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ABSTRACT

 Pofentia1venergy surfaces for the H4 system are derived
using the valence bond prdcedure;_ An ab initio évaluation of .
the valence bond energy expression is descriﬁed and some of its
numerical propertiés are given. Next, four se@i—empirical
evéluations of the valence bond energy are defined and parameterized
to yield reasonable agreement with various ab initio calculétiohs
of H4-energies. Charaéteristics of these four H4 surfaces are
described.ﬁy means of tabulated energy minima and‘equipétential )
éountour maps for selected geometrical arrangements of the four

nuciei.
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I. Intrbduction

The bimolecular hydrogen—deﬁterium chemical exchange reaction,

2 + D2 + 2 HD, depénds on the motions of the constituent four electrons

- and four nuclei of the system. By invoking the Born-Oppenheimer approxi-

mationl,fa separation of electronic and nuclear motions is achieved whereby,

for any given fixed set of nuclear‘positioﬁs, a four-electron Schrodinger
equation is defined. The energy‘eigenvalue of tﬁis equatibn fogether with
the nuclear-ﬁuclear'fepulsion terms fq;ms a potential field which governs
the ﬁotion’of the nuclei. This interaction potential, being

dependent on the‘geometrical positions of theifoﬁr ﬁuclei; is a function

of six interfnuclear distaﬁces, The development of a suitable-mathematical_

form for this interaction poteﬁtiai is a hecessary precursor to an appli-

cation of scaﬁtering theory to the dynamicalvaspects of the overall éhemicél

rééction.

Calculations have been pe'rformedz-13 on the H4 syétem using various
ab 131219 methods. In principle, these calculations are capable of giving
accurate estimates of barrier heights and other propertiés of the system.
However, since high quality quantum mechénical descriptions entail a
lafge‘computatibnal.éffért, there is a limit tb these pursuits. Thus the

existing ab initio calculations have been necessarily limited to an examina-

‘tion of highly Symmétric géometries of the full sixrdimensional potentiai

surface.

In order to be particularly uSeful for.a study of reactioh»dynamics, it
is necessary that the value of the interaction potential be rapidly availablé for

any arbitrary conformation of the nuclei. In addition, trajectory calculations



’require th= paftial derivatives of the potential with respect to each of the
.intetnuclear coﬁrdinate31 The surface must have prbpér asymptotic and limiting
behavior, such as the dissociation into four atoms, equilibriuﬁ sepafafioﬁs and
binding energies for the dia;omic components of the system, and remoQal of one
atom to form H3,' Iﬁ additiéh, it is desifed that the magnitude and position of
various réactionvbarriers be in reasonable agréement with EE initio calculations
of these quantities; ‘ |

' One approach would be to éhoose a convenient mathematical form for
the potential and fit it to sdme of the available ab initio Qaluesf
Althoﬁgh reasonable agreeﬁentfwould_be insured for tﬁeﬁfitted values, the
-quality of the potential in the remainder of the six~dimensional space
wquld be largely unkpown. Instead,~aﬂsimpie.mode1 wavefunction can be

chosen to represent the system and semi-empirical methods can be invoked

for the evaluation of electron repulsibn'integrals. This typé of potential

surface can be pafameterized to glve agreement with some gh‘initio4fesults;

and in thevfemainder of the six-dimensional space, the potential would have
properﬁies governed by the nature of the model wavefunction énd the approximations
used for electron repulsion integrals. Previous semi-empirical appréachesll’-21
have introduced the further appréximétion that all overlap integrals are set
to zero, which has led tO-pOOr agreément with ghiinitio resul;s, especially
for the magnitude of the 1owest.barfier for chemiéal-exchange.-

- The present work émploys the valence bond thebfy to generate a
simple modelvwavefunction. The potential surface 1is constructed uéing the
semi—empirical treatment‘of fhe Londoanyfing—Polanyi-Sato type22—24, but
modified to include all overlap and multiple exchange'integrals; This is.é
‘generalization to four atoms of the procedure developed preﬁioﬁsly by Porﬁer

~ and Karpluszs.for the H potehtiai surface, which has found utility in

3



'Studying,thg hydrogen atom-molécule,_H + Hz,vexéhéqge proce8826.. Various
ab initio resultslo’13 aré uéedfﬁo paréﬁeterizé ﬁhe présent H4 surface
and, in addition, the'previoué25 H3 parameterizafibn'is incorporated. Hence,
when ohe atom 1is Separated by a iarge &istance frém #he other three, the Hé'
surface féduceé exactly to the previous25 Pofter—Kafplus H3 surface.
An alternative paraméterizétion'scheme_could be énvisioﬁed in
whiéh‘;he potential surface is tailoredvﬁo agree with“the'reSults.bf shock
_ tube stgd1e327’28 of.the H2 + D2 systemQ The-experiﬁental results have been
shown27—3obto be consistent with,a.mechaﬁisﬁ reqﬁiriﬁg vibrational excitation
of the reactanf species énd an activation'energy of aBout 40 kcal/mole;
HoweVer; objections have been raised31 cbncerniﬁg thé interﬁfetapion of the
»experimental ?esu1t327 and qﬁalitative molgcular Orbital_arguments‘ have.
béen.given32.which suggest'that_a»muthhigher activationvenérgy should be
'-expeCted. Although there.are‘discrepanciés betweenigh initio and experimental
results on the shbrt—range interaction befween fwo hydrogen molecules, the._
4,7-13 |

- ab- initio results have been shown33 to be quite consistent with one’

another. Moreover, reasonable agreement has been found bétweenvgg initio

12,13

. , . 34 _ . .
results” and molecular beam measurements for the long-range inter-

actions. Therefore, the parameterization of the potential surface has been

chosen to give agreement excluSi#ely with ab initio results.

