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High Pressure Chemistry

the structural evolution of one compound with a fixed 
composition as a function of pressure.

Pressure has a pronounced effect on local orbitals and 
can lead to fascinating chemical phenomena that are not 
seen at atmospheric pressures. Pressure can change the 
difference in energies and the energy orderings of local 
quantum orbitals. The energies of all of the atomic orbit-
als generally increase with increasing pressure, just as 
one would expect for the particle in a box, because the 
electrons are more confined in the compressed solid. 
However, the energies of orbitals with lower principal 
quantum numbers and higher angular momenta, espe-
cially those having no corresponding core orbitals such as 
2p and 3d, increase less significantly than the energies of 
orbitals with higher principal quantum numbers or lower 

angular momenta. As a result of this orbital- energy reor-
dering, the electrons are redistributed in different quan-
tum orbitals under pressure. Although, in many cases, this 
redistribution of electronic charge leads to an increased 
delocalization, as well as an increased homogeneity of the 
electron density, in other cases, it does not. Therefore, 
the reordering of the energy levels is one of the main ori-
gins of the increasing inhomogeneity of electron density 
under pressure, as we discuss later in this article under the 
heading ‘Chemistry of non- valence electrons and orbitals’.

Compounds featuring new homonuclear species
A large variety of atypical high- pressure compounds are 
formed from the enhancement of the strength or the 
number of homonuclear bonds. Many of the compounds 
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Fig. 1 | 5GNGEVGF�JQOQPWENGCT�URGEKGU�RTGUGPV�KP�CV[RKECN�JKIJ-RTGUUWTG�EQORQWPFU� A | Hydrogen homonuclear 
species, including H3

− in CsH3 (REF.84) (part Aa) and 3D sodalite- like H in LaH10 (REFS54,56) (part Ab). LaH10 was predicted to  
be stable between 200 and 300 GPa (REFS54,56). B | Boron homonuclear species, including B dimers in Li4B (REF.76) (part Ba),  
B chains in Li2B (REF.76) (part Bb), B4 cluster–chains in FeB4 (REF.105) (part Bc), B ribbons in MgB6 (REF.120) (part $F) and 
graphene- like B layers in LiB (REF.76) (part Be). C | Carbon homonuclear species, including −C2

2  in CaC2 (REF.122) (part Ca), 
C3
4− in Mg2C3 (REF.126) (part Cb), C hexagonal rings in Y2C3 (REF.123) (part Cc), C nanoribbons in CaC2 (REF.122) (part %F) and 

graphene in YC2 (REF.128) (part Ce). D | Nitrogen homonuclear species, including N3
4− in Mg2N3 (REF.141) (part Da), N4

4− in  
MgN2 (REF.141) (part Db), −N5 rings in LiN5 (REF.51) (part Dc) and N6

4− rings in MgN3 (REF.141) (part &F). LiN5 has been predicted  
to be stable between 20 and 100 GPa by density functional theory51,52 and has been synthesized by diamond anvil cell 
experiments at 45–72 GPa (REF.147). E | Oxygen homonuclear species, including O2

2− in FeO2(REFS149,150) (part Ea) and −O2 in 
NaO2 (REF.245) (part Eb). F | Fluorine homonuclear species, including −F3 in CsF3 (REFS60,156) (part Fa) and −F5 in CsF5 (REF.156) 
(part Fb). G | Chlorine homonuclear species, such as −Cl3 in NaCl3 (REF.50). H | Silicon homonuclear species such as Si squares 
in CaSi (REF.164). Details on structures, stable pressures and bond lengths for each motif and compound are reported in 
TABLE 1. Part Aa reprinted with permission from REF.84, ACS. Part Ab reprinted with permission from REF.54, PNAS.  
Parts Ba, Bb and Be reprinted with permission from REF.76, ACS. Part Bc reprinted with permission from REF.105, RSC. Part $F 
reprinted with permission from REF.120, AIP. Parts Ca and %F reprinted with permission from REF.122, PNAS. Part Cb reprinted 
with permission from REF.126, ACS. Part Cc reprinted with permission from REF.123, RSC. Part Ce reprinted from REF.128,  
CC BY 4.0. Parts Da, Db and &F reprinted with permission from REF.141, RSC. Part Dc reprinted with permission from REF.51, 
ACS. Part Ea reprinted from REF.149, CC BY 3.0. Part Eb reprinted with permission from REF.245, RSC. Parts Fa and Fb 
reprinted from REF.156, CC BY 4.0. Part H reprinted with permission from REF.164, ACS.

www.nature.com/natrevchem

REV IEWS

M. Miao, Y. Sun, E. Zurek, H. Lin, Nat. Rev. 2020
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6s24f146s24f136s24f126s24f116s24f106s24f96s24f75d16s24f15d16s25d1 6s24f76s24f66s24f56s24f46s24f3
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valence  
configuration 

7s27s1

6s26s1

5s25s1

4s24s1

3s23s1

2s22s1

1s1 1s2

4s23d1 4s23d2 4s23d3 4s13d5 4s23d5 4s23d6 4s23d7 4s23d8 4s13d10 4s23d10

5s24d1 5s24d2 5s14d4 5s14d5 5s24d5 5s14d7 5s14d8 4d10 5s14d10 5s24d10

6s25d1 6s25d2 6s25d3 6s25d4 6s25d5 6s25d6 6s25d7 6s15d9 6s15d10 6s25d10

2s22p1 2s22p2 2s22p3 2s22p4 2s22p5 2s22p6

3s23p1 3s23p2 3s23p3 3s23p4 3s23p5 3s23p6

4s24p1 4s24p2 4s24p3 4s24p4 4s24p5 4s24p6

5s25p1 5s25p2 5s25p3 5s25p4 5s25p5 5s25p6

6s26p1 6s26p2 6s26p3 6s26p4 6s26p5 6s26p6

Rahm, M., Zeng, T., Hoffmann, R., J. Am. Chem. Soc., 141, 342-351, 2019

1 Pauling unit ≈ 6 eV e-1
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Squeezing All Elements in the Periodic Table: Electron Configuration
and Electronegativity of the Atoms under Compression
Martin Rahm,*,† Roberto Cammi,‡ N. W. Ashcroft,§ and Roald Hoffmann∥

†Department of Chemistry and Chemical Engineering, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden
‡Department of Chemical Science, Life Science and Environmental Sustainability, University of Parma, 43124 Parma, Italy
§Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853, United States
∥Department of Chemistry and Chemical Biology, Baker Laboratory, Cornell University, Ithaca, New York 14853, United States

