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Abstract: We celebrate 150 years of periodic systems that
reached their maturity in the 1860s. They began as peda-
gogical efforts to project corpuses of substances on the sim-
ilarity and order relationships of the chemical elements.
However, these elements are not the canned substances
wrongly displayed in many periodic tables, but rather the
abstract preserved entities in compound transformations.
We celebrate the systems, rather than their tables or ulti-
mate table. The periodic law, we argue, is not an all-encom-
passing achievement, as it does not apply to every property
of all elements and compounds. Periodic systems have been
generalised as ordered hypergraphs, which solves the long-
lasting question on the mathematical structure of the sys-
tems. In this essay, it is shown that these hypergraphs may
solve current issues such as order reversals in super-heavy
elements and lack of system predictive power. We discuss
research in extending the limits of the systems in the super-
heavy-atom region and draw attention to other limits : the

antimatter region and the limit arising from compounds
under extreme conditions. As systems depend on the
known chemical substances (chemical space) and such a
space grows exponentially, we wonder whether systems still
aim at projecting knowledge of compounds on the relation-
ships among the elements. We claim that systems are not
based on compounds anymore, rather on 20th century pro-
jections of the 1860s systems of elements on systems of
atoms. These projections bring about oversimplifications
based on entities far from being related to compounds. A
linked oversimplification is the myth of vertical group simi-
larity, which raises questions on the approaches to locate
new elements in the system. Finally, we propose bringing
back chemistry to the systems by exploring similarity and
order relationships of elements using the current informa-
tion of the chemical space. We ponder whether 19th century
periodic systems are still there or whether they have faded
away, leaving us with an empty 150th celebration.

Prolegomenon

Unveiling numerical trends among either atomic or equivalent
weights that somehow preserved resemblances among ele-
ments was frequent in the first two thirds of the 19th century.[1]

Standing out from the crowd, Meyer and Mendeleev went
beyond numerical relationships, certainly motivated by a peda-
gogical aim. Both were after systems synthesizing the chemical
knowledge of their times in an appealing way to be presented
to chemistry students.[3, 4] Chemical knowledge spans known
chemical substances and their properties, which Meyer and
Mendeleev sought to relate with chemical elements, these
latter as the basic matter constituents at their times. In sec-
tions 1 and 2 we discuss the concepts of the chemical ele-

ments and of sets of chemical compounds, dubbed chemical
spaces, and their relationships with the periodic systems. Sec-
tion 3 delves into the mathematical structure of the systems
and the open questions it may solve. The limits of the systems
are analysed in section 4 and the essay concludes with a plea
to bring back chemistry to the study of periodic systems.

1. Chemical element

There is no unified concept of chemical element, as seen in
the double definition of the IUPAC Gold book, one atomistic
and the other at the level of substances:[5] “1) A species of
atoms; all atoms with the same number of protons in the
atomic nucleus. 2) A pure chemical substance composed of
atoms with the same number of protons in the atomic nu-
cleus. Sometimes this concept is called the elementary sub-
stance as distinct from the chemical element as defined under
(1), but mostly the term chemical element is used for both
concepts.”[8]
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1.1 Dualistic stuff

The substance or stuff definition comes from the chemical ex-
perience built upon chemical reactions. At this level, element
refers to simple substances chemists work with, which give
place to basic substances that result by abstraction from
chemical operations carried out with simple substances.
Simple substances are, for example charcoal, diamond, gra-
phene, graphite, fullerenes, carbon nanotubes and 18-atom cy-
clocarbon,[9] which turn out to be different allotropic forms of
the basic substance carbon. Methane and carbon dioxide are
also simple substances of carbon, simultaneously contributing
to building up the basic substances hydrogen and oxygen.[10]

Meyer and Mendeleev formulated periodic systems of ele-
ments as basic substances, taking into account the accumulat-
ed knowledge that they had of compounds (simple substan-
ces) as bearers of chemical and physical properties.[11] Hence,
the systems arose as abstractions of the known chemical com-
pounds in the 1860s.

