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Abstract: In a recent series of papers? it was shown that the heats of formation of conjugated molecules can be
calculated with surprising accuracy by the Pople SCF MO method, the ¢ bonds being treated as localized. Here
we describe an extension of the method to include all the valence electrons in a molecule, using procedures similar
to those suggested by Pople, Santry, and Segal¢ and by Klopman.® Preliminary calculations for a number of hydro-
carbons are reported ; the agreement between the calculated and observed heats of formation is already very satis-
factory, implying that this approach should ultimately give results of sufficient accuracy to be of value in pre-

dicting the structures and reactivities of molecules.

n a recent series of papers? it was shown that the

heats of formation from atoms of conjugated mole-
cules can be calculated with quite unexpected accuracy
(=0.1%), using the localized bond model for the &
bonds and calculating the 7 binding energy by the Pople
method. However, although this approach represents
a very considerable advance over anything previously
reported, it is still of limited chemical value; it cannot
be applied to reactions even of conjugated molecules
since transition states do not normally have the sym-
metry necessary for the = approximation to be appli-
cable, nor can it be applied to many problems concern-
ing the behavior of unconjugated molecules, e.g., con-
formational equilibria and steric hindrance.

However, in view of the unexpected success of the
7 calculations, it seems reasonable to hope that an
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analogous treatment of ¢ bonds might prove equally
successful; if so, we would have a complete solution
of the basic problems of chemistry. Preliminary cal-
culations of this kind for diatomic molecules have in-
deed proved very promising,® and Pople, Santry, and
Segal* have reported preliminary calculations for larger
molecules. Here we describe our own initial efforts
in this direction, which already seem to have achieved
a degree of accuracy almost in the ‘“‘chemical” zone.

Theoretical Approach

The Pople SCF MO method is now familiar, and the
problems involved in its extension to g-bonded systems
have been discussed in a formal manner by Pople,
Santry, and Segal. The following pictorial representa-
tion has the advantage of clarifying these problems and
will also help to illustrate our own approach.

In the original Pople treatment of conjugated systems,
the 7 MOs y, are written as linear combinations of p AO’s
¢¢ of the participating atoms (eq 1). The choice of

Yu = ;amﬁ: )

basis set functions ¢, is unambiguous, since the ori-
entation of each ¢, is determined by the geometry of
the 7 system. In calculations for a three-dimensional,
a-bonded system, the situation is more complicated.
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Figure 1. Illustrating the interactions between an electron in an s
AO (¢) of atom N, and an electron in a p AO (¢) of atom M.

Each atom other than hydrogen will contribute at least
three p AO’s; the orientation of these orbitals is
arbitrary, since there will normally be no reference
frame to fix the choice of coordinate axes. Since the
choice of axes is arbitrary, the results of the calculation
must be independent of it. While this condition is
automatically met in a complete Roothaan SCF MO
treatment, the same is not necessarily the case in the
simplified version of Pople. The following example
illustrates the difficulty.

Consider the interactions between two electrons, one
occupying an s AO (¢) of atom M, and the other, a p
AO (¥) of atom N, ¢ having its axis along the line join-
ing the two nuclei (Figure la). In a coordinate system
where this line is one of the coordinate axes, ¢ will be
represented as a single p AO. The terms in the total
energy that represent the interactions between the two
electrons are of two kinds; first there will be a one-
electron resonance integral 3, given by

B = SouSydr @

where HC is the core operator; secondly there will be
an electron repulsion term vy, given by

y = ff¢2(1>§¢2(2) drdr=(go0¥) ()

in the usual notation for such integrals.

Suppose now that we calculate these interactions in
a coordinate system rotated through 45° about the z
axis (Figure 1b). The AO ¢ must now be written as a
linear combination of the p, AO (¢) and the p, AO (n);
ie.

1
¢ = ;'/“E(S +m C))

The corresponding one- and two-electron interaction
terms, 8’ and v, are then given by eq 5 and 6. If our

1
B! = JouSyY dr = ’\/—E(J'SHC\# dr + fquY dr) (5)

¥ = SOV VAR drdry =
JFEME V) drdrs + LD E YR drdra +

.1'5(1)?7(1)"6—2 Yv¥(2) drdr = l[(SS,\;W) + () +
ri2 2
2(&n )] (6)

calculation is to be independent of the choice of co-
ordinate axes, it is necessary that

B =p N
0 v’ (8)

i

i

Equation 7 will be automatically satisfied if we make
the usual assumption that one-electron resonance in-
tegrals are proportional to overlap integrals. The
second condition will be met in a full Roothaan treat-
ment where all electron repulsion integrals are in-
cluded; however, in the standard Pople treatment,
where integrals involving overlap between different
AOQO’s are neglected, complications will arise, since the
final integral in eq 6 will be set equal to zero. Since the
remaining integrals in eq 6 are equal, from symmetry,
eq 8 will be satisfied only if

(6,¥Y) = (E¥¥) = (m.¥y) ®

Since these integrals represent the mutual repulsions
of two clouds of charge, one representing the distribu-
tion of an electron occupying a p AOQ, the other the
distribution of an electron occupying an s AQ, the con-
dition implied in eq 8 is equivalent to the assumption
that such clouds of charge are spherically symmetrical.
This is the CNDO approximation of Pople, et al.*
(complete neglect of differential overlap). In it one
assumes that electron repulsion integrals of the type
(xx,ww) depend on the nature of the orbitals x and w
and on their distance apart, but not on their orienta-
tion.

Our experience indicates, however, that this approxi-
mation is too severe. In spite of very extensive trials,
we have been unable to devise any satisfactory scheme
for calculating heats of formation of molecules based
on the CNDO approximation. This is not surprising,
for the directivity of valence probably depends at least
partly on the variation with orbital orientation of re-
pulsion integrals involving p AO’s. If so, one would
not expect to be able to calculate heats of formation
accurately, using an approximation in which these
variations are neglected.

