Substantia

An International Journal of the
History of Chemistry

OPEN ACCESS

Citation: J. Emsley (2019) The Devel-
opment of the Periodic Table and its
Consequences. Substantia 3(2) Suppl.
5: 15-27. doi: 10.13128/Substantia-297

Copyright: © 2019 J. Emsley. This is
an open access, peer-reviewed article
published by Firenze University Press
(http://www.fupress.com/substantia)
and distributed under the terms of the
Creative Commons Attribution License,
which permits unrestricted use, distri-
bution, and reproduction in any medi-
um, provided the original author and
source are credited.

Data Availability Statement: All rel-
evant data are within the paper and its
Supporting Information files.

Competing Interests: The Author(s)
declare(s) no conflict of interest.

Firenze University Press
www.fupress.com/substantia

The Development of the Periodic Table and its
Consequences

JouN EMSLEY
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E-mail: johnemsley38@aol.com

Abstract. Chemistry is fortunate among the sciences in having an icon that is instant-
ly recognisable around the world: the periodic table. The United Nations has deemed
2019 to be the International Year of the Periodic Table, in commemoration of the 150t
anniversary of the first paper in which it appeared. That had been written by a Russian
chemist, Dmitri Mendeleev, and was published in May 1869. Since then, there have
been many versions of the table, but one format has come to be the most widely used
and is to be seen everywhere. The route to this preferred form of the table makes an
interesting story.
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INTRODUCTION

There are hundreds of periodic tables but the one that is widely repro-
duced has the approval of the International Union of Pure and Applied
Chemistry (IUPAC) and is shown in Fig.1. How chemists arrived at this
iconic table makes an intriguing story and it can be traced back more than
250 years. However, it has become invariably linked to a man who lived in St
Petersburg in the mid-ninteenth century: Dimitri Mendeleev.

EARLY ATTEMPTS TO BRING ORDER TO THE ELEMENTS

The great French chemist, Antoine Laurent de Lavoisier (1743-1794) was
interested in the elements and, in 1789, he sought to bring order to them in
his book Traité Elémentaire de Chemie (Elements of Chemistry)l. In this he
listed 33 substances which he regarded as elements - see Fig. 2.

Lavoisier separated them into four categories that we could describe as
Gases, which comprised light, heat, oxygen, nitrogen, and hydrogen; Non-
metals, which consisted of sulfur, phosphorus, carbon, chloride, fluoride, and
borate; Metals, this was the largest group with antimony, arsenic, bismuth,
cobalt, copper, gold, iron, lead, manganese, mercury, molybdenum, nickel,
platinum, silver, tin, tungsten, and zinc; and Earths, which were lime, mag-
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Figure 1. The periodic table.

nesia, barytes, alumina, and silica. Lavoisier and his col-
leagues suspected that the ‘earths’ were probably capable
of being broken down further and he wrote: “We may
even pressume that the earths may soon cease to be con-
sidered as simple bodies.’

Clearly light and heat were wrongly classified as ele-
ments, and borate was boron-with-oxygen, as were the
earths which were the oxides of calcium, magnesium,
barium, aluminium and silicon. Technology of the time
could not decompose them further. Heating a mineral
with carbon in a furnace would generally remove all the
oxygen as CO,, but for some minerals this did not hap-
pen, hence Lavoisier’s belief that these were fundamental
elements.

In all, his list included 26 that we now know to be
true elements. However, he made no attempt to organ-
ise his list into elements with similar properties, so his
list cannot be regarded as a fore-runner to the periodic
table, although he might have eventually listed the ele-
ments in other ways, had he not been guillotined in
1794.

Meanwhile chemistry was undergoing a major shift
with the writing of John Dalton who, in 1805, not only
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proposed that elements must exist as single atoms but he
calculated their relative weights.

The next attempt to bring order to the elements was
a theory put forward in 1815 by 30-year-old William
Prout (1785-1850). He submitted a paper entitled ‘On
the Relation between the Specific Gravities of Bodies in
their Gaseous State and the Weights of their Atoms’ and
he asked that it be published anonymously, although it
became known he was the author.?

In this paper he proposed that all elements had rela-
tive weights, so-called ‘equivalent weights’, which were
multiples of the weight of hydrogen, taken as 1. His theory
would explain why so many weights were whole numbers,
or nearly so. It was a far-sighted suggestion, and today
we know the explanation is that 99.98% of the mass of an
atom resides in its nucleus which is made up of protons
and neutrons both of unit mass. Because the majority of
elements have one dominant isotope, this explains why
their weights are whole numbers. However, there were sev-
eral important exceptions, such as chlorine (35.5), copper
(63.5), and zinc (65.4) which have a variety of isotopes.

Charles Daubeny (1795-1867) was appointed Pro-
fessor of Chemistry at Oxford University in 1822. He
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Figure 2. Lavoisier’s classification of the elements.

produced a panel listing 20 elements with their relative
weights, which still exists, and his listing was repro-
duced in the third edition of E. Turner’s Elements of
Chemistry, published in 1831. However, the list in no
way corresponds to a periodic table.

