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Just a thing to keep in mind 

• The two great monuments of early 20th century 
physics are GR and QM 

• The mathematical foundations of general relativity 
were found in the 19th century by B. Riemann. 

• Quantum mechanics could similarly have been found 
in the 19th century: it is a very natural thing to get if 
you generalise probability theory to allow negative 
probabilities. (See Scott Aaronson’s lecture 
https://www.scottaaronson.com/democritus/lec9.h
tml) 

• However, it wasn’t 

https://www.scottaaronson.com/democritus/lec9.html
https://www.scottaaronson.com/democritus/lec9.html


If you’ve heard of an element, it was 
probably discovered very early 

 



The Schrödinger equation 

• −
ℏ

2𝑀
𝛻2𝜓 −

𝑍𝑒2

4𝜋𝜖0𝑟
𝜓 = 𝐸𝜓 

• ℏ = Planck constant, 𝑀 = electron mass, 𝜖0 = 
vacuum permittivity, 𝑍 = atomic number, 𝑟 = 
distance to nucleus, 𝐸 = energy, 𝜓 = 
wavefunction 

• Solves using spherical polars 

• You get it from a Coulomb potential (see the 
second term on the LHS!) 



The Schrödinger equation 

• 𝐸 = 𝐸𝑛 = −
ℏ2𝑍2

2𝑀𝑎2 .
1

𝑛2 

• 𝑛 = principal quantum number, 𝑎 =
4𝜋𝜖0ℏ2

𝑀𝑒2  Bohr 
radius 

• Corresponding wave function 

𝜓 = 𝜓𝑛,𝑙,𝑚 𝑟, 𝜃, 𝜙 = 𝑓𝑛,𝑙 𝑟 𝑒−
𝑍𝑟

𝑎𝑛𝑌𝑙,𝑚(𝜃, 𝜙) 

• 𝑓𝑛,𝑙 generalised Laguerre polynomials (degree 
𝑛 − 1) 

• 𝑌𝑙,𝑚 spherical harmonics 



The four quantum numbers 

• 𝑛 the principal quantum number 

• 𝑙 ∈ {0,1, … 𝑛 − 1} the azimuthal quantum 
number 

• 𝑚 ∈ {−𝑙, −𝑙 + 1, … , 𝑙} the magnetic quantum 
number 

• 𝑠 (electron spin can be up or down, by Pauli’s 
exclusion principle) – this is a bit of a cheat 
that you have to tack on. (The proper way to 
add it is to include relativity, but then you have 
to solve the Dirac equation instead) 



Spectroscopic notation 

• Usually letters are used for the values of 𝑙: 

• 𝑙 = 0: 𝑠 for sharp 

• 𝑙 = 1: 𝑝 for principal 

• 𝑙 = 2: 𝑑 for diffuse 

• 𝑙 = 3: 𝑓 for fundamental 

• Beyond that it goes alphabetically: 𝑔, ℎ, 𝑖, … 

• A choice of n gives a shell, a choice of (n, l) a 
subshell, and a choice of (n, l, m) an orbital 



 



Filling up the states by 𝑛 

• 2 × 12 = 2: H-He 
• 2 × 22 = 8: Li-Ne 
• 2 × 32 = 18: Na-Ni? 
• 2 × 42 = 32: Cu-Nd?? 
• 2 × 52 = 50: Pm-Ds??? 
• Firstly, nickel coins don’t disappear in a puff of logic 
• We also have degeneracy problems (which state 

with a given n fills first?), but the fact that the order 
is certainly not by n past Ar is a more pertinent 
question 

• (By the way, 𝑍 = 0 the free neutron is not an 
element – to be a chemical element you need to have 
chemistry, which means you need to have electrons) 



The real ordering by 𝑛 + 𝑙 

• States fill in order of increasing 𝑛 + 𝑙 
• When two states have the same value of 𝑛 + 𝑙, the 

one with smaller 𝑛 fills first 
• Largest energy gaps occur just before each new 

value of 𝑛 
• The periodic table lists elements in this order 

(mostly – we’ll come back to where it sometimes 
does not)! 