If such variations in the repulsion integrals are to be
included in our treatment, we must then include three-
and four-orbital repulsion integrals, involving overlap
of orbitals on a common center. In other words, all
two-center repulsion integrals must be included. We
can still, of course, neglect three- and four-center inte-
grals, involving overlap between AO’s of different
atoms, for neglect of these does not affect the invariance
of our calculations to choice of coordinate axes. Thus
in the notation of Figure 1, and with x representing an
AO of a third atom, we can set

(xo¥¥) = (xEWY) = (xndy) = 0 (10)

without affecting the invariance to rotation, for the
contribution of such integrals will be zero no matter
what axes we choose.

This is the NDDO approximation of Pople, et al.*
(neglect of diatomic differential overlap); it involves
obvious technical difficulties, and no calculations have
as yet been reported in which the full NDDO scheme
has been adopted. Not only are there a large number
of additional integrals to be evaluated, but it is also
difficult to estimate them by the kind of semiempirical
approach we have used for the two-orbital integrals.!?
While the NDDO approximation may prove essential,
and while we are at present developing an appropriate
program for applying it, we decided first to try the fol-
lowing intermediate approximation in the hope that
it might combine simplicity with adequate accuracy.
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Consider the integrals (km,/n) between AO’s of two
atoms M and N. First we transform the AO’s of the
atoms into the coordinate system of Figure 2. The
repulsion integrals between the original AO’s can at
once be expressed in terms of corresponding integrals
between the transformed AO’s. In this new system,
all three-orbital integrals involving overlap between
pairs of p AO’s vanish through symmetry, as also do
most of the corresponding four-orbital integrals. We
now assume that the remaining three- and four-orbital
integrals can be neglected. The neglect of integrals
involving overlap between an s AO and p AO of a given
center can be shown to have no effect on the invariance
of the calculations to choice of coordinate axes. The
neglect of integrals involving four distinct p AO’s can
in principle affect this invariance; however, various
arguments indicate that such effects are negligible (see
below). With these assumptions our problem is
greatly simplified, for the remaining two-center integrals
are now of the standard two-orbital type, i.e., (kk,).
This approach might be termed the PNDDO approxi-
mation (partial neglect of diatomic differential overlap).

There are ten distinct integrals of this kind to be con-
sidered for the orbitals indicated in Figure 2, viz.

SOM—SON; SOM~PON; POM—SON, POMDPON, SOM—PTN,

PTM—SON, PTM—PTN, POM—PTN, PTM—PONs PTMPTN*

03]

The last integral, pmy—pwx*, is one between the p, AO
of M and the p, AO of N, or conversely. For n atoms,
there are therefore 5n(n — 1) different integrals; in our
computer program, each set of integrals is stored in
one-half of an #n X »n matrix, five such matrices being
required.

Our treatment also involves repulsion integrals be-
tween orbitals of a single center; here the three- and
four-orbital integrals vanish through symmetry, only
two-orbital integrals of the type (kk,mm) and (km,km)
remaining. Integrals of the latter type must be retained
since otherwise we could not distinguish between singlet
and triplet states of atoms; thus the difference in energy
between the singlet and triplet configurations (1s)?-
(2s)%(2p)? of carbon arises from an integral of this type
where ¢, and ¢,, are different 2p AO’s.

We neglect inner electrons, e.g., the 1Is electrons in
carbon; we treat the valence electrons as moving in the
field of a set of cores, each composed of a nucleus and
a set of occupied inner AO’s. Thus the core of carbon
is an ion C**, consisting of the nucleus and a pair of
Is electrons.

The one-center repulsion integrals (kk,mm) and (km,
km) are estimated from spectroscopic data for the corre-
sponding atom by a procedure considered in detail
below. In this it is assumed that the repulsion between
a pair of electrons in the valence shell of a given atom
has a value independent of the orbitals occupied by the
electrons and depending only on their relative spins,
ie.

repulsion between electrons of like spin = Ayt (12)

repulsion between electrons of opposite spin = Ay~ (13)

The repulsion integrals can be expressed in terms of
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Figure 2. Illustrating calculation of electron repulsion integrals.

these quantities as
(kk,mm) = Ay~ (k=mork=m (14

In order to make the treatment as general as possible,
we derived an expression for the total electronic energy
(Eq) for an open-shell SCF MO treatment. Here
g%, q/ are respectively the densities of a-spin and B-spin
electrons in the AO’s ¢, and ¢, given by

g = Znuaaui2 qjﬂ = vaﬂavj2 (16)
M v

where n,* and n,? are the numbers of electrons (zero
or unity) occupying the corresponding MO’s ,* and
¥.p.  Likewise p;* and p,/? are the corresponding bond
orders, defined by eq 17. In the case of a closed-shell

D = Znuaauiaw
"

pif = Ynfaa,
14

)

molecule, the net charge densities ¢, and bond orders
Py are given by

g = 29~ = 29 py = 2p, = 2p,f (18)

The expression for Eg is shown in eq 19. Here
o )
Eq = Z<(¢1ka + o)W, + Z{ » [kzm,VkN” +
k m (N#M

(kymy + kzmz) VkNw](pkma + pkmﬂ) + %I:qkaqma - (pkma)2 +

1
QkﬂQmﬂ - (pkmﬂ)2:| Ayt + E(Qkanﬂ -+ qkﬂqma)AM_}> -+
M) (N)

; lzk {2(sza + pklﬂ)l:kzlzﬁkld + (kyly + kzlz)ﬁklw]} +
>
M) (N)

> {(pkm"pzn" + Pin’Pinf + DPrn®Di + PenfPi® —
m n

Pin"Pim”™ — pknﬂplmﬂ)l:kzlzmznz')’kl” + (kLymyn, +
kzlzmznz)'y}clrw -+ kzmz(lyny -+ lznz)'Yklﬂr + (k,,m,, -+
kzmz)lznz')/klwa + (kymylznz + kzmzlynv)vklr"*]} (19)

¢ and ¢, are AO’s of one atom M, while ¢, and ¢, are
AO’s of some other atom N; the summations are
labeled accordingly to avoid confusion.

The integral W, represents a sum of the kinetic energy
of an electron occupying the AO ¢, and its potential
energy due to attractions by the core of the correspond-
ing atom (M). The integrals V,x" and V" represent
respectively the attractions between an electron in a
o-type AO (s or po) or a w-type AO, ¢, and the core of
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atom N. The quantities A* and 4~ have already been
defined (eq 14 and 15). The remaining one-electron
integrals B;;” and 8;,” are resonance integrals between
AQ’s of atoms M and N in the local coordinate system
of Figure 2. There are five nonvanishing combina-
tions of this type, i.e.

so—Sg, So—po, po-S¢, pT—pw, po—po (20)

where the first symbol designates the orbital ¢,, the
second ¢,.

