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High pressures have ion been used experimentally in physics and engineering labora- 
tories, but with a few notable exceptions, most chemz&zZ work has been dune at or near 
atmospheric pressure. High pzssure c1zenrLsny is a prominent research field in its own 
right and a considerable ume of ~or~~~ work has been done by a f&rly smatf ~urn~~~ 

of s~ec~~~~s. However, field is stiIf very new, and large areas have been Ieft reIative~y 
In this review, it is hoped ta show that the use of high pressure techniques is 

of considerable benefit to rnmy problems in the study of ch 
nthetic chemistry, spectroscopy and theoretical chemistry. 

areas of chemistry, the information available from meas ements as a function of pressure 
is as ~rn~~~t~~t~ or more, than similar rn~~s~~eme~ts ma as a function of temperature. 
This is then a review in part of work ~~~~~~~~d or in pr es, and in part of work that 
ought to be done. 

t important reason for the neglect is experimental: it is easy to heat a reaction 
ii, but significant changes in pressure tax the imagination, especially if we also 

wish to obtain useful measurements on the compressed s e. The recent emergence of 
I-&II px;essure ~~e~~y ows much to readier avaifab of suitable ~~~~~~~S~ Un- 
foftunateIy the cost of app~at~s for e work (IC- 1CP atm) is still 
very high, and for a given experimental te&nique, the cost usually increases at least pro- 
portionally to the pressure attainable. However, a large number of ch 
effects are observed in the intermediate pressure range (1 - 10’ atm) 
is usua.Uy inexpensive or C= readily be made in the laboratory wurk~o~. 

Some of the earliest ~r~ss~~ studies were carried out by ~agat, Who 
developed apparatus un O3 atm were consistently obtainaMe”. The 
most important ground . Bridgman, a physicist, often called the 

chemistry, who grsduahy improved apparatus design until pressures 
ould be regularly attained 24. Much of Bridgman’s work was also 

compress~b~ty as a f~~c~on of p~ss~e 
are very ~port~t in high treasure mea- 

surements in solutions or pure liquids, and many of Brid~an’s originaf fIp;ures remain in 
regular ~462~~. 

B.GEN'ERALEFF~S OFPRESSUIZE 

Macroscopically, pressure is defined as force per unit area 



P= F/A 

but the simplest molecular basis for pressure is that used in the Kinetic Theory u,fGases: 
the: wti of a vessel containing a ct gas, or a piston or any 0 er body (assumed infir+ 
tely ma~ive) lowered into it, is ected to a force over its ent surface area due to the 
rate af exchange of mumentum of the gas molecules cording with it ~el~tically). 
basis of elastic collisions is the mutual repulsion af the electron clouds of two impinging, 
non-bonding atoms or molecules suddenly brought together. In mare condensed states of 

matter, such as liquids, solids or highly compressed gases, pressure is likewise provided by 
mutual repulsion s per unit area and the indi~dual atoms or molecules may 
or ay nut have 

The conunonly used units of pressure have approximately equal magnitudes 
1 atm = 1.01325 x lo6 dyne. Cm-2 efmed n~~~~ ~~~~~~~re) 
I bar =I cm--= 
I kg. cm-2 = 0 X 10” dyne. cm-’ (the kilogram wei 

The kilobar (kb) (lo3 bar) is also used. The S.I. unlit of pressure is the newton per square 
rhete??r 

In general the bailing or condensation temperature of fluids increases with increasing 
pressure up to a critical point where 

rying temperature and pressure, w 
e ~q~d-g~ p&se ~~si~o~ ~nt~ely (Fig. 1). M 

ally increase with ~~rea~g p 
Clausius-Clapeyran equation clT,/d.P = TAV/ , but no evidence has been found for 
analogous critical point behavior fclr the solid/liquid transition7. Within limited ternpera- 
ture and presure ranges, the liquid/solid temperatures also decrease with increasing pres- 
sure, in certain substances such as water, gallium, bi ermanium and 
~~~~~ te~~~~ate ~~S~~~~* Such negative vaIu 

ges to more achy packed st~ct~es in these su 

sted as a general feature of the melting curve of 
a known property of several substancesg-‘6, though it is certainly not general. The 

expected value of 7’m rnivc in both elements, such as cesium, rubidium, barium and tehfurium, 
and creases with mass number14* A current model for the behavior of Uq&ds 

re~on beyond pressure at l;m”” is e of two ~orn~~~nts~ one 
range order car onding to a solid pha e at a lower pressure and the other 

having short range order derived from a highe 
second 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 d~e~y~~ox~e oGt~er increases by a factor of about a million when 

e pressure is raised from 1 to about 10 is of ob~o~s ~po~~ce in liquid 

phase reactions. 
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Fig. 1. (Fluid) Phase diagram of writer (not to scale). T is the triple point and C the crithI point. 

A third i~t~~~s~j~~ effect is the dramatic charge in the ~r~~ert~es of fluid water (and 
other su~st~~~s such as weak e~e~~o~ytes~ with rising pressur&, In the ~~~~~cr~~~~~ region 
(Fig, I), c~mp~~ss~d water adopts new solvent properties (as do other supercriticaf fluids), 
and acts as a pswerfut 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 phase5 *‘-G’ t: 5 Fim 2) eat 5’ stable in a specific tem~eratu~e~~ress~re 
region, whik in camphor no less then eleven ifferent phases have been dis~~v~red~~. Some 
non-metallic or semi-conducting substances undergo phase transitions to meta 
moderate pressures, e.g. sulfur2324, seleniumz4-26, tellurium25~27, iodine’“, arseni?‘, red28 
and white” phasphorusz4~~~; sition and rare earth metal chalcogenides3’; 
the Group IV efmnents siti~on~~ and germanium243z, 
ZII - Group V ~nt~rrn~f~~cs such as ~d~~rn ~t~on~de, and Group II 
bends such as ca~~i~~ te~u~~~~~*_ On the ather aid, sclme met&s WI 
to semi-conducting states, su as ytterbium, strontium and calcium33. Most such phase 
transitions revert spontaneousIy when the pressure is reversed, but some, such as “black 
phosphoru@* and diamonda”, are metastable at room temperature and pressure. Some, 
such as rnet~~~ hydrogen36, once attained, are predicted to be met~tabIe at room temper- 

n, most s~bst~c~s CA.E either solids or bards, so that except at 
es”, problems arising from the containment of gaseous materials often 
simplifies the design of much high pressure 

but significant decrease in interatomic dis this 
pressure region, corre scent ~~r~~e in bond str field 
~~tt~gs~ and ~~r~~ 
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)Phase diagram sf water, showing some of the phase of ice. 

only one state of matter is ~~~rn~d~~~i~~1~ stable above about 10’ atm at rcwrn 
i~~~~~a~~~e ~~e~i~~ so ifies at ah~ut 1.2 X 10s atm), and that is the solid state, and 
most apparatus design i en reduced to the problem of confining solids. With the de- 
crease in interatomic distzmces, the impotiance of the covalent bond increases, as do the 

hgand field strengths in IexeP; most ino ounds become more like 
nati~~ complexes. iron (II) in such minerats 

uw spm at a~~~t W at to a depth of 
aired electrons are paired in such a process, leading to a redu~t~~~ 

in metal--hgand bond 1 hs39p0 of about O.l& Even at lower pressures startling pherro- 
erals: a UV charge transfer band in olivine POWS in intensity 

its conductivity increases until the material becomes an opaque 
t; the increase in ~ond~~t~~ty is about 10s when the pressure is raised to 
us for example the study of geu~hem~~y below the outer part of the 

earth3 crust is largely coordination chemistry at high pressures. Further decreases in inter- 
atomic distances are expected to break covalent bonds4’, so that at the pressures required 
for this phenomenon (- 106 atm), extremely fast reactions should be possible. The limits 
of available apparatus are fast approaching static pressures of this magnitude. 

As pressure increases, eventually all outer electron repulsions are overcome and inter- 
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atomic distance crease to the combined radii of the next lo electron shell. The 

outer electrons ch had been local&d-on specific atomic ce , are now delocalised 
over the whole lattice, i.e. they are added to the ‘*conductance band”‘_ Thus, alI non-con- 

and se~~conduct~ng so are ~vent~a~y tr~sformed by 
c) solids. In co~ductor~~ ~~teratom~~ ~~~ta~~e~ Likewise 

creasmg number af electrons is added to the conductance band. T 
ressure as atomic efectrons are stripped off layer by layer, to farm ulti- 

ed’” metal consisting of nuclei embedded in a completely deloc&sed 
“free electron liquid”, where the repukion of like charges prevents further collapse of the 
str~ctu~ l 

If pressure is sufficiently increased, ordinary matter collapses md aggregates to form 
~ss~~tia~y Iarger atoms: a pacted mass of protons, neutrons and electrons. 
dwarf stars, at a ~~~~~~~~ “- 10” atm (density IO” - 108 g.cm-3), can b 
as extreme examples of giant “ato . In this case, the orbiting electrons spend most of 
their time within the nucleus, and electron orbits are so closely packed that the Pauli 
Exclusion Principle requires high electron velocity, which provides internal pressure, to 
prevent further collapse. Ifs aterial is compressed even further, electron energy 
waked ev~ntu~y become so r~ac~on between groto 

es, these n~~t~~~s woul 
be packed rigidly in simple crystaIIine solids; such structures are stulated for neutron 
stars, which exist at pressures of 1020- IOz4 atm (density lo’“-- 10” g.crn-3)43. 

C, TYPES OF APPARATUS 

pressure c~ern~t~ 
duction, containment and measurement of the pressure. 

can be su arised under prCB- 

Most of the ressures were 
~~d~~. For asivety simple; 
tween two or more pistons or then pressed tog&he?, e.g. by a hy- 
draulic press (Fig. 3). When two opposed anvils are used, the pressure gradient (usually 
undcsir3ble) between the center and the edge of the sample may be reduced by surrounding 
thr; sxnpfe with a f of another suitable material, such as pyrophyllite- A successful 
me~od of doing asker w~ch is s~uIt~eo~~y co 
into the tapered section betwe _ This method has produced the 
pressure so far obtained when ort was used. The importance of 
port in pressure apparatus is discuad below. Insertion of a heata element between the 
am& allows simuI&neous temperature controls over a wide range? Multiple anvil systems 
~~~~v~~ four ~‘t~tr~~~~~’ press), six ~‘~~~~~~“~~ eight or more sy~~e~~c~~y opposed 

