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Abstract

Partitions of the energy of the spin-coupling optimized GI
wavefunctions of smeall systemé are exanined to isolate the factor
responsible for chemical binding. One term, the contragfadience
energy, is found to dominate the binding energy in all cases. The
magnituée of the contragradience energy is found to be insensitive
to self-consistency erfects; this vroperty is used to extend the
results to molecules too large for sslf-consistent calculation.
Resonance, rotational barriers and the conéept ol a bond region are
‘discussed in'terms of the contragradience energy.

Calculations of the reaction surface for the

| H2 ; D2 -ﬁ>2HD
four-center exchenge reaction are examined in terms of the contra-

gradience energy.



INTRODUCTIOHN

This thesis will examine trends common to mathematical rodels
of a number of smali‘systems of chemical intersst to attempt to
answer the questions of what the chemical bond is and why it occurs
when it does. The éoncepts developed here will be apvlied to the
energy'hypersurface‘on which the

H, + D2 —z 21

2
four-center exchange reaction occurs.

By examining these exbtremely small systems in detail, we hove
to increase the understanding of the chemical behavior of far larger
systems.,

The most fundemental chemical properties of a system are charec-
terized Ly cherical forces, While the large forces which stabelize
atoms have been understood since the inception of guantum mechanics,
the minor perturbetion on these forces which stabalizes or desta-
balizes conglomerates of atoms is not vet well understood. IV is
the origin, nature, and sign of this perturbation, called chemical
force, into which we shall delve first. Ve shall see that the
chemical forces zre as large as they are because the gradients of
the bonding valence orbitels of coﬁstituent atoms are opuoscd

throughout a region bpetween the nuclei. (We will refer to the

property of possessing opposed gradients as “contragradience!



-
throughout this thesis.)

For some time, chemists have found that many of their obser-
vations were consistent with the: existence of a finite region, roughly
between the nuclei, from which binding arises. Becosuse ithe majorify
of the energy associzted with the contragradience arises from a
small region centered between the nuclei, we wili be led quite
naturally to the first theoretical definition of such a "bond region'.

A study of the contragradience energy for rectangular Hh yiil
illustrate the applicability of these ideas.to polyatomié systems
andfﬂhe}concepﬁual,simplifications which arise in using these con-
'cgpts. It will also show the reason for the shape of the egérgy
- hypérsurface and.thé heighfiof'the barrier to reaction in the

Hy + :02 s 2HD
fourwcentér'exchange reaction.

Gonfigu?étion interaction calculéﬁions over the region of the
'hyperSuffaéé which,shoulﬁ con@aig the"fgnéition state coumplex for

‘this reaction show the barrier height to be significantly above the

\

“dissociation ensrgy of one of the reacdtant molecules. Thus it is
quite likely that.the reaction cdoes not vrocezed by a four-center

mechanisn,
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Ao Chemical Binding

In their examinabtion of the partitions of the en
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chemical systems, Wilson and Goddard have found that the oinding
energy oi these systems closely varallels the change in one term
in the energy expression: the nonclassical or exchange pari ol the

. . bd - . e ; X o
¥inetic energy, T°. For exawple, the ninding eunergy and D" for

a self-consistent minimum basis set sclution of the ... molecule are

<

5 . . . K .- . .
shown in Fig. 1 (note that the T" curve rust uvasc through the

origin).

In the 1limit of large separation, the waveluncticn of tae
molecule must asgymptotically approach that of the dissocilated
species, in tnis case, two U atoms; therefore, a2t such seiaraivions
we should bas able to subsbtitute the product of the waveiunctions
of the dissociated species for the product of the seli-consistont
orbitals and acheive essentially ths same resulits, urthermore,
empirically the itendency to bond is, at least in a zeroth order

approximatiol, more strongly denendent on the nature of the con-

stituent atoms than on that of the resultant molecule. Therefore,
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sigure 1. The energy £ and exchange liinetic energy T for the

1

rinimum basls set H, moleeule. The curves. labeled &°
o ,

X
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and T show the same quantities for the irozen solution.
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b
we should expect that any term in the energy to which bonding may be
attributed should noi be highly dependent on the self-consistent
solution for its magnitude, This suggests that we shouid freeze
the wavefunction to be the properlj anti-symuctrized product of the
wavefunctions of the dissociated species. The energy EF and exchange

for this wavefunction are shown in Fig. 1, this

kinetic energy T
shows us that the energy is highly dependent on self-consistency
whereas T~ is not, Hence it is immediately apparent that, whatever
is the effect responsible for the dordnance of TX, that effect is
present in frozen wavefunction. Thus it will be suftficient to
examine the frozen wavefunction in order to understand the dominance

of TX.

_ The GI wavei‘unctionj for the ground stete of the H2 molecule
) e ‘
( > g ) is
(A 4 +
Vv = G, ¢1CPzQ-B=/:z. ¢, ¢ ¢1¢1 a3-Ba
where 1anqub2 are the one electron spatial functions and T and
[} are the spin functions. TFor the SCF solutions, these are
functionally ovtimized, but here we will deal with them only as the
simple atomic functions on each center. The classical, or Hartree,
ginetic energy of this wavefunction is simply the sum of the one

electron kinetic energies.,

TCX: 't“ + %’11

2
J‘:f LA AN DS

The rest of the kinotle energy is the nonclassical or exchange

where
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where 5 is simnly the overlap bstween orbitals 1 and 2,

end D is Jjust the standard off-diagonal density matrix element.3

In this cese it is given by

LA n n 2.n .
v = ~5D(Vv T Ve = VL L
SD(vyy =+ Vyp = 57,

where

V?j < (P;’ V| CPJ)

n . - . . L ,
and v 1is the nuclear cbtraction operater. Integrating by varts,

o

Zan. {(12) can be rewrithten as

T ~%_De<liz¢’1ll>+<l§7¢ll)7 ,%,(V(h-g¢l> {10)

T}L )

rrom Ban. (1b), the distinction between ard tne sxenenge Lart

_— . . X . . . -
of tie nuclear attraction encrgy v is ruadily apiorent:  the

tnird term, called the interchange teri, is the ex.ectatio.. value

of a vector dot uroduct rather than oi a sim lz2 scaler. This is

unigue within the energy ex

AN

this terr, let us neglect the dot product noture or the terw and
re ‘lace the intercnangs terr with tho expectation value of the

oroduct of thie magnitudes of the gradients, this leads to & new

quantity
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which, for the frozen HZ wavefunction, vardsnes identically
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oy
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this means that the drop in T for the h2 molecule is entirely

due to the vector dot product within the interchange term! ‘the

difference between the product of the magnitudes and the dot product

This is the quantity which is reswonsible for the existence oif the

is simply

chemical bond. The behavior of such an important quantity merits

further examinetion. Our frozen orbitals sre simple 1s lhiydrogenic
orbitals, one centered on each nucleus;\their gradients oint radi-
ally outward iron the nuclei at their rssvective centers. Froceed-
ing along the internuclear axis, the guantity vanishes outside of
the reglon between the nuclei., rassing through one of the nuclei,
one of the gradients suddenly changes direcnioﬁ by 1800, leaving
the two grudients opposed; the value of the guantity is quite large
there., It remains constant until passing throu h the other nucleus

1

wihereupon it vanishes again, Secause 1t depends on the gradicnts

ozing owwvosad ior its magnitude, we call this quantity the Ycontra-

4

radience Iunction”. we will designate the sxrectation ~elue

o
[®]
bty

tais funciion between two orbitals as tneir contre rodiencea.
rrom =gns. (1b) and (Z2), we see thatl the contragrodience

conbribution to the energy is simply

e



o
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for thcizg state of H,,
C=-= (NPIYP)-ve- vcg} (3

5>
The first excited stote of the I, rokt_ocme( Z,q. } also dis-

[
soclates to wwo H atoms in their ground states. Let us sxanine
this state to discover uby it is nol stable., The s in sart oy the
singlel wavefunction is anti-symmetric (i,eﬁ,@—&l_“) which forces
the spatial part to be symmetric (i.c.c‘rfi‘cgﬂl»ceq?}, The situetion is

exactly reversed for the trinlet state,

6T ¢, aB=Y[p -4 p)laB+Ba)

For the a.nul—-o,,ﬂrjmtrlCall,;f coupled orovitals,

eve
J

D="1 .-51:. [

This leads to a contrag rddlcnce energy ol the form

C= ~—1<\i‘*\7<f>l‘i7<P |- ‘V? Vo> (1)
Comparison of ians. (3) and (L) with the frozen case in mind shows
that the convragradience is the same in both cases, maiting the
contragradience energy domirnant in both bvonds. 'I-Iowev’er, the substi~
tution of an unti-symetric spatial wovefunciion for a symumetric
one has cnengea uvhe sign ol the density mevtrix aund lence nas changed
the sign of the contregradience energy; thus the contrasradience
energy mekes a highly repulsive contribution to the binding erergy
and we would exwect the 32I state of H2 to bz unbound,

rAlowing the frozen wavefuncition to relax self-consistantly,

is louered., ’the ground state (12 g—) is alreccdy sirongly

bound by tie contragradience and the self-consistent orbitsls retain



T
a strong resemblence to the frozen orbitals. ‘hey remain fw.ctions
primarily localized on sevarate centers, This maintains the magni-
tuce of their contragradience, ‘he amulitude of the orvitals is
increased in the reglon between the nuclei; this increases wnsir
) . 3.+

overlap, decreasing C. In the trivlet ca ( EZLL ) where C mukes
a highly repulsive contribution, self-consistency involves drastic
changes in the orbitals, however even thwse drastic seli-consistency
eitects will generally be insufficient to zttain a bound state,

X . . . . . . 1b .