Another chemist to make a contribution to classify-
ing the elements was Johann Dobereiner (1780 — 1849).
In 1829 he announced his Law of Triads.> He called it
‘an attempt to group elementary substances according to
their analogies’. He had noticed that of three chemically
similar elements, the weight of the middle element was
the average of the lighter and heavier members. Lithium-
sodium-potassium formed such a triad, and others were
chlorine-bromine-iodine and sulfur-selenium-tellurium.
By 1843, ten such triads had been identified.
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Figure 3. Chancourtois’ listing of the elements [Reproduced by
kind permission of the Master and Fellows of St Catherine’s Col-
lege, Cambridge].

The first attempt to arrange all known elements in a
regular pattern was made in 1862 by a French geologist
Alexandre-Emile Béguyer de Chancourtois (1820-1886).
He wrote a list of them on a piece of tape, in order of
weight, and then wound this spiral-like around a cyl-
inder. The cylinder surface was divided into 16 parts,
based on the atomic weight of oxygen. Chancourtois
noted that certain triads came together down the cyl-
inder, such as lithium, sodium and potassium whose
atomic weights are 7, 23 (7+16), and 39 (23+16). This
coincidence was also true of the tetrad oxygen-sulfur-
selenium-tellurium. He called his model the Vis Tel-
lurique (Telluric Screw) and published it in 1862 - see
Fig.3. This was the first formulation which revealed the
periodicity of the elements.

A boost to element discovery came with the devel-
opment of atomic spectroscopy in 1859 by Bunsen and
Kirchhoff in Germany. This revealed that each element
had a unique pattern of lines in its visible spectrum.
Because an element always gave the same pattern, no
matter its source, it was realised that here was a tech-
nique for uncovering new elements. Merely submitting
a mineral to atomic spectroscopy, immediately showed
whether a new element was present. As a result, rubidi-
um, caesium, and thallium were announced in the years
1860-1863.

In 1860, the Italian chemist Stanislao Cannizzaro
(1826-1910) presented a paper to the First International
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Chemical Congress, at Karlsruhe in which he gave the
atomic weights of the known elements.> A young Rus-
sian chemist, Dimitri Mendeleev, who was doing post-
graduate research in Germany, was in the audience and
picked up a copy of the list and took it back to St Peters-
burg when he returned there in 1861. Previously, chem-
ists had used so-called equivalent weights determined
from their oxides, and which were variable.

An attempt to classify the elements was made by an
Englishman, 27-year old John Alexander Reina New-
lands (1837-1898). In 1863 and 1864 he had published
papers dealing with relative weights and in 1864 he gave
a talk entitled “The Law of Octaves’ at a meeting of the
London Chemical Society. He had arranged 56 elements
into groups and noted that there seemed to be a periodic
repetition of similar properties at intervals of eight. The
title of his talk was chosen by analogy with octaves in
music. It was an inappropriate choice, and it is said that
one member of his audience sarcastically asked New-
lands whether he had ever thought of arranging the ele-
ments in alphabetical order instead. The society’s journal
refused to publish his talk as a paper. However, he wrote
accounts in Chemical News, in 1864%and 1865, so we
know what he was proposing. Eventually, the Royal Soci-
ety of London awarded him its prestigious Davy Medal
in 1887 in belated recognition of his achievements, and
given ‘for his discovery of the periodic law of the chemi-
cal elements’.

Also, in London at the time was William Odling
(1829-1921), who was at the Royal Institution. He also
came near to devising the first periodic table. He pub-
lished a paper in 1864 in the Quarterly Journal of Science
entitled: ‘On the proportional numbers of the elements’.
He arranged the known elements in the same way as
Mendeleev was to do, and he too even left gaps where
there were missing elements. However, unlike Mend-
eleev, he didn’t have the confidence to predict their exist-
ence and physical properties. Odling even left gaps that
were later to be filled by helium and neon, long before
the noble gases had been discovered.

Periodicity among all the elements had been noticed
by the German chemist Julius Lothar Meyer (1830-
1895). He drew a graph of atomic volumes of the 49 ele-
ments then known versus their atomic weights which
showed a periodic rise and fall: Fig. 4. He also devised
a periodic table of elements. He wrote a paper and gave
it to a colleague, Professor Adolf Remelé, (1839-1915),
asking for his comments. Unfortunately, these were slow
in coming, and before he could submit it for publica-
tion, Mendeleev’s definitive paper had appeared. Meyer’s
version was eventually published in 1870,!° only a few
months after Mendeleev’s paper.
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Figure 4. Lothar Meyer’s graph showing periodicity.

DMITRI IVANOVICH MENDELEEV (1834-1907)
IMUTPUI UBAHOBMY MEH/EJIEEB

In 1867, 35-year-old Dmitri Ivanovich Mendeleev
began to write a textbook: The Principles of Chemistry.
(This was published as a two-volume work in 1869 (vol.1)
and 1871 (vol.2), and was translated into other languag-
es.) He wondered how best to deal with the many ele-
ments with their diverse properties. He became obsessed
with bringing some kind of order to the 63 elements then
known, and he told his colleague A.A. Inostrantcev that
he had spent sleepless nights wrestling with the problem.

Mendeleev’s discovery of the periodic table is said to
have occurred on February 17, This was the date based
on the ancient Julian calendar still in use in Russia. For
the rest of Europe, using the Gregorian calendar, it was
March 1%. On that day he had planned to visit a local
cheese factory, but decided instead to work in his study.

