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A.INTRODUCTION

High pressures have long been used experimentally in physics and engineering labora-
taries, but with a few notable exceptions, most chemical work has been done at or near
atmospheric pressurc. High pressure chemistry is a prominent research field in its own
right and a considerable volume of thorough work has been done by a fairly small number
of specialists. However, the field is still very new, and large areas have been left relatively
unexplored. In this review, it is hoped to show that the use of high pressure techniques is
or could be of considerable benefit to many prohlems in the study of chemicat reactions,
equilibria, synthetic chemistry, spectroscopy and theoretical chemistry. In fact in many
arsas of chemistry, the information available from measurements as a function of prassure
is as important, or more, than similar measurements made as a function of temperature.
This is then a review in part of wotk completed or in progress, and in part of work that
ought to be done.

The most important reason for the neglect is experimental: it is easy to heat a reaction
or to freeze it, but significant changes in pressure tax the imagination, especially if we also
wish to obtain useful measurements on the compressed sample. The recent emergence of
high pressure chemistry owes much to the readier availability of suitable apparatus. Un-
fortunately the cost of apparatus for extremely high pressure work (10%— 10° atm) is stil)
very high, and for a given experimental technique, the cost usually increases at least pro-
portionally to the pressure attainable. However, a large number of chemically interesting
effects are observed in the intermediate pressure range (1 — 10° atm) for which apparatus
iz usuplly inexpensive or can readily be made in the Jaboratory workshop.

Some of the earliest important high pressure studies were carried out by Amagat, who
developed apparatus until pressures of about 10° atm were consistently obtainable®. The
most important groundwork was done by P.W. Bridgman, a physicist, often called the
father of high pressure chemistry, who gradually improved apparatus design uniil pressures
. approaching 10° atm could be regularly attained®—*, Much of Bridgman’s work was also
devoted to the gradual building up of tables of compressibility as a function of pressure
for a large rangs of common liquids. Such data are very important in high pressure mea-
surements in solutions or pure liquids, and many of Bridgman’s original figures remain in

regular use®~%,

B. GENERAL EFFECTS OF PRESSURE
(i} Definition

Macroscopically, pressure is defined as force per unit area
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P=FjA

but the simplest molecular basis for pressure is that used in the Kineric Theory of Gases:
the wall of a vessel containing a periect gas, or a piston or any other body (assumed infini-
tely massive) lowered into it, is subjected to a force over its entire surface area due to the
rate of exchange of momentum of the gas molecules colliding with it (elasticaily). The
basis of elastic collisions is the mutual repulsion of the electron clouds of two impinging,
non-bonding atoms or molecules suddenly brought together. In more condensed states of
matter, such as liquids, solids or highly compressed gases, pressure is likewise provided by
mutual repuision of like charges per unit area and the individual atoms or molecules may
or may not have significant momentum.

fii} Units
The commonly used units of pressure have approximately equal magnitudes
1 atm = 1.01325 X 10° dyne. ¢m~? (the defined normal atmosphere)
1 bar = 10° dyne. ¢cm™?

1 kg. em™2 = 0.980665 X 10% dyne. cn™ 2 (the kilogram weight per cm?)
The kilobar (kb) (10° bar) is also used. The S.1. unit of pressure is the newton per square
meter

1 N.m™ 2= 10 dyne.em™

(iii) Moderate pressures (< 10° atm)

In general the boiling or condensation temperature of fluids increases with increasing
pressure up to a critical point where gases and liquids are indistinguishable. By suitably
varying temperature and pressure, we can actually go around the critical point, avoiding
the liquid—gas phase transition entirely (Fig. 1). Melting/freezing temperatures, T, also
normally increase with increasing pressure, i.e. AV, and hence dT,/d P, is positive in the
Clansius—Clapeyron equation d7 /AP = TAV/AH, but no evidence has been found for
analogous critical point behavior for the solid/liquid transition’. Within limited tempera-
ture and presure ranges, the liquid/solid temperatures also decrease with increasing pres-
sure, in certain substances such as water, gallum, bismuth, antimony, germanium and
potassium tetrasilicate (K,5i405). Such negative values of d7,,/dP and AV accompany
changes to more tightly packed structures in these substances. A maximum Tm“" has been

suggested as a general feature of the melting curve of all materials at high pressure®, and is
now a known property of several substances® %, though it is certainly not general. The
expected value of T1m2X in both elements, such as cestum, rubidium, barium and tellurium,
and compounds, increases with mass aumber™®. A current model for the behavior of liquids
in the region beyond the pressure at T, * is a mixture of two components, one having
short range order corresponding to a solid phase stable at a lower pressure and the other
having short range order derived from a higher pressure solid**,

A gecond important effect of pressure is an increase in the viscosities of most liquids.
The increases depend greatly on the liquid’s structure®”; the viscosity of water doubles
while that of the dimethyisiloxane octamer increases by a factor of about a million when
the pressure is raised from 1 to about 10,000 atm. This is of obvious importance in liquid
phase reactions.
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Fia. 1. (Fluid) Phase diagram of water (not to scale). T is the triple point and C the critical point.

A third inferesting effect is the dramatic change in the properties of fluid water (and
other substances such as weak electrolytes) with rising pressure, In the supercritical region
(Fig. 1), compressed water adopts new solvent properties (as do other supercritical fluids),
and acts as a powerful solvent for inorganic minerals and some metals'®,

A fourth interesting and important effect of pressure is solid to solid phase transitions,
usually resulting from a change in crystal structure, For example, solid water probably has
at least nine distinct phases!® 2! (Fig. 2), each stable in a specific temperature/pressure
region, while in camphor no less then eleven different phases have been discovered ™. Some
non-metallic or semi-conducting substances undergo phase transitions to metallic states at
moderate pressures, e.g. sulfur®?*, selenium® %, tellurium®*?, indine*, arsenic*, red*®
and white® phosphorus®22—3%; a series of transition and rare earth metal chalcogenides™;
the Group IV elements silicon?**? and germanium®™, the efectronically analogous Group
IIl — Group V intermetailics such as indium antimonide, and Group II — Group VI com-
pounds such as cadmium telluride®?. On the other hand, some metals undergo transitions
to semi-conducting states, such as yiterbjum, strontium and caleium®?, Most such phase
transitions revert spontaneously when the pressure is reversed, but some, such as “black
phosphorus™??® and diamond?, are metastable at room temperature and pressure. Some,
such as metallic hydrogen®, once attained, are predicted to be metastable at room temper-
ature and pressure.

In this pressure region, most substances are either solids or liquide, so that except st
elevated temperatures®”, problems arising from the containment of gaseous materials often
do not arise, which simplifies the design of much high pressure apparatus.

Thete is a small but significant decrease in interatomic distances in molecules in this
pressure region, corresponding to a slight increase in bond strengths, greater ligand field
splittings, and increasing importance of the covalent bond.
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Fig. 2. (Solid} Phase diagram of water, shawing some af the phases of ice.

{iv) High pressures {10° — 10° arm)

Only one state of matter is thermodynamically stable above about 10® atm at room
temperature (helium solidifies at about 1.2 X 10° atmy), and that is the solid state, and
most apparatus design is then reduced to the problem of confining solids. With the de-
crease in interaiomic distances, the importance of the covalent bond increases, as do the
ligand field strengths in metal complexes®®; most inorganic compounds become more like
increasingly strongly bonded coordination complexes, High spin iror (H) in such minerals
as olivine and garnet is made low spin at about 10® atm. This corresponds to a depth of
about 2000 km. Four unpaired elactrons are paired in such a process, leading to a reduction
in metal—ligand bond lengths®®* of about 0.1A. Even at lower pressures startling pheno-
mena occur in iron (I} minerals: 2 UV chaspe transfer band in olivine grows in intensity
with increasing pressure and its conductivity increases until the material becomes an opaque
semi-conductor*!; the increase in conductivity is about 10° when the pressure is raised to
3 X 10° atm. Thus for example the study of geochemistry befow the ouier part of the
earth’s crust is largely coordination chemistry at high pressures. Further decreases in inter-
atomic distances are expected to break covalent bonds®?, so that at the pressures required
for this phenomenon (~ 10° atm), extremely fast reactions should be possibie. The limits
of available apparatus are fast approaching static pressures of this magnitude.