An examination of a numper of chemical systems = both bound
and unbound affirmed cur concluslon that TA, znd thereiore C, 1is
the dominant term in the binding energy. (This examination included

both the frozen and the self-consistent wavefunctions for the

1)
b
[o N
e
ja s
®

~—

ground states of H,, H,H, Hel, (Hg)zﬂ Hell,, He,, Lil,

These artitions of the energy are exceptionally useful from

a conce~tual viewnolnt because they can rigorously be =xinressed as
s sum of nair interaciions, thus

e S osg Db, +t,. -2

53 1711 33 Sij i3
and

@20\ VI T TP

- B L . - s ' . s . S
vhere tie siyn of UJ 1s predictable irom the spin coupling of the
4 “
. th . .th e o s .
17 and 3 glectron. Thus we may speak of the controgradience

energy of & nalr of orbital

0y = < ch;bHVCP;»YZCR IP» (5a)

and the total contranradience energy is gimuly the sum ol the air

7

.!-.
v
o
N
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iquations (5) nermit a straightforward discussion ol systems

with wore than two clectrons as a soet of two clectron proolens.

v

For more than TLwo clactrons, a discussion ol the spin-cou.ling of

the vpalrs is most simply accompliched in terms o. the Young tableaux
(see, for examile Zei. 3). Hers £ﬁe gpatial part of the two electron
singlet is represented by the tablleau

112

(when successive numbers occur in the same row, we may tninmc of them

'

as indicating a symmetric sin: leb palr of electrons). Two He atons

in their ground states at infinite separation have tue vableaux

112 ond 314

and lead to the combined tableau

112
214

for the system at finite separation. But Ci‘ is positive Ior 1 and
J

j in different rows (think of tnis as 1 and j

arent bonds),

hence He2 should be unbound. On the other hand, the grow.d state of

the IiH molecule is also cescribed by the tableau

2
314

which arises from the atomic tableaux

é l and 4
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llere, the interatomic terms are CTM’ CZhj and Cﬁh' Orbitals 1 and ¢
are core orbitals--which are concentrated near the nucleus and char-
acteristically have a very low overlap with the H orbital--so
their contributions to C, while positive, zre small., The valence-
valence term Cﬁh dominates, and beczuse it is negative the ground
state of the LiH wolecule should be bound.

From vhe dominance of the contragradience energy and its rel-
ative independence of seli-consistency, we are led to a simple
three~-step model of the formation of the chemical ovond:

1. We start with the orbitals which are a propriate for the

infinitely separated atoms,

2. We bring the atoms to finite seraration without allowing
the orbitals to readjust. This leads to a large drop in
the total energy due to the change in the contragradience
energy, il the system is to be bound. A rise in the energy
occurs Ior the same reason in systems whicn will not be
bound.,

3. finally, a swmall decrease in the total encrgy is ablainsd
by allowing the orbitals to relax seli=-consistentiy.

This step makes the subtle changes in the wavelunction
which allow it to sabisfy the virial theorem, the Hellmann-
Feynman btheoream, etc,

It must be emphasized here that it is the second step, the

bringing together of the frozen atoms, and not the third sten,

seli~consistency, which is resvonsiile for itne occurencs of chemical
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binding., Indeed, it is the relative independence of mclecular
staebility from the third steo which is pfimarily resvonsivle for
the success of the rredictive schemes of chemistry, e.g., using

the periodic tavle to uredict chemical behavior,
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3. nok,ou(nco

4 consideration ol the scheme which we have oresented above

immediately raises the question of the stability of ‘:12 3 it has only
one eleciron, so it has no perrutation syrmetry, yet i, is bound.

In order to understand this stebility, let us first consider a
series of the singlet excited states of !, those which dissociate
e
to one H atom in its 1s level, and the other in its ns level.
Classically, at large separations, we can distinguish whether the
excitavion is on one atom or the other., If it is on say tihe right

side, then we would have the corres-onding guantum mechianical wave-

function |
P-4k Ll e
or equivelently, for the citation beinrg or the leflt center

\I/L[1,3)=4%5(1}4)“5{1)4.5&%@% D) l@3-3e (o)

Here we would expect to obtain some stabiiizstion because of ths
spatial permubation symmetry. Juantum mechaidcally, the situations
described by (6a) and {Gb) sre indistinguisheoble, adicbatically
there is an equal prcobability of either situation., ilius the corvect

quantum mechanical stabes must oe the SJ}'m”lLtI'.LC and anti-symmeiric

. L + .
combinatlions of (Ga) and (&b). For ths_a 2 states, for exarple
PR
— ve
V(1,2)=N WR(1,1)+\§/L(1,1)) ) (oe)
wvhere I is a normalization constant, Now the classical kinetic

eneroy is determined by the oroduct wivelunction CPQ CP S or
s Tn
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whlch are equivalent., This leaves the nonclassical (or exchange)

or

kinetic energy which is comvoosed of two terms in *this case: the

term discussed previously,

= — ((Mév qﬁi‘)%—(qﬁ ?}'/VI\C]SR'> ”2“(4115)7%\ t(flﬁ‘?}
: ;Tsz(@ga%ﬂ#j»@@%. o2l o)
o= <=l

and an additional term due to the sxchange between the .egenerate

configurations, T
# =COND  G R
& —NI’RI ‘éVli\i/L>)

In the 1imit as n Lecomeg ini 1nLLe in dons. (o), we obtain

1

or

-~

the H2 molecule iom, 7* vanishes, but T remeins to stebilize the

e R =3 - o A+ . .
system. In Fig. 2, we show T and & for frozen H2 and we see tnat

the binding energy parallels the chenze in T 45 we would have

f‘l

Lo - o
expected.” From the form of 1,

- 2 N N
™ - 2k1+ﬁ\(t * by = Shyo), (M

the reason for the continued dominance of the exchange kinetic
energy is obvious. Comparison of eguations (1a) and (7) show: that

it is the contragradience between the orbitals conprising the two



Figure 2,

] 6

The total energy E and exchange kinetic energy ™ for

minimum basis set H;. The results for the frozen and

- . . N N S
self-consistent solutions are shown. Although TK is
unigue, there is some degree of arbitrariness in defining

the SCF T-. (See Ref. L.)
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degenerate configurations which causes the bond to form.

+

In larger systems, e.g. the He.{3 molecule-ion, the approjriate
wavelfunction is o two configuration oxtended 1 wavetwunction. The
existence of the two degenerate confipurations cuauses a large
contribuation from Tx, producing o new changekof -, Uho hartrees
in the exchange kinetic energy for He; at a se aration of .0 bonr,
The binding energy is L.0L0 hartrees at this separation, The self-
consistent orbitals for one conligurstion are shomm inyiig. 3o
The siznificant lowering oi energy caused by tue mixing of degenerate
or nearly degensrate configurations, which we hove obéerved above,

.

is the eifect usually 1abeled‘as "regonance” by chamlsts. The
important »noint here is that this ensrgy lowering is agein dominated
by the exchangé kinetic ensrgy because of The contragraaient nature
of orbitals on different centers., Here again, the conuvragradience
enters the energy expression by way of a nonclassical synmetry
correction, Hence the useful concept of "resonamco’ is nelther

so significantly different from ordinary chenical boisding, 10r so

incomprehensible as it is somebimes made out to oe.