*S Supporting Information

ABSTRACT: We present a quantum mechanical model
capable of describing isotropic compression of single atoms in
a non-reactive neon-like environment. Studies of 93 atoms
predict drastic changes to ground-state electronic configurations
and electronegativity in the pressure range of 0−300 GPa. This
extension of atomic reference data assists in the working of
chemical intuition at extreme pressure and can act as a guide to
both experiments and computational efforts. For example, we
can speculate on the existence of pressure-induced polarity
(red-ox) inversions in various alloys. Our study confirms that
the filling of energy levels in compressed atoms more closely
follows the hydrogenic aufbau principle, where the ordering is
determined by the principal quantum number. In contrast, the
Madelung energy ordering rule is not predictive for atoms under compression. Magnetism may increase or decrease with
pressure, depending on which atom is considered. However, Hund’s rule is never violated for single atoms in the considered
pressure range. Important (and understandable) electron shifts, s→p, s→d, s→f, and d→f are essential chemical and physical
consequences of compression. Among the specific intriguing changes predicted are an increase in the range between the most
and least electronegative elements with compression; a rearrangement of electronegativities of the alkali metals with pressure,
with Na becoming the most electropositive s1 element (while Li becomes a p group element and K and heavier become
transition metals); phase transitions in Ca, Sr, and Ba correlating well with s→d transitions; spin-reduction in all d-block atoms
for which the valence d-shell occupation is dn (4 ≤ n ≤ 8); d→f transitions in Ce, Dy, and Cm causing Ce to become the most
electropositive element of the f-block; f→d transitions in Ho, Dy, and Tb and a s→f transition in Pu. At high pressure Sc and Ti
become the most electropositive elements, while Ne, He, and F remain the most electronegative ones.

■ INTRODUCTION
We present a quantum-mechanical model capable of studying
the effect of what we will introduce as uniform compression as
registered by single atoms in a non-reactive medium. Elements
1−96 (with three exceptions to be discussed) up to 300 GPa
are examined, following for them two main characteristics:
first, the electronic configuration of the ground-state isolated
atoms, which arguably defines the very nature of the periodic
table; and second, the central chemical notion of electro-
negativity, so useful for rationalizing chemical bonding and, in
particular, making sense of processes involving polarity and
charge transfer.
The justification for exploring these quantities at higher than

ambient Earth conditions comes from experiment. Today static
pressures of hundreds of gigapascals are achievable with
diamond anvil cells, and still higher, if fleeting, pressures under
shock conditions. The application of pressure to chemical
elements has proven a treasure trove for the exploration of

exotic phenomena, structures, and chemical bonding,1 and the
making of new and remarkable materials such as polymeric
nitrogen,2 quartz-like CO2,

3 near room temperature super-
conductors,4 carbon nanothreads,5 metallic hydrogen,6 and
many others.7 A few of these materials are recoverable to
ambient earth conditions, but most are not. In the cosmic
perspective, 300 GPa is literally mundane; the pressure at the
center of Jupiter, for example, said to be 5−10 TPa.8

The nature of the elements changes in dramatic fashion with
compression. And so does their chemistry. It is natural that our
chemical intuition is formed at p ≈ 1 atm. To guide our
thinking, and because multi-electron systems are inherently
complex, we often rely on simplifying toolsmodels and
descriptors such as valence electron configuration, frontier
orbitals,9 sizes of the atoms or ions,10 electronegativity,11,12

Received: March 9, 2019
Published: May 30, 2019

Article

pubs.acs.org/JACSCite This: J. Am. Chem. Soc. 2019, 141, 10253−10271

© 2019 American Chemical Society 10253 DOI: 10.1021/jacs.9b02634
J. Am. Chem. Soc. 2019, 141, 10253−10271

D
ow

nl
oa

de
d 

vi
a 

CH
A

LM
ER

S 
U

N
IV

 O
F 

TE
CH

N
O

LO
G

Y
 o

n 
Ju

ly
 9

, 2
01

9 
at

 1
3:

34
:0

2 
(U

TC
).

Se
e 

ht
tp

s:/
/p

ub
s.a

cs
.o

rg
/sh

ar
in

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

ish
ed

 a
rti

cl
es

.



14

Rahm, M.; Hoffmann, R.; Ashcroft, N. W. Chem. Eur. J. 22, 14625-14632, 2016

1.3 Å

2.9 Å



15

0 0.5 1 1.5 2 2.5 3
Distance to nucleus (Å)

-8

-6

-4

-2

0

2

N
at

ur
al

 lo
ga

rit
hm

 o
f e

le
ct

ro
n 

de
ns

ity
, L

n(
e 

bo
hr

^-
3)

Ln(H)
Ln(Li)
Boyd probe

radii defined from:

 0.001 e bohr-3 electron density cutoff. 

Rahm, M.; Hoffmann, R.; Ashcroft, N. W. Chem. Eur. J. 22, 14625-14632, 2016



16

The Compression Model

Cammi, R.; Chen, B.; Rahm, M. J. Comp. Chem. 39, 2243-2250, 2018

G = Ψ Ĥ0 +
1
2
V̂e(Ψ)+V̂r (Ψ) Ψ

unperturbed atom

electrostatic and Pauli repulsion  
with external continuum

P =
δG
δVc

Michels, A.; de Boer, J.; Bijl, A., Physica, 4, 981-994, 1937
Wigner, E.; Seitz, F. Phys. Rev. 43, 804-810, 1933

Sen, K. D. Electronic Structure of Quantum Confined Atoms and Molecules, Springer, 2014

barrier
low-dielectric  

continuum
𝛙

1.3*dVdW

step -

- Hybrid DFT (PBE0)

- Relativistic Hamiltonian (DKH2)

- Very large basis set (ANO-RCC)
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Method Validation 
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What happens when an atom is compressed?
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Method Validation 
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Ground State Electron Configuration
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The Atoms Under Pressure Database

https://rahmlab.com/atoms-under-pressure/

- radii

- electronegativity

- electron configuration

- spin 

Between 0 to 300 GPa!