(v) Extremely high pressures (10° — 10° atm)

As pressure increases, eventually all outer electron repulsions are overcome and inter-
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atomic distances decrease to the combined radii of the next lowest electron shell. The
outer electrons which had been lacalised on specific atomic centres, are now delocalised
over the whole lattice, i.e. they are added to the *conductance band". Thus, ali non-con-
ducting and semi-conducting solids are eventually transformed by pressure into conducting
{metallic) solids. In conductors, the interatomic distances likewise decrease and an in-
creasing numbes of electrons is added to the conductance band. This process continues
with increasing pressure as atomic electrons are stripped off layer by layer, to form ulti-
mately an “idealized” metal consisting of nuclei embedded in a completely delocalised
“free electron liquid™, where the repulsion of like charges prevents further collapse of the
structure.

{vi) The ultimate pressures

If pressure is sufficiently increased, ordinary matter collapses and aggregates to form
essentially larger atoms: a compacted mass of protons, neutrons and electrons. The white
dwarf stars, at a pressure of 10**~ 107 atm (density 10% — 10® g.cm—?), can be regarded
as extreme examples of giant “atoms™, In this case, the orbiting electrons spend most of
their time within the nucleus, and the electron orbits are so closely packed that the Pauli
Exclusion Principle requires high electron velocity, which provides internal pressure, to
prevent further collapse. If such material is compressed even further, electron energy
would eventually become so high (about 0.5 MeV) that nuclear reaction between protons
and electrons wouid form neutrons. Because of the high pressures, these neutrons wouid
be packed rigidly in simple crystalline solids; such structures are postulated for neutron
stars, which exist at pressures of 10%° — 10%* atm (density 10" — 10'® g.em—3)%*.

C. TYPES OF APPARATUS

The experimental problems of high pressure chemistry can be summarised under pro-
duction, containment and measurement of the pressure.

i) Production and conrainment of pressure

Most of the mechanisms for producing high pressures were originally described by
Bridgman. For solid samples, the apparatus is relatively simple; the sample is placed be-
tween two or more pistons or “anvils” which are then pressed together®®, e.g. by a hy-
draulic press (Fig. 3). When two opposed anvils are used, the pressure gradient (usually
undesirable) between the center and the edge of the sample may be reduced by surrounding
the sample with a ring of another suitable material, such as pyrophylite. A successful
method of doing this is with a pyrophyllite pasket which is simultaneously compressed
into the tapered section between the anvils*>. This method has produced the highest static
pressure so far obtained when external support was used. The importance of external sup-
port in pressure apparatus is discussed below. Insertion of a heating ¢lement between the
anvils allows simultaneous temperature controls over a wide range*®. Muitiple anvil systems
involving four (“tetrahedral” press), six (*“cubic™), eight or more symmetrically opposed
anvils permit larger sample volume and minimise pressute gradient problems®”. A disad-
vantage is the stroke limitation imposed by the cdges of the anvils pressing against each
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Fig. 3. High pressure squeezer (schematic), using opposed anvils.

other, and this can be overcome by the use of sliding anvils so that each anvil slides out
of the path of the adjacent advancing anvil*s.

The problems, theory®® and methods of apparatus design have been extensively dis-
cussed, and Bradley®® has given details of both methods and suppliers of equipment in his
recent monograph.

The simplest method for fluids consists of completely filling and sealing the sample con-
tainer or “bomb” below the experimental temperature, and then heating it. The differential
thermal expansion of the fluid and the container (usually a suitable type of steel} is too
small to be of much use, but by adjusting the conditions to bring the liquid beyond its
critical point (Fig. 2}, the liquid is made to behave as a supercritical fluid, i.e. a gas, con-
taining considerable internal pressure. The pressure to be attained can be adjusted by the
temnperature and the mass of liquid initially inserted. This method is frequently used
when simulating geothermal or hydrothermal conditions (e.g. mineral synthesis). For
example, pemstones are grown from seed crystals placed in the solution formed when the
transition metal impurities and silica are dissolved in wet alkali carbonates and heated in a
sealed bomb, and crystals of rare earth oxides, hydroxides, hydroxynitrates and hydroxy-
carbonates are grown from supercritical water up to 900°C and 1360 atm (zef. 51). The
temperatures and pressures used normally range around 102 — 103 °C and 10% —10? atm.

The usual method of compressing a fluid is to reduce its volume by the movement of a
piston (usually solid, but occasionally an immiscible liquid or compressed gas) into a
hollowed cylinder containing the fluid (Fig. 4). With solid pistons, the problem of leakage
can be overcome with a soft disc (e.g. rubber or lead) at the front of the piston, or by a
Bridgman “unsupported area™ seal®®, a typical example of which is shown in Fig. 5: this
consists of 2 metal “mushroom” with a “sandwich’ of three washers A, B, C, of which
B (e.g. neoprene) is softest, and seals at low pressures, while A and C (e.g. lead or copper)
seal at high pressures. The piston is hollowed out so that its area of contact, @, with the
packing sandwich is smaller than the area, @, of fluid supported. Since, at equilibrium, the
forces on each side of the mushroom must have the same magnitude {f}, the pressure in the
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Flg. 4. Piston and cyllnder ptessure devices (schematic), Compressed fluid is pumped into cylinder to
apply pressure to surface indicated by “'P*, {a) Pressure intensifier using large primary and small second-
ary piston areas. (&) Application of pressure with intensification, to fluid in a secondary cylinder with

a locking nut for retatning the prassure after removal aof the primary (latger) piston. (¢) Phase separation
of two potentially interacting fluids.

packing sandwich (f/a’) is always greater than the pressure (f/a) in the fluid. Prevention of
leakage unfortunately leads to significant frictional resistance to piston movement. Sepa-
rate isolation cels for samples are sometimes desirable within a compression cylinder, and
pools of mercury are often used to separate fluids which are not immiscible.

The experimental pressure may be intensified by allowing the primary pressure to act on
a piston which in turn acts on a smaller piston (Fig. 4) in a secondary vessel, The intensifi-
cation factor of the pressure is always less than the theoretical value expected from the in-
verse ratio of the piston areas, due to frictional losses. The upper pressure limit is deter-
mined by the ratio of internal to external radii of all cylinders (including connecting pipes)
containing the pressure, so that a cylinder of given dimensions should undergo non-elastic
deformation at a pressure determined by its Young’s Modulus, and at another higher pres-
sure, it should burst. However, this apparent limit can be exceeded, because what matters
is the pressure difference between the inside and ontside of the eylinder. Thus it is only
necessary to compress the cylinder from the outside, e.g. by heat-shrinking another cylinder
around it or work-hardening it beyond the elastic limit (*autofrettageing}, such that re-
sidual stresses compress the inner part of the cylinder as if another cylinder had been
shrunk around it. The process can be repeated to produce a large cylinder, which effectively
consists of a series of concentric cylinders, each compressing the one next inside, so that 2
much higher pressure can be contained in the sample cavity*?, Such systems are usually
adequate for the pressures normally desired in liquid samples, but a further limitation is
that pistons, like cylinders, ate expected to fail when the pressure is high enough. Siraight
pistons can be strengthened by external support, but the geametry of the apparatus makes
this cumbersome ard difficult®. Greater apparent piston strengths are obtained by using
massive-supported pistons in “belt™ or “girdle™ high pressure systems, which are effective-
ly tapered-piston, or anvil—cylinder combinations®™ %% Removal of the cylinder now leaves
us with the massive-supported Bridgman anvil system discussed above, which allowed the
highest static pressure so far attained on small samples®®,
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Fig. 5. Bridgman unsupported area seal (see text).

A further method of obtaining high pressures in either solids or liquids is by shock
wave techniquessg. A shock wave, produced by an explosion near the sample, or by a
flat plate fired at it, brings the sample to elevated temperatures and pressures, and experi-
ments are performed during the passage of the shock wave. The actual temperatures and
pressures obtained depend on the composition of the sample itself, Much higher pressures
(several million atmospheres) are possible by this method in solids than in liquids. Disad.
vantages of the technique are the very short time (usually not more than 10—* sec and
often much less) during which high pressures and temperatures are obtained, inability to
raise temperature and pressure independently, the fact that the sample and at least part of
the apparatus must be expendable. Apart from the particle velocity vs. shock velocity,
electrical conductivities are probably the easiest properties to measure in shock experi-
ments, but spectroscopic and X-ray diffraction data can be obtained with strong incident

beams®®.

{ii} Mcasurement of the pressure

Many methods have been used for pressure (and temperature) measurement and calibra-
tion>S550—83_and difficulties arise mainly under extreme conditions, such as < 10% atm® %,
For lower pressures, especially in fluids, pressure measurement and calibration is straight-
forward and the instrumentation is usually readily available commercially and will not be
discussed here. Frequently it is convenient or necessary to use internal calibrants for which
the pressure dependence is known for some easily measured property, and instances of
this will be discussed below. For example, the pressure dependence of the unit cell di-
mension of sodium chloride gives a good indication in cases where the apparatus permits
X-ray diffraction measurements®*®?,
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D. EXPERIMENTAL TECHNIQUES

The first problem in camying out any experimerit at high pressure is to decide which
part of the experiment or apparatus should be under pressure. The sample to be studied
must be under pressure, but as little as possible (or none) of the rest of the apparatus
should also be compressed in order to simplify the experiment. Within this constraint,
the problems of apparatus design are invariably surmountable.

