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Abstract: In an atom, the total binding energy of Z electrons is close to EGG = Z24 
rydberg, with observed (available up to Z = 17) and calculated non-relativistic values 
decreasing from 1.036 EGG for Z = 5 to 0.996 EGQ for Z = 90; and relativistic values going 
through a shallow minimum 1.022 EGG (Z = 26) back to 1.083 EGG (Z = 90). Hence, 
closed-shell effects are about one percent of EGG for neon (Z = 10), below 0.1 percent for 
krypton (Z = 36), and a few times 10"5 for radon (Z = 86). Typical chemical bonding is 
10 to 20 times weaker per atom than the closed-shell effects. The correlation energy (in 
atoms) is roughly —(0.7 eV)Z‘2 (proportional to the square-root of EGG). It is minute, but 
may well modify the radial extension (in compounds) and the LCAO model a lot. The 
virial theorem and spin-pairing energy are shortly reviewed. The feasibility of quantum­
chemistry for compounds involving two-digit Z values is critically reconsidered.

Already in 1913, Moseley pointed out 
that the inner shells of a typical atom (say 
with two-digit atomic number Z) have far 
higher one-shot ionization energies I(n/j) 
than the ionization energy It of the loosest 
bound electron in an atom. Thus, if the 
one-shot Z(2p) = 21.6 eV, Z(2s) = 48.47 
eV, and Z(ls) = 870.3 eV of the neon atom 
are multiplied by the occupation numbers 
6, 2, and 2 in the configuration ls22s22p6, 
the sum 1967.4 eV is only 56 percent of the 
total binding energy 3511.5 eV obtained111 
as the sum of the ten consecutive ioniza­
tion energies In (each time going from the 
ground state of Ne+n-1 to the ground state 
of Ne+"). In eV, Z7 = 207.27;^ = 239.09; 
Z9 = 1195.797; and Z10 = 1362.164. The rea­
son why the one-shot ionization energies 
(except Z,) are smaller, is the electrostatic 
repulsion from the other (Z — 1) electrons; 
this repulsion disappears gradually in di­
rection of Zlo.

For (not fully understood) reasons, it is 
a remarkably good approximation for all 
atoms (at least for Z up to 100) that the 
binding energy of the Z electrons is close to

Egg = Z2'4 rydberg (1)

where 1 rydberg = 13.6058 eV is half of the 
atomic unit of energy 1 hartree = 27.2116 
eV. This fact is mentioned by Foldy [2) and 
connected by Scott131 to the first-order cor­
rections to the Thomas-Fermi model14-61 
where the exponent 2.4 is known asymp­
totically to be 7/3 = 2.33 in the (slightly 
unrealistic) limit of very large Z and 
vanishing reciprocal velocity of light 
(l/c).The binding energy in equation (1) 
is usually called the Gombas-Gaspar 
energy17,81 following the explicit discussion 
by Gaspar of a suggestion by Gombas. As 
shown below, the overall agreement would 
be better if equation (1) was multiplied by a 
constant 1.03 (or perhaps 1.02 if expressed

Table 1. Observed total energies for gaseous atoms (sum of Z consecutive ionization energies /„), Gombas-Gaspar 
total energies, ground state Hartree-Fock energies according to Sekiya and Tatewaki^°\ and relativistic energies 
according to Desclaux^.

z ^obs 
[eV]

^obs 
[hartree]

■Egg 
[hartree]

Eobs/EcG ^HF 
[hartree]

^hf/^gg £r 
[hartree]

^egg

2 (He) 79.003 2.903284 2.63901 1.10014 2.86167 1.08437 2.86175 1.08440
3 (Li) 203.48 7.47769 6.9833 1.07080 7.43273 1.06436 7.43327 1.06444
4 (Be) 399.14 14.6680 13.9288 1.05307 14.57302 1.04625 14.5752 1.04641
5(B) 670.97 24.6575 23.7957 1.03622 24.52906 1.03058 24.5350 1.03107
6(C) 1030.08 37.8544 36.8581 1.02703 37.68862 1.02253 37.6732 1.02211
7 (N) 1486.03 54.610 53.3587 1.02345 54.40093 1.01953 54.3229 1.01807
8(0) 2043.79 75.108 73.517 1.02027 74.80939 1.01757 74.8172 1.01768
9(F) 2715.79 99.803 97.533 1.02327 99.40935 1.01923 99.4897 1.01993

