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1. INTRODUCTION

N applying the principles of quantum mechanics
to chemistry we must deal with large numbers of
electrons located in the fields of many positive
charges distributed arbitrarily in space. The multi-
centered character of chemical electron systems al-
lows only limited applicability of the symmetry con-
siderations of atomic structural physics and the or-
thodox methods of many-particle theory. Thus,
quantum chemistry has been able to gain access to
purely chemical questions only when such treatments
are chosen, as, for example, the Hiickel treatment,
the resonauce concept, the method of hybridization
of atomic states, or the “atoms in molecules” treat-
ment.

This paper involves calculating the energy states of
molecules, as well as atomic systems, where we mean
atoms which cannot enter into mutual bonding rela-
tionships. The basic idea of this work, which we will
call the concept of “‘atomic associations,” is to reduce
the multicentered problem to a series of conveniently
solved single-center systems. Thus, we may deal with
an arbitrary molecule using a formulation free from
factors involved in using a finite number of fictitious
atoms. This method of “building” to larger mole-
cules distinguishes it from most conventional treat-
ments, which always begin with a multielectron and
multicenter system. Thus, the large errors obtained in
deriving excitation, dissociation, or resonance energy
of molecules or parts of molecules, which are always
small when compared to total energy, are removed
because the absolute values often can be determined
rather exactly as a percentage.

The semiempirical frame of this method includes
the “atoms in molecules” and ‘“united atom’’? treat-

1 W. Moffitt, Proc. Roy. Soc. (London) A210, 245 (1951).

2P. M. Morse and E. C. G. Stueckelnberg, Phys. Rev. 33,
932 (1929); W. Bingel, Z. Naturforsch. 12a, 59 (1957); J.
Chem. Phys. 30, 1250, 1254 (1959).

ments and the method of a single-center expansion®
as a special case. The general formulation of the
atomic associations method shows how “‘activation
energy’’ can be determined and thus permits a rela-
tionship to earlier calculations whose goal was the
approximate determination of “activation energy”
using the three-atom process.*

Examples calculated thus far (Sec. 6) give results
agreeing more closely with empirical values than
those from conventional treatments. The information
from energy surfaces does not always agree with the
magnitude of the chemist’s activation energy, but
the approximate course of the energy surfaces per-
mits general conclusions about the order of magni-
tude of activation energy, and the information from
energy surfaces is absolutely necessary for further
study of all the steps of a reaction.

The basis in quantum mechanics (quantum chem-
istry) for calculating the physical and chemical prop-
erties of molecules and atomic systems is the time-
independent Schrodinger equation

B —8)Tr=0 (1)
for relatively slow atoms, where the solution ¥ of
this partial differential equation will be assumed as

f Yrdr = 1. (1a)

This leads to an eigenvalue problem for Eq. (1) with
eigenfunction ¢,(s = 1, 2- - ) and corresponding en-
ergy eigenvalue &,. The Pauli principle also applies
independently to Eq. (1) and requires of the solution
of ¥, (which depends on all electron coordinates) that
it be antisymmetric in these coordinates. Thus,

Tii‘#s = - ‘l/s

3 For example: H. Hartmann, Z. Naturforsch. 2a, 489
(1947); Tien Chi Chen, J. Chem. Phys. 23, 2200 (1955);
R. G. Parr, J. Chem. Phys. 26, 428 (1957); K. M. Howell and
H. Shull, J. Chem. Phys. 30, 627 (1959); H. Hartmann and
G. Gliemann, Z. Phys. Chem. 15, 108 (1958); 19, 29 (1959);
and Jj R. Hoyland and F. W. Lampe, J. Chem. Phys. 37, 1066
(1962).

4R. A. Ogg and M. Polanyi, Trans. Faraday Soc. 31, 604
(1935); M. G. Evans and M. Polanyi, Trans. Faraday Soc.
31, 875 (1935).

(T is an interchange operator)  (2)

646



ADIABATIC ENERGY SURFACES FOR MOLECULES

must be valid when the electron coordinates are in-
terchanged. The coordinates of an zth electron can
be described, for example, by the space coordinates
(24,Y5,2:) = 1; and a spin coordinate o;.

For a system of n electrons, ¥, is written in detail as

3)

Neglecting relativistic effects and the spin-orbit
coupling, the Hamiltonian operator 3¢ in Eq. (1) be-
comes

\[/8 = ¢a(rl,r2' * *Tny01,02° * 'G'n) .

n n—1 n 1 N-1 N Z)\Z
o= 22 k() + 2 2 o—+ 2 2, @)
i=1 i=1 j=i+t1 T'ij A=1 p=\+1 e
where
N 2 2 2
. Z (J] i} d
he) = — 30 -3 2 A =24+ %
® ? xzﬂ ™ dx’ + dy: + 82
(4a)

(in Cartesian coordinates) when N atoms have the
nucleus charge Z(A = 1,2,3---N) and atomic units
are used. If the vector of atom X\ (charge Z,) is de-
fined as Ry = (Bars, R, Ra:), then

IERX - ERMI = RMH
Iri - r,-l =Tij,
)

And all of the properties of the system can be derived
from ¢, and &,.

We want particularly to discuss the total energy
&, where

lr,- - ER)\I = Txi -

& = &.(Z\Qn) . (6)

¥, is also a function of these parameters. This means,
then, that if one knows the number of electrons and
the arrangement of the nueclei with their charges, all
of the physical and chemical properties of the system
can be determined uniquely by Egs. (1) and (2).

&,, as functions of the parameter %), are called
“energy surfaces.” To every arrangement of nuclei
belongs a completely orthogonal system of ¢, func-
tions. In the case of two atoms a,b(N = 2), &, is de-
pendent only upon R. and in the bonding case can
be represented approximately by a Morse curve, for
example (see Sec. 5).

If &, is dependent on two parameters, one obtains
a family of surfaces representing the series for all
atomic arrangements, such as for three atoms which
interact with one another in a linear process of the

form
at+bcz=zab+c. )

The Schrodinger equation (1) gives an exact solu-
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tion in only a few cases, so approximation treatments
are used, often proceeding from the fact that

& < & (8)
is always valid if &, is the minimum of
e )

where the approximation functions ¥, are varied and
are linear combinations of definite functions x,

‘Za = Zr CrsXr « (93;)
From Egs. (9) and (9a) it follows that
N—-1 N
& = / prpar+ Y 3 2% ()
A=1 p=N+1 R)\}L
where
n ) . n—1 n 1
H= ; h(i) + ; ;7 (10a)

and where A(7) is determined by Eq. (4a), so that it
is then convenient to cousider only the so-called
‘“‘electron energy”’

N-1 N
Bo=t-Y Y 24 (11)
A=1 p=\+1 R)\u

because this always remains finite for the difference
between nucleus interaction and total energy. So in
the following we will use the expression “‘energy sur-
faces” only for K.

2. THE CONCEPT OF ATOMIC ASSOCIATIONS

The point of departure of this concept is the as-
sumption that one may expect good results in multi-
center problems, if one can assume a sufficient num-
ber of exactly solved single-center problems. That
means for energy calculations, which are calculated
from a zero level, that it contains the largest part of
the total energy. Thus the energy, which arises from
the multicentered character of the system (as does
the bonding energy or activation energy), is obtained
with greater exactness and reliability. So it is valid
to develop a formulation that contains the atom
problem as a basis and describes the molecules with
the aid of “structures” which are constructed from
the different atom arrangements.

These structures, which we will call “atomic as-
sociations” [K] are obtained by the transitions
R\, — 0 (unions) and R,, — « (separations) which
actually receive nuclear charges in the molecule.® For

5H. Preuss; Z. Naturforsch. 12a, 599 (1957); 13a, 364
(1958); Naturwiss. 47, 241 (1960), Theoret. Chim. Acta 1,
42 (1962) Z. Naturforsch. 18a, 489 (1963).
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example, if there are three atoms—a, b, and ¢—then
one of the five associations obtained can be written
in the form

[K] = [albc] (12)
and has the transition
Rypy— o ; Rie—> o ; Ri.—0. (12a)
Another association is
[L] = [a]b]c], (13)
which comes from the transition
Rab—'» ® Rac —> © ] Rbc - ®© . (133,)

We designate the single-center system as (b¢) in
Eq. (12), and (@) or (b) as “partial unions” in Eq.
(13).

In general, we determine that every atomic as-
sociation [K] (number Ay) contains the partial
unions (K;) (j = 1---4x),

(K] = [Ki|Ks|- - |Ka,], (14)
where
1<Ax<N. (14a)
If the number of atoms in (K;) is further defined
as Ng;, then

AK
2 Ng, =N (15)
j=1

must be valid, as is
AK
Z nk, =n, (16)
=1

if Ng; is the number of electrons in the partial union
(K;). As an abbreviation for transitions (12a) or
(13a) we write lim (x; or limz;, respectively.

In the sense of the concept of atomic associations,
the Hamiltonian operator can be partitioned:

H =H(K) + V(K), (17

whereby the anticipated values of the remainder
V(K) disappear with the transition to [K]:

lim |V (0)]) = 0, (18a)
(K
lim (|H[) = ([H(K)]) . (18b)
(K]
The eigenfunctions of the operator H(K)
{H(K) — &(K)}®,(K) =0 (19)

are then obtained from the solution of H from the
transition

lim ¢, = ®,(K) , (20)
(%]
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where we note that due to Eqgs. (1), (4), (10), and
(11),
T —8W.=H—-EN.=0 (21)

is valid. Corresponding to Eq. (20), the eigenvalue of
Eq. (19) also follows from the passage to the limit

lim E, = &/(K) . (22)
(K]

Similar equations can also be written for the par-
tial unions. H(K) consists of a series of single-center
systems whose interactions disappear due to the pas-
sage to the limit of limx;. Thus

4K
(HE)) = 2 (|5e®)l) (23)
is valid, and the electron energy of the association
[K] results from the sum of each individual energy
of the single-center systems (K;):

4K
8.(K) = ;a,(K,-). (24)
The solution of the Schrodinger equation for the
partial union (K;) is defined as ¢x;, so we have

{3(K;) — &.(K))}ex; = 0 (25)

and @®,(K) follows from HEq. (20) as the antisym-
metrical product (P, is a permutation operator) of
all PKj
Ag
2.(K) = D' Z (=)o o ), 20)
” P
where (—1)*» = 1 or —1, depending on whether P,,
contains an even or odd number of transpositions.
(D’ is a normalization constant.) The eigensolutions
of Eq. (25) are thus already antisymmetrical, but it
will be possible generally to apply the operator
Q=D (=1)"pP, (27)
based on running through all permutations obtained
in the numerical value of D’. This is essentially the
basis of the concept of atomic associations.

