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ABSTRACT

Most periodic tables of the chemical elements are between 96% and 100%o in accord with quantum mechanics.
Three elements only do not fit correctly into the official tables, in disagreement with the spherical harmonics and
the Pauli exclusion principle. Helium, belonging to the s-block, should be placed beside hydrogen in the s-block
instead of the p-block. Lutetium and lawrencium belonging to the d-block of the transition metals should not be
in the f-block of the lanthanides or the actinoids. With these slight modifications, the IUPAC table becomes

guantum mechanics consistent.
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1. Introduction

The purpose of this paper is to find the necessary charac-
teristics of a consistent periodic table of quantum me-
chanics, neglecting electron spin, “except that we adopt
the exclusion principle” [1]. There is a great variety of
periodic tables due to the various graphical, mathemati-
cal, physical or chemical criterions used. We shall modi-
fy slightly the official International Union of Pure and
Applied Chemistry (IUPAC) table, in order to make it
entirely compatible with the Schrddinger theory of the
hydrogen atom. The Bohr Aufbau principle (lowest
energy), Pauli exclusion principle (pairing), Hund’s rule
(equal energy) and Madelung rule (n+¢) are briefly
discussed.

2. Short History of the Periodic Table

The Mendeleev table is more than one century old. It was
originally based on atomic masses with twelve lines and
eight columns, corresponding already but partially to the
blocks s, p and d of quantum mechanics. The transition
metals were moved separately and the rare gases re-
placed the corresponding column after their discovery by
Ramsay. Moseley replaced the mass with the atomic
number as a classification criterion. The transuranians
were discovered by Seaborg who placed the lanthanoids
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and actinoids separately, below the table, for reasons of
compactness. In 1985 the IUPAC Commission on the
Nomenclature of Inorganic Chemistry proposed a new
notation for the groups of the periodic table where the
numbering of the groups was changed from VIII groups
to 18 columns (Figure 1).

3. Description of the Periodic Table

The periodic table (Figure 1) has 4 blocks, the first one
(¢ =0), on the left, has two columns, one corresponds to
the spin up and the second to the spin down with an ex-
ception, helium He, placed with the inert gases although
it has 2 electrons instead of 6 in the next period ({ =1).
The fourth period (/ = 3) contains 10 columns with an
anomaly on the first column, left. The last period ({ =4)
corresponding to the lanthanides and actinides, has 15
columns, an uneven number.

According to the Pauli exclusion principle of quantum
mechanics, all elements are coupled: the elements with
even atomic numbers have an even number of electrons
and uneven elements have uneven numbers of electrons.

4. Periodic Table and Electronic Structure

The complete electronic structure of the atom (e.g. the
hydrogen atom) is necessary to predict the physical and
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chemical properties of the elements. Some elements have
configuration anomalies in the electronic sequence. For
example chromium has the following electronic structure
[Ar]4s'3d® and not the expected one, [Ar]4s?3d*. This
does not change the structure of the table because copper
and chromium are in the middle of the d-block. Helium,
lutetium and lawrencium, being at the boundary of their
blocks, it is important to analyze their position.

4.1. Helium

It is well known that helium has a 1s? structure, a spheri-
cal mode of vibration, as hydrogen 1s'; the difference
resides in the number of electrons: two instead of one.
Helium, pertaining to the s-block of the K-Shell (Figure
2), is usually placed with the other rare gases at the right
of the table where the electronic structure of the outer-
most subshell is np® with a maximum of six electrons
instead of two for helium (1s%). Moreover, as Bartlett [2]
has shown, the noble gases are not so inert. There exist
compounds of xenon and krypton with fluorine, chlorine,
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hydrogen, platinum [3], gold [4]. There is no chemical
reason any more to place helium with the other noble
gases. Some authors put He in the p-block by writing the
electronic structure as 1s°p°. p° has no meaning: it con-
tains no electron. The electronic structure of He is 1s?
and that’s all. The vacant box beside hydrogen waits for
helium where it has its natural place.

He may be called a s-block noble gas. Its filled outer
subshell s-block of valence electrons cannot appear in
the p-block e.g. in column 18.