10 (Ne) 3511.5 129.044 125.594 1.02747 128.54709 1.02351 128.674 1.02452
11 (Na) 4419.8 162.423 157.875 1.02881 161.8589 1.01890 162.053 1.02013
12 (Mg) 5450.56 200.303 194.538 1.02966 199.6146 1.02610 199.901 1.02757
13 (Al) 6604.36 242.704 235.740 1.02948 241.8767 1.02603 242.286 1.02768
14 (Si) 7887.5 289.86 281.629 1.02922 288.8543 1.02565 289.403 1.02760
15 (P) 9304.61 341.935 332.345 1.02886 340.7188 1.02520 341.420 1.02654
16 (S) 10858.0 399.02 388.024 1.02835 397.5049 1.02443 398.503 1.02701
17 (Cl) 12554.4 461.362 448.794 1.02800 459.4821 1.02381 460.821 1.02680
18 (Ar) — — 514.78 — 526.8175 1.02339 528.540 1.02673
19 (K) — 586.11 599.1648 1.02227 601.352 1.02600
20 (Ca) - - 662.89 - 676.758 1.02092 679.502 1.02506

as 0.51 hartree). But the introduction of a 
second parameter is not necessarily an 
amelioration, and without this factor, EGG 
is at present certain to be a lower limit to 
the binding energy. On the other hand, the 
exponent 2.40 cannot be chosen strongly 
different. For instance, if it were 2.41, EGG 
for Z = 100 would be 4.616 percent larger. 
Quite generally, the ratio between E^ for 
10 Zo and (any positive integer) Zo changes 
by 2.305 percent for any change of the ex­
ponent by 0.01. Rather than to use EGG as a 
viable approximation, the trend after 1970 
has been to construct refinements modify­
ing the Thomas-Fermi modell5-91.

All the Z consecutive ionization energies 
I„ are known111 for the 17 first elements, 
and their sum Eobs given in Table 1 (in eV 
and in hartree) and compared with EGG. 
Recently, Hartree-Fock binding energies 
EHF have been evaluated for Z = 5 to 20 by 
Sekiya and TatewakilW] with a precision 
between 10 6 and l()-7. These values refer 
to the (S, L) ground term of the gaseous 
atom. We return below to the correlation 
energy - Ecmr defined by Lowdin as the 
energy difference between the Hartree- 
Fock ground state (with the lowest term of 
a definite electron configuration) and the 
non-relativistic wave-function of lowest 
possible energy compatible with the 
Schrodinger equation. Though E^ is, by 
far, the predominant part of £obs — £HF in 
Table 1 for He, Li, Be. and B, the relativ­
istic effects (intrinsically proportional to 
Z4) grow up with higher Z, and represent 
one half of Eobs- EHF for Z = 13. In order 
to assure a continuity with the Z values 
between 20 and 100 treated in Table 2, it is 
useful to consider the relativistic energy ER 
(evaluated by Desclauxl"]). However, in 
the case of ground states belonging to a 
configuration containing one (or more) 
partly filled shells, these ER (corresponding 
to the average energy1121 of all the states of 
the configuration) are not directly compa­
rable to EHF (the ground state1101 if neglect­
ing spin-orbit coupling) as can already be 
seen from the fact that ER is smaller than
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Table 2. Gombas-Gaspar total energies for selected gaseous atoms from Z = 20 to 100, and comparison with 
non-relativistic ground configuration energies, and with relativistic energies, both according to Desclaux11 ’L

z ^GQ
[hartree]

^NR 
[hartree]

^nr/Ajo 4
[hartree]

^r/^gg

20 (Ca) 662.89 676.76 1.02092 679.50 1.02506
24 ( Cr ) 1026.78 1043.14 1.01593 1049.21 1.02185
25 (Mn) 1132.47 1149.63 1.01515 1156.87 1.02154
26 (Fe) 1244.25 1262.29 1.01450 1270.88 1.02140
27 (Co) 1362.21 1381.31 1.01402 1391.42 1.02144
28 (Ni) 1486.45 1506.82 1.01370 1518.64 1.02165
30 (Zn) 1754.13 1777.85 1.01352 1793.78 1.02260
32 (Ge) 2048.00 2075.34 1.01335 2096.42 1.02364
36 (Kr) 2717.40 2752.06 1.01275 2787.28 1.02572
40 (Zr) 3498.76 3538.97 1.01149 3594.81 1.02745
50 (Sn) 5977.20 6022.92 1.00765 6171.21 1.03246
60 (Nd) 9258.34 9283.70 1.00274 9615.86 1.03862
70 (Yb) 13403.10 13391.5 0.99934 14051.9 1.04841
80 (Hg) 18466.6 18409.0 0.99688 19623.5 1.06265
90 (Th) 24449.2 24359.6 0.99634 26471.9 1.08273

100 (Fm) 31547.8 31282.7 0.99172 34806.3 1.10329

£hp for carbon and nitrogen in Table 1. 
Under equal circumstances[12i the ground 
term of p3 (N and P atoms) are three times 
more stabilized by this effect than the p2 
and p4 atoms C, O, Si, S, agreeing with the 
trend in ER. Taking this situation into ac­
count, EQort is fairly well represented by 
£obs— ER in Table 1, increasing smoothly 
(but not linearly) from 0.041 hartree for 
Z = 2 to 0.54 hartree for Z = 17.

