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'v«exoerlmental value of 8 o+ O 5 kcal/mole. The potential

. EMPIRICAL EVALUATION OF THE LOVDON
POTENTIAL ENERGY SURFACE FOR THE H + H2 REAC“ION*

J Ko Cashionl and D.R. Herschbach+
Department of Chemistry and Lawrence Radiauion

Laboratory, University of California, Berkeley, California =,.""“':""
: Abstract

An cmpirieal potenuial ‘surface for the hydrogen exchange RN

freaetiOn is. derived ‘from the simplest form of the London’

‘ aporoximatlon (negleeting overlap), by evaluating the Coulomo j*LF'
and exchange 1ntegrals from the potential curves for the 12:+;"Vﬂ
and 3) states of H2 : This procedure gives an activation

eencrgy of 8. 9 +1.2 keal/mole, in good agreement with the

A.surfaoe haa a oingle saddle point, and the H3 complex is linear,:a':
and symmetrical, withva-bond length of 0.95 A. . Simple, explicitnfffy
‘",formulas for the aetivatlon energy and the vibrational force"' o
eonstanos are also obtained. The results emphaoixe the 1mpor-'ev
'~tant contrioution,rrom the triplet repulsion between the end |

. atoms w;th parallel spins in the eomplex-“““ ﬂ:'

- #Support reeeivedjfrom‘the.U S. uA comic Energy Commission and
‘the Alfre d I Sloan Foundation is gratefully acknowledged.

-+Present address. Department of Chemistry, Harvard University,
. Cambridge, Massaehusetts ;” .



, The lonb hiSuory of thcoreticai attempts to estimate
.'potential surfaces for simple bimolecular exchange reactions .
indicates that even for the H + H2 case it will be necessary
for some time to come to rely on more or less empirical o
methods which synthesize the three-body interactions from two-
.ipody potentials;' Several such methods havelbeem offered.}'S

The procedure to.befconsidered here, like most others, is
ﬁ<-bascd on the London formula originally emplcyed by Eyring<"
.and Polanyi, - but avoilds further empirical adgustnents. ‘

‘In the simplest form or the Hcitler-London approximation,"ﬁ

" the binding energy of a diatomic molecule is given by
| : S

where Q and a ‘are ‘the Coulomb and exchange integrals..lLondQn's,

formula for a triatomic system is
EaQ +Q’b+Q A SR '.':.

+2'§[(a -CL) +(d.b-a) +(a--on)]2 (2) .

‘and'involvcs'only these same diatonic integrals, evaluated at -

- the thrce internuclear distances a, b, c. In these formulas,
: the zero of energy rcfers to separated atoms, and the lower sivnv

in each case’ referﬂ to the spin configuraticn of lower energy.

i



'Fof the H2 molccule accurate potential energy cufves are
.now availablé_for both the ground electronic state, lz:g, and_-
the first'repulsive'state, 32::. .Thus if Eq. (1) is adopted :
A' the inﬁecrals may be evaluated from thc;sﬁm and difference of

the empirical curves,
Cand |

This permius the London potontial energy surface for the

H+H H2 + H reaction to be constructed over a wide range

2

= oof interatomic distanceu, wlthout introducing parametric

‘ addu ments, The surface derived in this way gives an activa=-

- tion energy of 8.9 kcal/hole, in good agreement with the

rexperimental"value'of'B kcal/hole, and‘gives vibrational force'f ;“ 

constan s close to those estimateo from other approx;mate

surfaces. The use of Eqs. (3) also leads to explicit formulaSicf B

for the activation encrgy and for the bending force constant

of theicomblex.l.”he se bring out the important contribution

-from the triplet repglsmon between the end atows with’ parallell~'

spins in the complex.
 DIATOMIC'POTENTIAL CURVES

In order that the potential surface defined by (2) and (3)

be ccurate to within one Vcdl/holc over tne rangc 0.58 < lz,v;;u‘f”ﬁ“”

‘ Toy < 2. 5& iu is necessary to know the diatomic ao»ential

curves to within about 0. 2 ﬁcal/hole over the ‘range T = 0. 5 to vﬁ:;;;sﬁ?”