1.2 Atomistic

The atomistic definition of chemical element arose from re-
search on the inner structure of matter at the turn of the
20th century, which introduced new entities and concepts such
as electron, proton, radioactivity, isotopes and others.[6] The
boom of atoms of different sorts suggested more boxes on
the periodic table to accommodate these particles. The issue
was solved in a thoughtful way by recurring to basic substan-
ces. The claim was: no matter whether hydrogen has no neu-
trons, or one or two, the chemistry of hydrogen, as a basic
substance, is invariant to the number of neutrons hydrogen
atoms have.[13, 14] It was thoughtful but problematic as the
widespread idea that isotopes have the same chemistry does
not always hold.[15] If isotopes of the same element are chemi-
cally distinct, do we, after all, need to expand the periodic sys-
tems to accommodate the current more than 3,000 isotopes
and foresee the room for the 3,000 to 4,000 additional ones
that are expected? The answer depends on the level of detail
sought after. If we want systems gauging the generality of
chemistry, keeping the current boxes, one for each element,
suffices. However, if we aim at including particular details of
the chemistry of isotopes, we would need much bigger sys-
tems. This makes us recall Jorge Luis Borges’ story “Del rigor en
la ciencia” (On rigour in science)[17] in which he analyses how
cartographers, eager for more details in their maps, end up
with maps of the size of the charted land. How accurate is the
chemical map we are after?

The atomistic view of chemical element entails an ontologi-
cal shift, which historically coincides with a shift from stuffs, for
light elements, to atomic species, for heavy elements. By 1869
there were a bit more than ten thousand known substances; a
large proportion of which were O-, H-, C- and N-based.[18] This
dramatic concentration of compounds based on light elements
has not changed with the discovery of heavier elements.[19]

Most of the new compounds keep being synthesized in wet-
labs at the level of stuffs, the reactivity and physical properties

of which are then analysed. However, it is currently impossible
to address super-heavy elements at the level of bulk substan-
ces, as is typical for lighter elements. Given the difficulty of
making long lasting super-heavy isotopes, one-atom-at-a-time
chemistry approaches have been devised for which only a lim-
ited number of chemical properties can be experimentally in-
vestigated.[20] One-atom-at-a-time chemistry requires half-lives
of the order of 1–2 s and production rates of at least a few
atoms per day.[21] In spite of these difficulties, there has been
progress in the chemical characterisation of transactinides,
with flerovium (Z = 114) marking the super-heavy limit of
chemistry today.[22]

The ontological shift is evident in the current requirement of
detecting “at least a nuclide with an atomic number Z […] ex-
isting for at least 10�14 s,”[23] for claiming the discovery of a
new element. This minimum lifetime is selected taking into ac-
count the time it takes for a nucleus to acquire its outer elec-
trons; which brings up subtle consequences. For example, that
periodic systems based on chemical compounds a la 1860s are
a romantic idea, as forming bonds requires for an atom to
have ten thousand times the time it spends completing its va-
lence shell.[24] Thus, there is no room for chemical experiments
for these very short-lived atoms and the systems are then left
to the theoretical arenas, lacking experimental evidence to test
hypothesis.

2. Systems Based upon the Chemical Space

The role of compounds for the 1860s systems is evident, for
example, in Mendeleev’s idea of a chemical element as an
object characterised by the elements it forms compounds with
and the proportions of those combinations.[25] He wrote in
1905: “if CO2 and SO2 are two gases which closely resemble
each other both in their physical and chemical properties, the
reason of this must be looked for not in an analogy of sulphur
and carbon but in that identity of the type of combination,
RX4, which both oxides assume.”[28, 29] He concludes: “The ele-
ments, which are most chemically analogous, are characterized
by the fact of their giving compounds of similar form RXn.”[28] If
we call the set of known compounds as the chemical space,
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the question arising is, how can one end up with systems of el-
ements based on such a space?