As far as comparison with EGG goes, the 
£obs values in Table 1 show a mild oscil­
lation between 1.03 EGG and 1.02 E^ for 
all the elements between Z = 6 and 17. If 
the tiny effect of the ratio between the elec­
tron rest-mass and the atomic weight of the 
nucleus is neglected, equation (1) is exactly 
valid for Z = 1, but shows the large 
Eobs = 1.10 Eaa for helium. The effect of 
the closed shell at Z = 10 is far smaller, 
when compared to EGG. Since Eobs — EGG is 
roughly (0.24 hartree) (Z — 0.9) for he­
lium, lithium, and beryllium, this dif­
ference cannot be ascribed in a simple 
manner to the closed shell at Z = 2. For 
the chemist, it is far more interesting that 
the total energies (even in the absence of 
precise Eobs above Z = 17) remain slightly 
above EGG for gaseous atoms (and, as we 
shall see, in all materials of concern to 
chemists) in the whole Periodic Table.

Table 2 compares EGG with the non-rela­
tivistic (£NR) and relativistic (ER) total 
energies evaluated by Desclaux1111 for all Z 
values from 1 to 120 (here, 16 elements are 
selected with Z from 20 to 100). At the 
scale of percentage adopted here, the £NR 
of Table 2 must be quite close to EHF val­
ues; and arguments are given below that 
the Eobs values probably run 1 to 6 hartree 
above (as far E^, goes) from Z = 25 to 
100. It is noted that the ratio (ENR/EGG) 
monotonically decreases, crossing unity 
close to Z = 68, and still is above 0.99 for 
Z = 100. The situation is somewhat differ­
ent for ER/EGG (showing three, probably 
not particularly significant minima for 
Z = 8, 11, and 15 in Table 1) having a 
shallow minimum at 1.0214 located at 
Z = 26 in Table 2, and then smoothly 
reaching 1.10 for Z = 100 (the same value 
as Eobs!EGG for Z = 2). In other words, EGG

is a better approximation to the non-rela­
tivistic EHf and £NR than to ER (especially 
for Z >40). Recently, Loeser l'3i applied 
an ingenious technique for evaluating non- 
relativistic total energies for gaseous atoms 
from Z = 1 to 127. The results are com­
pared with «reference energies» that are 
very close to E^R of Desclaux, though even 
closer to Eobs of Table 1, at least up to 
Z = 14. It turns out that the difference 
between the values (for Z at most 120) of 
Loeser and of Desclaux are quite close to 
(0.04 hartree) Z suggesting that Ecorr is as­
sumed to be approximately proportional 
to Z (vide infra).

The first question to be answered by Ta­
bles 1 and 2 is the numerical importance of 
closed-shell effects in gaseous atoms. It 
may be noted that within a factor 1.15, the 
binding energy of nuclei relative to protons 
and neutrons1141 is proportional to the 
quantum number A (an integer close to the 
atomic weight on the 12C scale) for A > 12. 
The effects of closed protonic (such as 
Z = 2,8,20,28,50,82,114,126,...) or neu- 
tronic (A — Z) shells in the theory of Goep- 
pert-Mayer is to achieve binding energies 
about 1 percent larger than of adjacent 
nuclei. The situation is entirely different in 
the electronic structure of atoms, where 
nearly all the binding energy is provided by 
the Is, and to a smaller extent, 2s and 2p 
inner shells. Actually, if a binding energy 
2Z2 rydberg were ascribed to the two Is elec­
trons, this would be above half of EGG for Z 
< 32, and still a-third of EGG for Z = 90. It 
is not easy to give a clear-cut quantitative 
definition of closed-shell effects115-161 for the 
number of electrons K = 2, 10, 18, 28, 36, 
46, 54, 68, 78, 80, 86, 100,... but for A = 10 
in gaseous atoms, a plausible suggestion is

7(F) + 2 Z^Ne) - 2 /,(Na) - Z,(Mg) (2) 

taking into account six electrons, and at­
tenuating the weighting of elements further 
removed from neon. This expression is 
42.6 eV or 1.57 hartree, that is 1.2 percent 
of the electronic binding energy in neon. 
The analogous expression is 29.7 eV for 
argon, 25.8 eV for krypton, and 21.7 eV (or 
0.8 hartree) for xenon. Comparison with