The valence bond formulétion_bfvthequtential sﬁrface-is deécribed
in Section II. Theuqﬁality'qf the simple yalence.bond'procédure_is asséSSed
in Section III by comparing valence Bon& and configura;ion'interaction'
calculations én Hglusing‘exact-evaluatiéns ofvéll electron repulsion integrals
(ab initio). fhe’éemi—empirical approximations. are described in Section
IV and the properties of fhe'cotréspdnding pétential surfaces are‘presented

in Section V. A short discussion follows.



“II. Valence ﬁond Formulation

' The*details‘of the non—ionic valence bond‘treatment for the four
'v-orbital four—electron H4 system have been given35 and therefore only the
-pertinent results are presented here. The four nuclel are designated A, B,

C and D. The basis set consists of a hydrogenic 1s orbital on each of these

o centers, correspondingly 1abe11ed a, b, c and d.

The valence bond wavefunction, WVB’ is constructed from two linearly
independent canonical structures, W and W

Yy = A Yy +AII Vrp @

'corresponding to the bonding arrangements (AeB,_C4D)_and (A-D, -B-C), respectively.

The relative weights of these component structures is found by solving a set '

.'of'secular equations-inVOlVing the Hamiltonian

K =1 § V2 pr s s rts+ g R - (2)
= - ; :
) p=1 p po. jole) p(q Pd a<B OLB

where p, q refer to electrons, and o, B refer to nuclei. The lowest eigen-

' value,gEVB; can be written as-followsﬁ.
. S - @eeetye @
_ EVB_ R 273" "3

where the functions f are defined in terms of matrix elements of . 3( and

overlap integrals with respect to w and wII



£ =3 (1% II)(11|11), 4.% ar|x |II)(I|I_)_- (IliC'III').(IIII:.) . (4)
£, - qalxnandm - qlxlme ®
£y v.'<.1_|1':)“(1v"]v2|1'1) -y o - ()

A. Matrix elements of ¥

Explicit expressions for the matrix elements of X in Eqs. (4) -
(6) can be written as follows:
| = 2(2Q 4 3¢ T 417 ) - Y- 223 4 2¢-7 -5 +2°7 )]
i <'l l ) v 2[2q + 3( I g_) _~J‘ J 2(‘.J1ue .J;ss : ;zus)] 7
Q@I X|I1) = 2[2q + 3340y - - 2252ty + 2% - % )] ()

6 156 245

alx - 2[-Q #3054 13) - LI+ 4 2(2% - -2 CON
,<I| Cl1r) = 2[-q + 3(3, Js) o 2 e Tise 2u5)], ©)

The definitions of the symbols used. in these expressions are given below.
The Coulomb integral, Q, involves no electron exchanges between the

four orbitals and can be decomposed into a sum of diatomic components, Qi:

R 6 -
Q = (abcd|X |abcd) = I Q o AN ¢ ()
L i=1 _

where the numerical subécripts,i, designateveither orbital interactions or
internuclear distances as appropriate:

1 -+ ab or AB ' 2+ ac or AC " '3+ ad or AD

4 + be or BC 5+ bd or BD . 6+cdorCp Q1D

The diatomichouloﬁb terms are defined as follows



using-the“stapdérd*iﬁfggf51,notations,

©@bledy = ot sa a@b@E) ea@ asy .

C@loley = sar aOwp@ . - (14)

vThe3singlé-eXChange'integ;al,_1Ji, invo16eé a»singie'permutatibn

' of t@p ofbitéis, fofleiample,‘
1

VYTHisiiﬁfegtgl'ééﬁ.be decomposedvinto the‘following_compohents:,

2 S b - (16)

R T N W
R R J., + Aab'+ ch

ab - Tab
-‘whereythe subscript on Q.always cdrresponds to the two rémaining-orbitals
. not involved.in the permutation.. The diatomic exchange integral has the
“form

-1

JoE g (ab|ba) ,,2(a|rB lb)s§b~+ S . a7y

1 ab

involVing{ﬁhe'diatomic.oVefiap_intégtal

B

) . N., L ab :

The'remaining term in Eq. (16) consistsvdf a sum of diatomic and triatomic

. components . ..