The index s of ¢, that we carried along in the
equations distinguishes the different eigenstates of
the system. In this sense Kq. (26) means that such
ox;(Ng;) are used, as always follow from the passage
to the limit of lim x; of Eq. (21) for Eq. (19) accord-
ing to Eq. (25), i.e., s numbers the different energy
surfaces, and every passage to the limit for an atomic
association is a definite surface. Thus, in addition to
excited states of (K;), they also appear under cir-
cumstances in which the fictitious partial unions no
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longer represent neutral atoms. This is expressed by

(N7)

AR Nkj,
A=1

(28)

if the sum runs over all nucleus charges of the partial
union (K;). In any event, the association ®,(K) be-
longing to it can appear for energy surfaces in which
the total system

(29)

N
ZZ)‘ =n
A=1

is neutral.

The partitioning of H in Eqgs. (17) and (23) can be
done in many ways due to the indistinguishability of
the electrons relative to their numbering. This fact
leads to the so-called exchange-degeneration of the
solutions of Eq. (1), which was reduced by require-
ment (la) and the Pauli principle (2) and leads to
unique antisymmetrical solutions, because

Ti:H =H (30)

is valid for H, and this leads directly to the previ-
ously mentioned ambiguous numbering that is not
equivalent to any physical ambiguity. We can de-
cide about this later only on the basis of suitability in
relation to a simple calculation of this or that reduc-
tion of H.

In this connection another difference in the ap-
pearance of ®,(K) must be pointed out. According
to Eq. (20), ®,(K) is obtained as a limiting function
of ¢, if certain R),’s go to zero or infinity corresponding
to associations of [K]. The representation (26) for
®,(K) is also to be understood in this sense. These
functions represent an orthogonal function system
when passed to the limit®

1[1?]1 f‘i’f(K)ﬁbt(K)dT = 04t . (203;)
Tor fixed H(K) in Eq. (19) the ®,(K) are, in contrast,
originally pure products of ¢x;(Nk;) and for this,
Eq. (20a) is always valid. But because we always
want to view the Eq. (26) representation of ®,(K) as
a point of departure, Eq. (19) is to be understood as
a relationship that can be applied to every product
of Eq. (26), depending on how H is partitioned by
Eq. (17).

Thus, here we obtain the same conditions as in the
Heitler-London method for H; molecules, i.e., there
the Hamiltonian operator was differentially parti-
tioned relative to the electron numbering on the

6 For the foregoing degeneration, one applies the proper
linear combinations, constructed according to representation
(26), in ®s(K).
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nuclei to make use in every case of the fact that the
single particle functions are solutions for hydrogen
atoms.

Through the concept of atomic associations certain
points are distinguished on the energy surfaces whose
corresponding energy values are represented by Egs.
(22) and (24) as energy sums originating from free
atoms. An N-atom molecule can be set in relation to
systems which possess the same quantity of elec-
trons, but it exhibits a smaller number of atoms. Due
to Eq. (11), this relationship can always be produced.
The possibility of distinguishing specific curves on
the energy surfaces will be handled in Sec. 4.

The number of associations (A x) increases rapidly
with N. If for two atoms, a and b, there are only two
[a]b], [ab], then for N = 3 there are the following
five association possibilities: [a|blc], [a|bc], [ablc],
[blac), [abc]. For four atoms—a, b, ¢, and d—one ob-

tains 15 possibilities [a|b|c|d], [a|bed], [blacd], [c|abd],
[d|abc], [ablcd], [ad|bc], [ac|bd], [a|blcd], [c|d|ab],
[alc|bd], [a|d|bc], [bld]ac], [c|blad], [abed], some of

which, however, need not always be considered as
taking place physically.
As an approximate illustration, H(K) can be given

for K = [alc|bd], in atomic units, as
H(K) = 3¢(a) + 3¢(c) + 3¢(bd) (31)
with :
=y 5a-NZe g Nk
— K 1
0o -y Ba- AT 5L
"p+"d h+"d
(bd) = —3 > A — Z—M
i=1 =1 Tbd, i
Tp+"g—1 "p+"d 1
+ 2 2, (31a)

i=1 j=i+1 Tij
where, from Eq. (16), nn (A = a,c,bd) represents the
number of electrons which, in the passage to the
limit of

Rie— o, Ry— o, Ru— «,
Ry— o, Ry— o, Ru—0, (31b)
“belong” to atom A.
Then from Eq. (24)
&.(alclbd) = &.(a) + &.(c) + &(bd) . (32)

The concept of atomic associations joins the bases
of two known methods. On the one hand it deals with
the method of “atoms in molecules,””? derived only
from the association

(K] = [alble|- - -N] (33)
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which started from the completely separated atoms,
and on the other hand, deals with the ‘“‘united
atoms’ treatment in which the point of departure is

[L] = [abc---N]. (34)

In the first case, the ¢x;(Nk;) of Eq. (25) are the
total atomic functions of the atoms that are actually
in the molecule, while Eq. (34) gives only a single
total atomic function.

Because so far we know the ¢x; in many cases
either not at all or only for some roughly approxi-
mated atoms, Kq. (34) as a point of departure assists
in comprehending a common single-center repre-
sentation.® In the other case, one must apply both
treatment (33) and (34) in a semiempirical form, by
which the &,(K;) have been determined from spectro-
scopic data and the matrix elements of V(K) for the
determination of the total energy were calculated
with approximation functions.

Thereby, an approximate calculation of the energy
surfaces is possible, which is Eq. (33), produces very
poor results when R), — 0 because the application
of Eq. (34) when R,, — <« does not produce the en-
ergy expected from Eq. (22) for &,(alb|c|- - - N).

From a purely theoretical standpoint this semi-
empirical conception does not permit further con-
clusions for the applied approximation function from
Eq. (9), and so far we do not know if one uncondi-
tionally exists in this case (for details see Sec. 5).
Nevertheless, this semiempirical form is of great
practical value aud has in the last few years pointed
up new possibilities for molecular calculations. As
this treatment is not at all exhausted, there are many
important and interesting problems here for the
future.

3. THE MATHEMATICAL MODEL OF THE
METHOD OF ATOMIC ASSOCIATIONS.

a. In the Form of a Variation Treatment.

A form of the variation treatment that is used
quite often is the representation of the approxima-
tion solutions of Eq. (1) as linear combinations of a
function set x, = x-(r1-- ;01 - ) [compare with Eq.

(9a)]
KZ; = ; C.srXr .

If the set x, is complete, then in principle it allows,
by means of an infinite sum in Eq. (35), all solutions
of Eq. (1) to be represented exactly:

(35)

Y, = Z Coxr - (35a)

HEINZWERNER PREUSS

If one substitutes Eq. (35) in Eq. (9) and makes & a
minimum in the coefficient ¢, one obtains M
secular equations

S CAH,. — &8.} =0; (t=1---M) (36)
from which, if the eigenvalue &, of
det {Hrt - gSrt} =0 (37)

is substituted in Eq. (36), the coefficients C,. for &
= minimum are determined. The elements of the
secular determinant (31) are defined as follows:

H, = fxi"Hx;d‘r ;S = /X?Xth . (37a)

If one designates the vector of the coefficients C, with
€, every equation of (36) gives in matrix fashion

®-E&)€=0. (38)

If, in contrast, all eigenvectors € of Eq. (36) are put
together in a matrix €, it can be written in the form

(O—-6¢€)e =0, (38a)

where © and & are the matrices of the elements of
Eq. (37a) and € is a diagonal matrix

& 0
€= [o éM:I

whose elements satisfy the inequality Eq. (8).

To combine this form of the variation treatment
with the concept of atomic associations, we first con-
sider only the electron energy in Eq. (11) and replace
3¢ with H [after Eq. (10)] in Eqgs. (36) to (38). Like-
wise, we must substitute the approximation values
B, of Eq. (11) in Eq. (39) in the place of &..

Next, due to Eq. (20), we require of the approxi-
mation solution (35) that

(39)

lim ¢, = ®,(K) (40)
[K]

be valid. In order also to allow for excited states, as
the case was in Eq. (39), we reduce the freedom in
the choice of the function sets x. in Eq. (35) so far
that, in addition, the limiting condition

lim x, = ¢.(K) (41)
[K]

shall also be satisfied for every association [K]
(K = 1---4y). Requirement (41) includes Eq.
(40) because according to Eqgs. (41) and (20a), the
®,(K) represents an orthogonal system according to
a passage to the limit. Thus,

lim@:z‘}zl:l'- 0]

[K] 0 -1 (42)
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is valid if the ®.(K) is still assumed as normalized.
Because of Eqgs. (17) and (18), as well as the applica-
tion of Egs. (19) and (21), one further obtains

1[i§<r]1 O = BK) (43)
with
VI = [oEl(K)"-%M(m]’ (432)

so that the elements of the normalized vector €, from
Eq. (38) give

lim C,, = 6.,

[X]

(44)

and so that the matrix € of Eq. (38a) becomes a unit
matrix, which is equivalent to Eq. (40) because of
Eq. (35).

Because the requirements of Eq. (41) are thus im-
posed on x,, we also obtain the correct behavior of
the energy surfaces in the passages to the limit from
the association [K], all within the frame of the varia-
tions treatment [Kqgs. (35), (36), and (37)].

We now pass on to constructing the function x,,
with allowances for Eq. (41), with the help of the
atomic associations [K].

For finite R,,, it is natural to describe the x, as
linear combinations of all ®,(K) [the LCAA = linear
combination of atomic associations]:

AN

x-(n,N) = EK:BKr(N)@,(K) , (45)

whereby ®,(K) is also valid for finite internucleus
distances. These ®(K) then describe systems of
atoms as they are defined in the atomic association
[K], between which no interactions are forthcoming.
The Bx are functions of all B, and

lim BK = 0kL (46)

[z
must be satisfied from the first because of Eq. (41).
Again the index r numbers the individual energy
states and in Eq. (45) includes such ®(K) as belong
to equal energy surfaces r. In contrast, we also want
to set

Bxr = Bt # 1), 47)

which has no influence on the fulfillment of condition
(41)7

But still further demands can be made on Bg. If
one of the N atoms (for example atom \o) is brought
to infinity, it must be required in this case [due to

7The counting of the energy surfaces in s [compare with
Eq. (35)] represents the same as results from the interaction
of the original states £ (3R)).
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Eqgs. (26) and (27)] that Eq. (45) go over to the form

lim x,(n,N) = G{x-(n — m,N — Dex ()},

R\o p—o
(48)

where x.(N — 1) is again constructed according to
Eq. (45) and no longer contains the atom X\o. That is,
with this transition all the Bx belonging to associa-
tions in which atom X, is united with other atoms
must disappear. Therefore we can also write Eq. (48)
in the following fashion:
Ay-1

lim x,(nN) = 2™ Bx(N — 1)&.(K)
Rhop—wo K
in which the symbol (\,) indicates that definite as-
sociations have been omitted.