Egg in Tables 1 and 2 show 0.2 percent for 
argon, below 6-10 4 for krypton, and 
1.1-IO'4 for xenon. Though equation (2) 
cannot be extended at present to radon, the 
closed-shell effects can only be a few times 
10~5 for Z = 86. These, rapidly vanishing, 
closed-shell effects for A > 10 are a major 
reason why equation (1) having dEaa/ 
dZ = 2.4 Z14 rydberg is good for both no- 
ble-gas and alkali-metal atoms. This forms 
a most striking contrast with the wildly 
varying dZ/dZ of one-shot ionization ener­
gies of inner shells (excepting Is) as a func­
tion of Z[17-I81. These arguments about al­
most negligible closed-shell effects in the 
heavier atoms are not fundamentally mod­
ified, even if a quantity twice as large as 
equation (2) is chosen.

The heat of atomization of metallic ele­
ments scatters between 0.64 eV for mer­
cury and 8.8 eV for tungsten. The dissocia­
tion energies of compounds to atoms are 
nearly all below 4 eV per atom concerned. 
Hence, chemical bonding is usually less 
than a-tenth of the closed-shell effects ex­
pressed in equation (2). The very fact that 
dissociation energies to (a few) gaseous 
atoms vary in the compounds of two-digit 
Z elements from a few times 10 3 to about 
10-5 Egg going along from Z = 11 to 99 
might be taken as argument that chemical 
bonding is a very weak perturbation on the 
atoms involved. However, this would be 
neglecting the enormous difference in sta­
bility of external electrons and of typical 
inner shells. The ionization energy It of 
gaseous atoms[l] oscillates in a character­
istic way in the Periodic Table, the two 
extremes being 24.587 eV for helium and 
3.894 eV for caesium. The lowest «ver­
tical» (i.e. following the Franck-Condon 
principle) ionization energy of gaseous 
molecules1191 varies between 16.46 eV in 
SiF4 and 5.4 eV in Cr(C6H6)2 (disregarding 
marginally lower values in similar organo­
metallic molecules). It is rather surprising 
that the LCAO model is relatively success­
ful for most delocalized molecular orbitals. 
The decline of other chemical ideas, such 
as two electrons per «chemical bond», was 
discussed120,211 in 1984.

The virial theorem has many important 
consequences for chemistry. Any solution 
(with a negative eigen-value E) to the time­
independent Schrodinger equation has the 
exact relations

2E=V= -2T (3)

to the potential energy V and the total ki­
netic energy T (which can be evaluated 
along three orthogonal axes, if so desired). 
Ruedenberg12^ discussed how bonding 
MOs have a decreased local contribution 
to T along the internuclear axis, and anti­
bonding MOs (as known from «ligand 
field» theory[23,241) highly increased kinetic 
energy. In both cases, the virial theorem is 
restored by minor contractions (increasing 
T) or expansions (not necessarily by a scale 
factor) of the atomic orbitals (in the case of 
the LCAO model). It is possible in a mono-
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atomic entity to write V = Q+C where Q is 
the nucleus-electron attraction (several au­
thors use the symbol L, but it may induce 
confusion with the term quantum number) 
and C is the interelectronic repulsion. In 
most atoms151, C is roughly (-Q/T). In the 
Hartree-Fock wave-function for a mono- 
atomic entity with one or more complete 
shells (subscript c) and one partly filled 
shell (subscript 1) it is possible1251 to write

E = (4)
Tc+Tf+Qc+Qf+Cx+Cc!+Cs

In the Slater-Condon-Shortley treatment 
of atomic spectra, one assumes identical 
radial functions for closed and for partially 
filled shells in the various (S,L)-terms 
belonging to the same configuration. 
Hence, the first six contributions to equa­
tion (4) remain constant, and the term dis­
tances are ascribed solely to differing inter­
electronic repulsion Ca. Actually, this de­
scription does not work too badly for d- 
group gaseous ions, nor for 4f-group gas­
eous ions and compounds, though there is 
a tendency1261 for the integrals of inter­
electronic repulsion evaluated from Har- 
tree-Fock 3d radial functions to be (z+3)/ 
(z+2) times the pragmatic Condon-Short- 
ley parameters (giving the best fit of the 
observed term energies above the ground 
state) where z is the ionic charge. If any­
thing, this discrepancy is a somewhat 
larger factor in the 4f group. Anyhow, the 
Condon-Shortley treatment does not 
satisfy the virial theorem (3) since T is the 
same for various terms, but V= Q+C is 
less negative in higher terms because of 
larger C. Katriel and Pauncz1271 analyzed 
the rather counter-intuitive consequences 
of modifying radial functions in such a way 
that F of a higher term decreases half as 
much as V increases. As main example 
were used the carbon atom and the isoelec- 
tronic gaseous ions with K = 6 and the 
ionic charge z = (Z — K\

