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POTENTIAL ENERGY SURFACE FOR THE H + ~·REACTION*· 
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·.· ' 

D~partment or Chemistry and Lawrence Radiation 
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Abstract 

. ... : ... ·· 

.· ... ·. 

·· ... ,· .. : 

.... 

.. ·, .. ·. 

·, .. 

An empirical potential surrace for the hydrogen exchange 

reaction is-·derived ·from the simplest form or the London 
.... ·.. I· 

· .. : : •.• · '1•· 
' I ' ' ,,:' ·, :~' 

: .... · =.:- ~:; . 
'. 

approximation (neglecting overlap), by evaluating the Coulomb 
.: 

and exchange integrals fr·~~ the potential curves for the 1[:;· · -·. 

and 3\"+ states of H • This procedure gives an activation. L.u .. 2 
. :· 

. energy of'· 8. ~ . + 1 • 2 kcal/mole, i.n g~od agreement ~lith the 
. . - . ' 
. . . . : . . . . 

experimental value ot 8.0 :t 0.5 kcal/mole. .The potential . .. ' 

. . . . 

. surface has a ·single saddle point,· and .the H3 complex -is linear . ,; . 

and symmetrical, with a bond length of o.g6 A •.. Simple, explicit .. · , .. ·: 
. . 

.. -formulas for the activation energy and .the vibrational force 

constants are also obtained. The results emphasize the impor':"'· 

· ta~t c.ontribution:..rrom th~ ··triplet· repulsion b~tween ·the .. end· 

a toms .l'ri th parallel~~pins in -~he. complex. .; .. 

*Support received from the- .u.s. Atomic Energy Com:nission and 
the Alfred P• _.Sloan Foundation is gra te.fully aclmo\'llcdged. 

· -!-Present address: Department ·of Chemistry,. Harvard Univorsi ty, 
.Cambridge, Massachusetts · 
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The long history o£ theoretical attempts to estimate 

potential surfaces for simple bimolecular exchange reactions 

indicates that _even for the H + ~ case it ~rill be necessary 

~or some time to·come to rely on more or less empirical 

methods i·:hich synthesize the three-body intera~tion.s from t\'ro-
. . 1 5 

body potentials.. Several such mGthods have been offered •. -

The procedure to be considered here, like most others, is 

·based on the London formula originally employed by Ey~ing 

and Polanyi, but avoids further empirical adjustmen~s • 

. In the simplest form of the Heitler-London approximation, 
. . 

the binding energy of a diatomic molecule is given by 

(1) 
I .. 

i<lhere Q and~ 'are th~. Coulomb·and.exchange.integz-als •. London 1s. 

formula for a triatomic system is 

E. a Qa ·+ ~ + Qc 

. :!: 2-~[ (aa ~ a.o)2 + (~- ac)2 + (ac- aa)2)-k, (2) 

. and involves only.these same diatomic integrals, evaluated at 

.the three internuclear· distances a, b, c. In these formulas, 
. . . . 

the zero of energy refer~ to. separated a toms, and the lo\'rer sign 

in each.case· refers to the. spin configuration of lower energy. 

·' 
·'. 
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For the H2 molecule accurate potential energy curves are 

no1.'J' available for both the· 

the first ·repulsive state, 

l·+ 
ground electronic state, L g" and 

3r~· Thus if Eq. (1) is adopted 

the integrals may be evaluated from the sum and difference of 

the empirical curves, 

(3a) 

and 

(3b) 

This permits'the London potential energy surface for the· 

H + H2 - H2 +.H reaction. to be constructed over a Hide range 

of interatomic distances, \'lithout introducing parametric 

adjustments~ The surface derived in this 1.·my gives an activa

tion energy of a.g kcal/mole, in good agreement with the 

experimental value ·or 8 kcal/mole, and gives vibrational force· · 

constants close to those.estimated from other approximate 

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

for the activation energy and for the bending force constant. 

of the complex •. These bring.out the important contribution 

'from the triplet' rep~lsion bet"toJ"een ~che end a toms \d th parallel 
\ 

spins in the complex • 

. DIATOYuC POTENTIAL CURVES 

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

be accura tc. to· \'li thin one kcaljmolc over the range o. 5J\ -<: r
12

, 

·. r 23 ~ 2·5A, it is necessary to lrno"'tr the diatomic potential 

curves to t-li thin about 0. 2 kcal/mole over the range r = 0. 5 to 
0 -

· ... 

5A • Such accuracy .is presently available for the· singlet· state · 

of H~·but not ·ror the triplet.·. 
G 

• j. 

... , 

·. . ~< ' 

. '·1. 

, .. 
' '· 

.. · ·:· 

. ~ •. 

'.' .-.... ·· . 
. · .. 
'.··: 
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The classical turning points f'or all the vibrational 

levels of' _the 1 _[; state of' H2 have been derived f'rom the 
6 - -' 

recent spectroscopic data of Herzberg and Ho\';e _by means 

of the Rydberg-Klein-Roes (RKR) method. 7 Those points span_ · 

the region r = o.411 to 3-284A. The perturbation calculation' 
' ' 8 0 

of Dalgarno and Lynn, \·rhich extends from r == 2.1A to beyond· 

6.A; agrees very closely \'lith the P.KR points in the region of 

their overlap (O.l5~kcal/mole disparity at worst). The 

variational calculation of Kolos and Roothaan, 9 which covers. 
' 0 r = 0.425 to 2.2A, is found to agree \'lith the RKR results 