Q EQab= "(ablab) - ?{élr?_l.a)‘fklé FET - (12) "

5, 5 " Mg = (abed|¥ [bacd) . s

s  .f’ (alb)  ," . .}_ | o o (18) |

LU



by = s;b[R;é + R;é -'(clfgl + r;f|c)]'+ 2sab[(ac]bc} - '(aIrEIIb)].
+ S;b[R£5 + R;ﬁ _5<d|r;1 f’r;1|d)] + zsab[(adlbd) f’(a|r51|b)] . (19)

-Thevremaining single-exchange. term, 17 in Eqs.-(7)é(9), is a sum of single-
exchange integrals:
o= oz hy . , (20)
The double-exchange térm, 27 of Eqs; (7)-(9), is a sum of double-

exchange integrals of two types:.

25 = (23 +%3 +23 +23)y- (33 +23 +2%3 ). (2
‘ . 12 ‘15 - 36 ue’ 16 . 25 34

The integrals 23 in the first set of parentheses involve two permutations

ij

i, j of pairs of orbitals, wheré'thEre is a common orbital in the two pairs;

.forveXample,.

2 =23 = d |3 |1 . ' 22
le | Jab,ac (apcdl |bca§)v | (22)
These integrals involve only three orbitals and can therefore

be written in terms of the species,

, _ | ‘ . “ | . . S
le _ Ja'bc + Aabc ' ‘ -.(23)

- where Jabc contains Strictly‘triatdmic components,
: - ~1 =1 -1
Jabc. Sab Sbc Sca‘(_RAB + RBC +-RCA)

s ttaeleny - & s el hetled - &5, 0l e



MH'

T Sbc{(ba[ac> - b(alr 1|c) -3 5, (a|r 1|b))

ol

Sac BB Ibe) = Gl ) - d sl len, o

'and‘Aabc contains triatomicbinteréctions with the fpurth»éenter,

o | 1 1 L, iay
_Aab‘c = S Spe ac(RAD + Ryp + Rg (dlr + gl 4 rptd)
4 s s ((adlcd) - (alr"|c‘))

+ 5, .S, ((adlbd) - (alr"lb))

((bdlcd) - (blr 1Ic)) . & - (25)

ab ac

‘The integrals,.zJ , 1in tﬁe second set of pafeﬁthesés of Eq. (21) involve two.
i3> = :

‘ permutationsﬂi,j of pairs of orbitals, where there is no common orbital in the

-two'pairs;,fOr example,

1
&

25 = @bcd [ [bade) . | (26)

16 = kab,ﬂcd
These integrals.haVe the decomposition,

R 2 - | _ | 2,'
J16 Jab Cd+stab+Aab’(,:d, (7)

vinﬁolvihg the diatomic.ekchange integral of Eq. (17) andvthe four-center
épecies |

A = 1i.H2 =1, 51 ;i" =1y
Ab,ca ™ Sap Sca®ac * Rap + Rgo * Ryp)
. L . ' (28)

+ 4 S, S d( (ac rbd Y- 3 cd(a |r61+r1';1 lb Yy~ 3 ,s;b<c Ir;;l.;_.r;l |d »



The triple-exchange integrals, 3Jij'k of Eqs.

“cyclic permutations i, j, k of pairs of orbitals:

‘be writtén as follows:

(7)—(9),vinvolve three

Tiwe = Jab,be,cd " <ab§d|:&c |dabe) =3, . (29-)
Tise = Jab,pd,de = (abed|H[cadv) a0 (30)
Taus = Jac,emba " (abealx |deab) = 3__ (31)
,Thése iﬁt'egrals dveco'n.lpose into triatomic and fvou'r—center' species:
: .Jabcd o Sab Sbc S_cd Sda '(GEBROLB )

+ 5, scd((ablda>_ -3 sab<a|r;1+r;1|d) - 35, Calr '+ 1|b>)

+ Sab Sb ((dalcd) -3 Sda<c|rzl+rl;1‘| d) -3 Scd<élr-c'1+1f'51|d>)

+ 5.4 S4a ((bc|ab) -z Sbc(alr;+r(_:1|b> -— 3 Sab(blr;l+r;1|c>) |

t S84 S, ({cd|be) =3 Scd<b|r51+r51|c) - % Sb¢<c|r;1+rzlld>)

+ S SCA((ac|db) - 38, (alr 1|d) - 3 Sda(b'lr;1+r51|c>)

| + Ste :Sd'a,('(wbd|ac>j %Sab<é|r;1+r;1|d> - %Scd<a|'r51+r];1|b>) | (32)

B. Overlap integrals
Expiicit éxpre’ss_ibn‘s for the overlapvint:eg'rals in Eqs. (4)-(6) 'can'



. 100
(I}1> = 2[2 + 3(s +s ) 2 S + 2(-s S, s 5, -s 5,5, s + 2s s s S )] (33)

(TI|TT) = 2[2 + 3(s%482)- 'S - 225 + 2(- : 3 - :
(I;I 1) = 2[ 3(s+s7)- 's - 2%s + 2( slsas“ss+.2slszs$s szsas“ss)] (34)

v(I’II}g -1+ 3(s3459)- 's + %S + 2028,5,5,5, - 5,555, - §,5,5,5)] (35)