vils p~rm~t Iargc3f sample volumz? and rn~~ pressure gradient prob~e~~~~. A i&ad- 
vantage is the struke iknitation imposed by the ed es of the anvils pressing against each 
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1 

SAMPLE 

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 arr~il~~. 

The problems, theory4’ and methods of apparatus design have been extensively dis- 
cussed, and Bradley” has given deta ils 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. Z), 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 

temperature and the mass of liquid initially inserted. This method is frequently used 

when simulating geothermal or hydrothermal conditions (e.g. mineral synthesis). For 
example, gemstones 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 (ref. 5 1). The 
temperatures and pressures used normally range around 10’ - IO3 “C and lo2 - lo3 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” healed, a typical example of which is shown in Fig. 5: this 

consists of a 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, CI, with the 
packing sandwich is smaller than the area, CI’, of fluid supported. Since, at equilibrium, the 

forces on each side of the mushroom must have the same magnitude w, the pressure in the 



Fig. 4. Piston and cylinder pressure devices (schematic). Compressed fluid is pumped into cylinder to 
apply pressure to surface indicated by “P”. (a) Pressure intensifier using Iarge primay and small secoad- 
ary piston areas. (7~) Application of pressure with intensification, to fluid in a secondary cylinder with 

ndwich ($a) is always greater than the pressure (f/a) in the fluid. Prevention sf 
leakage unfortunately leads to signific onal resistance to piston movement. Sepa- 
rate isolator ceffs for samples are sume esirabIe wife a ~~rnpre~~on cylinder, and 

ercury are often used to separa uids which. are not ~rnis~~b~~~ 
The experimental pressure may be nsified by allowing the primary pressure to act on 

a piston which in turn acts on a smalle ston (Fig. 4) in a secondary vessel, The intensifi- 
cation factor of the pressure is always than the theoretical value expected from the in- 
verse ratio of the piston areas, due to frictional !osses. The u 
mined by the ratio of internal to external radii of ati 1 
~o~tai~~~ the pressure, so that a ~y~~d~r of given d 
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 outside of the cylinder, Thus it is o 

necessary to compress the cylinder from the outtide, e.g, by heat-~~g another der 
around it or w~r~-~~d~~~~~ it beyond tk elastic limit ~~a~tofrett ‘1, such 
sidual stresses compress the inner part of the cylinder as if another er had b 
shrunk around it. The process can be repeate er, which effectively 

series of concentric cylinders, ea ext inside, so that a 
pressure can be contained in the 
the pressures ~0~~~ desired 
like cylinders, are expecte 

be strengthened by external support, but the geometry of 
some ar:d difficult 53 Greater apparent piston strengths are obtained by US@ . 