0 .• 

l'li thin 0. 2 kcal in. the range of 0. 5 to 1 • 3A but is high by 

2.4 kcaljmole at r = 2.2A~ The potential curve employed in 

our calculations \\'aS obtained by seventh order Lagrangian · 

interpolation using -the RKR turning points up tor:;= 3.2.A 
. ' 1 

and the points givenby Dalgarno.and Lynn outside this. 0 

It might be noted that very recently Vanderslice, et al . 

have derived even mo1 .. e accurate values for the turning points 

by use of an improved version of the RKR method which 

employs numerical integration of the Klein equations •11 _·The 

improvement ·in accuracy provided by· a similar procedure has 
. ' ' 12 13 

·been derr.on::;tratcd by Kasper and by Zare, \'lho have. compared 

the eigenvalues derived from various versions of the RKR 

method 1·1i th the input vibrational term values. They find· that 

i·ri th the ne11 method the d:l.spari ties are in the range of only 

'tenth_s .or even hundl .. cdths of a \'.-ravcnumber, about' 10-100 times 
. . . . . . . 

· smaller than· those obtai·ned 1'1i th the· method of Tobias and .. · 

. . .. . 

... ••. 

. . ' . 

·. :: 

. . . ,· 

... ,.' 

·· . 
; ,.· 

'' .. ~ . 

·.r·' 

. ·.·. 

• 0 • r • ~. 1 

. ···.·. 

·.· 
,•·, 
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' ' ' ' · .. 13 
·Vander~ lice. Although this· improvement is quite ·significant·.· 

' ' . ' '' 13' ' 
for some applicationo, it· is negligible here since at present; 

the triplet potential curve introduces a much largeruncCI'tainty . 

. in the potential surface~ 
. ' 

For information about the potential energy curve of the 

3 f~ ~tate oi' .~ we must rely ~m theoretical calculations. It · 

is disappointing to find that relatively large uncertainties 

still remain for a significant range of internuclear di~tances, 
) 

as indica t(;;d in Fig .•. 1. ' The variational calculation of Kolos · 

and Roothaan 9 pl .. OVidcs an upper bound. to the true curve over 
0 

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

near·the equilibrium internulcear separation for the ground 

state., r = Q.74A. Another variational calculation has been 
' ' ' . 14 
carried out by Hirschf.elder and Linnett, \'Tho used a trial 

i~Jave function which should be superior to that of Kolos and 

Roothan at larger distances. The perturbation calculation by 

Dalgarno and Lynn8 is reco~~ended by them as·the best yet 

obtained for r > 4 atomic units or 2.1ft, and this is supported 

by the excellent agreement which their procedure gave for the 
1' + ' ' Lg state in the. regio.n·of overlap \'lith the RKR results. In 

' '. 

• the original paper., their results are tabulated only at integral 

values of r., beginning at r = 4 a.u. which corresponds in Fig. 1 

to the lone triangle at r = 2 J2A. Hm,rever, in a later paper 

Dalgarno15 gives.the following empirical equation for the 

calculated energy eeparation of the. triplet and singlet states 

(in Rydbcr~s), 

(4a) 
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\'!here R is in atomic units, or 

(4b) 

where the energy is in lwal/m.ole and r is in Angstroms·~,.·: Tli.e · · .· 
.. '. 

solid curve in Fig. l ~ms.·plotted by adding Eq ... (4b) to the·· 
. . . . 

. l + . 
. energy_ ·or the · . I state.·. · . . ·. G -. . . 

. In Fig~ l_.it .is evident· that the results of Kolos and 

Roothaan must be preferred be1oi•l r = 1. 3E. but that .they .are 

inferior to the calcula Jcions of Hirschfelder and Linnett · 

· beyond about l.4K. Since_ the curve of Dalgarno and Lynn comes 

from a: perturba 'cion calculation it provides neither an upper 

nOl" a l0i11'er bound to the true energy. If we accept it as being. 

quite accurate for r > 2.1.A, 't'Je have to interpolate smoothly 
. 0 

to join the Kolos and Roothaan results at r <: 1. 3A, i·ri th only 

the condition that the interpolation must not exceed the upper 

bound given by the variational calculations. 'He have chosen 

arbitrarily to follow the perturbation result of Eq. ( L~b) dmm 
. 0 

to r = 1.4A and then join smoothly to the Kolos and Roothaan 

curve for r ·< 1. 3A.~ On the basis of the ~omparison sho1.·m in 

Fig. 1 and the results obtained for the singlet state, :t 2 

1-ccal/mole appear~ to be a generous estima.te of the uncertainty 

in the .interpolated portion of the potential curve for the 3 I:~. 

state. 

POTENTIAL SURFACE 

FOR THE H + H REACTION 2 

.· Fig. 2 shoi·Is a contour map of' the potential surface obtained 

from Eqs. (2) and· (3) for a linear complex of three hydrogen 

. ..... · 

·· .... 
· .. ''·' 
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16 atoms. Th~ height of the surface at any point, E(r12 , r
23

, r
13

), .. 
1 .. 

is in general a function of six different diatomic energies, 

namely the sinelet and triplet potentials at each of r 12, r 23 , 

·and r 13 ( = r 12 + r 23 for the linear case). Ho't';ever, along 

the diagonal the general f'ormula (2) reduces to 

(5) 

1.1hcre r = r 12 = r 23 = ir13 •. The surf'ace is syrr . .-netrical about 

the diagonal and has a single saddle point at rs ~ 0~963ft. ·At 

the saddle point Eq. (5) gives the energy as 

E(s.p.) = -144.5 + 39·8 + 4.9 = ·-99-8 :t .. l l<:cal/mvle. (6) 