2.1 Order and similarity

Of capital importance for the periodic systems is that they are
actually “systems,” as called in the 1860s[32, 33] but currently re-
placed by “periodic tables” (in English), which are representa-
tions of the systems.[34] A system is based on relations among
its objects.[37] The tenets of Meyer’s and Mendeleev’s systems
were two relations: order and similarity, which came from com-
pounds. Atomic weights resulted from relative measurements
among compounds, in fact from determining the smallest
common weight of large sets of substances containing the ref-
erence element. Besides acidity and alkalinity of oxides and
several other properties of compounds, composition was cen-
tral for Meyer and Mendeleev. From the proportions of combi-
nations of elements into compounds the current “valency”
arose, which proved essential to find resemblances among ele-
ments.[38]

Today, emphasis is frequently on one of the two relations,
thereby misrepresenting the periodic systems as either classifi-
cations or as orderings. However, they are not classifications,
as Mendeleev originally understood them[41] and as stated in
references [36, 43–46] . Nor are they an ordered set of elements,
as claimed in references [21, 43, 47, 48] , let alone an ordering
leading to a classification[49, 50] or the other way round.[51, 52] If
they were a mere classification, one could produce periodic
tables with alkali metals lying in between chalcogens and halo-
gens, for example (Figure 1 A). If they were an ordering, instead
of tables displayed at chemistry classrooms and labs, there
would be fancy strings of elements, from hydrogen to oganes-
son (Figure 1 B) hanging at those chemistry places. So, what
are the periodic systems of chemical elements? They are nei-
ther a classification, nor an ordering of elements, they are
both! They are the interweaving of order and similarity rela-
tionships of the chemical elements (Figure 1 C). We have re-
cently shown that such a structure corresponds to an ordered
hypergraph (Figure 1 D),[54, 55] which can be used to define peri-
odic systems of elements, a lack of definition highlighted by
Karol.[56] A periodic system of chemical elements results from
ordering and classifying chemical elements by some of their
properties.[57]

The atomic discoveries of the early 20th century overhauled
atomic weight as the ordering principle in favour of atomic
number. A similar fate underwent similarity, now based on
electronic properties of atoms.[6] A connection was found, a
mapping, between families of similar elements and the similari-
ty of electronic configurations of the valence electrons.[64] Even
if the mapping did not preserve the structure of the system
based on compound information,[66] it was considered more
fundamental, following the physicalistic philosophy of science
still in vogue in the 20th century. This facilitated the over-
simplification of chemical resemblance to similarity of electron-
ic configurations. Traditionally, electronic configurations refer
to isolated atoms in their ground state energy levels.[69] How-
ever, atoms in such states have little to do with chemistry, for

the interesting chemical atoms are bonded.[6, 69] As Pyykkç
clearly states: “The chemical behaviour of the elements […] is
mostly driven by the orbitals, occupied in the atomic ground
state […]. Sometimes also other orbitals, which are unoccu-
pied in the atomic ground state but energetically accessible
for bond formation, can participate. […] The atomic ground
state does not always explain the molecular outcome.”[69]

There is no problem in relying on electronic configurations,
the problem is relying on the wrong ones.

Changing similarity criteria brought up another misinterpre-
tation, which is now part of the chemistry folklore: vertical sim-
ilarities. The fact is that there is no one-to-one relationship be-
tween groups of elements (columns in the conventional peri-
odic table) and families of similar elements, not even at the
level of electronic configurations.[69] That is, having a column
of the table does not always imply that the elements of the
column are similar. Likewise, taking similar elements does not
always lead to a column of the table. The heuristic works well
at the extremes of the table, that is, for alkali metals, noble
gases and halogens. However, it is not generally applicable to
the other columns.

Surprisingly, from the very beginning (1869) Mendeleev
showed that “in certain parts of the system the similarity be-
tween members of the horizontal rows will have to be consid-
ered, but in other parts, the similarity between members of
the vertical columns.”[70] Further examples of non vertical simi-
larities are the ferrous metals, the lanthanoids, the resemblan-
ces of heavier p-block elements with transition metals,[71] of ac-
tinoids with transition metals,[21] not to mention those of
super-heavy elements with transition metals,[21] the diagonal
relationships,[72] those of hydrogen and halogens in crystal
structures[73] and the so-called secondary periodicities.[69] Not
only similarities go beyond verticality, also some elements ver-
tically related are dissimilar! For example, second period ele-
ments are different from the members of their columns,[74]

flerovium does not resemble lead (both in group 14),[75] oga-
nesson is not akin to noble gases,[22, 75, 76] copernicium does not
resemble group 12 elements, dubnium is not alike to group 5
elements.[79] To make matters worse, lack of vertical similarities
is foreseen for elements beyond Z = 120.[79]