• 1𝑠 ≪ 2𝑠 < 2𝑝 ≪ 3𝑠 < 3𝑝 ≪ 4𝑠 < 3𝑑 < 4𝑝 ≪ 5𝑠 <
4𝑑 < 5𝑝 ≪ 6𝑠 < 4𝑓 < 5𝑑 < 6𝑝 ≪ 7𝑠 < 5𝑓 < 6𝑑 <
7𝑝 ≪ 8𝑠 < 5𝑔 < ⋯ 
 



 

Erwin Madelung 
(1881-1972) 
found it first 
1926 

Vladimir Karapetoff 
(1876-1948) 
published it first 
1930 

Vsevolod Klechkovsky 
(1900-1972) 
explained it first 
1961 



Charles Janet (1849-1932) 

Concordance de 
l’arrangement 
quantique de base des 
électrons planétaires des 
atomes avec la 
classification 
scalariforme hélicoïdale 
des elements chimiques. 
Beauvais Imprimerie 
Départementale de 
l’Oise, Beauvais (1930) 



Janet’s left-step periodic table 
• Each row is one value of n + l 

• Well-illustrates the parity difference (secondary periodicity) 

• Orbitals in odd rows are kainosymmetric (first of each kind of orbital is 
smaller than usual because of lack of repulsion from core orbitals with 
same angular distribution), or have larger nuclear charge because of 
insertion of new kind of orbital. 

• So even rows are more electropositive, prefer higher oxidation states, 
more metallic, while odd rows differ the other way. 

• However, the biggest energy gap happens when a new value of n 
appears, so often the table is drawn with the s-block on the left end 





The table’s really a spiral (Janet 1928) 

• Charles 
Janet, La 
Classification 
Hélicoïdale 
des Éléments 
Chimiques. 
Beauvais: 
Imprimerie 
Département
ale de l'Oise. 
1928 



George Gamow’s 1940 cylinder 

George Gamow 
(1904-1968) The Birth and Death of the Sun (1940) 

One, Two, Three, …, Infinity (1948, 1953) 



Is it perfect? 
• If you look at atoms by themselves, not necessarily 
• 20 elements have the wrong configuration 
• But the excitation energy needed to get the right 

configuration is always < 4 eV… 
• …and chemical bond energies in practice can go up 

to 10 eV (C≡O; it’s not just nonmetals, Th-O is ~8 
eV). 

• Chemistry is concerned with atoms bonding with 
each other, not atoms sitting around by themselves 
filing their metaphorical fingernails 

• We may approximate with a clear conscience! 
• Modern chemical understanding agrees with the 

mathematics: the orbital that should be filling is 
always valent. 
 



All the anomaly energies (from 
various sources) 

Cr (3d
5
5s

1
→3d

4
4s

2
) Cu (3d

10
4s

1
→3d

9
4s

2
) Nb (4d

4
5s

1
→4d

3
5s

2
) Mo (4d

5
5s

1
→4d

4
5s

2
) 

Exc: 0.96097009 
IE: 6.76651 

Exc: 1.388948 
IE: 7.726380 

Exc: 0.141688 
IE: 6.75885 

Exc: 1.3596041 
IE: 7.09243 

Ru (4d
7
5s

1
→4d

6
5s

2
) Rh (4d

8
5s

1
→4d

7
5s

2
) Pd (4d

10
5s

0
→4d

8
5s

2
) Ag (4d

10
5s

1
→4d

9
5s

2
) 

Exc: 0.927782 
IE: 7.36050 

Exc: 1.577460 
IE: 7.45890 

Exc: 3.1121565 
IE: 8.336839 

Exc: 3.7495671196 
IE: 7.576234 

La (4f
0
5d

1
→4f

1
5d

0
) Ce (4f

1
5d

1
→4f

2
5d

0
) Gd (4f

7
5d

1
→4f

8
5d

0
) Pt (5d

9
6s

1
→5d

8
6s

2
) 