The uncertainty in the· first t\'lO terms of' (5) is negligible in 

comparison 1.·rith that in the: third. As seen in Fig. 1, the value 

\'10 have used for the 3I: (2r) term at 2r, = l-93A lies about 
u 

2 kcal/mole belo~r1 the upper bound :ror it. Ho't';ever, if' the 

Dalgarno and Lynn result is accurate' to a f'e1 .. 1 percent at 2.1.A, 

' J 

it ·is unlikely to be in error by 2 kcal/mole, or 507~, at 1-93ft.,· 

and thus v1e l:>..a vc as signed to {6) an uncertainty of' :t 1 :1-ccal/mole. . · 

To obtain the activation energy v1e must subtract from (6) 

the~eGative) dissociation energy of' H2 and take account of the 

contributions f'rom zero-point vibration. A small vibrations 

treatment of the linear H
3 

complex (see Table I) gives 5-42 ± 
0.2 kcal/mole f'or the sum of the zero-point energy of the 

. symmetrical stretching and the doubly degenerate bending modes.·.·· 

Thus the energy of the complex relative to· its lo'\'rest vibl"'a tional · 

level 'is . 

-(99·8-± 1) .+ (5~4 :t 0.2) = -94.4 :t 1.2 ·kcal/mole. (7) .· 
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·The correGpondin.s. termG for the H2 molecule are17 

-109.49 + 6.23 = -103.26 kcal/mole,. (8) 

and hence the· activation encrg~r is 8.9 + 1.2 kcal/mole. 

The force constants.and vibrational frequencies of the 

complex \·;ere evaluated in the usual \'laY,. 18 and in Table I the . ·· 

results· are compared i'.rith those obtained by other methodG. k 

·quadratic.expansion of Eq. (2) about the saddle point giveG 

\'lith 

·r 
rr 

3- 11 3 2 
== L (2r) -:- 4Ca' (r)] /[a(2r} 

2 3 I 
fg/r s = - L (2r )/(2r),. 

: (9) 

. (lOa) 

a(r)] (lOb) 

(lOc) 

'!.'lhe:::'e the primes indicate derivatives of the diatomic curves,. 

evaluated for r = r
5

,. the saddle point distance,. and G is the 

angle beti·icen the 1-2 and ~-3 bonds (e.··= 180° for the linear · 

. . . . ' ' 

':'•, 

. ,·. ,_; 
•,.' . 

•;'·. 

_·,,.-. '.:.' · .. · 

configuration). The · su.in and difference of the stretching force · 

·constants"' fr ± i'rr"' · deterriu.ne respectively the frequency of tho.·· · 

syrrunetric.stretching mode,. w13 and the antisy:rnmctric· stretching.·· 

. mode., w3 (t-;he imaginary frequency). ··From Eqs. (lOa) n.nd (lOb) · 

it is· seen that these depend mostly on the cu1--va ture of. the 

diatomic potential functions at r = rs"'. as the terms involving 

2r"' make somevtha t smaller contl""ibutions. . The numerical values 
0 . . 

·-.. 
arc . · '.,· '• 

· f · + f · = 0~90 -:- 1.11.·-:-.···· .. o .. 72 r. · rr. ··· · · ·. . = • 2 •• 73 maiit. .: 
.·' •'. -- . 

. . . ,· 
... •' · .... 

·.~ 
' ; .. ',:· __ .·_ .. ·. ·. 
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. Table I. .Properties of line2r H~ activated complex • 
~ 

a, 
Eyril"1[::; ... · 
p = 0.20 

b .'· 
Sato Boys and P~csent 

k = 0.1475 ShavittC·. worl< ·., 

r s" it 1. 39~ 3 0-753 0-929 0-942 . 0-963 

('~ +) -1· 3626 2108 1945 2144 (i.)l /~ ~ 3 em 

tU3 ([ ~), em -1· 6301 19181 13611 24641 

:.u2(7ru), cm-l 665 877 952 . 823 
0 

4.34, f md/A l""'J - 0-10 o.g6 o.g4 o.76 

frrJ i-~~d;A 0-436 1.68 1-31 1-97 
2 

fg/r s" md/A. 0-0394 0.0761 o.ogo 0.0670 

E(z.p. )d.~~ lccal/mole 7·09 5·52 5·51 5·42 

E 
c 

act ; !<ca1/mole 8.50 8.03 14.8 8.9 

aFrom refore:'1ce. 24·; p denotes the Coulombic fraction, Q/1 [, 
assu.-nod to be constant and adjusted to i'it Eact• 

b . . . i 
From reference. 19; k denotes the square of the overlap integral, 

2 . 
s_; assu.':'led ·to be constant and adjusted to fit Eact" 

Cn ~ 20 . ~rom re~crencc • 

dzero-point energy of the activated complex. 

: e Act1 vation energy, including zero-point energy but not thcrrnal 
excitation of the complex 01 .. the reactant molecule. The exper
iment~1 va1u~ according to the analysis given .in reference 19 
is 8.0 ± 0.5 kcal/mole. 
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and 

f .. w. = 0~36 -:-' 1.61 = 1.96 md/~- . (llb) 
..__ 

In co!ltl"'as'c, the bending frequency, LU2 , and the force constant· 

f given 
9 

curve at 

by Eq. (lOc) depend only on the slope of the triplet·· 

2r • s 

'fhe evaluation of the tel"mS in Eqs. (10) t·ias car!'ied out 

by nu:'!'lerical differentiation of the appropriate diatomic·. 