The diatomic overlap integral S is defined in Eq. (18) using the subscript
T_notation of Eq. (ll) N
-The term S is an overlap counterpart to the single exchange term.
1J defined in Eq. (20) ‘and has the simple form,-
olg = I Sy . (36)
' 1=1 7 S : ‘ . S

The term. 23 is an overlap-counterpart;to the double exChange term 2J defined
in Eq. (21) and a grouping ‘of terms similar to that used for 2J involving

" two different permutations of orbitals is also used here:

25 = (S5S +SSS +SSS +8588) - (5252 + 8252 +.§282) . . (37)
1 2 4 1.35 2 3 6 4 5 & 1 6 2 'S 34 :

The overlapAconnterpart'to‘triple exchange terms are the products of overlap

integrals in the rightémost parentheses‘in each of Egs. (33)-(35).
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"III. Ab Initio Evaluation of the Surface -

The expressiens giﬁen‘in ﬁhe'preeeding Seetion for the valence bond

'formuletidnvare §alid for ;he case where the basis set cdnsists of a single _
hydrogenic orbital iocated_at eaeh_of the four nueiear centers. No approxi-

' matieﬁs have been,introduced to simplifyborzeliminate any iﬁtegrals that
occur. Thus, theee expreesioﬁs yieid an 29 iﬂigig.valence bond poterntial
Sufface when all ineegrals are evaluated eiac;ly. VThis task is performed
in the present Sectiqhvand presented for comparison with corresponding
bfesulﬁs using ﬁhe method  of configuratioﬁ 1nteractidn with'the same basis set.

In‘additien to the singlet valence bond ﬁavefunction, a triplet

'valence bond wavefunction can be constructed. There are three component
etructures of the triplet: (i):en ABvsingletvbond and parallel spin functions

“on C and.D, (i1) an AC singlet bond and parallel spin functions on B and D,
and (iii) an AD singlet bond and parallel spin functiomson B and C. The
mixing of.these three structures is deterﬁined'by solving a set of third-

order secular equations.

Several levels of configufation interaction results’can be constructed
corresponding to various wavefenctions using the four—Orbital basis set, In
increasing order of accuracy, these are as foiloﬁs: (i) the moleculaf orbitai, or
' MO, wavefunctionvconsiste of the self-consistent-field matrix Hartree-Fock eingle
determinant, (ii)ea two determinant wavefunction, designated C2, consists of an
optimal linear combination of the two determinaﬁts giQing the lowest'energy ex~-
peetation value for X, '(iii)vthe full configuration interaction wavefunction,
designated CI,’consists of the optimal linear combination of all foésible determi-
nanes that can be constructed from the basis set. For singlet SCates, MD, C2 and

CI wavefunctions are of interest; for triplet states, only MO and CI wavefunctions

are needed,



12.

Calculations'are §fesentéd iﬁlFig.bl_forithe lowest energy singlet
and triplef étaﬁes:of/square-pianér H, using the Qario#s model wavefunctions.
‘The singlet Sing;e-detetminant; MO,‘is not a propef_eigenfunction of the D;h
symmetry group of thg;square and_is.thérefore-lﬁbelléd 1Ag according to the Dzh
pointlgroﬁp. A;vleaSt two determinanté'are required in order to obtain a‘pfopef
symmetry eigenfﬁnétion ofIDéh. H6We§ef,véven wi;h tﬁo deﬁermipants, thevresdltant

lB -C2 energy curve lies above the 3Azg—MO _curvé. The full configuration

lg
3

interaction results, 1B -CI and A, -CI, show the singlet state to be lower

1g 2g
in energy over thé:angeof distances shown. The tfiplet valence bond>curve,

3A -VB, exhibits_deviations ffom,thé cOnfigufation interaction reéult, but

28 , ,
is more similar to 3A28—CI than is the BAzé-MO curve.  Fina11y, the most
interesting gomparison iéﬂbetWeen the singlet valence bond and full configura-
tion ipte:action, 1Bl'g-VB. ‘and,lBlgeCi, curves. The shapes of the two
éﬁrVeé.are quite sﬁﬁilér,fand the minimum energy occurs for both these curves
at 2.7 bohr.

Fig. 2 shows the energy of the lowest singlet and triplét states
for the Various_approximgte-wavefun¢tiohs along a linear reaction path
paséing from the rectangle composed of.two H2 molecﬁies-of bond length
1.5 bohr separated by 3.6 bohr going througﬁ a square transition state with
a side length  of 2.7 bohr corresponding to the miniﬁum energy-SQuareiof
Fig. 1.. The singlet valence bond énd‘configuratidn interaction, 1A.g—VB
and 1Ag‘—CI, results are in goéd qualitaﬁive-agreement along this patﬁv
and:the ordering of éinglet and_triﬁlet states 1is also thé'sémé-for both

models. By contrast, the lAg--MO curve becomes qdite.pbdr as the system
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approaches the square conformation. Not only is there a crossing of the

- singlet andvtriplet7MO curves, there is also a cusp in the singlet curve

 at thg_squére transition point. The two-determinant approximation, 1A.g—CZ,_

eliminates the spufious cusp, but'stili gives rise to a crossing of the

singlet and triplet energy levels.