6.1

1

2

3 4 5 6 7 8 9 10 11 12

13 14 15 16 17

18

Electronegativity of the Atoms 
1

2

3

4

5

6

7

6

7

H

Element

-7.6
Li

-3.3
Na

-8.5
K

-11.5
Ca

-14.0
Sc

-12.5
Ti

-10.4
V

-7.5
Cr

-7.7
Mn

-9.5
Fe

-7.5
Co

-7.1
Ni

2.7
Cu

8.7
Zn

1.5
Ga

2.5
Ge

4.1
As

5.3
Se

7.9
Br

10.8
Kr

-6.9
Rb

-10.1
Sr

-10.8
Y

-9.8
Zr

-7.0
Nb

-5.3
Mo

-6.7
Tc

-5.6
Ru

-4.8
Rh

-0.6
Pd

4.5
Ag

8.8
Cd

-6.4
Cs

-9.2
Ba

-6.4
Lu

-7.9
Hf

-7.4
Ta

-3.1
W

-5.1
Re

-2.5
Os

-3.1
Ir

-1.5
Pt

3.7
Au

7.5
Hg

-9.8
La

-11.7
Ce

-7.2
Pr

-7.2
Nd

-6.8
Pm

-5.5
Sm

-4.2
Eu

0.8
Gd

1.3
Tb

-5.0
Dy

0.8
Ho

-5.8
Er

-5.3
Fr

-6.4
Ra

-2.3
Mg

-1.3
Be

20.8
He

1.4
In

2.0
Sn

3.0
Sb

3.9
Te

5.8
I

8.0
Xe

2.6
Tl

3.1
Pb

2.7
Bi

4.1
Po

4.9
At

7.3
Rn

-1.6
Al

0.6
Si

3.8
P

5.8
S

9.3
Cl

13.3
Ar

2.2
B

6.6
C

10.8
N

13.4
O

18.7
F

24.4
Ne

-8.0
Ac

-10.8
Pa

-9.2
Pu

-4.1
Am

-5.5
Cm

-4.8
Tm

-2.1
Yb

6d25f86d25f76d15f76d35f26d3

5d24f145d24f135d24f125d34f105d24f105d34f85d34f75d24f25d3 5d24f75d24f65d24f55d24f45d24f3
ground state  

atom configuration 
@ 300 GPa 

6d26d1

5d25d1

4d24d1

3d23d1

3s23s1

2s22p1

1s1 1s2

3d3 3d4 3d5 3d6 3d7 3d8 3d9 3d10 4s13d10 4s23d10

4d3 4d4 4d5 4d6 4d7 4d8 4d9 4d10 5s14d10 5s24d10

5d3 5d4 5d5 6s15d5 5d7 5d8 5d9 5d10 6s15d10 6s25d10

2s22p1 2s22p2 2s22p3 2s22p4 2s22p5 2s22p6

3s23p1 3s23p2 3s23p3 3s23p4 3s23p5 3s23p6

4s24p1 4s24p2 4s24p3 4s24p4 4s24p5 4s24p6

5s25p1 5s25p2 5s25p3 5s25p4 5s25p5 5s25p6

6s26p1 6s26p2 6s26p3 6s26p4 6s26p5 6s26p6

@ 300 GPa (eV e-1)
6 eV e-1 ≈ 1 Pauling unit

"
• The electronegativity of Alkali metals are scrambled.  

• K is the most electropositive atom in group 1. 

Predictions
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5d24f145d24f135d24f125d34f105d24f105d34f85d34f75d24f25d3 5d24f75d24f65d24f55d24f45d24f3
ground state  

atom configuration 
@ 300 GPa 

6d26d1

5d25d1

4d24d1
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2s22p1

1s1 1s2
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4d3 4d4 4d5 4d6 4d7 4d8 4d9 4d10 5s14d10 5s24d10
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5s25p1 5s25p2 5s25p3 5s25p4 5s25p5 5s25p6

6s26p1 6s26p2 6s26p3 6s26p4 6s26p5 6s26p6

@ 300 GPa (eV e-1)
6 eV e-1 ≈ 1 Pauling unit

"
• The electronegativity of the Alkaline earth metals are also scrambled.  

• Ca is the most electropositive atom in group 2. 

Predictions



6.1

1

2

3 4 5 6 7 8 9 10 11 12

13 14 15 16 17

18

Electronegativity of the Atoms 
1

2

3

4

5

6

7

6

7

H

Element

-7.6
Li

-3.3
Na

-8.5
K

-11.5
Ca

-14.0
Sc

-12.5
Ti

-10.4
V

-7.5
Cr

-7.7
Mn

-9.5
Fe

-7.5
Co

-7.1
Ni

2.7
Cu

8.7
Zn

1.5
Ga

2.5
Ge

4.1
As

5.3
Se

7.9
Br

10.8
Kr

-6.9
Rb

-10.1
Sr

-10.8
Y

-9.8
Zr

-7.0
Nb

-5.3
Mo

-6.7
Tc

-5.6
Ru

-4.8
Rh

-0.6
Pd

4.5
Ag

8.8
Cd

-6.4
Cs

-9.2
Ba

-6.4
Lu

-7.9
Hf

-7.4
Ta

-3.1
W

-5.1
Re

-2.5
Os

-3.1
Ir

-1.5
Pt

3.7
Au

7.5
Hg

-9.8
La

-11.7
Ce

-7.2
Pr

-7.2
Nd

-6.8
Pm

-5.5
Sm

-4.2
Eu

0.8
Gd

1.3
Tb

-5.0
Dy

0.8
Ho

-5.8
Er

-5.3
Fr

-6.4
Ra

-2.3
Mg

-1.3
Be

20.8
He

1.4
In

2.0
Sn

3.0
Sb

3.9
Te

5.8
I

8.0
Xe

2.6
Tl

3.1
Pb

2.7
Bi

4.1
Po

4.9
At

7.3
Rn

-1.6
Al

0.6
Si

3.8
P

5.8
S

9.3
Cl

13.3
Ar

2.2
B

6.6
C

10.8
N

13.4
O

18.7
F

24.4
Ne

-8.0
Ac

-10.8
Pa

-9.2
Pu

-4.1
Am

-5.5
Cm

-4.8
Tm

-2.1
Yb

6d25f86d25f76d15f76d35f26d3
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atom configuration 
@ 300 GPa 
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1s1 1s2
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6s26p1 6s26p2 6s26p3 6s26p4 6s26p5 6s26p6

@ 300 GPa (eV e-1)
6 eV e-1 ≈ 1 Pauling unit

"

• several atoms in groups 1 and 2 belong to the transition metal group  

Predictions
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ground state  

atom configuration 
@ 300 GPa 

6d26d1

5d25d1

4d24d1

3d23d1

3s23s1

2s22p1

1s1 1s2

3d3 3d4 3d5 3d6 3d7 3d8 3d9 3d10 4s13d10 4s23d10
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5s25p1 5s25p2 5s25p3 5s25p4 5s25p5 5s25p6

6s26p1 6s26p2 6s26p3 6s26p4 6s26p5 6s26p6

@ 300 GPa (eV e-1)
6 eV e-1 ≈ 1 Pauling unit

"
• The Aufbau principle is strengthened under pressure 

• Hund’s rule is never violated in the investigated pressure range 

Predictions
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5d24f145d24f135d24f125d34f105d24f105d34f85d34f75d24f25d3 5d24f75d24f65d24f55d24f45d24f3
ground state  

atom configuration 
@ 300 GPa 

6d26d1

5d25d1

4d24d1

3d23d1

3s23s1

2s22p1

1s1 1s2

3d3 3d4 3d5 3d6 3d7 3d8 3d9 3d10 4s13d10 4s23d10

4d3 4d4 4d5 4d6 4d7 4d8 4d9 4d10 5s14d10 5s24d10
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6s26p1 6s26p2 6s26p3 6s26p4 6s26p5 6s26p6

@ 300 GPa (eV e-1)
6 eV e-1 ≈ 1 Pauling unit

"

• Lithium becomes a p-block element

Predictions
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• Atoms in group 10 all takes on the same valence configuration. 
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Predictions

• Chemical differences in the f-block are significantly amplified.
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6 eV e-1 ≈ 1 Pauling unit

"
• Sc is the least electronegative of all atoms. 