{i) Magnetic suscep tibiliry

Many of the common methods for determining magnetic susceptibility are amenable
to high pressure measurements, and just a few examples will be mentioned here. For the
Gouy and Foner®® methods, the sample alone can be sealed in a non-magnetic (diamag-
netic) high pressure bomb which is hung between the poles of the magnet in a Gouy bal-
ance, or attached to the end of the vibrating sample holder between the magnet poles in
the Foner magnetomerer. Such a high pressure bomb is simplest in the case of liquid sam-
ples (or solutions or suspensions)and one type has already been used with the Gouy me-
thod: the sample tube is a small piston—c¢ylinder bomb with a Bridgman mushroom seal, the
piston being clamped in a fixed position via a retaining nut after pressure has been applied
with an external press®®®®_ The only limitations are that the bomb shauld be as light as
possible (especially for the Gouy method), and reiatively weakly magnetic. The tempera-
ture may be varied simultaneously within the limit permitted by the liquid sample™.

Another common method for magnetic susceptibility determinations, the induction
method ™, may be adapted to high pressure measurements in the same way with the pri-
mary and secondaty coils wound around the high pressure bomb, in which case this bomb
again should be diarnagnetic, or the coils embedded with the sample inside the bomb. The
latter method permits higher pressures (~ 10° atm), but the necessarily smaller sample
size reduces accuracy and the technique is principally applied to the pressure dependence
of the critical points of lattice ferro-and antiferromagnets? . Paramagnetic susceptibility
in solution may be determined by NMR™, and this could be adapted to high pressure in
the same way that the NMR technique itself has been adapted to high pressure measure-
ments.

(ii) Electronic specrra

Absarption spectra can be observed in the standard high pressure devices discussed in
Section C, modified to include transparent “windows™ of appropriate strength, Various
materials, such as glass, quartz, sapphire, and sodium chloride are used as windlows, The
design is simple for refatively low pressures on liquid or solution samples™, and in 1937
Poulter reported pressures in excess of 40,000 atm in a cylinder with glass windows™. The
actual pressure must have heen considerably less, since Poulter used very high friction seals,
with no corrections, but a slightly modified Poulter apparatus was taken to 21,000 atm as
determined by direct measurement with 2 manganin gauge ™, The same apparatus was
also used by the author to 20,000 atm using a new manganin gauge with ell appropriate
corrections made. Under such pressure, ordinary glass can be bent to a spherical curvature
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having a radius of 4 inches, and compensating lenses ate desirable, Several other cells for
liquids at pressures to about 10* atm have been described recently ™', Commercial cells
are how available, which normally employ quartz or sapphire windows, and machine oil
pistons. In many applications, these require an isolation cell, such as the cell (Fig. 6)** de-
signed for the Aminco Super Pressure No. 4111552, Here metcury is used to separate
the piston liquid from the sample, and is more satisfactory than a polythene plug in this
application. A larger cylindrical isolation cell has been designed for a longer cylindrical
cavity with the light path parpendicular to the cylinder axis, and a polythene plug to trans-
mit the pressure®?, The pressure is the same inside and outside these cells, so that the
windows require no great strength. In the absence of any change in compaosition or nature
of solution species due to pressure, the Beer—Lambert Law is still expected to hold after
corection for increase in concentration due to compressibility. The same apparatus can be
used to study the pressure effect of fluorescence quenching®.

Piston and cylinder celis have also been designed for much higher pressures (~2 X 10°
atrn} in solids, and sodium chloride can serve both for the windows and as the pressure
transmitting material®*~®", Difficulties with this method, such as the relatively poor trans.
mission of light by the NaC1l windows and the unknown reactivity of NaCl with samples
at high pressures, are overcome by an opposed anvil cell®®, using carefully prepated transpa-
rent diamond anvils?®. However, the diamond cell does have a significant pressure gradient
between the center and the edge of the sample.

{iii) Infrared spectra

High pressure infrared (and Raman) spectra have essentially the same tequisements as
UV — visible spectra: bombs or squeezers with suitable optics (e.g. NaCl, etc); and commer-
cial apparatus is available®. Suitable cells have been described for both liquid®® and solid
samples39t

{iv) The Massbauer EYfect

The Massbauer Effect it only observable in solids, and high pressure measurements may
be carried out with the sample compressed in a simple squeezer in which either the anvils,
or any gaskets used, are relatively transparent to y-rays, i.e. the y-ray path should be of
low atomic weight, such as beryilium, boron or lithium hydride. Several experimental
systemns are available®»¥2~%5, Since only the relative velocities of the y-ray source and the
sample are important in Mbssbauer work, either the source or the sample may be com-
pressed and the other is moved, but for chemical applications it is generally preferable to
compress the sampte.

{v) Magneric resonance

Various kinds of apparatus for magnetic resanance experiments have been discussed in
detail, but so far only a very limited amount of experimental work has been done?®. The
usual requirement is a diamagnetic high pressure bomb in the sample cavity, since the mag-
netic field is normally supplied from outside the high pressure apparatus. For exampie,
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Fig. 6. Disc-shaped specttophotometer isolation cell for Aminco cell Excess sample solution extends
below the window (W) area to a pool of mercury which extends upwards for } tog of the circumfe-
rence of the disc in a groove (G) cut around the disc. The mercury is held in the groove by a nylon
ring (N), fitted tightly around the dise, and apen at the top to admit the compressing fluid, which acts
on the mercury, which in turn acis on the sample from beneath. The [ight path is along the axis of the
disc,

fiberglass NMR sample tubes have been used, though much higher pressures are attainable
in copper—beryllium or stainless steel bombs??. Depending on whether low or high pres-
sures are desired, the RF coil may be ocutside or inside the bomb, though in the laiter case,
some accuracy is lost due to inability to spin the sample. In a specialized application in-
volving the detection of the *'Fe resonance in powdered metallic iron, the magnetic field
was supplied by the ferromagnetic iron itself, no external magnet being necessary®™.

ESR apparatus is similar in principle, except that the electromagnetic radiation must be
introduced into the caviry from the transmission line via capacitive coupling in a typical
apparatus™ designed to operate around ¢ kme and to 10% atm. For higher frequencies
(~ 24 kmc), the coupling may be through a sapphire window, so that optical experiments
may be carried out simultanecusly'®.

The ESR technique is sufficiently sensitive to detect ligand field perturbation (especial.
Iy asymmetric perturbations) when many transition metal complexes are compressed 101192,
and uniaxial stresses on single crystals would give even more information. Some magnetic
resonance work has been done on crystals under uniaxial stress*®»'% but an improved
method of applying uniaxial stress to such erystals, which promises to have much wider
applications, is the recently developed UMER technique'®. In this technique, the crystal
is vibrated ultrasonically, and perturbations in ligand field due to uniaxial stress (i.e. uni-
axial prassures) may be observed by ESR.

(vi} Nuclear quadrupole resonance

The problems associated with NQR in the presence of a magnetic field are similar 10
those of NMR except that, like the Mdssbauer effect, NQR can only occur in solids, and
liquid samples need not be considered. Zero field NQR is even simpler, the greater problem
being the detection of the resonance rather than the application of pressure'®*~'%,
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{vit) X-ray crystallography

Most high pressure X-ray work has been done on powders, though there is no reason in
principle why extensive single crystal work could not be done, at least in the Jower pres-
sure region. Normally, only solid samples are of interest, and the experimental problems
are simifar to those encourntered in many types of optical and Missbauer spparatus; either the
pressure-generating anvils should be transparent to X-rays (e.g. beryllium or diamond) or the
beam must pass between them, in which case any gasketing used must transmit X-ravs. A
significant advance'™ in this technique is the use of polychromatic X-rays at constant
Bragg angle (9); the crystal d-spacings are found from the diffracted wavelengths observed
at constant 8 with a semi-conductor detector'!? coupled to a multichannel analyzer.

X-ray diffraction patterns may be used to calibrate high pressure apparatus using stand-
ard samples of known cell constants, known and relatively high compressibility, an ab-
sence of phase transitions in the region of interest, and for which at least several intense
diffraction lines are readily observed. These criteria are satisfied by sodium chloride!!, as
well as 2 number of other salts®.