Jigure 3.

-19)=

~ .. .. " o R .
The salf-consistent orbitals for }i e, at W= s.0a .
L’L\ ol Q

»

These orbitals form one configuration of a two coniigura-
tion extended GI wavelfunction. The total waveiunction
is the normelized anti~symmetric combination of this

coniiguration and its mirror image.
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C. The Bond feglon

hmpirical observation of the vroverties oi the chemical vond,
eoff. the additivity of bond energies, have been intaryrebod as
indicating that the bond arises {rom a small (but‘nebulous) region
localized between the nuclei. In the above, we ﬁave seen that the
two most important chemical forces, chemical bonding and resonance
stabalization, zrise from the contragradient nature of orbitals
centered on different centers. The contragradience énergy arises
irom those regions of space in which the gradients of the orbitals
are large and antiparallel, or at least oblique; thus it arises

predominately from a small volume centered between the nuclei,
Since the contragradience energy arises primarily irom tiis region,
we may ccpsider it as the bond region. We might, for exaniie,
define the bond regicen for the bond involving orbitals 1 ana J as
that region within a suriace of constant contragradience cij
contributing most (say 95;) of the contragradience encergy Cij'

In #ig. L, we chow the integrand of contragradience euergy for

ii,{cee fon., 3) at the exverimental equilibriuwm irnternucleor sevara-

5
tion 1.L bohr, for the frozen and self-consistent waveirnctions.
In ooth cases, the region enclosed by the outer contour accoutts
for a:ryroximately 80. of the total contragradience energ. The

shape and size of these repions wire yuite consistent with what

one mignt ex ect the bond region to look like. oot us now cxamine
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rigure i, Contributions to the contragrodience energy for the Gl

wavelunction of H, at & = 1.hbohr, (the contours ave
[

equally spaced with the outer contour being ab -.uuld

hartree/bonr” with 5 hartres/oonr” ).

he Frozen wovelunction

B. Delf

ywe »asis functions,

~consistent cslculation with eight Slotver-
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i
the bond regions in other systems of cheanical intesaste in vy, o,
we suow the bond region for the bond in the Liy moleceule and for
the vond in Lhe Ll wmolecule; here we sce il the bond rogion
is localizned Lelbweon Lhie nuelel and bhat the core rorion ol bao
LAl atom has been excluded. We see bt the bonc wegion newr the
Li atom has the same characteristic sha.e wnéuher bonded to ancther
ILi atom or to an H atom, Cormarison of Iigs. 4 and 5b shows ﬁla
the region nesr the 0 is also relatively insensitive to whether
it is bonded to a Li atom or another H atonm.

N

Fromw a comparison of Figs. La and Lb, we see that the bond
region, as defined above, 1ls relatively insensitive to self-consis-
tency; thus we may use frozsn wavefunctions to may the bond regions
of molecules oven if self-consistent wavelunctions are not available,
or are impractical., As another examcle we show in ri_. © the -

bond regions for ethylene, (H, G=CH,). The results are again entirely

o Z
consistent vith enplrically based concepts of the wond rejion:  two

rezions arrayed avove and below the inter-nuclear axis, but close

to it.

(23}

Thus we see that the concept of contragrad;ence leads not

only to an explanation of the existence and strength of the chemical
bond and of resonance stebilization, but also to a natural delini-
tion of the bond region. The shape, locaticn, and genercl venavior
of the bond region as defined above is consistent with e irical

discussions of tnis reglon.



Figure 5. Contributions to the contragrodience energy for Li
conteining bonds at equilibrium sevaration. (The contour

spacing is linear.)
. v i . .. BSa
Ae The &1 wavelinmction for Li..

<

B. The Gl wavefunction for Lii.”









Figure v, Contributions to the contragradience energy for the
frozen l-bond in ethylenegc (H20=CH2). iThe contour
spacing is linear.)

4. In the plane perpendiculer to the plune or
molecule and nassing through both C atoms.

Be In the plane per;endiculaf to the prene of

molecule and bisecting the (-C distance.

the

the
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Do wibraypolation to Larger bystems

In the preceeding sections, we have develuped .he basis Ior
an wunderstanding of the existence of chemical forces., This under-
standing has been based on calculations on very small systems
using the 613 and extended GI methods. The object of our analysis
was to develon conce?ts which could be applied with coniidence to
systems boo large for detailed calculations. The resulis of our
anelysis have two features which meke them quite useful for such

an extrapolation., first, the iuportant quantity, the contragrodience
I 2 b 3 3

O
o
@
Pt
6]
S
>
e

s insencitive to self-consistency; it can be calculated to
a high accuracy using only knowledge of the atomdc states., Secondly,
the contragradiencé energy can be expressed as a sum of .alr energies,
(see @ans. 5), thus we need only calculate those terms witich will
charge in any given vrocess, dismissing the others as constant,
We will illustrate thc usefulness of the contragradience energy
here by estimating the heights of the rotational barriers in ethane
(HQC—CHB) and 2-butyne (CHBC-CEC—CH,J}e
< ~

Tt is usaful to discuss the interactions as pair intaractions,
ancé the concent of contrcgradience lends itsell readily to this.
“he contragradience energy 1s simnly the sum of cair torms ol the

iorm

R il LU TN S
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Here the Dj are Just the one electron density motrices arising in
2
the GI equations.” Weglecting terms of second order in the ovarlap

between orbitals involved in different bondé, the D; for i and j

in different bonds with 1i' and j' resvectively can be shown Lo bes

ot = VS .
’ 1+ 52 (1 2
1300 (T 8350)

Thus, to a good annroximation, we may rewrite Dgn. (8a) as

i (”) ”'J<inP|!vc;SJl v¢ g P

where U(ij) is a constant arising from the spin-coupling of electrons
i and j, and N is simoly a normalizstion constant. For interact-
ions involving orbitals in different bonds, U(ij) = 25,  Assuming

the overlaps within a bond to be 0,80, ¥ is 2,70,

Having established the form of the interaction in the conven-
ient form of the .air terms, let us begin by applying these concepts
to the ethane mclecule but using only atomic wavefunctions.
Considering the frozen € atoms to be spj hybridized, we can rsadily
see that conitributions to the rotational barrier may arise from
the interaction of either of the C-H bonding orbitzls of one methyl

group with either of those in the other methyl group. DBecause of

2
the cylindrical syimetry of the three sp” orbitals not involved

2
in the C-C bond, we sxpect the interactions between the C sp~

orbitals of the CH bonds of one methyl with those on the other
methyl to make only a small net contribution to the rotational
barrier, 4 somewhat larger effect should arise from the inter-

actions of the H orbital part of the CH bonds of one methyl with
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the C‘sp3 nart of the C-H bonds of the other. #As will be discussed
in detail below, this interazction will make also a negligible con-
tribution to the rotational barrier in ethane. ''his leaves the
interactions. of the H orbitals of onc methyl group with those of
the other as the primary source of the rotational berrier. In
Fig. 7 we show the chenge in the contragradience energy between
eciipsed and staggersd triangles of three H atoms as a function
of the separation of the planes. The orbitals are frozen H atom
orbitals, and the geoﬁetry of the three protons is assumed to be
the experimental value for the methyl groups in ethane6 throughout.
From Fig. 7, we see that the contragradience energy of the stag-
gered form is 6.1 kcal«mole"1 lower than that of the eclipsed form
(ethane corresponds to an H plane-H plane separation of 5.32a_ in
o
Fig.?)é Bearing in mind that the contragradience energy is only
the dominant term in the binding energy, and generally is opposed
by the other terms, we find our agreemsnt with the experimental7
barrier height of ,-!,.Olkca].-mole-1 to be excellent.

How, let us consider the 2-butyne molecule; from rig. 7, the

s . ; ; . . -1 .
HB-nB interaction vroduces s barrvier of £.9 cal-mole = favoring
the staggered confermer. Bub this i1s not all of the barrier!