5A.. Such accuracy is pregently available for the sxnglet state

of H, but not for the triplet. -

Q=2(Z+3Z) . |  ~"( 3#)"

ealzone e



The classical turning points for all the vibrational

lj:g state of H, have been derived from the

ievels of the
| recent épee”roscopic data of Herzberv-and Héweé by ﬁeaﬂs 
: of the Ryaoerg chin—Rceo (RKR) method.7 These points span
Lne reglon r = O. 411 %o 3. 284A. The perturbation calculation fﬁ;.w”‘x’ 
of Dalgarno and Lynn,8 which extends from r = é.lﬁ to beyond"
Sﬁ; agrees Vefy closély'with the RKR pointe in the region of .‘
-.theirvoverlap (O.lévkcal/hole disparity at worst). The

~variational calculation of Kolos and Raﬁﬂman,g

which covers.

”r.=.o.425 to 2.2k, is found to agree with the RKR results '
 within 0.2 keal in the range of 0. 5 to 1.3% but is high by -
"‘2.4 keal/mole at v = é QX he potential curve employed in
our caleu¢ations was obtalned Dy seventh order Lagrangian 3~
linterpolation using -the RKR turning points up to r ;“3.2ﬁ ,
" and *he poiﬁts given by Dalgarﬁe'ahd Lynn outeide ﬁhis-lo -
o It might be notcd that verJ recently Vanderslice, et al.
have declved even more accuratc values for the turning pointS»~
"by use of an ;mproved version of the RKR ‘method which

11

eﬂoloys numerlcal integratlon of the Klein equations. f?he ’eﬁfjj,f}{{

improvcmen in accuracy proviacd bJ a similar procedure has

~oeen demonstrated by Kasper12 and by Zare,l3 who have. compaped‘kﬁﬁﬁ,
- the eigenvalues de rived from various versions of the RKR :
'method with the input vibratmonal tc“m valueg.e r"hey find that f:ﬁff"~
" with the new method the a;spar¢tics are in the range of onlj

enths or even handrcduhs of a wavenumber, abou lO-lOO imes

“gmaller uhan tho e obtained with the metnod of Tobias and
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*Vanderulice. 3 Althouvh this improvement is quite g¢gnificant

| for some aoplications, 13 14 1s neglrgible here gincc at: preuenulﬁ'“

the triplet potential curve introduces a much largcr uncortainty L

:’in thc pot encial surface. - | »
For inforwat on abou* the potenuial Ch“PgJ curve 01 the
. 3}? state ox Hé we must rely on theoretical calculations- It‘ a
1s dlsaopolnoing to find thau rolatively largc uncertaincles

' st;ll remain fo* a signifrcant range of internuclear digtances,
" as indicated in Fig. 1. - The variational caleculation of Kolos

9

'andIMDUﬁwn provides an upper bound to the true curve over

the range r = 0.59 to 1.85ﬁ, and 1is probably quite accurate

‘near the eduilibrium'internulcear separation for the ground .
 state, r = O. 743' Ahother variational caiculation has been
‘carried out bJ Hir°ohfelder and Linne’c’cl4 who used a trial
wave functron_which should be superior to that of Kolos and
Roothan at larger distances. The perturbation calculation by
Dalgarno'and Lynn8_ie recommendedsbj them as-the best yet
obtained for'r > 4 atomic units or 2. 1R, and this isvsupported
by the excellent agreement wn;ch their proceduro gave for the

13" state in the regioo of overlap with the RKR results. In

fthe original paper, their results are tabulated only at integral :

'valueg of r, be~¢nning at r = #_a.u. which corresponds in Fig. 1

to %the lone trxunVIe at r = 2228. However, in a later paper
Da.lgarnol5 giveg the ;ollowinw cmpir;cal equation for the ,“
calculated energy eeparauion of the triplet and ornglet states -
(in Rydoergs), c | S . -
| : 32 - Z- = 6‘.87R2 exp(‘-l.g‘?llR), o o '(Aa), :'
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‘where R is in atomic un;ts, or

35” 1y - 7o96 8r exp(=3. 730r), ‘_4 ; ,:~, 7~j; (ub) ffﬁfﬁﬁt§?