massive-supported pistons in “belt” or “ le” high pressure systems, which are effective- 
ly taperedlpiston, or anvil--cyhnd ores-? Removal of the cy 
US with the ma~ive-supported 3ri system d~cu~d above, WE 
~~~e~t static pressure so samples*s I 
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Fig. 5, Bridgman unsupported arca scaf (see text). 

A further method ~f~bta~~~~ high pressures in either solids or liquids is by shock 
wave t~~h~q~es~~. A shxk wave, ~~~du~ed by an explasion near the sarnp~~~ CM- by ;~l 
fiat pfate fired at it, brings the s~~~~ to efevated t~rn~~at~r~s and pressures, and experi- 
ments are performed during the passage of the shock wave. The actual temperatures and 
pressures ~bt~~~ depend on the ~~rn~Qs~~~~n of the sample itself, Much hi~~r pressures 
(several million atmospheres) are possible by this method in solids than in liquids* Disad- 
v~ta~es of the technique are the very short time (usually not more than 10m5 see and 
often, much less) during whi pressures arzd tem~ratur~s are ~bta~~~d~ i~ab~~ty to 
raise t~~~r~~~~~ and pressure: inde~~nd~~tl~~ the fact that the sample and at feast part sf 
the apparatus must be expendable. Apart From the particle velocity vs. shock veiocity, 
electrical ~undu~~~~t~es are probably the easiest properties to measure in shack experi- 
ments, but spectroscopic and X-ray diffracticrn data can be abtained with strong incident 
b~~~~. 

discussed here. Frequently it is conveni 
the pressure dependence is kniswn for some easily measured property, and instances of 
this wiU be discussed below, For example, the pressure dependence of the unit cell di- ’ 
mension of sodium chloride gives o good indication in cases where the apparatus permits 
X-ray d~f~a~~~~n meas~em~~ts6~~~~. 

t 

z 
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D. EXPERIMENTAL TECHNIQUES 

he first prublem in c yhg out any experiment at h pressure is to decide whicfs 
part of the experiment ur apparatus should be under prt3ssure. The sample to be studied 
must bc: under pressure, but as little as possible (or none) sf the rest of the apparatus 
should also be compressed in order to simplify the experiment. Within this constraint, 
the problems of apparatus design are irrva.riabIy surmountable. 

Many of the common methods for determining magnetic susceptibility are amenable 
to high pressure measurements, and just a few exampIes will be mentioned here. For the 

For&s methods, the sample alone can be se&d in a non-magnetic fdiam 
pressure bomb ~vhich is h etween th es of the magnet in a Gouy 

tached to the end of the v mg =wfe er ~e~~e~~ the magnet poles in 
*the f;oner magnetometer. Such a high pressure bomb is simplest in the case of liquid sam- 
ples (or solutions or suspansions) and one type has already been used with the Gouy me- 
thod: the sample tube is a small piston-cylinder bomb with a Bridgman mushroom seal, the 
piston being el’amped in a fixed position via a retaining nut after pressure has bee 
wit an external press ~~~~~~ The only ~~~~~a~i~~s are that the bomb ~~~~d be as - 
possible I(cspeciallEy for the Gouy method), and relativity weakiy magnetic. The t 
ture may be varied simultaneously within the limit permitted by the liquid sample7’. 

Another common methad for magnetic susceptibility determinations, the induction 
method *, may be adapted to high pressure measurements in the same ay with the pri- 
mary and secondary coils ~vound around the high pressure bomb, in w ch case thk bomb 

mbed~~d with the sample invade the bomb. T 
latter method pe IO5 atm), but the necessarily smaller sample 

is principally applied to the pressure dependence 
tiferromagnets73*74. Pararna etic susceptibility 

in solution may be determined by NMR’“, and this could be adapted to high pressure in 
the same way that the NMR ~ec~iqne itself has been adapted to high ~re~ure measure- 
ments* 

be observed in the standard high pressure devices discussed in 
Iude tr~~ar~nt “wtidows’ f a~~ro~~t~ strength. Vari 

materials, such as glass artz, sapphire, and ~d~~~ oride are used as w~ndlows. 
design is simple for relatively low pressures on liquid or solution 
Poufter reported pressures in excess of 40,000 atm in a cylinder w lass windows”. The 
actual pressure must have been considerably less, since PouIter use ery high friction seals, 
with no corrector, but a s~~tIy rn~j~ed Pot&r a aratus was takexl to 21,000 atrn as 
determ~ed by direct measurement with a ~~~~~ 
ah wed by the author to 2~,~~ atm using a new 
corrections made. Under such pressure, ordinary glass c& be bent to a spherical curvatwe 
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having a radius of 4 inches, and compensating lenses are desirable. Several other cells for 
Squids at pressures to about 104 atn have been described recentlylg-B’ e ~ommer~~a~ cells 
axe nap a~~~~e~ whi& ~orm~y em 

ns. In many ap~~~~at~on~, thes 
d for the Aminco Super Pressu 

the piston liquid from the sample, and is 
application. A larger cytidricaI isolation 
cavity with the light path per~~d~~~~ar to the cylinder axis, and a ~u~y~en 
tit tI%e prepare *3. The ~~~ur~ is the same inside and outside these cells, so 
endows require no great strength, 1x1 the absence of any change ~ompos~~~n or nature 
of solution species due to pressure, the Beer-Lambert Law is st xpected to hold after 
cometion for increase in concentration due to compressibility. The same apparatus can be 
used to study the pressure effect of fluorescence quenchings4. 

Piston and ~y~~~~r cells have &o been designed for much higher pressures (IV 2 X 10’ 
atm) in so~d~, and sodium ~~or~de can. serve both for the widows and as the ~~~~s~~ 
transmitting materi g547. Difficullties with this method, such as tie relatively poor trans- 

of light by the NaCl windows and the unknown reactivity ofNaC1 with samples 
pressures, are overcome by UI opposed anvil ce118a, using carefully prepared transpa- 

rent. diamond anvilssg_ However, the diamond cell does have a significant pressure gradient 
between the center and the edge of the sarn~~e. 

pressure infrared (and Ramada) spectra have essentially the same requirements as 
sible spectra: bombs or squeezers with suitable optics (e.g. NaCl , etc); ;utd mxmmer- 
aratus is av~~b~e’~. Suitable cells have been described for both ~q~id~Q arid solid 

samples~l. 

The ~~ssbauer Effect is only o servabie in solids, and h&h ~re~$~e measurements may 
be car&d out wi t31e sample ~~rnp~ssed in a z$mple tweezer ti which either the anyifs, 

askets used, are relatively transparent to y-rays, i.e. the y-ray path should be of 
*c weight, such as beryfliurn, boron or l.itEum hydride. Several experimental 

systems are avaiIableb2*92-g5. Since only the relative velodtie: of the r-ray source and the 
sample in Mtrssbauer work, either the source or the sample may be cam- 
pV2%Ed is mov~d~ but for chemical allocations it is ~en~r~y ~~fer~b~e to 
Compaq the ~~~~* 

(v) llhgnetic restmance 

Various ‘kinds of apparatus for magnetic resonance experiments have been discussed in 
en%& wark has been done 

tfte sample cavity, since 
netic field is normally supplied from ou apparatus. For example, 



Fig. 6. Disc-shaped spectraphotometer isolatior~ cell fox Amincu cell. Excess sample soIution extends 
below the window (W) zuxx ts a pool of mercury which extends upv&uds for : RI ‘5 of the circumf~ 
rence of the disc in a groove! (G) cut around tic? disc. The mercury is held in the groove by a nylon 
ring (I?), fitted tightfy around the disc, and open at the top to admit the compressing Fluid, which acts 
OR the ~~r~ry~ which in turn acU on the pie from ~e~~a~* e @ht path is along the axis of the 
disc, 

fiberglass P+JMR sample tubes have been used, though much higher pressures are attainable 
in ~op~~-b~~~~ or staidess steef bumbs9’- ~e~end~~~ on whether low or high pses- 
sures are ~e~~d, the RF coil may be out&aide or inside the bomb, in the latter case, 
some accuracy is lost due to inability to spin the sampfe, Xn a specl plication in- 

volving the detection of the 57Fe resonance in powdered metallic iron, the magnetic field 
was supplied by the ferromagnetic iron itself, no external magnet being neces~ary~~. 

ESR apparatus is simikr in principfe, except that the electromagnetic radiation must be 
~trod~c~d into the cati om the 

to 104 atm. For hi;her fr~~~~~c~~s 
(- 24 kmc), the coupl 
may be carried out simultaneous1y’? 

x-e window, so that cqtical experiments 

Th technique is sufficiently sensitive to detect l&and field perturbation (especial- 
1~ asy ic perturbations) when many transition metal complexes are compressedlO’Joz, 
and UR~~~~ stresses on single castes would &vie even more ~f~~at~~n~ Some magnetic 
~~~~~ce work has been done on crystals under uniaxial stress~~~y~~~, but an ~~roved 
method of applying uniaxial stress to s rystals, which promises to have much wider 
applications, is the recently developed R technique lol. In this technique, the crystal 
is vibrated ultrasonically, and perturbations in l&and field due to uniaxial stress (i.e. uni- 
axial pressures) may be observed by ESR 

The problems associated with NQR in the presence of a magnetic field are similar to 
those of PJMR except that, like the ,M6ssbauer effect, NQR can only occur in solids, and 
kplid fes need not be considered. Zero field NQR i even simpler, the greater prublem 
being of the resorxance rather than tie ap cation of ~~ess~~~~~-~~~ 



hiost hi& pressure X-ray work has been dune owders, ~0~~ there is no reason in 
Fr~~~~le why ~~~~~$jv~ singfe c wsrk could be done, at least in the lower pres- 
sure region. Normally, only soli ples are of interest, and the experimental probfems 
are s r to those encountered in many types of opti 1 and MGssbauer apparatus; 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-rays, A 
si t adva~~~~~ in this t~ch~~~~ is the use of ~ly~hr~matie X-rays at eunst~t 
Bragg angle (~~~ the crystag ~-~a~~~~ are faked from the ~iffraGted ~~vel~~gt~ observed 
at constant 8 with a semi-conductor detectorin’ coupled to a multichannel analyzer, 

X-ray diffraction patterns may be used to calibrate high pressure apparatus using stand- 
ard sarrrples of known cell constants, known and relatively high compressibility, an abc 
sence of phase transitions in the region of interest, and for which at ieast several intense 
d~f~a~ti~~ Zincs are readily observes_ These criteria are satisfied by sodium ~~~rid@~~i p as 
well as a number of other szlt$? 

E. EQUILIBRIA U-NDER PRESSURE 

The effect of pressure on simple the ical equihbria may be understood in terms of t 
mathematical descriptich?12 of Le Chatelier’s PrincipIe lx3 Thus, the decomposition under . 
pressure of the double salt Co Cu(CH, l COO), l 8H,O into its component single salts 
and water was observed as predicted in 1887, since this salt has a greater volume than its 
cump~~e~t parts” 14 * Or the ~qui~b~i~rn (1) in ~~l~ti~~ 

the equilibrium constant K is written in terms of the relative concentrations (strictly the 
activities) of the component substances 1 

The molar volume change due to ccrrmplete transition from the left to the 
eqn. (1) is 

AV=- 
T 

(Strictly this should be debuted A p, where the volume change is the algebraic su 
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 abort by eqn. (1). 