Between the methyl groups there is a pair of triply bonded
C atoms; a coupling of the wotions of the methyl groups througn
tais wriple bond rust be considered. Let us immedictely dismiss

the ncive concapt that the C-C trivle bond is composed of a O

bond and two orthogonal T bonds. This bond should be resarded



Figure 7,

Contribution of the H-H contragradience energy (in
kcalemole‘q) to the rotational barrier in ethane-like
molecules as a function of the separation oi the planes
containing the three H atoms of the two methyl groups,
An spproximately normalized frozen wavefunction is used
throughout. The geometry of the methyl groups is
assumed to be the experimental equilibrium geometry

in ethane,
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as three banana bond;. These arise from the three C sp3 orbitals
on each C which point at the other C., Bach of these three orbitals
on one G, call it 4, Wwill bé coupled into a singlet with one of
the orbitals on fhe oéhéf C, call it B. This is a highly attractive
coupling; the coupliﬁg.of each orbital of A*with the other two
sp3 orbitals on B is repulsive, Thus, the sp3 orbitals of A will
be quite rigidly fixed with respect to those of B. Now let us
congider the interaction of methyl groups with the orbitals of this
triple bond. Consider one methyl group fixed in space, and allow
the triple bond to rotate, neglecting the presence of the second
methyl group, Because they are cylindricaliy symmetric sbout the
same axls, the interaction of the C sp3 orbitals of the methyl
group with those of the triple bond may be regarded as negligible,
Each of the orbitals of the triple bond is repulsively coupled to
each of the H atom orbiialsv This produces a barrier to the ro-
tation of the triple bond favoring a staggered configuration between
the orbitals of the triple bond and the H atoms of the mebhyl
group. If we now freeze the configuration of this fragment, and
allow the second methyl group to rotate, its motion is influenced
by forces from the other methyl group both directly as in ethane,
and through the triple bond. The first methyl group exerts a Iforce
favoring the staggered configuration, and a second force througn
the trivle bond coupling toward the eclipsed configuration. The
second force causes the free methyl group to align itself in a

staggered configuration with the triple bond which is, in turn,
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staggered with respect to the fixed methyl group. If the second
force dominates, 2-butyne will be eclipsed, and if the rirst force
dominates, it will bebstaggered,

Indeed, the molecule will be eclipsed; the barrier to this
rotation is calculateda to be 52,7 calemole” . dnen the rethyl
groups are staggered, the triple bond will not actually be positioned
as above; it will lie half-way between the methyl groups. This
will lower the barrier somewnat. The contragradience energy con-
tribution to the potentizl for rotation of a methyl group with

; ‘

resuect to a C sp” orbital was found to be given by

Py

C(@).-; [1 038+153c0s@ +50.9c0s2f) «8. 9300539] (93

. -1 . : - o s .
in calsmole ., Application of Egn. (9) shows that the parrier to

- s s : -1 .
rotation in this case is some 51.1 calemole ., Thus, the net
contragradience contribution to the rotationsl barrier in Z-butyne
. o - e S . . . .
is L8.2 calemole  favoring the eclipsed configuration. This is

i R -1 L.
0 calecle , tnough

9

EN )

in line with the <xperimental barrier height,
the favored configuration has not been ascertained.
¥inelly, note that the contribution to the rotational barrier

in ethane arising from the couvling of the H atoms of one methyl

—

sroup with the sp” orbitals of ths owvvosite methyl group is sluply
our originsl value for the coupling rotationazl barrier. The

it o . -1 . . X .
adéitional 52,7 calemole 1s at least as swmall as the errors in
the apvroximations, so these terms aye, indesd, neglirible.

Thus we see that we may wmke usce of the dominance of’ the

contragradicnce enerpy in chemlical forces and Lhe relative fieedom



of the contragradience energy from the reguirements ol self-
consistency to make reliable qualitative and seii-quantative pre-
dictions about systems far too large for GI calculutions. This
hzs been illustrated by aporoximation of the rotational barrier
in ethane and a discussion of a méchaniSm for coupling of the ro-
tational motion of the methyl groups through the C-C triple bond

in 2-butyne.
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THE RLZACTION SURFACE FOR

THS E,+ D=2 PFOUR-CHEUTLSR
o L%
EXCHANGE REA0T1I0H

) 10 . . Lo . -
Bauer and Ussa = have interireted thelr oxperimental data

‘

from shock tubes as indicating a four-center mechanism for the
reaction
H, + D, — 2HD.
2 2
s - . . . o -1 .
They find a vibrationel preexcitation of 19 kcalemole = to be regui-
s -1 s .

ed, and an activation energy of L2 kcalemole ', Both the exveri-

. Vg . o s s s s v s 11
ment and their internretation of it wight justifiably be criticigzed,
but if the reaction does occur, a theoretical study of it as tae
vrototype of a large class of cherical reactions would be of great
interest. itigorous quantum mechanical calculations of this reaction

12-16

surface have been carried out. 411 of these show a barrier

s e o . S e I .
height of approximetely 120 kecal=nole in distinct disagresment
with Bauver and Ussa's intervretation of thelr experiment.
17

Semil-eam irical calculations ' of the suriface indicate a barrier

e s IR -1 .- L e am s
height of 62 kcal-mole  essentially in agreement with the inter-

(o)

o . N . s s 1
oretaticon of the cxheriment. iAn improved seii-empirical technique
based on the contragradience ensrgy shows a barrier height of 113

kcal-mole-1.
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4. The Shape of the Surface

3

wilson and Goddz;rd1 have carried out minimum vasis set config-
uration interaction calcﬁlations on the potential energy nyper-
surface on which this reaction would occur for a number of possible
transition stete geometries. This study included the first several
electronic states of the square, tetrahedral, centered-equilateral
triangular, rhombic, kite~-shaped, linear, and trapezoldal coniig-
urations; it showed that the lowest vossible transition state was

in the vicinity of the sguare configuration. Several reaction
channels are open Lo the system in this transition state region.
Because the energy throughout this region is significantly above
that of an H2 molecule and two H atoms (within the same ar roxima-
tion), szveral of these chamnels lead to that limit rather tnan to
two H2 molecules., The channel through which the reaction will
proceed desends on the vibrationazl phase of the reactants. In the
region of the square, for exam Le, 1f the system viorabtes vack into
& rectangie or into a trasezoid it enbters the four-center exchange
channel., On the other hand, if it vibrates into a rhombic or a
lkite-shanec configurabvion first, the sysbtem enters a discociative
channel, In the neighborhood of the transition state, wiese crannels
are counled, the rectangular and trapezoidal configurations are the

gl

seme channel, AT short distances the restoring force for tne mode

E2S
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ative itite~shaped channel remains negative, the restoring force for

&
the vibration of the raombic contiguration inte the kite-sihaped
configuration is also negative, Thus the viorational phassc of the
several wodes of the;System are 211 important in deterwining the
channel througn which the recction will procesd, anc thereby the
products of the collision.

while the sosolute error in the total energy determined oy

minimum basis set calculations is large, the relative error between

tio points on an energy suriace is usually more reliable, and such

alculations have been shoun to lead to reliable egiilivrium geome-

1231)‘4-10

[e]

tries for bound moLeculeseTQ Recently calculations with
larger basis sots on sowme of the same regions of the surface oy a
number of techniques have becone available for comgarison to our
minimum basis set results., Conroy ano‘.}ia.lli12 have considered the
rectangle and square vortions of the suriace and obtained a far
lower total energy, oul essentially the same barrier heizht, Auben-
stein and S-ha,vitt154 have considered several geometries and concluded
that the transition state would be in the vicinity of the square if
their barrier height werent't as high as it is, which is also in
agreement wibhh the minirim basls set result. The large basis set

- . s . R 1
calculations of S5ilver, Stavens, and Luor lus > are resiorted

" 1o
also be in substantial agreenont with these results., Finaliy, large
. . s . PN ¢ s 10
Gaussisn basis set spin-coupling optimized GI™~ calcwlations = on
the rectangular configurations indicate the same parrier heignt.

The extreovdinar,s agreement between these resulis--eacn witn ¢ difier~

)
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ent guantum mechanical approximation technigue--reenforces our
confidence that the shape of the calculated surface is reasonably
close to that of the actual surface and that the calculated barriér

.

height is aporopriate for the actusl four-center mechanism.

. . . . o .. . . 12-16 .
Under the increasing weight of “theorctical evidence © tnat
the barrier to the four-cenbter exchange reaction
H, + D,—e2HD
2 2
. \ -1 X ,
is on the order of 120 kcal'-mole ', we are forced to suggest that

16 ) . s
are observing in their

whatever (if anything) Bauer and Ossa
, ) . s : N

shock tubes with arn activation energy of !j2 kcal-mole , it is not
this four-center mechanism. Iurthermore, the semi-empirical calcu-
T 17 s oo - s . i =1
lations ' whicnkn find the activation energy to be 62 kcal-mole

must also be wrong. (See Proposition III for a discussion of

an improved semi-erplirical scheme based on the contragradience energy,

. . . . v s o . -1
which gives a varrier height of 113 keal-mole  .)
& £ J



B. Contragradience and the dnergy Suriace

T

We have seen avcove that chemical forces moy conveniently ve
considered as arising from changes in the coniragradience energ;.
The chemical forces and the shape of the reaction suriace are dir-
ectly related. In order to understand the shape of the surface, we
will examine the contragradience energy surface for this reaction
(see Appendix A). Comparing the results for the fully self-consis-
tent wavefunction with those for a frozen waveiunction, we will
find that the detailed shape of the reaction surface in the region
of strong interaction is highly dependent on seli-consistency.