On the other hand, it must be required further that
all associations in Eq. (45) disappear for a definite
Ry, ., — 0, where the atoms X\, uo are separated. We
want to describe this in the following way

(48a)

Ay-1

lim x.(n,N) = > M B(N — 1)¢,(K). (49)

R\o tto—0
It may be seen that in Eq. (48) x.(N — 1) is already
antisymmetrical and that this representation makes
the energy expression interesting in the way the
amount &,(\o) for the total electron energy of N — 1
atoms standing in interaction increases additively. If
o remains at infinity, the calculation also can be
made from the beginning with x,(N — 1) without
o, entering.

Manifold applications of Eqs. (48a) and (49) lead
to a single association in every case. In KEq. (48),
after further transitions, the association (33) results,
while in Eq. (49) the association (34) of the united
atoms finally results. Thereby it is shown that in Eq.
(45) the methods mentioned in Sec. 2 are obtained as
a special case.

Now, in order to construct Bx to satisfy the above
conditions, we introduce definite functions Py, be-
tween every two atoms N and u that are dependent
only on the separation of the two atoms and which
will satisfy the following conditions:

1. hm P)\”(R)\u) = 0, (50&)
IE)\ILA»O
2. P)\M(R)\#) > 0; (50b)
3. hm P)\,L(R)\,L) = oo , (500)
R)\It"'w
Then we define
[K]
e = 1L (&), (51)
B
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where only the P, are multiplied with one another
in the product whose separations (in the association
of [K]) belong to the separated atoms. I x shall be set
equal to unity for the association of the united atoms.
Thus every association is associated with a function
HK.

Table I contains some examples for the atomic
numbers N = 2, 3, and 4.

TaBLE 1. Atomic associations for N = 2, 3, and 4.

N =2 N =3
[K] j15:q [K] Ik
(1) [ab] 1 (1) [abc] 1
(2) [alb] P (2) [a]bc] PP
(3) [b]ac] P oy Py,
(4) [c|ad] acPbe
(5) [alblc] P oy PycPac
N =
[K] Ik [K] Ik
(1) [abed] 1 (8) lad|cb]  PacPapPoaPra
(2) [(l de] PabPucPad (9) [G,le d] PabPachchdPad
(3) [bacd] PapPycPra (10) [c|abld] PacPscPeaPraPea
(4) [c|abd] PqcPpcPea (11) [blad|c] PapPpaPacPeaPre
(5) [d]abc] PaaPraPea (12) [a]bd|c] PaPeaPbcPeiP oc
(6) [ab{cd] PocPoaPrcPra  (13) [a cd{b] P ooP aiPrcPyaPas
(7) lac|bd] PayPoaPrcPea  (14) [blacld] PupPyePeaPeaPa
(15) [a|blc|d] PapP acPaaPcPsiPea

Further, if we set

iy -1
BK = HK{ ZL: HL} )

Bx thus defined then fulfills all conditions stated
above, as we now show in detail.
The resulting normalized x, function becomes

(52)

Xr = { 2 IIKIILSM(KIL)}_z ; Hxé.(K) , (53)

where

S.(K|L) = /@i" (K)®,(L)dr . (53a)
With Eq. (53) the matrix elements of the matrices
and & then can be calculated with Eq. (37a),and from
Eq. (37) we are able to determine the energy surfaces
by approximations, where for M — o« in Eq. (35)
(due to the completeness of x,) the approximation
values converge with the exact values.

Because Eq. (52) satisfies our given conditions, we
now demonstrate a simple example and from that, go
into a possible determination of the P,, functions.
Assume four centers—a, b, ¢, and d—if in Eq. (53) we
allow center d to go to ¢ (R..— 0) and call this uniting

HEINZWERNER PREUSS

¢/, from Table I we will obtain the following repre-
sentation for x:
x(n,3) = D'{®(abc’) + P../Pi./®(c'|ab)

+ Pach’bcb(bIaC') + PabPac/(I)(a]bC/)

+ Pabec,Pac/¢(a[btcl)}) (54)
if D’ is the normalization constant. One easily recog-
nizes that for R\, — 0, and, respectively, By, — «,
the association ®(abc), and, respectively, ®(a|b|c), re-
mains. If in Eq. (54) ¢ = ¢’ goes to infinity (R, — <,
R, — ), KEq. (54) takes the form

®(ablc) + P..®(a|b|c)
(14 2P, S(4]5) + P}

lim x (n,3) = = w(ablc) ,

(55)

if the numbering of the associations from Table I are
applied in the overlap integral S(4|5) from Eq. (53a).
But the representation (55) is identical with Eq. (48)
for N = 3 and Ao = ¢, as will be shown. Likewise
one obtains from Eq. (54) the functions w(bc|a) or
w(ac|b) fora — » or b — .

On the other hand, if in x(n,4) the atoms a, b, c,
and d are so separated that only the separations R.;
and R. stay finite, the following expression results:

lim x(n,4) = D" {®(ablcd) + P..®(ablc|d)
+ Pu®(albled) + PoP.a®(alblcld)} ,
(56)
which can be written as an antisymmetrical product
of two functions (e — b) and n(c — d):

lim x(n,4) = @n(a — b)n(c — d), (67)

where
n(a — b) = D™ {®(ab) + P.®(alb)}, (58a)
n(c — d) = D"V {®(cd) + Pu®(c|d)} . (58b)

With this, a process is described which, if, for ex-
ample, the systems a-b and c¢—d are stable, exists
in two molecules (ab) and (cd) in the separation of
the system a, b, ¢, d, just as in Eq. (55) the separation
of the atom ¢ from the system a, b, ¢ was forthcoming.
Corresponding to Eq. (57), Eq. (55) can be written
in the form

lim x(n,3) = Qean(a — D) . (55a)

The transitions (55a) and (37) are completely valid
in general if partial systems of x(n,N) are removed
from one another. Thus

lim x(n,N) = @n(a — b)n(c — d)n(e — f)---, (59a)
or
lim X(n;N) = @X(nuyNa)X(n - an - Nﬂ) ) (59b)
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if N, atoms having together 7, electrons are split
apart from the total N atoms.

The case where a definite Ry, — 0 in x(n,N) must

be considered still more closely. If, for example
R..— 0,

lim x(n,3) = D{®(abc)
+ Pab(Rb,uc)Pbc(Rb,ac)‘b(adb)} (60)

follows from Eq. (54) and R., = Ry, = Rs .. 1s under-
stood as the distance between b and the united atom
(ca), which, for example, lies at the center of gravity
of @ and ¢. According to Eq. (50), P.(Rx,) is defined
only for two atoms N\ and u actually arising in the
molecule and resulting from R, — «. If we require
of Eq. (60) that it again assume the structure of
n(a’ — b) if &’ = (ac), we can determine P ..(Rs.qc)
because it must then be generally true that

P)\M(R)\,MU)I))\J(R)\,;M) = P)\.;w(R)\.;w) - (61)

With this definition we also get an invariance of the
structure of Eq. (35) for the transition R,, — 0.

According to Eqgs. (55a) and (568), (A — ) is
identical with x(n,2). That we choose another symbol
for x(n,2) is based on the fact that it allows a con-
venient determination of Py, for (N — u), in addition
to other reasons discussed in Sec. 4.

If we write in the place of Eq. (58)

1A — p) = C:®(\w) + Cu®(|p) , (62)

and determine the energy (as well as the coefficients
Cr and Cr) from a secular problem according to Egs.
(36) and (37) and H according to Eq. (10a), we ob-
tain two energy curves H;, and En(F: < Eu). I
for Ry, — 0, and, respectively, By, — o, goes to the
exact eigenvalues &(\u) and &(N|w), respectively.
Thus F; can be considered as an approximation for
the eigenvalue of the electron energy of the system
N — u, which coincides with this for R, — 0 and
— . From comparison with Eq. (58) it follows that
we must set

CII/CI = qu(R)\u) . (63)

Equation (63) shows the correct behavior for P,,,
which is

Ci =0, if

R)\,, = ®
and

Cu=0, if Ry, =0. (63a)

With this, a possible determination of Py, is stated.
The product formulation for Ik from Eq. (51) can
then be interpreted approximately so that the P,,,
which are determined on the unperturbed bond
N — pu, cannot be changed by an approximation of
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the other atoms. This assumption is related to the
experience that in most cases the bonding energy be-
tween two atoms in molecules remains unchanged
in the first approximation.
Also one can proceed in the same way for excited
states with Eq. (62) and obtain again a P, function
for the next lowest of the two eigenvalues. Thus had
we applied the same P, functions for all states [see
Eq. (47)], the possibility of an improvement of the
formulation (53) would exist, i.e., corresponding to
the excited states, which are determined in x,, the
associated P, would find application. In the case
where N = 2, it then appears that from
M

g, = Z Comr(N — 1) (64)

that the 5. are built with the P, constructed from
Iiq. (62) for the rth state [Eq. (58)].

In Eq. (64) M states ave determined by approxi-
mations. If for Ry, — « some of the terms of the
united atoms split up, it means that some of the
functions ®,(\u), according to the degree of splitting
up, must arise manifoldly in some 7,. For N > 2 the
behavior is such, for example, that “excited” P, are
applied if the excited electron has its greatest density
on atom \o. In general, it may be said that through
the use of excited states the inexactnesses in the I«
due to the variation of C,, in Eq. (35) are partly cor-
rected. In so far as that happens, the terms in Eq.
(35) depend on the quantity M. The use of an x.
from Eq. (53) for the calculation of the ground states
might give only a rough approximation, particularly
if the number of centers is large. In this case it is use-
ful to construct the functions

Ay

X = ; BKq’(K)

[corresponding to Eq. (45)] and to determine the co-
efficient Bx from a secular problem. Here, only an
eigenvalue will give the proper behavior in the
ground state, while the other solutions are not usable
physically. This is because only for a Kth column
and row of the determinant (37) in the equation

(65)

/‘P*(L){H(K) + V(K) | @(K)dr

I

8(K)Six + fé*(L)V(K)i)(K)dT, (66)
where

Six = /<I>*(L)<I>(K)dr (L=1---4y)
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does the expression (| V(K)|) disappear [compare with
Eq. (182)]. The matrix $ does not transform to a
diagonal matrix for other states. From that we may
expect relation (46) only for a state. That is, there is,
for example,

lim xo = $o(K)

[K]

(67)

if the index 0 denotes the ground state.® With Bk, de-
termined thusly we could have done the calculation
in formulation (45) in place of (52), if one assumes
Eq. (47), which in the case of P,, basically was not
necessary, as remarked above.