.. 

potential curves in the yicini ty of r s and 2r s. An in.terval of 

o.ooo5 1l vins used in the lot·rcr region, and one of o.ool A. in the· 

.·higher resion. ·under these conditions second dif-ferences \'!ere 

nearly consJcant over· a span oJ."' several inter~als, indicating . 

that; the· ·qu.adra tic ... approxinia tion could be applied validly. · To 

ensure· that. the: rcsul ts Kel"'e not extremely sensitive· to :the 

potential values employedin the integration scheme, the calcu

lations ;,·Jere repeated using a different set of eight. points to 

define the interpolating polynomial. The results of the two 
i 

procedures agreed to Hi thin 1;~. 

DISCUSSION 

The results of the other methods included in Table I haVe 
19 . 20 been discus~ed recently by ~1cston and by Shavi tt, i·Iho also 

give a critical sUinrnar~r of the existing experimental data. They 

cvalua ted the. kinetic paramete1~s from transition state theory for 

the n
3 

complexes defined in colurru1s (b) and (c) and obtained 

reasonably good agreement i'l'"i th the pre-exponential factors and 

isotope· Gfi"'ects. . Unfortunately~ tho disparities and probable 

inaccuracies. in the experimental data arc too large to permit a 

· ••• ',t'·· 

! . 

: . .. 

.·:· .. :' 
· ..... 

.· .. ·. 

'• :; 
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satisf'actor·y test of the calculations. 20 The saddle point distance, 

the real frequencies w1 and ::J2 , and the zero-point energy obtained 

from our potential surface are practically the same as for (b) and 

(c)., and the only possibly sisnificant difference is our large 

value of the iiT'.aginary frequency, w"'). \·!eston noted that the 
..) 

predicted tunnel effect correction, evaluated as usual from a 

one-dimensional parabolic barrier approxiiT'ation# appeared to be 

larger than is compa tiblc \'·lith the data., and thus suggested that 

the value of w::> ·vJas too larce •19 Eowcver·.~~ other appro.xirna te 

me'chodo of evaluating this correction indica to. that even for 

w
3 

"::.: 2500 cm-l this \'JOUld probably not occur in a more rigorous 
. 20 21 

treatment of the tunneling. " 

The 1·.rork of Boys and Sr.avitt is the most extensive non-

empirical calcul~tion that has been attempted for the H~ system, 
~ .. 

and included some 66 configurations. Although the activation 

energy is about 7 kcal/mole too high., the other properties 

obtained from the saddle point region of.their surface are 
I 

expected to be .nuch more reliable. 20 The compari::wn 11li th their 

' rcsult.thus is probably a significant indication that our value . 

. of w is too large. 
3 
. The original "semi-ompirical 1! method of Eyring and Polanyi l, 2 

employs. 

(12) 

instead of Eqs. (3)· The diatomic potential 1 [(r) is usually 

approximated by a !1orse function and p, the Coulombic fraction 

of the. binding energy., is· 'Gaken as an adjustable constant. The 

mctl1od has often been used to estimate activation. energies for 
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·, 

A + BC reactions by setting p = 0.14 for each diatomic pair, w~th 

su:-. ... prisingly good results in some cases even though the London 

formula applies only to 3-elcctron::; and p rnay become much larger 

"' b 'l • 1 . , . , a~~~.·, ,_....,1"' 22 ;;.or. on as ~nvo v~ng n~gner J.'l..i- t-.:.. '"'. For H2, p = 0.14 conforms 

app:::.."'oxir.1.:'1. tcly to the ratio calculated from the Hei tler-London- .' · 
. 23 

Sur;iura· integrals (sec Fig. 3);. but this gives Eact-::;- 14 l<:eal/molc., 

and p = 0.20 is r·equircd to approach the experimental activation 

24 cncrzy. Ho1..;ever, for any p ';:1 0.10"' the surface c:rJ1ibi ts a 

'\w.shbm·Jl 11 transition .ctate1 "' 24 and thus the activated. complex is 

unsyrnmctrical. This. fca turc no1·1 definitely appears to be spurious, 

since none of the nonempirical calculations have given any evidence 

""' . ' 20 
1 01"' l. "C. 

In the modification suggested by Sate p is allovmd to vary 

and an adjustable constant k is introduced,. i·.Jhich in the diatomic 

lir.1i t represents the squa1 .... e of the overlap integral. 3 For a 

given lc, the Coulomb and exchange energies are obtained .from 

Q + a = {1 + k)1 I 
Q- a = (l 

(13a) 

(l3b )' 

. 'l'rhcre 1 L is tal-cen as a I-1orse .function and 3 L· as an 11 Anti-r-1orse 

.function 11
, defined by 

3·)-. {r) · 1 ( ( ) ( -, ( = ·2Del exp[- 2p r-r
0 

J + 2 exp(- f3 r-re)~>·. 14) 

with. the usual Horse parameters D
0

, p, and r • Sato rr.alws only e 
. a very rough allowance for overlap in the London .formula, by 

dividing the rig.."lt hand side of Eq. (2) by (1 + 1;,:). As shmm 

by v·Tcston, l9 this procedure, "~iiith k = 0.1475, yields a reasonable 
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potential reaction, vri thou t a 11 Washb0i::~ 11
• : 

He poirits out, hov;cver" that the squnred overlap inteGral· actually 

val"ies qui tc rapidly \·ri th internuclear distance and becomes much· 

larger than 0 .11~75 for r < 1. 6 A 

Fig. 3 e;ives the variation of the Coulombic ratio, p ;:: Q/1[; 
v;i th ,internuclear distance. The solid curve is obtained from 

Eqs. 