The differences are atitributable predominantely to the incorporation
of nodes in thé self-consistent orbitals which severely lower Sij
in Han. (8b).

The snape of the frozen surface for a rectonguler configura-
tion, is significantly different from that of the seli-consistent
surface: the rdnimum energy path on the frozen suriace corressponds
to stretching of the optimum bond length from its sevarcted molecule
limit (1.6a03 as the second molecule approaches. This path passes
through the square coﬁfiguration between 2.an and Z.Zao. {n the
other hand, the minimum energy path on the self-consistent surface
corresuonds to a shrinkage12ﬁ16 of the optimum bond length from
its separated molecule 1limit, as the second molecule approaches.

This difference in shape arises from the inability of the frozen



I

vavefunetion to emulate the effect of the nodes in the seli-con-

sistent wovelunction, especially in the diagonal intercction which

ic not aflfected by changes in the spin~coupling.qo
4 detailed examination of the contragradience cnergy shous

that this shrinicage may be quite common in nonr2active collisions.

We will illustrate this here by considering the colilsion of an

I atom and an EZ wolecule both in the reactive linear coniipguration

and in the non—r@actiﬁe approach oi the atom along the porpendiculer

bilsecvor ol the rnolacule,

&b large scporetlons ol the i and the IL,, the op
} <

. e e -
Clmun size of

molecule will be acterwined, wrinaril,, by the contragradisnce

Pra) g o e ) Ry . - 1 P Py . T T B T =
of its orbitais. From uon. (da), we see thabt tie contrasgradience

energy of this palr is given by

hat the contragrsdience of the o

WY D|-v8 v

is relatively incensitive to changes in the internuclesr sejaration

20ﬂﬁﬁﬂa

(esveciaily near ﬁe), and tnerzfore may be regorded as a constant

. . . s . . ; Lo
nere, Thus the vaeriztions in CT“ will follow those in D
&

lae

C L A T \ . .
variations in UZ derend on the soueres of the various intoimolecular

overlaps, thus at a bond length of r, and an intermolecuiar separa-

A 2 .
Tion o1 .., :-,2 15 gaven DY
151(3;" = 1)1@0,;«}{1*% I ,.:31.(;z,r)s‘__.(1?_,r)+u(s3)] (105
[ < Ki=1 opa < 3.1_, led X Jauy |

\

wnere tie {A} are vositive constants, ¥rom son. (10}, we sec that

the minimum in the conbragradionce onergy at o civen & will be shif-
> [N

.
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The contragradience, the contragradience energy, the
. 1<t
overlap, anc the density matrix for the ground Zg state
of B, as a function ol the internuclear separation.
“

(:ininum basis set results are used throughoutb. )
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ted from its position at infinite separation in the directilon which
raises the intermolecular overlap terms. Because of the dominance
of C in the binding energy, we would expect the optimum bond length
to change in the same direction.

In the perpendicular approach of an H atom to the H, molecule,
these overlap terms are maximized by a shortening of the bond length
and we would expect the molecule to shrink., (4 shrinkage of anouao
in the H2 bond length has indeed been observed at -an intermolecular
separation of 3,6a0.) In the linear approach, the overlay of the
H atom orbital with the'H2 orbital localized about the closest H
dominates in fign. (10). In order to increase this overlap, the
molecule must stretch toward the H atom.

Applying the same reasoring to the collision of two H2 molecules
immediately suggests that they will shrink in a rectangular approach
and expand in a linear one.

At smaller separations, the intermolecular '{Pij} become as
important as 012 in determining the behavior of the system. These
{ Ci,j} decend on the intermolecular overlaps in a linear rather
thanla quadratic fashion., They are resvulsive in the cases we are
considering here, hence their minimization is paramount to the
swabilization of the systém, The system will generally change its
spin-courling to minimize these interactions, the ability or inabil-
ity of the system to do this determines the height of the energy
barrier, and, hence, whether the collision will be reactive or non-

reactive.
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Let us now considér these changes in detail, At infinite sep-
aration, the orbitals.of the H2 molecule are coupled into a singlet,
and the H atom orbital is couvled to this singlet to produce a
doublet, In the lineaf collision, the transition state is symmetric,

e
the clectronic state has” LU symetry. Pulling the trensition
state apart syrmetrically, we find it must dissociate to three H
atoms, each in its ground state. (learly the product of three H
atom orbitals does not transform into minus itself under any symmetry
operation, hence the coupling of the orbitals must produce the
proper sygmetry, The spatial part of the electronic wavefunction
must transform iﬁto minus itself\under the interchange of the outer
orbitals, hence these must be anti-symmetrically coupled. Thus the
spin~coupling of the tfansition state at infinite separation (and,
indeed, at any separation for localized orbitals) must be that of
two orbitals coupled into a triplet, and the third coupled to this
triplet to yield a doublet., The spin-coupling must change from a
singlet coupled with a doublet to a triplet coupled with a doublet
during tre course of the reactive linear collision.

While this behevior mighit, at first, appear to be atypical,
and simply the result of the unusually high syrmetry of the tran-
sition stale, we doubt it. The equivalent binding of‘the central
atom to the two outer atoms is central to the intuitive concept of
a transition svate. Furthermore, this type of behavior has also

o3

5 N < N o - . N .
peen ovserved  along the reactive linear apsroach in the reaction

IiH + H —= 1i + H,
&
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where it is not induced by symmetry.

The continuous changg of the spin-coupling during the linear
approach of the I atom to the H2 molecule augments the stretching
which we saw at large separations above., Consider une transition
state during the approach: U(12) (see fgn. 8b) changes from +1 to
+3% while U(ZB) changes from f% to +¥5. The attractive part of the
contragradience energy, 012 + 023, exhibits a wmicimum at essentially
the same sevarabion as that in C12 at infinite intermolecular
separation (see Iig. 9). The repulsive term, C13, depends on the
separation of the outer atoms (rather than on that of neighboring
atoms as for the attractive terms) thus the maximum in 013 occurs

at smaller internuclear separation than the minimum in 012 + 0230

Since C, .
13

is decreasing with R in this region it tends to move tne
minimum in the total contragradience energy to a larger separation,
(see Fig. 9), hence we expect the molecule to stretch in the reactive
collision,

The nonreactive collision is somewnat different. In a non=-
reactive colliision there exist significant repulsive terms which
cannot sirwltaneously be sabisfactorily dealt with by o change in
the spin-coupling, even though the spin-coupling may change in the

same manner as for a rescbive collision (it does exactly this in
+% T o s Ty ee a1 b .
the rectangular coniiguration of ““)° In these cases, the apove
trends continue until the intruding molecule comes so close tiatb
the repulsive intermolecular terms swanp out C12, and the atoms

of the wolecule are forced away from the intruder. ©This short-range
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Figure 9. Contragradience energy and composite pair’ terms for jELL
H, as a function of interatomic separation. (& frozen

3

wavefunction is used throughout. )
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effect is diamebrically opposed to the long-reange efiect described
above; thus, we should expect the optimum bond length as a function
of intermolecular seraration to oxhibit a minimam for thc isouceles

triangular configuration of H3 as well as for the rectangular con-

figuration of Hua On the other hand, a maximum siould occur for

linear H

e

The minimum in the optimum bond length for rectangular Hh as
observed on the frozen surface and the SCF surface suggests that
the shape of the frozen surface is not in error, these efiecis
simply occur at too large a separation there tecause of the crudeness
of the wavefunction,

Thus consideration of the contragradience energy allows us to
readily understand the detailed shape of the relatively complicated

energy hypersurfaces on which reactions oceur,

v
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SUMMARY

In an examination of the binding energies of a number of smali
chemical systems, both bound and unoound, we nsve isolated one term
which dominates the binding energy in every case. This term, the
contragradience energy; is felatively insensitive to self-consistency,
thus we should be able to make use of it with confidence in systems
far too large for self-consistent calculations (a fow exanyles were

reated). The sign of its changes is predictable from ccnsideration
of the spin symmebry of the system and its constituent parits without

detailed numerical calculations. Since it ellows a discussion of

(9}

binding energy in terms of pair effects, it is possible o break
up the intermolecular‘and interbond interactions into units which
nay be conveniently discussed,

Conceptually the dominance of the contragradience ener:y is
quite gratifying as it derives its magnitude from the opposition
of the gradients of orbitals localized on different centers.