Certain four-coordinated nickel(U) complexes such as the bis (i’V- -substituted amino- 
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Fig. 7. Pressure dependence of magnetic ~us~~t~~ty. (a) Tris (IV,Ndi-JI-butykti~o~b~~~~) 
iron (811) in CHCl,; (0) bis(N-phenyJsaliqMdimino) nickel (II) in CHCl,; (-1 bis(NJfdiethylam~o- 
troponeimimato)nickeI (II) in CHCI,; (A) tris(N+%hylxanthata) iron (III) in CWCl 3; (01 tris(hr-methyl- 
xamhato) iron (LII) in CHCI ai (a) bis(N-n-hept%l~cylaidimino) nickel (II) in C$ C-12; Co) bis(.Nn-pry- 
pyhal.ic,vlaldllzllino) nickel 1113 in CHC 1 3; a, b, c - cormnon sohrents, CIiCl,, CH&l, and (CH,OH), 
respectiveliyc 

troponeinhate) nickel (Ii), I, have either a planar or pseudo-tetrahedratl environment about 

l &e nickel atom in the solid state, and exhibit an equilibrium between the planar and tetra- 
es in solution I? In the planar fo 
tetr~edr~ fan the compare is 

e 
dicted a priori. 

The efhct of pressure is to decrease; the magnetic susceptibility (Fig. ‘7) and increase 
the propotiion of planar low spin species at the expense of the hi& spin tetrahedral one@? 
The Aphrodite equiiibrim constant, ~e~~e~ the high 
givert by 



HIGH PRESSURE IN COORDINATION CHI3WU’RY 

where pH and pL are the magnetic moments of the pure high spin and of the pure low spin 
species at the t~rn~~ratu~~ and pressure Of the exFe~~nt~ and cabs is the observed mrr- 
SnenL T partial molar ~~~~rn~s of the two species differ by an boast ~3 V Gwen by eqn. (2) 

For t.hes~+, com~u~ds, the tetrahedrzd form is larger in solutioa by about 8 cm3. mole-” 
than the plafiar form, as widenced by the decrease in magnetism (Fig. 7) and the increase 
in intensity at 12,000 cm”“’ (Fig. 8) with increasing pressure. This A Vvtiue may be at- 

increase in unpairing two electrons 0 
? Such a ~~~m~tiu~, ~v~~~g spin 

be? 

far v&me of the compkxes, and the pressure@ and temperaturedependent 
cate that the planar species is more stroqly solvated. ‘T%us, solvation in- 

creases the numerical valve of A Y somewhat, and this effect is greater in chlorolform t&n 
in dichloromethane. The solvent molecules are not coord~at~d to the complexes, even 
when p~~~~~ isused = so~~~~t and the s~~~t~~~ is ~~~~~e~sed~ The value of d V de- 
creases initiafly with ~~f~~~ pressure, then levels off (~~~v~ about 500 etch to a cun- 
stant, as would be expected from the greater initial compressibility of the looser solvation 
shell around the tetrahedral molecules campared with the more strongly held salvation 
shell around the planar species. 
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Nickel (II] compIexe titute cyl~d~~~s (II) undergo eq tia between 
mo~omgric (planar, dia and d c ~~se~doo~tabed~~, param tic) forms 
which are found to be co~~~~tration-, tem~erat~re-~~6-~~ and ~ressur~~~~~nden~#, 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 w 7 cm3,mole” for a range 

of complexes witi R = n-a&y1 in such solvents as CHCl 3 and CH,CI,). Depnding on the 
assumed structure116~*17***9, th e f ormation of a dimeric salieylaldimine involves the forma* 
tion of two or three new metal-Iigand bonds. The promotion of a.rr_electron to form an 
octahedral bind wiIl decrease the rn~~~d~ of A V, while the greater solv~tion (again 

I a ~lvates more st n&r than CH,C 11) of tie d~~~~ molecules tll 
~~~ the achy iz~ger A V which ~adu~~ levels off - see di 

effect in Section E(z)) increases 4 V, but the predominant clantrrbution arises from the 
new bond f&znmation? 

A planar * tetrahedral egdibrium cam exist side by side with the associetive equih- 
bria”20-‘22 ti complexes of type II, but tftc: ~n~n~a f tetrahedral species is smaII ti 
~~~I~~~d~e~, and the data des~bed in Secti (r] in~cat~ that ~re~re 
decrease the concentration even further, Thus for n&cl ~rI)~~-~yl~~~d~~ corn- 



plexes, the monomer * associated equilibrium is the only one of importance. On the other, 
hand, far N-see-aIkyb&cylafdimines, the concentration of tetrahedral species is greater arid 
the planar * ~e~r~~dr~ equ~ibrium occurs to a si~~cant extent, though the rn~~~rner * 
* ass~c~ted ~qu~ib~i~rn still ~~~do~at~s, and the nett effect is a sm 
other ~~~~at~ve ~~u~~br~a6~. 

Theoretical calculations indicate that planar triplet nickel(U) species might exist in com- 
plexes such as II in non-coordinating solvents 1z3t*zA, but the high pressure results are not 
in keening with the presence of any appreciable quafl.tity of such species. However, in 

ch as py~di~e, strung association with the 
tic planar complex with 8 ~~~~~etic oc 
yridine adducts of nickel (ii) complexes i 

of two metal-ligand bonds per Ni atom, and the pressure dependence of the adduction, 
as measured by the rnqnetic susceptibility or by the optical spectrum, is greater ~~EUL that 
for aLmonomer * dimer association in a non-coordinating solvent69*‘25_ 

In the solid state ~~s~g a solid solution in ~a~~f~rn wax and. 
pressures ,yp to 3~~~ ‘at:;: produced ather little ~s~ciatio~ in n- complexes of type II_ 
Complex Ii with R = CH, on heatin irreversibly forms a param 
has the probable structure III, (ref. I 14) and this reaction should be accompanied by a 

vol~rn~ decrease. However, compression of the solid complex to 4~,~~~ atm left the 
sample ~~ch~~g~d when retorted to normal pressure? 

~as~rements on the nickel complexes of tetra state s~cyi~dimi~es such as IV 
(n = 2) and V suggests that as in complex Ii, there is a pressuredependent increase in sus- 

c~~ti~~ity in non-coordinating solvents, but this could not be stated with certainty, owing 
to the low sulubi ty of the corn~lexes~~~ The related complexes VI126 cfearly show the 
moister * associated e~~~b~um~2~ for the complexes ail n = 5 - 12, all of 
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TABLE I 

COMPARISON OF PRESSURE EFFECTS ON MAGNETISM OF EQU~LH3RIA INVOLVING NICKEZL 
COMPLEXES 

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

(1) Tet M - P1M 0 V1 
pm pm 

(2) PlM + 2Py - M(l?~9~ 
dm pm 

(3) PlM - $D 
dm pm 

&Plhf + $D -$Tr 
dm pm pm 

(5)Tet )I-* 3 

pm pm 

(6)3D 3 $Tr + :PlM 

pm pm dm 

2 2v2 

19(l) l.5v,0(v2) 

1”(S) V2 
a 

1.5 VI + l.SVz 

0 0 

-1 -v, 

1 v2 

1 I .SV;?“(V2~ 

r 3 v& (2Vz) 

0 0 

1 I- 4 0 

a Values dep end on solution structure: 3 bonds are assumed to hold an ‘“M” rnole~u~~ to another Ni 
species; if only 2 bonds are inv&ed the quantities in parenthesis apply. 

y ~luble in organi I 3, and benzene; the analogs of type IV are 
a little less soluble nce127, despite a report that 

these complexes are ins 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(II) can be compared quantitatively, as shown in Table 1. The effect af pressure on 

eicjuiii ia i~~~l~g other ~~si~~~ met s is readily deduced. Thus in 
a ~~~~~~~ * ium in cobalt (II) ~~rnp~~~ds VII”IL9, the dimer is low spin 

spin (#A 1) and low spin CT,) states are 
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nearly equienerget~~~ so that the relative population of these states are both t~rn~~ratur~- 
alXi pressur~-dependent40”7”‘31 .The fcx~ spin state is f~v~r~~ by ~~~~~~~~ pressurs, so 
that magnetic moments decrease with pressure. Here A I, is 6 cm3. mole-f. which corre- 
spends to a change in the average Fe-S bond length# of 0.1 A, consequent upon the 
pairing of two electrons. 

s kind of experiment gives a ct measurement of the volume chzutge (or bond 
Een change] assoc ring of two ~~~~red electrons in a simple rn~lec~l~ 
in a ~~t~a~~~ where er factors is kept to a minim 

spin and lsw spin species is essentially the same, so that solvation effects cancel 
be ignored. Similarly Mtissbauer’” and magneticIN data that indicate hi spin + 

w spin transitions are induced by pressure in FeLX,, where L is a phenanthr e or 
dipyridyl ligand and X = NCS or NCSe, Single crystal’x-ray studies have confumed the 
0. I trt average ngth compaction on ~~ri~~ of two electrons in these ~orn~l~~esl~~~‘~. 
Re~entfy spin has also been induced by pressure on ~ro~~~~~~op~d into ~rn~l~s 
of M&3,, MnSe, and MnTe,, studied by the Mb’ssbauer effecti3s. 

