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A semi-empirical method recently proposed for the calculation of the potential energy surface of the H; system
is extended to a larger polyatomic H, system. The energy formula is based on the valence-bond formulation and

is expressed as functions of many multiple exchange integrals.

contributions by using the Mulliken approximation.
values of the H, molecule.

These integrals can be decomposed into “‘diatomic”

The diatomic contributions are estimated from accurate
Calculations of the H, potential encrgy for the symmetric linear, lincar equidistant,

and square planar configurations are presented. The present method is of use for dynamical studies of the Hy,+ D,

exchange reaction.

In a previous paper, the author has proposed a new
semi-empirical method for the calculation of the Hj
potential surface,’ and has shown that this simple
method yields a satisfactory and useful surface when
compared with Liu’s detailed ab initio calculation of the
H, system.? It is interesting to extend the method to
the case of larger polyatomic systems. In the present
note the application to the H, potential surface calcula-
tion is presented.

There have been many ab initio calculations of the
H, system at its special configurations, and the results
have been discussed in connection with the mechanism
of the Hy+-Dy—2HD exchange reaction. Experimental
results for this reaction have often been interpreted in
terms of a vibrational excitation mechanism,? which
assumes a four-center H, transition state. The recent
extensive ab initio calculation of Silver and Stevens
(SS)® yielded potential barriers for the four-center
transition state larger than the H, dissociation energy,
which is in disagreement with the experimental activa-
tion energy, 42 kcal/mol.® Thus we are very much
interested in the reaction dynamics study of the Hy,+D,
reaction, in order to examine the effect of vibrational
activation on the reaction cross section. For such a
study, we must have a complete reliable potential
surface of the H, system. The author believes that
the present note provides a practically useful method
of calculating the surface, since it requires less computer
time than ab initio calculations.

In the following section, we proceed in much the same
way as the case of Hg.)) By making use of the Mulliken
approximation,® Slater’s energy formula® is shown to
be expressed in terms of ““diatomic’ contributions, 7.e.,
diatomic Coulomb (Q;), exchange («,), and overlap
(S;) integrals. Hence we obtain the energy formula
involving several empirical parameters. The surface
thus calculated is compared with the results of the ab
initio calculations of the H, surface,%” in the last
section.

Theoretical

Slater’s energy formula® for the four-orbital four-
electron system corresponding to H, is
E, = (1/G)[—Cyx(Cy*— GiCy)'7]. (1)
The quantities C;, C,, C; are expressed in terms of the
matrix elements:

€, = (DT — (1112,

C, = (I|H|IL) (T|TT) — %{(I]HII)(IIIII) (
2)
— (H[ID)T[T)},
C; = (I|H|I)(II|H|IT) — (I|H|II),
where the bond functions '; and ¥y; correspond to the
bonding schemes (a—b, ¢—d) and (a—d, b—c) respec-
tively, and H is the Hamiltonian of the system,

H=g‘1(-—%vf—24} ! +2—L>+§q‘_rl~- (3)

V=L Ty i>i 1y =1 I,

The subscripts i, j refer to the electrons, v=a, b, c, d
represent the four hydrogen nuclei, and R,, R,, R3, R,
R;, and R, are the a—b, a—c, a—d, b—c, b—d, and
c—d internuclear distances respectively. In terms of
the functions ¥; and ¥, the matrix elements can be
written as

(I|H|I) = 4Q + 22y — )’ — 0y — )’ — 5’ + 20)
+ 4(Bas+ BastBre) — 4(Verat+V1sa+VazetVacs)
+ 4(02543+ Oaa25) — 2(01525+ 2165 Fs146— O1463)>
(II|H|II) = 40 — 2(oy/ + )’ —2ay’ — 20y +- 05’ + ")
+ 4(B1s+ Bast Bza) — 4(VaratVags+VisstVaes)  (4)
+ 4‘(52165—*-51526) - 2(52543+53425+53146+514G3)’
(IIH|I) = —2Q — 2(y' — 20 + g’ + @y — 205" + o)
— 2(Brg+BastBas) + 2(Vagst 27153+ Vaze t Va1
—Vs15— Vsa6) T+ 2(203146+ 01463 — O2165— O350
— Os543— O3425)
(I1) = 2{(1-87) (1 -8 + (1-8:%) (1—5%)
+ (SpSs—5384)* — 2(S1—S555) (S84 — 1)
+ (8185 —S285) — 2(S5—5285) (SaS5—Se) )
(I = 2{(1 -85 (1=8) + (1-5)(1-5;?)
+ (8383—8285)® — 2(Sy—S5182) (S55—S4)
+ (886 —8384) — 2(S5—856) (S155—S53)},
(T|IT) = 2{(S4s—5152) (S58s — S4a) + (S3—5.85) (825, —S)
+ (851—5385) (S254—S1) + (S—5285) (S485— )
— (S3—5184) (S3S5—53) — (85—S5486) (SS3—S5)
= (81868551 — (1=82)(1-5:)},
where Q is the Coulomb integral, «;” are single-exchange

integrals, f;; are double-exchange integrals, y;; are
triple-exchange integrals, d;,, are quadruple-exchange
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integrals, and §; are overlap integrals.  These are
defined by the relations,

