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Chemistry involves the study of the

reactions and properties of the elements

and their compounds. After over two

centuries of systematic chemical research,

combined with the modern use of spec-

troscopy and diffraction methods to

determine structure and valence states

and detailed quantum mechanical inves-

tigations of interatomic bonding; it is

now generally accepted that the funda-

mentals of chemistry are understood and

established. New frontiers that are being

developed now lie in the supramolecular

chemistry of biological molecules, or in

studying the synthesis and properties of

polymeric macromolecules and nano-

particles. However, we must remember

that most of our chemical knowledge has

been gained from studies carried out at

or near one atmosphere pressure at the

Earth’s surface, while much of the matter

in the Universe exists under much higher

pressure conditions, deep inside planets

and stars.

Chemistry is concerned with the beha-

viour of the outermost electrons of atoms

that determine the bonding, reactivity

and structures of molecules and solids.

By the time a typical solid or liquid is

compressed to above a few hundred

thousand atmospheres, its molar volume

is reduced by approximately 50%. Once

the megabar range (1,000,000 atm;

P 5 100 GPa; 1 Mbar 5 1,000 kbar) is

reached, average interatomic distances

can be decreased by up to a factor of two.

It is to be expected that large changes will

occur in the outer electron shells under

extreme densification conditions, and

that these will lead to substantial

modifications of the chemical and physi-

cal properties. It is known that such large

changes in molecular and electronic

structure do in fact occur, and that the

very arrangement of the Periodic Table

might have to be modified for high

pressure conditions.

As a simple example, we can consider

the typical alkaline earth metals such as

Ca and Sr that possess a fully close-

packed fcc structure at ambient condi-

tions. However, pressurising Ca to P .

200 kbar (20 GPa) causes it to transform

to a less efficiently packed bcc structure,

with a lower coordination of the metal

atoms1 (Fig. 1). A similar transition

occurs for Sr at lower pressure

(3.5 GPa). This transformation is due to

pressure-induced mixing occurring

between 3d and 4s electronic shells,

giving Ca and Sr the character of

transition metals rather than alkaline

earth elements at high pressure.

Likewise, K begins to form compounds

and solid-state solutions with Ag and Ni

above P . 10 GPa, indicating a transi-

tion metal-like character for this element

also.2 Such changes in the chemical

reactivity and molecular or solid state

packing in highly densified elements and

their compounds can be linked to

expected changes in preferred oxidation

states, along with the appearance of

unusual valencies and bonding patterns,

in high pressure chemistry.3–7 In this

special issue of Chemical Society

Reviews, we present topics of current

interest in high pressure research that are

relevant to chemistry. The present issue is

particularly timely, in that it appears just

over one hundred years after P. W.

Bridgman began his pioneering experi-

ments that revolutionised high pressure

research.8–10

Modern high pressure experiments are

enabled by various types of high-pressure

device, ranging among the large

mechanical presses developed by

Bridgman and subsequent generations

of high-pressure researchers, through

the hand-held diamond anvil cells

(DACs) that now enable physics and

chemistry experiments to be carried out

in the laboratory into the multimegabar

range (P . 100 GPa), to specially-

designed windowed pressure cells for

chemistry and biology experiments in

the low-pressure range (Fig. 1).1,11 The

most extreme P–T conditions currently

available are developed in dynamic

shock-wave environments, that allow

sampling of deep planetary interiors

including the gas giants and small

stars, and also conditions experienced
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during thermonuclear explosions.1,11–13

Bridgman’s experimental strategies were

quickly adopted and developed by geo-

scientists seeking to understand the

deep interior of the Earth and other

planets,1,13 and also by solid-state

researchers aiming to synthesise ultra-

hard materials like diamond and cubic

BN.9,14 In this issue, E. Horvath-Bordon

and co-workers describe modern high-

pressure research into the synthesis of

new technologically-relevant nitride

materials, combining experiments with

theoretical calculations.

Ultimately, it. is thought that most

substances should become metallic at the

most extreme pressures, as the close

approach of atoms results in electronic

overlap.15 It is generally found that the

electronic bandgaps of insulators and

semiconductors (and also the LUMO–

HOMO gap within molecular com-

pounds) decrease with increasing

pressure, with a few notable exceptions

that include dense MgO and dia-

mond.4,9,13,16 Elements such as iodine

become monatomic metals by around

20 GPa (P 5 200 kbar). The well-known

diamond-structured semiconductor Si

has transformed into metallic poly-

morphs by 10–12 GPa.1 Once megabar

pressures are attained (i.e., P y
100 GPa), elements such as oxygen,

sulfur and xenon along with typical

‘‘ionic’’ solids like CsI have all become

metals, and many of these are super-

conductors.17–19 In fact, the Periodic

Table of superconductivity among the

elements is almost complete by this

pressure range.19 These results constitute

a series of remarkable achievements for

high-pressure physics. However, changes

in the electronic structure that are even

more interesting and relevant for chem-

istry are observed to occur throughout

the 1–100 GPa pressure range, where

asymmetries in the electron density dis-

tribution appear that determine the

physical and chemical properties of ele-

ments and their compounds.

One of the primary targets of high

pressure research over several decades

has been to achieve the long-predicted

metallisation of the first element,

hydrogen, as a monatomic solid15,20–22

Aside from its fundamental significance

for atomic and molecular theory, this

result is needed to explain astrophysical

observations such as the magnetic field of

Jupiter. However, despite the apparent

electronic simplicity of element 1H, its

behaviour under extreme densification is

found to be remarkably complex.