Verticality, taken for granted, has led to compare properties
of superheavy elements with those of their vertical conge-
ners.[21, 80] The question is, are we really comparing homologues
or just chalk and cheese? Moreover, reliance on verticality has
led to believe that if one knows the position of an element in
a periodic system, estimating properties of the element is
straightforward.[43] Although there are historical reasons to rely
on the position of the elements to make estimations, as evi-
dent by Mendeleev’s successful predictions; there is still a lot
to do in determining the rational grounds Mendeleev used to
map his structure to the properties of unknown elements.[82]

At any rate, he did not consider only verticality or only hori-
zontality.[39, 83]

To conclude this section and the topic of misinterpretations,
we briefly mention the confusion between periodic system, pe-
riodic table and periodic law, which although related concepts,
they are different.[10] As stated, a system is the structure based
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on order and similarity, a periodic table is any representation
of such a structure and the periodic law was an overstatement,
mainly championed by Mendeleev.[84, 85] The periodic law, as de-
fined by Mendeleev in 1875, states that “the properties of
simple substances, the constitution of their combinations, as
well as the properties of the latter, are periodic functions of
the atomic weights of the elements.”[86, 87] It is an overstate-

ment for two reasons. i) Not every property of the elements is
periodic, not even a regular oscillating function of the atomic
weight (or of the atomic number, in modern terms);[10] coun-
ter-examples include aggregation state at room temperature,
colour, various conductivities and several others. ii) The domain
of the periodic function is the set of basic substances, but ac-
tually most properties require a domain of simple substan-

Figure 1. Systems of elements. A) System where only similarity is regarded. This corresponds to any disposition or reshuffling of classes of similar elements.
Here the position of the classes is irrelevant, as well as the internal position of similar elements, that is, elements within a class.[58] B) System based only on an
order relation of its elements. The selected property to order is atomic number Z and x !y indicates that Z(x)�Z(y). The lack of similarity is the cause of not
obtaining the traditional classes of elements, for example, alkali metals, halogens, etc. C) System based, simultaneously, on similarity and ordering. Here ele-
ments are not only encapsulated in their similarity classes as in A, nor are they forming the ordered string as in B, they rather form a structure, where ele-
ments within classes are ordered, therefore classes too. Ordering relationships come from reference [61] , where order reversals are evident by the crossing
arrows. Similarity classes of this plot come from several studies discussed in the current paper. Note that for elements with Z>118, atomic numbers label ele-
ments rather than the three-letter symbol used for non synthesized elements. D) General system as an ordered hypergraph, where chemical elements are ab-
stracted to objects holding similarities, represented as subsets of objects ; and order relationships are indicated by arrows. Green arrows correspond to the
order between objects and red arrows to the order for objects of different classes. Red arrows are obtained from green arrows.[62]
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ces.[10] What is the density of carbon? When we say it is
2.267 g cm�3, we mean carbon’s simple substance graphite.
Other allotropes have different values.[90]

3. The Structure of Periodic Systems

Following Gordin, when pondering over the nature of periodic
systems, we claim it is the “abstract idea of a system;”[3] origi-
nally attached to substances known in the 1860s. Once formu-
lated, several scientists dwelt on its underlying mathematics.
For example, Mendeleev and others sought for algebraic ex-
pressions encoding the essence of the systems. Discouraged,
Mendeleev realised that the mathematics of his time was not
ready to cope with the complexity of the systems.[91] He claim-
ed in 1899: “In my opinion, the reason one has so far been
unable to represent the law using an analytical function is be-
cause the law relates to a field too little explored to allow for
mathematical elaboration. The reason for the absence of any
explanation concerning the nature of the periodic law resides
entirely in the fact that not a single rigorous, abstract expres-
sion of the law has been discovered.”[93] In particular, Mende-
leev found it troublesome to treat chemical properties mathe-
matically. “Science does not as yet possess the means by
which these properties can be measured, but they are still
counted among the qualitative characteristics which distin-
guish the elements,”[39] he claimed in 1871. Today, some of the
suitable mathematics to model these properties are part of
(hyper)graph and order theories and, more generally, category
theory. These are some of the mathematical branches handling
relations, which is what chemical properties are.[26, 94, 95]