E. EQUILIBRIA UNDER PRESSURE
{i) Pressure dependernce of equilibria

The effect of pressure on simple chemical equilibria may be undesstood in terms of the
mathematical description'*? of Le Chatelier’s Principle’*?, Thus, the decomposition under
pressure of the double salt Co Cu(CH, - CO0), - 8H,0 into its component single salts
and water was aobserved as predicted in 1887, since this salt has a greater volume than its
component parts’'®. For the aquilibrium (1) in solution

aA+bB+... . =xX+yY+. .. )]

the equilibrium constant K is written in terms of the relative concentrations (strictly the
activities) of the component substances-

K={[al1" )% ..... XYY L. }
The molar volume change due to complete transition from the left to she right side of
eqn. (1)} is
dlog K

AV=--2303RT (T) )
r

(Strictly this should be denoted A PP, where the volume change is the algebraic sum of the
individual molar volumes.) Equation (2) expresses both the extent and the direction of the
pressure effect. In real situations, AV may vary with pressure, due to solvent effects, the
various compressibilities of the different components, and other complicating factors not
taken into account by eqn. (1).

{ii) Effect of pressure on a plarar—tetrakedral geometric equilibrium

Certain four-coordinated nickel(1I) complexes such as the bis (N¥-R-substituted amino-
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Fig. 7. Pressure dependence of magnetic susceptibility. (A) Tris (M. M-di-n-butyldithiocatbamato}
iron (H) in CHC14; (%) bis(N-phenylalicylaldimine) nickel {I1) in CHC1,; (#) bis(N, N diethylaminn-
troponeimineato) nickel (I1) in CHC1 4 (4) ris{N-ethybianthato} iron (1) in CHC1 4; (@) tris(N-methyt
xanthata) iron (LE) in CHCL 5; () bis(N-n-heptyisalicylaldimino) nickel (I} in CH; Cl; () bis(N-n-pro-
pysalicvlaldimino) nickel (H3 in CHC1 4; 2,0, ¢ — common solvents, CHC 14, CH,C1, and {CH,OH),
respectively.

woponeiminate) nickel (II), I, have either a planar or pseudo-tetrahedral envitonment about

= R
i
“ /
AN
N N
] ]
R =3
i 4

the nickel atom In the solid state, and exhibit an equilibrium between the planar and tetra-
Kedral $pecies in solution'?S. In the planar forr the compound is diamagnetic d%, 4,,
while in the tetrahedral form the complex is paramagneticd®, 3T, . The relative volumes
of the two species and hence the pressure dependence of the equilibrium cannot be pre-
dicted a priori.

The affect of pressure is to decrease the magnetic susceptibility (Fig. 7) and increase
the proportion of planar low spin species at the expense of the hih spin tetrzhedral one®.
The appropriate equilibrium constant, between the high (H)and low (L) spin specles, is
giver by

“2 _ 2
x={ e &
Hy —Hqps
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Fig. 8. Pressure dependence of the spectrum of nickel (\{) N,N' di-2-naphthylaminotroponeiminate in
CH,CL, in the range 1-6Q00 atm.

where gy and g; are the magnetic moments of the pure high spin and of the pure low spin
species at the temperature and pressure of the experiment, and py . is the observed mo-
ment. The partial molar volumes of the two species differ by an amount A V given by eqn.(2)

For these compounds, the tetrahedral form is larger in solution by about 8 em®. mole™!
than the planar form, as evidenced by the decrease in magnetism (Fig. 7) and the increase
in intensity at 12,000 cm™* (Fig. 8) with increasing pressure. This A ¥ value may be at-
tributed in part to the volume increase in unpairing two electrons in the planar species to
form the tetrahedral complex®?, Such a promotion, involving spin uncoupling, has been
shown to be accompanied by volume increase®™™, Solvation plays a part in determining
the partial molar volume of the complexes, and the pressure® and temperature-dependent
studies*!® indicate that the planar species is more strongly solvated. Thus, solvation in-
creases the numerical value of A F somewhat, and this effect is greater in chloroform than
in dichloromethane. The solvent molecnles are not coordinated ta the complexes, even
when pyridine ie used as solvent and the solution is compressed. The value of AV de-
creases initially with increasing pressure, then levels off (above about 500 atm) to a con-
stant, az would be expected from the greater initial compressibility of the looser solvation
shell around the tetzahedral molecules compared with the more strongly held solvation
shell around the planar species.

A necessary conclusion from the above observations is that a wide range of nicke} com-
plexes, known to be tetrahedral (and paramagnetic) at atmospheric pressure, can be made
planar by the application of pressure.



200 E.SINN

(%)
=

]
o

£t orm

S

6 15 4 13 il 1o

Flem-;
Fig. 9. Pressure dependence of the spectrum of bis(N-phenylsalicylaldimino}-nickel(1l}in CH,C1 in
the range 16000 atm. The bands near 16,000 cm™" and below 10,000 cm™ arise from ntonomeric
and asscciated forms of the complex respectively.

{ifi) Effect of pressure on associarive equilibnia

Nicketi (IT) complexes of N-substituted saticylaldimines (II) undergo equilibria between
monomeric (planar, diamagnetic) and dimeric (pseudooctahedral, paramagnetic) forms
which are found to be concentration-, temperature-!1-*® and pressure-dependent®’, and
the magnetic (Fig. 7) and optical measurements (Fig. 9) indicate that the equilibrium is shifted
towards the side of the associated complex (from eqn. (2), AV ~7 cm®.mole™! for a range

of complexes with R = n-alky! in such solvents as CHC1, and CH,Cl,). Depending on the
assumed structure 2431 the formation of a dimeric salicylaldimine invelves the forma-
tion of two or three new metal—ligand bonds. The promotion of am.electron to form an
octahedral bond will deerease the magnitude of AV, while ths greater solvation (again
CHC1 , solvates more strongly than CH,C1,) of the dimeric molecules than of monomers
{deduced from the initially iarger AV which gradually levels off — see discussion of this
effect in Section E()) increases A V, but the predominant contribution arises from the
new bond formation®,

A planar =* tetrahedral equilibrium can exist side by side with the associstive equili-
bria’®®~ jn complexes of type II, but the concentration of tetrahedral species is small in
n-alkylsalicytaldimines, and the data described in Section E(f) indicate that pressure will
decrease the concentration even further. Thus for nickel (IT) N-n-alkylsalicylaldimine com-
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plexes, the monomer = associated equilibrium is the only one of importance. On the other,
hand, for M-sec-alkylsalicylaldimines, the coneentration of tetrahedral species is greater and
the planar = tetrahedral equilibrium occurs to a significant extent, though the monomer =
= associated equilibrium still predominates, and the nett effect is a smaller AV than in the
other associative equilibria®®.

Theoretical calculations indicate that planar triplet nickel(I1) species might exist in com-
plexes such as Il in non-coordinating solvents'3*!% but the high pressure results are not
in keeping with the presence of any appreciable quantity of such species. However, in
coordinating solvents such as pyridine, strong association with the solvent leads to an equi-
librium of the diamagnetic planar complex with 8 paramagnetic octahedral dipyridine ad.
duct. The formation of pyridine adducts of nicke] (II) complexes involves the formation
of two metal-ligand bonds per Ni atom, and the pressure dependence of the adduction,
as measured by the magnetic susceptibility or by the optical spectrum, is greater than that
for a;monomer == dimer association in a non-coordinating solvent®,

In the solid state (using a solid solution in paraffin wax and an agueous suspension)
pressures up to 3000 ati: produced rather little association in n-alkyl complexes of type II.
Complex Il with R = CH, on heating, irreversibly forms a paramagnetic polymer which

has the probable structure HI, (ref. 119) and this reaction should be accompanied by a
[

O, N
(NS
NG
0\1 /N)
N”E‘O
L
( Ni
Ny "-.?
(e
volume decrease. However, compression of the solid complex to 45,000 atm left the
sample unchanged when returned to normal pressure®’.

Measurements on the nickel compliexes of tetradentate salicylaidimines such as IV
(rn = 2)and V suggests that as in complex I, there is a pressure-dependent increase in sus-

{CHy),

{ )

H\ i/N

o/N\o ‘”\Ni/”
v 4 \D

ceptibility in non-coordinating solvents, but this could not be stated with certainty, owing
to the low solubility of the complexes®. The related complexes VI'I6 clearly show the
monamer == associated equilibrium!?? for the complexes with # =5 — 12, all of which are

’{ICHZ‘;,A
‘:’M:/
i Sp-o"" 0D
vi
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TABLE 1

COMPARISON OF PRESSURE EFFECTS ON MAGNETISM OF EQUILIBRIA INYOLYING NICKEL
COMPLEXES

(Tet = teuahedral, Pl = planar, M = monomer, D = dimer, T = trimer, dm = diamagnetic, pm = para-
magnetic, N = number of Ni atoms made pm, AV = volume change).

