a E’ + E’ a =0

0.474, showing some similarities among three reactions within ab +ba =0 (A2)

the current data set. The ratioslotP)[Awn/o(P) are also shown atb +ba = Oan

in Table 6, denoted bi#(P)[{. These are computed to be 0.480 ) ) )

(initial), 0.370 (coordinated), and 0.408 (TS and intermediate). Required density components are computed by applying com-
The comparison of bond order descriptors is valid only when mutation rule and summing over occupied orbitals in the single

the bond orders are equivalent. They differ here because thedeterminant wave functidn

M—Y bond could be a single bond (ivH or M—CHa) or a A wf A

double bond (M=CH,). Also the Zr-Cp bond is of double- o a_

bond nature, while the ZCl bonds are single bonds and the 0= Za a b= Uz Z Pa”=Pa

Ti—Cl bond is in between. Similarity of reactivity will be :

compared by the bond order index only when formal bond orders occ

to be matched are consistent. Computed standard deviations where Pab = Zciyacib (A3)

for the | ag descriptor are less than the total standard deviation T

of g, but the ratio is somewhat higher than in the net atomic

charge descriptor. We will use the abbreviations in eq A4

The bonds correlation descriptor seems to be a good similarity

measure. Thus, the rati@g(y ;) shows the smallest values P — W pa
for all reaction steps. The decrease in sensitivity of descriptor AT Z Z a
as Qa > lag > vy reflects the hierarchy in the electronic %o @
description. The most sensitive descript@a, discriminates aB AB
very similar molecules and reactivities, while the least sensitive P, = Z pbpa
descriptor ;) can be used to determine class invariance A8 5 4 a’h
properties.

In Table 6 we note that by grouping atoms into fragments as of ABC
in eq 19, the intermediate state of eq 19b resembles other TS Pagc= z Z |:>abpb°|:>ca (A4)
with negativey,;. This contrasts with the results in Figure 1 Onono. ABe
where the electronic structure descriptions are very different
between the intermediate state and the TS species. of  ABCD b e da
IV. Conclusion Praco z PaPoPe Py

0a0m0c,0q a,b,c,d
We present a new approach for analyzing the chemical bond
character in molecular systems. The CACB method describesFor the closed-shell case, tReterms can be simplified to
the interaction between two bonds through the fourth-order
density matrix. This correlation is positive for interactions
between stable bonds and shows negative values for multicen- 2 z
tered bonds in chemical reactions and nonclassical molecules.
In order to facilitate the use of these concepts to analyze wave AB
functions, we have made available on the Internet the free use Pag =2 Z PP
of our current analysis prograrhs.We ask that users send us 4
summaries of their results and any improvements they make in

the program. ABC .
— ChH a
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express the general form of

(@050 (A6)

in terms of density matrix components. First eq A6 is
transformed by use of commutation rules into the terms of
form

ABC,...

[0\08c.- 0= bz A'abbcc..O
a,n,c,...

Opg Z @c.ca .. (A7)

whereA, B, C, ... denote atoms. Expanding atomic orbitals by
canonical molecular orbitals
occtvir ) occtvir
|al= [ilC, = [I[C (A8)
2 M6~ 2 1

(Cia = Ci4 as|ilds orthonormal), we obtain for each term of eq
A7 that
AB,...
Z @b*.bal=
a,n,...
AB,... occtvir
Z > CiCip- ot mn . k1 0
ab,.. iJ...
A,B,... occtvir
Z Z C..G b CkCa[H-IF'|HF”D (A9)
where MHF|= MFi"j"..m" and
[HF'O=n ..k | |HFO

In eq A9, (HF|HF'O= 0 requires that the set of creation
operators{i*,j", .., m'} must correspond to the set of
annihilation operator§l—,k—, ...,n"}. Thus, the surviving terms
in eq A9 corresponds to all possible permutationsiof{, ...,
m-)

HFlab*..r's ..c d |[HFO

occtvir

Z G, .Cipr- CICI i} " ..m*n™

K17 JHFO

occtvir
Z Ci..Cip--CiCl'0; 0y HFI T F..m’™ x

(Z e-P(M..j i ))|HFO (A10)

whereP andep denote a permutation operator and the parity of
the permutation, respectively. Theis the occupation number,

J. Phys. Chem. A, Vol. 102, No. 17, 1998931

either 0 or 1, of theith state. The parity of necessary
permutations are given in Table 7. This sort of derivation is
straightforward but tedious to do by hand for higher-order terms.
We used symbolic programming techniques to generate the
computer codes in Fortran or €.