He had written details of every element and its phys-
ical properties on pieces of card, including its atomic
weight, and the formulae of any hydrides and oxides
which it formed, these indicating its valency or oxida-
tion states. He then began to arrange the cards in vari-
ous ways, until one arrangement seemed to him to be
the best and he wrote that down on an envelope which
still exists: see Fig. 5. Its printed version is Fig. 6, from
a paper he submitted to the Russian Journal of Chemis-
try, this was a new publication of the Russian Chemical
Society which he had helped to set up. It appeared in
May of that year.’

What Mendeleev had done eventually made him one
of the most famous scientists of all time. He also sent
copies of his table of elements to other chemists, call-
ing it ‘Essai d’une systeme des elements d’apreés leur poids
atomiques et fonctions chemiques’ (Assessing a system of
elements according to their atomic weights and chemical
functions.) He wrote in French because this was the for-
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Figure 5. Mendeleev’s envelope with the first periodic table.

eign language he had been taught at school and he had
spent a little time in Paris when he was doing a post-
graduate course in Germany under Robert Bunsen.

What Mendeleev had announced was fundamental
to chemistry and science. In effect he was saying that
the chemical elements conformed to a pre-determined
pattern of relationships which we now call the periodic
table. What followed was to transform a large part of
chemistry from a disorganised jumble of facts into a dis-
ciplined science.

Mendeleev’s periodic arrangement of the elements
might easily have gone unnoticed, but his paper was sum-
marised in the leading German journal, Zeitschrift fiir
Chemie, and so got wide publicity. By 1872 his table had
been rearranged so that the groups were vertical rather
than horizontal - see Fig 7. Also, Mendeleev’s first table
had some elements in the wrong place because he had
ranked them in order of atomic weights and these were
not always reliable. These faults were soon corrected.

Mendeleev was so sure that he was right in his con-
cept of a periodic table, that he could see there were ele-
ments missing. He predicted that these must exist and
for some of them he gave their likely physical properties,
such as melting point, density, and basic chemistry.

The first of these was discovered in 1875 by Paul-
Emile de Boisbaudran (1838-1912) and he called it gal-
lium. He measured its properties, including the density,
which he said was 4.7 g/cm®. He was then told that his
new element was the missing one in group III of Mend-
eleev’s table and that he had predicted its properties, for
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Figure 6. The periodic table in Mendeleev’s first paper.

which its density would be 5.9 g/cm®. Boisbaudran was
alerted to this by Mendeleev and so checked his meas-
urements and discovered he had made an error; the cor-
rect density was 5.956 g/cm? just as Mendeleev has said.

In 1879, the Swedish chemist, Lars Nilson (1840-
1899), discovered scandium. It too had the properties
Mendeleev predicted. It was also in column III and came
below boron, and he had referred to it as eka-boron. Its
atomic weight was 44 (Mendeleev predicted 44) and its
density was 3.86 g/cm?® (Mendeleev predicted 3.5 g/cm?).

Finally, in 1886, the German chemist, Clemens Win-
kler (1388-1902), discovered germanium, which was
almost exactly as Mendeleev had predicted for the ele-
ment below silicon in group IV, right down to the densi-
ty of its oxide which he said would be around 4.7 g/cm?
and turned out to be 4.703 g/cm?. He said that the boil-
ing point of its chloride would be a few degrees below
100°C. It was 86°C.

Mendeleev’s table had eight columns with the
Roman numerals I to VIII, corresponding to the chemi-
cal valencies (oxidation states) of the elements. This
property was revealed by the chemical formula of the
highest oxide. Yet it brought together elements that were
quite dissimilar, such as metals and non-metals. For
example, in group V we find vanadium and phosphorus,
which have almost no chemistry in common. Mendeleev
consequently split the columns of his periodic table into
two sub-groups labelled A and B. Vanadium was in VA,
phosphorus in VB. The same pattern was repeated in the
other columns with the exception of group VIII which
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Figure 7. The first periodic table with vertical groups.

contained metals that were very similar and which
occurred in sets of three. These were iron-cobalt-nickel,
ruthenium-rhodium-palladium and osmium-iridium-
platinum.

Mendeleev was to become a celebrity chemist. He
visited many other countries, and won many awards
such as the Copley Medal of the Royal Society of Lon-
don, their highest award which had been founded in
1737. (The list of scientists given this award includes
Charles Darwin, Dorothy Hodgkin, and Albert Ein-
stein.)

For reasons that are still unclear, Mendeleev failed
to gain a Nobel Prize despite being nominated three
times, in 1905, 1906 and 1907, the year before he died.
Had he lived another year or two it is more than likely
he would eventually have been rewarded this way, but
Nobel prizes can only be given to living scientists.

EARLY PERIODIC TABLES AND NEW ELEMENTS

Basically, there have been two approaches to devis-
ing a periodic table. The first lists all the elements in a
continuous line, rather like the numbers on a tape meas-
ure, and this is then looped in such a way that like ele-
ments come together. The second version chops the tape
into segments and stacks these in rows or columns so as
to bring together elements with similar chemical prop-
erties. The former approach is what Chancourtois had
used in 1862 for his telluric screw, and what many others
have done since. The table versions are direct descend-
ants of Mendeleev’s table.