Reaction No. of new bonds av N P effect on magnetism
(NAV)

¢1) Tet M — PIM ) v, -1 -V
pm  pm

(2)PIM + 2By — M{By), 2 2V, 1 \'A
dm pm

(3 PM—~ 4D 1.5%¢1) 1.5V AV, 1 1.5V22(V2)
dm pm

@irm+in-Li 17 v,e L vaiaevy
dm pm pm

(5)Tet M—3D 1.5 V;+15V, 0 O
pm pm

(6}iD - 5Tr +1PIM 0 0 ~X 0

pm pm dm

4 Values depend on salution structure: 3 bonds are assumed to hold an “M* molecule to another Ni
species; if only 2 bonds are involved the quantities in parenthesis apply.

highly zoluble in organic solvents such as CHC1,, and benzene; the analogs of type IV are
only a little less soluble and show a similar pressure dependence'??, despite a report that
these complexes are insoluble polymers in which each ligand acts as two bidentates on
different metal atoms linked by the alkyl chain'?,

The effect of pressure on the various association, and tetrahedral planar, equilibria in
nickel (I} can be compared quantitatively, as shown in Table 1. The effect of pressure on
analogous magnetic equilibria involving other transition metals is readily deduced. Thus in
a monomer = dimer equilibrium in cobalt (11) compounds V1'%, the dimer is low spin

SCH /NCS - NCS
(CH P— Ol _Co—PlCyHg),
(€ Mgl P SN Npicghy),
v

while the monomer is high spin, and the susceptibility decreases markedly with increasing
pressure’®,

fiv] Effect of pressure on “electronic™ equilibria and possible geological implications

In iron (I1f) dithiocarbamates VI, the high spin (°4,) and low spin (*T,) states are
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nearly equienergetic, so that the relative populations of these states are both temperature-
and pressure-dependent™®**'*' The low spin state is [avored by increasing pressure, 50
that magnstic moments decrease with pressure, Here AV is 6 em®. mole!, which corre-
sponds to a change in the average Fe—8 bond length®® of 0.1 A, consequent upon the
pairing of two electrons.

This kind of experiment gives a direct measurement of the volume change (or bond
length change) associated with the pairing of two unpaired electrons in a simple molecule
in a situation where the change in other factors is kept to a minimum, The geometry of
the hiph spin and low spin species is essentially the same, so that solvation effects cancel
and may be ignored. Similarly Mossbauer'®? and magnetic'* data that indicate high spin
— low spin transitions are induced by pressure in FeLX,, where L is 2 phenanthroline or
dipyridyl ligand and X = NCS o: NCSe. Single crystal X-ray studies have confirmed the
0.1 A average bond length contraction on paiting ol two electrons in these complexes!3¥!34,
Recently spin pairing has also been induced by pressure on iron(il) doped into samples
of MnS,, MnSe, and MnTe,, studied by the Maissbauer effect'®.

The equilibrium is of considerable biological significance since several ferrihemopro-
tein complexes are near the high spin — low spin crossover'*¢, and the biological activity
of these molecules is probably closely tied to their ready ability to change their spin state.
As proteins are stable’?? up to 3000 atm, but denature under relatively low temperature
variation, high pressure methods are much preferred for such molecules. Some measure-
ments of this type have already been carried out: the Soret band, a strong sharp absotp-
tion accurring in all hemoproteins near 400 nm, is known to be at lower energy in low
spin derivatives'8, and a shift in this direction has been observed in some hemoproteins
with increasing pressure.

It can be shown that ligand fleld strength A should increase as a function bf decreasing
metal—ligand bond length r, approximately as r—3 in complexes of near octahedral sym-
metry'**'%°, This has been demonstrated directly by using steric strains to increase the
metal—ligand bond lengths in jron(1l} complexes, which caused either shifts in absorption
bands dependent on A, or 2 change in spin state from low to high spin'*'"**%. Again, in-
cteasing pressures produce shifts to higher energy in absorption bands dependent on the
ligand field splitting in metal complexes (e.g. £(C4, ~ 3T;) = A in Ni'l, g%)*%3, Thus al}
high spin complexes in which spin pairing is theoretically possible, should at some pressure
show crossover behavior like the ferric dithiocarbamates and other such ¢complexes. For
example, in CoF3~, the high spin to low spin crossover is expected to oceur' near
2.2 — 2.5 X 10°% atm. At higher pressures, further increase in A should produce low spin
behavior in all complexes where spin pairing is possible. It has already been shown that
iron(i1) can be spin paired in gillespite, BaFe$i,0,q, at moderate pressures**:!%,

It is a necessary conclusion from the above observations that octahedral iron(l1),
iron(Il) and cobalt(I11) minerals bacome spin paired deep in the earth’s mantle (below the
transition zone between the upper mantte and lower mantie) where the pressure is high
enough to produce spin pairing. In addition to the effect this will have on the magnetic
properties of the lower mantle, the concentration of metal--ligand bonds could cause an
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enrichment of low spin ions or ions which ¢an become low spin at depth**. The increase
in crystal field stabilization energy with increasing pressure may also play a part in en-
riching these ions with particularly high crystal field stabilization energy; supporting
evidence lor this is provided by minerals believed to come from the lower mantle {car-
bonaceous chondrites) which show a strong enrichment in iron, cobalt and nicke! com.
plexes compared with rocks from the upper mantle'**. Thus, the effect of pressure is of
considerable importance in determining the composition and geological history of the
earth. It is also of importance to the thermal history: the redistribution of heat by radia-
tion in the mantle and towards the corre-mantle boundary will be critically dependent on
the absorption spectra of the complexes present, and these in turn are strongly affected
by pressure (especially if spin pairing is induced)'’.

{v) Effect of pressure on some antiferromagnetic and some ferromagnetic substances

Magnetic exchange interactions, both lattice-wide (intermolecular) and discrete (intra-
molecular), occur in a wide variety of transition and 1are earth metal compounds!®#®~13!,
Whether the mechanism is direct orbital overlap or superexchange (via intermediate atoms),
the application of pressure is useful in ferromagnetic, ferimagnetic and antiferromagnetic
ordering because it permits variation of the interatemic distances. The effect of pressure
on the Curie or Neel temperatures of lattice ferro- or antiferromagnetic complexes depends
on whether or not the reduced volume enhances the orbital overlaps required for the in-
teractions, In general the overlap, and hence the strength of antiferromagnetic interactions,
should increase with increasing pressure, and this has been observed for a number of lat-
tice antiferromagnets™. The situation is more complex in the case of the compounds EuX,
which are ferromagnetic for X=0 or S, and antiferromagnetic for X' = Se or Te, all of
which have the same (NaC1) structure. The effect of pressure should follow the effect of
the decreasing cubic cell constant: decreasing antiferromagnetism or increasing ferromag-
netism as pressure rises. The expected increase in ferromagnetism is observed in EvO
(ref. 152) and EusS (ref.-153), but in EuSe and EuTe, contrary to expectations, the anti-
ferromagnetic interactions apparently inerease or remnain unchanged *!5%, though the ex-
perimental resuits are controversial 155156 [n any case, the results indicate that the inter-
atomic distances do not alone determine the magnetic ordering in the europium com-
pounds. Metallic iron itself undergoes a ferromagnetic to paramagnetic transition (accom-
panied by a resistance change) near 125,000 atm, due to a structural change from the
normal body-centered cubic lattice to hexagonal close packed *>'%¢.