It.is 

(3) and the dashed. curve from Sa to's method (\·Ji th 1<:;:: 0.11.1,75). 

interesting to note that near r = 0.96 A and 2r = 1.93 A s !3 

these curves arc fairly close together and that p(r) and.p(2rc). s .J ·. 

differ by more than a factor of tvm. This sort of variation 

appeal'S to be requi~ed (unless p were ~ 10%) if the 11v:ashbovrl 11 is 

to be eliminated from the London potential surface. Neither Sato's 

· p (r) nor that calculated from the Hei tler-London-Sugiura integra is·, 23 . 

shmm as the dot-dashed curve in Fig. 3, approach the proper limit 

at large distances; \'There p(r) should become unity. 8
J
14 This 

11 dispcrsion force 11 region; in i·Jhich the 1 I· (r) and 32~(r) potentials 

are practically identical, \·Jould play an important role in sea ttcr-

ing of hydrogen atoms at thermal energies. 
. 1 

Fi.c;. 4. compares Sa to's approximations \·ri th the· I: (r) and 

3 >: (r) potentials we have employed. The triplet curve given by. 

Eq. (14) is too high at r"' by llL 6 kcal/mole {a factor of 1.18) · 
"' 

and at 2r
8 

by 6.6 lccaljmole (a factor of 2•35)· The slope at 2r~ 
0 

.is approximately correct, hm·mver, and thus Sa to • s bending force 

co11stant is close to ours. {see Table I)~ 

The empirical_ Coulomb and exchanc-e intec-ruls evalun. ted from 0 . 0 

Eqs. (3) represent effective values v:hich incorporate part of the 

. ! 
... '' 

·.,. 

. ,·, 

·.· ( 

: .. · 



-12-

contributions from overlap in the .Hei tler-London trea tmen·t • 

Thus, if Eq •. (1) is replaced by 

(15) 

v.rhere S is the overlap integral, an expansion including terms 

6 . in S gives 

E ,.... ( Q·::- ... ~- (16) 

2 
Q·i~ = Q - aS and a·):· = a - (17) 

Eq.· (15) gives· 

-}(li + 3>=) · ( H3a) 
and 

(18b) 

in place of Eqs. ( 3); thus .ll up to terms in s6, the Coulombic 

ratio plotted in Fig. 3 is 

p == [Q·:<-/( Q·::· + a·::-)J ( l 
8 . 

--!-S)+·.·· (19) 

The pr•opcl"' allOi·mnce for overlap in the London formula, Eq~ (2), 

is much more complicated.ll and three-center ·11itee;rals i·muld have · 

to· be in.cluded a~ "the same level of approxirnation. 25J 26 . 

Perhap's \•le hardly need to emphasize the purely empirical 

status of the close agrecrnent i·rith the experimental activation 

cncr.;y v;hich is obtained from our naive application of Eqs. ( 2) 

and (3). The. idealizations involved in the London formula and 

the concepts of Coulomb and exchange energy have been carefully 

. exan:.ined by Coolidce and James, 25 '.'Jho conclude, "It is indeed 

surp::-isi;;g that -~· a reasonable degree of accuracy has been 

.. ·. . 
' ... 

. ·.·. ·: 

... ·,. 

·.· 
'.·_,; 

·;.'-·· 

... 
.. . 

' ..... ~- .. 

" . . . . 
.. ,· .· ,'• 
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obtained throuch 1·rha t is, i':::."on a theoretical point of viei·J', the 

h::tppy. canccllat:i.on of sGrious .2.1'1d apparc;;ntl;y unrelated approxi-

rnations. n. As 1·1ith any empirical ncthod, the procedure considel"Gd 

here can only be judged by its simplicity~ accuracy~ and scope .. 

. It is of interest t:b..a t, contrnry to the general experience 

vri th primitive chemical valence theory, the surprisingly 

accurate prediction of the H + H2 activation energy persists in 

the next approxi~4tion. This has recently been· demonstrated by 

Karplus and Porter; 26 \'lho have calculated the va1 .. ious overlap and 

three-center integrals and l:'r..ave e\~alua ted the dia torr.ic Coulomb 

and exchanr;e integrals by· an empirical method sirnilar to ours. 

In order to apply the empirical interpolation used here to 

other reactions; it v.rill be necessary to establish some means 

of accurately estimating the repulsive potential curves for other 

diatomic molecules; at least in the neighboJ•hood of r and 2r s s. 
As part of a correlation scheme for activation energies of 

h~rd1:ogen atom transfer reactions; v1hich appeared to be uniformly 

successful f'or a 1·ride range of bonds, Johnston and Paar5 have 

employed Sato 1 s repulsive function, Eq. (14-), with the factor of 
1 l 2 replaced by 4 on the basis of an appi•oxima te "calibration 1•1 to 

the H2 triplet potential. It is disappointing that thirty years 

after the calculations of James and Coolidge on n2 , this is still 

the only molecule f'or \'ihich even portions of the repulsive poten-

. tial curve are knm·m to a useful accuracy. 
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FIGURE CAPTIONS 

3" + Comparison of calculated potential curves for the ~ state 
u 

of the H
2 

molecule. 

Potential surface for the reaction H + H
2 

---) H
2 

+ 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 H
2 

as a function 

of internuclear distance. The solid curve is the empirical 

result obtained in this vrork; 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 
1114% Coulombic" rule for plotting potential surfaces corresponds 

to using the dashed line. 