• Scandium fluoride is the most ionic compound
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Predictions

• It is “easier” to fluorinate… anything under pressure. 

the cationic L−S terms from the cationic lowest L−S term,
more than the center of gravity of the atomic L−S terms is
raised above the atomic lowest L−S term. Our ground-state
scheme hence leads to generally lower (in absolute terms)
electronegativities than Allen’s.

■ VALENCE-ONLY ELECTRONEGATIVITIES
Our revised and extended set of electronegativities for atoms
1−96 is summarized in Figure 3. We are limited to 96 elements
because the type of basis set that we employed is not available
for the still heavier elements.
Most of the data in Figure 3 will come as no surprise to

chemists, as the general trends are the same as in most other
scales in the literature. The units are naturally those of energy,
as they are for Allen and Mulliken electronegativities. If the
reader wishes to have a rough conversion to the time-honored
Pauling scale, 1 Pauling unit ≈ 6 eV e−1.25,33 A comparison
with the Mulliken scale, as revised by Caŕdenas, Heidar-Zadeh,
and Ayers,34 can be found in the Supporting Information. The
paper cited actually estimates the chemical potential, whose
negative can be identified with Mulliken electronegativity. Our
scale and the Mulliken one are in qualitative agreement.
However, there are significant differences between the two
scales. Some occur where expected, as for group 12. The
coefficient of determination (r2) of a linear regression between
our and the Mulliken scale is 0.82 (Figure S1).
There are some examples in this revision and expansion of

electronegativity that merit special comment. We will first
focus our discussion on the largest outliers compared to the
Allen scale (Figure 2) and then address the new data presented
for the f-block and some other heavy elements. We begin in the

main groupand two important atoms for chemistryoxygen
and fluorine.

■ OXYGEN
On comparing the energies of Allen’s original scale to our
ground-state scale, oxygen is by far the largest outlier. In
Allen’s configurational average definition of electronegativity,
oxygen has a value of 21.4 eV e−1. In contrast, as T → 0 K, the
average energy computed from the 2s22p4 (3P2) → 2s22p3

(4S3/2) and the 2s22p4 (3P2) → 2s12p4 (4P5/2) ionizations that
now describe the valence levels is equal to 18.6 eV e−1. The
difference is −2.8 eV e−1, or approximately half of one Pauling
unit. What consequences does this have?
One important use of electronegativity is that its difference

between two atoms can be taken as a predictive indicator for
their reactivity with one another. If one atom has a sufficiently
higher electronegativity than another, it has the potential to
withdraw electron density from its neighbor and to oxidize the
other atom. However, the noble gas elements are special in this
sense. They have a closed-shell electronic structure and a
nonexistent electron affinity, which means that they typically
do not oxidize other elements. For noble gas elements, their
high electronegativity (Figure 3) indicates how well they resist
oxidation. For this reason, we will single out examples of noble
gas reactivity in the following discussion of outliers.
The new value for oxygen’s electronegativity (18.6 eV e−1,

cf. Figure 3) makes it less electronegative than argon (19.1 eV
e−1) and just above krypton (17.4 eV e−1). This value is in
better accord with experimental observation, since it does not
imply the possibility of argon oxides. Krypton oxides do not
exist, although they have been predicted to be stable above
approximately 300 GPa.35 Such predictions are in accord with

Figure 3. Electronegativity of atoms 1−96. All data are compiled from the NIST Atomic Spectra Database, except for atoms Tc, Os, Po−Rn, La−
Yb, and Pa−Cm, for which the electronegativity estimate to varying degrees relies on quantum mechanical calculations described in the
Methodology section. Note that including the d10 shell in the valence of Zn, Cd, and Hg is debatable. If only the s2 configuration of Zn, Cd, and Hg
were to be considered part of the valence, their electronegativities would instead be 9.4, 9.0, and 10.4 eV e−1, respectively. One Pauling unit ≈ 6 eV
e−1.25,33
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and Ayers,34 can be found in the Supporting Information. The
paper cited actually estimates the chemical potential, whose
negative can be identified with Mulliken electronegativity. Our
scale and the Mulliken one are in qualitative agreement.
However, there are significant differences between the two
scales. Some occur where expected, as for group 12. The
coefficient of determination (r2) of a linear regression between
our and the Mulliken scale is 0.82 (Figure S1).
There are some examples in this revision and expansion of

electronegativity that merit special comment. We will first
focus our discussion on the largest outliers compared to the
Allen scale (Figure 2) and then address the new data presented
for the f-block and some other heavy elements. We begin in the

main groupand two important atoms for chemistryoxygen
and fluorine.

■ OXYGEN
On comparing the energies of Allen’s original scale to our
ground-state scale, oxygen is by far the largest outlier. In
Allen’s configurational average definition of electronegativity,
oxygen has a value of 21.4 eV e−1. In contrast, as T → 0 K, the
average energy computed from the 2s22p4 (3P2) → 2s22p3

(4S3/2) and the 2s22p4 (3P2) → 2s12p4 (4P5/2) ionizations that
now describe the valence levels is equal to 18.6 eV e−1. The
difference is −2.8 eV e−1, or approximately half of one Pauling
unit. What consequences does this have?
One important use of electronegativity is that its difference

between two atoms can be taken as a predictive indicator for
their reactivity with one another. If one atom has a sufficiently
higher electronegativity than another, it has the potential to
withdraw electron density from its neighbor and to oxidize the
other atom. However, the noble gas elements are special in this
sense. They have a closed-shell electronic structure and a
nonexistent electron affinity, which means that they typically
do not oxidize other elements. For noble gas elements, their
high electronegativity (Figure 3) indicates how well they resist
oxidation. For this reason, we will single out examples of noble
gas reactivity in the following discussion of outliers.
The new value for oxygen’s electronegativity (18.6 eV e−1,

cf. Figure 3) makes it less electronegative than argon (19.1 eV
e−1) and just above krypton (17.4 eV e−1). This value is in
better accord with experimental observation, since it does not
imply the possibility of argon oxides. Krypton oxides do not
exist, although they have been predicted to be stable above
approximately 300 GPa.35 Such predictions are in accord with