4.2. Lutetium and Lawrencium

Lutetium and lawrencium are traditionally considered to
belong respectively to the lanthanoids and to the actino-
ids, with 15 elements each [3] instead of 14 in contradic-
tion with the Pauli exclusion principle doubling the
number of 7 spherical harmonics in the f-block. Indeed,
each atom with an uneven atomic number is paired with
the next atom, with an even atomic number. Lutetium
(named Cassiopeium Cp by Bohr) has the structure (Xe)

18

1 . e
H P IUPAC Periodic Table of the Elements He
hydrogen -~ helium
[1.007, 1.009) 2 Key: 13 14 15 16 17 4
3 4 atomic number 5 6 7 8 9 10
Li Be Symbol B Cc N o F Ne
lithium berylium name boron carbon nitrogen oxygen fluorine neon
(6.938, 6.997] 9.012 ‘standard atomic weight 1080, 10.83) | [12.00,12.02] | [14.00,14.01] | [15.99, 16.00] 19.00 2018
1 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
sodium | magnesium aluminium | siicon | phosphorus | sulfur chlorine argon
29 | 24302631 3 4 5 6 7 8 ° 10 " 12 2698 128082808 | 3097 18205,3208) | (35.44,3548) | 3995
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \ Cr Mn Fe Co Ni Cu Zn Ga Ge | As Se Br Kr
potassium | caicium f| scandum | ttanium | vanadium | chromium | manganese iron cobalt nickel copper zinc galium | germanium | arsenic selenium bromine krypton
3010 4008 96 787 5094 5200 5494 5585 5893 5869 6355 65.38(2) 6072 7263 7492 7896@) | (90,7991 | 8380
37 38 39 40 4@ 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
rubidium strontium yitrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
8547 8762 8891 9122 9291 9596(2) 1011 1029 1064 107.9 1124 1148 187 1218 1216 1269 13
55 56 57-71 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
Cs Ba | tnthan Hf Ta w Re Os Ir Pt Au Hg T Pb Bi Po At Rn
caesium barium &% tantalum tungsten thenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
1329 1373 e ——go | 1838 1862 1902 1922 195.1 197.0 2006 | 2043,2044) 2072 2000
87 88 89-103 104 105 107 108 109 110 m 12 14 116
Fr Ra | ainoss, [ Rf Db Sg \BP* Mt Ds Rg Cn Fl Lv
francium radium w dubnium | seaborgium | bohrium hassium m‘w roentgenium | copemicium flerovium livermorium
T —— D ———
—
|
57 58 50 60 61 | 6T 64 65 66 o | @m0 7
La | Ce | Pr | Nd | Pm | Sm | Eu [Gu~Tb | Dy | Ho | Er | Tm [ Yb~f Lu
lanthanum | cerium i i i samarium | europium | gadolinium | terbium ~~fsyesgym | _holmium erbium thuium | ytterbium [l Iutetium
1389 1401 1409 142 1504 1520 173 1589 1625 167.3 1689 731 1750
89 90 (] 92 93 94 95 926 o7 98 99 100 % 103
Ac Th Pa U Np Pu Am | Cm Bk Cf Es Fm Md No Lr
actinium thorium protactinium uranium neptunium plutonium americium curium berkelium | califomium | einsteinium fermium | mendelevium |  nobelium lawrencium
220 210 2880
Notes
- IUPAC 2011 Standard atomic weights abridged to four significant digits (Table 4 published in Pure Appl. Chem. 85, 1047-1078 (2013);
htip://dx.doi.org/10.1351/PACREP-13-03-02. The uncertainly in the last digit of the standard atomic weight value is listed in parentheses following
the value. In the absence of parentheses, the uncertainty is one in that last digit. An interval in square brackets provides the lower and upper bounds of
the standard atomic weight for that element. No values are listed for elements which lack isotopes with a characteristic isotopic abundance in natural
terrestrial samples. See PAC for more defails.
- “"Aluminum” and “cesium” are ly used alternative spellings for “aluminium” and “caesium.”
|NTERNAT|ONAL UN|ON OF - Claims for the discovery of all the remaining elements in the last row of the Table, namely elements with atomic numbers 113, 115, 117 and 118,
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and for which no assignments have yet been made, are being considered by a IUPAC and IUPAP Joint Working Party.

For updates to this table, see iupac.org/reports/periodic_table/. This version is dated 1 May 2013.
Copyright © 2013 IUPAC, the Internafional Union of Pure and Applied Chemistry.

Figure 1. IUPAC official table, with suggested corrections. One can see a vacant place at the right of H, contradicting the
heading “periodic table”: He should be there. According to quantum mechanics, the periods should be 2, 6, 10 and 14. The
other anomaly is the lanthanides and actinides piled up into the Lu and Lr boxes! They should have an even number of ele-
ments each, e.g. 14 and not 15 and begin at the black vertical line. The two first columns should be to the right instead of the

left but this is less important.
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Figure 2. This corrected periodic table is built by applying the Schriédinger equation of quantum mechanics com-
bined with the Pauli exclusion principle. The drawings show the plane nodes of the spherical harmonics (the spheri-
cal nodes do not show except for the fundamental orbital in dotted line). It is a slightly corrected IUPAC table where
He is in the s-block instead of the p-block. Lutecium Lu and lawrencium Lr are in the d-block instead of the f-block:
their correct location is shown bold on grey. All blocks have an even number of elements, paired in conformity with