Q = (abcd|H|abcd),

a, = (abcd|H|bacd), S, = (a]b),
ay = (abcd|H|cbad), S, = (alc),
ay = (abed|H|dbca), S; = (a|d),
a) = (abcd|H|acbd), S, = (b|c),
a’ = (abcd|H|adch), S; = (b|d),
a; = (abcd|H|abdc), S, = (c|d),

B1s = (abed|H|badc),

Bas = (abcd|H |cdab), (6)
Bss = (abed|H|dcba),

p142 = (abcd|H |bead) = yayq,
y153 = (abcd|H|bdca),

V263 = (abed|H|cbda) = g4,
¥as = (abed|H|dach),

Vaes = (abed|H |acdb) = g4,
09165 = (abcd|H|cadb) = 053,
Oags = (abchH |beda) = 03465
0543 = (abed|H|cdba) = 0g405.

The Coulomb integral Q is written as a sum of the
diatomic Coulombic contributions Q ;:

Q = 48 + 310, ™

where Ey represents the energy of a hydrogen atom.

The exchange integrals o, fi;, ¥in, and 0, can
also be decomposed into ‘“diatomic” contributions
Q;, «;, and S; by using the Mulliken approximation :%

o/ = o+ SHQ~Q0),

oy = SASMaSt+ayiS +(Q- =2}

Vo = 5SS SlSI+ /S +ay/S+20 @
—(Q+Q+ Q)

Oy jim == »é—SiS SeSm{au/ S+ ;1S £+ 0[S+ [ S

+20—(Qi+Q;+ Qi+ Qn)}-
Eventually, the energy, Eq. 1, is evaluated in terms of
the diatomic integrals Q;, a;, and S;. Following Porter
and Karplus,® we write the Q;, «;, and §; as

Q; = [(E*+E®) +S*(E'—E%)]/2,

)
o, = [(E'—E*)+S2(E'+ E%)]/2,
where
E' = Di{exp [—2a(R,—R,)] -2 exp [~a(R;—R,)]}, (10)
E3 = Dy{exp [—28(R;—R,)]+exp [— B(R;~R,)]},
and
Sy = (1+ LR +LPR2[3) exp (—LR)), (11a)
where
{;=1.0 + cexp (—AR)). (11b)

Results and Discussion

The parameters D;, Dy, «, §, and R, in Egs. 10 have
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THE PARAMETERS USED TO CALCULATE
THE H, POTENTIAL ENERGY®

TaBLE 1.

D,=0.174475 a.u. £=1.00
Dy;=0.072900 a.u. 4=0.40
«=1.050000 a.u.-*
p=1.036000 a.u.-!
R,=1.401000 a.u.

a) For definitions see the text.

TABLE 2. COMPARISON OF THE VALUES OF THE
SCREENING PARAMETER {§;

R & |
E (present paper) (Porter and Karplus)

1.5 1.549 1.226
2.0 1.449 1.164
2.5 1.368 1.118
3.0 1.301 1.085
4.0 1.202 1.045
5.0 1.135 1.023
6.0 1.091 1.012

been determined from the results of the accurate ab
initio calculation on H, by Kotos and Wolniewicz? (see
Ref. 1 for details). The screening parameter {; appear-
ing in Eq. 1la for the overlap integral S; is given as a
function of the internuclear distance R; by Eq. 11b,
which involves two parameters # and 1. In their
calculation of the Hj system, Porter and Karplus®
determined the values of £ and 1 from early calcula-
tions of the H, molecule by Wang and Rosen.!® In the
present paper, however, £ and 4 have been determined
by fitting Eq. 1 to the ab initio calculations on the linear
symmetric H, by Bender and Schaefer III (BS).” The
values of the parameters thus determined are shown in
Table 1. The values of the screening parameter &;
determined by Eq. 11b with the values of & and 1 in
Table 1 are slightly higher than the values of §; by
Porter and Karplus (Table 2). This difference of the
two sets of {; values seems to be due to the difference
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Fig. 1. Potential energies of symmetric linear H, as a

function of distance of approach R with two H, mole-
cule at equilibrium.
BS co000;? , the present work.
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Potential Surface of H,
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Fig. 2. Potential energies of linear equidistant Hy as a
function of R. R is the distance between H atoms.
BS o000 ——, the present work.
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in the methods by which the values of £ and A have
been determined (see above).

In the case of linear symmetric and linear equidistant
configurations, the results obtained here are compared
with those of BS? in Figs. 1 and 2: The agreement is
satisfactory. A similar calculation for square planar
configuration is shown in I'ig. 3, where we compare
the results with those of SS.4 The agreement is not
so good as in the case of Figs. 1 and 2. It should be
remembered that the values of # and 4 have been
adjusted for the linear symmetric Hy;. However it
does not seem worthwhile to try to improve the above
disagreement by readjusting the values of # and 4 for
the square H,, because the precision of the SS calcula-
tion is not as high as that of the BS calculation. In fact,
it has been pointed out that the SS energies can be
lowered by more than 0.025 hartrees by extending the
orbital basis and by optimizing the orbital exponents.%

The author wishes to thank Professor T. Nakamura
of Hokkaido University for many helpful discussions
and suggestions. The numerical calculations were
performed on the FACOM 230-75 computer at the
Hokkaido University Computing Center.
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