The quantities v;, are two-orbital repulsion integrals
for orbitals of atoms M and N, again in the local co-
ordinate system of Figure 2; i.e.

Yoo = (kk,lI) @2n

The integrals are labeled with superscripts to indicate
the types of orbital involved; the distinction between
so and po types follows automatically from the nature
of the AO’s. Thus if ¢, and ¢, are p AO’s, the integral
Yu.°" is of the pe—prw type, while if k = m and ¢, is a
o AO, the integral is of the so—pr type. (Note that in
our scheme v;,°" vanishes if ¢, is an s AO and k # m,
since three- and four-orbital integrals involving s-p
overlap are neglected.)

The quantities k,, k,...n, are involved in the trans-
formation of the original basis set of AO’s into the
locally oriented sets of Figure 2. They are defined in
(22), where i = k, I, m, or n, and other terms are defined

———Type of orbital ¢,

s P Py P:
= 1 X Y z
i,= 0  —rYR rX/R 0
i,= 0 —rXZJR —rYZ/[R Rlr

(22)
X=Xy — Xs|/ri Y = [ Yy — Yx|/iZ = |2y —
Zy|frir = (X*+ Y2+ Z)V5 R = (X2 + YY) (23)

ineq 23. X, Y, and Z, are the coordinates of atom
P in the original coordinate system used to specify the
positions of the atoms in the molecule.

The elements of the F matrix for the a-spin electrons
are given in eq 24-26. Equation 25 refers to off-

Fkk = Wk(M) + N§M[kz2VkNd + (ky2 + kz2)VkNr] +

M)
@PAv + Z]a(qmaAM+ + ¢PAvT) +
m

N)

N
L;(‘;(pma + pub)kk,in) (24)

Fiy™ = Z [k, Vin + (kymy, + km)Vin™ —

N=M
(N (N)

Pn®An™ + Z;Z(pzn"‘ + pulXIm,in) (25)
F ™M = [ 1847 -+ (kyly + kB —
M) ()
S pmlkm,In) (26)
diagonal matrix elements between AO’s ¢, and ¢,, of
the same atom M, while eq 26 refers to corresponding

elements between AO’s of two different atoms M and
N. Here the electron repulsion integrals have been

m

left in their original form, over AQ’s set up in the
original coordinate system; in order to evaluate them,
the AO’s ¢y, b1, ém, and ¢, for each pair of atoms M
and N are transformed into the local coordinate system
of Figure 2.

The calculations were carried out at the Computation
Center of The University of Texas, using first a CDC
1604 digital computer, and later a CDC 6600. The
program, while somewhat complex, followed a fairly
conventional path. The integrals S, and ¥, and the
quantities k, etc. of eq 22, are first computed and stored.
An initial F matrix is then set up, using assumed values
for the ¢’s and p’s; in the case of hydrocarbons, we set
the charge density (¢) equal to unity for each valence
orbital, and each bond order (p) equal to zero. The
F matrix is then diagonalized, new ¢’s and p’s are com-
puted, and the process is continued until the sum of the
energies of the occupied orbitals converges to within a
predetermined limit. The total electronic energy is
then computed (eq 19) and the total bonding energy
found from it by adding the core repulsion and sub-
tracting the total energy of the isolated atoms. The
following section indicates the procedure we have fol-
lowed in estimating the various integrals and other
quantities appearing in the treatment.

Calculations of Integrals Etc.

The quantities appearing in this treatment are of
five types: (a) valence-shell ionization potentials,
W, (b) one-center repulsion integrals, (kk,mm) and
(km,km); (c) one-electron resonance integrals, (;
(d) two-center repulsion integrals, vx;; (e) the core re-
pulsion and core-electron attraction. For reasons indi-
cated above, we are prepared if necessary to treat any
or all of these quantities as parameters, our sole pur-
pose being to develop a reliable and general method for
calculating heats of formation of molecules of all kinds
(including transition states) with ‘“‘chemical” accuracy.
However, one must obviously try to minimize the
number of arbitrary parameters in a treatment such as
this; we have accordingly adopted the course of intro-
ducing parametric functions for the calculation of the
various quantities, these functions containing the mini-
mum number of parameters and being chosen on the
basis of physical intuition. In this connection, em-
pirical data for atoms can be regarded as free informa-
tion, for we are concerned only with the heats of forma-
tion of molecules, not with their total binding energies.
The true parameters in our treatment are those whose
values must be fixed by reference to properties of
specific molecules; the number of such ‘“molecular”
parameters must be kept as small as possible if the
method is to be useful and convincing. The procedure
we followed in the calculations reported here was as
follows.

(a and b) Valence-Shell Ionization Potentials and
One-Center Repulsion Integrals. These were estimated
for carbon from spectroscopic data by the following®
procedure. We represent the core of the carbon atom
as the ion C#*+, consisting of the nucleus and two Is
electrons. The quantities W, or W, should then
represent the energy of a 2s or 2p electron, respectively,
moving in the field of this core, and one might there-
fore try to equate them to the appropriate fourth
ionization potentials of carbon, i.e.
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C3*+(1s)%(2s) — C**(1s)? AH = W,
C3*(1s)(2p) = C*+(1s)? AH = W, 27

However, the orbitals in C3* are smaller than those in
neutral carbon and their binding energies correspond-
ingly greater; the quantities W, and W}, were therefore
chosen to give a best fit to the energies of various states
of neutral and singly ionized carbon.

We assume that the repulsion between two valence-
shell electrons has the same value, regardless of the
orbitals occupied by the electrons; for electrons of
parallel spin, the repulsion is A+, and for electrons of
opposite spin, A—. Thus the energy (£! or E?®) of a
carbon atom in the singlet or triplet states (1s)%(2s)2-
(2p)?, represented by single determinants with S, =
0 or -7, respectively, are given in eq 28 and 29. The

Singlet (1s)(Ts)(2s)(2s)(2p)(2p)

El = 2W, + 2W, + 24+ + 44- (28)
Triplet (1s)(1s)(25)(25)(2p-)(2p,)
E} =2W, + 2Wp + 34+ 4 34— 29)

quantities 4+ and A~ are related to the one-center re-
pulsion integrals by eq 14 and 15.