The ordered hypergraph structure we found for periodic sys-
tems is made of a set of objects, a classification of the objects,
and an order relation that may come from more than one
property of the objects.[54] When objects correspond to chemi-
cal elements, the order relation is given by their atomic weight
(currently by atomic number) and the classification comes
from chemical similarity; a periodic system of chemical ele-
ments results. However, there is no reason to rely on a single
property to order the elements, one could use more than one,
for example, atomic number and electronegativity or any other
set of properties. The classification could also come from other
criteria, not necessarily chemical resemblance. In this sense,
tailored periodic systems can be devised and it is here that
questions of adequate periodic tables for each purpose may
have sense. That is, when the properties to order and to classi-
fy the elements are explicitly stated following a particular end.
What do periodic systems (and their associated tables) look
like for geochemical properties? How are they for organome-
tallic properties?[96]

The ordered hypergraph structure is general enough to
allow also changing objects, that is, it is not only restricted to
chemical elements. The hypergraph structure is therefore the
most general structure encompassing all possible periodic sys-
tems, not only of chemical objects, but of any other nature,
even outside the chemistry realm.[54] One could even envision
periodic systems in other disciplines, where the only require-
ment is to have orderable and classifiable objects. Time will tell

about the use of these systems to better understand and esti-
mate the objects of the systems and their properties, as well
as their pedagogical reaches.

3.1 Problems the structure may solve

3.1.1 Order reversals in super-heavy elements

Besides the irregular presence of vertical similarities, especially
for super-heavy elements;[79] order, the other tenet of the sys-
tems, also faces problems. When the periodic systems were
originally formulated, elements were ordered by atomic
weight and distributed on the table to make similarities evi-
dent. In such an arrangement there are famous order reversals
to avoid blurring resemblances among elements as occurred
with tellurium and iodine.[98] The issue of reversals was solved
once atomic number took over as ordering criterion. However,
order reversals are back. Pyykkç’s relativistic quantum chemical
calculations indicate that the systems may be extended up to
172 elements, which when ordered by atomic number and
trying to maximise the resemblance of electronic configura-
tions, include reversals (Figure 1 C), such as elements with Z =

156 to 164 being located in period eight before elements with
Z = 139 and 140, which are followed by elements with Z = 169
to 172. More jarring is that elements with Z = 165 to 168 are
part of the ninth period.[61]

Pyykkç’s approach starts by relying on the order by atomic
number and on similarities of electronic configurations. In such
a setting, elements having similar electronic configurations are
brought together without hurting the order (following a simi-
lar balance of similarity and order as the one of Meyer and
Mendeleev). However, the approach departs from this balance
when applied to heavy elements, where similarity of electronic
configurations receives more importance. Trying to accommo-
date elements with similar configurations hurts the order. Had
Pyykkç followed the other approach, that is, giving more rele-
vance to order, then he would have ended up with a system
without order reversals, but with a much more awkward pan-
orama of similarities, where similar elements (normally neigh-
bours on the table) would appear far apart. As Kean asks:
“where should anomalous elements go? In the column where
their atomic numbers say they should go or in a column with
elements of similar properties?”[75] In other words, should we
follow either the order or the similarity to place elements in
the systems? We have argued that order and similarity hold
equal importance and one should not give preference to one
over the other. If vertical resemblance is not the rule and if the
order by atomic number does not match the estimations of re-
semblance; has the time not come to reconsider the way of as-
sessing resemblance and of overhauling atomic number as the
order criterion? Note that modifications of the ordering or sim-
ilarity criteria do not affect the underlying structure of the sys-
tems. It remains as the interweaving of order and similarity.[100]

3.1.2 Ultimate periodic table

Another issue is whether there is a definitive periodic table of
chemical elements able to encompass the whole richness of
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chemistry. The structure shows that as long as the properties
used for ordering the elements and those for classifying them
are set up, one has a system. Hence, at the level of possible
structures there are many, depending on the properties used
to order and classify the elements. The several possibilities for
classifying and ordering bring up different periodic systems[101]

and their relationships form a super structure.[54] All possible
periodic systems lie in that super structure and their relation-
ships are worth exploring.[54] Now comes the question of the
possible periodic tables. For a given structure all possible map-
pings or projections of the structure turn out to be periodic
tables. So, there is no definitive periodic table, what is defini-
tive is the super structure containing all possible periodic sys-
tems.