Comparison of the "best" potential curves for H
2 

which ·Here 

used in this vrork Hi th the Morse and. "Anti-Morse" functions 

employed by Sato. Arrovrs indicate the regions vrhich contribute 

to the activation energy and vibrational force constants of 

the linear H
3 

complex according to Eqs. (5) and (10) of the text. 

Potential curves for the H2 molecule, estimated from "best" 

available data. Arrmvs indicate the regions vrhich contribute 

to the activation energy and vibrational force constants of 

the linear H
3 

complex, according to Eqs. (5) and (10) of the 

text. 
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J{PP~1'-!DIX 

PoJ.:;C;:ntial Curve;~ lr-·-.r.,.. "'r"') .J-ill":'!. ' 
.LU..~.. U.:. .. c -- --g 

3,-.-r
~u States 

Table II and Fig. 5 give the potential enerc;y curves 

for the loweGt singlet and .1...,,1.· ·olc.L. st!OI.L.""s of .._I · a'c..L._.,. ..... ~,l·l~ea' u.1. • ~ u c. u.... .. 2 ., ..._ u<..:: .1. 1,. ' 
. . . . . 

as ~cscribed in the text. Also given in Table II are the 

Coulomb and exchange ·integrals defined by .Eqs. ( L~) of the 

text. The zero of energy refers to separated hydrogen 

a tom::. Conversion factors were based on the value 'N . = · cncm 
r, ... , 

6.02326 X 10~~ for Avogadro's number and the physical 

~onst~nts given .bY J.w.M. Dumond and E.R. Cohen. in Chapto~ 

4 'of Furidar:;ent~l Ii'Ol"'rr:ulas of Physics" D. H .. r-1e:nzel., .Ed. 

(Dover Publications" Inc. , Ne'\IJ York., 1960). In. particula·r: 
0 

1 Bohr radius= ·0.529172 A 

1 electron volt·~ 23.063 1ccal/mole. 

1 Rydberg = 0-073502 pv 

.......... 

·.: · ... ·. 
· ...... · ··:·' 

.··., .. 
·., .: . .<.' 

.. ;· _.· 
·.;. 



. 

45 

40 

35 

G) -0 

F 30L 
' 

. : ... 
_J 25 <· 
h 
z 
L.LJ. 
f--i 
0 20 
ill 

+ ::,. 
~ 

·r<> : . 

',' 15 ' 

10 

I . . I 
·5r 

I 

0 

'. t 

' 6 
' ' ' ' 

\ 
' \ 

\ 
\ 

\ ' ' \ t 
, \ I , , 

. \ \\ 
~ l~ ov 

' \ .\ 
. \ ~~\· ' . \ ·' 
. ' I 

\ ' 
' ' ~~ \ I 

'' \ ~ 
\ ... 

',' \\\ 
. \\\ 

---0--- .KOLOS a ROOTHAA.N . 

--8-- H!RSCHFELDER a LlNNETT 
.. 

--8-- ·oALGARN.O. a·: LYNN 

\ 
\ 
\ 

. \ 
\ ' 

\ 
. \ 

\ .. 

.I 

. '' 

" I '• 

. '' 

. 0 
.' ; I ~ I\\ 

~ \ 

.. "'· 

•. 

. . "' .. 

,. 

I 

.. , . 

' 

\ \\ 
\ \ 

.. ·\ 0 .. 
.. ' \ \' 

D· ', 
\ ·'8 

' \ ' 
' . . . \ ·' 

' ' 

I : ... 
' ,• 

' ' . "0' 
. '' ,, .·. ' '"'•. 

"'·· .. ' ' '. 
b 

' .. · ., . 

. 1.5 . r A 
1 . 

. · . · FIG • 1 

', ·. 
. ,, 

' ' B, 
. ~ ' ! 

....... ' j 

' 2.0 · .. 

. .._ 'LJ. ._ _I 
' l ' 

. : .... ·. 



0 . 
N 

q 

L() 
UIL.~~~~--~~--~~--~~--UI~~--~--==~~--~~--~-L-UI~C) 

N • 0 



-· ----------- ·~--·------,.·-------- ·----··------~--· 

'Q .• 

. ·.·~ ti. 

1.0-

. . .. 
: ... 

· ... 

~.,., 
/ 

/ I I · .. 

L- - -r- .::.;. .,;.._ I
I. , // .. ' . 

.tl . . . . . .rn . . ·. 

o' /f .. 
/1 L• 

.''J f. tl 
!rJ u . 
gl 
,d 
•I I 

~~ 

I' 

05 :; 
- .. .-- ! · · I · i 

I · I 
r- i .· 
I ~ 

· · .. -
1
1 L 

~. 

-I.o:- ~ . r 
u 
~ 

-. 

·' 
0. ·2 

. 'i .· 

: . ... 

. ; ... 

., 
. . . · .... 

.·. 

·.···.' 

• l ·, • • ..: 

'.·.: 
. ... ' . ·:· : '. '~ . 

. ~. "' ': ... · 
' ' ' :" ......... 
. ' .. ' :.·.::.-; ... ,. . \ 

• . • • ~ • ':t' 

,.·.· :_ 

,.''• 

. ; ~-·.· .. • .. 
! : ~ :' .: •• :. '... ~ • • • 

·.·· 

• .·:" .:. f•. ~ • • : •• 

'• . 
., • ! •• · . : .. · .. · :''.·· · .. · . 

'· .... • .... 

. ·, •• t 

' ' . : 

-----------~--~---~----

0.14 . .;;;;-------------- _..........,-- ...... . ---·---

·; 

.. ... . ., -. ~ 

4 .6 ·fa· 
~\ 

I 



. ··.· 100 

(J)' .· 

·-· ·o 
c 
I._ . 