. where the energy 1 in kcal/mole aﬁd r is in AngSuronsmV“”hc‘gffgfff

-

’golld curve in big. 1 vas. plot ted by adding nq.,(4b) “O tﬁ¢f;_;$;J':A
‘energy of the VY7 "Gate':f‘\‘ . G
' In ng. l it is evmdént that the results of Kolos and

'Rooﬂmwn mugt be 3rcferred below r o= 1. SR but thau they are
inferior %o tne calcula ionu of. leschfelder and Linneut
 beyond about 1. 4K Since the curve of Dalgarno and Ljnn cbmes ,
- from a'peruurba tion calculatlon iu provides nei»hor an upper
nor a lower bound to the . true energy. If we accepg it as being. '
quite accurate for r >.2.1ﬁ, we have to interpolate smobthly
to join the Kolos and Roothsan results at r € 1.38, with only
;the.condition that the inferpolation must not exceed the upper
~ bound given by the variational calculations. Ve have chosen |
arbitrarily to follow the perturbation result of Eq. (L4b) dowm
tor é'l.AK and then join smoothly foAfhe Kolos and Roothaan
curve for r 2 15334 On the basis of the comparison shown in
‘Fig. ljand the results obtained for the singlet state,‘+ 2
kcal/mole appears to be a generoug estimate of the unceruainty
: in the inceroolaued portion of the potentlal curve for the “EZZA
state. | |
POTENTIAL SURFACE

: FOR THE H + REACTION

2
- flg. 2 shows a cont tour map of the potential surface ob tained

'S

from Eqs. (2) and'(3) for a‘linear'qomplex of three hydrogen
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atoms.”~ The height of the surface at any po;nt E(r 122 T, 3, T 3),,
I is in general a function of six different diatomic energies,
' namely the singiet and triplet potentials at each of rlg; r23,
‘and g ( = Pyp F Tpgy TOT the linear case). Howe ver, along
the diagonal the general formula (2) reduces to '
E(atag) = 2 Y (r) + 358 (=) + 21 (20), - (5)
’ ’ e = = = X ’ MNMan - A A )
where . r o _ r23 2r13.  ;&» surface 1s symmetrical about

the ‘dlagonal and has a single saddle point at r = O. 905& At

the saddle poinf Eq. (5) gives the energy as
E(S.P.) = -144.5 + 39.8 + 4.9 = -99.8 + 1 kecal/mole. (6) 2

The uncertainty in the'first_two terms of (5) is negligible in
comparison with thét in the third. As seen in Fig. 1, the value
we have used for the 32:(2r) term at 2r = 1-93ﬁ'lies about
2 kcal/mole below the upber bound fbr it. However, if the
Dalgarho and Lynn result is accurate to a few percent at’2.lﬁ,
it is unlikely to be in error by 2 kcal/mole, or 50%, at'l-§3ﬁ,

" and thus we have assigned to (6) an uncertainty of + 1 keal/mole.. .

To obtain the activation.energy we must subtract from (6) |

the(neggtivé),dissociétion:énefgy of H, and tﬁke.account<of the
contributions.frdm zero—point vibration. A small vibrations |
treétment‘of the liﬁear Hq comolek (see Table I) gives 5.42 +

- 0.2 kcal/mole for the sum of the zero=-point energy of the
symmetrical stretcning and the doubly.degenerate bending modes.f , '”
Thus the;energy of the complex,relative to'itsvlowest'viﬁrationa;i :'
-level ié_ | . | | o o

~(99.8+ 1) « (5 4 - O 2) = -94 4 + 1. 2 kcal/bole.  -(7)~1 ;'“



-7

. i7 

‘The corresponding terms for the H2 molecule are
-109.49 + 6.23 = -103.26 keal/mole, - - (8)