Exc: 1.884167 
IE: 5.5769 

Exc: 0.5905018 
IE: 5.5386 

Exc: 1.3572811 
IE: 6.14980 

Exc: 0.10212092 
IE: 8.95883 

Au (5d
10

6s
1
→5d

9
6s

2
) Ac (5f

0
6d

1
→5f

1
6d

0
) Th (5f

0
6d

2
→5f

2
6d

0
) Pa (5f

2
6d

1
→5f

3
6d

0
) 

Exc: 1.1358412 
IE: 9.225554 

Exc: 3.873287 
IE: 5.380235 

Exc: 3.409018576 
IE: 6.30670 

Exc: 1.6141027 
IE: 5.89 

U (5f
3
6d

1
→5f

4
6d

0
) Np (5f

4
6d

1
→5f

5
6d

0
) Cm (5f

7
6d

1
→5f

8
6d

0
) Lr (6d

0
7p

1
→6d

1
7p

0
) 

Exc: 0.8704575 
IE: 6.19405 

Exc: 0.3510168 
IE: 6.26554 

Exc: 0.1505421 
IE: 5.99141 

Exc: 0.1650 (predicted) 
IE: 4.96 



Sources 

• Data from NIST (elements up to Th), The 
Chemistry of the Actinide and Transactinide 
Elements (Pa, U, Np, Cm), and S. Fritzsche; C. 
Z. Dong; F. Koike; A. Uvarov (2007). The low-
lying level structure of atomic lawrencium 
(Z = 103): energies and absorption rates. , 
45(1), 107–113. doi:10.1140/epjd/e2007-
00136-3 for Lr 

 



The challenge of Eugen Schwarz 

• If you look at the periodic table going from left 
to right, then 4𝑠 fills before 3𝑑 

• But if you build up a transition metal atom 
from scratch, then it is the opposite way round! 

• Sc = [Ar]3𝑑14𝑠2 

• Sc+ = [Ar]3𝑑14𝑠1 

• Sc2+ = [Ar]3𝑑14𝑠0 

• Sc3+ = [Ar]3𝑑04𝑠0 



How big are the differences? 

• Sc = [Ar]3𝑑14𝑠2 

• Sc+ = [Ar]3𝑑14𝑠1, but [Ar]3𝑑04𝑠2 is only at 
1.455 eV 

• Sc2+ = [Ar]3𝑑14𝑠0, but [Ar]3𝑑04𝑠1 is only at 
3.166 eV 

• For titanium I’d agree, Ti2+ needs 12.729 eV 
to be [Ar]3𝑑04𝑠2. But still, [Ar]3𝑑14𝑠1 
(losing one 4𝑠 and one 3𝑑) is only 4.719 eV 

• It then becomes a huge energy difference 
even for the very first step. 



Why this is irrelevant 
• This is not comparing like with like. 
• 4𝑠 does fill before 3𝑑 when it comes to neutral 

atoms 
• The “bare-ion sequence” would have us consider the 

K isoelectronic sequence K0, Ca+, Sc2+, Ti3+, V4+, Cr5+… 
• No one claimed that the (𝑛 + 𝑙, 𝑛) rule applies for 

highly charged ions (such charges are not truly 
found in chemistry due to strong ligand-to-metal 
charge transfer) – see the later derivation: the 
Coulomb potential is valid at short and long 
(Rydberg) distances, but not in the middle of the 
electron cloud due to repulsion! 

• Did you know that Pu6+as a bare ion is [Hg]6𝑝55𝑓3? 
(But it never uses the 6𝑝 electrons for real 
chemistry.) 
 