That is, the perturbation on atomic stability responsible for the
stability or instability of molecules arises from their multi-
centered nature.

Using the contragradience energy, we have been able to under-
stand chemical binding, resonance, rotational barriers, and the

shape of reaction surfaces. In addition, the contragradience leads
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directly to a natural definition of a bond region whose snape,
location, and general behavior is in agreement with empirically

based concents.
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I INTRODUCTION

D Y Y N Y A YV N

Previous ab initio quantum mechanical dotcrminationsl"3

of the

H, + D, » 2HD

four-center exchange reaction surface have consistently shown a
barrier height of approximately 125 kcal/mole although several
basis sets and quantum mechanical approximations were used.
Where they overlapped, these surfaces agreed that the transition
state was a distorted square, most likely a trapezoid. All agreed
that the energy of the transition state was above that of one mole-~
cule and two atoms, making the reaction through this mechanism
quite unlikely. These calculations indicated a reaction surface of
the type shown in Fig. 1la.

In order to understand the shape of this energy surface, we
will first consider the surface determined by a simpler wavefunc-
tion. In Fig. 1b we show the energy surface which results when
we freeze the orbitals to be H atom 1s orbitals on each center and
optimize the spin-coupling belween them. (We shall refer to this
wavefunction as the frozen wavefunction throughout this paper. )
Then we will consider the spin-coupling optimized GI wavefunctions and

examine the changes in the surface due to self-consistency.
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Conroy and M?dl:'t1 noted that the minimum energy bond length
of the constituent H, molecules appeared to decrease when the mole-
cules were brought together; the same behavior is observed in Fig. 1la.
We will examine {bis behavior to show that it arises naturally from the
forces which cause the chemical bond, and we will find that it could

occur in many other nonreactive collisions as well.

The wavefunction is written as
vL
I edy & & papl, (1)

where the group operator Giy L ensures that the total wavefunction has
the correct spin symmetry (singlet) and satisfies Pauli's principle
The orbitals in (1) are all functionally optimized and the spin-coupling
in the group operator is optimized simultaneous with the orbitals. The
resulting method is called the Spin-Coupling Optimized GI (or SOGI)
method and the orbitals are referred toﬁ as the SOGI orbitals (or else
just the GI orbitals). At large iMD (and smaller BL) ¢, and ¢, are
localized on one H, (say the left one) and ¢, and ¢, are equivalent and
localized on the other H,. The orbifals ¢, and ¢, are then essentially
just like the orbitals of H, with one more localized near one proton
and the other orbital mol*e localized near the other proton. A contour
plot of one of these orbitals is given in Fig. 2a where we see that the
second H, has slightly perturbed the orbital by introducing a nodal

plane in the tail of the orbital. Thus the four GI orbifals ave
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equivalent but localized near different protons. As the IMD is
decreased the orbitals change as shown in Fig. 2b until ’at the square
configuration the orbitals have the form given in Fig. 2c. In this case
at square configuration the optimum coupling of the orbitals is the
GF-like coupling in which ¢, and ¢, (localized on diagonally opposite
protons) are coupled into a triplet and ¢,and ¢, are coupled into a
triplet and then the four orbitals coupled together into the correct
singlet wavefunction. In the case of exact GF-like coupling the wave-
function is antisymmetric in ¢, and ¢,and one would expect the choice
of ¢, and ¢, to not be unique. However for spin-couplings which are
exactly GF the orbitals are determined uniquely and thus the unique
form of the GF orbitals can be obtaineduby solving for the orbitals as

a function of the spin-coupling and taking the limit.
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Actually as shown in Ref. 6, if the orbitals arc allowed to be

inequivalent then for configurations very near the square the spin-
coupling angle deviates from the GF vaiue and the orbitals change so
that the new ones {(j)é} a‘re nearly exactly symmetric and antisymmetric
cormbinations. of the old antisymmetrically coupled pairs. However

the resulling energy drop is only . 0000611 ff}r a sdquare of side 2.6 a,
and this ciia.nge oceurs only right near the square configuration and so
we will ignore this effect in ciiscussillg the ofbitals.

The SOGI eciuations were solved using expansions in terms of
nuclear centered Gauésial{ Iuﬁctions ghosén to give a good descriplion
of the H, molecule over a wide range of internuclear separations.

(At R, =1.425 a,, it givés an energy of -1, 148454 h and for the 1
-atom, é.n_. e_mrg& of ~.499921h. )5 The quadrically convergent SOGI
- prograni 'W'as used in which the SOGI equatibns are solved including

-fil‘é’c-b-rder éorrections in the SOGI 01ie—partic1e Hamiltonian,

Before proceeding with our analysis, we will digress to
outline the factors which determine whether or not a chemical
system will be bound. 7 (These concepts are discussed more fully

7C) In the examination of a number of chemical systems,

elsewhere,
both bound and unbound, it has been found that the binding energy

closely parallels the nonclassical or exchange part of the kinetic

ot

. C X
energy, which we will denote by T,

.4 . 'f . rl\C'Q’ (] a)
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where T is the total kinetic energy of the system and

T =Y, <oy t]p (1b)
‘1

is the kinetic energy of the Hartree-like exchangeless wavefunction

using the GI orbitals. Using Eq. (Ib)in (la) leads to’C

™ =), D}‘Sij [0y ltlep + <051t 9 - - G tlepl,
i>] 1
| (1c)

where the D% are just the one-electron density matrices appropriate for
singly occupied nonorthogonal orbitals (the spin-coupling is explicitly
contained in the D}). ‘Other one-electron properties can be written
in the same form as Eq. (1c) by replacing the t operator by the appro-
‘priate operator. The reason for the dominance of T* in the binding of
molecules is the véctor dot-product nature of the t operator. When
¢; and qu are on different centers, the third term (called the inter-
change term) enhances rather than cancels the first two terms because
of this vector dot product operator. This is because the gradients of |
the two orbitals are then opposed throughout the region of the major
contribution to the interchange term. Thus the interchange term adds
to the noninterchange terms with the same sigh rather than the opposite

sign. This contragradient nature of orbitals on different centers can

be expressed by a quantity called the contragradience

¢

c; = farl V.||V O;] - Vo - V] (22)
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The contragradience contribution to the energy is

C = _iz>j Dy EiZ>j Cy; - (2Db)
This term dominates the binding energy in both bound and unbound
situations. This energy will be referred to as the contragradience
energy or just the contragradience. We found previously that the
contragradience of the orbitals on different centers leads to large Ci'

]
and that the pairing of the orbitals determines the sign of Di’ and

hence whether the pair contribution Cij will be binding or an‘iibonding.
For example, for H, with the singlet pairing, Dij > 0 and the singlet
is bound, but for the friplet Dij < 0 and the triplet is not bound.

The dominance of C on the energy surface is illustrated in
Fig. 3 where we compare the contragradience energy and energy as

a function of bond length (BL) for fixed TMD,

At small BLs, other

terms in the energy lead to repulsive forces which counter C and

eventually balance it leading to a minimum in E before that in C,
The density matrix can be written as

Dij = Ugy) Sy/N + 0E) 3)

where N is just a normalization constant and U(ij) is determined by the
spin coupling of the pair ij. We will find (3) to be useful in our analysis

of the contribulions to the contragradience energy.
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~From Fig. (1b) we see that the miniinum energy path on the
frozen orbital surface (FOS) goes smoothly toward the square as the
intermolecular distanlce» (IMD) is shortened toward approximately
2.1a,. From Fig. (4b), it is evident that the dominating factor in this
éxpansion of the BL is a large positive change in C at smaller bond
lengths (BL) and IMD's. From Figs. (4b), (bb), and (6b), we see that
this is due to the dominance of the changes in the repulsive {Cij}s——
those along the diagonals, and those along the long sides of {he rectan-
gle~-over the attractive {Cij}s-—those along the short sides. It is thesé
large repulsive terms which self-consistency must minimize to lower
the energy of the sys‘tem.