~and hence'the:activation'énergy is.8.9 + 1-2 kcal/holé.\

The force constantgAand vibz rational ;rccuen01cn of the
complex were evaluated in the us ual way,la and in Table IAtheA; 
rgsults‘are compared with those obtalned by bther_methods.”=A':

' -quadratic expansion of Eq. (2) about thelsaddle péint giVe;“‘

4E = %ff(A?iz +-Ar§3)l+ £ rA*le 23 ” ~f9(49)2g'~' i (9)
with R S R
N 2 () + 335 ) 2 31 (e:-) S o)
=30 ) + Be () R e - a()) BRGNS
ffel = 3ree)ee), o oe)

whe e the primes indicate derivatives of the diatomic curves, -~

evaluaued for r = rs, the saddle p01nt distance, and G'is the -

angle between the 1-2 and 2-3 bonds (9= 180° for the linear -

. configufation)f The sum and difference of the strctching force_??fiif‘fﬁ

‘constants, fr + T rr’ “determine respectlvely the f uency of the.:

- symmetric stretching modv, wy, and the antisymmctric o.etchlng‘" ;f” 'f

.mode, g (uh»- maﬁlnarj frequency ). . From Eqs. (lQa) and (iqb)-
:¢t is seen tha these, dcpcnd mo"“lj on'ohe curvéture of-the
aiatom¢c po»ential xunctions at r= rs, as the terﬂs 1nvolving
2rs make somewhat °maller contrLbutions. The numer¢cal valueg L
g'aré. . S . - . ,

1, f*r;rv— o. 90 1. 11 o 72 - 2. 73 mq/x -V':(;lg)'»¥7




~Ta-

activated complex. .

‘Table i."_foperties of linezr H3
“  Eyring® | Sato®  Boys anduffPresentfpff?
. p = 0.20 k = 0.1475 ShavittC*'5 work .-
r, & 1.354, 0.753 - 0.929 = 0.942 ':jf‘o,963 e
(“‘*),_cn-l'- 3626 . 2108 . 1945 . 21kk
wg (X 55 em” - 6301 19181 13611 - 2L6uy
(), en™t 665 877 952 823
£, md/A §.34, - 0.10 . 0.95 0.9k 0.75
£ ﬁd/ﬁ" 0.436 1.68 1.31 1.97
ro/r 5 ma/k 0.039% 0.0761 0.090 0.0570
£(z.p.)%, kcal/hole - 7.09 5.52 5.51 5.42
e : '
Eict R kcal/mole - 8.50 8.03 14.8 8.9

@prom reference 24; p
to be constant and adjusted to it E

ssumed

] - ey : l N
denotes the Coulomble Ifraction, Q/ Z_,

act’

bFrom refCﬂence 19; k denotes the square of the overlap integral,
S, assumed to be. constant and adgueted to fit E ot

°From reference 20.
d .
Zero-point

Cactivation ¢
excitation

energy of the activated complex.

derﬁy, including zero-pOLru energy out not thermal

o the complex or the reactant molecule. The exper-

‘imental value accordlng to the analysis given in reference 19

1s 8.0 t

0.5 kcal/mole



.= 0;364+'1.61 = 1.96 mad/R. ’ C(aib)

e
¢

" In contrast, the oendinu frequency, wy, and the force constant:ﬂ"’”
£. given by Eq. (10c) depend only on the slope of the triplet -

o _ .
=

curve at
-The evaluation of the terms in Zaqs. (10) was-carﬁied_out-5

oJ numeric°l d¢f?crcn tiation of the apprqpriaté diatomida .