The simplest situation involving magnetic exchange exists where only pairs of isolated para-
magnetic atoms take part in antiferromagnetic interactions, so that the interpretation of re-
sults should be simplified. Unfortunately, in intramolecular antiferromagnets, the sharp
magnetic transition temperature is replaced by a broad maximum, which increases the ex-
perimental difficulty. Very little pressure effect was observed in solid dimeric copper(I1)
acetate, chloroaceiate or succinate, the polymeric oxalate, and no effect was evident at all
in chloroform solutions of other dimeric copper(ll) alkanoates**”, indicating that the
singlet (spin-paired) and triplet (spin-free) forms of these molecules have about the same
volume, The orbital overiap responsible for the magnetic exchange in these complexes has
been described in terms of a weak 5-bond 3457 or superexchange interactions between
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isolated coppers'®, both of which are compatible with the high pressure data, and in

terms of a strong a-bond or a strong §-band overlap between the metal atoms'#%%, which
does not agree well with the lack of significant volume dependence!”. The pressure depen-
dence of the electronic specura of the complexes is also compatible with descriptions based
on weak §-bonding or 2 mixture of weak §-bonding'*® and superexchange interactions'**:
band I (650 nm) increases in intensity with rising pressure, in agreement with its assipnment
as 2B, + 2E, allowed by low symmetry ligand field elements, while the intensity of band II
(370 nm) decreases, as expected, since this band is believed to be vibronically allowed's®,
Solid complexes of the type chiorobis(M-methylsalicylaldimino)dicopper (II), IX, showed
no significant change in magnetism with increasing pressure, indicating that singlet and
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triplet species in these molecules again have about the same volume. This observation is
conlirmed by single-crystal X-ray structural determinations on chlorobis(#V-ethylsalicylal-
dimino)dicopper(Il), X and LX, in which the ratios of singlet and triplet species at room
temperature differ significantly, but in which all the analogous bond lengths are the same
within experimental error, i.e. no volume difference arises due to paiting or unpairing of
electrons.

(vi) Effect of pressure on nitro—nimito equilibrium

In the complexes NiL, (NO,),, where L = RR'N —CH, ~CH, —NR"'R" an equilibrium
exists between nitro and nitrito forms of the complexes, for certain combinations of al-
kyl groups R, R', R"', R"""'%. There is no difference in magnetism of the two species, but
the spectra differ so that the equilibrium can be studied spectroscopically, and prelimi-
nary data show this eguilibrium to be strongly rressure-dependent, the nitro species being
favored by pressure’®® (Fig. 10). The equilibrium here is a little more complicated than
those described above in that it involves formation and recombination of ions, but it is
clear from comparison with solid state spectra that in solvents such as chioroform, only
the neutral species contribute sigrificantly to the spectra. Thus, only the neutral species
need be considered in the equilibdum. In this case, the equilibrium species can differ Little
in molar volume, and solvation effects must be responsible for the bulk of the pressure
dependence of the equilibrium. As expected with solvation (see Section E (i), (ii7)), the
pressure dependence decreases from an initial high to a constant lower value. The organic
part of the molecules remains unchanged in the equilibrium, so that the different degrees
of solvation of the two species must represent the degrees of solvation of the NO, and ONO
forms of the apionic ligand. The results indicate that NO, is more efficient in filling the
available space near the metal than the @NO, which presumably leaves some *holes™
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Fig. 10. Pressure dependence of Nil., (NO, }, in the range 1--6000 atm where L = ¥/, N diethylenedia-
mine. The band near 20,000 em™* is due 1o the nitro form of the complex.

inaccessible to the solvent. The NO, form is more strongly solvated at low pressures than
the ONO form, and the difference between the two illustrates how strongly even aprotic
solvents such as chloroform and dichloromethane can be held to metal complexes.

{vii) Pressure dependence of ionic equilibria

In the equilibria discussed above, the solvent either played no part other than to trans-
mit the pressure, or its role was limited to solvation of the solute complex but without
coordinating to it. An exception was planar nickel(II) in pyridine, in which the solvent
does coordinate in a simple specific way, without otherwise causing much alteration in
the remainder of the complex. In general, there may be specific solvent interaction with
one of the interacting species, making a specificant contribution to A ¥, and sometirnes
the solvent must be considered as one of the reagents, or the solvent itself undergoes pres-
sure-deperdent changes, Thus the dimerization of nitrogen dioxide in carbon tetrachloride
to form nitrogen tetroxide is much more enhanced by pressure than would be expected
from the molecular sizes, due to solvent interactions with the tetroxide!®”. In alcohols,
frequently used as solvents, the proportion of hydrogen-bonded polymers increases with
rising pressure, and A ¥ is about 4 ¢em®.mole~" for formation of the hydrogen bond**'®,
The molar volume of water is greater than its equivalent in hydroxyl and hydrogen ions,
as evidenced by a AV of 19.5 cm®.mole—! in neutralization reactions’®. Thus increasing
pressure greatly increases the jonization of fluid water'”!, a fact of considerable importance
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in geochemistry and marine biology, and when compressed to the density of molten so-
dium hydroxide, water has about the same electrical properties as the sodium hydroxide.
The formation of any solute ions in water is accompanied by drastic volume reduction, so
that the dissociation of weak electrolytes such as phosphoric acid is greatly enhanced by
pressure, and all weak electrolytes becomes strong efectrolytes when compressed in aqueous
solution. :

The contraction (electrostriction) of a classical uniform dielectric around spherical
molecules when these are given a single charge should be about 10 cm®.mole~"', or about
20 cm3.mole~! for the two ions of a 1 : 1 electrolyte**>' ™, in good apreement with ex-
perimental data fitted to eqn. (2). Although the higher initial magnitude of the contrac-
tion is expected to decrease with increasing pressure!™, it Jevels off to values Jarge enough
to produce dramatic changes in electrolyte strength with relatively small pressure changes.
For example, the degree of ionization of ammonia increases’™ from about 4% at 1 atm to
65% at 12,000 atm. In general, any increase in the concentration of fonic species is en-
hanced by pressure in water and other highly polar solvents. Thus in equilibriurmn mixtures
of tetrahedral (blue) and octahedrai (pink) cobalt(I1) species such as

Co(H,0);2* +nCl™ = fCoCl1, (N;0),_,1*""+ (2+n) H,0
pink blue

the equilibrium is shifted to the left by pressure ™™, Similarly, the breakup of the dimeric
copper alkanoates discussed above is enhanced by increasing pressure

[Cu(RCO), . H,01,(8) = 2 Cu(RCOD), (S) = 2 Cu?** (S) + 4 RCOO ™~ (8)

where S is a solvent species such as water or ethanol which may be present in high cou-
centration or dispersed in another solvent such as chloroform. Once the equilibrium is
shifted to the right by pressure, hydrolysis of the compléxes is also enhanced, so that the
equilibrium is no longer completely reversible. When no change in the concentration of the
ionic species is involved, the nett solvent effect may be unimportant, and in the equilibrium

the formation of a new bond alone accounts well 7™ for the observed AV of —5.4
cm?®.mole—*. One example of dissociation of ion pairs under pressure has also been studied.

(Mg?* SO% ™) ion pairs = Mg?* + 503~ 4

As expected, this dissociation is favored by pressure like the dissociation of neutral mole-
cules, though with a smaller than average A V(7 cm®.mole~!)!™, The reflection of sonic
waves in sea water was thought to arise!”™ from the relaxation of equilibrium (4). The ef-
fect of pressure waves on equilibrivm (4) results in high ultrasonic absorptions, though
there are a number of complicating factors in sea water' ™,

Similar studies have been carried out on aqueous solutions containing equimolar
amounts of FeX, and HX, where X =C1, C104 and NO;. As expected, pressure favors
the breaking up of FeX?* complexes, but the pressure effect on FeNO%* is less than on

FeC12*, suggesting that the former may be an jon pair rather than a complex!™,
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[viii} Reversible effects on electronic spectra

The pressure effects on the spectra associated with some of the above equilibsia have
alrezdy been discussed. Other reversible pressure effects such as on ligand field spectra
have also bean mentioned. The crystal field splitting, A, in a regular octahedral (or tetra-
hedral) asray of charges depends on </* > /RS where <r* >is a function of electron pasi-
tions and R the metal-ligand distance. Thus, taking <r*>> as constant, A should increase
with increasing pressure, i.e. increasing R~5_ By inspection of the Tanabe—Sugano dia-
grams, a blue shift is predicted for all spin-allowed d—d transitions. This has been observed
in a range of octahedral transition metal complexes, though the shift is invarably greater
than predicted?®'*** from estimation of R%.

Also important here is the increase in covalency associated with a decrease in R. The
increase in metal-d-orbital overlap with the ligand orbitals is expected to increase transi-
tion probabilities and to decrease the Racah parameter B with increasing pressure. Ex-
perimental spectra®*193:4%% show the expected inciease in intensity and in general the re-
duction of B. There are some apparent exceptions, but a number of other factors affect the
experimeﬁtal values; if any Jower symmetry elements are present, then assurmning no change
in geametry with pressure, the distortion splitting must incrzase just as A does. Changes
in peometry are quite possible and could significantly affect the spectra and drastically
alter the estimated B. Spin—orbit coupling will alter with pressure in a manne: determined
by the combined effect of the increase expected from compression of the free ion and the
decrease due to increasing covalency. Just as experimental measurement is usually the
only method of obtaining B for complexes at normal pressures, so also is the dependence
of B on R in real complexes outside the scope of current quantitative calculations. The
variation of the Coulomb and exchange integrals and hence of the electron positions with
R would be required, which is not simple, even in the absence of ligand effects.