T. Titze’s potential 

• 𝑈𝜇 𝑟 = −
2𝑣

𝑟2𝑅2 𝑟

𝑅

𝜇
+

𝑅

𝑟

𝜇 2 

• 𝜇, 𝑣, 𝑅 constant parameters. 
• (In the case 𝜇 = 1, this is James Clerk Maxwell’s fish-

eye potential, useful in optics) 
• This is an approximate solution to the Thomas-

Fermi model (basically, see the electron cloud as a 
degenerate Fermi-Dirac fluid in hydrostatic 
equilibrium between electrostatic forces and the 
pressure gradient) 

• You can see why I don’t have a slide on that 



The observation of Yu. N. Demkov 
and V. N. Ostrovsky (1971) 

• If the quantisation condition 

𝑣 = 𝑣𝑁 = 𝑅2𝜇2 𝑁 +
1

2𝜇
𝑁 +

1

2𝜇
− 1  

• is satisfied, with 𝑁 = 𝑛 + 𝜇−1 − 1 𝑙, then this 
equation can be solved analytically with regular 
solutions decreasing at infinity! 

• The case we care about is clearly 𝜇 =
1

2
. 

• If you choose 𝑅 such that 
2𝑣𝑁

𝑅3 = 𝑍𝑁 , then we recover 
the Coulomb potential as 𝑟 → 0. 

• This is why highly charged atoms act like hydrogen. 



The solution 

𝜓𝑛,𝑙,𝑚 =
𝑟

𝑅

𝑙 𝑟

𝑅

2𝜇

+ 1

−
2𝑙+1

2𝜇

𝐶𝑛−𝑙−1

2𝑙+1
2𝜇

+
1
2 𝑅2𝜇 − 𝑟2𝜇

𝑅2𝜇 + 𝑟2𝜇
𝑌𝑙,𝑚(𝜃, 𝜙) 

• The 𝐶𝑛
𝛼 are the Gegenbauer polynomials which solve the 

differential equation 
1 − 𝑥2 𝑦′′ − 2𝛼 + 1 𝑥𝑦′ + 𝑛 𝑛 + 2𝛼 𝑦 = 0 

• They satisfy the recurrence 
𝐶0

𝛼 𝑥 = 1 
𝐶1

𝛼 𝑥 = 2𝛼𝑥 

𝐶𝑛
𝛼 𝑥 =

1

𝑛
2𝑥 𝑛 + 𝛼 − 1 𝐶𝑛−1

𝛼 𝑥 + 𝑛 + 2𝛼 − 2 𝐶𝑛−2
𝛼 𝑥  



At last, the rule derived 

• We suppose 𝜇 =
1

2
 . 

• For each value of 𝑁 = 𝑛 + 𝑙, the zero-energy 
states that arise from choosing the relevant 
𝑣𝑁 form precisely the states of that 𝑛 + 𝑙 
value. 

• As we increase 𝑣 beyond that, those states 
become bound, until the next set of states 
pass through zero energy at 𝑣𝑁+1. 

• This recovers the first part of the rule. 



…well, partially 

• You need to do more work to get the second and 
third parts of the rule, but it likewise follows from 
this solution. 

• It is all done in Demkov and Ostrovsky’s 1971 paper 
using perturbation theory to account for the 
difference between the potential for 𝑍 and that for 
𝑍𝑁 . One gets the second part of the rule, that 
energies of states increase with increasing 𝑛. 

• Moreover the perturbations are largest for the 𝑠 
orbitals where 𝑙 = 0, so much so that their energies 
are raised to approach that of the next 𝑛 + 𝑙 value, 
giving the third part of the rule. 



Plotting energies! 

• V. N. Ostrovsky (1981), Dynamic symmetry 
of atomic potential. Journal of Physics B: 
Atomic and Molecular Physics, 14(23) 



A heuristic argument 

• William Wiswesser (1945) gave a nice 
heuristic argument for the second part that 
you can teach kids in their first chemistry 
class without drowning them in calculus. 

• Essentially, electrons in lower-𝑛 orbitals 
experience a higher effective nuclear charge, 
as they spend more time in closer vicinity to 
the nucleus, and should be expected to have 
lower energies. 



A small issue regarding this potential 

• By Bertrand’s theorem, the only force laws that 
guarantee stable systems (where launching a body 
at less than some escape velocity always brings you 
to a closed orbit in a 2-body problem) are 
proportional to 𝑟 (classical Hooke’s law, QM 
spherical oscillator) or 𝑟−2 (classical 
gravitation/Coulomb, QM Schrödinger atom). 