Figure 3. Electronegativity of atoms 1−96. All data are compiled from the NIST Atomic Spectra Database, except for atoms Tc, Os, Po−Rn, La−
Yb, and Pa−Cm, for which the electronegativity estimate to varying degrees relies on quantum mechanical calculations described in the
Methodology section. Note that including the d10 shell in the valence of Zn, Cd, and Hg is debatable. If only the s2 configuration of Zn, Cd, and Hg
were to be considered part of the valence, their electronegativities would instead be 9.4, 9.0, and 10.4 eV e−1, respectively. One Pauling unit ≈ 6 eV
e−1.25,33

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b10246
J. Am. Chem. Soc. 2019, 141, 342−351

345

@1atm



Nature Reviews Chemistry | https://doi.org/10.1038/s41570-019-0072-8 | Published online xx xx xxxx

NATURE REVIEWS | CHEMISTRY

Being relatively small and 
electronegative, halogen atoms 
feature in a great number of 
high-valent species, such as NaCl3, 
HgF4 and IF7. The latter features 
heptacoordinate I(vii) — the 
highest coordination number for 
a main-group atom in a neutral 
compound. The chemical space 
occupied by iodine fluorides is rich, 
especially when one considers what 
can form at high pressures. A team 
led by Guochun Yang, Yan-ming 
Ma and Martin Rahm have used 
computational methods to survey 
this vast space, and they describe 
in Chemical Science how they came 
across IF8 as an energetically viable 
octacoordinate compound.

“Atomistic structure prediction 
of materials is extremely difficult 

because it involves classifying a  
huge number of energy minima  

on a multidimensional lattice energy 
surface,” reflects Ma. A particularly 
efficient way to explore such a surface 
is particle swarm optimization, 
whereby several potential solutions 
are each guided towards energy 
minima according to both the 
viability of their present positions 
and the viability of other solution 
positions. Beginning with I:F ratios, 
temperature (T→0) and pressure as 
inputs, one can search a surface for 
minimum energy structures, which 
can subsequently be optimized using 
density functional theory.

At ambient pressure, IF3, IF5 and  
IF7 exist as distorted T-shaped, 
square-pyramidal and pentagonal- 
biypyramidal molecules, respectively. 
When the pressure is ramped up 
in silico, Yang, Ma, Rahm and 
colleagues predict, for example, that 

IF3 polymerizes (23 GPa) 
before decomposing into 
IF5 and I2 (140 GPa). The 
team also discovered 
new species that are 

thermodynamically stable at 
300 GPa. These include IF8  
as well as the higher fluorides  
IF10, IF11 and IF12 that also 
feature octacoordinate I on 
account of having ‘free’ F2 in 

their lattices.
In atomic I, the 5d orbitals 

lie so high in energy above  
the 5p set that hybridization is  
impossible. The situation  
is very different when 
the same I atom is at the 
centre of a distorted cube 
defined by eight F atoms 

that come close when the system 
is subjected to 300 GPa. Here, the 5d 
orbitals, split by the cubic ligand field 
into lower-lying eg and higher-lying 
t2g sets, can overlap with filled 
F-centred orbitals in an interaction 
familiar to inorganic chemists. 

The team computed the relative 
occupancies of the I-centred valence 
orbitals to be s1p1.7d1, confirming the 
relevance of the 5d set to the frontier 
molecular orbitals of IF8, a truly 
hypervalent molecule. At ambient 
pressure, the anion [IF8]− has a square 
antiprismatic I(vii) centre and is 
also hypercoordinated. However, the 
I 5d orbitals are too high in energy 
to participate in covalent bonding 
and it would be contentious to call 
[IF8]− hypervalent.

Yang and co-workers acquired 
independent evidence for the 
involvement of 5d orbitals in the 
bonding of IF8 by calculating its 
projected density of (electronic) 
states, which indicates mixing of 
I 5d orbitals with other I and F 
valence orbitals. Moreover, the 
Fermi level intersects the F 2p 
band, suggesting that crystalline 
IF8 is metallic and has F-centred 
vacancies. Thus, IF8 is not an I(viii) 
complex but is best considered an 
I(vii) centre surrounded by a set of 
eight F− ligands in which there is one 
(delocalized) hole.

Although predicted to be stable 
at high pressures and ultralow 
temperatures, IF8 is dynamically 
unstable towards dissociation under 
ambient pressure — a likely reason 
why this compound, which would be 
challenging to prepare, has escaped 
the attention of many. Rahm points 
out “there is a growing need to 
expand our chemical design intuition 
to encompass the high-pressure 
regime.” Only then will we see how 
far we can push hypercoordination 
and hypervalence in main-group 
compounds.

David Schilter

 M A I N - G R O U P  C H E M I S T RY

I will bond IF hard pressed

ORIGINAL ARTICLE Luo, D. et al. A hypervalent 
and cubically coordinated molecular phase of IF8 
predicted at high pressure. Chem. Sci. https://doi.
org/10.1039/C8SC04635B (2019)

there is a 
growing need 
to expand 
our chemical 
design 
intuition to 
encompass the 
high-pressure 
regime
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• Polarity inverted intermetallics might be stable 
(Should be observable by electron density measurements) 

Predictions
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the cationic L−S terms from the cationic lowest L−S term,
more than the center of gravity of the atomic L−S terms is
raised above the atomic lowest L−S term. Our ground-state
scheme hence leads to generally lower (in absolute terms)
electronegativities than Allen’s.

■ VALENCE-ONLY ELECTRONEGATIVITIES
Our revised and extended set of electronegativities for atoms
1−96 is summarized in Figure 3. We are limited to 96 elements
because the type of basis set that we employed is not available
for the still heavier elements.
Most of the data in Figure 3 will come as no surprise to

chemists, as the general trends are the same as in most other
scales in the literature. The units are naturally those of energy,
as they are for Allen and Mulliken electronegativities. If the
reader wishes to have a rough conversion to the time-honored
Pauling scale, 1 Pauling unit ≈ 6 eV e−1.25,33 A comparison
with the Mulliken scale, as revised by Caŕdenas, Heidar-Zadeh,
and Ayers,34 can be found in the Supporting Information. The
paper cited actually estimates the chemical potential, whose
negative can be identified with Mulliken electronegativity. Our
scale and the Mulliken one are in qualitative agreement.
However, there are significant differences between the two
scales. Some occur where expected, as for group 12. The
coefficient of determination (r2) of a linear regression between
our and the Mulliken scale is 0.82 (Figure S1).
There are some examples in this revision and expansion of

electronegativity that merit special comment. We will first
focus our discussion on the largest outliers compared to the
Allen scale (Figure 2) and then address the new data presented
for the f-block and some other heavy elements. We begin in the

main groupand two important atoms for chemistryoxygen
and fluorine.