Drickamer and Zahner have also examined rare earth specira where the crystal field
gives rise to splittings in the f shelI*®. The results are qualitatively similar to those obtained
for transition metal complexes.

Many charge transfer spectra have been found to be red-shifted and broadened by pres-
sure, due to increasing delocalisation of the charge transfer process®®. Extrapolation of
this effect would predict decay of the spectra into an absorption edge which is charac-
teristic of a lattice {cooperative) effect (as in a semi-conductor) rather than of a discrere
molecular site. The conversion of olivine and related minerals to semi-conductors due to
this phenomenon at high pressures has already been mentioned®!.

‘The effects of pressure on spectra and fluorescence of a wide range of aromatic mole-
cules have also been investigated*®,

F.REACTIONS UNDER PRESSURE
{i}) Reactions and synrheses
The classical Haber syntheses of ammonia, and the hydrogenation of unsaturation car-

bon compounds with pressutised hydrogen, are typical examples of chemical reactions en-
hanced by fairly low pressures.
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Certain chromium{ll) and chromivm(I1I) compiexes, when reduced electrochemically

_ in anhydrous solvents (such as pyridine) saturated with cartbon monoxide at pressures of
50--300 atm, produce good yields of chromium carbonyl Cr(CO),. Typical complexes
that may be used for this reaction are tris(acetylacetonato)chromivm(lIl), Cr(acac),,
dichloro(tripyridine) chromium(IH), CrC1, (py),, and dichloro(dipyridine) chromium(li),
CrC1, (py},. Similar carbonylation reactions occur with vanadium, manganese, iron, co-
bait and nickel over a wide range of pressures'®!,

Trihydrides MH are formed on reaction with hydrogen at atmospheric pressure and
moderate temperatures by all the rare earth metals except ytterbivm and europium which
form only the dihydrides'®, 2 manifestation of the stability of the filled and half-filled
4f subshelis. However, relatively small increases in pressure (~ 22 atm) in excess hydrogen
yields YbH, ,,, though no higher hydrides of europium could be formed . YbH, 4, is pa-
ramagnetic, having 2 moment intermediate between that of YUl complexes and the dia-
magnetic YbY, and X-ray diffraction shows it to be a new compound '®. The properties
and thermodynamick of formation of the rare earth and other hydrides more closely resem-
ble those of intermetallic alloys than metal—nonmetal compounds {see Section G(iid))* 8°.
Other apparently nopstommometnc compounds may be formed vnder pressure: UQg 34 is
typical. This substarce is formed by heating UQ, and U0, together at 30, 000—40 ,000
atm. X-ray diffraction shows it to be a new compound, and single-crystal studies'® may
show it ta be U0, ,.

Stable, crystalline lead compounds PbS,, PbSe,, PbSSe, previously unknown, can be
prepared by heatmg;appropnate mixtures of Ph, S, Se or PbS PbSe S, Se at 20,000-70,000
atm in BN capsules’y”. The reaction of PbS and S to form “a-PbS," was found to occur
with explosive forcd] destroying part of the apparatus. Substsmt:on of nickel reaction ves-
sels for BN led to fjrnation of Ni,PbS,. There are many other examples of violent transi-
tions under pressure; Bridgman? reported that black phosphorus forms from yellow phos-
phorus in the region beyond 12,000 atm and 200°C, but not immediately: the reaction
proceeds very slowly at first but at a gradually accelerating raie until suddenly, the reac-
tion completes explpsively. The oxidation of MnQ, to MnQ3™ by KNO, or KC10, pro-
ceeds explosively abve 19,000 aun at comparatwely low temperatures (80——90 °C)'e8,

A new rhenium carbide, with a structure of the y“MoC type (space group Ds; = P6fmme},
is formed*®® above 60,000 atm and 800°C.

It has been shown that high pressures and temperatures will sometimes allow the for-
mation of unknown rare earth compounds®®, In particular, high pressures aid the synthesis
of rare earth dimanganese compounds'® and rare earth tritin'*?, having MnZn, (Laves) and
AuCu, (face-centered cubic)structures respectively. Known and previousty unknown stable
and metastable compounds could be made with various rare earth metals. Size differences
due to the lanthanide contraction probably cause instability of the crystal structure in
some of the compounds, especially the tritin compounds of the heavier rare earths. High
pressures change the relative sizes of the atoms, permitting the formation of the compounds,
which, once formed, are metastable at room temperature and pressure.

Chromium{IV) dioxide is best prepared at high pressures and temperatures, from
Cr,0, and HgO (~ 15,000 atm, 700°C)***, at higher pressures , directly from Cr,0,, or
by the hydrothermal decomposition of CrO, {(400—525°C, 500-3,000 atm)'®>.
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Some organic reactions are similarly made possible or enhanced, so that high pressure
could also become a major tool in organic cliemistry*s.

(i} Kinerics under pressure

Measurements at various pressures are useful in determining reaction mechanpisms, and
the transition state theory is probably the best approach to an analysis of the raole of pres-
sure in chemical kinetics'®®. To adequate approximation, pressure dependence of the rate
constant & is given by

_RT3lnk_
op

where A V' is the excess of the partial molar volume of the transition state over the partial
maolar volumes of the initial species, all at the composition of the mixture, [t is convenjent
to split A V1 into two terms A, Pt and A, VT, where A, VT is the volume change of the
reacting molecules when they form the transition state, while A, VT is the accompany .z
change in volume of the surrounding liquid, arising principally from changes in electro-
striction®”. Thus the theoretical considerations here are very like the treatment of equi-
libria above, the equilibrizm being between the reactants and the transition state and the
rate of reaction is governed by the proportion of transition species in the reaction mixture,
It is [requently possible 1o discriminate between various postulated mechanisms fora
reaction on the basis of A, VT determinations since the volume requirements can usually
easily be imagined. In simple dissociation reactions, the breaking bond stretches somewhat
to form the transition state, and this streich, though variable, appears to average around
a third of the original bond length!®+%%7, Thus in the absence of other complicating ef-
fects, simple dissociation reactions are retarded by rising pressure. Reactions involving the
formation of new bonds constitute the reverse situation, and there is a contraction as the
reactant molecules approach each other from an initial separation by the sum of their van
der Waals distances to the closer approach in the bonded transition state. The 4, V't in
this case is normally somewhat larger in absolute magnitude than for the correspanding
dissociation reactions!® 1?7, Thus in reactions involving the simultaneous bond breaking
and formation, the two A ¥'1 values compete, but the bond formaton predominates, so
that in the absence of other complications, the nett effect is an acceleration of the rate.
The bimalecular reaction

—-AVY

OH™ + [Co(NH,),Br] ** - [Co(NH,), (H,0))** + Br™

is retarded by pressure in water'®® (A VT = 8.3 cm®.mole™*). In the absence of solvent ef-
fects, s seven-coordinate transition state could explain the results, while a simultaneous
bond breaking and formation mechanism would normally have required an acceleration

of the reaction. However, these two mechanisms cannot be distinguished here because the
reaction may involve the release of some bound solvent molecules, .. a A, V¥ contribu-
tion. The A, V4 contribution ean be removed from the ionic equilibrium by careful choice
of reactions and isotopic labeling. Thus a positive AV (1.2 em®.mole ™) for the reaction

[Co(NH,); (H, 20)]** + H,0 + [Co(NH,); H,0) ** + H, "0 )
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indicates a large transition state and therefore a dissociative mechanism!'%, in keeping with
the view that a dissociative (1;) mechanism is involved®®”®*. In fact, the dissociative Eigen
mechanism and rate-determining I step has widely been assumed for M** and M3* com-
plexes, although the greater charge on the trivalent metal should favor associative over dis-
saciative activation®®*, The preference for the dissociative Eigen mechanism by divalent
metals such as Nill and Cull, is evidenced by the large positive A V't values observed in sub-
stitution reactions with uncharged ligands®®, but for cationic complexes it appears that an
associative transition state is normal, with Coll being the exception. The H,*®0 exchange
of (M(NH,), H, **0]>* with solvent water (eqr. (5)) is accelerated”™ by pressure when