An example of an early periodic table - Fig.8 - can
be found in the book by Henry Roscoe (1833-1915)
and Carl Schorlemmer (1834-1892) called a Treatise on
Chemistry. This was a comprehensive two volume text
of 2400 pages, which first appeared in 1878 and was
reprinted many times.!? This did not sub-classify ele-
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Figure 8. Textbook version of the periodic table - 1913.

ments into A and B columns, although it placed them in
alternative rows as in later editions.

Although Mendeleev did not realise it, there was a
group of elements missing from his table. These were the
noble gases, and when they were discovered 30 years lat-
er, they were to exert an influence on the way the table
was perceived. Roscoe and Schorlemmer’s later editions
contained these elements.

The lightest noble gas, helium, had in fact been
reported the year before Mendeleev produced his table.
It had been detected by the French astronomer, Pierre
J. C. Janssen (1824-1907), on Tuesday 18" August 1868.
He had travelled to India to study the total eclipse that
would be observed there. Thankfully the sky was not
overcast with clouds, and he was able to record the coro-
na spectrum, which clearly showed an unknown element
was present. Later that same week, two British astrono-
mers, Norman Lockyer (1836-1920) and Edward Frank-
land (1825-1899), viewed the sun through a London fog
and observed the same spectrum. Lockyer expected the
new element to be a metal and so he called it helium,
deriving the name from Helios, the ancient Greek sun
god. Some chemists thought he was being presumptu-
ous in finding a new element on the Sun and having the
effrontery to name it. However, they were wrong — and
so was he. It was a new element, but it was not a metal; it
was a gas.

Helium is also present in the Earth’s atmosphere
but only in infinitesimally small amounts - 5 p.p.m. —
as it is continually being lost to space. It is also present
in uranium minerals that emit alpha particles which are
the nuclei of helium atoms. In 1888, the US geologist
William Hillebrand (1853-1925) noted that the mineral
uraninite (UO,) gave off bubbles of gas when dissolved
in acid, but he could not identify it. Per Teodor Cleve
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(1840-1905) at Uppsala, Sweden, in 1895, confirmed that
the gas was helium.

Another unreactive gas was discovered in 1894,
by Lord Rayleigh (1842-1919) and William Ramsay
(1852-1916). They were intrigued by the discrepancy in
the density of nitrogen gas that was extracted from air,
compared to that which was formed by the decomposi-
tion of ammonia. The difference was a mere 0.05% but
Rayleigh did not believe his density measurements were
wrong and deduced that the nitrogen produced from air
must be contaminated with another gas. He went on to
isolate this and it was essentially argon which constitutes
around 1% of the air and it is formed when the potas-
sium isotope *°K undergoes radioactive decay.

Ramsay now realised that helium was not a unique
element, but was head of a group that was missing from
the periodic table. He began the search for them and dis-
covered three gases: neon (atomic weight 20), krypton (84)
and xenon (131), which he extracted from liquid air. The
element at the bottom of the group is radioactive radon,
whose longest-lived isotope is ?>?Rn with a half-life of only
3.8 days. This element was discovered by Friedrich Ernst
Dorn (1848-1916) in 1900, and he discovered it as the gas
which collected in sealed ampules containing radium.

Although the first inclination of chemists was to
place the noble gases at the left-hand side of the periodic
table because their valency was 0, they are now on the
right-hand side and this is the logical location when we
regard the rows of elements as additions to the various
electron shells surrounding the nucleus, each being com-
pleted with a noble gas.

Moseley’s system of numbering the elements — see
below - revealed that those of atomic number 43, 61,
72, 75, 85, 87 and 91 were as yet unknown. These are all
radioactive elements with short half-lives. Technetium
(43) was first obtained in 1937 when Emilio Segré (1905-
1989) and Carlo Perrier (1886-1948) at the University of
Palermo in Sicily separated it from a sample of molybde-
num which had been bombarded with deuterons in the
cyclotron at the University of California, Berkeley. (Seg-
ré was to be dismissed from his academic post in 1938
because he was opposed to Mussolini’s fascist regime, so
he emigrated to the USA.)

Promethium (61) was claimed in 1938, by a group
at Ohio State University but they lacked chemical proof
that it was the missing element and, at that time, such
proof was deemed as essential to support a claim for a
new element. Then, in 1945, a group at Oak Ridge, Ten-
nessee, USA, were able to separate isotope-147 of ele-
ment-61 and so were able to confirm it as required. Ele-
ment 61 was also made using a cyclotron to bombard
neodymium with atoms of deuterium.
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Element 78 (francium) was extracted from actinium
in 1939 by Marguerite Perey (1909-1975) at the Curie
Institute, Paris, France.

Element 85 (actinium) had been discovered by
Andre Debierne (1874-1949) in 1899 and he extracted it
from the uranium ore pitchblende. It was later made by
bombarding bismuth (element 83) with alpha particles in
a cyclotron, and this was achieved by a group at Berkeley
which now included refugee Segre. The isotope produced
had a half-life of 8.3 hours which they named astatine
from the Greek word astatos (unstable).