Next we examine the contragradience energy for the self-con-
sistent wavefunctions to discover how the differences in the surfaces
arise. This reaction surface, shown in Fig. (1a), is consiructed from
fully self-consistent solutions of the spin-coupling optimized GI
(SOGI} equations.

From Figs. (4), we see that the significant deviation between
these surfaces is largely due to the highly different behavior of the
contragradience energies of the SCI¥ and frozen wavefunctions. For
example, for an IMD of 2.2a,, the change in C for BL varying from
1.4 to 2.2a, is +0. 10 for the SCT surface (see Fig. 4a), and .07

hartreesfor the FOS (see Fig. 3b). At a molecular separation of 3. 2a,.
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the molecules are forced away from the square by the contragradience
on both surfaces, a change of . 15 hartrees on the FOS and . 20 hartrees
611 the SCF. At the same time, the repulsive interactions for a given
nuclear configuration will be less sensitive to self-consistency. Since
these repulsions are important in determining the optimum separation,
the general pattern of lowering of C over the SCF surface, especially
at smaller BLs, suggests that the optimum BL may shriﬁk as the IMD
is decreased. We will consider this point in greater detail below. |
We will now e};amine the changes in the individual pair-contra-
gradience energy terms to determine how self-consistency changes the
shape of the surface. (We will see here that the changes in the contra-
gradience energy are consistent with those in the binding energy, thus
re-enforcing our previous conclusionrz that chemical binding could
reasoﬁably be considered as arising from the contragradience energy. )
We begin with the simplest case, that of the pair ($; and ,)
correlated along the diagonal (see Figs. 5). For the frozen case, we
have hydrogen atom orbitals on the two opposite corners, and there-
fore, a large region over which the contribution to c¢,5 is significant.
Both ¢,, and S, are large over the region of interest, thus C,; makes a
significant contribution to the energy; from Eq. 3, Di is positive, thus
this contribution is repulsive. For this interaction, U(13) = -3 through-
out, thus the contours of constant C,; deviate from circles primarily
because of the variations in the normalization constant in Eq. (3).
Examining the SCF orbital (Fig. 2), we sce thal very little

change has been made in ¢,;;, the integrand still arises cssentially from
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just two 1s-type functions at opposite ends of the diagonal. On the
other hand, Fig. (53) shows that C,; changes significantly, beéoming
far less repulsive\ for small BL's and IMD's. This dccrease results
almost entirely from the lowering of S;; in Eq. (3), the decreased over-
lap arises from the inclusion of a node in the tail of the orbital near the.
other molecule. The occurrence of this node near the other molecule
allows a highly effectiize cancellation of overlap in the repulsive cases
while maintaining a high overlap within the molecule. This cancellation
is seldom below 50% of the frozen orbital value over the region of the
surface illustrated, growing to over 80% for the smallest IMD's and

BL's shown. Thus the highly repulsive interaction of the orbitals at

the opposite ends of the diagonal is significantly lessened in the SCF
case by the introduction of a node in the orbital near the other molecule
and placed in a manner such that the effect is on the repulsive inter-
actions.

Now we consider the case of the repulsive interaction arising
in the FO case from the two hydrogen atom orbitals (¢, and ¢,) located
at opposite ends of the long side of the rectangle (Figs. 6). Here again
and for the same reasons both ¢, and S, are large, making the contri-
bution of C,, significant. For small BL, the Ua) ™ -3 making C,, re-
pulsive, while near the square, the U(M) ~ 1% making C,, attractive;
this amounts to a change of some . 20 hartrees along the IMD = 2. 2 a,
liné from a BL of 1. 2a, to squarc. The subtle changes in the wave-

function responsible for this problem are obvious from the orbital
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shown in Fig. (7). " The significant flattening of the SCF Cij surface
for smaller BL's ariSes from the presence of the node in the orbital.
- The cancellation of overlap is not quite so efficient here as in the case
above, only reaching 78% for the smallest IMD's and BL's illustrated.

Near the square, a second phenomenon occurs for the C,,
surface in both the FO and the SCF cases: Quite simply, this pair
term, C,,, slides towards being the bonding interaction, exchanging
roles with the original bonding interaction. This all happens as the
U(14) changes from its repulsive -3 value to its attractive + value
near the square, (This change was found to occur here within 0.1
bohr of the square.) As we see from Fig. (2), in the vicinity of the
square, the orbitals begin to look much the same along the long and
short sides of the rectangle. This allows only a quite small decrease
in ¢,, in the same way as will be discussed for the attractive inter-
action along the short side below. The build-up of amplitude between
the centers here effectively counteracts the presence of the node, and
as a result only very small changes (less than 2%) occur in the over-
lap near the square.

Finally, let us consider the interaction, C,,, which is origi-

nally attractive, that along the short side of the rectangle (Figs. 6).

On the frozen surface at'small BL, U(lz) ~ 1 and C,, decreases with
the IMD because of the terms of O(S?) in Eq. 3, since S,, is quite large
here. Near the square, U(lz) changes quite rapidly to a value of +3,
overwhelming this drop and forcing a minimum in C,, away from the
square. Then C,, changes continuously across the square line into the

repulsive interaction discussed above,
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>It would be sufficient for the SCF surface to hold this shape.
However, the higher order terms which result in the shape of the {rozen
surface are sharply decreased by the decreasesv in overlap required to |
lower the highly repulsive Cj;'s discussed above. This considerably

J
flattens the Ci' surface in the region of small BL. The S, is already

large so only ; small increase (6%) is allowed in it.

Since the SCF C,, surface in Fig. (6a) is still not quite what we
nﬁght have expected at large IMD and small BL, we will examine its
behavior more closely. We will see below that the terms which are

quadratic in the intermolecular overlap are responsible for the observed

shrinkage|

V. THE MINIVUM ENERGY PATH IN COLLISION PROCESSES

When two species approach one another, their interaction may
be classified as either reactive or nonreactive. Except in the case in
which both species are open-shell species, this distinction is only clear
at small separations.

Let us consider the interaction of an H, molecule with an
intruding species. At large separations the optimum BL of the mole-
cule is determined by C;,. Near R, (for BL) c,, (see eq. 2b) is
insensitive to variations in the internuclear distance, so the behavior
of C,, is determined by that of D}, D, varies quadratically with the
intermolecular overlap terms, thus

2
D, (IMD, BL) = D (o, BL)[1+ ) - ) Kie  SieSjetO6)]
i,j=1 k=422
(4)
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where {Kikj?ﬂ} are’positive constants in the cases we have examined,
Thus, ;/ve should expect the minimum in C,, , and concommitax'ltly the
minimum in E, to be shifted in the direction which increases the
intermolecular overlap terms. For example, when the intruder is an |
H atom approaching along the perpendicular bisector of the H, moleculé,
the optimwm bond length should shrink. (A shrinkage of .004 a, has
been observed for IMD = 3.6 a,. )10 Similarly, we expect a shrinkage
of the opﬁmum bond iength in rectangular H,. On the other hand, in
the colinear approach of the intruder, the intermolecular overlap

of the orbital localized closest to the intruder dominates in Eq. 4, and
it determines the optimum H, bond length. Thus ir; the colinear
encounter of an H atom or an H, molecule with the H, molecule, the
optimum bond length should stretch. The stretching in colinear H, is
well-known, 11 At smaller separations, the repulsive interactions
become important in determining the optimum bond length of the
molecule and the bond lengths may increase in either case,

A system may alter its spin coupling to minimize these
deleterious contribuﬁons. The ability of the system to do this
determines the barrier height of the surface, and, hence whether the
collision will be reactive or nonreactive. Consider, for example, the |
reactive colinear collision of I, and H. At infinite separation, the H,
orbitals are coupled into a singlet and the H atom orbital coupled to
this singlet to produce a doublet; at the transition state, on the other

“hand, essentially, 12 the outer two orbitals are coupled into a triplet
and the central orbital is coupled to this to produce a doublet, -(That

is the bonding of the central atom to the outer two is equivalent.)
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There the attractive terms in the contragradience (C, + C,,) have
esscntially the same dependence on internuclear distance as the I,
molecule. The repulsive term , Cy, , depends on 2R rather than on R,
hence its maximum occurs inside the minjimum in the attraciivé terms.
_Thué the minimum in C (and E) moves to larger internuclear distances,
and the reaétive collision increases the stretching we saw above,

The situation in the nén.reactive collision is different, in such
‘a collision, there exist more repulsive interactions than can be
Asimultaneously minimized by a change in the spin-coupling. Thus the
long- 1"111rre trends observed above continue until C12> is overwhelmed
by the repulsive interactions. These terms are directly proportional
to the intermolecular overlap; to minimize the energy here, the system
must change in a manner which lowers the intermolecular overlap
»terms. This is exéctly the opposite of the long-range effccts, flms we
expect the optimum BIL as a function of IMD {o exhibit an extremum
-fql; a nonreactive collision.