The equilibrium is of considerable biological significance since several ferrihemapro- 
tein complexes are near the high spin - low spin crossover 136, and the biological aetivity 
of these molecuies is probably cl;3seIy tied to their ready ability to ch~ge their spin state. 

eins are stabfexat up to ~~~~ at re under relatively low te 
II, high pressure methods are m for such molecules. Som 

ments of this type have already been c Soret band, a strong sharp absorp- 
tion occurring in alI hemoproteins near 400 nm, is known to be a ower energy in low 
spin derivatives’3B, and a shift in this direction has been observed some hemoproteins 
with increasing pressure- 

lit can be Gove that ligand field strength A should increase as a f~~c~on bf 
metal-ligand bon length I, approximately as + in complexes of near octahe 
metry’39~‘40. as been demonstrated directly by using steric strains to inc 
metal--ligand bond lengths in iron complexes, which caused either shifts in absorption 
bands dependent on A, ot ge in spin state from low to high ~pin*~‘*‘~~. Again, in- 
creasing pressures produce to higher energy in abs~~tion bands d~p~~d~~t on the 
aced field sp~~tt~~~ in me pfexes (e-g. @d 2 -+ 3r,) = a irk w, cPp*? Thus all 

pin complexes in which spin pairing is thee tically possible, should at so 
crossover behavior like the ferric dithiocarbamates and other such complexes, For 

example, in CoF3,-, the high spin to low spin cmssover is expected to 0ccuP neat 
2,2 It 2.5 X 10’ atmt At res, further increase in A should produce low spin 

rinall It has already been shown that 
can be at rnoder~t~ ~ress~r~~~~‘?~~- 

It is a necessary conclusion from the above observations that octahedral iron(U), 
iron(M) and cobalt(W) minerals become spin paired deep in the earth’s mantle (below the 
transition zone between the upper mantle and lower mantle) where the pressure is high 
t%KW to produce spin pairing. In addition to the effect this will have on the magnetic 
~r~p~rt~~s of the iswes mantle, the c~nc~ntrat~o~ of metal-ligate bonds coufd cause an 
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enrichment of law spin ions or ions which can become low spin at depthl”. The increase 
in crystal field stabilization energy with increasing pressure may also play a part in en- 
niching these 10~s with ~a~ticul~ly high trysts field stabili~t~~~ energy; su~~~rt~~ 
e~~e~~~ for this is provided by rn~~~~~ b~~~~~~d to come from the Iower mantk (car- 
bonaceous ch~ndrit~s~ which show a strong enri ent in iron, cobalt and nickel com- 
plexes compared with rocks from the upper 47. Thus, the effect of pressure is of 
ccrnsiderable importance in determining the composition and ologicd history of the 
earth. It is also of importance to the thermal, history: the redi ibution of heat by radia- 
tion in the mantle and towards the corre-ma tfe bo~~da~ Ml be CritiG~ly dependent on 
the absorption spectra of the complexes present, and these in turn are stron 
by pressure (especially if spin pairing is induced)14’. 

~ag~~ti~ ~x~h~ge ~teracti~~s, both Laotian-wide ~i~term~lecular~ and discrete fintra- 
mole~~Iar~, occur in a wide variety of ~r~s~t~~~ and Iare e th. metal c~mpounds~43-~5~* 
Whether the mechanism is direct-orbital overlap or superexchange (via intermediate atoms), 
the application af pressure is useful in ferromagnetic, ferrimagnetic and antiferromagnetic 

se it permits variation of the interatcmic distances. The effect sf pressure 
Neef tem~ratures of lattice ferro- or ~tif~rr~magnetic ~ompIex~s depends 
ot the reduced volume enh s the orbital ~v~r~a~s r~~~~F~~ far the in- 

teractions, In general the eve e stringy of ~tif~r~om~gneti~ interactions, 
should increase with increasin ssure, and this has been observed for a number of lat- 

tice antiferromagnets%. The s on is more complex in the case of the compounds EuX, 
which are ferromagnetic for x=0 or S, and aintiferromagnetic for X = Se or Te, aii of 

Same (NaCf) structure. The effect of pressure should follow tf;re effect of 
the d~cre~~~~ cubic ceI.I ~o~st~~t~ d~~~easi~~ a~tifer~oma~n~t~~ or ~~~~~~~~~ f~rruma~ 
netism as pressure rises. The expected increase in ferromagnetism is observed in EuO 
(ref. 152) and EuS (ref.-153), but in EuSe and EuTe, contrary to expectations, the anti- 
ferromagnetic interactions apparently increase or remain unchanged74*‘s, thou& the ex- 
perimental results are contTov~rsi~174~1s5~156. In any case, the results indicate that the inter- 
at~~~.dista~~~~ do not alone d~t~rrni~~ the m com- 
pounds. metric iron itself adder tic to ~a~amagneti~ transition (~~com- 
panied,by a resistance. change) n m, due to a structural change from the 

ntered cubic lattice to hexagonal close packt?d45*‘56. 
The sirnp_lest situation involving magnetic exchange exists where only pairs of isolated para- 

~gnetic atoms take part in ~tif~rromagnet~c interactions, so that the ~ter~r~tation of re- 
sults should be s~~I~~~d. ~~f~~t~~ateIy~ in ~tr~~le~ul~~ ~~~er~~rnag~~~~~ the sfkarp 
magnetic t~~s~tion t~rn~erat~re is replaced by a broad maximum, which increases the ex- 
perimental difficulty. Very Iittle pressure effect was observed in solid dimeric copper 
acetate, chloroacetate or succinate, the polymeric oxalate, and no effect was evident at all 
in chloroform solutions of other dimeric copper alkanoates’57, indicating that the 
singlet (bin-p~ed~ and triplet (fin-frees forms of these rnol~~~les have about the same 
volume. The ~~~~t~ ~yer~a~ re onsible for ltfte rnag~~t~~ ~~~~a~ge in these eo 
been described in terms of a weak &-bond’58*f59, or superexch e interactions between 



isolated cqq~rs~~, both of which are compatible with the high pressure data, and in 
terms of a strong a-bond or a strong S-bond overlap between the metal atoms’61g’62, which 
does not agree well with the lack of significant volume dependence”? The pressure depen- 
dence of tie ~~ectrun~c of the c~rn~~e~~s is a atible w 
onw offing or a e of weak ~-bo~d~g~ perexch 
band run) increases in intensity with rising pressure, m agreement wt 
as *Bt + ‘E, allowed by 1 w symmetry l&and field elements, while the intensity of band II 
(370 nm) decreases, as ex ected, since this band is believed to be vibranically tiowed”“? 
SoEd complexes of the t e chlorobis(N-methyIsaficyI~dimino)dicopperffI), IX, showed 
no ~ig~i~~~~t change in rn~~~etjsrn wi ~~creas~g pressure, educating that singlet and 

triplet species in these moIecuIes again have about the same volume. This observation is 
confumed by single-crystal X-ray str~~t~ra~ deterrn~~t~~~s on chtorobisfl\b-ethylsalicylal- 
d~rn~o~~i~o~~~~~~~~, X and IX, in which the ratios of ~-~~~e~ and gripped species at r~~rn 
temperature differ s~ni~c~t~y, but in which the ~~~~gous bond ~e~~~s are the stlme 
within exlfgerimental error, i.e. no volume difference arises due to pairing or unpairing of 
electrons. 