.......... 

... -
.> r 

I . 
· -oo 

,.. I , 

\ \ ... 

. ' 

\ 
\· 
\· . •' 

. \ - ' --
\ 
\ 
\ 

\ 

.. 

.. 

· .. ' . ,. 
" ~· ,, . 

' ' 
. . ' ·. ·.··· .. 3L+ ........ 

. '"• 
. . ' ' 

. . .. 

, 

. . , 

I . I 

' ' l 0 1.5 
. ·: r ~ 
''.I A. 

" . BEST" 

SATO 

. . 

I' ', 

f~ ,/ . • . ·.· .· .... ·. 
. . {j . 'r .. Fi~. 4. . · ... , . . . ·.,'II ... · , . 

. \. . 

' . ; 

... 
. . . '-. : 

.· 1·1.· ... ' .. •• 'J 
;; 

t/ . ,, 
. .. ·. ·, . . :; 

)! ,. 

.· ' ·.· . ·. 

. ,·' 

,i 

,i . 

_.:[, 
.. 

. '1 

' .. 
# ' I; 

.· ... 
;. ,i 

· .. 

ll. 

• .. . '. 

...... 
,· .... 

. . , · .. . . 
. · .... _: ... 

. . ... 
' .. ·:,:: 

, ... ... 
·:. 

.. ·. 
' ... ·· 

. ·. ·.· 
.. : ... : .·.'_'j' 

/ ' ·. . . . . 

•.'. ·:.·:.·.·.:·>.·:! 



.· 

100 

-~ 

KOLos·a 
:ROOTHAAN 

. I . 

. ' ' ' 

' ., 

. -- -~6- ..... -... · ... --.. ·--· ---····-··-· ... -- -........ ·- :- ... ..... ---··-··-

.• J 

' ; 

.DALGARNO ... 

. . 

·a LYNN · · .. 

•· t 

I 
~ .. ·· .. r· 

' II ~~--~~~--~--~~~~--~=4~~~~~ 0 .• Qi--
0 .. 

..:::.::::: -·'' l 
~ .l· ~ .. ' ->. 

-5o 1
-

I v 

' ' <00 k . . -~ K . 
. · l "-- r ... 

. ' ' 
I .. 

:_ . . :. 

. . ·I. 
. . 

. . . 

RKR, DATA-OF .. 
HERZBERG·. a HOWE .. 

..... · 

.I . 
• .. 

I .. 
I ; . ' I I . 

: .. ·. 2 0 1.0 ''. ·. .. . 1.5 . . . 
: · r. A. 



't . ..._. 

- .. 

R, AI\G~ SING., KCAL TRIP., KCAL. COULOMBIC EXCHANGE 

c.:so -65.30840 301.31189 118.00175 -183.31014 
0~52 ·-74.33488. . 271.22574 98.44543 -172.78031 
0~54 -81.91063 247.53840 82.81388 -164.72452 
o.:.S6· -88;.29860 228.48207 

.. 70.09174 -158.39033 
0.:58 -93.62569 212.74210 .59.55820 -153.18389 
0.;60 -97-.94858 199.36558 50.70850 . -148.65708 
0~62 . -101.35975 187.68228 43.16127 -144.52101 
0.:64 -103.98773 177.23713 36.62470 -140.61243. 
0~66 -106.02139 167.73338 30.85599 -136.87738 ' 

. c.: 68 . -107.51422 158.98577 25.73577· -133.25000· 
C•70 -108.54557 150.88285 21.16864 -129.71421 
0.-72 -109.17759 143.35728 . 17.08984 -126.26744 :. 

0J74 -109.45658 136.36383 13.45363 -122.91020 
c.76 -109.34886 129.86381 10.2574 7. -119.60633. 
c.;78 -108.93736 .· 123.81518 7.43891 -116.37627 
O•BO -108.26020'. 118.16780 4.95380 -113.21400 
0~82 -107.34873 . 112.86246 2.75687· -110.10559 
0.;84 -106.23190 .. 107.83338 0.80074' -107.03264 
c.:a6 -104.93653. 103.01294 -0.96180· -103.97474 
o.:aa -103.48739· 98.33813 . . -2.57463 -100.91276 . 
0.:90 -101.92129 93.75476 ·-4.08326 -97.83802 
0.:92 -100;,.24397. 89.10198 -5.57100 ·-94.67297 
0.:94 -98.46824. ·. 84.54933 -6.95946 -91.50879 
0•96 -9 6. 60.794 . 80.16460 -8.22167 -88.38627 . 

'I. 
0•98 ~94:.67567. 76.02680 -9.32444 -85.35123 

. . . . 

1~00 -92.68305 72.36011 -10.16147 -82.52158 
1.:02 -90.63879 69.18477 -10 • .72701 . -79.91178 
1.;04• -88.55241 66.35312 -11.09964 -77.45277 
1~06 .-86'.43890 63.79769 -11.32061 -75.11829 
1 ~08 -84 ... 30810' 61.43611 -11.43599 -72.87211 
l.llO -82.16869 59.18200 -11.49335 ~70.6"!535'. 

1~12 -80.02842 56.95597 ·-11.53622. -68.49220 . . . 