In order to estimate A+ and 4~ it is necessary to deter-
mine E! and E® from spectroscopic data. The single
determinants in eq 28 and 29 do not of course corre-
spond to true states of carbon. There are 15 possible
configurations, corresponding to the possible partitions
of two electrons between the three 2p AO’s; these are
indicated in (30) and (31). In our approximation, all

States with S, = 0

H— o =P b=
EHO E4D 3D -

States with S, = X7

G40 D AP G P 3P 6y

the ““singlet” configurations of (30) have the same energy
EY, while all those of (31) have energy E3. In practice
these 15 configurations correspond to the following 15
real states of carbon.

1S, one state
D, five substates (M = 2,1,0, — 1, —2)
3P, nine substates (M = 1,0, —1; $=1,0,—1) (32)

In order to obtain correct representations of these
states, we should construct appropriate linear combina-
tions of the configurations indicated in (30) and (31).
Since configurations of different multiplicity do not
mix, the six triplet states of (31) lead only to six sub-
states of ®P (those with S, = % or —#). Since these
substates have the same energy (that of the state 3P),
we can equate this energy to 4. The remaining states
are the 'S and !D states, and the three substates of 2P
with S, = 0. These are represented by a set of nine
orthogonal linear combinations of the configurations
of (30) and (31). Now it is easily shown that the total
energy of such a set of linear combinations is the same
as the sum of the individual energies of the original
configurations; the total energy of the nine configura-
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tions is of course 9E!, while that of the nine real states
and substates is [(1S) + 5(!D) 4 3(°P)], where (1S),
(D), and (°P) are the energies of the corresponding
states. Hence

E' = S[0S) + SCD) + 3CP] (33)

The configuration thus appears as a weighted mean or
barycenter® of the appropriate states. The energies
of barycenters can thus be calculated from spectroscopic
data, and the results can then be used to determine the
various one-center integrals A+, A=, W, and W,

This treatment of atoms may seem rather primitive,
but it is fully justified by its practical success.® The
number of appropriate barycenters for a given atom is
usually greater than the number of parameters; the
energies of all the barycenters are given well by this ap-
proach for a wide variety of different atoms.

In calculating the binding energy of a molecule, we
naturally compare its calculated total energy with a
sum of the energies of ground-state barycenters of the
component atoms, for, since we use a single Slater
determinant to describe the molecule, it would be in-
consistent not to use a similar description for its com-
ponent atoms.

(¢) The one-electron resonance integral (§;; can be
interpreted physically as the energy of an electron oc-
cupying the overlap cloud between the AO’s ¢, and
¢, and moving in the field of the core and remaining
electrons. We would therefore expect §;; to be pro-
portional (a) to the magnitude of the overlap cloud,
i.e., to the overlap integral Sy;, (b)to some mean of the
binding energies of the AO’s ¢, and ¢,; (c) and to the
distance between the overlap cloud and the nuclei of
the atoms of which ¢, and ¢, are AO’s. The last two
conditions follow since the potential field in the overlap
region arises mainly from the two atoms. We there-
fore adopted the following expression for B4

Brt = (Bi)oSidIx + IDlre? + (o + Pz)]_l/’ 34

Here I, and I, are the valence-state ionization potentials
of the AO’s ¢, and ¢,, calculated for the appropriate
barycenters by the method of ref 5; r;,; is the inter-
nuclear distance between the atoms of which ¢, ¢, are
AO’s; p; and p, are quantities appearing in the expres-
sions for two-center repulsion integrals (see below);
(Bx1)o is a parameter to be determined empirically, being
the same for all valence orbitals of a given atom. The
overlap integrals S, were calculated in the usual way
using Slater—Zener orbitals (Z = 3.25 for carbon). In
order to reduce the number of parameters in the treat-
ment, we assumed that 8, has a common value §,, for
orbitals of two atoms x and y, regardless of the type
of orbitals (s or p) and mode of overlap (¢ or 7), and
that

Bay = V BBy (35)

Equation 34 is more complicated than the correspond-
ing expressions used by other authors; we have tried
a number of such simpler expressions, but with less
success. Thus omission of the terms I, and I, leads to
results for unsaturated molecules such as ethylene in
which the orbitals appear in the wrong order of energy;
it is essential to use different values of B for s and p
AO’. Again, omission of the term in r gave heats
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of formation for acetylene that were much too low;
it is apparently necessary to use for 3 an expression
that increases more rapidly with decreasing bond length
than does the corresponding overlap integral.

(d) The two-center integrals (¢¢,Y) were estimated
in two different ways, one for the CNDO calculations
and one for the PNDDO approximation. The integral
(¢¢,¥¥) must in each case obey two boundary condi-
tions. As the internuclear distance r tends to zero, the
integral should approximate to a one-center repulsion
integral, while, when r — =, the integral should ap-
proximate to e?/r.

In the CNDO calculations, we adopted expression
36, one which has been used successfully in previous
work.%5 Here p, and p, are constants characteristic

i = efry? + (ox + )" (36)

of the two atoms, chosen to make v, approach the
corresponding one-center integral as r; — 0; i.e.

2pr = eYA= 201 = €A (37)

In the second approach, different values were assumed
for the integral +,;, depending on the nature of the
orbitals involved and their mode of overlap. Two
arguments guided us in choosing a suitable expression
for the integrals. First, an analysis of the role of elec-
tron correlation, using a model® similar to that invoked
in the SPO approach,® suggested that the integrals
should fall into three distinct groups, i.e., (38)—(40).

I. correlation large: sg:so; pr:pw; so:prw (3%
II. correlation medium: so:po; po:prw 39)
III. correlation small: po:po (40)

Secondly, this subdivision of the integrals also appears
in the values estimated theoretically, using Slater—
Zener orbitals;” these are shown in Table I.