M = Cr, Rh, as is the reaction?%®

[Cr{H,0),]%* + H,'%0 ~ [Cr(H,0);(H,'*0) ** + H,0

in keeping with an associative mechanism, of the Langford—-Gray associative interchange
{I,) type?®~%, ft is interesting to note that the &, V't contribution can sometimes be
siprificant, even in some of these reactions involving no change in the number of ionic
species: the acceleration of the reactions is even greater than expected, especially for hexa-
aquo complexes'®?*”*, This is interpreted in terms of a large well-structured solvation
shell around the [M(H,0),] %" ion, which collapses into a poorly structured shell around
the [M(H,0),)>" uansition state, and fills the vacancy left when the attacking H,O moves
from the solvation shell to the metal. The contribution to A¥¥ is larger with aquo ligands than
amines because the acidic aquo protons form more extensive hydrogen-bonded solvation
shells, and it is larger in CrI than RhIT because the larger Rh ion has the smaller etectra-
static potential. Estimates of the sizes of the solvated ions, from the rate of elution from
ion exchange resins, support these conclusions?®,

G. OTHER PRESSURE EFFECIS

(i} Reversible reduction of iron(I}

A number of {ron(lIf) compounds have been examined by Mdssbauer spectroscopy un-
der pressure {up to 2 X 10% atm), and from the appearance of new peaks with quadrupole
splittings and isomer shifts in the region normally taken as characteristic of iron (1F)**%2°7,
a fairly general pressure-dependent reduction of iron(IIT} compounds to iron (II) has bean
suggested?®~2'2, Although the peaks are broad and poorly resolved, the new peaks grow
with rising pressure, and when the pressure is released, the reduction is partially reversed
in most cases (but not completely, suggesting chemical alteration of part of the sample).
Clearly these observations are of considarable importance to high pressure inorganic che-
mistry, and in the ¢chemistry of the earth’s interior,

Gardiner et al.*'?, on reinvestigating some of the posiulated reductions using infrared
spectroscopy (up to 5 X 10* atm) observed no itreversible changes. They point out that
reductions are normally inhibited by pressure, and that large shearing stresses can irre-
versibly transform iron(II1) ferricyanide to iron(1II) ferrocyanide?'?, and shear stress set up
during compression of the sample may be responsible for some of the appatent reversible
reductions®'%. However, the Mossbauer data indicate that only a small amount of the pos-
tulated reduction would be expected at 5 X 10? atm, so that the absence of irreversible
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change in the stretching vibrations does not invalidate the reduction mechanism. There is
also some supporsting evidence for the reduction from electronic spectra®'®%12,

{1t} Phase changes and metastable states

In recent years, the search for new phases of inorganic compounds has been particularly
successfyl3%65:189:192,216-232 1arpely because most substances undergo a number of phase
transitions in the experimentally accessible pressure range and the availability of simple
high pressure X-ray diffraction apparatus has made the detection of new polymorphs par-
ticularly easy. In general, the rate of transformation from one solid phase to another in-
creases with increasing pressute, a fact which also aids the detection of new phases. Thus
many high pressure phases can be detected during the very short duration of a shock wave
passing through a sample. Phase changes may be characterized by abrupt changes of any
physical propartiss, such as those measured by the techniques described in Section D, but
the observation of a new X-ray diffraction pattern is the most reliable method,

The predominant phases at depths between 200 and 900 km in the earth’s mantie are
generally believed to be denser high-pressure polymorphs, or disproportionation products,
of common silicate minerals??®, Thus, pressure-induced phase transitions are of great geo-
logical interest (as, of course, are pressure-induced reactions**), Although it is difficult
to simulate the temperatures and pressures correspending to depths greater than 800 km,
possible polymorphic transitions may be investigated by the use of model compounds
which undergo transitions at lowet pressures. A good example is the isomorphic replace-
ment of silicon in silicates by germanium??*, to permit structural investigation of the high
pressure form. A possible mechanism for deep-focus earthquakes is a phase transition (the
pyroxene—garnet transformation, which should eccvor at depths of the order of 350 km)
in large blocks of eclogite (a basaltic silicate) sinking through the mantle after being formed
in the earth’s crust®2,

Other potential or existing metastable phases of great interest are metallic hydrogen,
diamond, borazon and potential new superconducting compounds.

{iii) Merallic hydrogen

The main difference between metallic hydrogen and other metastable forms of the
elements, such as diamond, is that it has not been isolated. However, the requirements for
the formation of a metal, viz, the presence of a2 small number of electrons in the outermost
electron shell, are satisfied by hydrogen. Thus it should be possibie to assemble metallic
hydrogen in the same way as metallic sodium or lithium, the “free electron gas™ being
formed from the single outer £ electron of some of the atoms, and holding together the
resulting Jattice of positive fons. Calculations show that metallic hydrogen should have a
density of 0.68 g.cm—? (metallic deuteriurn shouid have twice that density), and be ther-
modynamically stable with respect to atomic hydrogen, and metastable (with a barrier of
about 0.2 eV/electron) with respect to molecular hydrogen?*#?7. The metallic structure
is the simplest of all possible structures, and it follows that the formation of metallic hy-
drogen requires only a pressure high enough (estimated to be near 10° atm at room tem-
perature) to produce the required closeness of approach of hydrogen atoms; although the
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required pressure is not yet available in the Iaboratory, rapid technological advances may
alter this situation3%*2%,

In its physical properties, molecular hydrogen behaves as would be expected for the
lightest member of the halogen series (. - . Cl3, Fy, Hs), though chemically hydrogen
shows relatively few halogen-like properties. Instead its behavior conforms to that ex-
pected for the lightest of the alkali metals (. . . Na, Li, H), its commonest salts being the
mineral acids and common organics being its “organometallic compounds”, which, as
expected, are much more stable than organolithium compounds.

Metallic hydrogen would be the highest melting of the alkali metals (1800°C) and would
probably have the highest critical superconducting temperature of any substance; it may be
a superconductor up to 100°K or more, and this fact alone would make it extremely val-
uahle?®??, Moreover, it should he a relatively hard and strong metal, and with its low density
it would probably have the highest strengih-to-density ratio of any metal. At its boiling
point, and at all temperatures below, where it has a significant vapor pressure, hydrogen
would evaporate irreversibly into diatomic gaseous form, but with relatively little release
in energy (estimated at about 35 kcal/fmole). Chemically it would be stable to attack by
water, mineral acids and saturated organics, but would be attacked by mercury to form
gaseous hydrogen, and would burn in air.

Though metallic hydrogen is not known on the earth’s surface, it inevitably exists
alsewhere. The static pressure heneath the atmosphere of the planet Jupiter is sufficient
to convert hydrogen to the metallic form, and the integrated mass of that planet suggests
that it consists latgely of hydrogen, with an inner core of helium®*. It is therefore
probable that the bulk of the planet consists of metallic hydrogen, and possible that this
is superconducting, given the low temperature of the planet (100—200°K)**. Persistent
currents in the superconducting state may be significant in determining the planet’s mag-
netic field, and perhaps also its radiowave emissions. The helium core may also be metal-
lic.

fiv) Digmond and borazon

Although diamond is only metastable with respect to graphite under normal conditions
it will remain unchanged indefinitely once formed. The transformation of graphite into
diamond is similarly sluggish if the temperature and pressure are just within the stability
region of the diamond phase, and considerable excess pressure is required, while high tem-
peratures are desirable to accelerate the reaction further. The early syntheses used molten
transition metals such as nickel, manganese and copper as solvents for graphite and ca-
talysts®*#%, At the high temperatures and pressures of shock waves, the reaction is much
more rapid®™ , and small particlas of black diamond formt in a shack front corrésponding to
about 3 X 10° atm for about a micrasecond®?2. Very high static pressures also produce
the transition without catalysts®®, with the simultaneous high temperatures required be-
coming less as higher pressures become available™®, A wide range of organic compounds,
including raw peanut, also react to form diamond®® at about 150,000 atm and 2000°C,
which demonstrates the eaze with which diamond can form under natural conditions,

Hexagonal boron nitride, BN, undergoes a similar transition, with a density change of
2.25-3.45 g.cm™3, to form a new phase, borazon, which has a cubic structure®®, Borazon
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is able to scratch diamond, and has about the same hardness. The possibility of forming
other such metastable or stable phases is a considerable incentive for high pressure research.

fv) Superconductivicy

New phases produced by high pressvre of some elernents (such as 5i, Ge, Bi, Sb, P, Te,
Se, As, Ba, Ce, Cs), are superconducting while the normal phases are not. The critical tem-
perature T, below which superconductors show superconducting properties, is usually
10°K or less, and normally decreases as a function of pressure, except in some transition
metals?®, High pressure (20,000~200,000 atm) may produce new phases, metastable at
atmospheric pressure, having higher T, than the normal, low pressure, phase. In each of
InSb alloy®*, Sn, Ga (ref. 237), Bi, and La (ref. 238), the high pressure phase has a higher
T.(1—5%%K) than the normal phase.
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