A dilemma of the periodic table in its earliest form
was that some elements did not fit the strict sequence
of ordering by atomic weight. Why did some elements
have higher atomic weights than others which came after
them in the table? The best example of this was the tellu-
rium/iodine conundrum, with the former having atom-
ic weight 127.6 while the latter’s atomic weight is 126.9.
Mendeleev was sure that the atomic weight of tellurium
had to be wrong; it had to be less than that of iodine, so
he used a value of 125, that had been determined by a
Czech chemist Bohuslav Brauner.

In 1911, the English radiochemist Frederick Soddy
(1877-1956) proved that elements had isotopes, which
finally resolved the issue of pair reversal, thereby allow-
ing an element of larger atomic weight legitimately to
occupy a position in the table before its neighbour.

Transuranium element 93 had been wrongly claimed
but never confirmed before it was finally produced in
1939 by Edwin McMillan (1907-1991) and Philip Abel-
son (1913-2004) at Berkeley in 1940. It had a half-life of
2.3 days. The named it neptunium based on the planet
which comes beyond Uranus after which uranium (ele-
ment 92) had been named. This element occurs naturally
in uranium ores as a result of radioactive decay pro-
cesses. Its longest-lived isotope is Np-237, with a half-life
2.14 million years.

Elements beyond uranium were produced in vari-
ous ways using nuclear processes in the 1950s, 1960s...
and in the current century. Eventually a group of Rus-
sian and American scientists, working at the Joint Insti-
tute for Nuclear Research in Dubna, near Moscow, were
able in 2002 to produce atoms of the element at the end
of the bottom row (7p) of the periodic table which is
oganesson.

THE LONG FORM OF THE PERIODIC TABLE

From the time of Mendeleev’s first periodic table
in 1869, it has undergone several changes, although we
can still recognise some of Mendeleev’s original groups
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such as the halogens (now group 17). Despite advances
in atomic theory, Mendeleev’s 8-column periodic table
remained in use for almost a hundred years. Eventually,
the so-called long-form gradually displaced it as man-
made elements were announced and interest focussed on
the final row.

Today the standard version is the long-form: Fig.1.
This was first advocated by the Swiss inorganic chemist
Alfred Werner (1866-1919) in 1905, and had 18 columns,
with two rows for the lanthanoids and actinoids. (These
were previously referred to as lanthanides and actinides.)

So why did the long-form periodic table become
the preferred one, compared to the hundreds of others
which have been suggested? The answer is that it is logi-
cal, easy to understand, and to extract information from.

When designing a periodic table of elements, the
primary data which determines their arrangement is
atomic number. Clearly such a linear sequence of ele-
ments has to be organised in some way, and the most
obvious guideline is the one which Mendeleev used, i.e.
to place elements with similar properties in table format,
with lightest elements at the top and with increasing
atomic weight as you descend the group.

Although Mendeleev was not aware of it, he had
based his table on the two basic properties of an ele-
ment: the number of protons in its nucleus and the
occupancy of its electron shells.

Understanding the periodic table came only with
the discovery of the electron in 1896 by J.J. Thompson
(1856-1940), the proton in 1911 by Ernest Rutherford
(1871-1937), and the neutron in 1932 by James Chadwick
(1891-1974). In 1904 a Japanese scientist, Hantaro Naga-
oka (1865-1950), put forward the theory that atoms con-
sisted of a central nucleus around which electrons circu-
lated. In 1909 Ernest Rutherford proved that the nucleus
was tiny and positively charged, which he did by bom-
barding a piece of very thin gold foil with alpha parti-
cles, and observed almost all of these passed through
and that very few encountered an atom. It appeared that
atoms consisted of a tiny, positively-charged nuclei in
which almost all the mass was concentrated.

In 1913, the physicist Henry G.J. Moseley (1887-
1915) formulated the property of atomic number in his
paper® entitled “The high-frequency spectra of the ele-
ments.” This we now know to be the number of protons
of positive charge in the nucleus. He showed that the
sequence of elements in the periodic table was really in
the order of their atomic numbers. Sadly, he was shot
by a sniper in World War I. That same year, Niels Bohr
(1885-1962) linked the form of the periodic table to the
atomic structure of atoms.

The electronic composition of the elements explains
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today’s arrangement of the periodic table with its s, d,
p> and f blocks. These reflect the occupancy of electron
orbitals around the atomic nucleus, these being 2 (s), 6
(p), 10 (d), and 14 (f). The order in which these are filled,
results in the extended long-form of the periodic table
with rows of 2, 8, 8, 18, 18, 32, and 32 elements. Com-
binations of these numbers give rise to 8 (= 2+6), 18 (=
246+10) and 32 (= 2+6+10+14) which are the lengths of
the various rows of the table.

The orbital nearest the nucleus is just a single orbital
and labelled 1s, the next is a pair of orbitals labelled 2s
and 2p, the next is a trio of orbitals, 3s, 3p and 3d, and
so on. However, these begin to overlap, so that the next
one, 4s, is actually occupied before the 3d sub-orbital..