Table I. Values for Carbon—Carbon
Two-Center Repulsion Integrals

Value of integral, ev

Calcd
using Calcd
Slater-- from
Class Type Zener AO’s  (41)-(43)
1 So:Sa 9.28
sg:pmT 9.12 7.13
pw:pw 8.98
pw(x):pm(y) 8.98
2 so:po 9.61 7.81
pm:po 9.41
3 po :po 9.99 8.45

Our object was to duplicate this pattern, subject to
the condition that the integral (ii,kk) between orbitals
of two identical atoms should converge to the corre-
sponding one-center integral (ii,if) at zero internuclear
separation. The expressions we adopted are given in
eq 41-43, where in class II, the orbital ¢, is the one of

(6) See M. J. S. Dewar and N. L. Sabelli, J. Phys. Chem., 66, 2310
(1962).
(7) We are grateful to Dr. F. A. Matsen for these values.

Class I

(iikk)y = efru® 4+ (pr + o)’ (41)
Class II

(ii,kk) = e”ra? + (p; + pT)T 7" (42)
Class III

(ii,kk) = efry? + (0.Tu + p:Tw)T™*  (43)
the po type, and where
Ty = e —Tit/2(pitpr) (44)

The values calculated in this way for carbon atoms at
an internuclear distance of 1.55 A are listed in the last
column of Table 1.

(e) Core Repulsion. Having calculated the total
electronic energy (E.;), we can then find the total energy
of a molecule by adding to this the core repulsion.
Our last problem is to decide how to calculate this.

In the 7 calculations, the repulsion between two cores
M and N was set equal to the corresponding two-center
repulsion integral; however, if we try to do this in the
present case, we find that the molecule collapses to a
point. The repulsion between point charges (i.e,,
the nuclear repulsion) is much greater at short dis-
tances than is the corresponding repulsion between
clouds of charge representing occupied orbitals; this
enhanced repulsion is one of the factors that keeps the
atoms in a molecule at bond’s length. In the m cal-
culations, this difficulty did not arise since we assumed
Morse functions for the ¢ components of bonds; here
our calculations include all the valence electrons, so
there is no escape.

Nor is it satisfactory to set the core repulsion equal
to a point charge potential, i.e., to ZyZye?/R, where
Zy and Zy are the nuclear charges, for in this case the
calculated binding energy is too small. The reason
for this is implied in the literature. Consider for ex-
ample H,. The potential field in which the electrons
move is greater than that in an isolated hydrogen atom;
consequently, the orbitals of H, are more compact than
one would expect for a combination of ordinary Is
hydrogen AO’s. Indeed, if we carry out an orbital
treatment, regarding the nuclear charges (Z) as variation
parameters, we find the best agreement with experiment
given by a value of Z considerably greater than unity.
In our treatment, where the ‘“atomic’ parameters are
fixed from spectroscopic data for isolated atoms, we
assume in effect that the effective nuclear charge is the
same for each atom in isolation as it is when the atom
forms part of a molecule. In order to get realistic
binding energies, either we must abandon this assump-
tion or we must make some allowance for it by com-
pensating changes in the other parameters. In this
case the changes are best made in the nuclear repulsion,
because this does not affect calculations of the electron
distribution or orbital energies.

We therefore calculated the core repulsion from an
appropriate parametric function. The function chosen
must satisfy two boundary conditions. For large
ru, it must approach the corresponding interelectronic
repulsion between neutral atoms in order that the net
potential due to a neutral atom should vanish at large
distances, while for small r; it must have a value be-
tween this and that calculated for point charges. We
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have tried a large number of possible one-parameter
functions of this type; the most successful was that of

Cun = Eux + [ZvZne?[rvx — Ennle™ 74 (45)

eq 45. Here Cyy 18 the core repulsion between atoms
M and N; Ey is the corresponding electronic repul-
sion between neutral atoms M and N (i.e., (kk,mm)
summed over the valence orbitals); Zy and Zy are the
formal core charges in units of e (i.e., the number of
valence electrons) of the two atoms; ayy is @ parameter.
In order to reduce the number of parameters in the
treatment, we assumed (¢f. eq 35) that the value of ayy
for two dissimilar atoms M and N is given in terms of
the parameters oy and ayy for pairs of similar atoms
by

aAMN = \/aMMaNN (46)

Our treatment contains very few ‘‘molecular’ param-
eters, i.e., parameters whose value has to be deter-
mined from data for molecules rather than atoms.
There are just two molecular parameters for each kind
of atom X, i.e., the parameter Bxx that appears in the
expression for one-electron resonance integrals involv-
ing orbitals of X, and the parameter axx that appears
in the expressions for corresponding core repulsion.

The attraction between an electron in an AO ; of one
atom M and the core of atom N, was set equal to
minus the sum of repulsions between the electron and
the valence electron of N (¢f. the corresponding ap-
proximation in the 7 treatment?).

Application to Hydrocarbons

The method outlined above has been applied to a
variety of hydrocarbons. The general procedure was
as follows: (a) the parameters Byy and oy were chosen
to give the correct internuclear distance and bond energy
in Hy; (b) assuming various values for SBcc, acc was
chosen to give the correct heat of formation for CH,;
(c) heats of formation were then -calculated for
acetylene, ethane, and propane, using the values of
Bum and ayy from step a, and with the various pairs of
values for B¢c and acc from step b; (d) having thus
established optimum values for the parameters, calcula-
tions were carried out for a number of other saturated
and unsaturated hydrocarbons.

In order to apply this treatment, it is necessary to
know the Cartesian coordinates of the atoms in a
molecule; these must be calculated from the known
(or assumed) bond lengths and bond angles. In our
case the positions of the atoms are specified by the
bond lengths, bond angles, and dihedral angles of the
bonds in the molecule; we have written a program
whereby the coordinates of the atoms are calculated
from these data. In the calculations reported below,
we assumed tetrahedral geometry for sp?® carbon and
trigonal geometry for sp? carbon (bond angles, 120°).
The assumed bond lengths are shown in Table II.

The values for the parameters in the treatment are
listed in Table III, while Table IV compares calculated
and observed heats of formation for the various com-
pounds. Except when otherwise stated, saturated C,
units were assumed to have the conformation observed
for propene (i.e., one sp?® CH bond eclipsing the C=C
bond). Other calculated quantities will be found below
(see Discussion).