Since lanthanoide compounds show 
narrow absorption and emission 
bands118,281 corresponding to the /-levels of 
a partly filled 4f shell, it is very helpful that 
Vanquickenborne et al.1251 performed 4f 
Hartree-Fock calculations with flexible 
radial functions for differing S values of 
this, total spin quantum number. For our 
purpose, the eleven gaseous Ln3® able to 
show two or more S values are all instruc­
tive, but the most interesting is the gado­
linium ion with its ground state (S = 7/2) 
and the higher terms S = 5/2, 3/2, or 1/2. It 
is known since 1957 112,11,2111 that the average 
energy of all states [each term comprising 
(2S+1) (2L+1) states] with a given So is 
situated 2DS0 below the average energy of 
all states with S = Iff — 1), where the spin­
pairing energy parameter D is the Racah 
parameter 9 Eff (or another combination 
of Condon-Shortley parameters in the d- 
groups). Actually, the calculated dis­
tances1251 follow closely the ratio 7:5:3, 
though the calculated D value 1.09 eV is 
perceptibly higher than the pragmatic pa­
rameter close to 0.8 eV1181. The average

radius (r) of the 4f shell125-291 shrinks as 
a function of increasing S, being 
proportional to 1 + kS(S + 1) with 
k = -0.00116. All the filled shells expand 
marginally, the strongest expansion in the 
5p shell has k=+0.00019. At the first 
glance, these results suggest that the free­
dom of selecting flexible radial functions 
(for differing S) hardly has any practical 
importance. However, the relative contri­
butions from the seven E components in 
equation (4) produce an almost surrealistic 
impression1291. The resulting D receives the 
contribution +3.5 D from Tc; —4.5 D from 
Tf (and hence —D from the kinetic energy 
T)- —ID from Qc; +13 D from gf (and 
hence +6 D from the nucleus-electron at­
traction Qf, +3.5 D from CK (almost iden­
tical to the Tc contribution); nearly —8 D 
from Ccf; and finally +0.4 D from C^. One 
baffling conclusion is that the contribution 
of interelectronic repulsion C is approxi­
mately —4 times the calculated D, and is 
ten times larger (with opposite sign) than 
the Condon-Shortley result (ascribing D 
exclusively to Cff). It has previously been 
emphasized119,231 that the angular part of 
the kinetic energy 6 (rff hartree/bohr2 is 
huge for a gadolinium 4f electron (and 
plays a role in the tiny «ligand field» ef­
fects1241); it turns out125,291 to be 535.4 
eV + (0.56 eV)5(5 + 1) out of all propor­
tion with /4 = 44 eV of the gaseous ions, 
and /(4f) between 11 and 15 eV found by 
photo-electron spectra of solids.

The techniques of computer chemistry, 
and their judicious evaluation, have made 
such progress possible1251 as illustrated by 
equation (4). It is particularly fortunate 
that these results have been obtained for a 
cation with K = 54 + 7 = 61 electrons, al­
lowing for flexible radial functions. They 
disclose a quite unexpected physical 
mechanism behind the spin-pairing energy, 
a concept that has been elaborated further 
by Schäffer and Brorson along the lines 
of thought of Racah, both in d-group 
gaseous ions1301 and compounds, related to 
the rediagonalization of «ligand field» de­
terminants 131].

The two major effects not taken into 
account in Hartree-Fock wave-functions 
are relativistic effects (of which the oldest 
known is spin-orbit coupling) and correla­
tion effects. Though the difference (ER- 
Em) taken from the tables by Desclaux1111 
increases dramatically with higher Z, and 
is 1 percent of ENR for Z = 32 and 10 per­
cent for Z = 96, the conspicuous effects on 
chemistry are concentrated (for Z below 
100) on rather specific topics132-351 such as 
the difficulty of oxidizing the (K = 80) sys­
tems thallium(i), lead(n), and bismuth(in). 
The impact on chemical behaviour is 
essentially due to the relativistic contrac­
tion of all (not only Is and 2p) ns and np 
(/ = l/2) radial functions. Desclaux1"' 
gives for each (nlj) combination the aver­
age values (rk) in the unit bohrk for k = 6, 
4, 2, 1 (the «average» radius), —1 (this 
value, when multiplied by Z, gives the con­
tribution of each electron to Q~), —2 (deter-

mining the angular part of the kinetic 
energy when multiplied by 1, 3, or 6 for p, 
d, or f electrons) and —3 (except the di­
vergent values for j = 1/2). Indirectly, Des­
claux also gives (rk) for non-relativistic 
Hartree-Fock nl (electron configuration to 
which the ground state of the gaseous atom 
belongs) since the ratio between relativistic 
and non-relativistic values is tabulated. 
The spectroscopic properties of the uranyl 
ion135,361 are also strongly modified by rela­
tivistic effects.