- The purpose of the comparisons in Figs. 1 and 2 is simply to lend

_some credence to the assertion that the valence bond wavefunction represents

 a reasonable model for the H, system by being in fair agreement with some

4

corresponding configuration interaction results. By continuity, the valence

.

bond model should be expected to provide a reasonable description of_fhe

system even in-unéxploréd regions of the surface. Of course, as the basis
set 1s eniarged and improved, varioué characteristics of the potential

surface‘change13, é.g. the position and height of the enefgy minimum in

- the square-planar H4vconformation. However, the effects on this comparison

of such improvements iﬁ the quality of the basis éet have ndt.béen-determined.



14,

IV. Semi-Empirical Approadhes

A Lbndon—t&be»poténtial surface
' The mﬁst drastic simplifiqafion of the energy.eXpressioh and matrix
: élémentsiqf EQS. (3)-(9) is achieﬁéd'with thé;Londdn aéprbxiﬁatibn;zz where
‘all'diétbmic over}ép'iﬁtegxals,‘ Sab of.Eq. (18); aré aésuﬁed to be zero.
' In‘thié case, the energyifeduées to the simplé‘form |
1

E. i o o2 2 .82
London = Q {2[(Jl+q6 J,=J5) _f (I +Ig=05=3 )% + (3543,-3,-3) 1}2. (38)

' The diatomic COulombvand exchangg integrals, Q and Iy of Eqs. (10), (12).

" and (17),'are'evalhatéd23‘25'usihg énalytic.expfessioné
= 1l 3.4 o | -
Q= =UE; + 7Byl - | (39)
_ o1l 3 '
J, = slE Ei1 (40)

‘wheré the lowest H2 singlet and triplet energies, lEi and - 3Ei,' are

evaluated from the Morse and anti-Morse functions

E, = Dl {exp[-Za(ARi)] - 2 exp[—a(ARi)]}  | (41)
3. 4 . o , - o |
Ey = Dy lexp[-28(AR))] + 2 exp[-8(ARDT} - )
where
ARi = Ri_— Re.' _ : v o v :‘ (43)
N . ‘ , 5 25
The parameters in Egs: (41)—(43)‘are given the values:
R, = 1.40083 bohr | - (a8
Dy = 0.174445 hartree - o o S s)
D3 = (0.072283 hartree - ' .(46)
@ = 1.04435 bohr T | o (47)
1.000122;bohrf1 ’ ‘ ' | - (48)

.
n
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_B."Reductionvto a Potential_Surface for H3 : -
If one of the four hydrogen atoms of H4; center D for instance, is
- removed to. infinity, then each of the three internuclear distances AD’
RBb and’ RCD’ between that atom and the remaining three become infinite.
These distances correspond to the numerical indices 3, 5 and 6 in Eq. (11)l'
The consequence is that each of the various Coulomb, exchange and overlap
integrals defined in Section IIA and'IIB having one of these indices as a
subscript has an asymptotic value of zero. The'matrix elements of X
in Egs. (7) (9) and the overlap integrals in Egs. (33) (35) simplify in an
obvious manner. A semi-empirical evaluation of the remaining terms has been
'given:previously by Porter andearplus.zsv The Porter-Karplus_approximations
are'repeated here since they form the major components of thé'u4 energy |
expression and'since similar approximations are employed later in the

evaluation of the additional terms in the full H4_energy.

Triatomic integrals A, occur in 1Jil of Eq. (15). The expression
for ‘Aéb in Eq. (19) is simplified by_usingfthe approximation
_ o : v
<ac|bc> - <a|rC b>=~ o0 o (49)
and - introducing a multiplicative parameter § on the remaining terms in
Eq. (19). Additional triatomic integrals Jabc occur in 2J12 of Eq. (22).

The expression for Jabc in Eq. (24) is simplified by using the approximation v

;ac cb> - Sb < a[r |c> —%Sac<blr;l +_rEl|‘-> ~ 0 o (50)
and the replacement of reciprOcal distanceszs,by.a parameter‘e in Eq; (24)
(1+RBC+RCA)zs..> o v (51)
At first Sight,vthis approximation might appear inappropriate. However, in Eq. (24) .
e.multiplies a product of three overlap integrals which have exponential R
‘dependencies. At yery small R, the approiimation.of Eq. (51)‘becomes particularly

faulty but this range of R is apparently not of physical 1mportance for trajec-

tory calculations. Further discussion of thlS approximation has been given.25
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- These approximations and the parametefs § and € afe incorporated.into
the H,

 Porter—Karplus surface for H

.surface so'that,When one atom is removed, the energy reduces to the
3°

c. -Parameterization of the.H4 Potential Surface
" The expressionsbin Section IIA and IIB need to be evaluated in order'
to produce ‘the complete energy expression for HA‘
 The diatomic Coulomb, exchange and overlap integrals of Egqs. (12),
(17) and (18) are evaluated from the énalyﬁic'expressions,