The sub-orbitals can hold increasing numbers of
electrons and these are the basis of the various blocks
of the periodic table. The s-block consist of two groups
(numbered 1, the alkali metals, and 2, the alkaline
earths), the p-block elements consist of six groups (num-
bered 12 to 18), some of which have also got names such
as the chalcogens (group 16) and the halogens (group
17). The d-block elements have ten groups (numbered 3
to 11), and the f-block elements consist of two rows 4f
and 5f which are not given group numbers.

At first approximation, the order of occupancy of
orbitals is as follows: 1s / 2s, 2p / 3s, 3p / 4s, 3d, 4p / 5s,
4d, 5p / 6s, 4f, 5d, 6p / 7s, 51, 6d, 7p. It still remains to be
satisfactorily explained by quantum mechanics.

If the elements are arranged in rows of increasing
atomic number, and in columns having the same elec-
tron outer shell, then we arrive at the long form of the
periodic table. Across a row of the periodic table we are
adding electrons to a particular shell until that shell is
full when we arrive at one of the noble gases. Conse-
quently, these represent a natural break in the table.

However, the long-form of the periodic table pre-
dates our knowledge about electron configuration, and it
first appeared in 1923 when the American chemist Hor-
ace G. Deming (1885-1970) created it for his textbook
General Chemistry — see Fig. 9.

He placed the lanthanoids at the bottom of the table.
He referred to them as ‘rare earths’ although some are
relatively abundant. The value of Deming’s table was
soon appreciated, and within a few years it was widely
used. The pharmaceutical company Merck employed it
in its advertising. It was also distributed to American
schools as a teaching aid.

In an internal document of the Lawrence Berke-
ley Laboratory of the late 1930s there is a periodic table
closely resembling the modern form (Figure 10). Howev-
er, it places thorium below hafnium, protactinium below
tantalum, and uranium below tungsten.
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Figure 10. The Lawrence Berkeley periodic table of the 1930s.

In 1929, the amateur French chemist Charles Janet
(1849-1932) came up with an extended long form of the
table - see Fig. 11.

Mendeleev knew of thorium and uranium, and their
chemistry made them suitable to place in his groups
IV and VI respectively. And so, things remained, until
synthetic elements started to be produced in the 1940s.
Then, in 1942, the American chemist Glenn T. Seaborg
(1912-1999) drew the table in the form we know today
with the f-block elements shown as a separate group
below the d-block. Seaborg’s colleagues at the University
of California advised him not to publish his table as it
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Figure 11. Charles Janet’s table of 1929.
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was mere speculation, but he went ahead anyway and
today we have names for all 15 of these elements. Even-
tually the number of artificially produced elements has
extended the periodic table to element 118 (organesson);
atoms of this lasted all a fraction of a millisecond. (Its
half-life is 0.89 milliseconds.) Whether physicists can
extend the table further remains to be seen.

Seaborg avoided the controversy of which elements
should go below scandium and yttrium in group 3 -
lanthanum and actinium, or lutetium and lawrencium.
He put all of them in the f-block, giving it 15 elements
instead of the 14 which theory demands, and this is the
table that the International Union of Pure and Applied
Chemistry (IUPAC) has on its website — see Fig 1.
Seaborg was eventually to be honoured by having ele-
ment 106 named after him: seaborgium.

NUMBERING OF THE GROUPS

The normal periodic table has 18 columns numbered
1 to 18, but it was not always so. Before IUPAC judged
this to be the preferred configuration, there were other
conventions, including Roman numerals and letters.

The change-over from the 8-column periodic table
to the modern form was not without its difficulties.
When Mendeleev’s periodic table of 8 groups was turned
into the long form of 18 groups, the Europeans num-
bered the groups on the left-hand side IA to VIII, and
on the right-hand side they were numbered IB to VIIB,
thus:

IA, TIA, IITA, IVA, VA, VIA, VIIA, VIII, 1B, IIB, IIIB,
IVB, VB, VIB, VIIB, VIIIB

However, the American journals favoured a different
classification:

IA, IIA, 1IIB, IVB, VB, VIB, VIIB, VIII, IB, IIB, IIIA,
IVA, VA, VIA, VIIA, VIITA

which was more in keeping with Mendeleev’s nota-
tion. Both systems numbered the alkali metals groups
IA, and the alkaline earth metals ITA but after that they
diverged.

The Scandinavians preferred a system based on let-
ters rather than Roman numerals:

Ml1, M2, T1, T2, T3, T4, T5, T6, T7, T9, M2’, M3, M4,
M5, M6, M7, M8

With M standing for main groups and T for transi-
tion metals. When the American Chemical Society also
decided to drop Roman numerals, they use a simple
numbering system but differentiated the transition met-
als groups with a ‘d’ thus:

1, 2, 3d, 4d, 54, 6d, 7d, 8d, 9d, 10d, 11d, 12d, 13, 14, 15,
16, 17, 18.
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The numbering of groups was tackled in New Sci-
entist in January 1984 when readers were asked to com-
ment on the various systems and to suggest alternatives.
The response was overwhelming and came from all
over the world. Hundreds of letters were received and
the consensus was that simply numbering the columns
1 to 18 was best. The International Union of Pure and
Applied Chemists (IUPAC) preferred the groups simply
be numbered this way and, after much heart search-
ing, the American Chemical Society (ACS) agreed. The
f block does not fit into the numbering system but this
poses no problem since the 4f and 5f periods of elements
are best dealt with as separate rows below the table.