In the complexes NiL, (NO,),, where I, = RR’N - CH, -CM, -NR”R”’ a~ equilibrium 
exists between nitro and nitrito forms of the complexes, for certain combinations of al- 
kyl groups R, R’, R”, R”‘-. Thmis no difference in magnetism of the two species, but 
the spectra differ so that tile equilibrium can be studied s~~ctroscopic~~y, and prelimi- 
nary data show this equi rium to be strongly pressured endent, the aitro ~~c~~s b 

10). The ~q~~~br~~rn here is a little more complicated than 
those described above in that it involves formation aMI recombination of ions, but it is 
c@.r from comparison with solid state spectra that in solvents such as chkxoform, only 
the neutral species contribute significantly to the spectra. Thus, only the neutral species 

considered in the cqutibrium. In this case, the ~qui~b~um species cztn differ tit%le 
volume, and foliation ~~~ect~ must be ~~~~~~~~~e for the bulk 

nce of the e~~~l~~~rn- As expected with salvation (see Section 
pressure dependence high to a constant lower vdue. The orgas,Cc 
part of the molecules f the equihirium, so that the different degrees 
of salvation of the tw nt the degrees of salvation of the NO2 and ON0 
forms of the ~o~c &and. The Its indicate that NO2 is more ef~~~~~t in &the! 
av~~b~e space near the metal th 0, with presurnab~~ Ieaves some “hoIes”” 



the range I 
nitro form 

inaccessible to the solvent. The NO, form is more strongly sofvated at low pressures than 
the ONO form, and the difference b~t~~e~ the two iiiust~ates how str~~~~y even aprdtic 
solvents such as c~oroform and die r~m~tha~e can be held to metal c4m~~~xes. 

In the equ~b~a discussed above, the solvent either played no part other than to trams- 
We, or its rofe was ~~t~~ to ~o~~~i~n of the sohlte cornices but wi~o~t 
to it_- An exce~tjon was planar nicke~~~~~ in ~y~dine, in which the solvent 
ate 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 V, and sometimes 
the solvent must be cons red as one of the reagents, or the solvent itself ~d~rgo~s pres- 
~~~~~~~~~~nt changes, us the dimer tion of ~t~o~~~ dioxide in Cuban t~~ac~o~d~ 
to form ~t~~gen tetroxide is much more enhanced by pressure than wouki be expected 
from the molecular sizes, &ES to solvent interactions with the tetroxider6’. In alcohols, 
frequently used as solvents, the proportion of hydrogen-bonded polymers increases with 
rising pressure, and A Y is about 4 cn?,moIe -r for formation of the hydrogen bond168”‘6QV 
The molar volume of water is greater than its eq~v~e~ 
as evidenced by a A ?f of 19.5 ~3.mo~e-~ irt Neiman 
pressure greatly increases the ionization of fluid waterr’r% a fact of considerable importance 
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irr. 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 f weak e~eCtr@lyt~s SUCK as ~~os~ho~c acid is great@ enh 

~r~~s~~,~~~ alfw ~~e~tro~ytes becomes strong ~~ectr~~y~es when ~om~resse 
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 : f. eleetr agreement with ex- 
~er~e~t~ data fitted to eqn. (2). ~~~0~~ the tude of the eontrac- 
tion is expected to decrease with i~~r~a~~~~ pres to vduesla t?tlOUgh 

to produce dramatic changes in electrolyte strength with relatively small pressure changes. 
For example, the degree of ionization of ammonia increases’74 from about 4% at 1 atm to 
65% at 12,000 atm, In general, any increase in the concentration of ionic species is en- 

ressure in water and other happy pal solvents. Thus in equilibrium matures 
(~~~~ cobal I) species such as 

Cti(H,O),*+ f n Cl- * [CoCI, (I&O),_,] 2-n + (2+n) H,O 

pink blue 

the ~q~~b~urn is shifted to the: left by pressure 714m Similarly, the breakup of the dimeric . 
copper ~anoates d~s~~ss~d above is ~~~~~d by ~~reas~ng pressure 

Ku(RCO~, * #] 2 (S) = 2 Cu(RCOO), (S) * 2 Cu*+ (S) + 4 iu3X.r (S) 

where S is a sofvent species such.= water or ethanol which may be present in h 

on or dispe in another solvent such as chloroform. Once the equilib 
to the x-i&t pressure, ~ydro~y~~s of the complexes is also e~an~ed, so that the 

~~~br~urn is no langer ~orn~~et~ly reversible. ~~~ no change in the co~centr~t~~n of the 
ionic species is involved, the nett solvent effect may be unimportant, and in the equiiibrium 

1, +1 - +I,-- 

the formatted of a new bond alone accounts we for the observed d V of - 5.4 
S One ~%~~~e of d~so~iatio~ of ion pairs under pressure has z&a been studied. 

(Mg** SO:--) ion pairs * Mg*+ + SOi,- 

As expected, this dissociation is favured by pressure like the dissociation of neutral mole. 
cules, ~o~~ with a ~~er than average A V1(2 ~~~rno~e-~)*‘~. The re~e~t~o~ of sank 
waves in sea water was thou “’ from the r~~at~on of eq~~br~urn (4)* “phe ef- 

feet of pressure waves on e ts in high ultrasonic absorptions, though 
there are a number of compl factors in sea water*=. 

Similar studies have been out on aqueous solutions containing equimolar 
HX,whereX~C1,C104~dNOs,Ase cted, pressure favors 

~0~~~~~~s~ but the pressure effect on 
that the former may be a~1 ion p6.r rather th 
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The pressure effects on e spec~a assu~ia~ed with some of the above eq~i~~b~a ha%%? 
afresdy ken discussed. Other reversible pressure effects such as on tigand field spectra 
have also been mentioned. The crystal fi litting, A, in a regular octahedral (or tetra- 
hedral) array of charges depends on G4 where <r4 > is a function af electron posi- 
tions and R the metal-ligand distance. Thus, ing <r4 > as constant, A should increase 

with ~~~~~~~g pressure, i.e. ~~c~~~~~g R-s - y ~ns~~ct~u~ of the Ta~abe-Figaro dia- 
grams, a blue shift is ~r~d~c~~~ for att spin-aII ed d-d ~r~s~~~o~s~ This has been observe 
in a range of octahedral transition metal cumpkxes, though the shift is inv ably greater 
than predicted 38243P4 from estimation of R-‘. 