3

i1 L3, 2,13 |
Qi -vg[ Ei + Ei f Si( Ei_ E_i)] : | o (52)
oo il 3 2,1.- , 3 - :
Jy = zlE; E, + 8;CE; + gi)] | _ (53)
S. = (1+CR +3c2RY exp(-C.R) o (54)
i T S T 1%
where Ei and Ei are defined in Eqs. (41)-(48) and
Ci = 1 + k exp(-A Ri) o S | v (55)
. . -1 ) ’ L.
« = 0.60 bohr : (56)
A=0.65bohr ~ . . | (57)

.v, ' o . . . A ) . 25 | ' ) ;
The triatomic term A, of Eq. (19) is simplified ‘by.using Eq. (49)

S S S L I TS EE |
Aab = § Sab[RAC + RBC - <c|rA + g |c>

‘ [T S S T B P ;
- FRyp * Rpy- <d];A + ry |4> 1 - (58)
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where
et as- rl-a FR exp(-2R.)] | (59)
b AB AR/ EXPLmeRppl — |
and2§ 
8§ = 1.03640 hartree . . ' (60)

- -Additional triatomic integrals Jabc and Ape Occur in le -of

" Eq. (22). The expression for J in Eq. (24) is simplifiédzs.by'USing

» abe
Eqs. (SO)f(Sl);

abe &= ¢ (61)

Sab"Sbc sca

5

_with2
€ = -0.643153 hartree . = . (62)

The expression for 4, ~ in Eq. (25) is simplified by using Eq. (49):

-1
B

R_l + R—l + R_l - <d[r;1 +r

-1
ap T Rep T Bep +ro[d> ) (63)

Aabc al sab Sbc Sac(

where § is given above in Eq. (60).

The four-center term A of Eq. (28) is éimplified by intro-

ab,cd

ducing an approximation.similar to those of Eqs. (49) and (50):

N . | A . ' '
<ac|bd> - 3 S_, <a|rC + 17| b> —ngab'gcirA + 1y | &> =~ .0 . (64)

In the spirit of Eq. (51), the reciprocal distances are replaced by a
parameter:
2 2

- ‘Aab,cd" = _sl Sab Scd T , o . o _ : : (65)



18.

.. The remaining foUr—center term J abed of. Eq. (32) is simplified by using
Eqs. (50) and (64) and by replacing reciprocal distances by a parameter. »

Jabed ™ €2 Sab Spe Sca Saa | - (66

A problem arises with the approximation for ‘Aab,cd _in Eq._(65);
namely, with RAB and-RCD held constant, and the AC, AD, BC and BD distances -
Lincreasing, -ab,cd " should approach zero, whereasvthe eXpression in Eq. (65)
is comnstant. Considerable nnmerical experimentation'with Aab;cd indicated
that-the:dependence on the. AC, AD, BC_and BDﬁdistances_snonld be expcnential
or at least Rfﬁ. These consideratidns_led to the following modification -

A ~ e s s s.s s sl | (67
“ab,cd - 1 "ab "ac “"ad "be "bd d :
which preserves the form of Eq. (65) while adding overlap factors to enable
to approach zerc as the AB to CD distance is increased.v A slight

Babed
simplification of Eq. (67) 1is the following

bab,ed ¥ €1 Sab Sac Sad Sbe Sbd Scd - (68)
Table I contains a summary of the parameterization of several H4
surfaces. All of the Porter-Karplus 25 parameters are emplbyed plus two.
additional parameters eivand eé to be used in Eqs. (66) (68) The values
of € and ¢ for Surfaces A and C were chosen to yield agreement W1th

1 2
7,13

ab initio conflguration 1nteraction calculations for a variety of.avallable’

barrier heightsvand barrier positions. The values of € and £, for

Surface B where chosen tovyield'cloSe agreement with an ab initio configuration

. . 1o, l3
interaction calculation for a 11near arrangement of the four atoms.



19.

V. Characteristics of the H4 Surfaces

The H4 potential surfaces, A, B, C and'D‘ defined in Table I, have
been cbnstrﬁcted to yield the proper atomic (fopr H),énd diatomic (two HZ)
asymptotichimi;s, eaéh H2 molecule being described by a Morse p‘otential.?’_6
With one atom removed, the H, surface reduces to the Porter-Kafplus25 potentiél
for three atoms. Contour maps for two geémet:ical arrangemeﬁts‘bf the Porter-

Karplus'H system are given in Fig. 3. It should be noted that, at short inter-

3
nuclear distances there is a peculiar region where the energy becomes sharply
negative. Probably; this érises from the use of the approximation in Eq. (51)

used to simplify Ja of Eq. (24). This feature apparently does not affect the

bec

usefulness of the surface forvcalculationsvof H3,dynamicsvsince'a high energy

barrier separates it from any reasonable H3 trajectory.