3095
Table II. Bond Lengths for CC and CH Bonds

Bond Hybridization Length, nm
c—C spi-sp? 0.1534
spi-sp? 0.1520
sp?-sp 0.1459
sp2-sp? 0.1483
C=C (Aromatic) 0.1397
Cc=C . 0.1337
C=C - 0.1205
C—H sp? 0.1093
sp? 0.1083
(Benzene) 0.1084
sp 0.1059
Table III. Parameters for Carbon and Hydrogen
BXX’ QXX,
Atom pm nm™!
C 45.84 47.08
H 27.87 14.8

Table IV, Comparison of Calculated and Observed Heats of
Formation (AH:) of Hydrocarbons from Atoms in the Gas
Phase at 25°

AHy, kcal/mole———

Compound Obsde Calcd SAH P
Ethane 674.6 677.3 2.7
Ethane (eclipsed) 671.7¢ 676.5 4.8
Propane 954.3 957.3 3.0
n-Butane 1234.7 1237.5 2.8
n-Pentane 1514.7 1517.6 2.9
Isobutane 1236.7 1236.8 0.1
Isopentane 1516.6 1516.3 —-0.3
Cyclopropaned 812.6 809.1 —3.5
Cyclohexane (chair) 1680.0 1680.2 0.2
Cyclohexane (boat) 1678.0¢ 1674.9 3.1
Ethylene 537.7 540.1 2.4
Propene 820.4 822.6 2.2
cis-2-Butene 1102.0 1101.4 —0.6
trans-2-Butene 1103.0 1103.4 0.4
trans-1,3-Butadiene 969.8 971.6 1.8
cis-1,3-Butadiene 967.5/ 971.3 3.8
Benzene 1318.1 1314.0 —4.1
Allene 675.2 697.2 22.0
Acetylene 391.8 414.0 22.2
Methylacetylene 676.8 704.4 27.6

e The thermochemical data are taken from Rossini except where
otherwise stated. ? Difference between calculated and observed
heats of formation in kcal/mole. ¢ Calculated from the value for
staggered ethane, using the experimentally determined height (2.9
kcal/mole) of the rotational barrier; see D. R. Lide, J. Chem. Phys.,
29, 1426 (1958). 4 Heat of formation calculated for structure with
Dsy symmetry; see H. A. Skinner and G. Pilcher, Quarr. Rev.
(London), 20, 264 (1966). ¢ Calculated from the value for chair
conformation, using the experimental value (5.2 kcal/mole) for the
heat of conversion to the boat conformation; see E. L. Eliel,
“Stereochemistry of Carbon Compounds,” McGraw-Hill Book Co.,
Inc., New York, N. Y., 1962, / Calculated from the observed dif-
ference in energy between the cis and rrans isomers; see Table V.

Invariance to Rotation

As has been pointed out, the treatment used here is
not strictly invariant to choice of coordinate axes, due
to the neglect of repulsion integrals involving four
p AO’s of two different atoms. Four lines of argument
suggested, however, that variations of this kind should
be small. Firstly, integrals of this type represent
quadrupole-quadrupole repulsions and are conse-
quently much smaller than the charge—charge repulsions
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corresponding to ‘“‘normal” repulsion integrals; even
in the case of adjacent carbon atoms, the integrals have
values” of only about 0.1 ev. Secondly, the effect of
changing the coordinate axes appears only as secondary
changes in the values of these integrals, and the net
effect in the sum of the integrals between a given pair
of atoms should consequently be small. Thirdly, the
integrals between a given pair of atoms do not all have
the same sign; the resulting cancellations will further
reduce their net contribution to the total energy and so
likewise to its variation with choice of axes. And
finally, the integrals in question, representing as they do
higher multipole repulsions, decrease very rapidly with
distance; integrals between nonadjacent atoms are
essentially negligible.

Obviously, however, these arguments needed to be
checked experimentally. We therefore repeated the
calculations for a number of molecules in various ori-
entations relative to the coordinate axes; in each case
the eigenvalues, total energies, charge densities, and
bond orders were identical with the accuracy with
which they are printed (seven significant figures in the
total energy, four in the other quantities). As a further
check, we carried out calculations for carbon monoxide
and hydrogen cyanide in various orientations; here
again the results were quite unaffected by choice of co-
ordinate axes, although these molecules contain hetero-
atoms and the neglected quadrupole-quadrupole inte-
grals should be greatest for triple bonds since these
are so short. It seems clear from these results that our
procedure is for all practical purposes invariant to
rotation of the coordinate axes, any variations being
entirely negligible.

Discussion

The agreement between the calculated and observed
heats of formation in Table IV is rather remarkable, the
differences in most cases being less than 4 kcal/mole
(0.15 ev). The only serious discrepancies (~1 ev)
occur in the case of allene and the acetylenes; these
are probably due to our use of a nuclear potential which
does not increase sufficiently rapidly at short distances.
Thus our method correctly predicts the heat of forma-
tion (and so by implication the strain energy) of cyclo-
propane, in which the bonds are single; on the other
hand, attempts to calculate bond lengths, by minimizing
the total energy of a molecule with respect to them, have
given values which are much too small.

Several other qualitative checks also seem satisfac-
tory. Thus ethane is correctly predicted to be most
stable in the staggered conformation, cyclohexane in
the chair conformation, and 2-butene and 1,3-butadiene
in trans configurations; previous SCF MO calculations
for 1,3-butadiene had incorrectly predicted the cis form
to be more stable.®

Admittedly the differences in energy are not pre-
dicted exactly; this is clear from the data listed in Table
V. In one case our procedure even leads to a quali-
tatively incorrect prediction, i.e., that normal paraffins
should be more stable than their branched isomers,
while the predicted barrier to rotation in ethane is too
small. Nevertheless, the over-all picture is very en-
couraging, given that the work described here represents
only a preliminary approach to the problem and given

(8) R. G. Parr and R. S. Mulliken, J. Chem. Phys., 18, 1338 (1950).

that the errors in the calculated heats of formation are
less by two orders of magnitude than those derived
from other recent SCF MO calculations. *?