A2. First-Order Term.

ol A

@,0= Z @a = Z 2 PA=P,  (Al1)

A3. Second-Order Terms. WhenA andB are different A
Z B) atoms, we obtain

AB
@,850= Z @ab'b =
a,

o AB

(P,Py’ — Py Py") = PaPs — Pag (AL2)

0a,0p 4,

WhenA andB are the sameA = B) atoms, we obtain

[,0:CF @, (H eq A12 (A13)
Thus, together we have
[@),0s00= O pplls[H €q A2 (A14)

A4. Third-Order Terms. When A, B, and C are all
different &{A, B, C}) atoms, we obtain

ABC

[0,0:0c = Z @b'cchba

= PaAPgPc = PaPgc = PgPac = PcPag + Pagc +

Pacs (A15)

WhenA andB are the same but different th&h(A = B = C)
atoms, we obtain

A=B=C
[B,050c= (@00 eq A15 (A16)
Similarly,
=C=B
[B0:0c0= WG eq ALS (A17)
B=C=A
[3,060c= [@a0sCH eq A15 (A18)
A=B=C

070600 W@ [G050H WsGcH [Ec0.H eq '?1?_9)
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TABLE 7: Parity of Permutations Up to Fourth Order

permutation P €p
First Order
0] 0 1
Second Order
() 0 1
(AD)] () -1
Third Order
(.. K 0 1
@i,k j) (AN)] -1
6.1, (G.9) -1
) (1), G, ) 1
() (K, G, ) 1
(k. j, 1) ((i,K) -1
Fourth Order
(i, k1) 0 1
(i.J. 1K) (k1) -1
ik j. 1) ((. ) -1
(i.k1,j) (., (1)) 1
(i.15. k) (G.1), (k1) 1
(NS () -1
G,k 1) (@) -1
(0,11 ()N 1
(. ki, 1) (@.1). G, 1) 1
Gk 1,0) (1), G, K, (1)) -1
(1,1, (A1), 6.1, (1) -1
G0,k i) (XA 1
(ki.j. 1) (1K), . K) 1
(i1, ) (1, K, G, 1, (k1)) -1
(j.i. 1) () -1
(k. j, 1,1) (i, k), (k1)) 1
(k. 1,i,]) (.19, G.1) 1
(k 1,.1) (K, G, 1), (k1)) -1
(NAAS (@1, G.1), (1) -1
(i, kj) (@1, 6.1 1
(Lj. i k) (@1, k1) 1
(hj. ki) @n -1
(ki) (A1, Gk, (1) -1
(I, Kk, j, i) (@1, 0. 1) 1

Thus, together we have

[G5850cF OBl OpclBadistH Oactliglct
OnslBa8cH €q ALS (A20)

A5. Fourth-Order Terms. WhenA, B, C, andD are all
different &{A,B,C,D}) atoms, we obtain

AB,CD

(81,0500 = Z A'b'c’'d'dcbal
abcd
= PaPgPcPp — PAPsPcp = PAPpPac —
PaPcPep — PcPoPag = PsPoPac = PePcPap + PaPeept
PaPsoc + PePaco T PsPapc T PcPasp + PcPape +
PoPagc t PoPacs T PagPco + PacPep + PapPec —

PABCD_ PABDC - PACDB - PACBD_ PADCB - PADBC (A21)

For fourth-order terms, we may further constréir= B, C

Yamasaki and Goddard

centers (remembdpg, A = B)

A=C, ={AB,D}
[81,060c0p = [a0shp Lt eq A21 (A22)
A=D,={ABC}
[B,060c0p = [ads0cH eq A21 (A23)
B=C, ={ABD}
[,0s0c00 0 [alelot eq A21 (A24)
B=D, ={AB,C}
[B:060c0p = [ads0cH eq A21 (A25)
A=C,B=D
[81,060c0p = [a0s0o Lt @800 [@a0s0+ eq A21
(A26)
A=D,B=C
[B:060c0p = [@alslclH [adeloH (@050 eq A(ﬁ%7)

Thus, together we obtain (including all cases)

[ﬁ]ACIBQCCIDD: 6ABCDmAD+ 6ABC[QAQDEH_ 6ABD[61ACICEH_
6ACD@AQBD+ 6BCDmAQBD+ 6AC(SBD|3]AQBD+ 6AD6BC
([B,06H O ap0 o @Al O pplBAlcOp L Oackliabsln
O apBads0cH OpclBA050p - Opplda0g0ctH

Ocplads0cH eq A21 (A28)
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