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Abstract

Despite the periodic table having been discovered by chemists half a century before the
discovery of electronic structure, modern designs are invariably based on physicists’ defini-
tion of periods. This table is a chemists’ table, reverting to the phenomenal periods that led
to the table’s discovery. In doing so, the position of hydrogen is clarified.
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This paper is an improvement upon the authors’ “Newlands Revisited” (hereinafter abbre-
viated NR) (Marks and Marks 2010) and many of its references as well as the paper itself
are relevant here. The Periodic Table is the foundation of chemistry so any improvement
in its design warrants publication in Foundations of Chemistry. From Boyle’s 1661 defi-
nition (Boyle 2003) of an element and Lavoisier’s 1789 practical application (Lavoisier
1789) of it, chemistry launched into a swift development expedited by Avogadro’s hypoth-
esis of 1811 (Avogadro 1811) and Faraday’s electrochemistry of 1833 (Faraday 1834). In
the wake of the 1860 Karlsruhe Congress where these ideas were brought together, the
periodic table rapidly developed, culminating in Mendeleyev’s table of 1869 (Mendeleyev
1869). This was the fruit of an encyclopadic knowledge of the chemical elements half a
century before the discovery of electronic structure by Bohr and Sommerfeld (Bohr 1913;
Sommerfeld 1916). On electronic structure, Greenwood and Earnshaw write: “It should
always be remembered that it is incorrect to ‘deduce’ known chemical phenomena from
theoretical models; the proper relationship is that the currently accepted theoretical models
interpret the facts and suggest new experiments...” (Greenwood and Earnshaw 1993). John
Christie of Melbourne expressed it more pithily: “It is chemical properties and behaviour
that determine the shape of the periodic table, and electronic structure that explains and
rationalizes it, not the other way around.” (Christie 2001). This is dramatically illustrated
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by Be not being an inert gas, with physicists offering post hoc explanations, such as sp’
hybridization, as to why this should be so.

Most chemists agree that one of the most salient markers of the periodic table is the
group of inert gases. Indeed, they are currently used to define the periods and are corrobo-
rated by Bohr’s radial quantum number. Between the first and second marker, Ne, are what
Mendeleyev called his main groups (Russian: ‘OcnoBubie I'pynnst’, German: ‘Hauptgrup-
pen’). It is of note that hydrogen falls just before the first inert gas helium and, conse-
quently, one should expect an analogue (fluorine) to fall just before neon and, in this re-
arrangement of Mendeleyev, under hydrogen (Fig. 1).

Instead of the second period being completed at Be, a further eight elements are
added to He to land on the next inert gas. The extra elements created by the Sommer-
feld ‘splitting’ (“Sommerfeldsche aufspaltung”) follow after the inert gases. Hence the
gap, when Sommerfeld’s subgroups (“Nebengruppen”) are added, occurs between He
and Li. A further ten are added with the d-elements (Nebengruppen A) and a further
fourteen with the f-elements (Nebengruppen B). These clearly cannot be easily accom-
modated within Mendeleyev’s original eight main groups. Running them sequentially
under the main groups, these subgroups fall felicitously to reflect persisting echoes of
the main groups, so that Mn falls under CI, reflecting MnO™, Mn,0, and Cl074, Cl1,04;
Fe falls in Group VIII with RuO, and OsO, reflecting XeO,. PuO,, although unstable,
is an example of the ‘main group echo’ extending throughout the periodic table. With
the exception of monovalent Tm, Group I is well established and Group II is completely
established with stable Yb*2. Groups III, IV, V and VI are similarly complete with the

Mendeleyev Revisited
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Fig. 1 Described as “Mendeleyev Revisited” (hereinafter abbreviated MR)

@ Springer



Mendeleyev revisite 217

exception of Nd [VI]. The extra two elements of the d-subgroups and further four ele-
ments of the f-subgroups are placed in new columns following group VIII, just as the
extra six main group elements were added following group 0. The first two columns are
thus double-labelled: in the first three periods they are groups -1 and 0. In subsequent
periods, where they are subgroups, they are labelled groups VII and VIII. This main-
tains the echo of Mendeleyev’s eight main groups throughout the periodic table without
distortion. All the arguments for NR apply equally to MR and MR is also more com-
pact. It requires 154 cells (11 rows X 14 columns) against NR’s 224 cells. It achieves a
significant reduction in space using Scerri’s novel re-arrangement (Scerri 2006) of the
s-bloc, inspired by Dobereiner’s triads.