• Classically there is a conserved quantity; in QM you 
have operators commuting with the Hamiltonian, 
that form a Lie algebra 

• This potential is not of either form. This is 
aggravating because the rule really suggests that 
there is some kind of force law, but Bertrand says 
there cannot be one… 



The 118-Fold Way 

• There is still some further work going on to 
understand this further, even though 
Demkov and Ostrovsky already showed 
some kind of consistency with QM. 

• The idea is like the Eightfold Way in physics: 
just as families of baryons are treated as 
simply different states of one quantum 
system, so all chemical elements should 
somehow be treated as one 



A sequence of Lie groups 

• Transformations between elements are given by a 
Lie group (a group that is also a differentiable 
manifold), and the periodic table arises by breaking 
it into a chain of subgroups. 

• In fact one needs to generalise the notion of Lie 
group, as the symmetry break from hydrogenic 
atoms to the situation with the Madelung rule 
(coming from interelectronic repulsion) creates a 
nonlinearity. 

• You can read more in Thyssen and Ceulemann’s 
textbook Shattered Symmetry and their chapter in 
Mendeleev to Oganesson. 



Adding special relativity 

• We’ve taken a non-relativistic view (so spin is kind 
of naughtily tacked on to our QM model – it naturally 
arises with a finite speed of light) 

• In the elements we have it causes quantitative but 
not qualitative differences (energy gaps between 
orbitals change, but they still participate when you’d 
think they should) 

• This is the reason why sixth-row elements are often 
different from fifth-row elements – the effects go like 
Z4. (Mercury is liquid!) 

• Seventh row should be even weirder – flerovium 
(the element below lead) should be a liquid metal! 



Spin-orbit coupling 
• In relativistic quantum mechanics, you solve 

the Dirac equation, not the Schrödinger 
equation 

• Spin-orbit coupling: 𝑠 and 𝑙 are no longer good 
quantum numbers (they don’t correspond to 
stationary states), but 𝑗 = 𝑠 + 𝑙 is fine. 

• You get orbitals corresponding to half-integers 
instead of integers – each orbital type is split 
into stabilised and destabilised types, e.g. 𝑝1/2 
vs 𝑝3/2, 𝑑3/2 vs 𝑑5/2… (𝑠1/2 exceptional) 

• [Just because you have the same half-integer 
does not mean you are really degenerate, there 
is the Lamb shift. But enough for our 
purposes!] 



Resulting superheavy weirdness 

• The large split 7𝑝1/2-7𝑝3/2 turns flerovium into an 
unreactive liquid, and oganesson into a metal like Sn 
(four valence electrons) – they basically swapped 
places! 

• Nihonium is also quite weird, between two spherical 
closed shells (like hydrogen actually) – it should be a 
cross between silver and astatine chemically 

• One-atom-at-a-time chemistry is already 
possible! 

• In bulk, maybe wait for multiple nuclear explosions 
like Orion, or more powerful reactor pulses 

 



• White, H. E 
(1931). Pictorial 
Representations 
of the Dirac 
Electron Cloud 
for Hydrogen-
Like Atoms. 
Physical Review, 
38(3), 513–520. 



Does the periodic table break down? 

• At 𝑍 = 139 the system finally breaks 

• But we are still only at 𝑍 = 118 (Og) and the 
atoms are getting uselessly unstable anyway 

• In fact, the only real problem is that 5𝑔 stays 
open till probably 142 (not 138); then 
6𝑓, 7𝑑, 8𝑝 follow as normal! So in a certain 
sense 𝑛 + 𝑙 is still mostly correct! 

• (Though the 5g to 6f transition needs 
further study.) 



 

 

 

 

 

 

• Fricke, Burkhard (1975). Superheavy elements: a 
prediction of their chemical and physical properties. 
Recent Impact of Physics on Inorganic Chemistry. 
Structure and Bonding. Vol. 21. pp. 89–144. 