Thus, the claim that there must exist a definitive periodic
table[97, 102] is too narrow-minded.[103] We recently spoke about
the periodic system as a sculpture, where each of its shadows
is a periodic table.[105] It is difficult to have an idea of the sculp-
ture just with one of its shadows. This is like staring at the wall
in Plato’s allegory of the cave. We actually think that chemists,
unconsciously, in their daily work, use different periodic sys-
tems, tailored to their needs. That is perhaps the reason why
we have had about 150 years to celebrate. We are not cele-
brating a singular periodic table,[106, 107] rather we are celebrat-
ing the achievement of an underlying structure full of chemical
relations. We actually celebrate an attempt to systematise
chemical knowledge and to bring it down to the level of
chemical elements. Perhaps more interesting than the question
on the system of elements is how it is related to other chemi-
cal systems, for example of families of compounds, of quasi-
molecular species, to name but a few. Can we better under-
stand the complexities of chemistry by exploring those rela-
tionships? Can we predict something for chemistry, out of it?
Can we complete the book of chemistry Meyer and Mendeleev
started to sketch in the 1860s?

3.1.3 Relations between and among the groups

Much of the research on periodic systems has dealt with
binary comparisons of elements and in some rare cases of sets
of elements. A typical statement is “fluorine is more electro-
negative than bromine,” but troubles pop up when comparing
halogens with other sets of elements. This enters the realm of
comparing sets. A chemical question of this sort is: are chalco-
gens more reactive than pnitcogens regarding ferrous metals?
Alike questions were sketched out by Mendeleev,[108] but little
research in that direction has been carried out. A possible
reason is the underlying binary way of thinking in which we
have grown up. We normally make an idea of something by
binary assessments. A house is close to the other, that other to
the next one, etc. In such a manner we build up an idea of our
neighbourhood. Would it not be interesting to know the com-
bined effect of having, simultaneously, halogens, chalcogens
and lanthanoids in a particular new material? Shall we always
look at the relationships between halogens and chalcogens,
on the one hand; chalcogens and lanthanoids, on the other,
and finally at those between lanthanoids and halogens? Is that

a complete picture? Contemporary mathematics is equipped
with hypergraphs and simplices, which are formal devices to
treat n-ary relations, which are the relations we are referring
to.[110] An initial step in that direction was using the hyper-
graph structure of the systems to address order relationships
among classes of similar single-covalent bonds.[54]

3.1.4 Bringing back predictions

Mendeleev’s successful predictions of elements using the
structure of the systems required interpolations,[112] which are
not any longer possible, as the unknowns of the systems lie at
its super-heavy edge. Nevertheless, the structure can still be
used as a predictive tool. Klein and co-workers[114–116] devised
algorithms based on ordered structures to estimate properties
of the ordered objects. Some examples of these structures are
the partially ordered sets of molecules related by the suitability
of one to be obtained by H-substitution of the other. These
structures have been used to foresee physico-chemical proper-
ties of the associated substances to the ordered molecules.
Methods of this sort can be framed in the general setting of
ordered hypergraphs and suitably applied to estimating prop-
erties of classes of similar objects or of individual ones.

Another instance of the relevance of the structure as a pre-
dictive tool is its recent use in the estimation of enthalpies of
formation of several compounds using neural networks and
the order structure of the systems.[117] Likewise, machine learn-
ing methods can be used to estimate properties and there are
already results where learning is defined and developed based
upon ordered hypergraphs.[118] The mathematics of ordered hy-
pergraphs is rather new, its future developments may bring up
more predictive tools for chemistry. We envision this as a fruit-
ful field of research with implications for the periodic systems.