Formalation (45) may be considered as a good ap-
proximation, by which the Bz, from Eq. (65), and
the remaining Bx,(r 5% 0) from Eq. (52), find applica-
tion. Although Bk, satisfies all conditions from Egs.
(48) and (49), it might be difficult to comprehend the
many-dimensioned Bxo(R),) analytically in total
space. There it can be thought of, particularly if NV is
large, only over the partial range where formulation
(65) can find application. Ia this sense the introduc-
tion of the one-dimensional P, possesses great ad-
vantages. But the Bk, from Eq. (65) presents a pos-
sibility for-proving the usefulness of Eq. (52) in some
R, fields.

b. A Perturbations Theory Representation

The perturbations theory representation® proceeds
from the fact that the solutions of the atomic prob-
lem (24) exist and that with these ¢x;(nx;), a ®.(K)
is constructed according to Eq. (19) if a fixed parti-
tion of H is adopted in relation to the electron
enumeration. That is, ®.(K) still is not antisym-
metrical in this approximation, rather it must be
written as the simple product

Ag

®,.(K) = chj(nkf)-

(68)

As already pointed out in Sec. 2, the single ®,(K) in
this case build an orthogonal system without a pas-
sage to the limit because the ¢k, themselves can be
made orthogonal. Thus, we have

/‘Pag{(;?) (nKj)<P§:Lj) (nKj)dTnK,' = Onm (69)
if the (m) and (n) differentiate the different states
(including degeneration) of the single-center system

8 If in Eq. (65) all ®,(K) of the »th energy surfaces were col-
lected together, their determination would be valid only for
the rth state.

9 H. Preuss, technical note, April 20, 1959, University of
Uppsala, Uppsala, Sweden.
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(K;). Therefore,

/tbi“@s(K)dr = 6y, (70)
is also valid because in the states r and s, if these
differ, at least two states of a ¢x; are different. If
continuous functions exist, the eigendifferentials in
Eq. (69) are written with this thought in mind.

That we write a pure product in Eq. (68) shows a
certain relationship to the Hartree treatment or to
the shortened method of molecular states, where in
the first step a formulation is used for the wave func-
tion that is not antisymmetrical. In the sense of the
perturbation calculation, whose formulation has been
written out so far only for orthogonal function sets,
we write the total wave function of Eq. (1) as a de-
velopment

¥ = ¢:(K) + ;u'}oﬁﬁ” (K), (71)

where it is to be expected that ¥, gives an antisym-
metrical result for the completion of the series devel-
opment. Simple examples, which have been cal-
culated through for similar cases, confirm this.*® The
ux are parameters which we will now go into further,
and ¢ (K) will be determined more closely in the
frame of perturbation theory.

Corresponding to Eq. (71) we also can write for the
electron energy of the system

E, = 8,(K) + 2wt (K) . (71a)
=1

With Eq. (19) the Hamiltonian operator can now be
represented, for a formal expansion of Eq. (17), in the
form

H = HK) + pV(K) . (71b)

In the Egs. (19), (70), (71), (71a), and (71b) we
have the basic equations of the perturbation theory.
With them we can consider the results from the sub-
stitution of Eq. (71) in the energy expression K, of
Eq. (10), and compare the resulting single expressions
with equal powers of ux [together with Eq. (71)].
That gives defining equations for the ¢ (K) and the
corresponding &%,

If further ¢& is developed similarly according to
the complete system of the ®,(K) and Eqgs. (19) and
(71b) are again heeded, one finally obtains the follow-
ing equations for the first £%:

&V(K) = / P*(K)VV(K)D(K)dr = V..(K), (72a)

7 hl&ﬁaztiwdin and J. O. Hirschfelder, technical report,
August 20, 1957, University of Uppsala, Uppsala, Sweden.
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. V on () Vs (K)
&s (K) = ,;8 (K) &n (K)? (72b)
as well as for the y&
OE) = T ) s (730)
(2) _ mG (K) Vs (K)
v (K) = Z[ 2 &K = e KIEK) = 6. 6)]
 VuE) V(K)o }
ﬁ[Ss(K) — & (K)] ®,(K) . (73b)

Higher approximations of the perturbations theory
result in rather complicated expressions. Eqs. (72)
and (73) suffice for a determination of ¢, and E, if
the “perturbation” V(K) is small enough, whereby
the products of the integral V. disappear rapidly
enough if the order (7) of the development increases.
But V. is only small if we remain in the vicinity of
an association [K] for the arrangement of the atomic
nucleus. Otherwise, we must proceed from another
association which gives sufficiently small V.

We want to distinguish between the single develop-
ments (71) and (71a), which proceed from a definite
association [K], by means of ¢{¥’ snd E{¥’, which are
mutually equal if all approximations are allowed, all
px are mutually equal, and the treatment converges.

Hence, we can simultaneously link up all ¢{& and
ES(K)

= ZN AE)WS, (74)
= ; ME)EL(K) , (75)

if only _
; AMEK) = (76)

is valid. In order to agree again with KEq. (17), we
also want the above requirement on the ux to be
limited by

pr = pL =1, (K#L). 77)
Thus, because of Eq. (76), in Eqs. (74) and (75) it is
done by taking the means from the ¢ and E&,
which still depend on all R,,.

Because of Eqs. (20) and (22) it is required of the
MK), along with Eq. (76), that the following relation
is satisfied

lim A(L) = 6xz .

[K]

(78)

655

Now if we link up the 4th approximations of Eqs.
(71) and (71a) we obtain the developments

Vo= PO PP 4 PP o (79a)
E,=E° +E®P +...BEP ..., (79b)

where individually we get
PO = Z ME)®.(K) (80a)

7o K Ve (K) ®,
Z MEK) Z 8“(K) 6. (i) oK), (80b)
as well as

E = Z MEK)e(K) (81a)
EY = Z ME)V.u(K) , (81b)
E® = Z AEg) 3 VBV nelB) gy

s B (K) En(K)

Due to Eqgs. (78) and (18a), the approximations for
72 > 1in Eq. (79) disappear for every transition into
an atomic association.

An important circumstance is that by meauns of
the coupling of the single ¢{¥> and E{© in Eqs. (74)
and (75) the relationship, as it existed in the original
form of the perturbation calculation, between the
single approximations ¥ (K) and &% (K) of Lgs.
(71) and (71a) is lost. That is, that we thus still have
included from Eq. (79) the approximation of the 7th
order, but that we can no longer assume any defini-
tion of an order for the perturbations calculation in
Eq. (79). It can thus arise, for example, that a
definite choice of the NK) gives good E®-values
(IE®| <|E®], for 1 > 1), but that $ still repre-
sents a rough approximation with this MK).

If we assume at first that the development (71a)
converges, then

B =e(K) + 2 &8 (K) + R (K)  (82)
=1
is valid, with
IROL(K)| < |RY(K)| . (82a)
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From this it follows from Eq. (79b) that

E, =FE”+ > E”+RY0N (83)
i=1
Ay
RPN = AKRY (K) . (83a)
K

Due to Eq. (76) |R..(\)| is always smaller than (or at
most, equal to) the largest |R..(K)|.

If now we set m = Ay — 1, AM(K), for example, can
be uniquely determined from the requirements of

Eq. (76) and

EY =0 (Z=1---m), (84)
one obtains
MK) = D.(K)/D.., (85)
where D,.(K) represents the minor of
AR B PSS I
e(K)- -8 (@Ay)
D - ) . |
U0 )

if the first row and the Kth column are struck out and
are multiplied by (—1)%*.

Due to Eq. (182) one recognizes with Eqs. (72),
(85), and (86) that Eq. (78) is also satisfied for N(K).
Equation (83) transforms from there in

E, =

- 2 EODMK) + Bul), (57)

if the M(K) of Eq. (85) is substituted in E,()\) from
Eq. (83a). The first sum of Eq. (87) has the form of
E® from Eq. (81a). That means that N functions
have been found from Eq. (85) [already substituted
in £ of Eq. (81a)] that approximate energy surfaces
up to the error |E,.(\)|. From Eq. (87) it also follows
that

[’J's = l)an)/Dm + Ezn (A) (88)
with
&.(K)& (L) - @(ZN)
sW(K)-- -8 (@Ay)
Dy = ‘
e (K)- -8 (Ay) (88a)

Tor diatomic molecules (Ay = 2) one obtains from
Eqgs. (85) and (86) the A functions

el (L)
sM(L) — eM(K)

MEK) = (89)
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and
8" (K)
ANL) = , 89
& e (K) — &M (L) (89)
which due to Eq. (72a) assume the form
_ V(L) . _ Vi (K)
ME) =y iy — v M = vLm) - vy
(89a)
From Eq. (89a) we then get the expression
B = o _ 800 = VO VL)L) g0

1 — Vo (K)/ V(L) ’
as an approximation of the energy and from which
is thus produced a relationship with the P,, func-
tions of Eq. (50). The requirements (76) and (78) on
MK) are also satisfied by Bx of Eqgs. (46) and (52)
so that a further possibility for A(K) exists in the
equality

MK) = Bk . 91)

For Ay > 3 the Bx of Eq. (52) and the A(K) of

Eq. (85) are different, but for Ay = 2, Eq. (91) can
be used in agreement with both cases if we set

Py = —=V.(K)/ V(L) (92)

and [K] represents the association of the united
atoms. Definition (92) consequently gives a P,
which can be used in Eq. (64) for the state s.

In principle, there is for every s a set of M(K) func-
tions for which

ST =0
i=1 ’

is valid so that the exact energy can be described in
the form of (81a):

(93)

E,=E". (94)

Also these A(K) exist if series (87) no longer con-
verges. From this, one sees that the N(K) in Eq. (83)
can alter the convergence behavior in that they have
an influence on the contributions of E&’ to the total
energy in Eq. (81b) and further approximations for
i=2,-.

The behavior of £ may be studied still further if
the N(K) of Eq. (91) are used. If there are three
atoms—a, b, and ¢c—and the last is removed, one ob-
tains the expression

&.(clab) + P.8&.(alblc)
1+ P
which, due to Eq. (24), must also be written in the

form

7O _ 8.(ab) + Pu{8&:(a) + &,(b)}
K = 8&,(c) + T .

T -

(95)

(95a)
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The quotient (95a) will likewise be obtained for
N = 2.
If four atoms—a, b, ¢, and d—are thus removed

&;(abled) + Pu8.(cd|alb) + P.&,(ablcld) +.PuP..8.(alblc|d)
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Qhe separations a, b and ¢, d remaining finite), the
E®] corresponding to Eq. (56), transtorms to

B -

1 + Po + Pot + PaPe '

which may also be written as a sum of two expression
for N = 2 [compare with Eq. (567)]:

&.(ab) + Pu8.(alb)

& (cd) + P.i&:(c|d)
1+ Pa '

7(0)
Ex N ]- + Pcd

+
(962)

Equation (93) means for the diatomic molecule
that a P, from Eq. (95a) exists which gives the
proper curve of the energy with

P, &(ab) — E(measured)
® 7 E(measured) — &(alb)

The difference between the P,; of Eqgs. (92) and (97),
if the latter is known, gives information in so far as
the assumption (84) of the atomic associatioa treat-
ment already describes the relations in the diatomic
molecule.