■ OXYGEN
On comparing the energies of Allen’s original scale to our
ground-state scale, oxygen is by far the largest outlier. In
Allen’s configurational average definition of electronegativity,
oxygen has a value of 21.4 eV e−1. In contrast, as T → 0 K, the
average energy computed from the 2s22p4 (3P2) → 2s22p3

(4S3/2) and the 2s22p4 (3P2) → 2s12p4 (4P5/2) ionizations that
now describe the valence levels is equal to 18.6 eV e−1. The
difference is −2.8 eV e−1, or approximately half of one Pauling
unit. What consequences does this have?
One important use of electronegativity is that its difference

between two atoms can be taken as a predictive indicator for
their reactivity with one another. If one atom has a sufficiently
higher electronegativity than another, it has the potential to
withdraw electron density from its neighbor and to oxidize the
other atom. However, the noble gas elements are special in this
sense. They have a closed-shell electronic structure and a
nonexistent electron affinity, which means that they typically
do not oxidize other elements. For noble gas elements, their
high electronegativity (Figure 3) indicates how well they resist
oxidation. For this reason, we will single out examples of noble
gas reactivity in the following discussion of outliers.
The new value for oxygen’s electronegativity (18.6 eV e−1,

cf. Figure 3) makes it less electronegative than argon (19.1 eV
e−1) and just above krypton (17.4 eV e−1). This value is in
better accord with experimental observation, since it does not
imply the possibility of argon oxides. Krypton oxides do not
exist, although they have been predicted to be stable above
approximately 300 GPa.35 Such predictions are in accord with

Figure 3. Electronegativity of atoms 1−96. All data are compiled from the NIST Atomic Spectra Database, except for atoms Tc, Os, Po−Rn, La−
Yb, and Pa−Cm, for which the electronegativity estimate to varying degrees relies on quantum mechanical calculations described in the
Methodology section. Note that including the d10 shell in the valence of Zn, Cd, and Hg is debatable. If only the s2 configuration of Zn, Cd, and Hg
were to be considered part of the valence, their electronegativities would instead be 9.4, 9.0, and 10.4 eV e−1, respectively. One Pauling unit ≈ 6 eV
e−1.25,33
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paper cited actually estimates the chemical potential, whose
negative can be identified with Mulliken electronegativity. Our
scale and the Mulliken one are in qualitative agreement.
However, there are significant differences between the two
scales. Some occur where expected, as for group 12. The
coefficient of determination (r2) of a linear regression between
our and the Mulliken scale is 0.82 (Figure S1).
There are some examples in this revision and expansion of

electronegativity that merit special comment. We will first
focus our discussion on the largest outliers compared to the
Allen scale (Figure 2) and then address the new data presented
for the f-block and some other heavy elements. We begin in the

main groupand two important atoms for chemistryoxygen
and fluorine.
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On comparing the energies of Allen’s original scale to our
ground-state scale, oxygen is by far the largest outlier. In
Allen’s configurational average definition of electronegativity,
oxygen has a value of 21.4 eV e−1. In contrast, as T → 0 K, the
average energy computed from the 2s22p4 (3P2) → 2s22p3

(4S3/2) and the 2s22p4 (3P2) → 2s12p4 (4P5/2) ionizations that
now describe the valence levels is equal to 18.6 eV e−1. The
difference is −2.8 eV e−1, or approximately half of one Pauling
unit. What consequences does this have?
One important use of electronegativity is that its difference

between two atoms can be taken as a predictive indicator for
their reactivity with one another. If one atom has a sufficiently
higher electronegativity than another, it has the potential to
withdraw electron density from its neighbor and to oxidize the
other atom. However, the noble gas elements are special in this
sense. They have a closed-shell electronic structure and a
nonexistent electron affinity, which means that they typically
do not oxidize other elements. For noble gas elements, their
high electronegativity (Figure 3) indicates how well they resist
oxidation. For this reason, we will single out examples of noble
gas reactivity in the following discussion of outliers.
The new value for oxygen’s electronegativity (18.6 eV e−1,

cf. Figure 3) makes it less electronegative than argon (19.1 eV
e−1) and just above krypton (17.4 eV e−1). This value is in
better accord with experimental observation, since it does not
imply the possibility of argon oxides. Krypton oxides do not
exist, although they have been predicted to be stable above
approximately 300 GPa.35 Such predictions are in accord with

Figure 3. Electronegativity of atoms 1−96. All data are compiled from the NIST Atomic Spectra Database, except for atoms Tc, Os, Po−Rn, La−
Yb, and Pa−Cm, for which the electronegativity estimate to varying degrees relies on quantum mechanical calculations described in the
Methodology section. Note that including the d10 shell in the valence of Zn, Cd, and Hg is debatable. If only the s2 configuration of Zn, Cd, and Hg
were to be considered part of the valence, their electronegativities would instead be 9.4, 9.0, and 10.4 eV e−1, respectively. One Pauling unit ≈ 6 eV
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Rahm, M.; Hoffmann, R.; Ashcroft, N. W. Chem. Eur. J. 22, 14625-14632, 2016



36

?

• they are useful at ambient conditions  
and allow us to infer:

- electronic structure

- atomic interactions 

- size and free space


• under pressure they have been missing!


• are different from bonded radii 
(which can be derived from crystal structures and Equations of State)

Why vdW radii?

• D. A. Young, H. Cynn, P. Söderlind, A. Landa, J. Phys. Chem. Ref. Data  
2016, 45, 043101/1-043101/36.  

• E. B. Royce, Phys. Rev. 1967, 164, 929-943.  

• Examples of bonded atomic volumes and radii:

ANDRZEJ WOJCICKI/Getty Images
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Model Validation of vdW radii (against noble gas elements)
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r(p) = 3 V(p)/4 2

• V(p) is the atomic volume

•

• Assuming perfect packing:
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Comparison with 35 Metallic Wigner-Seitz Radii 
(at 100 GPa)

1.2 1.3 1.4 1.5 1.6 1.7
r, Å (this work)

1.2

1.3

1.4

1.5

1.6

1.7

r, 
Å 

(R
oy

ce
)

r2  = 
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4
• E. B. Royce, Phys. Rev. 1967, 164, 929-943.  
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0 50 100 150 200 250 300
Pressure (GPa)
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H – Ne

- Atoms are still very different at high pressure

- Relative size ordering can change 

- There is something funny going on with Li..
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H, Li, Na, K

[He]2s1 → [He]2p1 

[Ar]4s1 → [Ar]3d1 
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Alkaline Earth Atoms

1e transitions, < 0.1 Å

2e transition, ~ 0.2 Å
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What is 0.1Å worth?
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The (Heavy) Main Group
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- these rows goes together

- minor changes to relative size ordering
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The (original) transition metal atoms of row 4- Here it gets complicated

larger difference

differences < 0.1 Å  
multiple electronic rearrangements
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The changes can be dramatic

Radius of Fe relative to Si

Fe 2% larger

Fe 8% smaller
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The changes can be dramatic