Another sort of prediction was posed by Philip Ball, who
asked us “if there is some sense in which it could be useful to
”reverse-engineer“ a particular graphical representation of the
periodic table into its hypergraph form so that we might more
clearly see which relationships it includes and which it ig-
nores.”[119] Our reply, including Wilmer Leal’s thoughts (as co-
author of the paper on the structure of the systems[54]), was
that it is actually possible. By taking on the one hand a period-
ic table and, on the other a collection of several properties of
the elements, the “reverse-engineering” boils down to know
which properties produce the order and which others the simi-
larity classes of the table, therefore of its underlying system. To
know the properties leading to the order one must find which
properties of the elements correlate with the order of the
system and several approaches from order theory may be ap-
plied.[120] To detect the properties producing the observed simi-
larity classes, several methods from machine learning can be
used.

Thus, time has come to use the periodic systems of ele-
ments not only as a mnemotechnic of some well-behaved (os-
cillating) properties, but as predictive mathematical devices
fed by chemical experimental information. The real challenge
in terms of predictions is finding the right mappings from the
systems to the whole empirical facts of chemistry. Each particu-
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lar property requires the mapping connecting the property to
the structure of the system. Thence, periodic systems may
remain as an introductory chart to the chemical garden of the
chemical space. The predictive power of the systems, master-
fully explored by Mendeleev, is full of opportunities for chemis-
try and mathematics.

4. Limits of the Periodic Systems

The current understanding of the systems makes one wonders
about their limits, which is normally considered in singular and
makes reference to the region of super-heavy elements. There,
scientists struggle to create/detect and incorporate transient
elements to the systems. By definition, these elements must
hold a measured atomic number,[23] that is, their atoms must
have a whole number of protons. However, there is another
extreme, namely before hydrogen.[121] Note that we do not
mean the continuous and infinite possibilities between one
proton (hydrogen) and zero protons.[123] We mean the discrete,
but still theoretically infinite region lying before Z = 0, the anti-
matter part of the systems made of anti-elements, which on
an atomistic level requires anti-atoms with a whole number of
anti-protons. At a substance level, anti-elements require, at
least theoretically, a chemical space of anti-chemical com-
pounds. Currently we only know two elements of this anti-
podes of the systems: anti-hydrogen[124] and anti-helium.[125]

Hopefully, more anti-elements and, for the first time, their com-
pounds, will feed the systems. The question that arises is
whether the current systems based on the matter part of the
chemical space may be used to know something about their
antipodes. Perhaps, in the same way that Newton extended
Pascal’s triangle backwards and found expressions for negative
values (and even fractions) of n in binomial expressions (a +

b)n,[126] the structure of the systems could be used to extend
the systems to their antimatter region backwards. A third limit
can be added, namely the one determined by the conditions
attached to the chemical space to build up the systems. Most
of the available chemical space has been explored at ambient
conditions of temperature and pressure. Although there are in-
dications that some properties of elements, like atomic vol-
umes, abandon periodicity under extreme high pressures, for
example, terapascals,[127] further research on the behaviour of
compounds at these conditions is needed. Oganov, for in-
stance, has shown that NaCl gives place to unconventional sto-
ichiometries such as Na3Cl, Na2Cl, Na3Cl2, NaCl3 and NaCl7 at
high pressures.[128] Which compounds populate the chemical
space at extreme conditions? We wonder whether we still
have periodic systems as we know them at extreme condi-
tions.

5. Can Periodic Systems Come Back to Chemis-
try?

The extension of the systems to super-heavy elements and its
experimental and theoretical frameworks have brought up
controversies among chemists and physicists about the disci-
plinary boundaries of the systems.[129] Are periodic systems de-

vices originally formulated by chemists but currently the toy of
physicists with little room for chemistry? How to chemically
handle new elements not lasting long enough to form com-
pounds? What we claim is that although it is true that the ex-
tensions of the systems are beyond the chemical domain, the
region where compounds abound, or where they can be syn-
thesized with our current technical possibilities, is still unchart-
ed land with possible surprises for the stability of the periodic
systems.

Periodic systems condense the knowledge of compounds in
the 1860s, that is, an available chemical space of about
12 thousand substances involving 60 elements. By using Men-
deleev’s approach to chemical similarity based on the resem-
blance of compositions and by using the atomic weight as or-
dering criterion, we found the periodic system allowed by
such space, which matches, to a large extent, Meyer’s and
Mendeleev’s systems.[18]

But the number of new substances has grown exponentially,
in fact about every 16 years chemists double their reported
substances.[19] In such a rapidly expanding space, do we still
have remains of the periodic systems of the 1860s or some-
thing stable after adding new elements and millions of new
substances?