.poncnc;al curves in the V10¢n'*y of Ty and 2r ' An *nucrval of

- 0.0005 2 was used in the lowcr egion, and one of 0.001 K in the }3”

’hig‘cx fegion. Under tﬂCuC conditlons second d¢ffgre ces were i

nearly con Lant over soan ox Qeveral inte rvals, ;ndlcat;ng

that the quuuratic approx;ma ion could be applied valldly,3 To ;”

‘ ensu}e'“hat he res ulus were noc extremelyféensit;vé{to;the |

pot q'lal'““laes emoloyed in the inﬁe«rdtion séheﬁe,"ﬁhe calcu=

- lations were fepeated ucxng diffcrenu set of elvht pbinfs,to '

define the int roolating polynomlal- The results'of the two

: proccaureo “greed uO Lithin 1p.-'

| |  DISCUSSION - - R
The results of the other methods included in Table I have

20 who also

been discusSed‘recently by"ﬁes’conl9 and by Shaviﬁt,
glve a critical summary Qf the existing exﬁerimental'data. They
evaluated the kinetlc parameters from transition state theory for
the H3 complexes defined in columns (b) and (c¢) and obtained
reasonébly‘good,agreemﬁnt with the pre-exponential factors and
isotope‘effecés,. Unfortunately, the d&sp“r+o1es and orobable

Inaccuracies in the experimental data are too large to permit a



-9~
satisfactory test of the calculations.zo The saddle point diétance,'fj
" the real frequenciles Wy and Wy 5 and the zero-point energy obtained |
froh our potential surface are practically the same as for (b) and
(c), and the.only possibly significant difference is our large”
Qalue}of the 1naglnary frequency, w3. Weston noted that‘ﬁhe
prcdicth tunnel effect correction, evaluvated as usual from a
one -dimcr ional parabolic barrierAappfoximation, appeared to be
lérger than ia compatible with the data, and thus'suggested that
19 '

© the value of w3 was too large. However, other approximate

ot
meo

hods of evaluating this corrcection indicate. that even for
= 2500 cm“l this would probably not occur in a more rigorous -

20,21

W
3 . .
treatment of the tunneling.
Tne work of Boys and Sh v1ct is the nost extensive non-
emplirical calculatlon that haa been attempted for the hﬁ syuuem,
and included some 66 con igurations. Although the activation
cnergy is about 7 kecal/mole too high, the other properties
obtained fr?m the saddle point region of ‘their surface are

20

expected ©o bénuéh‘more reliable. The comparison with their

- presult.thus is pr obale a significant indication that our value .
. of =y is too. largu. S
. The original "semi-empirical’ method of Eyring and Polanyi;’gu
employs. : ' . _
Sy iy |

Q=p") and a = (1-p)"} , (12)
instead of Eqs. (3). The diatomic potential Z:(r) is usually
approximated by a Morse functiqn and p, the Coulomblc fract¢on

~ of the blnalﬁw ennrgy, is taken as an adjustable constant. The

mcthod has oPten been aoed +o estimate activation ene rﬁles for
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A + BC reactions by setting p = 0.14 for each diatomic pair, w1

uumr:z.s'n'rl,j ~ood result some cases even though the London

t?

-clectrons and p may become much lar”cr

22 .

formula‘applies only to
For H,, p = 0.14 conforms

for bonds involving nigher ortitals.
approxiﬁdtely to the ratio calculated from the Heitler—London-;'
‘Sugiura integ rﬂlo 23 (see Fig. 3), but this gives E oo~ 14 keal/mole,
and o = 0.20 is required to approach the experimental activatidn
cnorg.\/’.%‘L However; for any p ~* 0.10, the surface exhibits a

24

'washbowl" transition "*atc ? and thus the activated complex is

unsymmetrical. This feature now definitely appears to be spurious,

w

ince none of the nonempilrical calculations:haVe given any evidence -

~Tor it.?o | | |
In.the modification suggested by_Sato p is allowed to vary

and an adjustable constant Xk 1s introduced, which in the dlatomic .

limit represents the square of the overlap integral.3 For a

. glven k, the Coulomb anc cxcngnge encrgies are obtained from

it

L1ty | (23a)
(l - k)3z:.- . o L | .‘(l3b)'

QR + a

.Q .

i

where 1}:-is taken as a Morse function and.3), as an "Ant 1—Aorsev.~

function", défined by | N
3}:’(1“') = -;—Dé{exp[- eﬁ(r-vre)] + 2 exp[- B(r~re)]?;'. (1)4)

-with'the:usual:Morse parameters,De, B, and T . Sato makes only

Sa vernyough allowance for overlap in the London formula, by

dividing the right hand side of Eq. (2) by (1 + k). . As shown

by ch‘con,l9 this procedure, with k = 0.1475, yields a reasonabdle



potential surface for the H + Il reaction, without a "washbowl®.