(97)

4. GENERAL FORMULATION OF THE TREATMENT

In Sec. 3a, we obtained Eq. (55) for the case of
three atoms—a, b, and c—and the transition Ry, — o
and R,. — «. According to Eq. (55a) the system

a—>b:-c (98)
can thus be described with
w(ablec) = Gpmn(a — b) . (98a)
If atom @ is removed
a--b—c, (99)

one obtains in the place of Eq. (98a) the function

w(albe) = Gem(b — ¢) .
Now if the system

(99a)

(100)

is not stable, in contrast to the molecules a-b and b-c,
the representations (98a) and (99a) can be compre-
hended as stable ground states (substitution)

a...b...c

a+b—-—ce2a—b+c (101)

for whose accomplishment a certain energy is neces-
sary and which one defines as the activation energy
(101) (with definite corrections).

If we also include excited atoms (*) or atoms with

(96)

free valences (x) or ions (=), the following types of
substitution reactions can be described with the
limiting conditions (98a) and (99a)

o, (e=b) " +a’

(@)e+b—ax2 {(c—b)*—f—a#
+ _ (C_b)++a
¢+ a(—_){c—b—i—a*

(c—=b)*+a
c— b+ a*

(c—b)"+a
c—b+a

which, among other things, one defines as nucleo-
phillic, electrophillic (), or radial (y) substitution
mechanisms. In all cases, one assumes that a more or

less loose transition state is formed and then decays.
With Eq. (57) the limiting states of the reaction

(6)6*+b—aﬁ{

(Ve+b—ae { (102)

a L.
|+ | =, _ (103)
b d b—d
can be represented by means of
w(abled) = @n(a — b)y(c — d), (104a)
w(aclbd) = @n(a — c)n(b — d), (104b)

if on both sides of Eq. (103) the separations between
unbonded atoms go to infinity.

Within the concept of the atomic associations both
processes can be described by an expansion of Eq.
(62) if the following formulations are applied for the
reactions (102) and (103):

X = Cxw(ablc) + Cuw(a|bc) y (105)
x = Cw(abled) + Cuw(aclbd) . (106)
As in Eq. (62),
Ci=0 if Ry — o, Roe —
and
Cu=0 if R,. — = | Ry.— o, (105a)

are now valid for (105) and the same for (106) if the
molecules a—b and c¢—d or a—c and b—d are separated
from one another.

After the Cr and Crr of Eqgs. (105) and (106) have
been calculated from a secular problem we can pro-
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ceed as in Eq. (64), i.e., the total wave function is
written as a linear combination of all x:

Js = Zr er?r .

The formulation of this method can now be made
more generalized. We remarked in Sec. 2 that by
means of atomic associations the points are dis-
tinguished on the energy surfaces whose correspond-
ing energy values can be represented as sums of en-
ergy coming from the single-center systems. This
energy enters into the theory as exact values in that
the wave function is constructed with the eigensolu-
tions of this particular atomic configuration, and use
is made in the calculation of the partitioning of H in
Eq. (17). Corresponding to the representations (105)
and (106) only one partitioning of H in this way can
be assumed :

(107)

H =H(a — bec) + V(a — be),
H=H®b-—ca)+ V(b —ca),

that the w(Au,») are now eigensolutions of

(108)

{H(k - IJ':V> - E(>‘ - IL,V)}OJ()\/J.,V) =0 (109)
and the energy is
EN\ —pp) =8@) + 8N —n), (109)
if (A — u) is the electron energy of the molecule
A — u and &(») is explained according to Eq. (25).
Corresponding to Eq. (18)
lim (VN — up)]) =0
is now valid if

(110)

R)\“——)oo, R#,,—-»oo,

(111)

That means, then, that we have distinguished
definite curves on the energy surfaces which are given
by & A — u). The last step consequently represents
a logical extension of the concept developed in Sec. 2.

If H were to be partitioned as

H=HXN-—upr—0)+ VA —pupr —o) (112)
for w(Au|ve) of Eq. (106), then the w are now solu-
tions of
{HO\N — py —0) = E(\ — pp — 0)}oulpo) =0,

(113)
where
EN—pp—0)=80—p) +8@—0), (113a)

and ({[V(A — p,v — 0)|)in Eq. (112) disappears if the
two molecules are separated from one another.

It would be possible to say the same about the
Fgs. (109) and (113) in relation to the partitioning
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in Egs. (108) and (112), as was noticed about Eq.
(19) relative to Eq. (17). In the place of Eq. (26) we
now have Eqgs. (98a) and (103).

It is also possible to begin with a partitioning of
the Hamiltonian operator according to the general
representation (59), but processes (101) and (103)
might be of greater chemical interest.

The equations used so far assume the exact solu-
tions of Eqgs. (19), (25), (109), or (113) in all cases,
with which the total wave functions were constructed,
whereby definite functions Py,(R\,) of Egs. (50) and
(52) or coefficients of Kq. (65) were determined so
that the electron energy of the total system trans-
forms to the exact energy values of the above solutions
for certain configurations of the atomic nuclei.

It may be assumed that the center of a partial
union, consisting of Nk, atoms, lies in the center of
the nuclear charges Rx; of the shared nucleus

charges®
NKj

)\Z Ik =0, (114)
=1

where the distance of the atom \ from the center
N Kj 1s

Foaxs = M — Re; [Fnof Eq. (5)]. (114a)

Requirement (114) also applies to the association of
a molecule united to an atom.
If we consider a definite association [K],

(K] = [Ki|K|- - |Ku] (115)

the case can arise that for a fixed atomic arrangement
in the molecule definite centers of nuclear charges
Rx; coincide or are identical with some 9. This
means, therefore, that the association (115) must be
arranged in direct reference with other similarly re-
lated associations through definite atomic arrange-
ments, as obtained from Eq. (115), through the com-
bining of partial unions, to produce the aforemen-
tioned result. For example, if Nz = Rz it follows
from (115) that

(K] — [K'] = [Ki|NulKs|- - - [KapT, (115a)
where
(K1) = (KiK>) , (115b)
and consequently
AK' < AK . (1150)

The associations derived in this way from an associ-
ation [K] always possess a smaller number of partial
unions. We want to designate them as transition as-
soctations belonging to [K] and write K[K'.



ADIABATIC ENERGY SURFACES FOR MOLECULES

From Egs. (35) and (45) we constructed the total
wave function from the eigenfunctions of different
associations (no interactions existing between the
partial unions). Due to Eq. (35) we require of the
coefficients Bx in Eq. (45) that

1z

shall be valid. A possible representation of Bx as a
function of the nucleus distances R,,, which also
satisfies a number of requirements stated in Sec. 3,
was given with Eq. (62) by the IIx of Egs. (50) and
(51). From Eq. (115a) it must now be required of the
Bk in Eq. (45) that they also retain with greater
weight the multitude of atomic associations appear-
ing through Rx: = Rx;. That is, that the Bx also
must depend on the coordinates of the center of
nuclear charge in such a way that a replacement of
the atomic associations of Eq. (115a) is assumed for
definite arrangements in the molecule, without
thereby influencing the earlier stipulations on Bk.

An extension of the definition of Bx of Eq. (52) is
possible in this sense as follows:

Bx = PK/ZL r'z. (117)

If the I'x are constructed as linear combinations of
the IIx of Eq. (51), then

Ty = ZKHKUI{(- (1173,)

The I x are dependent on the nucleus distances of the
P, of Eq. (50). Hence, the ¢ are to be understood
as functions of the separations of the centers of
nuclear charge where, corresponding to Eq. (5),

ISRKi - mle = Rrix; = Ry . (118)

There are many constructions of ¢f which agree with
requirement (116). We want to choose those that in-
clude process (115a), where an association [K] co-
incides with a minimum of two centers of nuclear
charge essentially by taking its place by means of
the corresponding transition associations.

In order to show the structure of ¢f in detail, we
again introduce [as in Eq. (50)] functions gxix; = ¢
between every two centers of nuclear charge Rx; and
N k; which depend only on R;; [Eq. (118)] and satisfy
the following condition

(119)

Rl,,gilw 0 (Riy)| = o .
Then we define [again analogous to Eq. (51)] the
product
[£]
YL = H%‘(Ria‘) )

KI[L (120)
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wherein only the transition associations of [K] are
admitted for [L]. Otherwise we set

yi=0. (120a)

In Eq. (120) only those ¢;; are multiplied together
whose separations Ri; in [L] belong to different par-
tial associations or to separations between a partial
association and an atom (when the latter are under-
stood as partial associations). For the association [L]
of the united atoms, which is a transition association
for every association, we write

(120b)

yi=nvi=1.
Equation (120b) is also valid for an [L] correspond-
ing to separated atoms.
For association [K] = [Ki|K:|Ks] there exists, for
example, four transition associations

[L] = [K.KG|Ks],  [M] = [K.Ks|K.],

[S] = [KLI|K:Ks], [T] = [KiK.Ks], (121)
with the X functions
’leg = Q12Q13@es ‘Yf = (13@e3 ’Ylﬂcl = (i2Qzs
45 = qugs, yr=1. (121a)

If, for example, (K;) = a, (K:) = (bc) and (K;) = (d),
then (U) = [ab|c|d] is not a transition association of
[K], and hence v¥ = 0.

To every association [K] having A4 x partial unions
there belong A4, — 1 transition associations if Ay,
according to Sec. 2, represents the number of associ-
ations by N atoms.

Next we set

011:: = ’Yf/ZM ’Yf{

and, hence, define ¢f as a function of the R.;. Due to
Eq. (120a), the sum in Eq. (122) runs over the transi-
tion associations of [K], which we again denote by
the symbol K[M. From Eq. (122) it follows that

Do =1, if

Before we state an interpretation of the of as de-
fined in Eqgs. (117) and (117a), we want to show that,
with of [Eq. (122)], the requirements (116) on the
B that were constructed in Eq. (117) are satisfied.
For that purpose we must first examine the treat-
ment of ¢f for the transition to the different associ-
ations. From Eqgs. (119), (120), and (122) it follows
that

KM, (122)

KL . (122a)

(123)

. K
lim om = Orm
[K]
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is valid. For all further transitions it is enough to re-
quire that the ¢ always remain limited

lim oz < o . (123a)
[x
If Eq. (117a) is substituted in Eq. (117)
S
By = __Z_Sni"‘_g (124)
ZL Zs s oL
and if Eq. (122) is heeded, one obtains
S
By = 2Tl (124a)
s Il
and further [due to Eq. (52)]
Bx = Zs Bso'x SIK . (125)

As the conditions (46) and (116) are already satis-
fied for B, in Eq. (52), it follows with Eqs. (123) and
(123a) that for the Bk

lim Bx = 6xu . (126)

[z
The efficacy of the ¢f is seen best in the frame of
the perturbation method (Sec. 3b). From Eq. (91)
we can set,
MK) = Bx (127)

and obtain from Eq. (81a) for the first term of the
development (79b)

Ay
E® = > BEWK). (128)
K

After introducing Eq. (125) this again transforms to
form (81a)

E® = > s BsS(S), (128a)
if in place of &§(K) we set
£(S) = 2 xox6(K) S[K. (128b)

Now if we assume that in the association [S] no
center of nuclear charge coincides with another
(R:; # 0,2 5 7) and then take relation (119) in the
rough form

lgii(Ri;)| = = for Ri; >0, (119a)

it follows from Eq. (128a), due to Eqgs. (120) and
(122), that

&(S) = &(9) .