The correlation effects are far less spec­
tacular on the total energy. In the Condon- 
Shortley treatment, they are due to non­
diagonal elements of interelectronic repul­
sion between the Hartree-Fock configura­
tion and the (infinite number of) higher- 
lying configurations. Lôwdin^ pointed 
out that most of the significant admixed 
configurations are two-electron substi­
tutions to a suitably optimized continuum 
orbital (with positive one-electron energy). 
Nearly all the —Econ = 0.041 hartree of the 
helium atom (slowly increasing to 0.046 
hartree in the isoelectronic series Li®, 
Be2®,...) is due to two such configurations 
situated in the continuum, one s2 with an 
additional radial node, and one p2 with 
node-plane, and both having (r ) similar to 
Is. Such continuum orbitals are quite ana­
logous to the polarization orbitals used in 
one-electron substitutions for describing 
electric dipolar polarizability. The lithium 
atom has only a marginally stronger corre­
lation, but —Emir = 0.09 hartree of the be­
ryllium atom has a major contribution1261 
of Is2 2p2 (a more «classical» configura­
tion1121 known from atomic spectra). Since 
- Eajn = 0.13 hartree for the boron atom, 
Is2 2p3 is likely to be important too. On the 
other hand, —Emn = 0.40 hartree (10 times 
larger than in helium) for the neon atom is 
almost exclusively due to continuum two- 
electron substitutions.

All neutral atoms having Z at least 11 
(sodium) have —Ecorr larger than the ion­
ization energy I}. This is not the most per­
nicious aspect for a chemist, but it takes 
out the backbone of the variational princi­
ple. For Z above 10, there is an infinite 
number of levels with identical symmetry 
situated in the closed interval from the 
actual ground state to the Hartree-Fock 
eigen-value (though the open interval is 
supposed empty in textbooks). Hence, we 
have no guarantee that a nice looking step- 
wise amelioration starting with the Har­
tree-Fock wave-function does not con­
verge to the seventeenth excited state. A 
much more serious problem for the chem­
ist is the squared amplitude of the Hartree- 
Fock function in the total wave-function 
(assumed non-relativistic). This «squamp» 
is 0.99 for the helium atom1371 and ions with 
K = 2, and mildly oscillates between 0.88 
and 0.93 for Z = 4 to 10. Because of the 
numerical aspects of the two-electron sub­
stitutions, there is no universal biunique 
relation between —Em„ and the squamp. 
Good reasons can be found1181 for the ap­
proximate expression
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-£corr = (0.7eV)Z'-2 (5)

[1] C.E. Moore: Ionization Potentials and Ionization 
Limits Derived from the Analyses of Optical Spec­
tra, NSRDS-NBS 34, National Bureau of Stan­
dards, Washington DC (1970).

[2] L.L. Foldy, Phys. Rev. 83 (1951) 397.
[3] J.M.C. Scott, Philos. Mag. 43 (1952) 859.
[4] P. Gombas: Statistische Theorie des Atoms und 

ihre Anwendungen, Springer, Berlin (1949).
[5] P. Politzer, R.G. Parr, J. Chem. Phys. 61 (1974) 

4258.
[6] J. Katriel, C.K. Jorgensen, Chem. Phys. Lett. 87 

(1982) 315.
[7] R. Gaspar, Fiz. Sz. 16 (1966) 203 [Chem. Abstr. 65 

(1966) 12865],
[8] R. Gaspar, Int. J. Quantum Chem. 1 (1967) 139.
[9] P. Gombas, Phys. Lett. 35A (1971) 389.

[10] M. Sekiya, H. Tatewaki, Theor. Chim. Acta 71 
(1987) 149.

[11] J. P. Desclaux, At. Data Nucl. Data Tables 12 
(1973) 311.

[12] C.K. Jorgensen: Oxidation Numbers and Oxida­
tion States, Springer, Berlin (1969).