Once, Roald Hoffmann said to us that “While crank and out-
sider science focuses on proving relativity theory, second law
of thermodynamics, and quantum mechanics wrong, when it
comes to the same all too human proclivities relative to the
periodic table, no one in my experience tries to prove it
wrong, they just want to find some underlying reason why it is
right.”[130] We claim that the current chemical space becomes
indispensable to test whether the systems are wrong/right.
Some years ago we took a small sample of the available space
(4700 binary compounds) and found the 1860s systems in
good shape.[67] In a most recent study analysing the chemical
space by 1869, we found a system displaying most of the simi-
larities reported by Meyer and Mendeleev.[18] The chemical
space turned out to be strongly concentrated on compounds
of organogenic elements. This organogenic bias made that
Meyer’s and Mendeleev’s systems were very likely obtained
even with partial knowledge of the 1869 space. We currently
conduct a study of the systems by considering the more than
20 million chemical substances reported all over the history of
chemistry. Should that result in totally different systems, would
it be the end of the romantic systems and tables hanging in
millions of chemistry classrooms? Would it show that chemis-
try needs a new icon? Should it be something similar to the
1860s system, this could correspond to the “law” Mendeleev
was after. Not an algebraic expression, but an invariance of the
structure through the evolution of the chemical space. It is
not, after all, any “law” an invariant of the field explored? Fur-
ther tests of the systems involve, for example, to pinpoint the
conditions of the space at which the known systems fade
away. We wonder what the shape of the system would be if
chemistry evolution change drastically its conservative way of
extending the chemical space.[19]

Whatever the result of considering the current size of the
chemical space is, periodic systems, either historically stable or
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unstable, are the sought depiction of chemistry, the map in-
cluding all gathered chemical knowledge over the history of
chemistry. Such a map must be explored and analysed on a
regular basis to keep track of the expansion of the chemical
space.

What we suggest is coming back to chemical information of
compounds to devise periodic systems at different levels, for
example using all the explored chemical space to come up
with the most chemically general periodic system of elements.
Or using particular compounds or regions of the chemical
space to assess their effect upon the system. This return to
compounds has also implications in teaching.[131] We have
indeed claimed elsewhere that introducing the systems
through the chemical space has advantages over the current
atomistic approach based on electronic configurations of
atoms in the ground state of energy.[131] The suggested com-
pound approach requires curating and storing the chemical
space on a regular basis by scanning all publications where sci-
entists report new substances. This is currently done by Reaxys
and SciFinder, for instance.[132] Moreover, the approach to the
system through the space requires data analysis techniques to
extract knowledge. Likely, chemical databases will include the
possibility of running data analysis studies on the cloud in
such a way that clicking on “give me the current system of ele-
ments” button, one can retrieve the shape of the system with
the available chemical knowledge.[134]

In the meantime, a more realistic approach to the systems
based on compounds is through random samples of the
space, easy to handle in personal computers.[136] Another
option is to run studies with enough computational facilities,
able to store the whole chemical space at a given time and to
process its information. This approach is currently followed in
our research group, whose initial results show the evolution of
the growth of the chemical space since 1800 up to date.[19] A
third option is through classification of compounds in such a
manner that one can select representative compounds of the
classes to run similarity studies. This approach requires further
research on the chemical space and on its mathematics.

All in all, Mendeleev’s 1889 statement fits perfectly well with
the current status of the system: the periodic system “appears
as an instrument of thought which has not yet been compel-
led to undergo modification. But it needs not only new appli-
cations, but also improvements, further development, and
plenty of fresh energy.”[138]
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ESSAY

& Periodic Table

G. Restrepo*
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Challenges for the Periodic Systems of
Elements: Chemical, Historical and
Mathematical Perspectives

Systems through time : This Essay dis-
cusses the Periodic Table and as it cele-
brates its 150th year. Discussions include
its powers and limitations, inherent gen-
eralizations as well as the ordering and
inter-element relationships that exist in
it currently and the previous periodic
systems that have led to the Table as
we know it today.
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