P2

He points ouu, nhowever, that the squared overlap 1nueﬁﬂal ac ually
varles quite rapidly with internuclear distance and bccones much’
larger than 0.1475 for » < 1.5 &

Fig. gives the variation of the Coulombic rau¢o, p = Q/ Z,:.”J
with iAternuclcar distance. The solid curve is Obtaxﬂud ;rom'” |
Egs. (3)'and the dashed curve from Sato's method (with k = Q. 1U7b)

It is infereéting lo) note that near ry = 0.96 A and 2rS"= 1.93 K,,,«A
these -curves are fairly close together and that p(rs) ahd'p(QrS): 

» di {fexr bj more than é factor of two. This_sort of variation

appears £to be requifed (unless p were ¥ 10%) if.the Vwashbowl?vis.

to be eliminaf ed from the London poton cial surface. Nelther Satofs'_
"p(r) nor that calculated from the Heitler-London-Suglura intégrais;23,?
ohOJn as the dot-dashed cu“ve in Fig. 3, approach the proper limit

8 4 Thl 3

2% large dis tances, vhere p(r) should become unity.
" Pl . . - . . 2 3
dxop rsion force" region, in which the Ql(r) and <)’ ( ) potcntials i
are UPQCULCully 1dcntlcal, would play an imporcant role in gcatter-'tff

ing of hydrogen atoms at thermal energlea.

Fig. 4 compares Sato's aporox¢mationg Wit Ithe lZ:(r) and
BEZ(P) potentials we have employedf 'The triplet curve given'by.‘w
Eg.- (1%) is too high at r_ by 14:6 keal/mole (a factor of 1.18)T
and a% 2r by 6.6 kcal/molex(a,factor of 2s35);‘ The slope at.2fS £f

.is “p ox;matcly correct, however, and thus SatO'S oend;ng rcee

" constant is close. to ours (sece Table 1)
Tne cnplrlcal Coulowb and excnang integrals evaluated fromf,"

Eqe. (3) represent effective values which incorporate part of the



cont ibuticns frcom overlap in the Helitler~London Lreaumcnt.f
Thus, if Eq. (1) is replaced by A

(Q - 0.)/(... + S )3 , . E g ' ( 5
where S is the overlap integral, an ex pﬂns¢on 1nclud1nﬂ terms

6 .
in 5T gives

.. (@ % a)(1+ 8"+ ie, L ae
where 4 | “ | '
Q% = Q Y- - 2 - ',.‘ . = s
¥ = Q- asS }andvgn = - Q3~. _ A1)
Eq.r (15) givbs' : | : o - oo
(Y ¢ 3X) = er/(a-sT) T 41 0 B
and _ : | o R S
171 4 ‘ o - : .
HOL - PL) = e/(1-sT) S (e
c 4

in place df'Eqs.(°)s'tlua, up %o terms in S, the Coulombic
ratio plotu d-in &10. 3 1s

p = tQ%/(Q*V+-a%)§<i N0 JE ”.ﬁ-,<19)

The proper allowance for overlap in the London formulu, Eq- (2),

is much mo e éomplicated,land hree center intevrals Vould have‘
Ato be iu0¢hded at he same. level of aDDPOYLP tlon 5’26

Pefnapu we harle need to emphasize the purely emp¢r¢cal
status of the close awrecmenu with the experiment&l activation
cnergy which is obta;ned from our naive application of Eqs. (2)
and (3)- ho ;deali zations involved in the London formula and
the concepts of Coulomb °nd ex chungp ene*bJ havc been carefully