[13] J. G. Loeser, J. Chem. Phys. 86 (1987) 5635.
[14] C.K. Jorgensen, Struct. Bonding (Berlin) 43 

(1981) 1.
[15] C.K. Jorgensen, Adv. Quantum Chem. 8 (1974) 

137; 77 (1978) 51.
[16] C.K. Jorgensen, Z. Anorg. Allg. Chem. 540 (1986) 

91.
[17] C.K. Jorgensen, Chimia 28 (1974) 6.
[18] C.K. Jorgensen, in K. Gschneidner, Le Roy Ey­

ring (Ed.): Handbook on the Physics and Chemistry 
of Rare Earths, Vol. 11, chapter 75, North-Hol­
land, Amsterdam (1988).

[19] C.K. Jorgensen, Struct. Bonding (Berlin) 24 
(1975) 1; 30 (1976) 141.

[20] C.K. Jorgensen, Chimia 38 (1984) 75.
[21] C.K. Jorgensen, Top. Curr. Chem. 124 (1984) 1.
[22] K. Ruedenberg, Rev. Mod. Phys. 34 (1962) 326.
[23] C.K. Jorgensen: Modern Aspects of Ligand Field 

Theory, North-Holland, Amsterdam (1971).
[24] C.K. Jorgensen, M. Faucher, D. Garcia, Chem. 

Phys. Lett 128 (1986) 250.
[25] L.G. Vanquickenborne, K. Pierloot, C. Görller- 

Walrand, Inorg. Chim. Acta 120 (1986) 209.
[26] C.K. Jorgensen, Solid State Phys. 13 (1962) 375.
[27] J. Katriel, R. Pauncz, Adv. Quantum Chem. 10 

(1977) 143.
[28] R. Reisfeld, C.K. Jorgensen: Lasers and Excited 

States of Rare Earths, Springer, Berlin (1977).
[29] C.K. Jorgensen, Quim. Nov. (Säo Paulo), in 

press.
[30] M. Brorson, C.E. Schaffer, Inorg. Chem. 27 

(1988), in press.
[31] M. Brorson, G. S. Jensen, C. E. Schäffer, J. Chem. 

Educ. 63 (1986) 387.
[32] P. Pyykkö, Adv. Quantum Chem. 11 (1978) 353.
[33] P. Pyykkö. J. P. Desclaux, Acc. Chem. Res. 12 

(1979) 276.
[34] K. Balasubramanian, K. S. Pitzer, Adv. Chem. 

Phys. 67(1987) 287.
[35] P. Pyykkö, Chem. Rev. 88 (1988), in press.
[36] C.K. Jorgensen, R. Reisfeld, Struct. Bonding 

(Berlin) 50 (1982) 121.
[37] P. O. Löwdin, Adv. Chem. Phys. 2 (1959) 207.
[38] J.S.H.Q. Perera, D.C. Frost, C.A. McDowell, 

C. S. Ewig, R. J. Key, M. S. Banna, J. Chem. Phys. 
77(1982) 3308.

[39] J. Robles, G. Kemister, Chem. Phys. Lett. 134 
(1987) 27.

[40] W. Koch, G. Frenking, J. Gauss, D. Cremer, J. R. 
Collins, J. Am. Chem. Soc. 109 (1987) 5917

[41] G. Frenking, D. Cremer, C.K. Jorgensen, Struct. 
Bonding (Berlin), in press.

proportional to the square-root of EOG and 
corresponding to 38 eV for Z = 30, 90 eV 
for Z = 60, and 133 eV for Z = 80. Since 
4d and 4f orbitals have rather comparable 
average radii[11] between Z = 59 and 
Z = 68, it is likely that the substitution of 
4d104f to 4d84P+2 contributes significantly 
to Emri. An (admittedly quite rough) sec­
ond-order perturbation model1181 suggests 
the squamp to have the order of magnitude 
0.7 for Z = 30 (zinc) and 0.4 for Z = 60 
(neodymium). It is conceivable that the 
higher-order 4-, 6-, 8-, ... electron substi­
tutions diverge for Z above 80, and that 
the squamp then rapidly vanishes. This 
may not have very dramatic physical con­
sequences. The total Schrodinger wave­
function for K electrons has 3K spatial 
variables, but so far we know, all observ­
able quantities can be described in a six­
dimensional second-order density matrix 
(but unfortunately, there seems at present 
little hope to find a variational principle, or 
a substitute condition for it). The electro­
nic density in our three-dimensional space 
seems well represented by Hartree-Fock 
functions (as well as the diamagnetism in­
dicating <r2» and the dilemma culminat­
ing in equations (4) and (5) must be hidden 
in some aspect of the interelectronic dis­
tances.