Consequently we again obtain relation (128) for E©.
If conversely some of the R, in [S] are equal, it thus
follows from Eq. (119a) that

E(8) =8y

(129)

S[L (130)
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if the association [L] is the same as that resulting
from [S] through the equality of some tx; in the
sense of Eq. (115a,b). I'rom these examples, one
recognizes that the of in Eq. (128b), due to Eq.
(122a), assume an average value construction of all
energy of atomic association &(K) whose associations
are transition associations to [S], and that the mo-
mentary position of the centers of nuclear charge has
an influence on which association [K] in Eq. (128b)
has the greatest importance.

Finally, the T'x functions for three atoms, a, b, and
¢, can be stated (for later use) whereby the different
partial unions and associations are abbreviated in the
following manner:

(1) = (a), @) = (0), 3) = (¢), d) = (ab), (5) = (ac)
(6) = (be); [1] = [abel, [I1] = [a]bc], [ILT] = [b]ac]

)
)

[IV] = [c[ab], [V] = [a|blc] = [1]2]3]. (131)
There then results
! P3P,
I'v = ])121)13])23 ) T'wv = leﬁ%,
o = &szaq% Ty = Plzplm
111 1+ & ; 11 I+ quo s
P13P23 P12P23 P12P!3
I =1 — —.
! +1+Q34+1+{I25 1+Q16
(132)

While a convenient connection for the P,, func-
tions from Eq. (97) to the potential curves is pro-
duced, it is not so easy to find a corresponding rela-
tion to the energy surfaces for the ¢;; functions.

In any event, we will become acquainted with a
possibility in Sec. 6 of making use of the behavior of
of without knowing the ¢;; functions explicitly.

After the introduction of the ¢,;; functions, the
definition (61) of the P,, between the centers of
nuclear charge is modified. For definite £,, — 0 some
of the IIx in Tz [Eq. 117a)] disappear as, of course,
do those [K] which are not transition associations of
the associations indicated by the transition Ry, — 0,
which we can call [M]."* From Eqs. (117), (117a), and
(124a) it then follows for the energy [Eq. (128)] that

7o D ox s s w8 (K) M8

> s I ’
whereby S runs over only all transition associations
of [M]. From Eq. (120a) the condition S[K must also
be valid for the [K]in Eq. (133), so that in Eq. (133)
only transition associations of [M] and their energy

(133)

1 Tt should be pointed out here that the association [M] is
first represented when all remaining Ry, go to infinity.
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&(K) enter in. The P,, of the remaining IIs in Eq.
(133) are now functions of the center of nuclear
charge distances, whose attending partial unions are
given by the association [M]. Due to the transition
R, — =, expressions in the form of the left side of
Eq. (61) appear in the IIs [Eq. (51)] in Eq. (133).
We designate these ITs with I1%, in contrast to the ILs
with which the energy [Eq. (128)] in Eq. (133) like-
wise can be represented if the partial unions are again
understood as atoms, because the transition Ry, — 0
can be thought of as a reduction in the number of
atoms of the system. More general than in Eq. (60),
we must require that both representations for E©
be the same. This, then, again leads to a definition of
the Pxix;(R:;), which appear for Ry, — 0 and are
contained in the k.

A comparison of the two representations for the
energy gives for every [M] a number of relationships
between IIs and Ils:

Tslor _ Fallhok MIS o
PRI >o, - MK ’
(134)
or, from Eq. (124a), the shorter
B = Bk, (134a)

from which can be derived the P, between partial
unions, which originally were not defined [Eq. (50)].
In the case of three atoms, a, b, and ¢, the relation
for P, follows from Eq. (134)
Pac(Ra,bc)Pab(Ra,bc)q«z,bc(Ra,bc)
14+ q::,bc(Ra,bc) + Pou(Rape)Pac(Rarpe)
(135)
Equation (135), when solved for ¢, gives a ¢ which
automatically satisfies Eq. (119) (also compare Eq.
(161)]. Similarly, Eq. (123a) is satisfied in the Eq.

Pa,bc (Ra,bc) =

H.,

The individual # and S resulting are
S.(K|L) = fcis;"(K)é,(L)dr

and

H.(K|L) = f d*(K)H®,(L)dr = &,(L)S,(K|L)
+ VIP(KIL)

VIO (K|L) = / F(K)V(L)3.(L)dr (139b)

if Egs. (17) and (19) find application in (139b) [com-

D 3D 37 | 9 19 : 0.4V )
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(132) representations if Eq. (135) is utilized.

5. THE SEMIEMPIRICAL CONCEPTION AND
SOME APPROXIMATIONS

Once the formulation has been developed for
handling every molecule as an assumed collection of
solved single-center problems, the question now arises
of how useful the developed equations are in light of
our knowledge of the exact functions ¢x;(nx;) whose
eigenvalues give only the approximation solutions
&xi(ng;) and E(K])

In the frame of his method, Moffitt' has pointed
out in which ways the calculations can be carried out
with approximation functions. Later, Bingel® and
Artman,'? in particular, did this in another respect.

Applied to the method of atomic associations, this
means that the calculation is made formally with the
exact solutions ®(K) of Eq. (19) as long as possible,
and only at the conclusion of the calculation is ®(K)
replaced by ®(K). In this way, the correlations of
the electrons of the fictitious single atoms (partial
unions) are mutually taken into consideration. An
important result is that the limiting behavior of the
matrix §, which is now transformed to 8, still holds
because it is valid that

lim $ = w(K),

[K]

(136)

if w(K) represents the diagonal matrix of the eigen-
values of Iq. (19) according to Eq. (43a). The longest
possible retention of ®(K) in the calculations means
that the elements of the matrix § of Eq. (37a) can
be written as

,ﬁrt = /i?H;{sz, (137)
and further, due to Eq. (53),
= pu = L (138)
>r e Ua I S (KL Dok Do Tk Tz Su(K|L)]}
pare with Eq. (66)].
From Eq. (18a)
139
(139%) lim VP (K|L) = 0 (140)
[z
is still valid, as is [Eq. (20a)]
lim S,.(K|K) = 6., (141)
(K]

for the S integral, which survives due to the limiting
conditions for the IIx of Eq. (52), so that from this

12 K. Artmann, Z. Physik 149, 299 (1957).
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the relation (136) results as before for the elements
(138) of H.1

That is the semiempirical conception of the varia-
tion treatment, which consists of gathering the ele-
ments of the matrix w(K) from experiments and cal-
culating the integrals of (139) with approximation
functions.

There are still three facts to be pointed out, which
are characteristic of this form of the method:

1. Through the empirical setting of the ‘‘zero
levels” w(K) of Eq. (133), the molecular energy cal-
culated from Eqs. (36) and (37) is essentially more
exact because only the interaction energy of the dif-
ferent associations is handled with approximation
functions ®(K). Through w(K) the largest parts of
the energy are determined, so that it can be assumed
that the coefficients C,, in Eq. (35) also are a good
approximation of those obtained from Eqs. (138) and
(139).

2. We are not concerned with a Ritz treatment for
the energy variations, which lead to Eq. (36) and
(37), because the energy values obtained are beyond
the boundaries of the actual ones [compare (8)]. In
principle it happens much more often that these en-
ergy values lie a bit lower than the exact ones.

3. Because the matrix  is usually not Hermitian,
in place of $ we write
$=39+971, (142)
if §* is the matrix adjuncted to $. Because of the
Ok in Eqgs. (138) and (140), the boundary results of
$ remain as obtained by Eq. (136).

Concerning Point 2, notice that we can no longer
say which set of functions x. of Eq. (35) actually
have been used, or whether one even exists. Con-
versely, we can establish that a more consequential
and sensible formulation exists [refering to a calcula-
tion of the energy surfaces of molecules with as-
sumptions (137)—(139) as before], which also permits
a calculation of the energy of larger molecules be-
cause the concept of atomic associations has re-
mained unchanged in basic structure for the semi-
empirical conception. Together with the Ik respec-
tive to I'x, which guarantees the correct behavior of
the energy surfaces in definite limiting states, the
empirical information emerging in the determination
of w(K) has been applied in a far-reaching manner.

The chosen approximation functions ®(K) can be
constructed from either Eqs. (26) or (68), and the
approximated total atomic function @x;(nk;) can be,

18 H. Preuss, “Acta Valadalensis, Part I'’, 1958, University
of Uppsala, Uppsala, Sweden, technical report.
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for example, a Hartree or a Hartree-Fock function.
The calculation of the matrix elements of Eq. (139)
is also applicable for the case in Eq. (62), from which
a Py, similarly can be determined.

Consequential behavior likewise is obtained by ap-
plication of formulations (105) and (106) according
to Eq. (139). Together with Eqgs. (108) and (109)
there now results

/cﬁ*(?\uIV)HG(MIV)dT =EN\ — up)
+ [ & VO = wraOubidr
/&*()\I/w)[{&()\lw)dr =FE{u—wy)\)

[ M)V = oo, (143)

and, for example

/c?)* Oul»)HE (N uv)dr
= Bow —») [ Oub)aw)dr

[ & 0wVl = s o, (1430)

if @ is assumed to be normalized. Here also the poten-
tial energy of the atoms X and p are experimentally
determined from Eq. (109a). The same is true for
w(Aulre) in Eq. (106).

We will consider more closely the calculation of the
energy of the system—a, b, and c—with the aid of a
secular problem (37) whose matrix elements result
from KEq. (143). This procedure shows certain
similarities to an earlier method which in special
cases drew on the approximation determination of
activation energy.* Due to Egs. (110) and (143) one
sees from Fq. (37) that for ¢ — o, and, respectively,
a — oo, that we obtain the exact energy of the
molecules a-b, and, respectively, b—c, plus the energy
of the free atoms. In the work named above the two
energy curves of the reaction

a +b—c—a—-b+c (144)

had been considered in a simple manner for a fixed
separation R. and which results in R,. as a variable.
In this case we are concerned with the potential en-
ergy curve Wi, on the left side of Eq. (144), whichis
displaced a bit vertically through the ion ¢~.On the
right side of Eq. (144) the energy curve of the inter-
action W, of the ion ¢~ corresponds to the completed
molecule a-b. Because the two curves do not inter-
sect, a rough conclusion can be made about the ex-
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pected ‘‘adiabatic activation energy’” of Eq. (144)
from the course of the lower energy curve.

This simplification of the example (144) is con-
tained in Eq. (31) with Eq. (143), if one interprets
the integral in the following way for the rough ap-
proximation (R, = const)

E@h—@+fmmmwmw—@mﬂmm
= Wi(Boe) — W,

Em—mpy+/m@mwvma—bm@mmm
= W.(Rw.) —

where W represents the nucleus interation. The over-
lapping of the two & functions may be neglected.
Further, it may be assumed that

w, (145)

/5*(a]bc)V(a,b — ¢)a(clab)dr

= /a*(a]bc)V(c,a — b)a(clab)dr = «, (145a)

where o may be assumed to be small compared to
W. or Wh..