25

,cx:n;n“g by Cool;d e and James, who conclude, "It is indecd

surprising that ... a reasonable degree of accuracy has been




obtained tnrourh what is, {rom a theoretical ooint of view, the -

hanny. cancellatmon of seriouo an pparently unrelated anp-oxi--
‘ mations.”_ As with any cma¢r¢cul method; the procedure-con der“d

:héfe'can‘oﬁlyhﬁg Jjudged by its simpl iCJ, accuracy, and scopv;'_"
It is of interest thét, contrary to che.generallexperlencé
wifh pflmltive cnmeCQl valuncc .theory, ‘the surprisiﬁgly
accurate predlcuion of hu o+ H2 acc;vat¢on enorry pcr sts in
. the next apnroxima’iob- This has recent lJ been: demons crated by
Karolus and Porte ,26 who have calculated the various overlap and
un“GC -center int cﬂrals and have evValuated the diatomic Coulomb
and exbhanﬁe inteﬁrals by -an emplrical method similar tovours.
In order to apply the empl;Lcal interpolation usced here %o
other rcactions, it will be necessary to establish some means
of accurately estimating the repulsive pot cential curves for o% her'
'diatdmic molecules, at least in the neighborhood of T and 2rs_
. As part of a qurelation scheme for activation energies of
'hydrogén atqm transfervr eactlions, which appeared to be uniformly
successiul fbr a wide range of bonds, Johnston and Paar5 have
employed Sato's repulsive function, Eq. (14), with the factor of

replaced by % on the basis of an approximate "callbration! to

oo

the H2 triplet potential. It is disappointing that thirty years

0

after the calculations of James and Coolidgse on h2, this is still
tnv only molecule for which even portlons of the repulsive potcn~

Ctial curve are known to a ugexul accuracy.
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= /- 1
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st
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opnd'ng ;o“ i
and 1s negative anywhere on the dizgenal.

e
-0.141 ma/} a%
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v @
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5
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FIGURE CAPTIONS

+
Comparison of calculated potential curves for the "L state

of the H2 molecule.

Potential surface for the reaction H + H2-9 H2 + H. Energies
are in kcal/mole, relative to a zero of energy at infinite

separation of the three atoms.

Coulombic fraction of the binding energy of H2 as a function

of internuclear distance. The solid curve is the empirical
result obtained in this work; the dashed curve is implicit in
the method of Sato; and the dot-dashed curve is derived from
the Heilter-London-Sugiura approximation. The traditional

"14% Coulombic” rule for plotting potential surfaces corresponds
to using the dashed line.

Comparison of the "best' potential curves for H, which were
used in this work with the Morse and "Anti-Morse" functions
employed by Sato. Arrows indicate the regions which contribute
to the activation energy and vibrational force constants of

the linear H3 complex according to Egs. (5) and (10) of the text.

Potential curves for the H, molecule, estimated from "best”
available data. Arrows indicate the regions which contribute
to the activation energy and vibrational force constants of
the linear H3 complex, according to Egs. (5) and (10) of the
text.



.

e g a daal < “ i e K 1 l T A
Posential Curves for the 2:6 and

150 given in Table II are the

[0
("\
o,
O
7
@]
H
I..._.
O
(@)
[o))
P
o]
ct
o)
0]
ct
o
\1
o
ey

Coulomb and exchange integrals defined by Egs. (U4) of the
) ov & - ‘

text. The zero of energy refers to separated hydrogen

N

atoms. Conversion factors werce based on the value I

T -—

‘chem -

5.02325 X 10%% for Avogadro's number and the physical
constants given by J.W.M. Dumond and E.R. Cohen.in Chapter

L :of Fundamental TFormulas of Phvsics, D.H. Menzel, Ed.

(Dover Publications, Inc., Hew York, 1960). .In.particular: --
. ; o . . o - I
1. Bohr radius = 0.5239172 4.

7~

1 electron volt = 23.0063 kcal/mole.

1 Rydberg = 0.073502 ev

LS
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