This minimum (a shrmlmge of 04 a,) is observed on the FOS
at an IMD of 2. 92 ao. The shapes of the IO and SCF surfaces arec
comparable except that the frozen surface is stretched oul because of

the c¢rude nature of the wavefunction.

VI COMPARISON WITH SEMIEMPIRICAL SURFACE

L e e N e P e Ve NI NS N NS NI NN NI NS NN

Rubenstein and Shavitt® have previously pointed out the rather
disturbing discrepancy between semiempirical and theoretic determi-
g 1 y )

. : ceps TSR £
nations of the H, + D, reaction surface, Ab initio delerminations
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of this surface find a barrier height of some between 120 and 140
kcal.mole™ for the reaction; on the other hand, scmiemp.iri'c.all?’
approximations to the surface find a barrier height of 62 kcal- mole™
The discrepancy appears to arise from the basic assumplion that the
energies of the 323114' and 1'2)U+ states can be filted to simple expressions
g
involving effective Coulomb and exchange integrals which can then be
used to represent the corresponding interactions in the IH,H, systems.
Making use of the dominance of the contiragradience energy in
chemical binding , a semiempirical scheme circumventing this assump-
tién but using the exact I, energies {o fit the contragradicnce quantitics,
has been developed.ﬂ"" Using this scheme and the Kotos -Wolniewicz 15
values for the '%_" and SEu"L states of H,, we find a barrier height of

& .
117 kecal - mole ™ for this reaction. While the virtually exact agreement

“between the theoretical and semi-empirical surfaces is, without a
doubt, fortuitous, the qualitative agreement of the barriers indicates
“that it may be possible to obtain reliable energy surfaces using only

the properties of diatomic systems.
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SUMMARY

-

We have examined the orbilals and pair interaclions over the
energy surface {for the collision of two H, molecules in a rectangular
configuratioxi using the contragradienée energy. This technique allowed
a detailed interpretation of the shapes of the surface using only the
overlaps, the orbital shapes, and the spin-couplings. The FOS
exhibited quite a different shape, and we found this was due to the
_presence of a large intermolecular repulsive term, which became
greatly decreased upon allowing self-consistency.

The contraction of the bond lengths of the molecules, first
noted by Conroy and Mallil, was shown to arise naturally from consid-
eration of the contragradience energy. It was shown not only to be real
and reasonable, but possibly a quite common property of nonreactive
collisions.

The coniragradience concept appears to be quite powerful in
understanding the detailed shapes of reaction surfaces. As was expected
from earlier work, we were able to understand the shape of the surface
in terms of the orbitals of the constituent molecules with only a moderate

consideration of self~consistency effects.
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The energy surface4 for rectangular H,. All quantities are
in atomic units. |
a.‘ The SOGI surface. The minimum energy square
occurs at 2.48 a, with an energy of -2. 0721 h.;
b.  The frozen surface. The minimum square oc-
curs at 2. 67 a, with an energy of -2, 0539 h,
A SOGI orbital for rectangular H,, IMD = 3. 6 and BL = 1, 4.
The other three orbitals are symmetrically related to this
one by the various 0, operations. (The contour spacing'is

0. 05, the nodal line is dashed. )

A SOGI orbital for rectangular H,, IMD = 2.4 and BL = 1. 4.
The symmetry of the other orbitals remains as in Fig. 2a.

(The contour spacing is 0. 05, the nodal line is dashed. )

A SOGI orbital for rectangular H, nearing the square, IMD =
2.2 and BL = 2. 0. The symmetry of the other orbitals re-
mains as in Fig. 2a. (The contour spacing is 0. 05, the nodal
line is dashed. )
The contragradience energy C, and the lotal energy E as a
function of BL for IMD = 2, 6 a,.
The total contragradience energy for rectangular H,.

a. The SOGI surface.

b. The frozen surface.



Fig. 5

- Fig. 6

Fig, 7

Q0

The contribution to the contragradience energy due to the
pair (13) localized along the diagonal of the rectangle in
rectangular H,. |

a..; ‘"The SOGI surface.

b. The frozen surface.
The contribution to the contragradience energy due to the
pair (14) localized along the long side of the rectangle in
rectangular‘ H,.

a. The SOGI surface.

b. The frozen surface.
The contribution to the contragradience energy due to the
pair (12) llc)éalized along the short side of the rectangle in
rectangular H,.

a. The SOGI surface.

b. The frozen surface.
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APPEXDIX B



TABLE I
A tebulation of usefuiquantities from minimur basis set Gl calcu-

1 +
lations on the ground Z 8 state of }12—-Seli‘-consistent Calculations

i é & 5

1.0 10306722 ~1.09356l
(N 1.,27687L =1,120250
1e2 1.2h932Y, ~1.136172
1.3 1,223922 1o 10617
1okt 1.,200525 1147776 0 795857 - 112662
143042 1,193785 v -1 147937
165 1. 179000 ~1.147189
1.6 10159222 ~161113956 . 762062 . =.135182
17 1141076 =1,138876
1.8 10124157 -1.132535 . 72ul6l -.127996
1.9 1,109270 ~16125370
2,0 1.,095425 ~1.1177C7 684346 -,120863
2.2 107113 -1.,101814 .6L1935 -.113597
2.l 1.051925 -1,086191 597578 -, 106012
266 1,0363048 =1.071598 551765 ~o 97984
2.8 1,020,222 -1,05845h .50512l -. 089464
3.0 1.015075 \ =1, 0L6953 1458101 -, 080502
392 1 0008?435 -1 90371 LLB
3aly 1,003338 ~-1,028968 o 367984 - 061961
3.6 10008111 ~1,022300
368 < 599000 ~1,016968
e, . 998085 =1,012780
162 997695 -1.009541 . 2106053 -.029754
Lely 997656 ~1.007070
Leb .997821 -1,005205 .163299 -, 016902
L8 « 995080 =1,003612
50 . 938370 =1.002779
5.5 . 999029 ~1.001211 08257 -, 005260
6,0 0999475 ~100054 055928 - 002988
5e5 0 29973L -1.000235
740 £ 9993871 -1,000101 . 025528 -,00698L:
70) 9999939 -1 eOOOOH—Z

540 2999972 -1,000018 011297 -.001525
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TABLE II

A tabulaticn of useful quantities from minirum basis set G1 calcu-

[ '
lations on the ground 2.g state of Hg-uﬁ“:c'ozen Calculations
o

R E S C

1.0 =e996h2l -858385 -.121210
1.1 -1.001179 . 833287 -+132055
1o ~1. 071987 ~BCT200 N
1 .3 "'1 9092Sh0 67\3034\) "'91‘48‘/“22

Tolt -1.10547 3 < 752942 - 154631
1.h30h2k2 -1,108206 -, 156258

1. 5 -1.112717 e TU5173 -, 139004
1.6 -1. 115709 697215 - 1616356
1.7 ~1.115540 05692305 - 162666
1.8 ~1.1130L9 611 359 -, 162253
1.9 -1,108883 513729 -~ 16CLTY
2.0 -1.103551 .5806L52 ~o 15710k
2.2 ~1.090888 0533332 - 140553
2ol -1.077306 L 1:02519 -.136362
2.6 =1, 08014 SL3LT7LB -.122369
2.8 ~1,052149 o 389995 - 1075689
5.0 =1.C41674 o 348509 - 92832
Ge? ~1,032816 . 310336 -~ 078770
Selt -1.02551L 2 275N ~oGE5ENLO
3,0 ~1.01961¢9 . 213727 -.054312
el -1,010942 . 215057 - Uili26
11,0 =1,011285 . 189281 oL 35096
el " =1,000L51 166150 - 0EG5T =
Loty ~1.006303 1145527 - 002551
e G 1004508 1271689 - U 7700
168 =1,603L40 2110936 - U1 3852
56 -1.00252, «COGETT = 0TCTLD
5e5 1ol uh s L0772 -, 005560
5.0 ~1.000509 LOLTC96 - 00275
Goli ~1.000222 0032549 - 0U1 5372
760 -1 000098 ,002189 - GC0L0
Te5 -1, 00041 015071 -.000312

3.0 =1,000017 010175 -, CO0TLS