 



This is a self-imposed problem 

• Anyway, nature does not seem to have elements that 
high in the first place. Probably spontaneous fission 
happens before such high Z is reached in the wild. 
(Though, Przybylski’s star is suspicious…) 

• Very weird things may happen that high – it’s possible 
that quark matter is the stable state for baryonic matter 
at high A, not binding them into hadrons! 

• Something like how van der Waals merges into metallic 
bonding – compare similar structures of bromine, iodine, 
gallium, or clusters of mercury atoms. One loses the idea 
of discrete molecules. 

• Or maybe they don’t even last long enough to grab an 
electronic cloud. Who knows right now. 



The group 3 problem 

• Everyone’s favourite flame war 
 
 
 
 
 
 
 

• The middle one is a compromise attempt, but shows 
a fencepost error (15 f-elements when there should 
be 14) 

• It also has multiple elements (La-Lu, Ac-Lr) all 
sharing the same place… 

71 

Lu 
175.0 

  
103 

Lr 
266.1 

  

39 

Y 
88.91 

  

21 

Sc 
44.96 

  
39 

Y 
88.91 

  

21 

Sc 
44.96 

  

57 

La 
138.9 

  
89 

Ac 
227.0 

  

39 

Y 
88.91 

  

21 

Sc 
44.96 

  



What does the rule say? 

• According to the (n + l, n) rule, the 4f orbitals 
should fill (Z = 57-70) before the 5d (Z = 71-80) 

• This immediately settles Sc, Y, Lu, Lr as group 3. 
• Confirmed by theoretical modelling of bonding: 

La and Ac can use their f orbitals for chemistry, 
but Lu and Lr cannot. (Known from 
coordination numbers and symmetry – f 
orbitals must be invoked in the linear 
combinations for La and Ac. Basically, there’s 
no other way to get extreme high coordination 
numbers or cubic molecular geometry.) 



The first long table 
• Alfred Werner (1866-1919) got it right 

in 1905! 



A zombie mistake 

• Friedrich Hund (1896-1997) thought that 
one 5d electron would fill first, then 
fourteen 4f, before the 5d continued – 
because he thought that rare earths only 
have three valence electrons and that 4f 
isn’t valence 

• Turns out, that’s all wrong (though it was a good guess for 1927) 
• Most of the lanthanide and actinide atoms do not have a d 

electron and show exactly the configuration you would expect 
from the (n + l, n) rule! 

• In any case, energy differences between configurations of d and f 
elements are very low (you can excite them with visible photons 
i.e. by shining a light on them, or more obviously by chemistry) 

• Unfortunately, almost no one noticed when the corrected 
measurements were made 

• Don’t be too harsh, he got most of the rest right – but arguments 
from gas-phase configurations belong to a bygone era 



Landau and Lifshitz did notice 

 

• Quantum Mechanics: Non-Relativistic Theory, 
p. 257 (1948, translation of 1959) 

Lev Landau 
(1908-1968) 

Evgeny Lifshitz 
(1915-1985) 



近藤 淳 Jun Kondō 
(1930-2022) 

• Noted that La is superconducting at standard 
pressure, but not Sc, Y, Lu 
 
 
 
 
 
 
 

• Kondō, Jun (January 1963). "Superconductivity in 
Transition Metals". Progress of Theoretical Physics. 
29 (1): 1–9. doi:10.1143/PTP.29.1. 



Putting two and two together 

• Hamilton, David C. 
(1965). Position of 
Lanthanum in the 
Periodic Table. 
American Journal of 
Physics, 33(8), 637–
. doi:10.1119/1.19720
42  

 



…and connecting it to the rule 

• G.E. Villar (1966). A 
suggested modification 
to the periodic chart. , 
28(1), 25–
29. doi:10.1016/0022-
1902(66)80224-5  



Good things are worth doing twice 

IUPAC 1988 report (New notations in the 
periodic table) 



Good things are worth doing twice 
IUPAC 2021 report (Provisional report on 
Discussions on Group 3 in the Periodic Table) 



Prof. Stephen J. Heyes, Oxford 
http://web.archive.org/web/20130210085720/http://www.chem.ox.ac.uk/icl/h

eyes/lanthact/I5.html 

 



Whither hydrogen and helium? 