From Eq. (37) both solutions for (145) are (in-
cluding W)

E=1[Wi+ Wl (@ + L [Ww — W), (146)

which for @« = 0 represent the energy curves men-
tioned above. If « is shifted slightly from zero the
intersection will be raised and the two curves split
off at “point of intersection” (W, = W.) by the
amount |2«|. The energy trough of the two curves in
Eq. (146) is identical with that given above, from
which the “activation energy’” may be estimated.
Thus the calculation of the total energy with the aid
of Eq. (143) already includes a known, more simple
estimation method.

What has been said so far is essentially an outline
of the semiempirical conception of the method of
atomic associations. In principle, the Py, and g¢;; func-
tions can be chosen arbitrarily if they satisfy only
conditions (50) and (119). Approximations for Py, are
stated in the Eqgs. (63) and (92). The approximation
functions ®(K) find application in every case. The
choice of the Py, and the ¢;; decides how many func-
tions x,. must be carried along in Eq. (35) and to
which approximation the perturbation calculation
(79) must be carried through in order to obtain the
energy well enough. In the first case the secular
problem (36) and (37) can be held to a minimum
through an apt choice of the P,, and g¢:; functions,
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and in the frame of the perturbation calculation we
know that there are definite P, and ¢;; with which
the exact electron energy of a system can be de-
scribed already, through E© of Eqs. (79b) and (81a).

Thus the P,, and g¢;; functions have an influence
on the amount of calculation, hence one should try
to go a step farther than we have so far in the ap-
plication of empirical values because one also uses the
measured data for P,, and ¢;; for the determination.
In this case the relation (97) can be applied, if one
still subtracts from ¥ (measured) the energy of the
separated atoms

U(R) = E(measured) — &(a|b) ,

and which must be written in the form'

(147)

&(ab) — &(alb)}

—U(R)
o) (U <0). (148)

P(R) |

According to

U = ﬁ "I— ZaZb/Rab)

U(R) goes further together with the potential curve
U of the diatomic molecule, whose atoms have the
nucleus charges Z, and Z,. U(R) can be represented
by approximations by means of the known Morse
curve'®

(149)

U(R) = D{e™ "™ — (150)

in which R, stands for the equilibrium separation of
the atoms and — D is the value of the potential be-
longing to R,. The parameter a is determined from
the curvature & of Eq. (150), which is connected with
the eigenfrequency of the molecule. The D, a, and R,
values for a number of molecules are stated in the
literature.”® Unfortunately, the Morse curves de-
scribe the actual potential rather poorly for small and
large R, so that with Eqs. (150) and (148) a sufficient
approximation for P(R) can be expected only for
average R. Conversely, P(0) = 0 is not fulfilled with
(148) or (149).
It is still valid from Eq. (50) that

}Bim U(R) = &(ab) — &(alb)

26~a(R~Ru)}

(151)

and
lim O(R) = 0.

R—w

4 1f g(lab) — &(a|b) < U, which usually is satisfied, then
P > 0, as required in Eq. (50b).

15 M. P. Morse, Phys. Rev. 34, 57 (1929).

16 H. Sponer, Molekiilspekiren und thre Anwendungen auf
chemische Probleme (Springer-Verlag, Berlin, 1936). G. Herz-
berg, Molecular Spectra and Molecular Structure (D. Van
Nostrand Company, Ine., New York, 1950).
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When solved for U, it follows from Eqgs. (148) and
(149) that

U — &(ab) — &(alb) = Z.Z,
T 1+ PR R

so that, for example, with an analytically stated
P(R), which still contains free parameters, the con-
dition can be satisfied that

(1) P(0) =0 (3) U(Ry) = —D
(2) P(w) = o (4) 0U/dR| gz, = 0
(5) O°U/OR | per, = k. (153)

With that, a potential course could be found which
should represent a good approximation of all ranges
of R.7

With the P,, values from Eqgs. (150) or (152) and
(153) we can now consider the treatments of Secs. 3a
and 3b. And from Eqgs. (134) and (135) we can find
the ¢;; functions if the P), functions are known. Thus
we conclude that the determination of the energy
surfaces for systems with more than two atoms goes
back to diatomic systems and to the atomic energy
appearing in the concept of atomic associations. In
particular, the method in Sec. 3b (perturbation
method) allows an explicit statement of the energy
surfaces for N > 3, for which the P,, and ¢.; func-
tions from Eqs. (148), (152), and (134) can serve.

We will carry this out in more detail for the ex-
ample of a triatomic system a, b, ¢. The I'x functions
in this case have been stated already in Eq. (132).
With the assistance of Eq. (148) the total energy can
be represented by the potential curves U(R) be-
tween the atoms if we initially ignore the influence of
the ¢;; functions. (In this case we set ¢;; = ».) One
then obtains

+ (152)

_P ., az
=01 R,

with
= A0.0,.0.. + 8520 — Ua)[Aee — Ua]0,.
+ AvAw — Ua)[Ase — Us)U.
+ A[Aw — Tad[A. — T,0.,,
Q = UuU.U.. + [Aw — Uu)[Aee — U.1U,.
+ [Aw — T[4 — U,]0..

ZvZ.
Ry,

Z2. P
TR, T0

& + + W (154)

+ [Aac - ﬁac][Abc - ch]ﬁab ] (155)
and the abbreviations
(7%# = U)\H(R)\I-l) ) (156)

17 A paper on this subject is in preparation by the author.
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as well as

A" = g(abc) — &(a) — &(b) — &(c),

Al = &(olw) — &(olulr), (156a)

and
Ane = &) — 8N) — &(u), (156b)

if the zero level of Iq. (154) is the energy of the three
separated atoms.

Due to Eq. (24) A%, and A, are equal in this form.
That we distinguish between these two, however, is
due to a subsequent adoption of the ¢;; functions.

With Eq. (154) we found an approximation for the
energy surfaces of the triatomic system. It is worth
remarking that a development of & from the U func-
tions occurs in the following way :

c a b
&= W —|_ <Aih>l7a17 + <Abc>(7bc + <_Aﬂ) Z7ac

A Ape Aqe
L (st s,
S,
-5 (S5 5)o.0.
_%(A‘Zﬁ;ﬁ)ﬁwﬁw_F (157)

So for AL, = A, the initial forms of Eq. (157) give
the rough approximation

& =W+ Uu+ U+ U + - -

whose interpretation lies at hand.

The passage to the consideration of the ¢,; func-
tions is easily made with the assistance of Eqs. (124),
(125), and (128b). In this case, the structure of Eq.
(154) remains, and in place of Kgs. (156a) and
(156b) there now enters

(158)

I

AL = &(olur) — &(oluly)

Ap = &(w) — &(uly), (159)
whereby from Eqgs. (128) and (132) we obtain the
individual results

8(ow) + q(o|w)8(o|wr)
1+ q(o|w)

&(olw) =

qlolw) = Qo , (160)

as well as

E(oluly) = &(alub) .
The function ¢ can then be determined from Eq.
(135)

Pa,uv(l + va.Puv)
Pu,qu - Pa,w‘ ’

q(olw) = (161)
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if the P,,,, is known from Eq. (148). Because P;, .,
and PP, have about the same course and the
numerical values increase rapidly, one can expect
that q(o|uvr) goes rapidly to infinity with increasing
distance. The case where R, ., — 0 should be in-
vestigated particularly, although we will not discuss
it here.

The formulas are remarkably simplified if the three
atoms are on a line. Then we have

a b c
R, =Rb+Rb Rb =R, - R “ZG
c 'a c )y ,ac c ac Za + Zc b
Z. B  Z.
Rc,ab = Rbc + Rab Za _|_ Zb ) R",bc - R"'b + Rbc Zb + ZC'

(162)

If three of the same a atoms exist and if the Py, is
brought in again and R., = R, = R still holds, it
follows from Eqs. (154) and (155) that

A'{1 + P*(R)} + 2P(R)P(2R)Aw

7O _
1+ 2P(R)P(2R) + P*(R){1 + P(2R)}
5 a
+5p (163)

where g(blac) = 0 is set by approximations and the
remaining ¢’s are assumed to have been very large;
moreover, R cannot be very small, all of which
must be left out of Eq. (163).”® So individually we
have

A" = &(aaa) — 38(a),

Aaa = &(aa) — 28(a) . (163a)

With the aid of the P, and ¢.; functions of Eqs.
(148) and (161), one may conveniently make an ap-
proximate determination of the energy surfaces of
arbitrary atomic systems in complete generality with
E©® in Eq. (88a). In the next step there is an im-
provement because the matrix elements (72a) are
calculated with approximation functions and the en-
ergy resulting from Eq. (79b) is

8, =8 48" (164)
if the nearest approximation of Eq. (81b)
iy
P =FEP = S AK)V..(K) (165)
K

is utilized.

Conclusions can be obtained from energy surfaces
acquired in this way using approximations for the
order of magnitude of the activation energy to be ex-

18 Tl;;sumption q(blac) = 0 gives the same sign in Eq.
(130), so &ac|b) = &(abc).
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pected. For a detailed statement about the reaction
process there are further circumstances to be taken
into consideration that arise from the application of
the time-dependent perturbation calculation.'” For
that purpose, the knowledge of the energy surfaces
is necessary above all else. Only in the pure adiabatic
case (very slow nucleus movement) can the ground
state of an energy be derived from energy surfaces
alone, which essentially represent the activation
energy.

6. SOME NUMERICAL CALCULATIONS

The semiempirical conception of the variation
treatment (Sec. 3a) may be applied to a simple HZ
molecule. For Eq. (62) the applied approximation
functions give
Fo(alb) = [2r(1 + 8)]7He ™ + ") = Bo(alb)
&o(ab) = (8/7)'¢ ™ = @o(ab) , (united atom, He").