Metallic conductivity has now been

reported in the high temperature fluid

state from dynamic shock-wave experi-

ments.12 However, formation of solid

metallic hydrogen has proved elusive,

despite studies carried out to over 3

megabars.20,21 Instead, the electron den-

sity within the H2 molecule becomes

asymmetric, resulting in Hd+–Hd2 species

with strong infrared activity.22 Here

there are implications for developing

new crystal structures and reaction

chemistry among polar species of H2 at

high pressure. Similar asymmetries in the

electron density appear for NO2 and

N2O, that form molecular ionic solids

like (NO+ NO3
2) at high pressure.23,24

On the other hand, the hydrogen bond-

ing in H2O becomes more symmetric at

high pressure.25 The high-pressure chem-

istry of H-containing solids is reviewed

by A. Goncharov and R. J. Hemley in

this issue. CO2 is well known to form

strongly-bound molecular species under

low pressure conditions. However, fol-

lowing high T treatment at high P, the

CLO double bonds are replaced by

singly-bonded polymerised CO4
42

groups that form crystalline and amor-

phous framework structures analogous

to SiO2 and GeO2.26,27 The solid-state

polymorphism of CO2 under high-P,T

conditions is reviewed here by M.

Santoro and F. Gorelli. In the elemental

solid state, ‘‘simple’’ metals or metalloids

such as Rb, Sr, Ba, Te, Se and Ga exhibit

unusual charge disproportionation reac-

tions at high pressure to result in distinct

sublattices in which the atoms have

different formal oxidation states, that

are often incommensurate with one

another to result in very large unit cells.

The crystallography of the new ‘‘elemen-

tal alloys’’ is reviewed here by M.

McMahon and R. J. Nelmes.

Although he received the Physics

Nobel prize (1946) for his work,

Bridgman’s research had an enormous

impact on various areas of high pressure

chemistry.8,28 High pressure not only

Fig. 1 High pressure devices used to conduct high-pressure chemistry experiments. (a) A multi-

anvil ‘‘large volume’’ device installed in the basement Davy–Faraday laboratory and Materials

Chemistry Centre at UCL. It enables high-pressure, high-temperature syntheses and in situ

experiments (electrical conductivity, differential thermal analysis) on solid–liquid phase samples

at up to approximately 25 GPa and 1800–2000 uC. It is most useful for carrying out synthesis-

quench experiments to recover new compounds and materials for laboratory study and potential

technology development. (b) A side view of the diamond anvil cell, that enables in situ studies via

optical spectroscopy and X-ray diffraction (usually carried out at a synchrotron facility) up to

and beyond the megabar range (P y 100 GPa). The sample is mounted between the flat culet

faces (e.g., 30–500 mm) of two gem-quality diamonds and compressed by applying mechanical

force to the large outer table. The experimental chamber is defined by a hole drilled in a metal or

ceramic gasket that surrounds the sample.

856 | Chem. Soc. Rev., 2006, 35, 855–857 This journal is � The Royal Society of Chemistry 2006



causes modification of the electronic

structures and the crystal packing result-

ing in polymorphism, but it is an

important thermodynamic variable that

ranks alongside the temperature and the

chemical potential for determining and

causing changes in the states of matter

and driving chemical reactions. Part of

Bridgman’s research involved measuring

the effects of pressure on melting, and he

described a few unusual substances

including H2O, Bi and Ga that exhibited

negative dTm/dP melting slopes. Later

work revealed the existence of melting

curve maxima, for elements such as Cs

and Ba.1 In this review issue, M. C.

Wilding et al. discuss the effects of high

pressure on the structure and thermo-

dynamic properties of liquids and amor-

phous solids. The discussion extends to

the unusual phenomena of polyamorph-

ism and density-driven liquid–liquid

phase transitions that are related to the

occurrence of negative dTm/dP slopes or

maxima in the melting curves.29 A. San-

Miguel describes the effects of pressure

on various low-density open-framework

cage structures and nanoparticles, that

are stabilised in large part because of the

surface free energy compared with that

of fully-densified bulk materials. Here,

the discussion can be extended into the

‘‘negative pressure’’ regime, where the

system is placed under tensile strain.

Bridgman did not limit his researches

to inorganic materials, but he carried out

compression experiments on organic

compounds and on biological mole-

cules.8,28 The review by C. Pulham

examines the pressure-induced poly-

morphism occurring in organic molecules

including pharmaceuticals and explo-

sives. F. Meersman et al. describe the

effects of pressure on protein denatura-

tion and folding transformations, along

with the use of configurational energy

landscapes30,31 to describe and under-

stand the relationships between the dif-

ferent macromolecular structures

including globular proteins vs. fibril

formation. Since the discovery of abun-

dant life forms at the deep ocean floor

near spreading centres with their asso-

ciated volcanic activity, as well as that

concentrated around hydrothermally

active sites on the continents, it has been

estimated that the deep-surface biosphere

may contain even more biomass than

that expressed at the Earth’s surface.32 It

has been suggested that high-P,T envir-

onments could provide the setting for

the emergence of early life on Earth. I.

Daniel et al. review the geological setting

for the early Earth, and they discuss the

case for a deep ocean environment for

the emergence of life. They also examine

the effects of high pressure on simple

organisms, and biological molecules and

their reactions. The high pressure vari-

able also has significant effects on higher

biological functions. The review by A.

Wlodarczyk et al. introduces various

hyperbaric effects in neuroscience includ-

ing the unusual phenomena of N2 and

rare gas narcosis and pressure-reversal

of anaesthesia. They also describe new

approaches to the studying dynamic

neuronal complex formation using

voltage-sensitive dye fluorescence

imaging, that can be readily adapted

to in situ studies under high-pressure

conditions.
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