Table V. Comparisons of Energies of Isomeric Hydrocarbons

Energy change,

kcal/mole

Reaction Calcd Obsd
Ethane (staggered — eclipsed) 0.8 2.9
1,3-Butadiene (trans — cis) 0.3 2.2¢
2-Butene (¢trans — cis) 2.0 1.0
Cyclohexane (chair — boat) 2.0 5.3
n-Butane — isobutane —-2.0 0.7
n-Pentane — isopentane —-1.9 1.3

e J. G. Aston, Discussions Faraday Soc., 10, 73 (1951).

The objective of these calculations was admittedly
different from ours. Both Pople and Segal4 and Lips-
comb, et al.,% were trying to devise some simple semi-
empirical MO procedure that would reproduce the
results to be expected from an a priori Roothaan-type
approach. The parameters were therefore chosen in
such a way as to make the results of the two calculations
agree for small molecules where a priori calculations
have, or could, be made. This procedure of course
ensured that the semiempirical treatments would give
poor estimates of heats of formation, seeing that heats
of formation calculated by the Hartree—-Fock method
are known to be very inaccurate.

Another check on our work is provided by the photo-
ionization potentials measured for various hydrocarbons
by Al-Joboury and Turner.'® The ionization potentials
of a molecule should, according to Koopman’s theorem,
be approximately equal to the calculated orbital ener-
gies; Table VI shows that this parallel exists in a re-
markable way for a variety of hydrocarbons and for all
measured ionization potentials up to about 19 ev.
The photoionization spectra show numerous peaks in
this region, due to the possibility of producing ions in
vibrationally excited states; our calculations suggest
that in several cases Turner, ef al., may have mistaken
multiple peaks as being due to different vibrational
states of a single ion, rather than to two or more dif-
ferent ions of similar energy. Similar difficulties arise
in attempts to correlate observed electronic spectra of
molecules with calculated excitation energies.

The last column of Table VI shows orbital energies
calculated by Palke and Lipscomb® by an a priori
SCF LCAO MO method, using the POLYATOM program.
It will be seen that their orbital energies run parallel
to ours but are in general greater; the correlation with
measured photoionization potentials is clearly poor.
Another comparison of this kind is provided by the
population analyses shown in Table VII; here again
our values run parallel to those given by the a priori
procedure and also to those reported by Pople and
Segal.

Our method predicts small dipole moments for several
of the compounds studied; values are lisied in Table
VIII. The available experimental evidence (last column

(9) M. D. Newton, F. P. Boer, and W. N, Lipscomb, J. Am. Chem.
Soc., 88, 2353, 2361, 2367 (1966); (b) W. E. Palke and W, N. Lipscomb,
ibid., 88, 2384 (1966).

(10) M. L. Al-Joboury and D. W. Turner, J. Chem. Soc., 5141 (1963);
4434 (1964); 616 (1965).
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Table VI. Comparisons of Ionization Potentials
with Orbital Energies

Ionization Orbital energy, ev
potential, This Ref
Compound ev paper 9b
Methane 12.99 13.88 14.74
Ethane 11.49 12.51 13.08
13.04 13.38
14.74 14,98 16.15
19.18 20.80 22.51
Ethylene 10.48 10.86 10.09
12.76 13.77
12.50 12.94 15.28
14.39 15.25 17.51
15.63
19.13 19.18 21.28
Acetylene 11.36 11.06 11.03
16.27 13.63 17.85
18.33 18.08 20.44
Propane 11.07 12.01
12.49
12.85
13.17 13.73
13.90
15.17 14,68
15.70 15.46
18.57 19.67
n-Butane 10.50 11.63
12.39
12.36 12.78
13.07
13.21
14.13
14,13 14.36
14.47
15.69 15.79
Isobutane 10.78 11.88
12,54
12.54 13.48
13.79
14.51 14.59
15.40
18.63 18.68
Cyclohexane 9.79 11.51
11.33 12.23
12.59
12,22 12.69
13.48
14,37 15.10
15.51
Benzene 9.25 10.15
11.49 11.54
12.19 12.72
12.86
13.67 13.45
14.44 15.67
16.73 16.07
18.75 18.98
1,3-Butadiene 9.08 10.16
(trans)
11.25 11.70
11.83
12.14 12.58
13.09
13.23 14.39
14.71
18.78 17.99
19.24

of Table VIII) suggests that the calculated moments are
of the right order of magnitude.

Summary

While the results reported here are preliminary in
nature,!! they are sufficient to suggest that this kind of
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Table VII. Population Analyses for Hydrocarbons

Population
This Ref Ref
Compound Orbital paper 9b 3
Methane H 1.077 0.876 0.965
C2s 1.136 1.274 1.081
C2p 0.852 1.088 1.020
Ethane H 1.064 0.876 0.967
C2s 1.199 1.248 1.042
C2po 0.872 0.981 1.007
C2pr 0.865 1.074 1.044
Ethylene H 1.033 0.860 0.954
C2s 1.243 1.197
C2po 0.844 1.013
C2pr 0.845 1.072
C2pr*(a) 1.000 1.000 ..
Acetylene H 0.941 0.812 0.893
C2s 1.263 1.105
C2po 0.797 1.086
C2pr 1.000 1.000

Table VIII. Calculated and Observed Dipole
Moments of Hydrocarbons

~——Dipole moment, D.——

Compound Calcd Obsd
Propane 0.03 0.08=
Isobutane 0.05 0.13
cis-2-Butene 0.08 o
Propyne 0.24 0.75¢
cis-1,3-Buta- 0.04

diene

s D. R. Lide, J Chem. Phys., 33, 1879 (1960). ? A. A. Maryott
and G. Birnbaum, ibid., 24, 1022 (1956); D. R. Lide and D. E.
Mann, ibid., 29,914 (1958). < F. J. Krieger and H. H. Wenzek,
J. Am. Chem. Soc., 60, 2115 (1938),

approach has exciting possibilities. It seems very
likely that it may be improved to a point where heats of
formation, etc., of molecules of all kinds may be pre-
dicted with an accuracy comparable with that already
achieved for conjugated hydrocarbons, using the
Hiickel approximation. If so, the impact on chemistry
would be considerable, for not only would one be able
to calculate heats of formation and reaction with
“chemical” accuracy, but it would also be possible to
predict reaction mechanisms and rates of reaction.