Also impsrtant here is the increase in covalency associated with a decrease in R. The 
increase in ~eta~.~-orbit~ overlap wi and orbitais is expected to increase transi- 

~~~et~r B with ~cre~~g pressure. Ex- 
d increase in ~~e~~ity and in general tile re- 

duction of B. There are some apparent exceptions, but a number of other factors affect the 
experimekal values; if any lower symmetry elements are present, then assuming no change 
in geometry with pressure, the distortion splitting must increase just as A does, Changes 
in geometry are quite possibfe and could ~~~~~c~~Iy affect the spectra md drastically 

ated .B_ ~~~~-~~b~t co~~~~~ wi 
ed effect of the increase executed from c sion of the free ion and the 

decrease due ta increasing covalency, Just as experimen surement is usually the 
af obtaining B for compIexes at normal pressures, so also is the dependence 

of B on R in real complexes outside the of current quantitative ca.k~~fations. The 
the Coulomb and exchange als and hence af the electron positions with 
~~q~~red~ which is not simpt in the absence of &and effects+ 

Drickamer and Zahner have also examined rare earth spectra where the crystal field 
gives rise to splittings in the fshelP. The results are qualitatively similar to those obtained 
for transition metal complexit;Ts. 

Many charge transfer spectra have been found to be red-shifted and broadened by pres- 
sure, due to i~~~e~~~~ deIoc~~tion of the charge ~r~sfe~ process3’. extrapolation of 
this effect waked predict decay of the spectra into an absQ~ti~~ edge which is charac- 
teristic of a lattice (cooperative) effect (as 21 a semi-conductor) rather than of a d&We 
molecular site. The conversion of olivine and related minerals to semi-conductors due to 
this phenomenon at high pressures has already been mentioned41. 

‘The effects of pressure on spectra and fluoresrxmce of a wide range of aromatic mole- 
cules have also been investigated I@‘_ 

F.REACTIUNSUNDERPRES 

bon compounds tith 
hanced by f&ly low 

nation of ~nsa~~a~~on car= 
* d hydrogen, are typical ex ies of cherish reactions en- 



Certain chromium(I1) and chromium(U) complexes, when reduced electrochemically 
in anhydrous solvents (such as pyridine) saturated with carbon monoxide at pressures of 
5~-~~~ atm, produce good yields of chromium carbonyl ~r(~~)~. Typical ~orn~l~xe~ 
that may be used far ~~a~~i~~ are trisfaeetylacetonato)chrom m~III~, Cr~a~ac~~, 
dic~~ro(t~py~di~ej mium(IIIj, CrCl 3 (py)a? and dichloro(d yridine)chromium(II), 
CIC 1, &Y)~. Similar carbonylation reactions occur with vanadiu manganese, iron, co- . 
balt and nickel over a wide range of pressures’8’. 

Trihydtides MH,_are formed on reaction with hydrogen at atmos heric pressure and 
moderato tern~erat~~e~ by all the rare earth met& except ytterbi~ and europi~~ which 
form only the doyen a m~if~statio~ of the s~abi~i~ of the: ElIed and h~f-~~led 
4f sub&ells. However iy small increases in Pressure (- 22 atm) in excess hydrogen 
yields YbH, 55, thou& no higher hydrides of europium could be formed’83. YbH,_$, is pa- 
ramagnetic, having imoment intermediate between that of Ybtnr complexes and the dia- 

ma~e~c YbE, and X-ray diffraction shuws it to be a new comp~u BQ. The properties 
and t~~rmody~~rni~ f~~~~0~ of the re earth and other hyd es more cfosefy resem- 
ble those of ~~~r~~l c altoys thm met ~~~~~t~~ compuu~d e Section ~(j~~~~ BY 
Other apparently nopstoichiometric compounds may be formed under pressure: 
typical. This substaqze is formed by heating UO, and U,08 together at 30,000- 

atm. X-ray diffraction shows it to bt: a new compound, and single-crystal studies 

ad compounds PbS,, PbSe,, PbSSe, previously ~~k~~~~, can be 
mixtures of Pb, S, Se or PM, PbSe, S, Se at ~~,~~~-7~,~UU 

tion of PbS and S to form “o+PbS,” was found to occur 
destroying part of the apparatus. Substitu nickel reaction ves- 

mation of Ni,PbS,. There are many other es of violent transi- 

n2 ~~Qrted that black Fho~pho from yellow phos- 
2,~~~ atm and 200°C, but not ~m~d~at~ly: the relation 
ut at a gradually accelerating ra& u ddenly, the reac- 

oxidation of MnQ, to MnO~- b 3 or KC 10~ pro- 
atm at comparatively low temperatures (80-90°C)188. 

de, with a structure of the r’-MoC type (space group D2h = ~~3/~~cj~ 
is fQ~med ’ 8g above ~~~~~~ atm and 8QQ% 

It has been shown that high pressures and temperatures will sometimes allow the for- 
matian of unknown rare earth compoundslgO. In partieubu, high pressures aid the synthesis 
of rare earth dimanganese compounds”’ and rare earth tritin’92, having MnZnt (Laves) and 
AuCu, (face-centered cubic) structures respectively. Known and previously unknown stable 

table compounds could be made with various rare earth metals. Size diff~~e~~es 
la~~a~ide contraption p ably cause datability of the crystal stru 

compounds, especially e tritin compounds of the hezMer rare ear 
pressures change the relative sizes of the atoms, permitting the formation of the compounds, 
which once formed, are metastable at room temperature and pressure. 

Ch.romium(IVj dioxide is best prepared at high pressures and temperatures, from 
and II@ (- 15,OO 

by the hydr~~erm~ dec 



210 E. SINN 

anic reactions are similarly made possibIe or erkmced, so that high pressure 
could also b~c~rne a major tool in organic c~ern~str~~‘~. 

:g!zasurements at various pressures are useful in determining reaction mechanisms, and 
tie transition state theory is probabIy the best approach to an analysis of the role of pres- 
sure in ch~~ca~ ~~netics~~’ _ To adequate ~~pr~x~a~o~, ~~~~~~re ~~~~n~~~c~ of the rate 

where rl VT is the excess of the partial rnokr volume of the transition state over the partial 
molar vofumes of the initial species, ail at the composition of the nature. It is co~v~~e~t 
to split A V? into two terms 4t Vt and A2 V$‘, where A, VT is the voIume change of the 
reacting molecules when they form the transition state, while A, v?’ is the accompan~L~7-~ 
change in volume of the surroundtig liquid, arising principally from c in electro- 
strictiontg7. Thus the theoretical considerations here are very Iike the ent of equi- 
libria above, the equilibrium bein between the reactants zmd the transition state and the 
rate of ~eac~~~ is governed by ~r~~o~~~ of ~r~s~~~~ species in the r~~~~on mature. 

ft is frequently possible to d kninate between valves postulated ~~c~a~srns for a 
reaction on the basis of Al Vi determinations since the volume requirements can u~ua.?Iy 
easily be imagined. In simple dissociation r ctions, the breaking bond stretches somewhat 
to form the transition state, and this stret though variable, appears to average around 
a third of the ~~ig~~ bond ~~~g~~6g~xg~. Thus in the absence of other corn~~~catjng ef- 
fects, sirnpk dissociation r~ac~~~ns are retarded by rising pre . ~~ac~u~~ ~v~l~~ the 
formation of new bonds constitute the reverse situation, an e is a contraction as the 
reactant mokcules approach each other from an initial sep by the sum of their van 
der Waals distances to the cisser approach in the bonded transition state, The AI Y’t in 
this case ts nsrmalIy somewhat larger in absolute magni for the corresponding 
~ssuciation reactions fti9*‘g7. Thus in reactions involving ta~eo~s bond bong 
and forrnat~~~~ e two A Vf v&es compete, but the b 
that in the absence of other complications, the nett effect is an acceleration of the rate. 

The birnolecuIar reaction 

OH- + [Co(NH,),BrJ 2+ -+ [Co(NH,), 

is retarded ~re~~r~ in water lpB (A V-f- = 8.3 ~rn~.mole-~~. Xn the absence of sohxnt ef- 
fects, a sev -coordinate transition state could explain the results, while a simultaneous 
bond breaking and formation mechanism would normally have reqtired an acceleration 
of the reaction. However, these two mechanisms cannot be distinguished re because the 
reaction y involve the release of some bound solvent molecules, i.e. a Vt contribu- 
tion. Th Vt ~~tr~b~~u~ can be removal from the ior& ~~u~~b~um by careful choice 

[ComvA 0% ‘80)1 3+ + H,O -+ [Co(NH,), (H,O)] %- + H, I80 
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indicates a large transition state and therefore a dissociative mechanismr99, in keepin 
the view that a dissociative (Id) mechanism is involved ‘Ooal. In fact, the dissociative 

sm and rate~ete~ini~g I, step has widely been assumti for M2’ and M3+ cum- 
plexes, alth the greater charge on the triv~ent met s~uu~~ favor associative over &- 
sociative ac onzo2. The preference for the dissoctiti Eigen mechanism by divalent 
metals such as NiU and Gun, is evidenced by the large positive A Vt values observed in sub- 
stitution reactions with uncharged ligandszo3, but for cationic complexes it appe&s that an 
associative transition state is normal, with Corn being the exception. The H, I80 e~~h~ge 
of ) 2 “Q] ‘+ with solvent water fecpz. (5’);) is ac~e~erate~‘~ by pressure when 
M , as is the rea~tion2~5 

[Cr(H20)6]3*+ H,'*O+ [CrCH,O),(H,"0)3'++H,O 

g with an associative rne~h~~~rn, of the L ford-Gray associative inte~~hange 
sao,‘M. ft is ~~~re~~g to nste that the A, ~~~~1~~~~~~ cm ~~rne~~es be 

t, even in sume of these reactions ~volv~ o change in the n~rnb~r ofiu~~~ 
species: the acceleration of the reactions is even greater than expected, especially for hexa- 
aqua complexes 19p;Los~. This is interpreted in ternrs of a large well-structured salvation 

ound the w@120)6] 3+ ion, which collapses into a poorly structured shell around 
20)7] 3+ position state, and f3.b the vacancy left when the attacking H,O moves 

lvation shell to the metal. The c~ntr~b~tiu~ ts r3 VT is larger with aqua li 
amines because the acidic aqua protons form more extensive ~yar~en-~o~ded salvation 
shells, and it is larger in Crm than RhHf because the larger Rh ion has the smaller electro- 
static potential. Estimates of the sizes of the solvated ions, from the rate of elution from 
ion exchange resins, support these conclusionszw. 

A number of iron(W) compounds have been examined by Mijssbauer spectroscopy un- 
der pressure (up to 2 X IO’ atm), and from the a~~~~r~ce of new peaks with qua~~pole 

d isomer sfiifts in the aeon noisy t n as ~h~act~r~ti~ of iro 
eral ~ress~redependent ~~duc~o~ of ir If) ~~rnpou~~s to iron@ 

08-2f2. Although the peaks are broad and poorIy 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). 

e obsenrations are of ~o~sider~le ~~ort~ce to high pressure inorganic che- 
in the c~~rnist~ of the earth’s interior. 

on reinvestigat~g some of the isolated reductions using infrared 
spectroscopy (up to 5 X 10’ a&) observed no irreversible changes. 
reductions are normally inhibited by pressure, and that large she 
versibly transform iron ferricyanide to iron(II1) ferrocyanide” 

co~~re~io~ of the sample may be re~onsible for some e apparent reversible - 
ons2? data indicate that only a all doubt of the pos- 

tulated reduction wou t 5 X lo4 atm, so that the sence of irreversible 
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the stretching vibrations does not invalidate 
5uppur~~~~ ~~d~~c~ for th 

the reduction mechanism.. There is 

In recent years, the search for new phases of ino anic compounds has been particuIarJy 
fargely because most es undergo a number o 