Until now, we have mainly discussed 
monatomic systems containing one tiny 
nucleus (characterized by Z) and K elec­
trons. Every problem we have mentioned, 
will be inherent in quantum chemistry 
treating K electrons surrounding two or 
more nuclei, in addition to any further 
problems. Now, when subject is 60 years 
old, it is clear that the major successes have 
been obtained by extension of what was 
the triumph of the time-independent 
Schrodinger equation, the rationalization 
of line spectra, X-ray spectra (and later 
photo-electron spectra) of essentially un­
perturbed monoatomic entities. All these 
processes are so rapid in compounds that 
the nuclei retain their spatial distribution 
in the ground state (or the excited state 
prior to luminescence). This Franck-Con­
don quantum chemistry is not without dif­
ficulties, but is in a reasonably satisfactory 
shape, and can be assisted by pseudo-po­
tentials representing inner shells. On the 
other hand, chemical reactions take place 
in a (3 A — 5)-dimensional space (energy as 
a function of the mutual positions of N 
nuclei, assuming the Born-Oppenheimer 
approximation of translational, rotational, 
vibrational, and electronic factors). 
Though chemistry intrinsically modifies 
nuclear positions, it is clear that a deduc­
tive treatment for three or more nuclei is 
tedious, and only can be applied to gaseous 
systems at low pressure (and not to solu­
tions). It should be remembered that «ab 
initio» is not an unconditional label of 
quality, but only indicates an ascetic reluc­
tance to include empirical facts (such as 
atomic energy differences). This restraint

may be conceptually satisfactory, but one 
should not forget that experimental quan­
tities (within their limits of precision) agree 
with any perfectly valid theoretical treat­
ments (if such are feasible).

The main conclusion of this paper is the 
formidable problems expected for com­
pounds involving elements with two-digit 
Z values. The typical effects of chemical 
bonding (per atom involved) are about 
a-tenth of the closed-shell effects, and 
show a trend roughly like Z-02. Hence, 
their order of magnitude decreases from 
10“3 EGG (at Z = 11) to 10“5 Egg for gado­
linium (Z = 64). Not only is this a small 
proportion of the total energy but it also 
decreases from 30 to 3 percent of the corre­
lation energy of the isolated atoms accord­
ing to equation (5). Disregarding any ef­
fects of the correlation on the extent of 
delocalization in the LCAO model of cova­
lent bonding, it is imperative to look for 
pragmatic regularities in the correlation 
energy, such as the quaint observation1151 
that intra-atomic relaxation effects de­
crease one-shot ionization energies I of in­
ner shells (relative to Hartree-Fock results 
retaining ground state radial functions) to 
the extent 0.8 eV times the square-root of I 
(in eV). There is strong evidence from 
photo-electron spectra1”1 that interatomic 
relaxation effects also can be quite large, a 
clear-cut example being I of inner shells of 
gaseous magnesium, calcium, strontium, 
and barium atoms1381 decreasing 5 to 7 eV 
by condensation to the metallic elements. 
It is highly likely that correlation effects 
systematically are larger in molecules 
(especially for long internuclear distances) 
and in 15 selected molecules1391 of one-digit 
Z elements, it is argued that correlation 
energy is proportional to exchange energy 
with a constant 1.6 times that for atoms. If 
we exclusively consider quantum chemis­
try as an adaptation to the variational 
principle, we tend to concentrate attention 
on the 10 inner-most electrons in the two­
digit Z elements, and it would seem that 
(excluding innovating breakthroughs) 
quantum chemistry (in the strictly deduc­
tive sense) is not a particularly appropriate 
tool in this field. On the other hand, recent 
computers (and human ingenuity) may 
help in the numerous H, C, N, O-contain- 
ing molecules. A particularly fertile area is 
helium chemistry140-411: molecules such as 
HeLiH and HeBeO are calculated to be 
stable relative to bond-breaking in the gas­
eous state; HeH®, He®,HeNe®, HeCN®, 
HeW2®, HePt2®, and He2Pt2® are known 
from mass spectra; HeC2® (having the dis­
sociation energy 0.8 eV to He and C2®, like 
all HeLn3®1181 are stable relative to helium 
atoms and lanthanoide(in) ions, here ex­
cepting HeEu3® and HeYb3® dissociating 
to He® and Ln2® because the coordinated 
base helium is too strongly reducing), 
HeCCH® (not linear as the isoelectronic 
HCCH), He2C2® (singlet ground state, in 
contrast to the triplet ground state of 
HCH). Further on HeF® is known to be 
repulsive, what is neither the case for calcu­

lated ArF® nor for KrF® and XeF® form­
ing stable salts, which are colourless, in 
contrast to dark green Xef. Chemistry is 
exuberant, and novel phenomena are 
largely unpredictable.
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