The logical inclusion of the lanthanoids was attempted by LeRoy (1927) (Fig. 2) by
reducing the f-groups by two in the same way as is frequently done with the d-groups.
This is the reason that Cu-Ag-Au are placed in Group IA and Zn-Cd-Hg are in Group
ITA. Similar considerations put Tm-101 in Group IB and Yb-102 in IIB.

Rather confusingly, LeRoy labels Mendeleyev’s main groups ‘A’, Sommerfeld’s A
subgroups ‘B’ and Sommerfeld’s B subgroups are labelled ‘C’. But LeRoy insightfully
notes the aufspaltung of H into Li and F.

After the establishment of Lavoisier’s elements, Dobereiner was the first to publish
(Dobereiner 1829) any indication that they may display periodic properties by noting
the correlation between chemically similar members of main groups and their atomic
weights. When he framed his table, Mendeleyev was unaware of the inert gases, Group
0, and hydrogen sat very uncomfortably above the alkali metals and was often separated
off from the table into a variable, wandering position—as it still is in many tables.

When Ramsay finally completed his Group 0 (He, Ne, Ar, Kr, Xe, Nt), there was no
arbitrary suggestion that they completed a period. Periodicity began at the beginning,
with hydrogen. Indeed, he quite explicitly (Ramsay 1915) placed his inert gases in a
column following hydrogen and the halogens (Fig. 3).
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Fig.2 Periodic Table, LeRoy 1927
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VIII THE OTHER INACTIVE GASES 259

TgE POSITION OF THE INACTIVE ELEMENTS IN THE
PerioDIC TABLE.

Hydrogen. Helium. Lithium. Beryllium,
1 4 7 9
Fluorine. Neon. Sodium.  Magnesium,
19 20 23 24
Chlorine. Argon. Potassium. Calcium.
35D 40 39 40
Bromine. Krypton. Rubidium. Strontium.
80 82 85 87
Todine. Xenon. Caesium. Barium,
127 128 133 137

Fig. 3 Periodic Table, Ramsay 1915

Thus the first period was seen as H, He, Li, Be, B, C, N, O and then repeated as F,
Ne, Na, Mg, Al, Si, P, S. Due to the ‘first-member anomaly’ (Scerri 2007), N and O
were late to be seen as initial members of Groups V and VI and, it seems, H is still sel-
dom seen as the first member of Group -1/VIIL. Yet H is little more different from F than
N is from P or O is from S.

The Sommerfeld splitting (aufspaltung) described in NR yields two groups from H
(the halogens and the alkali metals) and two groups from He (the inert gases and the
alkaline earth metals). Ramsay’s allocation of H to the halogens and He to the inert
gases follows from chemical analogy, periodicity and symmetry considerations such as
the completion of triads. Mendeleyev’s arrangement can be justified by the extraordi-
nary difference between the ‘daughter’ groups of H and He which are chemically more
different from one another than any of the main groups from each other. It also estab-
lishes two significant triads: H-F-C1 and He-Ne—Ar which are missed if H is classed
with the alkali metals and He with the alkaline earth metals, as its IIs grouping might
suggest.

It is for this chemical reason that both the halogens and the alkali metals and both the
alkaline earth metals and the inert gases were four separate main groups in all early tables.
By slightly rearranging H and He, setting one of H’s daughter groups as —1 (H and the
halogens) and one of He’s daughter groups as 0 (the inert gases) beside and before group I,
as in Scerri’s Dobereiner-inspired table, an 11-row X 14-column table is obtained, with the
other pair of daughter groups as the conventional Groups I (alkali metals) and II (alkaline
earth metals).