~~~~~o~s in the exp tally accessible pressur e and the ~v~ab~ty of 
hi& p~ssure X-ray d on apparatus has mad tect-bin af new pollymo 
titularly easy. In genera& the rate of transformation from one solid phase to another in- 

creases with increas” pressure, a fact which also aids the detection of new phases. Thus 
many high pressure ases can be detected during the very short duration of a shock wave 
pa~s~~~ ~ro~~ a s to. Phase ~~~e~ may be ch~racter~ed by a~~p~ ch~ge~ of any 

servation of a new X-ray diffraction pattern is the most reliable rne~od~ 
e predominant phases at depths between 200 and 900 km in the earth’s mantle are 

ly believed to be denser high-pressure polymorphs, or disproportionation products, 
of common silicate minerafszz3 . Thus, pressure-induced phase transition 
logical interest (as, of Coors, are pressure-~d~ccd re~ct~ons*24~_ Althou 
to s~rn~~~~~ the tern~~fa~~~~~ and pressures c~rre~~~ ing tu depth greater t&n 800 km,, 
possible polymorphic transitions may be investigated by the use of model compounds 
which undergo transitions at lower pressures. A good example is the isomorphic replace- 
ment of silicon in silicates by germanium225, to permit structural investigation of the high 
pressure form. A ~~ss~~~~ mechanism for deep-focus earthquakes is a phase transition (the 
pyrox~~~-ga~et t~~sf~rmat~u~, which shooed QCCW at depths of the order of 350 km) 

e blocks of eclogite (a biotic silicate) sinking ~ro~~~ the mantle after being formed 
in the earth’s CnlstZ26. 

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

The main difference; between metallic hydrogen zznd 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 a small number of electrons in the outermost 
efectron shell, are sat~~~d by hydrogen. Thus it boded be po~~~b~~ to assembk metallic 

n in e same day as rn~ta~~~c sod~~rn or ~~~i~rn, tfie Yke efectron gas”‘bain 
from the single outer s e~~cfr~~ of some of the atoms, and holding together 

resulting lattice of positive ions. Calculations show that metallic hydrogen should have a 
density of 0.68 g.cm-” (metallic deuterium should fiave twice that density), and be ther- 

micafly stable with respect to atomic hyd (with a barrier of 
th respect to mo~~c~~ar eta& structure 
le ~~uc~re~~ and it follows that the fo~~tio~ of metallic hy 

drogen requires only ressure high enough (estimated to be near lQQ atm a m- 
peratune) to produce the required closeness of approach of hydrogen atoms; the 
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required pressure is not Yet available in the Iaboratory, rapid technolo@cal advances mw 

p~~~~r#~~5, ~~~~cu~a~ hydrogen ~e~v~~ as wild be ~x~~~t~d for the _ 
lightest member of the halogen series (+ . . Cl z, F2, Hz)* though the hydrogen 
shows relatively few halo~edike propierties. Instead it havior co to that ex- 
pected fur the lightest of the alkali metals (. . . Na, Li, its commonest salts being the 
mineral acids and common organics its “organomet&iic compounds”, which, as 

e Mach more stable than nostrum ~rn~~u~ds_ 
~ydr~~~~ waked be tile hi t melting of the alkati metafs (I ~~~“~~ and ~0~~~ 

ve the highest critical supercsnducting temperature of any r;ubstance; it may he 
a superconductor up to 100°K or more, and this fact alone would make it extremely val- 
uable227. Moreover, it should be a relatively hard and strong metal, and with its low density 
it woti1d probably have the highest str~~~~-todensity ratio of any metal. At its boilin 
~o~~~, and at all ~~m~eratur~~ betotnr, where it has a s~~~~~e~~~ vapor pressure, hyd 
would evaporate irreversibly into diatomic gaseous form, but with re~~t~v~~y little 
in enetgy (estinated at about 35 kcal/mole). Chemica,lly it would be stable to attack by 
water, mineral acids and saturated organics, but would b attacked by mercury to form 

ga drogen, and wouId burn in air. 
metallic hyd~~g~~ is not knows on the earth”s surface, it ~e~tably exists 

~~~wh~re. The static ~~~ss~~e bene atrnos~h~~~ of the planet ~~~~ter is s~f~c~~~t 
to convert hydrogen to the metallic and the integrated mass of that planet suggests 
that it consists largely of hydrogen an inner core of helium229. It is therefore 
probable that the bulk of the planet consists of metalilic hydrogen, and possible that this 
is superconducting, given the Iow tern ture of the planet ( 100-200~)227. Persistent 
c~~~~~s in the s~~~rco~d~ct~ng state be ~i~~~~~~~t in ~et~r~i~~~~ the planet’s 
netic field, and perhaps also its radiow~ve ern~ss~ons* The helium core may also be me 
lie_ 

amend is only rnetast~b~~ with respect to ~ra~~it~ under ~~~~a~ ~o~d~~~s 
it ~ch~g~~ i~def~ite~y knee formed_ The tr~format~on of gra~~~~e ante 
diamond is simiiarly slu isb if the temperature and pressure are just within the stabSty 
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, rna~gan~~ and copper as soIv~nts for 
tryst * 3sa At the high temperatures and pressures of shock waves, the rea~~~~ is much 
more tapid23x , and sm;sll particles of black d~mond form In a shock front ~~~s~~ndin~ to 
about 3 X l.0’ atm for about a microsecond 232 Very high static pressures also produce . 
the transition without caWystss8 , with the simultaneous high temperatures required be- 
coming less as higher pressures become available? A wide range of organic compounds, 
~e~ud~~ raw peanut, also react to form d~o~d233 at about I~Q~~~ atm and ~~~~~C~ 
which demonstrates the ease with which d~~ond can form under nril 

fle~~~_~nal boron nitride, 3N, undergoes a simiIar transition, with a density change of 
22%-3.45 g.cmB3, to form a new phase, borazon, which has a cubic structure234. Bormon 
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is able to scratch diamond, and has about the same hardness_ The possl%tity of forming 
other such metastable or stable phases is a considerable incentive for high pressure research 

New phases produced by high pressure of some ekments (such as Si, Ge, Bi, Sb, P, Te, 
Se, As, Ba, Ce, Cs), are superconducting while the normal phases are not. The critical tem- 

perature T,, below whi uperconductors show superconducting prope 

10% or less, and ~~~~ d~e~~ase~ as a f~~~~~~~ of ~~~~s~r~~ except i 
pressure (2~~~~~-2~~,~~~ atm) may produce new phases, metastab~e at 

atmospheric pressure, having higher Tc than the normal, lsw pressure, phase- In each of 
InSb alloy’= Sn, Ga (ref. 237), Bi, and La (ref. 238), the high pressure phase has a h&her 
Tc (l--S%) &an the normal phase. 
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