(166)
From Eq. (109) the operator of the total electron en-
ergy has the form

R
—
T e a ¢ b.
H=-34 T4 7 H H
(167)
The integral S in Eq. (166) is
I (168)
™

The two eigenvalues &(K) in Eq. (19) yield

&(alb) = —0,5a.u., &(ab) = —2,0a.u. (169)

and the partitioning of the operator H of Eq. (17) is
begun in the following way

_ - % A — 1/7'41 )
H(alb) —{_ 1A—1/n
H(ab) = —3 A — 2/r.,
Viab) = 2/r. — 1/ra — 1/7, . (170)
Here H(ab) is identical with 3¢(c) according to Eqgs.
(24) and (25). H(a|b) likewise can be shown with
3¢(b) or 3c(a).
Available integral tables® can be used with success

v = { 2V

19 H. Hellmann, Einfiithrung in die Quantenchemie (Franz
Deuticke, Wien, 1937).

20 J. Miller, J. M. Gerhauser, and F. A. Matsen, Quantum
Chemistry Integrals and Tables (University of Texas Press,
Austin, 1959); M. Kotani, A. Amemiya; E. Ishiguro; T.
Kimura, Tables of Molecular Integrals (Mamzen, Tokyo,
1955); R. C. Sahni and J. W. Cooley, NASA, Washington,
D. C,, technical note D-146, I, 11, 1959; H. Preuss, Integral-
tafeln zur Quantenchemie (Julius Springer-Verlag, Berlin,
1956/61) Vols. I-1V.
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for the calculation of the matrix elements of H with
the functions (166), which are used in the secular
problem (37) [compare Eq. (66)]. Only the three-
center integral that occurs

12

[a'be] = L T
iy

. (171)

has not yet been collected in a table, so by means of
the approximations

lacl(a'lbb] + [a'ce])| .-
1 1 11 11 La |bc]
Uac](a’bb]+ [a|cec])

12
a'lbe] =

(1@ bl + @ Jes) | .o
[a”|be

2 2 2 2 2 2 _l|b ]
i[ac]([a‘lib bl + [a—1|cc]>f
(172)

it must be refered back to the known integral
[a7'|be); (@ = 1,2). The definition of the integral
when applied to Eq. (172) is

(eB)? [ _taryspryp
e N g

™

a B
Au]=
a B 3
R h = (2B / L grennrig,
™ Te

(173)

Due to computation (172) one obtains two energy
curves for the electron energy E,, as shownin Table IT.

TasLe II. Energy values for H3.

R Ey
0.0 —2.000 —2.000
1.0 —1.479 —1.465
2.0 —1.099 —1.090
3.0 —0.908 —0.904
) —0.500 —0.500

The characteristic of the method of atomic associa~
tions is that F, exactly transforms into the eigen-
values of Eq. (169) for Rs, — 0 or Ry — .

The potential energy curve &, with Egs. (11) and
(169) is

& = Hy+1/R+ 05 (174)

from which we get a bonding energy of about —2.60
+ 0.08 eV for a nucleus distance of 2.0 a.u., using
the values from Table IT. This result is in good agree-
ment with the exact values of 2.78 eV for R = 2.0
a.u.
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For the H, molecule there results in place of Eq.
(166)

Balalb) = = [2(1 + S e 4 o)

3
&, (ab) = >‘7 e \ = 1.70 (175)

with S from Eq. (168). The ‘“united atom’’ is now an
He atom which again lies in the middle between the
two protons. The Hamiltonian operator (in a.u.) is
now partitioned according to Eq. (17) as follows:

T
al b2
H(alb) = 1 1 1 11

TR AT AT T

_1r 1
V(dib) — 7‘1.;2 lel 7";2

T e e | Te

1 1 2 2 1
,H(db) B 2 A 2 fe = Tea B Te2 —7‘:—
V(ab)—<2— I_L) (2__1___1_)

N Te1 Ta1 Tv1 Te2 Ta2 Tp2

and the eigenvalues from Eq. (19) give

&(alb) = —1,0a.u., &(ab) = —2,9037---a.u..
177)

The calculation of the integral that arises likewise
can be carried through exactly until we reach the
three-center integral

A
[a“l?)c]
and
P § (
[Zl ¢ | c :I - % )\3 //_7,1— 6—(Yal+)\rm+)\rcz+rbz)d7_ld7_2 .
12
(178)

The above integral was handled according to the
Mulliken approximation®:

1 A1 1 A A1 11 N 11 11
[acleb] = i [acllcbl{[a alcc] + [aalbb]
ANANX AN1 1
+ [celee] + [celbbl} . (179)
Although as yet there is no exhaustive discussion of
the integral approximations used for many quantum

chemistry calculations, this much can be said at pres-
ent: These in forms (172) and (179) are better if the

21 R. 8. Mulliken, J. Chim. Physi. 46, 497 (1949).
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nucleus distances are made smaller. Hence, one may
expect a greater exactness for the H, bond energy
values calculated in this way because the equilibrium
is smaller for H, than for Hj.

The method of atomic associations for function
(175) gives a bond energy of —4.71 e¢V. The bond
distance amounts to 1.42 a.u. The exact values are
—4.74 eV and 1.40 a.u.

Finally, the H; system may be handled according
to the generalized treatment (Sec. 4). From Egs.
(105), (108), and (109) we have

a—D>b c

H H H
.1 _r_r . 1 1
V((l b’C) N Taj Tb; Tei Tck+ Tij + Trj
V(c—b,a) — ___1___1‘.___1__}__*__1__|_i.

Tvi Tes Tak Taj Tir 5

(180)

a(able) = @ (1,2)0c(3)[«(1)8(2) — a(2)B(1)]a(3)
a(bela) = Qe (2,3)¥.(3)[«(2)B(3) — a(3)8(2)]a(1)

(181)
where o and g represent the spin functions. [@ is ex-
plained in Eq. (27).] Yu (and, respectively, s.) are
approximation solutions for the free H, molecule and
were regarded as expanded Heitler-London—-Wang-
functions?

Ian(ig) = W) 4 N (189)
in which the parameter A’ is still a function of the
nucleus separation. In very good approximation

N (Ra) = 1+ 1/4Ry, (182a)
can be written for 0.5 < Ry,. The ¢, functions are
the solutions for the H atoms (ground state)

o = (1/m)ke . (182b)

Then the matrix elements from Eq. (143) were cal-
culated with function (181), whereby [due to Iiq.
(1092)] in

EMN\ — up) = 8@F) + 80\ — u) (183)

the right side represents the energy of the hydrogen
atom and the H; molecules (ground state)

&) = —0.5a.u.
BN —p) = —1.0 — Rl: FUMRY, (aw), (184)

22 W. Heitler and F. London; Z. Physik 44, 455 (1927);
S. C. Wang, Phys. Rev. 31, 579 (1928).
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which were experimentally determined. The func-
tion U(R) represents, according to Eqgs. (147) and
(149), the potential energy curve of Ho.

The H; system was calculated for the case Ea
= R, = R, which may exist in reality through the
reaction

H4 H, 2H. + H. (185)

All three-centered integrals must again be estimated,
where we first set M’ = 1 as a good approximation in
the place of Eq. (182a). After adding the nucleus re-
pulsion energy ¢/2R, one obtains the energy values
&(R) for the Hs complex (atomic units) listed in
Table III.

TasLe III. Energy values for Hy, when \” = 1.

R 1.0 1.25 1.5 1.76
& R) +0.303 +0.086 —0.054 —0.099
R 2.0 2.5 3.0 4.0
&R) —0.108 —0.085 —0.057 —0.027

In the next step of the calculation, approximation N
of Bq. (182a) was used and gave the following re-
sults (Table IV), which for B < 2.5 are lower than
Table III. Thus the lowest energy of the Hs system
is reached at about B = 1.85 a.u. and still lies about
0.05 a.u. = 1.36 eV = 30 kcal/mol higher than these
of the free H, molecule.

Tasie IV. Energy values for Hp, when (182a) is used.

R 1.0 1.25 1.5 1.75 2.0 2.5
&(R) +0.18 —0.03 —0.097 —0.118 —0.117 —0.086

These results agree very well with the results of
other methods,?® which likewise give a nucleus dis-
tance of about 1.80 to 1.90 a.u. From the 30 keal/mol
energy difference for the H, molecule nothing as yet
can be concluded further about the activation energy
of the H; process (185) because in the above calcula-
tions the position of the diagonals R, = Rw. = R
first were determined on the eunergy surfaces. Be-
cause the tunnel effect and the oscillation states must
be taken into account for reaction (185) and the
process might in no way follow a purely adiabatic
course, an essentially small activation energy can be
expected. The measured activation energy lies at
about 10 keal/mol.

2 H. Eyring and M. Polanyi, Z. Phys. Chem. (B) 12, 297
(1931); J. O. Hirschfelder, H. Eyring, and B. Topley; J. Chem.
Phys. 4, 170 (1936).
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In conclusion, we would like to consider some
equations of the perturbation theory concept of the
method. For this purpose, consider Eq. (163), which
we want to apply to the system of three hydrogen
atoms. So from Eq. (163a)

A = —5978 a.u.

Awe = Auyn = *1,9037 a.u. . (]86)

The function P(R) of Eq. (148) was determined from
analytical potential curves. As stated above, the ¢
values were taken into consideration in approxima-
tion form.

One always finds at about B = 1.9 a.u. an energy
minimum of —0.165 & 0.05 a.u. for the H; system,
which corresponds to an increase in energy of about
3-9 keal/mol over the H, molecule (a good result in
view of the applied approximation in the ¢ functions).

It is worth remarking that disregarding the ¢ func-
tions in Eq. (160), which led to representation (154),
still did not give a reasonable minimum in the po-
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tential curve of the H; complex if the separation of
neighboring H atoms were set equal in the linear
system and varied. Likewise omitting the association
[ac|b] results in an unsatisfying course of the curve,
if the arrangement of the three atoms is a—b—c.

The examples show that the equations of the
atomic association method in the frame of a variation
treatment or in the perturbation theory representa-
tion reproduce, in their simplest form, interactions
between atoms that are essentially correct.
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Structure of Fermion Density Matrices

A. J. CoLEMAN

Queen’s Unwversity, Kingston, Ontario, Canada

1. INTRODUCTION

AN the wave function be eliminated from quan-
tum mechanics and its role be taken over, in the
discussion of physical systems, by reduced density
matrices? The author has believed in the affirmative
answer to this question for over ten years. In the
present paper, he attempts to muster the main cur-
rent evidence in support of this belief. Prior to the
Hylleraas Symposium, the available evidence, prob-
ably, would not have convinced the average physi-
cist. However, the discovery, during the Symposium
of Theorem 9.3, and subsequently of Theorem 9.4,
gives real substance to the hope that it will soon be
possible to calculate the energy of the ground state
of an N-fermion system using density matrices as the
main mathematical tool.
In his summary' of the Boulder Conference on
Molecular Quantum Mechanics, June 1959, C. A.
Coulson remarking on the striking resurgence of in-

1 C. A. Coulson, Rev. Mod. Phys. 32, 175 (1960).

terest in the density matrix approach to the N-body
problem stated, ‘It has frequently been pointed out
that a conventional many-electron wave function
tells us more than we need to know. . . . There is an
instinctive feeling that matters such as electron cor-
relation should show up in the two-particle density
matrix . . . but we still do not know the conditions
that must be satisfied by the density matrix. Until
these conditions have been elucidated, it is going to
be very difficult to make much progress along these
lines.”

Conditions on the wave function are known. It
must (1) satisfy Schrodinger’s equation, and (ii) be
symmetric or antisymmetric with respect to the in-
terchange of similar bosons or fermions, respectively.
Condition (i) is easily translated into a variational
condition on the two-particle density matrix. How-
ever, when Professor Coulson spoke there was no con-
venient formulation of the conditions on a reduced
density matrix implied by the symmetry or antisym-
metry of the wave function of the system. This is the
important lacuna to which Coulson drew attention,