the Pauli exclusion principle. In order to have a regular increase of £, from right to left, the two left columns, £ =
0, should be placed at the right of the table and one line higher in order to have the same n+ £ on a horizontal line,
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Periodic table 100% quantum mechanics consistent
IUPAC notation | 1 | 2 ? | 3 [4]5]e]7] 8 ofofu]12] [13[14[15[16] 17 |18
s-block f-block d-block p-block
£=0 £=3 £=2 £=1
No node 3 nodes 2 nodes (parallels or meridians) 1 node (parallel or meridian):
2 elements 14 elem. 10 elements per line 6 elements per line
Number of electrons in subshells, see table 3 (electron anomalies not shown)
1,2...
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= 7 Fr Ra| 8 | 89-102 |8] Lr Rf|DbSg|BhHs| Mt Ds|Rg Cn| 8 | Fi 117
Lanthanides and actinides (f-block, £ = 3)
3 nodes (parallels or meridians), 14 elements per line in the f-block
1,2..2(2¢ +1) 1 2[3 4|5 6[7 8|9 1011 12[13 14
Row m = () m = =1 m = +2 m=+3
Z P N AW AR
n+/ —_— 1 ) | H
. 17 A CALLY
La Ce |Pr Nd|Pm Sm| Eu Gd |Tb Dy |Ho Er |Tm Yb|]Lu
8 Ac Th |Pa U |Np Pu|Am Cm|Bk Cf|Es Fm|Md No| Er

as in the Janet table.

4f¥5d's?, found by Bohr and Coster [5]. Having the first
electron of the 5d subshell of the transition metals, it has
to be in the d-block and not among the lanthanides, in
the f-block.

With these changes, the Pauli exclusion principle is
satisfied: the f-block, without Lu, contains an even
maximum of 14 electrons. The two first rows of the
d-block have each 10 elements; it should be the same for
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the two last rows. Indeed, lutetium and lawrencium per-
tain to the d-block of the transition metals with 10 ele-
ments and therefore not to the f-block of the lanthanoids.
Lutetium and lawrencium may be called lanthanoid and
actinoid of the d-block but cannot appear within the
f-block with the 28 lanthanides and actinides. They have
to be correctly placed below Sc and Y in the d-block as
was shown by Bohr and co-workers [5]. After almost one
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century, this error has not yet been corrected. It is not
because two persons resemble each other that they are of
the same family.

5. Bohr Theory of the Hydrogen Atom

The Bohr theory of the hydrogen atom describes accu-
rately the energy levels of the hydrogen atom and the
Balmer series with circular trajectories of the electrons
[5]. The electrons move around the nucleus like planets
around the sun with a supplementary condition: the an-
gular momentum should be quantized, that is an integer
multiple of the reduced Planck constant h/2m, restricting
the orbits to quantum integers.

6. Wave Mechanics of the Hydrogen Atom

Schradinger developed a wave equation whose solutions
are standing waves similar to the standing waves in a
spherical resonator [6]. Born compares the hydrogen
atom with a circular membrane fixed at the circumfe-
rence. The number of radial nodal lines is the quantum
number of the state of vibration [7]. The hydrogen nuc-
leus with its electrostatic potential may be compared to a
pond limited by a slope. The waves propagate at a varia-
ble velocity, like that of a tsunami function only of the
water depth. The velocity of the matter waves [8] de-
pends only on the velocity of the electron depending on
the electrostatic potential, like a comet being captured by
the sun if its velocity is smaller than the escape velocity.
An electron approaching a proton will be captured in
similar conditions. It loses energy by radiation until its
angular momentum be exactly a multiple of the reduced
Planck constant h. In the Schrédinger theory of the hy-
drogen atom, the electron emits permanently a stationary
matter wave also called de Broglie wave [8]. The particle
has to stay in the interference fringes of the matter wave
with a probability proportional to the intensity of the
wave, obtained by solving the Schrddinger equation. A
stationary wave exists only for the Bohr values of the
energy. The potential energy being function of the posi-
tion r of the electron, the kinetic energy is the difference
between the Bohr energy E, of state n and the electros-
tatic potential V/(r).

7. Related Empirical Principles
7.1. Bohr Aufbau Principle (1921)

The Aufbauprinzip (building-up principle) postulates a
hypothetical process in which an atom is progressively
“built up” from its predecessor, by adding one proton and
one or more neutrons to the nucleus plus one electron to
the outermost free atomic orbital [5]. The Aufbau is sim-
ilar to building a house, following the blueprint. The pe-
riodic table is built from the top and increasing number
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of electrons from left to right.