In best Popperian tradition as in NR, MR frames a hypothesis predicting a dramatic role
for the hitherto obscure thulium (Gray 2009) as occupying a position between silver and
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gold in the re-arrangement of the periodic table of chemical elements. A critical test of this
hypothesis would be the discovery of monovalent thulium, so far without result. A similar
consideration applies to neodymium [VI] and discovery of either Tm [I] or Nd [VI] would
empirically support and validate the logic of MR as a preferable 2-D arrangement of the
periodic table.

On the wider import of Pr[+5] and Ir [+9]

Zhang et al. (2016) report the recent discovery of PrO,*, confirming the existence of
pentavalent praseodymium. Wang et al. (2014) report a compound ion of iridium, (IrO,)*,
demonstrating a valency of + 9. These discoveries lend further support to the arrangement
of MR, with groups reflecting valency. Perhaps Mendeleyev, like Sanderson (1960, p. 14),
would have expanded his “group VIII” to VIII, IX and X had he known about (IrO,)*. A
logical expectation, realized in Np™’, may be that some of the heavier lanthanoids or acti-
noids show a valency such as Cf*'2, with positive valencies up to the Pauli maximum for
each subshell. The tight binding of f-electrons makes this unlikely but no one expected the
revision of Abegg’s rule that (IrO,)* requires.

Chemistry revisited

At normal temperatures and pressures, few chemists would classify hydrogen with the
alkali metals. Probably fewer still would classify helium with the alkaline earth metals.
That many physicists do is entirely due to considerations of electronic structure. Yet chem-
ists had applied the Periodic Table to chemistry for half a century before the discovery of
electronic structure by Bohr and Sommerfeld.

As far as hydrogen is concerned, it has a Janus-face, both physically and chemically. Its
positive ion is in fact an elementary particle, the proton, no more an element than the elec-
tron is. This is not to say that protons and electrons play no part in physics or chemistry,
rather they are acknowledged as basic constituents of atoms—but hardly, themselves, as
atoms.

By contrast, the negative ion of hydrogen constitutes an entity in every respect anal-
ogous to the behaviour of ions of any other element. In this sense, the hydride anion is
representative of hydrogen qua element whereas the hydrogen cation, a free proton, self-
evidently and by definition shares the peculiar status of being both a chemical ion and an
elementary particle. Since exceptional cases make bad law, we should be wary of ordering
chemistry on such an outlier. It leads PetruSevski and Cvetkovi¢ (PetruSevski and Cvetkovi¢
2018) to exile H from the periodic table altogether. Protons have a peculiar chemistry well
illustrated by protonation reactions. Indeed, even electrons appear to demonstrate their own
chemistry in the form of electrides, such as the solutions of alkali metals in ammonia.

Dobereiner first observed periodicity in the form of his triads and hydrogen forms a
triad with the halogens not the alkali metals. Its physical existence as a diatomic gas and
its chemical behaviour in forming salt-like hydrides with the alkali metals are persuasive
empirical evidence for classifying hydrogen with the halogens. As an s' element, it is one
electron short of a full s-subshell and so is similar, in this respect, to & and f13 elements
and, of course, to the halogens, each of which is p5, one electron short of a full p-subshell.
Further, hydrogen’s behaviour with fellow halogens in forming peculiarly active gases
reflects the properties of other inter-halogen compounds.
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As described in NR, the positions of H and He in the Periodic Table arise from the
Sommerfeld ‘aufspaltung’ of the first period, with ‘daughter’ subgroups of the halo-
gens and the alkali metals from H and ‘daughter’ subgroups of the inert gases and the
alkaline earth metals from He. There is little dispute, chemically, that helium belongs in
the group of inert gases, Group 0. And, from the chemical considerations just outlined,
hydrogen is more akin to the halogens than the alkali metals despite the undoubted sub-
group relationship of both halogens and alkali metals to H.

At the level of sp® hybridization, the subgroups of H and He remain so chemically
distinct that they rightly retain the status of main groups. Rather than asking ‘why is
Be not an inert gas?’ consider the response to the question ‘why is Be an alkaline earth
metal?” The explanation given is usually that of sp® hybridization, which simply begs
the question and invites us to treat the inert gases as a whole as the “ILs” group and the
alkaline earth metals as the “IIp” group. The uncomfortable (for physicists) fact is that,
at least in this case, electronic structure does not predict chemical properties (Sanderson
1960, p 8).