' Althbﬁghithere are six degrees of.freédom_aliéwed in the placemént.-
éf‘nﬁclear centeré for a four-atom éystem, plgnarity and symmefryvconstraints
can be used to reduce this number. .Thus the ﬁost easily accessible:geometrical
arrangements are those which maintain the highest symmetries and'heﬁce have
only one degree of freedon: for instance, the equidistant linear, centered
equilateral triangle, tetrahédrbn; and Sqﬁare configurations. In these
cases, it is possibie to search for a minimum in thé eﬁergy.with.respect
to the remaining geometrical parametgrs. A tabulétion of such characteristics
is given in Table II. In addition, for several fixed acute anglés, the energy
of rhombus geometriéé is given corrééponding to a minimum in the energy with
respect to the side-length of the. rhombus.. | |

The minimumveﬁergy for thé'eqﬁidistant linear arrangement is very low -
(42—56 kcal/mole) relative to the dissociation énergyvof a single diatomié

H2 (109 kcal/mole) for all four surfaces as well as for various previoﬁs
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vconfiguration,interaction-calcﬁlatione.7’9’lo’l3 However, the equidistant

linear geometry is not a proper saddle point through which the bimolecular
chemical exchange reaction could proceed Contour maps of the surfaces corres-
ponding to a two-parameter linear conformation are shown in Fig. 4, where the
diagonalp(x=y) corresponds to the equidietant-linear situation. Surface B
.has ahregiOn.of épurious negative energy similar to that seen in Fig; 3.

- Here again, this undesirable feature is separated from the paths of

reasonable trajectories by an energy- barrier greater ‘than twice the Hz

dissociation energy.

A geonetrical‘arrangement thrbugh‘nhich chemical exchange is conceivahle
is thevrectangle—square;ragtangle.shoﬁn inVFig. 5.  Here both surfaces A
and'Bvexhibit the'spurious negative feature at short internuclear dietances.
ffhe-eaddle—point barrier heights‘forisurfacest, B and C fall in the
range 136-142 kcai/mole which is weil ahove the H2 dissociation energy.
The London Surface, D,“lhas a lowest energy square of 73_kca1/mole.'vTahle I1
shows that as the square is diStorted through the rhombus geometry; the
lowest saddle point energy for surface D exceeds the H2 dlssociation energy
as the acuté angle of the rhombus is decreased from 60° to 45° Surface B
has the_opposite behaVior:. as the acute angleadecreases, the energy. also -
decreases and drops below the Hz'dissociation energy bothFat,45°vand 30°.
 These low energies are due to the choice of parameters and functional form:
used for the various integrals entering-the.energy eipresSionr Different
choices of the paranetere (compare surfaces B:ano_C)jcan‘increase»theSe low

energy barriers as well as change other properties of the surface.



‘H, system. All of them are constructed using the LEPS‘model.

~ processes in four-atom bimolecular collisions..

21,

VI. Discussion

Four semi—empirical potential<enérgy surfaces have been developed for the

22-24  Ghe of these,

‘Surface D, incorporates the London approximatiOh22 where all overlap integrals

are taken to be‘zéro. .The»consequénce is that SurfacevD_has Qery low enefgy
barriers to chemiCal.exéhange, especially through the rectaﬁgle—square—
fectangle geometry.i Thé‘rehaining sUrfacgs, A, B.aﬂd_C, are‘modelied'ﬁsing the_
valence bond SCheﬁé with an'émpi:iéai evaluation of 'thréé and four cénter
integrgls.- The three valenéevbond surfaces incorporatebthé POrﬁer—Karplus HB
potential.25 Thus the asymptotié limiﬁ of H.+ Hy is Qéll known. The molecular
+ 2H consists of a Morse3§_H2 molecule. ’The H atoﬁ limit is

limit of 2H2:or H2

exact.

The positions and heights of various barriers to chemical exchange on

Sﬁffacés A, B and C depend on'the,paraméterization and.mathematiéal form of the

ivappfOXimations for the integrals. In general, the barrier heights are chosen

to be. high and therefore consistent with ab initio configuration interaction
calculations. ~In addition, these surfaces tend to be steeply repulsive at
short internuclear distances.

All four H4 surfaces are semi-empirical constructions and are therefore

_ not intended to be used to '"predict” the existence of possible ‘chemical reaction

paths for H 2 + D, exchange. Instead, the surfaces are intended to mimic previous

2 2
theoretical results on the-H4'system; Unfortunately, certain'discrepaﬁcies'

27-31,37

S 13- . L, g .
exist between theoretical7’ 3 and experimental considerations of barrier

4 surface. Nevertheless, the surfaces can be used to assess

the importance of dynamical effects on chemical reaction and energy exchange

heights on the H
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The four égﬁiQeﬁﬁificgl.H4 potgntial‘eﬁergy.suffaces'differ from one
énothértin a vériety_of Ways}' The effect of these diffefenges on calculations of
‘the dyhami§sbof the bimolecular chemical eichange ﬁrocess is’eiamined in a |
folipﬁihg paéer.38 Surface ﬁ corréspbnds.to the London potential and Surface C

is the repulsive model potential: these were used In two previous Quasi;