7.2. Pauli Exclusion Principle (1925)

According to the Pauli exclusion principle, each orbital
may contain one or two electrons only [9]. The electron
has a magnetic moment like a tiny magnet due to its
spinning electrical charge. Two opposite magnets attract
themselves. A third electron is not attracted because the
resulting magnetic moment of the magnets is zero. This
means that the chemical elements are paired, an uneven
atomic number is paired with the next one, having an
even atomic number. They attract themselves when their
magnetic moments are opposite, equilibrated by the cen-
trifugal force.

7.3. Hund’s Rule (1925)

When electrons fill orbitals of equal energies, they oc-
cupy as many different orbitals as possible. Hund’s rule
[10] may be interpreted as the reverse of the exclusion
principle. Indeed, when the electrons are few, their dis-
tance on their orbit is large, the repulsive electrostatic
force is thus stronger than the magnetic force. Hund’s
rule is useful to predict the detailed electronic configura-
tion but has no effect on the periodic table structure.

7.4. Madelung Rule (1926)

Also known after Janet (1927) the n + { rule [11] has
been explained by Klechkowski (1962). Orbitals with a
lower n + ¢ value are filled before those with higher n
+ [ values. In the case of equal n + / values, the or-
bital with a lower n value is filled first. This is the quan-
titative formula corresponding to the Aufbau principle.

8. Suggested Updating of the Compact
Periodic Table

The periodic Figure 2, IUPAC style modified, is ob-
tained from the spherical harmonics of Figure 3, com-
bined with the Pauli exclusion principle. The drawings,
modified from [12] show the spherical harmonics of the
outermost orbitals of the atoms.

The vacant box beside hydrogen is now filled with he-
lium. Lutetium and lawrencium are in the d-block below
scandium and yttrium. The lanthanoids and actinoids are
14 each in the f-block as predicted by the exclusion prin-
ciple and the spherical harmonics. As in most periodic
tables, only the wave structure appears, not the real elec-
tronic structure of the atoms.

9. Conclusion

There exists a large variety of periodic tables, depending
on the criterions used to build them. The chemical prop-
erties are not quantifiable, and their choice is as a criterion
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Spherical harmonics with formulas
£: secondary or azimuthal quantum number = number of parallels
m: magnetic quantum number; |m|: number of meridians
s-block p-block d-block f-block
Metals, .
H, He, metalloids,| Transition elements Lan;};?i?lliizss o
alkali metals, [noble gases| (lutetium and law- (without lutetium
alkaline earths | He ex- | rencium included) .
cluded and lawrencium)
=0 | £=1 £=2 £=3
P - S
/ ™\ ) AN Rl
I I
m=0 2 I © ’ \___) \___—'
/ ~ - / N /
N - N -
1 & 3 cos’® -1 (5c0s*9-3) cos ©
cos
”- ~ P s
4 \ / 3 Al BN
1 : , X ) ! )
m=z=x \ \—
~Jd. ’ ¥ <1. 4 . <1 A
sin®e™® | cos9sin®e™® | (5cosV-1)sin O e
“ \
|’ \
— 1
m==+2 \ P
- .
sin*® ¢*2®
m=+3
Number of orbitals: | 5 .
@2r+1)
Number of electrons
220 +1) 2 10 14
Subshells in one shell ] s+p stp+d stp+d+f

Figure 3. The void sphere (dotted circle) corresponds to the spherically symmetrical vibration mode
of states with £ = 0. It is the only spherical state represented by a dotted circle on Figure 2 for rea-
son of visibility. All other modes have circular plane vibration nodes. The azimuthal quantum num-
ber £ gives the number of parallels and the magnetic quantum number m, the number of meri-
dians. The other spherical states are not shown on Figure 2 needing a more complicated table; if
they were shown, they would appear as concentric circles [12].

to build the periodic table being subjective. There are
also purely mathematical arguments like symmetry crite-
rions but their physical basis is tenuous. Most periodic
tables being around 96% quantum mechanics consistent,
3 minor corrections are necessary. They consist to place
hydrogen H, lutetium Lu and lawrencium Lr in their re-
spective [-blocks. Helium will be therefore in the
s-block side by side with hydrogen. Lutetium and la-
wrencium have to be moved from the f-block into the
d-block, below yttrium Y. It may be acceptable to call
He a noble gas of the s-block, Lu and Lr, lanthanide and
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actinide of the d-block. The IUPAC table with these
three slight corrections would be practically entirely
guantum mechanics consistent. An even better presenta-
tion would place the ¢ = 0 elements to the right as in
the Janet or left-step table [3,13].
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