• If we follow the electron configurations, there 
is no issue: these fill the s states (hydrogen 1s1, 
helium 1s2). Therefore they belong over lithium 
2s1 and beryllium 2s2. 

• Yet people are often unwilling to do this, 
probably because H and He are nonmetals, but 
Li and Be are strong metals. 

• (For H people accept it more, because it does 
form H+, a cornerstone of acid-base chemistry) 

 



That is irrelevant though 

 

Nitrogen 
Phosphorus 

Arsenic 

Antimony 

Bismuth 
All are in group 15… 
As for valence, look one 
column to the right: oxygen 
has no +6, fluorine no +7 



The electronic revolution 

• The periodic table as we have it is based 
firmly on the subshells – which is why some 
columns start late (there are no transition 
metals in the first few rows) 

• If it were based on stoichiometry, then 
transition metals would be mixed with 
main-group elements, because the valences 
match! 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl2O7 

K2O CaO Sc2O3 TiO2 V2O5 CrO3 Mn2O7 



Mendeleev’s 1871 periodic table 

 



Three chemical revolutions 

• Molar (1770-1790, conservation of mass), 
molecular (1855-1875, valence and 
stoichiometry), electric (1904-1924, quantum 
theory) 

• Continuing to put He with the noble gases is 
not progressing from the molecular level to the 
electric level! 

• Jensen, William B. (1998). Logic, History, and 
the Teaching of Chemistry: III. One Chemical 
Revolution or Three?. Journal of Chemical 
Education, 75(8), 961–
. doi:10.1021/ed075p961 



A superheavy precedent 

• Besides, everybody places the heaviest 
elements on the table anyway, even though 
nobody has made enough oganesson to do any 
chemistry yet. 

• And even if they did, relativistic effects 
(remember them?) suggest it’d be more like tin 
than like a noble gas 

• So if you can have a non-noble non-gas in the 
noble gas column… 

• …and what’s the big deal? Helium still ends the 
row! 



The first-row anomaly 
(kainosymmetry) 

Siekierski and Burgess, Concise Chemistry of the Elements 



Electronegativity 

• On the most complete scale of A. V. Kulsha and 
T. A. Kolevich 
 
 
 
 
 
 

• Similar trends for ionisation energy, electron 
affinity 



Surprises of noble-gas chemistry! 

• A helium compound, Na2He, is known at high 
pressure! 

• It’s actually less noble than neon (which still has no 
neutral compounds) 

• Probably there are some at low pressure too, 
showing analogy to beryllium (both elements seem 
to have higher affinity to oxygen than to fluorine). 
See the theoretical work of Wojciech Grochala 

• Isn’t most condensed-phase hydrogen and helium 
metallic anyway? It’s stuck down under terrific 
pressure in the cores of Jupiter and Saturn. When 
metallised they do have the same valences as Li and 
Be. 



Metastable helium oxide! 

• Grochala, Wojciech (2012). A metastable He–O bond 
inside a ferroelectric molecular cavity: (HeO)(LiF)2. 
Physical Chemistry Chemical Physics, 14(43), 14860–
. doi:10.1039/c2cp42321  



Crystal structures! 
• Most atoms are extremely able mathematicians 

and found close-packed arrangements to solve 
Kepler’s conjecture 

• He, Be, Mg are hexagonal close-packed. 

• Ne and Ar are cubic close-packed. 

• (Pointed out by M. Kurushkin, 2020) 



• The 1s vs 2p core shell difference also matters 
for subsequent elements. Alkali metals break 
up as Li (1s core), Na (kainosymmetric 2p 
core), then much more polarisable K, Rb, Cs 

• E.g. when burnt in air, they form Li2O, Na2O2, 
KO2, RbO2, CsO2. 

• It’s not just about mathematics – it explains 
a lot about observed chemistry. 

• (And yes, Janet got this one right too. But 
partially, so did Irving Langmuir in 1919!) 

Join the helium in group 2 club 
today! 



 

Irving Langmuir 
(1881-1957) 