Radius of Ni relative to Pd
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Or not very dramatic at all..
Radius of C relative to H
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The vdW radii @ 300 GPa, Å
0.8 Å

1.6 Å
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The vdW radii @ 1atm GPa, Å
1.3 Å

2.9 Å
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The Atoms Under Pressure Database

https://rahmlab.com/atoms-under-pressure/

- radii

- electronegativity

- electron configuration

- spin 

Between 0 to 300 GPa!
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Relating Chemical Concepts Using Pressure  
(a teaser)

COMMUNICATION          

2 
 

challenge relates to structure and bonding, and may be exposed 
most clearly by example: If we consider the atomic volume of 
hydrogen (at a given pressure) and attempt to translate such an 
experimental number to a radius, we obtain a value that is some 
average of the covalent and vdW radii of the H atom in the H2 
molecule. Similarly, if we look at atomic volumes of heavier 
elements, the radii extracted will correspond to metallically 
bonded radii, not vdW radii, and will moreover depend on 
(crystalline or liquid) structure. Approximations of vdW-radii under 
pressure have been obtained in the context of the activation 
volume of some organic reactions, but not been systematically 
reported (see, e.g., [50]). The only explicit and systematic 
experimental estimates of atomic radii at higher pressures that we 
are aware of are by Royce, who used the Wigner-Seitz definition 
to evaluate a selection of (metallically) bonded elements.[51]  

A straightforward method for obtaining non-bonded radii from 
experimental atomic volumes is practically limited to noble gas 
elements: assuming that such atoms pack perfectly as hard 
spheres with a fraction of the total volume equaling -/3√2 , 
pressure-resolved radii can be calculated as,  

!(#) = &'(#)/4√2!
,     (3) 

where V(p) is the atomic volume. We have calculated such radii 
for reference purposes.[5] But what about non-bonded radii of 
atoms that readily engage in chemical bonding?  

The challenge of non-bonded radii can be solved 
computationally by considering single atoms compressed by a 
homogeneous non-reacting environment.[4,5] The properties –radii, 
electronegativity as well as ground state electron configurations – 
of such compressed atoms have been determined in the pressure  
range from 0 to 300 GPa through full potential relativistic density 
functional theory calculations combined with the eXtreme 
Pressure Polarizable Continuum Model (XP-PCM).[4,5] We stress 
that we by using this method purposfully exclude the effects of 
both crystal structure and chemical bonding. The sizes of the 
atoms are in our model purely a consequnce of isotropic non-
reactive compression. Such computed non-bonded high-pressure 
radii are in excellent agreement with experimental compression 
isotherms for noble gas elements, when experimental radii are 
defined using Eq. (3).[4,5] Calculated non-bonded radii also 
correlate reasonably well with Wigner-Seitz radii of bonded 
metallic elements compiled from shock-wave experiments,[51] but 
are, as expected, larger than such bonded radii.  

The Atoms Under Pressure Database  
We here rely on an interactive web application, the Atoms-Under-
Pressure (AUP) database,[52] to explore the relationship of atomic 
radius and electronegativity upon compression. Figure 1 shows 
an excerpt of our data and compares the change of the non-
bonded radius and electronegativity of Fe with pressure relative 
to Si. The sharp discontinuities predicted in both properties at 30 
and 144 GPa coincide with transitions of the ground state 
electronic configuration of the Fe atom. The apparent coupling of 
electronegativity and radius over changing pressures and 
electronic structures is not limited to this example, and the 
interested reader is encouraged to perform other comparisons 
using the AUP database.[52]  

Figure 1 illustrates a strong qualitative correlation, and one 
that is now quantified for any atom within our definition of these 
properties.[4,5] We note that, because we consider compression of 
non-interacting atoms, conclusions drawn from our data can in 

instances appear contradictory to related work where 
electronegativity is instead defined through the use of covalent 
radii or heats of reaction, such as in the work of Batsanov.[41,53] 
The discrepancies occur in part because covalent radii may both 
increase and decrease in certain pressure ranges.[54] In contrast, 
atomic volumes of non-bonded atoms (as well as bonded 
elements) monotonically decrease with compression. 

Figure 1. Example of the relationship between atomic radius and 
electronegativity. Changes in %̅ (left) and radius (right) of Fe during non-reactive 
compression. The data is shown relative to Si. The left figure has its y-axis 
inverted, so that up means more electronegative. The two vertical drops 
coincide with [Ar]4s23d6 → [Ar]4s13d7 and [Ar]4s13d7 → [Ar]3d8 ground state 
configurational transitions in the Fe atom. Slight jaggedness in the data for the 
radii is a computational artefact arising from extrapolation from a finite number 
of compression calculations. The pressure evolution of radii and 
electronegativity for other atoms can be visualized with the AUP database.[52] 

Relating Radius, Electronegativity and Energy 
The key we will use to establish a more rigorous relationship 
between radius and electronegativity is the phenomenon of 
pressure-induced changes to the ground state configuration of 
single atoms. Such transformations, exemplified for Fe in Figure 
1, are common to many alkali, alkaline earth, transition metal, and 
f-block atoms, and are well-known from both theory (e.g., 
[4,55,56]) and experiment (e.g., [48,57]) Ground state 
configurational transitions in non-bonded atoms (and many 
materials) are isobaric processes, i.e. at the transition pressure 
the atoms can have any of two well-defined sizes, energies, and 
electronegativities.  

One criterion for transitioning between competing electronic 
states, such as those resulting in sharp discontinuities in Figure 1, 
is for the difference in enthalpy between states at the transition 
pressure to vanish, i.e. Δ) = 0. The electronic energy difference 
associated with such a pressure-induced electronic 
configurational transition is, however, non-zero. Since, in the 
absence of chemical reactions, the only source of energy is 
pressure-volume work, the difference in electronic energy at the 
transition pressure is equal to the negative of the pΔV-term,[58]  

Δ" = −*Δ+.       (4) 

 By combining Eqs. (3) and (4), we can express the electronic 
energy associated with compression of a non-reacting atom from 
a radius of r1 to r2 at pressure p as  

Δ" = 43√2*(5#$ − 5%$),      (5) 

Relating atomic energy, radius and
electronegativity through compression

Martin Rahm, *a Paul Erhart b and Roberto Cammi c

Trends in atomic properties are well-established tools for guiding the analysis and discovery of materials.

Here, we show how compression can reveal a long sought-after connection between two central

chemical concepts – van-der-Waals (vdW) radii and electronegativity – and how these relate to the

driving forces behind chemical and physical transformations.