PROBLEMATIC ELEMENTS

We may think that the arrangement of the periodic
table has finally been determined, but there are five ele-
ments whose position in the table is still debated. They
are hydrogen (element atomic number 1), helium (2),
lanthanum (57), lutetium (71), and actinium (89).

Hydrogen and helium. Because hydrogen has a sin-
gle s-electron, logic says that it should be in group 1 of
the s block, but the other elements in that group are the
alkali metals and clearly that is not what hydrogen is.
Helium has two s-electrons and so should be in group 2
but it’s not a metal either. Helium is a noble gas and so
placed at the top of group 18 while hydrogen sits incon-
gruously at the head of group 1. However, helium is not
a p-block element so it is out of place in that part of the
periodic table. It has been possible for helium to form
stable chemical bonds, so maybe Janet was right to put
it above beryllium and this is where it is to be found in
some tables.

There are tables which place hydrogen by itself, or
with helium, in the very centre of the table, floating free
above the other elements. Others place hydrogen above
fluorine, although it shares little in common with the
halogen gases. Some tables give it double billing and
place it above both lithium and fluorine. There are other
ways of deciding how to place these elements based on
their atomic radii or 1% ionisation potentials.

Lanthanum and lutetium. The lanthanoids, ele-
ments of atomic numbers 57-71, posed a problem for the
early periodic table since only a few of these had been
discovered, and yet all seemed to prefer the oxidation
state 3 so should come in group III of the periodic table.

The story of rare-earth discoveries began with yttri-
um in 1794. This metal was contaminated with traces of
other rare-earths. First erbium and terbium we extracted
from it in 1843, and then erbium yielded holmium in
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1878, thulium in 1879, and so on, until finally lutetium
was identified in 1907. This came as a result of painstak-
ing work by the French chemist, Georges Urbain (1872-
1938) at the Sorbonne in Paris. He called the element
lutecium, later changed it to lutetium.

For these elements to be incorporated into the
periodic table, they had either to be placed as in the
unwieldy extra-long form of the table, or be located in
rows beneath the table. The question then arose as to
which element should occupy group 3, below scandium
and yttrium, with lanthanum (element 57) being the
most obvious on as it follows immediately from element
56 (barium), with actinium (element 69) below it.

In 1982, William B. Jensen (1948-) of the University
of Wisconsin-Madison took issue with this arrangement.
He gave chemical reasons why the element in group 3 of
the main table should be lutetium,!! and many agreed
with his point of view. This being so, then the lantha-
noids were lanthanum to ytterbium.

Some periodic tables fudge the issue and have both
lanthanum and lutetium as part of a 15-member list at
the bottom of the table, indicating this with La-Lu in
group 3. However, this jars somewhat as there cannot be
15 f-electrons, but this is the arrangement in the ITUPAC
table of Fig. 1.

In 1902 the Czech chemist Bohuslav Brauner (1855-
1935) had said that there should be an element 61, com-
ing between neodymium and samarium. This was con-
firmed by Moseley in 1914. Attempts were made to
discover it and, in the 1920s, chemists in Italy and in
America, claimed to have found it. The difficulty with
promethium is that the isotope with the longest half-life
is Pm-145, and that is only 17.7 years. There was no way
that this element could be successfully extracted from
terrestrial sources. Tiny amounts do occur in uranium
ores as a result of fission, but the calculated amount is
around a picogram (1012 g) per tonne of ore.

A more realistic claim to have obtained element 61
was made in 1938 by a group at Ohio State University.
They bombarded praseodymium and neodymium with
neutrons, deuterons and a-particles in a cyclotron and
detected element 61 in the debris. They proposed the
name cyclonium for the new element, but their detection
of element 61 was not accepted as a discovery because
chemical proof for the missing element was lacking.

Finally, such proof was forthcoming in 1945 from
the work of J.A. Marinsky, L.E. Glendenin, and Charles
D. Coryell at Oak Ridge, Tennessee, USA. They had
the new technique of jon-exchange chromatography
at their disposal and with it they were able to separate
isotope-147 of the missing element and analyse it. They
wanted to call the element clintonium after the Clinton
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Laboratories in which the work was done, until Coryell’s
wife suggested promethium basing it on the Prometheus
of Greek mythology who stole fire from the gods and
gave it to humans, and this became its name.

Element 103: Both American and Russian physicists
claimed to have been the first to make atoms of atomic
number 103, and so complete the actinoid series, giv-
ing them the right to name it. In 1958 physicists at the
Lawrence Berkeley National Laboratory bombarded
curium-244 with nitrogen-14, and californium-252 with
boron, and said they had identified it. They named it
lawrencium.

Then, in 1965, physicists at the Soviet Union’s nucle-
ar research centre bombarded americium-243 with oxy-
gen-18 and obtained atoms of it. They also repeated the
Lawrence Berkeley experiment and failed to confirm what
the Americans had claimed. The Russians proposed that
element 103 be named rutherfordium. This dispute over
names was part of a larger issue regarding the claims and
names of various new elements in this part of the periodic
table. The disputes were only resolved in 1992 when an
international committee called the Transfermium Work-
ing Group (TWG) met to decide the issue of names. As
regards element 103, they decided that the discovery of
103 had been made by both Russian and American labo-
ratories and that the name should be lawrencium; ruther-
fordium was then to be the name of element 104.