1~14 -77:. 8989·2 54.69625 ·-11.60134 -66.29758 
1.;16 -75·. 77619 52.36761 -11.70429 -64.07190 
1~18 -73'.66210 49.96799 · .. -11.84706 -61.81505 

·1.: 20 -71.55810 47.53154 -~.12 ~ 0 1 3 2 8 -59.54482 
. 1.; 22 -69.46532 45.12737 -·-12.16897 .-57.29635 
U24 -67~38108 42.85302' -12.26403 -55.11705 
U26 -65:.31415 40.82159 -12.24628 . -53.06787 
:10:28 ~63.26864 39.14176 . -12.06344 -51.20520 
U30 '-6 1'.24871 37.88953 -11.67959 -49.56912 
l.oi32 . -59.25904 37.07106 -11.09399 -48.16505 
1.;34 ·-57.30495' . 36.5 7526 ·. -10.36485 -46.94010 
U-36 .·-55.38548 36.11552 -9.63498 ·.'-45. 75050 
l.D8 -53:.50185. . 35.15950 -9.17117 . ·.-44.33067 

·l ~40 -51.65484 32.846CO ·-9.40442 -42.25042. 
1J42 -49:.84419 '27.88834 -10.97793 -38~86626 .. ,. ·' 

U44 ·-48.06944 26.12182 -10.97381 -37.09563 
1~46 -46.33344 '24•45055 -10.94144. -35.·39200. 

" 

1~48 -44:.63715· ·. ... 22.87072. -10.88321 ·-33. 75394 
,• 

.. 

. . . 
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1.;60 
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1~70 

.1.072 
1;74 

. 1.;76 
1~78 

1.:80. 
1.082 
1~84 

l.J86 
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1•90 
1.092 
1.194 

. 1~96 
.l.t98 
·2.JOO 
2;02 
2•04' 
2.:06 
2-iOB 
2 ~..10 
2.;;12 
2J14· 
2~16 

2.:·18 
2.;20 
2.022 
.2~24 

. 2.:26 
2~28 
.2.:30 
.2..; 32 
2.ii·34 
2.i36 
2~38 

. 2.;40 
2~42 

2.044 
2.:46 
2.48 

SING.~ KCAL .TRIP.~ KCAL . COULOMB IC EXCHANGE 
_., 

· . .- .. 

. ·. 
'j•. 

: ·. 

: ·. 

'• ,· \. 
, .. . ·.·.: .. : · .. ,· 

. -4 2 • 9 a 12 6 2 1. 3 1 a 6 1 - 1 o • a o 13 3 .. - 3 2 • 1 19 9 3 ·. · .· · ·: ·: · ..... . 
-41.36706 19.96978 .. -10.69864 . : .-30.66842 . ·, .· ... ·: .· ... '_:.-..:_:':>.· 
- 3 9 .. 7 9 6 1 2 18 • 6 3 9 4 6 - 1 0 • 5 7 8 3 3 ·- 2 9 • 2 117 9 ... :. : ·'. ;, . .'· ... ·: ' ' . . .'• .... ,,· .. 
-38.26409 17.38867. -10.43771 -27.82638 ., :··· .. ::·:,;· 
-36.76904 16.21601. -10.27652 -26.49252: .. ·. :.· ·,·. " .. · :.· ... 

:;~·:~~~~~ :. i!:~~~~: -~g:~~~~! . . =~~:~;6~~. :,.; .:.~ · .. ··:·.;:< . .-:·:·.> ::·:_.:<_: 
·-32 .. 48196 '13.15658 : -9.66269'· -22.81927 .. · .. ;~:::'·;.:::"• 
-31.11371 12.28350 -9.41510 -21.69861.· ..... · .. · ,.·... .. 
-29.77889. 11.47510 -9.15190 .-20.62699 :·.' -i-.·" '·· 
-28.47938 . 10.72610·. -8.87664 -19.60274. ·.. .. . ,• .... :.·;· 
-27~21746. 10.03093 . ~8.59327 . -18.62419 ' ·:' ·.· · . 
-25.99730 9.38212 -8.30759 -17.68971 . 

· - 2 4. 8 2 1 55 . . 8. 11 3 81 · - 8 • o 2 3 81 . - 16. 1 9 16 a.:- . : ·: 
t' •• . -2 3 • 6 8 9 4 1 ' . . . . . . 8 • 2 0 3 6 0 . - 7 • 7 4 2 9 1 - 15 • 9 4 6 50 . . . . .. : . 

- 2 2 .• 6 0 l 7 6 7. 6 6 7 53. . .. . . -7 • 4 6 712 .· -1 5. 1 3 4 6 4 .;_ .:. i > . . ... :. . 
·-21.55902. ·.·· 7.16.211' .-7.19846 · ... -14·.36057. ,· ...... , •' . ' '.' . . .. 
~20~56122 . -6.68436. -6.93843 -13.62279 
- 1 9 ·• 6 o 8 3 s . 6 • 2 3 1 a 5 . : . - 6 • 6 8 8 52 :. . · -~ 1 2 • 9 1 9 a 6 
--18.6-9988. :5.:80081. ,:·'.':. -6.44950: :· :>"-12.25037 .. 

..... ~ ' 

..... 
. :·· .. · .... ::· .. : 

-17'.83349 5.39240: .. :-6.22055 ·.···:· ·~-11.61295... . .. > :-:.· •. .-: 
-17.00 728 . . .· ,· 5. 00522 ..... · . ~->···. -6.0 0103 ·:.·:·;; , . .., _;..11. 0062 5 .·, ': : .. 
-16.21894 ,•. . 4.63-903: .. ··>. -5.78996 ' .. ··:-10.42898. · ... · 

. -15.4659-5 .: .· 4.29384,:.· .... · -5.58606 _ .. :.::": -9.87989 .. 
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