Introduction
Atomic radii and electronegativity are oen quintessential for
how chemistry is rationalized.1,2 The history of quantifying the
sizes of atoms under ambient conditions includes a large body
of work, extending over the last one and a half-centuries (for
a non-exhaustive summary of this history see ref. 3 and 4). One
early motivation for attaining atomic and ionic sizes was to help
understand X-ray diffraction patterns in terms of crystal struc-
tures,5,6 another to provide a rationalization for metallization.7–9

Today, a variety of denitions of atomic radii with well-known
uses exists, including, e.g., ionic,10–12 covalent,6,13–17 and vdW
radii.3,18–21 Electronegativity is a similarly well-studied concept
that can be dened in many ways (see, e.g., ref. 22–29 and
references therein).

A relationship is intuitively expected between electronega-
tivity and radius: the size of an atom is determined by the
distribution of electrons around its nucleus. The closer the
electrons are to the nucleus, the more tightly they are bound,
thus increasing the electronegativity of the atom. Pitzer pointed
out the periodic behavior in the two atomic properties long
ago30 and many others have relied on different denitions of
atomic radii (usually covalent radii) and electrostatic relation-
ships to dene scales of electronegativity.24,31–44

Thus far, relationships between atomic radii and electro-
negativity have mostly been sought under ambient conditions
and have been rationalized by comparing different atoms. In
this work we take a different perspective and instead consider
how electronegativity changes as the sizes of individual atoms
are modied. The means by which we change the size of indi-
vidual atoms is through physical compression.

There exist different frameworks through which electroneg-
ativity might be related to radii under compression. Garza
et al.45 and Chattaraj and co-workers46,47 have, for example,
relied on conceptual density functional theory to evaluate the
electronegativity for a selection of atoms compressed by
impenetrable spherical cavities. In a related work, Sen et al.
have calculated the critical diameter at which spherical
connement causes ionization of some atoms.48 In this work,
we rely on two revised scales of atomic vdW radii3 and electro-
negativity29 which have been extended to high pressure condi-
tions (0–300 GPa).4,49

The scale of electronegativity used here is inspired by the
work of Allen26 and is dened as the average electron binding
energy as T / 0 K.29,50 This denition of electronegativity
establishes a connection with the total energy of a system
through an energy decomposition analysis:51

DE ¼ "nD!c " DEee + DENN, (1)

where DE is the change in total energy over a chemical or
physical transformation, n is the total number of electrons, D!c
is the change in electronegativity (here dened as the average
electron binding energy), while DEee and DENN are changes in
the electrostatic repulsion between electrons (under the inu-
ence of exchange and correlation effects) and nuclei,
respectively.

Eqn (1) can be recast to also partition relative enthalpies or
free energies. Specically, for compression at T / 0 K, we can
write:

DH ¼ "nD!c " DEee + DENN + D(pV), (2)

where D(pV) describes changes in volume V and pressure p. The
relationship between enthalpy, electronegativity, nuclear
geometry, electron interactions, pressure, and volume provided
by eqn (2) is exact within the Born–Oppenheimer approxima-
tion. We refer to eqn (2) as an “Experimental Quantum Chem-
istry” partitioning50 because it is, in principle, possible to
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Conclusions

• Ground state electron configurations change with 
compression


• and so does electronegativity


• as well as the non-bonded radii of the atoms


• Electronic structure of atoms under pressure is predictive 
of different chemistry 


• Radii may be useful in various circumstances 
(phase transformations, stability, free space, molecularity..)


• The Atoms Under Pressure Database!


• The compressed atom: A key to unlock chemical concepts 
(teaser)
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Squeezing All Elements in the Periodic Table: Electron Configuration
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ABSTRACT: We present a quantum mechanical model
capable of describing isotropic compression of single atoms in
a non-reactive neon-like environment. Studies of 93 atoms
predict drastic changes to ground-state electronic configurations
and electronegativity in the pressure range of 0−300 GPa. This
extension of atomic reference data assists in the working of
chemical intuition at extreme pressure and can act as a guide to
both experiments and computational efforts. For example, we
can speculate on the existence of pressure-induced polarity
(red-ox) inversions in various alloys. Our study confirms that
the filling of energy levels in compressed atoms more closely
follows the hydrogenic aufbau principle, where the ordering is
determined by the principal quantum number. In contrast, the
Madelung energy ordering rule is not predictive for atoms under compression. Magnetism may increase or decrease with
pressure, depending on which atom is considered. However, Hund’s rule is never violated for single atoms in the considered
pressure range. Important (and understandable) electron shifts, s→p, s→d, s→f, and d→f are essential chemical and physical
consequences of compression. Among the specific intriguing changes predicted are an increase in the range between the most
and least electronegative elements with compression; a rearrangement of electronegativities of the alkali metals with pressure,
with Na becoming the most electropositive s1 element (while Li becomes a p group element and K and heavier become
transition metals); phase transitions in Ca, Sr, and Ba correlating well with s→d transitions; spin-reduction in all d-block atoms
for which the valence d-shell occupation is dn (4 ≤ n ≤ 8); d→f transitions in Ce, Dy, and Cm causing Ce to become the most
electropositive element of the f-block; f→d transitions in Ho, Dy, and Tb and a s→f transition in Pu. At high pressure Sc and Ti
become the most electropositive elements, while Ne, He, and F remain the most electronegative ones.

■ INTRODUCTION
We present a quantum-mechanical model capable of studying
the effect of what we will introduce as uniform compression as
registered by single atoms in a non-reactive medium. Elements
1−96 (with three exceptions to be discussed) up to 300 GPa
are examined, following for them two main characteristics:
first, the electronic configuration of the ground-state isolated
atoms, which arguably defines the very nature of the periodic
table; and second, the central chemical notion of electro-
negativity, so useful for rationalizing chemical bonding and, in
particular, making sense of processes involving polarity and
charge transfer.
The justification for exploring these quantities at higher than

ambient Earth conditions comes from experiment. Today static
pressures of hundreds of gigapascals are achievable with
diamond anvil cells, and still higher, if fleeting, pressures under
shock conditions. The application of pressure to chemical
elements has proven a treasure trove for the exploration of

exotic phenomena, structures, and chemical bonding,1 and the
making of new and remarkable materials such as polymeric
nitrogen,2 quartz-like CO2,

3 near room temperature super-
conductors,4 carbon nanothreads,5 metallic hydrogen,6 and
many others.7 A few of these materials are recoverable to
ambient earth conditions, but most are not. In the cosmic
perspective, 300 GPa is literally mundane; the pressure at the
center of Jupiter, for example, said to be 5−10 TPa.8

The nature of the elements changes in dramatic fashion with
compression. And so does their chemistry. It is natural that our
chemical intuition is formed at p ≈ 1 atm. To guide our
thinking, and because multi-electron systems are inherently
complex, we often rely on simplifying toolsmodels and
descriptors such as valence electron configuration, frontier
orbitals,9 sizes of the atoms or ions,10 electronegativity,11,12
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Thank you! 

Questions?