Completing the bottom row of the periodic table
became the province of atomic scientists and the strict
chemical proof, that had previously to be met to confirm
a new element, no longer applied.

CIRCULAR PERIODIC TABLES

Soon after Mendeleev published his table, other
chemists suggested other ways of arranging the ele-
ments. Among the alternative types of table, a circular
arrangement was common and indeed one such table
appeared soon after Mendeleev’s publication - see Fig.
12. This was proposed by a German mineralogist and
chemist, Heinrich Baumhauer (1848-1926), in 1870.
He continued to promote this version and produced a
cobweb-like table in 1902 - see Fig. 13. Neither version
became popular.

In 1957, the Latvian chemist Edward Mazurs com-
piled a complete list of all 700 known periodic tables
and published them in his book: Types of Graphic Rep-
resentation of the Periodic System of Chemical Elements.
Today there are more than a thousand, although many
are very similar, and logging on to Google images
reveals many of them.
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Figure 12. The first circular table.

Figure 13. The 1902 table.

Most tables are two-dimensional, but there are sev-
eral three-dimensional versions and these come in the
shapes of cylinders, pyramids, spirals and even trees.
These artistic versions can be very attractive and make
ideal displays for science exhibitions, but they are not
very practical when it comes to teaching chemistry and
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extracting information about the elements and their
relationships.

One circular table which was well publicised was
that drawn by Otto Theodor Benfey (1925- ). He was
born in Berlin but was educated in England, and even-
tually moved to the USA in 1947. In 1963 he became
editor of the ACS magazine Chemistry, and in 1964 he
published his own circular version of the periodic table
in that journal. He justified it by saying that he want-
ed to highlight the continuity of the elements, and he
referred to it as the periodic snail — Fig. 14. Part of his
aim was to emphasise the lanthanoids and actinoids
and also to include a section for the elements beyond
the actinoids.

Circular versions of the periodic table continue to be
proposed, but despite their elegance and the tantalising
analogy with electrons in shells around a nucleus they
all suffer the drawback of being difficult to read and to
abstract the information from. Moreover, they tend to
crowd together the more important elements at their
centre while giving the less important elements more
room at the periphery.

Some circular periodic tables verge on being works
of art and one such is that devised by Philip J. Stewart
of Oxford University which he published in 2007 and
which he describes as a galaxy of elements;'? Fig. 15.

If you want to examine all known tables consult
Mark Leach of Manchester, England, who has a com-
plete collection of periodic tables on his website meta-
synthesis.com. There is also the website Internet data-
base of periodic tables (address : https://www.meta-
synthesis.com/webbook/35_pt/pt_database.php?PT_

Figure 14. The ‘snail’ periodic table.
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id=943) where there are hundreds of them of bewilder-
ing diversity.

A FINAL WORD

It is probably impossible to say definitely that the
periodic table which today appears everywhere, in
books and lecture theaters, on T-shirts and ties, on TV
programmes and in films, is the ultimate version. It
will of course change slightly if new elements are pro-
duced. Since atoms of these will last for less than a sec-
ond, then it may appear pointless to extend the table. In
which case it is more than likely that the ITUPAC table
(Fig. 1) will still be the preferred version so long as there
is chemistry. And Mendeleev’s achievement has been
acknowledged by naming an element in his honour: ele-
ment 101 is Mendeleevium (Md). This was first made in
1955. It is highly radioactive with a half-life of 52 days.

Even if someday we communicate with another part
of the universe, we can be sure that one thing both cul-
tures will have in common is an ordered system of the
elements that will be instantly recognisable. Perhaps the
most artistic periodic table is that by the Glasgow artist,
Murray Robertson, which is entitled ‘Visual Elements’
and for which he had created a stunning computer
graphic for each element. This can be accessed, via the
Internet, on the Royal Society of Chemistry’s web site.

If you wish to access a more dramatic version on-
line, there is the Periodic Table of Videos produced by
Nottingham University (www.periodicvideos.com) with
presenters Martyn Poliakoff and Pete Licence. Also
accessible as an app is the periodic table of Theodore
Gray which is also available in book format. Finally, if
you want a real hands-on periodic table this is available
from RGB Research and produced by Max Whitby and

© Philip Stewart

Figure 15. The Galaxy periodic table.
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Figure 16. Periodic Table on a Wall. Saint Petersburg, Russia.

Fiona Barclay (https://periodictable.com/). It comes com-
plete with a sample of each element that it is legally avail-
able. The larger versions of this kind of table of so-called
‘Element Collections’ can be seen at several institutions,
such as the Science History Institute in Philadelphia,
Pennsylvania, and at company sites such as the Dow
Chemical headquarters in Michigan. Theo Gray is the
author/web-master of the remarkable website https://peri-
odictable.com/ and he has written a book: The Elements.

Today there is a permanent tribute to Mendeleev’s
discovery of the periodic table in the form of an impres-
sive sculpture on the wall of the building where Mend-
eleev worked: Fig. 16.
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