If we are to retain Mendeleyev’s Hauptgruppen, we need to determine which main
group should contain H and which He. Chemical considerations would place the for-
mer with the halogens and the latter with the inert gases. Beyond sp°, in the d- and
f- periods, Sommerfeld’s ‘aufspaltung’ is explicitly recognized in the allocation of Ca
to Hauptgruppe (main group) II and Zn to Nebengruppe (subgroup) IIA and in the more

PERIODIC TABLE

Hauptgl‘uppeu (5, sp- grot lpS) Arnold Somm elfe]d 1916 (updated construction)

-1 0 <1 II I IV V VI

Nebengruppen A

(d-groups)
A% IX X XTI XII XIMXIV I I
Nebengruppen B Pr To | Dy | Ho | Er
(f-groups)
Pa I | cf | Ei [Fm [101|102

Fig.4 Periodic Table, Sommerfeld 1916
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recent allocation (Jensen 1982) of Lu to Nebengruppe IIIA and La to Nebengruppe IIIB.
Sommerfeld’s Nebengruppen are thus the d-elements (the transition series, Nebengrup-
pen A) and the f- elements (the lanthanoids and actinoids, Nebengruppen B), with cor-
responding main-group valency where applicable, Fig. 4.

This may be described as a chemist’s table in contrast to Janet’s left-step (Janet 1929)
which is a typical physicist’s table. The problem of the classification of hydrogen vanishes
if we accept periodicity as beginning at the beginning. Sommerfeld conflated Bohr’s shells
with Mendeleyev’s periods and the success of this model dazzled chemists to abandon-
ing chemical periods for physicists’ electronic shells. Perhaps a compromise, with Men-
deleyev’s table coloured according to Sommerfeld’s electronic structure, would be best
(Fig. 5).

IUPAC

A decade ago, at the beginning of 2009, a IUPAC editorial (Meyers 2009) offered “some-
thing old, something new, something borrowed and something blue” in an issue devoted
to IUPAC’s position, infer alia, on the periodic table. In response to that debate, MR
preserves the old subgroups (Newlands’ columns) that were a feature of all short forms,
although MR would then have been described as a ‘medium form’ (14 groups) in con-
trast to Mendeleyev’s ‘short form’ (8 groups) or Werner’s ‘long form’ (32 groups) (Werner
1905). MR naturally continues the subgrouping of the lanthanoids and actinoids whose ini-
tial four groups were also included in ‘short form’ tables. The logic of the arrangement of
the s-elements is the new feature of MR. It recognizes the chemical subgroups of hydrogen,
viz. the alkali metals and the halogens, and of helium, viz. the alkaline earth metals and the
inert gases. It is interesting to note that subgroups arising from aufspaltung differ chemi-
cally from each other inversely as the azimuth, i.e. Li:F>> Ca:Zn>La:Lu. The whole idea
of MR is, of course, borrowed from Sommerfeld. The group numbers are borrowed from
valency but also from electronic structure in that the number of s-, p-, d- or f~ subgroups

"Mendeleyev revisited"
as modified by Sommerfeld

Groups: -1/VIl 0/VII

Periods:  Ist

2nd

electronic key

3rd

Mendeleyev

4th
o Hauptgruppen

Sth

’ Al Sommerfeld
B § Nebengruppen

6th

Fig.5 Mendeleyev-Sommerfeld PT, Marks 2021
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(Mendeleyev’s Hauptgruppen [s- & p-] plus Sommerfeld’s Nebengruppen [d- & f-]) cor-
responds to the Pauli maximum for each. Finally, the colour mnemonic reflects that most
elementary introduction to chemistry: alkalis turn Litmus blue. From this start, the p-bloc
is red, the transition elements yellow and the “rare earth” elements green, as argued in NR.
The numbering of groups [—XIV is unambiguous, it is less than [UPAC’s arbitrary 18
groups, it preserves subgroups and satisfactorily accommodates hydrogen and the lantha-
noids and actinoids. As required by Leigh (2009), this table is clear, simple and brief.
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