39

.ciassic51 calcu1atibns_ of'reacﬁive-and‘inelasﬁ;g-gcattering,vaHZ +»D2,
Surface B has been.used40’in quantﬁm meéhapical-calculations,df'vibra;ional.
_eneré§~eXChéngé during co—linéa: collisions. _Surfacés A and D havevbéen
comparédlwith o;her_potentiais'in-quantum mechanical Caléulationsél of

~ rotational energy exchange.
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Table I. Definition of parameters for the H4 surfaces®

Surface

type:

A'z'a.vb,-cd &1 2
A - valence bond Eq. (68) 20.7 -l.4
B . valénce bond Eq. (67) 27.0 -1.95
c ‘valence bond Eq. (67) 140.0 -0.97
D London — — —
ael'and_e2 are given in hartrees, see Eqs. (66)-(68).

26.



Table II. Characteristics of various H4 surfaces

 Surface Rmin v .Emin(Ha)' E(2H2)' AE(barrier)
(bohr) (hartree) (hartree) (kcal/mole)
Equidistant linear _ | ' |
A 1.68 -2 2821 - -2.3489 a2
B 1.69 =2.2775  -2.3489 45
c ©1.80 0 -2.2710  -2.3489 49
b 1.72 ~2.2597 | -2.3489 56
cIwe)® 1.8 -2.2108 -2:2959 53
CIRS)® 1.7 2.234 0 -2.302 43
cI(ss)® 1.8  =2.2355  -2.3035 43
cr(ss)? 1.67 ~2.2615 . -2.3314 44
Centeredvequilateral triangle _ _ | | | v
A . 2.10 -~ -2.0858 ~2.3489 165
B ~1.95 -2.1049  -2.3489 | 153
c 2.31 -2.0767 -2.3489 171
D 2.02 -2.0812 -2.3489 168
c1(ss)© 2.2 -2.0448  -2.3035 . 162
Tetrahedron . ' N
A . 2.87 ~2.0541 ~2.3489 185
B 2.63 -2.0753 C-2.3689 172
¢ . 3.20 -2.0448 . -2.3489 191
D 2.25 . -2.1172  -2.3489° 145
c1(rs)® 3.8 -2.002  -2.302. 188
Square (90° rhombus) | v
A 2.4 ~2.1322  -2.3489 . 136
B 2,40 -2.1284  -2.3489 138
c 3 2.67 -2.1223 - -2.3489 142
D 1.94 - -2.2321 ~2.3489 | 73
VB(single-zeta) = 2.70 -2.0543  -2.2947 151
CI(single-zeta) 2.70 ~2.0595  -2.2959 148
cIwe)?  2.75 . -2.0587 ~2.2959 149
;CI(Rs)b 2,47 =2.075 -2.302 142

c1(ss)® 2,46 -2.0785 . -2.3053 142



© Table II (continued)

Emin(HA) S E(ZHQ) AE(barrier)

R e P

S v -

"~ Sufféce_-'  “Royn
___(bohr) _(hartree) (hartree) (kcal/mole)
60° rhombus |
A 2.48 -2.1077 | -2.3489 151
B 2,13 -2.1411 ©=2.3489 130
c 2.73 ~2.0999 -2.3489 156
b 2,02 -2.1883 -2.3489 101
c1(ss)® 2.20 -2.0724 -2.3035 145
45° rhombus - ,
A . 2.38 -2.1191 ~2.3489 144
B 2,18 -2.1792 ~2.3489 107
c 2.820 -2.0849 -2.3489 166
D 2.17 - -2.1158 - -2.3489 146
30° rhombus |
oA 2.73 ~2.1621 ~2.3489 117
B 2.42 -2.1884 ~2.3489 101
c 2.99 ~2.1517 ~2.3489 124
D 3.18 -2.1388 ~2.3489 132
:éRef.A9
Pref. 7
“Ref. 13
dRef.-lO

AJ
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 FIGURE CAPTIONS
Potential energy curves represehting the lowest singlét and triplet
states of square—piénar H, with CI, VB, MO and.C2 wave functions.

Potential energy curves representing the lowest singlet and triplet

states along a linear quasi-reaction péth_of rectangular 2H2 going

" through _square‘H4 with CI, VB, MO ahd C2 wave functions.

Equipotential'contour maps for the Porter-Karplus H3_surface
corresponding to linear and triangular afrangements of the three

atoms. The contour intervals are 1/10 of th'e»H2 dissociation

energy. The hatched regions are>spurious properties of the

potential surfaces.

Equipotential contour maps for the-H4 surfaces corresponding to

linear arrangements of the four atoms; The contour intervals

are i/lO of the_H2 dissociation energy. - The hatched régions ére‘

spurious properties of the potential surfaces.
Equipotential contour maps for the H4 surfaces corresponding to
rectangular arrangements of the four atoms. The contour intervals

2

, dissociation energy. The hatched regions
are spurious properties of the‘potentiél'surfaces.

are 1/10 of the H
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