Our results represent a considerable improvement
over those of previously reported investigations. The
main factors responsible for this seem to be the follow-
ing: (a) our treatment of the internuclear repulsion as
a parameter to allow for the effects of orbital contrac-
tion (if the repulsion is treated as one between point
charges, the calculated heats of formation must in-
evitably be too small); (b) our use of different integrals
for s and p AO’s of a given center, together with a
sufficient inclusion of integrals involving one-center
differential overlap to make the calculations effectively
invariant to choice of coordinate axes; (c¢) our use of
thermochemical data to fix the parameters in our treat-
ment, rather than the results of a priori calculations.

There are several obvious ways in which this general
approach could be modified and extended, in particular
the use of Hartree-Fock AO’s in the calculation of over-

(11) For this reason we have not reported the results (e.g., eigenvalues,
eigenvectors, bond orders, etc.) in detail; we will be happy to communi-
cate them to anyone interested.
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lap integrals and the use of separate parameters for
different types of bondsin place of the approximations of
eq 35 and 46. We are studying these and other
analogous possibilities, and we are also extending our

treatment to include all integrals involving one-center
differential overlap (NDDOQO approximation®) in case
this should prove necessary in treating molecules con-
taining heteroatoms.

Reversible Photoisomerization of 1,2-Bis(9-anthryl)ethane’
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Abstract: The hydrocarbon 1,2-bis(9-anthryl)ethane (I) is photoisomerized efficiently and reversibly. The iso-
meric product (II) does not absorb appreciably at wavelengths longer than 260 mu. The quantum yields of the
forward and back reactions (0.19 and 0.42, respectively) are independent of the concentration of the reactant. Com-
pound I is strongly fluorescent with maxima at 408, 436, and 460 my, and a fluorescent quantum yield of about 0.37.
Flash illumination of its deoxygenated solutions produces an absorption transient, similar to but not identical with

the lowest triplet of anthracene.
isomer (II).

he hydrocarbon 1,2-bis(9-anthryl)ethane (I) is ef-
ficiently and reversibly photoisomerized.® The de-
tailed structure of the photoproduct (II) has not been

CH;

| e Ul
CH;
7
A

established definitely. However, as was clearly stated
by Roitt and Waters,* its ultraviolet absorption spec-
trum is in general similar to that of dianthracene,4
demonstrating that in II the conjugation of the anthra-
cene rings is interrupted. It was postulated® that II
is a dimer of I, but molecular weight determinations
(with a Mechrolab osmometer?®) prove that it is an iso-
mer rather than a dimer of I. Our present finding,
that the quantum yields of the photochemical reac-
tions are independent of the concentrations of the re-
actants, confirms this conclusion unambiguously.
Physical evidence (nmr, infrared, and mass spectro-
graphic measurements®) is consistent with formula II.

Compound II is stable at room temperature (in the
absence of ultraviolet radiation) but isomerizes at its
melting point, re-forming I.

Since the product II does not absorb appreciably at
wavelengths longer than 260 my, the quantum yield of
the forward reaction was measured directly, using light

(1) This work was sponsored by the U, S. Army Research Office
(Durham). K. S. Wei wishes also to express his gratitude for a fellow-
ship from E. I. du Pont de Nemours & Co.

(2) Author to whom inquiries should be sent.

(3) (a) I. Roitt and W. Waters, J. Chem, Soc., 2695 (1952); (b) W.
Henderson, Doctoral Thesis, University of Minnesota, 1962,

(4) (a) C. Coulsen, L. Orgel, W, Taylor, and J. Weiss, J. Chem. Soc.,
2961 (1955); (b) K. S. Wei and R. Livingston, Photochem. Photobiol.,

in press.
(5 S. Fenton, private communication.

No attempt was made to observe the fluorescence or triplet formation of the

of 365 mu. The quantum yield of the reverse reaction
was estimated from the extinction coefficients, the quan-
tum yield of the forward reaction, and the composition
of a steady-state mixture, prepared by prolonged ex-
posure to 254 my.

Experimental Section

Methods and Materials. Materials. The 1,2-bis(9-anthryl)-
ethane was furnished by Dr. S. Fenton (University of Minnesota).
It was recrystallized from n-hexane before use. The cyclohexane
was Fisher Spectro Grade and was used without further purification.

Determination of Quantum Yields. The intensity of the ab-
sorbed light was determined by the use of a ferrioxalate actinometer,
following the procedure outlined by Parker.® The absorption of
the incident light was practically complete, except for those ex-
periments made with the most dilute solutions; for these, the per
cent absorption was calculated from the extinction coefficients.
Light of the required wavelengths was isolated from the radiation
of a Hanovia S-100 mercury arc, using combinations of glass,
solution, and Cl, gas filters.”

Optical Measurements. The absorption spectra were measured
with a Cary 15 spectrophotometer. The fluorescence spectrum
was measured by T. Bednar of this department, using a deaerated,
5 % 10~ M solution of I in cyclohexane and exciting light of 370 m.
The fluorescence was observed at right angles to the exciting beam.
The spectral resolution of the fluorimeter was estimated to be
10 A. The spectrum was corrected for variation of the sensitivity
of the apparatus with wavelength but not for reabsorption, which
probably seriously distorted the curve at wavelengths shorter
than 400 my. Qualitatively similar results were obtained by
K. S. W., using a manually operated spectrofluorimeter.”

Results

The absorption and fluorescence spectra of I are
shown on Figure 1; the absorption spectrum of its
isomer (II) is shown on Figure 2. The quantum yield
of fluorescence of I was estimated to be 0.37, by com-
paring its total emission to that from anthracene, for
which the fluorescence yield (measured under similar
conditions) is 0.31.8

Carefully deoxygenated, 10— M solutions of I ex-
hibited large transient changes in absorption, when

(6) 1. C. A. Parker, Proc. Roy. Soc. (London), A220, 104 (1953).

(7) K. S. Wei, Doctoral Thesis, University of Minnesota, 1966.
(8) J. Berlman and T. Walter, J. Chem. Phys., 37, 1888 (1962).
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